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Chapter 7 Summary and Future Scope of Thesis

7.1 Summary

The final chapter summarises the experimental and theoretical results of multifaceted
interactions of pyrrole with number of proton donors and acceptors using matrix isolation
infrared spectroscopy and adequately supported by ab initio and DFT computational
methodologies. Since, pyrrole can show dichotomic behavior as proton donor and acceptor
through N-H bond and aromatic electron cloud, respectively, a variety of non-covalent
complexes can be formed with different electron donors. The N-H-- 7 interaction of C4HsN
was studied with C2H>, C2Hs and CeHs systems. The N-H---O interaction was probed through
C4HsN with H2O, CH30H, CsHsOH and C2HsOC>Hs and the N-H---N interaction was explored
by interacting CsHsN with NHs, CsHsN and CoH7N. In all the systems studied, the global
minima are primarily stabilized by N-H:--X (where X=, O, N) interaction, except for C4HsN-
CoH2 (PA-A) and CsHsN-CsHsOH (PP-A) system, where the lowest energy structures are
stabilized by C-H: -z, n---n* and O-H" -7 interactions, respectively. The N-H---n (PA-B) and
N-H---O (PP-C) structures are the local minima on the potential energy surface.

» Chapter 1 Introduction gives a brief account of various non-covalent interactions
(NCI) and different spectroscopic methods to understand NClIs were illustrated. A short
description of matrix isolation infrared spectroscopy was demonstrated. The most
prevalent NCI, hydrogen bond and its importance was explored, followed by the
different categories of hydrogen bonding common in the biological, chemical and
material world. Finally the justification of seeking pyrrole (CsHsN) as a model to
understand the nature of hydrogen bonds from weak to moderate to strong was

investigated. An extensive literature review for the interactions of pyrrole with a variety



of proton donors and acceptors studied so far using various techniques and
computations was explored.

Chapter 2 This chapter gives a brief description of matrix isolation and the various
components associated with the technique. A short account of sample preparation,
selection of matrix gases and generation of p-H. gas were described. A brief
introduction to the quantum chemical calculations used to arrive at the optimized
geometries of the heterodimers and various other parameters such as stabilization
energies, vibrational wavenumbers, Atoms-in-Molecules (A1M), Natural Bond Orbital
(NBO) and Energy Decomposition Analyses (EDA) were discussed.

Chapter 3 An account of the infrared spectra of pyrrole in different inert matrixes such
as Ne, Ar, Kr, Xe, N2 and p-H2 was discussed elaborately with referring the literature
data. Furthermore, the infrared spectra for the dimer, trimer and tetramer of pyrrole
were extensively investigated and compared at B3LYP and MP2 level of theories with
6-311++G (d, p) and aug-cc-pVDZ basis sets. Although N2 and Ar matrixes exhibited
multiple site splitting of the N-H stretching and bending mode of C4sHsN monomer, yet
the infrared absorption peaks were distinct and well resolved. Hence, these two
matrixes were chosen to study the hydrogen bonded interaction of C4HsN. Furthermore,
MP2/aug-cc-pVDZ level of theory was selected to be the appropriate level to simulate
the geometries and calculate the wavenumbers of the complexes, because of better
correlation of the computed shifts of pyrrole multimers with experimental wavenumber
shifts.

Chapter 4 This chapter explores the weak N-H- - interactions of C4sHsN with CoHa,
C2Hzand CsHe in N2 and Ar matrixes. Due to the dual role of pyrrole acting as a proton

donor and acceptor, a variety of heterodimers with CoHz, CoHsand CeHs were obtained.

In this chapter, the co-existence of co-operative nin--mt*/m--n* interactions along with



the predominant 7--c* interactions in the heterodimers of C4HsN with CeHs, C2Hs and
C2H2 was highlighted through both experimental and computational methodologies.
The presence of such multiple interactions lead to the deviations from linearity when
correlating the BSSE corrected stabilisation energies, second order perturbation
energies, electron densities at the bond critical points, change in N-H bond length and

hydrogen bond distance with the experimental wavenumber shifts in both the matrixes.
Pyrrole is therefore a paradigmatic system which encourages both 7---6* (through N-H

bond) and nin--m* interactions (through aromatic © cloud) in its heterodimers with ©
systems that eventually results in the deviation from the T-shaped geometry. Overall,
in this work, the possibility of partial w-stacking in the otherwise N-H---© dominated
structures is comprehensively explored using model pyrrole with n-systems. The
existence of co-operative nn:--7* interactions along with the predominant @ -6* was
found for all the systems. No direct correlation was obtained when comparing the
experimental wavenumber shift with the computed parameters such as BSSE corrected
stabilization energies, second order perturbation energies, electron densities at the bond
critical points, change in N-H bond length and hydrogen bond distance could be due to
the presence of multiple interactions prevailing in these heterodimers.

Chapter 5 The moderately strong N-H---O hydrogen bonded heterodimers of pyrrole
with H20, CH30H, CsHsOH and CHsOC2Hs were investigated. The effect of alkyl and
phenyl group on the hydrogen bond strength was explored and was found that the alkyl
group leads to strengthening, while phenyl group leads to weakening of the hydrogen
bond. This phenomenon reverberated when comparing the BSSE corrected stabilization
energies, calculated and experimental vibrational shifts in the N-H stretching mode of
C4HsN, hydrogen bond distances, changes in the N-H bond length of C4HsN sub-unit

in the heterodimers, electron densities at the bond critical points of N-H:--O hydrogen

3



bond and the second order perturbation energies (E2) of the N-H---O hydrogen bonded
heterodimers of C4HsN with H.O, CH30H, C2Hs0C2Hs, and CsHsOH.

» Chapter 6 This chapter gives a depiction of strong N-H---N complexes formed with
pyrrole as the donor and NHz, CsHsN and CgH7N as acceptors. The experimental shifts
in Ar matrix from PAmM-A< PPy-A< PQ-A, correlates with the computed wavenumber
shift, BSSE corrected stabilization energies, change in the N-H bond length and
electron densities at the intermolecular bond critical points. But the trend of
experimental shifts in N2 matrix is PPy-A < PQ-A < PAm-A probably due to
the effect of the matrix. The 1:2, 2:1, 2:2, 1:3, 1:4 C4HsN-NH3 higher clusters of pyrrole
with ammonia were identified in both the matrixes.

Figure 7.1 illustrate the experimental shift in N2, Ar matrixes and the computed shifts of the
various homodimers and heterodimers of pyrrole. The plot shows from N-H---x = N-H---O
- N-H---N heterodimers, there is a gradual increase of computed and experimental vibrational
shifts, clearly demonstrating that the strength of the dimers follows the order weak = moderate
-> strong. It can be also concluded that computational predictions show a fine corroboration in
Ar matrix. Even though, experimentally in N2> matrix all the heterodimers were trapped and
identified, there is a considerable deviation of the experimental shift with the computed shifts
in the corresponding heterodimers. The reason for this anomalous behaviour of the matrix on
to the heterodimers is yet to be explored and requires further refinement of the computational

methodology to mimic these effects.
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Figure 7.1 The depiction the computed as well as experimental N-H shifts against
the homo and heterodimers of pyrrole with acetylene, ethylene, benzene, pyrrole,
phenol, water, methanol, diethyl ether, ammonia, pyridine and quinoline.



7.2 Future Scope

>

>

>

The current project can be extended to N-H:--S, N-H---X (X=F, CI, Br, I) and N-H---P
type of hydrogen bonded systems which have strong biological relevance.

The protein data bank (PDB) and Cambridge structural databases (CSD) can be probed
to obtain the presence of these interactions.

The current project can also be carried out with substituted pyrroles and indoles, in
different media, such as gas phase, inert liquid and inert gas matrixes.

The para-H; matrix can be explored for the study of all these interactions discussed in
this thesis involving pyrrole monomer which can possibly throw new insights with
respect to the intrinsic nature of para-Ho.



Synopsis
Hydrogen bonding is ubiquitous and one of the most important non-covalent
interactions. Although there are numerous reports available on this interaction, studies on
hydrogen bonding are always evergreen due to their prevalence in many organic crystals,
polymers, and bio-macromolecules. In the last two decades, many experimental and

theoretical reports have provided evidences for the n-electron cloud acting as electron donors
or hydrogen bond acceptors. There are several varieties of n-hydrogen bonding like O-H-- -,
N-H---m and C-H---m interactions. Among these, the strength of the interaction follows the
order, O-H---x > N-H---n > C-H---w. Similarly, there are numerous studies on the O-H---O,

C-H---O and N-H---O types of hydrogen bonded interactions, where oxygen lone pair acts as
electron donor or proton acceptor. In diverse biological systems, the nitrogenous compounds
are omnipresent and as an example, the derivatives of pyrrole are found in haemoglobin,
chlorophyll, alkaloids, tryptophan and proteins.

In this thesis, pyrrole is taken as a model compound to study its multitudinous
interactions like N-H---n, O-H--'n, N-H---O, C-H--'n, n--'n* and N-H---N interactions.
Pyrrole is one of the simplest heterocyclic aromatic molecules that can show contrasting
property as a proton donor and acceptor through its weakly acidic N-H bond and the aromatic
n-electron cloud, respectively. For the same reason, pyrrole can undergo self-association by
forming dimers, trimers and tetramers through multiple N-H: - ‘& interactions.

One of the objectives of this thesis is to study the spectroscopic properties of pyrrole
monomer and multimers in Ar, Xe, Ne, Kr, N2 and p-H> matrixes and compare the
experimental vibrational wavenumbers of the pyrrole aggregates in different matrixes with
the gas phase spectra, in correlation with the computed wavenumbers.

Secondly, the important types of hydrogen bonding interactions of pyrrole such as N-
H---m, N-H---O, and N-H---N are also explored using matrix isolation infrared spectroscopy
and supported by ab initio and DFT computational methodologies. The N-H- -7 interaction is
studied in pyrrole-acetylene (PA), pyrrole-ethylene (PE) and pyrrole-benzene (PB) systems.
The N-H---O interaction is probed through interaction of pyrrole with water (PW), methanol
(PM), phenol (PP) and diethyl ether (Pyr-DEE) and the N-H---N interaction is explored by
allowing interactions of pyrrole with ammonia (PAm), pyridine (PPyr) and quinoline (PQ).
Interestingly, in all the systems studied, the global minimum complexes are primarily
stabilized by N-H---X (where X= 7, O, N) interaction and the local minimum geometries are

stabilized by C-H:-xw, n---n* and O-H:- -7 interactions. Among the 1:1 N-H---& complexes,



pyrrole dimer shows the highest vibrational wavenumber shift in N-H stretching region
followed by PB-A, PE-A and PA-B and this trend is running parallel to the stabilization
energy of the complexes. However, a deviation from the computed wavenumbers with
respect to experimental shifts was noticed. This variance in trend between the experimental
and computed wavenumbers is likely due to the matrix effect on the complexes, and also due
to multiple cooperative interactions existing in the complexes. The strong pyrrole dimer
shows a higher vibrational shift, while the weakest complex PA-B shows the lowest
vibrational shift. Comparison of the various computed parameters with experimental
vibrational wavenumbers of the N-H---O complexes of pyrrole with phenol, water, methanol,
and diethyl ether, revealed that the successive replacement of the hydrogen atoms of water
with an alkyl group leads to the strengthening of the N-H---O hydrogen bond whereas the
substitution of phenyl group weakens the interaction. Hence, PP-C is the weakest complex,
while py-DEE-tt/tg* is the strongest complex, and the results did match well with the
theoretical predictions.

In case of N-H---N complexes, computations indicated that the magnitude of
computed shift (Avn-H) in the vibrational wavenumber follows the order PQ-A > PPy-A >
PAm-A. Experimentally, the above trend was observed in Ar matrix. In N2> matrix, due to the
likely interaction of matrix with the complexes, the trend in the Avn.n vibrational
wavenumber shift follows the order PAM-A > PQ-A > PPy-A. It was experimentally
observed that among the different types hydrogen bonding interactions of pyrrole, the N-
H---N type of interaction was the strongest followed by N-H:--O and N-H---m. This
observation was further supported by NBO, ED and AIM analyses.



Chapter 1 Introduction

The chemistry of life depends on a plethora of non-covalent interactions (NCI), such
as hydrogen bonding [1-11], halogen [12-21], chalcogen [22-27], pnicogen [28-34], aerogen
[35], regium [36-42], spodium (named after a derivative of the first element of the group,
ZnO or spodium) [43-44], triel [45-46] and tetrel bondings [47-48], covering almost the
entire periodic table. There are other novel interactions such as n---n*, n---n*, o---c* [49]
that have been found to be responsible in several bio-catalytic, enzymatic and protein
functions. The hydrogen bonding interactions have been explored extensively in the past by
varieties of experimental and theoretical methods and it still continues to intrigue the
researchers. The simultaneous ability of these interactive forces to hold an assembly together
or to get dissipated on slight alteration of surrounding factors like temperature, pressure, pH,
concentration, etc., makes them crucial for chemical and biological processes.

The diverse techniques such as UV, NMR [50-51], microwave [52-53], Raman [54-
55], neutron scattering [56-57], two-color resonant two photon ionization (2C-R2PI) [58-59],
time-of-flight mass spectroscopy (TOF-MS) [60], cavity ring down coupled with IR
spectroscopy [61-62], IR-UV or UV-UV double resonance techniques [63-64], and ultracold
He-Nano droplet technique [65-66] are being used to study the hydrogen bonded interactions.
Among all these techniques, infrared spectroscopy has been found to be a very sensitive and
useful technique to study the hydrogen bonded interactions [6, 10-11]. Recently, terahertz
spectroscopy (20-2000 cm™) has been growing as an alternate technique to directly measure
the vibrational frequency of hydrogen bonds [67-73] rather than measuring the perturbation
in the vibrational modes as a result of hydrogen bonding.

Due to the broadening effects (Natural, Doppler, Collision and Pressure broadening

mechanism) that operate in gases, liquids and solids, the infrared spectra are broad and the



FWHM in solids and liquids can vary from ~20-300 cm™, while it is ~1-5 cm™ in gas phase
with multiple rotation-vibration lines leading to spectral congestion. It is undesirable to have
a broad spectral feature, particularly in experiments where the wavenumber shifts are smaller
due to the interaction and the complex formation could not be identified. Furthermore, two
closely lying features can be unambiguously assigned if the peak widths are small compared
to the separation between the peaks. Therefore, it is always desirable to have spectral features
with smaller peak widths.

It is also found that the most of the broadening mechanisms (Doppler, Collision and
Pressure broadening) depend on the temperature of the sample. By lowering the temperature
of the sample, the width of the speed distribution decreases. As a result, the Doppler
broadening which is proportional to (T)Y? decreases. Further, the effect of lowering the
temperature restricts the population to only a few vibrational and rotational states which gives
a simpler spectrum, devoid of rotational congestion. It is therefore apparent that by reducing
the temperature of the sample, one can possibly reduce the spectral width. In reality, the
spectral width increases drastically by lowering the temperature. The reason for the broad
spectral feature is due to the intermolecular interaction which becomes dominant at low
temperatures. In order to obtain a narrow spectral width, it is therefore necessary to cool the
samples with simultaneous minimization of the intermolecular interactions, by isolating the
molecules from each other. Conventional sampling methods cannot combine both low
temperature and the much-needed isolation condition. It is therefore necessary to look beyond
the conventional sampling methodology to produce cold isolated molecules. Matrix Isolation
technique is one such technique, where the vapors of the sample of interest are mixed with
large excess of inert gases (Ne, Ar, Kr, Xe) or diatomic gases (N2, p-Hz2) and deposited at low

temperatures.



Among the various types of NCIs, hydrogen bonding still continues to enthrall
theoreticians, chemists, biologists and physicists. The century old concept still remains
exciting due to the stupendous role, it plays in chemical [74-80], polymeric [81-85],
biological [86-88] fields, as well as in crystals [89], materials and electronic fields [90-91].
The IUPAC defines hydrogen bonding as an ‘attractive interaction between a group X—H and
an atom or group of atoms Y in the same or different molecule(s), where there is evidence of
bond formation’ [1]. Hydrogen bonds can be classified based upon their energetics as strong,
moderate and weak, which in turn reflect the strength of bond formation. Hydrogen bonds are
also classified based upon the shift in infrared bands (X-H stretching vibrational mode) on
complexation, since infrared spectroscopy is one of the most sensitive techniques to identify
hydrogen bonded interactions. The shift of the infrared band towards lower wavenumber
from the monomer absorption band is known as red-shift and it is termed as red-shifted
hydrogen bond. A red-shift in the infrared spectrum arises due to the lengthening of the bond
length (X-H) which results in bond weakening owing to the electrostatic pull on the H atom
by the other electronegative atom (). In some cases, the infrared band shows a blue-shift,
where the peak is shifted towards higher wavenumber from the monomer absorption band
due to the shortening of the bond length (X-H) and is termed as blue-shifted hydrogen bond.
[92-96].

An excellent book by Desiraju and Steiner [11] describes the weak hydrogen bond
that occurs between the less electronegative atoms X and A, while moderately strong
hydrogen bonding takes place when either of X or A is substantially electronegative, whereas
a strong hydrogen bond can be formed when X and A are both highly electronegative. There
are numerous research articles on ‘strong hydrogen bonds’ [87, 88-106] where, the length of
the covalent bond H-A is almost equal to the hydrogen bond H---X, i.e. proton is shared. In

extreme cases, the proton is transferred to the acceptor and the entities exist as an ion-pair,



typically an acid and its conjugate base [102]. Proton shared interactions have been found to
play a prominent role in enzyme catalysis [107-108]. The presence of strong hydrogen
bonded interactions was confirmed by Legon and co-workers through gas phase rotational
spectroscopy in a series of systems such as NHsz---HBr, NHs---HCI, Amine---HCI,
Trimethylamine:--HF and Trimethylphosphine:--HCI systems [109-114].

The current thesis explores a variety of weak to moderate to strong hydrogen bonded
interactions of pyrrole with various proton acceptors or electron donors such as oxygen,
nitrogen and m-electron systems. Pyrrole is of immense importance due to its presence as a
building block in several biomolecules like, chlorophyll, chlorin, haemoglobin and other
protein moieties [115-120]. A review article on the synthesis of CsHsN and its analogs
reported that it has widespread applications in therapeutic drugs, indigoid dyes, and corrosion
inhibitors to preservatives [116]. During the past few years, several groups have studied
C4HsN and its interactions by theoretical and experimental methods [121-130]. C4HsN has a
dichotomic behavior where the hydrogen attached to the nitrogen and the m-electron can act
as a proton donor and acceptor, respectively. Due to this dual behavior, CsHsN forms N-H---x
type of hydrogen bonding as evident in (CsHsN). (proton donor and acceptor
simultaneously). Herman et al. assigned the vibration-rotation absorption bands observed
between 500 and 12000 cm™ to C4HsN and furan (CsH40) molecules. The assignments were
corroborated with ab initio computations performed at the MP2 level of theory [131]. Claude
et al. studied the hydrogen-bonded interaction of self-association of CsHsN by infrared
spectroscopic technique and found that C4sHsN is more associative than dimethylamine and
N-methylaniline, and it readily forms dimer that exists only in a narrow range of
concentrations and temperature [132]. The rotational spectra of (CsHsN)2 have been
identified and measured using the pulsed-nozzle Fourier Transform Microwave spectrometer.

The structure of the (C4HsN)2 was found to be analogous to the T-shaped benzene dimer with



an N-H---m interaction, and the bond distance was experimentally calculated to be 2.28 A,
indicating a stronger hydrogen bonding between the CsHsN monomers [133]. There are

several theoretical and experimental reports on the (C4HsN)2, which confirm the formation

of a T-shaped N-H---m type hydrogen bonded heterodimer [124,128,134,135]. GOmez-
Zavaglia and Fausto for the first time reported the structure of multimers of CsHsN using
matrix isolation infrared spectroscopy in Ar and Xe matrixes [130]. A slanting T-shaped
geometry was found for the (CsHsN). [124,133,134,135,136], cyclic geometries for the
(C4HsN)3 and (CsHsN)s [130]. The spectroscopic studies were correlated with the
calculations performed for the C4HsN monomer and multimers computed at B3LYP/6-
311++G(d,p) level of theory. Recently, the self-association of CsHsN was studied by
Beuckeleer and Herrebout in liquid Xenon and was characterized using infrared spectroscopy
[137]. They extensively analyzed the IR spectra using a least-square approach and found that
apart from the vibrational spectra of the monomer, intense absorption bands originating from
pyrrole trimers were also observed in almost every spectral region. The predominant presence
of cyclic C4HsN trimers over dimers was attributed to the strong cooperative effect, which
shifts the equilibrium towards the trimer side, thus reducing the formation of dimers and
tetramers.

Matsumoto and Honma used cavity ring-down spectroscopy coupled with infrared
spectroscopy to study the formation of various C4HsN clusters. Computations performed at
B3LYP/6-311++G(d,p) level of theory were correlated with the experimental results. They
have used slit and large pinhole pulsed nozzle, to generate a distribution of clusters with
different size in a supersonic jet. The analysis of infrared spectra in the N-H stretching region
evidenced the formation of dimer, trimer and tetramer and the results were compared with the

condensed phase spectra [126].



Several groups have studied the self-association of pyrrole using different
experimental and theoretical methods [124-128,130-133,135,137-139]. There are a few
experimental reports on pyrrole multimers using matrix isolation infrared spectroscopy. The
infrared spectra of pyrrole monomer and multimer were reported to be broad and site split
that makes the definitive assignments in Ar and Xe matrixes rather difficult. Hence, to
understand and unambiguously assign the multimer feature, the matrix isolation infrared
experiments were performed in Ar, Xe, Kr, Ne and diatomic N2 and para-hydrogen (p-Hz)
matrixes. Since, p-Hz has to be produced afresh for experiments, briefly discusses about the
preparation of p-H> matrix and the third chapter of the thesis explores the vibrational spectra
of pyrrole monomer and its multimers in different matrixes under cold isolated conditions.
Computations were performed at different levels of theory using varied basis sets to optimize
the geometry of pyrrole monomer and multimers. The computed vibrational wavenumbers of
the optimized structure of the monomer and multimers are correlated with the experimental
wavenumbers obtained in different matrixes.

The theoretical and experimental reports on the interaction studies of CsHsN were
limited to highlight the dichotomic behaviour of C4HsN. The fourth chapter of the thesis
gives a detailed account of the experimental and computational studies on the interactions of
pyrrole with m-electron systems such as benzene (CeHs), ethylene (C2Hs4), and acetylene
(C2H>).

A survey on the m-acceptors revealed a few reports available in the literature on the
interaction of C4sHsN with CeHs. Leutwyler et al. observed a T-shaped geometry for the
C4HsN-CeHs heterodimer using IR-UV double resonance technique supported by
computations at DFT-D, SCS-MP2 and SCS-CC2 level of theories [138]. Experimentally, a

red-shift of ~59 cm™ was observed in the N-H stretching of C4sHsN. Dauster et al. have also

reported a T-shaped structure for the CsHsN--CsHe heterodimer through pulsed jet



experiments [139] and observed a red-shift of ~46 cm™ in the N-H stretching region of

C4HsN. In another report, Ahnen et al. performed computations on the equilibrium structures

of T-shaped imidazole (C3HsN2)--CsHs and CsHsN--CsHes heterodimers using explicitly-

correlated coupled-cluster theory with aug-cc-pVQZ basis set. However, all these reports did

not discuss the computed vibrational wavenumbers of the C4HsN--Ce¢Hs T-shaped
heterodimer to correlate with the experimental shift.

Futami et al. performed DFT computations on the interaction of C4HsN with C2H4 and

C2H: and predicted that the heterodimers are stabilized by N-H---x hydrogen bonding, where
the N-H bond of C4HsN was perpendicular to the CC bond of C2Hs and C2H: [140]. Recently,
Goyal et al. elucidated the mechanism by which the chemical denaturants unfolded proteins.
They explored the nature of urea-aromatic interactions pertinent to the urea (CH4N20)-

assisted protein denaturation. Their studies showed the unique ability of urea to form
n-stacking and N-H--z interactions with the aromatic residues of proteins. The m-Stacking

interactions of CH4N20:--nucleobase have been shown to be crucial in stabilizing CH4N20O
assisted RNA unfolding. They also observed in proteins that a delicate balance of different
types of intramolecular interaction made the folded states of proteins more stable than
unfolded states [141]. Molecular dynamics coupled with thermodynamic simulations and
qguantum mechanical calculations were performed to investigate the nature of interactions
responsible for maximum affinity between CH4N20 and aromatic groups as compared to
other functional groups in proteins. It was found through free energy calculations and

analysis of geometric features that the importance of distortion of hydrophobic core along the

unfolding of Tryptosine-cage mini protein was stabilized by stacking and N-H--x
interactions. It is now known that CH4N2O transporters use stacking interactions to
discriminate and regulate CH4N.O permeation across cell membranes. On deriving
experimental observations of such interaction, it is proved that CHsN2O-aromatic stacking

7



interactions are crucial in shifting the protein equilibrium process involving aromatic amino

acids. Therefore, it is intriguing to investigate the presence of N-H--n and cooperative m-
stacking interaction of C4HsN with C2Ha, C2H2 and CsHs that would be explicitly discussed

in Chapter 4.

The N-H--O interaction of CsHsN with water (H20) have been studied by several

groups [142-146]. Martoprawiro and Bacskay performed theoretical studies on the

C4HsN---H20 and CsHsN---H20 heterodimers [147]. They had used SCF+MP2 theory with
double zeta plus polarization basis set to arrive at the equilibrium geometries, harmonic

vibrational frequencies and *N nuclear quadrupole coupling constants. At the SCF level, they

found two structures, crossed (Cs) and hinged (Cay) geometries for the CsHsN:-H,O
heterodimers. Both these structures correspond to local minima on the potential energy
surface with the crossed structure being ~0.5 kcal mol™® more stable than the hinged one,

where the N-H-O angle in crossed structure was 32.6°. At counterpoise corrected MP2 level,

a more stable CsHsN:---H20 heterodimer (Coy) was predicted, where the water molecule is
perpendicular to the CsHsN. Microwave studies of CsHsN-H2O complex revealed the
presence of N-H--O type of interaction with the hydrogen bond distance of 2.02 A [148].

Engdanhl et al. studied the interaction of H.O with aromatic @ electrons using matrix isolation

infrared spectroscopy [149]. They observed similar band structures for the CeHe:-H20
heterodimers in Ar and Kr matrixes, whereas it was different in N2 matrix. They attributed

that this difference was due to the matrix environment and the heterodimer may be trapped in

more than one trapping site. Since C4sHsN--H20 is a potential prototype for studying protein
interactions, Desfrancuois et al. have carried out gas phase study of this interaction using
Rydberg Electron Transfer (RET) spectroscopy and determined the very weak excess
electron binding energies of the heterodimer anions [150]. Li et al. have performed

multiphoton ionization using a time-of-flight mass spectrometer and ab initio calculations on
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the CsHsN-(H20)n at two different laser wavelengths 355 and 532 nm [151]. At both
wavelengths, a series of CsHsN-(H20)," and protonated CsHsN-(H20).H* products were
obtained. The ab initio calculations showed that in the protonated products, the proton prefers
to link with the a-carbon of C4HsN rather than nitrogen.

Matsumoto and Honma studied heterodimers of CsHsN with methanol (CH3OH)

using infrared cavity ring-down spectroscopy [152]. They compared the shifts in the N-H

stretching region of CsHsN with C4HsN--H2O, C4HsN--CH30H and CsHsN---CoHs0OH
heterodimers. The magnitude of shift in the N-H stretching mode of CsH:sN in the
heterodimers was 83, 117 and 123 cm™, respectively, depending on the proton affinities of
the solvents. Calculations performed at MP2/6-31+G(d, p) and B3LYP/6-311+G(d, p) levels

of theory vyielded two structures- one with n-type and another with o-type of bonding, in
which the o-type was the global minimum. Higher clusters for both Cs4HsN--H.O and

C4HsN---CH3OH were also identified. Recently, matrix isolation experiments were reported
on C4HsN with CH3OH by Du et al. [153]. The objective of their work was to compare the
nature of interaction of CH3OH with various heterocyclic entities, and C4sHsN was one of the
heterocyclic molecules. They performed the experiments in Ar matrix and the results were
compared with B3LYP/aug-cc-pVTZ level of theory for compounds containing oxygen and

nitrogen, and B3LYP/aug-cc-pV(d+T)Z for compounds containing sulfur. For the

C4HsN---CH3OH interaction, the formation of both N-H--O (proton donor) and O-H-m
(proton acceptor) heterodimers in Ar matrix was experimentally observed. On the contrary, in
our work the weak acidic nature of the N-H bond of C4HsN is casted through its strong nature
of interaction with H>O, CH3OH and CHsOCHs. Fuson and co-workers performed the
experiment on the effect of solvent upon N-H stretching of C4HsN using 14 different solvents

and solvent mixtures [154]. They found that C4sHsN follows Kirkwood-Bauer relationship in



non-polar solvents, but it showed deviation in polar solvents, which is due to the formation of

hydrogen bonding in the molecular heterodimers.

Another interesting N-H---O system studied was pyrrole (CsHsN) with phenol
(CsHsOH) since, both the precursors and its derivatives are well known for their role in
biology, drug activities [9,10,116,155,156] and as a conducting polymer [157-162]. Several

reports are available on the self-aggregating nature of CsHsN and CeHsOH

[128,130,137,163,164]. CeHsOH can form dimers through O-H---O linkages [163] O-H of

one CeHsOH moiety interacting with the oxygen of the other; whereas C4HsN can form

dimers and multimers through N-H-- - networks, the N-H of one C4HsN interacting with the
n-cloud of the other [124,134,139].
Several groups have carried out theoretical and experimental studies on the interaction

of CeHsOH with H>O [165-183]. Sodupe et al. have performed calculations at MP2 and

B3LYP levels of theory on the ionization of CeHsOH:-H>.O and CsHsOH--:NH3 hydrogen
bonded heterodimers [173] and have concluded that B3LYP level of theory was the more
accurate method for the neutral as well as for the cationic heterodimers of CeHsOH with H,O

and NHs. It was found that the geometrical relaxation leads to a non-proton transferred

heterodimer in CsHsOH---H,O and a proton-transferred heterodimer in CsHsO-NH4*. The gas
phase photo-ionization behavior of CsHsOH with H.O, CH3OH and CH3OCHz was studied
by Courty et al. using semi-empirical model and by recording the ZEKE photoelectron
spectra, one-color mass spectra and two-color fragmentation spectra. As a result of these
experiments, the gas phase binding energy of the hydrogen bonded heterodimers was
obtained [184]. Iwasaki et al. studied the hydrogen bonded clusters of CsHsOH with NH3,
N(CHs)3, NH(C2Hs)2 and N(C2Hs)s using IR-UV double resonance spectroscopy and ab initio
calculations [185]. They had found that the increase in the vo.n shifts of the heterodimers

were consistent with the proton affinities of the amines. Mikami et al. using IR-UV double
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resonance spectroscopy and B3LYP/6-31G(d,p) level of theory studied the N-H-'m
interaction of CeHsOH with CoH2, CoHs and CeHe in the neutral and cationic ground states
[186]. They observed that the frequency shifts in the O-H vibrational mode of C¢HsOH did

not depend on the source of the m-electrons and found that the shifts were lesser for the
CeHsOH:--CsHe heterodimer even though the CeHe m-cloud has a high proton affinity. The
reason for the lower shift was attributed to the formation of secondary C-H-- & interaction

between the CsHsOH--CeHs heterodimer. Pujarini et al. have revisited the O-H---m
interaction by performing matrix isolation experiments through a series of fluorine
substituted CeHsOH with CeHe [187]. They discerned that the occurrence of red-shift in the
vibrational wavenumbers of the heterodimers indeed depends upon the pKa values of the
fluorophenols. Maity et al. have studied that the participation of CeHsOH in hydrogen
bonding is entirely due to the acidic nature of O-H bond, which makes CsHsOH a proton
donor. On the other hand, forming a hydrogen bond with a more acidic species, may turn
CeHsOH into a proton acceptor, and in none of the cases, the aromatic n-cloud would
participate in the bonding [188]. Earlier, the heterodimers of CeHsOH with CoH, were
investigated using matrix isolation infrared spectroscopy which was supported by

computations performed at B3LYP/6-311++G (d p) level of theory [189]. Computations
yielded three optimized structures for the CsHsOH:---C2H> heterodimers with O-H:--n, C-

H:*O and C-H'''& interactions and experimentally, the O-H'*nm and C-H'**O Ce¢HsOH--C2H>
heterodimers were observed in Ar matrix. In the CeHsOH-C4HsN system, the O-H of
CeHsOH and the N-H of C4HsN can act as proton donor and the n-electron cloud in both the
molecules can simultaneously act as proton acceptor. Such heterogeneous sites, in these
molecules, aid in the synergistic interaction where multiple hydrogen bonds lead to the
stability of the heterodimers. Furthermore, the geometry of the heterodimer depends on the

relative hydrogen bonding abilities of the donor and acceptor molecules, which depends on
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the Etter’s and Legon-Millen rule. There are several reports on CsHsN m-electron cloud
participating in hydrogen bonding, [137-139] but there are a few studies involving the
CeHsOH n-electron cloud [188].

Diethyl ether (DEE, C2HsOC2Hs), a dipolar aprotic solvent is extensively used in
organic synthesis. Extensive theoretical and experimental studies were performed by several
groups on the conformers of rotationally flexible DEE molecule [190-195]. DEE has four
different rotational isomers with an increasing energy given in the order tt<tg*<g*g*<g*g*
where t=trans and g=gauche. The tt and tg* conformers of DEE were found to be present in
hot cores and have astrochemical relevance [196-198]. DEE has been shown to exist as tt
conformer in solid, liquid and gaseous states, tg* conformer in the liquid and gaseous states,
whereas the g*g* and g*g® forms are energetically unfavorable [194]. Taga et al. have
performed the conformational analyses of DEE and its organosilicon derivatives of
CH3MH20OM’H2CHs (M, M’= C and Si) using B3LYP level of theory with 6-31G* and 6-
311+G** basis sets and have recorded the Raman spectra for these molecules in the liquid
and solid states [199]. They have observed for the DEE that tt and tg* were the stable
conformers in the liquid state, while the tt form exists in the solid state. Barnes studied the
heterodimer of DEE with hydrogen halide in Ar matrix [200]. Andrews et al. studied the
heterodimers of hydrogen halides with dimethyl ether (CH3OCHs3) and diethyl ether
(C2Hs0C2Hs) [201]. They identified two different orientations of DEE:--HF heterodimer in
solid Ar, tt-DEE---HF (major one) and tg*-DEE---HF (minor one) and proposed that the
matrix cage inhibits the conversion of tt-DEE conformer whereas on annealing the matrix,
they observed a small fraction of tg*-DEE heterodimer. Biswal and Wategaonkar have
studied the O-H---O and O-H---S hydrogen bonded interaction of p-cresol (p-CR) with
diethyl ether (DEE) and diethyl sulphide (DES) using IR-UV Double Resonance
Spectroscopy and ab initio computations [202]. From the red-shifts in the O-H stretching
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frequency of p-cresol, they obtained evidences for the formation of p-CR--tt-DEE
heterodimer, and for the p-CR with DES, they observed three heterodimers with tt, tg* and
g*g* conformers under supersonic jet expansion. Yamaguchi et al. studied the vibrational
dynamics of the N-H stretching mode of pyrrole-base heterodimers in carbon tetrachloride
(CCly) using sub-picosecond infrared pump-probe spectroscopy [203]. The decay time for the
N-H stretching mode was found to be frequency dependent for all the pyrrole-base
heterodimers and that on the lower frequency side was shorter. Chapter 5 describes the
detailed account of the interaction of C4HsN with H20, CH3OH, CsHsOH and C2Hs-O-C2Hs

using matrix isolation infrared and computational methods.

The experimental and computational results of the N-H--N interactions of CsHsN
with ammonia (NHs), pyridine (CsHsN) and quinoline (CoH7N) studied using matrix isolation
infrared spectroscopy and computational methods are described in Chapter 6.

Earlier investigations on the photo dissociation of the N-H bond of CsHsN in presence
of NHs produced NHj4 radical [204-206]. Three different mechanisms were proposed for the

formation of NHs radical due to the ejection of an N-H proton from the C4sHsN molecule.

David et al. studied the excited state hydrogen-atom transfer (ESHT) reaction in C4HsN---NH3
clusters. The clusters were produced by supersonic jet expansion and the products were
probed by using TOF mass spectrometer. Calculations performed at CASSCF/CASMP?2 level
confirm the experimental observation, and provide hints regarding the reaction mechanism
[204]. Velocity map imaging experiments have been carried out to study the photodynamics
of the hydrogen transfer reaction in Cs4HsN-NH3z clusters of different sizes through

non-resonant ionization detection of the NH4(NH3)m=2-4 radical products [205]. Zilberg et al.

highlighted the role of the hydrogen bonding in the C4sHsN---NHj3 clusters in Rydberg states in

addition to the general H-bonding in the electronic excited state [207]. The formation of the
CsHsN---NH4" is achieved due to the Rydberg Centre Shift (RCS), where the Rydberg orbital
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is located on the C4HsN or NH3 components forming the cluster. This hypothesis explains the

transition to the 2-body dissociation funnel through the CsHsN---NH4" cluster in agreement

with the experimental results of CsHsN---NHsz cluster. However, the CsHsN--NHs
heterodimer and the higher clusters of NHz with C4HsN in low temperature matrixes and
computations were never studied.

The self-aggregation of NHz is very well known that results from its small molecular
size, which encourages diffusion within low temperature matrixes [2°8-21¢], Nishiya et al. have
studied the clusters of NHz in Ar, Kr and N2 matrixes using short pulsed supersonic beams to
produce higher clusters of NH3 [215]. They have identified the features due to (NH3)2, (NH3)3
and (NHz3)4, and established a mechanism for the formation of the higher clusters based upon
the quenched reaction model. But this model was applicable only at higher concentrations of
NHs and also when the molecules are assumed to be mobile before condensing into the
matrixes. At low concentrations, serious deviations lead to the belief that the higher
aggregates can diffuse too, and form even higher clusters on associating with monomers and
dimers. Further, studies on (NH3), were carried out by Nelson Jr. et al. (1985) [209], Barnes
(1990) [212], Perchard (1991) [213], Janeiro-Barral (2006) [216], Yu (2010) [217] and

Beuckeleer et al. (2016) [137]. Infact, NH3 can readily associate with H2O to form strong

HsN---H>O heterodimers, and studies of NHs---H20O dimers were performed by Nelander et al.
in Ar and N2 matrixes [218]; whereas, a microwave-infrared double resonance spectroscopic
study in a molecular beam yielded a wide account of the various perturbed vibrations due to
the NHsz umbrella mode in NH3---H20 dimers [219].

The solid and matrix isolated infrared spectra of CsHsN and its deuterated derivative
were determined between 4000 to 200 cm™ by Castelucci et al. [220]. Further, the interaction
studies involving CsHsN in inert matrixes at low temperatures were performed with H>O

[221], HCI [222], HBr [223], CH3OH [224], and CoH> [225]. So far there are no reports
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available in the literature to understand the biomimetic CsHsN---CsHsN interaction. In fact,

interesting articles were found on the photodynamics study of the C4HsN:--CsHsN system
[226-227]. Zhenggang et al. proposed that a highly polar charge transfer state of *nn* drives
the proton transfer from CsHsN to CsHsN, leading to a conical intersection of S; and So
energy surfaces. On the other hand, Linnell et al. and Vinogradov et al. carried out the

viscosity measurements of CsHsN and CsHsN. Infrared spectra of the CsHsN and CsHsN in

CCly4 solution supported the formation of 1:1 CsHsN---CsHsN heterodimer [228,229]. But
none of these reported the infrared spectra nor discussed the structural aspects of the
hydrogen bonded structures.

Recent literature survey showed the potential of CoH7N scaffolds as anti-cancer drug
development since its derivatives can act as growth inhibitors by cell cycle arrest, apoptosis,
inhibition of angiogenesis, disruption of cell migration and modulation [230-232]. CoH7N
trapped in solid Ar and H>O matrixes at 15 K were reported by Bernstein et al. [233] To
identify the IR spectra of CoH7N and phenanthridine in interstellar medium, they performed
the matrix isolation experiments in H.O matrix and compared the spectra with that in Ar
matriX. It was observed that the infrared spectrum of phenanthridine is similar in both Ar and

H>O matrixes, whereas CoH7N showed a shift of 16 cm™ in H,O when compared to Ar

matrix. Similar to NHs and CsHsN systems, CsHsN--CgH7N can serve as a model for
photodynamic study. An article by Omidyan et al. provides a theoretical account of the

geometry, electronic transition energies, and photophysics of isoindole-pyridine and

C4HsN---CoH7N heterodimers [234]. They have determined the hydrogen bonded geometries
of both the heterodimers at MP2 and CC2 methods to be perpendicular, and also found that
the first electronic transitions due to UV absorption are governed by lnn* nature, while a

charge transfer nn* state, governs the non-radiative relaxation processes of both

heterodimers. The Cs4HsN---CoH7N system can be of biological relevance, as well as
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astrochemical importance as is evident from the probations made by Bernstein et al. [233],
Mattioda et al. [235] and Frutos et al. [226], respectively.

1.1. Scope of the Thesis
The presence of hydrogen bonding in CsHsN with C4HsN, CaHz, CzH4, CeHe

(N-H--m), H20, CH30H, CeHs0OH, C2Hs0C2Hs (N-H--0), NHs, CsHsN and CoH7 (N-H-N)
were investigated. The experimental evidence of the heterodimer formation was obtained
from the shifts in the vibrational modes of the precursors. The experimental results were
correlated with the quantum chemical calculations performed at B3LYP, B3LYP-GD3 and
MP2 levels, with 6-311++G (d,p) and aug-cc-pVDZ basis sets. Atoms-In-Molecules (AIM),
Natural Bond Orbital (NBO) and Energy Decomposition (ED) analyses were carried to

further understand the various interactions prevailing in the hydrogen bonded heterodimers.
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Chapter 2 Experimental and Computational
Methodology

This chapter gives a brief description of the experimental and computational methodologies.

2.1.  Experimental Method: Matrix Isolation technique

The matrix isolation technique was first introduced by George Pimentel and
co-workers in the mid-1950s, at UCL, Berkeley, California [1-3]. This technique was originally
developed to trap and detect unstable intermediates such as free radicals, by reducing the
temperature and diluting with inert gases.

The method of matrix isolation involves mixing the sample of interest with large excess
of inert gas and deposition onto a cold substrate (~10 K). The deposited sample can be probed
by a variety of spectroscopic methods such as infrared, UV-visible, fluorescence and electron
spin resonance (ESR). A high matrix to sample ratio in a typical matrix isolation experiment
ensures that the sample is distributed uniformly in the matrix gas that results in the isolation of
sample molecules of interest at low temperatures. The inert gases such as neon, argon, krypton
and xenon are used as matrix gases. Apart from these gases, diatomic nitrogen and para-
hydrogen (p-H2) are also used as matrix gases.

Matrix isolation when coupled with infrared spectroscopy (MI-IR) is a high-resolution
technique where the vibrational spectra of sample molecules surrounded by solid matrix have
very sharp line widths when compared to gas, liquid and solid spectra. Since, the experiment
is performed at a low temperature, the Doppler broadening is reduced and the rotational motion
of sample molecules is arrested due to the rigid cage which leads to a simpler spectrum devoid
of spectral congestion. Furthermore, the matrix gases prevent the sample molecules from
interacting with each other, thus preventing the broadening due to intermolecular interactions.
Hence, the MI technique is used to study a) Intermolecular interactions b) Conformations c)

Radicals, reactive species and intermediates generated using vacuum pyrolysis or photolysis



[4-7].

The gas mixtures (sample + inert gases) are prepared using manometric procedures in
the mixing chamber and then allowed to flow through the 1/8” copper lines at a controlled rate
by a fine dozing valve and deposited onto a cold KBr substrate. A controlled flow rate of the
gas mixture is necessary to produce a uniform solid film on the cold substrate. Typically, in all
the experiments, deposition lasted for about ~1 hour at a rate of ~1 Torr per min.

The mixing and the deposition chambers are continuously pumped by diffusion pump
and turbo pump backed by rotary pumps, respectively, where the base pressure in both
chambers was < 107 Torr.

2.2 Components of Matrix Isolation Set-up

2.2.1 Cryostat
Low temperature experiments were performed using a closed cycle helium compressor

cooled cryostat RDK-408D2 Model (Sumitomo Heavy Industries Ltd.). The Sumitomo
cryostat can attain a minimum temperature of 2.5 K and works on the principle of the Gifford-
McMahon cycle. The cooling is achieved by the continuous compression and expansion of
helium gas in an enclosed space. Helium is first compressed to a pressure of about ~ 20 bars
and the heat due to compression is removed by circulating cold water. The helium is then
delivered to the cold head, where it expands against a piston, and eventually cools the
regenerator. The expanded helium is then returned to the compressor for the next cycle. The
temperature of the cold head was measured using a Cernox (ceramic oxynitrides) resistor.
Lakeshore temperature controller (Model 336) is used to read the temperature of the cold
substrate and it can be varied through the nichrome resistive heater wire (25Q, 2A, 100W)
wound on the cold head.

2.2.2 Vacuum Pumps
It is always desirable to perform MI experiments in a clean environment where the

atmospheric impurities such as H20, CO2, O, and N2 are in the ppm to ppb levels. These



impurities will affect the quality of the matrix and in extreme cases it can interact with sample
which will lead to undesirable results in the IR spectra. In order to maintain an impurity less
environment, the sample chamber containing the cold substrate (i.e., the cryo chamber) is
continuously pumped by a turbo molecular pump (Edwards TIC Pumping Station, model-
NEXT300D 160 W; pumping speed of 300 I/s) backed by a rotary pump. On the other hand, a
diffusion pump (Diffstak MK2 100/300; pumping capacity of 280 I/s) backed by a rotary pump,
is connected to the mixing chamber and pumped continuously. The ultimate vacuum of the
entire system is below ~107 Torr.

2.2.3 Pressure Gauge
Pressure gauges are inevitable components in the matrix isolation set-up. The gas

mixtures (sample + inert gas) are prepared using capacitance manometers (Baratron,
measurement range: 10-5000 Torr and Pfeiffer, CMR 362; measurement range: 7.5x1072-75
Torr). To measure the vacuum in the system, a cold-cathode gauge is connected near the
diffusion pump (Pfeiffer, PKR 251, measurement range: 5x107! to 200 Torr).

2.2.4 Infrared Spectrophotometer
Bruker Vertex 70 FTIR spectrometer was used to record infrared spectra of the

deposited and annealed samples at low temperatures. The spectrometer is equipped with a KBr
beam splitter and a globar source. The instrument has a provision for having two detectors;
Lanthanum doped Deuterated Tri-glycine Sulphate (La-DTGS) and Mercury Cadmium
Telluride (MCT) detectors. Liquid nitrogen coolant (LN2) was used to cool the MCT detector
to minimize the thermal noise. All the IR spectra reported in this thesis were recorded using
MCT detector. The IR spectra are recorded by co-adding 32 individual scans in the range 400-
4000 cm'* with a resolution of 0.5 cm™. The matrix isolation experimental set-up along with

FTIR spectrometer is illustrated in Figure 2.1.



2.3 Preparation of sample
2.3.1 Premixing and co-deposition through a single and double jet nozzle
The sample and the matrix gas were mixed in desired ratios using standard manometric

procedure. Initially, the liquid samples are subjected to several freeze-pump-thaw cycles to
remove the volatile impurities. Sample vapor pressure is controlled through the vacuum valve
and directly added into the mixing chamber and then diluted with the inert gas. In another
method, the sample bulb is kept inside the ethanol+LN: slurry, which is maintained at a
particular temperature to obtain the desired vapor pressure and equilibrated to the mixing
chamber for about ~30 minutes, following which the matrix gas is added to obtain a desired
sample to matrix ratios (Sample 1 in Figure 2.1). The gas mixture thus prepared by either of
the above two methods was deposited onto the cold substrate (~10 K) using a single jet nozzle
assembly through a fine dosing valve.

For very low vapor pressure samples, the sample bulb is connected to the one arm of
the double jet nozzle assembly and the vapor pressure of the sample is controlled dynamically
at a given temperature using the ethanol-LN: slurry and deposited at low temperature (Sample
2 in Figure 2.1). Through the second arm of the nozzle the matrix gas from the mixing chamber
is allowed to flow at a controlled rate using the fine dosing valve and deposited on to the cold
substrate.

2.3.2 Matrix gases
Ultrahigh pure (99.9995%) matrix gas used in the MI technique should have the

following important properties: a) It should be chemically inert b) It must be easily available
with high purity and it should be transparent in the wavelength region of interest c) It should
have sufficient vapor pressure at room temperature and be able to form rigid matrix at low
temperature and prevent diffusion of guest molecules. Inert gases such as Ne, Ar, Kr, Xe and

diatomic gas N> meet the above criteria and hence are commonly used as matrix gases.



Recently, p-H2 gas has emerged as a promising matrix material for use in Ml technique
[8]. The schematic of the para-hydrogen (p-Hz) set-up is shown in Figure 2.2. Normal hydrogen
(99.999%, Chemtron) has 3:1 ortho/para ratio and the production of enriched p-H: is obtained
by passing the normal hydrogen through a copper bobbin filled with a hydrated ferric oxide
catalyst. The copper bobbin is connected to the cold head of the closed cycle helium cryostat
and the temperature of the cold head is maintained at 13.5 K (triple point of hydrogen). Normal
hydrogen gas passing through the copper bobbin that exists in a dynamic equilibrium at the
temperature of 13.5 K, in presence of catalyst gets converted into p-H.. By using infrared
spectroscopy, the purity of the p-H. matrix was found to be >99%. The details of the
preparation of p-Hz gas and the determination of impurities are reported elsewhere [8]. The p-
H> gas thus prepared is used for the matrix isolation experiment.

2.4 Computational Methods
Based on electronic structure theory, the quantum chemical calculation gives molecular

geometries, energies, transition states, IR, UV-vis, NMR spectra, thermochemical parameters,
reaction pathways, etc [9-12]. GAUSSIANQ9 [13] package loaded on a Fujitsu machine with
Intel 2X XEON E5-2687W v2 processors, with 64 GB RAM, was used to perform the
calculations. DFT methods such as B3LYP, B3LYP-D3 and ab initio MP2 level of theory with
6-311++G (d, p) and aug-cc-pVDZ basis sets were used to optimize the geometry.

2.4.1 Geometry Optimization
Geometry optimization refers to locating a stationary point or, an equilibrium state of a

molecule/molecular heterodimer on the potential energy surface (PES). Starting from the
optimized monomer geometries, the geometries of the heterodimers were then optimized. All
geometrical parameters were left free during the optimization process. The structures of the
various types of heterodimers shown in the thesis were drawn using Chemcraft software [14].
Various properties such as stabilization energies, structural parameters, vibrational

wavenumbers and s were computed. Vibrational frequency calculation was performed for the



optimized geometries to characterize the nature of stationary point and to obtain zero-point
energies (ZPE). All the normal modes of vibration must be positive for the optimized structure
to be characterized as a minimum on the PES. Furthermore, the computed vibrational
wavenumber is compared with the experimental wavenumber. Generally, a comparison of the
vibrational shift (Av) between the experimental and computed wavenumbers of a particular
mode as shown in equation (1), which are characteristics of H-bonded interaction, was
accomplished.
AVexperimentalicomputed = V(heterodimer) - V(monomer) =-=================== 1)
The raw stabilization energies (AE) (not corrected for ZPE and BSSE) and the ZPE corrected
energies (AEzpe) of the heterodimers are computed using the equations 2 and 3 respectively.
Ea, Eg are the energies of the monomers and Eag is the energy of the heterodimer.
AE = EaB)— Ea) - E@®) ------------=-mmmmmm oo (2)
AEzpe = Ezpe(heterodimer) — X Ezpe (monomers) =--=--------- (3)
Stabilization energies obtained by the method (2) is erroneous because the number of basis
functions used to optimize the heterodimer and monomer geometry are different and this is
referred as basis set superposition error (BSSE). In order to correct this error, counterpoise
(CP) correction suggested by Boys and Bernardi [15] is used. In this method, the energies of
monomer Ea, Eg and the heterodimer Eag are optimized in the same basis set spanned by the
functions of the heterodimer AB and the difference in energies is obtained as follows.
AE = Eag (AB) — {Ea (AB) + Eg (AB)} ------------- 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
Eas (AB) = Energy of the heterodimer AB using the basis set AB
In this thesis, the RAW, ZPE and BSSE corrected stabilization energies are listed for all the

heterodimers.



2.5 Atoms-in-Molecules Analysis

Bader proposed the concept of quantum theory of AIM (QTAIM) method, which is
extensively used to study the nature of chemical bond based on the electron density topology
[16-18]. An analysis of electron density topology p(r) leads directly to the chemical concepts
of atoms, molecules, structures and bonds. A quantitative way to analyze the topology of p(r)
is to consider the first derivative (gradient) Vp(r). At certain points, called critical points, this
gradient vanishes. The characteristic of these points is determined by the Hessian of p(r), which
is second derivative V2p(r). The Hessian is the (3x3) symmetric matrix of partial second
derivatives. By diagonalization of this matrix, the off-diagonal terms become zero, and one
obtains the three principal axes of curvature. These principal axes will correspond to symmetry
axes, if the critical point lies on a symmetry element. The sum of the diagonal terms is called
the symmetry element. The sum of the diagonal terms is called the Laplacian of p, V?(p), and
is of fundamental importance. It is defined as,

V2(p) = 0%p/ox>+ &2plOy*+ 0°p/0z?  -------- (5)

At critical points, the eigenvalues of the hessian matrix are real and generally non-zero.
The rank of the critical point is defined as the number of non-zero eigenvalues, while the
signature is defined as the algebraic sum of the signs of the eigenvalues. These two
characteristics are used to label a critical point (rank, signature). A (3, -1) is a bond critical
point (b, BCP), (3, +1) is a ring critical point (r, RCP) and (3, +3) is a cage critical point (c,
CCP). The number of critical points that can coexist in a topological space is based upon the

Poincaré-Hopf relationship, where n is the number of atoms

The wavefunction of the optimized geometry of the monomers and heterodimers are
used as input in the AIMPAC package to generate the electron density topology. From the

electron density plots, various properties at the BCP were examined: the electron density



(p(rc)), Laplacian of electron density (V2p(rc)) and the eigen values.

A shared or covalent interaction between the two nuclei is always associated with
V2p(rc) < 0 while V2p(rc) > 0 implies the interaction is of closed-shell type. The latter is found
in hydrogen bonds, ionic bonds and van der Waals heterodimers where the interactions are
dominated by requirements of Pauli Exclusion Principle [16,19].

2.6 Natural Bond Orbital Analysis
The NBO analysis is very useful in analyzing the intra and intermolecular bonding. It

is a helpful tool for understanding the delocalization of electrons and hyperconjugative or
charge transfer interactions [20-21]. The concept of natural orbitals was introduced by Léwdin
[22] in order to delineate the unique set of orthonormal 1-electron functions ¢i(r), that are
intrinsic to the N-electron wavefunctions y(1,2,....,N). The 1-electron functions ¢i(r) are the
best possible orbitals of y to describe the electron density p(r) of y. The y forms the natural
orbitals and they are necessarily symmetry adapted, superposition of states and more
delocalized. In order to remove the spurious effects due to the symmetry adaption or
delocalization, one can formulate the localized criterion for orbitals that have the analogous
maximum occupancy (natural) character in localized 1-center and 2-center regions of the
molecule. Because the maximum occupancy of an orbital is inherently limited to a pair of
electrons by the Pauli Exclusion Principle, local 1- and 2-center orbitals, with occupancies
sufficiently close to 2.000 can serve equally well as “true” natural orbitals for describing .
Such natural bond orbitals (NBOs) provide the most accurate possible “natural Lewis
structure” picture of y, because all orbital details (polarization coefficients, atomic hybrid
compositions, etc.) are mathematically chosen to include the highest possible percentage of the
electron density. This percentage (denoted %-pL) gives an intrinsic measure of the accuracy of
the natural Lewis structure picture, and is often found to be >99% for common organic

molecules, which is reasonable to test the accuracy of Lewis's concept. The NBOs are one of a



sequence of natural localized orbital sets that include natural atomic orbitals (NAO), natural
hybrid orbitals (NHO), natural bond orbitals (NBO) to natural localized molecular orbitals
(NLMO) and molecular orbitals (MO).

Each bonding NBO ocag (the donor) can be written in terms of two directed valence
hybrids (NHOs) ha, hs on atoms A and B, with corresponding polarization coefficients ca, cs:
oas=Cahatcshg -------mmmm-- @)

The bonds vary smoothly from covalent (ca = cg) to ionic (ca >> cg) limit.
Each valence bonding NBO o must be paired with a corresponding
valence antibonding NBO o* (the acceptor) to complete the span of the valence space:
oas* =caha—cshg ------------- (8)

The stabilization due to 6—c* donor-acceptor interactions can be estimated by E:
(second order perturbation energy). In addition to bonding orbital as electron donor, the non-
bonding orbital such as lone pair of electrons, the bonding & orbital and antibonding ¢ orbitals
with reasonably higher occupancy can equally be considered as electron donors to the acceptor
orbitals.

The orbital overlap picture between the donor-acceptor can be viewed using Chemcraft
package in conjunction with the NBO 6.0 [23] package associated with Gaussian software.

2.7 Energy Decomposition Analysis

EDA is an extremely useful tool to dissect the physical origin of intra and
intermolecular interactions of molecules. The most popular and well-known EDA methods are
the one based on Morokuma [24-26] implemented in Gaussian and Gamess and the Extended
Transition State (ETS) of Ziegler and Rauk [27-29] implemented in the ADF program package
[30] and localized molecular orbital energy decomposition analysis (LMO-EDA) developed by
Su et al. [31]. In the EDA methods, the total interaction energy is defined as the difference
between the energy of the heterodimer and the energy of the monomers or fragments and it is

decomposed into electrostatic, exchange repulsion, polarization (as a result of charge-transfer
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effects) and dispersion components. The electrostatic energy term can be defined as the
interaction between the static charge densities of each monomer within the heterodimer. This
term includes the attractive Coulomb interactions between nuclei of one monomer with the
electrons of the other monomer, repulsive Coulomb interactions between the nuclei of
monomer and between the electrons of each monomer. The total electrostatic interaction is
normally attractive. The Pauli term contains the exchange and repulsion energies, which are
stabilizing and destabilizing respectively. The exchange interaction arises due to the
antisymmetric nature of a wave function that allows electrons to exchange between monomers.
The repulsion interaction originates largely from other types of 2-electron integral terms for
monomer orbitals. On the other hand, the dispersion term computed in this method is an
attractive term, which arises due to electron correlation [32]. In the ADF-EDA method, the
interaction energy is decomposed into three main components: electrostatic, Pauli repulsion
and orbital interaction terms. Finally, Steinmann et al. introduced the dispersion corrections by
dDXDM method in self-consistent DFT and identified it as an independent energy component
in EDA [33].
So the scheme adopted in this work is,
AE = ES + PL + OI + DISP

where, ES is the electrostatic interaction which takes into account the Coulombic forces of
attraction or repulsion between all permanent charges or multipoles, PL for Pauli repulsion, Ol
is orbital interaction that accounts for both charge transfer and electron exchange terms and
DISP is for dispersion energy.

In this thesis, ED analysis was performed on the different types of heterodimers of
pyrrole using extended Transition State (ETS) method of Ziegler and Rauk [27-30]
implemented in the ADF-2016 package to clearly delineate the contribution of different energy

components and the role of other dominant interactions in stabilizing the heterodimers. ED
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analysis was performed at dispersion corrected B3LYP-D3/TZ2P level of theory. The TZ2P
(Triple Zeta with two Polarization functions) basis set was chosen, which has a comparable
quality with aug-cc-pVDZ basis set. The input geometries of the different heterodimers for
such ED analysis were essentially the optimized geometries at MP2/aug-cc-pVDZ level of

theory.
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Chapter 3 Pyrrole and its Multimers in Different
Matrixes

This chapter deals with the intermolecular interactions of pyrrole. The infrared spectra
of pyrrole monomer and multimers are explored in different matrixes like N2, Kr, Ne, p-H2 and
compared with Ar and Xe matrixes. Ab initio and Density functional theory (DFT) calculations
were carried out for the multimers and the vibrational wavenumbers were compared with the
experiments.

Although pyrrole and its higher clusters were studied in Ne, Ar and Xe matrixes, the
same is not explored in N2, Kr and p-H> matrixes. A clear delineation of the multimers of
pyrrole is required for the assignment of the spectral features of heterodimers of pyrrole
involving N-H---X (X=0, N, n) interactions. With the computed wavenumbers therefore, the
vibrational features due to pyrrole multimers in different matrixes were assigned. This chapter
thus provides the preamble for the following chapters in this thesis.

3.1 Computations on Pyrrole Multimers

DFT and ab initio calculations were carried out to optimize the structure of C4HsN
dimer, trimer and tetramer using G09 program [1]. Gomez-Zavaglia and Fausto have
elaborately reported on the geometries of the C4HsN multimers ((PyH)n (n=1-4)) computed at
B3LYP/6-311++G (d, p) level of theory [2]. They have assigned the vibrational modes of
pyrrole and its higher clusters in Ar and Xe matrixes at low temperatures. Computations yielded
three and four optimized geometries for C4HsN trimers and tetramers, respectively, with the
cyclic N-H---m structures being the most stable geometries. The fact that cooperative hydrogen
bonding enhances the strength of the pyrrole multimers was quantitatively measured by
dividing the binding energy with the number of hydrogen bonds present in the cluster.

Furthermore, Matsumoto and Honma have performed computations for the most
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Figure 3.1 Structures of pyrrole dimer, trimer and tetramer computed at MP2/aug-
cc-pVDZ level of theory.



Table 3.1 Comparing the Stabilization Energies (in kcal mol) of the Dimer, Trimer and
Tetramer of Pyrrole at B3LYP/6-311++G (d, p) and MP2/aug-cc-pVDZ Level of

Theories.

Systems B3LYP/6-311++G(d, p) | MP2/aug-cc-pVDZ
S.E. (Raw/ZPE/BSSE) S.E. (Raw/ZPE/BSSE)
Dimer -3.4/-2.7/-3.0 -10.4/-9.6/-7.1
Trimer -11.3/-9.5/-10.4 -33.7/-31.5/-23.4
Tetramer -16.7/-14.5/-14.2 -45.4/-3/-30.8
Dipole Moment
Dimer 2.99 1.95
Trimer 0.02 0.00
Tetramer 0.00 0.00

2 Vibrational wavenumber calculation could not be performed for the tetramer.



stable structure of CsHsN multimers at B3LYP/6-311++G (d, p) level of theory [3]. In this
chapter C4HsN monomer and its multimers were studied in different matrixes such as N», Kr,
Ne, p-H2 and compared with Ar and Xe matrixes. Computations were carried out at MP2/aug-
cc-pVDZ level of theory to optimize the structures, stabilization energies and vibrational
wavenumbers of pyrrole and its higher clusters, which were compared with the counterparts at
B3LYP/6-311++G (d, p) level. Table 3.1 compares the stabilization energies (raw, zero point
corrected vibrational energy and basis set superposition error corrected) and the dipole
moments of the dimer, trimer and tetramer of pyrrole computed at the aforementioned levels
of theory. Figure 3.1 illustrates the structures of the dimer, trimer and tetramer of pyrrole at
MP2/aug-cc-pVDZ level, where the pyrrole units are inter-associated through N-H: - -z bonds.
Table 3.2 gives an account of the selected structural parameters of the monomer, dimer, trimer
and tetramer of pyrrole. In the pyrrole dimer, the intermolecular bond distance between the N-
H of one pyrrole (acting as proton donor, PD) and the n-cloud of the other pyrrole (acting as
proton acceptor, PA) are 2.626/2.621A and 2.425/2.426A at B3LYP/6-311++G (d,p) and
MP2/aug-cc-pVDZ level, respectively, indicating a strengthening of hydrogen bonded
interaction as result of inclusion of dispersion effects in MP2 methods. The N13-H20 bond in
pyrrole (PD) where the proton is donated, gets elongated by 0.004 A and 0.006 A at B3LYP/6-
311++G (d, p) and MP2/aug-cc-pVDZ levels of theory, respectively, while the N3-H10 bond
of the pyrrole (PA) acting as the proton acceptor remains almost the same. Following the same
trend in trimer and tetramer, the bond distances do not just reduce but the cyclic structures
become symmetric with almost the same bond distances. The elongation of the N-H bond
length in pyrrole subunits of the trimer and tetramer is larger than the dimer at MP2 level.
Hence, the N-H vibrational wavenumber red-shift in the trimer and tetramer should be
substantial. In essence, the cyclic structures of trimer and tetramer must exhibit the same bond

distances, which is obtained at the MP2 level in contrast to the slightly different bond distances



at the DFT level. Therefore, the superiority of the ab initio theory in optimizing the molecular
geometries of pyrrole trimer and tetramer is confirmed.
3.2 Experimental Result

The N-H bending and stretching modes of pyrrole are exceptionally sensitive to
hydrogen bonding out of its other modes of vibration. Hence, in the current and following
chapters, these two modes of pyrrole are probed for the identification of heterodimers. Figure
3.2 and Figure 3.3 grid A show the as-deposited spectra and grid B, the annealed spectra
corresponding to the N-H stretching region of C4HsN while grid C shows the annealed spectra
of the N-H bending region of C4HsN- in N2 and p-H. matrixes, respectively.

In the as-deposited spectra, C4HsN monomer has absorptions at 3519.3, 3514.2, 3510.9

and 3508.9 cm™, owing to site splitting within N, matrix, which agree well with the reported
literature value [2]. The peak at 3514.2 cm™ becomes 3513.8 cm™ on annealing. In the p-H;
matrix, the C4HsN monomer shows an intense single absorption at 3519.5 cm™.
When CsHsN concentration was increased, new features started appearing in the as-deposited
spectra in the N-H stretching region in N2 matrix at 3500.8, 3423.4, 3413.7, 3386.5, 3371.3 and
3364.8 cm™ and in p-Hz matrix at 3512.3, 3423.6, 3417.3 and 3384.8 cm™. When the matrix
was annealed these features increased in intensity and in addition new peaks started appearing
in N2 matrix at 3503.4, 3417.3, 3414.2, 3385.5, 3335.9, 3331.0 cm™ and in p-H, matrix at
3514.5 cm™.

In the N-H bending region, CsHsN monomer absorption band appears as a site split
feature at 520.2, 527.2 cm™ in N2 matrix and the corresponding feature was observed at 494.4
cmin the p-Hz matrix. On annealing, new features were observed at 534.0, 543.4, 545.7,
550.6, 572.1, 573.5, 585.8, 590.1, 592.8, 596.4 and 599.8 cm™ in N2 and 518.7, 572.0 cm™ in
p-H2 matrix. Figure 3.4 to Figure 3.7 illustrate the IR spectra of the N-H stretching (grid A)

and N-H bending (grid B) modes of pyrrole in Ar, Xe, Kr and Ne matrixes. All the matrix



isolated spectra shown in the figures were annealed at 35 K(Ar), 50 K(Xe), 45 K(Kr) and 9
K(Ne). In each of the figures, traces ‘a’ and ‘b’ correspond to the as-deposited and annealed
spectra, respectively. Although the infrared bands of pyrrole monomer and multimers in the N-
H stretching and bending modes were already assigned in Ar and Xe matrixes, for comparison
with N2, Ne, Kr and p-H> matrixes, the spectra are discussed. The IR spectra of pyrrole
monomer in Ar matrix were similar to the earlier report however some variation was noted in
Xe matrix.

In Figure 3.5, although the features at 3504.9, 3500.8, 3498.9, 3495.8 were observed

in the as-deposited spectra [2,4], annealing the Xe matrix triggered the formation of new peaks
at 3492.6, 3490.7, 3408.0, 3403.2, 3387.8, 3381.7, 3379.3, 3372.8 and 3369.2 cm™. Similarly,
in the N-H bending mode, on annealing the new bands were produced at 593.5, 588.7, 585.8,
515.4, 513.0, 509.6, and a shoulder at 484.8 cm™.
In the as-deposited spectrum of Fig. 3.6 (trace ‘a’), features due to the N-H stretching mode
was found at 3510.2, 3506.1 and 3498.9 cm™. On annealing the Kr matrix, new bands were
observed at 3412.8, 3395.5 and 3376.2 cm™.. On the other hand, in the N-H bending region the
monomer features were seen at 486.2 and 485.0 cm™, but no new features were observed on
annealing the Kr matrix.

The IR spectrum of N-H stretching region of pyrrole in Ne matrix was recently reported
by Oswald et al. [5]. Figure 3.7 grids A and B show the infrared spectra of pyrrole in Ne matrix.
The infrared features of the N-H stretching region of pyrrole in Ne matrix agreed well with the
earlier report. In the N-H bending region the monomer features were observed at 477.0, 479.0,
480.9, 483.6, 507.7, 568.9 and 592.3 cm™*. On annealing the matrix new features were observed

at 509.6, 499.7 and 495.6 cm™™.



Table 3.2 Selected Structural Parameters for the Monomer, Dimer, Trimer and Tetramer

of Pyrrole at B3LYP/6-311++G(d,p) and MP2/aug-cc-pVDZ Levels of Theory.

B3LYP/6-311++G(d,p) MP2/aug-cc-pVDZ
Monomer
N3-H10 1.006 N3-H10 1.012
ZC4-N3-H10 125.0 ZC4-N3-H10 124.8
£/C5-C4-N3-H10 180.0 ZC5-C4-N3-H10 180.0
Dimer
N3-H10 1.007 N3-H10 1.013
N13-H20 1.010 N13-H20 1.018
H20-C1 2.621 H20-C1 2.425
H20-C5 2.626 H20-C5 2.426
2/N13-H20-N3 130.0 ZN13-H20-N3 100.2
ZN13-H20-N3-H10 -0.5 Z/N13-H20-N3-H10 0.08
ZN13-H20-C1-C2 48.9 /N13-H20-C1-C2 -5.1
ZN13-H20-C5-C4 -49.8 /N13-H20-C5-C4 5.1
Trimer
N3_HI\|120§’.\||_1|§6H20/ 1013 N3-H|\llgél-\ll_i|L§E)H20/ 1022
H10-C25/C21 2.589/2.587 H10-C25/C21 2.278
H20-C1/C5 2.589/2.594 H20-C1/C5 2.278
H30-C15/C11 2.596/2.599 H30-C15/C11 2.278
/N23-H30-C11-C12 26.5 /N23-H30-C11-C12 36.7
/N23-H30-C15-C14 -26.5 /N23-H30-C15-C14 -36.7
/N3-H10-C21-C22 28.8 /N3-H10-C21-C22 36.7
/N3-H10-C25-C24 -29.4 /N3-H10-C25-C24 -37.0
/N13-H20-C1-C2 -28.0 /N13-H20-C1-C2 -36.6
/N13-H20-C5-C4 28.7 /N13-H20-C5-C4 37.0
Tetramer
N3-H10/N13-H20/ 1014 N3-H10/N13-H20/ 1021
N23-H30/N33-H40 N23-H30/N33-H40
H20-C1/C5 2.501 H20-C1/C5 2.259
H10-C21/C25 2.501 H10-C21/C25 2.259




H30-C31/C35 2.501 H30-C31/C35 2.259
H40-C15/C11 2.501 H40-C15/C11 2.259
ZN3-H10-C21-C22 -89.0 ZN3-H10-C21-C22 -104.5
ZN3-H10-C25-C24 89.4 ZN3-H10-C25-C24 105.0
ZN13-H20-C1-C2 -89.0 ZN13-H20-C1-C2 -104.6
ZN13-H20-C5-C4 89.3 ZN13-H20-C5-C4 104.9
ZN33-H40-C11-C12 89.2 ZN33-H40-C11-C12 104.8
ZN33-H40-C15-C14 -89.2 ZN33-H40-C15-C14 -104.8
ZN23-H30-C31-C32 -89.3 ZN23-H30-C31-C32 -105.0
ZN23-H30-C35-C34 89.0 ZN23-H30-C35-C34 104.6

Bond lengths are in A,

Bond angles and dihedral angles in °.
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Figure 3.2 Infrared spectra of Pyrrole are illustrated in N2 matrix. Blocks A and B correspond
to 12 K and 30 K annealed spectra in the N-H stretching region, while Block C corresponds to
the 30 K annealed spectra in the N-H bending region of CsHsN. Typical CsHsN/N2
concentrations are a) 0.2/1000 b) 0.5/1000 and c) 1.0/1000.



3.3 Vibrational Assignments of Pyrrole multimers

Table 3.3Table 3.3 gives the comparison of experimental shift in N2, p-Ha, Kr, and Ne
matrixes with the calculated vibrational wavenumbers of C4HsN dimer, trimer and tetramer
computed at B3LYP/6-311++G(d, p) level of theory. Experimentally, new features observed
in the N-H stretching and bending region of C4HsN in N2 matrix at 3423.4, 3417.3, 3414.2 cm’
land 572.1, 573.5 cm™, amounting to a shift of -94.9 and 49.1 cm; the corresponding features
were observed in p-H, matrix at 3423.6, 3417.3 cm™ and 572.0 cm™, with a shift of -99.0 and
77.6 cm™. The experimental shift matches well with the computed shift of -71.8 and 96.8 cm™®
for the C4HsN dimer, where CsHsN acts as a proton donor. Furthermore, features observed at
3503.4, 3500.8 cm™ and 543.4, 545.8, 550.6 cm™ in N2 matrix, which amounts to a shift of -
11.1 and 22.9 cm™ and in p-H, matrix at 3514.5, 3512.0 cm™ and 518.7 cm™, with a shift -6.3
and 24.3 cm™ matches well with the computed shift of -5.6 and 42.6 cm™ of the proton
accepting N-H mode of C4sHsN dimer. As the concentration of C4sHsN was increased, new
features started appearing in the N-H stretching region in N> matrix at 3371.3, 3364.8 and in
p-H: at 3384.8, at shifts of -145.2 and -134.7 cm™, respectively and in the N-H bending region
in N2 matrix at 585.8, 590.1, 592.8 cm™, at an average shift of 65.9 cm™, deviating a little from
the computed shift of -101.4 and 121.9 cm™ for the C4HsN trimer (Figure 3.2 and Figure 3.3).

Computations showed that the N-H stretching and bending modes of the CsHsN
tetramer are shifted by -121.4 and 125.4 cm™ from the CsHsN monomer absorption.
Experimentally, new feature was observed at 3344.8 cm™ in N, matrix in the N-H stretching
region, a shift of -168.4 correlates with the computed shift of -121.4 cm™. New features could
not be discerned in the N-H bending region for the C4HsN tetramer in p-Hz and N2 matrixes

and also in the N-H stretching region of p-H, matrix. A strong feature observed at



i /L

[/J o n
A 2] B
@ 3
o c
c & - o
P 2 0 & 3
8 3 < A b
< L\_/ Mo B Y
7o)
3] § 8
©Cm >
/ “@ Y,
/L I
] " ] ]
3530 3510 3440 3420 3400 3380 3530 3510 3440 3420 3400 3380

Wavenumber (cm™)

494.4

Absorbance
572.0
518.7

T
585 530 475

Wavenumber (cm™)

Figure 3.3 Infrared spectra of pyrrole are illustrated in p-Hz matrix. Blocks A and B correspond
to 2.5 K and 5.0 K annealed spectra in the N-H stretching region while Block C corresponds to
the 5.0 K annealed spectra in the N-H bending region of CsHsN. Typical CsHsN/p-H2
concentrations are a) 0.5/1000 and b) 1.0/1000.

11



i
[/

>
w
483.8

482.8

—3519.7

481.6

Absorbance

607.7
591.3
586.7
570.6
563.3
515.1
512.0
506.7
(on

| | | | | | |
3530 3515 3425 3400 3375 620 590 560 530 500 470

Wavenumber (cm™)

Figure 3.4 Infrared spectra of pyrrole are illustrated in Ar matrix. Blocks A and B
correspond to the N-H stretching and bending regions of pyrrole in Ar matrix; (a) as
deposited and (b) annealed spectrum at 35 K. Typical C4HsN/Ar concentration was
1/1000.
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Figure 3.5 Infrared spectra of pyrrole are illustrated in Xe matrix. Blocks A and B
correspond to the N-H stretching and bending regions of pyrrole in Xe matrix; (a) as
deposited spectrum and (b) 50 K annealed spectrum. Typical C4HsN/Xe concentration

was 1/1000.
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Figure 3.6 Infrared spectra of pyrrole are illustrated in Kr matrix. Blocks A and B
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Figure 3.7 Infrared spectra of pyrrole are illustrated in Ne matrix. Blocks A and B
correspond to the N-H stretching and bending regions of pyrrole in Ne matrix; (a) as
deposited spectrum (b) 9 K annealed spectrum. Typical C4HsN/Ne concentration was
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3385.5/3379.5 and 596.4 cm™ in the N-H stretching and bending region of C4HsN in N2
matrix is due to C4HsN-H2O heterodimer in nitrogen matrix, which will be discussed in detail
in Chapter 5.

Even though the infrared spectra of C4HsN monomer in Xe matrix have been reported,
the formation of higher aggregates is still elusive in this matrix. As can be seen from Figure
3.5, on annealing the Xe matrix new peaks were observed at 3492.6/3490.7 and 3408.0/3403.2
cmt with an average shift of -8.5 and -94.5 cmL, respectively matching well with the computed
shifts of -5.6 and -71.8 cm® for the (C4HsN)2. Apart from the dimer features new bands were
observed at 3387.8, 3381.7, 3379.3 cm?, a red-shift of -117.2 cm™, correlates with the
computed shift of -101.4 cm™ for C4HsN-trimer. Further, the computed shift of -121.4 cm™ for
C4HsN tetramer matches closely with the experimental red-shift of -129.1 cm™ for the features
observed at 3372.8/3369.2 cm™. The N-H bending modes of C4HsN also show infrared features
at 515.4/513.0/509.6, 585.8 and 593.5/588.7 cm corresponding to the C4HsN dimer, trimer
and tetramer, respectively

In Kr matrix, annealing (Figure 3.6) at 45 K generated new bands at 3498.9 and 3412.8
cm™* which amounts to a red-shift of -9.2 and -95.3 cm™ agrees with the computed shifts as
mentioned before, for the C4HsN dimer. The broad peak at 3395.9 cm™ and a small hump at
3376.2 cm which are red-shifted by -112.2 cm™ and -131.9 cm™ from the C4HsN monomer,
were assigned to the trimer and tetramer, respectively. No new features could be observed for
the higher cluster of C4HsN in the N-H bending region.

Compared to the other inert matrixes Ne matrix is relatively less reactive with the guest
molecules. Surprisingly, in this matrix the infrared feature of C4HsN monomer has multiple
site split bands similar to the other matrixes. The features in the N-H stretching mode matches
very well with the earlier reported spectra by Oswald et al. [5] and the bands in the N-H bending

mode were assigned for the first time. Apart from the monomer peaks at 3535.7/3534.0/3532.3
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cm™? in the N-H stretching and the corresponding feature in the N-H bending region at
483.6/480.9/479.0/477.0 cm™, new peaks due to dimer were observed on annealing (9 K) at
3523.9/3516.4/3515.2, 3435.4/3432.7/3429.1/3427.9, 495.6/499.7/507.7/509.6 and 568.9 cm™
at a red-shifts of -15.7 and -100.2 cm™ and a blue-shift of 23.1 and 88.8 cm™, matches well
with the computed shift for the CsHsN dimer. CsHsN-trimer feature was observed at
3386.4/3384.8, 592.3 cm™ at a shift of -145.9 and 112.2 cm™ compares well with the computed
shift of -101.4 and 121.9 cm™. For the tetramer, no peak was observed in the N-H stretching
and bending region of pyrrole in Ne matrix.

Although in the present chapter DFT computation was used to corroborate with the
experiments, in the following chapters the experimental data will be compared with the
MP2/aug-cc-pVDZ level of theory. Table 3.4 represents a fine correlation between the
computed shifts at MP2/aug-cc-pVDZ level of theory with the experimental shifts in various
matrixes. Computing the vibrational wavenumber for the pyrrole tetramer at aforementioned
level of theory was not possible with the existing computational facility, therefore DFT level
of theory was chosen to compare the experimental and computed shifts. Henceforth, in the
following chapters, MP2/aug-cc-pVDZ level will be used to correlate with the experimental
results.

3.4 Summary

Table 3.5 compares the vibrational wavenumbers in the N-H stretching and bending
region of C4HsN monomer and multimers in solid N2, p-H2, Xe, Ne, Ar, and Kr with the gas
phase. The experimental wavenumbers were obtained in different matrixes and the gas phase
data was taken from literature [6]. It is clear from the table that the N-H stretching and bending
mode of CsHsN monomer in the gas phase has a small splitting whereas a single peak was
found for the higher multimers. Invariably, in solid Ar, Kr, Ne, N2 and Xe matrixes, the pyrrole

monomers and multimers features are multiple site split due to the interaction of the solid host
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with the guest molecules. As expected, in p-H2 matrix due to large ZPE and quantum nature of
the solid, a single absorption was observed. In p-Hz matrix, the multimer features are broader
and relatively free from site splitting compared to other solid matrixes. In Kr matrix, site-
splitting is comparatively lesser for the monomer and the multimers, but those of the higher
clusters overlap, and form a broad hump with barely discernible dimer and trimer peaks.
Notably, the features due to C4sHsN monomers and multimers were well resolved in N2 matrix.
The monomer peaks are broad and split to multiplets in the Ne and Xe matrixes, any weak
heterodimer with a small shift of 2-5 cm™ would hardly be resolved from the monomer bands.
The FWHM of the monomer as well as dimer bands of C4HsN were on the higher side in p-Ha,
Ne, Kr and Xe matrixes, and hence weak heterodimers may not be differentiated from the
monomer/multimers of C4HsN. Hence, to study the weak, intermediate and strong heterodimers

of C4HsN, N2 and Ar matrixes were chosen.
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Table 3.3 Comparison of shifts in the Experimental Vibrational Wavenumbers in N2, Kr, Ne and p-Hz Matrixes with the Computed
Wavenumbers of Pyrrole Monomer, Dimer, Trimer and Tetramer. Computations were performed at B3LYP/6-311++G (d, p) Level of

Theory.
Computed v Experimental v (cm™)
(cm'?) N> p-Hz Kr Mode Assignment
v Av N Av v Av v Av v Av
Pyrrole
483.6
478.9 520.2 486.2 480.9 :
(78) - 507 2 - 494.4 - 485.0 - 4790 - N-H bending mode of pyrrole
477.0
3519.3
3535.7
3674.2 3513.8 3510.2
(68) - 35109 - 3519.5 - 3506 1 - ggggg - N-H str. mode of pyrrole
3508.9 '
Pyrrole Dimer
543.4 495.6
5215 ' q a i 499.7 N-H bending mode of pyrrole
(99) 42.6 gggg 22.9 518.7 24.3 507.7 23.05 dimer (PA)°
' 509.6
575.7 572.1 d a i N-H bending mode of pyrrole
27) 96.8 5735 49.1 572.0 77.6 568.9 88.8 dimer (PD)°
3516.4 .
3668.6 3503.4 4 | 35145 d N-H str. mode of pyrrole dimer
(76) -5.6 3500.8 -11.1 35120 -6.3 3498.9 -9.2 gg%gg -15.7 (PA)’
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3423.4 3423.6 ; 34354
3602.4 i ' o4 o -99.0 i 3432.7 | N-H str. mode of pyrrole dimer
(330) 71.8 gﬂzg 94.9 3417 3 3412.8 95.3 34291 100.2 (PD)°
' 3427.9
Pyrrole Trimer
600.8 585.8 N-H bending mode of pyrrole
(45') 121.9 590.1 65.9¢ 2 - 2 - 592.3 112.2 frimer
592.8
3571.7
(476) | g | 33713 | d i i 3386.4 | ) .
35740 101.4 33648 145.2° | 3384.8 | -134.7 | 33959 | -112.2 33848 145.9 | N-H str. mode of pyrrole trimer
(486)
Pyrrole Tetramer
604.3 195.4 a i a i a i a i N-H bending mode of pyrrole
(53) ' tetramer
39928 | 1514 | 33448 | 1684 | - - | 33762 | 1319 | @ : N-H str. mode of pyrrole
(950) tetramer

8experimental features are not observed;
bProton Acceptor;
°Proton Donor;

dAverage multiplet experimental wavenumbers of the monomers and multimers were taken to compute the experimental shift in the pyrrole dimer,

trimer and tetramer.
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Table 3.4 Comparing the Computed Vibrational Wavenumber shifts of the Dimer and
Trimer of Pyrrole at MP2/aug-cc-pVDZ Level of Theory with the Experimental shifts.

E i tal A 1
Compuﬁ:d xperimental Av (em™) Mode Assignment
Av (em™) N2 p-Ha Kr Ne
Pyrrole Dimer
N-H bending mode of pyrrole
30.1 22.9 24.3 - 23.05 dimer (PA)
i N-H bending mode of pyrrole
80.2 49.1 77.6 88.8 dimer (PD)
16.3 111 6.3 9.2 15.7 N-H str. mode of pyrrole dimer
(PA)
-109.0 -04.9 -99.0 -95.3 -100.2 N-H str. mode of pyrrole dimer
(PD)
Pyrrole Trimer
94.9 65.9 i i 1122 N-H bending _mode of pyrrole
trimer
-169.4 -145.2 | -134.7 -112.2 -145.9 N-H str. mode of pyrrole trimer

Vibrational wavenumber calculation for the pyrrole tetramer at MP2/aug-cc-pVDZ level was
not completed due to the existing computational facility, and hence eliminated from the table.
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Table 3.5 Comparison of the Vibrational Wavenumbers of Pyrrole Monomer, Dimer, Trimer and Tetramer in Gas Phase, Xe,
Ar, N2, Kr, Ne and p-H2 Matrixes.

Xe Ar N2 para-H:2 Kr Ne
Gas
System
Phase VN-H VN-H VN-H
VN-H str VN-H str VN-H str VN-H str VN-H bend VN-H str 'VN-H bend VN-H str VN-H bend
bend bend bend
3504.9 jg‘ll'g 25220 | agag | 35193 35357 | 483.6
Monomer | 35310 | 35008 | G920 | 23280 | 458 | 35138 | 5202 | oo | g, | 35102 | 4862 | 35340 | 4809
35308 | 3498.9 | yoro | socgy | oo | 35109 | 527.2 : 4 | 35061 | 485.0 | 35323 | 479.0
3495.8 : : 6 1 35089 3523.9 | 477.0
484.8
5154 | 3511.1 | 515.1 543.4 495.6
D'Fr,“:r' 3524.0 gjgég 513.0 | 3509.2 | 512.0 ggggg 545.8 ggigg 518.7 | 3498.9 a ggigg ;‘83;
7| 500.6 | 3504.6 | 506.7 81 5506 : 2ot
3419.7 2i73a 34354
Dimer- 34080 | , | 34129 A1 5701 | 34236 3412.8 .| 34327
PD 34440 | 34032 | T | 3400.6 | 2633 giﬂg 5735 | 34173 | 2720 - 34291 | °689
3407.9 : 3427.9
3387.8 585.8
Trimer | 3393.0 |3381.7 | 585.8 ggggg 2(7)(7’3 ggéig 500.1 | 33848 | - 33959 | @ gggig 592.3
3379.3 : : 81 5928 :
3372.8 | 5935 586.7
A a a a a a a
Tetramer Soren| 2953 | 33775 | 200 | 33448 3376.2

PA-Proton Acceptor; PD-Proton Donor

aFeatures not observed
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Chapter 4 H: - & Interactions of Pyrrole

This chapter explores the N-H-- & interactions of pyrrole with benzene, ethylene and
acetylene. Apart from the primary N-H---m interaction the heterodimers are stabilized by
C-H--w and m---7* interactions between the electron clouds of pyrrole and the m-electron
system.

4.1 Experimental Conditions

The details of the matrix isolation set-up and the experimental methodology were
described in Chapter 2. Acetylene (C2H2, Asiatic Oxygen Limited, India, Commercial grade)
and ethylene (C2Hs4, Air Products Limited, London, 99%) were used without further
purification, while benzene (CeHs, Merck, >99%) and pyrrole (C4HsN, Spectrochem, 99%)
were frozen to ~100 K and subjected to several freeze-pump-thaw cycles before use. The
sample to matrix ratio ranged 0.025(C4HsN)/0.5(C2H2/C2Ha/CeHs)/1000 to 0.25/2.0/1000 for
N2and 0.1/0.5/1000 to 0.25/2.0/1000 for Ar.

4.2 Experimental and Computational Results

4.2.1 Pyrrole:--Benzene

Experimentally, the formation of pyrrole-benzene (PB) heterodimer at low
temperatures in inert matrixes was evidenced in the N-H stretching, bending modes of C4HsN
and C-H bending mode of CsHe. Figure 4.1 grids A and B, trace ‘a’ correspond to IR spectra
of CsHe alone in N2 and Ar matrixes, which has no absorption in this region, while trace ‘b’ in
all the grids show the IR spectra of N-H stretching mode of CsHsN, which has absorptions at
3519.3, 3513.8 and 3508.9 cm™ in N2 matrix and the corresponding features observed in Ar
matrix at 3522.9, 3520.9 and 3519.7 cm™ respectively [1]. As the concentration of CeHs was
varied, new spectral bands were observed at 3461.4/3457.6 cm™ in N2 and at 3460.9/3456.9

cmtin Ar matrixes. Figure 4.2 grids A and B show the N-H bending mode of



C4HsN; with variation in CgHs concentration, new features appeared at 545.5 and 538.8 cm™
in N2 and Ar matrixes, respectively. Figure 4.3 shows the infrared spectra of C-H bending
region of CsHg spanning the region 670-700 cm™ in N2 matrix, where the intense feature
observed at 678.1 cm™ is due to the CeéHs monomer in N2> matrix and the spectral bands
observed at 679.3/680.3/681.9 cm™ are due to CsHs dimer [2]. As the concentration of C4HsN
was varied, a sharp peak at 683.2 cm™ picks up in intensity.

4.2.1.1 Computational details
Computations performed at MP2/aug-cc-pVDZ level of theory indicated that the global

minimum corresponding to 1:1 C4HsN---CsHe PB-A heterodimer possesses a partially stacked
geometry with N-H--'m and cooperative m---n* interactions (NBO Analysis). Geometry
optimization of C4HsN with CsHe also resulted in another local minimum structure stabilized
only by N-H-- -7 interaction with a tilted T-shape (PB-B) geometry. In PB-A heterodimer, the
bond distances between the hydrogen H22 of C4sHsN with CeHs carbons C1/C3, C2/C6 and
C7/C10 are 2.619, 2.868 and 3.088 A, respectively clearly show the presence of N-H:--xt
interaction. Surprisingly, the donor-acceptor dihedral angle of /N15-H22-C1-C3 is 105.9° and
as a result N-H of C4HsN sub-molecule is inclined towards the C¢Hs (Figure 4.4).

Apart from this primary N-H: - & interaction, NBO analysis (which will be discussed in
section 4.4) revealed a secondary interaction between the m-electrons of the two aromatic
moieties, which plays a crucial role in altering the geometry of the PB-A heterodimer. Unlike
previous reports, a partially stacked geometry is preferred over the T-shaped structure as
revealed through computations [3-4]. Pfaffen et al. used DFT-D, spin component scaled (SCS)
MP2 and CC2 methods with aug-cc-pVTZ basis sets, which yielded a T-shaped geometry with

an N-H: - interaction for the C4HsN---CeHs heterodimer. Experimentally, the
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Figure 4.1 Grids A, B correspond to the infrared spectra of the N-H stretching region of CsHsN
in N> and Ar matrixes, respectively. All spectra shown were annealed at 30 K (N2) and 35 K (Ar)
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Figure 4.2 Grids A, B correspond to the infrared spectra of the N-H bending region of
CsHsN in N2 and Ar matrixes, respectively. All spectra shown were annealed at 30 K
(N2) and 35 K (Ar).
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Figure 4.3 The infrared spectra of C-H bending region of CeHs in N2 matrix. All
spectra shown were annealed at 30 K.



IR depletion spectra showed a red-shift of -59.0 cm™ in the N-H stretch of C4HsN submolecule
in the heterodimer from the bare C4HsN absorption and were assigned to the N-H: - -z stabilized
C4HsN---CsHe heterodimer. Dauster et al. have reported a T-shaped structure for the
C4HsN---CsHs heterodimer with a red-shift of ~-46 cm™ in the N-H stretching mode of C4HsN
in pulsed jet experiments [4]. However, none of the papers reported the computed vibrational
wavenumber for the heterodimer. Our computations indicated a red-shift of -56.2 cm™ for the
partially stacked structure. Hence, it is interesting to study the C4HsN---CsHe heterodimer at
low temperatures to predict whether the actual structure of C4HsN---CeHs heterodimer is T-
shaped or partially stacked.

Computations were also carried out for the higher clusters of CsHsN and CeHe.

Calculations performed at MP2/aug-cc-pVDZ level of theory indicated two types of higher
clusters 2:1 (C4HsN)2--CsHs (PDB) and 1:2 C4HsN--:(CeHe)2 (PBD) and the structures of these

clusters are illustrated in the Figure 4.4. The PDB and PBD clusters have N-H---x and C-H--x
interactions of C4HsN with CeHe thus forming a cyclic structure with multiple z-interactions.
Table 4.1 gives the stabilization energies of the PB heterodimer and multimers (PDB, PBD).
The comparison between the computed and experimental wavenumbers of CsHsN---CsHe
heterodimers and multimers are given in Table 4.2.

4.2.1.2 Vibrational Assignment of vi and vig Modes of CsHsN

Figure 4.1 blocks A and B correspond to the N-H stretching mode of CsHsN. The new
spectral peaks at 3461.4/3457.6 cm™ in N and at 3460.9/3456.9 cm™ in Ar matrix are red-

shifted by -53.7 and -61.3 cm™, respectively, from the C4HsN monomer absorption, match well

with the computed red-shift of -56.2 cm for the PB-A heterodimer with an N-H---m interaction.
Apart from the features due to 1:1 heterodimer, two new peaks were observed at 3406.7/3400.6

and 3442.9/3440.2 cm™ in N, matrix which increases in intensity with the



variation in the concentration of CeHs, amounts to a red-shift of -109.5 and -71.6 cm?,
respectively. The experimental shifts compare well with the computed shifts -132.5 and -91.5
cm! for the proton donor and acceptor modes of C4HsN in the 2:1 PDB cluster. Experimentally,
a new feature observed at 3452.8 (in N2) and 3449.8 cm™ (in Ar), with red-shifts of -60.4 cm™
and -70.4 cm™, respectively, that matches well with the computed red-shift of -55.9 cm™ for
the 1:2 PBD cluster.

In the N-H bending region of C4HsN, new features appearing at 545.5 and 538.8 cm'™
in N2 and Ar matrixes respectively, with a blue-shift of 56.1 cm™ from CsHsN monomer
absorption in Ar matrix correlate well with the computed blue-shift of 54.0 cm™ while in N2
matrix, a small blue-shift of 22.0 cm™ was observed. Computations predicted blue-shifts of
79.2 and 86.8 cm! for the PDB cluster which is assigned to the experimental feature at 558.3
cm™ with an observed blue-shift of 34.8 cm™ in N2 matrix. The feature at 540.5 cm™ in N2
matrix at a shift of 17.5 cm™ is assigned to PBD heterotrimer (Table 4.2). It is observed that
the N-H stretching mode of C4HsN submolecule in the heterotrimer agrees reasonably well
with the computations whereas the N-H bending mode shows large variation. The reason for
such deviations between the experimental and computed shift is likely due to the interaction of
matrix on the vibrational modes of CsHsN submolecule in the aggregate. It is important to point
out that the computations are performed for isolated gas phase molecules without taking into
consideration the effect of matrix and it is indeed difficult to incorporate the matrix effect for
different vibrational modes in the computations. Further, the levels of theory and the basis sets
used for the calculation can give rise to such deviation between the calculated and observed

vibrational wavenumber.



Table 4.1 2Raw/ZPE/BSSE Corrected Stabilization Energies (kcal mol?) of the C4HsN-
CsHs Heterodimers PB-A, PB-B and Higher Clusters PBD, PDB Computed at MP2/aug-
cc-pVDZ Level of Theory.

Heterodimers Stabilization Energies
PB-A -9.3/-8.4/-5.1

PB-BP -9.1/-8.3/-5.1

PDB -27.9/-25.8/-17.3

PBD -23.9/-21.8/-12.8

4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
bPB-B has a small negative frequency (10i).



PDB PBD

Figure 4.4 Computed structures of the 1:1, 2:1 and 1:2 C4HsN-CsHs heterodimer PB-A/B,
heterotrimers PDB and PBD optimized at MP2/aug-cc-pVDZ level of theory.



Table 4.2 Comparison of the Shift in the Experimental Vibrational Wavenumbers in N2
and Ar Matrixes with the Computed Wavenumbers of 1:1 PB heterodimer, 2:1 PDB and
1:2 PBD Higher adducts Computed at MP2/aug-cc-pVDZ Level of Theory.

-1 i -1
Computed (cm™) g Experimental (cm™) = Mode
v Av? v 2 AV v AV Assignment
Pyrrole (C4HsN)
b ] ) 483.8/482.8/4 ] N-H bending
514.9(59) 527.2/520.2 816 of CaHsN
3522.9/ N-H
3672.4(76) | - %%11%39’/255%%%’ . | 35209/3519. | - | stretching of
' ' 7 CsHsN
Benzene (CsHe)
C-H bending
678.3(116) - 678.1 - 675.0 - of CeHe
C-H
3223.4(29) - 3043.9 - 3046.8 - stretching of
CeHs
PB-A
¢ i C-H bending
685.3(156) 7.0 683.2 5.1 of CeHe
C-H
3222.4(16) -1.0 c c .
- - - - stretching of
3222.8(17) -0.6 CeHe
N-H bending
568.9(76) 54.0 545.5 22.0 538.8 56.1 of CaHsN
N-H
3616.2 (118) | -56.2 | 3461.4/3457.6 | -53.7° 3460'%’ 34%6. | 61.3¢ | stretching of
CsHsN
PB-B
i _C i _C i C-H bending
692.4(125) 14.1 of CeHe
c i c i N-H bending
542.7(20) 24.3 of CaHeN
N-H
3642.4 (331) | -30.0 € - € - stretching of
C4HsN
PDB
C-H bending
_C -
706.3(48) 28.0 692.7/691.1 13.8 of CeHe
C-H
3230.6(18) 7.2 - - - - stretching of
CeHs
594.1(22) 79.2 B ) N-H bending
601.7(10) | 8638 558.3 348 of CsHsN
3539.9 (424) | 1325 | 3406 7/3400.6 | -109.5¢ . R i
3580.9 (426) | -91.5 | 3442.9/3440.2 -71.6¢ C4H5l?l

10




PBD

690.061) | 117 i C-H bending
696.9(161) | 18.6 687.3 3.2 - - of CeHs
3215.4(21) | -8.0 C-H
3220.7(16) -2.7 - - - - stretching of
3233.2(16) | 9.8 CeHo
568.7(29) | 53.8 540.5 175 540.5 575 | N-H bending
' : ' : ' : of CaHsN
N-H
3616.5 (327) | -55.9 3452.8 -60.4 3449.8 -70.4 | stretching of
CsHsN

& AV = Vheterodimer-Vmonomer-
b Intensity in km mol™ is given in parenthesis.
¢ Experimental features were not observed.

dAverage of multiplet experimental wavenumbers of the monomers and multimers were taken

to compute the experimental shift.
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4.2.1.3 Vibrational Assignment of C-H bending mode of CsHe

Figure 4.3 shows the infrared spectra of C-H bending region of C¢Hs spanning the
region 670-700 cm™ in N2 matrix. The intense feature observed at 678.1 cm™ is due to the CsHs
monomer in N2 matrix [5]. For comparison, the infrared spectrum of CsHsN is also shown
(trace ‘a’ of Figure 4.3), which has no absorption in this region. In CeHs, features due to CeHs
dimer were observed at 679.3/680.3/681.9 cm™ [5]. As the concentration of C4HsN was varied,
a sharp peak at 683.2 cm™ picks up in intensity that amounts to a blue-shift of 5.1 cm™, which
is in close agreement with the computed shift of 7.0 cm™ for the PB-A heterodimer (Figure 4.3,
Table 4.2). A doublet observed at 692.7/691.1 cm™, with a blue-shift of 13.8 cm™ correlates
with the computed blue-shift of 28.0 cm™ for the 2:1 PDB cluster. For the 1:2 PBD cluster,

computed shift of 11.7/18.6 cm™ matches with the experimental shift of 9.2 cm™ in N, matrix.
The experimental features corresponding to the 1:1 C4HsN---CsHe PB-A, 1:2 C4HsN--CeHs

PBD and 2:1 C4HsN---CsHe PDB complexes were not observed in Ar matrix.

It should be emphasized that apart from the shift in the vibrational wavenumbers of the
heterodimers with respect to the monomers, the variation of intensity is also a clear
manifestation of complexation. As seen from the Table 4.2, the infrared absorption intensities
of the N-H stretching and bending modes of C4HsN monomer and the C-H bending mode of
CeHs were found to be 76, 59 and 116 km mol, respectively. Upon complex formation, these
modes displayed an increased infrared absorption intensity of 118, 76 and 156 km mol™,
indicating distinctly that these modes are perturbed due to the formation of heterodimer, with
a concomitant red- and blue-shift of vibrational wavenumbers from the monomer absorption
band respectively. Experimentally, the corresponding red- and blue-shifts due to heterodimer

formation are observed in N> and Ar matrixes.

4.2.2 Pyrrole:--Ethylene

12



As discussed in Chapter 3 pyrrole homodimers (C4HsN), were observed in N2 matrix

at 3503.4, 3500.8 and 3423.4, 3417.3, 3414.2 cm™ (Figure 4.5a, grids A and B). It is obvious
from the Figure 4.5 that the Ar matrix spectra were simpler and devoid of dimers and multimers
when compared to N2 matrix. New peaks were found at 3510.4, 3505.5, 3502.4, 3467.7, 3461.5,
3450.7, 3439.0, 3412.5 and 3400.4 cm™ in N2 and at 3520.9, 3484.8, 3480.9, 3470.6, 3469.4,
3463.6, 3388.9, 3384.1 and 3380.0 cm™ in Ar matrix, which increases in intensity as the
concentration of C2H4 was varied. Further, as the concentration of C2Hs was varied in N2
matrix, the peaks corresponding to C4HsN monomer and dimer decreased remarkably in
intensity and the new spectral features picked up intensity, clearly confirming the possibility
of forming heterodimers and multimers involving CsHsN and CaHa.

Figure 4.6 shows the infrared spectra of N-H bending mode of CsHsN in N2 matrix,
where CsHsN monomer feature is observed as a doublet at 520.2/527.2 cm™. As the
concentration of CoHs was varied, new peaks were observed at 524.5, 526.0, 532.5, 534.7,
535.6 cm™. No new features were discerned in the N-H bending region of C4HsN in Ar matrix.
Figure 4.7 grids A and B show the C-H bending region of CzHa in N2 and Ar matrixes,
respectively. The feature observed at 950.0 cm™ in N2 matrix is due to C.Hs monomer and the
corresponding feature in Ar matrix was observed at 947.6 cm™ [6]. In the co-condensation
experiments, new features start appearing and picked up in intensity in N2 matrix at 959.7,
956.5, 940.4, 938.7, 936.0 and 933.6 cm™ and in Ar matrix at 950.0 and 945.2 cm
respectively.
4.2.2.1 Computational details

Geometry optimization of C4HsN with C2H4 indicated four minima corresponding to
1:1 PE-A, PE-B, PE-C and PE-D heterodimers. Table 4.3 gives the stabilization energies of the

C4HsN-C2Hg hetero dimers and trimers and Figure 4.8 illustrates the structures. The BSSE
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Figure 4.5 Grids A, B correspond to the infrared spectra of the N-H stretching region
of C4HsN in N2 and Ar matrixes. All the spectra shown were annealed at 30 K (N2)

and 35 K (Ar).
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Figure 4.6 The infrared spectra of the N-H bending mode of CsHsN in N2
matrix are depicted. All spectra shown were annealed at 30 K (N2).
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Figure 4.7 Grids A and B corresponds to the infrared spectra of the C-H bending region
of C2H4 in N2and Ar matrixes. All spectra shown were annealed at 30 K (N2) and 35 K
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corrected stabilization energy of the four heterodimers is in the order PE-A<PE-B<PE-C<PE-
D, clearly showing the PE-A heterodimer is the global minimum. The PE-A is exothermic by
~0.21 kcal mol™* with respect to PE-B rendering the heterodimers to be nearly isoenergetic. In
PE-A heterodimer, the bond distances between the H16 of C4HsN and the carbons C1 and C2
are equidistant (2.462 and 2.467 A, respectively), indicating an N-H-n interaction. The
dihedral angle of 174° between N1-H9-C1-C2 clearly shows that the C4HsN molecule is
perpendicular to the m-electron cloud of CoHs. In the PE-B heterodimer, the bond distance
between the H5 of C,H, with the ring carbon C7 is 2.689 A, C8, C11is 2.699 A, C10 is 2.714
A and N9 is 2.719 A of C4HsN, clearly indicating a C-H'*'m interaction. PE-C heterodimer
shows a - -7* interaction, where the bond distance between the carbons C11 and C12 of C2H4
and carbons C2 and C4 of C4HsN are 3.269 and 3.264 A, respectively. PE-D heterodimer is the
least energetic, where the bond distance between the hydrogen atoms, H6 and H9 of CsHsN
with carbon C11 of C,H4 are 2.819 and 3.028 A, respectively.

Computations optimized two structures corresponding to (CsHsN)2---CoHa (PDE-A and
PDE-B) clusters and one geometry corresponding to CsHsN---(C2Ha4)2 (PED) cluster as shown
in Figure 4.8. All the three clusters are stabilized by multiple N-H: -z and C-H" -7 interactions
between C4HsN and C2Ha.
4.2.2.2 Vibrational Assignment of v1 and vie Modes of CsHsN

Figure 4.5 grids A and B illustrate the infrared spectra of N-H bending region of C4HsN
in N2 and Ar matrixes with variation in concentration of CoHa. Apart from the features due to
C4HsN multimers and C4HsN-H20 (will be discussed in Chapter 5) heterodimer, new features
were observed as a doublet at 3467.7/3461.5 cm™ in Nz and the corresponding feature at
3484.8/3480.9 cm™in Ar, red-shifted by of -48.6 and -37.3 cm, respectively that compares
with the computed red-shift of -72.6 cm™ for the global minimum PE-A heterodimer (Table

4.4).
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Table 4.3 Raw/ZPE/BSSE-Corrected Stabilization Energies (kcal mol™t) of CsHsN-C2Ha

Heterodimers PE-A, PE-B, PE-C, PE-D and Higher Clusters PDE-A, PDE-B and PED
Computed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimers Raw?/ZPE/BSSE
PE-A -4.47/-3.85/-2.91
PE-B -4.89/-4.10/-2.70
PE-C -4.03/-3.48/-1.90
PE-D -2.38/-1.77/-1.08

PDE-A -19.87/-18.02/-13.11
PDE-B -15.19/-16.48/-8.74
PED -11.21/-9.54/-6.71

8Raw interaction energies refer to energies not corrected for either ZPE or BSSE
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PDE-A

PDE-B

2.686A " . 2.695A

PED

Figure 4.8 Structures of the 1:1, 2:1 and 1:2 C4HsN-C2H4 PE-A, PE-B, PE-C, PE-D, PDE-
A, PDE-B and PED complexes computed at MP2/aug-cc-pVDZ level of theory.
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Computations predicted a red-shift of -4.5 cm for the first local minimum PE-B heterodimer,
which agrees well with the experimentally observed feature at 3502.4/3505.5 cm™, with a red-
shift of -9.7 cm™ in N2 matrix. In Ar matrix, due to the presence of multiple site split (CaHsN),
features, PE-B heterodimer could not be clearly discerned. The stacked second local minimum
(PE-C heterodimer) showed a very small red-shift of -1.4 cm™, which compares well with the

experimental red-shifts of -2.8 and -0.7 cm™ in N2 and Ar matrixes, respectively. It should be

mentioned that PE-C is structurally similar to the C4HsN-N2 dimer, which is stabilized by 7t--7*
interaction (m stacking) with a red-shift of ~1.5 cm™ and this dimer was experimentally
observed in Ar matrix [7]. In the N-H stretching region of C4HsN, experimentally new features
were observed at 3412.5/3400.4 and 3450.7 cm™ with red-shifts of -106.7 and -62.5 cm™in N
matrix and the corresponding feature in Ar matrix at 3388.9/3384.1/3380.0 cm™ and 3470.6
cm* with the red-shifts of -135.9 and -49.6 cm™ respectively. These shifts agree well with the
computed red-shifts -129.8 and -107.1 cm™ of the PDE-A cluster (Table 4.4). With the increase
in concentration of CzH4, these peaks decrease in intensity due to the predominance in the
formation of 1:1 PE heterodimers (Figure 4.8).

For the PED cluster, computations indicated a red-shift ~-67.9 cm™ that matches well
with the experimental red-shifts of -73.8 and -53.7 cm™ in N2 and Ar matrixes, respectively
(Table 4.4). No new features could be discerned for the PDE-A and PED cluster in the N-H
bending of CsHsN and C-H stretching and bending modes of C2Ha in either N2 or Ar matrixes.
It is illustrative from the Table 4.4 that the infrared absorption intensity of the N-H bending
mode of the PDE-A and PED higher clusters was computed to be 302/448 and 287 km mol*,
respectively, which is higher than the C4HsN monomer absorption intensity. Experimentally,
evidence for the formation of the higher clusters was observed only in the N-H stretching mode

of C4HsN sub-molecule in N2 and Ar matrixes.
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In the N-H bending mode of CsHsN, although computation indicated a red-shift of -64.7 cm™
for the PE-A heterodimer, experimentally new peaks were not observed for this heterodimer in
N2 and Ar matrixes. The probable reason for not observing the experimental feature could be
the negligible infrared absorption intensity (~17 km mol?) of PE-A heterodimer.
Experimentally, site split features observed at 532.5/534.7/535.6 cm™, with an average blue-

shift of 7.6 cm™ in N, matrix correlates well with the computed blue-shift of 5.7 cm™ for the

PE-B heterodimer. For the PE-C heterodimer with a ---n* interaction, computations indicated
a small red-shift of -0.2 cm™ that agrees reasonably well with the experimental blue-shift of
1.7 cm™ in N2 matrix. No new feature was observed for the PE-C heterodimer in Ar matrix in
this region (Table 4.4).
4.2.2.3 Vibrational Assignment of C-H bending mode of CoHs

Infrared spectra of C-H bending region of C2H4in N2 and Ar matrixes are shown in
Figure 4.7 grids A and B, respectively. The feature observed at 950.0 cm™ in N2 matrix is due
to C2H4 monomer absorption and the corresponding feature in Ar matrix was observed at 947.6
cm™. The peak at 959.4 cm™ in Ar matrix corresponds to CoHs-H2O heterodimer [6]. As the
concentration of C4HsN varied, new feature at 959.7 in N2 and at 950.0 cm™ in Ar matrixes
were blue-shifted by 9.7 and 2.4 cm™ respectively from the monomer absorption, which is in
agreement with the computed blue-shift of 14.4 cm™ for the PE-A heterodimer. The computed

blue-shift of 9.1 cm™ for the PE-B heterodimer matches well with the experimental blue-shift

of 6.5 cm™ in N2 matrix. Surprisingly, for the PE-C heterodimer with a n---n* interaction,
computations indicated a red-shift of -24.1 cm™ that agrees with the experimental red-shifts of
-11.6 and -2.4 cm® in N2 and Ar matrixes, respectively. These peaks were tentatively assigned
to the PE-C heterodimer, since the peaks intensified on increasing the concentration of C4HsN

(Table 4.4).
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Table 4.4 Comparison of Shift in the Experimental Vibrational Wavenumbers in N2 and
Ar Matrixes with the Computed Wavenumbers of the 1:1 PE-A, PE-B, PE-C
Heterodimers and 2:1 PDE, 1:2 PDE Higher Adducts Computed at MP2/aug-cc-pVDZ
Level of Theory.

Computed (cmt)

Experimental (cm?)

; e No Ar Mode Assignment
A \ Av \ \ Av
Pyrrole
b i i 483.8/482.8/ i N-H bending of
514.9(59) 527.2/520.2 4816 CaHeN
C-H bending of
718.4(176) - 729.9 - 722.2 - CaHeN
3519.3/3513. 3522.9/ N-H stretching of
3672.4(76) - 8/3510.9/350 - 3520.9/3519. - g
CsHsN
8.9 7
Ethylene
979.4(95) | - 9500 | - | 9476 | - | C-Hbending of CoHs
PE-A
993.8(125) | 144 959.7 9.7 950.0 2.4 | C-H bending of C2H4
¢ ) ¢ i N-H bending of
579.6(17) | 64.7 CaHeN
C-H bending of
722.3(156) | 3.9 731.1 1.2 723.5 1.3 CaHeN
3599.8 i 3467.7/3461. | o ~q | 3484.8/3480. | - . N-H stretching of
(430) 72.6 5 48.6 9 37.3 CaHeN
PE-B
988.5(62) 9.1 956.5 6.5 - - C-H bending of C2H4
535.6/534.7/ d ¢ i N-H bending of
520.6(76) 5.7 530 5 7.6 CaHsN
¢ i ¢ i C-H bending of
724.3(181) | 5.9 CaHeN
i 3502.4/3505. | 4 -q ¢ i N-H stretching of
3667.9(76) 4.5 5 9.7 CaH=N
PE-C
055.3(07) | 241 | X007 g1 | aas2 | 24 | C-Hbending of CoHs
i d c i N-H bending of
514.7(74) 0.2 526.0/524.5 1.7 CuHsN
C-H bending of
- _cC . c _
718.3(183) 0.1 CaHeN
N-H stretching of
3671.0(72) | -14 3510.4 -2.8 3520.9 -0.7 CaH=N
PDE-A
1006.3(64) | 26.9 - - - - C-H bending of CoH4
596.9(38) | 82.0 c i c i N-H bending of
604.2(17) | 89.3 C4HsN
3542.6 - 3412.5/3400. | -106.7¢ | 3388.9/3384. - N-H stretching of
(302) 129.8 4 -62.5 1/ 3380.0 135.9¢ C4HsN




3565.3 - 3450.7 3470.6 -49.6
(448) 107.1
PED
989.9(64) | 105 ¢ i c ] ] .
995.6(99) | 16.2 C-H bending of CoHs
¢ ) c i N-H bending of

582.6(42) | 67.7 CaHeN

3604.5 3469.4/3463. N-H stretching of

(287) -67.9 3439.4 -73.8 5 -53.7 CaHeN

AV = Vheterodimer-Vmonomer; *Intensity in km.mol™ is given in parenthesis; ‘Experimental features
were not observed; “Average of the multiplet experimental wavenumbers of the monomers and
multimers were taken to compute the experimental shift.
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4.2.3 Pyrrole:--Acetylene
Experiments for C4sHsN---C2H: heterodimer were performed in N2 and Ar matrixes. The

formation of 1:1, 1:2 and 2:1 C4HsN--CH: heteroadducts were evidenced in the C-H
stretching, bending modes of C;H>, N-H stretching, bending and C-H bending modes of
CsHsN, respectively. Since both C2H2 and C4HsN are capable of self-association, the formation
of dimers and trimers were found in all the matrixes.

Figure 4.9 grids A and B show the annealed spectra of the C-H stretching (v3) and grids
C and D correspond to the bending (vs) region of CoHz in N2 and Ar matrixes. In N2 and Ar
matrixes, the vs mode of C2H has strong absorptions at 3283.3 and 3288.5 cm'%, respectively.
The doubly degenerate vs mode of CoHa splits in N2 matrix and appears as a doublet at 741.7
and 746.8 cm™ whereas in the Ar matrix the same mode was observed as a single sharp peak at
736.8 cm (not shown in the figure). The features due to C2H2 dimer were observed in N at
3279.2,3264.7, 3257.0, 752.3, 755.2, 760.3, 765.8 cm™ and at 3285.2, 3262.8, 762.0 and 760.8
cm? in Ar matrix [8,9,10]. Since, water is an inevitable impurity in matrix isolation
experiments, the features due to C2H2-H20 heterodimer in N2 and Ar matrixes were produced
at 3218.5/3222.5 and 3240.1 cm?, respectively [8,9]. When C4HsN concentration was varied
and the matrix was annealed, new features started appearing in the C-H stretching and bending
regions of CoH. in N matrix at 3242.3, 3239.9 cm™ and 763.7 cm™; and in Ar matrix at 3252.2,
3245.4,3231.7 cm™ and 764.2, 757.4 cmL,

Figure 4.10 grids A, B show the annealed spectra corresponding to the N-H stretching
region of C4sHsN in N2 and Ar matrixes. Features due to the monomer and multimers of CsHsN
were observed in N2 and Ar matrixes (discussed in detail in Chapter 3). Co-deposition of
precursors followed by annealing, new spectral bands were produced at 3504.6, 3497.6, 3491.3,
3479.7,3474.4, 3463.6, 3450.8 and 3443.1 cm™ in N, and in Ar at 3460.5, 3458.3 cm™. Figure

4.11 grids A, B show the N-H bending mode of C4HsN in N2 and Ar matrixes.
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Co-deposition experiments produced new features at 562.6, 560.4, 558.3, 556.8, 554.9, 553.9,
539.5 and 538.3 cm™ in N, and 503.5, 502.6 cm™ in Ar matrixes. The intensity of all these
new bands increased as a function of C2H2 concentration, clearly showing that the new features
could be due to the formation of C4HsN-C2H: heterodimer and multimers.

Figure 4.12 blocks A and B illustrate the C-H bending mode of CsHsN in N2 and Ar
matrixes, respectively, where apart from C4sHsN monomer absorption at 729.9 cm™ in N2 and
725.4/721.9/720.5 cm™ in Ar, on addition of C,H, new peaks appear at 736.4 and 728.7 cm™
in N2 and Ar matrixes, respectively.

4.2.3.1 Computational details

Geometry optimization performed at MP2 level of theory using aug-cc-pVDZ basis set
yielded three minima corresponding to the 1:1 C4HsN-C2H> heterodimers PA-A, PA-B and
PA-C. Figure 4.13 shows the structures of the heterodimers optimized at MP2/aug-cc-pVDZ
level of theory. Ozaki and co-workers [11] carried out the calculations on 1:1 C4sHsN-C2H> and

C4HsN-C2H4 heterodimers at DFT//B3LYP/6-311++G (3df, 3pd) level of theory and optimized

only the N-H---x structure. Our calculations indicated C-H-+-w and N-H---7 structures to be the

global and local minima, respectively on the potential energy surface. For the heterodimer PA-

A stabilized by C-H---m interaction, the bond distance between the hydrogen H14 of CoH» with
carbons C1 and C5 of C4HsN is 2.545 A. Further, the bond distance between H14 with C2, C4
and N3 of C4HsN is 2.587 A and 2.601 A, respectively and hence the hydrogen H14 of C,H.
is closer to the carbons C1 and C5 of C4HsN. Furthermore, the bond angle between the H14-

C1-C2 and H14-C4-C5 is of the order of ~ 75° which directs the hydrogen H14 of CoH towards

the carbons C1 and C5 of C4HsN. Due to this C-H---xt interaction, the C-H bond in C2Hz and
N-H bond in C4HsN slightly gets elongated in the heterodimer PA-A with the order of 0.003

and 0.001 A, respectively from the monomer.
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Figure 4.9 Matrix isolated infrared spectra of C-H stretching and bending regions of
C2H:2. Blocks A & C correspond to the 30 K annealed spectra in N2, B & D to the 35 K
annealed spectra in Ar matrixes, respectively.
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For the heterodimer PA-B, the bond distances between the hydrogen H10 of C4HsN and

carbons C11 and C12 of CzH; are equal (2.423A), indicating an N-H---r interaction. The bond
angle between N3-H10-C11 and N3-H10-C12 is ~ 165° and the corresponding dihedral angles

between C4-N3-H10-C12 and C4-N3-H10-C11 are ~ 92° and -92° clearly showing that the

C4HsN is perpendicular to CoH2 and forms a T-shaped heterodimer. Due to the N-H---x

interaction in PA-B, the N-H and C-H bond length of C4sHsN and CzH> are elongated by 0.003

and 0.001A, respectively. Heterodimer PA-C is stabilized by m---n* interaction between the -
electron clouds of C2H2 and C4HsN. The bond distance between the C11 and C12 of C2H: to
the carbons C2 and C4 of C4HsN are 3.278 and 3.268 A, respectively. Table 4.5 gives the
Raw/ZPE/BSSE-corrected stabilization energies of the binary C4HsN-C2H. heterodimers. At
the MP2/aug-cc-pVDZ level, the ZPE corrected energies of the heterodimer PA-A is -5.46, for
the heterodimer PA-B is -3.73 and for PA-C is -2.75 kcal.mol?, respectively. On the other
hand, BSSE corrected values for PA-A, PA-B and PA-C were -3.75, -2.97 and -1.45 kcal
mol?, respectively, suggesting a possibility of formation of all the three heterodimers in low
temperature conditions, since the energy gap becomes 0.78 (PA-B) and 2.3 (PA-C) kcal mol*
only, with respect to the most stable isomer.

In order to find out the next possible region of attack of C2H2 or C4HsN on the CaH»-
C4HsN heterodimer, ab initio computations were performed for the higher clusters. Two
minima corresponding to the 1:2 CoH2-C4HsN heterotrimers PPA-A and PPA-B and three
minima for the 2:1 CoH>-C4HsN heterotrimers PAA-A, PAA-B and PAA-C were optimized in
the potential energy surface. Figure 4.13 shows the structures of 2:1 and 1:2 CH2-CsHsN

heterotrimers computed at MP2/aug-cc-pVDZ level of theory. The higher aggregates are

stabilized by the combination of both C-H-+-w and N-H---x interactions or C-H---m interactions.
Table 4.5 gives the stabilization energies of the 2:1 and 1:2 CoH2-CsHsN heterotrimers,

computed at MP2/aug-cc-pVDZ level of theory. Among the 2:1 CoH2-CsHsN
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heterotrimers, the ZPE corrected energy indicated that the heterotrimer PAA-A is
exothermic by -11.44 kcal mol™ and it is more stable than heterodimer PAA-B and PAA-C at

MP2/aug-cc-pVDZ level of calculation. It should be noted from the Figure 4.13 that

heterotrimer PAA-A forms a cyclic structure with two C-H-+-n and one N-H---n interactions
between the CoH, and C4HsN. The bond distance between the hydrogen H3 of CoH; with
carbons C9, C13 of C4HsN is 2.528 and 2.538 A and hydrogen H18 of C4HsN with carbons
C5, C6 of CoH. is 2.361 and 2.592 A and hydrogen H8 of C,H, with carbons C1 and C2 of
C2H2is 2.642 and 2.613 A making the heterotrimer cyclic. The other two heterotrimers PAA-
B and PAA-C have the open structures and ZPE corrected stabilization energy for the
heterotrimers are -7.25 and -5.21 kcal mol™? respectively. The ZPE corrected stabilization

energy for the 1:2 CoH>-C4HsN heterotrimers PPA-A and PPA-B are -19.84 and -15.54 kcal
mol™ respectively. Heterotrimer PPA-A forms a cyclic structure with two N-H-+-r and one C-

H--- interactions with a bond distance between the H20 with carbons C1 and C2 of C4HsN is
2.355A and between the H10 of C4HsN with carbons C21, C22 are 2.354 and 2.443A and the
hydrogen H24 of CH. with carbons C11 and C15 of CsHsN are 2.487 and 2.498 A.
Heterotrimer PPA-B has an open structure.
4.2.3.2 Vibrational Assignments in vsmode of CoH»

When CsHsN concentration was increased in the CaHa/inert gas mixture, new features
started appearing in the vs C-H stretching region of C,H. sub-molecule in N2 matrix at
3242.3/3239.9 cm™ and in Ar matrix at 3252.2/3245.4/3231.7 cm™. The experimental red-

shifts of -42.2 (N2) and -45.4 (Ar) matches well with the computed shift of -36.5 cm™ for the

C-H---wt heterodimer PA-A. No feature was observed for the heterodimer PA-B in N2 or Ar

matrixes in this region. In our earlier studies on C>H,-CH3OH and C2H,-CeHsOH system, both

C-H---O and O-H---x heterodimers were observed in N2 matrix [9,12].
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Table 4.5 RAW?/ZPE/BSSE Corrected Stabilization Energies for the 1:1, 1:2 and 2:1
C2H2-C4HsN Complexes computed at MP2/aug-cc-pVDZ Level of Theory.

Stabilization Energy (AE)
Complex
MP2/aug-cc-pVDZ
PA-A -6.26/-5.46/-3.75
PA-B -4.36/-3.73/-2.97
PA-C -3.01/-2.75/-1.45
PAA-A -13.34/-11.44/-8.02
PAA-B -8.63/-7.25/-4.65
PAA-C -6.50/-5.21/-3.83
PPA-A -21.89/-19.84/-13.62
PPA-B -17.10/-15.54/-9.69

All energies are in kcal mol™.
4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
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Table 4.6 Comparison of Shift in the Experimental Vibrational Wavenumbers in N2 and
Ar Matrixes with the Computed Wavenumbers for the C2H2-C4HsN complexes PA-A,
PA-B, PPA-A and PAA-A. Computations were performed using MP2/aug-cc-pVDZ
Level of Theory.

Computed v (cm™)

Experimental v (cm™?)

Mode Assignment

N2 Ar
v Av? v ‘ Av? v ‘ Av?
Acetylene
703.0(94)° - 741.7/746.8 - 736.8 - C-H bending of C;H2
3431.7(93) | - 3283.3 i 3288.5 _ | C-Hantisym. str. of
CoH2
Pyrrole
514.9(59) | - 520.2/527.2 : 4834%’1‘%2'8/ - | N-H bending of C4HsN
718.4(177) - 729.9 - 725'7‘% 251'9/ - | C-H bending of C4HsN
3519.3/3513.8/ 3522.9/ N-H stretching of
3672.4(16) ] 3510.9/3508.9 ] 3520.9/3519. | C4HsN
PA-A
715.3(54) | 12.3 | ~ .
730.4(164) | 36.4 763.7 19.0 764.5/757.4 | 35.4° | C-H bending of C2H>
3395.2 i 1o od | 3252.5/3245. - C-H antisym. str. of
(260) 36.5 | 3242.3/3239.9 42.2 4/3231.7 45 49 CoHs
534.4(71) 19.5 539.5/538.3 15.2¢ 503.5/502.6 | 20.3 | N-H bending of CsHsN
726.2(77) 7.8 736.4 6.5 728.7 6.5 | C-H bending of C4sHsN
i i _c i N-H stretching of
3666.1(80) 6.3 3504.6 6.8 CuH:=N
PA-B
705.6(81) 2.6 ¢ i . ] ] .
722.1(115) | 191 C-H bending of C2H>
3420.3 114 K ) c ) C-H antisym. str. of
(109) ' CoH,
584.8(16) | 69.9 553.9/554.9 30.7° - - N-H bending of C4HsN
727.8(153) 94 € - - - C-H bending of C4HsN
3616.4 ) g od | 3460.5/3458. | N-H stretching of
(399) 56.0 | 3474.4/3479.7 34.3 3 60.8 CaHeN
PAA-A
712.0(34) 9.0
748.5(136) | 45.5 r ] . ] ] .
754.3(75) 513 C-H bending of CoH>
767.7(70) 64.7
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3377.0

(185) -54.6 c i C-H antisym. str. of
3382.9 -48.7 C2oH2

(316)

588.6(36) | 73.7 558'3’5’%0'9’ 56 | 36.9¢ N-H bending of CaHsN
77532860((16921)) :1322 - - C-H bending of C4HsN
3607.3 N-H stretching of

(201) -65.1 3463.6 -47.7 CuH:=N
PPA-A
;%%gég ég; - - C-H bending of CzH>
3356.5 751 ¢ i C-H antisym. str. of
(296) ' C2oH2
600.3(37) | 85.4 566.3 42.6 .
606.7(11) | 91.8 568.4 44.7 N-H bending of CsHsN
733.5(143) | 15.1 € - C-H bending of C4HsN
3576.1
(394) -96.3 | 3450.8/3443.1 | -64.5° N-H stretching of
3533.2 | -139.2 | 3404.8/3401.4 | -110.3¢ CaHsN
(391)

& AV = Vheterodimer-Vmonomer; ° Intensity in km mol is given in parenthesis; ¢ Experimental features
were not observed; YAverage of multiplet experimental wavenumbers of the monomers and

multimers were taken to compute the experimental shift.
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PAA-C

Figure 4.13 Structures of 1:1, 2:1 and 1:2 C2H2-C4HsN heterodimers PA-A, PA-
B, PA-C, PPA-A, multimers PPA-B, PAA-A, PAA-B AND PAA-C computed at
MP2/aug-cc-pVDZ level of theory.
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4.2.3.3 Vibrational assignments in the vs mode of CoH>

Computations showed that the doubly degenerate vs C-H bending mode gets split on
heterodimer formation and occurs at 715.3 and 739.4 cm™. Experimentally, new feature was
observed at 763.7 and 764.2/757.4 cm™ in N2 and Ar matrixes, respectively (Figure 4.9 grids
D, E). The experimental blue-shift of 19.0 (N,) and 35.4 (Ar) cm™ agrees well with computed
blue-shift of 36.4 cm™ for the heterodimer PA-A (Table 4.6). The other computed feature at
715.3 cm™* with a blue-shift of 12.1 cm™ could not be observed experimentally in the matrixes
(Figure 4.9 grids D, E).

For the heterodimer B, the computations indicated a blue-shift of 2.6 and 19.1 cm™.
Experimentally, we could not discern any new feature for the heterodimer PA-B in the
matrixes.
4.2.3.4 Vibrational assignments in the vn.n Stretching mode of C4HsN

When CzH> concentration was varied in CsHsN/inert gas mixture, new feature was
observed in the N-H stretching region of pyrrole sub-molecule in N2 matrix at 3504.6 cm™.

The experimental red-shift of -6.8 (N2) from the C4HsN monomer absorption matches well

with the computed red-shift of -6.3 cm™ for the C-H:--r heterodimer PA-A where CsHsN acts
as a proton acceptor. The corresponding feature was not observed in the Ar matrix.
Furthermore, new features were observed experimentally at 3479.7/3474.4 cm™ (N2) and

3460.5/3458.3 (Ar) which were red-shifted by -34.3 cm™ in N2 and -60.8 cm™ in Ar, compared

well with the computed shift of -56.0 cm™ for the heterodimer PA-B with N-H---x interaction,
where pyrrole acts as proton donor (Table 4.6).

In N2 matrix, a new peak was observed in the N-H stretching region of C4HsN sub-
molecule at 3463.6 cm™, with a red-shift of -47.7 cm™, comparing with the computed red-shift
of -65.1 cm for the cyclic heterotrimer PAA-A. Furthermore, new peaks were observed in N2

matrix at 3450.8, 3443.1, 3404.8 and 3401.4 cm™, shifted by -64.5 and -110.3 cm™
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matched well with the computed shifts of -96.3 and -139.2 cm? of the CyH,-CsHsN
heterotrimer PPA-A. The corresponding bands were not seen in Ar matrix.
4.2.3.5 Vibrational assignments in the vn-+ bending mode of CsHsN

On heterodimer formation, new features were observed in the N-H bending region at
539.5/538.3 cm™ in N2 and 503.5/502.6 cm™ in Ar matrix. The experimental blue-shift of 15.2
(N2) and 20.3 (Ar) cm™ correlates well with the computed blue-shift of 19.5 cm™ for the
heterodimer PA-A. The experimental feature observed at 553.9/554.9, at a blue-shift of 30.7
cm can be assigned to PA-B having a computed blue-shift of 69.9 cm™. No new feature could
be observed for the heterodimer PA-B in Ar matrix.

New features were observed in N, matrix at 558.3, 560.9 and 562.6 cm™, which
amounts to a blue-shift of ~ 36.9 cm™. The experimental shift agrees reasonably well with the
computed shift of 73.7 cm™ for the heterodimer PA-A. Furthermore, the experimental feature
observed in N2 matrix at 566.3, 568.4 with a blue-shift of 42.6 and 44.7 cm™ matches well with
the computed blue-shift of 85.4 and 91.8 cm™ for the heterodimer PPA-A. The corresponding
peaks for the higher aggregates were not seen in Ar matrix (Table 4.6). Experimentally, new
features for the higher heterotrimers PAA-A, PAA-B, PAA-C and PPA-A, PPA-B in the v3, vs
modes of C2H> and vc-+ bending mode of CsHsN sub-molecule were not observed.

It should be mentioned that the computed shift in the N-H bending mode of C4HsN
submolecule was larger when compared to the N-H stretching mode. This observation is likely
due to the effect of Ar/N2 matrix on the N-H bending and stretching vibrational modes of
C4HsN monomer and C2H2-CsHsN heterodimers. Based on the experimental observation, it can
be concluded that the interaction of Ar/N2 matrix on the N-H bending and stretching modes of
C4HsN in the CoH2-CsHsN heterodimer is very different, due to which there is a large deviation

between the experiment and computation in the N-H bending mode. In fact,
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the experimental wavenumbers of N-H stretching mode of C4HsN are red-shifted by ~-9.0 (Ar)
and -17.8 (N2) cm™, respectively, in the matrixes with respect to the gas phase value [1, 13,
14]. Notably, the shift in the matrix with respect to the gas phase is an indicator of the effect of
matrixes on the vibrational modes of C4HsN.

4.2.3.6 Vibrational assignments in the vc-n bending mode of C4HsN

The C-H bending mode of C4HsN shows a strong absorption at 722.2 and 729.9 cm™
in Ar and N2 matrixes, respectively (Figure 4.12). The experimental feature observed at 728.7
and 736.4 cm™ in Ar and N> matrixes, with the blue-shift of 6.5 cm™ in both Ar and N2 matrixes
compares well with the computed blue-shift of 7.8 cm™ for the heterodimer PA-A.
Experimentally, the feature corresponding to heterodimer PA-B could not be discerned in either
in Ar or in N2 matrix at this mode (Figure 4.9 grid E, Figure 4.12 grids A & B).

4.3 Atoms-in-Molecules Analysis

Atoms-in-molecules (AIM) analysis uses the gradient of electron density, V2p(rc) to
partition the molecules into atoms and to show that they are chemically bonded by forming
bond paths along the critical points (bond critical point, bcp) between the atoms. The formation
of hydrogen bond between CsHsN and C2H2/C2H4/CeHe was confirmed by the presence of (3,
-1) bcps, between the interacting atoms along the atomic interaction line. The (3, -1) bcp
signifies the presence of electron density p(rc) between the pair of atoms and the nature of
interaction is known by the value of the gradient of electron density, V2p(rc). Table 4.7(A-C)
lists the values of electron density (p), Laplacian (V?p(rc)) and the Eigen values (A1, A2, A3) for
the intermolecular bcps of the 1:1 PB-A, PE-A, PE-B, PE-C, PE-D, PA-A and PA-B

heterodimers, respectively. Figures 4.14 (I-VII) illustrate the AIM plots showing the
intermolecular bep, ring critical point (rcp) and cage critical point (ccp) of the C4sHsN---CeHes,
C4HsN---C2H2 and C4HsN---C2Ha heterodimers. From the table, it is clear that the magnitude of

p(rc) and V2p(rc) at the bep for all the heterodimers is of the order of 102 a.u., which is
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indicative of the weak nature of interaction of closed shell type. In PB-A heterodimer (Figure
4.14 1V), AIM analysis divulged two bcp’s between the nitrogen of C4sHsN and the carbon of
CesHe and one bcp between the hydrogen of C4HsN with the n-electrons of CeHe ring. One of
the bcps had a higher magnitude of p, while the other two bcps have similar values and
marginally less than the former explaining the angular distortion of the heterodimer, something
between a pure T-shape and a pure n'-'7* stacking (Table 4.7A). In PE-A heterodimer (Figure
4.14 V), the only N-H" 7t interaction shows a bcp between the bridging H atom and the n-cloud
of CoHa (Table 4.7B). For the PE-B heterodimer (Figure 4.14 V1), three intermolecular bcps,

rcps and one ccp between the C2H4 and CsHsN confirm the interaction is of C-H ' type. The

presence of n---w*/nn:+-m* bonding defines the angular distortion of C2H4 towards the C4HsN-
ring, instead of a perpendicular structure. In PE-C heterodimer (Figure 4.14 VII), two
intermolecular bcps were found between the carbons of C4sHsN and CoHa, confirms the 7--m*
interaction. Finally, the PE-D heterodimer showed two intermolecular bcps between the
hydrogen of C4HsN with the carbon of C2H4 thus forming a C-H:-C interaction. The magnitude

of p(rc) and V2p(rc) at the intermolecular beps are the lowest and shows that PE-D (Figure 4.14

VII1) is the weakest among all the heterodimers. For the C-H---w heterodimer PA-A (Figure
4.14 1), AIM analysis indicated two bcps between the hydrogen H14 of C;H> and carbons C1
and C5 of C4HsN, two (3,+1) rcp and one (3,+3) ccp satisfying the Poincare-Hopf rule. For the
heterodimer PA-B, AIM analysis showed one (3,-1) bcp between the hydrogen of C4HsN and
carbons C11, C12 of CoH>. Table 4.7C gives the properties of the bcp between the heterodimers
PA-A and PA-B computed at MP2/aug-cc-pVDZ level of theory.
4.4 Natural Bond Orbital Analysis

Natural bond orbital (NBO) analysis is a useful tool to understand the nature of the

interaction in the hydrogen bonded heterodimers. In NBO analysis, the off-diagonal element

in the NBO basis gives the measure of the delocalization effects and the second order
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perturbation energy (E2) gives the magnitude of delocalization interactions [15]. The present
work compares the N-H---n/C-H---zt type of hydrogen bonding interactions and the presence of
7-t* between the 1:1 heterodimer of C4HsN---C2Ha4, C4HsN---C2H2, and C4HsN---CgHs. Table
4.8A illustrates the NBO analysis of the PB-A heterodimer. The E> energy of the 7(C1-C3) and
n(C2-C6)—c*(N15-H22) interaction is 1.76 kcal mol™ and due to this interaction, the N-H
bond length elongates and as a result, the red-shift in the N-H stretching mode of C4HsN sub-
molecule in the PB-A heterodimer is observed. Apart from the 7---c*, there exists another
stabilizing interaction between the bonding w-orbitals of CsHs to the antibonding *-orbitals of
C4HsN (+*), which amounts to ~1.81 kcal mol™. Due to this 7-m* interaction, the geometry
of the C4HsN molecule is altered and the PB-A heterodimer has a n-stacked structure, which is
in contrast from the earlier gas-phase report of T-shaped geometry [3,4]. In both the
interactions, the electron occupancies vary in the corresponding donor and the acceptor =-
orbitals, as evident from the Table 4.8A. Figure. 4.15A show the orbital picture of the n-:-c*
and m---7* interactions in the PB-A heterodimer.

In C4HsN---C2H4 system, NBO analysis indicated that the PE-A heterodimer stabilized
by m(C1-C2)—c*(N9-H16) interaction and the corresponding E, energy is 7.18 kcal mol*
(Table 4.8B). The electron occupancies of the donor decreases, while that of the acceptor
orbital increases due to this interaction. Surprisingly, there exists another interaction that
apparently seems to be between the non-bonded electrons on nitrogen of CsHsN to the

antibonding m*-orbital of C,Hs (N'N9—m*(C1-C2)) with an E; energy of 0.37 kcal mol™. Even
though the E> energy of n--n* is much smaller in magnitude than the n---6* interaction, it

synergistically favors and strengthens the N-H:--w geometry and the corresponding red-shift in
the N-H stretching wavenumber increases in the C4HsN sub-molecule of the PE-A heterodimer.

Importantly, it is to be noted that the lone pair p-orbital of the N atom in C4HsN is parallel to
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those of the adjacent C atoms and hence participates in maintaining the aromaticity of the ring
and hence, n---t* delocalization should be considered as w()--n* delocalization. Figure 4.15B

depicts the orbital overlap picture of the n---6* and n---n* interactions prevailing in the PE-A

heterodimer.

The PE-B heterodimer is stabilized by C-H---x interaction and the E2 energy for the

1(C7-C8)—c*(C2-H5) and n(C10-C11)—c*(C2-H5) is 1.16 and 0.85 kcal mol™?, respectively.
In this heterodimer, the magnitude of E2 energy of the m)--m* interaction is very small of the

order ~0.08 kcal mol™? (Figure 4.15C), and that of 7--n* interaction is n(C7-C8)—n*(C1-C2)
is 0.14 kcal mol™. To facilitate this interaction, the ethylene molecule bends towards the plane

of the C4HsN ring.

The second local minimum corresponds to a purely 7---n* stacked PE-C heterodimer,
where bonding m-orbitals of C4HsN interacts with antibonding w*-orbitals of C,Has. The
cumulative E; energy of the m(C1-C2)/n(C4-C5)—n*(C11-C12) interaction is 2.29 kcal mol™.
Furthermore, back donation of n-electron cloud of C2Ha to the antibonding n-electron cloud of
C4HsN is also observed and the E; energy of this n!(C11-C12)—n*(C1-C2) and n*(C4-C5)
interaction is 0.35 kcal mol™. The change in orbital occupancies is seen due to this interaction.
As there is no direct participation of N-H group of CsHsN in the formation of PE-C
heterodimer, the corresponding shift in this mode is negligible. Fig. 4.15D shows the orbital

picture of the interaction.

The least energetic PE-D heterodimer is stabilized by n--6* interaction with an overall
E2 energy of ~0.59 kcal mol™ and the orbital overlap picture of this interaction is shown in Fig.

4.15E.
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Figure 4.14 AIM plot showing the bond critical point (BCP in red), ring critical point
(RCP, in yellow) and cage critical point (CCP, in green) obtained from topological AIM
analysis computed at MP2/aug-cc-pVDZ level of theory for CsHsN-C2H: heterodimer, (1) PA-
A, (II) PA-B and (IlIl) PA-C, CsHsN-CsHs heterodimer, (IV) PB and CaHsN-CzHa4
heterodimers (V) PE-A, (V1) PE-B, (VII) PE-C and (VIII) PE-D.
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Table 4.7A Properties of (3,-1) bond critical point (BCP) of Pyrrole-Benzene Heterodimer

PB-A computed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimer | Interaction | p(rc) V2p(rc) M A2 A3
N-H...n 0.0098 0.0287 -0.0074 -0.0019 0.0380

PB-A N-H...n 0.0092 0.0271 -0.0048 -0.0009 0.0328
N-H...n 0.0092 0.0271 -0.0048 -0.0009 0.0328

Table 4.7B Properties of (3,-1) bond critical point (BCP) of Pyrrole-Ethylene
Heterodimers PE-A, PE-B, PE-C and PE-D computed at MP2/aug-cc-pVDZ Level of

Theory.

Heterodimer | Interaction | p(rc) V2p(rc) M v A3

PE-A N-H...n 0.0133 0.0312 -0.0126 -0.0076 0.0514
C-H...m 0.0087 0.0287 -0.0052 -0.0005 0.0344

PE-B C-H...n 0.0087 0.0285 -0.0052 -0.0007 0.0344
... 0.0080 0.0323 -0.0029 -0.0005 0.0357

PE-C n...m* 0.0074 0.0206 -0.0038 -0.0012 0.0256
n..mw* 0.0073 0.0205 -0.0037 -0.0012 0.0254

PE-D n...C-H 0.0055 0.0203 -0.0030 -0.0024 0.0257
n...C-H 0.0045 0.0184 -0.0021 -0.0002 0.0207

Table 4.7C Properties of (3,-1) bond critical point (BCP) of Pyrrole-Acetylene

Heterodimers PA-A and PA-B computed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimer | Interaction | p(rc) V2p(ro) M 2 A3
PA-A C-H..n 0.0105 0.03420 -0.00720 | -0.00036 | 0.04176
PA-B N-H...n 0.0133 0.03693 -0.01223 | -0.00801 | 0.05717
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Table 4.8C list the results of the NBO analysis of the CoHz:--CsHsN heterodimers A, B and C
computed at MP2/aug-cc-pVDZ level of theory. From the Table 4.8C, it is clear that the
electron occupancy in the antibonding orbital 6*(C12-H14) of C2H. sub-molecule is increased

while there is a reduction in the electron occupancies in the bonding n(C1-C2), n(C4-C5)

orbital and in the nitrogen lone pair of n'N3 of C4HsN sub-molecule in the C-H-++x heterodimer
A. The second order perturbation energy E» for the delocalization interactions m(Cl1-
C2)—0*(C12-H14) and n(C4-C5)—c*(C12-H14) is ~1.69 kcal mol™?. Even though the E:
energies are smaller in magnitude for the remote delocalization interactions m(Cl-
C2)—0*(C11-H12), m(C4-C5)—c*(C11-H12), n!N3—o*(C12-H14) and n'N3—oc*(Cl11-
C12), their contribution in stabilizing the C-H---w heterodimer A cannot be neglected. For the

heterodimer B stabilized by N-H---m interaction, the E energy for the delocalization
interactions m(C11-C12)—c*(N3-H10) is ~6.16 kcal mol™. The other remote delocalization
interactions such as o(C11-H13)—>c*(N3-H10), o(C12-H14)—c*(N3-H10) and
n'N3—o*(C11-C12) also contribute in stabilizing the heterodimer B. In heterodimer PA-C,
electron delocalization was observed from the bonding orbitals of C4HsN n(C1-C2)/n(C3-C4)
to the antibonding n*(C11-C13) orbitals of CoH. From the Table 4.8C it is observed that the
change in the electron occupancies of the antibonding orbital of 6*(N3-H10) is larger than
0*(C12-H14) and the magnitude of E> energies for the delocalization interaction is higher for

the N-H---7 heterodimer B than C-H---x heterodimer A, which is reflected by a larger red-shift

in the former than the latter. Apart from the conventional n--6* hyperconjugative charge

transfer interactions, NBO analysis revealed the heterodimers are further stabilized by
n--w*/m--m* interactions. The E2 energies of the n---n*/n---x* bonding in C-H--n (PA-A) and

N-H:-mt (PA-B) heterodimers are 0.23 and 0.30 kcal mol™?, respectively (Table 4.8C). Figure
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4.15F and 4.15G show the orbital overlap picture of the PA-A and PA-B heterodimers,

respectively.

4.4.1 n--z* or 7> interaction ?

NBO is a useful method that enumerates the changes of donor-acceptor interactions and
their corresponding occupancies due to subtle changes in molecular environments, as in the
case of hydrogen bond formation between neutral species. Derived from variational,

perturbative, or density functional theoretic (DFT) approximations, NBO plays a robust role in

predicting novel bonding motifs. In the current report, a unique n---z* interaction was predicted
by NBO analysis for the PE-A, PE-B, PA-A and PA-B heterodimers. In this type of interaction,
non-bonding electrons on the nitrogen of C4HsN serves as electron donor and the m-electron
cloud of C2H4/C2H: acts as electron acceptor. It is a well-established fact that, CsHsN molecule
is weakly basic as the lone pair electrons on nitrogen participate in the electron delocalization

to maintain its aromaticity [16-17].

The n---x* interaction must proceed through the Biirgi—Dunitz trajectory of approach, where
the lone-pair orbital must orient at 107° angle to the plane of the n-cloud, which does not occur

in these 1:1 heterodimers [18-20]. Hence, pyrrole cannot act as a lone-pair donor to participate

in n--* bonding, rather the predicted phenomena is actually a 7---* interaction, since the

electron pair on nitrogen in pyrrole is part of the m-electron cloud of the ring. Therefore,
hereafter we shall refer the n---n* as nn--m* to distinguish between the two different types of
interactions involving --* and nn'--m*, although both are synonymous. In order to understand

the presence and the concurrent influence of the m---n*/nn--n* interaction, NBO analysis was
carried out for the heterodimers involving C4HsN with m-electron systems such as propene,
but-1-ene, trans-but-2-ene, propyne, but-2-yne, acetonitrile, benzonitrile, cyanoacetylene,

phenol, toluene, p-xylene, mesitylene, hexafluorobenzene and pyrrole homodimers.
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n(C13-C14)/n(C16-C17)—n*(C7-C10);
E2 = 1.32 kcal mol*!

n(C1-C3)/n(C2-C6)—c*(N15-H22);
E2=1.76 kcal mol+*

1(C1-C2)—6*(N9-H16);
E2 = 7.18 kcal mol?

N'N9—7*(C1-C2);
E2 = 0.37 kcal mol?

n(C7-C8)/n(C10-C11)—c*(C2-H5);
E2 = 2.01 kcal mol+?

nN9—z*(C1-C2);
E2 = 0.08 kcal mol?
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1(C1-C2)/n(C4-C5)—n*(C11-C12);
E2 = 2.29 kcal mol?

n(C11-C12)—a*(C4-C5)/n*(C1-C2);
E2 = 0.35 kcal mol?

n'(C11-C12)—c*(C1-H6); E2= 0.34
mol-! kcal mol?

n(C1-C2)/n(C4-C5)—0*(C12-H14); nIN3—-z*(C11-C12);
E2 = 3.37 kcal mol-1 E2 =0.23 kcal mol-1
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n(C11-C12)—c6*(N3-H10);
E2 =6.16 kcal mol-1

nIN3—-zn*(C11-C12);
E2 =0.30 kcal mol-1

Figure 4.15 NBO diagrams of the heterodimers of, CsHsN-CeHs (PB) (A), and
C4HsN-C2H4 (PE-A/B/C/D) (B, C, D, E) C4HsN-C2H2 (PA-A/B) (F & G) are shown.
The delocalization energies in kcal mol* are given for the interaction.
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Table 4.8A Electron occupancies of various NBOs of 1:1 Pyrrole-Benzene heterodimers
computed at MP2/aug-cc-pVDZ level of theory. The donor-acceptor delocalization

interaction and second order perturbation energies (Ez, kcal molt) are also shown.

Donor-accepto r

NBO Occupancy delocalization interaction E
PB-A

ﬁggg; 1.67976(1.66397)° 1(C1-C3)—*(N15-H22) 0.88
7(C7-C10) 1.64562(1.66397)" 1(C2-C6)—0*(N15-H22) 0.88
7(C7-C10) | 0.30734(0.33237)° H(CT-Cl0)>r*(C13-C14) | 024
o*(N15-H22) | 0.01903(0.01370)° 1(CT-C10)>m*(C16-C17) | 0.25
ﬁg}égi‘% 1.85835(1.86030)° 1(C13-C14)>n*(C7-C10) | 0.66

% -
2*82%% 0.31428(0.31218)* 1(C16-C17)—>n*(C7-C10) | 0.66

@ Electron occupancy of the monomer.

Table 4.8B Electron occupancies of various NBOs of 1:1 PE-A, PE-B and PE-C
heterodimers computed at MP2/aug-cc-pVDZ level of theory. The donor-acceptor
delocalization interaction and second order perturbation energies (Ez, kcal mol?) are also

shown.

Donor-acceptor
NBO Occupancy delocalizatign interaction E
PE-A
n(C1-C2) 1.98666(1.99235)? n(C1-C2)—c*(N9-H16) 7.18
c*(N9-H16) 0.01256(0.01370)? nN9—m*(C1-C2) 0.37
n'N9 1.61641(1.63057)2
PE-B
n(C7-C8) 1.85771(1.86030)2 1(C7-C8)—c*(C2-H5) 1.16
n(C10-C11) 1.85676(1.86030)2 1(C10-C11)—oc*(C2-H5) 0.85
o*(C2-H5) 0.00967(0.00820)? nN9—n*(C1-C2) 0.08
PE-C
n(C1-C2) 1.85049(1.86030)2 n(C1-C2)—n'*(C11-C12) 1.08
n(C4-C5) 1.85049(1.86030)2 1(C4-C5)—n'*(C11-C12) 1.21
nt*(C11-C12) 0.01097(0.00)2 n}(C11-C12)—m*(C4-C5) 0.17

n}(C11-C12)—n*(C1-C2) 0.18
PE-D
o(C1-H6) 1.98597(1.98688)2 o(C1-H6)—n*(C11-C12) 0.25
o*(C1-H6) 0.00989(0.00936)? n}(C11-C12)—c*(C1-H6) 0.34
n}(C11-C12) 1.99778(1.99235)2
nt*(C11-C12) 0.00051(0.00)?

2 Electron occupancy of the monomer.
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Table 4.8C Electron Occupancies of various NBOs of 1:1 PA-A, PA-B and PA-C
Heterodimers computed at MP2/aug-cc-pVDZ Level of Theory. The Donor-Acceptor
Delocalization Interaction and Second Order Perturbation Energies (Ez, kcal mol?) are

also shown.

Donor-acceptor
NBO Occupancy delocalizatign interaction E
PA-A
1(C1-C2) 1.85582(1.86030)? 1(C1-C2) — o*(C12-H14) 1.69
n(C1-C2) — ¢*(C11-C12) 0.32
n(C4-Cb) 1.85579 (1.86030)2 1(C4-C5) — o*(C12-H14) 1.68
n1(C4-C5) — o*(C11-C12) 0.32
6*(C12-H14) 0.01040 (0.00521)? n'N3 — o*(C12-H14) 0.06
n'N3 1.62388(1.63057)2 nN3 — n*(C11-C12) 0.23
PA-B
n(C11-C12) 1.99043(1.99224)2 n(C11-C12) — o*(N3-H10) 6.16
o(C11-H13) 1.99086(1.99137)? o(C11-H13) — 6*(N3-H10) 0.20
6(C12-H14) 1.99086(1.99137)? o(C12-H14) — o*(N3-H10 0.20
c6*(N3-H10) 0.02170 (0.01370)2 nN3 — n*(C11-C12) 0.30
n'N3 1.61768(1.63057)2
PA-C
n(C1-C2) 1.85258(1.86030)? n(C1-C2)—n'*(C11-C13) 0.07
n(C3-C4) 1.85272(1.86030)2 n(C1-C2)—n?*(C11-C13) 0.18
n+*(C11-C13) 0.00031(0.00)2 1(C1-C2)—n**(C11-C13) 0.39
n>*(C11-C13) 0.00941(0.00)? n(C3-C4)—n'*(C11-C13) 0.08
n°*(C11-C13) 0.00894(0.00911)? 1(C3-C4)—n°*(C11-C13) 0.20
1(C3-C4)—n**(C11-C13) 0.44

2 Electron occupancy of the monomer.
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Table 4.9 lists Ez energies of the 0¥, m---n* and nn--7* interactions prevailing in the C4aHsN
with the m-electron systems. Figures 4.16 and 4.17 illustrate the structure of all the
heterodimers.

It is clear from the Table 4.9 that except for benzene and mesitylene, all the n-electron
donors showed this mine--m* interaction. The magnitude of E2 energy of the nin:--m* of all the -
electron donors with CsHsN is lesser than ---6* except for hexafluorobenzene. The magnitude

of Ex energy of min-m* interaction of the alkyne is more than that of alkene due to the increased

n-electron density of the former than the latter. Furthermore, the alkyl group substitution on
the alkene/alkyne chain increases the magnitude of the nn:+-* interaction due to the +1 effect
of the alkyl group. Among the aromatic ring systems, the interaction follows the order of n:c*
>q--m* >y except for benzene, mesitylene, phenol, benzonitrile and hexafluorobenzene.

For the C4HsN-CsHsOH system the Ez energy follows the order, n+-6* > ine--mt* > m--t*, which
is evident from the structure of the heterodimers where the O-H and C-H of phenol interacts
with the n—cloud of C4HsN. The planes of both the molecules are not perpendicular to each
other and phenol ring is inclined towards the N-atom of C4HsN. Similar observation was also
found in (CsHsN)2 and PB-A. The slanting geometry is probably a result of the influence of
both 7---m* (as mentioned by Dauster et al.) and nin--n* interactions, since the donor-C4HsN
aligns towards the N-side of the acceptor-CsHsN. In CsHsN-benzonitrile, the order is m--7* >
nn-m* > e-0* and the dominant interaction is due to the charge transfer between the two n-
electron clouds of precursors, followed by nn--n* from CsHsN bonding orbital to the
antibonding orbital of C=N of benzonitrile. Hence, the final geometry is a stacked one, with
the N-H of C4HsN is parallel to the C=N of benzonitrile, instead of perpendicular structure. In

case of CsHsN-hexafluorobenzene heterodimer, the interaction order is completely inverted

(mne-m* > meem* > me-0*) and the Ep energy of the mn-n* is 1.2 kcal mol™t. The mn-m*
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dominance is likely due to the electronegativity of fluorine, which siphons off all the n-electron
from the benzene ring and the hexafluorobenzene acts as electron acceptor. Hence the final

geometry is a parallel displaced, instead of pure stacking. (Figure 4.17 block G) The reason for
not observing the nn-m* interaction in C4HsN with benzene and mesitylene is due to the
uniform delocalization of n- electrons over the aromatic ring, for which n---n* charge transfer

interaction is preferred over the n--7*.

4.5 Energy Decomposition Analysis
EDA is a useful tool to dissect the physical origin of intra and intermolecular
interactions of molecules. The most popular and well-known EDA methods are the one based
on Morokuma and the Extended Transition State (ETS) of Ziegler and Rauk [21-22]
implemented in the ADF program package [23] and Localized molecular orbital energy
decomposition analysis (LMOEDA\) developed by Su et al. [24]. In the ADF-EDA method the
interaction energy is decomposed into three main components: electrostatic, Pauli repulsion
and orbital interaction terms. Figure 4.18 depicts the various contributions from the
electrostatic, dispersion and exchange interactions stabilizing, while the Pauli repulsion term
(kinetic and coulomb) destabilizing the total binding energy for the various heterodimers. The
dispersion corrected B3LYP level in combination with the triple zeta and doubly polarized

basis set (B3LYP-D3/TZ2P) is similar to MP2/aug-cc-pVDZ in terms of computational quality.

NBO analysis revealed that the PB-A heterodimer has both N-H---w and =---7n* interactions
and the EDA also confirmed that the magnitude of electrostatic and dispersion contributions is
nearly the same, indicating the co-operative stabilization of these two interactions in this

heterodimer.
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Table 4.9 Comparison of the Second Order Perturbation Energies (Ez, in kcal mol?) of
the mn —z* Interaction in the various N-H-**zt heterodimers of Pyrrole with w-electron
Systems computed at MP2/aug-cc-pVDZ Level of Theory.

Systems n—o* non* in o~
Pyrrole-Ethylene 7.28 ----2 0.37
Pyrrole-Propene 3.14 0.17 0.32
Pyrrole-But-1-ene 6.46 ----2 0.16
Pyrrole-t-But-2-ene 8.67 ----2 0.47
Pyrrole-Acetylene 6.46 ----2 0.30
Pyrrole-Propyne 3.47 ----2 0.54
Pyrrole-But-2-yne 3.65 ----2 0.53
Pyrrole-Acetonitrile 3.25 ----2 0.70
Pyrrole-Cyanoacetylene(a) | 4.12 0.95 0.30
Pyrrole-Cyanoacetylene(b) | 2.35 ----2 0.36
Pyrrole-Benzene 1.76 1.81 ----8
Pyrrole-Toluene 3.67 1.54 0.31
Pyrrole-p-Xylene 3.70 1.53 0.28
Pyrrole-Mesitylene 2.25 1.38 ----8
Pyrrole Dimer 4.43 0.55 0.36
Pyrrole-Phenol 9.52 0.36 0.51
Pyrrole-Benzonitrile 0.59 3.41 0.86
Pyrrole-

Hexafluorobenzene 04 1.08 1.20

8Energy contribution is absent for the interaction.
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Figure 4.16 Computed structures of CsHsN with (A) propene, (B) acetylene,
(C) but-1-ene, (D) t-but-2-ene, (E) propyne, (F) but-2-yne, (G) cyanoacetylene
and (H) acetonitrile optimized at MP2/aug-cc-pVDZ level of theory.
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Figure 4.17 Computed structures of C4HsN with (A) toluene, (B) p-xylene, (C) mesitylene,
(D) C4HsN, (E) benzonitrile, (F) phenol and (G) hexafluorobenzene heterodimer
optimized at MP2/aug-cc-pVDZ level of theory.
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Among the different heterodimers, probably due to the approach of two bulkier groups, the
contribution of destabilizing Pauli repulsion contribution is highest for the PB-A. Overall the
subtle balance between the combined contribution of stabilizing and the Pauli repulsion makes
the PB-A heterodimer energetically more favorable than the PE heterodimers. On fragmenting
the stabilizing energies of pyrrole-ethylene heterodimers PE-A, PE-B, PE-C and PE-D, it was
found that the contribution from electrostatic forces decrease in the order PE-A>PE-C>PE-

B>PE-D, while the dispersion contribution increases as PE-D<PE-A<PE-B<PE-C. Inthe PE-

A and PE-B dimers, which is stabilized by N-H---w and C-H- - -7 interactions, respectively, the
contribution of electrostatic interaction decreases the energy of PE-A by 0.6 kcal mol*
compared to PE-B while the dispersion contribution stabilizes PE-B by 1.52 kcal mol™. The
sum total of destabilizing Pauli repulsion and the stabilizing interaction makes the PE-A

heterodimer energetically more favorable than PE-B heterodimer. The PE-C heterodimer is

stabilized by =m---n* interaction, and as expected, the contribution of dispersion is increased
while the contribution of exchange is decreased compared to the other two heterodimers. The
destabilizing contribution from the Pauli repulsion term is highest for this heterodimer thus
making the PE-C heterodimer least energetic than the other two PE-A and PE-B heterodimers.
The PE-D conformer shows low stabilization energy compared to PE-C, and hence the ED
analysis fails to show major contribution from any of the energy terms and infact. In PA-A and
PA-B heterodimers, the strongest attractive interactions are electrostatic followed by charge
transfer (orbital) and dispersion interactions. However for PA-C, the strongest interaction is

the dispersion followed by electrostatic and charge transfer. The above trend clearly shows that

due to the n---m interaction in PA-C the contribution of dispersion interaction is higher than
that in heterodimer A and B. The relatively large orbital interaction for the heterodimers PA-
A, PA-B and PA-C, show that there is a significant charge transfer between the donor and

acceptor sub-molecules.
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4.6 Summary

In this chapter, the co-existence of co-operative nn---7*/n- - -* interactions along with
the predominant @- - -6* interactions in the heterodimers of pyrrole with benzene, ethylene and
acetylene was highlighted through both experimental and computational methodologies. The
PB, PE and PA heterodimers were synthesized and characterized at low temperatures using
infrared spectroscopy. Computations indicated two geometries corresponding to PB-A
(stabilized by N-H:-'z (---0*) and nn---w* interaction) and PB-B (stabilized by N-H---x)
heterodimers. Geometry optimization of C4HsN with C2Hg yielded four heterodimers PE-A,
PE-B, PE-C and PE-D, which were stabilized by N-H---n, C-H'-xw, nin---n* and 7---H-C
interactions, respectively; and that of CsHsN with C2H> thrived three heterodimers PA-A, PA-
B and PA-C, stabilized by C-H---w, N-H---m and nn- - -7 interactions, respectively. Apart from
the conventional n---c*/m---6* interactions, NBO analysis revealed the presence of &---m*
interaction in the PB-A, PE-A, PE-B, PA-A and PA-B heterodimers. Through ED analysis,
the contribution of dispersion was found to be equivalent to that of electrostatic in PB-A and
PE-B heterodimers, while it was the primary stabilizing factor for PE-C and PA-C due to
nn* bonding. Evidence for the formation of higher clusters of pyrrole:--benzene,
pyrrole---ethylene and pyrrole---acetylene, stabilized co-operatively through dispersion was
also found, in the cold matrixes. Furthermore, the geometries of heterodimers formed by
pyrrole with acetylene, propene, t-but-2-ene, propyne, but-2-yne, acetonitrile, benzonitrile,
cyanoacetylene, toluene, phenol, p-xylene, mesitylene, and hexafluorobenzene including the
pyrrole-dimer are manifested through this weak nn---7*/n---m* interaction.

A comparison of various computed parameters with the experimental N-H vibrational
shift of N-H---m and C-H---© heterodimers of pyrrole are listed in Table 4.10. Among the N-

H---r heterodimers, PD shows the highest experimental and computed N-H vibrational shift
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for both proton donor (PDdonor) as well as acceptor (PDacceptor), Which correlates well with the
change in the N-H bond length and BSSE corrected energy.

The magnitudes of electron density (pncp) at the BCP of the PD heterodimer and the E>
energy are at variance with the experimental and computed N-H vibrational shift probably not
considering the electrostatic and dispersion contributions. Based on the BSSE corrected energy,
the next stronger heterodimer is PB-A, PE-A and PA-B are nearly isoenergetic. The
experimental N-H vibrational shifts of PB-A, PE-A and PA-B correlate with the BSSE energies

while the other parameters such as E,, Phep and change in N-H bond length do not have linear

correlation. A similar trend was observed in C-H---nt heterodimers. The experimental shift in
the Ar matrix does not correlate well with the BSSE corrected energies. The variation in the
experimental shift is likely due to the difference in interaction of N2 or Ar matrix to the different
vibrational modes of C4HsN submolecule in the complex. Furthermore, the level of theory and
basis sets used to compute the structures can give rise to such deviations. The deviation between
the Avexp and Avca IS due to matrix effect is not taken into account while calculating the

computed vibrational wavenumber of the heterodimers.
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Figure 4.18 Bar graph showing the electrostatic, charge transfer, dispersion and Pauli
repulsion contribution to the total binding energy of the C4HsN with CsHs, C2H4 and
C2H2 heterodimers computed at B3LYP-D3/TZ2P level of theory.
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Table 4.10 Table for comparing the Various Computed Parameters with the
Experimental Shift in Wavenumbers for the N-H---m Heterodimers and C-H- &

Heterodimers.

Heterodimers \ ASEBssE) \ AT (N-H) | Pbep | E> | Avcalc \ Av(N2) \ Av(ar)
N-H-- 7t
PA-B -2.97 0.003 | 0.0133 | -6.46 -56.0 -34.3 -60.8
PE-A -2.91 0.004 | 0.0133 | -7.28 -72.6 -48.6 -37.3
PB-A -5.1 0.003 | 0.0282 | -1.76 -56.2 -53.7 -61.3
PDdonor -7.1 0.006 | 0.0138 | -4.43 | -109.0 -94.9 -106.7
H--m
PE-B -2.70 0.001 | 0.0147 | -2.01 -4.5 -9.7 -
PA-A -3.75 0.001 | 0.0105 | -3.37 -6.3 -6.8 -
PDacceptor -7.1 0.001 | 0.0138 | -4.43 -16.3 -11.1 -12.8

S.E. (BSSE) = Basis set superposition error corrected stabilisation energy in kcal mol™;
AVN-H(calc) = VN-H(complex) - VN-H(monomer) at MP2/aug-cc-pVDZ;

AT(N-H) = T'complex — Fmonomer (PiCOMeter);

E2 = Second order perturbation energy in kcal mol™ obtained from NBO Analysis;
AVN-H (N2) = VN-H(complex) = VN-H(monomer) IN N2 matrix in cm;
AVN-H (AT)= VN-H(complex) = VN-H(monomer) iN Ar matrix in cm™;
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Chapter S Effect of Alkyl and Phenyl Substitutions
on the N-H---O Interactions of Pyrrole

Pyrrole has a weakly acidic N-H bond and it is expected to interact with a Lewis base
through this proton. Hence, the current chapter gives an elaborate account of the hydrogen
bonded heterodimers of pyrrole with oxygen containing Lewis bases such as, water, methanol,
diethyl ether and phenol. The effect of alkyl and phenyl substitution on the N-H---O hydrogen
bond strength is probed through low temperature experiments and computational methods.
5.1 Experimental Conditions

Pyrrole (CsHsN, Spectrochem, 99%), Milli-Q deionized water (18MQ), deuterated
water (D20, 98%), methanol (CH3OH, 99.8%, S. D. Fine Chemicals Ltd.), phenol (CeéHsOH,
>99%, Sigma-Aldrich) and diethyl ether (C2HsOC2Hs, >99%, Merck) were used by chilling to
~100 K and then pumping off the volatile impurities by freeze-pump-thaw cycle. The typical
sample to matrix ratio for C4HsN/H20/N2 (or Ar) is varied from 0.25/0.5/1000 to 1.0/0.5/1000,
C4HsN/CH30H/N2 (or Ar) (0.25/0.1/1000 to 1.0/2.0/1000), C4HsN/CsHsOH/N2 (or Ar)
(0.25:0.25:1000 to 1.0:0.5:1000) and for C4HsN/C2HsOC2Hs/N2 (or Ar) (0.05/0.1/1000 to
0.5/1.0/1000). A triple jet nozzle assembly was used to co-deposit CsHsN and H.O/CsHsOH
by streaming them separately onto the cold KBr substrate. C4HsN/N2 (or Ar) gas mixture in the
required ratio is prepared in the mixing chamber, and this gas mixture was subsequently
allowed to pass through a fine needle valve and deposited onto the substrate through the nozzle.
A temperature range of 193 K to 198 K was kept for water in the sample bulb to control its
concentration in the matrix and was deposited through a second nozzle. For the
C4HsN/CsHsOH/N2 (or Ar) experiments, the vapor pressure of CsHsOH was controlled by

maintaining its temperature around 229 K to 248 K. Known concentrations of



CH3O0H or C2Hs0C2Hs were pre-mixed in the mixing chamber along with C4sHsN and matrix
gases. This mixture C4HsN/CH30OH or C2HsOC,Hs/N2 or Ar was streamed through a fine
needle valve and deposited on to the cold substrate using a single jet nozzle. All the gas
mixtures were deposited for ~100 minutes at a deposition rate of ~3 mmol.hrt. The infrared
spectra of the deposited sample were recorded as described in detail in Chapter 2. All the
spectra shown in this chapter were annealed spectra.

5.2 Experimental and Computational Results

5.2.1 Pyrrole:--Water
In Figure 5.1b & Figure 5.2b, the blocks A & B show the N-H stretching and bending

modes of C4HsN in N2 and Ar matrixes, respectively. The features due to C4sHsN multimers
were observed and have been discussed in detail in Chapter 3. In the C4HsN alone spectrum
(block A in Figure 5.1a, 5.2a), apart from the features due to C4HsN monomer and multimers,
the peaks at 3385.3 and 3379.5 cm™ in N2 matrix and in Ar matrix at 3409.6 and 3407.9 cm
were observed. In N, matrix, the two peaks coalesce into a single sharp feature at 3385.3 cm™
that increases in intensity on varying the concentration of H,O, while in Ar matrix the features
at 3409.6 and 3407.9 cm™ increase in intensity with a new sharp peak at 3412.8 cm™ Apart
from this, other small peaks at 3493.8, 3402.2, 3335.9 and 3331.3 cm™ were also observed in
N2 matrix while in Ar matrix, some features at 3476.7, 3432.8 and 3311.0 cm™ were formed.
On increasing the water concentration, additional features were seen in N2 matrix at 3540.3
and 3409.1 cm™. Figure 5.1B and Figure 5.2B show the N-H bending region of C4HsN in N2
matrix in the range 620-510 cm™. Apart from the C4sHsN monomer and dimer features (trace b
in Figure 5.1B, Figure 5.2B), addition of H,O led to the formation of new spectral bands at
597.1, 603.4, 609.7 and 613.0 cm™ in N2, while 591.8 and 608.0 cm™ in Ar matrixes,

respectively. In the O-H stretching and bending modes of H>O (Figure 5.1C, Figure 5.2C &



5.1D), with the variation of C4HsN concentration, new features were observed at 3720.1 and
1601.4 cm™ in N, matrix and 3728.3 cm™ in Ar matrix. In the O-H bending
region of H2O, no feature was observed in Ar matrix. To confirm that the new peaks observed
in the O-H stretching and bending regions of H20 are indeed due to C4HsN-H2O heterodimer,
experiments of C4HsN with D>O were performed in N2> matrix. The O-D stretching and bending
modes of D-O were observed at 2765.9 and 1178.6 cm™ in N2 matrix and are shown in Figure
5.3agrids A and B, respectively. The features observed at 2756.1/2758.3 cm™ are due to (D20):
in N2 matrix [1]. The addition of C4HsN leads to the formation of new peaks at 2761.1/2760.4
cm™?and 1182.4/1181.2 cm™ in the O-D stretching and O-D bending mode of D,0. Since water
is an inevitable impurity in the MI experiments, the CsHsN-H2O heterodimers are readily
formed and observed in the experiments where pyrrole alone was deposited and annealed
(Figure 5.1a, 5.23a, block A and B).
5.2.1.1 Computational Details

Optimized geometries of the C4sHsN-H2O heterodimers were obtained using second
order Mgller-Plesset perturbation theory (MP2) with aug-cc-pVDZ basis set. Computations
yielded two optimized structures for the 1:1 C4HsN-H20 PW-A and PW-B heterodimers. Table
5.1 gives the stabilization energies for the 1:1, 2:1 and 1:2 C4HsN-H2O heterodimers at
MP2/aug-cc-pVDZ level of theory. Figure 5.4 illustrates the optimized structures of the 1:1,
2:1 and 1:2 C4HsN-H20 multimers at MP2/aug-cc-pVDZ level of theory. The global minimum
heterodimer (PW-A) is stabilized by N-H---O interaction between the C4HsN N-H and O of
H.0 and the bond distance is 1.969 A. The local minimum corresponds to the O-H:--n
heterodimer (PW-B) between the O-H of H>O and the n-electron cloud of C4HsN-ring. Apart
from the 1:1 heterodimers, higher clusters 2:1 and 1:2 were also optimized. Computations
yielded two and one optimized structures corresponding to 2:1 PPW-A, PPW-B and 1:2 PWW

C4HsN-H20 clusters, respectively The global minimum cluster where the (CsHsN)2 bonds with
3



Absorbance

C,H;N:H,O:N,
0.5:1.0:1000

—0.5:0.5:1000
—0.5:0.0:1000

]
3560 3495

] ]
3430 3365 3300

Wavenumber (cm™)

C,HN:H,O:N,
1.0:0.5:1000
——0.5:0.0:1000

Absorbance

-— 3720.1

a

!
3742 3734

3726 3718 3710

Wavenumber (cm™)

Absorbance

Absorbance

B C,H/N:H,O:N,
0.5:1.0:1000
o ——0.5:0.5:1000
s 3 LI ——0.5:0.0:1000
M d
a
T
620 565 510
Wavenumber (cm™)
C,H.N:H,O:N, 5
1.0:0.5:1000
—0.5:0.0:1000
< c
= b
a
T T
1612 1602 1592 1582

Wavenumber (cm™)

Figure 5.1 Matrix isolated IR spectra of (A) N-H stretching region of pyrrole, (B) N-H
bending region of pyrrole, (C) O-H anti—symmetric stretching zone of water and (D) O-
H bending mode of water in N2 Matrix. All the spectra shown here were annealed at 30

K.



< ] ] g
A e C,HsN:H,0:Ar B C,HN:H,0:Ar 8
“’E 0.5:0.1:1000 ——0.5:0.1:1000
3 ——0.5:0.05:1000 ——0.5:0.05:1000
3 ‘ ——0.5:0.0:1000 —0.5:0.0:1000
000 0.0:0.05:1000
: | .
o] c
P [+ . b
o o .
[72] — 3 =
o (@} © mi
< 2 i d
<
3 © c
3 29
@ mg
| o B
R 5 5 g b
83 3 g
™, ™ ™
a I a
T T T T T T T
3550 3500 3450 3400 3350 3300 630 590 550 ,.510 470
Wavenumber (cm™) Wavenumber (cm”)
//
. 71
C,HN:H,0:Ar
——0.5:0.05:1000 C
——0.25:0.05:1000
——0.5:0.0:1000
. ' o
[&]
c
@
g
[32)
2 < g
2 i -
N
3
@
———J\.__J\,,A____/\._.A—&_W_ o = b
2 ™ S w0
©
5 g £83 8 8
(32l
a
/L
T I/ T T
3800 3730 3520 3500 3480 3460

Wavenumber (cm™)

Figure 5.2 Matrix isolated IR spectra of (A) N-H stretching region of pyrrole, (B) N-H
bending region of pyrrole, and (C) O-H anti-symmetric stretching zone of water in Ar
matrix. All the spectra shown here were annealed at 35 K.



CHN:D,ON,
A 1.0:0.5:1000
——0.5:0.0:1000
(5]
(]
C
15}
o]
1
(@]
[72}
o]
<
a
T
2770 2760 2750
-1
Wavenumber (cm™)
C,HN:D,O:N, B
1.0:0.5:1000
——0.5:0.0:1000

[5]

[&]

[

18]

o

[

o

[72]

o]

<

a
T

1186 1178 1170
Wavenumber (cm'l)

Figure 5.3 Matrix isolated IR spectra of (A) O-D stretching zone of water-D20 in N2 matrix
and (B) O-D bending mode of water-D20 in N2 Matrix. All the spectra shown here were

annealed at 30 K.



Table 5.1 Raw?/ZPE/BSSE corrected Stabilization Energies for the 1:1, 2:1 and 1:2
C4HsN-H20 Complexes computed at MP2/aug-cc-pVDZ Level of Theory.

Complexes Stabilization Energies
PW-A -6.15/-4.95/-5.04
PW-B -5.93/-4.65/-4.15

PPW-A -23.74/-20.78/-18.05
PPW-B -16.73/-14.63/-11.39
PWW -17.97/-13.95/-14.84

All energies are in kcal mol™,
4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.



PPW-A

Figure 5.4 Structures of 1:1 C4HsN-H20 PW-A, PW-B, 2:1 PPW-A, PPW-B and 1:2 PWW
complexes computed at MP2/aug-cc-pVDZ level of theory.
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H.O through N-H--'m (2.416 A, 2.401 A), N-H---O (1.924 A) and O-H'-'m (2.286 A)
interactions. The first local minimum PPW-B heterodimer has N-H:---m and O-H:-'&
interaction. In the PWW cluster, (H20); interacts with C4HsN through O-H---O (1.880 A), N-
H---0 (2.076 A), and O-H-- -1 (2.425 A) bonding.
5.2.1.2 Vibrational Assignment of v1 and vis Modes of CsHsN

Table 5.2 gives the comparison between the experimental and computed vibrational
shifts of the 1:1, 1:2 and 2:1 C4HsN-H20 heteroadducts. Computations showed a red-shift of -
106.7 cm™ and a blue-shift of 89.4 cm™ in the v1 N-H stretching and vis N-H bending mode of
C4HsN submolecule for the N-H---O (PW-A) heterodimer. For the PW-B heterodimer,
computations indicated a red-shift of -5.3 cm™ and a blue-shift of 23.7 cm™ in the v1 and vis
modes of CsHsN submolecule respectively. In N2 matrix, when H>O concentration was
increased in C4HsN/N, mixture, a strong intense peak was observed at 3385.3 cm™ in the N-H
stretching region (v1 mode) with a red-shift of -127.9 cm™ and at 597.1 cm™ and a blue-shift of
73.6 cm™ in the N-H bending region (vis mode) of C4HsN submolecule from the CsHsN
monomer absorption band that which matches well with the computed shift (-106.7 and 89.4
cm™) of PW-A heterodimer. Similarly, in Figure 5.2 grid A in Ar matrix, on increasing the
concentration of H,0, the bands forming at 3412.8, 3409.6, 3407.9 cm™, at an average red-
shift of -111.6 cm™ show sharp increase in intensity.

In the N-H bending mode, a new broad peak was formed at a shift of 108.4 cm™ at
591.8 cm™, overlapping with the peak at 590.0 cm™ for the tetramer of C4HsN in Ar matrix,
which has been assigned for the PW-A heterodimer (Figure 5.1B). No new features were
identified for the PW-B heterodimer. It should be mentioned that the features due to PW-A
heterodimer were observed in the C4HsN alone spectrum in N2 matrix at 3385.3/3379.5 and
597.1 cm, a small doublet at 3407.9, 3409.6 cm™ in Ar matrix. As the water concentration

was increased in the matrix, the peaks observed at 3385.3/597.1 cm™ increased in intensity
9



Table 5.2 Comparison of Shift in the Experimental Vibrational Wavenumbers in Ar and
N2 Matrixes with the Computed Wavenumbers of the 1:1, 2:1 and 1:2 C4HsN-H20 and
1:1 C4HsN-D20 Complexes. Computations were performed using MP2/aug-cc-pVDZ

Level of Theory.

Computed v (cm™)

Experimental v (cm™)

c N2 Ar Mode Assignment
% AV
v | Av v \ Av
H20
1589.6/ .
1622.2(67) - 1597.0 - 1503.0 - v2 O-H bending
3936.8(67) - 37275 - 3737.0 - v3 O-H antisym. str.
D20
1187.0(36) - 1178.5 - 1175.0 - v2 0-D bending
28838 i 2765.9 i 2657.0 - | vs30-Dantisym. str.
(41)
CsHsN
514.9(60) - 520.2/527.2° - 483.8/482.9° | - v1s N-H bending
26724 3519.3/3513.8 3523.3/
(76). - /3510.9/ - 3521.6/ - v1 N-H stretching
3508.9° 3520.2°
PW-A
1621.7(64) | -0.5 1601.4 4.4 -2 - v2 O-H bending
3931.1(91) | -5.7 3720.1 7.4 3728.3 -8.3 | w3 O-H antisym. str.
604.3(14) | 89.4 597.1 73.6 591.8 108.4 v1s N-H bending
3565 7 3412.8/
(544') -106.7 3385.3 -127.9 3409.6/ -111.6 v1 N-H stretching
3407.9°
PW-B
1618.0 (34) | -4.2 -2 - -2 ] v2 O-H bending
3899.2 (91) | -37.6 -8 - -2 i 03 O-H antisym. str.
538.6(49) | 23.7 -2 - -2 - v1s N-H bending
3667.1(85) | -5.3 2 - 2 - v1 N-H stretching
PDW-A
1189.8(26) | 2.8 |1182.4/1181.2| 3.2° - - v2 O-D bending
2880.4 (52) | -3.4 |2761.1/2760.4 | -5.2° - - vz O-D antisym. str.
604.0(14) | 89.0 597.1 73.6 S - v1s N-H bending
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3(55%(;)4 1060 | 33850 | -128.2 d i p1 N-H stretching
PDW-B
1183.0(19) | -3.9 2 - 2 - v2 O-D bending
2851.2(75) | -32.6 2 - 2 - v3 O-D antisym. str.
537.2(57) 22.3 2 - -2 - v16 N-H bending
3667.1(85) | -5.3 2 - 2 - v1 N-H stretching
PPW-A
1623.6(28) | 1.4 - - -a - v2 O-H bending
3643.4(303 | -159.0 3540.3 -94.3 3504.6 -133.7 | 01 O-H sym. stretching
3879.8 57 a ) a v3 O-H antisym.
(112) stretching
521.9(70) 7 - - - - .
v16 N-H bendin
609.4(22) | 945 | 609.7/613.0 | 87.8° 608.0 125.3 ° :
34710(343 | 5014 | 3335.9/3331.3 | -170.6° | 33110 | -210.0 .
) v1 N-H stretching
3521.3(458 | -151.1 - - - -
PPW-B
1628.7(65) 6.5 -2 - -2 - v2 O-H bending
3894.6(85) | 42.2 -2 - -2 - v3 O-H antisym. str.
564073;25(?7(3)) gég * ; . ) vis N-H bending
3546.1
(491) -126.3 . . .
- - - - v1 N-H stretching
3660.0 124
(836) '
PWW
1620.1(55) | -2.0 ] ] .
1653.1(47) | 30.9 v20-H bending
3’5{?25')8 -239.6 3493.8 -140.8 3476.7 -256.3
-H sym. hi
36705 ey . _ . _ v1 O-H sym. stretching
(236) '
3876.1(97) | -60.7 a i a i 03 O-H antisym.
3892.7(83) | -44.1 stretching
553.1(113) | 38.2 - - -2 - v1s N-H bending
-82. : 2| -107.5 . -88. v1 N-H stretching
3(55%3')5 82.9 | 3409.1/3402.2 b | 34328 88.9 N-H stretchi

8experimental features were not observed;
bAverage multiplet experimental wavenumbers of the monomers and multimers were taken to

compute the experimental shift in the heterodimers;

CAV= Vheterodimer- Vmonomer;

dExperiments for Pyrrole-D,O were not carried out in Ar matrix.
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with clear concentration dependence, and hence these features are unambiguously assigned to
the 1:1 C4HsN-H20 PW-A heterodimer. As the water concentration was increased in the
matrix, new peaks were observed at 3335.9/3331.3 cm™ (N2), 3311.0 cm™ (Ar) and 609.7/613.0
cm? (N2), 608.0 cm™? (Ar) in the vi N-H stretching and vie bending modes of CsHsN
submolecule, respectively with a shift of -179.6/-210.0 cm™ and 87.8/125.3 cm™ that compares
with the computed shift of -201.4 cm™ and 94.5 cm™ for the 2:1 PPW-A heterotrimer. For the
PWW heterotrimer, computations predicted a shift of -82.9 cm™ in the v1 mode of CsHsN
submolecule in the heterotrimer, which correlates well with the experimental feature observed
in N2 matrix at 3409.1/3402.2 cm™ and in Ar matrix at 3432.8 cm™ with red-shifts of -107.5
and -89.0 cm, respectively.
5.2.1.3 Vibrational Assignment of vz and v> Modes of H>O and D,O

Computations showed a red-shift of -5.7/-3.4 cm™ in the v3 mode and a shift of -0.5/-
2.8 cm? in the v mode of H,0/D,0 submolecule from the monomer absorption band of
H20/D>0 for the PW-A/PDW-A heterodimer, where C4HsN interacts with H.O/D,O through
N-H---O interaction. For the O-H:--n/O-D--n PW-B/PDW-B heterodimer/heterotrimer,
computations showed a red-shift of -37.6/-32.6 cm™ and -4.2/-3.9 cm™ in the v3 and v> modes
of H,0/D,0 submolecule, respectively. Experimentally, a red-shift of -7.4/-5.2 cm™ in the vs
mode and a blue-shift of 4.4/3.2 cm™ in the v» mode of H,O/D>0 was observed, which matches
with the computed shift of the N-H---O PW-A/PDW-A heterodimer/trimer, where C4HsN acts
as proton donor. No new feature was observed in the vz and v» modes of H.O and D>O
submolecule for the O-H---m PW-B/PDW-B heterodimer/trimer in N> matrix (Figure 5.1C,
5.1D, 5.2C, 5.3A and 5.3B).

A new feature that was observed at 3540.3 cm™ in N2 matrix and 3504.6 cm™ in Ar
matrix in the v1 O-H stretching mode of H>O submolecule and a shift of -94.3and -133.7 c¢cm’

! respectively, matching well with the computed shift of -159.0 cm™ for the 2:1 PPW-A
12



heterotrimer. For the PWW heterotrimer, computations predicted a shift of -239.6 cm™ in the
vi mode of H20 submolecule in the heterotrimer, which correlates with the experimental
feature observed in N2 matrix at 3493.8 cm™, at the shifts of -140.8 cm™, while that in Ar matrix
at 3476.7 cm™ at shift around -256.3 cm™, respectively. The experimental vibrational shifts in

Ar matrix have a good correlation with the computed shifts.

5.2.2 Pyrrole---Methanol

Figure 5.5, blocks A and B show the infrared spectra of N-H stretching region of C4HsN
in N2 and Ar matrixes, blocks C and D, correspond to N-H bending of C4HsN and O-H
bending region of CH3OH in N> matrix, followed by Figure 5.6 blocks A and B showing the
C-O stretching region of CH3OH in N2 and Ar matrixes. Traces ‘a’ and ‘b’ in all the blocks
show the CH3OH and CsHsN alone spectra in N2 and Ar matrixes, respectively. The features
due to (CH3OH); are observed at 3504.6, 3496.9, 3489.4 cm™ in N2 matrix. The CH3OH-H20
heterodimer is found at 3524.0 cm™ in N2 and at 3527.3 cm™ in Ar matrix. When C4HsN and
CH3sOH were co-deposited with Ar or N2, new bands were found in the N-H stretching mode
of C4HsN at 3458.8, 3366.7, 3349.6, 3300.9 and 3293.2 cm™ in N and at 3398.0, 3332.5 cm™
in Ar matrixes, respectively. Similarly, in the N-H bending mode of CsHsN, apart from the
monomer, dimer and CsHsN-H20 heterodimer, new peaks were observed at 599.3 and 594.9
cm™ on co-deposition of C4HsN with CH3OH.

In the O-H stretching mode of CH3OH, new peak is observed at 3661.5 cm™, which
increases by varying the concentration of CsHsN in the matrix. No new spectral feature was
found in the N-H bending mode of C4HsN as well as in the O-H stretching mode of CH30H in
Ar matrix. In the C-O stretching region of CH3OH, apart from the strong absorption peak of
monomer at 1034.4 cm™ in Nz and the corresponding feature at 1034.2 cm™ in Ar matrix, new
spectral features were observed at 1027.9, 1022.3, 1019.7 cm™ in N2 and 1023.8 cm™ in Ar,

that showed concentration dependence on C4HsN. The peaks at 1051.0, 1047.9 cm™ in N,
13
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Figure 5.5 Matrix isolated IR spectra of (A) N-H stretching region of C4HsN in N2 matrix,
(B) N-H stretching region of CsHsN in Ar matrix, (C) N-H bending zone of C4HsN in N2
matrix, (D) O-H stretching mode of CH3OH in N2 Matrix. All the spectra shown here
were annealed at 30 K (for N2) and 35 K (for Ar).
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Table 5.3 Raw?/ZPE/BSSE Corrected Stabilization Energies for the 1:1, 2:1 and 1:2
C4HsN-CH3OH Complexes computed at MP2/aug-cc-pVDZ Level of Theory.

Complex Stabilization Energy
PM-A -7.45/-6.62/-6.00
PM-B -7.41/-6.45/-4.87
PPM-A -26.17/-23.77/-19.56
PPM-B -23.67/-21.69/-16.90
PMM-A -21.09/-18.39/-16.75
PMM-B -15.59/-13.40/-11.18

All energies are in kcal mol™,
4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
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PMM-A

PMM-B

Figure 5.7 Structures of 1:1 C4HsN-CH3OH PM-A, PM-B, 2:1 PPM-A, PPM-B and 1:2
PMM-A, PMM-B complexes computed at MP2/aug-cc-pVDZ level of theory.
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and at 1031.0, 1029.3, 1025.0 cm™ in Ar matrixes are due to the (CHsOH), whereas the C-H
in-plane bending of C4HsN is observed in N, matrix at 1045.5, 1018.0, 1015.6 cm™ and in Ar
matrix at 1017.3, 1015.6 cm™ respectively.
5.2.2.1 Computational details

At MP2/aug-cc-pVDZ level of theory, computation yielded two optimized structures
for the 1:1 C4HsN-CH30OH PM-A and PM-B heterodimers. PM-A heterodimer is the global
minimum with an N-H---O interaction between N-H of C4HsN with O of CH3OH with a bond
distance of 1.916A whereas the local minimum PM-B heterodimer stabilized by O-H: &t
interaction between OH of CH3OH and n-electrons of CsHsN with a bond distance of 2.548A.
Table 5.3 lists the raw, ZPE and BSSE corrected stabilization energies of PM-A and PM-B
computed at MP2 level of theory with aug-cc-pVDZ basis set. Figure 5.7 shows the structure
of the PM-A and PM-B heterodimers computed at MP2/aug-cc-pVVDZ level of theory. For the
C4HsN-CH3OH higher clusters, the PPM-A cluster is the global minimum, where the (C4HsN)2
interacts with CHzOH through N-H- -7 (2.470 A), N-H---O (1.871 A), and O-H--'w (2.249 A).
At MP2 level, the BSSE corrected stabilization of the PPM-B and PMM-A heterotrimer shows
that they are isoenergetic and the PMM-B is the second local minimum in the potential energy
surface. Table 5.4 compares the shift in the experimental with the calculated vibrational
wavenumbers of the PPM-A heterodimers computed at MP2/aug-cc-pVDZ level of theory. The
structures of the higher clusters are illustrated in Figure 5.7.
5.2.2.2 Vibrational Assignments in the v1 and vis Modes of C4sHsN

Experimentally, a red-shift of -163.6 and -122.2 cm™ in N2 and in Ar matrixes
respectively, while a blue-shift of 73.5 cm™ in N2 matrix, were observed in the v and vis modes
of C4HsN submolecule, which corroborates well with the computed red-shift of -125.6 cm™ in
the v1 mode and a blue-shift of 87.8 cm™ in the vi6 mode of C4HsN submolecule for the PM-A

heterodimer (Table 5.4, Figure 5.5A,B). It should be mentioned that Du et al. [2]
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observed a red-shift of -149.0 cm™ in Ar matrix for the C4HsN-CH3OH N-H---O heterodimer.
While the shift in the vibrational wavenumber for the N-H---O heterodimer in Ar matrix is
reasonable, the corresponding shift in N2 matrix is at variance from the computational
predictions. The agreement between the experimental and computed vibrational wavenumbers
depends upon (a) the level of theory and the basis sets used in the computations, (b) the effect
of anharmonicity in the calculations, and (c) the influence of matrix on the vibrational
wavenumbers of monomer and heterodimers (matrix effect). Among the different levels of
theory with various basis sets used in the computations, harmonic vibrational wavenumber
calculated using MP2/aug-cc-pVDZ level correlated reasonably well with the experimental
wavenumbers of the C4HsN-CH3OH heterodimer. It appears that both the anharmonicity and
matrix effects (of N.) together operate in the N-H---O heterodimer, which could be a possible
reason for the difference in agreement between the experimental observation and
computational predictions. For the O-H---n PM-B heterodimer, computations showed a red-
shift of -6.2 cm™ in the v1 N-H stretching mode and a blue-shift of 29.4 cm™ in the vig N-H
bending mode of CsHsN. Experimentally, new features could not be observed in these modes
for the PM-B heterodimer in N2 or in Ar matrixes. Furthermore, new features observed in the
v1 mode of C4HsN at 3366.7, 3300.9/3293.2 cm™, a shift of -146.5 and -216.1 cm™ matches
with the computed shift of -153.2 and -286.2 cm™ for the PPM-A heterotrimer in N2 matrix. In
Ar matrix, a red-shifted peak observed at 3332.5 cm™ with a red-shift of -187.7 cm™ was
assigned to PPM-A heterotrimer. New feature was not discerned for the PPM-B, PMM-A and
PMM-B heterotrimers in any of the modes of CH3OH and C4HsN.
5.2.2.3 Vibrational Assignments in the v1 and vg modes of CH3zOH

The v1 O-H and vg C-O stretching mode of CH3OH in N2 matrix was observed at 3663.4
and 1034.4 cm®, and in Ar at 1034.2 cm™. When the concentration of C4HsN was varied in the

matrixes, new features were observed in the v1 and vg modes of CH30H
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submolecule at 3661.5 and 1027.9 cm™, with a red-shift of -1.9 and -6.5 cm™ in Nz, and at
1023.8 cm* with a red-shift of -10.4 cm™ in Ar, that agree reasonably well with the computed
red-shifts of -0.02 and -11.6 cm, respectively, for the (N-H---O) PM-A heterodimer. No new
spectral peaks were observed in Ar matrix in the vy mode. For the O-H:--n (PM-B) heterodimer,
computations indicated a red-shift of -101.0 cm™ in the v1 mode and a blue-shift of 13.3 cm™
in the vg¢ mode of CH3OH submolecule. Experimentally, no new feature was observed for this
heterodimer in both the matrixes. When the concentration of CH3OH/C4HsN was increased,
new features were observed in the O-H stretching region of CHzOH at 3458.8 cm™ in N2 matrix
with a shift of -204.6 cm that agrees well with the computed shift of -213.1 cm™ for the PPM-
A heterotrimer (Refer Table 5.4, Figure 5.6A&B).

Du et al. studied the hydrogen-bonded heterodimers of CH3OH with heterocyclic
organic compounds using matrix isolation infrared spectroscopy [2]. In their work, they have
performed computations on the C4HsN-CH30OH system using B3LYP/aug-cc-pVTZ and found
O-H:--mand N-H---O heterodimers, which were found to be isoenergetic and their results agree
with our computations performed at MP2/aug-cc-pVDZ level of theory. Experimentally, they
observed red-shifts of ~-85-87 and -149 cm™ in the O-H and N-H stretching modes of CHzOH
and C4HsN submolecule, respectively, for the O-H:--m and N- H---O heterodimers in Ar matrix.
Furthermore, in their experiments the features observed at 3581.0/3583.0 cm™, due to the
formation of O-H:--x adduct, do not show any intensity variation on annealing the matrix. The
CH3OH concentrations they have used to perform their experiments are high. In fact, we had
also carried out experiments where CH3OH concentration was varied in N2 matrix from 1/2000
to 4/250 and in Ar matrix from 2/10000 to 5/700, and we did not observe any features
corresponding to the O-H: - -n heterodimer in the O-H stretching mode of CH3OH submolecule.
The computed infrared intensity for the N-H---O heterodimer was 544 km mol™* whereas for

the O-H-- & heterodimer it was 244 km
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Table 5.4 Comparison of Shift in the Experimental and Computed Vibrational
Wavenumbers of the 1:1, 2:1 and 1:2 C4HsN-CH3OH Complexes in Ar and N2 Matrixes.

Computations were performed using MP2/aug-cc-pVDZ Level of Theory.

Computed v(cm?)

Experimental v (cm™?)

. N2 Ar Mode Assignment
Vv Av
v Av Vv Av
CHsOH
1044.1(112) - 1034.4 - 1034.2 - vg C-0O stretching
3841.5(35) - 3663.4 - 3660.4 - v3 O-H stretching
CsHsN
514.9 (60) - 520.2/527.2 - 483.8/482.8/481.6 - v1e N-H bending
3519.3/3513.8 3523.3/3521.6/35 .
3672.4 (76) - /3510.9/3508. - 202 - v1 N-H stretching
PM-A
1032.4(101) | -11.6 1027.9 -6.5 1023.8 -10.4 | vg C-O stretching
3841.4(46) | -0.02 3661.5 -1.9 -2 - v3 O-H stretching
602.7(15) 87.8 599.2/594.9 73.5 -2 - v1e N-H bending
3546.8(501) | -125.6 3349.6 -163.6° 3398.0 -122.0 v1 N-H stretching
PM-B
1057.3(72) | 13.3 2 - -2 - vg C-O stretching
3740.8(256) | -101.0 2 - 2 - v3 O-H stretching
544.4(42) 29.4 2 - -2 - v1s N-H bending
3666.3(85) | -6.2 2 - -2 - v1 N-H stretching
PPM-A
1043.9(46) -0.2 2 - -2 - vg C-O stretching
3628.4(365) | -213.1 3458.8 -204.6 -2 - v3 O-H stretching
599.7(93) 84.8 2 - -2 - :
610.2(18) 953 = - K . v16 N-H bending
3386.3(547) | -286.2 | 3300.9/3293.2 | -216.1° 3332.5 -187.7 v1 N-H stretching
PPM-B
1016.0(107) | -28.1 2 - 2 - vg C-O stretching
3840.2(49) 1.3 -2 - 2 - v3 O-H antisym.str.
601.6(16) | 86.7 ] ] .
616.8(12) | 101.9 vss N-H bending
3463.4(565) | -209.1 ] ] .
3526.5(554) | -146.0 o1 N-H stretching
PMM-A
1040.2(90) | -3.9 . a :
- - - - - h
1064.5(99) | 204 v C-O stretching
3504.6(446) | -336.9 . a .
3664.8(321) | -176.7 v3 O-H stretching
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611.6(29) | 96.7 a - a - v16 N-H bending

3566.8(440) | -105.7 3366.7 -146.5 2 - v1 N-H stretching
PMM-B

1016.2(97) | -27.9 . a :

1041.1(103) 3 vg C-O stretching

3789.4(120) | -52.1 . a .
3831.9(50) Y v3 O-H stretching
599.5(12) 84.6 2 - -2 - v16 N-H bending

3545.0(468) | -127.5 -2 - 2 - v1 N-H stretching

& Experimental features were not observed.
b Average multiplet experimental wavenumbers of the monomers and multimers were taken to
compute the experimental shift in the heterodimers.

c _ .
AV= Vheterodimer- Vmonomer
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mol™. The experimental feature observed in N, matrix at 3349.6 cm™ and in Ar matrix at 3398.0
cm for the N-H---O heterodimer is quite intense and one cannot miss the infrared feature of
the O-H: -7 heterodimer if at all it is formed in the matrix. To conclude, in the C4HsN-CHsOH
heterodimers, PM-A and PM-B, only the former heterodimer was experimentally observed in

the N2 and Ar matrixes.

5.2.3 Pyrrole:--Phenol
Figure 5.8 trace ‘a’ grids A-D and Figure 5.9 trace ‘a’ illustrate the IR spectra of phenol

(CsHsOH) alone in N2 and Ar matrixes, where the O-H stretching mode appears in N2 matrix
at 3622.0/3626.8 cm®, and at 3638.7/3634.3 cm™ in Ar. The peaks at 3425.5 and 3417.1 cm*
in N2 matrix and 3460.8/3459.3 cm™ in Ar matrixes respectively are due to CeHsOH-H,0
heterodimer as reported by Gor et al. [3] Evidence for the formation of heterodimer was found
in the O-H stretching mode of CeHsOH in N2 matrix, (Figure 5.8A) where apart from the
CsHsOH vibrational absorption mode at 3622.0 cm™, new peaks were seen at 3619.8 and
3508.4/3506.5 cm* that increases in intensity with the increase of C4HsN. Similarly, in Ar
matrix new peak was observed at 3500.0 cm™ and shows concentration dependence. On
varying CeHsOH concentration with constant C4sHsN, new spectral bands were observed at
3497.0, 3441.4, 3436.4, 3433.9, 3412.5 and 3406.7 cm™ in N2 and at 3500.0, 3483.2 cm™ in
Ar matrixes respectively in the N-H stretching region of C4sHsN. The N-H bending mode of
C4HsN in N2 matrix also showed the evidence of heterodimer formation at 587.9, 573.5, 551.6,

548.7, 546.2 and 526.0 cm™, with marked concentration dependence of CgHsOH.

5.2.3.1 Computational Details
Computations were performed to arrive at the optimized geometries of the CsHsN-

CsHsOH heterodimers using different levels of theory such as B3LYP, B3LYP-GD3, MP2,
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Figure 5.8 Matrix isolated IR spectra of (A) O-H stretching mode of CsHsOH in N2

Matrix, (B) in Ar Matrix (C) N-H stretching region of C4sHsN in N2 matrix, (D) in Ar
matrix. All the spectra shown here were annealed at 30 K (for N2) and 35 K (for Ar).
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Figure 5.9 Matrix isolated IR spectra of N-H bending region of C4HsN in N2 matrix.
All the spectra shown here were annealed at 30 K.
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and M06 with aug-cc-pVDZ basis set. Computations predicted three minima on the potential
energy surface for the C4sHsN-CsHsOH heterodimers, and the structures of the heterodimers
computed at MP2/aug-cc-pVDZ level of theory are shown in Figure 5.10. The stabilization
energies of the heterodimers along with their structures computed at different levels of theory
using aug-cc-pVDZ basis set are illustrated in Table 5.4. Figure 5.11 shows the plot of BSSE
corrected stabilization energies at different levels of theory using aug-cc-pVDZ basis set versus
heterodimers PP-A, PP-B and PP-C. It is clear from the plot that at all level of theories,
heterodimer PP-A (O-H:-'w) is lower in energy (global minimum) than the other two
heterodimers PP-B (N-H:--w) and PP-C (N-H---O) (local minima). Depending on the level of
theory, the energies of heterodimers PP-B and PP-C fluctuate. At B3LYP/aug-cc-pVDZ level
of theory, heterodimer PP-C is lower in energy than heterodimer PP-B, whereas with the
inclusion of Grimme’s dispersion correction at DFT level, the heterodimers become nearly
isoenergetic. At M06 and MP2 levels of theory, heterodimer PP-B seems to be more stable
than heterodimer PP-C, due to the incorporation of the hybrid functional and dispersion
correction, respectively. Computations performed at B3LYP/aug-cc-pVDZ level of theory
showed a decreasing order of stabilization energy, PP-A < PP-C < PP-B. Etter’s rule is
generally used to rationalize and predict the hydrogen-bonding interaction in the crystals which
states that (1) all good proton donors and acceptors are used in hydrogen bonding, (2) six-
membered ring intramolecular hydrogen bonds form in preference to intermolecular hydrogen
bonds, and (3) the best proton donors and acceptors remaining after intramolecular hydrogen-
bond formation form intermolecular hydrogen bonds to one another. Legon and Millen gave
rules for the formation of X-H---B hydrogen bonds using the rotational spectra of several mixed
dimers in the gas phase. These rules are as follows: (1) The axis of the HX molecule coincides
with the supposed axis of a nonbonding electron pair on B. (2) If B has no nonbonding electron

pairs and instead it has n-bonding electron pairs, then the axis of HX
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molecules intersects the internuclear axis of atoms forming the © bond in B. (3) If B has both
nonbonding and n-bonding electron pairs, then rule (1) is definite. The first and second rules
describe the structure of the complex, while the third rule indicates that the lone pair of
electrons is preferred over n-bonding electron pairs in the hydrogen-bond formation. Both
Etter’s and Legon-Millen rules predict a definite order in the hydrogen bonding on the basis of
these empirical rules. However, exceptions to these rules were noticed in the literature [4, 5].
The O-H of CsHsOH and =-electron of CsHsN are better proton donors and acceptors,
respectively, and the non-bonded pair of electrons forms a stronger interaction (heterodimer
PP-C) than the m-electron (heterodimer PP-B). It should be mentioned that at this level of
theory, heterodimers PP-B and PP-C are devoid of any secondary interactions. As the
dispersion correction is incorporated either through empirical (DFT-GD3 and MO06) or by
perturbation methods (MP2) to optimize the geometry of the heterodimers, the stabilization
energy ordering is PP-A < PP-B < PP-C. Contrary to the DFT level, apart from the primary
interaction in heterodimers PP-B and PP-C, they are further stabilized by secondary
interactions. Because of this secondary interaction, the geometry of the heterodimers is altered,
which makes heterodimer PP-B more stable than heterodimer PP-C. Clearly, a deviation from
the Legon-Millen third rule was noticed as the 7 interactions are stronger than the nonbonding
interaction. It should be mentioned that at all levels of theories with aug-cc-pVDZ basis sets,
heterodimer PP-A was the global minimum structure (with both primary O-H:-'m and
secondary C-H---m interactions), which therefore manifests that the O-H of phenol is more
acidic than pyrrole N-H and forms a stronger heterodimer than heterodimers PP-B and PP-C
(nonbonding and m-interaction), obeying Etter’s first rule, according to which the best proton
donor or the most acidic group will be used primarily for hydrogen bonding, followed by next

acidic group [5]. Invariably, at all levels of theory the structures of
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heterodimers PP-A, PP-B, and PP-C violate the Legon-Millen's second rule [4]. In heterodimer
A, there are synergistic (primary and secondary) interactions between the O-H and C-H of
CsHsOH with n-cloud of C4HsN, respectively. The bond distances between the H13-C18, H13-
C17, H10-C14, and H10-C15 are 2.339, 2.454, 2.671, and 2.527 A. Furthermore, the bond
angles £012-H13-C18, 2012-H13-C17, «C9-H10-C15 and «C9-H10-C14 are 165.3°,
132.0°, 138.3° and 156.6° and the dihedral angles £012-H13-C18-H22, £012-H13-C17-H21,
£C6-C9-H10-C15 and £C6-C9-H10-C14 are 111.5°, 38.4°, 76° and 125.7°, which make the
CeHsOH moiety tilt towards the C4HsN molecule. At B3LYP/aug-cc-pVDZ level of theory,
the CeHsOH molecule is perpendicular to the C4HsN (as shown in Figure 5.10). In heterodimer
PP-B, the bond angle £N16-H23-C1 is 132.2° and the dihedral angles 2C17-N16-H23-C1 and
£C15-N16-H23-C1 are -76° and 89.3°, which make the CsHsN molecule displaced parallel to
the plane of the C¢HsOH molecule, favoring a m---w* interaction between the aromatic m-
electron clouds of these molecules. The bond distances between the H23-C1, H23-C2, C17-C7
and C17-C9 are 2.702, 2.831, 3.060 and 3.289 A. At B3LYP/aug-cc-pVDZ level of theory, the
N-H group of C4HsN is perpendicular to the CsHsOH and has only N-H: & interaction (Figure
5.10). Clearly, the incorporation of dispersion correction alters the geometry of the heterodimer
and favors the synergistic interaction between the C4HsN and CsHsOH molecules. This is the
likely cause for the violation of Legon-Millen rules, since these rules are based on electrostatic
and charge transfer contributions, excluding any considerations from dispersion. At MP2/aug-
cc-pVDZ level of theory, heterodimer C has both N-H---O and C-H: & interactions; the bond
distance between the H23-012 and H20 of C4HsN with all of the carbons of CeHsOH is 2.167
and 2.804 A, respectively. The bond angles 2N16-H23-012 and 2C15-H20-C1 are 157.6° and
141.7°, and the dihedral angles 2C15-N16-H23-012, £C17-N16-H23-012, £C14-C15-H20-

C1l and 2C14-C15-H20-C2 are -32.1°, 147.0°, 134.4° and 162.5°, which orients the C4HsN
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molecule perpendicular to the plane of the CéHsOH molecule. At B3LYP level, the geometry
of the molecule is completely different, and there is only N-H---O interaction between the
C4HsN and CsHsOH molecules (Figure 5.10). At MP2/aug-cc-pVVDZ level of theory, invariably
all of the heterodimers PP-A, PP-B, and PP-C demonstrate the synergistic ability of forming
multiple hydrogen bonds (synergistic interactions), which increases the stability of the
heterodimers.
5.2.3.2 Vibrational Assignments in the vo-+ Stretching Region of CeHsOH

As discussed earlier, the v1 O-H stretching mode of bare CeHsOH was observed as a
site-split feature at 3622.0/3626.8 cm™ in N, matrix (Figure 5.8 Grid A) and in Ar matrix at
3638.7/3634.3 cm™ (Figure 5.8 Grid B) [1]. As the concentration of C4HsN was varied, new
peaks show up as site-split feature at 3508.4/3506.5 cm, a red-shift of -117.0 cm™ in N2 matrix
and at 3500.0 cm™ with a red-shift of -136.0 cm™ in Ar matrix from the C¢HsOH monomer
absorption, which compares well with the computed red-shift of -131.2 cm™ for the O-H---n
heterodimer (PP-A). It should be mentioned that the new feature observed at 3508.4/3506.5
cm for heterodimer PP-A exactly falls on the site-split feature of (CsHsN). at 3508.9 cm™,
broadens, and picks up in intensity as the C4HsN concentration was varied, which clearly
confirms the formation of O-H:---n heterodimer (PP-A) at low temperatures. Computations
predicted a red-shift of -17.8 and -16.2 cm™, for the N-H- - -x heterodimer (PP-B) and N-H---O
heterodimer (PP-C), respectively, in the v1 O-H stretching mode of the CsHsOH submolecule.
Experimentally, a red-shift of -2.2 cm™ is observed in the v1 O-H stretching mode of CéHsOH,
which is assigned for heterodimer PP-C. In heterodimer PP-A, where C¢HsOH acts as a proton
donor, the O-H vibrational shift was larger, whereas in heterodimers PP-B and PP-C, CsHsOH
plays the role of proton acceptor, and the corresponding shifts are smaller in the vi O-H
stretching mode of CeHsOH submolecule. No new feature was discerned in Ar matrix for the

PP-B and PP-C heterodimers in this mode.
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5.2.3.3 Vibrational Assignments in the v1 and vise Mode of C4HsN

For the O-H: -7 heterodimer (PP-A), where C4HsN is a proton acceptor, the vibrational
wavenumber shifts in the N-H stretching and bending mode in the C4HsN submolecule are
smaller in comparison to those of the heterodimers PP-B and PP-C, where CsHsN is the proton
donor. Experimentally, new features observed at 3497.0 and 546.2/548.7/551.6 cm™ in the N-
H stretching and bending modes of C4HsN in N2 matrix, having shifts of -16.2 and 25.3 cm?,
compare well with the computed shifts of -13.9 and 28.0 cm™, respectively, for heterodimer
PP-A. In Ar matrix, new feature was seen at 3505.4 cm™ with a shift of -16.2 cm?, that
increased in intensity as a function of CsHsOH concentration. The site-split multiplets observed
at 3441.4/3436.4/3433.9 cm™ in the N-H stretching mode and at 573.5 cm™ in the N-H bending
mode, having a shift of -75.9 and 50.0 cm™, respectively, matches with the computed shifts of
-51.5 and 40.0 cm™ for heterodimer PP-B. A new feature at 3483.2 cm™ at a shift of -38.5 cm-
1 was observed in Ar matrix and has been tentatively assigned to PP-B. For the N-H---O
heterodimer (PP-C), computations showed a shift of -56.7 and 64.8 cm, but the experimental
shifts are -103.6 and 64.4 cm™ in the N-H stretching and bending modes of CsHsN
submolecule, respectively. It is clear from the table that the experimental shift for heterodimer
PP-A in the O-H stretching mode matches well with the computed shift at B3LYP, M06 and
MP?2 levels, whereas there is a deviation at the dispersion corrected B3LYP-GD3 level. In the
N-H bending and stretching modes, the computed shift at the MP2 level of theory corroborates
well with the experimental shift, whereas at the other levels of theory, there is a large deviation
between the computed and experimental shifts for heterodimer PP-A. Interestingly, the
synergistic O-H---w and C-H- - -7 interactions were found to be present in heterodimer PP-A, at
all levels of theory. In PP-B heterodimer, the experimental shift showed a deviation from the
computed shift at B3LYP, B3LYP-GD3, and MO06 levels of theory with aug-cc-pVDZ basis set

in the N-H and O-H
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Table 5.5 2Raw/ZPE/BSSE Corrected Stabilization Energies (kcal mol) for the CsHsN-
CsHsOH Heterodimers PP-A, PP-B and PP-C computed at different Level of Theories
with aug-cc-pVDZ Basis Set.

Level of theory PP-A PP-B PP-C

B3LYP/aug-cc-pvVDZ -4.04/-3.31/-3.40 -2.30/-1.93/-1.63 -3.75/-3.08/-3.31
B3LYP-GD3/aug-cc-pVDZ | -7.82/-6.90/-7.07 -6.48/-5.77/-5.62 -6.05/-5.26/-5.50
MO6/aug-cc-pVDZ -6.58/-5.78/-5.78 -5.85/-4.72/-5.28 -4.85/-4.10/-4.36
MP2/aug-cc-pVDZ -11.04/-9.99/-7.27 | -11.34/-10.61/-6.71 | -9.62/-8.63/-5.55

All energies are in kcal mol™,
4Raw interaction energies refer to energies not corrected for either ZPE or BSSE
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Figure 5.10 Structures of 1:1 C4HsN-CsHsOH PP-A, PP-B, and PP-C computed
at MP2/aug-cc-pVDZ level of theory.
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Figure 5.11 Plot of BSSE corrected stabilization energies versus heterodimers PP-A,
PP-B and PP-C at different levels of theory with aug-cc-PVDZ basis sets.
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stretching regions of C4HsN and CsHsOH submolecules. The geometry optimized at the
B3LYP/aug-cc-pVDZ level shows only N-H---x interaction, whereas at MP2/aug-cc-pVDZ
due to the dispersion correction, N-H---m and = --7* synergistic interactions, the C4HsN has a
displaced parallel structure with the CeHsOH molecule, and the experimental wavenumber
compares well with the computed shift. For heterodimer PP-C, the experimental and computed
shifts are comparable in the O-H and N-H stretching regions at B3LYP, B3LYP-GD3, and
MO6 levels of theory, whereas at MP2 level of theory, there is a deviation. The experimental
shift in the N-H bending mode for heterodimer PP-C matches reasonably well with the
computed shift at other levels of theory, whereas there is a large difference in the N-H
stretching wavenumbers at the MP2 level. Such discrepancies in the computed shift are
probably due to the level of theory used to arrive at the optimized structures of the
heterodimers. At B3LYP, B3LYP-GD3, and MO06 levels of theory, heterodimer PP-C has only
N-H---O interaction. There are no synergistic interactions for which the red-shift in the N-H
stretching wavenumber of CsHsN submolecule was ca. 83-86 cm™, agreeing well with the
experimental red-shift of 103.6 cm™. At MP2 level of theory, apart from the primary N-H---O
interaction, a secondary C-H---m interaction was formed between CsHsN and CsHsOH, and
these two interactions are acting opposite to each other. The incorporation of dispersion
correction stabilizes the secondary C-H-- -7 interaction, which probably weakens the N-H---O
hydrogen bond, and the corresponding red-shift in the N-H stretching mode of CsHsN
submolecule decreases in the heterodimer PP-C. This type of H-bond weakening due to
secondary interaction has been reported by Mikami et al. in case of CsHsOH-CsHs
heterodimers [6]. Hence, for heterodimer C, a non-synergistic structure is favorable in the
matrix, and it is stabilized by only N-H-:--O interaction as predicted by B3LYP/aug-cc-pVDZ

level of theory.
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In a nutshell, heterodimers PP-A (O-H:--x, C-H---w) and PP-B (N-H- ‘&, 7---n*) have
synergistic interactions on the r-electron cloud of CsHsN and CsHsOH, respectively. MP2/aug-
cc-pVDZ level of theory was able to predict the structures, and the computed vibrational shifts
agree reasonably with the experimental wavenumbers. Although the MP2 level of theory
predicts the structure of heterodimer PP-C to have interactions on oxygen (N-H---O) and &-
electron cloud (C-H:-'m) of CeHsOH with CsHsN, the experimental shift confirms that
heterodimer PP-C may not possess a secondary interaction in the matrix. It is likely that the
dispersion dominated heterodimer PP-C (as predicted by MP2 level of theory) is strongly
destabilized due to the matrix surrounding, and further computational work is indeed essential
to understand the role of the matrix on heterodimer PP-C. It is obvious from our matrix isolation
experiments that the structures optimized in the isolated gas phase in a vacuum need not be
generated at cold isolated conditions as the low temperature matrix plays a profound role in

altering the geometry of the heterodimers.

5.2.4 Pyrrole---Diethyl ether
5.2.4.1 Conformations of DEE.

Since, the presence of rotational flexible ethyl groups are attached to oxygen on both
the sides, at the outset, the conformational degrees of freedom were analyzed for DEE. The
geometry optimization of different conformers of DEE was performed and was found that the
energy of the conformers increases in the order tt<tg*<g*g*<g*g®. The structures of the DEE
conformers are illustrated in the Figure 5.12. Our results agree well with the earlier
computational reports on the DEE conformers [7-17]. The energies, degeneracies and relative
room temperature population of DEE conformers are given in Table 5.7. It is to be mentioned
that the conformational studies were performed at B3LYP/aug-cc-pVDZ level of theory (since

for probing conformations, DFT functional is superior), while the pyr-DEE
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Table 5.6 Comparison of computed with the experimental shift in N2and Ar matrix, mode
assignments for the C4HsN-CsHsOH heterodimers PP-A, PP-B and PP-C. Computations
were performed at MP2/aug-cc-pVVDZ Level of Theory.

Computed? v (cm™)

Experimental v (cm™?)

Mode
N2 AI’ A H
y AP ssignment
v AYP v AvP
Pyrrole
514.9(58) - 520.2/527.2° | - 48342/14262'8/ - v16 N-H bending
3519.3/3513.8
3672.4(76) - /3510.9/ - 3522532/852201'6/ - v1N-H stretching
3508.9° '
Phenol
329.5(95) - 358.0 - -d - O-H bending
O-H stretchin
3807.5(64) - gggégﬁ - | 3638.7/36343°| - | J
PP-A
542.9(68) | 28.0 5465'525/%8'7/ 25.3¢ d ~ | 16 N-H bending
3658.5(72) | -13.9 3497.0 -16.2 3505.5 -16.2° | v1N-H stretching
492.5(98) | 162.9 526.0 168.0 d - O-H bending
3676.3(343) | -131.2 gggggﬁ 17.0°| 35000 | -1365° | p10-H stretching
PP-B
554.9(104) 40.0 573.5 50.0 -d - v16 N-H bending
3620.9(85) | -51.5 344/224245’6-4 75.9° 3483.2 385 | o1 N-H stretching
200.0(131) | -30.6 Ch i d i 0-H bending
3789.7(55) | -17.8 -d - -d - v1 O-H stretching
PP-C
579.7(15) | 64.8 587.9 64.4 d - v16 N-H bending
3615.7(228) | -56.7 | 3412.5/3406.7 | -103.6° d -~ | b1 N-H stretching
365.2(106) 35.6 -d - -d - O-H bending
3791.3(60) | -16.2 3619.8 22 d - | 010-H stretching

2 Intensity in km mol™ is given in parenthesis.
bAV = Vmonomer-Vheterodimer-
¢ Average of multiplet experimental wavenumbers of the monomers and CsHsN-CsHsOH
heterodimers PP-A, PP-B and PP-C were taken to compute the experimental shift.

d Experimental features were not observed.
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heterodimers were analyzed at MP2/aug-cc-pVDZ level of theory, since the former is a
superior method for conformational analysis. At B3LYP/aug-cc-pVDZ level of theory, the
relative energies of tg* and g*g* conformers with respect to ground state tt conformer were
calculated to be 1.62 and 3.12 kcal mol™?, respectively. From the relative energies and
degeneracies, the room temperature populations of tt, tg* and g*g* conformers were found to
be 78%, 21% and 1%, respectively. Since, the g*g* has a negligible population, this conformer
is experimentally not important. Interestingly, upon optimization at the B3LYP/aug-cc-pVDZ
level of theory, the g*g* conformer is converted to tg* form and, therefore, the g*g* conformer
is not a minimum on the potential energy surface. As the populations of the tt and tg*
conformers of DEE are appreciable at room temperature, it is possible to trap these two
conformers at low temperatures under isolated condition. The computed wavenumber analysis
of the different vibrational modes of tt and tg* conformers revealed that, only the C-O-C
stretching mode has appreciable infrared absorption intensity and a significant vibrational
wavenumber difference between the tt and tg* conformers. Hence, experimentally, only the C-
O-C vibrational mode of DEE was probed for identifying the tt and tg* conformers.
5.2.4.2 Vibrational Assignments of DEE in C-O-C stretching region

Figure 5.13 grids A and B show the infrared spectra of the C-O-C stretching region of
DEE in N2 and Ar matrixes. Trace ‘a’ shows the simulated spectra of tt and tg* conformers,
where the infrared intensities are weighted for their population. Traces ‘b’ and ‘c’ correspond
to the as-deposited and annealed spectra of DEE, respectively. The site split features observed
at 1127.8, 1126.1 cm™ in N2 and the corresponding features at 1133.4, 1131.9 cm™ in Ar matrix
compared well with the computed value of 1143.8 cm™ of tt-conformer. Furthermore, in the
as-deposited spectra adjacent to the intense peak, a weak feature was observed at 1119.9 cm™

in N2 and site split features at 1127.1 and 1124.9 cm™ in Ar matrix.
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Table 5.7 Relative Energies, Degeneracy and % Contributions of the Different

Conformers of DEE Computed at B3LYP/aug-cc-pVDZ Level of Theory.

Relative Relative Relative
Conformers Energy Energy (kcal | Degeneracy Qo
(Hartree a. u.) | mol?) Contribution (%)
tt -233.555531 0.0 2 78
tg* -233.552957 1.62 4 21
g*g* -233.550577 3.11 2 1
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DEE-tt

DEE-tg*

DEE-g*g*

Figure 5.12 Structures of the different conformers of diethyl ether (DEE) have been
computed at B3LYP/aug-cc-pVDZ level of theory.
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Figure 5.13 Infrared spectra of C-O-C stretching region of DEE in Ar (grid A)
and N2 (grid B) (a) Simulated spectra of DEE, (b) as deposited spectra and (c)
Annealed spectra.
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On annealing, the 1119.9 and 1124.9 cm™* feature in N, and Ar matrixes, respectively, decrease
in intensity and a new peak appears at 1123.7 cm™ in N2 matrix, whereas the intensity of the
feature at 1127.1 cm™ increases in Ar matrix. The behavior of the peaks (1119.9 cm™ in N2 and
1127.1 cm™ in Ar) is identical in both matrixes and agree well with the computed value of
1140.0 cm* for tg* conformer of DEE. The features observed at 1117.6, 1116.0 and 1121.1,
1119.2 cm? in annealed N, and Ar matrixes, respectively, are likely due to DEE-H,0
heterodimer. Therefore, through matrix isolation infrared spectroscopy, both tt and tg*
conformers of DEE were clearly discerned at low temperatures experimentally, which
correlated well with the computational predictions.
5.2.4.3 Natural Bond Orbital (NBO) Analysis of the conformers of DEE

Geminal and vicinal hyperconjugative interactions are the two types of donor-acceptor
interactions that stabilize the conformations of phosphates, phosphites, acetals and ketals [18-
29]. Table 5.8 lists the NBO analysis of some of the important vicinal interactions in tt, tg* and
g g™ conformers of DEE together with E energies. In order to estimate quantitatively the
relative contribution of vicinal and geminal interactions to the conformational stability in DEE
conformers, hyperconjugative interactions on the tt, tg* and g*g* conformers of DEE were
sequentially deleted. The energies of the three conformers of DEE after deleting either vicinal
or geminal or all the acceptor orbital interactions are listed in table 5.9. The contribution due
to steric interactions to the conformational ordering is obtained by deleting all the acceptor
orbital hyperconjugative interactions. Figure 5.14 shows the picture of conformational
ordering of DEE when all the hyperconjugative interactions were present and also by
systematically deleting the geminal, vicinal and all the interactions. When the vicinal
interaction is deleted, the energy of the tt, tg* and g*g* conformer increases by 153, 152 and
153 kcal mol™, respectively, indicating that the relative contribution of ~90% from this

interaction in stabilizing the conformers. The energy ordering after deleting the vicinal
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interactions is g*g*<tt<tg*. However, when the geminal interactions were deleted the energy
increase of all the three conformers is only 17(tt), 16(tg®), 16(g*g*) kcal mol™ and the relative
contribution to the overall stability of the conformers is only ~ 9.0%, which clearly showed
that the geminal interaction hardly contributes to the overall energetics of the conformers. The
energy ordering after deleting the geminal interactions is g*g*<tg*<tt. When both vicinal and
geminal interactions were removed, the energy ordering becomes tt<g*g*<tg™. It is clear from
the NBO analysis that, of the two interactions, vicinal interactions completely dominate the
geminal interactions in deciding the stability of the conformers. Invoking of geminal
interactions indeed require a vacant ‘d’ orbital (as in the case of second row elements like
phosphorus and silicon) and the absence of ‘d’ orbital clearly precludes the geminal interactions
to overall energetics of the conformers of DEE.

5.2.4.4 Interaction of pyrrole with tt and tg+ conformers of DEE

It is clear from the previous section that only tt and tg+ conformers of DEE exist at low
temperatures under isolated conditions. Using the optimized geometry of the tt and tg*
conformers of DEE and pyrrole (CsHsN), the geometries of the C4HsN-DEE-tt and CsHsN-
DEE-tg™ heterodimers were computed at MP2/aug-cc-pVDZ level of theory and they are shown
in Figure 5.15. Geometry optimization indicated that only N-H---O interaction exists between
CsHsN with tt and tg* conformers of DEE.

Table 5.10 gives the stabilization energy of the heterodimers corrected separately for
ZPE and BSSE. Interestingly, the energy profile of the C4HsN-DEE heterodimers is completely
different with respect to the conformational equilibrium of bare DEE. Although, the tt
conformer of DEE was the global minimum, on complexation, the reversal in energy trend was
noticed. The CsHsN-DEE-tg* heterodimer was calculated to be to be more exothermic than
C4HsN-DEE-tt heterodimer by ~0.16 kcal mol™?. The small energy difference enabled the

generation of both the heterodimers at low temperatures. Table 5.11 compares the
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Table 5.8 NBO Analysis of some of the Important Vicinal Hyperconjugative Interactions,
showing the Donor and Acceptor Orbitals and the Second Order Perturbation Energies,
E2(kcal molY), in tt, tg* and g*g* conformers of DEE, calculated at the B3LYP/aug-cc-
pVDZ Level of Theory.

Interaction tt tg* g*g*
n%(02)—c*C3-H5 6.26 4.75 1.03
n?(02)—c*C3-H6 6.26 - 3.19

n%(02)—c*C10-H12 6.26 5.38 3.19
n%(02)—c*C10-H13 6.26 7.19 1.03
n?(02)—c*C4-H9 - 0.82 1.01
n%(02)—c*C3-C4 - 6.95 7.26
n%(02)—c*C10-C11 - - 7.26
n%(02)—c*C11-H15 - - 1.01
n}(02)—c*C3-C4 0.97 0.94 -
n}(02)—c*C10-H13 1.01 0.78 1.71
n}(02)—c*C10-H12 1.01 1.37 2.70
n}(02)—c*C3-H5 1.01 1.74 1.71
n}(02)—c*C3-H6 1.01 1.94 2.71
6C4-H8—c*02-C3 4.48 - -
6C4-H9—c*02-C3 - 5.13 4.99
6C4-H9—c*C3-H6 2.91 - -
6C4-H7—c*C3-H5 2.91 - -
6C4-H7—c*C3-H6 - 2.45 2.85
6C3-H5—06*C4-H8 - 2.88 3.10
6C3-H6—c*C4-H7 - 3.15 2.80
6C3-H6—5*02-C10 - 3.13 -
6C4-H8—c*C3-H5 - 2.79 2.49
6C3-H5—6*C4-H7 2.86 - -
6C3-H6—c*C4-H9 2.86 - -
6C11-H15—6*02-C10 4.48 4.52 4.99
6C11-H14—06*C10-H12 2.91 2.94
oH1-C11—06*C10-H13 2.91 2.79 -
602-C3—c*C4-C8 1.23 - -
602-C3—c*C10-C11 1.62 1.47 -
602-C3— ¢*C4-H9 - 0.94 1.04
6C10-H12—c*C11-H14 2.86 2.85 -
6C10-H13—c* H1-C11 2.86 2.89 2.80
6C3-H5—6*02-C10 - - 2.95
6C3-C4—c*02-C10 2.24 -
6C10-C11—0*02-C3 2.24 2.40 0.57
6C10-H13—0*C11-H14 - - 3.10
6C11-H14—06*C10-H13 - - 2.49
602-C10— 6*C11-H15 1.04 1.23 1.04
oH1-C11—6*C10-H12 - - 2.85
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Figure 5.14 Diagram showing the correlation between the various conformers of
DEE (A) with all hyperconjugative interactions present, (B) with vicinal
interactions deleted, (C) with geminal interactions deleted, and (D) with all
hyperconjugative interactions deleted.
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Table 5.9 NBO Analysis showing the Energies obtained after deletion of various
Hyperconjugative Interactions in tt, tg* and g*g* Conformers of DEE, computed at the

B3LYP/aug-cc-pVDZ Level of theory.

Conformers Energy Interactions deleted Change in energy Soer:?::\t;i
-1
(hartrees) (hartrees) (hartrees) | ( kcal mol™) tion (%)
] vicinal | -233.446393878 | 0.244533 | 153.447 90.2
tt geminal | -233.664305630 | 0.026621 | 16.705 9.8
233.690926608 all -233.433679025 | 0.257248 | 161.425 -
vicinal | -233.442657612 | 0.245799 | 154.241 90.4
tg* ) geminal | -233.662223641 | 0.026233 | 16.462 9.6
233.688456860 all -233.429834271 | 0.258623 | 162.288 -
vicinal | -233.442419208 | 0.243690 | 152.918 90.6
gtg* - geminal | -233.442419208 | 0.025254 | 15.847 9.4
233.686108775 all -233.428467720 | 0.257641 | 161.672 -
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shift in the computed wavenumbers with experimental values of the CsHsN-DEE-tt and
CsHsN-DEE-tg* heterodimers computed at MP2/aug-cc-pVDZ level of theory.

5.2.4.5 Vibrational Assignments in the v1 and vie Mode of C4HsN
Figure 5.15 (grid A and B) correspond to the N-H stretching region of C4HsN in N2 and

Ar matrixes, respectively. The features observed at 3513.8, 3508.9 cm™ in N2 and the
corresponding features at 3523.3, 3521.6, 3520.2 cm™ in Ar matrix are due to the N-H
stretching mode of C4HsN monomer. The site-split doublet features observed at 3503.4, 3500.8
cm™in N2 and at 3512.5 cm™ in Ar are those of proton accepting (CsHsN)2, as mentioned in
Chapter 3. When the precursors were deposited and annealed, new features appear with a high
intensity at 3355.8 cm™ and a small peak at 3361.0 cm™ in N2 and the corresponding feature is
observed as multiple site split features at 3359.4, 3355.0, 3353.6 cm™ in Ar matrix. These
features are red-shifted by -154.0 and -165.7 cm™ in N2 and Ar matrixes, respectively from the
bare monomer absorption of C4HsN that compares with the computed shift of -249.6 cm™ for
the CsHsN-DEE-tt heterodimer. Apart from the intense sharp feature due to CsHsN-DEE-tt
heterodimer, another set of site split features that were observed at 3331.4, 3329.0 cm™ in N,
matrix and in Ar matrix at 3350.2 cm™ with a shift of -181.8 and -171.5 cm™ correlate with the
computed shift of -236.5 cm™ for the CsHsN-DEE-tg* heterodimer.

Figure 5.15 grids A and B show the N-H bending region of CsHsN in N2 and Ar
matrixes, respectively. The features observed at 520.2, 527.2 cm™ in N2 and at 483.8, 482.9
cmt in Ar matrix are due to N-H bending mode of C4HsN monomer absorption. In addition to
these peaks new features were observed at 595.5, 599.8 in N2 and at 594.3 cm™ in Ar matrixes,
respectively with a blue-shifts of 72.0 and 111.0 cm™ that agree well with the computed blue-
shift of 90.0/92.4 cm™ for both C4HsN-DEE-tt and C4HsN-DEE-tg* heterodimers. As the

computed blue-shift of the N-H bending mode is nearly the same for both heterodimers,
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Table 5.10 2Raw/ZPE/BSSE Corrected Stabilization Energies of CsHsN-DEE-tt and
C4HsN-DEE-tg* Heterodimers at various Levels of Theory.

Heterodimers

Stabilization Energy (kcal mol?)

B3LYP/aug-cc-pVDZ

B3LYP-D3/6-311++G (d p)

MP2/aug-cc-pVDZ

CsHsN-DEE-tt

-4.95/-3.99/-4.31

-8.54/-7.49/-8.16

-10.13/-9.30/-7.12

CsHsN-DEE-tg*

-5.31/-4.48/-4.72

-8.66/-7.58/-8.28

-10.31/-9.34/-7.28

All energies are in kcal mol™,
4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
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Figure 5.15 Infrared spectra of the (A) N-H stretching region of C4HsN in N2, (B)
N-H stretching region of C4HsN in Ar matrixes, (C) C-O-C stretching region of
DEE in N2and (D) C-O-C stretching region of DEE in Ar matrixes. All the spectra
shown here were annealed at 30 K (N2) and 35 K (Ar).
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Figure 5.17 Structures of the CsHsN-DEE-tt, C4sHsN-DEE-tg* and CsHsN-DEE-g*g*
heterodimers computed at MP2/aug-cc-pVDZ level of theory.
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the new features observed experimentally in both matrixes are assigned to C4HsN-DEE-tt and
C4HsN-DEE-tg* heterodimers.
5.2.4.6 Vibrational Assignments in C-O-C stretching region of DEE

Figure 5.16 grids C and D show the C-O-C stretching region of DEE in N2 and Ar
matrixes, respectively, covering the region 1140 to 1110 cm™. Figure 5.16 trace ‘a’ represents
the CsHsN alone spectrum in these matrixes. As discussed earlier, the tt and tg* conformers of
DEE appear as site split features at 1127.8, 1126.1 cm™ and 1119.9, 1123.7 cm™ in N2 and the
corresponding features in Ar matrix are observed at 1133.4, 1131.9 and 1127.1, 1124.9 cm™*
respectively. The features observed at 1117.6, 1116.0 cm™ in N matrix, and 1121.1, 1119.2
cm™ in Ar matrix, are probably due to DEE-H.O heterodimer, since water is an inevitable
impurity in matrix isolation experiments. Computations were performed at MP2/aug-cc-pVDZ
level of theory for the DEE-H,0 heterodimers. A computed red-shift of -23.0 cm™ compares
with the experimental red-shift of -10.2 and -12.5 cm™ in N2 and Ar matrixes, respectively for
the DEE-tt-H,O heterodimer. We could not observe any new experimental feature for the DEE-
tg*-H.0 heterodimer in both Ar and N2 matrixes, for which the computations showed a red-
shift of -13.2 cm™. When the concentration of C4HsN was varied and the matrix was annealed,
new features started appearing at 1113.8 and 1110.7 cm™ in N2 matrix, and at 1117.7, 1116.3
and 1113.6 cm™ in Ar matrix. Experimentally, a red-shift of -14.9 and -18.3 cm™ in N2 and Ar
matrixes, respectively, from the monomer absorption compares well with the computed red-
shift of -24.3 cm™ of the C4HsN-DEE-tt heterodimer. In Ar matrix, additional features were
observed at 1117.7 and 1116.3 cm™ with a shift of -10.1 cm™, which correlates well with the
computed red-shift of -13.6 cm™ of the C4HsN-DEE-tg* heterodimer. The C4HsN-DEE-tg*

heterodimer feature could not be discerned in N2 matrix.
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5.2.5 Atoms-in-Molecules Analysis

AIM analysis [30-33] was performed on the 1:1 CsHsN-H.O (PW-A and PW-B),
C4HsN-CH3OH (PM-A and PM-B), C4HsN-CgHsOH (PP-A, PP-B and PP-C) and CsHsN-
C2Hs0OC,Hs (CsHsN-DEE-tt and CsHsN-DEE-tg*) to understand the hydrogen bond properties
in these heterodimers. According to AIM theory, a (3,-1) BCP is considered to be an essential
criterion for the existence of a bond between two molecules. In fact, BCPs were found between
the heterodimers of CsHsN with H>O, CH3OH, CeHsOH and C>HsOC:Hs indicating the
formation of hydrogen bond between these precursors. The molecular graphs shown in Figure
5.18 illustrate the presence of BCPs in these heterodimers. The electron densities p(rc), and
their Laplacian V?p(rc) at the BCP computed at MP2/aug-cc-pVDZ level of theory for the
heterodimers are listed in Table 5.12. The magnitudes of the values of p(rc), and V2p(rc) at the
BCP are used to distinguish between the shared and closed-shell (non-covalent) interactions.
As can be seen from the table, the values of the p(rc) at the bond critical points for all the
heterodimers are of the order of 102 au and V?p(rc) are positive, which are typical of closed
shell interactions. In contrast, the BCP’s of the neighboring bonds (which do not involve in
hydrogen bonding) exhibit characteristic covalent interactions. The high positive and negative
values of p(rc) and V?p(rc), respectively, clearly confirm the shared nature of the interactions
in the neighboring bonds.

Interestingly, the magnitude of p(r¢) values at the BCP increases in the order PP-C<PW-
A<PM-A<C;sHsN-DEE-tt=~C4HsN-DEE-tg* for the N-H:--O heterodimers, which is consistent
with the increase of N-H bond length and the corresponding increase in the red-shift of the N-
H stretching wavenumber of C4HsN submolecule. In the C4HsN-CeHsOH PP-A heterodimers,
the primary interaction being O-H:-'w, the electron density (p) was more than that at the

secondary interaction C-H-*-w. For the heterodimer PP-B,
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Table 5.11 Comparison of Shift in the Experimental Vibrational Wavenumbers in N2 and
Ar Matrixes with the Computed Wavenumbers of the 1:1 C4HsN-DEE (it and tg®)
Heterodimers at MP2/aug-cc-pVDZ Level of Theory.

Computed?v (cm™) Experimental v (cm™)
Mode
v AvP N Ar Assignment
v | AW v | AP
CaHsN
514.9(58) - 527.2/520.2 - 483.8/482.9 - N-H bending
3672.4(76) | - | 3513.8/3508.9 i 3523.3/35216/ | N-H stretching
3520.2
DEE-tt
1151.6(199) | - | 1127.8/1126.1 | - | 1133.4/1131.9 | - | C-O-C stretching
CaHsN-DEE-tt
1127.3(172) | -24.3 | 1113.8/1110.7 [ -14.9° 1113.6 -18.3 | C-O-C stretching
604.9(8) | 90.0 | 595.5/599.8 72.0° 594.3 111.0 N-H bending
3424.6(800) | -249.6 | 3361033558 | -154.0° | SO2233900N 1 16570 | N stretching
DEE-tg*
1149.8(134) | - | 1119.9/1123.7 | - | 1127.1/11249 | - | C-O-C stretching
C4HsN-DEE-tg*
1136.2(112) | -13.6 A - 1117.7/1116.3 | -10.1° [ C-O-C stretching
607.3(9) | 92.4 | 595.5/599.8 72.0° 594.3 111.0 N-H bending
3437.7(727) | -236.5 | 3331.4/3329.0 | -181.8° 3350.2 -171.5 | N-H stretching

4Intensity in km mol™ is given in parenthesis.
bAY = Vheterodimer-Vmonomer
‘Average of multiplet experimental wavenumbers of the monomers and Py-DEE
heterodimers were taken to compute the experimental shift.
dExperimental features were not observed.
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primary interaction was 7** stacking apart from the N-H*n bonding, where the p-value of
former was higher than the later. Similarly, the heterodimer PP-C has two types of hydrogen
bonding, the N-H---O type of H-bond being stronger than the C-H''x as reflected from the p-
value.
5.2.6 Natural Bond Orbital Analysis

NBO is a useful theoretical method to characterize the nature of interactions existing in
the heterodimers. In the hydrogen bonded heterodimers, the contribution of charge transfer
hyperconjugative interaction is substantial, which induces a bond elongation with a
concomitant red-shift in the vibrational wavenumber of the proton donor. Table 5.13 lists the
electron occupancies of the important molecular orbitals, donor-acceptor delocalization
interactions and the second order perturbation E> energies of pyrrole with water, methanol,
diethyl ether and phenol heterodimers computed at MP2/aug-cc-pVDZ level of theory. As can
be seen from the table that the electron occupancies of the donor orbitals decrease with a
concomitant increase in the acceptor antibonding orbitals of the N-H---O heterodimers (PW-A,
PM-A and PDME) and O-H:*'x heterodimers (PW-B, PM-B), but the magnitude of change in
electron occupancies of the donor and acceptor orbitals is lesser in the latter than in the former
heterodimers. Furthermore, the second order perturbation E> energies for the hyperconjugative
interaction of the N-H--O heterodimers increase in the order PW-A<PM-A<PDME, which
correlates well with the shift in the N-H stretching and bending mode of C4HsN submolecule
in the heterodimers. The magnitude of E; energies of the N-H:--O heterodimers (PW-A, PM-
A, PDME) are significantly larger than the O-H-w heterodimers (PW-B, PM-B), clearly
showing that the hyperconjugative interactions are stronger in the former than the latter. It was

also observed that, if %As decreases with the associated increase in %Ap character for
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Figure 4.18 Structures showing the bond critical points (BCP in red), ring critical points (RCP,

in yellow) and cage critical points (CCP, in green) obtained from topological AIM analysis.
(A) PW-A, (B) PM-A, (C) PP-A, (D) PP-B, (E) PP-C, (F) C4sHsN-DEE-tt and (G) C4HsN-DEE-

ta*.
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Table 5.12 Properties of (3,-1) bond critical points (BCPs) of heterodimers of CsHsN with

H20, CH3OH, CsHsOH and (C2Hs)20 computed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimer p(rc) V2p(re) M A2 A3
*PW-A 0.0228 0.0834 -0.0293 -0.0285 0.1413
*PM-A 0.0259 0.0952 -0.0372 -0.0347 0.1722
“PP.A O-H-=n | 0.0151 0.0366 -0.0143 -0.0071 0.0581
C-Hn | 0.0112 0.0355 -0.0089 -0.0041 0.0486
PP.B N-H--m | 0.0082 0.0251 -0.0052 -0.0018 0.0322
ek 0.0106 0.0306 -0.0042 -0.0015 0.0364
PP-C N-H--O | 0.0166 0.0517 -0.0186 -0.0166 0.0870
C-H=n |0.0078 0.0270 -0.0040 -0.0007 0.0318
#C4HsN-DEE-tt 0.0337 0.1092 -0.0481 -0.0476 0.2049
*C4HsN-DEE-tg* | 0.0317 0.1023 -0.0438 -0.0433 0.1894

#These heterodimers are purely N-H--O only.
* These heterodimers have multiple interactions which are specified in the adjacent column.
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the non-bonding orbital as a result of complexation, the hyperconjugative delocalization
increases. As the %p character increases, which makes the non-bonding orbital of oxygen atom
more diffuse, thereby facilitating a facile overlap with antibonding N-H orbital of pyrrole sub-
molecule with the corresponding increase in E; energy in the N-H---O heterodimers.

For C4HsN-CsHsOH heterodimer PP-A, the hyperconjugative interaction was between
the m-electron cloud of CsHsN [#(C17-C18)] to the antibonding orbital [6*(0O12-H13)] of
CeHsOH. The E; energy of this interaction is 6.33 kcal mol™. Furthermore, due to this
interaction, there is a reduction in the occupancies of electrons in the donor r-orbital of C4HsN
and a marginal increase in the occupancies of electrons in the acceptor 6*(012-H13) orbital of
CsHsOH. The increase in electron density at the antibonding orbital elongates the O-H bond
with an associated red-shift in the vibrational wavenumber of CeHsOH sub-molecule in the O-
H''m heterodimer PP-A. Furthermore, in the same heterodimer there is another
hyperconjugative interaction between w(C14-C15) electron cloud of CsHsN with the
antibonding orbital of 6*(C9-H10) of CsHsOH and the Ez energy is 2.82 kcal mol™. This
interaction also exhibits a change in the electron occupancies of the donor and acceptor orbitals.
Due to these hyperconjugative interactions between the CsHsOH with CsHsN molecules, the
geometry of the CsHsOH molecule is tilted and favors the synergistic interaction and the
experimental shift supports the formation of the heterodimer in the matrix (Figure 5.19).

For the C4HsN-CeHsOH PP-B heterodimer, the maximum delocalization E2 energy
(2.55 kcal mol ) was observed for a unique 7***7* interaction between n(C2-C6) and m(C7-C9)
of CeHsOH to the antibonding orbitals of n*(C14-C15) and n*(C17-C18) of CsHsN,
respectively; similarly, there is an interaction between the n-electrons n(C14-C15) and n(C17-
C18) of C4HsN to the n*(C2-C6) and n*(C7-C9) antibonding orbital of CsHsOH,which makes

the C4HsN parallel displaced to the plane of the CsHsOH molecule.
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Table 5.13 Electron occupancies of various NBOs of C4HsN-H20 (PW-A, PW-B), C4HsN-
CHsOH (PM-A, PM-B), C4HsN-CH3OCHs (PDME), C4HsN-C2HsOC2Hs and CaHsN-
CsHsOH (PP-A, PP-B, PP-C) heterodimers computed at MP2/aug-cc-pVDZ Level of
Theory. The donor-acceptor delocalization interaction and second order perturbation

energies (Ez, kcal mol?) are also shown.

Hetero Donor-acceptor
dimers NBO Occupancy delocalization interaction E
o*(N3-H10) | 0.02559(0.01370)
n1011—6*(N3-H10) 13.04
ow.a | o(O11-H12) | 199787(1.99918)
—o* -
n2011 1.99505(1.9974g) | "2011—0*(N3-H10) 0.09
n1011 1.98359(1.99591)
2(C1-C2) | 1.85770(1.86030)
PW-B |o(O11-H13) | 1.99854(1.99918) | n(C1-C2)—c* (O11-H13) |3.71
n2011 1.99569(1.99748)
o*(N3-H10) | 0.02686(0.01370)
n1011—6*(N3-H10) 9.15
oM.A | O(O11-H12) | 1.99132(1.99138)
k -
n1011 1.97415(1.98834) | "2011—0*(N3-H10) 4.60
n2011 1.97299(1.97244)
o(O11-H12) | 1.99148(1.99138)
PM-B | m(C4-C5) | 1.85597(1.86030) | m(C4-C5)—c*(O11-H12) | 4.73
n2011 1.96980(1.97244)
o*(N11-H19) | 0.03393(0.01370) o
oome |o01C2) | 199383(1.99413) n101—-6*(N12-H19) 4.15
n101 1.97058 (1.97606) .
e T93637(Lodagg, | 12010 (N12-H19) 11.54
o*(012-H13) | 0.01711(0.00554) _ o
op.a | WC17-C18) |185196(86030) M(C17-C18)—>0*(012-H13) | 6.33
o*(C9-H10) | 0.01388(0.01034) _ o
2(C14-C15) | 1.85420(1.86030) | (C14-C15)—0*(Co-HI0) 282
f(C1-C3) | 1.70123(1.69101) | m(CI-C3)—c*(N16-H23) | 1.22
o*(N16-H23) | 0.01797(0.01370) | m(C2-C6)—c*(N16-H23) | 0.16
7(C2-C6) | 1.67498(1.68104) | m(C2-C6)—n*(C14-C15) | 059
7(C7-C9) | 1.63539(1.66061) | m(C7-C9)—>*(C17-C18) | 0.95
PP-B | n*(C14-C15) | 0.31197(0.31218) | a(C14-C15)—>n*(C2-C6) | 0.49
*(C17-C18) | 0.31526(0.31218) | m(C14-C15)—m*(C7-C9) | 0.38
7(C14-C15) | 1.86030(1.85953) | m(C17-C18)—n*(C7-C9) | 0.08
7(C17-C18) | 1.86030(1.85828) _ o
TCaco) | 034T66(033760] | MC17-CI8—n(C2-CE) | 0.08
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7(C7-C9) | 0.34996(0.36275)
n1(012) 198277(1.98413) | | 012)so*(N16-H23) | 1.01
n2(012) 192157(1.92043) | (07O T ORI | o)
*(N16-H23) | 0.02005(0.01370) :
op.c | WC2CE) | 167351(168104) | m(C2-C6)>o*(CI5-H20) | 1.00
7(C1-C3) | 1.68011(1.69101) | m(C1-C3)—o*(C15-H20) | 0.44
*(C15-H20) | 0.01145(0.00996) | #(C7-C9)—o*(C15-H20) | 0.17
7(C7-C9) | 1.66490(1.66065) | n(C1-C3)— n*(C14-C15) | 0.23
7*(C14-C15) | 0.31247(0.31218) | =(C7-C9)— m*(C14-C15) | 0.20
n102 1.97039(1.97578) e
g‘l‘z';':'t n202 1.03342(1,94357) | 102 o*(N18-H25) 3.82
*(N18-H25) | 0.03854(0.01370) | n202— o*(N18-H25) 13.90
CaHsN- | n102 1.96806(1.97379) e
DEE- |n202 1.93577(1.94476) | M102— o*(N18-H25) 3.99
0% | Gx(N18-H25) | 0.03715(0.01370) | n202— 6*(N18-H25) 12.89
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The charge transfer hyperconjugative interaction between the n(C1-C3) of CsHsOH to the
6*(N16-H23) of C4HsN is 1.22 kcal mol™?, inducing a red-shift in the N-H stretching vibrational
wavenumber of C4HsN submolecule in the N-H:--z PP-B heterodimer. In this heterodimer, the
synergistic interaction between the two molecules changes the geometry and the experimental
shift supports the formation in the matrix.

In C4HsN-CeHsOH PP-C heterodimer, the delocalization interaction is between the
non-bonding orbitals of oxygen of CeHsOH to the N-H antibonding orbitals of CsHsN
[n?(012)—0c*(N16-H23) and n}(012)—c*(N16-H23)], the E; energy of these interactions are
1.01 and 3.91 kcal mol™, respectively. In addition to this interaction, there is another charge
transfer interaction between n(C2-C6), n(C1-C3) and n(C7-C9) of CeHsOH to the antibonding
orbital of 6*(C15-H20) of C4HsN submolecule. The increase in the electron occupancy of the
o*(N16-H23) orbital, causes the N-H bond to elongate with a corresponding red-shift of the N-
H stretching wavenumber of CsHsN sub-molecule in the PP-C heterodimer. The difference in
contribution of delocalization energy of the lone pairs of oxygen atom in CeHsOH is probably
due to the different spatial orientations of the lone pair orbitals. The n(012)—o*(N16-H23)
is an axial overlap whereas, n?(012)—c*(N16-H23) is a lateral overlap; the former giving the
highest interaction due to more facile interaction between the orbitals are observed in the
previous systems (Figure 5.19).

Table 5.13 lists the electron occupancies of the important molecular orbital, donor-
acceptor delocalization interactions and second order Ez energies of CsHsN-DEE-tt and CsHsN-
DEE-tg* heterodimers, computed at MP2/aug-cc-pVDZ level of theory. In both heterodimers,
there is a charge transfer interaction from the non-bonded electrons on oxygen [n*02 and n02]
to the antibonding acceptor orbital of 6*(N18-H25) of C4sHsN. Consequently, the electron
occupancies of the donor orbital decrease while that of the acceptor orbital increase. Due to

this hyperconjugative interaction, the N-H bond length increases and the corresponding red-
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shift in the N-H stretching vibrational wavenumber increases. It is clear from the table that the
E> energy of the C4sHsN-DEE-tg* is marginally higher than that of C4HsN-DEE-tt and the
corresponding N-H shift is higher for the former heterodimer than the latter.

Figure 5.19 shows the natural bond orbital diagram using NBO 6.0 [35-38] for the
overlap between the non-bonded electrons of oxygen [n'O2 and n?02] of H.O, CH3OH,
CH30CHs3, CsHsOH and DEE (tt and tg*) with o*(N18-H25) of CsHsN in the respective
heterodimers and the corresponding E: energies.

5.2.7 Energy Decomposition Analysis
The ED analysis was performed to identify the dominant interactions in stabilizing the

C4HsN-H20, C4HsN-CHsOH, C4HsN-CH3OCH3, C4HsN-C2Hs50C2Hs and CsHsN-CsHsOH
dimers (Figure 5.20). Table 5.14 5.14 tabulates the results of the ED analysis for the above
heterodimers performed using B3LYP-D3/TZ2P level of theory using ADF2016. On analyzing

the dissected stabilization energies, it was found that the major energy contribution in

stabilizing the N-H---O heterodimers is from the electrostatic forces of attraction which
increases in the order PP-C<PW-A<PP-B<PM-A<PDME<PP-A<PDEE-tt<PDEE-tg. In each
of these heterodimers, the contribution due to charge transfer interaction energies was also
substantial, but the magnitude was nearly half of the electrostatic contribution and even less as
in case of PP-B heterodimer. Although the contribution from dispersion interaction was
minimal, yet it was higher in case of PP-B dimer owing to the partially stacked geometry
resulting from the interaction of the m-electron clouds of both pyrrole and phenol. The
contribution of Pauli repulsion term to the total binding energy destabilizes the heterodimer
and follows the order PP-B> PDEE-tt >PDEE-tg > PP-A> PDME>PP-C>PM-A>PW-A. In
case of PP-B heterodimers, which have a partially stacked geometry, the Pauli repulsion

contribution is immense due to the approach of bulkier n-electron clouds of pyrrole and phenol.

5.3 Summary
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The heterodimers of C4HsN with H.O, CH3OH, C¢HsOH and C2HsOC>Hs (DEE) were
trapped in N> and Ar matrixes and the spectral features were identified using infrared
spectroscopy. To arrive at the optimized geometries of the heterodimers of the aforementioned
systems and to correlate with the experimental vibrational wavenumber, MP2/aug-cc-pVDZ
level of theory was used, which predicted two, two, three and one (for each conformer of DEE)
minima for the C4HsN-H>O (PW-A, PW-B), C4HsN-CH30H (PM-A, PM-B), C4HsN-CsHsOH
(PP-A, PP-B, PP-C) and C4HsN-C>HsOC:Hs (py-DEE-tt, py-DEE-tg®), respectively. Apart
from C4HsN-C¢HsOH heterodimer, the global and local minimum heterodimer of all other
systems was stabilized by N-H'**O and O-H'''n interaction. Experimentally, only the global
minimum structure was trapped and identified in each of these systems. In C4sHsN-CsHsOH
PP-A global minimum structure is stabilized by dual O-H"-'m and C-H""'x interactions, the first
local minimum PP-B with a partially stacked N-H " n/nn-"m* interaction and then the second
local minimum PP-C is strengthened by N-H--O interaction. Evidence for the formation of all
the three heterodimers was found in N2 matrix, while only PP-A heterodimer was identified in
Ar matrix.

In case of C4HsN-C>,HsOC,Hs, computations performed at B3LYP/aug-cc-pVDZ level
of theory predicted tt, tg* and g*g* conformers. Experimentally, the ground state (tt) and higher
energy (tg*) conformers of DEE were trapped and identified in Ar and N2 matrixes. Geometry
optimization of C4HsN with tt and tg* conformers of DEE indicated structures with an N-H:--O
interaction corresponding to the py-DEE-tt and py-DEE-tg* heterodimers. NBO analysis of the
DEE conformers showed that among the vicinal and geminal hyperconjugative interactions,
the former interaction is controlling in stabilizing the conformers. In the py-DEE-tt and py-
DEE-tg* heterodimers, the hyperconjugative interaction between the non-bonded electrons of
oxygen from the bonding orbital to the antibonding orbital of the acceptor orbital (N-H) is

dominant. Comparing the various computed parameters with experimental vibrational
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wavenumbers of the N-H*O heterodimers of CsHsN with CeHsOH, H2O, CH3OH, and
C2Hs0CHs, revealed that by successively replacing the hydrogen atoms of H>O with an alkyl
group leads to the strengthening of the N-H--O hydrogen bond whereas the substitution of
phenyl group weakens the interaction. Table 5.15 compares the stabilization energies,
calculated and experimental vibrational shift in the N-H stretching mode of C4H;sN, hydrogen
bond distance, change in the N-H bond length, electron density at the bond critical point of N-
H---O hydrogen bond and the second order perturbation energy (E2) of the N-H:--O hydrogen
bonded heterodimers of C4HsN with H.O, CH3OH, C2HsOC>Hs, and CsHsOH. Computations
performed at the MP2/aug-cc-pVDZ level of theory predict the shifts of the Arn.n, N-H
stretching wavenumber, stabilization energy and the E> energy increase in the order PP-C <
PW-A < PM-A < py-DEE-tt = py-DEE-tg*. Stabilization and E> energies of the N-H:-O
heterodimers of C4HsN increase in the order PP-C < PW-A < PM-A < py-DEE-tt = py-DEE-
tg*. The stronger the interaction between the oxygen of Lewis base and the acidic proton of
C4HsN, the shorter will be the hydrogen bond distance, which correlates well with the
computed results. Among the N-H---O heterodimers, PP-C shows the smallest red-shift in the
N-H stretching of C4HsN, probably due to the participation of non-bonded lone pair of electrons
of oxygen in resonance with the benzene ring. Furthermore, the hydrogen bond distance,
stabilization and the E; energies for this heterodimer are the least, which agrees with the
experimental results. The shift in the experimental vibrational wavenumbers for the N-H
stretching mode follows the order PP-C < PW-A < PM-A < py-DEE-tt = py-DEE-tg* in Ar
matrix while the trend in the N2 matrix is PP-C < PW-A < py-DEE-tt = py-DEE-tg* < PM-A.
In each of the cases, a good agreement was observed between the experimental wavenumber
with computed shift in Ar matrix, whereas a small deviation is observed for the PM-A
heterodimer in N2 matrix, which could probably due to perturbations of the matrix on the

different modes in the heterodimers are different.
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Table 5.14 Energy Decomposition Analysis of the 1:1 heterodimers of Pyrrole with Water,
Methanol, Dimethyl ether and Diethyl ether, computed using B3LYP-D3/TZ2P Level of

Theory.

Systems Electrostatics Ei:tlsion '?p:rrgfir Dispersion | Total
PW-A -7.65 6.5 -3.37 -0.99 -5.51
PM-A -9.23 8.76 -4.04 -2.07 -6.57
PDME -9.65 10.81 -5.18 -2.84 -6.86
PP-A -9.71 13.05 -5.20 -5.27 -7.13
PP-B -9.15 15.48 -3.73 -7.49 -4.88
PP-C -6.16 9.5 -3.42 -5.17 -5.25
Py-DEE-tt | -11.58 14.26 -6.32 -4.56 -8.2

Py-DEE-tg* | -11.93 14.71 -6.19 -4.94 -8.35

65




Table 5.15 Comparison of some selected computed parameters of CsHsN with H20,
CH3OH, C2Hs0Cz2Hs and CesHsOH with Experimental Shift in N2 and Ar Matrixes.
Computations were performed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimers | *Av . bA"N.Hstr(NZ) CAVN_Hstr(Ar) ddnp-0 | CArnH | FAS.E. | 2E2 B pbep
PP-C -56.7 -103.6 - 2.166 | 0.328 | -5.55 | 7.19 | 0.0167
PW-A -106.7 -128.2 -111.6 1.959 | 0.601 | -5.04 | 13.13 | 0.0228
PM-A -125.6 -163.6 -122.0 1.916 | 0.723 | -6.00 | 13.75 | 0.0256

Py-DEE-tt -249.6 -154.0 -165.7 1.850 | 1.269 | -7.12 | 19.41 | 0.0337
Py-DEE-tg* -236.5 -181.8 -171.5 1.875 | 1.233 | -7.28 | 17.71 | 0.0316

& AVN-H(calc) = VN-H(heterodimer) = VN-H(monomer) at MP2/aug-cc-pVDZ.

b Avn-H (N2) = VN-H(heterodimer) - VN-H(monomer) IN N2 matrix in cm?,
¢ AVN-H (AT) = VN-H(heterodimer) - VN-H(monomer) IN Ar matrix cm™,

4 Hydrogen Bond distance (A).
¢ AT(N-H) = Iheterodimer — Fmonomer (PICOMEter)

"'S.E. (BSSE) = Basis set superposition error corrected stabilisation energy in kcal mol .

9 E, = Second order perturbation energy in kcal mol™ obtained from NBO Analysis.
" Electron Density in a. u. obtained from AIM Analysis.
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Figure 5.19 NBO diagrams of water, methanol, phenol and diethyl ether (tt and tg*) along with
the corresponding heterodimers with pyrrole: (A) PW-A, (B) PM-A (C) PP-A, (D) PP-B, (E)
PP-C, (F) CsHsN-DEE-tt and (G) CsHsN-DEE-tg*. The delocalization energies for the
interactions are given in kcal mol-.
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Chapter 6 N-H:--N Interactions of Pyrrole

The present chapter explores the N-H---N hydrogen bonded interaction between the
weak proton donor pyrrole (C4sHsN) and strong proton acceptors, such as ammonia (NH3),
pyridine (CsHsN) and quinoline (CoH7N). The formation of these N-H---N hydrogen bonded
heterodimers was probed using matrix isolation infrared spectroscopy in N2 and Ar matrixes
and the experimental results were corroborated with computations. Higher aggregates of NH3
with C4HsN and vice versa were also investigated.

6.1 Experimental Conditions
Pyrrole (C4HsN, Spectrochem, 99%), pyridine (CsHsN, Merck, 99.5%) and quinoline

(CoH7N, Sigma-Aldrich, 98%) were used after removing the volatile impurities by performing
several freeze-pump-thaw cycles. Ammonia gas (NHs, INOX, 99%) was used without further
purification. The vapor pressure of C4HsN in the mixing chamber was controlled, as mentioned
in the previous chapters, by maintaining the temperature at -38 °C to -8 °C into which NHs,
CsHsN and inert gases were mixed in the ratio C4HsN/NHs/Ar or N2 ranging between
0.1:1.0:1000 to 0.5:4.0:1000 and C4HsN/CsHsN/Ar or N2 in the range 0.05:0.5:1000 to
0.25:1.0:1000. The mixture was co-deposited onto the cold KBr substrate through a single jet
nozzle. A double-jet nozzle system was used to co-condensate C4sHsN and CoH7N by streaming
them separately onto the cold KBr window. While C4HsN/Ar or N2 was prepared in the mixing
chamber CgH7N was expanded dynamically, through a double-jet nozzle. A temperature range
of -25 °C to -10 °C was kept for CoH7N to control its concentration, while allowing dynamic
expansion via one of the nozzles. The concentration of C4sHsN/CgoH7N/Ar or N2 ranged from
0.05:0.05:1000 to 0.5:0.25:1000.

6.2 Experimental and Computational Results on Pyrrole

6.2.1 Pyrrole---Ammonia



6.2.1.1 Experimental Details

Figure 6.1 grids A and B illustrate the infrared spectra of the N-H stretching region of
C4HsN in N2 and Ar matrixes respectively. The traces ‘a’ and ‘b’ in the grids correspond to
bare C4HsN and NHz infrared spectra, respectively. As mentioned in the previous chapters, the
peaks observed at 3519.3, 3513.8, 3510.9, 3508.9 cm™ in N2 and at 3522.9, 3520.9, 3519.7 cm’
Lin Ar matrix correspond to the N-H stretching mode of CsHsN monomer (marked as ‘M”) [1].
The vs and vi mode of NH3 monomer was observed in N2 matrix at 3440.7 and 3330.6 cm™ and
the corresponding feature in Ar matrix was observed at 3447.3/3436.4 and 3345.5 cm™ [2,3].
The peaks due to NHz dimers and trimers in N2 matrix are observed at 3414.9, 3402.4, 3395.9,
3312.1, 3310.0, 3244.7, 3234.8 cm™* and 3374.5, 3216.0, 3210.7 cmL, respectively [4-7]. In Ar
matrix, the dimer peak is observed at 3400.7, 3310.8, 3242.4 cm™, and the trimer peak at
3391.2-3377.6, 3306.0, 3236.0 cm™ [8,9]. The features due to C-H stretching mode of CsHsN
were found at 3127.6 and 3109.0 cm™ in N2 matrix, and in Ar matrix, a singlet was observed
at 3109.9 cm™* (not shown in the figure). On increasing the concentration of NHs (traces ‘c’ and
‘d’), new peaks were observed at 3222.0 cm™ in N2, and at 3262.6 and 3249.8 cm™tin Ar matrix.
Figure 6.2 illustrates the infrared spectra of the N-H bending mode of CsHsN in N2 and Ar
matrixes. The C4HsN monomer absorption peaks were observed at 520.2/527.2 cm™ in N2 and
in Ar matrix at 483.8/482.8/481.6 cm™ (denoted as ‘M”). Figure 6.3 grids A and B show the C-
H bending region of CsHsN in N2 and Ar matrixes, respectively. The C-H bending mode of
C4HsN has a sharp peak at 729.9 cm™ with a small shoulder at 732.2 cm™ in N2 matrix and the
corresponding peak appeared as a multiple site split feature at 725.4, 722.0 and 720.5 cmin
Ar matrix.

New peaks picked up in intensity at 722.2, 720.5 and 718.6 cm™ in N2 and in Ar matrix

at 718.6, 715.7, 714.0 and 712.8 cm™.
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Figure 6.1 Infrared spectra corresponding to the N-H stretching region of C4HsN in
the heterodimers of C4HsN-NHs in N2 (A) and in Ar matrixes (B). All the spectra
shown above were annealed at 30 K (N2) and 35 K (Ar).
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Figure 6.2 Infrared spectra corresponding to the N-H bending region of C4HsN
in the heterodimers of CsHsN-NH3 in N2 (A) and in Ar matrixes (B). All the
spectra shown above were annealed at 30 K (N2) and 35 K (Ar).



Figure 6.4 blocks A and B depict the N-H bending mode of NHs, which appear at 969.0 cm™
and 974.3 cm™ in N2 and Ar matrixes, respectively. The C-H in-plane bending mode of C4HsN
appeared in this region at 1015.6, 1051.3 cm™ in N2 and at 975.8, 1017.3, 1048.4 cm™ in Ar
matrixes, respectively. In N2 matrix, the features in NH3 alone, 1013.4, and 1003.3/985.8 cm™*
were assigned to higher aggregates (H) and (NHz)2 dimer (D), respectively [10]. In Ar matrix,
due to rotational motion of NH3, many peaks were observed, which are as follows: 999.8/989.8
(dimer, denoted as ‘D’), 1018.0 (trimer, T), 1028.1 (higher aggregates, H), and 1035.1

(NHsz---H20, AW) [4].

6.2.1.2 Computational Details

Since CsHsN can exhibit dual behavior as an electron acceptor and donor, to NHs
molecule, through its acidic hydrogen and nt-electron cloud, respectively, one can expect a large
number of possibilities for the structure of the 1:1 heterodimer constituting these precursors.
Computations performed using MP2/aug-cc-pVDZ level of theory yielded five different
structures for the 1:1 C4HsN-NHs heterodimers and all were proper minima on the potential
energy surface as indicated by positive vibrational wavenumbers. The Raw, ZPE, BSSE
corrected and reorganization stabilization energies of the 1:1 CsHsN-NHz3 heterodimers are
listed in Table 6.1. The structure of the lowest energy PAm-A heterodimer, followed by PAm-

B, PAM-C, PAm-D, and PAm-E heterodimers are shown in Figure 6.5. It is clear from the

figure that the global minimum structure, PAm-A is stabilized by an N-H---N interaction with
the ZPE corrected stabilization energy -6.67 kcal mol, where the hydrogen H14 interacts with
the non- bonded electrons of nitrogen N1 of NHs with a bond distance of 1.999 A and the bond
angle between 2£N1-H14-N7 is 179.6° indicating a near linear geometry. Due to this
interaction, the change in the N-H bond length of C4HsN was 0.014 A and the corresponding
N-H stretching mode showed a red-shift of 265.5 cm™ from the C4HsN monomer absorption,

indicating a strong hydrogen bond. The first and second local minima,
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Figure 6.3 Infrared spectra correspond to the C-H bending region of C4HsN in
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Figure 6.5 Structures of C4HsN-NHs heterodimers, PAm-A, PAm-B, PAm-C, PAm-D and
PAm-E optimized at MP2/aug-cc-pVDZ level of theory.



Table 6.1 Stabilization Energies (*(Raw/°ZPE/*BSSE/“Reorg) and Gibbs free energy (AG)
at 10 K of 1:1 C4HsN-NHs Heterodimers and Higher C4HsN-NHs Clusters computed at
MP2/aug-cc-pVDZ Level of Theory.

Complexes Stabilization energies AG
PAM-A -8.07/-6.67/-6.71/-6.72 -6.61
PAm-B -5.07/-3.98/-3.27/-3.44 -3.92
PAmM-C -4.11/-3.12/-2.65/-2.50 -3.14
PAmM-D -3.00/-2.12/-1.94/-° -2.07
PAmM-E -2.00/-1.34/-0.98/-1.06 -1.29
PAM2-A -16.94/-13.58/-13.57 -
PAmM2-B -9.66/-7.16/-6.41 -
P2Am-A -24.49/-21.67/-18.70 -
P.Am-B -15.43/-13.72/-10.00 -
P2AM2-A -32.43/-28.08/-24.26 -
P2Am;-B -34.23/-29.77/-26.30 -
PAMs3-A -25.35/-20.27/-19.75 -
PAms-B -17.97/-14.19/-13.14 -

PAM4 -25.62/-20.25/-20.12 -

4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
bZPE -Zero point energy

°BSSE-Basis set superposition error

9Reorg— BSSE with Geometry optimization

¢Converts to PAm-A heterodimer

All energies are in kcal mol™.



PAmM-B and PAmM-C are stabilized by N-H---m interaction with the ZPE corrected binding
energies of -3.98 and -3.12 kcal mol™?, respectively. The two heterodimers differ in their
energies only by ~0.86 kcal mol™? and it is mainly due to the orientation of hydrogens of the
NHz molecule with respect to the C4HsN ring. In PAm-B, the trigonal face of NH3 containing
the three H atoms at the vertices is oriented downwards whereas in PAmM-C heterodimer, it is
pointing upwards. The PAm-D and PAm-E heterodimers are stabilized by C-H---N interaction
where the hydrogen H7 and H6 attached to the a- and p-carbon of CsHsN interacts with the
nitrogen N11 of NH3 with a bond distance of 2.449 and 2.515 A, respectively. The magnitude
of change in the counterpoise corrected reorganization energy of all the heterodimers is
negligible compared to BSSE corrected energies. In case of PAm-D (Figure 6.5) heterodimer,
the BSSE optimization (reorganization) converts to the global minimum PAm-A structure. The
probable reason for this conversion could be the fact that nitrogen N11 of NHsz molecule is in
close proximity to hydrogen H10 of C4HsN in the PAm-D structure, which can make a facile
transformation to the PAm-A heterodimer. In the PAm-E geometry, the N11 of NH3 molecule
is away from the hydrogen H10 of C4HsN. Hence, it a conversion to global minimum PAmM-A
is not possible, as confirmed by BSSE optimization. A comparison of the Gibbs free energies
computed at 10 K and the ZPE corrected energies shows that the entropy and temperature
factors do not alter the energy ordering of all the 1:1 C4HsN-NH3 heterodimers.
6.2.1.3 Vibrational Assignment of v1 and vis Modes of C4HsN

An experimental red-shift of -291.2 and -263.8 cm™, respectively in N2 and Ar matrixes,
from the bare C4HsN monomer absorption (v1), matches well with the computed red-shift of -
265.5 cm™* for the 1:1 PAm-A C4HsN-NHj3 heterodimer as shown in Table 6.2, and such a large
shift signifies a strong hydrogen bond formation. In the N-H bending mode (vi), as the

concentration of NH3 was varied and the matrix was annealed, new features at
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608.4, 606.5 and 604.8 cm™ in N2 and at 612.3, 608.2 and 603.1 cm™ in Ar matrix showed
concentration dependence. These peaks that were observed in N2 and Ar matrixes amount to
an average blue-shift of 83.0 and 120.4 cm™, respectively and the experimental shift agreeing
with the computed shift of 96.0 cm™ for the PAm-A heterodimer.
6.2.1.4 Vibrational Assignments in the C-H bending region of CsHsN

Figure 6.3 grids A and B show the C-H bending region of C4HsN in N2 and Ar matrixes
respectively. The set of features at 722.2, 720.5 and 718.6 cm™ in N2 and in Ar matrix at 718.6,
715.7, 714.0 and 712.8 cm, showed an average red-shift of -8.5 and -6.9 cm, respectively
that compares well with the computed red-shift of -7.5 cm™ and has been assigned to the PAm-
A heterodimer.

6.2.1.5 Vibrational Assignment of v> Mode of NH3

The features formed at 1032.7 cm™ and 1030.8 cm™ in N2 and Ar matrixes, at blue-
shifts of 63.7 and 56.5 cm™®, respectively, in close agreement to the computed blue-shift of 68.1
cmt, were assigned to PAm-A heterodimer. None of the local minima were trapped in any of
the low temperature matrixes.
6.2.1.6 Higher Clusters of C4HsN-NH3s: computations and vibrational assignments

Computations were performed to optimize the higher clusters of C4HsN-NH3z at MP2
level of theory with aug-cc-pVDZ basis set. Calculations indicated 1:2, 2:1, 1:3, 2:2 and 1:4
C4HsN-NHsclusters and all were minima on the potential energy surface. Figure 6.7 shows the
structures of 1:2 C4HsN-(NH3)2 (PAM2-A, PAm,-B) and 2:1 (C4HsN)2-NHz (P2Am-A, P.Am-
B) clusters. Figure 6.8 shows the 1:3 C4HsN-(NH3)3 (PAm3-A, PAms-B), 2:2 (C4HsN)2-(NHa):2

(P2Am2-A, P2Am2-B) and 1:4 C4HsN-(NHs)s (PAmy) higher clusters.

In 1:2 PAmy-A, there are co-operative N-H---N interaction between the NHz molecules

and CsHsN, thus forming a more stable cyclic dimer than acyclic PAm2-B dimer, which is

stabilized by cooperative N-H---N and N-H---& interactions. Table 6.1 lists the
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Table 6.2 Comparison of experimental vibrational wavenumbers of the 1:1, 1:2, 2:1, 2:2,
1:3 and 1:4 Aggregates of C4HsN-NHs, with computed wavenumbers at MP2/aug-cc-
pVDZ Level of Theory.

Experimental

Calculated N2 Matrix Ar Matrix Mode Assignment
viem?d) | Av | v(em?) | Av v (cm™) Av
CaHsN
514.9 527.2/ N-H bending-
(59)° - 590.2 - 483.8/482.8/481.6 - CaHeN
718.4 729.9/ C-H bending-
(176) - 739 9 - 722.0/720.5/725.4 - CaHeN
3672.4 N-H stretching-
(76) - 3513.2 - 3520.2 - CaHeN
NHs
1048.4 .
(130) - 969.0 - 974.3 - N-H bending-NH3
PAmM-A
610.9 c c N-H bending-
(10) 96.0 606.5 83.0 603.1 120.4 CaHeN
710.9 75 720.5/722.2/ _g.5P 712.8/714.0/ -6.9° C-H bending-
(119) ' 718.6 ' 715.7/718.6 ' C4HsN
3406.9 | i b 3262.6/ i c N-H stretching-
(922) 265.5 3222.0 291.2 3249 8 263.8 CaHeN
1(11%167')5 6.1 | 10327 63.7 10308 | 565 | N-H bending-NHs
PAmM2-A
b b i N-H bending-
621.8(8) | 106.9 CaHeN
725.8 7.4 b b } C-H bending-
(116) ' C4HsN
3354.7 b N-H stretching-
(570) -317.7 - 3189.8 -330.4 CaHeN
1%53)1 80.7 - 1053.0 78.7
N-H bending-NH3
11445 96.0 b b i
(110) '
P2Am-A
606.7(16) | 91.8 - -0 - N-H bending-
625.3(9) | 110.4 - - - C4HsN
D i -
73;35'2(34) 17:5 C-H bending-
: b b }
(224) 33.2 C4HsN
3271.0 c
(762) -401.5 | 3092.4/3087.8 | -423.0 3085.1 -435.1 N-H stretching-
3524.9 b b CsHsN
(402) -147.6 - - -
1154.0 a 1063.8/ c ) i
(80) 105.6 1066.7 91.0 N-H bending-NH3
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P2Am:z2-A

513.0(57) | -1.9 b b N-H bending-
603.5(13) | 88.6 i i ) ) C4HsN
730.5
(103) 12.1 b b C-H bending-
751.2 32.8 ) ) ) ) C4HsN
(176)
3169.7 c c
(1171) | -502.8 22%%26/ 5323 22%277%/ 475 N-H stretching-
3510.0 | -162.5 b ' CsHsN
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®AV= Vheterodimer- Vmonomer
b Intensities (in km mol) are given in parenthesis.
“Average multiplet experimental wavenumbers of the monomers and multimers were taken to
compute the experimental shift in the heterodimers.
dExperimental features were not observed.
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Figure 6.6 Infrared spectra correspond to the N-H stretching region of CsHsN in the
heterodimers of (A) C4HsN-NHs in Ar matrix, (B) CaHsN-NHs in N2 matrix. All the spectra
shown above were annealed at 30 K (N2) and 35 K (Ar).
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Figure 6.7 Structures of C4HsN-NHs3 1:2 (PAm2-A/B) and 2:1 (P.Am-A/B) heterodimers
optimized at MP2/aug-cc-pVDZ level of theory.
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Figure 6.8 Structures of CsHsN-NHs; 1:3 (PAmMs-A/B), 2:2 (P2Amy-A/B) and 1:4 (PAM.)
heterodimers optimized at MP2/aug-cc-pVDZ level of theory.
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stabilization energies of the CsHsN-NHs higher clusters.

C4HsN dimer interacts with NH3 to form two types of 2:1 P,Am-A and P2Am-B higher

clusters. The P.Am-A cluster has a cyclic structure with a co-operative N-H---N interaction
which is more stable than the relatively ‘open’ P2Am-B cluster. In P,Am-B cluster, the N-H
group of one of the C4HsN molecule is facing away from the NHz thus favoring an open cluster.

Computations indicated that NHs trimer forms 1:3 PAms-A and PAmsz-B higher

clusters. In PAms-A, there are multiple N-H---N and N-H-- -7 interactions between ammonia
and C4HsN making it more stable than PAms-B as shown in Figure 6.8. The cyclic dimer is
more stable than the open structure.

NHz dimer and C4HsN dimer interact to form 2:2 P,Am»-A and P2Am»-B cyclic higher

clusters with multiple N-H---N and N-H---& interactions. In P,Am,-B cluster, two molecules
of NHz and C4HsN interact to form cyclic structure which is more stable than P,Amz-A cluster.

Figure 6.8 shows the optimized structure of CsHsN-(NHs)s tetramer (PAms), which has

multiple co-operative N-H---N interactions.

It is well known that C4HsN and NHz form dimers, trimers, and tetramers at low
temperatures and it is also possible that NHz and C4HsN can form higher clusters in the matrixes
as the concentration of the precursors are increased [2]. Table 6.2 lists the comparison of
computed with experimental wavenumbers for the C4HsN-NHs higher clusters. Figure 6.6,
grids A and B show the infrared region of N-H stretching region of C4HsN in Ar and N>
matrixes, respectively. Apart from the features due to 1:1 CsHsN-NHz heterodimers,
experiments performed using higher concentration of NHs in Ar matrix revealed new features
at 3189.8 cm* with a red-shift of -330.4 cm that matches well with the computed red-shift of
-317.7 cm* for the 1:2 PAm3-A higher cluster. Surprisingly, the vibrational features due to this

higher cluster are not observed in N2 matrix.
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Like NHs dimer, C4HsN undergoes self-aggregation in the matrix to form dimers which can
interact with NHs to form 2:1 (CsHsN)2-NHs higher clusters. Experimentally, new features
were observed in N-H stretching mode of pyrrole at 3085.1 cm™ in Ar matrix with a red-shift
of -435.1 cm™ and in N, matrix at 3092.4, 3087.8 with a red-shift of -423.0 cm™ that matches
well with the computed red-shift of -401.5 cm™ for the P,Am-A heterotrimer. The other
computed red-shifted feature at -147.6 cm™ could not be clearly discerned in the experiment.
The feature for P, Am-A was also found in the N-H bending mode of NH3 at 1063.8/1066.7
cm at a shift of 91.0 cm, corroborating nicely with the computed shift of 105.6 cm™.

In the N-H stretching region of C4HsN in N2 matrix, new features were observed as a
doublet at 2983.2/2978.6 with a red-shift of -532.3 cm™ and in Ar matrix at 2977.9/2967.5 with
a red-shift of -547.5 cm™ that compares well with the computed red-shift of -502.8 cm™ for the
P.Amo-A higher cluster. Computations indicated that the N-H stretching mode of C4HsN is
red-shifted by -438.3 cm™ for the 1:3 PAms higher clusters. Experimentally, in Ar matrix, new
features were observed at 3058.1 cm™ with a red-shift of -462.1 cm™ that matches well with
the computed shift for the PAms higher cluster. Features due to this higher cluster could not be
observed in N2 matrix.

Finally, computations gave only one minimum for the 1:4 PAm4 heteropentamer and
the formation of this aggregate is evidenced from the red-shifts of -624.4 and -635.6 cm™ in N2
and Ar matrixes, respectively. The computed red-shift of -627.7 cm™ correlates well with the
experimental shift in both matrixes.

6.2.2 Pyrrole---Pyridine
6.2.2.1 Experimental Details

Figure 6.9 grids A and B, traces ‘a’ and ‘b’ shows the infrared spectra of CsHsN and
CsHsN alone in N2 and Ar matrixes, respectively. Figure 6.10 grids A and B shows the infrared
spectra of the N-H bending region of C4HsN. Upon increasing the concentration of CsHsN,

new features were observed as site split multiplets at 3264.7, 3251.7 and 3242.6 cm™. The
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features observed at 590.1 and 591.0 cm™ in N2 and Ar matrixes respectively, are due to
(C4HsN)3(T) while the peak at 596.9 cm™ in N, matrix is due to CsHsN-H20 heterodimer (PW)
[Chapter 5]. The ring deformation modes of CsHsN monomer have absorptions at 605.5 cm™
in N2 [11], and at 605.8 and 601.9 cm™ in Ar matrix [12], while the peak at 611.6 cm™ is due
to C4HsN-H20 heterodimer [13]. New spectral bands at 611.8, 610.8 and 602.6 cm™ in N, and
at 611.6, 599.3 cm™ in Ar matrix were found to increase in intensity on co-depositing the
precursors followed by annealing. Figure 6.11, grids A and B show the C-H bending mode of
CsHsN in N2 and Ar matrixes respectively. Co-deposition precursors and their subsequent
annealing indicated the formation of new spectral bands at 725.6, 724.1 cm™ in N2 and at 716.7,
715.0 cm™ in Ar matrixes.

6.2.2.2 Computational Details

Computations performed at MP2 level of theory with aug-cc-pVDZ basis set indicated
three minima corresponding to PPy-A, PPy-B and PPy-C heterodimers. Computations also
gave a geometry PPy-D where the ZPE corrected energies show the two heterodimers PPy-A
and PPy-D to be isoenergetic and both are stabilized by N-H---N interaction. The vibrational
wavenumber calculation of PPy-D heterodimer gave one imaginary vibrational wavenumber
(171), which demonstrates that it is only a saddle point on the potential energy surface. The
stabilization energies of the heterodimers are listed in Table 6.3. Interestingly, a closer look at
the geometries of these two heterodimers revealed a subtle difference in the orientation of the
C4HsN moiety towards CsHsN. (Figure 6.12) In PPy-A heterodimer, the hydrogen bond
distance between the N4 of CsHsN and H21 of C4HsN is 1.934 A, with the change in N-H bond
length of C4HsN to be 0.015 A, and the bond angle between ~N4-H21-N14 is 158.5° indicating

a slightly tilted geometry of CsHsN towards
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Figure 6.9 Infrared spectra correspond to the N-H stretching region of C4HsN in the
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CsHsN molecule, favoring a secondary interaction between H10 of CsHsN and N14 of C4HsN
with a bond distance of 2.831 A. The ZPE corrected stabilization energy of ~-7.95 kcal mol™
suggests a strong hydrogen bond formation. In case of PPy-D heterodimer, the bond angle
£N4-H21-N14 is 179.9°, indicating a linear structure with a hydrogen bond distance of 1.911

A. The first local minimum corresponds to PPy-B heterodimer with N-H---N and C-H--'xt

interactions and the second local minimum PPy-C heterodimer with N4---H20, N4---H17 and
C-H- ‘& interactions are shown in Figure 6.12. The BSSE corrected reorganization energy
showed no major changes in the energies of the heterodimers. Since, the PPy-B heterodimer
has N-H--:N and C-H:--m interactions on BSSE geometry optimization, this heterodimer
converts to a more stable global minimum PPy-A. The free energy of all the heterodimers
computed at 10 K showed similar trend as ZPE corrected energies, except that the PPy-A
becomes slightly more stable than the PPy-D heterodimer. This in turn clearly authenticates
that PPy-A geometry is the global minimum heterodimer.
6.2.2.3 Vibrational Assignment in vi and vis modes of C4HsN

Upon increasing the concentration of CsHsN, new features were observed as site split
multiplets at 3264.7, 3251.7 and 3242.6 cm (traces b and ¢ in grid A of Figure 6.9) with an
average red-shift of -260.2 cm™ in N2 matrix and in Ar matrix at 3266.7 and 3239.2 cm™
(traces b and ¢ grid B of Figure 6.9) with a red-shift of -267.3 cm™ from the bare CsHsN
absorption that compares well with the computed red-shift of -289.0 cm™ for the PPy-A
heterodimer (Table 6.4). It is interesting to discern from the experimental spectrum that the
infrared features of PPy-A heterodimer are broad and its intensity is significantly higher in N2
than in Ar matrix.

On analyzing the N-H bending mode, the spectral bands at 611.8, 610.8 and 602.6 cm"

1in Nz and at 611.6, 599.3 cm™ in Ar matrix were found to increase in intensity on
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Table 6.3 Stabilization energies ((Raw/°ZPE/°BSSE/‘Reorg) and Gibbs free energy (AG)
at 10 K of 1:1 CsHsN-CsHsN heterodimers computed at MP2/aug-cc-pVDZ Level of
Theory.

Heterodimers Stabilization energies AG
PPy-A -9.95/-9.05/-7.95/-8.00 -8.88
PPy-B -9.35/-8.55/-6.32/-° -8.37
PPy-C -4.49/-4.06/-2.38/-2.56 -3.88

4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
bZPE -Zero point energy

‘BSSE- Basis set superposition error

9Reorg— BSSE with Geometry optimization

¢Converts to PPy-A heterodimer

All energies are in kcal mol™
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Figure 6.12 Structures of CsHsN-CsHsN heterodimers, PPy-A, PPy-B, PPy-C and PPy-D, optimized
at MP2/aug-cc-pVDZ level of theory.
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co-depositing the precursors followed by annealing (Figure 6.10). These bands with an average
blue-shift of 84.7 in N2and 122.7 cm™ in Ar, compares well with the computed shift of 95.1cm”
Lfor the global minimum PPy-A heterodimer (Table 6.4).

6.2.2.4 Vibrational Assignment in C-H bending mode of C4HsN
Figure 6.11 grids A and B show the C-H bending mode of C4HsN in N2 and Ar matrixes
respectively. Co-deposition of precursors and subsequent annealing indicated the formation
of new spectral bands at 725.6, 724.1 cm™ in Nz and at 716.7, 715.0 cm™ in Ar matrix. The
bands showed a red-shift of -5.1 and -6.4 cm™ in N2 and Ar matrixes, respectively and match
well with the computed red-shift of -4.7 cm™ for the PPy-A heterodimer.
6.2.2.5 Higher Clusters of C4HsN-CsHsN
It is to be noted that features for the higher aggregates of CsHsN-CsHsN were not
observed in the low temperature matrixes. In CsHsN, the absence of acidic hydrogen precludes
the formation of CsHsN-clusters. Also, the formation of dimers or trimers of CsHsN was highly
unlikely at the low concentrations used in our experiments. Hence, the higher clusters of
C4HsN-CsHsN were not formed in matrixes.

6.2.3 Pyrrole---Quinoline
6.2.3.1 Experimental Results
Figure 6.13 grids A and B, traces ‘a’ and ‘b’ show the infrared spectra of bare C4HsN

and CoH7N in N2 and Ar matrixes, while the traces ‘c’ and ‘d’ show the spectra where the
concentration of CsHsN has been kept constant but the concentration of C9H;N has been
incremented gradually. Figure 6.14 shows the infrared spectra of the N-H bending region of
C4HsN in N2 matrix. CoH7N has no absorption in this region. As the concentration of CoH7N
were varied, new features at 604.3/596.8 cm™ with a blue-shift of ~77.0 cm™ increase in
intensity and matches with the computed shift of 101.0 cm™ for the PQ-A heterodimer. No new

features could be observed for the PQ-A heterodimer in Ar matrix.
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Table 6.4 Comparison of experimental vibrational wavenumbers of the 1:1 heterodimers
of C4HsN-CsHsNwith computed wavenumbers at MP2/aug-cc-pVDZ Level of Theory.

Experimental

Calculation N2 Matrix Ar Matrix Mode Assignment
vieml) | Ay viemd) | Av viem) | Av
CaHsN
514.9 483.8/482.8/48 .
(59)° - 527.2/520.2 - 16 - N-H bending-CsHsN
718.4 .
(176) - 729.9 - 722.2 - C-H bending-CsHsN
3672.4 N-H stretching-
(76) - 3513.2 - 3520.2 - CaHeN
CsHsN
7(%%')1 - 702.3 - 701.0 -
7376 C-H bending-CsHsN
(17) - 708.7 - 705.6 -
PPy-A
610.0(9) | 95.1 6116%/5%0'8/ 84.7¢ 611.6/599.3 122.7° | N-H bending-C4HsN
21151; -4.7 | 725.6/724.1 | -5.1° 716.7/715.0 -6.4¢ C-H bending-CsHsN
3383.4 | 3264.7/3251. | c i c N-H stretching-
(1166) 289.0 213242 6 260.2° | 3266.7/3239.2 | -267.3 CaHeN
610.0(9) | 95.1 6116%/5%0'8/ 84.7¢ 611.6/599.3 122.7° | N-H bending-C4HsN
711.7 c i c )
4 | *° |
C-H bending-CsHsN
741.6 40 . ] . ]
(25) '

8AV= Vheterodimer- Vmonomer-
b Intensities (in km mol1) are given in parenthesis.
“Average of multiplet experimental wavenumbers of the monomers and multimers were taken
to compute the experimental shift in the heterodimers.

dExperimental features were not observed.
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Figure 6.13 Infrared spectra correspond to the N-H stretching region of C4HsN in the
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spectra shown above were annealed at 30 K (N2) and 35 K (Ar).
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Figure 6.15 Structures of C4HsN-CoH7N heterodimers, PQ-A, PQ-B and PQ-C optimized
at MP2/aug-cc-pVDZ level of theory.
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Table 6.5 Stabilization energies ((Raw/°ZPE/°BSSE/‘Reorg) and Gibbs free energy (AG)
at 10 K of 1:1C4HsN-C7H9N heterodimers computed at MP2/aug-cc-pVDZ Level of
Theory.

Heterodimers Stabilization energies AG
PQ-A -11.41/-10.39/-8.56/-8.67 -10.18
PQ-B -14.10/-13.44/-7.72/-8.14 -13.21
PQ-C -4.96/-4.47/-2.59/-2.78 -4.26

4Raw interaction energies refer to energies not corrected for either ZPE or BSSE.
bZPE -Zero point energy

‘BSSE-Basis set superposition error

9Reorg-BSSE with Geometry optimization

All energies are in kcal mol™.
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6.2.3.2 Computational Details

Three minima were accomplished for the 1:1 C4HsN-CgH7N heterodimer, with the
global minimum structure corresponding to PQ-A heterodimer, having a strong N-H---N
interaction between N17 of CoH7N and H27 of C4HsN with a bond distance of 1.943 A. Due to
this interaction, the change in N-H bond length of C4HsN submolecule was found to be 0.016
A and computations indicated a red-shift of -311.7 cm™ in the N-H stretching region from the
CsHsN monomer. Furthermore, the bond angle of £N17-H27-N20 is 160.0°, favoring a
secondary interaction between the H1 of CoH7N with N20 of C4sHsN with a bond distance of
2.435 A as shown in Figure 6.15. The first and second local minima PQ-B and PQ-C have N-
H--w/n---w*, and C-H---N/C-H- - ‘& interactions, respectively. The stabilization energies of 1:1
C4HsN-CoH7N heterodimers are listed in Table 6.5.

There was a substantial deviation of linearity of N-H---N bond angle on moving from
C4HsN-NHs to C4HsN-CsHsN and CsHsN-CgH7N. From a linear geometry with the ZN-H---N
angle of ~180° in PAm-A, the bond angle changed to ~158" in PPy-A to 160° in PQ-A,
indicating the formation of a secondary interaction in the latter heterodimers.
6.2.3.3 Vibrational Assignment in vi and vis modes of C4sHsN

When C4HsN and CoH7N were co-deposited and annealed, new features were observed
at 3257.5, 3225.0 and 3220.0 cm™ in N2 matrix and in Ar matrix at 3276.3, 3229.8 cm™ (Figure
6.13). These shifts compare well with the computed red-shift of -311.7 cm™ for the 1:1 C4HsN-

CgH7N PQ-A heterodimer (Table 6.6). It is interesting to observe that the PPy-A and PQ-A

heterodimers have both N-H---N as well as C-H---N interactions, further, the pattern of the
infrared spectra for the heterodimer indicators in this mode looks alike, which shows that the
two heterodimers have structural similarities, and the broadening could be due to a dispersed
distribution of nearly equivalent classes of oscillators [14].

Figure 6.14 shows the infrared spectra of the N-H bending region of C4HsN in N2
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Table 6.6 Comparison of experimental vibrational wavenumbers of the 1:1 Heterodimers
of C4HsN-CoH7N with computed wavenumbers at MP2/aug-cc-pVDZ Level of Theory.

Experimental

Calculation N2 Matrix Ar Matrix Mode Assignment
viem?d) | Ay viemd) [ Av viemd) | A
CsHsN
5149 (59 | - | 527.2/520.2 i 483488/11862'8/ i N-H bending-CaHsN
718.4 (176) - 729.9 - 722.2 - C-H bending-C4HsN
3672.4 (76) - 3513.2 - 3520.2 - N-H stretching-C4HsN
CoH7N
8115(81) | - 8145 | - | 8045 | - | C-Hbending-CoH:N
PQ-A
615.9 (10) | 101.0 | 604.3/596.8 77.0° - - N-H bending-CsHsN
717.2(110) | -1.2 | 723.6/717.8 -9.5° - - C-H bending-CsHsN
?fgg;)s -311.7 3225.0 -288.2 3229.8 -290.4 | N-H stretching-CsHsN
816.0 (75) 4.2 - - - - C-H bending-CoH7N

8AV= Vheterodimer- Vmonomer-
b Intensities (in km mol™) are given in parenthesis.
“Average of multiplet experimental wavenumbers of the monomers and multimers were taken
to compute the experimental shift in the heterodimers.
dExperimental features were not observed.
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matrix. CoH7N has no absorption in this region. As the concentration of CoH7N was varied,
new feature at 604.3/596.8 cm™ with a blue-shift of ~77.0 cm™ increase in intensity and
matches with the computed shift of 101.0 cm™ for the PQ-A heterodimer. No new features
could be observed for the PQ-A heterodimer in Ar matrix.

It is important to point out that the secondary interaction (C-H---N) aids in the
formation of the heterodimers, but it leads to a compromise on the strength of the N-H---N
bond formation. Hence even if the proton affinities and binding energies of the heterodimers
of pyridine and quinoline are higher than ammonia, the Avn.H IS Somewhat similar and in N2
matrix AVN-H(NH3) exceeds that of AVN-H(csHSN).

6.3 Nature of Interaction
6.3.1 Atoms-in-Molecules Analysis

As mentioned in previous chapters, the aim of AIM analysis is to find the nature of
interaction between the approaching molecules along the atomic interaction line through the
presence of a bcp. From Table 6.7, the magnitude of p(rc) is found to increase from PAm-A to
PPy-A to PQ-A, while the small positive value of V2p(rc) of the order ~ 102 a. u. signifies a
closed shell type interaction. The increase of electron density at the bcp from PAm-A to PPy-
A is around ~0.004 a. u., while that from PPy-A to PQ-A is only ~0.0002 a. u. Figure 6.16
illustrates the AIM plot of the heterodimers and PQ-A indicates an additional bcp and rcp, apart
from the one bcp between the CsHsN -N-H and CoH7N-N.

6.3.2 Natural Bond Orbital Analysis

NBO analysis is a useful tool to understand the stabilizing charge-transfer
hyperconjugative interactions prevailing between the two or more sub-molecules in a
heterodimer. Table 6.8 lists the electron occupancies of the donor and acceptor orbitals and the

second order perturbation energies (Ez in kcal mol™?) of the delocalization interactions of the

PAmM-A, PPy-A and PQ-A heterodimers. In all the heterodimers, the N-H---N is the
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Table 6.7 Properties of (3,-1) bond critical point (BCP) of the heterodimers of Pyrrole
with Ammonia, Pyridine and Quinoline computed at MP2/aug-cc-pVDZ Level of Theory.

Heterodimer | Interaction p(rc) V2p(re) M 2 A3
PAM-A N-H...N 0.027139 | 0.07626 | -0.034674 | -0.033752 | 0.144686
PPy-A N-H...N | 0.030941 | 0.09131 | -0.04099 | -0.04097 | 0.173269
PQ-A N-H...N | 0.031168 | 0.08889 | -0.041136 | -0.040950 | 0.170981
N...H-C 0.011978 | 0.03564 | -0.009864 | -0.009182 | 0.054691
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Figure 6.16 AIM plot of the global minimum heterodimers of C4HsN-NHs3
(PAM-A), C4HsN-CsHsN (PPy-A) and CsHsN-CoH7N (PQ-A) computed at
MP2/aug-cc-pVDZ level of theory.
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Table 6.8 Electron occupancies of various NBOs of 1:1 Pyrrole-Ammonia, Pyrrole-
Pyridine and Pyrrole-Quinoline heterodimers computed at MP2/aug-cc-pVDZ level of
theory. The donor-acceptor delocalization interaction and second order perturbation
energies (Ez, kcal mol?) are also shown.

Donor-acceptor
NBO Occupancy delocalization interaction E
PAmM-A
c*(N15-H22) 0.03841(0.01370) nY(N1)—oc*(N7-H14) 21.23
n'(N1) 1.96806(1.99530)
PPy-A
o*(N14-H21) 0.03726(0.01370) n}(N4)—o*(N14-H21) 17.41
n’(N14) 1.60158(1.63057) n}(N14)—c*(C5-H10) 0.19
n'(N4) 1.92499(1.94346)
PQ-A
6*(N20-H27) 0.03997(0.01370) n{(N17)—c*(N20-H27) 18.19
n!(N20) 1.60253(1.63057) n{(N20)—c*(H1-C2) 1.05
n’(N17) 1.92182(1.94213)
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n}(N1)—o*N7-H14 = 21.23 kcal mol*

n*(N17)—o*(N20-H27) = 18.19 kcal mol* n}(N20)—o*(H1-C2) = 1.05 kcal mol*

Figure 6.17 Natural bond orbitals of the interacting orbitals have been presented for the
heterodimers (a) CsHsN-NHs (PAm-A), (b) CsHsN-CsHsN (PPy-A), (c) CaHsN-CoH7N (PQ-A)
along with the second order perturbation energy at MP2/aug-cc-pVDZ level of theory.
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primary interaction, and due to this interaction, the magnitude of electron occupancies of 6*(N-
H) of C4HsN in the heterodimer is higher than the C4HsN monomer, and the corresponding
electron occupancies of the lone pair of nitrogen in ammonia, pyridine and quinoline is lower
than the corresponding monomers. As a consequence of this hyperconjugative interaction, there
is a lengthening of N-H bond length with the corresponding red-shift in the N-H mode of
C4HsN sub-molecule in all the heterodimers. The E. energies of this hyperconjugative
interaction is 21.23, 17.41 and 18.19 kcal mol™, respectively for the PAm-A, PPy-A and PQ-

A heterodimers, respectively. For the PPy-A and PQ-A heterodimers, apart from the primary

N-H---N interaction, there is a secondary C-H---N interaction, the E> energies of
nY(N14)—c*(C5-H10) and n!(N20)—c*(C2-H1) interaction are 0.19 and 1.05 kcal mol™
respectively. Figure 6.17 shows the orbital picture of the hyperconjugative interactions
prevailing in the PAm-A, PPy-A and PQ-A heterodimers. 6.3.3. Energy Decomposition
Analysis

The energy decomposition analysis was performed on the optimized geometry
(MP2/aug-cc-pVDZ) of PAmM-A, PPy-A, and PQ-A heterodimers at B3LYP-D3/TZ2P level of
theory using ADF-2016 package. Figure 6.18 shows the bar graph of the attractive
(electrostatic, dispersion, and charge transfer) and repulsive (Pauli-repulsion) contributions to
the total bonding energies of the 1:1 heterodimers. As can be seen from the graph that the
stabilizing contributions from electrostatic interaction is maximum for all the 1:1 heterodimer
followed by charge transfer and dispersion interactions. NBO analysis also revealed the
hyperconjugative interaction between the non-bonding electrons on nitrogen of NHs, CsHsN
and CgoH7N with antibonding orbital of N-H of C4HsN is quite dominant in all the 1:1
heterodimer. Among the 1:1 heterodimer, Pauli repulsion contribution is significantly larger
for PQ-A heterodimer, which is likely due to the approach of two bulkier groups in forming

this heterodimer.
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Figure 6.18 Bar graph showing the electrostatic, exchange, dispersion and Pauli
repulsion contribution to the total binding energy of the C4HsN with NH3, CsHsN and
CoH7N heterodimers computed at B3LYP-D3/TZ2P level of theory.
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6.4 Summary

The 1:1 heterodimer of CsHsN  with  NHs, CsHsN  and  CoH7N,

stabilized by N-H---N interaction are trapped and studied using matrix isolation infrared
spectroscopy. In case of C4sHsN with NH3, the NH3z higher clusters (NH3z)n [n =1, 2, 3, 4] were
found to form heterodimers with C4sHsN and (CsHsN)2, in low temperature inert matrixes.

Computations performed at MP2/aug-cc-pVDZ level of theory gave five, four and three
minima for the CsHsN---NH3, C4HsN---CsHsN and CsHsN---CoH7N  heterodimers,

respectively, while nine structures were optimized for the C4HsN---NHz higher aggregates.
NBO analysis revealed the hyperconjugative charge transfer interaction between the lone pair

of electrons on nitrogen of NH3, CsHsN and CoH7N to the antibonding N-H orbital of pyrrole.
In C4HsN---CsHsN and C4HsN---CoH7N heterodimers, an additional cooperative strength was
provided by the C-H---N interaction. EDA analysis showed that electrostatic interaction was

the dominant interaction followed by charge transfer, leading to the N-H---N interaction in the
global minimum heterodimers.

On comparing the various computed parameters with the experimental shifts ( Table
6.9), it was found that there was a steady increase of computed wavenumber shift from PAm-
A to PPy-A to PQ-A, which was reflected in the experimental wavenumber shifts in Ar matrix.
But the wavenumber shift in N2 matrix was highest for PAm-A, followed by PQ-A and PPy-
A. The reason could be the effect of nitrogen matrix on the guest molecules and so on the PAm-
A heterodimer, leading to a stronger bonding, thus a higher shift. Such observation was also
seen in the heterodimer of pyrrole with methnol (PM-A) in Chapter 5. The pattern in the
increment of shifts from PAm-A< PPy-A< PQ-A, correlates with the trend of the BSSE
corrected binding energies, change in the N-H bond length and electron densities at the
intermolecular bond critical points. However the second order perturbation energy is seemingly
highest for PAm-A, followed by PQ-A and PPy-A. The interacting angle £N-H-N is ~180° ,
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while that for PPy-A and PQ-A are 158.5° and 160°, respectively. Hence a linear geometry was
responsible for a better overlap of orbitals and thus higher charge transfer in PAm-A

heterodimer.
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Table 6.9 Comparison of some selected computed parameters of CsHsN with NH3s, CsHsN,
and CoH7N with Experimental Shift in N2 and Ar Matrixes. Computations were

performed at MP2/aug-cc-pVDZ Level of Theory.

aA A °A
Hete rod Y- YN- - ddn-a-N | *Arnn | AS.E. ) i Bpbep
IMErs Hstr(calc) Hstr(N2) Hstr(Ar)
PAM-A | -265.5 -291.2 -263.8 1.426 1.999 -6.61 21.23 | 0.0271
PPy-A -289.0 -260.2 -267.3 1.539 1.934 -8.00 17.14 | 0.0309
PQ-A -311.7 -288.2 -290.4 1.652 1.943 -10.18 18.19 | 0.0312

& AVN-H(calc) = VN-H(heterodimer) = VN-H(monomer) at MP2/aug-cc-pVDZ.

b Avn-H (N2) = VN-H(neterodimer) - VN-H(monomer) IN N2 matrix in cm™.

¢ AVN-H (AT) = VN-H(heterodimer) - VN-H(monomer) IN Ar matrix cm™,

4 H-Bond distance (A).

¢ AT(N-H) = Iheterodimer — Fmonomer (PICOMEter)

"'S.E. (BSSE) = Basis set superposition error corrected stabilisation energy in kcal mol ™.
9 E, = Second order perturbation energy in kcal mol™ obtained from NBO Analysis.

h Electron Density in a. u. obtained from AIM Analysis.
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Hydrogen bonding is ubiquitous and one of the most important non-covalent interactions. In

diverse biological systems, the nitrogenous compounds are omnipresent and as an example, the

derivatives of pyrrole are found in haemoglobin, chlorophyll, alkaloids, tryptophan and proteins.

One of the highlights of this thesis is to study the spectroscopic properties of pyrrole monomer
and multimers in N and para-hydrogen (p-H;) matrices and compare the vibrational wavenumbers of
the pyrrole aggregates in different matrices (Ne, Ar, Xe and Kr) with the gas phase spectra.

Secondly, hydrogen bonding interactions of
pyrrole with different bases are explored using matrix
isolation infrared spectroscopy supported by ab initio
computations. The N-H---mt interaction is studied in
pyrrole-acetylene, pyrrole-ethylene and pyrrole-
benzene systems. The N-H---O interaction is probed
interaction of pyrrole with water, methanol, phenol
diethyl ether and the N-H--N interaction is explored
interacting pyrrole with ammonia, pyridine and
quinoline. In all the systems, the global minimum
complexes are primarily stabilized by N-H---X (where
X= m, O, N) interaction and the local minimum
geometries are stabilized by C-H--m, m-m* and
O-H:--1t interactions. Among the N-H---m complexes,
pyrrole dimer shows the highest shift in N-H
stretching vibrational wavenumber followed by PB-A,
PP-B, PE-A and PA-B. The strong pyrrole dimer shows
highest shift, while the weakest complex PA-B shows
the lowest in both Ar and N, matrices. Comparison of
the various computed parameters with experimental
vibrational wavenumbers of the N-H:--O complexes
of pyrrole revealed that the successive replacement
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Figure 1 The graph depicting shift in wavenumber
against the heterodimers of pyrrole with benzene,
ethylene, acetylene, phenol, water, methanol, diethy!
ether, ammonia, pyridine and quinoline shows there is
a gradual increase of computed and experimental
vibrational shifts from the N-H---rt >N-H---O >N-H--N
complexes, clearly demonstrating the strength of the
dimers follows the order weak ->moderate ->strong.

of the protons of water with alkyl group leads to the strengthening of the N-H:--O hydrogen bond
whereas the substitution of phenyl group weakens the interaction. Hence PP-C is the weakest complex,
while py-DEE-tt/tg* is the strongest complex. In case of N-H---N complexes, computations indicated that
the magnitude of computed shift (Avn.n) in the vibrational wavenumber follows the order PQ-A >PPy-A
>PAm-A. Experimentally, the above trend resonates in Ar matrix, but in N, matrix, due to the interaction
of matrix with the complexes a deviation was observed. It is experimentally observed that among the
different types hydrogen bonding interactions of pyrrole studied in this thesis, the N-H---N type of
interaction was the strongest, N-H:--O is the moderate and N-H---1t is the weakest hydrogen bonded
interaction.
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