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SYNOPSIS

The study of hydrogen bonding interactions, both experimental and computational, has
elicited enormous interest, as it plays a crucial role in many chemical and biological processes,

crystal engineering and supramolecular chemistry*®. Hydrogen bonds involving © systems as
proton acceptors are a special class of interactions involving O-H---n, N-H---n, C-H---w and S-

H---m contacts. All these contacts manifest interaction energies ranging from 1 to 10 kcal/mol.
Electronic structure calculations have been extensively used to study these interactions, and
advances in computational methodologies have resulted in a more accurate description of these
weak interactions. Together with the computations, experiments using a number of different
methods, have further improved our understanding of these weak but important interactions. The
synergism offered by computations and experiments in the understanding of these interactions
cannot be overemphasized.

A brief description of the chapters has been given below.

Chapter 1: Introduction
Non-covalent interactions involving m-Systems is a topic that has been and is being

extensively studied, as these interactions are responsible for the assembly of a vast array of
supramolecular architectures®. C-H---n interactions have been reported to be present in more than

35% of the organic crystals®.The interaction energy of the complexes having - and C-H-n
contacts can vary over the range 1-5 kcal/mol, depending on the nature of the aromatic
ring/substituent(s) and the acidity of the C-H bond®®. Using the Pearson’s HSAB concept, these
were classified as soft acid-soft base interactions and were shown to have contributions from both
electrostatic and dispersion interactions, as opposed to hydrogen bonded interactions involving
hard acid-hard base, hard acid-soft base or soft acid-hard base precursors, which were essentially
dominated by electrostatic interactions. This chapter gives an overview of the weak hydrogen
bonding systems based on prevailing literature and puts the present work in perspective.

In this work, we have explored a number of multifunctional © systems which have
competitive binding sites and addressed the question as to which amongst the various isomers of

the hydrogen bonded complexes would be the global minimum. The molecules considered in this
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study are phenylacetylene, acetylene, borazine and benzene, which are m systems with competitive
binding sites. All of these molecules have the potential to serve as proton donors and acceptors and
thus, it was interesting to study the competition between the different isomeric forms of the
complexes. Towards this end, we have used matrix isolation infrared spectroscopy together with ab
initio computations. In addition to providing infrared spectral features with small line widths, so
essential in studying weak non-covalent interactions, matrix isolation spectroscopy, also offers the
possibility of trapping both global and local minima, thus providing a better panorama of the
hydrogen bonding landscape.

One of the first systems we studied, was the phenylacetylene-acetylene heterodimer. Both
precursors could potentially serve as proton acceptors or donors and our experiments
unambiguously pointed to the complex where acetylene was the proton donor to be the global
minimum. Other systems we chose, were the complexes of borazine with a number of 7 systems.
Borazine, also known as inorganic benzene is the isoelectronic analogue of benzene. It is highly
moisture sensitive and decomposes rapidly in the presence of water, which makes it a challenge to
study this system. The main motivation behind studying the borazine systems was to compare it
with the much studied benzene systems. While many studies in the literature are known on the
benzene systems, very little work has been done on borazine. One of the first studies on borazine
done in the group was the borazine-water system. Borazine-water showed the N-H group of
borazine acting as the proton donor to the O atom of water as the global minimum, which was very
different from the benzene water system which displays an H'x interaction®. This N-H-O contact
in the borazine-water complex structure was observed experimentally and corroborated by
computations. Thus, it was concluded in our work that the borazine water system had a different
landscape compared with the benzene water system, which led us to further explore the nature of
interaction of borazine with © systems. Hence the study of borazine was considered interesting as it
was expected to show similarities and fascinating differences from its organic counterpart,
benzene. The results on borazine-acetylene, borazine dimer, borazine-benzene and borazine-
phenylacetylene will be discussed.

Chapter 2: Experimental and Computational Details
Details of the experimental technique employed and the computational procedures used to

corroborate the experimental results are given in this chapter.



Single jet and double jet effusive sources were used to deposit the analyte molecules and
the matrix gases (Ar/N,) on a cold KBr substrate, maintained at 12 K. After deposition, a matrix
isolated spectrum was taken using an IR spectrometer operated at a resolution of 0.5 cm™. The
matrix was then annealed at an elevated temperature, typically 27 K for N, and 32 K for Ar for
about an hour and the annealed spectrum was taken. Annealing was performed to encourage
diffusion to enable complex formation.

Ab initio computations were performed using the GAUSSIAN 09 suite of programs, at the
MO06-2X and MP2 levels with 6-311++G (d, p) and aug-cc-pVDZ basis sets. Single point
calculations were also done using the CCSD(T)/aug-cc-pVDZ level for the complexes. Vibrational
frequency calculations were done using analytical gradients to ensure that these frequencies did
correspond to minima on the potential energy surface and to assign the observed features in the
matrix isolation experiments. AIM, NBO and LMO-EDA calculations were also done for all the

systems to further explore the nature of interactions involved in such complexes.

Chapter 3: Phenylacetylene-Acetylene

The role of competitive complexation has been explained in this chapter by describing the
study of phenylacetylene-acetylene complexes through matrix isolation IR and ab initio quantum
chemical studies. Since phenylacetylene and acetylene have multifunctional binding sites, it was
interesting to see which of these molecules would serve as the proton donor and which would serve
as the proton acceptor. At the M06-2X/aug-cc-pVDZ level of theory, it was found that two
complexes, one where the =C-H of acetylene interacted with the © cloud of phenyl ring in
phenylacetylene and the other where, the =C-H group of acetylene interacted with the m cloud of
acetylene in phenylacetylene were almost isoenergetic. However, we were able to discern only the
latter complex in our matrix isolation experiments. The experimental frequency shift of this
complex, in the C-H stretch region of acetylene was found to be 30 cm™ which corroborated
excellently with a theoretical shift of 29.9 cm™ at the M06-2X/aug-cc-pVDZ level of theory. We
could also find evidences of adduct features in the C-H stretching region of phenylacetylene and in
the bending region of acetylene. The stacked structure was not observed as it did not present
discernible shifts in the vibrational wavenumbers. Experiments were also performed using
phenylacetylene deuterated at the acetylenic hydrogen to study the isotopic effects on the

vibrational spectra of complexes. The isotopic studies further confirmed the structure of the



complex trapped in the matrix, thereby presenting unambiguous evidence that acetylene served as
the proton donor. AIM, NBO and LMO-EDA analysis were also performed to further understand

the nature of interactions in this system.
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Fig.1. Experimentally observed structure for the phenylacetylene-acetylene complex: acetylene
serving as the proton donor to the m cloud of acetylene in phenylacetylene.

Chapter 4: Borazine-acetylene and comparison with benzene-acetylene

The interaction of borazine with acetylene has been studied in this chapter, using both
matrix isolation IR and ab initio calculations. This system was compared with the well studied
benzene-acetylene system”°. It was found that the structure where the N-H group of borazine
interacted with one of the carbon atoms of acetylene was the global minimum. This structure was
referred to as the bent NH~C structure. The BSSE corrected interaction energy of this complex
was found to be 2.03 kcal/mol at the MP2/aug-cc-pVDZ level of theory. This complex was
identified in our matrix isolation experiments through the perturbations in the N-H stretching
modes of borazine and C-H stretching mode of acetylene. In addition to this complex, we were also
able to observe, through shifts in the C-H stretching modes of acetylene, the bent CH "N complex
where the C-H of acetylene served as the proton donor to the N atom of borazine. This system was
compared with the acetylene-benzene system where the C-H of acetylene was found to be the
proton donor to the m cloud in benzene, thus indicating that the borazine interactions were

markedly different from those of benzene.
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Fig.2. Experimentally observed structures: Bent NH~C and Bent CH N for the borazine-acetylene
complex, in the N-H stretching region of borazine (3500-3400 cm™) and the C-H stretching region
of acetylene (3300-3200 cm™).

Chapter 5: Borazine dimer

The homodimers of borazine were studied using matrix isolation IR spectroscopy and ab
initio calculations. The aligned stacked structure and the parallel displaced structure were found to
be the global minima at the MP2/aug-cc-pVDZ level of theory. These structures were however not
seen in our matrix isolation experiments because of insignificant shifts in the vibrational
wavenumbers of the borazine monomer. We observed a Ty isomer in the matrix, where the N-H of
one borazine interacted with the N atom of another borazine. Interestingly, we also located both
experimentally and computationally, a dihydrogen bonded complex, in which the hydrogen
attached to the nitrogen of borazine (of an N-H group) interacted with the hydrogen attached to the
boron atom (of a B-H group) of another borazine. This is probably the first experimental
observation of such a bond in a system other than that involving a metal hydride. In this structure,
two dihydrogen bonds were in operation, probably cooperatively, which therefore placed it in terms
of stability, behind the classical hydrogen bonded Ty dimer, by just about 0.5 kcal/mol. The
borazine dimer was, thus, found to be a different and richer landscape than the benzene dimer

system, already studied in literature.
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Chapter 6: Borazine-benzene and borazine-phenylacetylene complexes

The hydrogen bonded complexes of borazine-benzene and borazine-phenylacetylene were
explored in this chapter. It was found that in both the systems, the experimentally observed
structure was the one where the N-H group of borazine interacted with the carbon atom of benzene
and the acetylenic carbon in phenylacetylene. In case of the borazine-benzene system, we were
also able to observe the T-NH complex in the matrix, which corresponded to the interaction
between N-H group of borazine and the n cloud in benzene. The BSSE corrected interaction energy
for the NHC complex and the T-NH complex were found to be almost same at the MP2/aug-cc-
pVDZ level of theory, thus making them isoenergetic.
Chapter 7: Conclusions
This chapter discusses the significant conclusions drawn from the study of the various
multifunctional n systems described in this thesis and gives an insight into the nature of weak
hydrogen bonding interactions operating in such systems. The molecules chosen for the study have
a potential to serve both as proton donors and acceptors. While the CH"'xt interactions are explored
in detail using the phenylacetylene-acetylene system, the borazine systems throw light on the
interactions of an N-H system with © systems, such as acetylene, benzene and phenylacetylene. The
study of borazine was also undertaken to compare it with its organic analogue, benzene. In the
phenylacetylene-acetylene system, the acetylene was found to be the proton donor to the © cloud of
acetylene in phenylacetylene. In the borazine-acetylene system, it was found that the N-H of
borazine was found to be the proton donor to one of the carbon atoms in acetylene. This work was
compared with the well studied benzene-acetylene system already studied in literature, where the
C-H of acetylene was found to be the proton donor to the m cloud in benzene. In our work on the
borazine dimer, a dihydrogen bonded complex was found, both experimentally and
computationally and was one of the rare examples of a dihydrogen bonded 1:1 complex, not
involving a metal hydride. In case of the borazine-benzene and borazine-phenylacetylene systems,
complex where the N-H of borazine interacted with one of the carbon atoms of benzene and
acetylene in phenylacetylene respectively, was observed in our experiments. Thus, it was
concluded in this thesis that the borazine systems presented a different and richer landscape than

the benzene systems studied in literature.
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CHAPTER 1: INTRODUCTION

The importance of studying hydrogen-bonding interactions, both experimental and
theoretical, stems from the fact that these are responsible for a large number of important
chemical and biological processes.’® The classical definition of a hydrogen bond is a bond where
the hydrogen is attached to an electronegative atom, such as oxygen or nitrogen and forms a
bond with another electronegative atom. While this definition of the hydrogen bond was first
proposed by Latimer and Rodebush’ in 1920, a number of examples of the hydrogen bond
observed in recent times have warranted a redefinition of this bond. One of the first examples
which did not conform to the above definition was recognized when June Sutor proposed that the
hydrogen attached to carbon could be involved in a hydrogen bond. While her proposal was
initially met with stiff opposition, it later came to be recognized as a very important class of a
hydrogen bond. Later, electron donors other than electronegative atoms, such as © systems, were
shown to be good proton acceptors in a hydrogen bond. Clearly, the definition of Latimer and
Rodebush had to be revisited. The definition of hydrogen bond had to be constantly modified
and in the year 2011, IUPAC formed a committee which came up with the following definition

for the hydrogen bond:

“The hydrogen bond is an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment X—H in which X is more electronegative than H, and an atom
or a group of atoms in the same or a different molecule, in which there is evidence of bond
formation. "8

The IUPAC recommendation also points out that directionality is a defining
characteristic of a hydrogen bond and that evidence of bond formation was a requirement in
classifying the hydrogen bond.

Hydrogen bonding is an important component of the three major macromolecules in
biochemistry; proteins, nucleic acids, and carbohydrates. Hydrogen bonds provide most of the
directional interactions that underpin protein folding, protein structure and molecular
recognition.® It is also responsible for holding the complementary strands of DNA together.

Nucleotides pair precisely based on the position of possible hydrogen bond donors and acceptors.



The three-dimensional shape of antibodies is also aided by hydrogen bonding, due to which it is
able to shape itself like a key in a lock, to bind to its specific antigen.*®

Hydrogen bonds involving &t systems as proton acceptors have also been reported, such as

the O-H---m, N-H---w, and C-H-- -t systems. All these interactions manifest interaction energies
ranging from a few kJ/mol to many tens of kJ/mol. Electronic structure calculations have been
extensively used to study these interactions, and advances in computational methodologies have
led to increasing use of methods, to accurately describe these weak interactions. Computations
together with experiments, has remarkably improved our understanding of these weak but
important interactions.

Nishio and Hirota™ classified the hydrogen bonding interactions into four categories,
based on the HSAB (Hard and Soft Acids and Bases) principle. They are; (1) conventional
hydrogen bond, (2) XH/x hydrogen bonds, where X is an electronegative atom, such as O, N or S
(3) CH/n hydrogen bonds, where ‘n’ is an electron lone pair and (4) CH/x hydrogen bonds,
where the carbon is usually in an ‘sp’ or ‘sp?’ hybridization. Contribution from the electrostatic
forces was found to be dominant in the first three interactions, while dispersion was considered

to be significant in the CH/x contact.
C-H--m interactions constitute one of the important factors in controlling the crystal

packing of molecules. In recent years, the study of hydrogen bonds involving C-H--x
interactions has generated enormous interest, as these interactions appear to be the driving force

in the packing of a number of organic crystals and proteins.*?** From a study of crystal structure
databases, Umezawa et al. observed that C-H---x interactions are present in more than 35% of the

organic crystals.** It has been suggested that the C-H--x interaction plays important roles in

1516 “and chiroptical property’’ of organic compounds, in

determining the conformation
stereoselective reactions®® and chiral recognitions.'® This type of interaction also plays a role in
the solid structure of supramolecules such as clathrates (lattice-inclusion?® or cavity-inclusion
type®) and mesogenic compounds.?> The hybridization of the carbon atom to which the
hydrogen is attached, plays a critical role in these interactions, as it determines the acidity of the

hydrogens attached to it and therefore its ability to form hydrogen bonds. The interaction energy
of complexes having n-m and C-H-- 1 contacts can vary over the range of 1-5 kcal/mol depending
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on the nature of the aromatic ring/substituent(s) and the acidity of the C-H bond.”*%* Hirota
determined the energy of C-H---x hydrogen bond involving CHCI3; and aromatic hydrocarbons to

be 1.5-3 kcal mol™* depending on the interaction system.?® The C-H---x hydrogen bond plays its
role in polar protic media such as water, and therefore in the physiological environment. This is
because the energy of this bond comes mostly from the dispersion force. This is of supreme
importance when considering the effect of non polar or weak hydrogen bonds in the biochemical
process. The Coulomb force and the ordinary hydrogen bond, on the contrary, are not very
effective in polar solvents. Steiner and Koellner?’ described hydrogen bonded proteins involving
aromatic acceptors, and Brandl et al.”® exhaustively surveyed the occurrence of interactions
involving all possible C-H groups (Caiiphatic-H and Caromaiic-H) as donors and all possible side

chain 7 systems as acceptors. The cases in which C-H---x interactions have been described in
proteins include the formation of complexes of proteins with ligands or cofactors such as the
heme group (Nishio et al.) and design of serine proteases inhibitors (Shimohigashi et al).?

Previous studies by Brandl et al have also revealed that C-H---xt interactions are responsible for
the stabilization of structural elements such as alpha helices or non-proline cis peptide
bonds.?® C-H---x interactions involving aromatic groups either as donor or as acceptor are found

mostly in the interior of the protein. The more hydrophilic the participating groups are, the closer

to the surface are the interactions located. An excellent article on the C-H--xt interaction by
Nishio has discussed the unique features of this interaction in the context of molecular
conformations and supramolecular assemblies.>*® These interactions were shown to have
contributions from both electrostatic and dispersion interactions, as opposed to hydrogen bonded
interactions involving hard acid-hard base, hard acid-soft base or soft acid-hard base precursors,
which were essentially dominated by electrostatic interactions.

Investigation of such weak interactions is challenging both experimentally and
theoretically.® Many experimental techniques, such as X-ray, NMR, calorimetry and optical
spectroscopy have been employed for studies on hydrogen bonding interactions. Of the optical
spectroscopic techniques, infrared spectroscopy has been a popular method, employed for the
study of such weak hydrogen bonds. Shifts in the vibrational frequencies of donor and acceptor

groups in hydrogen bonded complexes, indicate the presence, nature and strength of hydrogen
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bonds. Study of weak interactions by matrix isolation infrared spectroscopy has been a subject of

3233 methods

interest for many years. In particular, matrix isolation and supersonic jet expansion
have become the techniques of choice, because of the highly resolved spectra that they offer,
which consequently makes it possible to make unambiguous assignments of hydrogen bonded
structures.**> In addition, the two techniques very often prove to be complementary; while the
supersonic jet technique traps species in their lowest energy structure, the global minimum,
matrix isolation spectroscopy can often trap both global and local minima.*® The two studies
therefore allow for a better understanding of the potential energy surface of the weak complexes.

Where the interactions are weak, the perturbations are small, but the small linewidths in
matrix isolation spectroscopy allows for the identifications of small perturbations in infrared
features. One of the earliest matrix isolation studies was done in 1950 where the hydrogen

bonding of water was studied by Pimentel et al.*’

The H,O dimers were reported by Ayers and
Pullin®®, followed by the work of Bentwood et al.**, who through a careful study of the
concentration dependence identified the dimer and higher oligomers of water. They also reported
that the dimer and trimer of water exhibit an open chain structure, whereas the tetramer and
higher polymers display a cyclic structure. Over the years, work on weak hydrogen bonded
interaction using matrix isolation spectroscopy has been a popular area of research.

While molecules containing m systems present the possibility of acting as proton

acceptors to form H--m contacts, it is possible that the same molecule may also have a potential
proton donor site. Molecules with such multifunctional sites provide an interesting scenario, as to
whether it would serve as a proton donor or a proton acceptor. An example of such a molecule is
acetylene, C,H,. It can act as a proton donor, using the hydrogen attached to the sp carbon.
Alternatively, C;H, can also play the role of a proton acceptor, through its n-cloud. Studies on
the hydrogen bonded complexes of C,H,—~MeOH, C;H,-CHCl3, C,H,-C,H,4 and C,H,-CgHg have
been reported, where the dual behavior of C,H, has been documented.??*4%4* While in the
C,H,-CHCI; complexes, C,H- played the role of a proton acceptor,* in the complexes of CoH,-
C,H,, both types of complexes were found experimentally and computationally; one where C,H,
was the proton donor and another where it served as a proton acceptor, with C,H, serving as the
proton donor.? In the C,H,-CgHg complex, only the complex where C,H, was the proton donor

was found experimentally.*



Another molecule that has the potential to show such dual behavior is phenylacetylene
(PhAc), an alkyne hydrocarbon. It has four hydrogen bonding sites; benzene ring and the
acetylenic triple bond, both of which can act as proton acceptor sites and an acetylenic C-H or
the phenyl C-H group, which can act as proton donors. In this study, we addressed the question
as to what the nature of interaction would be, if two & systems, both capable of dual behavior,
were allowed to interact with each other, such as PhAc and C,H,. It was interesting to see which
of the two molecules would serve as the proton acceptor/donor and what the nature of the
interactions would be. We therefore studied the PhAc-C,H, system both experimentally, using
matrix isolation infrared spectroscopy and computationally, using ab initio quantum chemical
studies.

We followed it up with our work on the complexes of borazine (BsN3Hsg) with 7 systems,
such as CyH,, CgHs and PhAc. B3N3Hg, popularly known as inorganic benzene, is the
isoelectronic analog of CgHg and has many similar physical and chemical properties to C¢Hs. It
has many industrial applications in ceramics industries and is also used as a precursor to boron
nitride. BsN3Hg precursors for Si-B-C-N ceramics have been used several times. Silylsubstituted

243 silylmethylborazines* and other derivatives* have been used as molecular

vinylborazines
precursors. BsN3Hg materials have also been demonstrated to be a new class of multifunctional
and thermally stable materials with high electron and moderate hole mobilities for many
applications in electroluminescent devices.*°

B3N3Hg is an inorganic compound which has three alternate N-H and B-H units. In
B3N3Hs, the difference in electronegativities of boron (2.0) and nitrogen (3.0) leads to a charge
distribution which makes it susceptible to both nucleophilic and electrophilic attack,
respectively. Due to this difference in electronegativity between the N and B atoms, the B-N
bond is polar which makes B3N3Hg more reactive towards polar reagents, as compared with
CesHe. Fornarini et al conducted some ab initio calculations and revealed that the most basic sites
in B3sNsHs are the nitrogen atoms and its conjugate acid, HsB3sN3H,4", is similar in structure to
the benzenium ion.*’ Kiran etal. computed the protonation and methylation energies of
benzene cyclobutadiene, and borazine.”® Since CgHg shows an ability to undergo substitution
reactions readily than addition, the energetics of these reactions could be an indicator of
aromaticity. On this basis they concluded that BsN3sHg should be considered as an aromatic
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molecule, though its aromaticity is about half of that in C¢Hs. Understandably, the chemistry of
BsN3Hg is dominated by addition reactions. However, recent experiments of Chiavarino et al.
demonstrate that BsN3Hg undergoes electrophilic aromatic substitution in the gas phase much
like its organic counterpart.*’ Kartha et al studied the infrared spectra of BsNsHg and its isotopic
species.”® Niedenzu et al reported an extensive gas phase infrared and liquid Raman
spectroscopic studies of various isotopically labelled forms of B3N3sHe.>° They confirmed the
findings of Kartha et al and assigned all the active fundamentals. Perhaps the first matrix
isolation study on B3N3Hg was done by Kaldor and Porter when they recorded the infrared
spectra of BsNsHgin an Ar matrix.>* The B3N3Hg dimer has been studied by Kawahara et al. who
showed, using the second order Mgller—Plesset perturbation theory (MP2) and 6-311G(d,p) basis
set, that the gauche parallel sandwich structure with the boron atoms of one B3N3H;g stacking on
top of the nitrogen atoms of the other BsN3Hg to be the most stable geometry.52 Unlike the CgHg
dimer, for which both the parallel displaced and T-shaped dimers are nearly isoenergetic, the T-
shaped B3N3Hg dimer was found to be less stable by 0.4 kcal/mol than the gauche structure, at
the MP2/aug(d)-6-311G* level of theory. In all the geometries considered, the contribution from
electrostatic interaction was found to be very small.> Bettinger et al studied the B3N3Hg
homodimers and the B3N3Hs-CgHs heterodimers at the coupled cluster singles, doubles and
perturbative triples [CCSD(T)] level of theory and described how the intermolecular interactions
get modified when a C-C bond gets replaced by a B-N bond.*® In the case of the BsNsHg-CsHs
heterodimers, the authors reported the T shaped geometry (T-NH-1) in which the N-H of the
B3N3Hg molecule served as the proton donor to the @ cloud of CgHg through NHw interaction as
the lowest energy minimum among the geometries they considered.

While numerous theoretical studies are present in the literature on B3sN3zHg, very few
experimental reports can be found. BsN3Hg is highly moisture sensitive and decomposes rapidly
in the presence of water. It has a very high vapor pressure at room temperature which thus makes
it a challenge to experimentally study this system. We have in this work, performed a number of
experimental studies on the BsN3sHg complexes. The main purpose of carrying out this work was
to compare the hydrogen bonding interactions in the much studied CgHg systems with the

B3N3Hg systems.



The first experimental study on BsN3Hg carried out by our group was on the B3NsHs-
H,O system. The motivation was to compare it with the well studied CgHg-H,O system.
Theoretical studies on the CgHg-H2O system have already been carried out by many groups and it
was shown to have an H-z interaction.>*® It has been reported that this complex is extremely
floppy, where the H,O can freely rotate across the C¢Hg ring. This process has been described by
Zwier et al as “hydrogen bond swapping”.®® This internal rotation of H,O has also been
described in the matrix isolation studies done on the CgHs-H,O system by Engdahl and
Nelander.> The global minimum in case of CgHg-H,O was found to be the complex where the H
atom of water interacted with the © electron cloud of the CgHg ring. Our studies on B3N3Hg-H,O
confirmed the presence of an NH O interaction as the global minimum, thus making it clearly
different from the CgHg-H,0 system. Thus, the N-H of BsN3Hg was found to be the proton donor
to the O atom of H,0, a result very different from that observed for the C¢Hg-H,0 complex.64

Matrix isolation infrared and ab initio studies on the complexes of B3N3Hg with =
systems such as C,H,, C¢Hg and PhAc have been carried out in this work. Such studies on the
CsHe-C,H, system, done by Sundararajan et al, showed the presence of a structure where the C-
H of acetylene served as the proton donor to the x cloud of CsHg as the global minimum.? This
study motivated us to further explore the interaction of B3N3Hg with multifunctional 7 systems
such as C;H,, CgHgs and PhAc in the matrix. We also investigated the BsNsHg dimer complexes
and compared it with the CgHg dimer complexes. Ab initio computations were used to
corroborate our experimental results. AIM and NBO analysis helped us to predict the nature of
interactions in the various complexes. LMO-EDA analysis was employed to partition the total
energy of the complexes into various fractions such as electrostatic, dispersion, repulsion and
polarization. Details of the computations and experimental procedure adopted are presented in
chapter 2.

Chapter 3 describes the complexes of PhAc and C,H,. This work helped us to understand
the role of proton donor/acceptor in multifunctional molecules. This study also aids in explaining
the role of competitive complexation in the matrix for molecules having both proton acceptor

and donor sites.



Chapter 4 describes the B3N3sHg-CoH, system and a comparison of this work has been
done with the CgHgs-C2H, system studied in the literature. In the experiments on the CgHgs-CoH,
system, a T-shaped Hr complex was observed in the matrix.?* In the B3N3Hg-C,H, system too, a
similar complex was located as one of the local minima in the computations. The nature of the
interaction has been studied in detail.

The B3N3Hg dimer system has been discussed in Chapter 5. This work highlights the
comparison of the BsN3Hg dimer with the CgHg dimer. The C¢Hg homodimer also was shown
computationally and experimentally to have a T-shaped geometry, with one CgHg serving as a
proton donor to the m-system of the second CgHg unit.%% A parallel displaced n-stacked
structure was also indicated by computations, though it has never been observed in any
experiment.®” While the ab initio studies on the BsN3sHg dimer by Bettinger et al®® confirmed the
presence of a sandwich structure and the Ty structure, in our computations at the M06-2X and
MP?2 level of theory in conjunction with 6-311++G(d,p) and aug-cc-pVDZ basis sets and in the
matrix isolation experiments, a third structure, which was the dihydrogen bonded structure was
also observed. In this structure, both the N-H and B-H groups were involved in proton donation.
This is the first experimental observation of a dihydrogen bond in a system other than in a metal
hydride.

Chapter 6 describes the hydrogen bonded complexes of BsNsHg with CgHg. Our
computations and experiments reveal the NHC complex, where the N-H of B3N3Hg interacting
with one of the carbon atoms in CgHg as the global minimum structure. Bettinger et al failed to
locate this structure in their work on the B3N3Hg-CgHg system at the MP2/aug-cc-pVQZ level of
theory. We also observed the T-NH structure, where the N-H of B3NsHs interacted with the n
cloud in CgHg. The heterodimer studied in this work seemed to be similar to the Cg¢Hs
homodimer. In both cases, it was the local minimum, a T-shaped dimer,that has been
experimentally observed. The nature of interactions were further studied using AIM, NBO and
LMO-EDA analysis.

This chapter also describes the study of hydrogen bonded complexes of B3sN3sHg with
PhAc. B3sN3Hg and PhAc both being multifunctional molecules, it was again interesting to study
the hydrogen bonded landscape in these systems.

Summary and conclusions derived from these studies are discussed in Chapter 7.
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1.1 Scope of Present Work

The aim of this thesis is to explore the hydrogen bonding interactions in multifunctional ©
systems both experimentally, using matrix isolation infrared spectroscopy and computationally,
using ab initio quantum chemical studies. The computational studies were employed to
corroborate the experimental results. Various « systems such as PhAc, C,H,, CgHg and B3NsHg
were used for this study. AIM, NBO and LMO-EDA analysis were carried out in order to
explore the nature of interactions involved. This work also demonstrates an interplay between the
C-H = systems and the N-H 1 systems. While the PhAc-C,H, system gave us an insight into the
C-H = interactions, the B3N3Hg systems described the significance of studying the N-H systems
in the matrix and a comparison of hydrogen bonding in these systems with the well studied CgHg
systems has been discussed. These studies also provided an insight into competitive binding sites
operative in multifunctional molecules. As a result of these studies, we were also able to identify
the dihydrogen bonding interactions not reported earlier, except in systems involving the metal

hydrides.
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CHAPTER 2: EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

This section describes the experimental procedures employed in this work and the computational

methods adopted to corroborate the experimental results.

2.1. Matrix Isolation Infrared Spectroscopy

Matrix isolation is a technique where the molecules under study are trapped in solid inert
gas matrices at high dilution. In a typical matrix isolation experiment, the molecules of interest
are mixed with a rare gas, such as Ar or Ny, at sample to matrix ratios of approximately 1:1000.
This gas mixture is then effused through a nozzle and is allowed to deposit on a KBr substrate
maintained at a low temperature of ~12 K. At the analyte/matrix ratios employed, there is a large
probability that the analyte molecules are isolated in the inert gas matrices. The use of inert gas
matrices for the study of reactive species was originally proposed independently by Porter and
Pimentel® and the technique of matrix isolation itself was initially developed by Pimentel, in the
mid 1950s, for the study of free radicals.?®

Reactive species isolated in such inert gas matrices have long lifetimes for want of
reaction partners and can be studied leisurely by spectroscopic techniques such as infrared, UV-
visible, microwave, electron spin resonance etc. This technique also offers other advantages
such as small line widths for the spectral features of the trapped species, which has been
exploited in the study of weakly bound complexes, such as hydrogen bonded and van der Waals
complexes.”®

Of the various spectroscopic methods, infrared spectroscopy is the most commonly used
technique for the study of matrix isolated species. In a matrix isolation experiment, as the
molecules are immobilized in an inert matrix at extremely low temperatures, broadening due to
collision and Doppler effects are absent. The low temperature in the matrix also ensures that only
the lowest rovibrational and electronic levels are populated, resulting in a significant reduction of
spectral congestion.

The choice of the matrix material is crucial in the success of any matrix isolation
experiment. The matrix material should be chemically inert to avoid reactions or strong
interactions with the analyte. In addition to chemical inertness, a good matrix material must also
be free from impurity, rigid at low temperature and transparent in the spectral region of interest.

Also, the substance should have enough vapor pressure at room temperature, to enable it to be
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deposited onto the cold substrate. Inert gases and nitrogen meet the above criteria to be used as
matrix gases. In many cases, gases like methane are also used for this purpose.’ Solid para
hydrogen has also been used as a matrix. Many excellent studies on the use of para hydrogen as a
matrix have been carried out by Anderson and co workers.™ In one of their recent work, they
have studied the matrix isolation spectroscopy and spin conversion of NH3 and ND3 using solid
para-hydrogen as a matrix.* In our experiments, Ar and Nz were used as matrix gases and these
are also transparent in mid IR region. However, a number of effects that can cause the spectrum
of matrix isolated species to be complicated, do operate and these are briefly discussed in the
following section.

A proper interpretation of infrared spectra of matrix isolated species demands a better
understanding of the various effects that the matrix can have on the vibrational features of the
analyte. The most important among the matrix effects is the perturbation of the vibrational
features of analyte. The guest molecules are subjected to analyte-matrix interactions, albeit weak
due to the inertness of the matrix material. These weak interactions can result either in a shift in
the frequency relative to isolated gas molecules, or splitting of the vibrational bands, due to the
analyte molecules residing in sites of differing symmetry. The frequency shift, Av, in a matrix
with respect to the gas phase value arises from electrostatic (Avelec), inductive (Avind), dispersive
(Avdis) and repulsive interactions (Avrep) and is given by the expression,

Av = (Vmatrix - Vgas) = Avelec + Avind + Avdis + Avrep........... (2.1)
where, Vmarix and vgas are the frequencies of the vibrational mode in the matrix and gas phase
respectively.® Thus, matrix shift provides information regarding the interaction between the
analyte and the matrix. In inert gas matrices, the long-range London dispersion forces and short
range repulsive forces are the two dominant interactions. A theoretical treatment of a matrix
induced frequency shift was given by Pimentel and Charles.**

The Buckingham expression which calculates the frequency shift, Av, in solutions arising
from the perturbation due to solvent interactions is given by

AV = (Vsolvent - Vgas) = [Be/hcwe][U” - (3aU"/we)........... (2.2)
where B, = h/(8n’ucrs?), is the rotational constant,
a = Anharmonicity constant,
U = Energy due to solute-solvent interaction™,

we= Harmonic oscillator frequency for the normal vibration.
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This expression can be used to explain the frequency shift occurring in the matrix. Fig.
2.1 shows the interaction potential curves between the trapped molecule and matrix atoms when
trapped in a matrix cage. When Rcy is greater than Ry (Fig. 2.1), i.e. when one of the atoms, C,
of the trapped molecule is more distant from the matrix atom, M than R, U’ and U” are negative
and since ‘a’, the anharmonicity constant, is also negative, the term Av is negative (Eq. 2.2).
Here the molecule experiences a loose cage effect resulting in a red shift. When Rcy is less than
Re, U and U” are positive and hence Av is positive, which is a blue shift. The molecule
experiences, in this case, a tight cage effect. It was reported that when polyatomic molecules are
trapped in matrices, the high frequency stretching vibrations display red shifts as in a loose cage
and the low frequency stretching, bending or rocking vibrations, manifest blue shifts as in a tight
cage.”®

Since nitrogen and noble gases, which are the popularly used matrices, are not reactive,
the shifts in the vibrational frequencies are usually small. In more reactive matrix materials, such
as carbon monoxide, carbon dioxide, sulfur hexafluoride and hydrocarbons, the shifts will be
larger.

In addition to the shift in the vibrational features discussed above, there are many other
factors operating in the matrix, which can lead to multiple band structures for a vibrational
feature in the matrix. These are:

1) Rotation or libration of the solute molecules in its trapping site

2) Multiple trapping site effects

3) Aggregation of the solute

4) Lifting of degeneracy of the vibrational levels

5) Inactive modes may also be rendered active due to interactions with the matrix.***’
Rotation of analyte in matrix cage

Analyte species trapped in inert matrix cages at low temperatures are generally
rotationally cold. Furthermore, the matrix cage also prevents rotational motion, particularly for
large molecules. However, a number of small molecules, such as HX (X=F, ClI), H,O, NH3 and
OH have been shown to rotate in noble gas matrices. In general, rotation seems not to occur in

matrices with unsymmetrical matrix sites, although there are exceptions (e.g. H, in N, matrix).
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Confirmation that these small molecules rotate in noble gas matrices has been provided
by observation of the pure rotational transitions in the far infrared or Raman spectrum.'®% The
features due to rotations also show a temperature cycling effect, i.e. these bands can increase or
decrease in intensity with changes in temperature, which is also used to confirm that these
features are due to rotations.

Multiple trapping site effects

It may also happen that the analytes may be trapped in sites in the matrix of differing
symmetry. The different matrix sites perturb the vibrational potential differently leading to a
splitting in vibrational features. The common matrix materials, the noble gases, generally
crystallize in cubic closed packed (face centre cubic f.c.c.) structure. A small amount of nitrogen
or oxygen in solid argon can render hexagonal close packed (h.c.p.) structure to be more stable.
In f.c.c. structure, each atom is surrounded by 12 equidistant nearest neighbors and its symmetry
is found to be an octahedron, Oy. The h.c.p. structure is less stable compared to f.c.c. and it has
also 12 equidistant nearest neighbor of symmetry Ds,. The inert gases crystallize in f.c.c.
structure at cryogenic temperatures when no impurity is present. The closed packed lattices can
have three possible guest sites; substitutional, in which the guest molecule replaces one or more
host species and two types of interstitial sites viz. tetrahedral and octahedral. A tetrahedral hole
is in itself not tetrahedral in shape but is so named because a small guest atom trapped in such a
hole would have four neighboring matrix spheres arranged at the corners of tetrahedron.
Additionally, there are tetrahedral holes from three spheres of top layer and one from the bottom;
thus there is also one tetrahedral hole above each sphere of the bottom layer. In the crystal as a
whole, there is one tetrahedral hole above and one below every close-packed sphere. Similarly an
octahedral site is surrounded by six close-packed spheres situated on the corners of an
octahedron. By simple geometry, it can be shown that the radius of an octahedral site is 0.414r.
In a column of spheres, octahedral sites and spheres alternate, for f.c.c. lattices. Thus there is one
octahedral site for every sphere in lattice, i.e. there are half as many octahedral sites in a closest-
packed lattice as there are tetrahedral sites.

Vacancies in the crystal lattice may alter the existing site symmetry and crystal
imperfections may provide further sites viz. dislocation sites. Generally solids grown by rapid

condensation from vapor are unlikely to form perfect crystal as the possibility of formation of
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grain boundaries and dislocation sites are quite high. The most likely site is the substitutional site
since it alone is large enough to accommodate a normal size diatomic guest. The octahedral
interstitial sites are much smaller than the substitutional sites but can possibly accommodate
smaller diatomic molecules whereas tetrahedral interstitial sites must be too small to be seriously
considered. Small molecules like H,, HCI, can occupy interstitial sites, which have a diameter
less than 2 A in argon or nitrogen matrix. Larger guest molecules must occupy sites formed by
removing two or more lattice molecules.

For solute molecules trapped in different sites, for example, in a substitutional site
formed by removal of n or n+1 matrix atoms, each vibrational mode will exhibit more than one
band since the interaction of the solute with the matrix environment will be different for different
trapping sites. The relative intensity of multiplets due to different trapping sites is usually not
dependent on the solute concentration but can change on annealing at higher temperatures or by
altering the rate of deposition.?**

Multiple bands can, however arise from other causes; concentration and annealing studies
are necessary to identify the effects due to multiple trapping sites. In addition, in a matrix,
coupling may occur between certain internal vibrational modes of a molecule with low energy
lattice vibrations of the matrix leading to splitting and broadening of spectral features.
Aggregation

True isolation is achieved only at matrix/analyte (M/A) ratios, of about 1000:1; at M/A
ratios where the analyte concentration is higher, molecular aggregates may be formed and
trapped in addition to monomers. A sample to matrix ratio of 1:1000 gives about 98.8% isolation
of a small molecule undergoing weak interactions. A larger trapped species has a larger cage and
hence a larger probability of interaction. This probability has been found to be 99.9% when the
sample to matrix ratio is 1:10000 for a weak interaction.?® Multiple features due to self-
association can be readily identified from their concentration dependence and from warm-up
experiments in which monomers diffuse to form dimer and higher multimers.

In the above discussion, the effect of diffusion during and after deposition are ignored. It
is found experimentally, for example, that carbon monoxide forms dimers or higher aggregates
to the extent of several percent at a matrix ratio of 1:1000 in argon, rather than the 1% expected
on the basis of our analysis. Lithium atoms, on the other hand, will dimerise completely even

with matrix ratios of 1:10000, unless matrices that rigidify at a very fast rate are used.?”%®
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It is also important that the matrix gas used must be free from impurities, even if these
impurities do not interfere. The presence of, for instance, 1% of nitrogen in argon would result in
some 12% of all sites having a cage containing at least one nitrogen molecule even if only single
substitutional sites are considered.

Lifting of degeneracy of vibrational levels

The symmetry of the site occupied by the molecule may also contribute to matrix effects.
The perturbation of the molecule trapped in a particular site will be different for different
vibrations and hence will have different frequency shifts. In case of degenerate vibrational

modes, asymmetric sites can lead to a lifting of the degeneracy, resulting in the splitting of the

. . . 29-31 32.33
vibrational features, such as that occurs in CO,  and C,H,.

2.2. Matrix Isolation Setup

Main component of this set up involves: (a) Cryostat; (b) Vacuum system; (c) Sample
introduction system and (d) Fourier transform infrared spectrometer.
Cryostat

Fig. 2.2 shows the radiation shield of the cryostat. Experiments were performed using
closed cycle Helium compressor. The cryostat used is a Sumitomo closed cycle Helium
compressor (HC-4E1) (Fig. 2.3) that uses continuous expansion-compression cycle of He for
cooling.

The region of the cryostat tip is maintained at high vacuum conditions and at a
temperature of 12K while recording the spectra. During annealing, the temperature is increased
to 27K in the case of N, and to 32K in the case of Ar, and maintained at this temperature for a
period of 30-60 minutes. The temperature is controlled using a temperature controller unit
(Lakeshore Instruments). The compressor is cooled by 3kW water chiller system (Werner Finley)
that provides flowing water at an approximate temperature of 15°C.

Vacuum Systems

An efficient pumping system is very crucial for any matrix isolation experiment, not
only to minimise the heat load on the cryostat, but also to ensure a clean environment around the
cryotip during deposition. The vacuum is obtained in this setup in two steps. First, a mechanical
rotary pump (Hind Hivac; ED6) operating at a pumping speed of 200 L/min is used to rough the
system to a pressure of ~10 mbar. This is followed by pump-down using a vapor diffusion
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pump (Edwards, Diffstack MK2 series 100/300) operating at a pumping speed of 300L/sec,
which produces a vacuum to about 10° mbar. The walls of the diffusion pump are cooled by
water from a chiller (Werner-Finley). The vacuum is measured using a digital Penning gauge
(Hind Hivac) and a Pirani Gauge 26 (Edwards APG 100 Active Pirani Gauge). Figure 2.4 shows
the diffusion pump, the Pirani and Penning gauge readouts.

Sample introduction system

The analyte/matrix gas mixture was prepared in a stainless steel mixing chamber of 1 L
capacity, using manometric procedures. (Figure 2.5(a)) The gas mixture was then introduced into
the vacuum system using a single jet effusive nozzle. In some experiments, such as when
studying B3NsHg complexes, deposition was carried out using a double jet nozzle system. In
these experiments, the matrix gas was allowed to effuse out through one nozzle, while BsNsHg
was introduced through the second nozzle. .

The rate of deposition was controlled by using a fine flow needle valve (Model: EVN
116, Pfeiffer vacuum) at typical deposition rates of ~3 mmol/hr.

2.3. Experimental procedure

C,H, (Sigma Gases, 99.9%), PhAc (Sigma Aldrich, 98%) and C¢Hs (Sigma Aldrich,
anhydrous, >99%) were used without further purification. However, the liquid samples were
subjected to several freeze-pump-thaw cycles before use.

B3N3Hg was prepared in our lab and the method of preparation will be discussed in
Chapter 4. BsN3Hg, being highly moisture sensitive, was handled with great care during the
experiments. It was loaded in the sample bottle in an argon atmosphere in a glove box to
minimize its contact with moisture. These liquid samples were equilibrated at the required
temperature, to obtain the desired vapor pressure to prepare the analyte/matrix gas mixture of the
required ratio. The temperature of the sample was maintained using an ethanol-liquid nitrogen
slush bath, and equilibrated for an hour to ensure that the desired vapor pressure over the sample
was obtained. The temperature of the slush bath was measured using a platinum resistance
thermometer. VVapor pressure data, where available was used to determine the temperature at

which the desired vapor pressure could be obtained, by using the Clausius-Clapeyron equation.
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Fig. 2.2: Radiation shield of the cryostat
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Fig 2.3. Cryostat, Compressor and the temperature controller
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(b) (c)
Fig. 2.5: a) The mixing chamber; b) The fine flow needle valve (Model: EVN 360); ¢) The
double jet setup mounted on the cryostat
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Fig. 2.6: The MI-FTIR setup at IISER Mohali
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Spectra of matrix isolated molecules were recorded using a Bruker-Tensor 27 FTIR
spectrophotometer with KBr optics. The instrument was operated at a resolution fixed at 0.50
cm™. In all the experiments, 8 scans were recorded which yielded spectra with a good signal to
noise ratio. Spectra were also recorded after annealing the matrix at an elevated temperature
such as 27K for N, and 32K for Ar to promote diffusion of the species and to aid in complex
formation.

2.4. Computations

Ab initio computations were carried out using the Gaussian 09W package® on a Fujitsu
workstation. Molecular properties such as structures, energies and frequencies were computed
which were then used to corroborate the experimental results. AIM2000 package was used to
examine the nature of the interactions between the precursors of the complexes®>®’, by studying
the electron density topology. (3,-1) bond critical points were located and electron densities (p)
and Laplacian (V%p) at these critical points were obtained for an understanding of the nature of
the bonding. NBO (3.1 version) implemented using Gaussian 09 was used to understand the
delocalization interactions present in molecules under study.® These calculations provide an
insight into the nature of the orbital interactions, thereby presenting a clear picture of the bonding
characteristics of the non-covalent interactions. Energy Decomposition Analysis (EDA) was also
done using the LMO-EDA method implemented through GAMESS, in order to partition the total
energy of the complexes into various components, such as electrostatic, dispersion, exchange-
repulsion and polarization.***® A brief discussion regarding the computational methods
employed is given in the following sections.

2.4.1 Geometry optimization and frequency calculation

Geometry Optimization was done to arrive at the structures corresponding to minimum
on the potential energy surface. This process of optimization begins with a guess molecular
structure specified as input. The energy and gradient are first computed at this point on the
potential surface, corresponding to the initial geometry. This information is used to determine
how far and in which direction the next step is taken to improve the geometry. At the minimum
(or more generally a stationary point), forces will be zero. In the case of Gaussian program, the
optimization was achieved when the forces, the root mean square of forces, the calculated
displacement and the root mean square of the displacement for the subsequent steps are below

preset threshold values.
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Optimization calculations were performed at various levels of theories using M06-2X,
Moller-Plesset second order perturbation (MP2) using 6-311++G(d,p) and augmented basis sets.
Vibrational frequency calculations were performed at the same level of theory used for geometry
optimization. The frequency computations were done, first, to ensure that the computed
structures did correspond to minima on the potential surface and also to assign the vibrational
features observed in the experiments. The computed vibrational frequencies were scaled to bring
them in agreement with experimental results. To arrive at the scaling factor, the experimentally
observed strongest feature was correlated with the strongest computed feature. The scaling factor
that would bring the computed frequency in good agreement with that of experiment was used to
scale all other vibrational frequencies. The method of determining the scaling factors is discussed
in detail in Chapter 3.

The computed scaled frequencies were used to simulate vibrational spectra by the help of
the SYNSPEC program.** The simulated spectra were generated assuming a Lorentzian line
profile with full width at half maximum (FWHM) of 1 cm™. Zero point vibrational energies
(ZPE) were also obtained from frequency calculations which were used to calculate ZPE
corrected energies.

MO06 and related methods

The MO06 set of functionals were developed by Truhlar et. al.** The M06 functionals are
set of four meta-hybrid GGA functionals (generalised gradient approximation- it depends on the
up and down spin densities and their reduced gradient). Recently, a new functional, called as the
MO06-L functional has been introduced to this family of Minnesota functionals for main-group
and transition  element thermochemistry,  thermochemical kinetics, and noncovalent
interactions.”* MO06-L is very fast for large systems, and is an excellent choice for transition
metals and for calculating geometries for any system. M06-HF is recommended for problems
that are extremely sensitive to self-interaction, such as long-range charge transfer excitations. All
four functionals have good performance for van der Waals interactions, but M06-2X is the best
for such interactions, especially for the very difficult case of n—=n stacking. The 2X is referred to
the percentage of HF exchange which roughly amounts to 54% in this case. The M06 functionals
are thus best suited to model dispersion interactions.** All the M06-2X calculations were
performed using OPT=TIGHT and INT=ULTRAFINE option.

29



Magller Plesset Perturbation Theory

The methods employing Mgller Plesset Perturbation Theory are non DFT methods and
work by brute force solutions of quantum mechanical wavefunctions. The main problem with the
Hartree-Fock approach is that it does not account for electron correlation in molecular and
atomic systems. However, there exist several methods for treating the electron correlation
problem starting from a Hartree-Fock (HF) single determinental wave function. Configuration
interaction (CI), Maller Plesset (MP) (or many-body) perturbation and the coupled cluster (CC)
are some of the widely used formalisms to calculate the electron correlation energy. The MP
Perturbation Theory was developed in the year 1934 by Christian Mgller and Milton S. Plesset.*®
Since then, this theory has widely developed over the years. This method essentially treats the
electron correlation using the Rayleigh-Schrodinger perturbation theory to second (MP2), third
(MP3) and fourth (MP4) order. The accuracy of MP2, in particular, has been systematically
improved by introducing spin scaling, dispersion corrections, orbital optimization, or explicit
correlation.

2.4.2 Interaction energy calculation of complexes
The interaction energy (AE) of a complex is given by:
AE=Eps— (EA+ Eg)........... (2.3)
where, Ea, Eg and Eag represent the energies for the monomers A, B and complex AB
respectively. If the value of AE is negative, the complex is more stable relative to the precursors.
The interaction energy of the complex was also computed by separately correcting for zero point
energy (ZPE) and Basis Set Superposition Error (BSSE).

The BSSE arises for the following reason. When the energy of complex (EaB) is
computed, the basis functions used are those of both the monomer subunits. When computing the
energy of the individual precursors (i.e. Ea and EB), the basis functions pertaining to only the
corresponding precursor are used. As the number of basis functions used is larger in the
computation of the complex, the energy obtained will be lower, as basically each monomer can
use the basis functions of other. Interaction energies thus derived from the calculated energies
Ea, EB and Eas will be overestimated and the error is referred to as the basis set superposition
error (BSSE).*®® The best way to eliminate the BSSE is to increase the basis set until the
interaction energy is stable to the desired accuracy, which of course implies large computation

times for even small systems. The commonly used method to correct for BSSE is by
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counterpoise correction proposed by Boys and Bernardi.*® In this scheme, one calculates all
quantities (energies of monomer Ea, Eg and the complex EaB) in the same basis set spanned by
the functions of the complex AB and the difference in energies is obtained as follows:
AE = Eag (AB) — {EA(AB) + EB (AB)}........... (2.4)

where, EA (AB) = Energy of the monomer A using the basis set AB
Es (AB) = Energy of the monomer B using the basis set AB
Eag (AB) = Energy of the complex AB using the basis set AB
It is to be noted that the energy corrections for ZPE and BSSE simultaneously were not included
as these values are known to overcorrect the stabilization values.” ™2

To address the problem of BSSE arising from the limited size of the basis sets, the energy
values were also computed at the complete basis set (CBS) limit, obtained using the two-point

extrapolation scheme proposed by Helgaker et al®®

, Which relies on the fact that correlation
energy is proportional to X* for aug-cc-pVXZ basis sets. For example, the extrapolation of
AEmp21aug-ce-pvoz and A Evpajaug-ce-pvrz €Nergy values leads to the simple formula:

AEwpaces = (4° X AEmpataug-cepvoz - 32X AEmparaug-cepvrz (4% - 3%) ... (2.5)

We have used the AEmpyaug-cc-pvoz and AEmpaaug-cc-pvrz Values for the extrapolation
purpose for most of the geometries. For a few geometries, energy values did not converge at the
MP2/aug-cc-pVQZ level of theory. In that case, 4Ewmpzaug-ccpvpz and AEmp2jaug-cc-pvrz Values
were used for extrapolation. Finally the estimated CCSD(T)/CBS energy was obtained using the
following formula:

AEccspmyces = AEmpaces + (4Eccsp(tyaug-ce-pvpz = AEMPp2iaug-cc-pvDz) - - - - - - - (2.6)
2.4.3 Atoms-in-Molecules analysis

Bader first proposed the “atoms in molecules” theory, which uses an analysis of the
electron density topology™®. The wavefunction corresponding to the optimized geometry of a
molecule or complex are generated using the Gaussian 09 package. From the electron density
plots, bond critical points, charge density p, Laplacian of charge density V*p, can be obtained
through AIM2000 package. The charge density, p(r), is a physical quantity which has a definite
value at each point in space. It is a scalar field defined over three dimensional space. Each
topological feature of p(r), whether it is a maximum, a minimum, or a saddle point, has
associated with it in a space called a critical point. At this point, the first derivative of p(r)

vanish. The sign of its second derivative or curvature at this point determines whether a function
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is maximum or minimum. The rank of critical point, denoted by ®, is equal to the number of
non-zero eigenvalues or non-zero curvature of p at the critical point. The signature denoted by o,
is the algebraic sum of the signs of the eigenvalues. The critical point (CP) is labeled by giving
the duo values (o, ©).

For example, (3, -1) critical point means, three non-zero curvatures and one positive and
two negative eigenvalues. A (3, -1) CP corresponds to a bond between two atoms, a (3, +1) CP
to aring, a (3, +3) CP to a cage and a (3, -3) CP corresponds to a maximum. The numbers of
critical points of all types, which can coexist in a system with a finite number of nuclei, are

governed by the Poincare-Hopf relationship.

where, n is the number of nuclei, b is the number of bond critical points, r is the number of ring
critical points and c is the number of cage critical points.

The sum of three Hessians (A1, A2, Ag) at a bond critical point, gives the value of Vp,
which provides the electronic charge density distribution in the inter nuclear region. If the value
of charge density p (<10™" a.u) and the curvature of charge density are large, Laplacian of charge
density may be positive or negative usually of the same order of magnitude as p then the
interaction is of shared type, typical of covalent interaction. For the closed shell interactions,
such as hydrogen bond complexes, van der Waals complexes and ionic systems, the charge
density p (~10 to 10 a.u) at the bond critical point is quite small and the Laplacian of the
charge density is positive. Koch and Popelier have proposed values of p and V?p to characterize
the hydrogen bonds, which we have used in this work.>*

2.4.4. Energy Decomposition Analysis

Energy decomposition analysis (EDA) is a powerful method for a quantitative
interpretation of chemical bonds and is used to partition the total energy of the complexes into
various fractions like electrostatic, polarization, dispersion and exchange-repulsion. One of the
earlier approaches to this analysis was proposed by Morokuma® and further extended by Kitaura
and Morokuma.*®®’ Their energy decomposition approach (EDA, also called sometimes the KM
analysis) has become standard and has been widely used for over 30 years now. The original
method was applied to the analysis of binding between two units (e.g., molecules), and it was
extended into a general case of an arbitrary number of units by Chen and Gordon.>®

An energy decomposition analysis method is implemented for the analysis of both
32



covalent bonds and intermolecular interactions on the basis of single-determinant Hartree—Fock
(HF) (restricted closed shell HF, restricted open shell HF, and unrestricted open shell HF)
wavefunctions and their density functional theory analogs. For HF methods, the total interaction
energy from a supermolecule calculation is decomposed into electrostatic, exchange, repulsion,
and polarization terms.  Dispersion energy is obtained from second-order Mgller—Plesset
perturbation theory and coupled-cluster methods such as CCSD and CCSD(T). Tests on various
systems show that this algorithm is simple and robust. The symmetry-adapted perturbation theory
(SAPT)> is another method for calculating the intermolecular interaction. It is a well established
method of calculating the interaction energy of non-covalent complexes. The SAPT method provides
detailed information on the intermolecular interaction, as this method directly calculates the
magnitude of each energy term (electrostatic, dispersion, etc.) of the intermolecular interaction. DFT-
SAPT calculation provides very accurate interaction energy, if a reasonably large basis set is
used. Another method used to carry out the energy decomposition is the Localized Molecular
Orbital-EDA method (LMO-EDA), developed by Su and Li.** The LMO-EDA scheme was
employed in our work, using GAMESS®, for the various complexes to decompose the total
interaction energies of the complexes. This method can be successfully applied to both closed-
shell and open shell systems and is insensitive to the quality of basis set employed. An added
advantage of this method is its applicability to high-level quantum chemical methods, such as
MP2, CCSD and CCSD(T), thus making it a robust model. Inclusion of such methods enhances
the EDA to the wide range of intermolecular interactions.®® As stated before, this method can be
applied to open systems as well, hence making it useful for covalent bond analysis.
2.4.5. Natural Bond Orbital Analysis

Natural Bond Orbital (NBO) analysis is based on a method for optimally transforming a
given wave function into localized form, corresponding to the one-center ("lone pairs™) and two-
center ("bonds™) elements of the Lewis structure picture. In NBO analysis, the input atomic
orbital basis set is transformed via natural atomic orbitals (NAOs) and natural hybrid orbitals
(NHOs) into natural bond orbitals (NBOs). The NBOs obtained this way correspond to the
widely used Lewis picture, in which two-center bonds and lone pairs are localized. Natural
(localized) orbitals are used in computational chemistry to calculate the distribution of electron
density in atoms and in bonds between atoms. They have the "maximum-occupancy character" in

localized 1-center and 2-center regions of the molecule. Natural bond orbitals (NBOs) include
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the highest possible percentage of the electron density, ideally close to 2.000, providing the most
accurate possible “natural Lewis structure” of y. The concept of natural orbitals was first
introduced by Per-Olov Loéwdin in 1955, to describe the unique set of orthonormal 1-electron
functions that are intrinsic to the N-electron wavefunction. The NBOs are localized few-centered
orbitals that describe the Lewis-like molecular bonding pattern of electron in optimally compact
form. More precisely, NBOs are an orthonormal set of localized maximum occupancy orbitals
whose leading N/2 members give the most accurate possible Lewis-like description of the total
N-electron density. The NBOs are obtained as local block eigenfunctions of the one-electron
density matrix, and are hence natural in the sense of Lowdin, having optimal convergence
properties for describing the electron density. Delocalization effects appear as weak departures
from this idealized localized picture.

The estimates of energy effects are based on second-order perturbation theory, or on the
effect of deleting certain orbitals or matrix elements and recalculating the total energy to
determine the associated vibrational energy lowering. This analysis is performed by

1) Deleting specified elements or block of elements from the NBO Fock matrix,

2) Diagonalizing this new Fock matrix to obtain a new density matrix, and

3) Passing this density matrix to the SCF routines for a single pass through the SCF
energy evaluator.

The difference between this deletion energy and the original SCF energy provides useful
measure of the energy contribution of the deleted terms. This way one can decompose the total
energy into components associated with covalent and non-covalent contributions

E=Es-Eg*......... (2.8)
where, 6 and o* are referred to filled and unfilled orbitals respectively. The filled orbital can be
core orbital, lone pair, o or m bond and the unfilled orbital can be ¢ or m antibond, Rydberg
orbital etc. Schematic NBO perturbation diagram for 2-e stabilizing interaction
(hyperconjugative interactions) is shown in Fig. 2.7. This figure depicts the interaction of a filled
orbital o of the formal Lewis structure with one of the unfilled antibonding orbitals 6* to give the
second order energy lowering, AE® s+ In SCF-MO theory this lowering in energy is given by
the formula,
AE(Z)G_,(,* =q<o | Flo*>2/[gs* - &]....... (2.9)
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Where, q is the donor orbital occupancy, F is the Fock operator and &;, .+ are NBO orbital
energies. The NBO perturbative framework permits one to apply qualitative concepts of valence
theory to describe the non-covalent energy lowering. Since the non-covalent delocalization effect
are associated with c—c* interactions between filled (donor) and unfilled (acceptor) orbitals, it

99 (13

is natural to describe them as being of “donor-acceptor”, “charge transfer”, or generalized
“Lewis base-Lewis acid” type.

In our work, NBO analysis (Version 3.1)*® was performed at MP2/aug-cc-pVDZ using
GAUSSIAN 09 to explore the nature of delocalization interactions in the various 7 systems

studied.
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Fig. 2.7. Schematic NBO perturbation diagram for ‘2-e stabilizing’ delocalization interaction.
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CHAPTER 3: HYDROGEN BONDED COMPLEXES OF PHENYLACETYLENE-
ACETYLENE

3.1. Introduction

PhAc is an interesting multifunctional molecule which presents competitive hydrogen
bonding sites. There have been many theoretical and experimental studies in the literature in
order to understand the hydrogen bonding interactions in PhAc. Patwari and co-workers have
studied hydrogen bonded complexes of PhAc with various molecules such as water, methanol,
ammonia and methylamine experimentally using IR-UV Double Resonance Spectroscopy and
theoretically using high level ab initio calculations.*'° Goswami and Arunan have also studied
the complexes of PhAc using gas phase microwave spectroscopy.**? As can be expected, PhAc

forms a variety of intermolecular structures which results from a fine balance of intermolecular

forces. For example, the phenylacetylene-methanol complex has an O-H---x hydrogen bond,

where the O-H group of methanol interacts with the © cloud of the benzene ring." Likewise, the

phenylacetylene-methylamine complex is characterized by the presence of an N-H---n hydrogen

bond, with the N-H group of methylamine interacting with the m electron density of the CgHg

ring.! On the other hand, PhAc forms a linear C-H---N, o hydrogen-bonded complex with

ammonia, which is very similar to acetylene-ammonia complex, whereas in addition, it forms a

quasiplanar cyclic complex with water, involving both O-H---x and C-H---O hydrogen bonds.
Interestingly, in this complex the O-H group of a water molecule interacts with the © electron
density of the C-C triple bond, while the C-H group of the CgHg ring in the ortho position is
hydrogen-bonded to the oxygen atom of the water molecule. Even though PhAc has features of
both CgHg and C,H,, the structure of the PhAc—H,O complex is different from both the CgHe-
H,0 and C,H.- H,0O complexes.’*** These results indicate that while studying interactions with
multifunctional molecules, even small changes in the interacting partner can result in a
remarkable change in the intermolecular structure.

In order to understand weak non-covalent interactions, specially n- hydrogen bonded
systems and n-7 interactions, we have chosen to study PhAc and C,H; heterodimer in this work.
The prime motivation behind choosing this system is that PhAc is a molecule with

multifunctional sites for hydrogen bonding (Fig.3.1). It has two hydrogen bonding acceptor sites
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in the benzene ring and the acetylenic C-C triple bond, and proton donor sites as the acetylenic
and the phenyl C-H group. Similarly, C,H, has a C-C triple bond, which can act as proton
acceptor, and an acetylenic C-H group, which can act as a proton donor (Fig.3.1).

Studies on the hydrogen bonded complexes of C,H,—MeOH, C,H,-CHCIs, CoH»-CoHy
and C,H,-C¢Hg have been reported, where the dual behavior of C,H, has been well
documented.**™® While in the C,H,-CHCI; complex, C,H, played the role of a proton acceptor,
in the complexes of C,H,-C,H, and C,H,-CgHe, it played the role of a proton donor.

It is thus interesting to study this system, to understand the nature of the PhAc-C;H;
heterodimer. Since this system is expected to present a number of minima on the potential
surface, the problem turns out to be even more interesting. While in gas phase experiments, the
lowest energy complex is usually observed, the matrix isolation experimental technique that we
have employed is known to trap local minima. It was therefore worthwhile to see how many of
these minima can be discerned in the experiments.

Experiments were also performed using PhAc deuterated at the acetylenic hydrogen
(PhAcp) to study the isotopic effects on the vibrational spectra of complexes.

3.2 Experimental Details

Matrix isolation experiments were performed using a Sumitomo closed cycle helium
compressor-cooled cryostat (HC-4E1). The cryostat along with the cold tip was housed in a
vacuum chamber, where the base pressure was ~10® torr. N, and Ar (Sigma Gases & Services,
99.999%) were used as the matrix gases.

C,H, (Sigma Gases & Services, 99.9%), PhAc (Sigma Aldrich, 98%), Phac-D (Sigma
Aldrich, 99% Atom-D) were used without further purification. PhAc was, however, subjected to
several freeze-pump-thaw cycles before preparation of the sample-matrix gas mixtures. The
sample-matrix gas mixture was prepared at the desired ratio, using standard manometric
procedures. Sample to matrix ratios were typically varied from 0.2:1000 to 3:1000 individually
for both precursors PhAc (or PhAcp) and C,H,. The matrix gas/C,H,/PhAc mixture was then
deposited through an effusive nozzle onto a cold KBr substrate, mounted on a cryotip. A
deposition typically lasted 1hr 30 min, at a rate of 3 mmol/h of the matrix gas, which yielded a
uniform matrix film.

Infrared spectra of the matrix isolated samples were recorded over the range 4000-400

cm™, using a Bruker Tensor 27 FTIR spectrometer, operated at a resolution of 0.5 cm™. The
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matrix was then warmed to an elevated temperature (27 K for N, matrix and 32 K for Ar matrix)
to promote diffusion and complex formation; maintained at this temperature for about 1 hour and
re-cooled to 12K. Spectra of the matrix, thus annealed, were again recorded. Spectra of the C,H,
and PhAc deposited individually in the matrix were also recorded for comparison.

3.3. Computations

Theoretical calculations were performed for the C,H,-PhAc complexes using the
GAUSSIAN-09? suite of programs. Geometries of the precursor molecules were first optimized
at the M06-2X and MP2 level of theories using 6-311++G (d,p) and aug-cc-pVDZ basis sets.
Starting from the optimized monomer geometries, the geometries of the complexes were then
optimized. Interaction energies were computed for the complexes, corrected separately for BSSE
(basis set superposition error) using the method outlined by Boys and Bernardi?* and ZPE (Zero
point energies). Interaction energies were also computed at the MP2/CBS and CCSD(T)/CBS
limit for all the complexes. (Table 3.1)

Vibrational frequency calculations were done for the optimized geometries to enable us
to characterize the nature of the stationary points and also to assign the observed frequencies in
our matrix isolation experiments. The computed vibrational frequencies for the different
complexes were scaled, on a mode-by-mode basis, as it is recognized that the matrix perturbs the
vibrational frequencies of the trapped species, with the magnitude of perturbation depending on
the vibrational frequency of the mode. We therefore consider that mode-by-mode scaling is an
appropriate method to account for the varying degrees of matrix influence and helps in bringing
the computational features in meaningful agreement with the experimental observations in the
matrix, over the entire range of experiments. The scaling factors were obtained by comparing the
strongest computed frequency, of say C,H,, with the strongest feature observed experimentally,
in a given region. The factor that would bring the computed feature in agreement with the
experimental feature was calculated for the given spectral region. The scaling factor thus
obtained for uncomplexed C,H,, was then used to scale the computed frequencies of this

submolecule in the complex for the corresponding mode.
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Fig.3.1. PhAc and C,Hj, structures with the multifunctional sites depicted with an upward arrow

Table 3.1. Raw uncorrected/ZPE/BSSE interaction energies in kcal/mol for the various PhAc-

C,H, complexes at the M06-2X and MP2 levels of theory using 6-311++G(d,p) and aug-cc-
pVDZ basis sets. The interaction energies at MP2/CBS and CCSD(T)/CBS limit are also given.

MO06-2X MP2 CCSD(T)
Complex
6-311++G(d,p) aug-cc-pvDZ 6-311++G(d,p) aug-cc-pvDz | CBS CBS
1 -2.96/-2.45/-2.61 | -3.38/-2.80/-2.36 | -4.48/-3.90/-1.94 | -5.90/-4.85/-2.64 | -3.16 -2.38
2 -1.38/-1.01/-1.28 | -1.57/-1.05/-1.31 | -2.25/-1.94/-1.10 | -2.63/-1.94/-1.82 | -1.64 -1.49
3 -2.37/-2.01/-2.17 | -2.84/-2.15/-2.37 | Geom not found | -3.92/-3.17/-2.05 | -2.51 -2.18
4 -2.56/-2.12/-2.18 | -2.74/-2.30/-2.16 | -4.05/-3.86/-1.56 | -4.72/-3.72/-2.39 | -2.01 -1.66
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For example, the scaling factor for the C-H stretching mode of C,H, monomer was
computed by dividing the experimental wavenumber of the C,H, monomer in the C-H stretching
region, i.e. 3283.1 cm™ by the computed wavenumber in the same region at the M06-2X/aug-cc-
pVDZ level of theory, i.e. 3431.6 cm™. The scaling factor thus obtained, i.e. 0.9567 was then
used to scale the computed frequencies of this submolecule in the complex for the corresponding
mode. Similarly, the scaling factors in the C-H stretching region of PhAc and the C-H bending
region of C,H, were computed.

The computed frequencies for the various modes for the PhAc-C,H, complexes were
simulated as a vibrational spectrum using SYNSPEC program.?? For this exercise, the scaled
frequencies and intensities obtained from GAUSSIAN 09 program were used. The simulated
vibrational spectra were generated assuming a Lorentzian line profile with a full width at half
maximum (FWHM) of 1 cm™,

Atoms-in-molecules (AIM) analysis was done on the optimized geometries of PhAc-
C,H, complexes using AIM2000 (version 1.0) to explore the nature of hydrogen bonding.>?
Localized Molecular Orbital Energy decomposition Analysis (LMOEDA)?® was performed using
GAMESS?’ to determine the contributions of the various components of interaction energy such
as electrostatic, exchange, repulsion, polarization and dispersion towards the stabilization of the
complex. NBO analysis was performed through Gaussian 09, to understand the role of the
various orbital interactions in the stabilization of the complex.”®
3.4 Results and Discussion
3.4.1. Computational Details

The interaction energies of the different complexes at the M06-2X and MP2 levels of
theory are indicated in Table 3.1. The interaction energies were also calculated at the MP2/CBS
and CCSD(T)/CBS limit for all the complexes, as shown in this table.

The interaction energy (4E) values for the complexes were computed using the super-molecule
approach:
AE (PhAc — C,H,) = E (PhAc—C,H,) - E(PhAC) - E(CoHy).....(1)
The energy values computed at the complete basis set (CBS) limit were obtained using

|.29

the two-point extrapolation scheme proposed by Helgaker et al.””, and which has been outlined

in Chapter 2. The estimated CCSD(T)/CBS energy was also obtained.
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Our computations at the M06-2X/aug-cc-pVDZ level of theory indicated four structures
for the PhAc-C,H, complexes. Figure 3.2 shows the different optimized geometries of the PhAc-
C,H, complexes at the M06-2X/aug-cc-pVDZ level of theory and Table 3.2 presents the relevant

molecular structural parameters for the four complexes. Complex 1 is a structure where the

hydrogen of C,H, interacts with the m cloud of the phenyl ring in PhAc. The C-H--n hydrogen
bond distance in this complex was computed to be 2.77A. In complex 2, the acetylenic hydrogen

in PhAc interacts with the m cloud of C,H; with the C-H:--w hydrogen bonded distance for this
complex being 2.71A. In complex 3, C;H; serves as the proton donor to the acetylenic n-cloud of

PhAc. In this complex, the C-H---n distance was computed to be 2.62 A; the shortest among the
complexes. Complex 4 was a 7 stacked structure. At this level of theory, complexes 1 and 3 were
nearly isoenergetic global minima. However, at the MP2/aug-cc-pVDZ level, complex 1 was
found to be the global minimum, followed by complexes 4, 3 and 2. Computations were also
done at the 6-311++G(d,p) level, the results of which are shown in Table 3.1.

3.4.2 Experimental

Figure 3.3 (Panel A) shows the IR spectra of PhAc and C,H; in a N, matrix over the
spectral region 3350-3200 cm™ which corresponds to =C-H stretch in the two molecules. In this
region, C,H,, showed a strong absorption at 3283.1 cm™. In addition to the feature of the C,H;
monomer, we also observed a feature at 3258 cm™ which has been assigned to the C,H, dimer
and two other features at 3218.6 and 3225.7 cm™ which are due to C,H,-H,O complex.*

The features due to C,H,-H,O were observed even when water was not deliberately
introduced, as water is an inevitable impurity in a matrix isolation experiment. Likewise, the
features of matrix isolated PhAc was observed at 3323.1 cm™, with the Fermi resonance diad
appearing as a site split feature at 3309.1/3310.8 cm™. The Fermi resonance has been reported to
occur between the =C-H stretching vibration and a combination of one quantum of C=C stretch
and two quanta of C=C-H out-of-plane bend.*

Figure 3.3 (Panel C) displays the IR spectra in the region 780-730 cm™, corresponding to
the bending region of C,H,. The doubly degenerate bending mode of C,H; in the N, matrix,
appears as a doublet at 742.4 cm™ and 747.4 cm™. The bending mode of PhAc in the N, matrix
appears at 758.7 cm™.
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Complex 4 Complex 2

Complex 1 Complex 3

Fig.3.2. Optimized structures of PhAc-C,H, complexes at M06-2X/aug-cc-pVDZ level of theory
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Table 3.2. Selected geometrical parameters for the PhAc-C,H, complexes at the M06-2X/aug-
cc-pVDZ level of theory. The distances are given in angstroms (A) and the angles are given in

degrees (°)

Parameters Complex 1 | Complex2 | Complex 3 Complex 4
C12-C13 1.21 1.21 1.21 1.21
C16-C17 1.21 1.21 1.21 1.21
C16-H15 1.07
H14-C16 2.71
H14-C17 2.71

H7-C16 2.72
C13-H15 2.62
H15-C13-H14 98.9
H15-C12-C13 98.6
C17-C6-H11 111.1
C12-C3-C2-H8 1.91
H9-C4-H15 117.7
H14-C17-H18 102.9
C16-H15-C4-C3 118.5
C13-H14-C17-H18 1.34
C16-H15-C13-H14 -0.80
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When PhAc and C,H, were co-deposited in a N, matrix and the matrix then annealed,
new features were observed at 3253.1, 3315.2 and 753.7 cm™(Fig.3.3(d) Panels A, B and C).
These product bands increased in intensity, when the concentration of either of the two reagents,
PhAc or C,H,, was increased which clearly indicates that these features are due to a complex
involving PhAc and C,H; (Fig.3.4). Since these bands appear even at low concentrations of PhAc
and C,H,, we believe that these bands are due to a 1:1 complex of C,H, and PhAc. The
assignments of these bands will be discussed later.
3.5 Vibrational assignments

Vibrational frequencies were calculated at the MO06-2X/aug-cc-pVDZ level for the
different complexes and compared with the experimentally observed values (Table 3.3).
3.5.1 =C-H asym.stretch in C,H; submolecule

As mentioned earlier, in the N, matrix, the =C-H stretch for C;H, appears at 3283.1 cm™
with another barely visible feature at 3311 cm™. The product band due to C,H,-PhAc complex at
3253.1 cm™ can be assigned to the =C-H asymmetric stretch of the C,H, submolecule.

As can be seen from Table 3.3 and Fig.3.5, the computed shift of ~29.9 cm™ for this
mode, for complex 3, is in excellent agreement with the experimentally observed shift of 30 cm™
at the M06-2X/aug-cc-pVDZ level of theory. The shifts computed for complex 1 and complex 2

are clearly different from that observed in our experiments, thereby confirming that complex 3 is

clearly produced in the matrix. This complex is an H---n adduct, in which C,H, is the proton
donor to the © cloud of acetylenic unit in PhAc.

The shift in the v3 mode of the C,H, submolecule is a good indicator of the nature of
interaction in the complex. In complexes where C;H; is the proton donor, the shifts in the v3
mode of C,H, submolecule are usually large. For example, the v mode of C,H; in the C,H,-H,0
and C,H,- C,H, complex is shifted by 49 cm™ and 19.4 cm™ respectively, where C,H, acts as the
proton donor.***® On the other hand, in complexes where C,H, acts as a proton acceptor, the
shift in the v3 mode of C,H; is much smaller. For example, in the C;H,-CHCI3 complex'’, where
C,H, is a proton acceptor, the shift in the v; mode is only 4 cm™.

In the present study too, the v3 mode of C;H, submolecule is shifted by 30.0 cm™, thus
indicating that C,H, is the proton donor. Experimental evidence therefore unambiguously points
to C,H; being the proton donor in the PhAc-C,H, complex.
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Fig.3.3. Panel A (a) C,H:N, annealed (1:1000) (b) PhAc:N, annealed (1:1000) (c) C,Hz:PhAc:N;
(1:1:1000) at 12K (d) annealed spectrum of (c). Panel B (a) CoH,:N; annealed (1:1000) (b) PhAc:N;
annealed (1:1000) (c) C,H:PhAc:N, (1:1:1000) at 12K (d) annealed spectrum of (c). Panel C (a)
C,H2:N, annealed (1:1000) (b) PhAc:N, annealed (1:1000) (c) C,H2:PhAc:N, (1:1:1000) at 12K (d)
annealed spectrum of (c). Panels A and B show the stretching regions of C,H, and PhAc, respectively.
Panel C displays the bending region of C,H,.
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Fig.3.4. Matrix isolation infrared spectra showing the concentration dependence over the spectral
region 3300-3200 cm™ Panel A of a)PhAc:CoH.:N, (0.25:0.1:1000), b)PhAc:CoH2:N,
(0.5:0.1:1000) and c) PhAc:CzH2:N2 (1:0.2:1000). Panel B shows the spectral region 3330-3300
cm™ of a) PhAc:C,H,:N, (1:0.25:1000), b) Phac:C,H2:N, (3:0.25:1000) and c) PhAc:CoH2:N,
(6:0.5:1000). Panel C shows the spectral region 770-730 cm™ of (a) PhAc:C,H,:N, (1:0.25:1000),
b) Phac:C,H,:N; (3:0.25:1000) and ¢) PhAc:C,H,:N; (6:0.5:1000).Sample to matrix ratio is given in
parenthesis.
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3.5.2 =C-H stretch in PhAc submolecule

The =C-H stretching frequency for free PhAc is observed at 3323.1 cm™ which on
complex formation with C,H, appears as a weak feature at 3315.2 cm™. The corresponding
scaled computed frequency for this mode in complex 3, occurs at 3317.0 cm™ which indicates a
red-shift of 6.1 cm™ and which is therefore in good agreement with the experimentally observed
shift of 8.0 cm™. Once again it may be observed from Table 3.3 and Fig.3.5, that complex 3 best
fits with the above assignment. The small shifts observed for the C-H stretch in PhAc indicates
this submolecule to be the proton acceptor, which is consistent with the structure of complex 3.
3.5.3=C-H bend in C;H, submolecule

The doubly degenerate bending mode of C,H, in N, matrix appears as a doublet at 742.4
cm™ and 747.4 cm™. The double degeneracy of this mode in free C,H, is split in the matrix, due
to the lowering of symmetry in the N, matrix cage. The =C-H bending mode of the C;H;
submolecule in the complex, occurs at 753.7 cm™ in N, matrix. As can be seen from Table 3.3
and Fig.3.5, this feature matches excellently with the computed feature of 753.6 cm™ assigned to
complex 3.
3.5.4 =C-H bend in PhAc submolecule

The =C-H bend of PhAc in the N, matrix appears at 758.7 cm™. On complex formation,
this mode is marginally blue shifted (<2 cm™); a shift so small that it is hardly discernible in the
experiments. Hence we refrain from making any assignment for the =C-H bend of the PhAc
submolecule in PhAc-C;Hs,.
Studies on C,H; -PhAcp adduct

Experiments were performed on C,H,-PhAcp with a view to studying the effect of
isotopic substitution on these complexes.
3.5.5 =C-D stretch in PhAcp

Figure 3.6 (Panel A) shows the IR spectra over the region 2620-2585 cm™, where the C-
D stretch of PhAcp is observed. The feature appears at 2600 cm™ in free PhAcp and is shifted to
2594.5 cm™ in the complex. The corresponding scaled computed frequency for this feature for
complex 3 occurs at 2595.4 cm™. The excellent agreement for the feature of the isotopic species
lends credence to our assignment and to our conclusion that complex 3 is observed in our

experiments. Panel B shows the IR spectra over the region 2620-2580 cm™ in the Ar matrix and
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the feature at 2595.4 cm™ can be assigned to the PhAcp-C,H, adduct which also shows a
concentration dependence.

The modes of the C,H, submolecule in the C;H2-PhAcp complex show very similar shifts
as were observed in the C,H,-PhAc complex discussed above, which is depicted in Table 3.3.
Hence the discussion of the modes of the C,H, submolecule is not presented for the isotopic
experiments.
3.6. AIM Analysis
The theory of “atoms in molecules” (AIM) is a useful tool in the interpretation of charge density.

To further examine the nature of H---m interaction in C;H,-PhAc complexes, we used the AIM

theory introduced by Bader.?** Using the optimized geometry of the H---x complexes computed
at M06-2X/aug-cc-pVDZ level, we searched for a (3,-1) bond critical point (BCP) (Fig.3.7).

The electron density, p(r.) and V2p(rc) (defined as sum of the Hessian eigenvalues) were
analyzed at the bond critical point for all the complexes 1,2,3 and 4 (Table 3.4). The topological
criteria for the existence of hydrogen bonding were proposed by Koch and Popelier.3* According
to the criteria, the H-bonds should have an electron density at the H-Y(BCP) in the range 0.002-
0.034 a.u. and V*p(r) within 0.024-0.139 a.u. It has been observed that for closed shell
interactions, as found in ionic, hydrogen bonded and van der Waals molecules, V2p(r.) should be
positive and the charge density at the bond critical point should be low.

In all the C;H2-PhAc complexes, the values of p fall in the range proposed by Koch and
Popelier. It may be noted that the electron density p is largest for the bond critical point

corresponding to the H---w interaction in complex 3, which was observed in our experiments.

An examination of 1A1/A3l values shows this ratio to be small, which is indicative of the
fact that the charges are not accumulated between the atoms in the bonding region but more on
the atoms. This observation leads to the conclusions that the C,H,-PhAc bonding receives
contributions from electrostatic interactions. Table 3.4 presents the data of the AIM analysis at
MO06-2X/aug-cc-pVDZ.
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Table 3.3. Experimental, computed scaled® vibrational frequencies and mode assignments for the
C,H,—PhAc complexes in N, matrix at M06-2X/aug-cc-pVDZ.

Experimental Computed
CyH, | Complex | Complex1 | Complex2 | Complex3 | Complex 4 Assignment
3253.1 3267.9 3275.0 3253.2 3269.8 '
3283.1 ) =C—H stretch in CoH»
(-30.0) (-15.2) (-8.1) (-29.9) (-13.3)
753.7 761.0 755.0 753.6 754.4 _
742.4 =C-H bend in CyH,
(11.3) (18.6) (12.6) (11.2) (12.0)
PhAc
33231 3315.2 3320.6 3293.0 3317.0 3322.0 =C-H stretch in
(-8.0) (-2.5) (-30.1) (-6.1) (-1.1) PhAC
758.7 ] 760.1 759.4 760.0 759.7 -CH out of plane
(1.4) (0.7) (1.3) (1.0 bending in benzene
PhACD
2600.0 2594.5 2598.2 2577.3 2595.4 2599.1 =C-D stretch in
' (-5.5) (-1.8) (-22.7) (-4.6) (-0.9) PhACo

®Scaling factor in the C-H asym str. of C,H,=0.9567; C-H str. of PhAc=0.9499; C-D str. of
PhAcp=0.9491.

PAv = v(complex)- v(monomer) are given in parenthesis.
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Fig. 3.5. Matrix isolation infrared annealed spectra of PhAc-C,H; in a N, matrix over the region 3350-3200
cm™(Panel A), 3335-3285 cm™ (Panel B) and 770-740 cm™(Panel C). Spectra shown in (a) is experimental
spectra recorded after annealing the matrix; (b), (c) and (d) show the computed spectra of complexes 3, 2
and 1 respectively.
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respectively.
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3.7. Energy Decomposition Analysis (EDA)

Energy decomposition analysis gives the physical origin of the inter/intra-molecular
interactions in a complex. EDA was done for all three complexes to understand the components
of total interaction energy in terms of electrostatic energy, exchange energy, repulsion energy,
polarization energy and dispersion energy. LMO-EDA scheme of analysis was employed using
GAMESS.”

Table 3.5 gives the partitioning of the different energy components at MP2/aug-cc-
pVDZ. As shown in the table, the total interaction energy between PhAc and C,H; is in the range
of -2.21 to -5.87 kcal/mol. It can be seen that these complexes receive stabilization from mainly
dispersion interactions. The strongest stabilizing interaction in all the complexes is dispersion
followed by electrostatic interactions, as can be seen from the ratios of Egs/Evota and Episp/Erotal
(Table 3.5).

That electrostatic interaction does play an important role in the stabilization of the PhAc-
C,H, complexes, is consistent with the small values of 111/A3l values discussed earlier through
the AIM calculations. The polarization component, as can be seen from the table, makes the
smallest contribution to the stabilization energy. Our conclusions are consistent with the

observations of Nishio, who had pointed out that dispersion interactions play an important role in

the stabilization of the C-H---m complexes, which belong to the category of soft acid-soft base
interaction.®
3.8. Natural Bond Orbital Analysis (NBO)

NBO Analysis was performed for all the complexes at MO06-2X/aug-cc-pVDZ to
understand the role of delocalization interactions in the stability of the complexes®(Table 3.6).
Second order perturbation energies of the various donor-acceptor orbital interactions were
computed. These orbital interaction energies are a function of both the energy difference between
the donor and acceptor orbitals and their overlap.

In case of complex 3, which was the one observed experimentally, the strongest
delocalization interaction was between the acetylenic © system in PhAc and the ¢* orbital on C-
H in C;H,, which essentially reflects the H-m interaction. This interaction had the smallest energy
difference between the donor-acceptor orbitals (D-A) of 0.92 a.u. and an overlap between the
two orbitals of 0.039 a.u.
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Table 3.4. AIM calculations showing the electron densities p(r) and Vzp(r) at the bond critical
point for PhAc-C,H, complexes at M06-2X/aug-cc-pVDZ.

MO06-2X p(ro) Vp(ro) A1 A2 A3 IA1/Asl
Complex1 | 0.0077 0.0244 -0.0051 | -0.0010 | 0.0305 | 0.167
Complex2 | 0.0075 0.0217 -0.0058 | -0.0046 | 0.0321 | 0.181

Complex 3 0.0085 0.0238 -0.0066 | -0.0048 0.0352 0.188
Complex 4 0.0067 0.0218 -0.0033 | -0.0011 0.0262 0.126
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It may be worthwhile mentioning that the pK, (as reported by Bordwell et al)** of C,H, is
25, while that of PhAc is 26.5, which is consistent with complex 3 being the global minimum, as
it is in this complex that the more acidic C,H, serves as the proton donor. However, if gas phase
acidities are taken into account, which is what would be relevant in our matrix isolation
experiments, a further explanation is warranted. The gas phase acidities for a number of
molecules, have been expressed as AH, for the reaction

A-H A +H'

AH, for C,H, and PhAc are 375.4 and 370.3 kcal/mol respectively®®, implying that in the gas
phase, PhAc is more acidic than C;H;, which should therefore have favoured complex 2 over
complex 1 or 3. This conclusion is contrary to our experimental finding, which shows that in the
complex we have observed, it is C,H, that donates its proton to PhAc. It is likely that a secondary
interaction between the C-H moiety of the phenyl and the = cloud of C,H, renders complex 3 to
be more stable than complex 2. NBO analysis also indicates a small orbital interaction between
the C-H o orbital and the =* of the acetylenic system of C,H, (Table 3.6).

In complex 4, the donor-acceptor orbital interactions are quite complicated with a
number of interactions contributing to the overall stability of the complexes, hence the
interaction of this complex is not shown in the table.

3.9. Conclusions

H---n complex of C,H; and PhAc has been observed in our matrix isolation experiments.
Our experiments provided evidence for the formation of complex 3 in the matrix, in which C,H,
was found to be the proton donor to the n-cloud of acetylenic group in PhAc. The formation of
this complex was evidenced by shifts in the =C-H asymmetric stretch of C,H,, =C-H stretch of
PhAc and =C-H bend of C,H,. In particular, the large shift in the vibrational frequency of the
=C-H asymmetric stretch of C,H, provided unequivocal evidence that C,H, was the proton donor
(complex 3). Experiments using PhAcp also confirmed, through isotopic shift data, the above
observation. At the M06-2X/aug-cc-pVVDZ level, both complex 1, where the C,H, served as the
proton donor to the m-cloud of phenyl ring and complex 3, where C,H, served as the proton
donor to the n-cloud of acetylenic group in PhAc were nearly isoenergetic and the lowest energy
structures. The structure where PhAc acted as the proton donor to the acetylenic n-cloud was the

highest energy structure at both levels. A stacked structure (complex 4) was also indicated at the
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MO06-2X and MP2 levels. However, no evidence was found in the matrix for complexes 1, 2 and
4. The role of secondary interactions in deciding preferences of isomers of the complexes is also
apparent as has been explained. The PhAc-C,H, system thus gives an insight into the C-H '«

interactions occurring in a multifunctional = system.
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Table 3.5. Energy Decomposition analysis of PhAc-C,H, complexes at MP2/aug-cc-pVDZ?

Complex Eks Eer Epal Episp | Evota | EEs/ETotal | Episp/ETotal | EpoETotal
Complex1 | -2.83 | 529 | -2.16 | -6.17 | -5.87 0.48 1.05 0.37
Complex2 | -2.02 | 350 | -1.50 | -2.19 | -2.21 0.91 0.99 0.68
Complex3 | -3.78 | 545 | -1.58 | -3.92 | -3.83 0.99 1.02 0.41
Complex4 | -286 | 750 | -1.63 | -7.76 | -4.75 0.60 1.63 0.34

All energies are in kcal/mol.

Table 3.6. NBO analysis for the PhAc-C,H, heterodimers, performed at M06-2X/aug-cc-pVDZ
level of theory. The atom numbering indicated in the table is as shown in Fig. 2. E is the second
order perturbation energy, E(j)-E(i) is the donor-acceptor energy difference and F(i,j) is the

overlap between the donor and acceptor orbitals.

Orbitals involved E EG-EG) | F(,))
Complex
Donor Acceptor (kcal/mol) a.u. a.u.
Complex 1 C,o-Cs Hi5-Cig 0.93 0.88 0.028
Complex 2 C15-Cis Ci3-Hia 1.73 0.94 0.036
C12-Ci3 Hi5-Cig 2.03 0.92 0.039
Complex 3
Ci-H7 C16-Cy17 0.22 0.81 0.022
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CHAPTER 4: STUDY OF HYDROGEN BONDED INTERACTIONS IN BORAZINE
ACETYLENE

4.1. Introduction

Borazine (B3N3Hg) or s-triazaborane, is an inorganic compound isoelectronic with
benzene (CgsHg), obtained by substituting each C-C linkage in the latter, by a B-N linkage. In
contrast to CgHg, in which the © electrons are delocalized around the six carbon atoms, the
electrons tend to be localized around nitrogen atoms in BsN3Hg. BsN3Hg has both electron rich p
orbitals centered on nitrogen and electron deficient p orbitals centered on boron. Therefore, it
behaves as an amphoteric « electron system. B3N3Hs, unlike its organic counterpart, is soluble in
polar solvents. It is an important industrial compound, serving as a starting material for some
ceramics and as a precursor for growing boron nitride thin films.?

The similarities and differences between the organic and inorganic counterparts have
attracted comparisons, resulting in many theoretical and experimental studies on these systems.
Kartha et al studied the infrared spectra of BsNsHg and its isotopic variants.® Niedenzu et al
reported an extensive gas phase infrared and liquid Raman spectroscopic studies of various
isotopically labelled forms of BsN3Hs.* They confirmed the findings of Kartha et al and assigned
all the active fundamentals. Perhaps the first matrix isolation study on B3N3Hg was done by
Kaldor and Porter when they recorded the infrared spectra of BsNsHg in an Ar matrix.> Recently,
we reported the interaction of B3N3Hg with H,O and compared this system with the CgHg-H,O
system.® While the CgHg-H,O system manifested an H---1 complex as the global minimum, the
most stable complex in the B3sN3Hg-H,O system showed an N-H---O interaction. A major
challenge in handling B3NsHs is its rather poor stability in ambient conditions, being extremely
sensitive to moisture and decomposing fairly rapidly in the presence of water.

With B3N3Hg and CgHg displaying such interesting differences, it was appealing to
compare the B3N3Hg-CoH, system with the well studied CgHg-CoH, system, which has been
shown to display a C-H--xm interaction. A number of studies are available in the literature
involving C-H---x interactions, and they primarily involve the = cloud of C,Hs;, C,H, and
aromatic ring systems.”° In the case of C,H4-C,H,, the C-H group of both C,H, and C,H. act as
the proton donors and both types of structures were observed in the matrix isolation

67



experiments.” CgHg—C,H- has also been well studied, both computationally and experimentally,

and matrix isolation experiments show the presence of the C-H:--x complex, where the C-H of
C,H, serves as a proton donor to the = cloud of CgHs.2® B3sN3Hg and C,H,, both being capable of
serving as proton donors or acceptors, the nature of the hydrogen bonded complexes formed,
depends upon the competition between these interaction sites. BsN3Hg has two possible sites for
the formation of a hydrogen bond with C,H,. One is the N-H bond, which can serve as a proton

donor to C;H,, forming an N-H--m bond. Alternatively, the © system in B3N3Hg can act as a

proton acceptor for the hydrogen in C,H,, with the formation of a C-H---n bond, much like the

C,H4-C,H, and CgHg-CoH, systems.”® The relative preference of these possible sites and

comparing the potential energy landscape of this system with that of the C-H:-zm systems
prompted our study of the B3N3Hg-C,H, system.

4.2. Experimental details

4.2.1 Synthesis of B3N3Hg

BsN3Hs was prepared using the procedure of Li et al'

which was suitably modified. A
two necked 500 mL Schlenk flask, taken inside a glove box was charged with powdered
(NH4)2SO4 (Merck, >99%) (50 g, 378 mmol) and AICI; (Sigma Aldrich, 99.99%) (1g, 7.5mmol).
NaBH, (Sigma Aldrich, 98%) (20g, 529mmol) was placed in an addition funnel (250 mL) that
was fixed on one neck of the Schlenk flask. A reflux condenser was attached to the other neck of
the Schlenk flask. The entire set-up was mounted in an oil bath placed on a magnetic stirrer. Dry
tetraglyme (Sigma Aldrich >99%) (250 mL) was added to the addition funnel and the solution of
NaBH, so obtained, was added drop wise, to the mixture of (NH4),SO,4 and AICI3. During the
addition, the temperature of the reaction flask was kept below 50°C. After complete addition of
the solution, the contents of the Schlenk flask were stirred for three hours (between 40-45°C).
This was followed by filtration of the mixture to yield a clear solution. The solution of B3N3Hg in
tetraglyme was used as such for the matrix isolation experiments, without distilling off the
solvent, the reasons for which will be explained below.

While pure B3N3Hg could have been isolated from the tetraglyme by distillation, the
reactivity of B3NzHg towards moisture precluded such a strategy. BsN3Hg in tetraglyme, on the
other hand, was stable as it did not get into contact with water and hence could be used without

concern of it decomposing. Hence the B3N3Hg that was prepared was retained in the tetraglyme
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and used as such. As abundant caution, the B3N3Hg in tetraglyme was stored inside an Ar

atmosphere glove box. The vapor pressure of tetraglyme being extremely low (<0.01 mm Hg at

200C) relative to that of BsN3Hg (259 mm Hg at 200C), the vapor phase over the B3N3He-
tetraglyme system consisted entirely of B3sN3sHg which was used in preparing matrix isolated
B3N3Hs.
4.2.2 Matrix isolation IR experiments

Details of the experimental procedure followed are given in Chapter 3. C,H, (Sigma
Gases & Services, 99.9%) was mixed with the matrix gas in a 1-L mixing chamber, at the desired
matrix to sample ratio, using standard manometric procedures. The matrix gas/C,H, mixture
was then deposited onto a KBr substrate, through one nozzle of a double jet deposition assembly,
using a fine flow needle valve (Model: EVN 116, Pfeiffer vacuum). Typical deposition rates
were ~2.5 mmol/hr of the matrix gas.

B3N3Hg in tetraglyme was taken in a glass container attached to the second nozzle of the
double jet assembly. B3NsHg/tetraglyme was subjected to several freeze-pump-thaw cycles

before use. The temperature of the BsNsHg/tetraglyme sample was maintained at an appropriate

temperature (typically -60°C) to ensure isolation of BsN3Hg in the matrix. At the temperature at
which the B3N3Hg/tetraglyme sample was maintained, only B3N3Hg had sufficient vapor pressure
to be deposited in the matrix, and not the less volatile tetraglyme.

After co-deposition of B3sN3Hg and the C,Hy/matrix gas mixture, the spectrum of the
matrix isolated species was recorded using a Bruker Tensor 27 FTIR spectrometer operated at a
resolution of 0.5 cm™. After a spectrum was recorded, the matrix was then warmed to a
temperature of ~27 K, using the temperature controller unit (Lakeshore Instruments). The matrix
was maintained at this temperature for about 30 minutes and then re-cooled to 12 K. The spectra
of the matrix, thus annealed, were then recorded. Spectra of the BsN3Hg and C,H, deposited
individually in the matrix were also recorded for comparison.

Since B3N3Hg was taken in tetraglyme in which its concentration was not estimated, it
was not possible to determine the exact matrix-to-sample ratios for BsNsHg. However, since the
variation of the vapor pressure of B3N3;Hs with temperature was known, it was possible to
estimate the relative changes in the B3NsHg concentration in the matrix in the various

experiments performed.
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Typically the Bj3NzHg/tetraglyme solutions were maintained at -60°C. Variation in the
temperature around these values did not produce any change in the spectra, indicating that the
sample was isolated in the matrix and no dimer or larger oligomers of BsN3Hg were produced.
4.3. Computations

Theoretical calculations were performed for the BsN3sHg-CoH, complexes using the
GAUSSIAN-09" suite of programs. Interaction energies were computed for the complexes,
corrected separately for BSSE (basis set superposition error) using the method proposed by Boys
and Bernardi'® and ZPE (Zero point energies). The single point interaction energies were also
calculated at the MP2/CBS and CCSD(T)/CBS limit for all the complexes, as shown in table 4.1.

The geometry of BsN3Hg, C,H; and their hetero-dimers, shown in Fig. 4.1, was optimized
using the MP2/aug-cc-pVDZ method without imposing any symmetry constraints. The resultant
geometry was used in subsequent single-point energy calculations at MP2/aug-cc-pVTZ,
MP2/aug-cc-pVQZ and CCSD(T)/CBS levels of theory. The core electrons were kept frozen in
all the atoms. The procedure and equations used for the CBS extrapolation are described in
Chapter 3. Table 4.2 shows selected structural parameters for the various B3N3Hg-CoH;
complexes at MP2/aug-cc-pVDZ level.

Vibrational frequencies of the complexes were computed, to assign the observed
frequencies in the experiments and also to ensure that the computed geometries correspond to a
minimum on the potential surface by checking that no imaginary frequencies were indicated. The
computed frequencies of the monomer were scaled according to a mode by mode scaling
procedure, already described in details in Chapter 3.

Atoms-in-molecules analysis (AIM) was performed using the AIM2000 package to
explore the electron density (p) and laplacian (V?p) of electron density at the (3,-1) bond critical
point.***® Localized Molecular Orbital Energy decomposition Analysis (LMOEDA)Y was
performed using GAMESS® to determine the contributions of the various components of
interaction energy such as electrostatic, exchange, repulsion, polarization and dispersion towards
the stabilization of the complex. Natural Bond Orbital (NBO) analysis (Version 3.1) which was
implemented using Gaussian 09, helped in determining the role of various delocalization

interactions in all the complexes.*
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Table 4.1. Interaction energy values (4E in kcal/mol) obtained using the M06-2X, MP2 and

CCSD(T) methods for different isomers of B3N3Hg-C2H,. The single point interaction energies at
the MP2/CBS and CCSD(T)/CBS limit are also given for BsN3Hg-C,H; and CgHs-C,Hodimers.

Complex MO06-2X MP2 CCSD(T)
6-311++G(d,p) aug-cc-pvDZ 6-311++G(d,p) aug-cc-pvDZ CBs CBs
Stacked -1.44/-1.15/-1.27 | -1.58/-1.38/-1.16 | -1.51/-1.06/-0.49 | -2.59/-2.40/-0.97 | -1.48 -1.14
Tac -1.98/-1.49/-1.81 | -2.36/-1.90/-1.62 | -2.02/-0.91/-0.58 | -3.61/-3.04/-1.65 | -1.97 -1.78
Bent CH N -2.14/-1.52/-1.12 | -2.42/-1.95/-1.78 SP(-14.3) -3.50/-2.82/-1.63 | -2.07 -1.84
Bent NHC -2.06/-1.57/-1.90 | -2.36/-1.91/-1.93 | -2.08/-1.70/-0.90 | -3.40/-2.89/-2.03 | -2.50 -2.34
CeHs"™-CoH," - - - - -1.87 | -0.58
CeHg"™-CoH,™" - - - - -3.36 | -2.72
CeHe"“"-CoH," - - - - -0.96 | -0.81
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Table 4.2. Selected structural parameters for the B3N3Hg-CoH, complexes at the MP2/aug-cc-
pVDZ level of theory. The distances are given in angstroms (A) and the angles are given in

degrees (°) The atom numbering is as given in figure 4.1.

Bent NHC
Cis-H; 2.64 A
N10-Ci5-Ca3 68.2°
N1o-Hz-Cys 174.5°
N1o-H2-C15-Ci3 3.9°
Bent CH'N
Hi4-N1; 2.55 A
H14-N11-Hs 104.1°
Ci3-H14-N11-H3 -167.6°
T-Ac
H14-N1o 2.80 A
Hia-N11 2.80 A
Hi4-N12 2.80 A
H14-N11-Hs 120.4°
H14-N1o-H> 120.4°
Stacked
Ci3-Nu 3.51A
H16-B4-Hs 87.1°
C13-C15-By 108.4°
H1-N11-Bs-Hy -0.39°
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4.4, RESULTS AND DISCUSSION
4.4.1 Computational

The optimized geometry of different BsN3Hg-CoH, dimers is illustrated in Figure 4.1. As
can be seen from Table 4.1, the global minimum corresponded to the isomer where the N-H bond

of B3sNsHg was directed toward one of the two carbon atoms of C,H,, which is labeled as the

bent NH--C structure. The interaction energy for the bent NH--C was found to be -2.34
kcal/mol at the CCSD(T)/CBS limit. The next most stable isomer corresponds to a geometry in

which a C-H bond of C,H, forms a weak hydrogen bond with a nitrogen atom of the B3N3Hg

molecule, which we have labeled as bent CH---N.

T-Shaped Geometry

The optimized geometry of the T-shaped B3N3Hg-C,H, dimer is shown in Figure 4.1. The
T-Ac geometry, in which C;H, acts as the proton donor was found to be a stable minimum with
an interaction energy of -1.78 kcal/mol, estimated at the CCSD(T)/CBS limit.

There are at least two other isomers possible in which B3sN3Hg acts as a proton donor.
One is T-BH, in which a BH bond of B3N3Hg interacts with the n-electron cloud of C,H, and it is
found to be a second order saddle point with frequencies 41.73i cm™ (A’) and 19.00i cm™ (A”).
Energetically, T-BH is the least stable structure of all the geometries considered in this study.
The other conformer is T-NH, in which a NH bond of BzN3Hg interacts with the n-electron cloud
of CH.. Itis a first order saddle point (26.21i cm™).

Stacked and Parallel displaced Geometries

The optimized geometries for the stacked and the parallel displaced isomer at the
MP2/aug-cc-pVDZ level of theory are shown in figure 4.1. The stacked geometry corresponded
to the one where the = cloud of C,H, was exactly on top of the partially delocalized = cloud of
B3N3Hsg, whereas in the parallel displaced geometry (PD like) geometry, the C,H; is slightly
displaced. In this structure, the distance between the center of the BsN3Hg molecule and the two
carbon atoms of the C;H, molecule is found to be different. This indicates that the carbon atom
of C,H, does not prefer to sit on any nitrogen atom of BzN3He.

4.4.2 Experimental
Panels A, B and C in fig. 4.2 show the infrared spectra over the regions 3500-3400, 3300-

3200 and 760-730 cm™, respectively. Trace ‘a’ in the figure shows the infrared spectrum of
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matrix isolated BsNsHg in a N, matrix. Strong absorptions are observed at 3476.7 cm™ and
3472.0 cm™, corresponding to the antisymmetric stretch of BsNsHg (Panel A). This is a doubly
degenerate mode, split due to the matrix site effects. The bending mode of B3N3Hg is observed at
735.3 cm™ (Panel C). Trace ‘b’ shows the features due to the antisymmetric C-H stretch of C,H,
in N, matrix, with a strong feature at 3283 cm™ (Panel B). In addition to the feature of the C,H,
monomer, we also observed a feature at 3257.6 cm*, which is due to the C;H, dimer and two
other features at 3218.6 and 3225.7 cm ™, due to C,H,-H;0 complex.?’ The bending modes of
C,H, are observed at 742.4 and 747.4 cm™ (Panel C).

When B3N3Hg and C,H, were co-deposited, and the matrix then annealed, new product
features were observed at 3443.6 cm™, 3263.0 cm™, 3271.3 cm™ and 753.3 cm™ (Traces ‘d’ and
‘e’). The product features mentioned above increased in intensity when the concentration of
either of the two precursors, BsN3Hg or C,H,, was increased, thereby confirming that they were
due to the B3N3Hg-CoH» adducts.

4.5. Vibrational assignments

The experimentally observed product bands in the B3N3Hs-C,H, co-deposition
experiments were assigned based on the computed wavenumber values obtained at the MP2/aug-
cc-pVDZ level of theory. As explained earlier, the computed frequencies for the complexes were
scaled using scaling factors that were obtained by comparing the computed and experimental
features of the monomer precursors. The mode assignments are given in Table 4.3 and the
computed spectra of the various BsN3Hg-C,H, complexes are given in Figure 4.3.

4.5.1 N-H stretch in BsNsHsg

As shown in trace ‘€’ (Fig. 4.2, Panel ‘A’), the doubly degenerate antisymmetric N-H
stretch of B3N3sHs appears at 3472.0 cm™ and 3476.7 cm™. The product feature due to C,H,-
B3N3Hg complex at 3443.6 cm™ can be assigned to the N-H stretch in BsNsHs, thus showing a
red shift of 28.4 cm™ in N, matrix. As can be seen from Table 4.3 and Figure 4.3, the computed
shift of 30 cm™ for this mode in the bent NH--C complex, is in good agreement with the
experimentally observed shift of ~28 cm™. The shifts computed for the other complexes are
clearly different from that observed in our experiments, thus indicating that the 3443.6 cm™

feature can unambiguously be assigned to the bent NH~C complex formed in the matrix.
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4.5.2 C-H asymmetric stretch in C,H,

In the N, matrix, the =C-H stretch for C,H, appears at 3283.0 cm™. Two product bands
due to the =C-H asymmetric stretch of the C,H, submolecule in C,H,-BsN3Hg complex were
observed at 3271.3 and 3263.0 cm™ (Fig.4.2, trace ‘c’, Panel B), with the latter feature being
considerably more intense than the former. This assignment implies that following complex

formation, the =C-H asymmetric stretch of the C,H, submolecule is red shifted by 11.7 and 20

cm™ respectively, in the N, matrix. The computed shift of 8 cm™ for the bent NH---C is in good
agreement with the observed shift of 11.7 cm™ (Table 4.3 and Figure 4.3). This complex was
already identified in the matrix based on the perturbations observed for the N-H stretch in
B3N3Hs, discussed in the last section. The corresponding perturbation observed for =C-H
asymmetric stretch in C,H, therefore further corroborates the identification of this complex.

In addition, we also observed another feature red shifted by 20 cm™, which is in good
agreement with the computed red shift of 23.6 cm™ of this mode for the bent CH---N complex.

We therefore assign the 3263.0 cm™ feature to the bent CH--N complex. It may be noted that
perturbations in the N-H stretch of B3N3Hjg for this complex was not observed, as the shift in this
mode was computed to be just 2.7 cm™, which cannot be resolved from the feature of

uncomplexed B3N3Hs.
The computed intensity of C-H asymmetric stretch of C,H, for the bent CH--N (215

km/mol) is more than twice that computed for the bent NH---C complex (97 km/mol). This
result is consistent with the stronger intensity observed for the 3263.0 cm™ feature compared
with that for the 3271.3 cm™ feature, as pointed out earlier.
4.5.3 C-H bend in C;H;

The doubly degenerate bending mode of C,H, in the N, matrix occurs as a doublet at
742.4 and 747.4 cm™, split due to the reduced symmetry in the N, matrix cage. The product
band due to C,H,-B3NsHg complex at 753.3 cm™ (Fig. 4.2e, Panel C) is blue shifted by 10.9 cm™
from the monomer C,H, feature, which is in excellent agreement with the computed shift of 11.9
cm™ in the bent NH---C complex (Table 4.3). The corresponding product feature in the bent
CH:---N complex could not be observed as it was computed to manifest a very small shift of 0.9

cm™.
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Experimental observation of the perturbations in the antisymmetric stretches of N-H of

B3N3Hs, the C-H antisymmetric stretch and the bend of C,H, clearly indicate that we were

trapping both the bent NH---C and the bent CH---N complexes of B3N3Hg-C,H, in the matrix.
None of the other vibrational modes of BgN3sHg or C,H, showed any substantial perturbations in
their vibrational frequencies of the complex to serve as signatures for complex formation.
4.6. AIM analysis

Wavefunctions generated from optimized geometries of B3N3Hg-CoH, complexes at
MP2/aug-cc-pVDZ level of theory were used to locate (3, -1) bond critical points (BCP).*® The
computed electron density p(rc) and V2p(rc) (defined as the sum of the Hessian eigenvalues, A1, A,
and A3) were examined at the bond critical point for the complexes. According to Koch and
Popelier, the H-bonds have an electron density at the BCP in the range 0.002-0.034 a.u. and
V?p(re), within the range 0.024-0.139 a.u.”* A positive sign of V2p(r.) is indicative of closed shell
interaction, where electronic charge is locally depleted between a pair of atoms.

We have also computed the interaction energy values for the different complexes, using

the topological parameters, p(r;) and Vzp(l’cp), by evaluating the local kinetic energy density,
G(rp) and the local potential energy density, V(rCP)zz. While the actual values of the interaction

energy computed using this method (Table 4.4) are somewhat different from those shown in
Table 4.1, it can be seen that this analysis also yields the bent N-HC complex to be the most
stable, while the T-Ac and the bent CH"N are isoenergetic and less stable than the global
minimum.
4.7. Energy Decomposition Analysis

Individual contributions towards the total interaction energy obtained for the different
geometries of BsN3Hg-CoH, using the Localized Molecular Orbital-Energy Decomposition
Analysis (LMO-EDA)' are listed in Table 4.5. The contributions are electrostatic, exchange-
repulsion, polarisation and dispersion interactions. The stacked geometry is dominated by the
dispersion interaction, but significant contributions come from electrostatic interactions. On the
other hand, there is an increase in the electrostatic contribution and a decrease in the dispersion
interaction in going from the stacked to the T-shaped geometry. The bent geometries have nearly
similar contributions from electrostatic, polarisation and dispersion interactions, a characteristic

of a hydrogen bond.
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Table 4.3. Experimental (N, matrix) and scaled® computed vibrational wavenumbers (in cm™)

and mode assignments for the B3N3Hs-C,H, complexes. Computations were performed at the
MP2/aug-cc-pVDZ level of theory.

Experimental Computed Mode Assignment
Monomer Complex Bent Bent T-Ac | Stacked
NH"C CH"N
B3N3Hs 3443.6 3441.8 3469.3 3467.6 3471.7 N-H asym. str. in
3472.0 (-28.4)° (-30.2) | (-2.7) (-4.4) (-0.3) B3N3Hs
3263.0 i 3259.4 | 3277.8 | 3282.2
CaHe (-20.0) (236) | (52) | (0g | CHasymstrin
3283.0 3271.3 3275.5 i 3277.8 | 32822 C.H,
(-11.7) (-8.0) (-5.2) (-0.8)
CzH; 753.3 754.3 743.3 763.6 732.6 C-H bend in C,H,
742.4 (10.9) (11.9) (0.9 (21.2) (-9.8)

2l Scale factors are: 0.9522 for the N-H stretch in B3NsHg; 0.9569 for the C-H stretch in C,Ho;

1.055 for the C-H bend in C,H,.

l\/alues in parentheses are Av, defined as [v(complex) - v(monomer)].
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Table 4.4. AIM calculations showing the values of the electron density p(rc) and its Laplacian

V?p(r), My As at the bond critical point, local kinetic energy density G(rcp), local electronic
potential energy density V(r..) and the interaction energy AE, for the BsN3Hg-CoH, complexes,
computed at MP2/aug-cc-pVDZ level of theory. The values of p(rc), V2p(ro), G(rep) and V(rg,)

are in atomic units and AE in kcal/mol.

Isomer p(r,) Vp(rc) Mshg G(rp) V(rg,) AE
Stacked 0.0045 0.0124 0.139 0.00241 | -0.00172 -0.54
T-Ac 0.0062 0.0216 0.146 0.00421 | -0.00301 -0.94
Bent CH"N | 0.0061 0.0215 0.146 0.00418 | -0.00299 -0.94
Bent NHC | 0.0105 0.0290 0.195 0.00628 | -0.00531 -1.67

Table 4.5. Energy decomposition analysis of the BsN3Hs-C,H, complexes at the MP2/aug-cc-
pVDZ level of theory.

Complex Ees Eer Epol Ebisp Etotal EesEtotar | EbispEtotal | EpoEtota
Stacked -1.22 4.23 -0.80 -4.82 -2.61 0.47 1.85 0.31
T-Ac -1.40 3.05 -1.38 -3.92 -3.65 0.38 1.07 0.38
Bent CH"N | -2.24 4.42 -1.63 -4.05 -3.50 0.64 1.16 0.47
Bent NH~C | -3.24 4.35 -1.17 -3.37 -3.43 0.94 0.98 0.34
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4.8. Natural Bond Orbital Analysis (NBO)

NBO was carried out using NBO 3.1 version implemented using Gaussian 09.'° For the
bent NHC complex, which was the global minimum, the strongest delocalization interaction
was between the bonding orbitals C;3-C;5 and the antibonding orbitals Ha-Nyp. In the bent CH "N
geometry, the interaction was found to be between the bonding orbitals of B4-Ni; and the
antibonding orbitals of C,3-Hy4. The second order perturbation energies for both the complexes
formed in the matrix, i.e. bent NH"C and the bent CH N geometries were almost equal. (Table
4.6)

4.9. Comparison Between CgHg-C,H2 and B3sN3Hg-C,H, Dimers

It is interesting to study how the interaction in a CgHg-CoH, dimer gets modified when
the C-C linkages in CgHg are replaced by B-N linkages in B3N3Hs. Clearly the global minima in
the two systems manifest a major difference, in that while C;H; is the proton donor to CgHg in
the CgHg-C2H, system, B3N3Hg is the proton donor in the BsN3Hg-CoH, system.

The computed interaction energy values for the different conformers of CgHg-C,H, and
B3N3Hg-CoH, dimers at the MP2/CBS and the CCSD(T)/CBS limit are compared in Table 4.1.
The intermolecular contact distances are smaller for the CgHg-C,H, dimer® than for the BsN3He-
C,H, dimer, as shown in Figure 4.1. The sandwich geometry is the least stable conformer for
CsHg-C2H,, but it becomes stable for BsN3Hg-CoH,. The repulsion between the n-electron cloud
of CgHs and that of C,H, becomes less dominant in going from CgHg to BsN3Hs. This is due to
the charge transfer interaction in BsN3Hg-C,H,. The T-shaped isomers in which the acetylenic C-
H bond interacts with the m-electron cloud of CgHg and B3N3Hg are stable minima for both
systems. However, this structure is more stable in the C¢Hg system than in the B3N3Hg system.
The zero point energy corrected binding energy is reduced by a factor of two in going from
CeHs-C2oH, dimer to B3N3Hs-CoH, dimer. It must be noted that, unlike the CgHg-CoH, dimer,

where the C-H---& structure is the global minimum, in the B3N3Hg-C,H, dimer, the structure with

the N-H---C interaction is the most stable structure which clearly reveals the different

interactions manifested by the two systems.
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Table 4.6. NBO analysis for the BsN3Hg-C2H, dimers, performed at MP2/aug-cc-pVDZ level of
theory. The atom numbering indicated in the table is as shown in Fig. 4.1. E is the second order
perturbation energy, E(j)-E(i) is the donor-acceptor energy difference and F(i,j) is the overlap

between the donor and acceptor orbitals.

Orbitals involved E EG)-E@G) | F(i,))
Complex
Donor Acceptor (kcal/mol) a.u. a.u.
Stacked C13-Css Bs-N1o 0.46 0.66 0.016
Bs Ci3-Hus 0.34 0.63 0.035
Tac Bs Ci3-Hug 0.34 0.63 0.035
B1o Ci3-Hus 0.34 0.63 0.035
Bent CH"N B4-N11 Ci3-His 3.02 1.18 0.055
Bent NHC C13-Cys H2-N1p 2.99 1.17 0.053
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4.10. Conclusions

This chapter describes a computational and experimental study of the interactions

between B3N3Hg and C,H,. The global minimum was found to be the bent NH---C complex, in
which the N-H of B3sN3Hg was found to be the proton donor to C,H,, which was different from
the global minimum structure observed for the CgHg-C,H, dimer. The formation of the bent
NH~C complex in B3N3sHs-C,H, dimer was evidenced by shifts in the N-H stretch of B3N3Hg,
=C-H asymmetric stretch of C,H, and =C-H bend of C,H,. Located higher in energy relative to

this structure, was an isomer with a bent CH:--N geometry, where the C-H of C,H, was the
proton donor to the nitrogen of B3N3Hs. This structure was also observed in our experiments, as
indicated by the shift in the =C-H asymmetric stretch of C,H,. This structure of the BsN3Hs-CoH>
dimer closely resembles the minimum energy structure observed in the CgHg-C,H, dimer. AIM
calculations for this system reveals hydrogen bonding interactions between the two precursors,
BsN3He and C,H,, in their most stable structures. w-stacked structures were also indicated
though with much smaller interaction energies. Unlike in the CgHg-CoH, dimer, the n-stacked
structure in the B3sN3Hs-C,H, dimer turns out to be a stable minimum. Energy Decomposition
Analysis showed that the electrostatic and dispersion interactions play an important role in
stabilizing the global minimum in B3N3Hg-C2H,, in contrast to the C-H:- -z interaction in CgHs-
C,H,, where the dispersion interaction played a major role. The N-H hydrogen bonded systems
as observed in B3N3Hg complexes thus present an interesting case study for hydrogen bonding

interactions.
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CHAPTER 5: BORAZINE DIMER

5.1. Introduction

A comparison of the dimers of B3sNsHg with that of CgHg is expected to present an
interesting case study. Kawahara et al. studied the various conformations of BsN3Hg dimer using
the second order Moller Plesset perturbation theory (MP2) and reported the gauche parallel
stacked structure with the B atoms of one B3zN3Hg molecule aligned above the N atoms of the
other BsN3Hs moiety to be the most stable geometry.* We call this as the aligned stacked (AS)
structure. In addition, BsN3Hg dimer also displays the parallel displaced (PD) stacked structure,
as was indicated by the computations in the case of the CgHg dimer. In BsN3Hg dimer where the
charge transfer plays an important role, it was found for the gauche geometry that electron
correlation was also important.1 Bettinger et al. studied the various B3N3Hg homodimers using
ab initio calculations and concluded that the AS structure was the most stable followed by the
PD and the Ty structure (where the N-H of one B3NsHs interacted with the N of the second
B3N3Hs) at the MP2/QZVPP level of theory.? Interestingly, our computations showed that there
exists one more structure for the B3N3Hg dimer, where the H attached to the nitrogen atom of
B3N3Hg (of an N-H group) interacts with the H attached to the boron atom (of a B-H group) of
another B3NsHg, thus constituting a dihydrogen bond. Dihydrogen bonds have received
enormous attention lately.®™® Transition metals and boron are classic examples of elements that
can accommodate the hydridic hydrogen, leading to the formation of such dihydrogen bonds and
hence, these types of bonds have been most commonly observed in such systems. Borane-amine
complexes, in particular, have been discussed in many studies addressing this type of interaction,

manifesting N-H---H-B contacts.”™ Theoretical studies on these dihydrogen complexes reveal

that these exhibit short H---H distances.” Matrix isolation studies on ammonia borane were
carried out by Smith et al. in 1973, but there was no discussion on the experimental evidence of a
dihydrogen bond.’® There are many experimental studies in literature on transition metal
hydrides, showing the presence of bis-dihydrogen bonds.!” The first explicit evidence for the
formation of a dihydrogen bond in a metal hydride was given separately by Crabtree et al.*® and

Morris et al'®

. Since then, most of the experimental work on dihydrogen bond has been focused
on metal hydrides. Other than the metal hydride systems, very few examples can be found in the

literature on systems exhibiting dihydrogen bonds. Crystal structure and high pressure studies on
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ammonia-borane clusters have been reported to show such interactions.**?° A recent excellent
review has discussed the various facets of the dihydrogen bond with special reference to the
reactions of metal hydrides.21 As we will show in this work, there exists an isomer of a BsN3Hg
dimer that displays two dihydrogen contacts operating cooperatively, and is probably one of the
few examples of a dihydrogen bond in a 1:1 complex. Furthermore, to the best of our knowledge,
no experimental study exists on the dimers of B3NsHg, and this report is therefore the first
experimental study on this dimer. This study also begs a comparison between the C¢Hg dimers
and the B3N3Hg dimers, which is presented.

5.2. Experimental details

5.2.1 Synthesis

The method of synthesis of BsN3Hg has been described in Chapter 4.

5.2.2 Matrix isolation IR experiments

The experimental setup has been described in detail in Chapter 3.

5.3. Computational details

The geometries, energies and vibrational frequencies were computed at the MP2 and the
MO06-2X levels of theory in conjunction with 6-311++G(d,p) and aug-cc-pVDZ basis sets for the
BsNsHg dimers using the Gaussian 09 suite of program.?? The optimized structures of the
B3N3Hg dimers at the MP2/aug-cc-pVDZ level of theory are shown in Fig.5.1. The interaction
energies of the complexes, were then computed and corrected separately for zero point energy
(ZPE) and basis set superposition error (BSSE) by Boys and Bernardi®® (Table 5.1). The single
point interaction energies for the various BsN3Hg dimers were also computed at the MP2/CBS
and CCSD(T)/CBS method and are given in table 5.1. Table 5.2 gives the selected structural
parameters for the BsN3sHg dimers at MP2/aug-cc-pVDZ level of theory.

Vibrational frequencies of all the B3sNsHg dimers were computed both to assign the
observed frequencies in the matrix isolation experiments and also to ensure that the computed
geometries did indeed correspond to a minimum on the potential surface by checking that no
imaginary frequencies were indicated. Scaling of the computed frequencies was performed using

the mode by mode scaling procedure, already described in Chapter 3.
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Atoms-in-molecules (AIM) theory by Bader, implemented through AIM2000 (Version

1.0), was used to understand the nature of the interactions by computing electron density p(rc)
and Vzp(l’C) (defined as the sum of the Hessian eigenvalues, A;, A, and A3) at the bond critical

points (BCP) corresponding to the hydrogen bonding interactions.?*?® Energy Decomposition
Analysis (EDA) was also used to carry out the partitioning of the total energy of the complexes
into various fractions. LMO-EDA?’ scheme of analysis was employed using GAMESS?. Natural
Bond Orbital (NBO) analysis was performed through Gaussian 09, to further understand the role
of various orbital interactions in the stabilization of the dimers.
5.4. RESULTS AND DISCUSSION
5.4.1 Computational

Fig. 5.1 gives the optimized structures of the BsN3Hs homodimers at the MP2/aug-cc-

pVDZ level of theory. At this level of theory, four structures, AS, PD, Ty and H---H were
obtained as minima on the potential energy surface for the BsN3Hg dimers. There were two types
of stacked structures; one of which is labeled as the aligned stacked (AS) dimer and the other is a
parallel displaced (PD) stacked dimer. In the AS structure, the two B3N3Hs units lie with all N
and B atoms of one B3N3Hg located exactly above the B and N, respectively, of the second unit.
In the PD structure, one B3N3zHg unit is slightly displaced relative to the other, much like in the
CsHe parallel displaced dimer. Both these structures were nearly isoenergetic and represent the
global minima. The next structure was one where the N-H of one B3N3Hg unit interacted with the
N atom of the second B3N3zHs, which we have labeled as the Ty structure, which is much like the
T-shaped dimer in CgHg. In addition to the above three structures which were also reported by
Bettinger?, we located a fourth minimum, for the first time, where hydrogen of the N-H group of
one B3N3zHg interacts with the hydrogen attached to B-H group of the second B3NsHg, thus
constituting a dihydrogen bond. The distance between the two hydrogens in this complex was
found to be 2.13 A at the MP2/aug-cc-pVVDZ level, which is typical of distances observed for
dihydrogen bonds* and close to values observed in the weak classical hydrogen bonds. The
dihydrogen bonded structure was the least bound of the four B3sNsHg dimers at all levels of
theory, though only marginally so. At the MP2/6-311++G(d,p) level, the dihydrogen bonded
structure was computed to be slightly more stable than the Ty structure. AIM, EDA and NBO

analysis were also done on the various homodimers of B3N3He.

90



3"\2.46/&
a3 — . #@
2
Ty
- 9
g O

1333 A

9 &

Fig.5.1. Optimized geometries of the BsNsHg homodimers computed at the MP2/aug-cc-pvVDZ

level of theory.

91

1



Table 5.1. Interaction energies of the various complexes of BsNsHg dimer given as
uncorrected/ZPE corrected/BSSE corrected energies (kcal/mol) using the MP2 and MO06-2X

methods and 6-311++G(d,p) and aug-cc-pVDZ basis sets. Single point interaction energies at
CCSD(T)/CBS level are also given.

MP2 M06-2X MP2 | CCSD(T)
Dimer
6-311++G(d,p) aug-cc-pvDZ | 6-311++G(d,p) | aug-cc-pVDZ CBS CBS
AS | -4.93/-4.39/-2.00 | -6.82/-6.68/-2.65 | -4.51/-4.41/-4.14 | -5.26/-5.00/-3.98 | -4.42 -4.36
PD | -4.50/-3.81/-1.67 | -6.40/-6.09/-2.34 | -4.17/-3.54/-3.80 | -4.77/-4.47/-3.50 | -3.98 -3.94
Tn | -3.14/-2.71/-1.11 | -5.26/-4.84/-2.27 | -2.89/-2.45/-2.68 | -3.47/-3.19/-2.48 | -3.57 -3.41
H---H | -2.33/-1.90/-1.40 | -3.62/-3.09/-1.66 | -1.93/-1.56/-1.81 | -2.49/-2.17/-1.72 | -2.61 -2.41
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Table 5.2. Selected structural parameters for the BsNsHg dimers at the MP2/aug-cc-pVDZ level
of theory. The distances are given in angstroms (A) and the angles are given in degrees (°). The

atom numbering is as shown in figure 5.1.

AS
B13-Ns 3.34 A
N16-B> 3.33A
H10-B13-Ns 121.0°

PD
N17-Ng 3.68 A
B1s-B; 357 A

Tn
H24-Ns 2.46 A
H24-Nsg 2.85 A
Ho4-Ny 2.85 A
N1g-H24-Ns 165.4°

0
Hao-H7 2.13A
Hio-H11 2.13A
N16-Hz2-H7 159.0°
Bi1s-Hio-H11 110.2°
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5.4.2 Experimental

Experiments were performed in both N, and Ar matrices, however, the results obtained
using both the matrixes being similar, we present only the results of our experiments using the
N2 matrix to avoid a repetitive display of data and discussions.

Figure 5.2 (Panel A) displays the infrared spectrum in the region 3490-3450 cm™ of
matrix isolated BsN3Hg in the N, matrix, which shows strong absorptions at 3476.7 cm™ and
3472.0 cm™ corresponding to the antisymmetric N-H stretches in BsNsHg. Panel B shows the
spectrum in the region 925-910 cm™ corresponding to the bending region of BsNsHs, which
shows a strong absorption at 917.4 cm™. When the matrix was annealed, new product features
were observed at 3462.8 cm™ and 3458.0 cm™ in the N-H stretching region of B3N3Hg and at
921.4 cm™ in the bending region. (Fig 5.2¢ Panels A and B). Trace‘d’ shows a subtraction of the
as-deposited spectrum from that of the annealed spectrum, in which the down going peaks were
product features formed during annealing. The above mentioned product features can be clearly
seen in the difference spectrum. The product features mentioned above were only seen at high
concentrations of B3N3Hsg, thereby confirming that they were due to the dimers of BsN3zHs.

Since B3N3Hg was taken in tetraglyme in which its concentration was not estimated, it
was not possible to determine the exact matrix to sample ratios for BsNsHs. However, since its
variation of vapor pressure with temperature was known, it was possible to estimate the relative

changes in the B3N3Hg concentration in the matrix in the various experiments performed. For

example, an increase in temperature from -30°C to -20°C of B3N3Hg, doubles the vapor pressure.
5.5. Vibrational Assignments
5.5.1 N-H stretch in BsN3Hg

The product feature obtained at 3462.8 cm™ is red shifted by 9.2 cm™ from the monomer
B3N3Hs feature at 3472.0 cm™. This red shift agrees with the computed red shift of 5.5 cm™ for
the proton acceptor B3N3Hg submolecule in the Ty dimer (Table 5.3 and Fig.5.3, Panel A). The
proton donating BsN3Hs submolecule in this dimer, is computed to show a red shift of 16 cm™,
which agrees well with the product feature at 3458.0 cm™ , which works out to an experimental
red shift of 14 cm™. These product features therefore confirm the presence of the Ty dimer in the

matrix.
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Fig.5.2. Matrix isolation IR spectra of (a) BsN3Hg:N, (0.5x:1000) annealed at 27 K (b) B3sN3Hg:N>
(x:1000) deposited at 12 K. (¢) Spectrum of sample in ‘b’ annealed at 27 K, (d) Spectrum ‘b’
subtracted from ‘c’. Negative going peaks are product peaks formed during annealing. Panels A and

B show features in the N-H stretch region and bending region, respectively.
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Table 5.3. Experimental wavenumbers (cm™) in N, matrix and scaled computed wavenumbers®

for the BsN3Hg dimers, together with mode assignments. Computations were performed at the

MP2/aug-cc-pVDZ level.

Experimental Computed
Mode Assignment
Monomer Dimer AS PD TN H---H
3462.8 3468.3 3469.3 3466.5° )
3472.0 (-9.2) (-3.7) (-2.7) (-5.5) N-H stretch
3458.0 3467.2 3468.0 3456.0° 3458.5
(-14.0) (-4.8) (-4.0) (-16.0) (-13.5)
9174 921.4 904.3 907.0 913.4 920.0 Ring bend
(4.0) (-13.1) (-10.4) (-4.0) (2.6)

#Scale factor for N-H stretching region=0.9522, Scale factor for bending region=0.9989
bN-H stretch of BsN3sHs serving as the proton acceptor
N-H stretch of BsNsHg serving as the proton donor
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The 3458.0 cm™ feature also occurs at just the position computed for the dihydrogen
complex, which was computed to show a red shift of 13.5 cm™ (Table 5.3 and Fig.5.3, Panel A).
The 3458.0 cm™ feature can therefore be also considered as a strong candidate for a feature of
the dihydrogen bonded dimer; thus raising the possibility that this feature could be assigned for
both the Ty and the dihydrogen bonded dimer. As will be shown later, the dual assignment of
this feature for both the Ty and the dihydrogen bonded structure is in fact tenable and we believe
that the dihydrogen bonded dimer is actually produced in the annealing process. The stacked
structures may well have been formed in the matrix, but their infrared signatures show shifts that
are too small to be discerned and we do not find any evidence for their formation.

5.5.2. Ring bending mode in B3N3Hs

The new product feature in the bending region of BsNsHg was observed at 921.4 cm™,
which showed a blue shift of 4.0 cm™ from the uncomplexed B3NsHs. From Table 5.3 and
Fig.5.3 (Panel B), it can be seen that this experimentally observed shift agrees well with the
computed blue shift of 2.6 cm™ for this mode for the dihydrogen bonded complex. All other
dimers show a red shift for this mode and it is only the dihydrogen dimer that shows a blue shift.
The observation of the blue shifted bending feature is unambiguous evidence for the presence of
the dihydrogen bonded complex in the matrix. Taken together with this evidence, the double
assignment of the 3458.0 cm™ feature mentioned earlier for both the Ty and dihydrogen dimer is
therefore tenable. The corresponding mode for the Ty geometry was found to be red shifted by 4
cm™, in our calculations at the MP2/aug-cc-pVDZ level. However, this feature could not be
discerned in our experiments due to spectral interferences.

5.6. AIM analysis

To further examine the nature of the interaction in BsN3Hg homodimers, we used the AIM
theory.?*?® Using the optimized geometry of the complexes computed at the MP2/aug-cc-pVDZ
level, we searched for a (3,-1) bond critical point (BCP). The electron density, p(r.) and V ?p(r.)
(defined as sum of the Hessian eigenvalues) were analyzed at the bond critical point for all the
complexes. The topological criteria for the existence of hydrogen bonding were proposed by
Koch and Popelier.?’ The characterization of dihydrogen bonds on the basis of electron density

has also been studied by Popelier.*®
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Fig.5.3. (a) Experimental spectrum of the B3NsHg dimer in N, matrix (x:1000) (b) Subtracted
spectrum; computed spectrum for the (¢) H"H complex (d) Ty complex (e) PD complex, (f) AS
complex. Panels A and B show features in the N-H stretching and bending region, respectively.
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Table 5.6. NBO analysis for the B3NsHg dimers, performed at MP2/aug-cc-pVDZ level of
theory. The atom numbering indicated in the table is as shown in Fig. 1. E is the second order
perturbation energy, E(j)-E(i) is the donor-acceptor energy difference and F(i,j) is the overlap

between the donor and acceptor orbitals.

Orbitals involved E EG)-E@) | F(3,))
Complex

Donor Acceptor (kcal/mol) a.u. a.u.
AS B3-Ns B13-Nig 1.94 0.63 0.031
PD B13-Nis Ns-B> 2.66 0.63 0.037
TN B3-Ns N1g-Hag 2.03 1.17 0.045
HH Bis-His H11-Ns 1.01 132 | 0.033
B:-H; H2o-Nig 1.03 1.32 0.033
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In the Ty complex, the strongest delocalization interaction was between the N-H
antibonding orbital and the B-N bonding orbitals. The dihydrogen bonded isomer, showed two
strong delocalization interactions; one was between the bonding orbitals of Bi3-Hig and the
antibonding orbitals of Hi;-Ns and the second between the bonding orbitals of B;-H; and the
antibonding orbitals of Hj-Ng.

5.9. Conclusions

This work for the first time, reports a matrix isolation study of the BsN3Hg dimers. While
our computations agree with an earlier study of Bettinger et al., we see an additional dihydrogen
bonded dimer not reported earlier. The aligned and parallel displaced stacked structures were
found to be almost isoenergetic for the BsN3Hg dimer at the MP2/aug-cc-pVDZ level of theory.
However these isomers could not be seen in our matrix isolation experiments due to the small
shifts in the infrared frequencies of the precursor. Experimentally, two isomeric forms of the
BsNsHg dimers were observed in our matrix. One was the Ty structure, where the N-H of one
B3N3Hg molecule pointed towards the nitrogen atom of the second B3zN3Hg molecule; a structure
that was similar to the T-shaped CgHg dimer. In addition to this structure, we also observed a
dihydrogen bonded structure, both computationally and experimentally. In this structure, two
dihydrogen bonds were in operation, probably cooperatively, which therefore placed it in terms
of stability, behind the classical hydrogen bonded Ty dimer, by just about 0.5 kcal/mol. This is
one of few examples of an experimental report of a dihydrogen bond not involving a metal
hydride.
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CHAPTER 6: BORAZINE-BENZENE AND BORAZINE-PHENYLACETYLENE
COMPLEXES

6.1. Introduction

In this work, we have studied the hydrogen bonded complexes of BsN3Hg with two
further n systems; CgHg and PhAC.

In our previous studies, we found interesting differences between the complexes of
B3N3Hg-H,0", BsNsHg-CoH,% and the BsN3Hg dimer® and the corresponding complexes involving
the organic counterpart, C¢Hs. Therefore, it was interesting to study the interactions in the
complex formed between, BsN3Hg and CgHg. Bettinger et al studied the BsN3Hg-CgHg complexes
using high level ab initio calculations at the MP2/aug-cc-pVQZ level and concluded that the T-
NH geometry, where the N-H of B3N3Hg interacted with the m cloud of CgHg, and the parallel
displaced geometry, where the CgHg and B3N3Hg rings were slightly displaced relative to each
other were nearly isoenergetic structures and were the global minima.* No experimental study on
this system have been reported so far. We also studied the B3N3Hg-PhAcC system both
computationally and experimentally, as PhAc has components of both C,H, and C¢Hg and is also
expected to show non-covalent interactions, with a multitude of isomers. BsN3Hg has two

possible sites for the formation of a hydrogen bond with PhAc. One is the N-H bond, which can

serve as a proton donor to the phenyl ring, forming an N-H---w bond, alternatively, the partially

delocalised 7 system in B3N3Hg can act as a proton acceptor from the hydrogen in C,H,, with the

formation of a C-H---w bond. PhAc also has multifunctional sites for hydrogen bonding. The =
cloud of phenyl ring and that of acetylene in PhAc which can act as proton acceptor sites and the
C-H of phenyl and acetylenic ring can act as the proton donor sites. The relative preference of
these possible sites therefore opens interesting possibilities that prompted our study of the
B3N3Hg-PhAc system. Our previous studies on the PhAc-Ac heterodimer showed C,H, to be the
proton donor to the acetylenic m cloud of in PhAc. It was therefore interesting to see the

interactions involving PhAc, with an N-H system like BsN3He.
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6.2. Experimental details
6.2.1 Synthesis

B3N3Hg was synthesised by the method already described in Chapter 4 where B3NsHe-
C,H, complexes were discussed.

6.2.2 Matrix isolation IR experiments

The experimental setup was the same as described in Chapter 3. CgHg (Sigma Aldrich,
99%), PhAc (Sigma Aldrich, 98%) and PhAcp (Sigma Aldrich, 99%), were co-deposited with
B3N3Hs, to study the BsN3Hg-CsHg and BsN3Hg-PhAc complexes.

Section I: BsN3Hg-CsHs
6.3. Computational details

The geometries, energies and vibrational frequencies of the precursor molecules, BsN3Hg
and CgHg were computed using the Gaussian 09 suite of program.”> MP2 and M06-2X methods
were employed in conjunction with 6-311++G(d,p) and aug-cc-pVDZ basis sets. Using the
monomer geometries, the geometries of the BsN3Hg-CsHg complexes were then computed, which
are shown in Fig. 6.1. The interaction energies of the B3sN3Hs-CgHg complexes, were then
computed and were corrected separately for zero point energy (ZPE) and basis set superposition
error (BSSE) by Boys and Bernardi® (Table 6.1). The single point interaction energies values
computed at the MP2/CBS limit and the CCSD(T)/CBS limit were also computed, which are
shown in this table. Table 6.2 gives the selected structural parameters for the B3N3Hg-CsHg
geometries at the MP2/aug-cc-pVDZ level of theory.

The computed frequencies and intensities of the various vibrational modes of the
complexes, obtained from GAUSSIAN 09, were used to simulate a vibrational spectrum using
the SYNSPEC program.” The simulated vibrational spectra were generated assuming a
Lorentzian line profile with a full width at half maximum (FWHM) of 1 cm™.

Atoms in molecules analysis (AIM) was used to understand the nature of the interactions
by computing electron density (p) and V ?p at the bond critical points (BCP) corresponding to the
hydrogen bonding interactions.®*° Localized Molecular Orbital Energy Decomposition analysis
(LMOEDA) was also performed using GAMESS to partition the total interaction energy of all
the B3N3Hg-CsHgs and B3NsHg-PhAc complexes into various fractions.!* Natural Bond Orbital
analysis implemented using Gaussian 09 helped in exploring the various delocalization

interactions in all the BsN3Hg-CgHg and BsNsHg-PhAc complexes.'
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Fig.6.1. Optimised structures of the BsN3Hg-CsHg complexes at MP2/aug-cc-pVDZ level of theory

Table 6.1. Interaction energies, in kcal/mol, of the various complexes of B3N3Hg-CsHe

heterodimers given as Uncorrected/ZPE corrected/BSSE corrected energies (kcal mol™) at MP2

and M06-2X levels of theory using the 6-311++G(d,p) and aug-cc-pVDZ basis sets.

MP2 MO06-2X CBS
Complex
aug-cc-pvDZ 6-311++G(d,p) aug-cc-pvDZ MP2 CCsD(T)
T-NH -7.51/-6.73/-3.62 -3.97/-3.60/ -1.67 -4.55/-4.17/-2.25 -5.21 -4.50
NHC -7.41/-6.65/-3.63 Geom. not found -3.50/-3.14/-2.17 -5.15 -4.48
PD -8.35/-7.64/-3.38 -4.54/-4.08/ -3.91 -4.95/-4.78/-2.49 -5.01 -3.78
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Table 6.2. Selected structural parameters for the B3N3sHg-CsHg complexes at the MP2/aug-cc-
pVDZ level of theory. The distances are given in angstroms (A) and the angles are given in

degrees (7)

T-NH
Hi2-Cis 2.63 A
H12-C17-Has 121.0°
No-H12-C17-Hzs -0.57°
NH-C
Hi2-Cis 257 A
Hi2-Cis-Ha1 118.7°
No-H12-Cis-Hz1 -0.02°
PD
N11-Cig 3.45A
N1o-Cis 3.46 A
N11-H1-Cag 91.5°
N11-H1-Cig-Hos 120.6°
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6.4. RESULTS AND DISCUSSION
6.4.1 Computational

The interaction energies of the different BsN3sHg-CgHs complexes at the M06-2X and
MP2 methods using aug-cc-pVDZ and 6-311++G(d,p) basis sets are shown in Table 6.1. The
interaction energies were also calculated at the MP2/CBS and CCSD(T)/CBS limit for all the
complexes, as shown in this table.

Our computations at the MP2/aug-cc-pVDZ level of theory indicated three structures for
the B3N3Hs-CegHs complexes. The first structure was the parallel displaced structure (PD), in
which the CgHg and B3NsHg rings were slightly displaced relative to each other. The second
structure was the one where the N-H of B3N3Hg interacted with the carbon atom of CgHg (which
we have labelled as the NHC structure) and the third structure was the T-NH structure, where
the N-H of B3N3Hs pointed to the centre of the CgHg ring. The energies of these structures are
given in Table 6.1.

As can be seen from table 6.1, at the MP2/aug-cc-pVDZ level, the T-NH and the NH~C
structures were found to be almost isoenergetic and the lowest in energy, followed by the PD
structure.

6.4.2 Experimental

Figure 6.2(a) in Panel A shows the matrix isolation spectrum of CgHs. Figure 6.2(b)
shows the infrared spectrum of matrix isolated B3N3Hg in N, matrix with strong absorptions at
3476.7 cm™ and 3472.0 cm™ corresponding to the antisymmetric N-H stretches in BsN3Hg. Trace
(c) shows the spectrum when both B3N3Hg and CgHg were deposited at 12 K. Traces (d) and (e)
show the infrared spectra when the matrix was annealed 27 K. On annealing the matrix, new
product features were observed, at 3437.6 cm™ and a weaker feature 3452.7 cm™.

Fig. 6.2 Panel B shows the spectra over the region 910-925 cm™, which corresponds to
the bending region of B3N3Hg. As seen from the spectra (d) and (e), the product band observed at
916.2 cm™ can be unambiguously assigned to the BsNsHs-CsHs complex as this feature could be
discerned only in the annealed spectrum and also only when both precursors were co-deposited.
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Fig.6.2. Panel A shows matrix isolation IR spectra from 3500-3425 cm™. (a) CsHs: N (3:1000)
(b) B3sN3Hg:N2 (X1000) (C) BsN3Hg6:CsHg: N> (X31000) at 12K (d) B3sN3Hg:CsHs: N> (X31000)
annealed at 27K (e) B3N3Hg:CgHs:N2 (x:6:1000) annealed at 27K. Panel B shows the bending
region of BsN3Hg from 925-910 cm™. (a) CeHe:N, (3:1000) (b) BsN3Hg:N, (x:1000)
(C)BgNgHgZCgHgZNz (X31000) at 12K (d) B3N3Hg:CsHg: N2 (X31000) annealed at 27K (e)
B3N3Hg:CsHe: N2 (X61000) annealed at 27K.
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6.5. Vibrational Assignments
6.5.1. N-H stretch in B3N3Hg

The new product feature at 3437.6 cm™, which is a red shift of 34.4 cm™, agrees well
with the computed red shift for the N-H stretch in BsNsHg, of 32.7 cm™ for the NH~C complex.
This complex, together with the T-NH structure, constitute the two nearly degenerate lowest
energy isomers of the complex. The weak feature at 3452.7 cm™ feature, which is a red shift of
19.3 cm™, can be assigned to the N-H stretch in the T-NH complex, which shows a computed red
shift of 18.0 cm™. Our experiments therefore identified both the lowest energy, NHC and T-NH
structures, in both of which B3N3Hg serves as the proton donor to CgHg. (Table 6.3 and figure
6.3).
6.5.2. Ring bending mode in B3N3Hs

The new product feature in the bending region was found to occur at 916.2 cm™. This
feature is in good agreement with the computed feature for the same mode at 916.1 for the
NH-C isomer. The shift in the T-NH structure is too small (~0.2 cm™) to be experimentally
identified (Table 6.3 and fig.6.3).
Section I1. B3N3sHg-PhAc complexes
6.6. Computational Details

In case of the BsN3Hg-PhAc complexes, our computations at the MP2/aug-cc-pVDZ level
of theory, revealed three complexes, which were minima on the potential energy surface. One
was the bent NHC complex, where the N-H of B3NsHg interacted with one of the carbon atoms
of C,H; in PhAc. This complex was similar to the bent NHC complex obtained in our studies
on the BsN3Hg-CoH» complexes.2 The second structure was the stacked geometry, where both the
partially delocalized & electron cloud of BsN3Hg and phenyl & cloud in PhAc were stacked above
one other. The third structure was a T-NH structure, where the N-H of B3N3Hg interacts with the
7 cloud of the phenyl ring in PhAc. The interaction energies of all the optimized structures at the
MO06-2X and MP2 methods in conjunction with the 6-311++G(d,p) and the aug-cc-pVDZ basis
sets are shown in Table 6.4. The single point interaction energies values computed at the
MP2/CBS limit and the CCSD(T)/CBS limit were also computed, which are also shown table
6.4. Table 6.5 gives the selected structural parameters for the BsN3sHg-PhAc complexes at the
MP2/aug-cc-pVDZ level of theory.
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Table 6.3. Experimental (N, matrix), scaled computed vibrational wavenumbers (in cm™) and

mode assignments for B3N3Hs-CgHs complexes. Computations were performed at MP2/aug-cc-

pVDZ level.
Experimental Computed
Mode
Monomer Complex NH"C T-NH PD
3437.6 3439.3 3454.0 3465.5
BaNsHs (-34.4) (-32.7) (-18.0) (-6.5) Tﬁ%srgeﬁh
3472.0 3452.7 3439.3 3454.0 3465.5 setie
(-19.3) (-32.7) (-18.0) (-6.5)
017 4 916.2 916.1 917.2 912.2 Ring
(-1.2) (-1.3) (-0.2) (-5.2) deformation

[& Scale factors are: 0.9522 for the N-H stretch in BsN3sHg; 0.9989 for the N-H bend in BzNzHs.

l/alues in parentheses are Av, defined as [v(complex) - v(monomer)].
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Fig.6.3. Panel A showing (a) experimental spectrum of B3N3Hg:CgHg:N, annealed at 27K
(x:6:1000) (b) Computed spectrum of bent NH~C complex(c) Computed spectrum of T-NH

complex (d) Computed spectrum of PD complex
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6.7. Results and Discussion
6.7.1 Computational

The interaction energies of the different BsN3Hs-PhAc complexes at the M06-2X and
MP2 methods using aug-cc-pVDZ and 6-311++G** basis sets are shown in Table 6.4. The
interaction energies were also calculated at the MP2/CBS and CCSD(T)/CBS limit for all the
complexes, as shown in this table.

Our computations at the MP2/aug-cc-pVDZ level of theory indicated three structures for
the B3N3;Hg-PhAc complexes. The first structure was the stacked structure, in which the electron
cloud of PhAc and B3N3Hs rings were stacked above each other. The second structure was the
one where the N-H of B3N3zHg interacted with the carbon atom of C,H; in PhAc (which we have
labelled as the bent NHC structure) and the third structure was the T-NH structure, where the
N-H of B3N3Hs pointed to the centre of the phenyl ring in PhAc.

As can be seen from table 6.4, at the MP2/aug-cc-pVDZ level, the stacked structure was
found to be the lowest in energy, followed by the T-NH and the bent NH - C structures.

6.7.2. Experimental

Panels A, B and C in Fig. 6.5 show the infrared spectra, spanning the regions 3550-3400,
3340-3300 and 2610-2590 cm™, respectively. Trace ‘a’ in the figure shows the infrared spectrum
of matrix isolated PhAc in a N, matrix. Strong absorptions are observed at 3323.1 cm™ and 3309
cm™, corresponding to the Fermi diad of PhAc (Panel B). Trace b’ shows the infrared spectrum
of matrix isolated BsNsHg in a N, matrix. Strong absorptions are observed at 3476.7 cm™ and
3472.0 cm™, corresponding to the antisymmetric stretch of BsNsHg (Panel A). This is a doubly
degenerate mode, split due to the matrix site effects.

When B3N3Hg and PhAc were co-deposited, and the matrix then annealed, new product
features were observed at 3433.4 cm™ and 3315.5 cm™ (Trace‘d’ Panels A and B). The product
features mentioned above increased in intensity when the concentration of either of the two
precursors, BsNsHg or PhAc, was increased, thereby confirming that they were due to the
B3N3Hg-PhAc adducts. Furthermore, they were not observed when only one of the two

precursors were deposited.
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Bent NHC

Fig. 6.4. Optimized structures of BsN3Hg-PhAc complexes at MP2/aug-cc-pVDZ level of theory

Table 6.4. Interaction energies, in kcal mol™, of the various complexes of BsNsHg-PhAc, given

as uncorrected/ZPE corrected/BSSE corrected energies (kcal mol™) at M06-2X and MP2 levels

of theory using 6-311++G(d,p) and aug-cc-pVDZ basis sets.

Complex MO06-2X MP2
CBS CCSD(T)
6-311++G(d,p) aug-cc-pvVDZ 6-311++G(d,p) aug-cc-pvDZ
Stacked -5.59/-5.10/-4.83 | -6.13/-5.65/-4.64 | -8.17/-7.82/-3.11 | -10.25/-9.70/-4.33 | -6.19 -4.54
T-NH -4.03/-3.53/-3.49 | -4.44/-4.24/-2.16 | Geom. Not found | -7.57/-7.09/-3.70 -5.30 -4.77
Bent NH-C | -3.75/-3.33/-3.26 | -4.16/-3.77/-3.15 | -5.54/-5.11/-2.28 | -7.24/-6.54/-3.37 -4.88 -4.07
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Table 6.5. Selected structural parameters for the various BsNsHg-PhAc complexes at the

MP2/aug-cc-pVDZ level of theory.

Stacked
N11-Cis 3.46 A
B4-Cis 3.66 A
C25-Ni1-H; 54.7°
N1o-H2-Cag 56.5°
C24-C15-Cre-Has -0.35°
T-NH
H1-C1s 2.74 A
N11-H1-Cys 156.0°
N11-H1-Cig-Hos 22.2°
Bent NHC
Hi-Cos 2.37 A
H1-Cos 2.77 A
N11-H1-Coy 168.5°
N11-H1-C24-Cos -179.9°
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6.8. Vibrational assignments

The experimentally observed product bands in the B3NszHg-PhAc co-deposition
experiments were assigned based on the computed wavenumbers obtained at MP2/aug-cc-pVDZ.
As explained before, the computed frequencies for the complexes were scaled using scaling
factors that were computed by comparing the computed and experimental features of the
monomer precursors, as described in Chapter 3. The mode assignments for the different
vibrations in the B3NsHg-PhAc complexes are given in table 6.6. Figure 6.6 (Panels A and B)
show the computed plots of all the complexes using SYNSPEC program and compares with the
experimental spectrum. The simulated vibrational spectra were generated assuming a Lorentzian
line profile with a full width at half maximum (FWHM) of 1 cm™.
6.8.1. N-H stretch in BsNzHg

Fig. 6.5(b) shows the spectrum of BsN3Hs, with a strong absorption at 3472.0 cm™ and
3476.7 cm™, that corresponds to the antisymmetric stretch of BsN3Hg. The product feature due
to PhAc-B3sN3Hg complex at 3433.4 cm™ can be assigned to the N-H stretch in B3N3Hg, thus
showing a red shift of in 39 cm™ in the N, matrix. As can be seen from table 6.6, the computed
shift of this mode was 29 cm™ which is in close agreement with those obtained for the structure
where the N-H of B3N3Hg acts as a proton donor to the carbon atom of C,H; in PhAc. The shifts
computed for the other complexes are clearly different from that observed in our experiments,
thus indicating that we were observing the bent NH~C complex in our matrix isolation
experiments. It must be noted that in the study of the B3N3Hg-CsHg complexes, the T-NH
structure was also observed along with the NHC structure. However, the intensity of the T-NH
structure was less as compared to the NH~C structure. In case of the BsN3Hg-PhAc complexes,
the T-NH structure could not be discerned in our experiments. It would be worthwhile to
mention here that in our study on the B3sN3Hs-C,H, complexes, the bent NH~C structure was the
one observed in our matrix isolation experiments. In some ways, the BsN3Hg-PhAc system was
mimicking the BsN3Hg-C,H, system.
6.8.2. C-H symmetric stretch in PhAc

In the N, matrix, PhAc shows a strong absorption at 3323.1 cm™ with a Fermi resonance
diad appearing as a site split feature at 3309.2/3310.8 cm™. The Fermi resonance has been
reported to occur between the C-H stretching vibration and a combination of one quantum of C-

C stretch and two quanta of C-C-H out of plane bend*®. The C-H stretch in PhAc was observed at
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3315.5 cm™ which showed an experimental shift of 7.6 cm™ which is in excellent agreement
with the computational shift of 5.0 cm™ for the bent NH*C complex.

PhAcp-Borazine Experiments

6.8.3. C-D stretch in PhAcp

Experiments were also done with PhAcp to explore the complex feature in the C-D
region of PhAcp (Fig.6.5, Panel C). Since the C-D region of PhAcp does not show any Fermi
resonance, we were able to discern the C-D stretch in PhAcp at 2595.0 cm™ which agreed well
with the computationally scaled wavenumber of 2594.3 cm™ for the bent NHC complex.
Hence, the excellent agreement for the feature of the isotopic species lends credence to our
assignment and to our conclusion that the bent NH - C is observed in our experiments.

As can be seen from table 6.6, the computed feature for the bent NH~C complex in the
C-D stretching region of PhAcp at 2594.3 cm™, which shows a red shift of 5.7 cm™, matches
excellently with the experimental feature of this complex at 2595.0 cm™, showing a red shift of 5
cm™.

6.9. Atoms-in-molecules analysis

AIM analysis was carried out for all the complexes to explore the nature of interactions.
In all the BsN3Hg-CsHg and BsN3sHg-PhAc complexes, the values of p fall in the range proposed
by Koch and Popelier for hydrogen bonded systems.'* The electron density at the intramolecular
bond critical point was found to be almost same in the T-NH and the NH~C complex in case of
the B3N3Hg-CsHg complexes.

In the case of the BsN3Hg-PhAc complexes too, the electron density at the bond critical
point corresponding to the hydrogen bond was found to be nearly the same for the bent NHC
complex and the T-NH complex. An examination of 1A1/A3l values shows this ratio to be small
for the stacked geometries in both systems, which is indicative of the fact that the charges are not
accumulated between the atoms in the bonding region but more on the atoms. Tables 6.7 and 6.8
present the data of the AIM analysis at MP2/aug-cc-pVDZ for the various B3N3Hs-CgHg and
B3N3Hg-PhAc complexes, respectively while figures 6.7 and 6.8 show the various intramolecular
bond critical points of the complexes.

120



—»3315.5
2600.0

—» 34334

Absorbance
3476.7
3472.0
(]
—» 2595.0

b =
% c
b
a a
3550 3500 3450 3400 3340 3320 3300 M5 B0 5% 250
cmt cm? cm?

Fig.6.5. Panels A and B represent infrared spectrum of (a) PhAc:N, (1:1000) (b) B3N3Hg:N>
(x:1000) (c) BsN3Hg: PhAC:N; (x:1:1000) at 12 K (d) spectrum of (c) annealed at 27 K. Panel C
(@ PhAcp:N, (1:1000) (b) BsNsHs:PhAcp:N, (x:1:1000) at 12 K (c) BsNsHs:PhAcp:N,
(x:1:1000) annealed at 27 K. Panels A, B and C show the regions 3550-3400, 3340-3300 and
2610-2590 cm™ respectively.
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Table 6.6. Experimental (N, matrix), scaled® computed vibrational wavenumbers (in cm™) and

mode assignments for BsN3Hg-PhAc and BsN3Hg-PhAcp complexes at MP2/aug-cc-pVDZ level

Experimental Computed
Monomer Complex Bent NHC T-NH Stacked Mode
N-H asym.
BsNsHg 3433.4 3443.0 3454.8 3468.0 str. in
3472.0 (-38.6)° (-29.0) (-17.2) (-4.0) B3N3Hs
PhAc 3315.5 3318.1 3322.4 3320.5 C-H str. in
3323.1 (-7.6) (-5.0) (-0.7) (-2.6) PhAC
PhAcp 2595.0 2594.3 2598.9 2612.5 C-Dstr.in
2600.0 (-5.0) (-5.7) (-1.2) (12.5) PhACcp

(@ Scale factors are: 0.9522 for the N-H stretch in BsNsHs; 0.9546 for the C-H stretch in PhAc
and 0.9712 for the C-D stretch in PhAcp

lv/alues in parentheses are Av, defined as [v(complex) - v(monomer)].
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6.10. Energy Decomposition Analysis

LMO-EDA computations were performed for the B3NsHs-CsHs and BsNsHs-PhAc
complexes, to understand the components of total interaction energy, in terms of electrostatic
energy, exchange energy, repulsion energy, polarization energy and dispersion energy. As can be
seen from the tables 6.9 and 6.10, the dispersion interaction is the major contributor towards the
total interaction energy followed by electrostatic for all the B3sN3Hg-CsHg and BsN3Hg-PhAc
complexes. The polarisation component is the least significant contributor among all the
complexes.

6.11. Natural Bond Orbital Analysis

NBO was performed for the B3N3Hg-CsHg and BsN3Hg-PhAc complexes at the MP2/aug-
cc-pVDZ level.

In the case of B3N3Hg-CsHg, it was observed that in the NHC complex, which was
observed in our experiments, there was a preferential interaction of BsN3Hg with one side of the
benzene ring (Cys), as indicated by the NBO analysis (Table 6.11). In the T-NH complex, the
interaction of B3N3Hg was more symmetric, with the interaction being nearly the same with all
the carbons of CgHg, indicating the N-H of BsN3Hg was pointing to the centre of the CgHs ring.

In case of the B3N3Hg-PhAc complexes, the bent NHC complex, which was the one
observed in the matrix, the strongest delocalisation interaction was present between the bonding
orbitals of C,4-Cys and the antibonding orbitals of Ni;-H;. It must be noted that in the T-NH
complex, the lower symmetry of PhAc compared with CgHg, causes the N-H to be
asymmetrically disposed, and hence B3N3Hg is tilted towards one side of the PhAc, which is
indicated by the pattern of interaction revealed by our NBO calculations. (Table 6.12)

6.12. Phenylacetylene-Benzene Complexes

In addition to studying the BsN3Hg-CsHg and B3N3Hg-PhAc complexes, we also explored
the PhAc-C¢Hs complexes. For this complex, two structures were found as minima on the
potential energy surface at the M06-2X and MP2 levels of theory. The stacked structure was
found to be the global minimum having a BSSE corrected interaction energy of -5.88 kcal/mol
at the MP2/aug-cc-pVDZ level of theory, followed by the Hn complex, where the C-H of PhAc
was acting as a proton donor to the 7 cloud of CgHg, having a BSSE corrected interaction energy

of -2.92 kcal/mol. Matrix isolation experiments were done both in N, and Ar experiments.
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However, we were not observe product features that could be unambiguously assigned to any of
the complexes and hence, not been discussed.
6.13. Conclusions

This work reports a matrix isolation study of the interactions between B3sN3Hg with CgHg
and PhAc. The computational studies on the BsN3Hg-CgHg complexes carried out by Bettinger et
al revealed the T-NH structure and the parallel displaced structure to be nearly isoenergetic and
the global minima at the MP2/aug-cc-pVQZ level of theory. Our computations at the M06-2X
and the MP2 levels indicates an additional structure where the N-H of B3N3Hs interacted with
one of the carbon atoms of CgHg, which we label as the NH~C complex. We were able to
observe this complex along with the T-NH complex, where the N-H of B3N3Hg interacts with the
7 cloud of CgHe.

The computations, at the MP2 and M06-2X levels on the BsN3sHg-PhAc system yielded
three minima; the stacked structure, the bent NH-C and T-NH structure. Of these, we observed
the bent NH-C structure in the matrix. This observation was also corroborated by experiments
where we used PhAcp, where the features due to C-D stretch in PhAcp confirms the presence of
the bent NHC complex in our experiments.

AIM calculations were done to determine the nature of bonding in these complexes.
Energy decomposition analysis was also done on the various complexes to explore the nature of
interactions. The stacked structures, despite being the global minima structures in case of the
PhAc-B3N3Hg and PhAc-CgHg complexes, could not be observed in our matrix isolation
experiments, since they do not present strong signatures in the infrared experiment. This work
gives an insight into the various hydrogen bonding interactions occurring between an N-H

system like B3N3Hg and & systems like CgHg and PhAcC.
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Table 6.7. AIM calculations showing the values of the electron density p(rc) and its Laplacian
V?p(re), Ay As at the bond critical point for the BsN3Hg-CgHg complexes computed at MP2/aug-

cc-pVDZ level of theory. The values of p(r), V2p(r) are in atomic units.

Complex p(ro) M A2 A3 Vop(r) Ay A3
0.0074 -0.0021 -0.0019 0.0249 0.021 0.083

PD’ 0.0074 -0.0020 -0.0018 0.0249 0.021 0.082
0.0058 -0.0019 -0.0002 0.0194 0.017 0.101

NH~C 0.0095 -0.0064 -0.0006 0.0380 0.031 0.168
T-NH 0.0096 -0.0065 -0.0009 0.0385 0.031 0.169

®Values of electron density and Laplacian at BCP 1,2 and 3 indicated.

Table 6.8. AIM calculations showing the values of the electron density p(rc) and its Laplacian
V?p(re), Ay s at the bond critical point for the BsNsHs-PhAc complexes computed at MP2/aug-
cc-pVDZ level of theory. The values of p(r), Vzp(r) are in atomic units.

Complex p(ro) M A2 A3 Vp(r) Ay A3
] 0.0079 -0.0023 -0.0010 0.0270 0.024 0.085

Stacked
0.0071 -0.0019 -0.0020 0.0238 0.020 0.080
T-NH 0.0100 -0.0067 -0.0003 0.0397 0.033 0.169
Bent NH"C 0.0117 -0.0104 -0.0066 0.0531 0.036 0.196

®Values of electron density and Laplacian at BCP 1 and 2 indicated.
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Table 6.9. Values of the interaction energy (4E) and its different components (in kcal/mol units),

for the various B3N3Hg-CgHg complexes using Energy Decomposition Analysis at MP2/aug-cc-
pVDZ level of theory.

Complex Eelec Eex-rep Epol Edis Etotal
PD -5.15 12.74 -2.98 -13.06 -8.45
TNH -3.83 7.34 -2.34 -8.72 -7.55
NH-C 3.68 6.93 2.25 8.45 7.45

Table 6.10. Values of the interaction energy (4E) and its different components (in kcal/mol

units), for the various B3NsHg-PhAc complexes using Energy Decomposition Analysis at

MP2/aug-cc-pVDZ level of theory.

Complex Eelec Eex-rep Epol Edis Etotal
Stacked -6.02 11.50 -2.54 -13.15 -10.21
T-NH -2.92 5.99 -2.14 -8.56 -7.63
Bent NHC -3.71 8.43 -2.43 -9.60 -7.31
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Table 6.11. NBO analysis for the BsN3Hg-CgHg dimers, performed at MP2/aug-cc-pVDZ level of
theory. The atom numbering indicated in the table is as shown in Fig. 6.1. E is the second order
perturbation energy, E(j)-E(i) is the donor-acceptor energy difference and F(i,j) is the overlap

between the donor and acceptor orbitals.

Orbitals involved E(2) EG)-EQ@) | F(i.j)
Complex
Donor Acceptor (kcal/mol) a.u. a.u.
PD LP*(1)Cy3 Bg-N11( 6%) 3.81 0.31 0.040
LP*(1)Cy3 No-Hi2( o) 0.32 0.84 0.020
LP*(1)C14 No-Hi2( %) 0.27 0.84 0.020
T-NH LP*(1)Cys No-Hi2( o) 0.31 0.84 0.020
LP(1)Cys No-Hi2( ™) 0.40 0.84 0.023
LP(1)Cyy No-Hi2( o) 0.45 0.84 0.024
LP(1)Cys No-Hi2( ™) 0.41 0.84 0.023
LP(1) Ci3 No-Hi2( %) 0.22 0.84 0.023
LP(1) Ci4 No-Hi2( o) 0.41 0.84 0.023
NHC LP(1) Cis No-H12( 6*) 0.57 0.84 0.027
LP(1) C16 Ng-Hi2( 6*) 0.40 0.84 | 0.017
LP(1) Cy7 No-H12( 6*) 0.21 0.84 0.017
LP(1) Cys No-Hi2( o) 0.15 0.83 0.014
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Table 6.12. NBO analysis for the BsN3Hg-PhAc dimers, performed at MP2/aug-cc-pVDZ level
of theory. The atom numbering indicated in the table is as shown in Fig. 6.4. E is the second
order perturbation energy, E(j)-E(i) is the donor-acceptor energy difference and F(i,j) is the

overlap between the donor and acceptor orbitals.

Complex Orbitals involved E EG)-E(@) | F(.j)
Donor Acceptor (kcal/mol) a.u. a.u.

Stacked LP(1)Cys Bes-N1o( 67*) 3.13 0.32 0.037

LP(1)Cy3 H1-N11( 6%) 0.18 0.84 | 0.016

LP(1)C14 H1-N11( 6%) 0.07 0.84 | 0.010

TNH LP(1)Cys H1-N11( 6*) 0.13 0.85 0.013

LP(1)C1s H1-N11( 6%) 0.27 0.84 | 0.019

LP(1)Cy7 H1-N11( 6%) 0.71 0.85 | 0.031

LP*(1)Cys H1-N11( 6*) 0.53 0.84 0.027

Bent NHC (6)C24-Cos Ni1-Hi( 0*) 1.98 1.16 0.043
- Jy » y_?ww

*‘z“}‘ DD 9 # }&’
S s 2P 99
CHepnac-mtehg Stacked

Fig. 6.9. Optimized geometries of PhAc-CgHg complexes at MP2/aug-cc-pVDZ
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CHAPTER 7: SUMMARY AND CONCLUSIONS

This thesis provides an insight into the hydrogen bonding interactions present in
multifunctional © systems. The studies were conducted employing the technique of matrix
isolation infrared spectroscopy which were corroborated by ab initio computations. The =
systems explored in this thesis are PhAc, C,H,, BsN3sHg and CgHg. Atoms in molecules (AlM)
analysis, Natural Bond Orbital (NBO) analysis and Localized Molecular Orbital Energy
Decomposition Analysis (LMO-EDA) have been also used in all the systems to further
investigate the nature of interactions present. The scheme below gives the pairwise heterodimers,
studied between the four molecules listed above. In addition, each of the molecules also has

homodimer interactions, some of which have also been studied.

PhACc

A

CoH,« > CeHg «—»CHs

v
BgN3H6 > B3N3H6

Fig.7.1 The various multifunctional 7 systems explored in this thesis. The red arrow indicates the
interactions already reported in the literature.

The factors affecting the stabilities of the various structures and the competition between
the various binding sites were the main objectives of studying hydrogen bonding interactions in
these systems. Furthermore, comparing the hydrogen bonding interactions in B3sN3sHg and its
organic analogue, CgHs, was also expected to provide useful insights into non-covalent
interactions, which led us to study the interactions of BsN3Hg with @ systems such as CoH;, CgHg
and PhAc.
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The first system that we explored was the PhAc-C;H; system. Four stable minima were
obtained for this system on the potential energy surface but we were able to discern only one
complex in our matrix isolation experiments, where the C-H of C,H, was the proton donor to the
7 cloud of CyH; in PhAc. The formation of this complex was evidenced by shifts in the =C-H
asymmetric stretch of C,H,, =C-H stretch of PhAc and =C-H bend of C,H,. The structure where
PhAc served as the proton donor to the acetylenic n-cloud was the highest energy structure at
both M06-2X and MP2 levels. Experiments with PhAc deuterated at the acetylenic hydrogen
(PhAcp) were also performed, to confirm the above observation, through the isotopic effect.

As has been discussed earlier, the pK, of C,H, and PhAc are consistent with complex 3
being the global minimum, as smaller pK, of C,H, is consistent with it being the proton donor.
However, gas phase acidities, which are more relevant for our matrix isolation experiments,
provide a contradictory picture. The AHoaciq for CoH, and PhAc are 375.4 and 370.3 kcal/mol
respectively, implying that in the gas phase, PhAc is more acidic than C,H,, which should
therefore have favoured PhAc to be the proton donor. This seemingly contradictory observation
can be explained if we recognize that a secondary interaction between the C-H group of phenyl
in PhAc and the = cloud of C,H; renders this complex to be more stable than the complex where
the PhAc is the proton donor. This was further corroborated by NBO analysis which also
indicated an orbital interaction between the C-H o* orbital and the = of the acetylenic system of
C,H> in this complex.

In hydrogen bonded interactions, one has also to examine the acidity of the proton donor
and the basicity of the proton acceptor and the two properties together play a role in determining
the stability of the complex. Towards this end, Gilli et. al had proposed that the difference in
pK, and pKj should be considered and the smaller this difference is, the more propensity for the
complex to form.

We followed our work with the study on BsN3Hg complexes. B3NsHg presents an
interesting case study for hydrogen bonding systems. While it is isoelectronic with CgHg, it is
sufficiently different from its organic counterpart, in terms of the electronic distribution in the
ring, to pose interesting landscapes for the study of non-covalent interactions. BsN3sHg has both
electron rich p orbitals centered on the nitrogen atoms and electron deficient p orbitals centered
on the boron atoms. B3N3zHs, therefore, behaves as an amphoteric m electron system. This basic

difference compared with CgHg makes the comparison of B3zN3Hg and CgHg interesting. A
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number of studies on the weak interactions involving CgHg are present in the literature, the most
thoroughly studied being the CgHg-H2O system, which involves an H-nt interaction. One of the
first studies on B3N3Hg by our group was to study the complexes of B3zNsHg with H,O and
compare them with those of the CgHg-H,O system. The study on BsNsHg-H,O by our group
revealed the presence of an N-H O interaction in the matrix, where the N-H of B3N3Hg was
interacting with the O atom of water. The computations, at the MP2 and M06-2X levels on the
B3N3Hg-H,O system yielded three minima, which is a richer landscape than the CgHs-H2O
system. The equivalent of the H-m complex in CgHg-H2O was indicated to be a local minimum in

the B3N3Hg-H,O system, which however was not observed in the experiments. In the B3N3Hs-
H,0 system, this complex showed an O-H-:-N interaction rather than the H-x observed in CgHg-

H,0. In both systems, the H-n complex for CgHg-H,O and O-H-*N complex for BsN3Hs-H-O,
also showed near degenerate and possibly interconvertible complexes, revealing a certain
floppiness in their structures. Thus, these interesting differences and similarities between the two
systems led us to study the interactions of B3sN3Hg with weak complexes. We therefore studied
the B3N3Hg complexes with © systems. We chose C,H; and CgHg. To further investigate the
competition between interactions, we incorporated PhAc, in our array of research, which
contains both CsHg and CoH, moieties.

The B3N3Hg-CoH; system was explored and was compared it with the well studied CgHg-
C,H, system. In the CgHs-C,H, system, a T-shaped structure, where the C-H of C,H, served as
the proton donor to the m cloud in CgHg was found to be the global minimum. In the B3N3He-
C,H, system, a bent NHC structure, where the N-H of B3N3Hs served as a proton donor to one
of the carbon atoms of C,H, was found to be the global minimum. The formation of the bent
NHC complex in BsN3zHg-CoH, dimer was evidenced by shifts in the N-H stretch of B3N3Hs,
=C-H asymmetric stretch of C,H; and =C-H bend of C,H,. Located higher in energy relative to

this structure was an isomer with a bent CH---N geometry in which the C-H of C,H, was the
proton donor to the nitrogen of B3N3Hs. This structure was also observed in our experiments, as
indicated by the shift in the =C-H asymmetric stretch of C,H,.

We also studied the B3N3Hg dimer system in order to compare it with the well
investigated CgHg dimer system. While in the case of a C¢Hg dimer, a parallel-displaced structure
was the global minimum, in the B3N3Hg dimer, the aligned stacked structure and the parallel
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displaced structures were almost isoenergetic and were found to be the global minima at all
levels of theory that we explored. However, these structures could not be observed in our
experiments due to the lack of any significant spectral signatures. Experimentally, two isomeric
forms of the BsN3Hg dimers were observed in our matrix. One was the Ty structure, where the N-
H of one B3N3Hg molecule pointed towards the nitrogen atom of the second B3N3Hg molecule; a
structure that was similar to the T-shaped CgHg dimer. In addition to this structure, we also
observed a dihydrogen bonded structure, both computationally and experimentally. In this
structure, the N-H of one B3N3Hs molecule interacted with the H attached to the boron atom of
another B3N3Hg molecule. In this structure, two dihydrogen bonds were in operation, probably
cooperatively, which therefore placed it in terms of stability, just behind the classical hydrogen
bonded Ty dimer, by about 0.5 kcal/mol. The dihydrogen bonded system has been observed in
metal hydride systems, but our observation is the first of its kind in a system not involving a
metal hydride.

It was appealing to investigate the nature of interactions when both B3N3Hg and CgHg
were deposited together in a matrix. We therefore studied the BsN3Hs-CgHg System. This system
was explored computationally by Bettinger et al and it was shown that the structure, where the
N-H of B3N3Hg interacted with the & cloud of CgHg (T-NH-1) and the parallel displaced structure
were nearly isoenergetic at the MP2/aug-cc-pVQZ level of theory. Our matrix isolation
experiments revealed that the T-NH structure, along with the structure where the N-H of B3N3Hg
interacted with one of the carbon atoms in C¢Hg were the global minimum. In both these
complexes, the N-H of B3N3Hg served as a proton donor, a conclusion consistent with our studies

on the B3sN3Hg-C,H, complex and B3N3Hg dimer.

We studied the B3N3Hg -PhAc system as PhAc has components of both C,H, and CgHg
and is also expected to show hydrogen bonding interactions, with multiple isomers. Our previous
studies on the PhAc-Ac heterodimer resulted in the C,H, serving as the proton donor to the «
cloud of C,H, in PhAc. It was therefore interesting to see the interaction of an N-H system like
B3N3Hg with a C-H 7 system such as PhAc. In this system, the N-H of B3sN3Hg served as a
proton donor to the carbon atom of C,H, in PhAc, a complex labeled as the bent NH*C complex.
This complex was very similar to the bent NHC complex formed in the B3N3Hg-C,H, system,
where the N-H of B3N3Hg interacted with the carbon atom of C,H,. Experiments were also
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carried out using PhAcp to study the effect of isotope on this complex. These experiments also
revealed, through C-D shifts, the formation of the bent NH"C complex in the matrix.

We also explored the CgHg-PhAcC system to investigate the nature of interactions when
both highly electron rich 7 systems interact with each other in a matrix. Experiments in both N,
and Ar matrices did not lead to any conclusive results and hence, is not described in this thesis.
However, the computations at MP2/aug-cc-pVDZ level of theory revealed the stacked structure
to be the global minimum, followed by the T-shaped structure, where the C-H of PhAc served as
the proton donor to the m cloud of C¢Hs, a structure similar to the T-shaped structure obtained in
the CsHes-C2H2 experiments present in the literature.

In all the B3N3Hg systems studied in this thesis, it was found that the N-H of B3N3Hg
served as the proton donor in the matrix. The stacked structures, although being the most stable
structures computationally, could not be discerned in the matrix isolation experiments due to
meagre shifts and thus providing no significant spectral signatures.

7.1 Scope for future work

It would be interesting to study the hydrogen bonding interactions of PhAc, substituted
with electron withdrawing or donating groups on the phenyl ring. The changes in the electron
withdrawing or donating substituents could lead to interesting results since the basicity of the «
cloud and the acidity of the acetylenic hydrogen would now be altered.

The various B3N3Hg systems studied in this thesis present a nice comparison with the
well studied CgHs systems. The interesting differences between the organic and inorganic
analogues of CgHg, can open up new areas of study involving BsN3Hg, with other precursors such
as those containing sulphur. The study of B3N3Hg with alcohols could also present a very
interesting scenario relative to the interactions of alcohols with CgHs.

The stacked structures, despite being the global minimum structures in our work on
B3N3Hg dimer, B3N3Hg-PhAc and PhAc-CgHg complexes, could not be discerned in our
experiments. These structures could be investigated using UV-Visible spectroscopy as a tool to
study the matrix isolated species. The interaction of m electron systems in the stacked structures
can be expected to present signatures in the electronic absorption spectroscopy.

Going beyond the boron systems, hydrogen bonding interactions involving phosphorus
containing rings, such as phosphazenes could also be studied using matrix isolation infrared

spectroscopy, as these may present surprises in the realm of hydrogen bonded contacts.
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