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Abstract

The work presents, for the first time, the matrix isolation infrared and ab
initio studies on the molecular conformations of 2-butyne-1, 4-diol. It is found that when
the acetylenic moiety (-C=C-H) in propargyl alcohol is replaced by a CH>OH group, it
gives rise to many different conformations of ethylene glycol, which are facilitated by
strong intramolecular O-H-—-O hydrogen bonded interactions. Similarly, when the acidic
hydrogen in propargyl alcohol is replaced by a CH>OH group, several conformations arises
for 2-butyne-1, 4-diol. Thus, these molecules, propargyl alcohol, ethylene glycol and 2-
butyne-1,4-diol provide an interesting case to study the effect of an acetylenic 7 cloud
between the two —OH groups on the conformations, which was absent in ethylene glycol.
Starting from only two stable conformers in propargyl alcohol and ten stable conformers
in ethylene glycol, we have computed six stable conformers of 2-butyne-1,4-diol in this
work at M06-2X and MP2 methods employing 6-311++G** and aug-cc-pVDZ basis sets.
Our experiments together with computations revealed the presence of three most stable
conformer in the N2 matrix. AIM and NBO analysis have been performed to understand
the nature of interactions in the conformers. Vicinal orbital interactions are found to play

deciding role in its conformational preference.

Competitive hydrogen bonding because of the presence of multiple bonding sites in
2-butyne-1, 4-diol is another aspect which we have explored from our computational

studies on its hydrogen-bonded complexes with water.
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Chapter 1

Introduction

Non-covalent interactions are extensive and form an essential part of chemistry, physics,
and biology. These weak interactions determine the structure of biomolecules such as DNA and
also drives the folding of proteins. Thus, an in-depth understanding of these weak interactions may
lead to the design of drugs and functional materials. These non-covalent interactions have a broad
range of classification depending on nature, origin, and strength. Hydrogen bonding is the most
versatile non-covalent interaction that has been described in the next section.

1.1 Hydrogen Bonding

Hydrogen bonds are the most critical form of non-covalent interactions that govern several
biological and chemical processes. A pervasive example of a hydrogen bond is found in between
water molecules which is responsible for the unique solvent properties of water. Right from
holding the strands of DNA together to the protein folding, these chemical interactions govern life
form and functions. Hydrogen bonds also play a dominant role in supramolecular chemistry?* for
designing molecules with desired properties. Thus, there is great significance of Hydrogen
bonding in our life, thereby making the study of these interactions important.3The first observation
of Hydrogen bond was in the year 1902, and it was termed as “Nebenvalenz” (minor valence).
Few more such reports followed it, and in 1912 it was redefined as “weak unions” to describe the
properties of trimethylammonium hydroxide in comparison with the tetramethylammonium
hydroxide*. °In 1920, Latimer and Rodebush suggested that ‘a free pair of electrons on one water
molecule might be able to exert sufficient force on a hydrogen held by a pair of free electrons on
another water molecule to bind the two molecules together’ and that ‘the hydrogen nucleus held
between the two octets constitute a weak bond’. These terms to Hydrogen bond kept on being
redefined until 1939 when ®Pauling used the term Hydrogen bond for the first time and introduced
it as an essential principle in chemistry. Pauling described hydrogen bond as an electrostatic
interaction which limits the hydrogen bond to be only present when a hydrogen atom is attached
to a highly electronegative atom (N, F, and O). In 1960, Pimentel and McClellan addressed the
limitation of hydrogen bonding and accounted for the possibility of hydrogen bonding interactions

with the groups such as C-H, P-H, Si-H and of n-acceptor and many other groups.®



1.2 Definition of Hydrogen bond

An accurate definition of the hydrogen bond remained ambiguous for a long time. But, to
account for the recent experimental and theoretical findings for hydrogen bonding interactions,
International Union of Applied and Pure Chemistry formed a committee of eminent scientists that
proposed a modern definition of hydrogen bond ‘in the year 2011 as follows:
“The hydrogen bond is an attractive interaction between a hydrogen atom from 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 different molecule, in which there is evidence of bond formation.”

This definition broadens the criteria needed to classify an interaction as a Hydrogen bond.

A hydrogen bond can be represented as X-H---Y-Z, where X-H acts as hydrogen bond donor and
Y can be an atom or an anion, or a fragment or a molecule. A ‘symmetric hydrogen bond’ is formed
when X and Y are the same such that the X-H and Y-H distances become equal. The acceptor is
an electron-rich region, which can be anything ranging from very electronegative atom to a lone
pair or a m-bond pair. The definition accounts for all possible donors and acceptors that can take
part in hydrogen bonding, hence also taking into consideration the formation of a weak hydrogen
bond where either donor or acceptor or both of them have moderate or low electronegativity.

A hydrogen bond is a strong electrostatic and a partially covalent interaction which is
weaker than an ionic or a covalent bond having an energy in a range of -0.5 kcal/mol to -40.0
kcal/mol. 8There is a particular criterion to distinguish very strong, strong and weak hydrogen
bonds that could be based on energy, thermodynamics or functional aspects. One such method is
based upon bond energies; the very strong hydrogen bonds have their energies in the range of -
15.0 to -40.0 kcal/mol as found in [F--H--F]" and [N--H-~N]*. Strong hydrogen bonds such as O-
H-O=C, O-H0=C have their bond energy in the range of -4.0 to -15.0 kcal/mol. Hydrogen
bonds with bond energies in the range of -1.0 to -4.0 kcal/mol are termed as weak hydrogen bonds
and involve proton donors such as C-H or S-H acceptors as n systems. These weak hydrogen bond
interactions can undergo rearrangements at ambient temperature, in short time spans thus making
them important in chemistry and biology?®. Investigation of these weak interactions is challenging,

but these can be studied using various methods.



1.3 Methods to Study Weak Hydrogen Bonds
There are several instrumental and computational techniques to study the weak hydrogen
bonds that include spectroscopic methods, diffraction methods, NMR and computational methods.

1.3.1 Spectroscopic methods

Infrared spectroscopy is a popular method to study different types of hydrogen bonds, both
in solid and solution state. The formation of hydrogen bond causes notable changes in the
vibrational spectra of the molecules depending upon the strength of the interactions involved
between them. These changes are actually the frequency shifts which occur due to the formation
of the hydrogen bond. When a hydrogen bond forms in X-HY fashion, there is an elongation of
X-H bond and weakening of bond due to electron density transfer from proton acceptor to proton
donor’s sigma antibonding which gets reflected as redshift and increase in intensity. A blue shift
and a decrease in intensity are observed when an X-H bond is compressed rather than elongation
such hydrogen bonds are termed as improper hydrogen bonds.

Gas phase rotational spectroscopy is also used to investigate hydrogen-bonded adducts that
are at a global minimum. These studies allow us to obtain various parameters like dissociation
energies, force constants, geometries which otherwise are not possible to obtain with the
experiments in the condensed phase.

1.3.2 Crystallography

Diffraction methods can easily detect weak hydrogen bonds as compared to the
spectroscopic techniques. The technique helps to determine the three-dimensional structure of
molecules to atomic resolution. X-ray diffraction is an important method in determining the
position of hydrogen bonds, where X-rays interact with the electron density of the molecule under
consideration. The advances in low-temperature technique coupled with X-ray diffraction have
proven to be invaluable. Neutron diffraction serves as a more accurate method in locating the

position of hydrogen atoms, where neutrons interact with the nuclei of the atoms.

1.3.3 Computational studies

Computational studies provide us the information about the geometry of the molecules
which when complimented with the experimental results enhances our understanding of hydrogen
bonding. Computations provide information on interaction energies and the nature of hydrogen

bonding interaction without any complicated effects of the solvent or solid state environment. The

3



ab initio computations help in optimization of different geometries and vibrational frequency
calculations ensure that these geometries are indeed minima on the potential energy surface with
the positive values for all the frequencies of different normal modes. These computed frequencies
are then used to assign the experimental features.

1.4 Motivation

It is interesting to study the molecules having multiple hydrogen bonding sites, especially
when these sites are equally competitive in terms of weak non-covalent interactions as it allows us
to investigate competitive hydrogen bonding. To exemplify how there exists a hydrogen bonding
competition among various sites, we present a case study of multifunctional molecules such as
propargyl alcohol, ethylene glycol, and 2-butyne-1,4-diol. The structures of these molecules have
been provided in Fig 1.1. Propargyl alcohol can act as a proton donor through its acidic hydrogen
and the hydroxyl group, and as a proton acceptor through its O atom and the = electron cloud.
Thus, when propargyl alcohol is involved in H-bonding, there exists a competition whether it will
serve as a proton donor or as a proton acceptor.

Ab-Initio studies on propargyl Alcohol report two stable conformations — gauche and trans;
however, only the most stable gauche isomer was observed in the matrix isolation infrared
experiments®®. Further, in propargyl alcohol, if the acetylenic moiety (-C=C-H) is replaced by a
CH2OH group, many different conformations of ethylene glycol are obtained. As now two OH
groups can be either in gauche or trans configuration with the C-C bond, but also the two CO
groups can also orient themselves as gauche or trans. In ethylene glycol, the most stable
conformers were bound by a weak intramolecular O-H O hydrogen bonded interactions which
have been justified based on redshift.

We then chose the system, 2-Butyne-1,4-diol or BYD having two hydroxyl groups similar
to that in ethylene glycol together with a © electron cloud. Thus, BYD is a molecule obtained on

replacing the acidic hydrogen in propargyl alcohol by a CH>OH group. It is interesting to study

the conformations of BYD which could be stabilized by an intramolecular O-HO or O-H---x
hydrogen bonded interaction. Another interesting aspect is the orientation of the two —OH groups
about the m electron density which can result in the geometry showing atrope isomerism similar to

biphenyls, thus we wished to explore different conformations of BYD in this work.



Computational studies on ethylene glycol and propargyl alcohol claim the stability of
gauche conformers over the trans; the trend is expected to be observed in 2-Butyne-1,4-diol. The
stability of gauche conformers in ethylene glycol is dictated by weak intramolecular hydrogen
bonding interactions observed through the Natural Bond Orbital (NBO) analysis and the red-shift
in the OH stretch region.

Hence, it provides a compelling case to study the influence of acetylenic = cloud on the
conformations of the previously studied ethylene glycol system. BYD finds its application! in
cleansing agents and majorly as a precursor for polyurethanes, vitamin Be, alkyd resins, and
plasticizers.

The BYD-water system is another system of particular interest from the hydrogen bonding
point of view as there exist multiple proton donor and acceptor sites. It is intriguing to understand
how the water molecule will orient itself in the proximity of multifunctional groups and in such a
scenario, which geometry will constitute the global minimum for BY D-water complex.

In short, the primary motivation of this work is to address the question: What is the influence of
acetylenic m-cloud on the conformations of ethylene glycol, which seems to occur as a spacer
between the two diols in ethylene glycol. This work, thus, presents a detailed understanding of the
conformationally rich species, 2-Butyne-1,4-diol through a Matrix isolation FTIR spectroscopic
and the ab-initio study. Competitive hydrogen bonding in the 2-Butyne-1,4-diol system is then

explored through computations performed on its complexes with a water molecule.

)’ J
MJ JQ 2

Propargy! alcohol Ethylene Glycol

J

Jd J
2-Butyne-1,4-diol

Fig. 1.1: Multifunctional molecular system under investigation






Chapter 2

Experimental and Computational Procedures

The present section deals with the experimental aspects of matrix isolation infrared
spectroscopy that has been used to study the conformations of 2-butyne-1, 4-diol.

2.1 What is Matrix —Isolation?

The term ‘‘matrix isolation’” was coined by George C. Pimentel*? together with George
Porter'®. The technique consists of trapping of guest molecules in the host gas, at a very low
temperature and to study them using various spectroscopic tools. The typical guest to host ratios
used in a range of 1:10%to 1:10° diminishes any intermolecular reactions within the guest species
and leads to uncongested spectra with smaller linewidths. The low temperatures usually in the
range of 4 K to 20 K, prevent the occurring of any processes with activation energy more than a
few kJ/mole.

“This technique can be used to study unstable molecules with short lifetime such as
radicals, carbocations, carbanions, carbenes, reactive intermediates, conformers, etc., and to study
different types of weak non-covalent interactions such as H-bonding interactions.'® The matrix
isolation technique is coupled with a variety of spectroscopic probes for experimental detection
and analysis of guest species such as FT-IR, UV-Visible'® and ESR'’ spectroscopy for chemical

analysis of isolated species.

Annealing = . R

KBr Window(12 K) KBr Window(12 K)

— lnert gas

Fig. 2.3: Cartoon depicting matrix isolation technique



2.2 Nature of Matrix

Matrix host material should be chemically inert like noble gases such as Ne, Ar are the best
choices, although in many cases the heavier noble gases, N2, CH4, H2 or other inert molecular
hosts, may also be used. On the other hand, one can deliberately choose a matrix material that is
reactive toward the targeted intermediate, for example, CO or O, to trap carbenes®® or nitrenes®®,
but that preserves the other advantages over polyatomic solvents.
The two most important criteria for the host species to serve as a matrix are the inertness and
transparency in the spectral region of interest. The matrix must cause minimal chemical
perturbation to the sample of interest. Matrix should be free from any absorption in the region of
interest as that would interfere with the detection of the isolated molecule. The matrix must be
chosen as per the experiment requirement, for example, p-Hz is well suited for the study of

Polycyclic Aromatic Hydrocarbons but is unfit for the study of H-bonding interactions®.

The cold substrate where the matrix is deposited is usually at a temperature below one-
third of the melting point of the host gas prevents diffusion and ensures the uniformity and rigidity
of the matrix. Another important factor is the purity; it should be highly pure. The matrix species

should not be of a large molecular size which increases the van der Waal forces.

The matrix formed can be considered as a micro-crystalline inert material where diffusion
is prohibited or a crystal with the region of defects serving as a trapping site for the molecules of
interest. As a result of these defect, the site effects come into play a critical role in the analysis of
isolated species. Inert gases such as Ar freezes in FCC lattice while N, freezes in HCP lattice?.
Each atom is surrounded by 12 nearest neighbors. FCC and HCP both occupy 74% of the lattice
while 24% remains unoccupied. These closed packed lattices have two possible occupational sites
the interstitial site and the substitutional site.

2.3 Solvation Effects of Matrix
2.3.1 Matrix effects

The interaction of the trapped species with the matrix atoms perturbs the vibrational modes
of isolated species which is reflected as shifts in IR frequencies compared with the gas phase data.
These frequency shifts in matrix experiments relative to gas phase values arise because of the
following interactions:

1) Electrostatic interaction-(A velec)



2) Inductive interaction-(A vind)
3) Long range Dispersion interactions-(A vis)
4) Short range Repulsive interactions-(A vrep)
Av = (Umatrix — Vgas) = AUelec + AUind + AUdis + AUrep ...

Where vnmatix IS the frequency of a given sample in the matrix experiment while vg.s is the frequency
of the same sample in the isolated gas phase. These shifts are a measure of the strength of the
interactions. These Avdis, Aurep Vary as per the choice of host. Usually, for inert gases, dispersive
and repulsive interactions dominate.

As discussed before the matrix host gases crystallize in different lattices with different
lattice parameters. Hence the environment experienced by the host differs depending on the matrix.
Theoretically, it has been shown that tight cages result in blue shifts?? and loose cages lead to
redshifts in the vibrational frequencies of the guest sample. Pimentel and Charles?® have used
Buckingham model®* to explain the effect of a solvent environment on the vibrational frequency
of the guest molecule. The model applied over the inert gas cages reduces the:

Be " A /]
Av = (Umatrix - Ugas) = W [U -3 W_ U ]
e e

Where,

B, = " is the rotational constant

8n2m,c
A=Anharmonicity constant

U=Energy due to solute-solvent interactions

; aU n aUZ _ cpep - .
U' = { /arBC} and U" = { /aerC} , Tg¢ = equilibrium distance between B and C of the
molecule ABC as shown in the Fig 2.2.
cw, =Harmonic Oscillator frequency

In Fig. 2.2 ABC represents a triatomic molecule trapped inside a matrix cage and the matrix atom

‘M” is the nearest neighbor to C.
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: Tight cage
Loose cage

Fig 2.2: Plot depicting the dependence of U, U’ and U” on the matrix cage

In a tight cage the distance between atoms C and the M, Ryis less than R, (Rqy <
R.)which suggest that U” term in the above equation is positive, that implies a positive value of
Av and therefore a blue shift. For a loose cage, RIS greater than R,, so U” is negative due to
which Av becomes negative and hence there is a red shift.

The result can be generalized for polyatomic molecules. So, a high-frequency mode in a
polyatomic molecule such as stretching modes, which is a small amplitude mode, imitates loose
cage and suffers a redshift. While the low-frequency modes of high amplitude like bending mode
resemble a tight cage and show a blue shift. Vibrational mode assignment and interpretation of
spectra becomes easy by understanding the analytic-matrix interactions.

In addition to the matrix effects, there are several other phenomena such as aggregation,
rotation of a guest molecule in the matrix cage and presence of multiple trapping sites that causes
variation of matrix isolated spectra with respect to the gas phase spectra of the molecule. These
are briefly discussed in the following section.

2.3.2 Multiple trapping sites

Interstitial and substitutional sites are the potential trapping sites for the guest species. All
guest molecules do not get trapped in identical sites. The small size of interstitial sites allows the
guest species to occupy them; monoatomic positive ions are most likely to occupy such sites. In

substitutional sites, host species is replaced by the guest species. The matrix isolated species
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occupies different substitutional sites depending on their size and shape. So, the guest molecule
experiences different kinds of environment and gets perturbed differently inducing different shifts.
As a result, instead of a single intense peak, a multiplet structure is observed with intensity
proportional to the stability of each trapping site. The multiplet features observed due to the
different matrix sites is called a site effect. Different matrices have different sites so the spectral
features arising due to site effect can be identified by changing the matrix gas. For example effects
due to inhomogeneous environment and the possibility of having multiple trapping sites is greatly

reduced in a p-Hz matrix.

2.3.3 Aggregation
An ideal matrix isolation experiment is one where the guest molecule is completely isolated
in a matrix cage. Some of the Factors governing the isolation of guest molecule are the deposition

rate, the deposition time and the guest to host ratio.

High guest to host ratio usually 1:1000 helps in achieving a high degree of isolation. At
higher ratios, the molecule might aggregate to form dimer, trimer or multimer, so in addition to
monomers, these aggregates might also get trapped in the matrix and induce different kinds of
spectral effects such as broadening, slight shifts. These features can be identified by performing
concentration-dependent (varying matrix ratio) and warm-up experiments (warming the matrix) in
which monomer is made to diffuse and form dimers and high multimers. Different spectral features
might also arise if two species are trapped very nearby resulting into the overlap of their respective

cages which modifies the vibrational band.

We can calculate the probability to ensure maximum isolation of the host molecule. If the
host species such as Carbon monoxide(CO) molecule occupies one substitutional site then the

probability of finding another CO molecule near it is given as,

p=(1-n"
where r is the reciprocal of matrix ratio. For a higher matrix ratio r is small so the above expression

reduces to:
p=1-12r

A matrix ratio of 1:1000 gives effective isolation of 99%. Contrary to the result of this

analysis, it has been found experimentally that various dimers, trimers and higher aggregates of
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CO are also formed at this matrix ratio. Another example is of Li atoms that dimerize even at a

matrix ratio of 1:10,000 if the deposition rate is not fast.

2.3.4 Lifting of the degeneracy of vibrational levels

Matrix effects can also occur depending on the symmetry of the site. The trapped molecules
get perturbed differently in different sites. Degenerate vibrational bands split inthe matrix, if the
molecule is trapped in the asymmetric site, lifting the degeneracy of the vibrational band. The

effect has been observed for CO2 and C2H2 in N2 matrix.

2.3.5 Rotation of guest molecule in matrix cage

The trapped molecules in an inert matrix at very low temperatures are expected to show no
rotations. But, actually, the rotations are not completely absent. It is reported that some small
molecules such as ammonia?®, water?, alkali halides?” and methanol? show rotation in some inert
matrices. This is because noble gas matrices with large cavities provide a site for the molecules to
rotate and cause multiplet splitting. For example, ammonia and water show rotations in Ar matrix
but not in N2> matrix. These rotational features can be identified by temperature cycling. Variation
of temperature causes changes in population in rotational energy levels leading to a reversible

intensity variation.

2.5 Advantages of Matrix Isolation and its Limitations

Matrix isolation technique provides with an uncongested spectrum together with sharp
linewidths. The isolated guest molecule in a rigid cage is free of any rotations, collisions, Doppler
broadening, and spectral congestion, thus enables us to obtain spectra of sharp spectral line widths
as compared to the spectra obtained using solid and liquid samples. The trapping of molecules at
very low temperatures (~2-20 K) ensures that only the lowest electronic and vibrational levels are
populated.

The absence of rotational lines and hot bands simplifies the spectra compared to that in the
gaseous phase. As the sample is deposited onto the substrate during deposition, the amount of
sample required is much smaller than typically used in experiments using flowing gases. The
vibrational shifts ranging from ~2 cm™! for weak hydrogen bonded complexes to ~800cm for very
strong hydrogen bonded complexes is observed. These small line widths enable one to study small
perturbations due to very weak intermolecular interactions, thereby offering a great advantage to

study H-bonding and van der Waals interactions.
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Another advantage of matrix isolation is that reactive intermediates that can’t be studied
by in-situ generation or require photolysis or some form of radiolysis for their formation can also

be investigated by producing them before quenching with an excess of host gas on a cold surface.

The technique has various limitations such as it can be used to study only those species that
are volatile at reasonable temperatures, without decomposition. This sets the limit on the size of
the guest species that can be studied. Thus many interesting compounds such as biologically
relevant molecules can’t be studied in their native forms. Another problem is cage effect, in which
the fragments produced by cleavage of precursor remain trapped in the same matrix cage that may

undergo recombination.

2.6 Matrix Isolation Infrared Setup
The experimental setup combines the matrix isolation technique with the infrared
spectroscopy to elucidate information about the vibrational features. The main components of
matrix isolation setup involve:
a). Cryostat
b). Vacuum system
c). Sample Chamber and deposition unit
d). Fourier Transform Infrared(FTIR) spectrometer

a). Cryostat

The heart of the technique is in the cryogenic systems that provide the cryogenic
temperature for the deposition of the matrix. 1A closed cycle cryostat using Hydrogen, Helium as
a working fluid can achieve temperature up to 20 K,10K respectively. In our experiments, the KBr
window mounted within the cryostat reaches ~12 K using closed cycle He compressor cooled
cryostat CH-202w/HC model (Sumitomo Heavy Industries Ltd.), which works on the principle of
Grifford-McMohan (GM) refrigeration cycle. These devices consist of an expander, a compressor,

vacuum shroud, and radiation shield.

The expander is the tip of the cryostat that attains a temperature of around 10 K. It is also
known as the cold head of cold finger, where a GM refrigeration cycle takes place. Gifford
McMahon Refrigeration Cycle: The rotation of the valve disk opens and allows the high pressure

He gas to pass through the regenerating material into an expansion process. The difference in
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pressure drives the piston to move upward allowing the gas at the bottom to expand and cool. As
a consequence of which the low-pressure path is opened up by the rotation of valve disk. This path
then allows the cold gas to flow through the regenerating material that results in heat extraction
process and consequently also in cooling. Finally, the pressure difference causes displacer to move
back to its original position, and the cycle is completed.

The expander is then linked to the compressor by two gas lines. One of the gas lines
introduces high pressure. He gas to the expander while the other line returns thelow-pressure gas
from the expander. The cold end of the expander is surrounded by the detachable androtatable
vacuum shroud to avoid any collisional heat transfer to the expander due to conduction and
convection. The vacuum shroud is made of stainless steel so that it does not adsorb water and thus
limits the heat load on the expander. Since the cooling occurs in three stages, the first expansion
stage of the cryostats achieves a temperature of ~25-30 K, usually fitted with a detachable radiation
shield which is constructed using high purity copper and extends over the second stage to protect

from room temperature thermal radiations emitted from the vacuum shroud.

/ Vacuum Pump
Q %E «— Vacuum Valve

Expander : e
Radiant Heat Shield acuum Shrou
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