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Preface 
Weak intermolecular interactions have very strong impact on the structures and 

properties of life giving molecules like H2O, DNA, RNA etc. These interactions are 

responsible for many biological phenomena. The directional preference of some of 

these interactions is used for designing different synthetic approaches in the 

supramolecular chemistry. The work reported in this Thesis comprises of investigations 

of weak intermolecular interactions in gas phase using home-built Pulsed Nozzle 

Fourier Transform Microwave (PN-FTMW) spectrometer as an experimental tool and 

ab-initio and Atoms in Molecules (AIM) theory as theoretical tools. The spectrometer 

which is coupled with a pulsed nozzle is used to record pure rotational spectra of the 

molecular clusters in a jet cooled molecular beam. In the molecular beam 

molecules/complexes are free from interactions with other molecules/complexes and 

thus, spectroscopy in the molecular beams provides information about the 'isolated' 

molecule/complex under investigation. The rotational spectra of the 

molecules/complexes in the molecular beam provide their geometry in the ground 

vibrational states. These experimental geometries can be used to test the performance 

and accuracy of theoretical models like ab-initio theory, when applied to the weakly 

bound complexes. Further the AIM theory can be used to gain insights into the nature 

and strength of the intermolecular interactions present in the system under 

investigation.  

Chapter I of this Thesis gives a brief introduction of intermolecular interactions. Other 

than hydrogen bonding, which is considered as the most important intermolecular 

interaction, many other intermolecular interactions involving different atoms have 

been observed in past few decades. The chapter summarizes all these interactions. The 

chapter also gives a brief introduction to the experimental and theoretical methods 

used to probe these interactions.  

In Chapter II, the experimental and theoretical methods used in this work are 

summarized. Details of our home-built PN-FTMW spectrometer are given in this 

chapter. The chapter also discusses briefly the theoretical methods like ab-initio, AIM 

and Natural bond orbital (NBO) analysis. We have made few changes in the mode of 

control of one of our delay generators which have also been described.  
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Chapter III and Chapter V of this Thesis are dedicated to the propargyl alcohol 

complexes. Propargyl alcohol (PA) is a molecule of astrophysical interest. It is also  

important in combustion chemistry since propargyl radical is considered as the 

precursor in soot formation. Moreover, PA is a multifunctional molecule, having a 

hydroxyl (-OH) and an acetylenic (-C≡C-H) group. Both of the groups can individually 

act as hydrogen bond acceptor as well as donor and thus PA provides an exciting 

possibility of studying many different types of weak interactions. Due to internal 

motion of -OH group, PA monomer can exist in gauche as well as trans form. However, 

rotational spectra of PA-monomer show the presence of only gauche conformer.  

In Chapter III, rotational spectra of Ar•••PA complex are discussed. The pure 

rotational spectra of the parent Ar•••PA complex and its two deuterated 

isotopologues, Ar•••PA-D (OD species) and Ar•••PA-D (CD species), could be observed 

and fitted within experimental uncertainty. The structural fitting confirmed a 

structure in which PA is present as gauche conformer and argon interacts with both 

the O-H group and the acetylenic group leading to Ar•••H-O and Ar•••π interactions 

respectively. Presence of these interactions was further confirmed by AIM theoretical 

analysis. In all the three isotopologues c-type rotational transitions showed significant 

splitting. Splitting patterns in the three isotopologues suggest that it originates mainly 

due to the large amplitude motion of the hydroxyl group and the motion is weakly 

coupled with the carbon chain bending motion. No evidence for the complex with trans 

conformer of PA was found. Although, we could not observe Ar•••trans-PA complex 

experimentally, we decided to perform ab-initio and AIM theoretical calculations on 

this complex as well. AIM calculations suggested the presence of Ar•••H-O and a 

unique Ar•••C interaction in this complex which was later found to be present in the 

Ar•••methanol complex as well. This prompted us to explore different possible 

interactions in methanol, other than the well known O-H•••O hydrogen bonding 

interactions, and eventually led us to an interesting interaction which we termed as 

carbon bond.  

Chapter IV discusses carbon bonding interaction in different complexes. Electrostatic 

potential (ESP) calculations show that tetrahedral face of methane is electron-rich and 

thus can act as hydrogen/halogen bond acceptor. This has already been observed in  
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many complexes, e.g. CH4•••H2O/HF/HCl/ClF etc., both experimentally and 

theoretically. However, substitution of one of the hydrogens of methane with -OH leads 

to complete reversal of the properties of the CH3 tetrahedral face and this face in 

methanol is electron-deficient. We found that CH3 face in methanol interacts with 

electron rich sites of HnY molecules and leads to the formation of complexes stabilized 

by Y•••C-X interactions. This interaction was also found to be present in the complexes 

of many different CH3X (X=OH/F/Cl/Br/NO2/NF2 etc.) molecules. AIM, NBO and C-X 

frequency shift analyses suggest that this interaction could be termed as "carbon 

bond". The carbon bonding interactions could be important in understanding 

hydrophobic interactions and thus could play an important role in biological 

phenomena like protein folding. The carbon bonding interaction could also play a 

significant role in the stabilization of the transition state in SN2 reactions.  

In Chapter V of this Thesis rotational spectra of propargyl alcohol dimer are discussed. 

Rotational spectra of the parent dimer and its three deuterated (O-D) isotopologues 

(two mono-substituted and one bi-substituted) could be recorded and fitted within 

experimental uncertainty. The fitted rotational constants are close to one of the ab-

initio predicted structure. In the dimer also propargyl alcohol exists in the gauche 

form. Atoms in molecules analysis suggests that the experimentally observed dimer is 

bound by O-H•••O, O-H•••π and C-H•••π interactions.  

Chapter VI of the thesis explores the 'electrophore concept'. To observe the rotational 

spectra of any species and determine its rotational constant by microwave 

spectroscopy, the species should have a permanent dipole moment. Can we obtain 

rotational constants of a species having no dipole moment via microwave 

spectroscopy? Electrophore concept can be used for this purpose. An electrophore is an 

atom or molecule which could combine with another molecule having no dipole 

moment thereby forming a complex with a dipole moment, e.g. Argon atom is an 

electrophore in Ar•••C6H6 complex. The microwave spectra of Ar•••13CC5H6 and 

Ar•••C6H5D complexes were recorded and fitted. The A rotational constant of these 

complexes was found to be equal to the C rotational constant of 13CC5H6 and C6H5D 

molecules respectively and thus we could determine the C rotational constant of 

microwave 'inactive' 13CC5H6. This concept could be used to obtain the rotational 

spectra of parallel displaced benzene-dimer if it exists.  
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We recently showed that the square pyramidal Fe(CO)5 can act as hydrogen bond 

acceptor. Appendix I summarizes the extension of this work and discusses interactions 

of trigonal bipyramidal Fe(CO)5 with HF, HCl, HBr and ClF. Our initial attempts on 

generating a chirped pulse to be used in a new broadband spectrometer are 

summarized in Appendix II. Preliminary investigations on the propargyl•••water 

complex are summarized in Appendix III.  
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I.1. Intermolecular interactions 

Importance of intermolecular interactions can be highlighted by the fact that the 

structures and properties of almost all vital molecules of life like DNA, RNA and 

proteins are governed by them.1,2 Life as we know it, would not be the same without 

intermolecular interactions. The liquid state of water is due to the intermolecular 

hydrogen bonding present between the water molecules.3 The double stranded 

structure of DNA exists because of π-stacking and hydrogen bonding interactions 

between the nitrogenous base pairs. The secondary structure of proteins is mainly due 

to the hydrogen bonding between the backbone amino and carbonyl groups. The 

tertiary structure of proteins is also strongly influenced by the intermolecular 

interactions. Hydrogen bonding and other van der Waals interactions are responsible 

for many biological phenomena like protein folding, and also play important role in 

various biological reactions. Intermolecular interactions are important in synthetic 

chemistry also and often decide the outcome of chemical reactions. The orientational 

preference of more specific intermolecular interactions like hydrogen bonding, and 

halogen bonding, is often utilized in supramolecular chemistry and crystal 

engineering to design macromolecules.4-8 The intermolecular interactions are also 

important in medicinal chemistry and site-specific drug delivery is often governed by 

these forces.6,9,10  

Ideal gas law was proposed by E. Clapeyron in 1834.11 The law assumes that the gas 

molecules are point masses and no interaction exists between them. J.D. van der 

Waals modified the ideal gas law by taking the definite size of molecules and the 

intermolecular forces into account and introduced his equation of state in 1873.12 The 

van der Waals equation of state is ቆܲ + ܽ݊ଶܸଶ ቇ ሺܸ − ܾ݊ሻ = ܴ݊ܶ 

P, V, T and n are pressure, volume, temperature and number of moles of the gas. 

Factors a and b are called van der Waals coefficients and their values differ for 

different gases. The coefficient 'a' depends on intermolecular forces present between 

the gaseous molecules and the coefficient 'b' depends on the size of the molecules. As 

the values of 'a' and 'b' approach zero the equation tends to the ideal gas law.  

In practice, none of the gases are ideal. The intermolecular forces become more and 

more important as the temperature of the gas is lowered. Liquefaction of helium (4He) 
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by H.K. Onnes, in 1908, provided the final validation of the van der Waals equation. 

However, the van der Waals equation does not give any information about the nature 

of interactions present between the molecules. For many years all the intermolecular 

interactions were called van der Waals interactions. However, many observed facts 

like the difference between the physical states of bulk H2O and H2S could not be 

explained on the basis of the 'same van der Waals interactions'. This highlighted the 

need of understanding the nature of the interactions involved between these 

molecules. In the early 20th century, Moore and Winmill,13 Huggins,14 Latimer and 

Rodebush15 and later Pauling3 introduced a new classification called "hydrogen 

bonding” which could be considered a subset of van der Waals interactions. Using the 

concept of hydrogen bonding the bulk properties of H2O and H2S could be explained.  

 Interaction energy for a molecular complex can be decomposed into five terms: 

electrostatic ΔEelec, exchange repulsion ΔEex, induction ΔEind, dispersion ΔEdisp, and 

charge transfer ΔEct.  
 

௧௧ܧ߂     = ܧ߂  + ௫ܧ߂  + ௗܧ߂  + + ௗ௦ܧ߂  ௧ܧ߂ 
  

The ΔEelec term arises due to electrostatic interactions between permanent multipoles. 

The electrostatic forces dominate in the complexes of polar molecules e.g. in the 

HF•••HF and ClF•••ClF dimers. The exchange repulsion term ΔEex is due to 

repulsion between electrons and is a result of Pauli's exclusion principle which 

prevents the electrons from two monomer units from occupying the same region of 

space, the term is always repulsive. A non-polar molecule can be polarized by 

interaction with an ion or multipole. When an ion polarizes a molecule and induces a 

dipole moment, it is called ion-induced dipole. Similarly if the polarizing entity is a 

dipole, it is called dipole-induced dipole and so on. The induction term ΔEind appears 

due to these interactions. Induction is the prominent force behind the formation of 

complexes of rare gases with polar molecules like hydrogen halides (HX). The 

complexes like Ne•••HF, Ar•••HF, Kr•••HF, Arn•••HF/HCl, Arn•••H2O etc. are 

known experimentally.16-22 The ΔEdisp term is due to dispersion interactions between 

the interacting molecules. Dispersion is the dominant force between two non-polar 

units and can be thought as induced-dipole-induced-dipole interaction. Due to 

fluctuation in the electron density all the molecules/atoms possess instantaneous 

dipole moments. The instantaneous dipole moment of one molecule/atom interacts 

with other molecule/atom and creates an instantaneous dipole in the other unit as well. 
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The instantaneous dipoles in the two units are correlated and follow the direction of 

each other i.e. the electron density of one molecule/atom changes with the electron 

density of the other molecule/atom. The dispersion interactions stabilize complexes 

between rare gas atoms like Ar•••Ar, Ne•••Ar and Ar•••Kr etc. The mixed rare gas 

dimers have a net dipole moment and have been observed by microwave 

spectroscopy.23,24 The charge transfer interaction term ΔEct accounts for the covalent 

character and becomes more important at close distances. All these interactions 

contribute towards the stability of the intermolecular complexes. However, the 

proportion of the contribution differs from system to system. 

Quantum chemical calculations have helped immensely in expanding our knowledge 

about the nature of the intermolecular interactions. In the last few decades, computing 

power has increased multifold and now quantum chemical calculations on many body 

systems can be performed rapidly. The improvement in the computing power also 

paralleled the development of new quantum chemical methods. Consequently, several 

new specific interactions involving other groups have been reported in the recent past 

and the realm of intermolecular interactions is widening with much improved 

understanding.25-35  

 

I.1.a. Hydrogen bonding 

Hydrogen bonding is the most celebrated intermolecular interaction. The ubiquitous 

presence of this interaction in nature attracts researchers from diverse fields towards 

it. The hydrogen bonding is studied by chemists, biologists and physicists with equal 

interest. The literature on hydrogen bonding is extensive and many monographs exist 

on this topic.1,2,36-39 It is not surprising that every hour roughly one paper gets cited on 

SciFinder with the topic hydrogen bond.  

Hydrogen bonded systems are usually represented as X-H•••Y where hydrogen atom 

acts as a bridge between two electronegative atoms X and Y and is closer to one of 

them (X). The X-H unit is known as hydrogen bond donor or electron acceptor and Y 

as hydrogen bond acceptor or electron donor. Classically X and Y atoms were limited 

to F, N and O atoms and it was considered that only these atoms can act as hydrogen 

bond acceptor/donor. However, now many different donors and acceptors are known 

in literature. Weak donors like C-H & S-H and weak acceptor like C & S can also 

participate in the hydrogen bond formation.1,40,41 Systems in which π-electron density, 
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radicals and sigma electrons act as hydrogen bond acceptors are known in 

literature.40,42-45 Formation of hydrogen bond is generally followed by an increase in 

the X-H bond length and a red-shift in the X-H stretching frequency.38 However, 

unusual blue shifting hydrogen bonds are also known in the literature.46 Possibility of 

many different donors and acceptors and ambiguity in nomenclature of these different 

systems prompted IUPAC to come up with a new broader definition of hydrogen 

bonds.47,48 According to the new IUPAC definition the X can be any atom which is 

more electronegative than hydrogen i.e. the hydrogen atom should have a partial 

positive charge, and Y can be any electron rich region. Thus, the new definition does 

not put any restriction on the acceptor unit. Depending on the participating donor and 

acceptor units, energy of the hydrogen bond lies in the range 2-170 kJ/mol.1 Thus, the 

strongest hydrogen bonds approach the lower limit for the covalent bonds and the 

weakest hydrogen bonds approach the upper limit for the van der Waals interactions. 

Forces acting in the van der Waals interactions and hydrogen bonding are similar. 

However, what makes hydrogen bonding different from van der Waals interactions is 

its directional preference. A dynamic criteria for the hydrogen bonding has also been 

proposed recently.49 Recently, the hydrogen bond has been ‘visualized’ for the first 

time by Atomic Force Microscopy (AFM). The AFM images of 8-hydroxyquinoline 

assembled on Cu (111) surface, showed widely accepted O-H•••O hydrogen bonds as 

well as weaker C-H•••O and N-H•••O hydrogen bonds.50 

Microwave spectroscopy in molecular beams provides an ideal opportunity of probing 

isolated hydrogen bonded clusters in gas phase. In Chapter III and V of this Thesis, 

hydrogen bonding properties of propargyl alcohol molecules have been studied using 

microwave spectroscopy and Atoms in Molecules (AIM) theory. The propargyl 

alcohol dimer, discussed in Chapter V, has been found to be bound with three 

different types of hydrogen bonds namely O-H•••O, O-H•••π and C-H•••π 

hydrogen bonds. The van der Waals complexes of propargyl alcohol with Ar and 

benzene with Ar have also been studied and are discussed in Chapter III and Chapter 

VI respectively.  

 

I.1.b. Halogen bonding  

Similar to hydrogen bonding, halogen bonding can be represented as X-Hal•••Y, 

where Hal is the halogen atom. There is no restriction on the nature of X and it can be 

any atom or group and Y should be having electron rich regions like lone-pairs of 
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electrons, π-electron density etc. Since the halogen bonds involve direct interaction 

between an electronegative atom (halogen) and another electron rich centre Y, these 

interactions were initially confusing. However, sigma-hole concept proposed by 

Politzer et al. explained that the interaction is indeed between the electropositive pole 

of the halogen atom (sigma-hole) and electron rich centres.26,28,51 Chlorine, bromine 

and iodine frequently form halogen bonded complexes, however, few cases of 

fluorine acting as halogen bond donor have also been reported.52 The halogen bond 

strength typically increases in the order F<Cl<Br<I which is also the order of 

increasing polarizablity for these elements. Strength of the halogen bonds increases 

with increase in the electron withdrawing power of the X moiety e.g. halogen bonds 

formed with CF3Cl are much stronger than those formed with CH3Cl.28 Halogen 

bonds have been found to be even more directional than the hydrogen bonds and the 

X-Hal•••Y angle approaches to linearity in most of the cases. Halogen bonding has 

found important applications in crystal engineering, molecular recognition, and 

medicinal chemistry.6,7,27 Its importance in biological systems has also been 

identified.6,53  

 

I.1.c. Lithium bonding 

Lithium is a congener of hydrogen and so is lithium bonding of hydrogen bonding. 

Li-bonded systems can be represented as X-Li•••Y where X is a more electronegative 

atom than Li or is an electron withdrawing moiety, Y can be an atom with lone pairs 

of electrons or it can be an electron rich region. Pioneering work on Lithium bonding 

was done by Kollman et al.54 They performed Hartree-Fock level calculations on the 

Li-bonded F-Li•••H-F complex and concluded that the interaction is analogous to 

hydrogen bonding. The work was followed by experimental work by Pimentel et al. 

who studied a number of Li-bonded complexes by matrix isolated infrared 

spectroscopy.55 Since then there have been many studies on Li-bonding.43,56-61 Alkali 

halide dimers, like (LiF)2 and (NaF)2 prefer cyclic structure over the linear one and 

are more electrostatic in nature than the linear hydrogen bonded dimers.62 The Li-

bonding is not as popular as hydrogen or halogen bonding due to its rare presence in 

the chemical systems.  
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I.1.d. Other non-covalent interactions 

Our understanding of non-covalent interactions is still evolving. As mentioned earlier, 

theoretical calculations have helped immensely in understanding these interactions in 

a better way. In the past two to three decades many new unique interactions have been 

reported and classified. Interactions like beryllium bond,35 chalcogen bond, pnicogen 

bond, have been reported in literature. Beryllium bond was analyzed by Yanez et al. 

in 2009. They studied complexes of BeX2 (X=H, F, Cl, OH) with different bases 

(NH3, H2O, HF, HCl, HBr, H2S and PH3) using ab initio and Atoms in Molecules 

(AIM) theoretical methods.35 Structural changes, frequency shifts and AIM parameters 

confirmed the presence of beryllium bonds in these systems. Pnicogen bond was first 

analyzed by Scheiner.31,32 It is an interaction between pnicogen elements (N, P, As, 

Sb, Bi). These interactions were analyzed in the PH3•••NH3 complex and it was 

found that the structure in which two units are bound with P•••N interaction, is the 

global minimum for the complex. For the homodimer (PH3)2, also the structure bound 

with P•••P interaction was found to be the global minimum.31 Chalcogen bond is an 

interaction of a chalcogen atom (O, S, Se, Te and Po) with an electron rich centre 

Y.29,30 It can be represented as either X-Chal•••Y or X=Chal•••Y depending on 

whether the chalcogen atom is bound by a single bond or double bond with the X 

moiety. The origin of this interaction could be explained on the basis of sigma hole 

concept used for halogen bonds.  

Recently, we proposed another interesting interaction termed as carbon bond.34 

Carbon bond can be represented as X-C•••Y where X and Y are electronegative 

atoms. The carbon bond could be important in understanding hydrophobic effects 

which are responsible for many biological phenomena like protein folding.63,64 The 

carbon bond could also play a role in stabilization of transition states in the SN2 

reactions. More recently, Guru Row et al. have provided the first experimental proof 

of carbon bond.33 It is clear that research in the field of non-covalent interactions has 

made an impressive progress and different dimensions of these interactions are being 

explored now. The carbon bonding interactions are discussed in detail in Chapter IV 

of this Thesis.  
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I.2. Introduction to the theoretical and experimental methods used to 

study the intermolecular interactions 

I.2.a. Theoretical methods  

Quantum chemistry methods, like ab initio and Density function Theory (DFT) are 

used for the structure optimization of molecules and intermolecular complexes.65,66 

Harmonic frequency calculations are performed to confirm if the optimized structures 

are minima at the potential energy hypersurface by confirming the presence of all real 

frequencies for the normal modes of vibration. Ab initio-Hartree-Fock calculations are 

computationally cheaper and can be performed quickly. However, these calculations 

do not take care of correlation effects and therefore, are not advised for the complexes 

bound with weak intermolecular interactions. Møller-Plesset perturbation theory, 

which is an improvement of Hartree-Fock methods, inherently takes care of 

correlation interactions and is often considered to be one of the best methods available 

for weakly bound complexes. The theory is used for small molecular clusters since 

accessing bigger systems with this theory is difficult due to its high computation cost. 

The DFT methods are computationally cheaper and can be used to perform 

calculations on bigger molecules. There are many DFT hybrid functionals available 

and many new functionals are being reported in the literature. One of the most 

popular DFT-functional is the B3LYP functional. However, it is known to perform 

poorly for correlation effects. Recently, many dispersion corrected DFT methods 

(DFT-d) have been reported and have been tested to perform better for the correlation 

effects as compared to the earlier functionals like B3LYP.67-69  

For microwave spectroscopy, these methods are used to obtain an approximate initial 

geometry of the complex or molecule under study. The rotational constants of this 

initial geometry are then used to predict the rotational spectra and search for the 

rotational transitions are made on the basis of these predictions. These quantum 

chemical calculations are improving consistently with time. High level calculations 

like MP2 theory augmented with a proper basis set, often predict a geometry which is 

found to be close to the eventual experimental geometry. These methods have been 

very useful for microwave spectroscopists and the predictions often accelerate the 

recording of the microwave spectra. More about these methods is discussed in 

Chapter II.  
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The wave-functions of the optimized geometries can further be analysed to gain more 

insights into many different properties of the molecules and complexes. Electrostatic 

potential calculations have been used to locate the possible interactions sites in a 

molecule.70,71 Atoms in molecules (AIM) analysis72,73 can be performed to gain more 

insights into the nature of bonding in a weakly bound complex. The AIM calculations 

give many types of electron density critical points, bond critical point (BCP) being 

one of them. Bonding interactions between two atoms can be confirmed by analysing 

these BCPs. The Laplacian of electron density at the BCP gives information about the 

nature of bonding. These methods are discussed in details in Chapter II.  

 

I.2.b. Experimental methods  

Structure and dynamics of the weakly bound molecular clusters can be known by 

performing spectroscopy in molecular beams. Supersonic expansion of the gases from 

a region of high pressure (~0.1-10 atm) to a region of very low pressure (~10-9 atm) 

results in cooling of the molecules and leads to the formation of weakly bound 

'isolated' molecular clusters which can be probed by a suitable technique.  

Rotational spectroscopy is used to determine the structure of molecules and molecular 

clusters. Fourier transform microwave (FTMW) spectrometers were very sensitive. 

However, it could be used to study only stable molecules in gas phase. Weakly bound 

complexes could be studied using Molecular Beam Electric Resonance (MBER) 

spectrometers but these spectrometers were much less sensitive. Balle and Flygare 

combined Fourier transform microwave spectroscopy with molecular beam technique 

for the first time.74 These spectrometers have very high sensitivity and weakly bound 

complexes could be produced in the molecular beam. In the molecular beam most of 

the molecules cool down to their ground vibrational state and the spectra becomes 

much less congested. Since its inception, many weakly bound complexes have been 

studied using this technique.75 In our lab, Pulsed Nozzle Fourier Transform 

Microwave (PN-FTMW) spectrometer has been fabricated.76-78 The PN-FTMW 

spectrometer is based on the Balle-Flygare design. The spectrometer was used for 

recording the rotational spectra of complexes reported in this Thesis. More details 

about the PN-FTMW spectrometer are given in Chapter II of this Thesis. New 

chirped-pulse based microwave spectrometers79-81 are becoming popular now. These 

spectrometers have revolutionized the field of microwave spectroscopy and many 
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limitations of the cavity based microwave spectrometers have been overcome. We are 

also planning to build a chirped-pulse based broadband spectrometer in our lab. 

Details of our initial attempts towards building the broadband spectrometer can be 

found in Appendix II of this Thesis.  

Vibrational (IR) spectroscopy has been used to study the hydrogen bonded structures 

in solution phase as well as in the gas phase. Shift in the vibrational frequency of a 

particular mode on cluster formation provide information about the weak interactions. 

However, studying the gas-phase molecular structures by IR-spectroscopy requires 

very high sensitivity. Double resonance techniques like IR-UV double resonance, 

have been used to obtain the IR-spectra in molecular beams.82-84 The UV laser is fixed 

at a known electronic transition of the complex and the IR-laser is scanned. The IR-

spectra are obtained by noticing the dip in the fluorescence or ion intensity signal 

while scanning the IR-laser. The most common method used for the ionization is 

Resonance Two Photon Ionization (R2PI). The generated ions using R2PI can be 

detected by a Time-of-Flight Mass-spectrometer (ToF-MS). Thus, the combination of 

these techniques provides spectral as well as the mass resolution. Clusters of the same 

mass but having different conformations can be distinguished using hole-burning 

spectroscopy, in which population of a particular conformer is burned out using an IR 

or a UV laser.85,86 

Spectroscopy in the far-IR region, 20-150 cm-1, allows probing transitions between 

vibrational-rotational-tunneling states. Saykally and coworkers have pioneered the 

vibrational-rotational-tunneling spectroscopy87 and have used it extensively to 

perform investigations on the water-clusters.88-90  

Dynamics of the molecules/clusters in cationic states can be investigated using Zero 

Kinetic Energy (ZEKE)91,92 and Mass Analyzed Threshold Ionization (MATI)93 

techniques. These techniques are variants of the photo electron spectroscopy. These 

techniques have sufficiently high resolution to resolve the rotational transitions which 

was not possible by the conventional photo electron spectroscopy. These techniques 

can also be used to probe the low frequency inter molecular vibrational modes.  
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I.3. Microwave spectroscopy  

Microwave spectroscopy has a reputation of being the most accurate method to 

determine structures of molecules in the gas phase. Transition frequency between two 

rotational levels of a molecule depends on its moment of inertia. Thus, by measuring 

the rotational spectra one can obtain the moment of inertia and eventually rotational 

constants, which are inversely proportional to the moment of inertia, of a molecule.  

On the basis of the symmetry of the moment of inertia ellipsoid, the molecules are 

divided into four main categories: (i) Asymmetric top (Ia ˂ Ib ˂ Ic), (ii) Symmetric top 

(Ia ˂ Ib = Ic (prolate) or Ia = Ib ˂ Ic (oblate)), (iii) Linear top (Ia=0, Ib=Ic) and (iv) 

Spherical top (Ia = Ib = Ic), here Ia, Ib and Ic are the moment of inertia of the molecule 

along principal axis a, b and c. The spherical top molecules are microwave inactive 

since they do not possess a permanent dipole moment which is essential for the 

detection of pure rotational spectra. Spectra for the symmetric top molecules are quite 

simple and are easy to observe and assign. However, the simplicity in the spectra 

comes with a cost and for these molecules only one rotational constant (B) can be 

determined experimentally. Asymmetric top molecules have complex spectra which 

are difficult to assign. The complexity in the spectra increases with the asymmetry in 

the molecule. However, once the spectra is assigned and fitted, all three A, B and C 

rotational constants can be determined which helps in extracting much more structural 

information for these molecules. Theoretical details about the spectra of these 

different categories are not discussed here and can be found elsewhere.94,95 The main 

focus of this section is to provide a glimpse about microwave spectroscopy and the 

information which could be extracted from the rotational spectra.  

In addition to accurate structural determination, microwave spectroscopy can also 

provide other valuable information about the molecules/complexes. The centrifugal 

distortion constants can be obtained by fitting of the rotational spectra. These 

distortion constants depend on the various vibrational frequencies of the molecules. 

For a simple diatomic molecule, the centrifugal distortion constant DJ is related to 

both the rotational constant and vibrational frequency and hence from the rotational 

spectra one could determine the vibrational frequency. For a simple diatomic 

molecule having vibrational frequency in the infrared region, it may appear like a 

more difficult and circuitous way of getting the vibrational frequency. However, the 

same method can be successfully used for weakly bound complexes such as 
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Ar•••Ne,23 where the stretching frequency is usually in the terahertz (THz) region 

and microwave spectroscopy offers a cheaper and easier method for determining the 

stretching frequency and bond strength. More about the use of distortion constants in 

extracting information about the low frequency intermolecular vibrational modes is 

discussed in Chapter VI of this Thesis.  

Quadrupole moment of nuclei can interact with molecular field gradient of molecules 

to give rise to nuclear hyperfine splitting in the rotational spectra. Only those nuclei 

for which nuclear spin (I) is ≥ 1, have non-zero quadrupole moment and can lead to 

such splitting. Nuclei with nuclear spin 0 or ½ do not affect the rotational spectra in 

this way as such nuclei are spherical and hence have no quadrupole moment. Nuclear 

quadrupole coupling constants for the coupling nuclei can be obtained by fitting the 

nuclear hyperfine spectra with a suitable Hamiltonian. These coupling constants, 

which are directly related to the electric field gradient around the coupling nuclei, 

give information about the electronic structure and chemical bonds of the molecule. 

For example, for HCl, large value of the Cl coupling constant (-67.819 MHz) 

indicates non-spherical electronic charge distribution around Cl due to covalent 

bonding whereas the small value for the same in KCl (˂0.04 MHz) implies Cl in KCl 

is in Cl- form and has a spherical charge distribution similar to Ar.95 

The (2J+1) degeneracy of rotational levels associated with MJ values (MJ=-J to +J 

including zero) can partially be lifted by the application of an electric field. Here J 

denotes rotational quantum number corresponding to a rotational state having angular 

momentum [J(J+1)]1/2 and MJ is the projection of angular momentum on a space fixed 

reference axis, Z, both in units of h/2π. This is known as the Stark effect. Perturbation 

theory can be used to calculate the energies of the split levels. Linear molecules (K=0) 

have no first order Stark effect and same is true for the K=0 levels of the symmetric 

top molecules, K is the projection of angular momentum on the body fixed z-axis 

which is the symmetry axis in case of symmetric top molecules. However, second 

order Stark effect is non-zero for these molecules. Asymmetric top molecules have 

non-zero first order as well as non-zero second order Stark effect. The first order 

Stark energy is directly proportional to the dipole moment of the molecule whereas 

second-order Stark energy depends on the square of the dipole moment. Thus, by 

measuring the extent of splitting in the rotational spectra, permanent dipole moment 

for the molecule in the ground state can be obtained. The splitting due to the Stark 

effect also depends on the rotational quantum number J and thus the Stark effect can 
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also be used to assign the rotational transitions of the molecules having complex 

rotational spectra, e.g. asymmetric top molecules. 

Internal rotation within a molecule (like relative rotation of two methyl fragments in 

ethane molecule) can couple with the overall rotation of the molecule leading to 

splitting of the rotational transitions. The observed splitting depends on both the 

symmetry of the potential as well the barrier height for the internal rotation. Thus, by 

measuring the value of splitting due to internal motions the nature of the potential and 

the barrier height can be determined for several molecules. 

Microwave spectroscopy has recently been used in detecting chirality in the 

molecules as well.96  

 

I.4. Present investigations  

In this Thesis, investigations on weakly bound complexes using rotational 

spectroscopy and various theoretical methods have been reported. In Chapter II 

experimental techniques and theoretical methods are discussed. Rotational spectra and 

AIM analysis of the Ar•••propargyl alcohol complex are discussed in Chapter III. 

Rotational spectra of the parent complex and its two deuterated isotopologues have 

been observed and assigned. The structure of the complex has been confirmed. AIM 

analysis confirms the presence of Ar•••H-O and Ar•••π interactions in the 

experimentally observed structure. In Chapter IV, the X-C•••Y carbon bond 

interactions have been discussed. These interactions were analysed using ab initio and 

AIM theoretical methods. Chapter V reports the rotational spectra of propargyl 

alcohol-dimer. Spectra for the parent dimer and its three deuterated isotopologues 

were observed and fitted within experimental uncertainty. In Chapter VI, rotational 

spectra of deuterium and C-13 isotopologues of the Ar•••benzene complex have been 

reported and the concept of electrophore is discussed. 

Hydrogen bonding and halogen bonding interactions of trigonal bypyramidal Fe(CO)5 

with HF/HCl/HBr/ClF are discussed in Appendix I. Our initial attempts towards a new 

broadband spectrometer have been summarized in Appendix II. Preliminary 

investigations on PA•••H2O complexes are given in Appendix III.  
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II.1. Introduction  

Microwave spectroscopy has traditionally been used to determine structures of 

molecules and weakly bound complexes. Initially absorption cell spectrometers were 

used to record the rotational spectra of molecules. However, sensitivity of these 

spectrometers was rather low and therefore, spectra of only stable molecules could be 

recorded. Balle and Flygare introduced cavity based microwave spectrometers which 

were coupled with molecular beam technique, for the first time.1 These spectrometers 

are very sensitive and could be used to study the rotational spectra of several weakly 

bound complexes. Sensitivity of these spectrometers can be gauged by the fact that 

complexes as weak as between two rare-gas atoms have been studied using these 

techniques.2,3 There have been several modifications in the design of these 

spectrometers since its first inception.4-10 The employment of broadband chirped pulse 

sources for the polarization of molecules has given a new flip to microwave 

spectroscopy.5 New methods of sample preparation have widened the scope of 

microwave spectroscopy. Using techniques like laser ablation, solid samples can also 

be brought into the gas phase and thus, can be studied by microwave spectroscopy.10 

In our lab a Pulsed Nozzle Fourier Transform (PN-FTMW) spectrometer has been 

fabricated. The spectrometer is based on the Balle-Flygare design. Details of the 

spectrometer can be found elsewhere.11-13 In the next few sections main components 

of the spectrometer have been described in brief.  

 

II.2. PN-FTMW spectrometer  

Design of the PN-FTMW spectrometer can be divided mainly into two parts (i) 

Mechanical design and (ii) Electrical design.  

 

II.2.a. Mechanical design  

Mechanical design of the spectrometer is shown in Figure II.1. The spectrometer 

consists of a cylindrical vacuum sealed chamber which is made of stainless steel (SS-

304). Length and diameter of the chamber are 1000 mm and 850 mm respectively. 

The chamber houses two identical aluminium mirrors which are mounted coaxially on 

three stainless steel rods. The overall arrangement is called Fabry-Perot cavity or 

resonator. The mirrors are highly polished and the surface roughness and radius are 
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Figure II.1. Mechanical design of the PN-FTMW spectrometer 
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 good to 1 micron. Diameter of the mirrors is 500 mm and radius of curvature is 800 

mm. The Fresnel's condition determines the lower frequency cut-off for the 

spectrometer. The condition says 

      
మோ   1       (II.a) 

where a is radius and R is radius of curvature of the mirror. This condition puts a low 

frequency cut-off of 3.8 GHz for our spectrometer. However, signal as low as 

2447.8427 MHz for Ar•••H2S complex has been observed from this spectrometer.11 

Operating range of the spectrometer is 2 to 26GHz. 

The chamber is seated on a 20" diffusion pump (Vacuum Techniques, Bangalore, 

India) which has a pumping speed of 10,000 l.s-1. The diffusion pump is backed by a 

roots blower (Boc Edward, EH 250) and a belt less rotary pump (Boc Edward, 

E2M80). These backing pumps have a combined pumping speed of ~4000 l.s-1. The 

pumps can evacuate the chamber to 10-6 torr. Operation of diffusion pump generates 

enormous amount of heat. To keep the diffusion pump at room temperature, it is 

water-cooled using water circulation facility.  

One of the mirrors is movable and the distance between the mirrors can be varied 

between 630 nm to 730 nm. The movable mirror is fixed with a micrometer controlled 

fine pitch linear screw rod and is driven by a stepper motor (103H8221-5041, Sanyo 

Denki, Japan). The linear screw rod has a pitch of 5 mm i.e. in a full 3600 rotation the 

motor covers a linear distance of 5 mm. In high resolution mode the stepper motor 

takes 4000 steps to cover this distance, i.e. in each step mirror moves by 1.25 micron. 

Thus, the mirror movement can be controlled very precisely.  

The movable mirror has a 10 mm diameter hole in the centre. A pulse nozzle (General 

Valve, USA, Service 9) of 0.8 mm diameter is placed at this hole. The valve is 

connected with a stainless steel tube of 0.25 inch outer diameter through which the 

sample is sent. The sample is pulsed into the cavity by opening the valve for typically 

1ms. The trigger to open and close the valve is fed through a pin connector which is 

sealed with an O-ring and a clamp. The stationary mirror also has a small hole at its 

centre. A female SMA connector, which is at the end of a coaxial cable, is placed at 

the mirror hole centre. An L-shaped antenna is connected to the SMA pin. The 

microwave power can be transmitted to and received back from the cavity through 

this arrangement. The same antenna works as both the transmitter and the receiver. 

The working frequency range of the antenna depends on its length (L) and  
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ܮ       ≈  (II.b)                             4/ߣ 

Using this approximation antenna can be designed for a particular frequency range. 

Entire frequency range of the spectrometer can be covered using 3 to 4 different 

antennae. 

 

II.2.b. Electrical design  

Electrical design of the spectrometer is shown in Figure II.2. It is used to generate the 

microwave pulse which is sent to the cavity and also to detect back the microwave 

signal. The microwave source is a Signal generator (#1 in Figure II.2, Agilent, MXG 

signal generator, N5183A) which can generate frequency from 100kHz to 32GHz 

with a resolution of 0.01 Hz. The RF output (frequency ν, power 13dBm) of the signal 

generator is directed to a single-pole-double-throw (SPDT) switch (#7, Sierra 

Microwave, 0.5-26.5 SFD0526-00, isolation 60dB). Output of this switch is either 

sent to a single side band mixer (SSBM, #5, Miteq, SMO-226LC1A) or to an image 

rejection mixer (IRM, #11, Miteq, IRO-0226LC1A). During the polarization cycle 

(top half of the electric design) the output is sent to the SSBM where it is mixed with 

the output [ν1 (=30 MHz), power 13-16dBm] of a function generator (#23, SRS, 

DS345). The SSBM gives the upper band ν+ ν1 as an output. This output is amplified 

by a medium power amplifier (#6, Miteq, JS3-02002600-5-7A) with a gain of 24 dB. 

The amplified signal then goes to another identical switch (#7'). This switch works 

synchronously with the other SPDT switch. These SPDT switches are controlled by a 

delay generator (BNC-555). The delay generator sends two pulses of same time 

duration (typically 0.2-3.0 μs) but of opposite polarity to these switches. Due to the 

time duration, the ν+ ν1 signal has a certain width (~1 MHz for 1 μs time duration). 

The output of the switch (#7') is sent to a direction coupler (#8, Narda, 1.7-26.5–

4227–16) which directs the signal to the antenna through a diode detector. The 

antenna couples the signal to the cavity. The molecules are polarized by this 

microwave signal. If the molecules absorb within the width of the signal a transition 

occurs and molecules coherently emit microwave radiation of frequency ν+ ν1±Δ, 

where Δ is the offset from ν+ ν1. This signal is detected back by the same antenna and 

goes to the direction coupler via the diode detector. During the polarization the cavity 

should be tuned i.e. the distance between the two mirrors should be a half integral 

multiple of the wavelength of the microwave radiation. This ensures the formation of 
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a standing wave between the mirrors. The distance is adjusted by moving the movable 

mirror by the stepper motor which is controlled by a stepper motor driver 

(Micrologix, embedded systems Ltd, MSB-403). The stepper motor driver is triggered 

by a PC. If the cavity is not tuned almost all the microwave power is reflected. During 

the detection cycle, the direction coupler sends 2.5% of this reflected power to a 

digital storage oscilloscope (DSO, #27 Tektronix TDS 2022). This power is 

monitored while tuning the cavity. As the cavity is tuned there is a huge dip in the 

reflected power. DSO outputs are shown in the Figure II.3 for both the conditions (i) 

when cavity is not tuned and (ii) when the cavity is tuned. Rest of the microwave 

signal goes to a low noise amplifier (#10, Miteq JS4-02002600-3-5P, noise 2.8dB, 

gain 28 dB) via the SPDT switch (#7'). The amplified signal is mixed with the signal 

generator's output (ν) in an image rejection mixer (#11, Miteq, IRO-0226LC1A). The 

IRM gives ν1±Δ signal as the output which is directed to a band pass filter (#12, Mini 

Circuits, BBP-30) and a low noise RF amplifier (#13, Mini Circuits, ZFL-500LN). 

This signal is down converted to Δ by mixing it with the output of the function 

generator (ν1) in an RF mixer (#14, Mini Circuits, ZAD-1). The Δ signal is sent to a 

low pass filter (#15, Mini Circuits, BLP-5) and then it is further amplified by another 

an RF amplifier (#16, HD communication corp., HD 17153BB). This amplified signal 

is digitized by an NI-scope card (National Instrument, PCI 5112) which has a 

maximum sampling speed of 100MHz. However, the signal (Δ) which we amplify is 

typically <1 MHz and therefore, we generally use sampling speed of 5MHz. 

The digitized signal is sent to a computer for further analysis. The time domain signal 

is Fourier transformed to obtain signal in the frequency domain. The time domain and 

the frequency domain signals are shown in Figure II.4. As shown in the figure the 

signal always appears as a doublet. This is because of the coaxial arrangement of the 

antenna and the pulsed nozzle. The standing wave in the cavity is a super-position of 

two waves travelling in opposite directions which leads to Doppler doubling. 
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All these VIs together constitute the main programme for the PN-FTMW 

spectrometer. Details of the software code can be found in the Reference 12.  

Of late, we have been controlling one of the delay generators (BNC-555) using RS-

232 connections. Hyperterminal software is used to communicate with this delay 

generator. Inputs to set the microwave pulse lengths and to create delays can be given 

using SCPI commands. For Channel 1 of the delay generator following commands 

can be used to set different parameters:  

(i) :PULSe1:STATE ON  

(ii) :PULSe1:WIDth 0.000002 

(ii) :PULSe1:POLarity NORMal 

The first command turns on the first channel. The second command sets the width of 

the pulse to 2 μs and the third command sets normal polarity for the pulse. 

The commands are shown as a mixture of upper and lower case letters. The upper 

case letters indicate the abbreviated spelling for the command. Either the abbreviated 

version or the entire keyword can be used to send the command. Moreover, upper 

and/or lower case characters are acceptable. e.g. POL, POLARITY, POLarity and 

polarity all are valid commands. Whole set of commands can be found in the manual 

for the delay generator.  

II.3. Sample preparation  

In the experiments, a molecular beam is produced using a pulse nozzle. Typically, 

argon or helium is used as carrier gas which carries the sample molecules into the 

cavity. A fraction of the carrier gas (usually 1-5%) is bubbled through a bubbler 

containing the liquid sample. In case of systems involving two or more liquid 

samples, the carrier gas is bubbled through each of the samples separately and then 

the mixing is done in a four-way junction. Flow of the gases is controlled by four 

different mass flow controllers (MKS, 1179). Mass flow meter unit is used to set the 

flow limit of these mass flow controllers. After the mixing, the gas seeded with the 

sample molecules is expanded from a back pressure of 0.1-1.5 bar into the evacuated 

cavity through a pulse nozzle of 0.8 mm diameter. Due to the back pressure, the mean 

free path of the molecules decreases and becomes much less than the nozzle diameter. 

Expansion takes place when the nozzle opens and within very close distance (few 

nozzle diameters) from the nozzle, many molecular collisions occur. Due to these 

collisions molecules lose energy and molecular complexes like dimer, trimers are 
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formed. After a few diameters, the flow is collision free and hence it is called a free 

jet. The supersonic expansion is a very high directional mass flow resulting in the 

formation of a molecular beam. In the beam the translation degree of freedom relaxes 

very fast and the translational temperature achieved in the beam is 0.02-0.03K. 

However, rotational and vibrational energy relaxations are much slower and the 

rotational and vibrational temperatures achieved in the beam are 2-3K and 50-100K 

respectively. The beams are called supersonic beams because velocity of the 

molecules in the beam is much more than the velocity of sound at the local density.  

 

II.4. Quantum chemical methods 

To optimize the structure of the molecules and complexes, various quantum chemical 

methods like ab initio and density functional theory (DFT),14,15 have been used in this 

Thesis work. In most of the cases MP2 level calculations have been performed. DFT 

methods have also been used in some studies. In some cases, single point calculations 

at CCSD level have also been performed. Main motive behind performing these 

calculations was to obtain an initial 'guess' geometry for the complex of interest. 

These guess geometries were used as a lead for further experimental investigations. 

Harmonic frequency calculations were performed to confirm that the optimized 

structures are minima at the potential energy hypersurface. In some cases, vibrational-

rotational coupling was also computed using Freq=VibRot keyword. Distortion 

constants for the complexes can be extracted from these calculations. All these 

calculations were performed using Gaussian 09 software suite.16  

Interaction energies for the complexes were calculated using supermolecular 

approach. According to this approach 
 

  ΔE (Complex) = E (Complex) - Σ E (Monomer)            (II.c) 

 

Where, ΔE (Complex) is the interaction energy for the complex. E (complex) and E 

(monomer) are the energies of the complex and the monomer respectively. Using this 

approach interaction energies can be calculated for the structures optimized using 

small basis sets. However, for large basis sets such as those used in this Thesis work, 

these energies must be corrected for the Basis Set Superposition error (BSSE).17-19 

The correction was made using counterpoise method developed by Boys and 
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Bernardi.20 Gaussian software has a built-in command 'counterpoise=n' for these 

calculations, where n is the number of monomer units constituting the complexes i.e. 

for dimer n will be 2, for trimer n will be 3 and so on. BSSE corrected energy for the 

complex can be extracted from the counterpoise calculations.  

BSSE corrected interaction energy of the complex can be calculated as 
  
                 ΔEBSSE (Complex) = EBSSE (Complex) - Σ E (Monomers)                        (II.d) 

 

Where, ΔEBSSE (Complex) is the BSSE corrected interaction energy and EBSSE 

(Complex) is the BSSE corrected energy for the complex, 

BSSE corrected interaction energies were further corrected for the zero-point 

vibrational motion and the BSSE+Zero-point corrected interaction energies were 

obtained in the following way,  
 

               ΔEBSSE+ZPC (Complex) = EBSSE+ZPC (Complex) - Σ EZPC (Monomers)        (II.e) 

 

Where, ΔEBSSE+ZPC is the BSSE and zero-point corrected interaction energy.  

EZPC is zero point corrected energy and EBSSE+ZPC is the BSSE+zero point corrected 

energy. These are defined as follows.  

EBSSE+ZPC (Complex) = EBSSE (Complex) + Zero-point energy correction for the 

complex  

EZPC (Monomer) = EBSSE (Monomer) + Zero-point energy correction for the monomer. 

 

II.5. Atoms in Molecules analysis 

Microwave spectroscopy determines structure of the complexes under study. 

However, it does not quantify the strength and nature of the intermolecular 

interactions present in the complex. Atoms in Molecules (AIM) theory,21,22 developed 

by Bader, can be used for this purpose. The theory is based on electron density (ρ) 

topology analysis of the molecules and complexes. Critical points resulting from this 

analysis can be used to quantify the intermolecular interactions. A critical point is a 

point in space at which gradient of the electron density (∇ρ) vanishes, i.e. critical 

point is an extremum point at the electron density topology. Nature of the critical 

point is decided by the second derivative of the electron density. If critical point is a 

maximum the second derivative will be negative and if it is a minimum the second 
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derivative will be positive. Critical points have been classified as nuclear/non-nuclear 

attractor, bond critical point (BCP), ring critical point (RCP) and cage critical point 

(CCP). The classification is based on the Eigen values of the Hessian matrix of 

electron density. Koch and Popelier have proposed a set of criteria for hydrogen 

bonding on the basis of AIM analysis.23  

 

Different types of critical points  

Critical points are classified on the basis of the Hessian matrix of electron density. 

The critical points are denoted as (r, s) where r is the rank (number of non zero 

eigenvalues) and s is the signature (algebraic sum of the signs of non-zero 

eigenvalues) of the Hessian matrix. Different critical points are as follows: 

 

(i) Nuclear attractor: Nuclear attractor is denoted as (3,-3) i.e. at this point electron 

density is maximum along each of the three directions. This critical point corresponds 

to the nucleus of atoms in molecules. However, in some cases non-nuclear attractor 

(3,-3) critical points have also been reported.  

 

(ii) Bond critical point (BCP)  

Bond critical point is denoted as (3,-1) and appears between two atoms. At this point, 

electron density is maximum along two directions and minimum along the direction 

of the two atoms. In most of the cases, bond paths appear which connect the BCP to 

each of the atoms.  

 

(iii) Ring critical point: Ring critical point is denoted as (3, +1) and appears in case of 

cyclic structures. At this point the electron density is minimum along two directions 

and maximum along the third direction.  

 

(iv) Cage critical point: Cage critical point is denoted as (3, +3). Electron density at 

this point is minimum along all three directions.  

 

Laplacian of electron density (∇2ρ) gives an idea about the nature of interaction. 

Positive value of ∇2ρ suggests a closed shell interaction and its negative value 

suggests an open shell interaction.  

Positive value of mutual penetration between two interacting atoms is considered as 
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the necessary and sufficient criteria for hydrogen bonding interactions.23 Mutual 

penetration is defined as sum of the difference between bonded and non-bonded radii 

of the interacting atoms i.e. for two atoms A and B; the mutual penetration is defined 

as  
 

Mutual penetration (AB) = ΔrA + ΔrB                                                                                                         (II.f) 

 

ΔrA/B is the difference between bonded and non-bonded radii of A/B.  
 

Bonded radius is the distance between the atom and the bond critical point 

corresponding to the interaction. Non bonded radius is defined as the distance 

between the atom and 0.001 a.u. electron density surface. The non-bonded radius 

should always be calculated along the direction of the bond critical point.  

 

II.6. Natural bond orbitals (NBO) analysis  

NBO analysis24 has been performed on the complexes to understand the donor-

acceptor interactions. Atomic charges resulting from this analysis are used to estimate 

charge transfer from the electron donor molecule to the electron acceptor molecule. 

Second order perturbation analysis resulting from the NBO calculations gives 

information about the orbitals involved in the charge transfer. The calculations were 

performed using NBO 6.0 software.24  
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is a saddle point at this level of calculation and separates two equivalent minima 

having C2C3O1H4 dihedral angles 1600 and 2000. However, the energy barrier for 

inter-conversion of these two equivalent forms is a mere 0.04 kcal mol-1. Rotational 

spectroscopic studies on this molecule have confirmed the presence of only the 

gauche form.5-7  Similarly, only gauche form has been observed for the analogous 

molecules, propargyl thiol (C3H4S)8-11 and propargyl selenol (C3H4Se).12 also. Hirota 

suggested that the extra stabilization of gauche form may be due to intra-molecular 

interaction between the -OH group and π- electrons.5 However, our AIM calculations 

have not shown a bond critical point between hydroxyl proton and the π- bond in 

agreement with an earlier result.13 

 

Figure III.2. Relaxed Potential energy scan for propargyl alcohol molecule as a 
function of dihedral angle (C2C3O1H4) at MP2/6-311+G(d,p) level of theory. 

 

Recently, Patwari and co-workers have investigated many complexes of 

phenylacetylene (C6H5CCH), another multifunctional molecule, by infrared-optical 

double resonance spectroscopy and showed the diversity in the complexes' 

structures.14 Goswami and Arunan reported the microwave spectrum of 

C6H5CCH•••H2O,15 providing positive confirmation for the structure proposed by 

Patwari’s group. While the main objective of this study was to find whether H2O acts 

as a hydrogen bond donor to the π electrons or as an acceptor to the acetylenic H, the 

results revealed that the complex had a cyclic structure in which H2O played both 

roles. The C6H5CCH•••H2O complex is planar and has O from H2O interacting with 
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the ortho C-H hydrogen of the phenyl ring and the OH interacting with acetylenic π-

electrons. Goswami and Arunan investigated C6H5CCH•••H2S complex16 next and 

determined the structure to be very different having S-H•••π (phenyl ring) 

interaction, very similar to that of C6H6•••H2S complex17. PA also offers many 

interesting possibilities of inter-molecular interactions with other atoms/molecules 

and in this chapter the results on the first complex chosen for investigation Ar•••PA, 

are discussed. While there have been numerous studies on this interesting molecule, it 

appears that there have been no prior experimental or theoretical studies on any of its 

complexes. 
Complexes of rare gas atoms with molecules have been studied extensively both 

theoretically and experimentally.18-26 These complexes are mainly stabilized due to 

induction and dispersion forces and offer a direct probe of these interactions. 

Experimental results on these clusters can be used to test the reliability of theoretical 

calculations. As PA contains a -C≡C-H group and an -OH group, comparisons with 

already studied Ar•••alcohol and Ar•••acetylene complexes would be worthwhile. 

Microwave spectra of Ar•••CH3OH25,26 and Ar•••butan-2-ol21 complexes are known. 

In both complexes, Ar•••H-O interaction is the predominant one but the secondary 

interactions between Ar and the hydrocarbon chain of alcohol molecule also plays a 

significant role in the stabilization of these complexes. As a result of these secondary 

interactions, Ar•••H-O angle deviates largely from linearity in these complexes, 

being 151.60 and 134.40 for Ar•••CH3OH and Ar•••butan-2-ol, respectively. On the 

other hand, in complexes like Ar•••acetylene22,24 and Ar•••benzene,18,23 Ar interacts 

with π-electrons and is located at the top of π- electron density. Our main objectives in 

this study are twofold: 1) Would the equilibrium structure of Ar•••PA resemble 

Ar•••alcohol or Ar•••acetylene or would it have both interactions in a cyclic 

structure resembling phenylacetylene•••H2O? 2) Could the trans form of PA be 

stabilized by interactions with Ar or other molecules, like water, and observed 

experimentally? In addition to microwave spectroscopic measurements, we performed 

ab initio and Atoms in molecules (AIM) theoretical calculations also to address these 

questions and the details are discussed in the next sections.  
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III.2. Theoretical and Experimental details 

III.2.a. Theoretical methods  

All ab initio calculations were performed using Gaussian-09 suite of programs.27 

Structural optimization and frequency calculations were carried out at MP2 level with 

large basis set 6-311+G(3df,2p), to help in the search for rotational spectra. Atoms in 

Molecules (AIM) calculations were carried out using AIMALL package28. 

Electrostatic potential (ESP) calculations were performed using Multiwfn software 

developed by Lu and Chen29 and GaussView software. Wave functions used in AIM 

and ESP calculations were extracted from Gaussian calculations. 

 

III.2.b. Experimental Section 

III.2.b.1. Sample preparation 

Propargyl alcohol sample was purchased from Sigma-Aldrich and was used without 

further purification. The OD isotopologue HC≡C-CH2OD, hereafter termed as PA-

D(OD), was prepared by simple mixing of PA and D2O in 9:4 ratio to get optimum 

intensity signals. The acetylenic proton of PA is also acidic in nature and could be 

replaced by deuterium in the PA and D2O mixture. We could observe the known 

signals for the C-D isotopologue of PA-monomer (DC≡C-CH2OH), hereafter termed 

as PA-D(CD), but the signal intensity was very low. Mixture ratio was varied and the 

best intensity signals for the PA-D(CD) monomer were observed with 1:1 mixture of 

PA and D2O. However, PA-D(CD) concentration in even this mixture proved to be 

too low to observe the Ar•••PA-D(C-D) complex signals. Hence, we decided to 

synthesise the PA-D(CD) isotopologue and followed the procedure reported by Bew 

et al.30 Based on the intensities of the parent and PA-D(CD) signal, the isotopic 

conversion was estimated to be only 50% as opposed to 95% achieved by the authors. 

However, this was enough to observe the transitions from Ar•••PA-D(CD) complex. 

 

III.2.b.2. Rotational spectrum  

Rotational spectra for the three isotopologues were recorded using already discussed 

Pulsed Nozzle Fourier Transform Microwave (PN-FTMW) Spectrometer31. A mixture 

of 3% PA (or isotopologue) in Ar carrier gas was expanded from a back pressure of 
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0.5 atm into an evacuated Fabry-Perot cavity. Multiple FIDs were collected per gas 

pulse. During the search 256 points were collected for each FID at 5 MHz sampling 

speed. Observed signals were recorded again with 512 or 1024 points to improve the 

resolution. Microwave pulse of 1 μs duration was found to be optimum for all a, b and 

c- dipole transitions and it was consistent with very similar dipole moments along the 

three principal axes as determined by the ab initio calculations.  

 

III.3. Results: Search, assignments and fitting  

Ab initio quantum chemical calculations were carried out to optimize the structure of 

Ar•••PA complex. Optimized structures for the complex, with both gauche (Structure 

A) and trans conformers of PA (Structure B) at the MP2/6-311+G(3df,2p) are shown 

in Figure III.3. Harmonic frequency calculations confirmed that both the structures 

correspond to minima on the intermolecular potential energy hypersurface. Complex 

with gauche-PA (Ar•••g-PA, Structure A) is slightly more stable (by ~0.6 kJ.mole-1) 

than the complex in which Argon binds to the trans-PA (Ar•••t-PA, Structure B). In 

Structure A and Structure B, Ar•••H-O bond distance is 2.815 Å and 2.857 Å, 

respectively which are smaller than the sum of van der Waals radii of Ar and H 

atoms. The Ar•••H-O angle is 145.20 and 138.80 for Structure A and Structure B, 

respectively. The deviation of Ar•••H-O angle from linearity in both of the 

complexes has different origins: In Structure A, it is due to Ar•••π- interaction 

(Ar•••π-centre distance is 3.801 Å) while in Structure B, it is most probably due to 

some interaction between Ar and the CH2O face of the t-PA (Ar•••C-3 carbon 

distance is 3.582 Å). More about the nature of interactions in these complexes is 

discussed in Section III.4.b. From rotational spectroscopic point of view, for Structure 

A, all three dipole moment components along principal axes are non-zero and have 

significant magnitude which indicates that a-, b- and c-type transitions could be 

measured while for Structure B, c-component of dipole moment is zero and only a- 

and b-type transitions are expected. The rotational constants for the two structures are 

very different and these can unambiguously be differentiated by microwave 

spectroscopy. Calculated rotational constants and dipole moment components for both 

the structures are given in Table III.1.  
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lines were closer to the predictions for Ar•••g-PA, the spacing between these 

transitions was similar to that for Ar•••t-PA. Considering signal at ~8222.3 MHz as 

40,4-50,5 transition and ~8447.3 MHz as 41,3-51,4 transition, we searched for the 41,4-51,5 

transition and almost immediately observed another doublet centred at 8008.007 and 

8008.0168 MHz, separated by 9.8 kHz. On the basis of this initial assignment, other 

signals were predicted and a few of them could be observed. An initial coarse fitting 

of these transitions with semi-rigid asymmetric rotor Hamiltonian gave rotational 

constants close to that of Structure B having t-PA, which is yet to be experimentally 

observed. The excitement generated was short lived as further searches made on the 

basis of these fitted constants were largely unsuccessful. Fortunately, during this 

search, a very intense doublet centred at 11112.0188MHz and 11112.0286 MHz, 

separated by 9.8 kHz was observed, Figure III.4. This signal and the signal at ~8447.3 

MHz were very similar in terms of intensity and splitting. Considering 8447.3MHz 

signal as 20,2-30,3 transition and signal at ~11112MHz as 30,3-40,4 transition for 

Structure A, 40,4-50,5 transition could be predicted and observed as a doublet at 

13681.0644MHz and 13681.0693MHz, again separated by 9.8 kHz. These 

assignments turned out to be correct and soon a total of 27 a-type transitions were 

measured, for J up to 6 and Ka up to 3. All these transitions appeared as doublets and 

the splitting ranged between 9.8 kHz to 56.1 kHz. After fitting the a-type transitions 

search was made for the b-type and c-type transitions. A total of 20 b-type and 5 c-

type transitions could be observed and these appeared as doublets as well. The R-

branch b-type transitions show a small splitting ranging between 9.8-29.3 kHz. Three 

Q-branch-b-type transitions were observed and the splitting for them was higher, 

ranging between 48.9-114.8 KHz. In case of c-type transitions the splitting was even 

higher, ranging between 2.5562-2.6125 MHz.  

The observed spectrum for Ar•••PA complex was fitted with semi-rigid rotor 

Watson's S-reduced asymmetric Hamiltonian. Data could be fitted in two different 

ways: (i) fitting the lower and upper components of the a- and b- type transitions 

separately (not including the c-type transitions) and (ii) fitting the line centres of the 

observed doublets for all the three (a-, b- and c-) type of transitions. When the a- and 

b-type transitions were fitted in two different sets (lower and upper), rms deviation for 

the lower set’s fitting was 10.6 kHz and for the upper set’s fitting was 7.7 kHz. This 
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Figure III.4. 30,3-40,4 transition of the Ar•••g-PA complex. Smaller splitting is due to 
tunnelling and the larger splitting is due to Doppler doubling. Tunnelling splitting is 
9.8 kHz. Line centre is given in the Figure. 

 

is not surprising given the small splitting observed in these transitions. However, the 

two sets of c-type transitions could not be independently fitted and they differed from 

the predicted transitions by nearly a constant value ≤Δ (+ for the upper set and – for 

the lower set), where Δ varies from 1.2585 to 1.3003 MHz for the upper set and 

1.2562 to 1.2999 MHz for the lower set. For a given c-type transition the Δ value is 

nearly equal in the two sets. Clearly, the large amplitude vibrational/tunnelling motion 

that leads to the experimental splitting changes the sign of c-dipole and the allowed 

transitions connect the lower state to upper state and vice versa. Considering the small 

splitting observed in the a-and b-dipole transitions and the fact that either the line 

centres or the individual lines could be fitted within experimental deviations, it would 

not be possible to conclude whether a-and b-dipole moments change sign following 

the large amplitude motion. Fitting the line centres of all three dipole transitions 

reduces the rms deviation to 3.1 kHz. All the observed transitions and their residues 

from the different fits are given in Table III.2 and the rotational constants obtained 

from these fits are given in Table III.3. The fitted rotational constants are very close to 

that for Ar•••g-PA. For the PA monomer also, two sets of transitions were found and 

a- and b-dipole transitions could be fitted independently to a semi-rigid rotor. 

However, the c-dipole transitions needed tunnelling and coriolis terms.4-6 As the 

principal axes systems for the monomer and complex are not identical, see Figures. 

III.1 and III.3, some caution must be exercised in comparing these splitting, vide 
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infra. 

Spectra for Ar•••g-PA-D(OD) and Ar•••g-PA-D(CD) isotopologues could be 

predicted and readily observed confirming Structure A. For the Ar•••g-PA-D(OD) 

complex, a total of 20 a-type, 19 b-type and 3 c-type transitions were observed. The 

small splitting observed in the a- and b-type transitions for the parent isotopologue 

could not be resolved for both the deuterated isotopologues. The deuterium 

quadrupole splitting could be resolved in some low J transitions for both but the data 

was not sufficient to extract the quadrupole coupling constant. The c-type transitions 

were present as doublets and the splitting was smaller and ranged between 900.7 - 

919.7 kHz. The significant reduction in the splitting for the PA-D(OD) compared to 

PA, suggests that the large amplitude motion could have significant contribution from 

C-OH torsion. For the Ar•••g-PA-D(CD) complex, a total of 8 a-type, 5 b-type and 2 

c-type transitions were observed. For this isotopologue, the c-type transitions again 

appeared as doublets and the splitting was closer to 2.046 MHz for 10,1-21,1 and 

2.0121 MHz for the 20,2-31,2 transition. Clearly the large amplitude motion leading to 

the splitting of c-dipole transitions is not localized in OH torsion (vide infra). These 

transitions were fitted using the same Hamiltonian used for the parent complex and 

for the c-dipole transitions line centres were used in the fit. In the case of CD 

isotopologue, the distortion constant DK was not fitting well and the uncertainty in A 

rotational constant was also higher. This was most probably due to the absence of 

Ka=2 and other higher Ka transitions. To get an estimate of DK value for this 

isotopologue, we decided to extract all quartic distortion constants from ab initio 

calculations. Freq=VibRot command was used for this purpose. Calculations were 

carried out for all the three isotopologues of the Ar•••PA complex and the calculated 

distortion constants are given in Table III.4. 
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Table III.2. Observed transitions for the Ar•••g-PA complex and their residues from 
different fits.  

Transition lower set Upper set Line centre 

J K-1 K+1 J K-1 K+1 Type 
Frequency 

(MHz) 
obs-cal 
(MHz) 

Frequency 
(MHz) 

obs -cal
(MHz) 

Frequency 
(MHz) 

obs -cal 
(MHz) 

4    1    3 4    0    4 b 5182.1220 -0.0034 5182.1709 0.0006 5182.1465 -0.0013 
2    1    2 1    1    1 a 5353.0058 0.0071 5353.0058 -0.0008 5353.0058 0.0017 
1    1    1 0    0    0 b 5591.5059 0.0060 5591.5059 -0.0026 5591.5059 0.0003 
2    0    2 1    0    1 a 5689.4687 0.0022 5689.4785 -0.0007 5689.4736 -0.0008 
3    0    3 2    1    2 b 6054.7867 -0.0034 6054.8087 -0.0007 6054.7977 -0.0035 
2    1    1 1    1    0 a 6096.3210 0.0012 6096.3370 -0.0019 6096.3290 -0.0017 
5    1    4 5    0    5 b 6559.9265 -0.0021 6560.0046 0.0023 6559.9655 0.0007 
3    2    1 3    1    2 b 7826.6709 -0.0065 7826.6904 0.0127 7826.6806 0.0037 
3    1    3 2    1    2 a 8008.0070 -0.0008 8008.0168 -0.0014 8008.0119 -0.0030 
2    1    2 1    0    1 b 8081.9631 0.0048 8081.9631 -0.0047 8081.9631 -0.0020 
2    2    0 2    1    1 b 8222.2710 -0.0075 8222.2831 -0.0010 8222.2771 -0.0037 
6    1    5 6    0    6 b 8320.9026 -0.0030 8321.0196 0.0021 8320.9600 0.0003 
3    0    3 2    0    2 a 8447.2256 -0.0563 8447.2978 -0.0002 8447.2917 -0.0002 
8    2    6 8    1    7 b 8529.9156 -0.0018 8529.9889 -0.0023 8529.9522 -0.0022 
3    2    2 2    2    1 a 8585.5155 0.0034 8585.5303 -0.0007 8585.5229 -0.0001 
3    2    1 2    2    0 a 8725.0112 -0.0014 8725.0038 -0.0315 8725.0246 -0.0009 
3    1    2 2    1    1 a 9120.6119 -0.0018 9120.6586 0.0169 9120.6352 -0.0041 
4    0    4 3    1    3 b 9158.7954 0.0005 9158.8223 0.0022 9158.8088 -0.0003 
3    2    2 3    1    3 b 9879.4161 0.0040 9879.4350 -0.0070 9879.4255 -0.0006 
3    1    3 2    0    2 b 10400.5022 0.0027 10400.5145 0.0077 10400.5083 0.0027 
4    1    4 3    1    3 a 10640.0842 0.0025 10640.0892 -0.0041 10640.0867 -0.0028 
4    0    4 3    0    3 a 11112.0188 0.0063 11112.0286 -0.0003 11112.0237 0.0009 
4    2    3 3    2    2 a 11419.0063 0.0023 11419.0258 -0.0021 11419.0161 -0.0012 
4    3    2 3    3    1 a 11508.9168 0.0063 11508.9412 0.0067 11508.9290 0.0057 
4    3    1 3    3    0 a 11521.5234 0.0055 11521.5478 0.0055 11521.5356 0.0047 
4    2    2 3    2    1 a 11754.9575 0.0055 11754.9893 0.0041 11754.9734 0.0032 
4    1    3 3    1    2 a 12113.2856 0.0050 12113.3149 -0.0016 12113.3003 0.0000 
5    0    5 4    1    4 b 12199.7710 0.0014 12199.8003 0.0039 12199.7856 0.0013 
4    1    4 3    0    3 b 12593.3002 0.0008 12593.3100 0.0079 12593.3051 0.0019 
5    1    5 4    1    4 a 13245.9412 0.0010 13245.9510 0.0001 13245.9461 -0.0012 
5    0    5 4    0    4 a 13681.0644 0.0080 13681.0693 -0.0003 13681.0669 0.0022 
5    2    4 4    2    3 a 14228.4535 -0.0112 14228.4879 -0.0047 14228.4707 -0.0085 
2    2    1 1    1    0 b 14283.2051 0.0113 14283.2149 -0.0027 14283.2100 0.0034 
5    3    3 4    3    2 a 14404.7441 0.0003 14404.7734 -0.0003 14404.7588 0.0001 
5    3    2 4    3    1 a 14448.2935 -0.0008 14448.3295 0.0037 14448.3115 0.0013 
5    1    5 4    0    4 b 14727.2193 -0.0078 14727.2338 0.0098 14727.2265 -0.0012 
5    2    3 4    2    2 a 14855.0879 0.0017 14855.1344 0.0029 14855.1112 0.0013 
6    0    6 5    1    5 b 15131.2559 0.0030 15131.2803 0.0040 15131.2681 0.0025 
5    1    4 4    1    3 a 15058.8647 0.0052 15058.9038 0.0022 15058.8842 0.0029 
6    1    6 5    1    5 a 15825.1709 -0.0016 15825.1807 0.0010 15825.1758 -0.0012 
6    2    5 5    2    4 a 17008.5025 -0.0071 17008.5270 -0.0126 17008.5147 -0.0090 
6    1    5 5    1    4 a 17938.4075 0.0069 17938.4466 0.0006 17938.4270 0.0039 
7    0    7 6    1    6 b 17942.4100 0.0010 17942.4295 0.0054 17942.4197 0.0038 
6    2    4 5    2    3 a 17995.2803 0.0015 17995.3364 0.0004 17995.3083 0.0010 
7    0    7 6    0    6 a 18636.3246 -0.0040 18636.3246 -0.0029 18636.3246 -0.0031 
1    1    0 0    0    0 c 5961.9145* -1.2981 5964.5270* 1.3003 5963.2210 -0.0001 
2    1    1 1    0    1 c 9195.7120* -1.2801 9198.3010* 1.2827 9197.0071 -0.0001 
3    1    2 2    0    2 c 12626.8830* -1.2562 12629.4392* 1.2585 12628.1611 -0.0011 
2    2    0 1    1    0 c 14317.3120* -1.2863 14319.9100* 1.2871 14318.6110 -0.0005 
3    2    2 2    1    2 c 17886.1464* -1.2735 17888.7344* 1.2742 17887.4404 -0.0006 
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Table III.3. Constants obtained for the Ar•••g-PA complex; by fitting the two 
different sets and the line centres of observed transitions. 

Constants Lower set Upper set Line centre 

A/MHz 4346.1683(45) 4346.1784(32) 4346.1735(11) 
B/MHz 1617.14984(93) 1617.15601(66) 1617.15334(24) 
C/MHz 1245.41968(64) 1245.42057(46) 1245.42047(18) 
DJ/kHz 7.3056(97) 7.3100(69) 7.3132(27) 
DJK/kHz 61.504(76) 61.580(54) 61.552(21) 
DK/kHz -55.33(96) -54.99(68) -55.17(24) 
d1/kHz -2.1764(67) -2.1699(48) -2.1738(18) 
d2/kHz -0.7145(25) -0.7157(18) -0.71468(73) 

# transitions 45 45 50 
rms deviation /kHz 10.6 7.6 3.1 

 

Table III.4. Calculated distortion constants for Ar•••g-PA complex and its 
isotopologues at MP2/6-311+G(3df,2p) level and their comparison with the 
experimentally observed distortion constants in this study.  

Complex/Constants Ar…PA Ar…PA-D(OD) Ar•••PA-D(CD) 

 Experimental Calculated Experimental Calculated Experimental Calculated

DJ  /kHz 7.3133(22) 28.52 7.1324(61) 26.85 6.98(29) 25.01 

DJK /kHz 61.537(17) 119.73 55.981(86) 101.89 58.10(33) 137 

DK  /kHz -55.28(19) -132.16 -48.83(61) -107.87 - -148.08 

d1  /kHz -2.1709(17) -5.81 -2.1270(49) -5.22 -2.53(13) -5.64 

d2  /kHz -0.7086(17) -1.41 -0.6808(63) 1.29 -1.93(62) -1.71 

 

 From the table it is clear that the ab initio calculations are able to reproduce the 

pattern and signs of distortion constants for all the three complexes. On the basis of 

the calculations the DK value for Ar•••g-PA-D(CD) should be very close to the DK 

value for Ar•••g-PA. Therefore, experimental DK for the Ar•••g-PA was used in the 

fitting of Ar•••g-PA-D(CD) transitions. The rms deviation of the fit was an 

acceptable 8.7 kHz. Observed transitions for the Ar•••g-PA-D(OD) and Ar•••g-PA-

D(CD) isotopologues are given in Table III.5 along with the residues. Fitted constants 

for the two isotopologues are given in Table III.6. 
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Table III.5. Observed transitions for the Ar•••g-PA-D(OD) and Ar•••g-PA-D(CD) 
complexes. Residues (Obs-Calc) correspond to the line centres used in fitting. 

Transition Ar…PA-D(OD) Ar…PA-D(CD) 

J K-1 K+1 J K-1 K+1 type Frequency 
(MHz)

obs -cal 
(MHz)

Frequency obs -cal 
(MHz) (MHz) 

3   1   2 3   0   3 b 4108.1265 0.0000 - - 
4   1   3 4   0   4 b 5119.7511 -0.0009 - - 
2  1   2 2   1   1 a 5333.9315 0.0000 - - 
1   1   1 0   0   0 b 5500.2705 

5500.3095 0.0098 - - 
2   0   2 1   0   1 a 5670.3490 -0.0031 - - 
1   1   0 0   0   0 c 5872.7509 

5873.6706 -0.0005 - - 

 
2   1   1 

 
1  1  0 

 
a 

 
6079.7160

 
0.0001

 
-  

 
3   0   3 

 
2   1   2

 
b 

 
6105.4584

 
0.0053

 
-

- 
- 

5   1   4 5   0   5 b 6511.4680 -0.0025 - - 
3   1   3 2   1   2 a 7978.6900 -0.0022 7832.6500 -0.0094 
2   1   2 1   0   1 b 7980.5925 0.0023 7698.7783 -0.0057 
2   2   0 2   1   1 b 7976.6210 -0.0043 -
3   0   3 2   0   2 a 8415.6888 -0.0024 8273.4140 -0.0017 
3   2   2 2   2   1 a 8558.8636 -0.0030 - - 
3   2   1 2   2   0 a 8703.1900 0.0031 - - 
3   1   2 2   1   1 a 9094.8632 0.0113 8992.0253 

8992.0497 0.0041 

 
2   1   1 

 
1   0   1 

 
c 

 
9098.8583 
9099.7729

 
-0.0023 

 
8860.3800 
8862.4260 

 
0.0054 

4   0   4 3   1   3 b 9192.2500 -0.0118 9182.2820 0.0047 
3   2   2 3   1   3 b 9638.8700 0.0050 - - 

3   1   3 2   0   2 b 10288.9168 
10288.9339 -0.0048 9947.2740 0.0067 

7   1   6 7   0   7 b 10387.0660 -0.0124 - - 

4   1   4 3   1   3 a 10599.8490 -0.0031 10399.9750 -0.0037 

8   0   8 7   1   6 c 10599.8588 -0.0153 -
4   0   4 3   0   3 a 11065.5027 0.0019 10856.1254 -0.0035 
4   2   3 3   2   2 a 11382.5000 -0.0078 - - 
4   2   2 3   2   1 a 11729.2973 0.0095 - - 

6   1   5 5   2   4 b 11994.3200 -0.0029 - - 

4   1   3 3   1   2 a 12077.1198 -0.0065 11931.9500 0.0007 
5   0   5 4   1   4 b 12211.0327 0.0017 12119.2670 0.0055 
4   1   4 3   0   3 b 12473.0908 -0.0003 12073.8400 0.0097 
3   1   2 2   0   2 c 12523.3673 

12524.2680 -0.0001 12268.2437 
12270.2558 -0.0055 

5   1   5 4   1   4 a 13194.1880 0.0027 12937.6004 0.0045 
5   0   5 4   0   4 a 13618.6246 0.0033 13336.9500 -0.0128 
5   2   4 4   2   3 a 14181.3096 -0.0038 - - 
2   2   0 1   1   1 b 14429.2807 -0.0039 - - 
5   1   5 4   0   4 b 14601.7730 -0.0026 - - 
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Table III.5 (continued) 
5   1   4 4   1   3 a 15010.3377 -0.0021 - -
5   2   3 4   2   2 a 14825.7375 -0.0010 - -

6   0   6 5   1   5 b 15117.2246 0.0008 - - 

6   1   6 5   1   5 a 15761.4844 0.0064 - -
6   1   5 5   1   4 a 17874.6520 -0.0035 - -
7   0   7 6   1   6 b 17902.9815 0.0065 - -
7   1   7 6   1   6 a 18304.0926 0.0093 - -
7   0   7 6   0   6 a 18547.2392 0.0100 - -

 

Table III.6. Fitted constants for the Ar•••PA-D(OD) and Ar•••PA-D(CD) complexes. 
Line centres for all the transitions were used in fitting. 

Constants Ar…g-PA-D(OD) Ar…g-PA-D(CD) 

A/MHz 4260.0118(22) 4060.5888(70) 
B/MHz 1613.29915(55) 1600.4695(29) 

C/MHz 1240.33875(34) 1212.8717(31) 

DJ/kHz 7.1412(53) 7.199(46) 

DJK/kHz 55.890(76) 55.80(55) 

DK/kHz -49.17(50) -55.28 

d1/kHz -2.1313(47) -2.49(12) 

d2/kHz -0.6822(62) -1.56(47) 

# transitions 45 15 

rms deviation /kHz 6.3 8.7 

 

III.4. Analysis 

III.4.a. Structure  

Using the rotational constants of the parent complex and the two deuterium 

substituted complexes, positions of substituted atoms can be found from the 

Kraitchman analysis.32,33 The analysis shows, not surprisingly, that distances of H-4 

and H-1(labelling as in Figure III.3a) from centre of mass of the complex, are 

1.546(2) Å and 3.348(1) Å which are very close to the ab initio values 1.523 Å and 

3.293 Å for the Ar•••g-PA complex and very different from the ab initio values 1.411 

Å and 4.747 Å for the Ar•••t-PA complex. For further structural analysis we needed 

to make some assumptions due to limitations of the available data. The two 

assumptions made are (i) monomer PA geometry is the same as optimized at the 

MP2/6-311+G(3df,2p) level; (ii) monomer geometry does not change on 
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complexation with Ar. Both these approximations are reasonable. Ab initio 

calculations show that on complexation with Ar, change in O-H bond length and 

angle (C-O-H) of PA is only 0.001Å and 0.0090 respectively. With these assumptions, 

position of Ar atom was determined from RGDFIT code.34 The code is based on the 

fact that complexation of a molecule with a rare gas atom is equivalent to addition of 

a point mass to the molecule and co-ordinates of this point mass can be calculated 

from the rotational constants of the molecule and the complex. Rotational constants 

for the monomer PA were taken from the ab initio optimized geometry, in accordance 

with the assumption (i), and for the complex the experimental rotational constants 

were used. Although experimental rotational constants for the PA-monomer are also 

available, ab initio constants were used in the calculations because experimental 

rotational constants for the molecule are largely affected by tunnelling motion of 

molecule between two equivalent gauche-conformers. The tunnelling splitting was 

about 660 GHz5,7 as compared to 2.6 MHz in the complex. Thus, in the Ar•••PA 

complex the motion is very much restricted compared to that in the monomer. Ar 

position was calculated using the data from all three isotopologues separately and the 

other intermolecular parameters were determined using Ar position and ab-initio 

monomer geometry, see Table III.7. The values obtained are similar for all three 

isotopologue and the Ar to c.m. distance is 2.08 Å. The Ar•••H-O bond distance 

(2.83 Å) is similar to that of Ar•••methanol (2.87 Å) and less than Ar•••butan-2-ol 

(2.97 Å) complex. Similar to the Ar•••butan-2-ol complex, Ar is out of the carbon-

hydrogen-oxygen plane (C-O-H-Ar dihedral angle ~360) in the Ar•••PA complex 

also. The Ar•••π distance is about 3.90 Å, and is comparable to that for 

Ar•••acetylene complex. 

Table III.7. Approximate Ar-position and intermolecular parameters for the Ar•••PA 
alcohol complex calculated using data for all three isotopologues separately.  

 
r(Ar•••c.m.) 

in A0 
r(Ar•••H/D-O) 

in A0 
r(Ar•••π-bond) 

in A0 
Angle (Ar•••H-

O) 
dihedral 
(COHAr) 

Ar…PA 2.079 2.834 3.901 144.80 35.60 

Ar…PA-D(OD) 2.079 2.855 3.898 143.60 35.70 

Ar…PA-D(CD) 2.079 2.816 3.920 144.70 37.20 
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III.4.b. Nature of interactions 

To understand the nature of interactions in the Ar•••PA complex, it will be worth 

comparing its properties with the complexes in which Ar•••H-O or Ar•••π 

interaction is present. Simplest complexes with these interactions are Ar•••methanol 

and Ar•••acetylene complex and thus, were chosen for the purpose. In the 

Ar•••methanol complex the main interaction is between Ar and hydroxyl group while 

in the Ar•••acetylene complex the interaction is between Ar and π-electronic density. 

Comparing interaction energies of the Ar•••g-PA and Ar•••t-PA complexes with 

those of Ar•••methanol and Ar•••acetylene complexes, one would expect that 

Ar•••g-PA interaction energy would be nearly equal to the sum of interaction 

energies of Ar•••methanol and Ar•••acetylene complex while that for Ar•••t-PA it 

would be nearly same as that of Ar•••methanol. The Ar•••methanol and 

Ar•••acetylene complexes were optimized at the MP2/6-311+G(3df,2p) and 

interaction energies for them were calculated at the same level. These interaction 

energies are compared in Table III.8. The energies are corrected for the basis set 

superposition error (BSSE) and are given with and without zero-point energy 

correction. BSSE corrections were made using the counterpoise method35. Interaction 

energy for Ar•••g-PA is found to be slightly less (0.3 kJ mol-1) than the sum of 

Ar•••methanol and Ar•••acetylene interaction energies while for Ar•••t-PA complex 

interaction energy is marginally (0.3 kJ mol-1) greater than the Ar•••methanol 

complex. 

Table III.8. BSSE corrected ΔEBSSE, and BSSE+zero-point corrected ΔE(BSSE+ZPC), 
interaction energies, calculated at MP2/6-311+G(3df,2p) level.  

Complex ΔEBSSE ΔE(BSSE+ZPE) 

Ar…methanol 2.0 1.0 

Ar…acetylene 1.2 0.8 

Ar… g-PA 2.9 2.3 

Ar…t-PA 2.3 1.5 
 

The difference between Ar•••t-PA and Ar•••methanol could arise due to both 

dispersion contribution and the electrostatic contribution (difference in acidic nature 

of the two OH groups). From our calculations, the dispersion contribution was 

estimated as the difference between HF and MP2 interaction energies (after BSSE 
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correction) and it favours Ar•••methanol complex by 0.3 kJ.mol-1. Clearly the 

electrostatic contribution should be little more than compensating. To explore this in 

detail, the ab initio wave functions were analyzed using AIM theory and were also 

used for calculating the electrostatic potentials.  

Electron density topology and critical points obtained from the AIM calculations are 

shown in Figure III.5. The Ar•••g-PA complex has two inter-molecular bond critical 

points showing that Ar is bound to both the –OH group and the internal C atom from 

the C≡C group. For the Ar•••t-PA complex and the Ar•••methanol complex also, 

there are two inter-molecular bond critical points (i) between Ar and –OH group and 

(ii) between Ar and the carbon atom through CH2O face. To the best of our 

knowledge, such Ar•••C interaction has not been reported before. This appears to be 

similar to the recently observed P•••N36,37 and C•••S38 interactions. 

A ring critical point is also present in both the structures of Ar•••PA complex and 

Ar•••methanol complex, showing the presence of a cyclic structure involving Ar 

atom. In the case of Ar•••Acetylene complex, there is only one intermolecular bond 

critical point present showing the interaction between Ar and one of the C atoms in 

the π- bond of acetylene. For all these complexes electron density (ρ) and Laplacian 

of electron density (∇2ρ) at intermolecular bond critical points, are given in Table 

III.9. The ρ and ∇2ρ values are almost equal for the Ar•••HO interaction in the 

Ar•••g-PA and the Ar•••t-PA structures and these are slightly larger than those for 

the Ar•••methanol complex. The larger ρ value implies that the Ar•••HO interaction 

in the Ar•••PA complex is slightly stronger as compared to the Ar•••methanol 

complex. This is due to the electron withdrawing nature of the acetylenic group 

present in PA which makes the OH proton more acidic. Similar trend is present for the 

bond critical point present between Ar and CH2O–face of Ar•••t-PA and 

Ar•••methanol. The Ar•••π bond critical points present in the Ar•••g-PA complex 

and Ar•••acetylene complex have very similar ρ and ∇2ρ values as well. More 

interestingly, these values are almost similar to those for the Ar•••CH2O interaction 

in Ar•••t-PA and Ar•••methanol complex, which implies that Ar•••CH2O 

interaction is as strong as the Ar•••acetylene interaction! 
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Table III.9. Electron density (ρ) and Laplacian of electron density ∇2(ρ) at the inter-
molecular bond critical points. Both the quantities are reported in atomic units.  

Complex/Interaction type Ar…g-PA Ar…t-PA Ar…methanol Ar…acetylene 

ρ ∇2(ρ) ρ ∇2(ρ) ρ ∇2(ρ) ρ ∇2(ρ) 

Ar•••H-O 0.0046 0.0203 0.0048 0.0213 0.004 0.0182 - - 

Ar•••π--bond - - 0.0035 0.0116 - - 0.0031 0.0117 

Ar•••C(CH2O surface) 0.0034 0.0165 - - 0.0031 0.0144 - - 

 

 

Figure III.5. Critical points for (a) Ar•••acetylene, (b) Ar•••methanol, (c) Ar•••g-PA 
and (d) Ar•••t-PA. Wave functions for the optimized geometries at MP2/6-
311+G(3df,2p) level were used in the calculations. 

 

In the Ar•••t-PA complex, Ar interacts with the –OH group as well as the CH2O face 

of the PA molecule. We were curious to know the nature of the CH2O face. It is well 

established that tetrahedral face of methane is a -ve centre and thus, can act as 

hydrogen bond acceptor. 38-43 Question arises whether the CH2O face in molecules 

like PA and methanol has a positive centre or a negative one? Locating surface 

minima and maxima on electrostatic potential surface of the molecules would be very 

helpful in understanding this property. The calculations were done for methane, 

methanol and both the conformers of PA molecule. Electrostatic potential (ESP) was 

mapped onto 0.001 e.Bohr-3 isosurface of electron density. Figure III.6 shows the 

points where ESP maxima/minima occur on the isosurface. Values of ESP at the 
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positive value shows that the centre is electron deficient (unlike CH3 faces of 

methane) and cannot act as hydrogen bond acceptor. This is due to the presence of 

electron withdrawing –OH group in methanol. Similarly, maximum points in the C-H 

bond direction are more +ve compared to those of methane, again due to the same 

reason. The two minimum points 1 and 2, in methanol are present at the CH2 edge 

centre and near oxygen respectively. High –ve value of ESP at minimum point 2 is 

due to presence of lone pairs of electrons on oxygen. For gauche-conformer of PA 

there are 5 maximum points and 2 minimum points on the isosurface while for the 

trans-conformer of PA there are 2 minimum and 2 maximum points present. Maxima 

#1 and 5 in the gauche conformer correspond to O-H proton and acetylenic proton 

respectively. High positive value of ESP at these points shows acidic nature of the 

protons. It is clear from the ESP values that hydroxyl proton is more acidic than the 

acetylenic proton. Maxima #2 and 3 correspond to two C-H hydrogens and their ESP 

value is much less than that of acetylenic proton indicating lower acidity for these 

hydrogens. The two minima #1 and 2 correspond to the lone pair of oxygen and π- 

electron density of acetylenic bond respectively. For the trans conformer maxima #1 

and 2 correspond to the hydroxyl and acetylenic protons respectively and minima #1 

and 2 correspond to oxygen lone pair of electrons and π- electron density of acetylenic 

bond. Hydroxyl proton of t-PA has more +ve ESP value than that of methanol 

explaining the larger binding energy of Ar•••t-PA complex than Ar•••methanol 

complex. 

In both the conformers there were no maxima or minima present on the CH2O surface 

to draw any conclusion about its nature. However, AIM calculations show the 

presence of a bond critical point between Ar and the CH2O face carbon in the 

Structure B . To explore this interaction another approach was adopted. A dummy 

atom was put in place of Ar and ESP was calculated along a line which extends from 

the dummy atom to the CH2O face carbon atom. Throughout the line the ESP value 

was +ve which shows that Ar interacts with the face through an electron deficient 

path. Moreover, ESP surface plotted using GaussView software shows that the CH2O 

surface for t-PA has positive ESP value, Figure III.7. 
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Figure III.7. ESP surface mapped on the 0.001 Bohr isosurface of electron density for 
(a) t-PA and (b) g-PA. Blue is positive and red is negative.  

 

III.5. Discussions 

Comparison of experimental and theoretical rotational constants and structural 

analysis on Ar•••PA complex, confirms the structure in which PA exists in gauche 

form and Ar atom is located in between -OH and -C≡C-H groups and enjoys the 

proximity of both the groups. The Ar•••H(-O) distance and Ar•••H-O angle is in 

good agreement with other similar complexes. Two sets of transitions were found for 

this complex similar to those for PA monomer. The rotational spectra of PA monomer 

show that the ground state of the molecule consists of two torsional substates resulting 

due to tunnelling motion of -OH proton between two equivalent gauche conformers.5,7 

The separation between the lowest two internal rotation states was found to be 21.49 

cm-1, as measured through the tunnelling splitting in the c-dipole transitions. For the 

monomer also, the a- and b-type transitions with low Ka values, can be fitted in two 

different sets giving two sets of rotational constants corresponding to the two 

vibrational-rotational-tunnelling states. Difference between rotational constants of the 

two subsets was found to be ~100MHz, ~20MHz and ~5MHz for A,B and C 

constants respectively. Analysing the normal modes for the monomer calculated from 

ab initio calculation, we found that there is no mode corresponding to a localized C-

OH torsional motion. The low frequency mode dominated by large amplitude C-OH 

torsion is coupled with the carbon chain motion. The same trend is seen in the mode 

description of the Ar•••PA complexes. In the Ar•••PA complex, observed splitting 

of the transitions is many orders of magnitude lower than that of the monomer. The 

two sets of rotational constants, obtained by fitting two sets of frequencies for the 

complex, are not very different from each other (differ by only few kHz) which 
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indicates more localization of the large amplitude motions in the complex due to 

bonding with Ar. 

The principal axis system in the Ar•••PA complex is different from that of the 

monomer, see Figure III.1 and III.3 and no direct correlation can be drawn between 

the energy states of the two. However, the reduction in splitting of c-type transitions 

on going from Ar•••PA to Ar•••PA-D(OD) complex implies that the large amplitude 

motion responsible for the splitting involves -OH proton movement. Change in 

splitting on going from Ar•••PA complex to Ar•••PA-D(CD) complex shows that 

the motion responsible for splitting also involves movement of acetylenic proton. This 

observation is in accordance with the ab initio calculated normal modes in which all 

the large amplitude motions involve movements of both the -OH and the carbon chain 

of PA. Decrease in splitting on complexation with Ar could be because of two reasons 

(i) due to change in reduced mass of the corresponding large amplitude motion, (ii) 

due to increase in barrier height for the -OH motion. However, ab initio calculated 

reduced mass and barrier heights for the similar motions in PA monomer and 

Ar•••PA complex are nearly equal and cannot explain the observed huge reduction in 

the splitting. 

During the experiments, attempts were made to observe transitions for the trans 

conformer of PA molecule, using both Ar and He as carrier gas, but no transition 

could be identified. Though there is no signature for the trans conformer 

experimentally, AIM calculations on the theoretical stable geometry for Ar•••t-PA 

complex show a novel Ar•••carbon interaction. This interaction is also present in the 

Ar•••methanol complex and is perhaps the main reason for the deviation from 

linearity of Ar•••H-O angle in this complex.  

III.6. Conclusions  

Rotational spectra of Ar•••PA complex and its two deuterium isotopologues were 

observed and fitted with a semi-rigid rotor Hamiltonian. The spectra reveal a small 

splitting due to a large amplitude vibrational-tunnelling motion dominated by, but not 

restricted to, C-OH torsion. The rotational constants confirm the geometry in which 

PA exists in gauche form and Ar acts as a bridging atom between OH and π groups. 

No evidence could be found for the structure in which PA exists in trans form. The 

observed signs and pattern of distortion constants could be reproduced from ab initio 
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calculations for all three isotopologues of the complex. The nature of interaction in 

this complex has been studied using AIM theory and ESP calculations. These confirm 

the Ar•••OH and Ar•••π interactions in the observed Ar•••g-PA complex. The other 

theoretically predicted Ar•••t-PA structure reveals Ar•••H-O and a novel Ar•••C 

interaction, through the CH2O face which is also seen in the Ar•••methanol complex. 

 

III.7. Supplementary Information 

Coordinates of the optimized geometries and frequencies for the normal modes of 

vibrations for Ar•••PA complexes are given in the Supplementary Information. For 

different molecules, values of ESP at the maximum/minimum points and their 

positions are also given in the Supplementary Information. 
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 Supplementary Information 

Table III.S.1. Coordinates and geometry of Ar…g-PA complex, optimized at MP2/6-
311+G(3df,2p) level. 

Atom x (Å) y (Å) z (Å) 
C 1.3961 1.8759 0.2186 
C 1.4543 0.7098 0.1147 
H 1.3528 2.8963 0.5129 
C 1.4893 0.7005 0.5071 
O 1.0254 1.5711 0.5118 
H 2.5157 1.0014 0.7100 
H 0.9162 0.8316 1.4295 
H 0.1483 1.2782 0.7735 
Ar 2.1763 0.0818 0.0457 

 
 

Table III.S.2. Coordinates and geometry of Ar…t-PA complex, optimized at MP2/6-
311+G(3df,2p) level. 

Atom x (Å) y (Å) z (Å) 
C -3.4908 -0.4714 -0.0003 
C -2.2911 -0.2922 0.0000 
H -4.5435 -0.6164 -0.0006 
C -0.8443 -0.1099 0.0005 
O -0.5596 1.2822 0.0001 
H -0.4236 -0.5972 -0.8839 
H -0.4242 -0.5964 0.8856 
H 0.3958 1.3854 -0.0011 
Ar 2.7350 -0.2552 -0.0001 

 

Table III.S.3. Coordinates of the approximate experimental geometry of Ar…g-PA 
complex; obtained by fitting Ar position by RGFIT program and using ab initio 
optimized geometry for gauche-PA monomer. 

Atom x (Å) y (Å) z (Å) 
C 1.9149 -0.2483 -0.0072 
C 0.7720 0.1612 -0.0059 
H 2.9171 -0.6022 -0.0176 
C -0.6182 0.6184 0.0263 
O -1.5518 -0.4473 -0.0536 
H -0.8187 1.2546 -0.8338 
H -0.7798 1.2160 0.9276 
H -1.3209 -1.0949 0.6179 
Ar -0.3011 -1.4528 3.2381 
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Table III.S.4. Coordinates and geometry of Ar…methanol complex, optimized at 
MP2/6-311+G(3df,2p) level. 

Atom x (Å) y (Å) z (Å) 
C -1.8065 0.6513 0.0011 
H -2.8411 0.9779 -0.0399 
H -1.2802 1.0554 -0.8651 
H -1.3526 1.0495 0.9101 
O -1.8282 -0.7666 -0.0046 
H -0.9237 -1.0825 0.0330 
Ar 1.7701 0.0125 -0.0005 

 

Table III.S.5. Coordinates and geometry of Ar…acetylene complex, optimized at 
MP2/6-311+G(3df,2p) level. 

Atom x (Å) y (Å) z (Å) 
C -0.5304 -2.4929 0.0000 
C 0.5303 -1.9090 0.0000 
H 1.4628 -1.3992 0.0000 
H -1.4625 -3.0035 0.0000 
Ar 0.0000 1.7119 0.0000 

 

Table III.S.6. Frequencies for the normal modes of vibration for Ar...t-PA and Ar...g-
PA complexes at MP2/6-311+G(3df,2p) level. 

Ar•••t-PA Ar•••g-PA 
Frequency (cm-1) IR intensity  Frequency (cm-1) IR intensity  

32.1 5.5 9.0 1.8 
35.4 0.5 34.7 0.2 
51.7 0.1 56.3 1.0 
206.0 9.0 191.3 4.6 
235.6 111.6 267.9 43.7 
313.9 0.1 332.8 75.6 
550.0 2.5 557.1 11.5 
645.3 44.5 646.0 46.1 
675.5 35.9 671.2 37.1 
923.1 8.3 924.0 21.6 

1042.5 3.2 1002.0 17.0 
1082.0 106.8 1081.1 102.2 
1248.4 65.8 1227.5 17.7 
1277.3 0.1 1365.7 3.1 
1453.4 31.0 1422.1 46.5 
1524.5 2.0 1516.1 3.0 
2146.0 2.4 2132.3 1.9 
3048.9 35.0 3064.0 26.8 
3092.8 13.1 3145.8 6.2 
3487.5 56.4 3484.4 56.2 
3871.8 50.8 3870.5 59.0 
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Table III.S.7. Coordinates of methane, geometry optimized at MP2/6-311+G(3df,2p) 
level. 

Atom x (Å) y (Å) z (Å) 
C 0.0000 0.0000 0.0000 
H 0.6267 0.6267 0.6267 
H -0.6267 -0.6267 0.6267 
H 0.6267 -0.6267 -0.6267 
H -0.6267 0.6267 -0.6267 

 
 
Table III.S.8. Position of electrostatic potential (ESP) extrema, mapped on the 0.001 
Bohr electron density surface of methane, and ESP value at the extremum points. 
 
Number of surface minima:    15 
# ESP value (kcal/mol) x (Å) y (Å) z (Å) 
1 -2.2 -1.9639 0.3712 0.3712 
2 -2.2 -1.9620 -0.3745 -0.3756 
3 -2.2 -0.3764 0.3959 1.9563 
4 -2.2 -0.3764 1.9563 0.3959 
5 -2.2 -0.3704 -1.9631 -0.3755 
6 -2.2 -0.3702 -0.3742 -1.9635 
7 -2.2 -0.0634 0.0442 2.0533 
8 -2.2 -0.0634 2.0533 0.0442 
9 -2.2 0.3712 -1.9639 0.3712 
10 -2.2 0.3959 -0.3764 1.9563 
11 -2.2 0.3712 0.3712 -1.9639 
12 -2.2 0.3959 1.9563 -0.3764 
13 -2.2 1.9563 -0.3764 0.3959 
14 -2.2 1.9563 0.3959 -0.3764 
15 -2.2 2.0533 -0.0634 0.0442 

Number of surface maxima:     8 
1 8.7 -1.4323 -1.4325 1.3448 
2 8.7 -1.4323 1.3448 -1.4325 
3 -1.8 -1.0866 -1.0866 -1.0866 
4 -1.8 -1.1019 1.0788 1.0788 
5 -1.8 1.0788 -1.1019 1.0788 
6 -1.8 1.0788 1.0788 -1.1019 
7 8.7 1.3448 -1.4323 -1.4325 
8 8.8 1.4044 1.4044 1.4044 
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Table III.S.9. Coordinates of methanol, geometry optimized at MP2/6-311+G(3df,2p) 
level. 

Atom x (Å) y (Å) z (Å) 
C -0.6647 -0.0202 0.0000 
H -1.0781 0.9836 -0.0018 
H -1.0230 -0.5409 0.8894 
H -1.0228 -0.5440 -0.8877 
O 0.7465 0.1219 0.0000 
H 1.1398 -0.7525 0.0000 

 
Table III.S.10. Position of electrostatic potential (ESP) extrema mapped on 0.001 Bohr 
electron density surface of methanol, and ESP value at the extremum points. 
 
Number of surface minima:   2
#   ESP value (kcal/mol) x (Å) y (Å) z (Å) 
1 7.5 -1.8088 -1.7097 -0.0014 
2 -36.2 1.7718 1.6006 0.0037 

Number of surface maxima:     5 
1 12.0 -2.4603 -0.1052 0.0052 
2 11.2 -1.9178 2.0341 0.0071 
3 13.6 -1.4281 -1.4378 1.8283 
4 13.6 -1.4029 -1.4232 -1.8519 
5 47.7 1.4831 -1.8594 -0.0110 

 

  
Table III.S.13. Coordinates of t-PA, geometry optimized at MP2/6-311+G(3df,2p) 
level. 

Atom x (Å) y (Å) z (Å) 
C -1.9413 -0.2069 0.0000 
C -0.7769 0.1329 0.0001 
H -2.9581 -0.5157 -0.0002 
C 0.6135 0.5725 0.0001 
O 1.4546 -0.5732 0.0002 
H 0.7914 1.1901 0.8852 
H 0.7915 1.1901 -0.8850 
H 2.3662 -0.2695 -0.0027 

 

Table III.S.14. Position of electrostatic potential (ESP) extrema mapped on 0.001 
Bohr electron density surface of t-PA, and ESP value at the extremum points. 

Number of surface minima:   2
# ESP value (kcal/mol) x (Å) y (Å) z (Å) 
1 -15.5 -2.1668 1.9231 0.3032 
2 -36.8 0.7136 -2.1968 0.0065 
Number of surface maxima:    2 
1 53.5 3.4432 0.1451 -0.0308 
2 31.9 -4.1485 -0.8524 -0.0145 
 



 

 

 

 

 

  

 

 

 

 

 
 
 
 
 
 
 
  
 

Chapter IV. The X-C•••Y 

(X=O/F/Cl,Br,NO2,NF2; Y=O/S/F/Cl/Br/N/P) 

'Carbon Bond'. 

(Part of this chapter has been published in Phys. Chem. Chem. Phys. 

2013, 15, 14377-14383.) 
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IV.1. Introduction 

In the last few decades, due to the development of experimental and theoretical 

techniques, many non-conventional interactions have been reported and analysed, e.g. 

halogen bonds (group 17),1-3 chalcogen bonds (group 16)4,5 and pnicogen bonds 

(group 15),6,7 and the realm of weak interactions is expanding continuously with 

improved understanding. Do similar interactions exist with group 14 (carbon group) 

elements as well? Politzer et al.1,8,9 have mentioned that similar interactions can exist 

with group 14 elements also. However, they focused on Si and Ge compounds 

extensively and a few carbon compounds were included in one study.10 No electron 

density or NBO analysis had been performed to explore the nature of interactions 

which could provide important insight about the nature of bonding. 

Work reported in this chapter is an offshoot of our spectroscopic and AIM 

investigations on the Ar•••propargyl alcohol complex11 discussed in Chapter III. As 

mentioned in the chapter, one of the structures of the complex was found to exhibit a 

unique Ar•••C bond which was also found to be present in the Ar•••methanol 

complex! This drew our attention and curiosity towards the different possible 

interactions in methanol, other than the well known hydrogen bonded ones with OH 

group as the acceptor or donor. Let us start the discussion with the bonding properties 

of methane molecule. Through many theoretical and experimental studies, it is now 

very well established that the tetrahedral face of methane molecule can act as 

hydrogen bond acceptor.12-17 Rotational spectra of the complexes like 

CH4•••HF13/HCl14/HCN12 and CH4•••H2O
16 further helped confirm this fact. Atoms in 

molecules (AIM) theoretical calculations show a bond critical point (BCP) connecting 

the H from HX to the C of CH4 through one of the faces, leading to a pentacoordinate 

C.15 

Electrostatic potential calculations have been extensively used in locating sites of 

electrophilic and nucleophilic attacks on molecules.18,19 Calculation of the 

electrostatic maxima and minima points, by Multiwfn software,20 shows the presence 

of four equivalent maxima at the tetrahedral face centers of methane, Figure IV.1.a, 

with ESP value -7.5 kJ.mol-1 and four equivalent maxima along C-H bonds with ESP 

value of +36.4 kJ.mol-1, at 0.001 a.u. isosurface of electron density. Clearly, methane 

can accept a hydrogen bond through the face centre. How would the substitution of 
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  (a)              (b) 

Figure IV.1. ESP surfaces of (a) methane and (b) methanol at 0.001 a.u. isosurface of 
electron density. For methanol two different views are shown. Colour code is: blue 
more positive than green which is more positive than yellow which is more positive 
than red. Surfaces were plotted using GaussView software 

 

one of the hydrogen atoms of methane, with some electron withdrawing group such as 

-OH/F/Cl/Br etc., affect the nature of the tetrahedral face? Figure IV.1.b shows ESP 

value mapped on the 0.001 a.u. electron density isosurface of methanol. The value 

throughout the CH3 tetrahedral face is positive with maximum at the face centre, 

shown in light blue in the Figure IV.1.b. This positive face centre along the extension 

of C-O bond resembles a sigma hole which is often used to explain the origin of 

halogen bonding. ESP extrema calculations give the ESP value of +50.2 kJ.mol-1 for 

the CH3 face centre maxima of CH3OH. The interesting follow-up question then is: 

being a positive centre can this face accept electron density from the atoms like 

oxygen in water?  

 

IV.2. Computational details 

Gaussian 09 software suite21 was used to perform all the optimization and frequency 

calculations on the complexes. Møller-Plesset second order perturbation theory (MP2) 

was used to perform optimization and frequency calculations, which inherently takes 

care of electron correlations and is often regarded as one of the most suitable theory 

for weakly bonded complexes. Complexes were first optimized with 6-311+G(3df,2p) 

basis sets and the optimized minima geometries were used as starting geometries for 

the optimization with Aug-cc-pVTZ basis set. BSSE correction was done using Boys 

and Bernardi's counterpoise method.22 To have a better estimate of the stabilization 

energies, counterpoise single point calculations were performed at CCSD-T/6-

311+G(3df,2p) level on the geometries optimized at MP2/6-311+G(3df,2p) level. 

NBO calculations were performed using NBO-6.0 software suite.23 AIMALL and 
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AIM2000 software suites24,25 were used to do the Atoms in molecules analysis and the 

wave functions for the analysis were extracted from the Gaussian calculations at 

MP2/6-311+G(3df,2p) level. Electrostatic potential analysis was done using 

Multiwfn20 and GaussView software.  

 

IV.3. Results and discussions 

IV.3.a. Complexes with CH3OH 

Methanol•••water complex was optimized at MP2/6-311+G(3df,2p) level, with the 

initial geometry in which oxygen of water faces the tetrahedral CH3 face of methanol. 

The optimized structure was confirmed to be a minimum on the potential energy 

hyper surface by frequency calculations. Atoms in molecules (AIM) analyses show 

the presence of a BCP between oxygen of water and carbon atom of methanol, Figure 

IV.2.a and IV.3.a. Encouraged by this result, we further investigated complexes of 

other molecules with methanol taking the initial geometry in which the more 

electronegative atom of the other molecule points towards the CH3 face of methanol. 

Structures were optimized for H2S•••CH3OH, HY••CH3OH(Y=F/Cl/Br), 

LiY•••CH3OH (Y=F/Cl/Br) ClF•••CH3OH, H3N•••CH3OH and H3P•••CH3OH 

complexes at MP2/6-311+G(3df,2p) level. Optimized geometries for the complexes 

are given in Figure IV.2. All the complexes were confirmed to be minima by 

frequency calculations. Calculations were repeated at MP2/Aug-cc-pVTZ level to see 

the effect of basis sets and all the complexes were found to be stable minima at this 

level as well. CCSD-T/6-311+G(3df,2p) single point counterpoise calculations were 

also performed on the geometries optimized at MP2/6-311+G(3df,2p) level.  

BSSE corrected stabilization energies ΔE(BSSE), and BSSE and zero-point corrected 

stabilization energies ΔE(BSSE+ZPC) , at MP2/6-311+G(3df,2p) as well as MP2/Aug-cc-

pVTZ level for all these complexes are given in Table IV.1. BSSE corrected binding 

energies at CCSD-T/6-311+G(3df,2p) level are also given. The stabilization energies 

at this level are not very different from those calculated at MP2/6-311+G(3df,2p) 

level. 
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Table IV.1. BSSE corrected, ΔE(BSSE), and BSSE and zero point corrected ΔE(BSSE+ZPC), 
stabilization energies for different complexes of methanol in kJ mol-1.  

Complex 

At MP2 
/6-311+G(3df,2p) 

At MP2 
/Aug-cc-pVTZ 

At CCSD-T 
/6-311+G(3df,2p) 

ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) 

H2O•••CH3OH 4.2 1.9 4.5 2.2 4.4 

H2S•••CH3OH 2.5 1.0 3.5 2.3 2.7 

HF•••CH3OH 2.9 1.2 3.1 1.7 3.1 

HCl•••CH3OH 2.4 1.1 3.0 1.8 2.2 

HBr•••CH3OH 2.5 1.4 2.9 1.5 2.6 

ClF•••CH3OH 2.4 1.1 2.9 1.5 2.3 

LiF•••CH3OH 9.0 7.6 9.7 8.4 9.7 

LiCl•••CH3OH 7.2 6.0 8.1 7.0 7.0 

LiBr•••CH3OH 6.9 6.0 7.5 6.6 6.7 

H3N•••CH3OH 4.3 2.2 4.7 2.7 4.5 

H3P•••CH3OH 2.8 1.6 3.3 1.7 2.6 

 

 

Electron density topologies for the complexes, calculated using AIM theory, are 

shown in Figure IV.3. In all these complexes, a bond critical point is found between C 

of methanol and the interacting atom of the other molecule which confirms the 

presence of C•••Y (Y= O/S/F/Cl/Br/N/P) bond in all these complexes.  

Electron density ρ(r), and Laplacian of electron density  ∇2ρ(r) values at the 

intermolecular BCPs as well as mutual penetration between interacting atoms are 

given in Table IV.2. For all the complexes ∇2ρ(r) values are positive which is 

characteristic of the closed shell interactions. Mutual penetration is calculated as the 

sum of the difference between bonded and non-bonded radii of the two interacting 

atoms, Y and C, along the bond path connecting them. Significant positive values of 

mutual penetration for all the complexes further confirm the bonded interaction. 

Moreover, both ρ(r) and ∇2ρ(r) values at the BCP are within the range prescribed for 

the C-H•••O hydrogen bonds.26 
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Table IV.2. Electron density, ρ(r), and Laplacian of electron density, ∇2ρ(r), at the 
intermolecular bond critical point of various complexes of methanol. Mutual 
penetration between the interacting atoms is also given. Wave functions used in the 
calculations are those of the optimized structures at MP2/6-311+G(3df,2p) level. 

Complex ρ(r) in a.u. ∇2ρ(r) in a.u. Mutual penetration (Å) 

H2O•••CH3OH 0.0050 0.0248 0.41 

H2S•••CH3OH 0.0037 0.0164 0.30 

HF•••CH3OH 0.0037 0.0230 0.28 

HCl•••CH3OH 0.0038 0.0174 0.34 

HBr•••CH3OH 0.0034 0.0140 0.31 

ClF•••CH3OH 0.0050 0.0299 0.39 

LiF•••CH3OH 0.0063 0.0350 0.54 

LiCl•••CH3OH 0.0049 0.0228 0.48 

LiBr•••CH3OH 0.0042 0.0181 0.42 

H3N•••CH3OH 0.0044 0.0201 0.43 

H3P•••CH3OH 0.0035 0.0143 0.34 

 

 

IV.3.b. Complexes with halomethanes (CH3F, CH3Cl and CH3Br)  

 ESP surfaces for the CH3F, CH3Cl and CH3Br are shown in the Figure IV.4. It is 

clear from the figure that the sigma hole present along the C-X(X=F/Cl/Br) bond in 

these molecules is more positive as compared to that in methanol. 

    

(a)           (b)      (c) 

Figure IV.4. Electrostatic potential surfaces for (a) CH3F, (b) CH3Cl and (b) CH3Br 
respectively. The potentials were mapped at the 0.001a.u. isosurface of electron 
density. 

 

The size of sigma hole decreases in the order CH3F< CH3Cl<CH3Br as expected. The 

ESP values corresponding to the maxima at the tetrahedral face centre of CH3F (+ 

97.8 kJ.mol-1), CH3Cl (+82.3 kJ.mol-1) and CH3Br (+78.6 kJ.mol-1) are much higher 

than that for CH3OH (+50.2 kJ.mol-1) and thus the C•••Y bonding interactions are 
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expected to be stronger with these molecules. Complexes with these halomethane 

molecules were optimized with similar starting geometries as those of methanol 

complexes, in which more electronegative atom of the other molecule faces CH3 face 

centre of CH3X. Complexes were optimized at both MP2/6-311+G(3df,2p) and 

MP2/Aug-cc-pVTZ levels. All the complexes were confirmed to be minima by 

frequency calculations. Table IV.3 lists stabilization energy with BSSE correction, 

ΔE(BSSE), and BSSE+Zero-point-energy correction, ΔE(BSSE+ZPC), for all the complexes 

under consideration. The BSSE corrected interaction energy values at CCSD-T/6-

311+G(3df,2p) level are also given. Comparison of stabilization energies of CH3F 

complexes with corresponding CH3OH complexes clearly shows that the C•••Y 

bonding interaction is significantly stronger with CH3F. Complexes with CH3Cl and 

CH3Br are also stronger than the methanol complexes. Among the haloalkanes, with 

most of the molecules CH3F complexes are the most stable ones. CH3Cl complexes 

are slightly stronger than or equal in stability to the CH3Br complexes which is in 

accordance with the nearly equal ESP value at the CH3 face centre of CH3Cl and 

CH3Br molecules.  

 The AIM analysis was performed for all the complexes on the geometries optimized 

at mp2/6-311+G(3df,2p) level. In each case a BCP was found to be present between 

the Y atom and the C atom and a bond path was also found which connects the two 

atoms leading to the C•••Y interaction. The electron density ρ(r) and the Laplacian of 

the electron density ∇2ρ(r), for all the halomethane complexes are given in Table IV.4. 

Electron density ρ(r) for the CH3X complexes are also more than those for the 

CH3OH complex which are consistent with the higher stabilization energies for the 

CH3X complexes. For all the complexes mutual penetration was also calculated which 

has significant positive value and thus, confirms the bonding between C and Y atom 

in all these complexes, Table IV.4.  
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Table IV.3. BSSE corrected, ΔE(BSSE), and BSSE and zero point corrected ΔE(BSSE+ZPC), 
stabilization energies for the different complexes of CH3X (X=F/Cl/Br) molecules, in 
kJ mol-1. 

Complex 

At MP2 
/6-311+G(3df,2p) 

At MP2 
/Aug-cc-pVTZ 

At CCSD-T 
/6-311+G(3df,2p) 

ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) 

Complexes with CH3F 

H2O•••CH3F 8.6 6.0 7.5 4.7 7.3 

H2S••• CH3F 3.7 1.6 4.8 2.8 3.8 

HF••• CH3F 4.7 2.7 5.1 3.0 5.0 

HCl••• CH3F 5.0 3.5 3.7 2.2 2.8 

HBr••• CH3F 4.1 2.8 3.6 2.0 3.2 

ClF••• CH3F 2.6 1.0 3.7 2.2 3.1 

LiF••• CH3F 15.9 14.0 16.8 15.0 16.7 

LiCl••• CH3F 11.6 10.1 12.6 11.3 11.3 

LiBr••• CH3F 10.4 9.3 11.3 10.2 10.0 

H3N••• CH3F 7.6 4.6 8.2 5.2 7.9 

H3P••• CH3F 4.1 2.5 4.8 3.1 3.8 

Complexes with CH3Cl 

H2O•••CH3Cl 6.7 4.2 7.1 4.8 6.8 

H2S••• CH3Cl 3.6 1.9 4.7 3.1 3.6 

HF••• CH3Cl 4.6 2.6 4.9 3.2 4.8 

HCl••• CH3Cl 3.1 1.8 3.7 2.4 2.7 

HBr••• CH3Cl 3.2 2.1 3.7 2.4 3.1 

ClF••• CH3Cl 3.2 1.9 3.8 2.5 3.0 

LiF••• CH3Cl 15.8 14.2 16.6 15.2 16.5 

LiCl••• CH3Cl 12.1 10.9 13.1 12.1 11.5 

LiBr••• CH3Cl 11.1 10.1 11.9 11.0 10.4 

H3N••• CH3Cl 7.1 4.6 7.5 5.1 7.3 

H3P••• CH3Cl 4.1 2.7 4.7 3.5 3.7 
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Table IV.3. (Continued) 

Complexes with CH3Br 

H2O•••CH3Br 6.4 4.2 6.8 4.6 6.4 

H2S••• CH3Br 3.5 1.5 4.6 3.1 3.3 

HF••• CH3Br 4.4 2.9 4.8 3.0 4.5 

HCl••• CH3Br 3.1 2.0 3.7 2.7 2.5 

HBr••• CH3Br 3.2 2.3 3.7 2.5 2.1 

ClF••• CH3Br 3.2 2.1 3.8 2.6 2.7 

LiF••• CH3Br 15.4 14.0 16.2 14.7 16.0 

LiCl••• CH3Br 12.0 10.9 13.0 12.2 11.3 

LiBr••• CH3Br 11.1 10.2 11.9 11.1 9.7 

H3N••• CH3Br 6.8 4.4 7.2 5.0 6.8 

H3P••• CH3Br 4.0 2.8 4.7 3.6 3.4 
 
  

Table IV.4. Electron density, ρ(r), and Laplacian of electron density, ∇2ρ(r), at the 
intermolecular bond critical point of various halomethane (CH3X) complexes. Mutual 
penetration for the interacting atoms is also reported. Wave functions used in the 
calculations are those of the optimized structures at MP2/6-311+G(3df,2p) level. 

Complex ρ(r)  (a.u.) ∇2 ρ(r)  (a.u.) Mutual penetration (Å) 

Complexes with CH3F 

H2O•••CH3F 0.0056 0.0307 0.50 

H2S••• CH3F 0.0042 0.0184 0.45 

HF••• CH3F 0.0048 0.0298 0.38 

HCl•••CH3F 0.0041 0.0196 0.39 

HBr•••CH3F 0.0036 0.0164 0.32 

ClF••• CH3F 0.0051 0.0305 0.41 

LiF••• CH3F 0.0081 0.0459 0.67 

LiCl•••H3F 0.0058 0.0287 0.58 

LiBr•••CH3F 0.005 0.0227 0.49 

H3N•••H3F 0.0056 0.0262 0.55 

H3P••• CH3F 0.004 0.0163 0.42 
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Table IV.4. (Continued) 

Complexes with CH3Cl 

H2O•••CH3Cl 0.0055 0.0282 0.52 

H2S••• CH3Cl 0.0042 0.0172 0.46 

HF••• CH3Cl 0.0044 0.026 0.37 

HCl•••CH3Cl 0.0041 0.0186 0.54 

HBr•••CH3Cl 0.0038 0.0157 0.36 

ClF••• CH3Cl 0.0049 0.0281 0.4 

LiF••• CH3Cl 0.0081 0.0442 0.69 

LiCl•••CH3Cl 0.0061 0.0287 0.46 

LiBr•••CH3Cl 0.0052 0.0227 0.53 

H3N•••CH3Cl 0.0053 0.0232 0.53 

H3P••• CH3Cl 0.0039 0.015 0.4 

Complexes with CH3Br 

H2O•••CH3Br 0.0055 0.0264 0.51 

H2S•••CH3Br 0.0042 0.0167 0.46 

HF••• CH3Br 0.0044 0.0252 0.39 

HCl•••CH3Br 0.0042 0.0185 0.43 

HBr•••CH3Br 0.0039 0.0153 0.37 

ClF••• CH3Br 0.0057 0.0321 0.41 

LiF••• CH3Br 0.0082 0.0435 0.7 

LiCl•••CH3Br 0.0062 0.0284 0.64 

LiBr••• H3Br 0.0054 0.0227 0.57 

H3N••• H3Br 0.0052 0.0222 0.55 

H3P•••CH3Br 0.0041 0.0148 0.43 
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IV.3.c. Complexes with CH3NO2 and CH3NF2  

The ESP values at the CH3 face centre of CH3NO2 and CH3NF2 molecules are 146.3 

and 107.4 kJ.mol-1 respectively. Again the calculations were started with the initial 

geometries in which electron rich atom of the other molecule points towards the CH3 

face centre. The complexes were optimized at MP2/6-311+G(3df,2p) and MP2/Aug-

cc-pVTZ levels and the structures were confirmed to be minima by obtaining all real 

frequency. The interaction energies were corrected for basis set superposition as well 

as zero-point corrections. The BSSE and BSSE+zero-point corrected energies at 

MP2/6-311+G(3df,2p) and MP2/Aug-cc-pVTZ levels are given in Table IV.5. For all 

the complexes, the BSSE corrected single point interaction energies at CCSD-T/6-

311+G(3df,2p) are also given.  

 The AIM analysis was performed on these complexes. Wave functions used for the 

analysis were those of the optimized geometries at MP2/6-311+G(3df,2p) level. 

Again in all the complexes a BCP was found to be present between C of the CH3X 

molecule and the electron rich atom (Y) of the other molecule. A bond path 

connecting the C and Y atom was also found to be present in each complex. The 

electron density and Laplacian of electron density values at the intermolecular BCP 

are given in Table IV.6. These values are within the range prescribed for the C-H•••O 

hydrogen bonds.  For both the CH3NO2 and CH3NF2 complexes mutual penetration 

between C atom and the Y atom is also reported in Table IV.6. Significant positive 

value of the mutual penetration in each case confirms bonding interaction between Y 

and C atom in these complexes as well.  
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Table IV.5. BSSE corrected, ΔE(BSSE), and BSSE and zero point corrected 

ΔE(BSSE+ZPC), stabilization energies for different complexes of CH3NO2/CH3NF2 in 

kJ mol-1. 

Complex 

At MP2 
/6-311+G(3df,2p) 

At MP2 
/Aug-cc-pVTZ 

At CCSD-T 
/6-311+G(3df,2p) 

ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) ΔE(BSSE+ZPC) ΔE(BSSE) 

Complexes with CH3NO2 

H2O•••CH3NO2 10.4 7.4 10.6 7.8 11.0 

H2S••• CH3NO2 5.0 3.0 6.1 4.3 5.3 

HF••• CH3NO2 7.2 5.1 7.3 5.4 7.7 

HCl••• CH3NO2 4.1 2.6 4.7 3.2 4.0 

HBr••• CH3NO2 4.1 2.8 4.5 3.0 4.2 

ClF••• CH3NO2 3.9 2.7 4.4 3.3 4.0 

LiF••• CH3NO2 24.6 23.0 25.3 23.8 26.3 

LiCl••• CH3NO2 18.1 16.9 19.1 18.1 18.2 

LiBr••• CH3NO2 16.3 15.4 17.1 16.3 16.3 

H3N••• CH3NO2 10.7 7.8 11.1 8.3 11.4 

H3P••• CH3NO2 5.3 3.7 6.0 4.5 5.3 

Complexes with CH3NF2 

H2O•••CH3NF2 8.5 5.8 8.8 6.3 8.7 

H2S••• CH3NF2 4.1 2.5 5.2 3.6 4.3 

HF••• CH3NF2 5.9 4.1 6.2 4.3 6.2 

HCl••• CH3NF2 3.5 2.3 4.1 2.9 3.3 

HBr••• CH3NF2 3.5 2.4 3.9 2.7 3.6 

ClF••• CH3NF2 3.1 2.1 3.7 3.2 3.3 

LiF••• CH3NF2 20.0 18.7 20.8 19.6 20.9 

LiCl••• CH3NF2 14.8 13.8 15.8 15.0 14.4 

LiBr••• CH3NF2 13.3 12.6 14.1 13.4 12.9 

H3N••• CH3NF2 8.7 6.2 9.1 6.6 9.0 

H3P••• CH3NF2 4.5 3.1 5.1 3.9 4.3 
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Table IV.6. Electron density, ρ(r), and Laplacian of electron density, ∇2ρ(r), at the 
intermolecular bond critical point for different complexes of CH3NO2/CH3NF2. Wave 
functions used in the calculations are those of the optimized structures at MP2/6-
311+G(3df,2p) level. 

Complex ρ(r) in a.u. ∇2.υ.α νι )ρ( Mutual penetration (Å) 

Complexes with CH3NO2 

H2O•••CH3NO2 0.0063 0.0317 0.52 

H2S••• CH3NO2 0.0044 0.0176 0.39 

HF••• CH3NO2 0.0052 0.0308 0.4 

HCl••• CH3NO2 0.0042 0.0187 0.38 

HBr••• CH3NO2 0.0038 0.0155 0.32 

ClF••• CH3NO2 0.0052 0.0290 0.39 

LiF••• CH3NO2 0.0096 0.0509 0.72 

LiCl••• CH3NO2 0.0067 0.0314 0.63 

LiBr••• CH3NO2 0.0058 0.0247 0.55 

H3N••• CH3NO2 0.0058 0.0254 0.57 

H3P••• CH3NO2 0.0040 0.0148 0.37 

Complexes with CH3NF2 

H2O•••CH3NF2 0.0060 0.0284 0.55 

H2S••• CH3NF2 0.0042 0.0163 0.42 

HF••• CH3NF2 0.0050 0.0291 0.42 

HCl••• CH3NF2 0.0039 0.0179 0.39 

HBr••• CH3NF2 0.0036 0.0145 0.32 

ClF••• CH3NF2 0.0057 0.0326 0.46 

LiF••• CH3NF2 0.0088 0.0463 0.71 

LiCl••• CH3NF2 0.0062 0.0290 0.62 

LiBr••• CH3NF2 0.0053 0.0227 0.53 

H3N••• CH3NF2 0.0053 0.0234 0.56 

H3P••• CH3NF2 0.0037 0.0138 0.36 

 

IV.3.d. Electron density vs. stabilization energy  

The electron density at the BCP is a good measure of the stabilization energies in 

complexes bound by hydrogen bonding and other non-covalent interactions.16 Figure 

IV.5 shows plots of stabilization energy vs. electron density (ρ) for the CH3OH, CH3F, 

CH3Cl, CH3Br, CH3NO2 and CH3NF2 complexes. In the figures, dashed line shows 
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correlation for the HnY•••CH3X (Y= O/S/F/Cl/Br/N/P) complexes and the solid line 

shows correlation for the LiY•••CH3X (Y=F/Cl/Br) complexes. Clearly, the electron 

density at the BCP is a good measure of C•••Y interaction as well, though correlation 

does depend on the nature of the acceptors. In none of the fits, data for the complexes 

with ClF was included since it was worsening the fit.  

 

IV.3.e. Koch and Popelier Criteria  

Koch and Popelier have proposed a set of criteria for C-H•••O hydrogen bonds on the 

basis of AIM theory16. The Y•••C-X interactions found in CH3OH and CH3F 

complexes were subjected to these criteria and the conclusions are given below:  

 

1. According to the first criterion a BCP should be present between H and O and a 

bond path should connect the BCP to the two interacting atoms (H and O). It is clear 

from the earlier discussions that there does appear a BCP between Y and C atoms in 

case of Y••• C-X interactions and a bond path connecting it to the Y and C atoms.  

 

2,3. According to the second and third criteria the electron density, ρ(r), and the 

Laplacian of electron density, ∇2ρ(r), should be within the range of 0.002-0.034 a.u. 

and 0.024-0.139 a.u. respectively. Small deviations from these ranges are expected 

depending on the basis set used. As mentioned earlier the ρ(r) and ∇2ρ(r) values lie 

within these ranges for the CH3OH as well as for the CH3F complexes, Table IV.2 and 

IV.4.  

 

4. Fourth criterion says there should be positive mutual penetration between H atom 

and the H-bond acceptor atom. This criterion was found to be the necessary and 

sufficient condition for the H-bonding. Calculated mutual penetrations between 

acceptor atom Y and C are given in Table IV.2 and IV.4 for the CH3OH complexes 

and the CH3F complexes respectively. The significant positive values of mutual 

penetration complexes confirm the bonding between Y and C in these complexes.  

 

5. According to the fifth criteria for hydrogen bonding there should be loss of charge 

of the hydrogen atom on complex formation. This can be calculated by subtracting the 

population on the concerned atom in monomer, N(monomer), from the population on 
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the atom in the complex, N (complex) i.e.  

ΔN = N(complex)- N(monomer) = negative 

ΔN values for the C are given in Table IV.7 for the CH3OH and the CH3F complexes. 

All the complexes follow this criterion except H2O••• CH3OH for which value is 

nearly zero.  

 

6. According to the sixth criterion, hydrogen should destabilize on complex formation 

i.e.  

ΔE = E(complex)- E(monomer) = positive 

ΔE values for the C are given in Table IV.7 for the CH3OH and the CH3F complexes. 

All the complexes follow this criterion except the H2O••• CH3OH and the LiCl••• 

CH3OH complexes for which ΔE value is negative.  

 

7. According to the seventh criterion, magnitude of dipolar polarization (M) of 

hydrogen should decrease on complex formation i.e.  

Δ|M| = |M(complex)|- |M(monomer)| = negative 

 

Δ|M| values for the C are given in Table IV.7 for all the complexes. It is clear from 

the table that many of the CH3OH complexes (with HF, HCl, HBr, ClF) do not follow 

this criterion since their |ΔM| values are positive. However most of the CH3F 

complexes follow this criterion except the ClF••• CH3F complex. 

 

8. According to the eighth and final criterion, atomic volume of H should decrease on 

complex formation. i.e.  

ΔV = V(complex)-V(monomer) = negative 

Changes in the atomic volume of C (ΔVC) for all the complexes are given in Table 

IV.7 and they follow this criterion.  
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Figure IV.5. Plots between ρ(r) and stabilization energy for the (a) CH3OH, (b) 
CH3F, (c) CH3Cl, (d) CH3Br, (e) CH3NO2 and (f) CH3NF2 complexes. Data points for 
LiY•••CH3X complexes are marked with solid circles, for HnY•••CH3X with solid 
triangles and for ClF••• CH3X with solid square. The ClF••• CH3X complexes were 
not included in the fits. 
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Table IV.7. Change in bonded carbon's population, Δ NC, energy ΔEC ,dipolar 
polarization Δ|MC|, and volume ΔVC on complexation in different CH3OH and CH3F 
complexes, calculated by AIM theory. All the properties are given in atomic units.  

CH3OH complexes ΔNC ΔEC Δ|MC| ΔVC CH3F complexes ΔNC ΔEC Δ|MC| ΔVC 

H2O···CH3OH 0.002 -0.0270 -0.030 -3.44 H2O···CH3F -0.163 0.1906 -0.025 -8.92 

H2S···CH3OH -0.204 0.2323 -0.011 -8.79 H2S··· CH3F -0.163 0.2309 -0.029 -7.96 

HF···CH3OH -0.204 0.2323 0.006 -9.09 HF··· CH3F -0.164 0.2026 -0.006 -8.62 

HCl···CH3OH -0.204 0.2046 0.004 -8.22 HCl··· CH3F -0.164 0.2366 -0.009 -8.04 

HBr···CH3OH -0.205 0.2370 0.000 -8.56 HBr··· CH3F -0.163 0.2279 -0.013 -7.59 

ClF···CH3OH -0.205 0.2249 0.018 -9.89 ClF··· CH3F -0.168 0.2303 0.007 -9.37 

LiF···CH3OH -0.193 0.1919 -0.046 -9.74 LiF··· CH3F -0.168 0.1866 -0.036 -9.41 

LiCl···CH3OH -0.190 -0.4515 -0.040 -9.00 LiCl··· CH3F -0.151 0.2156 -0.050 -8.35 

LiBr···CH3OH -0.193 0.2259 -0.038 -9.16 LiBr··· CH3F -0.148 0.2184 -0.054 -8.11 

H3N···CH3OH -0.203 0.1937 -0.020 -9.24 H3N··· CH3F -0.162 0.1848 -0.043 -8.64 

H3P···CH3OH -0.202 0.2325 -0.004 -7.57 H3P··· CH3F -0.162 0.2315 -0.033 -7.56 

 

It is clear that the complexes with the CH3OH and the CH3F molecules follow the 

necessary and sufficient criterion proposed by Koch and Popelier. Most of these 

complexes follow other criteria as well. More data from these analyses are given in 

the Supplementary Information.  

The complexes with other CH3X molecules also fulfil the necessary and sufficient 

criteria as has already been discussed.  

 

IV.3.f. NBO analysis 

To estimate the charge transfer from the electron donor to the electron acceptor unit, 

Natural bond orbital analysis (NBO) has been performed on all the complexes at 

MP2/6-311+G(3df,2p) and MP2/Aug-cc-pVTZ levels. The charge transfer from the 

AY fragment to the CH3X fragment (ΔQ) is given in Table IV.8. ΔQ < 0 shows that 

charge is transferred from the AY fragment to the CH3X fragment.  

Moreover, the table also contains second order perturbation energies which give 

information on the natural orbitals involved in the charge transfer. For all the 

complexes the interaction is between lone-pair(s) of Y and the σ*(C-O/C-F/C-Cl/C-

Br/C-N) anti-bonding orbital. In the case of complexes where more than one lone 

pairs of Y are involved in the Y•••C interaction, the reported value is sum of the 

energies from individual contributions, e.g. in case of LiBr•••CH3F complex all three 
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lone-pairs of Br interact with σ*(C-F) orbital and the second order perturbation 

energies are 2.3, 1.8 and 0.8 kJ/mol and the reported value 4.9 kJ/mol is the sum of 

these three contributions. It is clear that the charge is transferred from the lone pair(s) 

of Y to the C-X anti-bonding orbital. This is very similar to what is found in hydrogen 

bonding, in which the lone pair charge is transferred to the H-X anti-bonding orbital. 

Charges on each of the atoms, resulting from natural population analysis, in all the 

complexes, can be found in the Supplementary Information. The charge transfer from 

the lone-pair(s) of Y to the C-X anti-bonding orbital of CH3X is also reflected in C-X 

vibrational frequency shift after complex formation as discussed below. 

Table IV.8. Charge transferred (ΔQ, e) from AY to CH3X fragment and second order 
interaction energy for the corresponding donor-acceptor interaction, E2 (l.p. -->C-
O/C-Cl/C-Br/C-N anti-bonding) in kJ.mol-1, for the CH3X complexes.  

Complex 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ΔQ E2[l.p. −> σ* (C-
O)]

ΔQ E2[l.p. −> σ* (C-O)] 

CH3OH complexes 
H2O···CH3OH -0.0014 2.6 -0.0021 2.8 
H2S···CH3OH -0.0011 2.4 -0.0016 3.0 
HF···CH3OH -0.0010 1.5 -0.0016 1.6 
HCl···CH3OH -0.0007 2.0 -0.0013 2.3 
HBr···CH3OH -0.0007 2.0 -0.0018 3.3 
ClF···CH3OH -0.0018 2.3 -0.0027 2.2 
LiF···CH3OH -0.0022 3.6 -0.0027 3.6 
LiCl···CH3OH -0.0021 3.0 -0.0036 3.1 
LiBr···CH3OH -0.0019 2.9 -0.0040 3.9 
H3N···CH3OH -0.0017 3.0 -0.0019 2.8 
H3P···CH3OH -0.0009 1.9 -0.0006 1.8 

CH3F complexes 
H2O···CH3F -0.0020 3.6 -0.0026 3.6 
H2S··· CH3F -0.0017 3.3 -0.0023 4.0 
HF··· CH3F -0.0014 2.3 -0.0018 2.5 
HCl··· CH3F -0.0009 2.8 -0.0015 3.1 
HBr··· CH3F -0.0010 2.5 -0.0022 4.1 
ClF··· CH3F -0.0020 3.3 -0.0026 2.9 
LiF··· CH3F -0.0035 5.9 -0.0038 5.6 
LiCl··· CH3F -0.0029 4.1 -0.0029 4.1 
LiBr··· CH3F -0.0033 3.6 -0.0050 4.9 
H3N··· CH3F -0.0027 5.1 -0.0029 4.9 
H3P··· CH3F -0.0016 2.8 -0.0020 3.5 

CH3Cl complexes 
H2O···CH3Cl -0.0016 2.5 -0.0031 2.9 
H2S···CH3Cl -0.0011 2.6 -0.0029 3.3 
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Table IV.8. (Continued)  
HF···CH3Cl -0.0015 1.5 -0.0033 2.3 
HCl···CH3Cl -0.0007 2.1 -0.0027 2.8 
HBr···CH3Cl -0.0006 2.0 -0.0035 3.8 
ClF···CH3Cl -0.0027 2.3 -0.0066 3.1 
LiF···CH3Cl -0.0027 4.3 -0.0046 5.0 
LiCl···CH3Cl -0.0024 3.1 -0.0061 4.0 
LiBr···CH3Cl -0.0026 2.5 -0.0073 4.0 
H3N···CH3Cl -0.0023 3.6 -0.0032 4.3 
H3P···CH3Cl -0.0009 1.9 -0.0024 2.6 

CH3Br complexes
H2O···CH3Br -0.0017 2.7 -0.0034 3.1 
H2S···CH3Br -0.0016 3.0 -0.0037 3.9 
HF···CH3Br -0.0017 1.3 -0.0032 1.6 
HCl···CH3Br -0.0009 2.3 -0.0030 2.8 
HBr···CH3Br -0.0008 2.2 -0.0039 4.0 
ClF···CH3Br -0.0028 2.5 -0.0068 2.6 
LiF···CH3Br -0.0031 4.8 -0.0051 5.6 
LiCl···CH3Br -0.0029 3.4 -0.0064 4.0 
LiBr···CH3Br -0.0031 2.7 -0.0079 4.1 
H3N···CH3Br -0.0026 3.9 -0.0035 4.4 
H3P···CH3Br -0.0014 2.2 -0.0029 2.9 

CH3NO2 complexes
H2O···CH3NO2 -0.0029 4.4 -0.0028 4.2 
H2S···CH3NO2 -0.0023 3.6 -0.0027 4.0 
HF···CH3NO2 -0.0026 2.4 -0.0030 2.4 
HCl···CH3NO2 -0.0016 2.9 -0.0021 3.0 
HBr···CH3NO2 -0.0014 2.5 -0.0026 3.8 
ClF···CH3NO2 -0.0041 3.0 -0.0063 2.5 
LiF···CH3NO2 -0.0039 6.5 -0.0040 6.2 
LiCl···CH3NO2 -0.0036 5.0 -0.0050 5.1 
LiBr···CH3NO2 -0.0038 4.1 -0.0060 5.1 
H3N···CH3NO2 -0.0035 5.4 -0.0028 5.4 
H3P···CH3NO2 -0.0023 2.8 -0.0023 3.2 

Table IV.8. (Continued)  
CH3NF2 complexes

H2O···CH3NF2 -0.0019 2.8 -0.0024 2.6 
H2S···CH3NF2 -0.0013 2.2 -0.0018 2.4 
HF···CH3NF2 -0.0019 1.5 -0.0029 1.7 
HCl···CH3NF2 -0.0010 1.9 -0.0016 1.9 
HBr···CH3NF2 -0.0008 1.8 -0.0020 2.5 
ClF···CH3NF2 -0.0025 2.3 -0.0042 2.0 
LiF···CH3NF2 -0.0024 4.3 -0.0032 3.9 
LiCl···CH3NF2 -0.0023 3.3 -0.0045 3.1 
LiBr···CH3NF2 -0.0025 2.6 -0.0054 3.2 
H3N···CH3NF2 -0.0023 3.4 -0.0022 3.5 
H3P···CH3NF2 -0.0013 1.7 -0.0015 1.9 
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IV.3.g. Red shift in the C-X vibrational frequency 

Vibrational frequency shifts corresponding to C-X stretching motion for all the 

complexes are given in Table IV.9. For CH3F/CH3Cl/CH3Br the C-X stretching is a 

local mode of vibration but in the case of CH3OH there is no mode which is a pure C-

O stretching mode. However, there were two normal modes with significant 

contribution from C-O stretching. Frequency shifts on complex formation for both 

these modes were very similar and one of these values is reported in Table IV.9. As 

expected, the C-X stretching frequencies decrease upon complex formation.  

In the case of CH3NO2/CH3NF2 molecules also there is no pure C-N stretching mode. 

There are two normal modes which are close to the C-N stretch but they are strongly 

coupled with the NO2/NF2 scissoring motions. The coupling is weaker in CH3NF2 as 

compared to CH3NO2 due to higher mass of fluorine but it is still quite significant. 

The frequency shift for one of these modes is reported in Table IV.9 for both the 

CH3NO2 and the CH3NF2 complexes. In many of the CH3NO2 complexes the mode is 

slightly blue shifted upon complex formation while most of the CH3NF2 complexes 

show the expected red shift. Due to high contribution from the scissoring motions 

these modes should not be used to draw any conclusions about the X-C•••Y bond 

formation. 

 

IV.3.h. Correlation between charge transfer & frequency shift and second order 

perturbation energy & frequency shift  

Hyperconjugation is considered to be one of the major reasons for the observed red 

shift in frequency upon hydrogen/halogen bond formation. The molecular orbitals 

involved in the hyperconjugation are usually lone pair orbitals of the 

hydrogen/halogen bond acceptor and the sigma antibonding orbital of the 

hydrogen/halogen bond donor (σ*(H-X/X'-X). The electron transfer from the lone 

pairs to the antibonding orbital results in the weakening of the H-X/X'-X sigma bond 

and thus, results in the decrease of the stretching frequency. As clear from the NBO 

data given in Table IV.9, the orbitals involved in the X-C•••Y interactions are l.p(s). 

of Y and antibonding C-X sigma orbital (σ*(C-X)). Correlations between (i) total 

charge transfer from HnY moiety to CH3X moiety (ΔQ) and C-X frequency shift (Δν) 

and (ii) second order perturbation energy for the l.p(s). - σ*(C-X) orbital interaction 

and the C-X frequency shift (Δν), are discussed below. These correlations were not 
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checked for the CH3NO2 and CH3NF2 complexes since the C-X frequencies are 

largely affected by mode mixings in these molecules.  

IV.3.h. (i). Charge transfer (ΔQ) vs. C-X stretching frequency shift (Δν) 

The C-X stretching frequency shifts were plotted against the charge transfer (ΔQ) 

obtained from the NBO results. The plots are given in the Figure IV.6.a-d for the 

CH3X (X=OH/F/Cl/Br) complexes. Correlation coefficients resulting from the linear 

fit are also given in the plots. In none of the plots data for the ClF•••CH3X complexes 

was included since the frequency shift for these complexes are very small and the fit 

was worsening on including the data. In all the cases correlation coefficient is more 

than 0.8 which shows the correlation between these two properties is quite good.  

IV.3.h. (ii). Perturbation energy vs. C-X stretching frequency shift  

Other set of correlation diagrams were plotted between second order perturbation 

energy, ΔE (l.p.--> σ*(C-X)), and the C-X stretch frequency shift (Δν). The plots are 

shown in Figure IV.7.a-d for the CH3X (X=OH/F/Cl/Br) complexes. Correlation 

coefficient is also given in each case. Again the data points for the ClF complexes 

were not included in the fit. The correlation coefficient for the CH3OH and the CH3F 

complexes is nearly 0.8 but is poorer for the CH3Cl and the CH3Br complexes, ~0.74  
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Table IV.9. Shifts in C-X vibrational frequencies on Y•••C bond formation for 
different HnY•••CH3X complexes at MP2/Aug-cc-pVTZ and MP2/6-311+G(3df,2p) 
levels.  

Complex 
Δν/cm-1 

Complex 
Δν/cm-1 

MP2 
/6-311+G(3df,2p) 

MP2 
/Aug-cc-pVTZ 

MP2 
/6-311+G(3df,2p) 

MP2 
/Aug-cc-pVTZ 

CH3OH complexes CH3F complexes 

H2O•••CH3OH -9.1 -7.8 H2O•••CH3F -16.3 -14.8 

H2S•••CH3OH -5.5 -5.2 H2S•••CH3F -10.4 -11 

HF•••CH3OH -6.3 -6.5 HF•••CH3F -10.2 -7.8 

HCl•••CH3OH -4 -3.2 HCl•••CH3F -6.5 -4.3 

HBr···CH3OH -3.3 -4.1 HBr•••CH3F -6.3 -5.7 

ClF•••CH3OH -2.8 -3.1 ClF•••CH3F -4.9 -3.1 

LiF•••CH3OH -20.9 -20.3 LiF•••CH3F -40.4 -39 

LiCl•••CH3OH -14.8 -14.5 LiCl•••CH3F -29.1 -26.3 

LiBr•••CH3OH -12.5 -14.3 LiBr•••CH3F -24.3 -24.8 

H3N•••CH3OH -18.8 -9.9 H3N•••CH3F -22.9 -20.3 

H3P•••CH3OH -3.9 -1 H3P•••CH3F -9.9 -8.9 

CH3Cl complexes CH3Br complexes 

H2O•••CH3Cl -9.2 -9.9 H2O•••CH3Br -6.6 -6.8 

H2S•••CH3Cl -6.3 -7 H2S•••CH3Br -5.5 -5.5 

HF•••CH3Cl -5.3 -5.6 HF•••CH3Br -3.4 -3 

HCl•••CH3Cl -2.4 -2.8 HCl•••CH3Br -2 -1.7 

HBr•••CH3Cl -3.4 -3.9 HBr•••CH3Br -2.4 -2.6 

ClF•••CH3Cl -1.3 -1.3 ClF•••CH3Br -0.2 0.3 

LiF•••CH3Cl -27.9 -27.8 LiF•••CH3Br -19.8 -21.3 

LiCl•••CH3Cl -18.7 -18.7 LiCl•••CH3Br -13.6 -13.9 

LiBr•••CH3Cl -16.6 -17.6 LiBr•••CH3Br -11.5 -13.4 

H3N•••CH3Cl -14.1 -14.9 H3N•••CH3Br -10.5 -11.5 

H3P•••CH3Cl -6.4 -7.1 H3P•••CH3Br -5.3 -5.6 

CH3NO2 complexes CH3NF2 complexes 

H2O•••CH3NO2 0.6 0.5 H2O•••CH3NF2 -2.4 -2.9 

H2S•••CH3NO2 -0.1 -0.4 H2S•••CH3NF2 -0.9 -1.7 

HF•••CH3NO2 1.1 1.1 HF•••CH3NF2 -0.6 -1.2 

HCl•••CH3NO2 0.6 0.2 HCl•••CH3NF2 -0.4 -0.7 

HBr•••CH3NO2 0.2 0.2 HBr•••CH3NF2 -0.7 -0.9 

ClF•••CH3NO2 1.1 1.1 ClF•••CH3NF2 0.8 0.4 

LiF•••CH3NO2 -0.9 -1.2 LiF•••CH3NF2 -9.4 -10.1 

LiCl•••CH3NO2 -0.1 -0.6 LiCl•••CH3NF2 -6.4 -6.8 

LiBr•••CH3NO2 -0.5 -1.1 LiBr•••CH3NF2 -5.9 -6.2 

H3N•••CH3NO2 -1.2 -1.1 H3N•••CH3NF2 -3.8 -4.2 

H3P•••CH3NO2 -0.2 -1.2 H3P•••CH3NF2 -1.4 -1.7 
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Figure IV.6. Plots between NBO charge transfer (ΔQ) and C-X frequency shift (Δν) 
for the (a) CH3OH, (b) CH3F, (c) CH3Cl and (d) CH3Br complexes. Data points for 
the ClF•••CH3X complexes are marked with brown squares and these points were not 
included in the fit.  

 

 

Figure IV.7. Plots between second order perturbation energy, ΔE(l.p.--> σ*), and C-X 
frequency shift (Δν) for the (a) CH3OH, (b) CH3F, (c) CH3Cl and (d) CH3Br 

complexes. Data points for the ClF•••CH3X complexes are marked with brown 
squares and these points were not included in the fit.  
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It may be noted that SN2 reactions often involve a pentacoordinate C with two 

nucleophilic groups and indeed the C•••Y interaction could play a stabilizing role in 

the intermediate to SN2 reactions. All the complexes discussed are like entrance 

channel complexes for the SN2 reactions which would eventually lead to the 

intermediate for SN2 reactions.  

Following our work, Grabowski has analysed the role of X-Z•••Y (Z=C,Si,Ge) 

interactions in the SN2 reactions.36 Grabowski36 and, simultaneously and 

independently, Frontela et al.37 have named similar interactions by heavier 16th group 

elements as tetrel bond. The X-C•••Y carbon bond interactions can be considered as 

the most important subclass of the tetrel bonds. 

More recently, Guru Row et al. have examined the crystal structure of 

dimethylammonium-4-hydroxybenzoate using X-rays.38 Their analysis provided the 

first experimental evidence of the carbon bond. Crystal structure database search for 

the carbon bonded structures also suggests the ubiquitous nature of these interactions. 

 Similar interaction with corresponding silicon containing molecules (SiH3X) 

complexes are stronger than with the CH3X molecules, e.g. interaction energy for the 

H2O•••SiH3F is 13.7 kJ.mole-1 at MP22/6-311+G(3df,2p) which is much more than 

the value 8.6 kJ.mole-1 for the H2O•••CH3F complex.  The weak nature of carbon 

bonding makes the carbon compounds more stable in comparison to silicon 

compounds, which are more prone to nucleophilic substitution reactions. This could 

well be another reason for life based on carbon compounds. 

 

IV.4. Conclusions 

Substitution of one of the hydrogens of methane by an electron withdrawing group 

(like OH/F/Cl/Br/NO2/NF2 etc.) drastically affects the bonding properties of the 

tetrahedral CH3 face and it no longer remains a hydrogen bond acceptor. Rather it 

interacts with negative centers of molecules like H2O, H2S , NH3 etc. and gives rise to 

a novel C•••Y bond, which could be called carbon bond. The AIM analysis, NBO 

calculations and frequency shift confirms the presence of this interaction. The carbon 

bond could play an important role in hydrophobic interactions as well as in the 

stabilization of intermediate to the SN2 reaction. Moreover, given the abundance of 

alkyl groups in biological systems, the carbon bonding interactions could play a 

significant role in these systems as well which is yet to be recognised.  
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IV.5. Supplementary Information: 

 Coordinates of the optimized geometries and their vibrational frequencies are given 

in the Supplementary Information. AIM and NBO parameters for the complexes are 

also given.  
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Supplementary Information 

Table.IV.S.1 Coordinates of the optimized geometries for different molecules and 
complexes at MP2/6-311+G(3df,2p) and MP2/Aug-cc-pVTZ levels.  

H2O 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

O 0.0000 0.1175 0.0000 O 0.0000 0.1181 0.0000 
H 0.7581 -0.4702 0.0000 H 0.7584 -0.4723 0.0000 
H -0.7581 -0.4702 0.0000 H -0.7584 -0.4723 0.0000 

 

H2S 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

S 0.0000 0.1026 0.0000 S 0.0000 0.1029 0.0000 
H 0.9617 -0.8211 0.0000 H 0.9634 -0.8233 0.0000 
H -0.9617 -0.8211 0.0000 H -0.9634 -0.8233 0.0000 

 

HF 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

H 0.0000 0.0000 -0.8261 H 0.0000 0.0000 -0.8295 
F 0.0000 0.0000 0.0918 F 0.0000 0.0000 0.0922 

 

HCl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

H 0.0000 0.0000 -1.2016 H 0.0000 0.0000 -1.2041 

Cl 0.0000 0.0000 0.0707 Cl 0.0000 0.0000 0.0708 
 
HBr 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

H 0.0000 0.0000 -1.3759 H 0.0000 0.0000 -1.3675 
Br 0.0000 0.0000 0.0393 Br 0.0000 0.0000 0.0391 

 
ClF 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

Cl 0.0000 0.0000 0.5654 Cl 0.0000 0.0000 0.5672 
F 0.0000 0.0000 -1.0680 F 0.0000 0.0000 -1.0713 

 
LiF 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

Li 0.0000 0.0000 -1.1939 Li 0.0000 0.0000 -1.1960 
F 0.0000 0.0000 0.3980 F 0.0000 0.0000 0.3987 
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LiCl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

Li 0.0000 0.0000 -1.7358 Li 0.0000 0.0000 -1.7413 
Cl 0.0000 0.0000 0.3063 Cl 0.0000 0.0000 0.3073 

 
LiBr 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

Li 0.0000 0.0000 -2.0266 Li 0.0000 0.0000 -2.0238 
Br 0.0000 0.0000 0.1737 Br 0.0000 0.0000 0.1735 

 
NH3 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

N 0.0000 0.0000 -0.1123 N 0.0000 -0.0001 -0.1139 
H -0.5672 -0.7483 0.2620 H -0.0008 0.9384 0.2656 
H -0.3644 0.8654 0.2620 H 0.8133 -0.4680 0.2659 
H 0.9316 -0.1171 0.2620 H -0.8125 -0.4695 0.2659 

 
PH3 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

P 0.0000 0.1266 0.0000 P 0.0000 0.1269 0.0000 
H 1.1865 -0.6332 0.0000 H 1.1899 -0.6345 0.0000 
H -0.5932 -0.6332 1.0275 H -0.5950 -0.6345 1.0305 
H -0.5932 -0.6332 -1.0275 H -0.5950 -0.6345 -1.0305 

 
CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0464 0.6631 0.0000 C -0.0467 0.6657 0.0000 
O -0.0464 -0.7546 0.0000 O -0.0467 -0.7576 0.0000 
H -1.0867 0.9723 0.0000 H -1.0878 0.9751 0.0000 
H 0.4367 1.0722 0.8886 H 0.4373 1.0731 0.8893 
H 0.4367 1.0722 -0.8886 H 0.4373 1.0731 -0.8893 
H 0.8629 -1.0584 0.0000 H 0.8675 -1.0546 0.0000 

 
H2O•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.7430 0.0028 0.0014 C 0.7417 0.0028 0.0024 
H 0.3494 -0.0253 1.0115 H 0.3484 -0.0254 1.0132 
H 0.3676 -0.8666 -0.5386 H 0.3669 -0.8671 -0.5377 
H 0.3735 0.9047 -0.4868 H 0.3728 0.9053 -0.4858 
O 2.1605 -0.0051 0.1096 O 2.1640 -0.0051 0.1113 
H 2.5297 0.0199 -0.7746 H 2.5279 0.0200 -0.7778 
O -2.4241 0.0015 -0.0448 O -2.4251 0.0015 -0.0476 
H -2.9961 0.7475 0.1459 H -2.9999 0.7478 0.1467 
H -2.9733 -0.7682 0.1164 H -2.9770 -0.7687 0.1173 
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H2S•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.5435 0.0076 0.0054 C -1.5317 0.0077 0.0055 
H -1.1555 0.9623 0.3452 H -1.1445 0.9749 0.3109 
H -1.1673 -0.1781 -1.0016 H -1.1559 -0.2146 -0.9945 
H -1.1701 -0.7719 0.6709 H -1.1600 -0.7475 0.6998 
O -2.9595 0.1048 0.0373 O -2.9529 0.1067 0.0330 
H -3.3266 -0.7288 -0.2620 H -3.3139 -0.7425 -0.2359 
S 2.1674 -0.0966 -0.0393 S 2.1585 -0.0985 -0.0358 
H 2.5688 0.3221 1.1614 H 2.5546 0.3700 1.1515 
H 2.5094 1.0564 -0.6154 H 2.4971 1.0359 -0.6559 

 
HF•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.7208 0.0392 -0.0002 C -0.7068 0.0195 0.0002 
H 0.3757 1.0680 -0.0019 H -0.3415 1.0415 0.0008 
H 0.3243 -0.4546 0.8877 H -0.3245 -0.4842 -0.8881 
H 0.3270 -0.4581 -0.8869 H -0.3250 -0.4851 0.8882 
O 2.1409 0.0827 0.0000 O -2.1311 0.0937 -0.0001 
H 2.4699 -0.8175 0.0026 H -2.4737 -0.8041 -0.0004 
H -3.2655 0.2755 0.0042 H 3.3023 0.0596 -0.0020 
F -2.4092 -0.0567 -0.0005 F 2.3835 -0.0216 0.0002 

 
HCl•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.4630 0.0025 -0.0206 C 1.4584 0.0004 -0.0157 
H 1.0878 0.7917 -0.6642 H 1.0784 0.7774 -0.6721 
H 1.0609 0.1525 0.9822 H 1.0637 0.1690 0.9873 
H 1.1057 -0.9539 -0.4056 H 1.1021 -0.9645 -0.3807 
O 2.8793 0.0914 -0.0472 O 2.8793 0.0923 -0.0528 
H 3.2363 -0.5969 0.5166 H 3.2359 -0.5886 0.5241 
H -2.5267 1.0895 0.2906 H -2.5254 1.0912 0.2925 
Cl -2.1045 -0.0723 -0.0128 Cl -2.1023 -0.0721 -0.0138 

 
HBr•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -2.2944 -0.0145 -0.0257 C -2.1885 -0.0146 -0.0120 
H -1.9143 0.6955 -0.7535 H -1.7982 0.5934 -0.8225 
H -1.9515 -1.0115 -0.3070 H -1.8434 -1.0404 -0.1531 
H -1.8828 0.2379 0.9526 H -1.7926 0.3663 0.9306 
O -3.7091 0.0907 -0.0531 O -3.6083 0.0834 -0.0736 
H -4.0712 -0.5304 0.5811 H -3.9740 -0.4515 0.6361 
H 1.6094 1.3487 0.2418 H 1.6433 1.3287 0.2382 
Br 1.4757 -0.0394 -0.0039 Br 1.4218 -0.0393 -0.0048 
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ClF•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.7844 0.1418 -0.0165 C -1.7506 0.1433 -0.0191 
H -1.7031 1.2222 -0.0808 H -1.6619 1.2227 -0.0944 
H -1.2833 -0.2945 -0.8820 H -1.2539 -0.3067 -0.8805 
H -1.2782 -0.1889 0.8917 H -1.2484 -0.1832 0.8931 
O -3.1699 -0.1626 0.0057 O -3.1440 -0.1512 0.0064 
H -3.2708 -1.1139 0.0656 H -3.2441 -1.1046 0.0767 
Cl 1.9240 -0.4769 -0.0017 Cl 1.8768 -0.4949 -0.0019 
F 1.2103 0.9924 0.0099 F 1.2398 1.0149 0.0112 

 
LiF•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.9443 0.0321 0.0064 C 0.9426 0.0322 0.0064 
H 0.5690 -0.4879 0.8858 H 0.5684 -0.4884 0.8864 
H 0.5539 -0.4601 -0.8823 H 0.5531 -0.4605 -0.8829 
H 0.5670 1.0480 0.0255 H 0.5661 1.0490 0.0255 
O 2.3693 0.1180 -0.0044 O 2.3724 0.1186 -0.0044 
H 2.7183 -0.7742 -0.0219 H 2.7161 -0.7785 -0.0218 
Li -3.5705 0.2860 -0.0123 Li -3.5736 0.2865 -0.0122 
F -2.0352 -0.1467 0.0030 F -2.0352 -0.1470 0.0029 

 
LiCl•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.6385 0.0584 0.0082 C 1.6376 0.0590 0.0081 
H 1.2657 -0.4488 0.8976 H 1.2654 -0.4486 0.8980 
H 1.2472 -0.4466 -0.8743 H 1.2468 -0.4463 -0.8750 
H 1.2633 1.0761 0.0131 H 1.2635 1.0777 0.0131 
O 3.0608 0.1414 -0.0065 O 3.0648 0.1419 -0.0066 
H 3.4097 -0.7512 -0.0133 H 3.4078 -0.7557 -0.0131 
Li -3.6965 0.5837 -0.0047 Li -3.7024 0.5855 -0.0046 
Cl -1.7890 -0.1566 -0.0003 Cl -1.7894 -0.1572 -0.0003 

 
LiBr•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 2.3323 0.0854 0.0003 C -2.2677 0.1103 0.0004 
H 1.9553 -0.4229 0.8875 H -1.8741 -0.3890 -0.8850 
H 1.9547 -0.4255 -0.8853 H -1.8750 -0.3853 0.8882 
H 1.9476 1.0999 -0.0011 H -1.9176 1.1377 -0.0016 
O 3.7525 0.1837 -0.0004 O -3.6962 0.1603 -0.0005 
H 4.1120 -0.7049 0.0009 H -4.0189 -0.7447 0.0011 
Li -2.6491 1.5755 0.0001 Li 3.0829 1.0752 0.0002 
Br -1.3153 -0.1787 0.0000 Br 1.2461 -0.1368 -0.0001 
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NH3 •••CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C 0.8174 0.0078 0.0055 C -0.8181 0.0173 0.0004 
H 0.4390 0.5229 -0.8772 H -0.4531 0.5355 0.8872 
H 0.4513 0.5210 0.8945 H -0.4538 0.5365 -0.8862 
H 0.4213 -1.0021 0.0069 H -0.4120 -0.9891 -0.0003 
N -2.5598 0.0254 -0.0022 N 2.5655 0.0275 -0.0011 
H -2.8235 -0.5135 -0.8164 H 2.8036 -0.5234 0.8145 
H -3.1481 0.8480 0.0081 H 3.1969 0.8191 -0.0090 
H -2.8111 -0.5250 0.8082 H 2.7998 -0.5364 -0.8089 
O 2.2348 -0.1066 -0.0043 O -2.2393 -0.1136 0.0009 
H 2.6073 0.7765 -0.0073 H -2.6166 0.7701 0.0017 

 
PH3•••CH3OH 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.6276 -0.0244 -0.0079 C 1.5044 -0.0649 -0.1210 
H 1.2114 0.9781 0.0074 H 1.0162 0.8956 0.0200 
H 1.2597 -0.5641 0.8659 H 1.0772 -0.7800 0.5843 
H 1.2755 -0.5300 -0.9081 H 1.3074 -0.4096 -1.1374 
O 3.0396 0.1200 0.0077 O 2.8926 0.1500 0.1121 
H 3.4328 -0.7541 -0.0066 H 3.3464 -0.6888 -0.0070 
P -2.1758 -0.0450 -0.0053 P -2.0962 -0.0828 -0.0363 
H -3.0097 -0.2345 1.1146 H -1.9987 0.1809 1.3481 
H -2.4294 1.3392 -0.0774 H -1.9656 1.2771 -0.3956 
H -3.1858 -0.3735 -0.9311 H -3.5079 -0.0435 -0.0382 

 
CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.0000 0.6331 0.0000 C 0.0000 -0.6360 0.0000 
F 0.0000 -0.7496 0.0000 F 0.0000 0.7522 0.0000 
H -1.0290 0.9827 0.0000 H 1.0297 -0.9848 0.0000 
H 0.5145 0.9827 0.8911 H -0.5148 -0.9847 0.8918 
H 0.5145 0.9827 -0.8911 H -0.5148 -0.9847 -0.8918 

 
H2O••• CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.7213 0.0083 -0.0067 C 0.7198 0.0084 -0.0068 
H 0.3680 -0.7915 -0.6501 H 0.3668 -0.7919 -0.6506 
H 0.3842 0.9666 -0.3897 H 0.3831 0.9673 -0.3897 
H 0.3577 -0.1373 1.0055 H 0.3566 -0.1377 1.0059 
O -2.3244 0.0012 -0.0015 O -2.3257 0.0012 -0.0016 
H -2.8836 -0.7780 0.0141 H -2.8883 -0.7787 0.0145 
H -2.9393 0.7373 0.0161 H -2.9434 0.7382 0.0167 
F 2.1090 -0.0063 0.0063 F 2.1124 -0.0063 0.0063 
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H2S••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C 1.5164 0.0010 -0.0086 C 1.5092 0.0019 -0.0177 
F 2.9015 -0.0013 0.0211 F 2.8996 -0.0016 0.0263 
H 1.1774 -0.8179 -0.6368 H 1.1693 1.0053 -0.2604 
H 1.1423 -0.1254 1.0032 H 1.1819 -0.6986 -0.7815 
H 1.1757 0.9486 -0.4164 H 1.1271 -0.2976 0.9542 
S -2.1078 -0.0022 -0.0983 S -2.1132 0.0002 -0.0998 
H -2.4742 0.9796 0.7265 H -2.4134 0.9585 0.7820 
H -2.5071 -0.9439 0.7574 H -2.4060 -0.9685 0.7731 

 

HF••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C 0.6914 0.0319 0.0000 C 0.6900 0.0316 0.0000 
F 2.0765 -0.0210 0.0000 F 2.0799 -0.0206 0.0000 
H 0.3208 -0.4689 -0.8894 H 0.3206 -0.4701 -0.8899 
H 0.3209 -0.4670 0.8905 H 0.3207 -0.4682 0.8911 
H 0.3808 1.0725 -0.0011 H 0.3794 1.0727 -0.0011 
H -3.1878 0.1874 -0.0001 H -3.1935 0.1879 -0.0001 
F -2.2968 -0.0363 0.0000 F -2.2984 -0.0362 0.0000 

 
HCl••• CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.4454 0.0110 -0.0115 C 1.4437 0.0112 -0.0116 
F 2.8297 0.0048 0.0099 F 2.8328 0.0047 0.0100 
H 1.0785 0.0627 1.0097 H 1.0770 0.0634 1.0102 
H 1.1073 0.8763 -0.5748 H 1.1058 0.8769 -0.5755 
H 1.0984 -0.9018 -0.4882 H 1.0967 -0.9022 -0.4882 
H -2.5686 1.0901 0.0025 H -2.5700 1.0921 0.0024 
Cl -2.0503 -0.0727 0.0018 Cl -2.0510 -0.0729 0.0018 

 
HBr••• CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -2.2581 0.0196 0.0038 C -2.1648 0.0238 0.0023 
F -3.6422 -0.0049 -0.0032 F -3.5539 -0.0078 -0.0019 
H -1.8934 -0.5190 -0.8666 H -1.7996 -0.5141 -0.8688 
H -1.9256 1.0535 -0.0317 H -1.8379 1.0598 -0.0351 
H -1.9034 -0.4550 0.9145 H -1.8064 -0.4482 0.9134 
H 1.8159 1.3218 -0.0009 H 1.7792 1.3099 -0.0006 
Br 1.4353 -0.0421 -0.0003 Br 1.3897 -0.0423 -0.0002 

 
ClF••• CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.7791 0.1474 0.0009 C -1.7775 0.1485 0.0008 
H -1.7737 1.2338 0.0016 H -1.7740 1.2354 0.0016 
H -1.2832 -0.2282 -0.8899 H -1.2815 -0.2275 -0.8904 
H -1.2847 -0.2295 0.8920 H -1.2830 -0.2288 0.8924 
F -3.0912 -0.2935 -0.0007 F -3.0940 -0.2948 -0.0007 
Cl 1.9182 -0.4594 0.0000 Cl 1.9191 -0.4610 0.0000 
F 1.1364 0.9767 -0.0003 F 1.1361 0.9800 -0.0003 
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LiF••• CH3F 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.9105 -0.0050 0.0002 C -0.9088 -0.0049 0.0001 
F -2.3058 0.0094 -0.0004 F -2.3093 0.0092 -0.0001 
H -0.5486 0.8974 -0.4789 H -0.5485 0.9162 -0.4445 
H -0.5597 -0.0462 1.0250 H -0.5586 -0.0857 1.0232 
H -0.5675 -0.8773 -0.5443 H -0.5662 -0.8557 -0.5784 
Li 3.5213 0.0397 -0.0016 Li 3.5255 0.0394 -0.0001 
F 1.9252 -0.0164 0.0006 F 1.9259 -0.0163 0.0000 

 

LiCl••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -1.6043 0.0054 0.0000 C -1.6038 0.0052 0.0000 
F -2.9959 0.0344 0.0000 F -2.9999 0.0346 0.0000 
H -1.2321 1.0193 -0.1058 H -1.2314 1.0197 -0.1058 
H -1.2622 -0.4210 0.9375 H -1.2614 -0.4214 0.9379 
H -1.2660 -0.6041 -0.8317 H -1.2652 -0.6047 -0.8321 
Li 3.7377 0.2496 0.0000 Li 3.7446 0.2495 0.0000 
Cl 1.7139 -0.0638 0.0000 Cl 1.7145 -0.0638 0.0000 

 

LiBr••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C 2.2908 0.0252 0.0012 C 2.2269 0.0232 0.0012 
F 3.6807 0.0563 -0.0010 F 3.6222 0.0562 -0.0010 
H 1.9467 -0.2381 0.9966 H 1.8836 -0.2350 0.9985 
H 1.9547 -0.7162 -0.7170 H 1.8924 -0.7231 -0.7132 
H 1.9170 1.0064 -0.2745 H 1.8525 1.0029 -0.2802 
Li -3.3530 0.4909 0.0001 Li -3.3273 0.4691 0.0000 
Br -1.2180 -0.0624 -0.0001 Br -1.1888 -0.0599 -0.0001 

 

H3N••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -0.7861 0.0001 0.0000 C -0.7845 0.0001 0.0000 
H -0.4340 -0.3232 0.9743 H -0.4333 -0.2266 1.0021 
H -0.4343 1.0057 -0.2073 H -0.4334 0.9813 -0.3049 
H -0.4341 -0.6821 -0.7673 H -0.4333 -0.7545 -0.6974 
N 2.4451 0.0000 0.0000 N 2.4457 0.0000 0.0000 
H 2.8255 -0.9162 0.1979 H 2.8306 -0.8919 0.2864 
H 2.8255 0.6296 0.6944 H 2.8306 0.6940 0.6291 
H 2.8249 0.2867 -0.8926 H 2.8302 0.1979 -0.9157 
F -2.1748 -0.0001 0.0001 F -2.1783 0.0000 0.0000 

 

H3P••• CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -1.6143 0.0171 0.0005 C -1.5912 0.0104 0.0005 
H -1.2492 -0.5626 -0.8426 H -1.2351 -0.3452 -0.9628 
H -1.2538 -0.4115 0.9313 H -1.2320 -0.6391 0.7944 
H -1.2859 1.0490 -0.0867 H -1.2542 1.0296 0.1704 
F -2.9993 -0.0143 -0.0004 F -2.9815 -0.0085 -0.0003 
P 2.1225 0.0009 0.0003 P 2.1016 0.0014 0.0009 
H 2.8450 -1.0955 -0.5098 H 2.8304 -0.9316 -0.7685 
H 2.9031 0.9565 -0.6791 H 2.8833 1.1008 -0.4160 
H 2.8832 0.0770 1.1834 H 2.8638 -0.2210 1.1684 
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CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.1191 0.0000 0.0000 C 1.1247 0.0000 0.0000 
Cl 0.6536 0.0000 0.0000 Cl -0.6557 0.0000 0.0000 
H -1.4654 0.9973 -0.2453 H 1.4663 -0.5031 0.8974 
H -1.4654 -0.7111 -0.7411 H 1.4663 -0.5257 -0.8844 
H -1.4654 -0.2862 0.9864 H 1.4663 1.0288 -0.0131 

H2O•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0826 0.0186 -0.0358 C 0.0829 -0.0013 -0.0711 
Cl -1.8584 -0.0070 0.0136 Cl 1.8650 0.0007 0.0267 
H 0.2416 0.9918 -0.3834 H -0.2323 0.8843 -0.6090 
H 0.2989 -0.1678 0.9601 H -0.2301 -0.8935 -0.5995 
H 0.2587 -0.7507 -0.7174 H -0.3191 0.0039 0.9341 
O 3.0114 -0.0075 0.0091 O -3.0238 0.0041 0.0202 
H 3.5927 0.7554 0.0318 H -3.6411 0.7414 0.0417 
H 3.6054 -0.7606 0.0197 H -3.5891 -0.7738 0.0429 

H2S•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.8553 0.0010 -0.0270 C 0.8496 0.0011 -0.0265 
Cl 2.6298 -0.0006 0.0169 Cl 2.6320 -0.0006 0.0167 
H 0.5220 -0.8168 -0.6548 H 0.5203 -0.8181 -0.6550 
H 0.4810 -0.1251 0.9817 H 0.4801 -0.1253 0.9842 
H 0.5183 0.9464 -0.4352 H 0.5169 0.9482 -0.4350 
S -2.8112 -0.0021 -0.0945 S -2.8110 -0.0021 -0.0948 
H -3.1750 0.9783 0.7332 H -3.1760 0.9800 0.7351 
H -3.2056 -0.9453 0.7619 H -3.2063 -0.9471 0.7637 

HF•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0647 0.0291 -0.0039 C -0.0520 -0.0399 0.0008 
Cl -1.8395 -0.0138 0.0014 Cl -1.8345 0.0119 -0.0003 
H 0.2576 1.0629 -0.0054 H 0.3214 0.9768 -0.0176 
H 0.2983 -0.4737 0.8838 H 0.2753 -0.5472 0.9003 
H 0.2928 -0.4762 -0.8927 H 0.2755 -0.5794 -0.8797 
H 3.8541 -0.2994 0.0004 H 3.8565 -0.2243 -0.0019 
F 2.9953 0.0274 0.0015 F 2.9743 0.0456 -0.0001 

HCl•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.7949 -0.0432 0.0093 C 0.7910 -0.0428 0.0087 
Cl 2.5673 0.0229 -0.0035 Cl 2.5711 0.0227 -0.0033 
H 0.4860 -1.0812 -0.0351 H 0.4849 -1.0820 -0.0359 
H 0.4353 0.4149 0.9230 H 0.4348 0.4166 0.9235 
H 0.4198 0.4951 -0.8530 H 0.4197 0.4970 -0.8548 
H -3.2275 1.1118 0.0028 H -3.2311 1.1136 0.0023 
Cl -2.7368 -0.0630 -0.0020 Cl -2.7389 -0.0632 -0.0018 

 

  



Chapter IV. The X-C...Y Carbon Bond. 
 

[112] 
 

HBr•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.6978 -0.0433 -0.0104 C 1.6219 -0.0364 -0.0004 
Cl -3.4706 0.0224 0.0041 Cl 3.4029 0.0194 0.0002 
H -1.3321 0.6028 -0.7998 H 1.2616 0.4627 0.8915 
H -1.3903 -1.0666 -0.1925 H 1.3119 -1.0753 -0.0036 
H -1.3292 0.2933 0.9514 H 1.2620 0.4680 -0.8896 
H 2.3912 1.3311 -0.0039 H -2.3280 1.3249 -0.0001 
Br 2.0242 -0.0366 0.0011 Br -1.9740 -0.0369 0.0000 

ClF•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.1650 0.2911 0.0001 C -1.1425 0.2921 0.0000 
H -1.1001 1.3728 -0.0009 H -1.0783 1.3740 -0.0004 
H -0.6949 -0.1135 -0.8886 H -0.6787 -0.1163 -0.8906 
H -0.6955 -0.1118 0.8899 H -0.6788 -0.1157 0.8909 
Cl -2.8755 -0.1775 0.0000 Cl -2.8625 -0.1712 0.0000 
Cl 2.4614 -0.5181 0.0000 Cl 2.4210 -0.5335 0.0000 
F 1.8356 0.9923 -0.0001 F 1.8662 1.0095 0.0000 

LiF•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2587 0.0032 -0.0036 C 0.2541 0.0031 -0.0033 
H -0.0875 1.0205 -0.1240 H -0.0882 1.0233 -0.1131 
H -0.0952 -0.4004 0.9350 H -0.0948 -0.4112 0.9329 
H -0.0902 -0.6073 -0.8250 H -0.0904 -0.6001 -0.8324 
Cl 2.0431 -0.0013 0.0015 Cl 2.0462 -0.0013 0.0013 
Li -4.1995 -0.0025 0.0028 Li -4.2041 -0.0024 0.0026 
F -2.6016 -0.0002 0.0003 F -2.6027 -0.0002 0.0002 

LiCl•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.9439 0.0002 0.0001 C -0.6629 -0.3243 -0.5833 
H 0.5949 -0.6482 -0.7932 H 0.2917 -0.7416 -0.8790 
H 0.5950 1.0119 -0.1643 H -0.9114 -0.6299 0.4254 
H 0.5958 -0.3629 0.9587 H -0.6404 0.7559 -0.6551 
Cl 2.7246 0.0003 0.0000 Cl -1.9224 -0.9425 -1.6920 
Li -4.4300 0.0056 0.0011 Li 3.1227 1.5317 2.7570 
Cl -2.3810 -0.0014 -0.0003 Cl 1.6794 0.8229 1.4766 

LiBr•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.7326 -0.0015 -0.0003 C -1.6768 -0.0001 0.0000 
H -1.3848 -0.5326 -0.8776 H -1.3324 -0.8276 -0.6079 
H -1.3846 -0.4960 0.8981 H -1.3325 -0.1127 1.0207 
H -1.3832 1.0238 -0.0215 H -1.3327 0.9403 -0.4127 
Cl -3.5123 0.0002 0.0000 Cl -3.4645 -0.0004 0.0000 
Li 3.9868 -0.0045 -0.0016 Li 3.9496 -0.0053 0.0003 
Br 1.7799 0.0007 0.0002 Br 1.7459 0.0007 0.0000 
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H3N•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.1364 0.0001 0.0003 C -0.1323 0.0003 0.0003 
Cl -1.9145 -0.0001 -0.0001 Cl -1.9184 -0.0001 -0.0001 
H 0.2132 -0.3850 0.9497 H 0.2122 -0.7709 0.6778 
H 0.2134 -0.6294 -0.8080 H 0.2125 -0.2005 -1.0062 
H 0.2125 1.0152 -0.1408 H 0.2118 0.9727 0.3297 
N 3.1586 0.0000 0.0001 N 3.1618 -0.0002 0.0000 
H 3.5373 0.3317 -0.8773 H 3.5446 0.6894 -0.6352 
H 3.5390 -0.9253 0.1504 H 3.5460 -0.8942 -0.2803 
H 3.5403 0.5932 0.7251 H 3.5475 0.2049 0.9137 

H3P•••CH3Cl 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.9385 0.0013 0.0018 C -0.0058 -0.0515 -0.9197 
H -0.5912 -0.1312 1.0196 H -1.0303 -0.1067 -0.5706 
H -0.5905 0.9492 -0.3912 H 0.4421 0.8917 -0.6295 
H -0.5884 -0.8129 -0.6215 H 0.5721 -0.8807 -0.5287 
Cl -2.7134 -0.0005 -0.0006 Cl -0.0081 -0.1530 -2.6996 
P 2.8480 0.0003 0.0018 P 0.0079 0.1604 2.8261 
H 3.6233 -0.1174 1.1720 H -1.1667 0.1535 3.6097 
H 3.5870 -0.9706 -0.7024 H 0.6597 -0.8067 3.6220 
H 3.5988 1.0796 -0.5041 H 0.5774 1.2524 3.5167 

CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.0000 -1.5124 0.0000 C 0.0000 -1.5087 0.0000 
Br 0.0000 0.4178 0.0000 Br 0.0000 0.4166 0.0000 
H 1.0293 -1.8501 0.0000 H 1.0304 -1.8430 0.0000 
H -0.5147 -1.8501 0.8914 H -0.5152 -1.8430 0.8923 
H -0.5147 -1.8501 -0.8914 H -0.5152 -1.8430 -0.8923 

H2O•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.6360 -0.0074 -0.0715 C -0.6348 0.0612 -0.0479 
Br 1.2962 0.0012 0.0124 Br 1.2922 -0.0103 0.0083 
H -1.0231 -0.0037 0.9389 H -0.9729 -0.5916 -0.8421 
H -0.9561 0.8778 -0.6060 H -1.0139 -0.2689 0.9102 
H -0.9493 -0.9006 -0.5965 H -0.9265 1.0850 -0.2440 
O -3.7447 -0.0006 0.0206 O -3.7322 -0.0172 0.0141 
H -4.3089 0.7751 0.0420 H -4.2872 -0.8028 0.0058 
H -4.3553 -0.7399 0.0514 H -4.3597 0.7107 0.0541 
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H2S•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0040 0.0177 -0.0167 C 0.0035 0.0294 -0.0665 
Br -1.9370 -0.0032 0.0057 Br -1.9222 -0.0053 0.0140 
H 0.3310 -0.5415 -0.8819 H 0.3119 -0.4856 -0.9679 
H 0.3229 1.0487 -0.0787 H 0.3204 1.0647 -0.0877 
H 0.3515 -0.4416 0.8975 H 0.3868 -0.4716 0.8135 
S 3.6737 -0.0017 -0.0973 S 3.6521 0.0014 -0.0904 
H 4.0097 -0.9785 0.7467 H 3.8861 -1.0223 0.7365 
H 4.0246 0.9454 0.7741 H 3.9181 0.9006 0.8621 

HF•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.6489 0.0257 -0.0212 C 0.6532 -0.0001 -0.0035 
Br -1.2833 -0.0059 0.0035 Br -1.2742 -0.0002 0.0006 
H 1.0074 -0.4144 0.9006 H 0.9911 -0.2892 0.9836 
H 0.9863 -0.5473 -0.8755 H 0.9874 -0.7109 -0.7485 
H 0.9705 1.0568 -0.1023 H 0.9883 1.0000 -0.2476 
H 4.5699 -0.3197 -0.0107 H 4.6005 -0.0393 0.0028 
F 3.7211 0.0307 0.0103 F 3.6790 0.0052 0.0011 

HCl•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0401 -0.0282 -0.0034 C -0.0379 -0.0278 -0.0036 
Br 1.8913 0.0083 0.0006 Br 1.8881 0.0083 0.0006 
H -0.3580 -1.0562 -0.1288 H -0.3533 -1.0566 -0.1292 
H -0.3890 0.3674 0.9425 H -0.3843 0.3683 0.9430 
H -0.3894 0.5825 -0.8267 H -0.3844 0.5837 -0.8275 
H -4.1453 1.0713 -0.0007 H -4.1421 1.0728 -0.0008 
Cl -3.5689 -0.0639 0.0007 Cl -3.5642 -0.0641 0.0008 

HBr•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.8488 -0.0563 -0.0346 C -0.7891 -0.0393 -0.0037 
Br -2.7789 0.0130 0.0062 Br -2.7152 0.0097 0.0007 
H -0.5518 -1.0848 -0.2008 H -0.4808 -1.0779 -0.0096 
H -0.5038 0.5762 -0.8432 H -0.4413 0.4701 -0.8938 
H -0.4757 0.3009 0.9174 H -0.4375 0.4612 0.8900 
H 3.2908 1.3182 -0.0136 H 3.1868 1.3159 -0.0009 
Br 2.8742 -0.0351 0.0037 Br 2.7983 -0.0364 0.0004 

ClF•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.3350 0.3415 -0.0003 C 0.3244 0.3922 0.0009 
H -0.1088 -0.0860 -0.8911 H -0.1288 -0.0213 -0.8918 
H 0.2328 1.4198 -0.0013 H 0.2585 1.4732 0.0024 
H -0.1088 -0.0843 0.8914 H -0.1285 -0.0238 0.8926 
Br 2.2179 -0.0880 0.0001 Br 2.1884 -0.0929 -0.0001 
Cl -3.2603 -0.5389 0.0000 Cl -3.1844 -0.5638 0.0000 
F -2.6916 0.9938 0.0001 F -2.7116 1.0062 -0.0004 
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LiF•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.4959 0.0123 0.0000 C -0.4967 -0.0001 0.0000 
H -0.8420 -0.5002 -0.8867 H -0.8339 -1.0132 0.1678 
H -0.8255 1.0419 -0.0025 H -0.8340 0.3612 -0.9612 
H -0.8398 -0.4952 0.8903 H -0.8339 0.6518 0.7935 
Br 1.4447 -0.0008 0.0000 Br 1.4396 0.0000 0.0000 
Li -4.9538 0.0426 -0.0001 Li -4.9432 0.0001 0.0000 
F -3.3578 -0.0243 0.0000 F -3.3417 0.0000 0.0000 

 

LiCl•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0914 -0.0032 -0.0004 C -0.0934 -0.0022 -0.0002 
Br -2.0291 0.0010 0.0002 Br -2.0258 0.0008 0.0000 
H 0.2486 -0.4840 0.9075 H 0.2430 -0.2795 0.9902 
H 0.2475 -0.5506 -0.8702 H 0.2421 -0.7222 -0.7351 
H 0.2502 1.0229 -0.0391 H 0.2449 0.9933 -0.2558 
Li 5.2827 0.0132 0.0027 Li 5.2830 0.0128 0.0001 
Cl 3.2338 -0.0026 -0.0006 Cl 3.2286 -0.0027 0.0000 

 

LiBr•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.8918 -0.0014 0.0002 C -0.8490 -0.0006 0.0000 
Br -2.8281 0.0008 -0.0001 Br -2.7812 0.0006 0.0000 
H -0.5523 -0.1247 1.0205 H -0.5127 -0.2614 0.9951 
H -0.5528 -0.8239 -0.6165 H -0.5130 -0.7323 -0.7232 
H -0.5507 0.9433 -0.4034 H -0.5119 0.9912 -0.2719 
Li 4.8216 0.0148 -0.0023 Li 4.7661 0.0133 -0.0001 
Br 2.6150 -0.0017 0.0003 Br 2.5622 -0.0015 0.0000 

 

H3N•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.6013 0.0051 0.0011 C 0.5993 0.0046 -0.0022 
Br 1.3338 -0.0009 -0.0002 Br -1.3314 -0.0008 0.0004 
H -0.9461 -0.9885 -0.2530 H 0.9396 -0.9044 0.4760 
H -0.9411 0.2832 0.9901 H 0.9347 0.0459 -1.0301 
H -0.9409 0.7240 -0.7329 H 0.9345 0.8751 0.5461 
N -3.9107 -0.0015 -0.0003 N 3.9041 -0.0013 0.0006 
H -4.2907 -0.4224 0.8374 H 4.2877 -0.6064 -0.7151 
H -4.2885 -0.5188 -0.7833 H 4.2856 -0.3209 0.8826 
H -4.2941 0.9330 -0.0564 H 4.2911 0.9200 -0.1635 
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H3P•••CH3Br 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0597 0.0018 0.0018 C -0.0491 -0.0002 -0.0020 
H 0.2789 0.1148 1.0242 H 0.2862 0.1494 -1.0208 
H 0.2797 0.8311 -0.6064 H 0.2877 -0.9571 0.3771 
H 0.2814 -0.9393 -0.4115 H 0.2882 0.8068 0.6364 
Br -1.9925 -0.0003 -0.0003 Br -1.9769 0.0000 0.0003 
P 3.7217 0.0006 0.0016 P 3.6861 -0.0004 -0.0017 
H 4.4972 0.1639 1.1662 H 4.4642 0.1364 -1.1720 
H 4.4608 -1.1094 -0.4522 H 4.4286 0.9601 0.7194 
H 4.4725 0.9291 -0.7458 H 4.4395 -1.0900 0.4870 

CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.3154 -0.0445 -0.0001 C -1.3170 -0.0449 -0.0001 

H -1.6544 0.4914 -0.8803 H -1.6553 0.4912 -0.8807 

H -1.6232 -1.0818 -0.0121 H -1.6240 -1.0828 -0.0120 

H -1.6527 0.4690 0.8941 H -1.6537 0.4691 0.8944 

N 0.1680 0.0009 -0.0004 N 0.1674 0.0011 -0.0004 

O 0.7737 -1.0657 0.0001 O 0.7750 -1.0680 -0.0001 

O 0.6821 1.1134 0.0001 O 0.6828 1.1160 0.0002 

H2O••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2535 -0.0824 0.0162 C 0.2521 -0.1032 0.0110 
H 0.6061 0.4583 0.8865 H 0.6148 0.4281 0.8834 
H 0.5345 -1.1258 0.0501 H 0.5165 -1.1518 0.0394 
H 0.6194 0.4008 -0.8823 H 0.6223 0.3795 -0.8864 
N -1.2270 0.0042 0.0011 N -1.2279 0.0060 0.0009 
O -1.8656 -1.0442 -0.0070 O -1.8842 -1.0349 -0.0048 
O -1.7137 1.1299 -0.0052 O -1.6986 1.1415 -0.0037 
O 3.2767 0.0021 -0.0061 O 3.2808 0.0031 -0.0034 
H 3.8807 -0.7433 -0.0067 H 3.8971 -0.7355 -0.0102 
H 3.848446 0.77251 -0.006223 H 3.848218 0.779877 -0.00338 

H2S••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.4846 0.0381 -0.0240 C 0.4805 -0.0569 -0.0264 
H -0.1647 -0.4639 -0.9307 H 0.1481 0.5070 -0.8913 
H -0.1689 1.0725 -0.0046 H 0.1807 -1.0954 -0.0790 
H -0.1266 -0.5100 0.8403 H 0.1196 0.4199 0.8788 
N -1.9675 -0.0003 0.0046 N 1.9638 0.0018 0.0019 
O -2.5697 1.0689 0.0163 O 2.5818 -1.0617 0.0193 
O -2.4887 -1.1099 0.0129 O 2.4715 1.1207 0.0112 
H 3.5846 -0.9402 0.7522 H -3.5093 0.9087 0.8270 
S 3.1526 -0.0026 -0.0922 S -3.1538 0.0082 -0.0945 
H 3.5810 0.9843 0.6960 H -3.5341 -1.0140 0.6782 
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HF••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2749 0.0220 0.0097 C 0.2764 0.0230 0.0092 
H 0.6130 -0.4940 -0.8820 H 0.6138 -0.4933 -0.8831 
H 0.6028 1.0524 0.0265 H 0.6031 1.0542 0.0257 
H 0.6030 -0.5213 0.8887 H 0.6044 -0.5205 0.8886 
N -1.2079 0.0010 0.0003 N -1.2076 0.0009 0.0005 
O -1.7983 1.0770 -0.0037 O -1.8004 1.0789 -0.0034 
O -1.7431 -1.1021 -0.0035 O -1.7436 -1.1050 -0.0035 
H 4.1589 -0.0010 -0.0098 H 4.1631 -0.0014 -0.0095 
F 3.2399 0.0029 -0.0029 F 3.2402 0.0028 -0.0028 

HCl••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.4364 -0.1004 0.0082 C -0.4351 -0.1007 -0.0080 
H 0.0720 0.3759 -0.8957 H -0.0710 0.3765 0.8959 
H 0.1731 -1.1494 0.0438 H -0.1723 -1.1503 -0.0431 
H 0.0737 0.4392 0.8760 H -0.0730 0.4388 -0.8766 
N 1.9158 0.0097 0.0011 N -1.9157 0.0098 -0.0009 
O 2.5691 -1.0288 -0.0048 O -2.5711 -1.0311 0.0046 
O 2.3816 1.1437 -0.0019 O -2.3829 1.1464 0.0019 
H -3.5596 1.1120 -0.0138 H 3.5606 1.1142 0.0132 
Cl -3.0820 -0.0684 -0.0008 Cl 3.0828 -0.0686 0.0008 

 

HBr••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.3548 -0.1255 0.0104 C -1.2912 -0.1265 -0.0084 
H 0.9803 0.3480 -0.8908 H -0.9166 0.3535 0.8896 
H 1.1099 -1.1791 0.0422 H -1.0472 -1.1809 -0.0332 
H 0.9847 0.4038 0.8815 H -0.9207 0.3967 -0.8835 
N 2.8321 0.0107 0.0009 N -2.7695 0.0108 -0.0007 
O 3.5036 -1.0161 -0.0063 O -3.4435 -1.0179 0.0048 
O 3.2776 1.1528 -0.0021 O -3.2156 1.1557 0.0019 
H -2.6159 1.3549 -0.0157 H 2.5599 1.3462 0.0093 
Br -2.3618 -0.0384 -0.0005 Br 2.3066 -0.0381 0.0006 

 

ClF••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.8376 -0.4082 0.0001 C -0.8302 -0.4784 0.0000 
H -0.3583 -0.0078 -0.8867 H -0.3320 -0.1014 -0.8870 
H -0.3582 -0.0072 0.8867 H -0.3320 -0.1011 0.8870 
H -0.8483 -1.4901 0.0004 H -0.8959 -1.5589 0.0002 
N -2.2402 0.0748 0.0000 N -2.2079 0.0745 0.0000 
O -2.4016 1.2900 0.0000 O -2.3086 1.2991 -0.0002 
O -3.1362 -0.7633 -0.0001 O -3.1471 -0.7193 0.0001 
F 2.1581 -1.0214 0.0000 F 2.2041 -1.0442 0.0001 
Cl 2.7735 0.4947 0.0000 Cl 2.6944 0.5218 -0.0001 
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LiF••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.0916 -0.0402 -0.0123 C -0.0932 -0.0405 -0.0112 
H -0.4342 0.5143 -0.8766 H -0.4354 0.5143 -0.8761 
H -0.4102 -1.0711 -0.0470 H -0.4109 -1.0722 -0.0460 
H -0.4444 0.4535 0.8846 H -0.4448 0.4534 0.8865 
N 1.3911 0.0011 -0.0012 N 1.3906 0.0012 -0.0011 
O 2.0017 -1.0652 0.0051 O 2.0033 -1.0675 0.0046 
O 1.9177 1.1099 0.0044 O 1.9189 1.1125 0.0039 
Li -4.4717 0.0161 0.0047 Li -4.4746 0.0162 0.0041 
F -2.8710 -0.0077 0.0034 F -2.8708 -0.0077 0.0033 

 

LiCl••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.5651 -0.0324 0.0006 C 0.5642 -0.0336 0.0001 
H 0.2229 0.4930 -0.8836 H 0.2219 0.4919 -0.8845 
H 0.2430 -1.0643 0.0021 H 0.2435 -1.0662 0.0016 
H 0.2237 0.4953 0.8837 H 0.2230 0.4943 0.8836 
N 2.0479 0.0019 -0.0001 N 2.0481 0.0021 -0.0010 
O 2.6512 -1.0678 -0.0006 O 2.6539 -1.0697 0.0001 
O 2.5770 1.1089 -0.0004 O 2.5780 1.1119 0.0003 
Li -4.7558 0.0462 -0.0047 Li -4.7622 0.0469 -0.0044 
Cl -2.7043 -0.0123 0.0010 Cl -2.7047 -0.0125 0.0009 

LiBr••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.3695 -0.0251 0.0005 C 1.3248 -0.0320 0.0015 
H 1.0319 0.5014 -0.8852 H 0.9836 0.4928 -0.8841 
H 1.0421 -1.0555 0.0033 H 1.0028 -1.0645 0.0046 
H 1.0324 0.5062 0.8835 H 0.9853 0.4978 0.8847 
N 2.8527 0.0003 -0.0001 N 2.8089 0.0011 -0.0002 
O 3.4487 -1.0733 -0.0003 O 3.4122 -1.0719 -0.0010 
O 3.3877 1.1042 -0.0006 O 3.3402 1.1101 -0.0009 
Li -4.2978 0.0240 -0.0056 Li -4.2588 0.0267 -0.0060 
Br -2.0883 -0.0035 0.0006 Br -2.0522 -0.0036 0.0006 

H3N••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.2059 0.0322 -0.0019 C 0.2067 -0.0323 -0.0017 
H -0.5477 -0.5059 0.8743 H 0.5475 0.5058 0.8754 
H -0.5283 1.0637 0.0099 H 0.5281 -1.0646 0.0097 
H -0.5437 -0.4833 -0.8933 H 0.5437 0.4841 -0.8933 
N 1.2774 0.0003 0.0004 N -1.2775 -0.0002 0.0004 
O 1.8771 1.0715 0.0007 O -1.8788 -1.0740 0.0006 
O 1.8058 -1.1066 0.0006 O -1.8076 1.1090 0.0005 
N -3.4402 0.0018 0.0008 N 3.4413 -0.0018 0.0007 
H -3.8261 0.5576 -0.7516 H 3.8314 -0.5560 -0.7521 
H -3.8260 0.3717 0.8600 H 3.8313 -0.3728 0.8588 
H -3.8164 -0.9313 -0.1067 H 3.8216 0.9310 -0.1053 
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H3P••• CH3NO2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.5626 0.0204 -0.0038 C -0.5508 0.0250 -0.0079 
H -0.2277 -0.5843 -0.8391 H -0.2149 -0.6050 -0.8241 
H -0.2336 1.0476 -0.0865 H -0.2259 1.0508 -0.1222 
H -0.2332 -0.4309 0.9262 H -0.2188 -0.3953 0.9361 
N -2.0461 0.0013 -0.0028 N -2.0354 0.0006 -0.0034 
O -2.6335 1.0787 0.0021 O -2.6284 1.0784 0.0038 
O -2.5818 -1.1016 0.0020 O -2.5698 -1.1059 0.0035 
P 3.2143 0.0023 0.0016 P 3.1963 0.0013 0.0017 
H 3.9519 -0.6418 -1.0106 H 3.9550 1.1701 -0.2232 
H 3.9773 1.1847 -0.0537 H 3.9536 -0.3950 1.1250 
H 3.9709 -0.5577 1.0492 H 3.9452 -0.7801 -0.9043 

CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.2878 0.0000 0.1022 C -1.2898 0.0000 0.1042 

H -1.7896 0.8901 -0.2637 H -1.7924 0.8907 -0.2606 

H -1.2265 -0.0001 1.1883 H -1.2226 0.0000 1.1899 

H -1.7896 -0.8901 -0.2638 H -1.7924 -0.8907 -0.2606 

N 0.0431 0.0000 -0.4869 N 0.0398 0.0000 -0.4917 

F 0.6795 -1.0849 0.1186 F 0.6815 -1.0890 0.1193 

F 0.6795 1.0849 0.1186 F 0.6815 1.0890 0.1193 

H2O•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2681 -0.0855 0.1860 C 0.2692 -0.0864 0.1881 
H 0.7459 0.7547 0.6773 H 0.7473 0.7541 0.6798 
H 0.4293 -0.0529 -0.8885 H 0.4278 -0.0534 -0.8869 
H 0.6372 -1.0155 0.6049 H 0.6372 -1.0172 0.6072 
N -1.1505 -0.0139 0.4984 N -1.1504 -0.0141 0.5039 
F -1.7209 -1.0359 -0.2659 F -1.7232 -1.0398 -0.2687 
F -1.5908 1.1283 -0.1765 F -1.5915 1.1332 -0.1787 
O 3.3279 0.0078 -0.0816 O 3.3293 0.0077 -0.0826 
H 3.7892 0.3793 -0.8364 H 3.7929 0.3792 -0.8391 
H 4.0253 -0.3486 0.4725 H 4.0310 -0.3485 0.4704 

H2S•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.4508 -0.0647 0.2472 C -0.4495 -0.0648 0.2499 
H -0.0064 0.7909 0.7445 H -0.0051 0.7916 0.7470 
H -0.2439 -0.0477 -0.8204 H -0.2443 -0.0479 -0.8181 
H -0.0935 -0.9840 0.7000 H -0.0920 -0.9842 0.7034 
N -1.8828 -0.0024 0.4957 N -1.8829 -0.0025 0.5013 
F -2.4067 -1.0433 -0.2739 F -2.4077 -1.0476 -0.2769 
F -2.3018 1.1226 -0.2183 F -2.3025 1.1272 -0.2209 
H 3.4826 0.8789 -0.9406 H 3.4828 0.8804 -0.9438 
S 3.2076 -0.0941 -0.0710 S 3.2078 -0.0944 -0.0717 
H 3.8001 0.5579 0.9302 H 3.8028 0.5600 0.9304 
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HF•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2918 -0.0127 0.1902 C 0.2935 -0.0128 0.1908 
H 0.7211 0.8708 0.6509 H 0.7231 0.8711 0.6514 
H 0.4546 -0.0119 -0.8847 H 0.4524 -0.0120 -0.8848 
H 0.7046 -0.9057 0.6475 H 0.7063 -0.9065 0.6479 
N -1.1297 -0.0005 0.4980 N -1.1287 -0.0005 0.5035 
F -1.6436 -1.0797 -0.2255 F -1.6453 -1.0841 -0.2275 
F -1.6244 1.0897 -0.2219 F -1.6257 1.0943 -0.2238 
F 3.2789 0.0192 -0.0912 F 3.2794 0.0191 -0.0918 
H 4.1786 -0.1368 -0.1937 H 4.1830 -0.1360 -0.1962 

HCl•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.4012 -0.0392 -0.2667 C -0.4095 -0.1600 0.2624 
H -0.0139 0.8265 -0.7726 H 0.0771 0.6416 0.8093 
H 0.1779 -0.0158 0.7974 H -0.1868 -0.1036 -0.8007 
H 0.0312 -0.9518 -0.7231 H -0.1188 -1.1221 0.6735 
N 1.8382 -0.0094 -0.4917 N -1.8401 -0.0205 0.4978 
F 2.3251 -1.0606 0.2879 F -2.4154 -0.9899 -0.3395 
F 2.2701 1.1071 0.2275 F -2.1758 1.1678 -0.1718 
Cl -3.1396 -0.0157 -0.0052 Cl 3.1459 -0.0440 -0.0141 
H -3.4537 0.2915 1.1899 H 3.4061 0.8351 -0.9007 

 

HBr•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.3112 -0.1105 0.2977 C -1.2509 -0.1441 0.2895 
H -0.8717 0.7092 0.8569 H -0.7869 0.6607 0.8512 
H -1.0593 -0.0456 -0.7583 H -1.0074 -0.0778 -0.7685 
H -0.9940 -1.0602 0.7169 H -0.9540 -1.1044 0.7003 
N -2.7509 -0.0269 0.4896 N -2.6879 -0.0269 0.4969 
F -3.2632 -1.0149 -0.3536 F -3.2319 -0.9988 -0.3582 
F -3.1140 1.1425 -0.1821 F -3.0271 1.1610 -0.1715 
Br 2.4256 -0.0219 -0.0031 Br 2.3694 -0.0276 -0.0103 
H 2.5461 0.8657 -1.1000 H 2.4706 1.0801 -0.8722 

ClF•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -1.0098 -0.0003 0.2820 C -1.0245 0.0008 0.2223 
H -0.6258 0.8888 0.7717 H -0.6201 0.8910 0.6945 
H -0.7682 -0.0001 -0.7784 H -0.8337 0.0009 -0.8486 
H -0.6264 -0.8900 0.7712 H -0.6192 -0.8889 0.6945 
N -2.4506 0.0001 0.4820 N -2.4561 0.0001 0.4904 
F -2.8980 -1.0841 -0.2756 F -2.9372 -1.0888 -0.2543 
F -2.8972 1.0852 -0.2750 F -2.9383 1.0885 -0.2543 
Cl 3.5408 0.0012 -0.0845 Cl 3.5773 0.0009 -0.0748 
F 1.9107 -0.0030 0.0624 F 1.9420 -0.0025 0.0601 
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LiF•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.1079 0.0086 0.2072 C 0.1100 -0.0079 0.2036 
H -0.5351 -0.8712 0.6736 H 0.5383 0.8725 0.6687 
H -0.2940 0.0069 -0.8625 H 0.2894 -0.0062 -0.8675 
H -0.5235 0.8964 0.6688 H 0.5272 -0.8962 0.6640 
N 1.3180 0.0000 0.4918 N -1.3159 0.0001 0.4973 
F 1.8239 1.0797 -0.2427 F -1.8264 -1.0846 -0.2429 
F 1.8093 -1.0914 -0.2361 F -1.8126 1.0955 -0.2367 
Li -4.5062 -0.0258 -0.2900 Li 4.5107 0.0251 -0.2889 
F -2.9341 0.0110 0.0015 F 2.9350 -0.0108 0.0016 

LiCl•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.5345 0.0096 0.2413 C 0.5336 -0.0018 0.2124 
H 0.1242 -0.8708 0.7239 H 0.1214 -0.8900 0.6799 
H 0.3175 0.0048 -0.8235 H 0.3426 -0.0003 -0.8577 
H 0.1384 0.9020 0.7135 H 0.1185 0.8834 0.6830 
N 1.9686 -0.0002 0.4829 N 1.9632 0.0001 0.4885 
F 2.4511 1.0763 -0.2694 F 2.4527 1.0915 -0.2527 
F 2.4337 -1.0940 -0.2556 F 2.4563 -1.0871 -0.2565 
Li -4.7871 -0.0599 -0.3634 Li -4.7991 0.0192 -0.3753 
Cl -2.7747 0.0145 0.0219 Cl -2.7830 -0.0047 0.0300 

LiBr•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 1.3367 0.0094 0.2393 C -1.2919 -0.0055 0.2014 
H 0.9284 -0.8713 0.7239 H -0.8700 0.8795 0.6666 
H 1.1190 0.0035 -0.8257 H -1.1133 -0.0054 -0.8711 
H 0.9427 0.9033 0.7114 H -0.8772 -0.8947 0.6653 
N 2.7714 -0.0001 0.4784 N -2.7184 -0.0002 0.4935 
F 3.2516 1.0758 -0.2754 F -3.2217 -1.0868 -0.2449 
F 3.2346 -1.0943 -0.2597 F -3.2131 1.0917 -0.2430 
Li -4.3272 -0.0643 -0.4240 Li 4.3254 -0.0060 -0.2166 
Br -2.1658 0.0077 0.0198 Br 2.1308 0.0008 -0.0023 

H3N•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C 0.2178 -0.0029 0.2485 C -0.2186 0.0029 0.2505 
H 0.6247 0.8827 0.7238 H -0.6253 -0.8833 0.7260 
H 0.4270 -0.0027 -0.8179 H -0.4257 0.0028 -0.8164 
H 0.6209 -0.8908 0.7228 H -0.6216 0.8914 0.7251 
N -1.2154 0.0000 0.4974 N 1.2157 0.0000 0.5032 
F -1.6927 -1.0836 -0.2458 F 1.6941 1.0879 -0.2484 
F -1.6881 1.0865 -0.2444 F 1.6894 -1.0908 -0.2470 
N 3.4830 -0.0003 -0.0987 N -3.4844 0.0003 -0.0996 
H 3.7620 0.7784 -0.6813 H -3.7650 -0.7785 -0.6829 
H 3.7896 -0.8405 -0.5715 H -3.7927 0.8405 -0.5735 
H 4.0238 0.0667 0.7537 H -4.0289 -0.0666 0.7517 
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H3P•••CH3NF2 

MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 

C -0.5345 0.0127 -0.3214 C -0.5185 -0.0075 -0.2831 
H -0.1520 -0.8709 -0.8222 H -0.1341 -0.8994 -0.7681 
H -0.2682 0.0106 0.7329 H -0.2863 -0.0072 0.7795 
H -0.1686 0.9070 -0.8154 H -0.1247 0.8787 -0.7709 
N -1.9795 -0.0001 -0.4896 N -1.9592 -0.0001 -0.4976 
F -2.4206 1.0782 0.2815 F -2.4073 1.0925 0.2632 
F -2.3996 -1.0917 0.2735 F -2.4192 -1.0852 0.2667 
P 3.2676 -0.0045 0.0463 P 3.2545 -0.0039 0.0413 
H 3.8188 -0.4816 1.2515 H 3.8087 -0.4718 1.2524 
H 3.9848 1.2072 0.0822 H 3.9784 1.2079 0.0644 
H 4.2176 -0.6579 -0.7627 H 4.2036 -0.6695 -0.7644 

 

Table.IV.S.2 Frequencies for the normal modes of vibration for different molecules 
and complexes at MP2/6-311+G(3df,2p) and MP2/Aug-cc-pVTZ levels.  

 

H2O H2S 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
1624.2 72.3 1627.0 71.9 1217.3 0.8 1211.4 0.7 
3853.9 9.9 3824.7 5.6 2775.9 0.4 2771.8 0.1 
3982.0 76.5 3951.2 75.9 2794.9 0.7 2791.8 0.5 

 

Molecule 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities 
HF 4164.6 125.4 4125.7 120.6 
HCl 3047.6 54.4 3043.0 49.9 
HBr 2708.3 16.9 2762.1 17.2 
ClF 795.0 29.1 799.5 27.2 
LiF 883.5 151.5 876.3 152.5 
LiCl 629.2 130.9 628.0 130.5 
LiBr 553.0 115.3 556.6 114.9 

 
 

H3N H3P 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
1032.6 157.3 1037.3 139.3 1023.4 22.0 1011.3 20.6 
1672.7 17.8 1668.8 14.3 1165.8 14.2 1159.2 14.0 
1672.7 17.8 1669.4 14.3 1165.8 14.2 1159.2 14.0 
3531.9 2.6 3501.1 3.4 2475.5 26.7 2468.4 28.0 
3676.1 9.4 3647.8 8.4 2486.5 50.7 2481.5 51.4 
3676.1 9.4 3648.6 8.5 2486.5 50.7 2481.5 51.4 
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CH3OH H2O…CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
293.1 110.2 294.4 102.9 22.3 0.2 38.6 0.2 

1069.2 114.4 1057.9 116.5 55.4 9.1 48.7 5.7 
1097.2 6.7 1089.6 2.0 64.8 39.8 69.8 32.5 
1193.0 0.4 1184.4 0.4 73.1 29.3 72.5 17.6 
1375.9 21.2 1372.5 21.0 85.0 38.7 86.1 40.5 
1500.1 3.5 1492.6 3.4 88.8 208.0 91.6 204.3 
1528.2 3.2 1525.7 2.9 293.9 116.8 293.5 108.9 
1538.5 5.3 1536.2 5.2 1060.1 129.5 1050.1 131.8 
3060.3 54.4 3053.1 53.6 1087.5 6.5 1080.7 3.2 
3130.5 41.0 3124.1 39.4 1184.8 0.6 1175.9 0.5 
3191.1 19.2 3182.1 18.7 1370.0 21.3 1366.3 20.6 
3899.2 41.6 3857.8 39.3 1486.9 2.5 1479.5 2.2 

1526.3 3.0 1522.4 2.5 
1533.6 5.4 1530.2 5.0 
1627.0 74.3 1630.5 72.0 
3070.4 53.4 3063.7 53.4 
3142.5 38.3 3136.3 36.9 
3203.4 17.3 3195.2 16.8 
3854.0 11.3 3817.4 7.5 
3900.9 37.8 3860.8 35.8 
3981.9 80.8 3942.5 78.3 

 

H2S…CH3OH HF…CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

20.0 27.9 11.7 13.9 45.4 5.6 32.0 23.1 
32.7 23.7 22.4 25.7 50.6 17.1 37.9 60.4 
39.4 4.0 31.7 15.7 58.6 5.9 59.1 106.2 
54.4 3.9 52.1 2.1 68.8 167.4 63.9 0.2 
59.5 3.0 56.3 2.2 74.8 166.5 65.9 146.6 
74.4 0.9 71.4 1.0 288.7 112.8 287.7 105.6 
294.3 107.4 292.9 100.3 1062.9 123.6 1051.4 126.3 

1063.7 133.8 1052.7 136.6 1090.7 5.8 1082.8 2.2 
1091.8 7.0 1084.2 3.4 1188.1 0.5 1179.0 0.5 
1189.2 0.2 1179.7 0.2 1372.1 21.6 1367.9 20.6 
1216.8 0.4 1210.5 0.5 1494.0 2.7 1485.9 2.3 
1372.2 20.8 1368.1 20.0 1527.3 3.3 1523.5 2.9 
1489.4 1.9 1480.4 1.7 1537.2 5.0 1533.4 4.8 
1524.9 2.1 1521.0 1.7 3066.9 51.5 3062.9 51.3 
1534.1 3.9 1530.6 3.6 3139.6 36.4 3136.6 35.2 
2776.0 0.9 2772.1 0.4 3195.2 19.1 3191.9 17.4 
2795.0 1.4 2792.0 1.1 3901.8 39.3 3862.0 36.7 
3061.9 64.9 3055.7 64.5 4154.2 139.4 4115.5 134.9 
3133.5 33.6 3128.2 32.1 
3195.3 15.8 3187.4 15.4 
3898.8 42.2 3859.4 39.9 
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HCl…CH3OH HBr…CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

22.2 35.0 21.8 28.1 24.1 24.5 35.4 14.1 
33.3 34.7 32.0 36.9 35.0 20.7 46.9 16.7 
54.5 3.9 49.5 3.8 42.8 1.0 54.1 2.0 
58.8 0.3 54.6 0.2 51.4 1.9 61.6 8.5 
69.6 8.7 65.2 10.7 60.8 4.5 73.4 6.0 

293.5 108.2 290.5 100.9 292.8 106.7 290.9 99.5 
1065.2 129.6 1054.7 131.1 1065.9 131.0 1053.8 135.5 
1093.7 5.7 1086.4 3.2 1094.2 6.9 1085.8 3.2 
1191.0 0.2 1181.8 0.2 1190.3 0.2 1181.3 0.2 
1373.5 20.9 1369.3 20.2 1373.7 20.7 1368.5 19.8 
1493.1 2.3 1484.4 2.1 1493.2 2.0 1480.2 1.9 
1526.0 2.3 1522.1 1.9 1526.0 2.0 1521.0 1.6 
1535.9 3.9 1532.2 3.7 1535.7 3.6 1529.8 3.4 
3042.0 59.0 3040.6 54.7 2703.2 18.9 2758.4 19.7 
3061.1 61.8 3055.0 61.5 3059.8 64.4 3054.6 65.7 
3132.7 33.8 3127.5 32.6 3131.3 33.1 3127.4 31.2 
3193.0 16.3 3185.6 15.8 3190.8 16.1 3186.0 14.7 
3898.7 42.4 3860.2 40.2 3899.1 43.1 3860.2 41.0 

 

 

ClF… CH3OH LiF… CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

7.7 15.7 30.8 12.2 28.3 111.9 24.9 108.8 
34.6 0.3 40.5 1.5 32.7 117.5 34.4 106.5 
52.2 6.2 51.2 4.9 55.4 10.5 49.5 12.2 
60.6 1.4 62.9 4.5 66.4 13.9 58.1 22.5 
67.9 4.4 65.7 2.3 85.5 2.8 84.8 3.1 

289.2 104.6 293.4 99.1 287.8 111.4 289.8 105.1 
794.8 28.8 798.8 26.3 877.1 180.5 867.7 180.6 
1066.4 126.4 1054.8 129.9 1048.3 134.1 1037.6 135.1 
1095.2 7.6 1087.0 2.3 1074.0 2.6 1067.6 0.7 
1194.5 0.1 1184.9 0.1 1171.5 0.9 1162.3 0.8 
1373.3 21.8 1370.0 21.4 1364.1 22.1 1360.3 21.2 
1495.3 2.9 1487.2 2.6 1475.1 1.6 1467.7 1.5 
1526.5 3.0 1522.5 2.6 1523.2 3.7 1519.0 3.2 
1536.5 3.3 1531.7 3.1 1531.4 5.4 1527.6 4.9 
3059.5 64.3 3053.8 64.1 3087.2 40.5 3080.9 39.2 
3130.8 35.1 3125.7 33.2 3164.2 32.4 3158.5 31.3 
3192.7 15.1 3186.5 14.3 3211.3 20.7 3203.6 20.1 
3900.5 40.4 3859.1 38.2 3903.4 31.8 3862.3 29.6 
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LiCl… CH3OH LiBr… CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

16.2 79.9 10.4 79.7 10.2 70.5 9.9 68.0 
21.9 86.8 27.5 80.9 14.3 49.0 13.5 60.8 
55.9 6.8 46.4 6.8 48.1 3.8 46.4 5.1 
68.6 5.7 58.8 9.7 54.6 1.5 61.7 4.6 
71.6 1.7 68.1 1.3 59.9 7.1 63.5 0.8 

289.8 106.0 291.5 100.5 290.2 105.4 288.1 98.1 
624.5 143.4 623.4 143.4 549.4 121.9 552.7 124.1 
1054.4 143.1 1043.4 143.8 1056.7 144.3 1043.6 147.9 
1082.5 3.3 1075.3 1.5 1083.9 4.4 1076.1 1.9 
1182.5 0.3 1172.1 0.3 1182.5 0.2 1172.7 0.1 
1368.3 21.7 1364.2 21.0 1369.4 21.8 1364.1 21.4 
1485.6 1.1 1477.1 1.0 1486.3 0.9 1474.9 0.8 
1524.7 2.7 1520.4 2.3 1523.8 2.2 1519.8 2.0 
1533.9 3.9 1529.9 3.5 1534.5 3.4 1528.8 2.8 
3075.3 52.9 3068.4 51.3 3072.4 56.5 3067.2 56.3 
3151.2 26.8 3144.9 26.1 3148.3 24.7 3144.2 23.5 
3202.1 15.6 3194.3 15.3 3197.8 17.2 3192.3 14.8 
3901.3 36.3 3860.5 34.0 3900.4 39.3 3862.1 35.9 

 
 
 

H3N… CH3OH H3P… CH3OH 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

25.9 5.5 28.4 4.2 13.4 3.1 14.8 11.2 
53.9 15.4 48.0 17.7 23.1 8.5 38.6 5.5 
56.4 7.6 49.9 10.5 26.6 5.2 48.2 5.0 
69.5 4.1 64.8 7.0 52.6 1.3 52.1 1.4 
79.5 34.7 77.8 29.1 58.5 4.6 63.1 3.6 
89.3 39.0 82.3 37.4 62.6 3.2 80.1 4.0 

289.9 114.1 287.9 106.3 290.7 106.5 288.1 99.7 
1050.5 235.3 1048.0 218.2 1021.8 32.7 1011.1 19.3 
1060.2 66.7 1055.4 69.9 1065.3 130.7 1056.8 136.7 
1085.5 4.6 1078.5 1.3 1092.8 5.7 1088.6 1.5 
1181.2 0.6 1172.6 0.5 1164.6 11.5 1158.1 15.8 
1369.4 21.4 1365.6 20.6 1164.8 12.3 1158.5 10.0 
1482.5 2.2 1475.4 2.0 1187.9 0.4 1180.4 0.3 
1524.0 3.1 1520.1 2.6 1373.3 20.5 1371.7 18.4 
1533.2 4.7 1529.8 4.4 1490.8 1.8 1485.9 1.8 
1673.4 18.7 1669.3 13.7 1525.0 1.9 1521.4 1.5 
1673.4 16.3 1669.5 16.2 1534.5 3.6 1532.3 3.7 
3072.2 54.8 3066.4 54.0 2474.5 29.5 2469.7 24.4 
3146.1 34.9 3141.3 33.4 2486.4 44.4 2482.0 42.8 
3199.2 19.8 3192.1 19.4 2486.4 44.9 2484.2 58.1 
3526.4 2.3 3498.5 2.7 3061.6 65.4 3053.3 64.3 
3669.2 10.3 3643.7 9.2 3134.2 30.9 3126.7 28.9 
3669.5 10.3 3644.2 9.0 3189.2 17.0 3176.5 17.9 
3901.0 38.4 3862.1 36.4 3899.3 43.3 3859.6 43.4 
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HCl…CH3F HBr… CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
8.6 25.0 18.7 24.4 -3.8 8.7 23.8 7.8 

52.9 5.5 51.4 5.4 44.1 0.4 51.4 1.8 
60.2 3.2 56.3 2.1 52.1 6.5 57.3 5.1 
64.0 5.2 58.7 4.4 59.3 8.6 64.3 8.5 
92.6 28.7 93.1 29.3 86.9 15.0 92.6 13.7 

1076.4 124.6 1069.1 126.6 1076.6 127.6 1067.7 132.0 
1217.2 0.8 1207.2 0.9 1216.8 0.7 1206.6 0.7 
1218.7 0.7 1208.7 0.8 1218.0 0.7 1207.9 0.7 
1503.5 0.6 1497.4 0.6 1503.2 0.5 1493.3 0.5 
1525.2 4.1 1523.8 3.6 1524.9 3.7 1522.1 3.2 
1526.2 3.8 1524.8 3.4 1526.3 3.6 1523.7 3.0 
3040.5 60.6 3038.3 56.2 2702.5 20.0 2757.5 20.6 
3095.4 38.8 3088.0 39.4 3094.4 41.2 3088.1 42.9 
3198.0 19.3 3190.5 18.6 3197.9 19.0 3192.0 17.7 
3200.8 18.2 3193.1 17.6 3198.8 17.4 3193.3 16.0 

 

 

 

ClF… CH3F LiF… CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

31.3 0.6 30.5 1.5 38.0 96.2 37.6 94.4 
33.4 1.7 33.7 0.4 38.3 96.6 37.7 93.7 
61.1 3.8 60.2 5.0 93.7 23.4 86.7 25.3 
74.0 2.6 67.7 7.3 93.9 23.1 86.9 24.7 
77.0 7.2 72.3 1.5 105.7 0.6 103.4 0.6 
792.8 30.0 797.6 28.1 873.9 185.4 863.3 185.9 

1078.0 121.2 1070.3 122.8 1042.6 136.0 1034.3 137.6 
1217.7 1.0 1208.7 1.1 1198.0 1.9 1188.5 1.9 
1221.9 0.5 1211.3 0.6 1198.4 1.9 1188.5 1.9 
1505.8 0.9 1499.8 0.9 1477.9 0.2 1472.3 0.2 
1526.1 3.8 1523.6 3.5 1521.6 5.4 1519.2 4.7 
1526.3 5.0 1524.2 4.6 1521.8 5.4 1519.4 4.8 
3095.0 36.7 3087.6 37.2 3120.9 24.0 3114.0 23.7 
3198.6 20.0 3190.5 19.3 3229.4 21.5 3222.3 20.5 
3199.1 20.0 3191.7 19.2 3229.7 21.6 3222.5 20.7 
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LiCl… CH3F LiBr… CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

16.3 62.9 13.2 74.8 10.5 40.4 2.1 41.2 
16.5 74.4 16.4 62.6 12.6 63.3 10.9 64.2 
80.5 0.1 73.0 10.4 62.6 0.1 69.3 0.1 
82.0 10.8 73.2 11.2 71.8 8.1 71.6 7.7 
82.8 10.9 77.2 0.6 73.2 8.4 73.0 7.7 
622.2 145.3 620.7 145.5 547.5 125.7 550.0 126.1 

1053.8 145.3 1047.1 147.3 1058.6 148.1 1048.6 152.9 
1207.9 1.0 1197.3 1.0 1209.3 0.8 1198.0 0.8 
1208.2 1.0 1197.3 1.0 1209.8 0.8 1198.7 0.8 
1492.2 0.1 1486.2 0.1 1495.6 0.1 1485.3 0.1 
1523.4 4.0 1521.3 3.6 1523.8 3.6 1520.7 3.0 
1523.5 4.1 1521.4 3.6 1524.0 3.7 1520.8 3.2 
3108.1 33.9 3099.9 33.3 3104.2 37.9 3098.6 37.6 
3215.8 16.2 3207.2 15.8 3211.1 15.0 3206.1 13.9 
3216.0 15.7 3207.4 15.3 3211.2 15.0 3206.2 14.3 

 

H3N… CH3F H3P… CH3F 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

28.7 0.0 39.7 0.0 1.3 0.0 4.6 0.0 
75.6 0.4 70.8 0.8 45.6 0.0 43.6 0.0 
75.6 0.4 70.8 0.8 46.6 0.0 44.0 0.0 
86.1 0.1 83.2 0.1 53.8 0.1 56.4 0.0 
130.5 50.6 124.2 48.5 77.1 8.8 77.7 8.9 
130.6 50.6 124.2 48.5 78.0 8.9 78.3 8.9 

1060.0 283.2 1053.1 185.4 1020.8 38.9 1009.8 39.8 
1065.2 16.0 1065.8 100.7 1073.0 124.0 1064.5 126.8 
1207.9 1.4 1199.3 1.4 1164.3 11.6 1157.7 11.6 
1207.9 1.4 1199.3 1.4 1164.3 11.7 1157.7 11.6 
1486.8 0.6 1481.6 0.5 1214.8 0.9 1205.1 1.0 
1522.6 4.8 1520.8 4.3 1215.0 0.8 1205.3 0.9 
1522.6 4.8 1520.8 4.3 1498.3 0.4 1490.7 0.4 
1674.5 17.7 1670.0 15.2 1523.8 3.5 1521.8 3.0 
1674.5 17.7 1670.0 15.2 1523.9 3.4 1521.9 3.1 
3107.0 34.6 3099.2 34.9 2477.3 28.0 2473.0 29.7 
3213.4 21.2 3205.6 20.2 2489.4 41.3 2486.5 42.2 
3213.4 21.2 3205.6 20.2 2489.4 41.2 2486.6 42.1 
3525.5 1.8 3497.8 2.1 3096.1 43.0 3089.3 43.6 
3666.8 11.2 3642.0 10.1 3200.8 17.6 3194.2 16.7 
3666.8 11.2 3642.0 10.1 3201.1 17.6 3194.4 16.7 
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CH3Cl H2O…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
776.9 23.5 764.3 23.6 15.6 0.8 9.6 0.0 
1054.1 2.4 1050.3 2.0 50.1 1.7 39.9 2.0 
1054.1 2.4 1050.3 2.0 56.6 0.3 50.9 0.1 
1408.6 11.3 1401.4 11.4 80.3 0.3 76.8 0.3 
1513.6 5.8 1511.1 5.7 106.9 73.6 101.5 68.8 
1513.6 5.8 1511.1 5.7 115.1 239.5 117.4 221.6 
3114.4 21.9 3110.4 22.0 767.7 35.1 754.4 35.7 
3223.2 2.4 3221.4 2.3 1046.8 2.1 1040.4 1.9 
3223.2 2.4 3221.5 2.3 1048.5 2.2 1042.5 1.9 

1395.8 10.3 1387.8 9.9 
1509.0 5.6 1505.2 5.4 
1511.0 5.3 1507.3 4.9 
1630.3 73.9 1632.5 70.9 
3125.5 21.5 3122.7 21.6 
3234.1 2.3 3233.4 2.3 
3238.4 1.4 3238.7 1.3 
3852.7 12.5 3816.6 8.7 
3979.6 83.4 3940.3 80.5 

 

 

H2S…CH3Cl HF…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
12.6 6.4 15.1 6.8 33.6 1.5 33.0 3.8 
42.5 3.5 38.8 3.2 39.6 3.7 36.2 1.2 
43.5 2.2 39.0 1.6 63.2 2.9 65.5 22.2 
52.4 1.1 50.2 0.9 104.0 165.9 82.7 158.7 
74.4 23.8 69.2 23.0 107.8 171.1 83.6 144.8 
87.1 1.0 82.6 1.0 771.6 30.6 758.8 31.4 
770.6 34.2 757.3 35.0 1049.2 2.2 1045.3 2.0 

1050.5 2.8 1044.5 2.6 1050.0 2.2 1045.7 1.9 
1052.1 2.9 1046.1 2.6 1402.2 10.2 1395.3 9.9 
1216.5 0.5 1210.2 0.5 1511.4 5.7 1508.1 5.2 
1397.7 9.1 1389.0 9.2 1511.6 5.7 1508.3 5.4 
1509.3 4.2 1505.7 4.0 3123.9 20.7 3118.9 21.0 
1509.8 3.8 1506.2 3.6 3233.7 1.8 3231.2 1.9 
2775.1 1.1 2770.7 0.6 3235.2 1.8 3232.2 1.6 
2794.1 1.6 2790.6 1.3 4146.0 148.2 4112.0 144.3 
3118.7 30.4 3114.7 30.6 
3227.9 1.5 3226.4 1.4 
3230.3 1.3 3228.5 1.3 
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HCl…CH3Cl HBr…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
22.4 27.5 34.3 18.5 14.2 13.7 24.1 14.4 
37.5 5.8 36.7 4.0 33.4 4.0 37.3 4.1 
44.4 0.5 48.5 8.3 40.3 0.7 47.0 0.4 
52.5 1.0 51.1 0.8 41.2 0.8 47.9 0.0 
74.7 27.7 84.2 29.1 72.0 14.3 77.7 13.3 
774.5 30.6 761.5 31.2 773.5 31.5 760.4 33.1 

1052.8 2.9 1047.4 2.6 1052.3 3.1 1047.1 2.8 
1054.2 2.9 1048.8 2.6 1053.4 3.0 1048.7 2.8 
1402.2 9.4 1394.5 9.5 1401.4 8.8 1389.8 9.2 
1510.7 4.5 1507.3 4.2 1510.5 4.2 1505.7 3.8 
1511.5 4.1 1508.1 3.9 1511.3 3.8 1506.6 3.3 
3039.8 61.2 3036.7 56.8 2702.0 20.4 2757.9 21.0 
3117.1 28.1 3111.8 28.4 3116.0 30.1 3112.4 31.5 
3225.2 1.7 3221.8 1.6 3224.5 1.6 3223.2 1.4 
3228.6 1.4 3224.9 1.3 3227.4 1.2 3226.7 1.1 

 

 

ClF…CH3Cl LiF…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
24.8 0.8 27.5 2.4 35.9 69.8 35.4 60.6 
28.1 1.9 32.2 1.1 35.9 70.0 35.4 60.5 
49.0 2.0 50.6 3.4 63.9 50.3 59.0 59.1 
56.3 3.6 51.2 1.7 64.0 49.9 59.2 58.9 
62.3 1.0 61.5 0.9 95.6 0.8 93.5 0.8 
775.6 30.3 763.0 30.0 749.1 54.0 736.5 55.2 
792.7 28.1 797.7 26.4 871.7 184.5 861.4 184.9 

1053.5 2.6 1048.5 2.2 1035.2 1.7 1029.2 1.5 
1057.8 3.4 1052.6 3.2 1035.8 1.7 1029.6 1.5 
1404.4 10.4 1397.1 10.0 1380.1 9.6 1373.1 9.6 
1511.0 4.2 1506.5 4.1 1505.5 6.1 1501.2 5.5 
1511.7 5.4 1508.0 5.2 1505.5 6.1 1501.2 5.5 
3115.8 26.3 3112.1 26.5 3142.1 14.3 3137.0 14.0 
3225.4 1.9 3223.4 1.8 3255.1 1.5 3252.2 1.4 
3226.0 1.8 3224.9 1.7 3255.7 1.5 3252.5 1.4 
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LiCl…CH3Cl LiBr…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
17.9 72.6 16.7 73.2 15.7 63.8 16.7 64.6 
18.0 73.0 16.7 73.2 15.9 64.3 16.7 64.6 
52.4 12.5 50.1 12.5 49.3 8.7 50.3 7.9 
53.0 12.1 50.2 12.5 50.6 8.2 50.3 7.9 
73.9 0.2 71.1 0.2 55.6 0.1 61.7 0.1 
620.9 152.0 619.1 152.7 546.2 129.9 549.4 130.7 
758.2 43.0 745.6 43.8 760.3 43.1 746.7 45.5 

1045.9 2.6 1038.9 2.4 1047.2 2.9 1040.6 2.7 
1046.3 2.6 1039.0 2.4 1047.9 2.9 1040.6 2.7 
1392.6 7.9 1384.3 8.1 1395.3 7.2 1382.9 7.6 
1507.4 4.3 1503.5 4.0 1508.1 3.8 1503.1 3.4 
1507.6 4.3 1503.5 4.0 1508.6 3.8 1503.1 3.4 
3129.1 22.3 3123.8 21.7 3123.2 25.8 3122.3 25.5 
3240.9 0.6 3238.5 0.7 3233.8 0.6 3237.2 0.5 
3242.6 0.6 3238.6 0.7 3237.1 0.6 3237.2 0.5 

 

H3N…CH3Cl H3P…CH3Cl 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
26.0 0.0 35.7 0.0 16.5 0.0 10.0 0.0 
48.0 0.0 46.7 0.0 36.0 0.1 31.8 0.0 
48.1 0.0 46.7 0.0 36.2 0.1 31.8 0.0 
76.5 0.2 74.6 0.3 48.6 0.0 49.6 0.1 
115.1 48.3 108.8 47.0 58.0 6.0 51.9 6.4 
115.8 48.3 109.0 46.9 58.2 6.0 52.0 6.2 
762.8 39.7 749.5 40.4 770.5 35.9 757.3 36.9 

1044.3 2.1 1039.4 1.9 1020.7 31.1 1009.5 32.2 
1044.5 2.1 1039.4 1.9 1050.7 3.2 1045.2 2.9 
1062.2 166.2 1062.7 151.1 1050.8 3.2 1045.4 2.9 
1388.6 10.4 1381.4 10.4 1164.1 11.3 1157.4 11.4 
1507.9 5.4 1504.2 5.0 1164.1 11.4 1157.4 11.5 
1508.0 5.4 1504.2 5.0 1397.6 8.8 1388.9 9.0 
1673.9 17.6 1669.7 15.2 1509.5 3.8 1505.5 3.6 
1673.9 17.6 1669.8 15.2 1509.5 3.8 1505.5 3.6 
3128.2 24.5 3124.1 24.6 2476.5 31.3 2472.5 32.9 
3239.5 1.8 3238.0 1.7 2488.7 40.8 2486.2 41.8 
3239.7 1.8 3238.0 1.7 2488.8 40.8 2486.3 41.8 
3524.1 1.7 3497.7 1.9 3117.8 31.7 3114.1 32.1 
3666.3 11.1 3642.3 10.0 3228.1 1.3 3226.9 1.2 
3666.6 11.1 3642.3 10.0 3228.3 1.3 3227.0 1.2 
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CH3Br H2O… CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
651.3 8.6 651.9 8.9 -4.2 0.1 8.1 0.1 
989.2 4.0 988.3 3.5 39.1 0.8 35.4 0.6 
989.2 4.0 988.3 3.5 49.8 0.1 51.9 2.1 
1363.3 16.5 1359.8 16.8 72.8 0.4 72.6 0.8 
1504.8 5.5 1501.5 5.3 100.9 72.7 92.4 66.5 
1504.8 5.5 1501.5 5.3 119.0 239.9 127.4 219.8 
3118.3 15.3 3117.1 15.8 644.7 16.7 645.0 17.5 
3233.4 0.7 3233.4 0.7 981.8 3.7 980.7 3.4 
3233.4 0.7 3233.4 0.7 984.0 3.8 981.9 3.5 

1351.4 17.0 1347.7 16.3 
1500.2 5.3 1496.5 4.9 
1502.3 5.0 1498.1 4.6 
1629.3 73.3 1632.5 70.4 
3129.6 14.7 3128.4 15.4 
3244.3 0.7 3244.1 0.6 
3249.2 0.3 3248.8 0.2 
3851.6 12.6 3816.3 8.7 
3978.3 82.9 3939.8 79.9 

 

 

H2S… CH3Br HF… CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
40.8 1.5 7.2 6.0 29.5 1.5 31.1 1.9 
41.8 2.9 36.4 2.4 33.1 1.4 31.2 1.9 
46.4 0.4 37.5 3.0 54.9 27.1 62.2 0.4 
55.2 5.5 48.1 0.2 67.7 165.2 93.0 164.8 
85.1 24.9 66.2 25.0 73.8 146.7 94.3 164.9 
92.6 0.6 76.1 0.4 647.9 13.5 648.9 14.3 

645.7 15.1 646.4 16.1 985.8 3.8 984.8 3.5 
987.2 4.6 984.2 4.4 986.0 3.9 984.9 3.5 
988.3 4.6 985.1 4.2 1357.9 16.4 1355.7 15.7 
1216.8 0.5 1210.3 0.4 1502.6 5.3 1499.2 4.9 
1352.7 15.5 1347.8 15.2 1503.3 5.3 1499.2 4.9 
1501.0 3.8 1496.2 3.6 3124.8 14.2 3124.6 14.6 
1501.5 3.7 1496.8 3.4 3239.4 0.4 3242.0 0.4 
2772.4 1.1 2770.6 0.6 3243.7 0.4 3242.1 0.4 
2791.4 1.5 2790.4 1.2 4152.6 150.1 4110.9 145.6 
3119.6 22.1 3121.3 23.1 
3235.5 0.3 3237.9 0.2 
3237.4 0.2 3240.0 0.3 
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HCl…CH3Br HBr…CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
18.7 26.3 19.8 24.4 11.7 13.3 24.4 13.0 
32.1 7.2 31.1 6.0 29.3 2.7 33.3 3.7 
40.4 0.3 38.1 1.2 35.1 1.2 40.4 0.6 
44.9 2.1 44.2 1.7 37.9 0.2 44.8 0.2 
65.0 23.2 61.2 23.7 62.4 13.5 65.5 11.8 

649.3 12.7 650.1 13.4 648.8 13.1 649.2 14.4 
988.0 4.6 986.8 4.3 987.4 4.9 986.8 4.5 
990.0 4.7 988.7 4.3 988.8 4.8 988.6 4.5 
1356.6 15.2 1353.9 15.1 1356.0 14.4 1349.5 15.0 
1501.7 4.1 1497.8 3.9 1501.8 4.0 1496.1 3.5 
1502.6 3.9 1498.6 3.6 1502.6 3.5 1497.2 3.1 
3040.0 62.1 3038.4 57.6 2702.2 20.6 2758.0 21.2 
3120.8 20.3 3118.7 21.1 3120.0 21.9 3118.7 23.8 
3235.6 0.4 3234.0 0.3 3234.8 0.3 3234.5 0.3 
3239.1 0.2 3237.3 0.2 3238.2 0.2 3237.9 0.1 

 

 

ClF…CH3Br LiF…CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
22.6 0.9 20.5 1.7 31.1 64.7 36.2 42.9 
24.7 1.4 33.3 1.0 31.6 65.8 36.2 43.0 
44.7 1.4 48.7 2.3 57.1 55.0 58.6 77.1 
49.3 2.3 50.7 0.9 57.6 55.2 58.6 77.1 
55.3 1.2 58.7 1.4 86.6 0.9 87.2 0.9 

651.0 12.0 652.1 12.5 631.5 30.5 630.5 31.7 
792.8 28.9 797.6 26.4 872.7 193.6 861.3 194.4 
988.7 4.4 987.6 3.7 972.8 3.2 970.1 2.9 
992.6 5.3 992.4 5.0 974.9 3.2 970.2 2.9 
1358.6 16.2 1355.8 15.8 1337.4 18.0 1333.7 17.5 
1502.0 3.9 1496.9 4.1 1496.9 5.6 1492.2 5.0 
1502.7 5.0 1498.8 4.9 1497.0 5.5 1492.2 5.0 
3119.9 18.9 3118.4 19.2 3143.1 9.0 3143.6 8.9 
3235.9 0.5 3235.0 0.4 3262.5 0.3 3263.9 0.2 
3236.7 0.4 3235.9 0.5 3263.5 0.2 3263.9 0.2 
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LiCl…CH3Br LiBr…CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
16.4 74.5 9.4 74.2 14.4 65.9 16.9 65.8 
16.5 74.7 9.5 74.3 14.4 65.9 16.9 65.8 
53.0 11.4 44.6 12.0 46.4 7.1 45.9 7.2 
53.3 11.1 44.7 12.0 46.4 7.2 45.9 7.3 
64.9 0.2 62.6 0.2 46.8 0.1 52.1 0.1 
620.7 162.3 620.3 161.9 546.4 132.4 549.1 133.2 
637.7 14.6 638.0 16.1 639.8 21.0 638.5 23.0 
982.8 4.4 979.0 4.1 983.9 4.8 980.9 4.4 
983.2 4.4 979.0 4.0 984.0 4.8 980.9 4.4 

1348.8 15.1 1344.1 14.8 1350.9 13.9 1342.9 14.2 
1498.7 3.9 1494.1 3.6 1499.5 3.5 1493.4 3.1 
1499.0 4.0 1494.2 3.6 1499.6 3.5 1493.4 3.1 
3131.9 15.1 3130.3 15.0 3128.7 18.0 3128.0 18.1 
3250.2 0.0 3249.9 0.0 3247.1 0.0 3247.8 0.0 
3251.1 0.0 3250.0 0.0 3247.2 0.0 3247.9 0.0 

 

  

H3N…CH3Br H3P…CH3Br 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
20.0 0.0 31.0 0.0 18.8 0.0 5.3 0.0 
42.9 0.1 40.3 0.1 32.2 0.0 26.6 0.5 
42.9 0.1 40.4 0.1 32.4 0.0 26.7 0.5 
70.2 0.3 68.2 0.3 44.2 0.0 42.8 4.8 
116.9 47.4 101.5 45.7 48.4 5.0 43.0 4.8 
117.0 47.4 101.9 45.7 48.7 5.1 45.9 0.1 
640.7 19.5 640.4 20.3 646.0 15.7 646.3 16.8 
980.0 3.7 979.2 3.4 986.1 5.0 984.9 4.5 
980.2 3.7 979.4 3.4 986.3 5.0 985.0 4.5 

1062.4 167.7 1061.5 152.7 1020.4 34.4 1009.3 35.4 
1345.1 17.9 1341.4 17.4 1164.0 11.3 1157.4 11.3 
1499.2 4.9 1495.3 4.5 1164.1 11.4 1157.4 11.3 
1499.2 5.0 1495.3 4.6 1352.3 15.2 1347.3 15.3 
1674.1 17.7 1669.6 15.3 1500.7 3.5 1496.1 3.3 
1674.1 17.7 1669.6 15.4 1500.8 3.5 1496.1 3.3 
3131.8 17.3 3129.9 17.8 2476.3 32.7 2472.1 34.6 
3249.2 0.4 3248.4 0.4 2488.5 40.7 2485.9 41.6 
3249.4 0.4 3248.6 0.3 2488.6 40.7 2486.0 41.6 
3524.3 1.6 3497.6 1.9 3122.0 23.4 3120.3 24.4 
3665.8 11.0 3642.3 10.0 3238.8 0.2 3238.0 0.2 
3665.8 11.0 3642.3 10.0 3238.9 0.2 3238.1 0.2 
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CH3NO2 H2O…CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

34.8 0.0 28.4 0.0 18.4 1.7 11.8 1.5 
482.1 0.9 478.7 1.0 34.2 0.0 31.0 0.2 
615.1 1.7 610.4 1.8 35.5 0.1 37.4 0.1 
674.7 23.4 669.9 23.9 68.5 3.4 69.6 5.3 
948.8 4.6 940.6 4.3 89.4 0.3 86.9 0.4 
1130.4 3.3 1127.5 3.5 134.6 71.3 131.7 66.2 
1151.7 0.1 1149.2 0.0 144.6 241.9 145.3 222.7 
1423.4 43.9 1412.3 51.8 485.7 1.1 481.6 1.1 
1435.2 9.8 1430.7 0.7 615.9 2.1 610.6 2.1 
1491.7 24.1 1492.1 24.2 675.3 31.5 670.3 32.4 
1504.0 12.3 1502.8 11.9 949.4 2.1 941.4 1.9 
1759.9 171.0 1745.9 165.6 1126.4 3.6 1123.0 3.7 
3120.8 1.7 3115.6 1.7 1145.7 0.1 1142.0 0.1 
3226.8 0.1 3221.7 0.1 1414.7 15.8 1411.6 30.5 
3253.7 0.9 3248.1 0.9 1436.1 36.6 1424.5 21.3 

1488.4 23.0 1487.9 22.8 
1497.8 11.4 1495.9 10.9 
1632.6 75.4 1634.9 72.3 
1752.3 180.0 1738.4 174.2 
3133.6 1.3 3127.4 1.4 
3241.0 0.0 3234.9 0.0 
3265.0 1.7 3257.9 1.8 
3852.4 14.5 3816.3 10.6 
3977.5 86.4 3938.2 83.4 

 

H2S…CH3NO2 HF… CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

13.6 8.5 13.5 7.4 25.1 1.3 25.3 2.0 
28.2 4.9 20.4 2.7 29.8 2.5 26.3 2.4 
29.9 4.2 26.5 7.0 40.2 6.1 32.3 6.2 
45.8 4.4 39.9 5.3 73.1 0.2 72.6 0.2 
53.9 0.9 52.4 0.4 102.5 172.4 96.4 164.9 
91.3 25.7 90.3 25.0 112.6 174.3 104.1 166.4 

110.7 0.7 110.0 0.4 484.5 0.8 480.4 0.9 
484.5 0.9 480.5 1.0 616.2 1.9 610.9 2.0 
616.4 1.6 610.7 1.7 675.8 29.1 671.0 29.8 
674.5 30.1 669.5 31.1 950.2 2.7 941.9 2.5 
948.7 3.2 940.3 2.9 1127.8 3.5 1124.1 3.6 
1127.8 2.4 1123.8 2.5 1149.3 0.1 1145.8 0.1 
1148.9 0.2 1144.8 0.2 1421.9 24.8 1415.2 47.0 
1216.1 0.5 1209.8 0.5 1435.7 27.8 1427.4 4.8 
1417.3 26.0 1411.2 46.7 1489.4 23.6 1489.0 23.4 
1433.2 33.4 1422.7 12.0 1501.6 11.8 1499.7 11.2 
1487.8 19.1 1487.3 18.8 1754.8 177.7 1740.8 172.2 
1498.9 9.1 1497.0 8.7 3128.6 1.2 3122.7 1.3 
1755.9 174.6 1741.7 169.0 3234.5 0.0 3228.3 0.0 
2774.8 1.4 2770.5 0.9 3262.6 1.1 3256.2 1.1 
2793.7 2.1 2790.3 1.7 4143.8 155.3 4106.5 151.4 
3125.5 3.6 3120.0 3.7 
3231.9 0.0 3226.5 0.0 
3259.0 1.4 3252.6 1.4 
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HCl…CH3NO2 HBr…CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

23.5 4.7 22.9 4.5 19.7 5.3 22.2 5.2 
29.6 1.3 25.5 7.8 26.8 6.9 25.6 5.1 
36.1 40.4 36.4 24.7 33.2 19.5 32.8 18.3 
51.8 0.3 50.2 0.1 38.8 0.1 44.7 0.0 
52.9 1.1 52.7 9.2 52.1 0.0 61.0 1.9 
99.9 31.0 102.7 30.1 100.1 15.9 107.0 15.3 

484.4 1.0 480.4 1.0 483.9 0.9 480.6 1.0 
616.5 1.7 611.2 1.7 616.2 1.6 611.1 1.6 
675.2 28.3 670.1 29.2 674.9 28.9 670.1 30.0 
949.3 3.6 940.8 3.3 949.0 3.7 940.9 3.3 
1130.1 2.6 1126.2 2.8 1129.3 2.5 1125.5 2.6 
1149.8 0.2 1146.2 0.2 1149.6 0.3 1146.0 0.3 
1420.5 32.9 1412.4 54.2 1420.0 35.3 1411.7 52.8 
1433.5 25.8 1425.2 3.5 1433.2 25.9 1423.4 7.2 
1489.5 19.7 1489.2 19.6 1489.4 18.7 1488.1 18.1 
1500.6 9.9 1499.0 9.4 1500.6 9.5 1497.9 8.8 
1757.2 173.3 1742.6 167.6 1757.3 172.2 1743.1 167.2 
3037.2 63.4 3035.6 59.1 2700.0 21.5 2755.9 22.2 
3123.7 3.0 3117.8 3.0 3123.0 3.4 3117.9 3.8 
3231.4 0.0 3225.3 0.0 3230.4 0.0 3225.7 0.0 
3255.0 1.3 3248.6 1.3 3254.6 1.2 3248.8 1.3 

 

 

ClF…CH3NO2 LiF…CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

10.4 0.2 9.5 4.2 10.2 0.0 21.8 0.4 
15.9 3.9 10.7 0.0 33.6 37.6 32.1 31.7 
31.5 5.6 30.2 7.1 43.3 50.6 41.5 35.8 
41.5 1.4 48.9 1.1 65.6 80.6 64.8 85.9 
64.9 1.1 61.6 3.6 70.8 73.8 66.8 87.2 
66.6 5.0 63.4 1.1 107.9 0.6 105.8 0.7 

483.6 0.9 479.5 0.9 486.2 1.0 481.8 1.1 
618.3 1.4 612.9 1.5 615.0 2.2 609.5 2.3 
675.8 28.0 670.9 28.3 673.8 40.3 668.7 41.5 
791.1 29.0 796.2 26.4 865.5 190.5 856.0 190.9 
949.9 3.7 941.8 3.5 947.1 0.4 938.7 0.3 
1129.0 3.1 1125.5 3.7 1117.0 4.6 1112.9 4.6 
1154.0 0.4 1150.3 0.4 1137.9 0.0 1134.0 0.0 
1422.0 36.6 1413.2 55.4 1397.7 11.7 1395.4 14.9 
1434.0 21.7 1428.0 2.2 1441.1 35.8 1428.0 31.5 
1488.8 21.2 1487.9 23.2 1481.4 24.3 1479.6 23.9 
1501.8 11.3 1499.7 11.2 1492.7 12.2 1489.8 11.4 
1757.6 170.2 1743.7 163.9 1741.7 193.1 1727.1 187.7 
3122.9 2.4 3117.2 2.3 3147.4 0.1 3141.0 0.1 
3229.7 0.1 3223.7 0.1 3251.8 0.1 3245.0 0.1 
3255.9 0.8 3249.4 0.7 3282.8 1.4 3275.7 1.4 
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LiCl…CH3NO2 LiBr… CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

18.4 60.5 14.1 61.0 12.0 59.2 14.7 57.2 
20.6 50.1 17.4 46.2 14.9 56.2 16.9 41.5 
30.1 18.0 24.4 19.9 30.0 7.2 22.5 17.0 
47.3 24.3 42.1 24.3 40.3 13.9 38.1 15.8 
58.9 22.0 49.7 25.0 51.3 15.0 47.2 19.8 
78.5 0.2 75.7 0.2 58.3 0.1 63.4 0.1 

486.4 1.0 481.6 1.1 485.5 1.0 481.3 1.1 
616.7 156.0 611.2 1.9 543.2 133.0 545.9 133.5 
617.5 1.8 615.4 156.4 617.0 1.7 611.4 1.8 
674.6 33.5 669.3 34.4 674.2 35.0 669.3 36.3 
948.0 1.5 939.6 1.3 947.9 2.0 939.5 1.6 
1124.3 2.8 1118.6 3.0 1124.9 2.4 1119.3 2.5 
1145.6 0.2 1140.2 0.2 1146.2 0.3 1141.2 0.3 
1411.9 21.0 1407.8 30.6 1414.3 26.0 1407.0 33.8 
1438.0 37.2 1425.5 26.4 1436.8 36.6 1424.6 27.4 
1484.6 19.9 1483.4 19.7 1485.2 18.6 1483.2 17.9 
1496.3 9.3 1493.7 8.6 1497.0 8.4 1493.8 7.6 
1747.3 186.1 1732.8 180.5 1749.0 183.3 1734.2 178.6 
3133.4 1.2 3127.5 1.2 3129.6 2.0 3125.2 2.0 
3238.3 0.0 3232.2 0.0 3234.8 0.0 3230.4 0.0 
3269.0 1.8 3262.4 1.7 3265.2 1.8 3260.1 1.9 

 

 

H3N…CH3NO2 H3P…CH3NO2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

17.5 0.1 12.2 0.1 21.7 0.0 11.5 0.0 
35.5 1.3 34.6 1.4 27.9 2.8 22.0 1.0 
37.4 0.6 35.2 0.4 33.2 4.6 26.0 2.2 
51.3 2.0 46.3 1.7 41.0 1.6 34.0 4.8 
84.6 0.2 82.1 0.2 49.3 0.0 50.5 0.0 

147.1 50.6 141.3 49.4 71.5 5.8 64.8 6.4 
149.6 46.6 143.6 45.6 74.2 4.3 66.6 5.0 
485.1 0.9 481.4 1.0 484.6 0.9 480.6 0.9 
615.5 1.9 610.7 2.0 615.7 1.7 610.3 1.9 
673.5 33.3 668.6 34.2 674.4 31.0 669.7 31.9 
947.8 2.0 939.7 1.8 948.5 3.2 940.3 3.0 
1076.5 165.7 1077.0 150.8 1020.6 31.3 1009.3 32.2 
1123.0 3.5 1120.0 3.6 1127.5 1.8 1123.5 1.8 
1144.2 0.1 1141.4 0.1 1148.5 0.8 1144.7 1.0 
1408.0 12.9 1405.8 20.8 1163.8 11.6 1157.1 11.8 
1435.6 38.7 1423.1 29.8 1163.9 11.0 1157.3 10.9 
1485.1 22.3 1484.5 22.1 1417.5 27.6 1411.4 47.6 
1496.7 11.1 1494.6 10.5 1433.0 33.1 1422.7 11.8 
1674.9 17.5 1670.5 15.1 1487.5 18.6 1486.7 18.5 
1674.9 16.8 1670.5 14.6 1499.1 8.6 1496.9 8.2 
1751.5 180.8 1737.3 175.3 1755.7 174.3 1741.7 169.1 
3134.9 2.2 3129.1 2.2 2478.7 27.9 2475.3 29.2 
3240.7 0.1 3234.9 0.1 2490.9 38.3 2488.9 39.2 
3269.3 1.3 3263.1 1.3 2491.1 37.5 2489.2 38.5 
3522.7 1.2 3496.4 1.4 3124.4 3.9 3119.1 4.0 
3662.8 11.8 3638.8 10.7 3230.5 0.1 3225.2 0.2 
3662.9 11.8 3638.8 10.7 3258.8 1.3 3252.8 1.2 
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CH3NF2 H2O…CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
285.1 0.0 278.1 0.0 24.9 0.2 25.4 0.1 
426.3 2.5 422.7 2.7 36.7 0.4 35.6 0.5 
474.2 4.3 468.0 4.4 48.4 0.2 57.0 0.1 
570.9 2.6 564.6 2.9 86.1 0.3 84.6 0.5 
884.0 108.2 869.2 109.0 122.6 73.8 117.4 69.5 
898.2 26.0 888.6 26.7 131.9 239.0 124.0 220.3 
1102.2 31.2 1089.2 30.2 288.0 0.0 281.0 0.0 
1167.5 19.9 1161.3 18.5 428.3 2.4 424.4 2.6 
1206.2 0.7 1200.3 0.7 475.1 5.5 468.3 5.6 
1444.8 3.9 1440.9 3.9 571.2 3.4 564.4 3.9 
1499.7 9.6 1497.9 9.6 878.9 109.7 863.8 109.9 
1502.9 6.1 1500.9 5.8 896.3 33.8 886.1 34.7 
3099.2 4.4 3094.2 3.9 1099.8 28.3 1086.4 27.3 
3209.6 3.1 3204.6 3.0 1158.6 20.8 1151.6 19.7 
3224.3 0.5 3217.1 0.4 1203.3 0.7 1196.5 0.7 

1431.6 5.5 1428.1 5.9 
1495.5 8.4 1492.0 8.1 
1498.3 6.4 1495.1 5.9 
1631.1 75.8 1633.1 73.1 
3109.1 4.1 3103.4 3.8 
3219.2 3.7 3213.3 3.5 
3236.4 0.4 3228.6 0.4 
3852.2 13.1 3816.6 9.4 
3978.2 85.1 3940.0 82.3 

 

 

H2S…CH3NF2 HF…CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

-2.8 10.6 10.9 10.2 28.1 0.9 26.1 1.3 
24.6 2.5 23.5 3.4 32.6 2.3 29.3 2.7 
31.1 2.3 29.3 1.6 71.1 5.7 70.4 4.3 
54.1 3.1 51.8 2.5 94.6 172.6 97.6 166.1 
79.8 23.5 75.2 22.5 100.1 168.9 104.2 161.2 
97.3 1.2 93.8 1.3 286.8 0.0 278.8 0.0 

286.7 0.0 278.5 0.0 428.2 2.5 424.1 2.6 
428.2 2.5 424.2 2.6 475.0 5.2 468.3 5.3 
475.2 5.0 468.5 5.1 571.1 3.3 564.3 3.7 
571.7 3.2 565.0 3.7 881.3 109.2 865.9 109.7 
882.3 104.1 867.1 104.4 897.8 31.3 887.6 32.1 
897.6 31.9 887.4 32.7 1101.6 29.2 1088.1 28.2 
1101.3 30.7 1087.5 29.7 1163.2 20.6 1156.0 19.5 
1163.3 22.2 1155.6 21.1 1204.6 0.6 1197.7 0.6 
1204.6 0.8 1197.5 0.8 1439.1 5.2 1435.7 5.4 
1216.3 0.4 1210.1 0.4 1497.2 9.2 1494.2 8.9 
1434.9 7.2 1430.4 7.5 1500.6 5.9 1497.5 5.5 
1495.8 6.9 1492.9 6.6 3105.5 3.7 3100.5 3.4 
1498.3 4.2 1495.3 3.9 3216.3 3.0 3211.1 2.8 
2775.3 1.2 2771.0 0.7 3230.7 0.4 3223.6 0.3 
2794.2 1.8 2790.8 1.5 4147.3 149.8 4108.1 146.0 
3102.3 7.2 3096.8 6.7 
3212.9 2.6 3207.0 2.5 
3229.0 0.3 3221.3 0.2 
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HCl…CH3NF2 HBr…CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

3.5 13.7 12.7 7.0 14.1 6.6 19.3 3.0 
31.7 9.0 24.8 15.3 25.3 12.1 23.0 14.2 
33.8 17.4 33.4 17.6 29.7 4.7 36.3 5.9 
50.1 1.8 50.1 0.8 40.4 1.7 46.4 1.1 
92.2 30.8 90.5 30.8 87.6 15.7 90.8 15.3 

286.2 0.0 279.5 0.0 286.6 0.0 279.8 0.0 
428.6 2.6 424.4 2.6 427.9 2.5 424.6 2.6 
475.4 4.8 468.9 5.0 475.2 4.9 469.0 5.0 
571.9 3.0 565.4 3.5 571.7 3.1 565.6 3.6 
882.9 104.7 868.2 105.5 882.9 103.7 868.2 104.0 
897.9 30.2 888.4 30.8 897.7 30.1 888.3 31.1 
1101.8 30.8 1088.5 29.8 1101.6 31.2 1088.3 30.2 
1165.9 21.9 1158.4 20.2 1165.4 21.9 1157.6 20.7 
1205.0 0.7 1198.1 0.7 1204.8 0.6 1197.6 0.6 
1438.5 6.2 1434.2 6.6 1438.3 7.1 1431.2 7.3 
1497.2 7.3 1494.5 7.2 1497.0 6.9 1492.9 6.5 
1499.4 4.4 1497.1 4.2 1499.9 4.0 1495.8 3.5 
3038.9 60.9 3037.8 56.2 2701.2 20.4 2757.0 21.0 
3101.4 6.4 3096.0 5.7 3100.6 7.1 3095.6 6.8 
3211.8 2.8 3206.3 2.6 3211.1 2.6 3206.2 2.3 
3226.1 0.2 3219.2 0.3 3225.3 0.3 3218.8 0.3 

 

ClF… CH3NF2 LiF… CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

22.5 0.3 2.4 2.5 28.8 24.8 27.1 17.1 
24.5 0.0 8.4 1.6 34.2 48.5 32.9 39.9 
30.4 3.3 17.9 2.0 55.4 93.0 55.3 100.1 
33.0 4.8 18.7 2.8 61.2 72.3 60.0 80.3 
56.5 1.2 50.7 0.7 103.5 1.3 101.3 1.2 

286.2 0.0 278.7 0.0 288.2 0.0 280.1 0.0 
428.9 2.6 424.3 2.7 427.7 2.6 423.0 2.8 
475.8 5.1 469.0 5.2 474.3 6.8 467.4 7.0 
572.4 3.3 565.2 3.6 569.3 4.7 562.1 5.3 
791.3 35.4 797.0 33.2 868.8 195.8 855.4 112.3 
883.9 105.8 869.3 106.3 870.6 112.4 858.6 197.2 
899.5 30.6 889.6 31.6 892.3 30.2 881.7 30.3 
1103.0 31.2 1089.7 30.2 1092.9 25.5 1079.2 24.5 
1167.6 21.1 1159.6 20.0 1146.5 21.0 1138.2 20.2 
1206.8 0.6 1199.1 0.8 1197.2 0.4 1190.0 0.4 
1441.5 7.4 1438.0 7.6 1415.4 6.4 1411.4 6.7 
1498.6 8.2 1495.3 8.1 1489.3 9.7 1484.8 9.1 
1501.9 5.0 1498.5 4.8 1492.4 6.6 1488.2 6.0 
3101.2 6.4 3095.2 5.9 3121.7 1.7 3116.3 1.5 
3211.9 2.6 3205.4 2.4 3232.6 3.9 3226.9 3.8 
3225.9 0.3 3218.2 0.3 3246.4 0.3 3239.2 0.3 
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LiCl… CH3NF2 LiBr… CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

18.1 61.0 15.2 58.5 13.4 60.0 15.8 54.4 
18.7 67.6 15.3 65.6 13.7 60.5 16.6 60.6 
41.7 22.4 35.4 25.5 35.3 12.5 32.9 17.2 
47.6 17.5 40.7 20.6 38.3 9.3 37.3 11.6 
77.9 1.5 74.4 1.0 59.9 2.8 64.1 2.0 

286.1 0.0 279.3 0.0 286.7 0.0 278.6 0.0 
429.5 2.7 424.6 2.9 428.8 2.7 424.6 2.8 
474.6 6.3 467.9 6.5 474.3 6.5 468.1 6.6 
570.6 4.9 563.5 5.3 545.3 129.2 547.9 130.3 
619.3 148.5 617.7 148.9 570.4 3.3 563.8 3.4 
875.5 106.7 860.8 106.7 876.7 104.6 861.6 104.5 
894.7 37.7 884.7 39.1 895.0 37.4 885.3 39.6 
1095.8 29.3 1082.5 28.1 1096.3 30.5 1083.1 29.1 
1157.1 22.7 1147.9 22.0 1158.7 23.3 1149.2 22.9 
1200.8 0.4 1193.4 0.6 1201.3 0.5 1194.1 0.7 
1429.2 8.9 1424.8 9.3 1431.9 10.2 1424.1 10.6 
1492.3 7.0 1488.6 6.7 1493.0 6.3 1488.5 5.8 
1495.8 4.5 1492.1 4.2 1496.6 3.9 1491.9 3.6 
3110.8 3.7 3104.4 3.2 3107.0 4.7 3102.2 4.2 
3222.0 2.1 3215.4 2.2 3218.3 1.8 3213.3 1.8 
3234.8 0.1 3227.1 0.1 3230.8 0.1 3225.0 0.0 

 

H3N… CH3NF2 H3P… CH3NF2 
MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ MP2/6-311+G(3df,2p) MP2/Aug-cc-pVTZ 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

21.6 0.0 28.6 0.1 19.4 0.0 3.2 0.0 
31.2 0.2 34.7 0.0 24.0 1.4 21.9 1.2 
42.5 0.6 40.0 0.5 31.0 1.8 27.2 1.4 
81.0 0.4 79.4 0.4 48.3 0.9 50.4 0.5 

130.4 46.7 121.5 44.6 64.2 3.8 56.2 4.2 
131.4 48.5 123.8 47.7 66.9 4.8 59.5 5.9 
286.8 0.0 279.4 0.0 285.9 0.0 278.2 0.0 
428.0 2.5 424.6 2.6 427.8 2.4 424.4 2.5 
474.7 5.6 468.3 5.8 474.8 5.0 468.6 5.3 
570.9 3.7 564.6 4.3 571.4 3.4 565.1 3.8 
878.4 108.6 863.6 108.9 881.9 103.0 867.5 103.4 
895.1 35.0 885.4 35.5 897.0 32.4 887.6 33.6 
1069.5 166.7 1065.5 153.6 1021.1 28.7 1009.7 29.5 
1098.4 27.2 1085.0 25.7 1100.9 30.9 1087.6 29.8 
1157.1 20.8 1150.3 19.7 1162.6 33.4 1155.2 32.3 
1200.8 0.5 1194.3 0.4 1164.0 11.2 1157.3 11.5 
1425.5 5.7 1422.7 5.9 1165.1 1.2 1158.3 1.1 
1493.1 8.7 1489.9 8.3 1203.9 0.5 1197.4 0.6 
1496.2 5.6 1493.0 5.1 1435.1 7.6 1430.2 7.8 
1674.4 17.9 1669.8 15.6 1495.2 6.6 1492.1 6.3 
1674.5 17.0 1670.0 14.8 1498.6 3.7 1495.3 3.6 
3111.5 5.1 3105.7 4.7 2477.6 28.2 2474.2 29.6 
3222.3 3.2 3216.3 3.0 2489.7 39.7 2487.7 40.4 
3236.5 0.4 3228.8 0.4 2490.0 39.9 2488.0 40.9 
3523.9 1.5 3498.2 1.7 3102.4 7.6 3096.8 7.1 
3664.5 11.3 3642.2 10.5 3213.3 2.4 3207.5 2.3 
3664.9 11.3 3642.7 10.5 3227.2 0.3 3220.5 0.2 
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A.VI.3. Population on bonded carbon, NC, its energy EC, dipolar polarization MC, and 
volume VC in different complexes and monomers calculated from AIM analysis.  Δ 
represents the change in the properties on complex formation. All the properties are 
given in atomic units.  

NC EC |MC| VC ΔNC ΔEC Δ|MC| ΔVC 
CH3OH complexes 

CH3OH 5.426 -37.5259 0.109 69.10 - - - - 
H2O···CH3OH 5.428 -37.5529 0.079 65.65 0.002 -0.0270 -0.030 -3.44 
H2S···CH3OH 5.222 -37.2936 0.098 60.30 -0.204 0.2323 -0.011 -8.79 
HF···CH3OH 5.222 -37.3213 0.115 60.01 -0.204 0.2323 0.006 -9.09 
HCl···CH3OH 5.222 -37.2889 0.112 60.87 -0.204 0.2046 0.004 -8.22 
HBr···CH3OH 5.222 -37.9601 0.109 60.53 -0.205 0.2370 0.000 -8.56 
ClF···CH3OH 5.221 -37.3010 0.126 59.20 -0.205 0.2249 0.018 -9.89 
LiF···CH3OH 5.233 -37.3339 0.063 59.36 -0.193 0.1919 -0.046 -9.74 
LiCl···CH3OH 5.236 -37.9774 0.069 60.09 -0.190 -0.4515 -0.040 -9.00 
LiBr···CH3OH 5.233 -37.3000 0.071 59.93 -0.193 0.2259 -0.038 -9.16 
H3N···CH3OH 5.223 -37.3322 0.089 59.86 -0.203 0.1937 -0.020 -9.24 
H3P···CH3OH 5.224 -37.2934 0.105 61.52 -0.202 0.2325 -0.004 -7.57 

CH3F complexes 
CH3F 5.376 -37.5134 0.055 69.53 - - - - 

H2O···CH3F 5.213 -37.3229 0.030 60.62 -0.163 0.1906 -0.025 -8.92 
H2S··· CH3F 5.213 -37.2826 0.026 61.58 -0.163 0.2309 -0.029 -7.96 
HF··· CH3F 5.212 -37.3108 0.049 60.92 -0.164 0.2026 -0.006 -8.62 
HCl··· CH3F 5.212 -37.2768 0.046 61.50 -0.164 0.2366 -0.009 -8.04 
HBr··· CH3F 5.213 -37.2856 0.042 61.94 -0.163 0.2279 -0.013 -7.59 
ClF··· CH3F 5.208 -37.2832 0.062 60.16 -0.168 0.2303 0.007 -9.37 
LiF··· CH3F 5.225 -37.3269 0.019 60.13 -0.168 0.1866 -0.036 -9.41 
LiCl··· CH3F 5.229 -37.2979 0.005 61.18 -0.151 0.2156 -0.050 -8.35 
LiBr··· CH3F 5.228 -37.2951 0.001 61.42 -0.148 0.2184 -0.054 -8.11 
H3N··· CH3F 5.214 -37.3286 0.012 60.90 -0.162 0.1848 -0.043 -8.64 
H3P··· CH3F 5.214 -37.2819 0.022 61.98 -0.162 0.2315 -0.033 -7.56 
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Table.IV.S.4. Natural charges on atoms (q), charge transferred (ΔQ, e) and second 
order interaction energy for the corresponding donor-acceptor interaction, E2 (l.p. 
−−> C-O anti-bonding) in kJ.mol-1, for CH3OH complexes.  

at MP2/6-311+G(3df,2p) 
Complex q(C) q(H) q(H) q(H) q(O) q(H) ΔQ E2[l.p. −−> (σ∗ (C-O)] 

CH3OH -0.091 0.1492 0.1283 0.1283 -0.7728 0.4581 - - 

H2O···CH3OH -0.087 0.1505 0.1297 0.1299 -0.7797 0.4551 -0.0014 2.6 

H2S···CH3OH -0.089 0.1496 0.1288 0.1292 -0.7766 0.4568 -0.0011 2.4 

HF···CH3OH -0.0893 0.1482 0.1307 0.1307 -0.7775 0.4562 -0.001 1.5 

HCl···CH3OH -0.0904 0.1494 0.1297 0.1286 -0.7752 0.4573 -0.0007 2 

HBr···CH3OH -0.0907 0.149 0.1293 0.1292 -0.7749 0.4575 -0.0007 2 

ClF···CH3OH -0.0912 0.1518 0.1271 0.1275 -0.7739 0.457 -0.0018 2.3 

LiF···CH3OH -0.0847 0.1359 0.1365 0.1469 -0.7883 0.4514 -0.0022 3.6 

LiCl···CH3OH -0.0913 0.1344 0.1351 0.1495 -0.7832 0.4534 -0.0021 3 

LiBr···CH3OH -0.0907 0.1352 0.1353 0.1455 -0.7822 0.455 -0.0019 2.9 

H3N···CH3OH -0.0861 0.1316 0.131 0.147 -0.7803 0.4551 -0.0017 3 

H3P···CH3OH -0.0899 0.147 0.1303 0.1309 -0.7762 0.4571 -0.0009 1.9 

at MP2/Aug-cc-pVTZ 
CH3OH -0.1115 0.152 0.1309 0.1309 -0.758 0.4558 - - 

H2O···CH3OH -0.1067 0.1529 0.1319 0.132 -0.7652 0.453 -0.0021 2.8 

H2S···CH3OH -0.1094 0.1521 0.1314 0.1318 -0.7621 0.4545 -0.0016 3 

HF···CH3OH -0.1094 0.1523 0.1325 0.1325 -0.7631 0.4536 -0.0016 1.6 

HCl···CH3OH -0.1105 0.1521 0.1321 0.131 -0.7609 0.455 -0.0013 2.3 

HBr···CH3OH -0.1112 0.1525 0.1312 0.1316 -0.761 0.455 -0.0018 3.3 

ClF···CH3OH -0.1113 0.1547 0.129 0.1294 -0.7592 0.4546 -0.0027 2.2 

LiF···CH3OH -0.1034 0.1382 0.1388 0.1492 -0.7747 0.4492 -0.0027 3.6 

LiCl···CH3OH -0.1108 0.1366 0.1372 0.1516 -0.7693 0.4511 -0.0036 3.1 

LiBr···CH3OH -0.1119 0.1371 0.1371 0.1504 -0.7686 0.4518 -0.004 3.9 

H3N···CH3OH -0.1059 0.134 0.134 0.149 -0.766 0.453 -0.0019 2.8 

H3P···CH3OH -0.1137 0.1474 0.1333 0.1356 -0.7591 0.4559 -0.0006 1.8 
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Table.IV.S.5. Natural charges on different atoms (q), charge transferred (ΔQ, e) and 
second order interaction energy for the corresponding donor-acceptor interaction, E2 
(l.p. −> C-F anti-bonding) in kJ.mol-1, for CH3F complexes.  

 

at MP2/6-311+G(3df,2p)
Complex q(C) q(F) q(H) q(H) q(H) ΔQ E2[l.p. −−> σ* (C-F)] 

CH3F 0.0428 -0.4371 0.1314 0.1314 0.1314 - - 

H2O···CH3F 0.0463 -0.4471 0.1323 0.1318 0.1347 -0.002 3.6 

H2S··· CH3F 0.0441 -0.4424 0.1323 0.1327 0.1316 -0.0017 3.3 

HF··· CH3F 0.0441 -0.4438 0.1336 0.1336 0.1311 -0.0014 2.3 

HCl··· CH3F 0.0428 -0.4404 0.1335 0.1315 0.1318 -0.0009 2.8 

HBr··· CH3F 0.0427 -0.4401 0.1329 0.1306 0.1329 -0.001 2.5 

ClF··· CH3F 0.0425 -0.4396 0.134 0.1306 0.1306 -0.002 3.3 

LiF··· CH3F 0.0502 -0.4601 0.1354 0.1355 0.1356 -0.0035 5.9 

LiCl··· CH3F 0.0418 -0.4523 0.1353 0.1361 0.1362 -0.0029 4.1 

LiBr··· CH3F 0.0404 -0.4499 0.1355 0.1358 0.1349 -0.0033 3.6 

H3N··· CH3F 0.048 -0.4485 0.1326 0.1326 0.1326 -0.0027 5.1 

H3P··· CH3F 0.0445 -0.4426 0.1322 0.1322 0.1321 -0.0016 2.8 

at MP2/Aug-cc-pVTZ
CH3F 0.0194 -0.4249 0.1352 0.1352 0.1352 - - 

H2O···CH3F 0.0243 -0.4353 0.1354 0.135 0.138 -0.0026 3.6 

H2S··· CH3F 0.0208 -0.4308 0.1357 0.1366 0.1355 -0.0023 4 

HF··· CH3F 0.0218 -0.4318 0.1368 0.1368 0.1346 -0.0018 2.5 

HCl··· CH3F 0.0195 -0.4284 0.1371 0.1351 0.1352 -0.0015 3.1 

HBr··· CH3F 0.0185 -0.4287 0.1368 0.1343 0.1369 -0.0022 4.1 

ClF··· CH3F 0.0201 -0.4277 0.1376 0.1337 0.1337 -0.0026 2.9 

LiF··· CH3F 0.0294 -0.4493 0.1386 0.1387 0.1388 -0.0038 5.6 

LiCl··· CH3F 0.0411 -0.4536 0.136 0.1368 0.1369 -0.0029 4.1 

LiBr··· CH3F 0.0178 -0.4396 0.1391 0.1393 0.1384 -0.005 4.9 

H3N··· CH3F 0.0256 -0.4369 0.1361 0.1361 0.1361 -0.0029 4.9 

H3P··· CH3F 0.0211 -0.4309 0.1359 0.1359 0.136 -0.002 3.5 
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 V.1. Introduction 

Propargyl alcohol (PA) contains a hydroxyl group and acetylenic group and can form 

weakly bound complexes with other molecules/atoms. As we discussed in the Chapter 

III, the rotational spectra of the Ar•••g-PA complex1 affirm a structure in which Ar 

interacts with both the hydroxyl and acetylenic groups of PA. Moreover, the ab-initio 

and AIM analysis of the Ar•••t-PA complex revealed the presence of a unique 

Ar•••C interaction which led us to the carbon bond2, which has been discussed in the 

Chapter IV.  

Since both the groups, hydroxyl and acetylenic, of the PA molecule can act as 

hydrogen bond acceptors as well as hydrogen bond donors, hydrogen bonded 

complexes of the PA molecule offer many different possibilities. If the other 

interacting entity is also multifunctional then the number of dimers will increase many 

fold and the resulting complex will have several local minima.  

Microwave spectroscopy carried out in molecular beams has been used to explore the 

presence of different conformers of molecules and different possible minima of 

weakly bound complexes3. However, cooling due to the supersonic expansion often 

populates only few, the most stable, conformers. Sometimes, varying the stagnation 

pressure and changing the carrier gas, may help in stabilization of the other 

conformers as well and depending on their concentration in the molecular beam, these 

species can also be identified experimentally. Comparison of the experimental 

rotational constants of different isotopologues of the species under study, with the ab 

initio calculated rotational constants usually provides ample information to 

distinguish different conformers/structures. At the same time these comparisons also 

provide a test for the reliability of the different ab initio methods. Methanol•••water 

is one of the most interesting hetero-dimer solved via rotational spectroscopy. In the 

complex both methanol and water can act as hydrogen bond acceptor as well as 

hydrogen bond donor. Calculations at some levels of theory predicted that the 

structure in which methanol acts as hydrogen bond donor is more stable while at other 

levels of theory the structure in which water acts as the hydrogen bond donor was 

predicted to be more stable and thus the results of these calculations were ambiguous4-

7. Microwave spectrum in molecular beam deterministically revealed that the complex 

in which water acts as hydrogen bond donor is more stable8. Later high level ab initio 

calculations could also predict this structural preference.9 Other interesting dimer 
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solved by MW spectroscopy is the benzene-dimer, for which the potential energy 

surface is very shallow. The ab initio calculations predict three minima for the dimer, 

parallel displaced, pi-stacked and T-shaped. Rotational spectrum led to the 

unambiguous identification of the T-shaped structure and the intermolecular distance 

was very similar to that found in the solid.10 Other structures could not be probed by 

microwave spectroscopy since they have no-permanent dipole moment.  

Many other homo and hetero molecular complexes bound with O-H•••O, O-H•••π 

and C-H•••π interactions have been identified by microwave spectroscopy in 

molecular beams. The (CH3OH)2 and CH3OH•••H2O complexes were found to be 

bound with O-H•••O hydrogen bonds.8,11 The C6H6•••H2O complex12 was found to 

be bound with O-H•••π hydrogen bond. The (C6H6)2 dimer10 and C6H6•••C2H4 

complex13 were found to be bound with C-H•••π interactions. Since PA molecule 

contains all the three groups, namely O-H, C-H and π-electron density, all three 

interactions can be present in the PA-dimer. As shown in the upcoming sections, due 

to the possibility of PA monomer existing in two different conformers, gauche and 

trans, and due to the presence of multiple hydrogen bond acceptor and hydrogen-bond 

donor groups, several structures are possible for the PA-dimer. We report here 

microwave spectra of the most stable PA-dimer and its two mono-deuterated and one 

bi-deuterated isotopologues for the first time. The AIM analysis shows that the 

observed dimer is bound by O-H•••O, O-H•••π and C-H•••π interactions.  

  

V.2. Theoretical and Experimental details 

V.2.a. Theoretical methods  

Gaussian 09 software suite14 was used to perform all the optimization and frequency 

calculations on the complexes. The optimization and frequency calculations were 

performed using ab initio Møller-Plesset second order perturbation theory (MP2) with 

6-311+G(3df,2p) basis sets. For all the optimized geometries, BSSE correction was 

done using Boys and Bernardi's counterpoise method15. AIMALL and AIM2000 

software suites16,17 were used to perform the Atoms in Molecules (AIM) analysis. The 

wave functions for the AIM analysis were extracted from the Gaussian calculations at 

MP2/6-311+G (3df,2p) level.  
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V.2.b. Experimental Section 

Pure rotational spectra of PA-dimer was observed using the home-built PN-FTMW 

spectrometer.18 The details of the spectrometer have been discussed in Chapter II. 

Helium was used as the carrier gas instead of argon to avoid formation of unwanted 

complexes with argon. The gas was expanded from a high back pressure of 1.5-2.0 

bar into the vacuum chamber which led to the formation of the PA-dimer in the 

molecular beams. Microwave pulse of 1μs duration was used and a total of 15 FIDs 

were collected per gas pulse during the search for the rotational transitions. The 

observed PA-dependent signals were reasonably strong and therefore, a total of 500-

700 gas pulses were averaged in the scanning mode. A total of 256 points were 

sampled during the data acquisition. Once a signal was observed, it was re-sampled 

with 1024 or 2048 points for better resolution. The optimum microwave pulse 

durations for the a-, b- and c- type transitions were found to be 0.4 μs, 0.4 μs and 1.3 

μs respectively. The OD isotopologue of PA was formed by simple mixing of PA and 

D2O in 9:4 ratio.  

 

V.3. Geometry optimization; search, assignment and fitting of the 
rotational spectra 
 
V.3.a Geometry optimization 

Exploration of the potential energy surface (PES) of weakly bound complexes 

comprised of multifunctional molecules is not straight forward since many local 

minima can exist for such complexes. Electrostatic calculations are often useful in 

locating the points of interactions in the monomer entities. Legon-Millen rules,19 can 

be handy in choosing the starting geometries for geometry optimization. These rules 

were derived from the analysis of several microwave studies and are based on 

electrostatic interaction between two interacting molecules. Structures for the PA-

dimer were optimized starting with geometries in which O-H•••O hydrogen bonds 

were given the most importance. Possibility of the stabilization of the t-PA conformer 

on complexation was also taken into account. The starting geometries taken for the 

optimization of the dimer can be classified into following three groups:  

(i) g-PA-dimer 

(ii) t-PA (donor) ••• g-PA (acceptor) and g-PA (donor)••• t-PA (acceptor)  
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(iii) t-PA dimer 

Optimizations were done starting with different geometries taken according to the 

above mentioned possibilities. Seven different structures could be located for the PA-

dimer, Figure V.1. Each of the seven structures was confirmed to be a minimum on 

the PES by confirming the presence of all real frequencies for the normal modes of 

vibration. In the Structures 1 to 5, both the PA units are in gauche form. In the 

Structure 6, one PA unit is in gauche form and the other is in trans form whereas in 

the Structure 7, both the units are in trans form. For all the structures, BSSE corrected 

(ΔEBSSE) and BSSE+ zero-point corrected (ΔEBSSE+ZPC) interaction energies are given 

in Table V.1. Interaction energies of these structures are comparable. However, 

Structure 1 is the most stable one amongst all the structures. Geometrical parameters 

for the anticipated hydrogen bonding interactions in these different structures are 

given in the Table V.2. All the angles and distances are within the accepted range for 

these interactions.20 AIM analysis reported later, confirms the presence of these 

interactions. It should be noted that many other structures are possible for the dimer 

e.g. structures in which acetyenic group of one of the units acts as the hydrogen bond 

donor and hydroxyl group of the other unit acts as the hydrogen bond acceptor. 

However, these structures are less stable as compared to the structures considered 

here and thus, are less likely to be found. For the seven structures, rotational constants 

and dipole moment components along the principal axes a, b and c are given in the 

Table V.3. These calculated rotational constants were used to predict the rotational 

spectra for all the seven structures. The predicted spectra served as an aid to the 

experimental search of the rotational transitions.  
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Table V.1. BSSE corrected and BSSE+Zero-point corrected interaction energies for 
the different structures of PA-dimer.  

 
ΔEBSSE

(kJ.mol-1)
ΔEBSSE+ZPC 

(kJ.mol-1) 
Structure 1 31.6 25.6 
Structure 2 26.6 21.6 
Structure 3 27.8 22.6 
Structure 4 27.7 23.0 
Structure 5 30.8 24.6 
Structure 6 30.9 24.8 
Structure 7 27.0 21.5 

 

Table V.2. Parameters for the different possible hydrogen bonding interactions in the 
optimized structures of PA-dimer. 

O-H•••O O-H•••π C-H•••π C-H•••π 

 
r(H…O) 

 (Å) 
∠O-H-O 
(degree) 

r (H...π) 
(Å) 

∠O-H-π 
(degree) 

r(H…π) 
(Å) 

∠C-H-π 
(degree) 

r(H…π) 
(Å) 

∠C-H-π 
(degree) 

Structure 1 1.957 155.2 2.286 145.9 2.930 125.2 - - 

Structure 2 1.871 169.7 - - 2.724 150.0 - - 

Structure 3 1.899 170.7 - - 2.800 
(H2... π) 

126.9 
(C3-H2-π) 

3.049 
(H6... π) 

123.6 
(C6-H6- π) 

Structure 4 1.871 164.0 - - 2.811 118.2 - - 

Structure 5 1.947 154.7 2.424 131.2 - - - - 

Structure 6 1.955 152.3 2.359 139.2 - - - - 

Structure 7 1.924 155.9 - - 2.860 133.3 - - 

 

Table V.3. Rotational constants and dipole moment components along the principal 
axes for different the possible structures of PA-dimer, optimized at MP2/6-
311+G(3df,2p) level.  

Structure 1 Structure 2 Structure 3 Structure 4 Structure 5 Structure 6 Structure 7 

A/MHz 2286.1 2828.0 2165.5 2760 3247.7 3373.6 3056.5 

B/ MHz 1234.4 934.5 1317.2 1186 1099.9 996.5 925.0 

C/ MHz 1209.1 832.3 1106.2 887 882.0 828.8 770.7 

|μa|/D 1.8 2.1 3.2 2.9 0.9 1.0 2.6 

|μb|/D 1.5 0.9 1.6 0.5 2.0 0.1 0.2 

|μc|/D 2.1 1.8 0.4 1.1 0.3 2.2 0.2 

 

V.3.b. Search, assignments and fitting of the rotational spectra 

While searching for the Ar•••PA transitions, many other transitions were observed 

which depended only on PA concentration. These transitions could not be fit with the 

PA-monomer transitions and thus we anticipated that these transitions could be due to 

some higher clusters of PA like PA-dimer/trimer etc. The ab initio rotational 
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constants were used to predict the spectra for the different structures of PA-dimer. In 

the 8-10 GHz range, a-type transitions were predicted for these different structures 

and thus this region was selected to start the search. During the search three very 

strong transitions were observed at 9101.8119, 9049.0136 and 9096.8586 MHz. The 

signal at 9049.0136 MHz was the strongest signal and signals at 9101.8119 and 

9096.8586 MHz were slightly weaker and had similar intensities. Considering the 

signal at 9049.0136 MHz as an a-type Ka=0 transitions for a particular J value, next 

corresponding transition was searched for different combinations of J values. Very 

soon a very strong transition at 11367.6588 MHz was observed. The difference 

between the transition at 9049.0136 MHz and the transition at 11367.6588 MHz was 

close to the predicted difference between the 30,3-40,4 and 40,4-50,5 transitions for the 

Structure 1 as well as for the Structure 3 . Considering transition at 9049.0136 MHz 

as 30,3-40,4 (a-type) transition and transition at 11367.6588 MHz as 40,4-50,5 (a-type) 

transition other a-type transitions were searched and were observed immediately. 

Once all the a-type transitions were collected, the b- and c-type transitions were 

searched and were observed. A total of 51 transitions out of all observed transitions, 

could be fitted with a semi-rigid rotor asymmetric top Hamiltonian. The transitions 

and their residues are given in the Table V.4. No splitting was observed in any of 

these transitions. The rotational and distortion constants obtained from the fitting of 

these 51 transitions are given in the Table V.5. 

The experimental rotational constants are closer to the Structure 1 and Structure 3 and 

are significantly different from other structures. Both the Structures were scaled to the 

experimental rotational constants and these scaled geometries were used to predict the 

spectra for deuterium substituted species. There are three possible -OD isotopologues 

(i) H-8 as D (ii) H-16 as D (iii) H-8 and H-16 both as D. The predicted rotational 

constants for these species on the basis of the scaled geometries are given in the Table 

V.6. The labelling of atoms is shown in the Figure V.2.  
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Table V.4. Experimentally observed rotational transitions and their assignments for 
the PA-dimer. Residues from the fit are also given.  

J K-1 K+1 J K-1 K+1 Frequency (MHz) Residue (MHz) Type 

2   1   2 1   1   1 4525.0904 0.0026 a 

2   0   2 1   0   1 4550.2612 0.0003 a 

2   1   1 1   1   0 4576.2612 0.0011 a 

3   0   3 2   1   1 5601.3099 0.0078 c 

2   1   2 1   0   1 5696.4442 -0.0001 b 

2   1   1 1   0   1 5773.2026 -0.0013 c 

3   1   3 2   1   2 6787.2685 0.0018 a 

3   0   3 2   0   2 6824.2441 -0.0010 a 

3   2   2 2   2   1 6825.9070 -0.0010 a 

3   2   1 2   2   0 6827.5363 -0.0005 a 

3   1   2 2   1   1 6864.0172 0.0014 a 

4   0   4 3   1   2 7834.1436 -0.0013 c 

3   1   3 2   0   2 7933.4491 -0.0011 b 

4   0   4 3   1   3 7987.6514 -0.0022 b 

5   1   4 4   2   3 8012.6465 -0.0007 b 

3   1   2 2   0   2 8086.9612 0.0024 c 

2   2   1 1   1   0 8090.3430 0.0014 b 

2   2   0 1   1   0 8090.7486 -0.0004 c 

2   2   0 1   1   1 8116.3340 -0.0023 b 

4   2   3 3   2   2 9100.6989 0.0002 a 

4   2   2 3   2   1 9104.7685 0.0032 a 

4   3   2 3   3   1 9101.7826 -0.0050 a 

4   3   1 3   3   0 9101.8119 0.0008 a 

4   1   4 3   1   3 9049.0136 0.0003 a 

4   0   4 3   0   3 9096.8586 0.0000 a 

4   1   3 3   1   2 9151.3160 -0.0009 a 

6   1   6 5   2   3 9810.4390 0.0031 b 

5   0   5 4   1   3 10050.4868 0.0000 c 

5   0   5 4   1   4 10306.2977 -0.0014 b 

3   2   2 2   1   1 10339.9928 0.0033 b 

3   2   1 2   1   1 10342.0246 -0.0011 c 

4   1   3 3   0   3 10414.0309 0.0003 c 

3   2   1 2   1   2 10418.7855 0.0002 b 

4   1   4 3   0   3 10158.2185 0.0002 b 

5   1   5 4   1   4 11310.1924 0.0000 a 

5   0   5 4   0   4 11367.6588 0.0000 a 

5   2   4 4   2   3 11375.0490 -0.0019 a 

5   4   1 4   4   0 11376.7770 0.0009 a 

5   4   2 4   4   1 11376.7770 0.0012 a 

5   2   3 4   2   2 11383.1636 0.0007 a 

5   3   3 4   3   2 11377.2647 -0.0004 a 

5   3   2 4   3   1 11377.3477 0.0006 a 
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Table V.4 (continued) 
5   1   4 4   1   3 11438.0039 0.0011 a 

5   1   5 4   0   4 12371.5539 0.0018 b 

4   2   3 3   1   2 12576.6710 -0.0015 b 

6   0   6 5   1   5 12632.3367 0.0027 b 

4   2   2 3   1   3 12736.2806 -0.0033 b 

3   3   1 2   2   0 12746.5296 -0.0011 b 

3   3   0 2   2   0 12746.5296 -0.0050 c 

3   3   1 2   2   1 12746.9447 0.0066 c 

5   1   4 4   0   4 12755.1770 0.0023 c 

 

Table V.5. Experimental rotational and distortion constants for the PA-dimer.  

A /MHz 2321.83350(42) 
B /MHz 1150.47741(21) 
C /MHz 1124.88979(16) 
DJ /kHz 1.8422(31) 

DJK /kHz 0.375(11) 
DK /kHz -0.982(40) 
d1 /kHz -0.0457(27) 
d2  /kHz -0.1498(22) 
σ /kHz 2.5 

# transitions 51 

  

Table V.6. Predicted rotational constants for the three deuterated (OD) species of PA-
dimer. Scaled geometries of Structure 1 and Structure 3 to the experimental rotational 
constants of the parent PA-dimer were used for these predictions.  

Rotational  
constants 

On the basis of scaled structure 1 On the basis of scaled structure 3 

H-8 as 
 D 

H-16 as 
D 

H-8 and H-16  
both as D 

H-8 as 
D 

H-16 as  
D 

H-8 and H-16  
both as D 

A/MHz 2303.2 2297.2 2278.9 2293.1 2302.3 2274.2 
B/MHz 1147.2 1147.9 1144.2 1141.9 1149.0 1140.5 
C/MHz 1123.5 1118.9 1118.0 1110.0 1119.0 1104.3 

 

Rotational spectra were predicted on the basis of these rotational constants. For the 

search of transitions corresponding to the mono-deuterated isotopologues, helium was 

flown through two different bubblers which contained the pure PA sample and the 

PA-D(OD) sample respectively whereas for the search of transitions corresponding to 

the bi-deuterated isotopologue helium was flown only through the PA-D (OD) 

bubbler. Three sets of rotational transitions corresponding to the three isotopologues 

were observed readily. The transitions are given in Table V.7, V.8 and V.9 for the H-8 

as D, H-16 as D and H-8 and H-16 both as D species respectively. For the H-8 as D 
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species a total of 14, for the H-16 as D species a total of 19 and for the H-8 and H-16 

both as D a total of 17 lines were observed and fitted within experimental uncertainty. 

The fitted rotational and distortion constants for all three species are given in the 

Table V.10. The uncertainty in the fit was increasing on including DK in the fit. 

Therefore, DK was kept constant to the value for the parent dimer (1.00 MHz) in the 

fitting of spectra for each of the three isotopologues.  

Table V.7. Experimentally observed rotational transitions and their assignments for 
mono deuterated isotopologue of PA-dimer (H-8 as D). Residues from the fit are also 
given. 

J K-1 K+1 J K-1 K+1 Frequency (MHz) obs -cal (MHz) 
3   1   3 2   1   2 6801.512 0.0030 
3   0   3 2   0   2 6828.098 -0.0050 
3   1   2 2   1   1 6856.137 0.0006 
4   1   4 3   1   3 9068.237 -0.0006 
4   0   4 3   0   3 9102.9418 -0.0001 
4   2   3 3   2   2 9104.9295 -0.0009 
4   2   2 3   2   1 9107.0125 0.0013 
4   1   3 3   1   2 9141.06 0.0021 
4   1   4 3   0   3 10178.2245 0.0000 
5   1   5 4   1   4 11334.593 0.0007 
5   0   5 4   0   4 11376.7613 0.0001 
5   2   4 4   2   3 11380.595 -0.0001 
5   2   3 4   2   2 11384.749 -0.0012 
5   1   4 4   1   3 11425.5832 -0.0001 

 

Table V.8. Experimentally observed rotational transitions and their assignments for 
mono-deuterated isotopologue of PA-dimer(H-16 as D). Residues from the fit are also 
given. 

J K-1 K+1 J K-1 K+1 Frequency (MHz) obs -cal (MHz) 
2   1   1 1   0   1 5748.995 -0.0007 
3   1   3 2   1   2 6749.679 -0.0055 
3   0   3 2   0   2 6797.907 -0.0005 
3   1   2 2   1   1 6851.091 0.0018 
3   1   3 2   0   2 7864.025 0.0043 
4   0   4 3   1   3 7994.144 0.0013 
4   1   4 3   1   3 8998.544 -0.0008 
4   0   4 3   0   3 9060.247 -0.0095 
4   2   3 3   2   2 9067.065 0.014 
4   2   2 3   2   1 9074.314 0.008 
4   1   3 3   1   2 9133.683 -0.0103 
4   1   4 3   0   3 10064.66 -0.0021 
5   0   5 4   1   4 10315.15 0.0041 
5   1   5 4   1   4 11246.55 -0.0021 
5   0   5 4   0   4 11319.56 0.004 
5   2   4 4   2   3 11332.59 -0.0098 
5   2   3 4   2   2 11347.03 -0.0068 
5   1   4 4   1   3 11415.34 0.0065 
5   1   5 4   0   4 12250.95 0.0038 
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Table V.9. Experimentally observed rotational transitions and their assignments for 
bi-deuterated isotopologue of PA-dimer (H-8 and H-16 both as D). Residues from the 
fit are also given. 

J K-1 K+1 J K-1 K+1 Frequency (MHz) obs -cal (MHz) 

3   1   3 2   1   2 6764.8930 -0.0016 
3   0   3 2   0   2 6802.1560 -0.0008 
3   2   2 2   2   1 6803.9150 0.0000 
3   2   1 2   2   0 6805.6330 -0.0010 
3   1   2 2   1   1 6842.3510 -0.0094 
2   2   1 1   1   1 7992.9680 0.0025 
4   0   4 3   1   3 7994.1390 -0.7342 
4   1   4 3   1   3 9019.1860 0.0162 
4   0   4 3   0   3 9067.3170 -0.0018 
4   2   3 3   2   2 9071.3630 -0.0005 
4   2   2 3   2   1 9075.6600 0.0053 
4   1   3 3   1   2 9122.4200 -0.0051 
5   0   5 4   1   4 10306.3045 0.0074 
5   1   5 4   1   4 11272.8660 -0.0012 
5   0   5 4   0   4 11330.5803 -0.0135 
5   2   3 4   2   2 11346.9195 -0.0024 
5   1   4 4   1   3 11401.8630 0.0051 

 

Table V.10. Experimental rotational and distortion constants for the two mono and 
one bi deuterated isotopologues of PA-dimer. 

Constants H-8 as D H-16 as D H-8 and H-16  
both as D 

A    /MHz 2301.8767(51) 2297.8207(52) 2282.0237(32) 
B    /MHz 1147.29807(87) 1150.4122(13) 1146.9285(19) 
C    /MHz 1129.08541(85) 1116.6032(14) 1121.1011(21) 
DJ  /kHz 1.7851(72) 1.826(20) 1.764(25) 
DJK /kHz 0.233(51) 0.40(14) -0.21(18) 
DK  /kHz -1.00 -1.00 -1.00 
d1  /kHz -0.042(10) -0.059(17) -0.054(25) 
d2  /kHz -0.1130(33) -0.174(10) -0.118(17) 
σ/kHz 2.5 7.9 8.7 

#transitions 14 19 17 
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V.4. Structure of the PA-dimer 

Comparison of the observed rotational constants with the calculated rotational 

constants gives a meaningful insight into the structure of the dimer. The observed 

rotational constants for the parent dimer are close to the Structure 1 and Structure 3 

and are very different from other optimized structures and thus structures other than 1 

and 3 can be excluded. The observed A and B rotational constants are closer to the 

calculated A and B rotational constants for the Structure 1 while C rotational constant 

is closer to the calculated C rotational constant for the Structure 3, see Table V.3 and 

Table V.5. Isotopic substitution of hydrogen by deuterium provides more information 

about the structure. The observed constants for the two mono deuterated (either H-8 

or H-16 as D) and one bi-deuterated (H-8 and H-16 both as D) are closer to the 

predicted constants on the basis of Structure 1 as compared to Structure 3, see Table 

V.6 and Table V.10, and hence the observed spectra is more likely to be corresponding 

to the Structure 1. In the Figure V.2, principal axes systems for the ab initio optimized 

Structure 1 and Structure 3 are shown. 

 

Figure V.2. Principal axes system for the ab initio optimized (a) Structure 1 and (b) 
Structure 3 of the PA-dimer.  

 

In the Structure 1, H8 is close to the c-axis while in the Structure 3 it is much far 

away. Thus the substitution of H-8 by D would change the C rotational constant much 

more significantly in Structure 3 than in Structure 1, as predicted by the calculations, 

Table V.6. However, the experimental C rotational constant for the isotopologue in 

which H-8 is substituted by D is not very different from that of the parent dimer. This 

gives another indication that the observed structure is closer to the Structure 1. 

Kraitchman analysis can be used to locate the position of the substituted atom. The 
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difference in the rotational constants of the different isotopologues depends on the 

position of the substitution. Thus the observed rotational constants of the different 

isotopologues can be used to locate the coordinates of the substituted atom which in 

turn gives the distance of the substitution from the centre of mass (c.m.) of the 

complex. Using this analysis distances of H8 and H16 atoms from the centre of mass 

of the complex were calculated and are given in the Table V.11. The table also gives 

ab initio calculated distances for these atoms from the centre of mass for the Structure 

1 and Structure 3.  

Table V.11. Centre of mass to H-8 and H-16 atom distances for the Structure 1 and 
Structure 3. Experimental values as well as the ab initio calculated values at MP2/6-
311+G(3df,2p) level are given. 
 

c.m. to H-8 distance (Å) c.m. to H-16 distance (Å) 
Experimental values 0.8482±0.0031 1.6806±0.0016 

Structure 1 1.3509 1.6829 
Structure 3 2.5840 1.7261 

 

These values again put weight in favor of the Structure 1 since both the distances are 

close to the calculated values for this structure. It should be noted that the values 

obtained experimentally are zero-point averaged distances and not the equilibrium 

distances. Moreover, the H16 distance from the centre of mass is closer to the 

calculated value as compared to the H8 distance in Structure 1. This is because H16 is 

involved in the H-bonding and thus is more localized in the complex as compared to 

the H-8. 

V.5. Atoms in molecules (AIM) theoretical analysis: 

Once the structure was confirmed, the AIM calculations were performed to explore 

the nature and strength of the intermolecular interactions present in the PA-dimer. The 

analysis was performed on all the structures of PA-dimer. However, results for only 

Structure 1 are discussed here since it is the closest structure to the experimental data. 

Results for the other structures are summarized in the Supplementary Information 

given at the end of the chapter. Wave-function for the analysis was extracted from the 

Gaussian calculations at MP2/6-311+G(3df,2p) level. 
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The electron density topology resulting from the AIM analysis is shown in Figure 

V.3. There are three intermolecular bond critical points (BCPs) and two corresponding 

ring critical points (RCPs) present in the dimer. The BCPs are present between O-H 

and O, O-H and π-electron density and C-H and π-electron density. Each 

intermolecular BCP is linked by the interacting atoms/groups by the corresponding 

bond paths. Thus, the topology confirms the presence of O-H•••O, O-H•••π and C-

H•••π intermolecular interactions in the dimer. The electron density and Laplacian of 

electron density values for these interactions in the dimer are given in Table V.12. 

Table V.12. Electron density, ρ(r), and Laplacian of electron density, ∇2ρ(r), values at 
intermolecular BCPs present in the PA-dimer. The wave function for the optimized 
geometry at MP2/6-311+G(3df,2p) level was used. 

Contact ρ(r) in a.u. ∇2ρ(r) in a.u. 

O-H•••O 0.0233 0.0921 
O-H•••π 0.0156 0.0501 
C-H•••π 0.0058 0.0166 

 

The positive values of the Laplacian indicate that these interactions are closed shell 

interactions. The ρ(r) and ∇2ρ(r) values are within the range defined by Koch and Popelier21 

for the C-H•••O hydrogen bonds. Also, in the case of hydrogen bonds the electron 

density is linearly correlated to the bond strength21 and thus the electron density can 

be used to predict the strength of a typical hydrogen bond. The electron density values 

at the BCPs suggest that OH•••O hydrogen bond is strongest and the C-H•••π 

hydrogen bond is weakest in the PA-dimer. 

It will be worthwhile to compare these interactions with the similar interactions 

present in other complexes. We chose O-H•••O hydrogen bonded (H2O)2 and 

(CH3OH)2 dimers, C-H•••O hydrogen bonded C2H4•••H2O and C2H2••• H2O dimers 

and C-H•••π hydrogen bonded (C2H2)2 and C2H2•••CH4 dimers for the comparisons. 

All these dimers were optimized at the same MP2/6-311+G(3df,2p) level and the 

wave functions extracted from these calculations were used to perform the AIM 

calculations. The calculated topologies for these dimers are shown in the Figure V.4. 

The ρ(r) and ∇2ρ(r) values at the intermolecular BCPs present in these dimers are 

given in the Table V.13. For the sake of comparison, values for the PA dimer structure 

have also been included. Electron density values suggest that the O-H•••O interaction 

in the PA-dimer is slightly stronger than that in (H2O)2 and slightly weaker than that 
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in the (CH3OH)2. The O-H•••π interaction in the dimer is stronger than that in the 

C2H4•••H2O and C2H2••• H2O complexes. The C-H•••π interaction in the PA-dimer 

is much stronger than the C2H2•••CH4 and slightly weaker than the (C2H2)2 dimer. 

Table V.13. Electron density ρ(r) and Laplacian of electron density ∇ 2ρ(r) values at 
the intermolecular BCPs of different complexes. 

Contact Complex ρ(r) in a.u. ∇2ρ(r) in a.u. 

OH•••O 
PA-dimer 0.0233 0.0921 

(H2O)2 0.0215 0.096 
(CH3OH)2 0.0256 0.1018 

OH•••π 
PA-dimer 0.0156 0.0501 

C2H4•••Η2Ο 0.0100 0.0291 
C2H2•••H2O 0.0100 0.0324 

CH•••π 
PA-dimer 0.0058 0.0166 
(C2H2)2 0.0064 0.0178 

C2H2•••CH4 0.0042 0.0109 

 

V.6. Conclusions 

Rotational spectra of PA-dimer and its two mono-deuterated and one bi-deuterated 

isotopologues have been observed and fitted within experimental uncertainty. The 

experimental rotational constants and Kraitchman analysis confirm the structure to be 

close to one of the ab-initio predicted structure. Ab initio calculations predict this 

structure to be the most stable structure for the dimer. The AIM calculations show that 

the observed dimer is bound with O-H•••O, O-H•••π and C-H•••π hydrogen bonds. 

These interactions could be compared to similar interactions present in other dimers. 

The other un-observed ab initio predicted dimer structures are not very different in 

terms of stabilization energies and there is a possibility that they could also be found. 

During this work many other 'only' PA dependent signals were also observed which 

could belong to any one of these different possible structures for the dimer or may 

also be due to some other higher PA-clusters. 

 

V.7. Supplementary Information 

The Supplementary Information contains coordinates for all the ab initio as well as 

scaled structures for the PA-dimer. The calculated harmonic frequencies for these 

structures are also given. AIM properties for all the structures have been summarized. 
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The observed transitions which could not be assigned as of now are also listed. The 

Supplementary Information also contains the total searched regions using argon as 

well as helium as carrier gases. 
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Supplementary Information 

Table.V.S.1 Coordinates of the optimized geometries for different structures of 
propargyl alcohol-dimer at MP2/6-311+G(3df,2p) level. 

 
Structure-1 Structure-2 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -1.881336 1.794258 -0.100865 C -1.9602 1.9598 -0.0859 
C -1.936115 0.583975 -0.017193 C -2.1532 0.7600 -0.1014 
H -1.838113 2.854008 -0.17573 H -1.8022 3.0111 -0.0838 
C -1.984543 -0.874394 0.102107 C -2.3794 -0.6917 -0.1188 
O -0.695479 -1.472954 0.06286 O -1.3276 -1.4105 -0.7242 
H -2.53713 -1.296675 -0.735259 H -3.2771 -0.9030 -0.6988 
H -2.509379 -1.147783 1.020611 H -2.5599 -1.0322 0.9054 
H -0.160265 -1.094715 0.77528 H -0.5435 -1.2995 -0.1649 
C 1.635468 0.063602 1.893083 C 3.3660 0.1946 -1.0084 
C 1.664472 0.335524 0.707637 C 2.4682 0.3147 -0.2002 
H 1.64556 -0.16149 2.932523 H 4.1424 0.0956 -1.7278 
C 1.65804 0.634814 -0.731618 C 1.4017 0.4185 0.7919 
O 1.482384 -0.51275 -1.53311 O 0.7904 -0.8438 1.0656 
H 2.619132 1.066128 -1.009065 H 0.6001 1.0567 0.4246 
H 0.883931 1.383203 -0.924997 H 1.7927 0.8553 1.7134 
H 0.665109 -0.943722 -1.240271 H 1.4865 -1.4852 1.2387 

Structure-3 Structure-4 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -2.0250 1.2814 1.2302 C 3.0210 0.8480 -0.4068 
C -1.8108 0.6136 0.2388 C 2.2274 0.0709 0.0839 
H -2.2031 1.8774 2.0925 H 3.7081 1.5375 -0.8344 
C -1.5706 -0.2308 -0.9293 C 1.2960 -0.9058 0.6423 
O -1.1083 -1.5328 -0.5686 O 0.5400 -1.5736 -0.3667 
H -0.7835 0.2018 -1.5433 H 0.5652 -0.4071 1.2762 
H -2.4800 -0.3029 -1.5296 H 1.8434 -1.6315 1.2482 
H -1.7332 -1.9101 0.0586 H 1.1389 -1.8664 -1.0593 
C 1.6672 1.6186 -1.1147 C -0.5661 2.0496 0.2888 
C 1.6751 0.8155 -0.2026 C -1.4223 1.2347 0.0064 
H 1.6740 2.3217 -1.9120 H 0.1857 2.7597 0.5341 
C 1.6792 -0.1608 0.8944 C -2.4302 0.2281 -0.3470 
O 1.5635 -1.4956 0.4504 O -2.1634 -1.0424 0.2097 
H 0.8813 0.0998 1.5968 H -2.5100 0.1774 -1.4373 
H 2.6264 -0.0917 1.4284 H -3.4009 0.5370 0.0387 
H 0.6848 -1.5938 0.0531 H -1.2981 -1.3313 -0.1159 
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Table.V.S.1 (continued) 

Structure-5 Structure-6 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C 3.3107 0.6174 -0.0851 C 0.2325 0.5028 2.1148 
C 2.3650 -0.1335 -0.2126 C 0.2001 0.2386 0.9314 
H 4.1478 1.2632 0.0264 H 0.2676 0.7277 3.1530 
C 1.2054 -1.0123 -0.3485 C 0.1599 -0.0612 -0.4938 
O 0.4428 -1.0912 0.8562 O 0.5491 -1.4227 -0.6861 
H 1.5270 -2.0289 -0.5671 H 0.8436 0.6065 -1.0255 
H 0.5784 -0.6640 -1.1734 H -0.8513 0.1030 -0.8742 
H 0.2612 -0.1801 1.1214 H 0.6687 -1.5446 -1.6375 
H -1.3443 -1.3313 0.1223 H 2.4639 -1.2467 -0.3323 
O -2.1133 -1.0807 -0.4135 O 3.3639 -0.9897 -0.5870 
C -2.5350 0.1939 0.0248 C 3.6392 -1.6101 -1.8227 
H -3.3211 0.5149 -0.6573 H 4.6346 -1.2848 -2.1223 
H -2.9678 0.1493 1.0291 H 3.6619 -2.7005 -1.7308 
C -1.4529 1.1886 0.0185 C 2.6817 -1.2472 -2.8791 
C -0.5260 1.9761 0.0267 C 1.8679 -0.9560 -3.7352 
H 0.2795 2.6709 0.0137 H 1.1839 -0.6902 -4.5052 

 

Structure-7 

Atom x(Å) y(Å) z(Å) 
C -3.6337 0.4713 -0.5660 
C -2.6351 0.0919 0.0099 
H -4.5045 0.7970 -1.0804 
C -1.4447 -0.3500 0.7312 
O -0.6855 -1.2113 -0.0990 
H -1.7557 -0.8621 1.6474 
H -0.8595 0.5280 1.0187 
H 0.1986 -1.2933 0.2874 
C 1.4341 2.1437 0.3316 
C 1.8147 1.0825 -0.1168 
H 1.0987 3.0725 0.7257 
C 2.2755 -0.1794 -0.6798 
O 2.1202 -1.1986 0.3140 
H 3.3246 -0.0884 -0.9695 
H 1.6811 -0.4162 -1.5653 
H 2.4745 -2.0181 -0.0454 
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Table.V.S.2 Coordinates of the scaled geometries of propargyl alcohol-dimer on the 
basis of observed rotational constants and ab-initio optimized structure 1 and 
structure 3. 

Scaled geometry on the basis of Structure-1 Scaled geometry on the basis of Structure-3 

Atom x(Å) y(Å) z(Å) Atom x(Å) y(Å) z(Å) 
C -2.0316 1.5584 -0.7968 C -2.1753 1.0876 1.3698 
C -2.0612 0.4917 -0.2321 C -1.9284 0.5095 0.2486 
H -2.0107 2.4917 -1.2926 H -2.3817 1.6036 2.3449 
C -2.0784 -0.7858 0.4649 C -1.6493 -0.2214 -1.0720 
O -0.7088 -1.3195 0.6603 O -1.1456 -1.3348 -0.6460 
H -2.6493 -1.5213 -0.1155 H -0.8227 0.1586 -1.7654 
H -2.6245 -0.6711 1.4085 H -2.5975 -0.2995 -1.7655 
H -0.1551 -0.6752 1.1458 H -1.8028 -1.6649 0.0638 
C 1.7059 0.8683 1.6714 C 1.7246 1.4155 -1.2603 
C 1.7307 0.6337 0.4918 C 1.7366 0.7288 -0.2154 
H 1.7212 1.0869 2.7001 H 1.7286 2.0168 -2.1734 
C 1.7178 0.3200 -0.9277 C 1.7454 -0.1060 1.0411 
O 1.5601 -1.0523 -1.1860 O 1.6509 -1.2603 0.5446 
H 2.7186 0.6184 -1.3603 H 0.8950 0.1115 1.8297 
H 0.8864 0.9056 -1.3978 H 2.7340 -0.0304 1.6595 
H 0.7104 -1.3413 -0.7408 H 0.7332 -1.3592 0.0830 
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Table.V.S.3.Frequencies for the normal modes of vibration for different structures of 
propargyl alcohol-dimer at MP2/6-311+G(3df,2p) level. 

 
Structure 1 Structure 2 Structure 3 Structure 4 

ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 
28.7 1.2 10.5 0.3 26.9 0.8 22.5 0.8 
48.2 1.6 19.1 0.9 43.4 0.4 49.0 1.3 
67.4 0.5 63.8 2.8 69.0 0.6 72.7 1.0 

108.1 2.4 70.3 2.1 91.5 2.2 76.4 5.9 
126.3 0.6 91.5 2.1 112.8 1.3 114.9 1.4 
157.8 4.2 187.4 3.3 183.5 2.5 160.2 13.1 
211.1 1.1 194.4 6.1 193.4 1.3 197.9 12.4 
225.1 0.9 215.0 4.6 211.3 1.8 225.1 30.2 
301.1 5.9 290.6 13.4 286.9 13.0 231.6 49.8 
314.5 7.1 307.4 4.8 307.2 3.8 303.8 7.9 
522.3 79.1 349.8 111.3 357.6 126.9 316.7 35.4 
561.2 7.7 558.4 11.0 558.7 3.0 557.9 4.2 
575.8 68.2 560.2 9.3 559.2 9.1 559.3 10.8 
634.6 33.7 634.0 42.0 634.5 44.0 631.3 58.0 
645.4 35.6 650.4 46.0 648.8 41.9 647.3 35.3 
652.4 58.4 662.2 43.3 659.7 37.3 663.6 33.6 
670.9 54.0 679.4 37.9 674.1 75.7 675.4 40.6 
675.0 52.7 690.4 70.4 676.9 60.7 679.9 101.2 
917.7 12.6 924.4 20.0 925.5 14.1 925.6 11.6 
930.9 28.9 928.5 17.7 929.5 24.1 928.7 35.9 
1005.9 14.3 1003.8 11.4 1002.5 0.8 1007.1 20.7 
1010.1 17.0 1013.1 16.7 1007.7 22.5 1009.2 4.5 
1073.7 106.9 1063.0 103.3 1061.1 60.9 1067.5 87.6 
1093.6 98.7 1095.4 100.4 1093.1 116.7 1092.2 101.2 
1239.8 19.4 1225.9 26.1 1224.8 14.8 1228.0 21.4 
1257.9 11.9 1261.2 9.1 1261.1 15.1 1253.3 9.1 
1377.2 4.0 1355.1 5.2 1360.7 4.9 1352.8 5.8 
1385.9 6.1 1393.5 11.1 1393.9 13.9 1387.0 5.9 
1422.5 46.8 1428.5 47.1 1424.8 43.2 1431.9 59.4 
1461.6 43.9 1466.1 32.3 1463.3 43.1 1446.6 21.8 
1507.1 4.0 1508.3 2.1 1506.6 2.4 1512.2 0.9 
1515.1 2.1 1521.0 0.6 1513.0 6.2 1514.2 7.2 
2115.7 0.8 2122.4 0.8 2122.4 0.8 2124.5 0.7 
2130.7 2.8 2136.4 2.8 2133.1 3.5 2134.3 2.4 
3064.2 23.1 3058.4 32.7 3057.7 25.3 3056.1 35.4 
3076.4 28.6 3081.0 22.1 3081.9 24.8 3078.8 24.0 
3139.0 8.0 3136.2 10.8 3135.2 11.4 3136.7 10.8 
3150.1 4.2 3155.5 3.9 3160.8 0.2 3156.5 0.3 
3477.1 62.2 3482.0 53.9 3481.7 61.5 3482.6 54.1 
3481.3 56.1 3483.5 62.1 3482.7 51.2 3484.4 53.0 
3707.7 118.6 3701.4 501.2 3708.9 387.3 3726.4 394.9 
3747.6 364.2 3853.6 50.7 3851.1 53.0 3866.0 52.9 

 

  



Chapter V. Propargyl Alcohol Dimer 
 

[168] 
 

Structure 5 Structure 6 Structure 7 
ν (cm-1) IR intensities ν (cm-1) IR intensities ν (cm-1) IR intensities 

41.4 0.0 25.4 0.1 7.8 0.0 
45.6 3.0 38.0 1.0 31.5 6.1 
87.3 1.7 59.0 7.7 57.5 5.3 
99.5 3.6 96.2 3.2 86.7 15.6 

119.8 3.2 105.3 1.5 97.4 1.5 
153.4 1.8 179.5 9.6 153.7 6.8 
212.7 4.2 208.5 7.9 205.0 12.5 
238.0 11.3 224.3 3.0 225.5 4.6 
304.9 3.4 304.2 10.9 300.0 33.4 
311.3 6.1 314.3 5.9 308.3 6.1 
491.0 191.9 470.6 152.8 343.0 83.1 
560.6 14.7 558.2 0.4 542.4 23.4 
567.0 18.7 571.5 31.2 557.9 3.1 
645.8 45.1 638.3 35.3 636.7 39.8 
647.6 36.1 647.0 43.6 638.6 165.0 
658.0 134.3 664.1 102.3 646.1 35.8 
663.7 56.3 668.2 55.6 667.2 35.6 
672.3 36.4 679.4 47.5 682.3 34.1 
918.6 11.5 916.8 14.7 925.0 7.1 
931.5 24.8 929.3 4.7 931.1 10.1 
1004.5 9.5 1008.7 9.4 1036.3 6.5 
1014.9 10.0 1041.2 4.5 1040.3 3.8 
1061.5 93.5 1064.4 110.9 1057.9 96.8 
1090.2 92.5 1094.2 102.1 1092.7 100.6 
1240.9 10.2 1256.2 5.0 1245.0 62.1 
1260.6 7.6 1274.8 9.0 1278.3 6.2 
1375.7 4.1 1288.1 30.2 1282.2 2.5 
1385.1 2.9 1386.9 7.7 1320.1 59.2 
1432.0 48.1 1456.5 12.2 1451.2 21.5 
1471.6 28.3 1464.5 51.5 1472.0 14.3 
1512.9 5.9 1511.3 1.8 1518.8 2.4 
1515.0 2.2 1523.3 1.6 1522.3 0.8 
2117.2 0.9 2115.3 1.4 2140.7 0.6 
2133.4 1.8 2146.0 3.2 2144.9 3.9 
3056.9 32.3 3058.0 29.0 3045.2 34.5 
3077.3 12.2 3058.4 22.5 3067.4 23.7 
3139.9 7.2 3106.9 8.9 3091.6 9.8 
3151.9 4.5 3139.8 6.7 3119.2 7.3 
3475.9 52.2 3475.7 63.1 3483.0 56.0 
3483.1 62.3 3486.5 59.4 3488.2 56.4 
3688.7 281.3 3696.3 247.8 3722.9 391.3 
3785.6 138.1 3774.2 237.1 3853.1 54.1 
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Table.V.S.4. Observed but unassigned PA dependent signals. He was used as the 
carrier gas at a back pressure of 1.5 bar. MW pulse duration was 1.0 μs.  

Freq(MHz) Intensity Freq(MHz) Intensity Freq(MHz) Intensity Freq(MHz) Intensity 

4764.343 strong 7724.417 medium 8796.824 medium 9698.107 medium 

4764.795 strong 7858.918 medium 8816.049 medium 9763.786 medium 

4830.522 very strong 8370.178 medium 8816.986 medium 9807.988 weak 

4830.579 strong 8382.517 medium 8927.440 weak 9822.256 strong 

4863.461 medium 8386.721 very strong 8942.597 weak 9822.343 strong 

4955.008 medium 8386.829 very strong 8970.817 strong 9828.651 weak 

4955.047 medium 8387.000 very strong 8970.826 strong 9878.610 strong 

4955.764 medium 8387.104 very strong 8972.195 medium 9878.641 strong 

6744.035 strong 8424.295 medium 8975.560 strong 9878.700 strong 

6812.863 very strong 8427.500 medium 8987.275 medium 10225.508 very strong 

6864.027 very strong 8427.620 medium 8987.600 medium 10225.525 very strong 

6872.941 medium 8427.800 medium 9037.007 medium 10225.869 very strong 

6944.890 weak 8433.425 strong 9046.643 medium 10414.031 strong 

7109.870 very strong 8433.866 medium 9145.217 strong 10416.746 strong 

7110.010 very strong 8434.217 strong 9151.326 very strong 10418.785 strong 

7132.510 medium 8441.610 medium 9154.511 strong 10777.217 weak 

7227.130 medium 8444.416 weak 9155.100 strong 11419.000 strong 

7240.270 medium 8444.544 medium 9192.378 strong 11449.990 medium 

7240.424 medium 8444.769 weak 9232.378 medium 11812.100 weak 

7246.186 strong 8659.373 medium 9310.220 medium 

7253.200 medium 8672.290 medium 9325.805 very strong 

7255.875 medium 8713.621 medium 9411.205 strong 

7256.051 medium 8735.922 very strong 9477.943 strong 

7257.850 strong 8743.324 very strong 9516.363 medium 

7266.450 medium 8743.353 very strong 9516.656 medium 

7304.990 medium 8743.402 very strong 9568.785 strong 

7305.295 medium 8756.795 weak 9587.800 medium 

7354.880 medium 8756.825 weak 9592.135 medium 

7356.370 medium 8762.256 weak 9592.193 medium 

7453.195 medium 8772.798 medium 9596.120 medium 

8762.164 weak 8772.832 medium 9608.015 medium 

7475.984 medium 8796.795 medium 9645.985 medium 
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Table.V.S.5. Overall scanned regions. He was used as the carrier gas at 1.5 bar back 
pressure. MW pulse length was 1.0 μs. 

5689.0-5693.5  MHz 9756.5-9808.0 MHz 

5950.0-5981.0  MHz 9808.5-9839.0 MHz 

7093.0-7363.0  MHz 9839.0-9855.5 MHz 

7452.0-7479.0  MHz 9880.0-9881.5 MHz 

7584.0-7587.0  MHz 9955.5-9975.5 MHz 

7525.0-7527.0  MHz 10007.0-10017.0 MHz 

7651.0-7658.0  MHz 10218.0-10292.5 MHz 

7684.5-7727.0  MHz 10399.0-10455.0 MHz 

7833.5-7895.0  MHz 10669.0-10667.0 MHz 

8347.0-8385.5  MHz 10618.0-10640.0 MHz 

8410.0-8446.0  MHz 10752.0-10800.0 MHz 

8638.5-8838.0  MHz 11188.0-11198.0 MHz 

8940.5-9035.0  MHz 11277.0-11313.0 MHz 

9351.5-9482.0  MHz 11355.0-11371.0 MHz 

9477.0-9614.0  MHz 11457.0-11467.0 MHz 

9620.0-9651.0  MHz 11670.0-11710.0 MHz 

9640.0-9784.0  MHz 11803.0-11849.5 MHz 

 
 
Table.V.S.6. AIM properties at the intermolecular BCPs for different structures of 
PA-dimer. The structures and interactions are shown in the Figure V.1 of the main 
text.  

 O-H•••O O-H•••π C-H•••π C-H•••π 

 

ρ(r) 
in a.u. 

∇2. ρ(r) 
in a.u. 

ρ(r) 
in a.u. 

∇2. ρ(r) 
in a.u. ρ(r) in a.u. ∇2 ρ(r) in 

a.u. 
ρ(r) in 

a.u. 
∇2. ρ(r) in 

a.u. 

     

Structure 2 0.0290 0.1001 - - 0.0075 0.0207 - - 

Structure 3 0.0275 0.0942 - - 
0.0047 0.0133 0.007 0.0199 

(H2... π) (C3-H2-π) (H6... π) (C6-H6- π) 

Structure 4 0.0258 0.1074 - - 0.0071 0.0218 - - 

Structure 5 0.0269 0.0876 0.0131 0.0409 - - - - 

Structure 6 0.0266 0.0870 0.0142 0.0443 - - - - 

Structure 7 0.0252 0.0979 - - 0.0063 0.0177 - - 
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(This work has been published in Asian J. Spectro. 2010, 31-42.) 
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VI.1. Introduction 

Microwave spectroscopy has been valuable in the determination of accurate structures 

of small molecules with appreciable dipole moments.1,2 As there were not many of 

these molecules, interest in microwave spectroscopy was vanishing in the 1970s. 

Then came the introduction of the pulsed nozzle Fourier transform microwave 

(PNFTMW) spectrometer by Balle and Flygare.3 This technique had high sensitivity 

and resolution and it opened up several avenues. Several groups built this 

spectrometer all over the world expanding the horizons of microwave spectroscopy 

research and in an earlier review the advances and applications of the Balle-Flygare 

spectrometer have been summarized.4 While the sensitivity and resolution of this 

technique enabled numerous investigations that would not have been possible earlier, 

there remained a major disadvantage: narrow bandwidth. Within two years after this 

review was published Pate has given the next fillip to the field introducing chirped 

pulse Fourier transform microwave (CPFTMW) spectrometer.5,6 This enabled the 

collection of ‘microwave spectrum’ rather than the observation of one line at a time 

and searching laboriously for all the lines. One could start seeing a broad band 

spectrum in papers, rather than many Tables listing numerous transition frequencies. 

There still remains one problem that cannot be solved by microwave spectroscopy: 

Experimentally measuring the rotational constants of a molecule that has no dipole 

moment, benzene for example or can it be? 

We had proposed the concept of an electrophore as an atom or molecule, which could 

combine with another molecule having no dipole moment thereby forming a complex 

with a dipole moment.4 Let us look at the structure of C6H6 , Figure VI.1. It is an 

oblate top with the a- and b-axes in the plane and the c-axis perpendicular to the 

plane. As it has no dipole moment, these constants can not be determined by 

microwave spectroscopy. If benzene were to form a complex with an atom which 

approaches along its c-axis, Figure VI.2, the resulting complex would also be a 

symmetric top. However, the complex will have a dipole moment due to polarization. 

The c-axis of benzene would become the a-axis for the complex. However, this does 

not help in measuring the rotational constants of C6H6 as the experiment can only 

determine the B rotational constant for the complex. It will depend on the 

intermolecular distance and the masses of C6H6 and the atom. Moreover, this does not 

give any structural details about benzene, as one often assumes the monomer structure 
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MHz, which is significantly smaller. It was felt that such determinations on C6H6•••Ar 

would give a more realistic estimate for the monomer rotational constants. Bauder’s 

group has in fact studied this complex.10 However, both 13CC5H6 and C6H5D 

isotopologues were not investigated. In this chapter, the rotational spectrum of these 

two isotopologues are reported and compared with the parent isotopologue. Results 

from these complexes are unlikely to give any new information about the complex. 

However, our main motivation was the direct determination of C rotational constant 

of asymmetric benzene isotopologues. 

The centrifugal distortion constants of C6H6•••Rg (Rg = Ar/Kr) have been analyzed in 

detail to extract the intermolecular potential and also some information about 

intermolecular vibrations.11 There have been several such attempts to use the 

centrifugal distortion constants to extract information about intermolecular potentials 

and vibrations.11-15 These depended on models and programmes developed in-house. 

Recently, such vibrational-rotational calculations have been incorporated in several 

packages, such as Gaussian09,16 which makes it easy for every-one. Such electronic 

structure theory calculations have become standard for calculating short amplitude 

high frequency vibrations. Scaling factors are well established for these modes which 

improve the accuracy of theoretical predictions.17-19 However, such scaling factors do 

not work for large amplitude low frequency vibrations. Moreover, experimental data 

on these modes are scarce. Development of terahertz spectroscopy does offer some 

hope in this direction.20 The question we address here is the following: Can we use the 

centrifugal distortion constants to determine which of the methods and basis sets work 

better for predicting the low frequency vibrations? The C6H6•••Ar data is used here 

for this exploratory study as well. 

 

VI.2. Experimental and theoretical methods 

Spectral transitions for C6H5D•••Ar and 13CC5H6•••Ar were predicted based on the 

known structure of C6H6•••Ar and readily observed. Benzene and C6H5D (99.9 % D) 

were procured from Aldrich and 13CC5H6 was observed in natural abundance. Argon 

(99.999%) was obtained from Bhuruka Gases Ltd and it was flown through silica gel 

and charcoal traps to remove any residual H2O/hydrocarbons. MW pulse of 3 μs 

duration was used. All the theoretical calculations were performed using the 

commercial Gaussian09 suite of programs. 
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VI.3. Results and discussion 

VI.3.a. Observed transitions and determined rotational constants 

The observed transitions for both isotopologues C6H5D•••Ar and 13CC5H6•••Ar are 

given in Tables VI.1 and VI.2. These transitions could be fitted to a Watson S-

reduction Hamiltonian and the rotational and centrifugal distortion constants are given 

in Table VI.3. Not surprisingly, the distortion constants are very close to those 

determined for the parent isotopologue, C6H6•••Ar. The RMS deviations for both 

these asymmetric complexes were close to 10 kHz compared to less than 2 kHz for 

the parent symmetric top. More importantly, the A rotational constants for the 

C6H5D•••Ar and 13CC5H6•••Ar complexes were determined to be 2760.3(17) and 

2810(22) MHz, respectively. For the C6H5D•••Ar complex, this value can be 

compared to the C rotational constant for the C6H5D. As mentioned earlier, the direct 

measurement reported by Bauder9 yields 2749.674(6) MHz, which differs by about 10 

MHz. For the C6H5D•••H2O/D2O complexes, the A rotational constant was 

determined to be 2765.5(3) MHz.7 For 13CC5H6, there has been no previous 

experimental measurement of A rotational constant and based on comparisons with 

the C6H5D, our measurement of 2810(22) MHz should be reasonably good. This may 

be compared with the value of 2832(3) MHz determined from 13CC5H6•••H2O 

complex spectrum. The uncertainty in 13CC5H6 constant is significantly more than that 

for the C6H5D which is possibly due to the lower signal to noise. These numbers 

could be improved if more transitions from higher J/K are measured. However, the 

calculated rotational constant for the 13CC5H6 isotopologue, based on the 

experimental structure21 of C6H6 is 2812.884 MHz, is very close to the C rotational 

constant determined for the 13CC5H6•••Ar complex. Clearly Ar as an electrophore has 

resulted in a more accurate determination of the C rotational constants for C6H5D and 
13CC5H6. Still, these constants are somewhat different from the respective monomer 

values and the possible reasons are discussed next. 

The principle coordinates for the complex are only slightly different from that of the 

monomer and hence, this difference cannot be attributed to this. The center of mass of 

C6H6 gets shifted closer to the D in C6H5D, but only by 0.003 Å. As the electronic 

structure of the monomer does not alter much, the location of Ar atom in these two 

complexes would not change. Though the a-axis for the C6H5D•••Ar complex would 

be slightly tilted from the c-axis of C6H5D, this change also cannot account for the 
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change of 10 MHz. Assuming these two axes as parallel shifted by 0.003 Å, parallel 

axis theorem shows that the change in the rotational constant will be of the order 0.1 

MHz. Thus, this change must have its origin in the large amplitude vibrations, 

particularly the degenerate bending modes. For C6H6•••Ar, there has been an estimate 

of these vibrational frequencies based on the analysis of centrifugal distortion 

constants. Here, we use the standard Gaussian 09 software to calculate the vibration-

rotational interaction constants and these results are discussed in the next section. 

Table VI.1. Observed transitions for the Ar•••C6H5D complex. Residues from the fit 
are also given.  

J' K-1' K+1' J  K-1  K+1 Frequency (MHz) Residue(kHz) 

2   0   2 1   0   1 4676.3410 -0.0013 
3   1   3 2   1   2 6989.3680 -0.0109 
3   0   3 2   0   2 7013.9980 0.0000 
3   1   2 2   1   1 7039.2970 0.0104 
4   1   4 3   1   3 9318.6640 -0.0036 
4   0   4 3   0   3 9351.0300 -0.0052 
4   2   3 3   2   2 9351.6800 0.0048 
4   2   2 3   2   1 9352.9750 -0.0045 
4   1   3 3   1   2 9385.2150 0.0069 
5   0   5 4   0   4 11687.2550 0.0063 
5   1   5 4   1   4 11647.5100 -0.0158 
5   2   3 4   2   2 11691.4660 -0.0042 
5   3   3 4   3   2 11688.7210 0.0059 
5   1   4 4   1   3 11730.6980 0.0051 
6   0   6 5   0   5 14022.4480 0.0133 
6   1   6 5   1   5 13975.8460 -0.0024 
6   2   5 5   2   4 14025.5710 0.0085 
6   2   4 5   2   3 14030.1070 -0.0148 
6   1   5 5   1   4 14075.6250 -0.0042 
7   1   7 6   1   6 16303.5500 0.0186 
7   0   7 6   0   6 16356.3740 -0.0190 
7   2   6 6   2   5 16361.6900 0.0128 
7   3   4 6   3   3 16362.5783 -0.0087 
7   2   5 6   2   4 16368.9677 0.0063 
7   1   6 6   1   5 16419.8937 -0.0098 
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Table VI.2. Observed transitions for the Ar•••13CC5H6 complex. Residues from the fit 
are also given.  

J' K-1' K+1' J  K-1  K+1 Frequency(MHz) Residue(MHz) 

3   1   3 2   1   2 7039.9600 -0.0085 
3   0   3 2   0   2 7048.0170 0.0014 
3   1   2 2   1   1 7055.9620 0.0114 
4   1   4 3   1   3 9386.2520 0.0028 
4   3   2 3   3   1 9395.8950 0.0092 
4   0   4 3   0   3 9396.9410 0.0074 
4   2   3 3   2   2 9396.5000 -0.0186 
4   2   2 3   2   1 9396.6350 -0.0137 
4   1   3 3   1   2 9407.5520 -0.0067 
5   1   5 4   1   4 11732.2200 0.0117 
5   3   3 4   3   2 11744.3000 0.0155 
5   2   4 4   2   3 11745.0400 -0.0108 
5   0   5 4   0   4 11745.4900 -0.0011 
5   2   3 4   2   2 11745.3000 -0.0111 
5   1   4 4   1   3 11758.8500 0.0052 
6   1   6 5   1   5 14077.7650 -0.0003 
6   5   2 5   5   1 14089.0200 -0.0011 
6   2   5 5   2   4 14093.1750 -0.0097 
6   0   6 5   0   5 14093.6100 0.012 
6   2   4 5   2   3 14093.6500 0.0097 
6   1   5 5   1   4 14109.7300 0.0015 
7   0   7 6   0   6 16441.1565 -0.0077 

 

Table VI.3. Rotational and Centrifugal Distortion Constants for the Ar•••C6H6 

isotopologues 

Ar---C6H5D Ar---13CC5H6 Ar---C6H6 Ar---C6D6 
A(MHz) 2760.3(17) 2810(22) --- 
B(MHz) 1177.46150(91) 1177.3994(12) 1181.25953(14) 1112.4412(6) 
C(MHz) 1160.82539(91) 1172.0720(12) --- 
DJ(KHz) 3.1566(83) 3.212(14) 3.2577( 17) 2.673(6) 
DJK(KHz) 17.589(93) 16.59(25) 17.8011(76) 14.53(4) 
HJK(KHz) --- -0.0040(36) 
σa (KHz) 10.72 11.08 

#transitions 25 22 
Reference This work This work Reference 10 Reference 10 
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VI.3.b. Ab initio calculations of distortion constants and large amplitude vibrations 

 The C6H6•••Ar complex was fully optimized at both MP2 and DFT level 

calculations with various triple zeta basis sets. At the DFT level calculations, the full 

optimization resulted in lower symmetry. Normal mode frequency calculations 

indicated that the optimized structures were true minima. These calculations were 

extended to determine the anharmonic vibration-rotation coupling via perturbation 

theory as implemented in Gaussian09. These resulted in zero-point vibrationally 

averaged rotational constants and centrifugal distortion constants that can be directly 

compared to the experimental results. We focus our discussion here on these constants 

and the frequencies of the three large amplitude vibrations for the complex. Our main 

emphasis here is to see which levels of calculations do better for the large amplitude 

vibrations. All these data are presented in Table VI.4. 

The data are presented for C6H6•••Ar, C6H5D•••Ar, 1,3,5-C6H3D3•••Ar, C6D6•••Ar 

and 13CC5H6•••Ar. These complexes were chosen as experimental results are available 

for all. As mentioned above, the DFT calculations with B3LYP functional and 6-

311++G(2d,2p) and 6-311++G(3df,2p) basis sets resulted in a slightly asymmetric 

geometry and the rotational constants B and C differ by 0.2 MHz. This has also led to 

the removal of the degeneracy in the bending modes and these frequencies differ by a 

few cm-1. MP2/6-311+(2d,2p) level calculations led to the experimentally found 

symmetric structure with a doubly degenerate bending mode. However, both these 

level of calculations led to rotational constants differing by – 70 MHz for DFT and  

+54 MHz for MP2 for C6H6•••Ar. The three large amplitude vibrational modes were 

predicted at 33.1 cm-1 (doubly degenerate intermolecular bending) and 39.6 cm-1 

(intermolecular stretching) based on the analysis of centrifugal distortion constants for 

C6H6•••Ar.11 MP2 calculations overestimate these vibrational frequencies by 6 cm-1 

for the degenerate bending and 10 cm-1 for the stretching modes. Not surprisingly, the 

centrifugal distortion constants calculated at this level are DJ = 2.66 kHz and DJK = 

13.76 kHz compared to the experimental values of 3.258(1) kHz and 17.801(8) kHz. 

The DFT (B3LYP) calculations do a better job here. With 6-311++(3df,2p) basis set, 

the DJ is calculated to be 3.34 kHz which is very close to the experimental value. Not 

surprisingly, the intermolecular stretching mode which contributes significantly to DJ 

is calculated to be 40.3 cm-1 at this level in close agreement with the earlier 

determination. The B3LYP/6-311++G(2d,2p) level calculations give the best 

agreement for DJK, 16.03 kHz. Hence, the frequency of degenerate bending modes, 
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33.9 cm-1 (averaged), at this level agrees very well with the earlier determination of 

33.1 cm-1. Our attempt here is not to evaluate these methods rigorously. Rather, in a 

pragmatic way, it can be seen that the methods that reproduce experimental DJ give an 

accurate estimate of intermolecular stretching frequency and the methods that 

reproduce DJK can predict the intermolecular bending modes accurately. As 

centrifugal distortion constants are available for a larger number of complexes than 

for which large amplitude vibrational frequencies are known, it is suggested that ab 

initio predictions of these frequencies can be corroborated by comparison of 

experimental centrifugal distortion constants. It must be mentioned that the 

description of these modes as stretching and bending are reasonable approximations 

only. 

Table VI.4. Rotational, centrifugal distortion constants, and low frequency vibrations 
of Ar••• C6H6 isotopologues. 

Ar•••C6H6 

Level of theory A(MHz) B(MHz) C(MHz) DJ DJK 
Low frequency 

modes(cm-1) 
B3LYP/ 

6-311++G(2d,2p) 2865.55 1110.88 1110.65 2.9 16.03 31.3, 36.4, 42.4 

B3LYP/ 
6-311++(3df,2p) 2867.28 1111 1110.77 3.34 12.38 33.5, 38.1, 40.3 

MP2/ 
6-311+G(2d,2p) 2848.24 1235.42 1235.42 2.66 13.76 39.9, 39.9, 49.7 

Experimental10 --- 1181.25953 
(14) ---- 3.2577(17) 17.8011(76) 33.1, 33.1, 39.6 

Ar•••C6H5D 

B3LYP/ 
6-311++G(2d,2p) 2770.48 1106.77 1092.11 2.8 15.53 31.3, 36.4, 42.4 

B3LYP/ 
6-311++(3df,2p) 2772.08 1106.89 1110.77 3.23 12.04 33.5, 36.8, 40.3 

MP2/ 
6-311+G(2d,2p) 2753.81 1231.12 1213.14 2.57 13.32 38.8, 39.9, 49.7 

Experimental 2760(2) 1177.4615(9) 1160.8254 
(9) 3.157(8) 17.59(9) ---- 

Ar•••1,3,5-C6H3D3
11 

B3LYP/ 
6-311++G(2d,2p) 2594.12 1077.93 1077.68 2.64 14.84 30.0, 34.7, 42.0 

B3LYP/ 
6-311++(3df,2p) 2595.49 1078.03 1077.8 3.03 11.59 32.1, 36.3, 39.7 

MP2/ 
6-311+G(2d,2p) 2579.02 1196.36 1136.36 2.4 12.41 38.3, 38.3, 49.4 

Experimental --- 1145.58441 
(77) --- 2.9384(94) 16.038(67) 31.9, 31.9, 39.3 

Ar•••C6D6
11 

B3LYP/ 
6-311++G(2d,2p) 2369.67 1047.37 1047.11 2.41 13.78 28.8, 33.1, 41.7 

B3LYP/ 
6-311++(3df,2p) 2370.77 1047.47 1047.21 2.78 10.86 30.8, 34.6, 39.2 

MP2/ 
6-311+G(2d,2p) 2356.29 1160.22 1160.22 2.17 11.25 37.0, 37.0, 49.1 

Experimental --- 1112.4412(6) ---- 2.673(6) 14.53(4) 30.9, 30.9, 39.1 
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Table VI.4 (continued) 

Ar•••13CC5H6 

B3LYP/ 
6-311++G(2d,2p) 2835.28 1106.47 1102.13 2.87 15.87 31.2, 36.1, 42.4 

B3LYP/ 
6-311++ (3df,2p) 2836.99 1106.59 1102.25 3.3 12.19 33.2, 38.0, 40.3 

MP2/ 
6-311+G (2d,2p) 2817.65 1232.4 1226.64 2.6 13.49 39.7, 40.0, 49.9 

Experimental 2822(32) 1177.400(2) 1172.073(2) 3.23(2) 16.79(5) ---- 

 

As evident from all the data presented in Table VI.3 and VI.4, all levels of calculations 

can reproduce the effect of isotopic substitution on centrifugal distortion constants of 

these complexes. For example, the experimental DJ decreases in the order C6H6 > 
13CC5H6 > C6H5D > C6H3D3 > C6D6 and all levels of theory predict the difference 

nearly quantitatively. 

 

VI.3.c. Is the concept of electrophore useful? 

One natural question that arises is that why should any one go through the trouble of 

determining the rotational constants of a molecule that does not have a dipole moment 

through microwave spectroscopy. Rotationally resolved vibrational22 and electronic 

spectroscopy23 can often help. However, none of the other techniques can match 

microwave spectroscopy in resolution and the structures determined by microwave 

spectroscopy are accurate. The determination of Si=C double bond length by 

microwave spectroscopy resolved a long standing controversy.24 Preliminary work on 

C6H6•••C2H4 complex indicates that the A rotational constant for the complex is very 

close to the A rotational constant of C6H6.25 Hence, for benzene both rotational 

constants can now be determined by microwave spectroscopy. We present one 

example of a complex, which appears to be of enormous interest with no experimental 

data available as on date: parallel displaced benzene dimer.26 

The benzene dimer has attracted enormous interest. There have been numerous 

publications on this dimer. Theoretical calculations have shown that both T-shaped 

and parallel-displaced structures are possible.26 Obtaining the microwave spectrum of 

this dimer was a big challenge and in 1993 Arunan and Gutowsky reported some 

important microwave transitions which provided positive confirmation of the T-

shaped geometry.27 Several more transitions of this important dimer remain 

unassigned. The spectrum is not yet completely solved and detailed molecular 

symmetry group analysis was presented recently.28 For the parallel-displaced structure 
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as of now there is no experimental data though theoretical calculations show it to be a 

minimum. The interaction in this structure could be characterized as π−π interactions 

as opposed to the T-shaped structure which has a C-H•••π interaction. The π−π 

interaction is very important in biological chemistry and the structure of DNA is 

influenced by this and hydrogen bonding.29 However, in biological systems, the 

aromatic rings contain a heteroatom and such interactions have been seen both 

experimentally30 and theoretically.31 Does the π stacked structure exist only for 

heteroaromatics and not for simple benzene, as there is no experimental evidence? 

Absence of evidence is not evidence for absence. If parallel-displaced benzene dimer 

exists, it should be able to form a complex with Argon as shown in Figure VI.4. Now 

this structure will have a dipole moment. While, the complex rotational constants may 

or may not be related to the benzene dimer rotational constants, the distance between 

the two benzene planes can be accurately determined. However, the rotational 

constants for this trimer are predicted to be of the order of 100s of MHz only. The 

recent technological advances32,33 indicate that a spectrometer that can work below 1 

GHz should become available. If microwave evidence for a parallel-displaced 

benzene dimer could be obtained, it will be worth all the efforts in building such a 

spectrometer. The concept of electrophore would have become important. Whether it 

will become as important as the concept of a chromophore in electronic spectroscopy 

is not clear now. 

 

Figure VI.4. Structure of Ar•••C6H6•••C6H6 complex. Argon atom can induce a dipole 
moment by forming a complex with parallel displaced benzene dimer. Microwave 
spectrum can give structural information about the benzene dimer. 

 

VI.4. Conclusions 

In this chapter, the rotational spectra of C6H5D•••Ar and 13CC5H6•••Ar isotopologues 

have been presented. It has been shown that the experimental A rotational constants 

for these complexes are very close to the C rotational constants of the benzene 
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isotopologue and these have been determined using microwave spectroscopy for the 

molecules without dipole moment. The argon atom assumes the role of an 

electrophore giving a dipole moment to benzene. Anharmonic vibration-rotation 

interaction calculations have been performed on C6H6•••Ar complex to show that 

experimental centrifugal distortion constants can be used for validating the predictions 

of large amplitude/low frequency vibrational modes. Scaling factors do not work for 

these modes and this approach could be used to test various models. Finally, the 

concept of electrophore could become important if it can lead to structural 

information of important complexes, for example parallel-displaced benzene dimer. 
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A.I.1. Introduction  

Transition metal complexes acting as hydrogen bond acceptors have been studied by 

Alkorta et al.1 They studied the complexes of (CO)4Ni and (CO)4Co- with different 

hydrogen bond donors like HF, HCN, HNC and HNMe3. The complexes with 

(CO)4Co- were found to be more stable than the (CO)4Ni complexes. This extra 

stabilization could be attributed to the charge present in the (CO)4Co- which leads to 

more electrostatic interactions in these complexes.  

Fe(CO)5 is a fluxional molecule. In the gas phase it exists in a trigonal bipyramidal 

geometry (TBP, D3h-point group). Square pyramidal geometry (SP, C4v-group) of the 

molecule, is a saddle point on the potential energy hypersurface and is the transition 

state for the Berry pseudo rotation.2 We have recently studied hydrogen bonded 

complexes formed with square pyramidal Fe(CO)5.3 The study was inspired by the 

work of Rose-Petruck et al.4,5 They studied the solvation properties of Fe(CO)5 in 

different organic solvents using FTIR spectroscopy. Fe(CO)5 has five CO stretching 

modes. In the TBP and SP geometries two of these modes are degenerate. In the TBP 

geometries three of the modes are IR-active (including the two degenerate modes) and 

the other two modes are IR-inactive. In the SP geometry one of the higher frequency 

modes (ν1) becomes IR active and thus, in this geometry Fe(CO)5 has a total of four 

IR-active (including the two degenerate modes) and only one IR-inactive mode. In the 

geometries in which symmetry is lowered (C2v-geometries) the degeneracy of the 

modes is lifted. The ν1 mode has much less IR-intensity than the other three IR-active 

CO stretching modes in the SP geometry. However, this mode showed strong solvent 

dependence and was thus, chosen for monitoring structural changes due to the 

solvation in the different solvents. It was found that this vibrational mode appears in 

the IR spectra taken in the aromatic solvents like benzene and pentafluorobenzene. 

Therefore, it was concluded that the TBP-Fe(CO)5 gets distorted in these solvents. 

Using the IR experimental data and theoretical analysis it was concluded that about 

60-90% of the molecules have ~C4v geometry in these solvents. This observation was 

attributed to the formation of Fe(CO)5•••C6H6 complex in which the benzene is 

located trans to the axial CO ligand of Fe(CO)5 (which was concluded to be present in 

a ~ C4v geometry in the complex) and one of the hydrogens of benzene points towards 

Fe (C-H•••Fe interaction). In a different work from the same group6, solvation of 

Fe(CO)5 by alcohols was studied. In this case also, the ν1-mode appeared in the IR-
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spectra. However, this time the reason given for the appearance of this mode was 

different from the reason given in case of solvation with the aromatic solvents. It was 

suggested that alcohol molecules interact with Fe(CO)5 through interaction between 

the lone-pair electrons of oxygen of the hydroxyl group with Fe(CO)5 and due to this 

interaction the electron density is transferred to Fe(CO)5. The electron density transfer 

to different ligands takes place in different proportions and this results in the 

development of a dipole moment in the TBP-Fe(CO)5 geometry. It was concluded that 

the structure of Fe(CO)5 does not change much in alcohols and the gain of IR-activity 

by the ν1-band is due to the development of this dipole moment in the TBP-Fe(CO)5 

unit. Surprisingly, the hydrogen bonding interactions between alcohols and Fe(CO)5 

unit were not considered even when alcohols are known to be stronger hydrogen bond 

donors than benzene.  

The SP-Fe(CO)5 has a net dipole moment which points towards the sixth coordination 

site and facilitates the formation of X-H•••Fe hydrogen bonds with molecules like 

HF, HCl and HBr.3 As expected the halogen bonded complex with ClF was also 

found to be a stable minima.3 On the contrary, the more stable TBP-Fe(CO)5 (D3h) has 

no dipole moment. Objective of the current study was twofold : (i) Can Fe(CO)5 form 

hydrogen bonded complexes in the TBP geometry, which has zero dipole moment and 

(ii) can the observed IR-spectra be explained on the basis of hydrogen bonded 

geometries with TBP-Fe(CO)5? We have tried to answer these questions using DFT 

methods, AIM studies and NBO analysis in the upcoming sections.  

A.I.2. Theoretical methods 

 Full optimization was done for all the complexes. The optimization and frequency 

calculations were performed using Gaussian 09 suite of programs.7 Functionals like 

B3LYP and wB97xD functional with basis sets 6-311+G(d,p) and Aug-cc-pVTZ were 

used for the calculations. The wB97xD has been found to be suitable for recovering 

the dispersion contribution.8 The Atoms in Molecules (AIM) calculations were 

performed using AIM 2000 and AIMALL software.9,10 The Natural bond orbital 

analysis was performed using NBO 6.0 software.11,12 Interaction energies were 

calculated as the difference between energy of the complex and sum of energies of the 

constituting monomers optimized at the same level. The interaction energies were 

further corrected for the BSSE using counterpoise method,13 and the zero-point errors.  
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A.I.3. Results and discussions  

A.I.3.a. Geometry optimization  

As mentioned earlier the SP-Fe(CO)5 complex has a net dipole moment. ESP 

calculations also show the presence of high electron density along the sixth 

coordination site in this molecule, Figure A.I.1. ESP surface for the TBP-Fe(CO)5 is 

also shown in the same figure. At the Fe atom along the C-Fe bond the ESP value is 

locally more negative, shown in yellow. Having this electronegative region can Fe act 

as hydrogen bond acceptor in the TBP-Fe(CO)5? 

Complexes of Fe(CO)5 with hydrogen bond donors HF, HCl, HBr and halogen bond 

donor ClF were taken into consideration. The geometry optimizations were started 

with initial geometries in which Fe(CO)5 was taken in the TBP geometry and the 

hydrogen/halogen bond donor moiety approaches from the other side of the one of the 

equatorial CO groups facing the electronegative centre. Since we were interested in 

exploring interactions with Fe, the hydrogen bonding interactions with oxygen of CO, 

which are expected to be much stronger, were not considered. Full optimization was 

performed for all the complexes and frequency calculations were also performed to 

confirm if the optimized geometry is a minimum. The calculations were performed at 

the B3LYP/6-311+G(d,p), B3LYP/Aug-cc-pVTZ, wB97xD/6-311+G(d,p) and 

wB97xD/Aug-cc-pVTZ levels of theory. At different levels of theory the BSSE 

corrected (ΔEBSSE) and BSSE + zero-point corrected (ΔEBSSE+ZPC) interaction energies 

for the optimized complexes, are given in Table A.I.1. The structural parameters as 

well as HX/ClF frequency shifts on complex formation are given in Table A.I.2. The 

negative values of the interaction energies imply stabilization on complexation and 

the positive values imply destabilization. It can be noted that at the B3LYP/6-

311+G(d,p) and B3LYP/Aug-cc-pVTZ levels, there is destabilization on 

complexation with HCl and HBr. However, other parameters like increase in bond 

length (Δr) , red-shift in frequency (Δν) of HX/ClF stretching mode on complexation 

suggest an interaction between the two monomers, see Table A.I.2. All the complexes 

at the B3LYP/6-311+G(d,p) level, are minima as confirmed by the presence of all real 

frequencies for the normal mode of vibrations. At the B3LYP/Aug-cc-pVTZ level, all 

the complexes except Fe(CO)5•••HBr complex, are minima. The Fe(CO)5•••HBr 

complex at this level has one low (~10cm-1) imaginary frequency. At the wB97xD/6-

311+G(d,p) level, complex formation with all the four donor molecules leads to  
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stabilization as suggested by the negative interaction energies, Table A.I.1. The 

calculated interaction energy at this level, increases in the order Fe(CO)5•••HCl < 

Fe(CO)5•••HBr < Fe(CO)5•••HF < Fe(CO)5•••ClF. It should be noted that the 

complex with HBr is more stable than the complex with HCl. At the wB97xD/Aug-

cc-pVTZ level the complex formation with HBr results in huge destabilization 

(ΔEBSSE=+566.1 kJ/mol). This completely different result for the complex with HBr, 

as compared to the complexes with HF/HCl/ClF, may either be due to its very 

different geometry or inefficiency of this level of theory for this complex. However, 

other parameters given in Table A.I.2 again suggest interaction between the Fe(CO)5 

and HBr moieties. With the wB97xD functional, all the complexes, except the 

Fe(CO)5•••HCl complex, are found to be minima with both the basis sets at the 

potential energy hypersurface. The Fe(CO)5•••HCl complex has a low imaginary 

frequency of magnitude 10.5 and 12.9cm-1 at the wB97xD/6-311+G(d,p) and the 

wB97xD/Aug-cc-pVTZ levels respectively. Optimized geometries at the wB97xD/6-

311+G(d,p) level are given in Figure A.I.2. It should be noted that similar complexes 

with SP-Fe(CO)5 were much stronger.3  

 

A.I.3.b. Atoms in molecules theoretical analysis 

From the above discussion it is clear that among the four levels considered for the 

calculations, wB97xD/6-311+G(d,p) level works the best for these complexes. 

Therefore, the optimized geometries at this level were considered for further analysis. 

Wave functions used for the AIM analysis were those of the optimized geometries at 

the wB97xD/6-311+G(d,p) level. Electron density topologies resulting from these 

calculations are shown in the Figure A.I.3. As shown in the figure, an intermolecular 

bond critical point (BCP) exists between the Fe(CO)5 and HX/ClF moiety. A bond 

path also exists which connects the BCP to the Fe atom and the H/Cl atom. The 

electron density, ρ(r), and Laplacian of electron density, ∇2ρ(r), values at the 

intermolecular BCP are given in the Table A.I.3. Positive values of the Laplacian 

imply that these intermolecular interactions are closed shell interaction. Mutual 

penetration between the interacting atoms is also given in the Table. For each of the 

complexes, the mutual penetration is significantly high which confirms the bonding 

interaction between the two interacting atoms.  
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Figure A.I.3. AIM topologies of Fe(CO)5•••HF, Fe(CO)5•••HCl, Fe(CO)5•••HBr 
and Fe(CO)5•••ClF complexes.  
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Table A.I.1. Interaction energies for different complexes of Fe(CO)5 at different levels 
of theory. The negative value of interaction energy implies stabilization and positive 
value implies destabilization on complex formation.  

Complex ΔEBSSE 

 (in kJ/mol)
ΔEBSSE+ZPC 

(in kJ/mol)
ΔEBSSE  

(in kJ/mol) 
ΔEBSSE+ZPC 

(in kJ/mol)
At B3LYP/6-311+G(d,p) At B3LYP/Aug-cc-pVTZ 

Fe(CO)5•••HF -4.7 0.0 -4.4 0.5 
Fe(CO)5•••HCl 1.6 5.0 1.3 4.2 
Fe(CO)5•••HBr 2.1 4.0 0.0 3.0 
Fe(CO)5…ClF -31.5 -29.5 -20.9 -19.1 

At wB97xD/6-311+G(d,p) At wB97xD/Aug-cc-pVTZ 
Fe(CO)5•••HF -12.3 -7.5 -12.5 -7.4 
Fe(CO)5•••HCl -8.5 -4.7 -8.2 -4.9 
Fe(CO)5•••HBr -8.6 -5.8 566.1 568.9 
Fe(CO)5•••ClF -24.5 -22.5 -17.3 -15.8 

 

Table A.I.2. Structural parameters for the intermolecular interactions in Fe(CO)5 
complexes at different levels of theory. Shifts in the HX/ClF stretching frequency are 
also given. 

Complex 
RFe-H/Cl 

(Å) ∠X(H/Cl)Fe Δr* 
(Å) 

Δν∗
 (cm-1) 

RFe-H/Cl 

(Å) ∠X(H/Cl)Fe Δr* 
(Å) 

Δν∗
 (cm-1) 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Fe(CO)5⋅⋅⋅HF 2.5895 180.00 0.0115 -282.3 2.5892 180.00 0.0115 -284.8 

Fe(CO)5⋅⋅⋅HCl 3.0047 180.00 0.0075 -121.0 3.1156 180.00 0.0058 -97.1 

Fe(CO)5⋅⋅⋅HBr 3.2134 180.00 0.0050 -78.7 3.3576 180.00 0.0040 -60.5 

Fe(CO)5⋅⋅⋅ClF 2.7503 180.00 0.1764 -98.1 2.8398 180.00 0.1257 -137.4 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Fe(CO)5⋅⋅⋅HF 2.5174 180.00 0.0132 -320.6 2.5158 180.00 0.0130 -316.9 

Fe(CO)5⋅⋅⋅HCl 2.7547 180.00 0.0126 -145.2 2.8002 180.00 0.0110 -130.5 

Fe(CO)5⋅⋅⋅HBr 2.8615 171.20 0.0096 -133.3 2.8929 170.90 0.0092 -123.0 

Fe(CO)5⋅⋅⋅ClF 2.8351 180.00 0.1074 -108.0 2.9893 180.00 0.0620 -140.8 

*Δr=r(HX/ClF in complex)-r(HF/ClF in monomer) 

Δν=ν(HX/ClF in complex)-ν(HF/ClF in monomer) 

 

Table A.I.3. Electron density, ρ(r) and Laplacian of electron density, ∇2ρ(r), at the 
intermolecular bond critical point and mutual penetration between the interacting Fe 
and H/Cl atoms.  

Complex ρ(r)(a.u.) ∇2ρ(r)(a.u.) Mutual penetration (Å) 
Fe(CO)5•••HF 0.0170 0.0302 1.11 
Fe(CO)5•••HCl 0.0127 0.0220 1.05 
Fe(CO)5•••HBr 0.0112 0.0191 0.99 
Fe(CO)5•••ClF 0.0302 0.0405 1.49 
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Plot between electron density at the intermolecular BCPs and interaction energy is 

given in the Figure A.I.4. It is clear that the interaction energy and electron density are 

almost linearly dependent, correlation coefficient=0.992, for these complexes.  

 

Figure A.I.4. Correlation between electron density at intermolecular BCPs and 
interaction energy for the Fe(CO)5 complexes.  

 

A.I.3.c. Natural bond orbital (NBO) analysis 

The results obtained from the NBO analysis are given in the Table A.I.4 and Table 

A.I.5. The Table A.I.4 gives charge transfer from Fe(CO)5 moiety to the HX/ClF 

moiety upon complex formation. The charge transfer is significantly high for the 

complex with ClF. Note that the interaction energies for these complexes increases in 

the order Fe(CO)5•••HCl < Fe(CO)5•••HBr < Fe(CO)5•••HF < Fe(CO)5•••ClF, 

Table A.I.1, while NBO charge transfer increases in the order Fe(CO)5•••HBr < 

Fe(CO)5•••HCl < Fe(CO)5•••HF < Fe(CO)5•••ClF, Table A.I.4. It is clear that in 

general interaction energy increases as the charge transfer increases, except for going 

from Fe(CO)5•••HBr to Fe(CO)5•••HCl complex. This might be because the 

hydrogen bond parameters of Fe(CO)5•••HBr complex are different from the other 

three complexes, Figure A.I.2, Table A.I.2. Overall correlation between the charge 

transfer and interaction energies is given in the Figure A.I.5. The correlation 

coefficient is 0.954. On leaving out the ClF data, correlation becomes very poor 

(correlation coefficient=0.363). 
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Table A.I.4. Charge transfer from Fe(CO)5 unit to HX/ClF unit in different complexes 
calculated from NBO analysis.  

Complex Charge transfer (ΔQ, e)  
Fe(CO)5⋅⋅⋅HF 0.015 
Fe(CO)5⋅⋅⋅HCl 0.011 
Fe(CO)5⋅⋅⋅HBr 0.007 
Fe(CO)5⋅⋅⋅ClF 0.274 

 

 

 

Figure A.I.5. Correlation between NBO charge transfer (ΔQ) and interaction energy 
(ΔE) for the Fe(CO)5 complexes.  

 

Results from the second order perturbation analysis in NBO basis are given in the 

Table A.I.5. In case of complexes with HX molecules, interaction is between d-orbital 

lone pair of Fe and antibonding (HX) orbital as well as between bonding (Fe-C) 

orbitals and the antibonding (HX) orbital. In case of the ClF complex, the interaction 

is between Fe-C orbitals (bonding as well as antibonding) and antibonding Cl-F 

orbital. The major contribution in this case comes from the interaction between 

antibonding Fe-C orbital and antibonding Cl-F orbital. Note that the antibonding Fe-C 

orbitals in the TBP-Fe(CO)5 are occupied. The occupancy calculated from NBO 

analysis is, 0.04 e for the two axial Fe-C antibonding orbitals and 0.03 e for the three 

equatorial Fe-C antibonding orbitals. The atom labelling used in Table A.I.5 is 

adopted from the Figure A.I.2.  

R² = 0.954

0

5

10

15

20

25

30

0.000 0.100 0.200 0.300

ΔE
B

SS
E

(k
J/

m
ol

)

ΔQ (e) 



Appendix I. Fe as Hydrogen/Halogen bond acceptor.... 
 

[200] 
 

Table A.I.5. Results from the second order perturbation analysis for the Fe(CO)5 
complexes. The orbitals which contribute significantly in the charge transfer and the 
E(2) energy corresponding to the charge transfer, are given.  

Complex Donor orbital Acceptor orbital 
E(2) (donor--->acceptor) 

in kJ/mol 

Fe(CO)5•••HF 
LP Fe1 BD*( 1) H12- F13 5.5 

BD Fe1- C2 BD*( 1) H12- F13 4.4 
 BD Fe1- C6  BD*( 1) H12- F13 10.8 

Fe(CO)5•••HCl 
LPFe1  BD*( 1) H12-Cl13  3.7 

BD Fe1- C2  BD*( 1) H12-Cl13  3.5 
 BD Fe1- C6  BD*( 1) H12-Cl13  9.5 

Fe(CO)5•••HBr 
LP Fe1 BD*( 1) H12-Br13  2.9 

BD Fe1- C3  BD*( 1) H12-Br13  8.2 
BD Fe1- C4 BD*( 1) H12-Br13  3.2 

Fe(CO)5•••ClF 
 BD Fe1- C2 BD*( 1)Cl12- F13 7.5 

BD Fe1- C3  BD*( 1)Cl12- F13  7.5 
 BD* Fe1- C5  BD*( 1)Cl12- F13 388.5 

 

A.I.3.d. Shifts in the CO stretching frequencies on complex formation  

The CO stretching frequencies and their IR-intensities for these molecules and 

complexes, are given in the Table A.I.6. For the frequency calculations of TBP-

Fe(CO)5 its geometry was restricted to be in the TBP shape. The unrestricted 

structural optimization leads to removal of the degeneracy of the normal modes of 

vibration. This happens because of the slight loss of symmetry on the unrestricted 

optimization. Results from the unrestricted (full) optimization are also given in the 

Additional Information section. On complex formation there is blue-shifts in the CO 

stretching frequencies. This is due to the loss of electrons from the CO antibonding 

orbitals on complex formation. This loss of electrons strengthens the CO bonds and 

therefore, results in the blue shifts of stretching frequencies. The band at 2227.1 cm-1 

is IR-inactive in the TBP-Fe(CO)5 and it becomes IR-active in the SP-Fe(CO)5. On 

complexation of the TBP-Fe(CO)5 with HF, HCl, HBr and ClF the band gains IR-

activity and should be observed in these complexes as well. The intensity of this band 

is largest for the Fe(CO)5•••ClF complex which is because of strong halogen bonding 

in this complex which leads to the significant structural deformation. 

It is clear that the hydrogen/halogen bonding interactions with the TBP-Fe(CO)5 are 
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strong enough to deform the TBP structure of Fe(CO)5. This deformation provides IR-

activity to one of the originally IR-inactive band of the TBP-Fe(CO)5. This band has 

been used to predict the change in the structure of Fe(CO)5 on solvation in different 

solvents.4,6 However, our calculations show that the Fe(CO)5 geometry is not 'near 

C4v' on complex formation with molecules like HF/HCl/HBr and it is still closer to the 

D3h TBP geometry though little distorted. Only in case of bonding with ClF the 

structure distorts to near square planar (C4v) geometry.  

Table A.I.6. Stretching frequencies for the CO ligand in different complexes 
calculated at the wB97xD/6-311+G(d,p) level of theory. 

TBP-Fe(CO)5 SP-Fe(CO)5 TBP-Fe(CO)5•••HF 

ν/cm-1 IR intensity ν/cm-1 IR intensity ν/cm-1 IR intensity 
2120.0 1468.9 2122.5 1921.3 2133.0 1605.3 
2120.0 1467.9 2122.5 1921.4 2142.2 953.3 
2147.1 0.0 2130.8 0.0 2161.2 153.4 
2148.8 1658.4 2132.3 723.7 2161.4 1563.3 
2227.1 0.0 2216.7 34.8 2236.3 13.7 

TBP-Fe(CO)5•••HCl TBP-Fe(CO)5•••HBr TBP-Fe(CO)5•••ClF 

ν/cm-1 IR intensity ν/cm-1 IR intensity ν/cm-1 IR intensity 
2126.1 1535.6 2122.5 1488.7 2165.5 1447.4 
2136.0 1030.5 2131.6 1127.4 2165.5 1447.4 
2157.2 138.2 2154.2 420.4 2168.7 775.3 
2157.7 1554.1 2156.9 1222.0 2172.1 0.0 
2231.6 29.2 2229.2 33.5 2237.0 231.4 

 

A.I.4. Conclusions  

Interactions of TBP-Fe(CO)5 with HX/ClF molecules have been analysed using 

DFT/DFT-d methods as well as AIM and NBO methods. The structural changes, 

frequency shifts on complex formation and AIM analysis suggest a strong 

intermolecular interaction in the complexes. NBO analysis suggest that there is a 

significant charge transfer from the Fe(CO)5 moiety to the HX/ClF moiety. It is clear 

that the TBP geometry of Fe(CO)5 which has no dipole moment, can also form 

Fe•••H/Cl hydrogen/halogen bonded complexes similar to the square pyramidal 

geometry which has a net dipole moment.  
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A.I.5. Supplementary Information 

Coordinates for the optimized geometries at different levels of theory and frequencies 

for the normal modes of vibration are given in the Supplementary Information.  
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Supplementary Information 

Table A.I.S.1. Coordinates for the optimized geometries of Fe(CO)5 at different levels 
of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe 0.0000 0.0000 0.0000 Fe 0.0000 0.0000 0.0001 
C 1.8287 -0.0003 0.0001 C 1.8263 0.0004 0.0002 
C 0.0000 -1.6804 0.7029 C 0.0001 -1.6303 -0.8101 
C -1.8286 -0.0002 0.0002 C -1.8263 0.0002 -0.0003 
C 0.0000 0.2313 -1.8068 C 0.0000 1.5169 -1.0063 
C 0.0001 1.4491 1.1036 C -0.0003 0.1133 1.8171 
O -0.0002 -2.7349 1.1442 O 0.0004 -2.6520 -1.3181 
O 2.9677 0.0000 0.0001 O 2.9635 -0.0001 -0.0004 
O 0.0001 2.3586 1.7961 O -0.0003 0.1843 2.9559 
O -0.0002 0.3765 -2.9406 O 0.0002 2.4677 -1.6372 
O -2.9677 0.0002 0.0003 O -2.9635 -0.0003 -0.0010 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe 0.0001 0.0001 0.0003 Fe 0.0000 0.0000 0.0002 
C 1.8199 -0.0001 -0.0003 C 1.8162 0.0003 0.0002 
C 0.0002 -1.5636 -0.9176 C 0.0001 -1.1523 1.3964 
C -1.8198 -0.0003 -0.0003 C -1.8162 0.0001 0.0002 
C 0.0000 1.5770 -0.8950 C 0.0000 -0.6332 -1.6969 
C 0.0000 -0.0129 1.8127 C -0.0001 1.7858 0.2999 
O 0.0000 -2.5460 -1.4939 O 0.0002 -1.8765 2.2726 
O 2.9548 -0.0003 -0.0005 O 2.9492 0.0001 0.0006 
O -0.0002 -0.0211 2.9517 O -0.0001 2.9069 0.4874 
O -0.0003 2.5675 -1.4572 O 0.0000 -1.0308 -2.7618 
O -2.9547 -0.0006 -0.0007 O -2.9492 -0.0001 0.0007 

 
 

Table A.I.S.2. Coordinates for the optimized geometries of HF at different levels of 
theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
H 0.0000 0.0000 -0.8301 H 0.0000 0.0000 -0.8317 
F 0.0000 0.0000 0.0922 F 0.0000 0.0000 0.0924 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
H 0 0 -0.82513 H 0.0000 0.0000 -0.8265 
F 0 0 0.091681 F 0.0000 0.0000 0.0918 
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Table A.I.S.3. Coordinates for the optimized geometries of HCl at different levels of 
theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

H 0.0000 0.0000 -1.2153 H 0.0000 0.0000 -1.2124 
Cl 0.0000 0.0000 0.0715 Cl 0.0000 0.0000 0.0713 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

H 0.0000 0.0000 -1.2115 H 0.0000 0.0000 -1.2094 
Cl 0.0000 0.0000 0.0713 Cl 0.0000 0.0000 0.0711 

 

Table A.I.S.4. Coordinates for the optimized geometries of HBr at different levels of 
theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
H 0.0000 0.0000 -1.3873 H 0.0000 0.0000 -1.3844 
Br 0.0000 0.0000 0.0396 Br 0.0000 0.0000 0.0396 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
H 0.0000 0.0000 -1.3805 H 0.0000 0.0000 -1.3787 
Br 0.0000 0.0000 0.0394 Br 0.0000 0.0000 0.0394 

 

Table A.I.S.5. Coordinates for the optimized geometries of ClF at different levels of 
theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

F 0.0000 0.0000 -1.0977 F 0.0000 0.0000 -1.0780 
Cl 0.0000 0.0000 0.5811 Cl 0.0000 0.0000 0.5707 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

F 0.0000 0.0000 -1.0837 F 0.0000 0.0000 -1.0649 
Cl 0.0000 0.0000 0.5737 Cl 0.0000 0.0000 0.5638 
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Table A.I.S.6. Coordinatse for the optimized geometries of Fe(CO)5•••HF complex at 
different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.2704 0.0000 0.0000 Fe 0.2705 0.0000 0.0000 
C -0.1787 1.8314 0.0000 C 0.1803 1.8294 0.0000 
C 0.4205 0.0000 -1.6918 C -0.4207 0.0000 1.6903 
C -0.1787 -1.8314 0.0000 C 0.1803 -1.8294 0.0000 
C -2.0967 0.0000 0.0000 C 2.0958 0.0000 0.0000 
C 0.4205 0.0000 1.6918 C -0.4208 0.0000 -1.6903 
O 0.8122 0.0000 -2.7640 O -0.8125 0.0000 2.7603 
O -0.1242 2.9675 0.0001 O 0.1258 2.9635 0.0000 
O 0.8124 0.0000 2.7639 O -0.8126 0.0000 -2.7602 
O -3.2370 0.0000 0.0000 O 3.2340 0.0000 0.0000 
O -0.1242 -2.9675 0.0001 O 0.1259 -2.9635 -0.0001 
H 2.3191 0.0000 0.0000 H -2.3187 0.0000 0.0000 
F 3.2529 0.0000 -0.0002 F -3.2543 0.0000 0.0002 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.2685 0.0000 0.0000 Fe -0.2687 0.0000 0.0000 
C -0.1488 1.8207 0.0001 C -0.1501 -1.8175 -0.0001 
C 0.3996 0.0000 -1.6903 C 0.3992 0.0000 1.6877 
C -0.1488 -1.8207 0.0000 C -0.1501 1.8175 0.0000 
C -2.0882 0.0000 0.0000 C -2.0861 0.0000 0.0000 
C 0.3998 0.0000 1.6903 C 0.3993 0.0000 -1.6877 
O 0.7860 0.0001 -2.7600 O 0.7856 -0.0001 2.7552 
O -0.0715 2.9514 0.0001 O -0.0720 -2.9462 -0.0001 
O 0.7863 0.0000 2.7599 O 0.7858 0.0000 -2.7551 
O -3.2243 0.0000 0.0000 O -3.2200 0.0000 -0.0001 
O -0.0715 -2.9514 0.0000 O -0.0719 2.9462 0.0000 
H 2.2489 0.0000 -0.0001 H 2.2471 0.0000 0.0001 
F 3.1789 0.0000 -0.0002 F 3.1784 0.0000 0.0002 
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Table A.I.S.7. Coordinates for the optimized geometries of Fe(CO)5•••HCl complex 
at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.6326 0.0000 0.0000 Fe -0.6530 -0.0001 0.0001 
C -0.5731 1.8307 -0.0001 C -0.6110 1.8287 -0.0002 
C 0.1289 0.0001 -1.6585 C 0.1331 0.0005 -1.6451 
C -0.5732 -1.8306 -0.0002 C -0.6086 -1.8288 -0.0001 
C -2.4557 0.0001 -0.0002 C -2.4751 -0.0012 0.0007 
C 0.1285 -0.0001 1.6585 C 0.1343 0.0005 1.6448 
O 0.5732 0.0001 -2.7108 O 0.5969 0.0008 -2.6870 
O -0.5359 2.9680 0.0002 O -0.5864 2.9646 -0.0003 
O 0.5726 -0.0001 2.7109 O 0.5987 0.0009 2.6864 
O -3.5970 0.0001 -0.0003 O -3.6145 -0.0021 0.0012 
O -0.5363 -2.9680 0.0000 O -0.5825 -2.9646 -0.0002 
H 2.3721 -0.0001 0.0003 H 2.4625 -0.0004 0.0001 
Cl 3.6664 -0.0001 0.0003 Cl 3.7520 0.0005 -0.0001 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.5928 0.0000 0.0000 Fe -0.6026 0.0003 0.0001 
C -0.4952 1.8208 -0.0002 C -0.5223 1.8185 -0.0005 
C 0.1213 -0.0002 -1.6696 C 0.1385 -0.0013 -1.6548 
C -0.4954 -1.8207 0.0005 C -0.5283 -1.8182 0.0001 
C -2.4107 0.0002 -0.0001 C -2.4173 0.0031 0.0002 
C 0.1214 0.0004 1.6697 C 0.1384 -0.0006 1.6551 
O 0.5427 -0.0006 -2.7268 O 0.5803 -0.0022 -2.7013 
O -0.4297 2.9526 -0.0002 O -0.4678 2.9490 -0.0010 
O 0.5429 0.0004 2.7268 O 0.5801 -0.0013 2.7017 
O -3.5473 0.0000 -0.0003 O -3.5521 0.0049 0.0003 
O -0.4301 -2.9526 0.0007 O -0.4779 -2.9489 0.0000 
H 2.1619 -0.0001 0.0000 H 2.1976 -0.0008 0.0000 
Cl 3.4573 -0.0001 -0.0002 Cl 3.4892 -0.0016 -0.0001 
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Table A.I.S.8. Coordinates for the optimized geometries of Fe(CO)5•••HBr complex 
at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -1.2322 0.0000 0.0000 Fe 1.2743 0.0001 0.0001 
C -1.1888 1.8306 -0.0001 C 1.2456 -1.8281 0.0000 
C -0.4356 0.0000 -1.6412 C 0.4546 -0.0006 -1.6277 
C -1.1887 -1.8306 0.0001 C 1.2428 1.8283 -0.0001 
C -3.0549 -0.0001 -0.0001 C 3.0957 0.0015 0.0008 
C -0.4357 0.0001 1.6412 C 0.4533 -0.0006 1.6272 
O 0.0366 -0.0001 -2.6817 O -0.0372 -0.0011 -2.6570 
O -1.1619 2.9685 -0.0001 O 1.2287 -2.9644 -0.0001 
O 0.0365 0.0002 2.6818 O -0.0393 -0.0010 2.6561 
O -4.1966 -0.0001 -0.0001 O 4.2355 0.0024 0.0012 
O -1.1617 -2.9685 0.0001 O 1.2241 2.9645 -0.0002 
H 1.9812 0.0000 0.0001 H -2.0833 0.0004 0.0001 
Br 3.4131 0.0000 0.0000 Br -3.5113 -0.0002 -0.0001 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -1.1308 0.0235 0.0003 Fe -1.1400 0.0218 0.0001 
C -1.4179 -1.7758 -0.0007 C -1.4204 -1.7752 -0.0005 
C -0.3965 -0.1329 1.6537 C -0.3894 -0.1283 1.6441 
C -0.6935 1.7941 0.0015 C -0.7341 1.7963 0.0007 
C -2.9111 0.3861 -0.0010 C -2.9212 0.3648 -0.0014 
C -0.3955 -0.1309 -1.6529 C -0.3869 -0.1275 -1.6429 
O 0.0408 -0.2307 2.7001 O 0.0607 -0.2221 2.6831 
O -1.5911 -2.8966 -0.0014 O -1.5908 -2.8944 -0.0010 
O 0.0423 -0.2270 -2.6992 O 0.0648 -0.2205 -2.6813 
O -4.0255 0.6125 -0.0020 O -4.0359 0.5787 -0.0024 
O -0.4183 2.8939 0.0025 O -0.4801 2.8992 0.0012 
H 1.7230 -0.1854 0.0024 H 1.7453 -0.1878 0.0025 
Br 3.1480 -0.0710 -0.0004 Br 3.1673 -0.0653 0.0000 
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Table A.I.S.9. Coordinates for the optimized geometries of Fe(CO)5•••ClF complex at 
different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.6373 0.0000 0.0001 Fe -0.6643 0.0001 -0.0002 
C -0.3105 1.8139 -0.1062 C -0.3201 -1.8052 -0.0665 
C -0.3124 -0.1064 -1.8141 C -0.3169 -0.0668 1.8045 
C -0.3126 -1.8143 0.1062 C -0.3183 1.8050 0.0671 
C -2.4725 0.0012 0.0009 C -2.4973 0.0009 -0.0004 
C -0.3102 0.1060 1.8139 C -0.3166 0.0669 -1.8048 
O -0.1229 -0.1715 -2.9313 O -0.1102 -0.1083 2.9191 
O -0.1197 2.9309 -0.1715 O -0.1155 -2.9202 -0.1072 
O -0.1193 0.1712 2.9308 O -0.1099 0.1078 -2.9194 
O -3.6095 0.0020 0.0015 O -3.6330 0.0016 -0.0004 
O -0.1231 -2.9315 0.1711 O -0.1122 2.9197 0.1089 
Cl 2.1130 -0.0004 -0.0001 Cl 2.1755 -0.0004 -0.0001 
F 3.9683 -0.0006 -0.0012 F 3.9499 -0.0006 -0.0003 

wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
Fe -0.6667 -0.0001 -0.0001 Fe 0.7124 -0.0001 0.0000 
C -0.3165 -0.9353 1.5338 C 0.3377 1.7752 0.1659 
C -0.3175 1.5338 0.9355 C 0.3340 -0.1657 1.7745 
C -0.3160 0.9355 -1.5337 C 0.3366 -1.7752 -0.1657 
C -2.4914 -0.0009 -0.0009 C 2.5339 -0.0007 -0.0001 
C -0.3151 -1.5337 -0.9353 C 0.3340 0.1658 -1.7745 
O -0.1079 2.4842 1.5152 O 0.1008 -0.2678 2.8777 
O -0.1062 -1.5148 2.4842 O 0.1065 2.8788 0.2683 
O -0.1039 -2.4839 -1.5147 O 0.1008 0.2689 -2.8776 
O -3.6251 -0.0013 -0.0014 O 3.6663 -0.0010 -0.0002 
O -0.1053 1.5151 -2.4838 O 0.1047 -2.8786 -0.2681 
Cl 2.1684 0.0004 0.0003 Cl -2.2769 0.0002 0.0000 
F 3.9332 0.0006 0.0006 F -3.9676 0.0001 0.0000 
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Table A.I.S.10. Frequencies for the normal modes of vibration of Fe(CO)5 at different 
levels of theory. 

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

B3LYP 
/Aug-cc-pVTZ 

wB97xD 
/6-311+G(d,p) 

wB97xD 
/Aug-cc-pVTZ 

Frequency 
 (cm-1) 

IR 
intensities 

Frequency  
(cm-1) 

IR 
intensities 

Frequency
 (cm-1) 

IR 
intensities 

Frequency 
 (cm-1) 

IR 
intensities 

53.2 0.0 52.2 0.0 53.6 0.0 52.2 0.0 
53.5 0.0 52.7 0.0 54.3 0.0 52.6 0.1 
96.6 0.0 95.5 0.0 96.6 0.0 93.9 0.0 
96.9 0.0 95.6 0.0 96.7 0.0 95.0 0.0 

104.2 0.4 104.7 0.4 103.9 0.3 104.2 0.3 
104.3 0.4 104.8 0.4 104.1 0.3 104.6 0.3 
107.3 1.0 106.3 1.0 108.3 1.1 105.4 1.0 
366.2 0.0 368.6 0.0 371.6 0.0 377.7 0.0 
366.6 0.0 372.2 0.0 372.3 0.0 379.5 0.0 
366.9 0.0 372.3 0.0 377.9 0.0 380.4 0.0 
409.4 0.0 410.0 0.0 420.6 0.0 425.1 0.0 
432.8 0.0 433.7 0.0 444.3 12.8 450.1 15.7 
435.6 14.5 437.9 17.4 446.9 12.2 451.2 14.1 
436.0 14.6 438.2 17.4 451.7 0.3 456.2 0.4 
467.4 9.7 469.7 10.1 477.0 11.1 481.9 11.0 
479.4 2.3 480.1 2.3 502.1 2.4 508.0 2.6 
479.5 2.3 480.4 2.2 504.2 2.2 508.8 2.6 
565.4 0.0 566.6 0.0 574.5 0.0 575.9 0.0 
565.9 0.0 566.8 0.0 574.7 0.0 576.9 0.0 
615.2 131.4 618.8 127.2 631.3 147.3 637.9 141.5 
655.1 136.9 660.6 128.8 668.8 154.0 677.8 144.0 
655.3 136.7 660.6 128.8 670.3 154.2 679.5 144.2 
2069.3 1361.2 2068.7 1296.7 2119.9 1468.9 2121.6 1384.0 
2069.5 1361.1 2068.9 1296.4 2120.3 1467.9 2122.0 1386.3 
2094.8 0.0 2094.2 0.0 2147.1 0.0 2148.1 1554.0 
2099.1 1562.0 2097.4 1478.1 2148.8 1658.4 2148.4 0.1 
2175.8 0.0 2173.3 0.0 2227.2 0.0 2225.8 0.0 

 

Table A.I.S.11. Stretching frequencies for HF, HCl, HBr and ClF at different levels of 
theory. 

 
B3LYP 

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

/Aug-cc-pVTZ 
wB97xD 

/6-311+G(d,p) 
wB97xD 

/Aug-cc-pVTZ 

Molecu
le 

Frequency 
 (cm-1) 

IR 
intensitie

s 

Frequen
cy  

(cm-1) 

IR 
intensities 

Frequen
cy 

 (cm-1) 

IR 
intensities 

Frequen
cy 

(cm-1) 

IR 
intensities 

HF 4094.4 130.2 4070.2 111.4 4173.8 141.6 4148.7 111.9 

HCl 2927.2 32.3 2935.0 40.8 2967.1 39.4 2973.3 45.3 

HBr 2595.9 6.2 2624.6 11.9 2672.1 8.3 2688.5 12.9 

ClF 739.7 21.3 787.0 28.7 774.1 23.6 818.9 31.7 
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Table A.I.S.12. Frequencies for the normal modes of vibration of Fe(CO)5•••HF 
complex at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Frequency 
 (cm-1) 

IR 
intensities 

Frequency 
(cm-1) 

IR 
intensities 

Frequency
 (cm-1) 

IR 
intensities 

Frequency 
 (cm-1) 

IR 
intensities 

21.2 1.8 20.0 1.6 21.4 1.9 20.0 1.6 
42.8 0.1 41.4 0.1 41.7 0.0 40.1 0.1 
51.2 1.6 50.9 1.2 53.6 1.5 54.9 1.0 
71.0 0.6 69.4 0.5 73.6 0.8 72.1 0.7 
92.8 0.1 91.4 0.0 91.4 0.1 90.1 0.0 
97.9 0.3 95.9 0.3 98.9 0.0 97.7 0.0 
99.1 0.0 98.0 0.0 105.1 0.2 102.8 0.2 
105.4 0.8 105.2 0.8 105.7 0.8 105.4 1.5 
107.7 1.8 106.5 1.6 107.2 1.7 105.4 0.7 
113.9 0.0 113.6 0.0 120.9 0.1 119.6 0.1 
362.4 2.5 368.9 0.3 366.7 2.9 376.3 0.0 
366.8 0.0 371.4 0.0 370.0 0.0 376.9 0.1 
369.0 0.0 372.1 0.1 379.5 0.0 384.1 0.2 
399.6 5.4 402.0 6.3 404.3 3.7 408.9 4.9 
406.7 0.2 407.5 0.8 416.3 36.1 420.0 0.0 
414.2 39.7 428.5 0.3 418.1 0.1 450.0 0.1 
420.0 3.5 429.9 0.0 448.3 2.3 466.6 2.8 
427.7 0.2 450.3 13.6 448.5 0.0 470.5 1.1 
463.2 17.1 466.4 26.7 473.9 17.7 483.2 35.1 
464.4 37.8 468.3 6.6 483.9 33.8 495.0 6.6 
468.2 6.5 469.0 37.7 493.7 5.8 495.3 30.9 
496.5 0.1 496.8 0.3 518.8 0.0 519.3 0.4 
559.5 3.8 560.1 4.1 566.6 4.7 568.4 5.3 
564.2 0.0 564.7 0.0 573.5 0.0 575.1 0.0 
618.6 135.9 622.9 130.7 634.8 149.3 642.8 143.3 
650.8 135.2 656.1 125.7 666.5 151.0 674.1 139.9 
655.1 152.6 658.3 144.6 671.9 169.4 675.8 160.0 

2080.6 1476.7 2079.5 1393.7 2133.0 1605.3 2131.7 1500.1 
2088.4 945.6 2087.7 901.3 2142.2 953.3 2141.8 898.9 
2108.3 103.9 2107.6 100.3 2161.2 153.4 2160.4 1457.4 
2111.8 1473.0 2110.3 1389.1 2161.4 1563.3 2161.3 149.2 
2184.1 11.8 2181.7 12.0 2236.3 13.7 2233.8 14.0 
3812.1 852.3 3785.4 805.1 3853.2 941.6 3830.9 873.0 

 
 
 
 
 
 



Appendix I. Fe as Hydrogen/Halogen bond acceptor.... 
 

[212] 
 

Table A.I.S.13. Frequencies for the normal modes of vibration of Fe(CO)5•••HCl 
complex at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Frequency 
 (cm-1) 

IR 
intensities 

Frequency  
(cm-1) 

IR 
intensities 

Frequency
 (cm-1) 

IR 
intensities 

Frequency 
 (cm-1) 

IR 
intensities 

13.8 0.3 12.3 0.2 -10.5 0.4 -12.9 0.3 
33.5 0.5 28.0 0.5 39.0 0.3 34.9 0.2 
35.4 0.3 30.9 0.2 39.6 0.3 41.4 0.3 
56.3 0.1 53.3 0.0 68.9 0.1 65.6 0.1 
64.6 0.1 61.4 0.0 75.2 0.6 74.4 0.5 
94.1 0.0 93.4 0.0 92.2 0.0 91.5 0.0 
98.2 0.0 96.9 0.0 98.4 0.0 96.8 0.0 

104.8 0.6 104.9 0.6 105.2 0.6 104.9 1.3 
106.0 0.0 105.6 0.0 106.8 1.4 105.4 0.5 
107.1 1.3 106.2 1.3 107.9 0.0 107.5 0.0 
283.6 9.2 238.2 6.0 290.9 6.1 254.0 3.3 
298.8 2.5 242.3 1.7 331.8 0.6 293.9 0.2 
366.4 0.0 369.0 0.0 370.5 0.0 376.9 0.0 
367.5 0.1 371.4 0.0 376.0 1.3 382.0 0.6 
369.0 0.8 373.1 0.3 383.8 0.4 384.9 0.1 
406.6 1.9 407.5 0.7 411.9 5.8 420.8 2.9 
412.2 7.0 418.9 11.6 418.8 0.1 422.6 6.1 
429.8 0.2 430.9 0.6 449.5 0.0 451.7 0.1 
454.0 23.9 452.6 25.0 473.8 11.8 475.3 25.9 
464.3 10.7 466.4 10.9 474.8 23.6 477.9 11.9 
471.7 4.8 472.9 4.3 496.0 4.8 499.7 4.9 
489.2 0.0 487.6 0.0 514.7 0.1 513.2 0.0 
562.4 2.8 564.2 1.8 568.3 5.3 571.6 3.8 
563.9 0.0 564.8 0.0 573.2 0.0 574.9 0.0 
615.8 125.5 618.6 120.3 633.1 137.3 638.6 130.5 
651.1 127.5 657.2 119.8 665.4 140.0 673.9 131.3 
655.3 159.8 658.7 149.6 672.2 184.1 676.1 173.5 
2074.1 1405.5 2071.4 1295.2 2126.1 1535.6 2124.3 1397.2 
2081.2 1072.3 2078.7 1076.1 2136.0 1030.5 2134.3 1050.0 
2103.3 66.7 2101.4 49.8 2157.2 138.2 2156.6 1443.4 
2107.4 1476.4 2104.8 1391.8 2157.7 1554.1 2156.8 96.4 
2179.7 18.7 2176.6 15.6 2231.6 29.2 2229.1 25.4 
2806.2 404.1 2838.0 346.5 2821.9 628.4 2842.8 576.3 
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Table A.I.S.14. Frequencies for the normal modes of vibration of Fe(CO)5•••HBr 
complex at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Frequency 
 (cm-1) 

IR 
intensities 

Frequency 
(cm-1) 

IR 
intensities 

Frequency
 (cm-1) 

IR 
intensities 

Frequency 
 (cm-1) 

IR 
intensities 

0.5 0.1 -10.3 0.1 10.3 0.1 10.0 0.1 
17.8 0.3 11.6 0.1 19.7 0.1 14.9 0.0 
24.4 0.1 13.0 0.2 34.5 0.5 37.0 0.5 
52.5 0.0 51.9 0.0 59.1 0.1 60.1 0.1 
61.8 0.0 58.5 0.0 64.0 0.1 60.9 0.0 
94.7 0.0 93.5 0.2 93.4 0.0 91.8 0.0 
97.9 0.0 96.5 0.0 97.4 0.0 95.3 0.0 

104.6 0.6 103.7 2.4 102.5 0.5 102.0 0.4 
104.6 0.0 104.4 0.0 106.8 0.0 105.1 0.9 
106.8 1.4 104.5 0.7 107.7 1.1 106.7 0.2 
166.5 3.8 117.2 0.9 233.0 0.0 227.7 0.0 
189.1 0.9 117.4 0.4 286.7 8.2 296.7 5.8 
366.3 0.0 368.1 0.0 369.7 0.0 375.8 0.0 
366.5 0.0 371.5 0.0 373.7 0.5 380.0 0.3 
367.0 0.2 372.4 0.1 380.7 0.2 382.9 0.1 
407.0 0.9 408.1 0.5 418.2 2.3 421.9 0.5 
417.6 9.9 424.3 13.9 419.5 5.8 426.7 10.3 
430.3 0.3 431.7 0.8 447.8 0.1 452.1 0.1 
449.9 21.6 449.1 22.7 467.9 21.9 470.4 23.6 
464.7 10.3 467.3 10.5 474.9 11.3 479.0 11.3 
472.9 3.9 474.8 3.5 495.1 4.9 501.1 4.3 
485.9 0.1 485.0 0.2 508.4 0.0 511.0 0.1 
563.4 2.0 565.2 0.0 570.2 4.0 572.4 3.0 
564.0 0.0 565.3 1.1 572.2 0.0 573.8 0.0 
614.8 124.5 618.3 119.7 632.1 135.9 638.1 129.3 
651.5 127.0 658.0 119.6 663.8 140.2 673.6 129.9 
654.1 160.4 659.0 150.0 669.9 187.4 675.5 177.0 
2071.3 1363.9 2069.8 1255.6 2122.5 1488.7 2122.7 1353.6 
2077.8 1144.6 2075.8 1154.8 2131.6 1127.4 2131.8 1114.0 
2100.9 49.4 2099.4 30.4 2154.2 420.4 2154.1 733.6 
2105.4 1477.1 2103.0 1393.1 2156.9 1222.0 2156.2 775.7 
2177.8 18.9 2175.3 12.9 2229.2 33.5 2227.4 29.5 
2517.2 190.6 2564.0 145.9 2538.8 396.6 2565.5 363.3 
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Table A.I.S.15. Frequencies for the normal modes of vibration of Fe(CO)5•••ClF 
complex at different levels of theory. 

B3LYP/6-311+G(d,p) B3LYP/Aug-cc-pVTZ wB97xD/6-311+G(d,p) wB97xD/Aug-cc-pVTZ 

Frequency 
 (cm-1) 

IR 
intensities 

Frequency  
(cm-1) 

IR 
intensities 

Frequency
 (cm-1) 

IR 
intensities 

Frequency 
 (cm-1) 

IR 
intensities 

47.5 0.0 37.9 0.0 38.6 0.0 10.1 0.0 
53.9 1.8 49.5 1.2 53.3 0.9 44.8 0.5 
53.9 1.8 49.7 1.2 53.3 0.9 45.1 0.5 
86.9 0.0 84.8 0.0 86.0 0.0 82.5 0.0 
86.9 0.0 84.8 0.0 86.0 0.0 82.6 0.0 

101.9 0.0 101.2 0.0 101.4 0.0 86.3 13.3 
107.8 1.3 102.5 9.3 102.3 18.5 100.4 0.0 
107.9 1.3 106.8 1.1 107.5 1.1 105.5 0.9 
111.7 0.6 106.8 1.1 107.5 1.1 105.5 0.9 
139.3 37.1 124.9 25.1 121.6 30.8 118.1 9.8 
156.9 0.4 165.3 0.7 161.2 0.4 161.0 0.6 
156.9 0.4 165.3 0.7 161.2 0.4 161.1 0.6 
363.9 0.0 370.6 0.0 368.6 0.0 372.4 0.0 
372.2 1.5 375.6 1.5 382.6 0.0 376.2 0.0 
372.3 1.5 375.6 1.5 383.4 2.1 384.9 2.0 
379.5 178.5 380.8 0.0 383.4 2.1 385.0 2.0 
388.2 0.0 391.2 62.0 402.0 45.0 412.1 13.6 
410.1 0.0 416.0 0.0 431.3 0.0 439.0 0.0 
434.4 428.6 455.8 13.2 469.4 13.7 478.5 13.4 
449.1 13.6 455.9 13.2 469.4 13.7 478.6 13.4 
449.2 13.6 457.4 1.7 482.7 2.5 486.9 7.0 
454.9 47.1 487.7 684.5 521.7 768.1 537.6 16.8 
522.9 10.3 525.5 13.0 537.2 11.9 538.0 16.8 
523.0 10.3 525.8 13.0 537.2 11.9 575.5 0.0 
559.8 0.0 563.2 0.0 570.9 0.0 611.4 755.8 
627.7 101.5 635.7 96.4 645.4 117.9 656.0 109.8 
627.7 101.5 635.8 96.4 645.4 117.9 656.2 109.8 
641.6 151.0 649.6 112.3 666.2 106.5 678.1 20.1 
2122.4 728.9 2115.1 719.7 2165.5 1447.4 2152.4 1398.9 
2129.8 1283.5 2118.0 1246.9 2165.5 1447.4 2152.6 1398.6 
2129.8 1283.6 2118.2 1246.9 2168.7 775.3 2159.6 8.7 
2136.0 0.0 2124.6 0.0 2172.1 0.0 2160.3 784.1 
2194.5 209.6 2186.4 177.5 2237.0 231.4 2229.5 164.8 
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A.II.I. Introduction  

The PNFTMW spectrometers provide very high resolution and sensitivity, 

simultaneously and have enjoyed wide range of application.  However, these Cavity 

spectrometers have two very serious limitations: (i) very low bandwidth which makes 

searching for unknown transitions long and tedious and (ii) low frequency cut off near 

about 4 GHz for most of the spectrometers.  Though it is now possible to do gas phase 

spectroscopy on larger molecules and complexes, the moments of inertia for these are 

much larger and the rotational constants are smaller.  It would be desirable to have a 

spectrometer with similar sensitivity and resolution down to 1 GHz or less. 
Today microwave spectroscopists are trying to target heavier molecules and larger 

complexes.  With increase in molecular mass, the rotational constants decrease and 

most of the low J transitions which are usually the most informative, lie in the low 

frequency region. As an example, consider a T-shaped structure of phenylacetylene—

benzene complex, in which acetylenic hydrogen is interacting with the π cloud of 

benzene, Figure A.II.1.  

 

Figure A.II.1. T-shaped geometry of the Phenylacetylene•••benzene complex. The 
complex was optimized at B3LYP/6-311++G(2d,2p) level of theory.  

 

 The calculated rotational constants for this structure are A = 1907.45 MHz, B = 

189.17 MHz and C = 183.13 MHz at B3LYP/6-311++G(2d,2p) level.  The 00,0-10,1 

transition for this complex is expected at 372.3 MHz.  All the frequencies 

corresponding to J = 2 to 3 transitions for this complex range from 725 MHz to 

1130MHz. These transitions are not accessible with the typical Fabry-Perot PN-

FTMW spectrometers.  More interestingly, one can consider the benzene dimer which 
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is also expected to have a minimum having both benzene molecules parallel to each 

other, slightly displaced1.   As this would not have a dipole moment, microwave 

spectroscopy cannot be used to investigate such a structure.  If C6H6•••C6H6•••Ar 

trimer could be formed in which the two benzene molecules have parallel-displaced 

geometry, microwave spectroscopy can given unambiguous evidence for the same.  

However, the rotational transitions for such a complex are also expected below 1 

GHz. 

These limitations show the need for a new spectrometer which can work in low 

frequency range (below 2GHz) and can perform data collection over a broad 

frequency range in a short time.  Pate and co-workers came up with a novel design, 

which has given the most significant fillip to microwave spectroscopy2,3. 

Our initial attempts in building a new broadband spectrometer which can work in low 

frequency ranges also, are summarized in the next few sections.  

AII.2. Initial attempts to produce a chirped pulse of 1 GHz 

We are planning to build a spectrometer which works in 1-12GHz frequency range 

and uses the chirp pulse technique. Considering the reliability of ab initio calculations 

in geometry optimization and thus in predicting rotational constants, we focused on 

generation of a chirp pulse of 1 GHz bandwidth and 1μs time duration. We used 

Agilent N8241A Arbitrary waveform generator (AWG) and E8267D PSG vector 

signal generator (VSG) for the chirp pulse generation. 

The N8241A is a dual channel AWG which has two options: option 125 and option 

062. Under option 125 each channels can simultaneously deliver 1.25GS/s with 15 

bits of vertical resolution, and 500MHz of instantaneous analog bandwidth while 

under option 062 each channel delivers 250 MHz of bandwidth at sampling rate 

625MS/s with 15 bits of vertical resolution. The E8267D PSG vector signal generator 

can deliver frequency ranging from 250 KHz to 44GHz with 0.001Hz resolution. It 

has a built in wideband I/Q modulator that delivers up to 2GHz RF modulation 

bandwidth and thus can be used as a I/Q up-convertor also.  Using E8267D in 

compliment to N8241A AWG as I/Q up-convertor one can get modulation bandwidth 

of 1GHZ (at 1.25GS/s) or 500MHz (at 625MS/s) at MW frequencies. We used option 

125 of AWG to generate a chirp of 1GHz after up-conversion by VSG. The setup for 

the chirp generation is shown in Figure  A.II.2.  
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Figure A.II.2. Setup for chirp generation and measurements 

 
The start, end and center frequencies and the time duration of the chirp can be set by 

the VSG. As a very first test, the chirp output (with 5 GHz center frequency,1 GHz 

span and 1μs time duration) from VSG was directly fed to the Spectrum analyzer 

(Agilent, E4407B ESA-E Spectrum Analyzer 100 Hz to 26.5GHz) which displays the 

generated chirp. After this direct measurement, two wideband horn antennae (2-

18GHz) were introduced between the VSG and the spectrum analyzer. One was 

connected to VSG and was used as emitter of chirp pulse and the other was connected 

to the spectrum analyzer and was used as receiver of chirp pulse. The two horn 

antennae were placed close to each other and the chirp was recorded in spectrum 

analyzer. In Figure A.II.3, the frequency spectra shown at the top, is the result of 

measurement when VSG output was directly connected to the spectrum analyzer 

while the low intensity spectra shown in the figure is obtained when horn antennae 

were used as emitter and receiver. It is clear that the spectra are similar in both the 

cases but the amplitude decreases on using horn antennae as expected. 
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Figure A.II.3. Chirp output measured  by Spectrum analyzer, for description see text. 

 

To measure the linearity of the chirp and phase variation with time we fed the chirp 

output to a wide band oscilloscope (DSA 1304A infiniium high performance 

oscilloscope with 13GHz bandwidth) and interfaced the oscilloscope with a PC as 

shown in Figure A.II.4. The PC runs  a software called ‘Vector signal analyzer’ 

developed by Agilent, which shows the frequency and time domain chirp signal, 

frequency and phase variation of chirp with time. Figure A.II.4 shows the result of 

direct measurement (without using horn antennae) using this software.  In this figure, 

the user interface of VSA software is shown.  The two graphs in first column of the 

figure shows frequency and time domain chirp pulse respectively while in the second 

column, the top graph shows variation of chirp frequency with time and the bottom 

graph shows variation of phase of the chirp with time for 1μs time duration. The chirp 

range is same as before (4.5-5.5 GHz).  It is clear from this measurement that the 

frequency of generated chirp varies linearly with time. 

 

Figure A.II.4. Result of direct measurement of chirp obtained using VSA software. 
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The horn antennae have to be introduced into a vacuum chamber in our experiment.  

Hence, it was decided to test how the reflections from a metal chamber would affect 

the chirp.  Moreover, the horn antennae will be separated by a finite distance in the 

spectrometer, and it would be useful to see the effect of varying distances between the 

antennae on the chirp. For these tests, a temporary arrangement was made using an 

aluminium sheet, folded to give the shape of a cylindrical cavity.  The two horn 

antennae were mounted on two circular aluminium sheets. The diameter of one 

circular sheet was taken more than that of cylinder while diameter of other circular 

sheet was taken slightly less than cylinder. One horn antenna (mounted on bigger 

circular sheet) was kept static on one side of the cylinder while the other one was 

moved inside the cylindrical cavity to vary the distance between two antennae. This 

arrangement is shown in Figure A.II.5.  

 

Figure A.II.5. The temporary arrangement for testing chirp performance inside the 
metal cavity. 

 

 By moving the antenna inside the cylindrical cavity, we did measurements at several 

distances.  Figure A.II.6(a) and A.II.6(b) show the measurement results at 50 cm and 

100 cm distances, respectively, between the two antennae.  The chirp shows minor 

distortion possibly due to reflections of radiations from cylindrical cavity.  However, 

the most important result is that at both the distances 50 cm and 100 cm, the linearity 

of the chirp with time is maintained inside the cavity.  Moreover, for both the 

distances the phase variation is same as for the direct measurement result shown in the 

Figure A.II.4. 
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A.III.1. Introduction 

As in the case of PA-dimer, many different possibilities exist for the PA•••H2O 

complex as well. Both of the molecules, PA and H2O, can act as hydrogen bond 

acceptors as well as hydrogen bond donors. Moreover, multifunctional nature of PA 

molecule offers additional possibilities for the intermolecular interactions. What is the 

most stable structure of the PA•••H2O complex ? Is it PA which acts as hydrogen 

bond donor or it is H2O ? Does the complex has cyclic structure as has been observed 

for the other PA complexes, Ar•••PA complex and PA-dimer ? These questions can 

be answered by microwave spectroscopy which is very sensitive towards the 

geometry of system under study.  

A.III.2. Ab initio and AIM analysis 

The PA•••H2O complex was optimized starting with different initial geometries. The 

calculations were performed using Gaussian 09 software suite. MP2 theory with 6-

311++G(d,p) basis set was used to perform the optimization and frequency 

calculations. The optimized geometries are shown in the Figure A.III.1. Each of these 

geometry was found to be a minima on potential energy hypersurface as confirmed by 

the presence of all real normal modes of vibration for each of them. Further AIM 

analysis was performed on each of the optimized structure and the resulting electron 

density topologies are shown in the Figure A.III.2. In the Structure 1, propargyl 

alcohol acts as O-H•••O hydrogen bond donor. The AIM analysis shows presence of 

bond critical point corresponding to the O-H•••O hydrogen bond as well as presence 

of the bond critical point corresponding to O-H•••π interaction. In the Structure 2 

and 3 H2O acts as O-H•••O hydrogen bond donor. The Structure 4 is bound with C-

H•••O interaction in which water acts as the hydrogen bond acceptor. Geometrical 

parameters for the hydrogen bonds present in these structures are given in the Table 

A.III.1 and BSSE corrected and BSSE+ zero-point corrected interaction energies are 

given in the Table VI.2. Values of electron density ρ(r), and Laplacian of electron 

density at the intermolecular BCPs resulting from the AIM analysis are given in the 

Table A.III.3.  
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Table A.III.1. Structural parameters for the hydrogen bonds present in different 
structures of the PA•••water complex. 

 
r[(O-)H•••O] 

 in Å 
∠(O-H•••O) 

in degree 
r[(O-)H•••π]

 in Å 
∠(O-H•••π) 

in degree 
r[(C-)H•••O] 

 in Å 
∠(C-H•••O) 

in degree 

Structure 1 1.9463 156.1 2.5145 129.1 - - 
Structure 2 1.9514 152.2 - - - 
Structure 3 1.9259 157.5 
Structure 4 - - - - 2.1944 179.5 

 

 

 

Figure A.III.1. Optimized structures for PA•••water complex at MP2/6-311+G(d,p) 
level. 

 

Figure A.III.2. AIM topologies for the different structures of the PA•••water complex. 
BCPs are shown in green and RCPs in red 
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Table A.III.2. BSSE corrected ΔEBSSE,  and BSSE+ZPC corrected ΔE(BSSE+ZPC), 
interaction energies for different structures of the PA•••water complex. 

ΔEBSSE in kJ/mol ΔE(BSSE+ZPC)  in kJ/mol 

Structure 1 22.7 14.7 
Structure 2 18.5 11.1 
Structure 3 18.9 11.6 
Structure 4 10.6 3.8 

 

Table A.III.3. Electron density ρ(r), and Laplacian of electron density ∇2ρ(r) at the 
intermolecular BCPs of different structures of the PA•••water complex. The wave 
function used for these calculations were extracted from the ab initio calculations at 
MP2/6-311++G(d,p) level. 

  At (O-)H•••O BCP At (O-)H•••π BCP At (C-)H•••O BCP 

ρ(r)  in a.u. ∇2ρ(r)  in a.u. ρ(r)  in a.u. ∇2ρ(r)  in a.u. ρ(r)  in a.u. ∇2ρ(r)  in a.u. 
Structure 1 0.0223 0.0972 0.0103 0.0351 
Structure 2 0.0213 0.0982 - - - - 
Structure 3 0.0236 0.1038 - - - - 
Structure 4 - - - - 0.0131 0.0544 
 

 It is clear from the interaction energies given in the Table A.III.2 that the Structure 1 

which is stabilized by O-H•••O and C-H•••π hydrogen bonds, is the most stable 

structure.  

The calculated rotational constants and dipole moment components along the 

principal axes for all the four structures of the PA•••water complex are given in the 

Table A.III.4. The rotational constants for these structures are very different from each 

other and these can easily be distinguished by microwave spectroscopy.  

Table A.III.4. Rotational constants and dipole moment components along the 
principle axes for different structures of PA•••water complex calculated at MP2/6-
311++G(d,p) level. 

A/MHz B/MHz C/MHz |μa|/D |μb|/D |μc|/D 
Structure 1 4577.8 3862.0 2252.7 0.2 2.9 2.5 
Structure 2 8296.5 1987.0 1760.1 0.0 2.0 2.6 
Structure 3 22592.5 1554.9 1475.5 1.8 1.3 0.0 
Structure 4 23387.3 1055.9 1020.3 3.6 0.8 0.1 
 

  

Rotational spectra was predicted for the four structures using ab initio calculated 

rotational constants given in the Table A.III.4.  
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A.III.3. Search for the Rotational spectra 

Search was first started using argon as the carrier gas which led to detection of many 

signals which correspond to the Ar•••PA complex. Therefore, the carrier gas was 

changed to helium to avoid the formation of complexes with Ar. Equal proportion of 

the carrier gas was bubbled through PA and water samples contained in two different 

bubblers. While using Ar as the carrier, the gas mixture was expanded from a 

stagnation pressure of 0.5 bar into the vacuum chamber and while using He as the 

carrier gas the stagnation pressure was increased to 1.5 bar. Microwave pulse of 1 μs 

time duration was used during the search.  

A total of 18 signals which depend on both the PA and water concentration, have been 

observed. All the signals were observed while using helium as the carrier gas. The 

signals are reported in the Table A.III.5.However, these signals could not be assigned 

as of now. Total searched regions till date are given in the Table A.III.6. 

Table A.III.5. Observed but unassigned signals which depend on PA as well as 
water's concentration. All these signals were observed while using He as carrier gas.  

Frequency Intensity 
7001.8000 weak 
8503.4000 very strong 
8603.8600 very strong 
8692.1600 medium 
8756.5800 strong 
8788.1200 medium 
8864.9582 weak 
8911.1316 strong 
9073.5000 very--weak 
9086.8100 very weak 
9191.3620 weak 
9195.9660 strong 
9278.7800 very weak 
9282.1000 weak 
9309.1400 weak 
9317.4750 medium 

11348.1410 medium 
11348.1898 medium 

 

  



Appendix III. Preliminary Investigations on PA...water complex 
 

[229] 
 

Table A.III.6. Searched regions with Ar and He as carrier gas. The gas was bubbled 
through the PA and water samples. 

using Ar as carrier gas using He as carrier gas 
3247.0-3361.5 MHz 4490.0-4510.0 MHz 
4677.0-5050.0 MHz 6748.0-7002.0 MHz 
6100.0-6255.5 MHz 8381.0-8428.0 MHz 
6558.0-6592.0 MHz 8489.0-8510.5 MHz 
7983.0-8010.0 MHz 8600.0-8605.0 MHz 
8133.5-8614.5 MHz 8675.0-8679.0 MHz 
8659.0-8681.0 MHz 8692.0-8786.5 MHz 
9750.5-9881.0 MHz 8838.5-8940.0 MHz 

8935.0-9365.0 MHz 
10000.0-10150.0 MHz 
11331.0-11339.0 MHz 
11348.5-11412.0 MHz 
11445.0-11495.5 MHz 
11622.5-11769.0 MHz 

 

A.III.4. Conclusions  

Ab initio and AIM analysis show that the Propargyl alcohol•••H2O complex is bound 

with strong hydrogen bonding interactions. A total of 18 signals which depend on the 

concentration of both PA as well as water, have been observed. However, these 

signals could not be fit to any of the structures as of now. More experimental data is 

required to fit the observed signals. Work is under progress.  
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