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Abstract 

Over the past several years in Alberta, the frequency and severity of wildfires has increased and 

resulted in the loss of lives, destruction of housing, and devastation of large forest areas. A 

byproduct of these fires are toxic emissions that contain primary aerosols and volatile organic 

compounds that can lead to the formation of secondary organic aerosols. Atmospheric aerosols 

are colloidal suspensions of liquid or solid particles in the atmosphere, which can have severe 

impacts on both human health and climate. The process of secondary organic aerosol formation 

involves the initial release of volatile organic compounds and their subsequent oxidation by 

atmospheric species, such as, for example, OH radical, to produce more oxygen-rich compounds 

of lower volatility. These semi-volatile compounds can the agglomerate, i.e., partition from the 

gas to the particle phase, and form aerosol particles. General aspects of this nucleation process, 

such as the participation of organic acids, water, sulfuric acid, and ammonia, the formation of a 

critical nucleus after which particle growth is spontaneous, and the involvement of hydrogen-

bonding and dispersion interactions, are known. Specific information about the formation of the 

initial clusters and complexes, such as the effect of conformational flexibility on the strength and 

the number of intermolecular interactions, is still not complete.  

To study the early stages of nucleation of semi-volatile organic compounds with water or 

themselves, I utilize jet-cooled Fourier transform microwave spectroscopy and quantum 

chemical calculations. This combination allows for a detailed analysis of the intra- and 

intermolecular noncovalent interactions that stabilize specific conformers. My studies have 

shown that the cis-conformation of the carboxylic acid in para-aminobenzoic acid, para-

nitrobenzoic acid, para-chlorobenzoic acid, para-hydroxybenzoic acid, and vanillic acid is the 
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lowest energy conformer. Additionally, I found that functional groups in the para-position of 

benzoic acid can affect the structure of the acid group, depending on their ability to donate or 

withdraw electron density. ortho-functional groups may play an indirect role in cluster formation 

through intramolecular interactions that limit their ability to act as inter-molecular hydrogen 

bond donor and acceptor, as demonstrated for the case of vanillic acid monohydrate. As a proxy 

for large semi-volatile organic compounds, benzyl benzoate, an ester with terminal benzyl and 

phenol groups, was studied. In this molecule, CH···O hydrogen bonding plays a significant role 

in determining its structural preference in the monomer, while in the dimer, π-π stacking 

structural motifs are central. 

Polyvinylchloride, PVC, is an important building material and co-combusts with 

biomass, such as wood, in house fires. PVC combustion leads to emission of hydrogen chloride 

and atmospheric aerosol particles, a mixture that becomes more complex in biomass co-

combustion scenarios. To gain a better understanding of the influence of PVC on emissions from 

wildfires, I conducted laboratory based PVC pyrolysis experiments. The resulting hydrogen 

chloride emissions, aerosol particle size distribution, and aerosol particle optical properties were 

studied using a range of aerosol characterization instruments and analytical tools. A 61% mass 

loss was observed after 40 minutes of PVC pyrolysis at 350°C, with an average of 25% of those 

emissions being gaseous hydrogen chloride. The emitted aerosol particles are predominantly 

composed of organic compounds that form concentration-dependent agglomerates. These 

particles have a maximum in the size distribution of approximately 150 nm, falling within the 

accumulation mode of biomass burning-derived aerosol particles. Additionally, I found that the 

aerosol particles emitted from PVC pyrolysis have a wavelength-dependent absorption with an 

absorption Ångstrom coefficient (AAC) between 5.8 and 6.1. That means that these particles that 
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contain semi-volatile organic compounds preferentially absorb at lower wavelengths compared 

to soot particles. 
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1  

Introduction 
 

Atmospheric aerosols are a colloidal suspension of solid or liquid particles in air1 that can impact 

human health2 and Earth’s climate.3 When discussing the health effects of atmospheric aerosols, 

we often refer to them as particulate matter (PM). In a health context, concentrations of PM10 

(particulate matter with an aerodynamic diameter less than or equal to 10 μm) and PM2.5 

(particulate matter with an aerodynamic diameter less than or equal to 2.5 μm) are often reported 

because they have a high lung penetration capacity4,5 and a long residence time in the 

atmosphere. In fact, common air quality health indices such as the AQHI, the air quality health 

index used in Canada6 that provides a measure of the potential health implications due to 

exposure to poor air quality, incorporate at least one if not both categories.7 The consequences of 

overexposure to PM include an increase in cardiovascular morbidity and mortality and are a 

focus of environmental and health government policy.4 PM2.5 and PM10 are size categories and 

their mass concentrations, in μg/m³, are often reported and used as a standard for exposure 

because it can be readily measured using filter-based techniques.8 Additionally, PM is not a 

single compound but a mixture of different chemical species where the composition, and 

therefore  toxicity, is influenced by the PM source.9 For instance, PM from combustion sources 

such as biomass burning has higher toxicity than PM from non-combustion sources such as road 

dust.9 Even solid PM can be found in a mixture of states and not just as pure solid. For instance, 

soot from biomass burning is emitted as a solid; however, low volatile organic compounds 
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(VOCs) that are emitted simultaneously can condense onto the aerosol particle to form a core-

shell structure10 like a ball left outside overnight that collects a morning dew. The liquid coat of 

such a structure can act as a reaction vessel, bringing molecules and oxidants into closer 

proximity, resulting in the possible formation of toxic compounds.11 To mitigate the health 

impacts of PM, a multidisciplinary approach is needed. For instance, countries in the global 

south commonly burn garbage due to a lack of economic support, resulting in the emission of 

toxic PM and an estimated 270,000 premature deaths per year globally.12 An understanding of 

the emissions and the evolution of their physical properties, such as size and mass, during their 

atmospheric lifetime is needed to direct policy and engineering strategies to provide alternative 

approaches to open waste burning. 

Atmospheric aerosols impact climate by scattering and absorbing solar radiation directly 

and indirectly.13 For instance, aerosols derived from biomass burning, such as soot, are able to 

directly absorb solar radiation14 and after aging in the atmosphere can indirectly interact with 

solar radiation by acting as cloud condensation nuclei.15 Radiative forcing, the difference in 

energy flux between incoming solar radiation and radiative emissions back into space at the top 

of the atmosphere,13 is a measure of the potential impact of atmospheric pollutants on our 

climate, including atmospheric aerosols. The Intergovernmental Panel on Climate Change 

(IPCC) evaluates the individual contributions of compounds to radiative forcing; the results are 

published in the IPCC Reports (see Figure 1.1).16 Some classes of pollutants can contribute to 

both heating and cooling (see Figure 1.1), and aerosols have such an ability with the largest 

variability. The variability in the impact of atmospheric aerosols depends on physical properties 

of the constituent particles, such as composition, morphology, and size, all of which may change 

over their lifetime in the atmosphere, adding uncertainty to their impact on Earth’s radiative 
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budget.16 For instance, brown carbon (BrC) aerosols which are emitted from biomass burning 

and preferentially absorb wavelengths in the ultraviolet and visible regions, can bleach, i.e., lose 

their ability to absorb radiation,17 making their impact spatially and temporally dependent. The 

impact of emissions on climate is further complicated when sources are in close proximity so 

that the composition of the emissions will be uniquely influenced by the co-emissions into the 

environment. For instance, open waste burning commonly occurs in the presence of biomass 

which will release BrC, soot, and VOCs. If plastics such as PVC are also present in the waste 

products, a chlorine radical source is immediately available for oxidation of the BrC and the 

VOCs. 
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Figure 1.1. Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for 

the main drivers of climate change. Values are global average radiative forcing (RF14), 

partitioned according to the emitted compounds or processes that result in a combination of 

drivers. The best estimates of the net radiative forcing are shown as black diamonds with 

corresponding uncertainty intervals; the numerical values are provided on the right of the figure, 

together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L 

– low, VL – very low). Albedo forcing due to black carbon on snow and ice is included in the 

black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail 

induced cirrus), and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-

based RFs for gases can be obtained by summing the like-coloured bars. Volcanic forcing is not 

included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total 

anthropogenic radiative forcing is provided for three different years relative to 1750. For further 

technical details, including uncertainty ranges associated with individual components and 

processes, see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures 

TS.6 and TS.7}. This Figure is displayed unchanged from Figure SPM.5 of the IPCC AR5 

climate change 2013 report and for technical details please see the Technical Summary 

Supplementary Material in the AR5 IPCC report.16 (Reprinted with permission from ref 16. 

Copyright 2013 Intergovernmental Panel on Climate Change) 
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Biogenic atmospheric aerosols are either emitted directly from the biosphere, such as 

pollen or plant debris, or can be secondary organic aerosols (SOAs) formed from VOCs emitted 

by plants, such as terpenes. Anthropogenic atmospheric aerosols, on the other hand, are aerosols 

emitted into the atmosphere by human activity, such as open waste burning, and are the targets of 

government policy.18 To make meaningful policies that target health and climate, knowledge of 

how atmospheric aerosols form and how their physical properties change thereafter is important. 

Atmospheric aerosols, if directly emitted into the atmosphere from their source, are called 

primary atmospheric aerosols (for example, sea-spray aerosols and soot from biomass burning). 

Primary aerosol particles can provide a surface for aerosol growth through condensation of 

atmospherically relevant species.19 In the absence of such a surface, atmospheric aerosols may 

form through gas-to-particle conversion processes, such as nucleation, and are called secondary 

atmospheric aerosols.20,21 Nucleation can be described as a two-step kinetic process where the 

first step is the formation of the critical nucleus, the smallest cluster that, once formed, can grow 

spontaneously. The second step is then spontaneous aerosol growth.22 It is known that the critical 

nucleus is stabilized by intermolecular interactions, such as van der Waals interactions and 

hydrogen bonding.23 However, details about the structural and conformational preferences and 

the types of noncovalent interactions that stabilize the initial cluster are still not fully understood. 

Further complicating our understanding of new particle formation is the variability in the 

chemical species that are emitted and their involvement in nucleation.21 

VOCs are a large class of compounds that are emitted anthropogenically or biogenically 

and are known to play a crucial role in aerosol nucleation and growth,24 and even enhance 

atmospheric aerosol formation.25 For instance, the addition of 0.04 ppb of benzoic acid can result 

in a 5-fold enhancement in the formation of sulfate aerosol particles.25 This is thought to be a 
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result of organic compounds, and in particular organic acids, that provide the necessary stability 

to the initial cluster while still allowing for further complexation.22 Initially emitted VOCs can 

continuously partition between the gas phase and the particle phase; however, in both the particle 

phase and the gas phase, VOCs can be oxidized and form lower volatile compounds that will 

preferentially remain in the particle phase.24 The now lower volatility VOCs will form aerosol 

particles or become incorporated into particles through non-covalent interactions.24 Both 

pathways depend on non-covalent interactions, and an understanding of such interactions 

between VOCs and nucleation partners may lead to a greater understanding of the formation of 

the critical nuclei. 

In this thesis, I utilize an interdisciplinary approach to study 1) the initial steps in the 

formation of pre-critical nuclei from VOCs and 2) the physical properties, and their evolution, of 

emissions from PVC co-pyrolysis, which may depend on semi-volatile organic compounds 

(SVOCs) and VOCs. In the first part of my thesis, I present my studies of non-covalent 

interactions involved in the formation of pre-critical nuclei from SVOCs with a focus on benzoic 

acid derivatives emitted into the atmosphere from anthropogenic or natural sources such as forest 

fires. I utilize a dual theoretical and experimental approach involving quantum chemical 

calculations and Fourier transform microwave (FTMW) spectroscopy to study the structural 

motifs that may dictate how the critical nucleus forms and evolves. In the second part of my 

thesis, I describe the first steps of a study of co-pyrolysis of polyvinyl chloride (PVC) and 

biomass.  The focus is on determining the size and optical properties of aerosol particles from 

PVC pyrolysis emissions and quantification of hydrogen chloride emissions during the pyrolysis. 

I also utilized a photoreaction chamber and various instruments for aerosol particle 
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characterization to investigate the aging of the emitted aerosol particles in the presence of semi-

volatile organic compounds (SVOCs). 

In Chapter 2, I describe the method of Fourier transform microwave spectroscopy, a gas 

phase spectroscopy, and how it can be utilized to extract structural information about the pre-

critical nucleus. In Chapter 3, I present a gas phase study of low-volatility benzoic acid 

derivatives, which contain a nitro-, amino-, chloro-, or hydroxy- functional group in the para-

position relative to the carboxylic acid, to understand the influence of functionalization on the 

structure and dynamics of benzoic acids derivatives. In Chapter 4, I present my study of vanillic 

acid and its complexation with one water molecule, a major nucleation partner, to understand the 

initial steps in hydrate formation, the initial steps in the condensational growth of low volatile 

organic compounds. In Chapter 5, I transition to a study of benzyl benzoate, a biogenic VOC, 

and its dimer, to probe how large VOCs behave in aggregation processes and the influence of 

flexibility and non-covalent interactions between aromatic subunits on dimer formation. In 

Chapter 6, I describe the instruments I have used to characterize the emissions from PVC 

pyrolysis and to study the aging of aerosol particles from the pyrolysis. In Chapter 7, I describe 

my study of PVC pyrolysis to probe the emitted aerosol particles and to determine physical 

properties of the particles. In Chapter 8, I present an overview of my research results and their 

major conclusions. 
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2  

Experimental and Theoretical Methods 

for the Study of Gas-phase Molecules 

and Molecular Clusters of Atmospheric 

Relevance 
 

2.1. Background 

The formation of secondary organic aerosol particles can occur via the atmospheric oxidation of 

biogenic or anthropogenic volatile organic compounds. The products of the initial oxidation steps 

are typically lower volatility compounds that can begin to aggregate with other atmospheric 

species such as water, sulfuric acid, ammonia and other organic compounds. These oxidation 

products can contain OH, carbonyl, and carboxyl groups, in addition to double bonds and 

aromatic moieties, for example. These can all participate in intermolecular interactions which are 

the driving force for the partitioning of atmospheric species from the gas into the condensed, 

particle phase.  

Organic acids, such as vanillic acid and benzoic acid derivatives, are thought to play an 

important role in atmospheric aerosol particle formation. 1  To complement the aerosol and smog 

chamber research activities, I also carried out rotational spectroscopic studies of the related 

acids. These acids can occur as several conformers,2,3 offering multiple intermolecular binding 
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sites. The formation of a mono-hydrate, for example, increases the conformational space 

significantly and produces further intermolecular binding sites for the aggregation to continue. 

One main goal of my thesis research is to first probe the conformational landscape and internal 

dynamics of these atmospherically-relevant species in their isolated form, i.e., in the gas phase, 

and then follow the initial steps of their self-aggregation and aggregation with water molecules to 

explore the effects of non-covalent intermolecular interactions on the conformational preferences 

and dynamics. These aggregates may be important precursors to nucleation and eventual 

formation of aerosol particles in the atmosphere.4    

High-resolution rotational spectroscopy, coupled with a supersonic jet expansion, has 

been utilized extensively for studies of structural and dynamic properties of diverse molecular 

systems, catering to varied research interests.5–7 For example, the onset of microscopic 

superfluidity8 was traced by rotational spectroscopy of highly fluxional doped helium clusters;9,10 

the early fundamental rotational studies of chiral molecules and their non-covalently bonded 

chiral molecular pairs11–13 have led to the practical application of rotational spectroscopy for 

enantiomeric excess determination.14 More directly related to my thesis work are the rotational 

spectroscopic studies of organic acids and their water containing clusters, such as 

methanesulfonic acid (a common component found in marine aerosols),15 H2SO4,16 pyruvic 

acid,17 o-toluic acid,18 and oxalic acid.19 Detailed analyses of the conformational preferences, 

proton tunneling dynamics, and non-covalent interactions provide the molecular foundation to 

further explore their roles as aerosol nucleation intermediates and chemical intermediates in 

physicochemical processes in the atmosphere.6  In our research group, we have targeted another 

family of volatile organic compounds: namely alcohols. Some examples are cis-1,2-

cyclohexanediol,20 perillyl alcohol,21 2,2,3,3,3-pentafluoro-1-propanol,22 and 4,4,4-trifluoro-1-
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butanol.23 We extensively mapped out the rich conformational landscapes of these alcohols and 

thoroughly investigated the associated large-amplitude motions including proton tunneling. 

Moving one step further to explore how self-aggregation and interaction with water can 

influence the structural properties and further binding abilities of these alcohols, we also studied 

the associated hydrogen-bonded complexes.24–26  

In generally, cavity-based Fourier transform microwave (FTMW) and broadband chirped 

pulse FTMW (CP-FTMW) spectrometers, coupled with a pulsed supersonic jet expansion, are 

the most common instruments utilized in laboratories around the world for rotational 

spectroscopic studies. The pulsed jet expansion offers not only a very low rotational temperature 

(typically a few Kelvin), therefore greatly enhanced sensitivity, but also a straightforward way to 

synthesize the desired non-covalently bonded molecular complexes. These points will be further 

elaborated in Section 2.6. The cavity-based27 and CP-FTMW28 instruments in our laboratory 

offer excellent high-resolution capability, with corresponding full widths at half height of 15 and 

150 kHz, respectively. Consequently, the experimental rotational spectra contain accurate 

information about molecular structure and are very sensitive to only the slightest structural 

variations. The details of the CP-FTMW instrument used in the current thesis research will be 

described in a later section, together with the sensitivity improvements made in the last few 

years. It is particularly exciting to point out that with this instrument developed in our laboratory, 

we are now able to access increasingly larger molecular systems, for example, 

hexafluoroisopropanol trimer,29 trimer of propylene oxide,30 and 3-methylcatechol⋯watern (n=1-

5).28 These successes have inspired my thesis work on benzyl benzoate, a member of a different 

group of volatile organic compounds, and its homodimer, which rank among the largest 

molecular species investigated using rotational spectroscopy.   
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It is worth to point out that a recorded experimental microwave spectrum often contains 

rotational spectra of several conformers of an isolated monomer and multiple non-covalently 

bound complexes containing the monomer subunit(s). As a result, experimental rotational spectra 

taken with the CP-FTMW spectrometer typically comprise several thousands of lines within the 

small frequency range of a few gigahertz. Consequently, assigning transitions to rotational 

quantum numbers and to a particular molecular species or conformer is often extremely 

challenging. In dealing with increasingly large, flexible organic molecules, including those 

investigated in this thesis, the support of multiple theoretical tools is essential. For example, 

assistance with theoretical conformational searches and help from electronic structure 

calculations are commonly needed to predict molecular structures of possible conformers, their 

relative energies, and conversion barriers between conformers to aid the assignment. 

Additionally, to enrich our understanding of the molecular systems, further theoretical tools are 

utilized.   

In the following, I first describe the theoretical tools used in the current studies. Then, I 

introduce some basic terms used in rotational spectroscopy. Finally, I discuss the CP-FTMW 

spectrometer and the supersonic jet expansions, which we apply to measure rotational spectra.  

2.2. Theoretical Tools  

Before going into the theoretical details, it is helpful to briefly address the definition of 

conformer. Conformers of a molecule can be generated by internal rotations about a single bond, 

and molecular samples can often contain several conformers, depending on outcomes of 

synthetic processes and barriers to interconversion. In molecular complexes and clusters, the 

term conformer is often used in a less restrictive manner and includes species with 

intermolecular interactions between different binding sites of the constituent monomers.  
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To aid a spectral assignment, one needs to simulate the rotational spectrum of a potential 

conformer of interest. To do that it is necessary to obtain the associated theoretical rotational 

constants and permanent dipole moment components of the optimized geometry. To optimize the 

candidate geometry of a molecular monomer or its complex of interest, we apply electronic 

structure calculations as implemented in the ORCA31 and/or Gaussian16 suites of programs.32 

Typically, we used the combination of B3LYP33-D334 (BJ)35 functional with different basis 

sets, such as 6-311++G(d,p)36 and def2-TZVP.37 Here, D3 denotes Grimme’s dispersion 

correction33 and BJ is the Becke-Johnson damping function.34 These combinations have been 

utilized extensively by our group for a variety of molecular systems from those dominated by 

weak dispersion38,39 to strong hydrogen bonding interactions.40,41 Additionally, ffrequency 

calculations are done at the same level to verify that the identified conformer is not a transition 

state, through the absence of imaginary frequencies, and to obtain zero-point-energy (ZPE) 

corrections.   

Relative energies (either the ZPE corrected energies or Gibbs free energies) obtained 

from these calculations are important to estimate the relative abundances of conformers and the 

possibility for experimental detection. Based on the large number of molecular systems reported, 

the aforementioned levels of theory generally provide reasonable rotational constants (within a 

few percent) and dipole moment components (usually consistent ordering) to guide the rotational 

spectroscopic assignment. It has been noted in some recent publications that large amplitude 

motions associated with potential barriers may lead to drastically different a-, b- and c-type 

transition intensities compared to those predicted, for example, for some chiral molecule-water 

complexes.42,43 Such observation implies that some spectroscopic properties predicted at a 

potential minimum may be very different from those observed in the ground vibrational state. 
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Below I address theoretical approaches to locate conformers of monomers and complexes on the 

multidimensional potential energy surface. 

To assign a dense experimental CP-FTMW spectrum, it is necessary to consider all the 

possible species including their potential conformers. Possible species can be identified based on 

the experimental conditions (samples used, different carrier gases, source temperature, etc.) and 

lines of known species can then be removed from the spectrum using the previously assigned 

rotational spectra. To facilitate the spectroscopic assignments of the species of interest, it is 

highly desirable to first identify theoretically all low energy conformers of a molecular target.  

For a simple system with limited flexibility such as para-chlorobenzoic acid, described in 

Chapter 3, chemical intuition can be used to identify possible conformers. For conformationally 

more flexible systems, two strategies can be used to find the possible minima. For example, in 

the case of cis-1,2-cyclohexanediol,20 a simple cyclic vicinal diol, there are two flexible dihedral 

angles which are related to the OH pointing directions of the two hydroxyl groups. To find the 

possible conformers, a relaxed, two-dimensional potential energy surface scan along these two 

angles was generated. This was done by performing a relaxed scan, where two dihedral angles, 

H-O1-C1-C2 and H-O2-C2-C1, were stepped in 9°increments, from 0° to 360° while performing 

an optimization of the other structure parameters. The resulting energy values obtained from the 

40x40 relaxed scan were used to produce the potential energy surface shown in Figure 2.1. As 

one can see, four distinct conformers I-IV exhibiting different intramolecular OH···OH binding 

topologies were identified. Furthermore, one can also read out the interconversion barriers 

between conformers, equipping one with an overview of conformers which may or may not be 

detectable in a supersonic jet expansion (vide infra). A similar strategy was used for the study of 

vanillic acid described in Chapter 4. 
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Figure 2.1. a) The equilibrium geometries of the four most stable cis-1,2-cyclohexanediol 

conformers. The blue dashed lines represent the intramolecular H-bonds. B) A 2D PES scan 

along two dihedral angles associated with the OH pointing directions at the B3LYP-D3(BJ)/6-

311++G(d,p) level of theory. One can see that the conformational conversion barriers from II→ 

I and IV→III are fairly low, leading to the non-observation of II and IV in a jet expansion. 

Reproduced from Ref. 20. 

For molecular systems with even greater flexibility a relaxed scan method is not practical. 

Generally, the second strategy is applied by utilizing Grimme’s conformer rotamer ensemble 

sampling tool44 (CREST) program. CREST is an automated potential energy surface exploration 

program, that can be used to find minima on the multi-dimensional potential energy surface 

which correspond to molecular conformers.44 The CREST program utilizes the semiempirical  

GFN-xTB45 method, making the search for conformations computationally cost effective. For 

example, I was involved in a chirality recognition infrared spectroscopic study of homo- and 

heterochiral protonated dimers of asparagine with serine and with valine where thousands of 

CREST candidates were identified.46 In Chapter 5, the CREST program was used to explore the 

potential energy landscape of the benzyl benzoate dimer and 128 conformers were identified. 
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To gain further insights into the role of non-covalent interactions in cluster formation, it 

is useful to determine binding energies, identify different types of interactions, such as hydrogen-

bonding, π-stacking, and van der Waals interactions, and partition binding energies into 

contributions from electrostatic, induction, and dispersion forces.47–49 The total binding energy 

between two subunits can be determined using the supermolecular approach, where the energies 

of the subunits are subtracted from that of the complex or cluster. The counterpoise correction50 

can be applied to correct for basis set superposition error. Symmetry adapted perturbation theory 

(SAPT) is a method to decompose the binding energy into contributions from dispersion, 

induction, exchange, and electrostatic interactions.51  

To provide qualitative and semi-quantitative insights into intermolecular interactions, 

topological analyses of the electron density distribution, ρ, obtained from electronic structure 

calculations, are useful. In my studies, I have used Bader’s quantum theory of atoms in 

molecules (QTAIM)52 and non-covalent interactions (NCI ) analyses.49 In QTAIM, both covalent 

and non-covalent bonds between atoms are identified by bond-critical points, where the electron 

density is a minimum along the path of steepest decent of ρ between two nuclei (bond path) and 

a maximum perpendicularly to the bond path (second-order saddle point).53 Other critical points 

exist and are classified as  nuclear, ring, and cage critical points, depending on whether ρ is a 

maximum, a first-order saddle point, or a minimum.53 From properties at the bond critical point, 

such as ρ and the Laplacian, i.e., the trace of the second order derivative matrix of ρ, bonds can 

be classified as covalent, hydrogen-bond, or van der Waals interaction54 and hydrogen bond 

energies can be estimated.55 It is known that weak hydrogen bonds, such as the weak intra-

molecular hydrogen bonds in vanillic acid monohydrate (see Figure 3), are often not indicated by 

a bond critical point in a QTAIM analysis56 and an NCI analysis can provide a more intuitive 
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picture of the non-covalent interactions. The NCI method also utilizes the electron density to 

identify weak interactions, but uses less stringent criteria than QTAIM. In NCI, small values of 

the reduced density gradient, RDG, given in Equation (1), at low electron densities indicate weak 

interactions (see the spikes in the left-hand part of Figure 2.2).49  

 𝑅𝐷𝐺 =
1

2(3𝜋2 )
1
3

(
|∇𝜌|

𝜌
4
3

)   (1) 

The strength of the interaction is given by the magnitude of the electron density for a 

given low value (spike) of the RDG and the sign of the second eigenvalue of the hessian of 

electron density sign(𝜆2) is used to identify whether the interaction is repulsive (sign(𝜆2) > 0), 

attractive (sign(𝜆2) < 0), or van der Waals (sign(𝜆2)~0).49 This is also indicated with color 

coding, i.e., red (repulsive), blue (attractive), or green (van der Waals); see Figure 2.2.   

 

Figure 2.2. Results of QTAIM and NCI analyses of vanillic acid monohydrate showing how 

these techniques can supplement each other in analyzing non-covalent interactions.  

2.3. Rotational Spectroscopy  

The rotational energy levels of a molecule are obtained by solving the time-independent 

Schrödinger equation governing rotational motion. The Hamiltonian operator for a rigid 

molecule is given by 



22 
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+
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Here, the 𝐽𝑎
2̂, 𝐽𝑏

2̂ , and 𝐽𝑐
2̂  are the angular momentum operators and 𝐼𝑎 , 𝐼𝑏 , and 𝐼𝑐 are the principal 

moments of inertia.57 The energies of the resulting energy levels are usually expressed in terms 

of rotational constants 𝐴, 𝐵, and 𝐶 which are defined as 

 𝐴 =
ℏ2

2𝐼𝑎
, 𝐵 =

ℏ2

2𝐼𝑏
, 𝐶 =

ℏ2

2𝐼𝑐
.  (3) 

Here, ℏ =
ℎ

2𝜋
 with ℎ being Planck’s constant. For asymmetric top molecules, such as those 

described in this thesis, 𝐴 > 𝐵 > 𝐶. For semi-rigid molecules, centrifugal distortion of the 

structure of the rotating molecule must be taken into account. For example, Watson’s A-reduction 

fourth order centrifugal distortion constants, ∆𝐽, ∆𝐽𝐾 ,∆𝐾 , 𝛿𝐽, and 𝛿𝐾, can be regarded as 

corrections to the rotational constants. 57 The rotational energy levels of an asymmetric top 

molecule are labelled in this thesis with the quantum numbers 𝐽𝐾𝑎𝐾𝑐
.58 Here, 𝐽 is the (good) total 

angular momentum quantum number and 𝐾𝑎 , 𝐾𝑐 are pseudo quantum numbers that relate to the 

𝐾 quantum number in the limiting oblate and prolate symmetric top cases. The labelling scheme 

is indicated in Figure 2.3, in which the asymmetric top energy levels are correlated to those of 

the prolate and oblate symmetric tops. Also indicated in Figure 2.3 is Ray’s asymmetry 

parameter 𝜅, which describes the degree of deviation from the symmetric top cases.  

 𝜅 =
2𝐵−𝐴−𝐶

𝐴−𝐶
   (4) 
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Figure 2.3. Diagram that correlates asymmetric top energy levels with those of oblate and 

prolate symmetric tops for J = 0, 1, and 2. The corresponding 𝐽𝐾𝑎𝐾𝑐
 and 𝐽𝐾 quantum numbers are 

given, as is Ray’s asymmetry parameter that describes the deviation from the symmetric top 

cases. 

In general, three types of transitions, designated as 𝑎-, 𝑏-, or 𝑐-type, can occur depending 

on whether the transition is driven by dipole moment components, 𝜇𝑎, 𝜇𝑏 , or 𝜇𝑐 , along the 𝑎-, 𝑏-, 

or 𝑐-principal inertial axis, respectively. Specific selection rules are ∆𝐽 = 0, ±1 and those given 

in Table 2.1 for Δ𝐾𝑎 and Δ𝐾𝑐.  
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Table 2.1. Specific 𝛥𝐾𝑎 and 𝛥𝐾𝑐  selection rules for asymmetric top molecules 

Types of transitions 
Dipole moment 

components 
Δ𝐾𝑎 Δ𝐾𝑐 

a-type 𝜇𝑎 ≠ 0 0 (even) ±1 (𝑜𝑑𝑑) 

b-type 𝜇𝑏 ≠ 0 ±1 (𝑜𝑑𝑑) ±1 (𝑜𝑑𝑑) 

c-type 𝜇𝑐 ≠ 0 ±1 (𝑜𝑑𝑑) 0 (even) 
 

2.4. Chirped-Pulsed Fourier Transform Microwave Spectrometer  

I used a CP-FTMW spectrometer for the rotational spectroscopic studies described in this thesis. 

The first CP-FTMW spectrometer was developed in 2008 by the Pate group at the University of 

Virginia and made possible by the rapid development of high speed electronic components.7,59 

The design of our 2-6 GHz CP-FTMW spectrometer60,61 is based on the 2-8 GHz CP-FTMW 

instrument first reported by Perez et al.62 An overview of the 2-6 GHz chirped pulse 

spectrometer can be seen in Figure 2.4 and some important details are provided below  

 

Figure 2.4. Overview of the chirped pulse Fourier Transform microwave spectrometer at the 

University of Alberta where LIM is a power limiter, SW a single-pull single-throw switch, and 

LNA a low noise amplifier. 

The instrument is based on a pulsed excitation - spontaneous emission technique. A 4 μs 

long microwave excitation pulse is scanned rapidly through a large frequency range (2 – 6 GHz) 

(“chirped pulse”) and irradiates the expansion-cooled molecular sample. If the microwave pulse 

sweeps over a molecular transition frequency of an allowed transition, a superposition state is 
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generated that is composed of the two stationary states involved in the transition. Classically, this 

non-stationary superposition state corresponds to an oscillating dipole moment that emits 

electromagnetic radiation with the transition frequency. This coherent spontaneous emission 

signal can be recorded in the time domain with a fast oscilloscope and then Fourier transformed 

to yield the rotational spectrum in the frequency domain. The power of this method lies in the 

ability to record transitions over a wide spectral range (in our case 2 to 6 GHz) simultaneously in 

a single shot. The signal intensity is proportional to the macroscopic sample polarization, which 

is given by7  

 |𝑃| =
2∙|𝜇𝑎𝑏 |2∙𝐸𝑝𝑢𝑙𝑠𝑒 ∙Δ𝑁0 ∙

ℏ
(

𝜋

𝛼
)

1

2
. (5) 

Here, 𝜇𝑎𝑏  is the transition dipole moment, 𝐸𝑝𝑢𝑙𝑠𝑒  is the electric field strength of the chirped 

pulse, Δ𝑁0 is the population difference between the two energy levels, ℏ is the reduced Plank’s 

constant, and 𝛼 is the sweep rate of the chirped pulse. 

The experiment begins with a pulsed expansion of a sample gas mixture into a vacuum 

chamber that is maintained at a pressure of ca. 10-6 torr under no-load conditions. A 4 μs long 

chirped pulse from 2-6 GHz is then generated by a 12 Gs s-1 arbitrary wave form generator 

(Tektronix AWG7122C) and amplified by a 2.5 - 7.5 GHz travelling wave tube (TWT) amplifier 

(IFI GT7525-400). The amplified chirped pulse is broadcasted onto the molecular expansion via 

a horn antenna (Q-par QW-SL-2-18-N-HG-R) that is mounted perpendicularly to the molecular 

flight path. The resulting molecular emission signal (free-induction decay, FID) is detected by a 

second horn antenna. Following the detection horn antenna is a PIN diode power limiter 

followed by a PIN diode switch that protects the 25 GS s-1 fast oscilloscope (Tektronix 

MS07404C) from the high-power chirped pulse until the excitation pulse has dissipated (ca. 250 

ns). A low noise MW amplifier (Miteq AMF-5F-02000600-13-10) is placed after the PIN diode 
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switch to amplify the molecular signal. The molecular signal is digitized at a rate of 25 GS s-1 

with the fast oscilloscope and recorded for 20 μs or 40 μs. Both the AWG and the oscilloscope 

are phase-locked to a 10 MHz Rb standard (SRS FS725), making coherent averaging of the 

molecular time signal possible. During a single molecular gas pulse 6 excitation-detection 

acquisition cycles are possible. The repetition rate of the pulsed molecular expansion is 2 s-1, so 

that a typical experiment with 106 averaging cycles takes about 24 h. 

2.5. Molecular Supersonic Jet Expansion  

The sample is introduced into the spectrometer via a pulsed molecular expansion. The expansion 

is generated with a pulsed nozzle (General Valve, Series 9) with a nozzle orifice of 0.8 mm. The 

nozzle is operated at a repetition rate of 2 Hz and the duration of the molecular pulse is several 

100 μs. The sample consists typically of 1 % molecular monomer(s) and He, Ne, or Ar as carrier 

gas at a total pressure of several atm. For the investigation of low vapour pressure substances, a 

modified heated nozzle cap63 with a sample reservoir was built. The whole nozzle cap body can 

be heated up to about 150°C.  

The use of a molecular expansion rather than a static gas sample has several advantages. 

Collisions of the molecule under investigation with noble gas atoms of the carrier gas leads to 

cooling. The process, however, is highly non-equilibrium and results in translational 

temperatures in the millikelvin range, rotational temperatures of ~1-2 K, and higher 

conformational and vibrational temperatures.64,65 The low rotational temperature has the effect of 

squeezing the population into lower rotational energy levels. This leads to decongestion of the 

rotational spectrum and to greatly enhanced line intensity because of increase in populations and 

population differences. The line width is determined by the detection time, as the emitting 

molecules move through the interaction zone of the receiving horn antenna. Finally, the large 
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number of the collisions at the edge of the exit channel leads to the formation of the targeted 

molecular complexes and clusters which are subsequently stabilized in the collision-free 

environment of the molecular expansion.  

Because of the different cooling efficiencies of He, Ne, and Ar, one can use different 

carrier gases to probe the conversion barrier between conformers. For instance, in Chapter 5, 

when changing the carrier gas from He to Ne and then to Ar, there is a decrease in the relative 

population of the higher energy trans conformer of the benzyl benzoate (BnBz) monomer 

because of the higher cooling efficiency of the heavier carrier gases.  
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3  

Rotational Spectroscopic Studies of 

para-Nitrobenzoic acid, para-

Aminobenzoic acid, para-Chlorobenzoic 

acid, and para-Hydroxybenzoic acid 
 

3.1. Introduction 

Benzoic acid, the simplest stable aromatic carboxylic acid, is naturally present in plant and 

animal tissues.1 It is also one of the most common organic acids in Earth’s atmosphere and plays 

an important role in atmospheric chemistry, for example as an anthropogenic precursor to 

secondary organic aerosol formation.2–4 In general, benzoic acid and its derivatives are widely 

used for the production of a range of products from antimicrobial food preservatives, 

pharmaceuticals, to insect repellents.1,5–7 For example, para-hydroxybenzoic acid has 

antibacterial and antifungal properties,8 while OH substitution at the ortho position gives 

salicylic acid, a precursor for many anti-inflammatory drugs.9 Other examples of the many singly 

substituted benzoic acid derivatives with varying functionalities include para-aminobenzoic acid, 

a topical agent for sunburn prevention,10 para-nitrobenzoic acid, an anesthetic drug precursor,11 

and para-chlorobenzoic acid, a hydroxyl radical probe.12 

Due to its importance, benzoic acid has been the subject of many rotational,13,14 

vibrational,15 and electronic16 spectroscopic studies. In this paper, we describe our rotational 
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spectroscopic and theoretical investigation of four different substituted benzoic acids, i.e., para-

aminobenzoic acid (p-aminoBA), para-nitrobenzoic acid (p-nitroBA), para-chlorobenzoic acid 

(p-chloroBA), and para-hydroxybenzoic acid (p-hydroxyBA) (see Figure 3.1). While p-

aminoBA,17,18 p-nitroBA,19 p-chloroBA,20 and p-hydroxyBA21 have been investigated in the 

condensed phase using infrared and Raman spectroscopy, no high resolution spectroscopic 

studies have been reported for any of them. One motivation to study these benzoic acid 

derivatives is to examine conformational distributions and how different substituents influence 

local electronic properties in these four molecules. Jet-cooled chirped-pulse Fourier transform 

microwave (CP-FTMW) spectroscopy is well suited for this purpose.22 In particular, one can 

obtain not only experimentally determined rotational constants which are markers of particular 

structures and conformers but also hyperfine constants, such as nuclear quadrupole coupling 

constants which contain information about the local electronic/chemical environment of a 

quadrupolar nucleus. Furthermore, we have on-going interest in how the substitution in the para 

position of benzoic acid will influence the double proton tunneling in binary complexes of 

substituted benzoic acids and if these changes can be modelled using Jacobi field instanton 

theory.23,24 To achieve that goal, a detailed characterization of the monomeric species is an 

important first step. 
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Figure 3.1. The four para-substituted benzoic acids studied here: p-aminoBA, p-nitroBA, p-

chloroBA, and p-hydroxyBA. 

3.2. Methods 

3.2.1. Computational details 

The electronic structure calculations, optimizations, and frequency calculations were done using 

the Gaussian16 program suite.25 Chemical intuition and reasonable structural parameters were 

used to construct initial trial geometries which were then optimized at the B3LYP-D3BJ/def2-

TZVP level of theory.26 In some instances, nuclear quadrupole coupling constants calculated at 

the B3LYP-D3BJ/def2-TZVPD level of theory did not agree well with the experimental values 

and the B2PLYP-D3BJ/cc-pCVTZ level of theory was used instead.27 Frequency calculations 

were used to confirm the prediction of minima through the absence of imaginary vibrational 

frequencies. For each species two or more minima were identified. To map the trajectories 

between minima and locate the transition states, we applied the nudged elastic band (NEB) 

method,28 which has been used recently to explore large amplitude motions and tunnelling paths 

in a water containing complex.29 The NEB calculations were performed at the B3LYP-

D3BJ/def2-TZVPD level of theory using the ORCA software.30 In one instance an intrinsic 

reaction coordinate (IRC) calculation was performed, using Gaussian 16, to better trace the shape 

of the barrier. The transition states identified were then further optimized at the B3LYP-
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D3BJ/def2-TZVP or B2PLYP-D3BJ/cc-pCVTZ level using the Berny algorithm in Gaussian16 

and confirmed to be transitions states by the frequency calculations. Additionally, Multiwfn31 

was used to determine values for minima on the molecular electrostatic potential surface and 

calculate Mayer bond order32 indices. Finally, we utilized both Western’s Pgopher program33 and 

Pickett’s SPCAT/SPFIT34 suite for spectral simulations to aid the assignments and also for the 

final spectroscopic fitting procedures.  

3.2.2. Experiments 

The rotational spectra of p-aminoBA, p-nitroBA, p-chloroBA, and p-hydroxyBA were measured 

using a 2 to 6 GHz chirp-pulse Fourier transform microwave spectrometer35 that is based on the 

design by Pate and co-workers.36 A 12 GS/s arbitrary waveform generator is used to generate a 1 

μs chirp pulse in the 2-6 GHz range which is then amplified by a traveling wave tube amplifier 

and broadcasted into the vacuum chamber by a transmitting horn antenna. The excitation pulse 

intercepts a molecular beam perpendicularly and the subsequent free induction decays (FIDs) 

were detected by a receiving horn antenna, which faces the broadcasting antenna, digitized using 

a 25 GS/s oscilloscope, averaged, and finally Fourier transformed to obtain the spectrum. 

The substituted benzoic acid sample was placed in a reservoir inside a custom-built 

nozzle cap37 of a General Valve, Series 9, pulsed nozzle and heated to 170°C in all cases to 

achieve a sufficient vapour pressure. Helium was used as a carrier gas at a backing pressure of 

280 kPa in all cases. Twelve 20 μs long FIDs were recorded per molecular pulse. A total of 711k, 

692k, 643k, and 631k FIDs were acquired for p-aminoBA, p-nitroBA, p-chloroBA, and p-

hydroxyBA, respectively.  
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3.3. Results and Discussion 

3.3.1. Computational Results  

In total, 2, 2, 2, and 4 conformers were identified theoretically for p-aminoBA, p-nitroBA, p-

chloroBA, and p-hydroxyBA, respectively. The associated spectroscopic constants and relative 

energies are summarized in Table 3.1. In all four molecular systems, the global minimum 

structure possesses a cis-conformation of the carboxylic acid group (see Figure 3.2); the 

calculated rotational constants, nuclear quadrupole coupling constants, and dipole moment 

components are given in Table 3.2 for cis-p-aminoBA and cis-p-nitroBA, Table 3.3 for cis-p-

35chloroBA and cis-p-37chloroBA, and Table 3.4 for cis-p-hydroxyBA-I and cis-p-hydroxyBA-II. 

A dominant cis-conformation of the carboxylic group has also been found in benzoic acid,13 

para- and ortho-toluic acid,38,39 and vanillic acid,40 whereas a preference for the trans-

conformation, supported by an intramolecular COOH···O bond, was reported for tetrahydro-2-

furoic acid41 and o-anisic acid.42 In proline43 and glutamine,44 the trans-conformation has been 

shown to be stabilized by a COOH···N intramolecular interaction. The trans-conformers of the 

four acids studied here are separated from the respective cis-conformers by an interconversion 

barrier of about 20 kJ mol-1. See Figure 3.3 for p-nitroBA and Figures 3.4, 3.5, 3.6, and 3.7 for 

the other cases. The relatively high barrier prevents conformational cooling in the molecular 

expansion,45 but the relative population of the trans-conformer at the source temperature (170 

°C) is calculated to be only 0.2%, which is too low to be detectable in our experiments. For the 

cis-conformers, all atoms are in one plane, except the H-atoms of the amino group in p-

aminoBA. For the trans-conformers, the carboxylic acid groups are pushed slightly out-of-plane 

(see Figure 3.8) so that there is a rather flat (~ 1 kJ mol-1) local maximum at the planar trans-

conformation (see Figure 3.3). 



43 

 

Table 3.1. Sum of electronic energy and zero-point energy relative to the lowest energy 

conformer and their rotational constants, dipole moments, and nuclear hyper fine quadrupole 

coupling constants for the cis-trans isomers of p-chloroBA, p-aminoBA, p-nitroBA, p-

hydroxyBA and at the B3LYP-D3BJ/def2-TZVP level of theory. 

  

ΔE0
a 

/ kJ 

mol-1 

ΔG0
b 

/ kJ 

mol-1 

A 

/ MHz 

B 

/ MHz 

C 

/ MHz 

|μa| 

/ Debye 

|μb | 

/ Debye 

|μc| 

/ Debye 

χ
aa

 

/ MHz  

χ
bb

-χ
cc

 

/ MHz  

cis-p-35chloroBA 0 0 3892.4 554.6 485.4 0 1.4 0 -75.1 8.9 

trans-p-35chloroBA 26.2 24.9 3858.2 551.9 486.4 2.7 2.3 0.8 -75.6 8.6 

cis-p-37chloroBA 0 0 3892.4 541.2 475.1 0 1.4 0 -59.2 7.0 

trans-p-37chloroBA 26.2 25.0 3858.2 538.6 476.0 2.7 2.3 0.8 -59.6 6.7 

cis-p-aminoBA 0 0 3860.3 795.7 660.0 3.9 1.4 0.8 2.5 6.9 

trans-p-aminoBA 25.0 23.8 3827.2 791.7 660.5 6.5 2.3 0.1 2.5 6.8 

cis-p-nitroBA 0 0 3014.1 474.5 409.9 3.3 1.4 0 -1.2 -1.1 

trans-p-nitroBA 27.1 26.2 2991.1 472.0 411.5 0.6 2.2 0.9 -1.2 -1.0 

cis-p-hydroxyBA-I 0 0 3877.8 793.8 658.9 2.0 0.1 0 ̶ ̶ 

trans-p-hydroxyBA-I 25.3 24.0 3844.7 789.4 659.7 4.6 1.0 0.8 ̶ ̶ 

cis-p-hydroxBA-II 0 0 3877.7 793.7 658.8 2.0 2.7 0 ̶ ̶ 

trans-p-hydroxyBA-II 26.1 24.8 3843.9 789.0 660.0 4.6 3.6 0.6 ̶ ̶ 

a Sum of electronic and zero-point energy relative to the lowest energy conformer.  

b Sum of Gibbs free energy and electronic energy relative to the lowest energy conformer  
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Figure 3.2. Geometries of the lowest energy conformers of cis-p-chloroBA, cis-p-aminoBA, cis-

p-nitroBA, and cis-p-hydroxyBA at the B3LYP-D3BJ/def2-TZVP level of theory. p-

hydroxyBA-II is only 0.2 kJ mol-1 higher in energy than p-hydroxyBA-I.  

 

Figure 3.3. Intrinsic reaction coordinate (IRC) of the cis-trans conversion in p-nitroBA 

calculated at the B3LYP-D3BJ/def2-TZVP level of theory. In regions of shallow potential where 

an IRC computation was not feasible, a relaxed dihedral scan was conducted. The zero-point 

energy corrected interconversion barrier from trans- to the cis-p-aminoBA is about 20 kJ mol-1. 
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Figure 3.4. Barrier to interconversion from cis to trans of the p-aminoBA carboxylic acid group 

at the B3LYP-D3BJ/def2-TZVP level of theory. 

 

Figure 3.5. Barrier to interconversion from cis to trans of the p-hydroxyBA-II carboxylic acid 

group at the B3LYP-D3BJ/def2-TZVP level of theory. 
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Figure 3.6. Barrier to interconversion from cis to trans of the p-hydroxyBA-I carboxylic acid 

group at the B3LYP-D3BJ/def2-TZVP level of theory. 

 

 

Figure 3.7. Barrier to interconversion from cis to trans of the p-35chloroBA carboxylic acid 

group at the B3LYP-D3BJ/def2-TZVP level of theory. 
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Figure 3.8. Stable conformations of trans carboxylic acid of p-chloroBA, p-aminoBA, p-

nitroBA, and p-hydroxyBA computed at the B3LYP-D3BJ/def2-TZVP level of theory. 

3.3.2. Experimental Results  

The rotational quantum number assignments were straightforward because of the high quality 

B3LYP-D3BJ/def2-TZVP predicted rotational constants which were found to be less than 1% off 

those derived from the experimental data. Watson’s S-reduction Hamiltonian46 in its Ir 

representation was used to fit the rotational constants to the experimental transition frequencies. 

We were not able to determine any centrifugal distortion constants as a result of the relative 

rigidity of the molecules and the relatively low J-quantum numbers of the observed transitions. 

The experimental rotational constants are collected and compared to the corresponding 

calculated values in Table 3.2 for cis-p-aminoBA and cis-p-nitroBA, Table 3.3 for cis-p-

35chloroBA and cis-p-37chloroBA, and Table 3.4 for cis-p-hydroxyBA-I and cis-p-hydroxyBA-II. 

No rare isotopologues except those with 35Cl and 37Cl of cis-p-chloroBA were identified in this 

study because of the low volatility of the samples and the resulting low signal-to-noise ratio in 

the experimental spectra. Below, we describe the interesting specifics to each of the substituted 

benzoic acids studied here.  
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3.3.3. p-aminoBA  

All atoms of cis-p-aminoBA, except the two hydrogen atoms of the amino group, are in one 

plane. Two equivalent equilibrium structures related to the position of the hydrogen atoms on one 

side or the other with respect to the molecular plane exist, suggesting the possibility of an 

inversion tunnelling motion similar to the cases of aniline47,48 and N,N-dimethylaniline.49 The 

rotational spectrum and the assigned transitions of p-aminoBA are given in Figure 3.9 and Table 

A.1 of the Appendix A (A), respectively. Experimentally, no tunnelling splittings were observed 

in the rotational transitions, similar to the case of para-aminobenzonitrile50 and several ester 

derivatives of para-aminobenzoic acid.51 To gain further insight into the energy profile along the 

NH2 wagging coordinate, a NEB calculation was employed to find the transition state. The 

planar transition state structure identified was optimized and its zero-point corrected energy was 

found to be 0.8 kJ mol-1 below that of the minimum energy structure (see Figure 3.10). This 

means that the NH2 wagging motion is a barrierless large amplitude motion, rather than a 

tunnelling motion. As a result, the μc dipole moment component averages out, and c-type 

transitions could not be observed. In an analogous computational procedure for aniline we found 

a 0.7 kJ mol-1 barrier to the NH2 wagging motion, consistent with the observation of tunnelling 

splittings in the experimental spectra.
47,48

 Splitting of rotational transitions due to the 14N nuclear 

quadrupole moment could be resolved, and were analysed to yield 14N nuclear quadrupole 

coupling constants which are given in Table 3.2. The theoretical values of the 14N nuclear 

quadrupole coupling constants are within 15 % of the experimental constants. Calculation of the 

14N nuclear quadrupole coupling constants at the B2PLYP-D3BJ/cc-pCVTZ level (see the next 

section, p-nitroBA, for details) improved the agreement marginally (Table 3.2). Note that the 
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theoretical values are for the calculated equilibrium geometry and were not averaged over the 

NH2 large amplitude wagging motion.  

 

Figure 3.9. Experimental (top) and simulated (bottom) spectrum of p-aminoBA. The simulated 

spectrum was obtained using calculated rotational constants, dipole moments, and N14 nuclear 

quadrupole coupling constants.   
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Figure 3.10. Barrier to inversion of the amino group of the cis-p-aminoBA monomer at the 

B3LYP-D3BJ/def2-TZVP level of theory. 

3.3.4. p-nitroBA 

For cis-p-nitroBA, all atoms are in the same plane in the equilibrium structure. A similar planar 

nitro-conformation was also reported for nitrobenzene,52 and the nitro-conformation is known to 

only deviate from its planarity in the presence of bulky adjacent functional groups.53 The barrier 

for internal rotation of the nitro group about its C2 axis was calculated to be 19.9 kJ mol-1 (see 

Figure 3.11), much too high to cause an observable tunnelling splitting in the rotational 

spectrum. The rotational spectrum and assigned transitions are given in Figure 3.12 and Table 

A.2 of the Appendix A, respectively. The experimental 14N nuclear quadrupole coupling 

constants are given in Table 3.2, together with their calculated values. Interestingly, the deviation 

between calculated and experimental χ
bb

-χ
cc

 is > 120 %. The experimental χ
aa

, χ
bb

, and χ
cc

 values 

determined here for cis-p-nitroBA are within 10% of those of related systems, such as 

nitrobenzene54 and p-nitroanisole.55 In addition, the 14N nuclear quadrupole coupling constants of 

p-nitroanisole at the B3LYP-D3BJ/def2-TZVP level show similar discrepancies to the 
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experimental values as in the case of cis-p-nitroBA studied here. We also performed the 

corresponding calculations for nitrobenzene and a similar picture emerged. Difficulties in 

calculating the 14N nuclear quadrupole coupling constants in substituted nitrobenzenes were 

noted before,56,57 and can be attributed to electron delocalization involving the nitro group. The 

double-hybrid functional B2PLYP with long-range dispersion corrections has been shown to 

provide high accuracy for many chemically relevant properties.58 For example, the infrared 

frequency pattern of a steroid containing multiple C=O and C=C double bonds was predicted 

correctly by using the double hybrid B2PLYP functional whereas the B3LYP functional failed.59 

We therefore calculated the 14N nuclear quadrupole coupling constants at the B2PLYP-D3BJ/cc-

pCVTZ level, as also suggested in Ref. 56. The B2PLYP results are summarized in Table 3.2 and 

agree with the experimental coupling constants now within tens of kHz; for example, the 

deviation for χ
bb

-χ
cc

 is now only about 70 kHz (~15 %). 

 

Figure 3.11. Barrier to nitro internal rotation in cis-p-nitroBA monomer at the B3LYP-

D3BJ/def2-TZVP level of theory. 
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Figure 3.12. Experimental (top) and simulated (bottom) spectrum of p-nitroBA. The simulated 

spectrum was obtained using calculated rotational constants, dipole moments, and N14 nuclear 

quadrupole coupling constants.   

Table 3.2. Experimental spectroscopic parameters and those computed at the B3LYP-

D3BJ/def2-TZVP and B2PLYP-D3BJ/def2-TZVP levels of theory for cis-p-aminoBA and cis-p-

nitroBA. 

 cis-p-aminoBA cis-p-nitroBA 

 B3LYP B2PLYP Experiment B3LYP B2PLYP Experiment 

A /MHz 3860.3 3856.7 3833.8376(5) 3014.1 3001.7 2987.2012(6) 

B /MHz 795.7 795.1 793.20495(9) 474.5 474.6 473.79165(8) 
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C /MHz 659.9 659.5 657.79676(9) 409.9 409.8 409.28824(8) 

χ
aa

 /MHz 2.45 2.41 2.430(2) -1.24 -1.04 -1.093(3) 

χ
bb

-χ
cc

 /MHz  7.05 6.71 6.17(1) -1.07 -0.35 -0.471(5) 

|μa|,|μb|,|μc| /D 3.9, 1.4, 0.8 3.5, 1.4, 0.9 |μa|>|μb|, μc not obs. a 3.4, 1.4, 0.0 3.1, 1.3, 0.0 |μa|>|μb|, μc not obs. a 

𝑁 b  - - 82 - - 76 

𝜎 c /kHz - - 3.9 - - 5.9 

a Relative magnitudes of dipole moment components, estimated from signal strengths. 
b Total number of transitions used in the fit. c Standard deviation of the fit. 

3.3.5. p-chloroBA  

The rotational spectrum of both the 35Cl and 37Cl isotopologues is provided in Figure 3.13, where 

the inset shows the nuclear quadrupole hyperfine splittings of the JKa,Kc=41,3-40,4 transitions. The 

assigned rotational transitions can be found in Tables A.3 and A.4. The chlorine nuclear 

quadrupole hyperfine structures of the 35Cl and 37Cl isotopologues could be resolved and were 

analysed. The experimental Cl nuclear quadrupole coupling constants are given in Table 3.3, 

staying within 33% of the values from the B3LYP-D3BJ/def2-TZVP calculations. Calculations at 

the B2PLYP-D3BJ/def2-TZVP level improve the agreement with experiment markedly to within 

8% (see Table 3.3). The Cl nuclear quadrupole coupling constants may be compared to those of 

chlorobenzene, being -71.2359(13), 38.2153(15), 33.0205(15) and -56.1445(16), 30.1200(27), 

26.0244(27) for χ
aa

, χ
bb

, and χ
cc

 of 35Cl and 37Cl chlorobenzene, respectively.60 We compare the 

χ
cc

 constants since the c-inertial axes are perpendicular to the molecular plane in both cis-p-

chloroBA and chlorobenzene and find that they differ by less than 2 %, an indication that the 

electronic structure at the Cl nucleus is only slightly affected by the carboxyl group in the para 

position. 
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Figure 3.13. Experimental (top) simulated (bottom) spectrum of p-chloroBA. The simulated 

spectrum was obtained using calculated rotational constants, dipole moments, and N14 nuclear 

quadrupole coupling constants.   

Table 3.3. Experimental spectroscopic parameters of cis-p-35chloroBA and cis-p-37chloroBA and 

those computed at the B3LYP-D3BJ/def2-TZVP and B2PLYP-D3BJ/def2-TZVP levels of 

theory. 

 cis-p-35chloroBA cis-p-37chloroBA 

 B3LYP B2PLYP Experiment B3LYP B2PLYP Experiment 

A /MHz 3892.4 3886.2 3860.8602(4) 3892.4 3886.2 3860.8374(4) 
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B /MHz 554.6 554.7 554.75032(7) 541.1 541.3 541.3831(1) 

C /MHz 485.4 485.4 485.2542(1) 475.1 475.1 474.99536(9) 

χ
aa

 /MHz -75.08 -72.22 -71.445(3) -59.17 -56.92 -56.321(4) 

χ
bb

-χ
cc

 /MHz  8.93 7.22 6.705(6) 7.04 5.69 5.278(6) 

|μa|,|μb|,|μc| /D 0.0, 1.4, 0.0 0.2, 1.3, 0.0 only μb obs. 0.0, 1.4, 0.0 0.2, 1.3, 0.0 only μb obs. 

𝑁a   - - 103 - - 58 

𝜎 b /kHz  - - 3.9 - - 3.6 

a Total number of transitions used in the fit. 
b Standard deviation of the fit. 

3.3.6. p-hydroxyBA  

There are two low energy conformers of cis-p-hydroxyBA which differ by the orientation of the 

para-substituted hydroxyl group (Figure 3.2) and are labelled I and II, according to their relative 

energy ordering. The higher energy conformer, cis-p-hydroxyBA-II, has the hydrogen of the 

hydroxyl group pointing in the opposite direction of the carbonyl group and is 0.2 kJ mol-1 higher 

in energy. A rotation of the para-positioned hydroxyl group of cis-p-hydroxyBA-II by 180° leads 

to cis-p-hydroxyBA-I with a barrier of 17.5 kJ mol-1. The conversion from cis-p-hydroxyBA-II 

to cis-p-hydroxyBA-I can also result from a rotation of the carboxylic acid group by 180° which 

has a barrier of 31.8 kJ mol-1. The results are summarized in Figures 3.14 and 3.15. The large 

conformational conversion barrier leads to negligible conformational cooling in the supersonic 

jet expansion and both conformers could be observed in the experimental spectrum. The 

Boltzmann population ratios based on the relative free energies and the source temperature of 

170 °C are 51.5 % and 48.5 % for cis-p-hydroxyBA-I and -II, respectively. From experiment we 
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find similar abundances of both conformers, in agreement with the very low value of the 

calculated relative energy and the high barrier to conformational interconversion.  

 

Figure 3.14. Barrier to interconversion from cis-p-hydroxyBA-II to cis-p-hydroxyBA-I through 

a rotation of the hydroxyl group at the B3LYP-D3BJ/def2-TZVP level of theory. 

 

Figure 3.15. Barrier to interconversion from cis-p-hydroxyBA-II to cis-p-hydroxyBA-I through 

a rotation of the carboxylic acid group at the B3LYP-D3BJ/def2-TZVP level of theory. 
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Table 3.4. Experimental spectroscopic parameters of cis-p-hydroxyBA and those computed at 

the B3LYP-D3BJ/def2-TZVP level of theory. 

 cis-p-hydroxyBA-I cis-p-hydroxyBA-II 

 B3LYP Experiment B3LYP Experiment 

ΔE0 
a /kJ mol-1 0 - 0.2 - 

A /MHz 3877.8 3849.2(1) 3877.7 3849.6925(9) 

B /MHz 793.8 791.5517(2) 793.7 791.4800(2) 

C /MHz 658.9 656.9212(1) 658.9 656.8753(2) 

|μa|,|μb|,|μc| /D 2.0, 0.1, 0.0 only μa obs. b 2.0, 2.7, 0.0 |μa|~|μb|, μc not obs. b 

𝑁c   - 19 - 36 

𝜎 d /kHz  - 3.2 - 3.8 

a Zero-point energy corrected energy relative to the lowest energy conformer.  
b Relative magnitudes of dipole moment components, estimated from signal strengths. 
c Total number of transitions used in the fit.  
d Standard deviation of the fit. 

The orientation of the hydroxyl group has a significant impact on the b-dipole moment 

component, which is rather small (~0.1 D) for cis-p-hydroxyBA-I and much larger (2.7 D) for 

cis-p-hydroxyBA-II (see Table 3.4.). Consequently, only a-type transitions were observed for cis-

p-hydroxyBA-I in the experimental spectrum, whereas for cis-p-hydroxyBA-II, both a-type and 

b-type transitions were observed. As a result, the A rotational constant of cis-p-hydroxyBA-I has 

a relatively large error associated with it. An overview of the experimental rotational spectra of 

cis-p-hydroxyBA-I and -II is shown in Figure 3.16. Note that the a-type transitions of cis-p-

hydroxyBA-I and -II are at very similar frequencies and appear to be on top of each other at the 
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wide frequency scale of the figure. The assigned rotational transitions are given in Tables A.5 

and A.6 of the Appendix for cis-p-hydroxyBA-I and cis-p-hydroxyBA-II, respectively. 

 

Figure 3.16. An overview of the experimental (top) and simulated (bottom) rotational spectra of 

cis-p-hydroxyBA-I and -II. The simulated spectra were obtained using the experimentally 

determined rotational constants and the predicted dipole moment components at a rotational 

temperature of 1 K.  

3.3.7. para-substituent Effects  

In the cis-conformers of the para-substituted benzoic acid monomers all atoms of the carboxylic 

acid group are in the aromatic ring plane. However, we noticed in the results from the electronic 

structure calculations of the trans-conformers that the carboxylic acid group rotates out of the 

aromatic ring plane which we attribute to a COO-H⋯H-C close contact. The C3-C4-C7-O1 

dihedral angle τ, see Figure 3.3, varies between 18.1° and 26.1° depending on the substituent 

group in the para-position. It is reasonable to assume that the variation in out-of-plane angle is a 

result of the effect of the para-substituent, specifically its electron-withdrawing or electron-

donating effect, on the electronic structure in the carboxylic acid environment. Hammett 

recognized such substituent effects on the reactivity of meta- and para-substituted benzoic acids 

and introduced an empirical constant, the Hammett constant 𝜎𝑅 , to rank their reactivity against 

unsubstituted benzoic acid.61,62 For the dissociation reaction of benzoic acids, the Hammett 
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constant is defined as 𝜎𝑅 = log
𝐾𝑅

𝐾𝐻
, where 𝐾𝐻 and 𝐾𝑅 are the dissociation constants of benzoic 

acid and substituted benzoic acid, respectively. Sayyed and Suresh63 found that the local 

minimum, Vmin, in the electrostatic potential near the O atom of the carboxylic OH group in meta 

and para-substituted cis-benzoic acids correlates well with the corresponding Hammett 

substitution constants. For para substituted benzoic acids, the difference between Vmin values and 

the corresponding value of unsubstituted benzoic acid is labelled Vp. We determined Vp values at 

the B3LYP D3BJ/def2-TZVP level of theory (see Table 3.5) and plot the dihedral angle τ against 

those values in Figure 3.16. There is a strong correlation between τ and Vp, such that electron 

withdrawing groups, in general those that lead to positive Vp values, cause a larger excursion of 

the carboxylic acid group from planarity with the aromatic ring. In a perhaps oversimplified 

view, the now more acidic proton of the carboxyl group experiences greater electrostatic 

repulsion from the ortho H-atom. 

Table 3.5. Molecular electrostatic potential of p-chloroBA, p-aminoBA, p-nitroBA, p-

hydroxyBA, and benzoic acid (BA) in the trans- conformation where Vmin , is the electrostatic 

potential minimum near the O atom, Vp, the difference between Vmin of unsubstituted and 

substituted benzoic acid in kcal mol-1, and τ, the angle between the aromatic ring and the trans-

carboxylic acid at the B3LYP D3BJ/def2-TZVP level of theory. 

 Vmin / kcal mol-1 Vp  / kcal mol-1 τ / ° 

BA -20.688 0 0 

p-nitroBA -9.851 10.837 26.1 

p-chloroBA -17.198 3.49 22.7 

p-hydroxyBA-II -22.179 -1.491 20.2 

p-hydroxyBA-I -22.772 -2.084 19.3 

p-aminoBA -26.893 -6.205 18.1 
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Figure 3.17. The C3-C4-C7-O1 out-of-plane dihedral angle τ, as a function of the difference of 

molecular electrostatic potential between the substituted benzoic acid and benzoic acid at the 

B3LYP-D3BJ/def2-TZVP level of theory in the trans-conformation. 

Table 3.6. Mayer bond order of p-chloroBA, p-aminoBA, p-nitroBA, p-hydroxyBA in the trans- 

conformation at the B3LYP-D3BJ/def2-TZVP level of theory. Refer to Figure 3.17 for labelling. 

 

 

trans-p-

nitroBA 

trans-p-

35chloroBA 

trans-p-

hydroxyBA-II 

trans-p-

hydroxyBA-I 

trans-p-

aminoBA 

C1-C2 1.4014 1.3439 1.3549 1.3229 1.3166 

C2-C3 1.3948 1.3963 1.4421 1.4188 1.4940 

C3-C4 1.3939 1.3901 1.3778 1.4032 1.3826 

C4-C5 1.3444 1.3390 1.3487 1.3288 1.3324 

C5-C6 1.4470 1.4442 1.4538 1.4844 1.5278 

C6-C1 1.4366 1.3753 1.3473 1.3869 1.3474 

C7-C4 0.9502 0.9561 0.9668 0.9672 0.9754 
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O1-C7 2.0946 2.0921 2.0900 2.0878 2.0868 

O2-C7 1.2135 1.2109 1.2056 1.2086 1.2043 

O2-H3 0.8714 0.8733 0.8753 0.8749 0.8763 

C2-H1 0.9351 0.9730 0.9792 0.9546 0.9624 

C3-H2 0.957613 0.950955 0.95605 0.935355 0.951431 

C5-H4 0.932293 0.932768 0.92463 0.939495 0.938065 

C6-H5 0.924034 0.965071 0.950957 0.969827 0.955296 

C1-X 0.967062 0.966253 1.149043 1.149338 1.090209 

 

The changes in electron density with substitution can also be quantified by assessing π-

electron delocalization and bond orders.64 Using the Mayer bond order index, we find that the C-

COOH bond order decreases with the presence of more efficient electron withdrawing groups in 

the para-position (see Table 3.6). The decrease of the C-COOH bond order suggests a decrease 

in π-bonding characteristic and greater torsional flexibility about the bond so that the steric 

effects of the COO-H⋯H-C close contact are better able to push the carboxylic group further 

out-of-plane.  

3.4. Conclusions 

Four para-substituted benzoic acids, i.e., p-aminoBA, p-nitroBA, p-chloroBA, and p-

hydroxyBA, were studied experimentally and computationally using chirp-pulse Fourier 

transform microwave spectroscopy and electronic structure calculations. In all cases, the 

computed minimum energy conformations contain a planar carboxylic acid group in its cis-

conformation and these were experimentally identified. The trans-conformers are at least 23 kJ 
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mol-1 higher in energy and the carboxylic acid group was identified in the computations to be 

out-of-plane with respect to the benzene ring. The electron donating or withdrawing nature of the 

para-substituents is shown to influence the out-of-plane angle of the carboxylic acid group. The 

calculated barriers between equivalent conformations and different conformers are in accord with 

the absence of tunneling splittings in the spectra and the observation of two conformers in the 

case of para-hydroxyBA. The nuclear quadrupole hyperfine structures of 35Cl and 37Cl cis-p-

chloroBA were measured and analyzed to yield Cl nuclear quadrupole coupling constants. The 

corresponding B2PLYP-D3BJ/def2-TZVP calculated parameters are in reasonable agreement 

with the experimental ones. The calculated 14N nuclear quadrupole coupling constants are also in 

reasonable agreement with the experimental values for cis-p-aminoBA, but in the case of cis-p-

nitroBA it was necessary to utilize the B2PLYP functional to reduce the discrepancy between 

experiment and calculations.  
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4  

Conformers of Vanillic Acid and its 

Monohydrate: A Rotational 

Spectroscopic and Theoretical Study 
 

4.1. Introduction 

On average, 19,600 km2 of forested area is burned in wildfire events every year in Canada.1 

During these events the release of primary aerosol particles and secondary organic aerosol (SOA) 

precursors, such as soot,2 volatile organic compounds (VOC),3 and a host of other inorganic and 

organic compounds,1 results in a decrease in air quality,4 leading to a variety of impacts on 

climate and human health.5,6 A common fuel source in wildfire combustion is wood which is 

composed of lignin, cellulose, and hemicellulose.7 The incomplete combustion of lignin 

produces several products including organic acids such as syringic acid, cinnamic acid, and 

vanillic acid3 which are thought to enhance SOA formation.8 

SOA particles develop through a nucleation process where the initial formation of a 

critical nucleus is followed by a period of spontaneous growth.8 The compositions and structures 

of the critical nuclei are highly varied, but it is known that molecules such as sulfuric acid, water, 

ammonia, and organic acids participate in their formation.9 To generate a critical nucleus, a pre-

critical nucleus must first form where the smallest such entity is a molecular dimer.8 An 

important characteristic of these pre-critical nuclei is that they have conformational flexibility 
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which can help to maximize their intermolecular interactions while still stabilizing the initial 

cluster, usually through strong hydrogen bonds. This conformational flexibility can be seen in 

sulfuric acid-organic acid dimers where strong and medium-strong hydrogen bonds greatly 

stabilize the dimer while allowing for a free OH site on the sulfuric acid unit to form larger 

clusters.8 The flexibility and binding sites of the organic acids also play roles in forming pre-

critical nuclei by providing more hydrogen bonding donor and acceptor sites which is influenced 

by the conformational flexibility and the available functional groups.  

Vanillic acid, a biomass burning product, is released during the combustion of soft and 

hard wood.10 During wildfire events, vanillic acid is released in significant quantities into the 

atmosphere; concentrations of 6.5 μg m-3 have been measured in biomass burning events in the 

Amazon.11 The concentration information can be used, in conjunction with that of other aromatic 

acids, to identify the fuel source (type of tree burning) and conditions (humidity, temperature) in 

past wildfire events by comparing the concentrations of the released aromatic acids.10 Soot and 

aerosol from large wildfire events, such as the 2018 British Columbia wildfires which destroyed 

1.35 million hectares of forest,12 can travel long distances and deposit on glaciers in the Arctic 

and surrounding regions, where they can be preserved allowing for the extraction of information 

about historical wildfire trends.10,13 Even VOCs with relatively short atmospheric lifetimes, such 

as vanillic acid,14 can undergo long-range transport by their incorporation into aerosol particles.15 

For example, monomeric aromatics such as toluene and xylene have lifetimes of a few days or 

less in the atmosphere,16 with the exception of benzene, but they can undergo long range 

transport via aerosol particles.15  

Vanillic acid plays important roles as a biomass burning tracer,3 wildfire proxy,13 brown 

carbon constituent,17 and in aerosol growth and nucleation.8 Intermolecular interactions between 
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vanillic acid and other atmospheric constituents, such as other organic acids, sulfuric acid, 

ammonia, and water, affect its atmospheric lifetime and determine how vanillic acid participates 

in aerosol particle formation.15 Here, we describe a rotational spectroscopic study of the vanillic 

acid monomer and its monohydrate to shed light on conformational flexibility and hydrogen 

bonding energetics. Fourier transform microwave (FTMW) spectroscopy in conjunction with 

electronic structure calculations is well suited for such a study, as demonstrated in past work on, 

for instance, o- and p-toluic acid and their water complexes,18,19 oxalic acid20 and its mono- and 

di-hydrates,21 and cinnamic acid.22  

4.2. Methods 

4.2.1. Experiments  

A 2 to 6 GHz chirped-pulse (cp) FTMW spectrometer, which is based on the design by the Pate 

group,23 was used to record the spectra of vanillic acid and its hydrate. This spectrometer is 

equipped with a 12 GS s-1 arbitrary waveform generator used to generate a 2 to 6 GHz chirped 

pulse that is then amplified by a traveling wave tube amplifier.24 The amplified chirped pulse is 

introduced into a vacuum chamber via a horn antenna that is mounted perpendicularly to a 

molecular beam expansion and antiparallel to a detecting horn antenna. The chirped pulse excites 

rotational transitions in the 2 to 6 GHz range and a macroscopic polarization is achieved.23 The 

subsequent free induction decay is measured after the excitation pulse has dissipated by a fast, 25 

GS s-1, oscilloscope. The free induction decays are averaged and then Fourier transformed into 

the frequency domain. 
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Figure 4.1. Top trace: The experimental spectrum (black) for vanillic acid. Bottom trace: 

Simulated (blue and red) spectra of the VA-I and VA-II vanillic acid conformers. 

Vanillic acid was placed into the sample reservoir of a home-built nozzle cap for a 

General Valve, Series 9, pulsed nozzle and heated to 170 oC. Helium was used as a carrier gas at 

a backing pressure of 40 psi to introduce vanillic acid into the sample region via a supersonic jet 

expansion. A total of 734,000 spectra were acquired and averaged to increase the signal to noise 

ratio of the monomer spectrum (Figure 4.1). The spectrum of vanillic acid monohydrate was 

acquired under similar conditions, except that the carrier gas was a mixture of water vapour and 

helium. A total of 724,000 spectra were acquired and averaged for the monohydrate (Figure 4.2). 
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Figure 4.2. Experimental spectrum of the vanillic acid monohydrate (top trace) and the assigned 

transitions of the lowest energy monohydrates, VA-I-W and VA-II-W (bottom trace). The 

monomer lines were removed from the experimental spectrum. 

4.2.2. Computations  

All electronic structure calculations in this report utilized the Gaussian16 program suite25 to 

investigate the energetics and conformational diversity of vanillic acid and the vanillic acid - 

water complex. The calculations were done at different levels of theory, i.e. at the DFT B3LYP-

D3(BJ)/def2-TZVP level26,27 and using second order Møller-Plesset perturbation theory, MP2, 

with the aug-cc-pVTZ and 6-311++g(2df,2pd) basis sets.28 The potential energy landscape of 

vanillic acid was analyzed by performing relaxed scans about distinct dihedral angles of an initial 

optimized structure (see Figure 4.3) to obtain further stable configurations. The scans were done 

by fixing one dihedral angle which was incremented by 6° for 60 steps to cover a range of 360°. 

At each step, a structure optimization (except the stepped dihedral angle) was done to obtain an 

energy profile of the rotation coordinate. When a minimum energy configuration was found the 

dihedral angle was fixed and another dihedral angle was scanned. This process was repeated until 

no more minimum energy configurations could be found. To assess if all the minimum energy 
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structures were located, Grimme’s Conformer-Rotamer Ensemble Sampling Tool29 (CREST) was 

used to further probe the conformational landscape of vanillic acid, but no additional conformers 

were found. Dihedral angle scans were also used to locate transition states which were identified 

by the presence of a vibrational mode with an imaginary frequency; in some instances, the 

transition state structure was optimized. For the case of the methyl internal rotation, the transition 

states were located using the Synchronous Transit-guided Quasi-Newton method as  

implemented in Gaussian (keyword QST3).30 

 

Figure 4.3. Dihedral angles scanned to probe the potential energy surface of the vanillic acid 

monomer.  

For the vanillic acid-water complex, an initial CREST search was conducted where the 

starting structure was made up of the lowest energy vanillic acid conformer and a water molecule 

forming a six-membered ring with the carboxylic acid group. Additional conformers were found 

using higher energy vanillic acid monomers in the starting structure. Following the 

conformational search, geometry optimizations were done at the B3LYP-D3(BJ)/ def2-TZVP 

level of theory.  

Anharmonic calculations were done to obtain centrifugal distortions constants and the 

spectroscopic parameters were obtained by using the keyword “output = Pickett” in Gaussian 

16.31 The calculated rotational constants for the minimum energy structures were used in 
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Pgopher32 to simulate rotational spectra to guide the assignment of transitions in the 

experimental spectra.  

The noncovalent interactions were visualized and analyzed using quantum theory of 

atoms in molecules (QTAIM)33 and non-covalent interactions (NCI)34 approaches, as 

implemented in Multiwfn,35 and IGMPlot.36–39    

4.3. Results 

Twelve minima were found on the potential energy surface of vanillic acid, see Figure 4.4, 

spanning an energy range of 51 kJ mol-1; their relative zero-point corrected energies, dipole 

moment components, and rotational constants are listed in Table 4.1. The conformers are 

labelled as follows. VA-I indicates that the carbonyl oxygen of the acid group is close to the 

methoxy group and VA-II that the acid hydroxyl group is close to the methoxy group. The 

following letter labels specify the orientation of the hydroxy, methoxy, and carboxylic acid 

groups, respectively, and the dihedral angles are defined in Figure 4.5. The first letter indicates 

whether the OH group points towards (cis, c) or away from (trans, t) the methoxy group. The 

second letter describes if the methoxy group points in the same direction (cis, c) or away from 

(eclipsed, e) the neighboring ring H-atom and the third describes the cis-trans isomerism of the  

carboxylic acid group. The two lowest-energy conformers, VA-I-c-c-c and VA-II-c-c-c, and the 

corresponding interconversion path are shown Figure 4.6. In VA-I-c-c-c, the carboxylic acid 

moiety is in the plane of the aromatic ring and the carbonyl group is closest to the meta-methoxy 

group. A rotation of the carboxylic acid group of VA-I-c-c-c by 180° results in a conversion to 

VA-II-c-c-c where the hydroxyl group is closest to the meta-methoxy group (see Figure 4.6). For 

the remainder of the paper VA-I and VA-II will be used to refer to the two lowest energy 

conformers VA-I-c-c-c and VA-II-c-c-c, respectively. VA-I and VA-II (relative energies of 0.0 
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and 1.8 kJ mol-1, respectively) are stabilized by an intramolecular hydrogen bond between the 

hydroxyl H-atom and the methoxy O-atom. Intramolecular hydrogen bonds are not present in the 

next two higher energy conformers and as a result their relative energies are significantly higher, 

with 17.9 kJ mol-1 and 19.1 kJ mol-1, respectively. The remaining conformers are at least 23 kJ 

mol-1 higher in energy and are not expected to be detectable in our experiments.40 For the four 

lowest energy conformers, energies, rotational constants, and dipole moment components 

calculated at the MP2/aug-cc-pVTZ level are given in Table 4.2.  

 

Figure 4.4. All vanillic acid monomer conformers found at the B3LYP-D3(BJ)/ def2-TZVP 

level of theory. The configuration of each conformer can be described by three dihedral angles 

(indicated in the lowest energy conformer) that can be cis (c), trans (t), or eclipsed (e). The 

relative energies are given in brackets in units of kJ mol-1. 

Table 4.1. Relative zero-point corrected energies and spectroscopic parameters for vanillic acid 

conformers obtained at the B3LYP-D3(BJ)/ def2-TZVP level of theory. Refer to Figure 4.4 for 

description of the conformer labelling. 

 ΔE0
a/ kJ mol-1 |μa|/ D |μb|/ D |μc|/ D A/ MHz B/ MHz C/ MHz 

VA-I-c-c-c (VA-I) 0 1.54 0.81 0 1586.77 646.88 460.88 

VA-II-c-c-c (VA-II) 1.8 2.39 3.43 0 1569.40 653.12 462.55 

VA-I-t-c-c (VA-III) 17.9 0.85 1.86 0 1563.90 651.19 461.10 

VA-II-t-c-c (VA-IV) 19.1 1.75 0.75 0 1547.84 657.50 462.83 

VA-I-c-c-t 23.4 3.79 0.80 0.76 1574.93 647.00 462.32 



81 

 

VA-II-t-e-c (VA-V) 25.4 2.38 0.75 1.08 1858.49 589.27 458.87 

VA-I-t-e-c (VA-VI) 25.7 1.53 3.39 1.44 1881.89 584.25 457.26 

VA-II-c-c-t 29.6 5.23 3.36 0.87 1565.42 646.18 463.44 

VA-I-t-c-t 41.9 3.16 3.44 0.72 1553.04 650.83 462.75 

VA-II-t-c-t 45.7 4.61 0.70 0.95 1545.45 650.49 463.65 

VA-II-t-e-t 49.3 5.25 0.85 0.02 1863.61 581.26 459.78 

VA-I-t-e-t 51.0 3.88 4.95 0.75 1873.25 584.35 457.31 

a Sum of electronic and zero-point energy relative to the lowest energy conformer. 

 

 

Figure 4.5. NCI gradient isosurfaces (reduced electron density gradient s=0.6) visualizing the 

intra-molecular interactions in the two lowest energy conformers of vanillic acid. The isosurfaces 

are coloured from red (repulsive) to blue (attractive) according to the product of sign of the 

second eigenvalue of the Hessian and electron density, sign(λ2)ρ.  
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Figure 4.6. Dihedral angle scan along the interconversion coordinate between the two lowest 

energy conformers of the vanillic acid monomer, VA-I and VA-II. The respective zero-point 

energies are indicated. 

Table 4.2. Relative zero-point corrected energies and spectroscopic parameters for the four 

lowest energy vanillic acid monomers obtained at the MP2/aug-cc-pVTZ level of theory. Refer 

to Figure 4.4 for description of the conformer labelling. 

 
VA-I-c-c-c 

(VA-I) 

VA-II-c-c-c (VA-

II) 

VA-I-t-c-c (VA-

III) 

VA-II-t-c-c 

(VA-IV) 

ΔE0
a/ kJ mol-1 0 1.7 18.1 19.3 

ΔGb/ kJ mol-1 0 1.5 18.0 19.1 

Pc/ % 59.6 39.7 0.4 0.3 

A/ MHz 1586.69 1571.32 1567.54 1553.41 

B/ MHz 649.72 655.48 653.27 659.12 

C/ MHz 462.32 463.90 462.45 464.13 

|𝜇𝑎 |/|𝜇𝑏 |/ |𝜇𝑐 |/Debye 1.21/ 1.02/ 0 1.98/ 3.44/ 0 0.58/ 1.59/ 0 1.40/ 0.82/ 0 

a Sum of electronic and zero-point energy relative to the lowest energy conformer.  
b Sum of Gibbs free energy and electronic energy relative to the lowest energy conformer. 
c Percent abundance calculated using relative free energy at a nozzle temperature of 443.15 K. 
 



83 

 

 

For the monohydrate, 28 theoretical conformers were identified; their relative zero-point 

corrected energies, dipole moment components, and rotational constants are listed in Table 4.3. 

Conformers of the vanillic acid - water complex are designated using the monomer labels 

described above and an additional label signifying the energy ordering within that subgroup (see 

Figure 4.7). The two lowest energy conformers, VA-I-W-1 and VA-II-W-1 contain the VA-I and 

VA-II monomer structure, respectively, with the carboxylic acid forming a six-membered ring 

with the water molecule. We will refer to VA-I-W-1 and VA-II-W-1 as VA-I-W and VA-II-W for 

the remainder of the text. The zero-point corrected energy difference between VA-I-W and VA-

II-W is 0.9 kJ mol-1. The remaining conformers are at least 10 kJ mol-1 higher in energy and are 

not expected to be detectable in our experiments.41 Energies, rotational constants, and dipole 

moment components for the two lowest energy monohydrate conformers, calculated at the 

MP2/6-311++g(2df,2pd) level are given in Table 4.4.  

Table 4.3. Relative zero-point corrected energies and spectroscopic parameters of the vanillic 

acid monohydrate conformers determined at the B3LYP-D3(BJ)/ def2-TZVP level of theory. 

Refer to Figure B.2 for description of the labels of the monohydrate conformers. 

 ΔE0
a/ kJ mol-1 |μa|/ D |μb|/ D |μc|/ D A/ MHz B/ MHz C/ MHz 

VA-I-W-1 0.0 1.42 2.15 1.35 1521.75 396.09 315.14 

VA-I-W-2 10.2 0.20 0.39 0.93 936.33 610.86 370.77 

VA-I-W-3 17.2 1.44 1.31 1.49 1495.82 435.91 342.96 

VA-I-W-4 24.8 0.17 2.93 1.36 960.25 488.99 325.12 

VA-I-W-5 26.7 3.63 1.70 0.95 1122.18 472.33 343.34 

VA-II-W-1 0.9 1.44 2.59 1.34 1503.86 399.34 316.40 

VA-II-W-3 19.2 2.33 3.86 1.50 1478.87 439.02 344.27 

VA-II-W-2 19.3 3.67 3.96 1.31 1159.17 472.10 336.48 

VA-II-W-4 22.8 0.86 2.29 0.64 920.81 607.07 377.45 

VA-II-W-5 26.9 0.43 5.62 1.42 972.82 485.81 325.16 

VA-III-W-1 17.7 1.04 0.58 1.35 1503.85 397.88 315.49 

VA-III-W-2 28.7 5.08 2.45 0.00 992.19 477.28 323.42 
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VA-III-W-3 29.6 0.00 2.46 1.00 929.97 612.01 370.22 

VA-III-W-4 37.2 1.06 3.19 1.10 1523.53 413.11 326.82 

VA-III-W-5 44.1 1.81 0.57 0.77 1114.75 473.73 340.79 

VA-IV-W-1 18.4 1.13 0.15 1.34 1487.16 401.07 316.74 

VA-IV-W-2 29.8 4.71 0.29 0.01 1004.17 475.85 324.01 

VA-IV-W-3 35.7 2.04 1.65 1.26 1144.81 475.75 337.07 

VA-IV-W-4 38.2 0.13 0.76 1.13 1500.06 416.95 328.10 

VA-IV-W-5 41.4 1.20 0.66 0.95 918.91 605.25 379.25 

VA-V-W-1 25.0 1.85 1.73 0.08 1760.60 369.68 311.09 

VA-V-W-2 34.7 5.77 1.53 0.77 1088.40 455.05 327.21 

VA-V-W-3 41.8 1.97 0.16 2.24 1264.29 444.40 335.87 

VA-V-W-4 50.7 0.85 1.03 0.91 1185.60 498.17 450.67 

VA-VI-W-1 25.3 1.81 1.85 2.65 1791.70 366.60 309.87 

VA-VI-W-2 35.2 5.88 4.28 1.15 1080.06 455.43 326.68 

VA-VI-W-3 44.6 1.28 4.12 2.73 1002.54 548.85 362.45 

VA-VI-W-4 45.6 1.37 3.73 3.25 1491.87 413.08 360.43 
a Sum of electronic and zero-point energy relative to the lowest energy conformer. 
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Figure 4.7. All vanillic acid monohydrate conformers found at the B3LYP-D3(BJ)/ def2-TZVP 

level of theory. The conformers are first grouped by monomer structure and then shown in order 

of increasing energy. The relative energies with respect to the lowest energy conformer, VA-I-

W-1, are given in parentheses in units of kJ mol-1. 
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Table 4.4. Relative zero-point corrected energies and spectroscopic parameters for the two 

lowest energy vanillic acid monohydrate obtained at the MP2/6-311++g(2df,2pd) level of theory. 

Refer to Figure 4.7 for description of the conformer labelling. 

 VA-I-W-1 VA-II-W-1 

ΔE0
a/ kJ mol-1 0 0.8 

ΔGb /kJ mol-1 0 0.8 

Pc/ % 55.5 44.5 

A/ MHz 1529.29 1509.487 

B/ MHz 398.02 401.57 

C/ MHz 316.66 318.03 

|𝜇𝑎 |/|𝜇𝑏 |/ |𝜇𝑐 |/ Debye 0.82/ 2.35/ 1.23 0.90/ 2.72/ 1.28 

a Sum of electronic and zero-point energy relative to the lowest energy conformer.  
b Sum of Gibbs free energy and electronic energy relative to the lowest energy conformer.  
c Percent abundance calculated using relative free energy at a nozzle temperature of 443.15 K. 

To assign the experimental spectrum, the calculated rotational constants for the low 

energy conformers of vanillic acid and its monohydrate were used as a guide. It was relatively 

straightforward to assign transitions of VA-I, VA-II and VA-I-W, VA-II-W, an indication of the 

high quality of the calculated molecular structures. The transition frequencies, together with 

rotational quantum number assignments are given in Tables B.1 and B.2 for VA-I and VAII, 

respectively. The corresponding data for VA-I-W and VA-II-W are listed in Tables B.3 and B.4, 

respectively. Pgopher32 was used to fit the spectra of these four species to yield rotational and 

centrifugal distortion constants using Watson’s A-reduction Hamiltonian.42 Some centrifugal 

distortion constants could not be determined in the fits; their values were fixed at DFT values. 

The resulting rotational constants and centrifugal distortion constants are given Tables 4.5 and 

4.6 for the monomers and monohydrates, respectively. Only a- and b-type and no c-type 
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transitions were observed for VA-I and VA-II and for the monohydrates. For both the monomers 

and the monohydrates, minor isotopologues could not be observed, mainly as a result of the low 

vapour pressure of the sample. 

Table 4.5. Energies and spectroscopic parameters of the two lowest energy conformers of 

vanillic acid, calculated at the B3LYP-D3(BJ)/def2-TZVP level of theory, together with 

experimental values. 

 VA-I VA-II 

 Theory Experiment Theory Experiment 

ΔE0 
a/kJ mol-1 0 - 1.8 - 

ΔG b/kJ mol-1 0 - 1.8 - 

P c/% 61.2 - 37.9 - 

A/MHz 1586.77 1583.26700(70) 1569.40 1566.06789(41) 

B/MHz 646.88 645.54975(21) 653.12 651.68909(21) 

C/MHz 460.88 460.16912(22) 462.55 461.80909(18) 

|μa|/ |μb|/ |μc|/ Debye 1.54/ 0.81/ 0 𝜇𝑎 > 𝜇𝑏 , 𝜇𝑐 = 0 2.39/ 3.43/ 0 𝜇𝑎 < 𝜇𝑏 , 𝜇𝑐 = 0 

ΔJ/kHz 0.0088 0.0117(33) 0.0091 0.0073(25) 

ΔJK/kHz 0.013 0.026(13) 0.014 0.0173(67) 

ΔK/kHz 0.077 0.104(69) 0.072 0.071(29) 

δJ/kHz 0.0028 [0.0028] d 0.0029 0.00334(62)  

δK/kHz 0.028 0.0089(17) 0.028 0.033(10) 

Δ I e/amu·Å2 -3.20 -3.82 -3.22 -3.85 

σ f/kHz - 4.71 - 4.60 

N (a-/ b-/ c-type) - 31/ 48/ 0 - 34/ 66/ 0 
a Sum of electronic and zero-point energy relative to the lowest energy conformer. 
b Sum of Gibbs free energy and electronic energy relative to the lowest energy conformer. 
c Percent abundance calculated using relative free energy at a nozzle temperature of 170 °C. 
d Parameter fixed at calculated value. 
e Inertial defect 𝛥𝐼 = 𝐼𝑐 − 𝐼𝑎 − 𝐼𝑏 .   
f Root-mean-square deviation of the fit.  
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Table 4.6. Theoretical (B3LYP-D3(BJ)/def2-TZVP) and experimental spectroscopic parameters 

and energies for the two lowest energy conformers of the vanillic acid -water complex. 

 VA-I-W VA-II-W 

 Theory Experiment  Theory Experiment  

ΔE0 
a/kJ mol-1 0 - 0.9 - 

ΔG b/kJ mol-1 0 - 0.9 - 

P c/% 56.1 - 43.8 - 

A/MHz 1521.75 1519.54252(38) 1503.86 1500.37400(39) 

B/MHz 396.09 392.56157(37) 399.33 396.01444(18) 

C/MHz 315.14 312.88031(30) 316.40 314.23772(15) 

|μa|/ |μb|/ |μc|/ Debye 1.42/ 2.15/ 1.35 𝜇𝑎 < 𝜇𝑏 , 𝜇𝑐 = 0 1.44/ 2.59/ 1.34 𝜇𝑎 < 𝜇𝑏 , 𝜇𝑐 = 0 

ΔJ/kHz 0.0052 0.0106(22) 0.052 [0.052] d 

ΔJK/kHz 0.020 [0.020] d 0.022 [0.022] d 

ΔK/kHz 0.089 [0.089] d 0.086 [0.086] d 

δJ/kHz 0.0013 0.00185(63) 0.0013 [0.0013] d 

δK/kHz 0.027 [0.027] d 0.028 [0.028] d 

ΔI e/amu·Å2 -4.36 -4.73 -4.34 -4.73 

𝜎 e/kHz - 6.41 - 6.82 

N(a-/ b-/ c-type) - 52/ 3/ 0 - 32/ 1/ 0) 
a Sum of electronic and zero-point energies relative to the lowest energy conformer. 
b Sum of Gibbs free energy and electronic energy relative to the lowest energy conformer. 
c Percent abundance calculated using the relative free energy at a nozzle temperature of 170  °C. 
d Fixed at calculated value. 
e Inertial defect 𝛥𝐼 = 𝐼𝑐 − 𝐼𝑎 − 𝐼𝑏 .  
f Root-mean-square deviation of the fit. 

NCI reduced electron gradient iso-surface visualizations for the low-energy monomer and 

monohydrate conformers are given in Figures 4.5 and 4.8, respectively. The results from QTAIM 

analyses, including bond and ring critical points, can be found in Figures 4.9 and 4.10. Intrinsic 

bond strength index, IBSI, calculations were done with IGMPlot39,43 to compare the strengths of 

the weak bonds in both monomers and hydrates. The results are in Figures 4.11 and 4.12. 
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Figure 4.8. NCI reduced electron gradient (s=0.6) iso-surface visualizations for the two lowest 

energy vanillic acid – water conformers. 

 

Figure 4.9. Bond (blue) and ring (red) critical points in the two lowest energy conformers of the 

vanillic acid monomer from QTAIM analyses. 
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Figure 4.10. Bond (blue) and ring (red) critical points in the two lowest energy conformers of 

the vanillic acid monohydrate from QTAIM analyses. 

 

Figure 4.11. IBSI values for the indicated fragment interactions in the VA-I and VA-II 

conformers of vanillic acid. 
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Figure 4.12. IBSI values for the indicated fragment interactions for the two lowest energy 

vanillic acid monohydrate conformers. 

4.4. Discussion 

4.4.1. Vanillic Acid Monomer 

Out of the 12 theoretical conformers of vanillic acid, 10 have relative energies higher than 17 kJ 

mol-1 and are predicted to have a combined population of < 1% at the nozzle temperature of 170 

°C. Accordingly, only the two lowest energy conformers VA-I and VA-II could be identified in 

the experimental spectrum. The theoretical rotational constants of VA-I and VA-II differ by only 

~1.1 % but the differences between experimental and theoretical rotational constants are even 

smaller (< 0.2 %), making the conformer assignment unambiguous. We note that the inertial 

defects (Table 4.5) can be attributed mainly to the out-of-plane H-atoms of the methyl group. The 

experimental values are slightly more negative than the calculated ones as a result of out-of-

plane low-frequency vibrations.  

From the source temperature, the calculated energy difference between the two 

conformers, and magnitudes of the calculated dipole moment components, we determined 

intensity ratios I(VA-I):I(VA-II) of 1:2.4 and 1:18 for a- and b-type transitions, respectively. This 

is in qualitative agreement with the corresponding experimental intensity ratios of 1:0.7 and 
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1:6.1 and provides further confirmation of the conformer assignment. That the agreement is not 

better is likely the result of dipole moment averaging over large amplitude motions (vide infra). 

The calculated conversion barrier from VA-II to VA-I (Figure 4.5) is 33 kJ mol-1 and we have 

assumed that interconversion between VA-II and VA-I is not possible under the jet expansion 

conditions.40  

In the monomer, the conversion paths between the four lowest energy conformers have 

barriers greater than 15 kJ mol-1 (see Figure 4.13 for conversion barriers between monomer 

conformers), and that is attributable to relatively strong intra-molecular interactions as well as 

resonance stabilization of the, in most cases, planar heavy atom structures. The energy 

differences between some groups of conformers can also be traced back to intra-molecular 

interactions. For example, NCI plots (Figure 4.5) show that the two lowest energy conformers, 

VA-I and VA-II are stabilized by a hydrogen bonding interaction between the hydroxyl and 

methoxy groups; VA-I-t-c-c and VA-II-t-c-c lack this interaction and are ~17 kJ mol-1 and ~19 kJ 

mol-1 higher in energy, respectively.  
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Figure 4.13. Conversion pathways between conformers of the vanillic acid monomer. The 

values in parenthesis are the relative energies with respect to the lowest energy conformer in kJ 

mol-1 and the values between conformers are the barrier heights to interconversion, also in kJ 

mol-1. 

The NCI analyses indicate other, weaker attractive interactions between the methyl group 

and ring H-atom and between the O-atoms of the carboxyl group and the respective ring H-atoms 

in both VA-I and VA-II (see Figure 4.5). For similar molecules, for example vanillin, ethyl 

vanillin, 2-methoxyphenol,44 and acetovanillone,42 analogous intra-molecular hydrogen bonds 

were identified and the O-H⋯O-CH3 bond lengths are all in the range between 2.062 and 2.080 

Å, which is in good agreement with VA-I and VA-II values of 2.073 and 2.091 Å. The strengths 

of the weak intra-molecular interactions can be quantified using the IBSI39 which is based on an 

analysis of the electron density distribution with the independent gradient model (IGM). The 
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IBSI of a bond is correlated to the local bond stretching force constant and can be used to assess 

relative bond strengths.39 The IBSI values of the weak intra-molecular interactions in VA-I and 

VA-II are given in Figure 4.11. The IBSI values are all in the non-covalent region of the scale 

provided by Klein et al.,39 and the OH⋯O-CH3 interaction is clearly the strongest. Its IBSI value 

of 0.042 may be compared with those of the hydrogen bond and O-H covalent bond of the H-

bond acceptor molecule in the water dimer (0.059 and 1.394, respectively) and the weak and 

strong hydrogen bonds in the acyclic formic acid dimer (0.020 and 0.091, respectively) and the 

OH⋯O-CH3 bond can be classified as a moderately strong hydrogen bond. The two weak 

interactions involving the carboxyl O-atoms are, with IBSI values of 0.022 and 0.020, 

significantly weaker and the interactions involving the methyl group are even weaker (IBSI = 

0.009).  

It is interesting, that none of the weak intra-molecular interactions identified in the NCI 

plots are indicated as bond critical point in the results of the QTAIM analyses33,35 (Figure 4.5). 

This absence of a BCP in QTAIM analyses in such instances has been noted previously in 1,2-

ethanediol45 and allyl alcohol,46 for example. Lane et al. attribute this lack of BCP to the 

stringent conditions of the QTAIM procedure that results in the exclusion of weaker hydrogen 

bonds.45  

The absence of methyl internal rotor tunneling splittings in the experimental spectra 

suggests a relatively high barrier to methyl internal rotation. This is similar to the cases of o-

vanillin, vanillin, ethyl vanillin, acetovanillin, for example, where also no methoxy methyl 

tunneling splitting was observed.44,47,48 The high barrier can be a result of the weak bonding 

interaction between the C-atom of the methyl group and the neighbouring ring H-atom (see the 

corresponding electron isodensity surface in Figure 4.5) at the minimum energy configuration 
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and the steric repulsion between a methyl H-atom and the ring H-atom that approach very 

closely at the methyl rotation transition state. Electronic structure calculations were performed to 

confirm the high methyl rotation barrier. Relaxed scans of a dihedral angle involving a methyl 

group H-atom along the methyl internal rotation coordinate did not produce smooth potential 

energy curves. Instead, we first determined the transition state of the methyl rotation using the 

QST3 keyword in Gaussian and performed then an intrinsic reaction coordinate calculation using 

the IRC keyword. Interestingly, in the transition state the methoxy O-atom and the methyl C-

atom are forced out of the ring plane because of the strong steric repulsion between methyl group 

and ring H-atom. As a consequence, the IRC potential energy curves are not symmetric about the 

transition state, as can be seen in Figures 4.14 and 4.15. The zero-point energy corrected barriers 

to the methyl internal rotation are 11.1 and 11.2 kJ mol-1 for the VA-I and VA-II conformers, 

respectively, which is in the high barrier limit, so that indeed no lines splittings are expected to 

be observable in the experimental spectra. 
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Figure 4.14. Intrinsic reaction coordinate scan of the methyl internal rotation in the VA-I 

monomer. The intrinsic reaction coordinate is in units of √𝑎𝑚𝑢 × 𝑏𝑜ℎ𝑟. To emphasize the 

asymmetry of the potential a dotted line is placed at the saddle point (IRC = 0).   
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Figure 4.15. Intrinsic reaction coordinate scan of the methyl internal rotation in the VA-II 

monomer. The intrinsic reaction coordinate is in units of √𝑎𝑚𝑢 × 𝑏𝑜ℎ𝑟. To emphasize the 

asymmetry of the potential a dotted line is placed at the saddle point (IRC = 0). 

4.4.2. Vanillic Acid - Water  

The lowest energy vanillic acid-water complexes contain the two lowest energy vanillic acid 

monomers, VA-I and VA-II, and form a six-membered ring between the carboxylic acid group 

and the water molecule (see Figure 4.8). This bonding motif is similar to that of other carboxylic 

acid monohydrates such as benzoic acid-water,49 p- and o-toluic acid – water,18,19 and oxalic 

acid-water,21 for example. All the remaining higher energy vanillic acid-water complexes that 

were found in the conformational searches are given in Figure 4.7. Only the two lowest energy 

conformers of the vanillic acid-water complex, VA-I-W and VA-II-W were observed in the 

experiments. The higher energy conformers account for less than < 1 % population at the 
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elevated nozzle temperature and are not expected to be detectable. A total of 55 (34) transitions 

was assigned for VA-I-W (VA-II-W) with an RMS error of 6.41 kHz (6.82 kHz) (Table 4.5). The 

percent deviation between experimental and computed rotational constants is less than 1 % at the 

B3LYP-D3(BJ)/def2-TZVP level of theory for both conformers. The inertial defects of the 

monohydrates (Table 4.5) are more negative than those of the monomers, which is attributable to 

the wagging motion of the free H-atom of the water unit. 

In the experimental monohydrate spectra, both a-type and b-type transitions were 

observed for both conformers; no c-type transitions were detected, despite sizeable calculated c-

dipole moment components at the equilibrium geometry (see Table 4.6). The lack of c-type 

transitions in our spectra is explained by a large amplitude wagging motion of the free water H-

atom from above to below the heavy atom plane of vanillic acid, leading to a cancellation of the 

μc dipole moment component (see Figures 4.16, 4.17). This has previously been also observed in 

benzoic acid - water,49 o-toluic acid - water,18 p-toluic acid - water complexes,19 for example. A 

potential energy curve corresponding to the free H-atom wagging motion was constructed by 

first determining the planar transition state of the wagging motion and then executing an IRC 

scan to the minimum. The potential past the minimum was mapped out by scanning a dihedral 

angle involving the free H-atom of the water unit. The resulting potential curves are shown in 

Figures 4.18 and Figure 4.19. The calculated zero-point energy (ZPE) of the resulting two-well 

potentials lies above the transition state making the wagging motion a barrier-less motion 

resulting in an average planar structure (except the methyl H-atoms).  
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Figure 4.16. Change in dipole moment components as a function of the wagging motion of the 

free hydrogen in VA-I-W monohydrate. 

 

Figure 4.17. Change in dipole moment components as a function of the wagging motion of the 

free hydrogen in VA-II-W monohydrate. 
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Figure 4.18. Potential energy curve of the wagging motion of the free hydrogen of the water 

moiety in VA-I-W. The zero-point energy (horizontal line) is well above the potential barrier at 

planarity. All values were obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory. 
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Figure 4.19. Potential energy curve of the wagging motion of the free hydrogen of the water 

moiety in VA-II-W. The zero-point energy (horizontal line) is well above the potential barrier at 

planarity. All values were obtained at the B3LYP-D3(BJ)/def2-TZVP level of theory. 

The results from the QTAIM analyses and the NCI reduced electron gradient iso-surfaces 

of the two lowest energy monohydrates are shown in Figure 4.12 and Figure 4.8, respectively. 

Similar to the vanillic acid monomers, no bond critical points were found for the intra-monomer 

interactions in the results from the QTAIM analyses (Figure 4.9). Two bond critical points and a 

ring critical point appear as a result of the interaction of the carboxylic acid group and the water 

molecule forming a six-membered ring. From the NCI plots, one can see that these hydrogen 

bond interactions are stronger than the OH⋯O-CH3 intra-monomer interaction. Strong hydrogen 

bonds are confirmed by the IBSI values of 0.076 for the bond between the carbonyl O-atom and 

the water H-atom and 0.105 for the bond between the hydroxyl H-atom and the water O-atom. 

Unsurprisingly, the OH⋯O-CH3 interaction (IBSI = 0.042) is not affected by the complexation 

with the water molecule at the relatively distant carboxylic acid site. Potential energy curves for 
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the methyl internal rotation were constructed (see Figures 4.20 and 4.21), following the same 

procedure as for the monomers. The barrier shapes and heights (12.1 and 12.3 kJ mol-1 for VA-I-

W and VA-II-W, respectively) are very similar to those of the monomers and thus also barely 

affected by the water unit.  

 

Figure 4.20. Intrinsic reaction coordinate scan of the methyl internal rotation in the VA-I-W-1 

monohydrate. The intrinsic reaction coordinate is in units of √𝑎𝑚𝑢 × 𝑏𝑜ℎ𝑟. To emphasize the 

asymmetry a dotted line is placed at the saddle point (IRC = 0).   
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Figure 4.21. Intrinsic reaction coordinate scan of the methyl internal rotation in the VA-II-W-1 

monohydrate. The intrinsic reaction coordinate is in units of √𝑎𝑚𝑢 × 𝑏𝑜ℎ𝑟. To emphasize the 

asymmetry a dotted line is placed at the saddle point (IRC = 0). 

4.5. Atmospheric Implications  

To investigate the possible atmospheric implications of the vanillic acid monohydrate, we 

evaluate thermodynamic abundances of the two experimentally assigned water complexes using 

equilibrium constants of complexation, 𝐾𝑝. The equilibrium constants were computed directly 

from partition functions and dissociation energies:  

 𝐾𝑝 = 2
𝑄𝐴 −𝐵(𝑇)

𝑄𝐴 (𝑇)𝑄𝐵 (𝑇)
𝑒

𝐷0
𝑅𝑇  (1) 

Here, 𝑅 is the gas constant in J mol-1 K-1, 𝑇 is temperature in K, and 𝐷0 is the dissociation energy 

in J mol-1. The pre-factor of two is included to reflect the wagging motion of the non-bonded 

hydrogen atom of the water molecule, resulting in mirror images.50,51 Dissociation energies were 

obtained by subtracting the difference between the zero-point energy corrections of the 



104 

 

monomers and monohydrates from the counterpoise corrected interaction energies. In this study 

we used daily average ambient temperature measurements from January 1st, 2018, to January 

1st, 2021. The measurements were obtained from the Earth and Atmospherics Sciences (EAS) 

weather station,52 located at the University of Alberta, Edmonton, Alberta, Canada. 𝑄𝐴 (𝑇) and 

𝑄𝐵 (𝑇) are the total partition functions for water and vanillic acid, and 𝑄𝐴−𝐵(𝑇) is the total 

partition function for the vanillic acid-water complex. 

The total partition function for each species is the product of the electronic, vibrational, 

rotational, and translational partition functions. The electronic partition function is equal to one 

for each species, as the excited electronic states are sufficiently high in energy, such that they are 

inaccessible at the relevant temperatures. The vibrational, rotational, and translational partition 

functions are all temperature dependent, and were calculated for each daily ambient temperature 

measurement. The vibrational partition function is given by the product of the partition function 

for each vibrational mode, where each vibrational mode partition function is inversely 

proportional to the respective vibrational mode frequency. The vibrational frequencies for VA-I, 

VA-II, VA-I-W, and VA-II-W were obtained from harmonic frequency calculations at the 

B3LYP-D3(BJ)/def2-TZVP level of theory. In addition to temperature, the rotational partition 

function is dependent on rotational constants and symmetry number. The rotational constants 

used for VA-I, VA-II, VA-I-W, and VA-II-W are reported in Tables 4.5 and 4.6. The rotational 

constants of water were taken from a previous study.53 The rotational symmetry number for all 

species is one, with the exception of water possessing a symmetry number of two. The 

translational partition function for each species is simply computed from its mass and 

temperature. 
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The percentage of vanillic acid that occurs as hydrate conformer 𝑖 in the atmosphere, 𝜒𝑖, 

is dependent on the equilibrium constant of complexation and the concentration of water vapour: 

 𝜒𝑖 = 𝐾𝑝,𝑖 [
𝑝(𝐻2𝑂)

𝑝𝑎
] 100%  (2) 

Here 𝑝(𝐻2𝑂) is the partial pressure of water, and 𝑝𝑎 is the ambient air pressure. Ambient air 

pressure measurements were obtained from the EAS weather station, while the partial pressure of 

water was calculated using the vapour pressure parameterization of the World Meteorological 

Organization.54 The total percentage of hydrated vanillic acid is presented in Figure 4.22 and is 

calculated from 

 𝜒 = 𝑛𝑖𝜒𝑖 + 𝑛𝑗𝜒𝑗  (3) 

Here, 𝑛𝑖 ,𝑗 is the mol fraction of hydrate 𝑖 and 𝑗. The average mol fraction and average yearly 

hydrate percentage, mol fraction weighted, for VA-I-W (VA-II-W) are 0.58 (0.42) and 14.1%  

(15.1%), respectively. The higher hydrate abundance of the less energetically stable VA-II-W 

complex is a consequence of the higher dissociation energy (𝐷0𝑉𝐴−𝐼−𝑊
= 40.1 kJ mol-1 and 

𝐷0𝑉𝐴−𝐼𝐼−𝑊
= 41.1 kJ mol-1). The total yearly average hydrate percentage is 29.2% and the changes 

between the summer and winter months are not very large (see Figure 4.22) with a yearly 

standard  

deviation of 0.7%. The percentage of hydrated vanillic acid is the highest (lowest) during the 

summer (winter) months, when 𝑝(𝐻2𝑂) is at its highest (lowest) and 𝐾𝑝 is at its lowest (highest).  
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Figure 4.22. Abundance of vanillic acid monohydrate relative to the vanillic acid monomer in 

the atmosphere between 01. January 2018 to 01. January 2021, at the University of Alberta, 

Edmonton, Alberta, Canada. The data were computed from experimental rotational constants, 

measured temperature and pressure, and calculated vibrational frequencies and dissociation 

energies. See the text for details. 

To understand how the VA-I-W and VA-II-W complexes relate to other atmospherically 

relevant systems, we make a comparison to the monohydrates of benzoic acid 55 and ortho-toluic 

acid,56 two systems which can undergo complexation with water at their respective carboxylic 

acid groups. At the MP2/6-311++G(2df,2pd) level, the yearly abundance average for benzoic 

acid and ortho-toluic acid monohydrates is ~1% and ~0.1%, respectively. This relatively large 

difference in vanillic acid hydrate abundance compared to benzoic acid and ortho-toluic acid is 

most likely a consequence of the different levels of theory used in this study, and more 

specifically, the effect the level of theory has on the dissociation energy, 𝐷0. In benzoic acid and 

ortho-toluic acid, the dissociation energy is ~30 kJ mol-1 (MP2/6-311++G(2df,2pd)), while in 

vanillic acid the dissociation energy is ~40 kJ mol-1 (B3LYP-D3(BJ)/def2-TZVP). This 10 kJ 

mol-1 difference leads to ~60-fold increase in the equilibrium constant for vanillic acid. 

Recalculating the dissociation energies for the VA-I-W and VA-II-W complexes at the MP2/6-
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311++G(2df,2pd) level of theory, the dissociation energies become 31.0 kJ mol-1 and 31.9 kJ 

mol-1, respectively. The average abundance values for VA-I-W and VA-II-W with the new 

dissociation values are then 0.49% and 0.70%, respectively. With the mol fraction included, the 

total average vanillic acid hydrate abundance is 0.57%, which is similar to the benzoic acid and 

ortho-toluic acid results. With the alarming increase of biomass burning due to forest fires, and 

concurrent increase in vanillic acid emission, its monohydrate may be currently of more 

atmospheric interest than the monohydrates of benzoic acid and ortho-toluic acid, despite the 

similarities in relative hydrate abundance. These results not only provide valuable 

thermodynamic insights, but also further enhance our understanding of gas-phase clusters 

containing organic acids and water in the atmosphere.  

4.6. Conclusions 

Vanillic acid is an important by-product of biomass burning of soft and hard wood. It plays a 

significant role in aerosol formation, i.e., nucleation and growth and is, in addition, used as a 

biomass tracer to help reconstruct historical biomass burning trends. The structure of vanillic 

acid was studied using a combination of electronic structure calculations and cp-FTMW 

spectroscopy. Twelve conformers of vanillic acid were found computationally using a 

combination of relaxed scans and the CREST computational tool and the two lowest energy 

conformers were identified in the experimental spectra. Intra-molecular hydrogen bonds play a 

significant role in the relative stabilities of the monomer conformers. These weak intra-molecular 

bonds were analyzed using QTAIM and NCI analyses as well as IBSI values from IGMPlot 

analyses. A similar approach was taken to study the vanillic acid-water complex and a total of 28 

conformers were found computationally. The two lowest energy conformers were identified 

experimentally and the intra-molecular interactions in the monohydrates are similar to those in 
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the vanillic acid monomers. The carboxyl group forms a six-membered ring with the water 

molecule and is stabilized by strong hydrogen bonds. The absence of c-type transitions in the 

vanillic acid monohydrate is a result of a large amplitude wagging motion of the free hydrogen 

of the water moiety, which averages out the c-dipole moment component. The atmospheric 

abundances of the vanillic acid-water complex relative to the monomer were calculated and are 

found to be very sensitive to the level of theory as they depend strongly on the calculated 

dissociation energy.  
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5  

Shapes of Benzyl Benzoate: A Rotational 

Spectroscopic and Computational Study  
 

5.1. Introduction 

Non-covalent interactions between aromatic molecules have long fascinated researchers in 

physics, chemistry, biology, and materials science.1,2 Their important roles in, for example, 

organic photovoltaic devices,3 single-molecule charge transport1 and the design of molecular 

motors,4 are increasingly recognized. In larger, more extensive aromatic systems, the structural 

motifs with the π-π stacking (face-to-face) between aromatic rings are prevalent in biological 

contexts and the aforementioned applications. However, some unusual binary structural motifs in 

these larger aromatic systems have also been reported. For example, in the case of the perylene 

bisimide dimers formed in helium nanodroplets,5 several binding motifs featuring two aromatic 

planes perpendicular to each other were observed. The physical origin of π-π stacking 

interactions has been widely debated. Computational analyses of small aromatic systems by 

Grimme and others6,7 suggest that π-π stacking is merely topologically favored, owing to 

additive dispersive forces and a reduction in Pauli exchange repulsion. These authors advocated 

using the term as a positional descriptor rather than implying a distinct type of force or 

interaction.  
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Jet-cooled rotational spectroscopic studies of aromatic complexes are crucial for 

validating the theoretical results, particularly since they can provide detailed structural and 

dynamical information without the perturbation of environmental effects, such as solvents, for a 

direct comparison with theoretical predictions. For instance, Arunan and Gutowsky8 first 

reported the rotational spectrum of the benzene dimer, which was later analyzed in detail by 

Schnell et al.9 Their analysis revealed a global minimum with a T-shape geometry, featuring 

CH…π interactions. Moreover, the analysis uncovered that the nearly free internal rotation of the 

benzene ring located in the cap is the tunneling process responsible for the quartet splittings of 

the rotational transitions initially reported, highlighting the rich information contained in the 

rotational spectrum.9 The second minimum structure, i.e., the π-π stacking geometry with two 

parallel and displaced benzene rings, was predicted to be only 0.4 kJ mol-1 less stable than the 

global minimum,10 although it was not observed in the jet-cooled rotational spectroscopic 

experiments.8,9 More recently, rotational spectroscopic studies have demonstrated that both 

substituents and the size of the aromatic subunits can have profound effects on the energy 

ordering of different binding motifs. For example, while the phenol dimer exhibits a linear 

hydrogen bonding motif,11 the 1-naphthol dimer was shown to adopt a V-shaped, partially 

overlapping π−π stacked structure with no canonical hydrogen bonds between the subunits.12  

The molecular target of the current work is benzyl benzoate (BnBz), a flexible aromatic 

ester (RC(=O)-O-R΄) containing two benzene rings. BnBz is emitted by several plants, including 

Orchids,13 Violets,14 and Mirabilis Jalapa.15 Its roles, such as pollinator attraction and defense 

against white backed planthoppers (insects that inhibit plant growth in the Japonica rice plants), 

have also been investigated.15 Additionally, BnBz is an active ingredient in non-agricultural 

pesticides and is used as a remedy against scabies, a parasitic skin infection.16 While BnBz is a 
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naturally occurring volatile organic compound, its potential role in the formation of secondary 

organic aerosols (SOAs) has not yet been explored, although one of its precursors, benzyl 

alcohol, has been studied in relation to the SOA formation.17 So far, no structural information on 

BnBz has been reported. One may anticipate that detailed structural information facilitated by the 

intramolecular non-covalent interactions of BnBz would be beneficial for understanding its 

biological properties and its potential role in the SOA formation.  

In this study, we employed jet-cooled chirped pulse Fourier transform microwave (CP-

FTMW) spectroscopy in combination with computations  to explore the conformational 

landscape and non-covalent intramolecular interactions in BnBz. Specifically, our aim was to 

gain insight into how the two separate aromatic groups of BnBz interact with each other and how 

the balance of various interactions, including the CH···O contacts, leads to the formation of 

different structural motifs. Additionally, we compared the conformational diversity of BnBz with 

that of the benzene dimer, where the two aromatic subunits are independent of each other, to 

understand the role of the bridging ester functional group. Furthermore, we detected and 

assigned the rotational spectra of extensive 13C isotopologues of the observed BnBz conformers, 

utilizing the resulting rotational constants to establish the corresponding conformer geometries.    

5.2. Methods  

5.2.1. Computational Details  

We applied CREST (Conformer-Rotamer Ensemble Sampling Tool)18 by Grimme and co-

workers to strive for an as complete as possible sampling of the conformational space of BnBz. 

This conformational searching tool has been utilized to explore conformational landscapes of 

highly flexible organic molecules such as perillyl alcohol19 and tetrahydro-2-furoic acid20 where 

even more subtle conformational variations associated with the OH pointing directions and the 



121 

 

ring puckering conformations were effectively captured. Twenty-eight CREST structural 

candidates were generated within an energy window of 25 kJ mol-1 and subsequently screened 

using CREGEN in CREST to generate two distinct geometry candidates. These two were 

optimized at the B3LYP21 -D3BJ/def2-TZVP level with the D3 empirical dispersion corrections22 

and Becke-Johnson damping.23 In addition, harmonic frequency calculations were also carried 

out to verify true minimum nature of the optimized geometries and provide the corresponding 

zero-point corrected energies. All final geometry optimizations and frequency calculations were 

performed using the Gaussian16 program package.24 The relevant keywords used are 

summarized in Point C.1, Appendix C (C). Additionally, relaxed one-dimension (1D) potential 

energy surface (PES) scans were also carried out at the same level of theory to examine possible 

conformational interconversion barriers.  

The Quantum Theory of Atoms in Molecules (QTAIM)25 and Non-covalent interactions 

(NCI)26 approaches, as implemented in Multiwfn,27 were applied to further examine the 

intramolecular non-covalent interactions in BnBz. Furthermore, atom pair interaction strengths 

were evaluated using the intrinsic bond strength index (IBSI),28 as implemented in IGMPlot.29 

For spectral simulation and spectroscopic fitting, Western’s Pgopher program30 and Pickett’s 

SPCAT/SPFIT31 suite were used.  

5.2.2. Experimental Details 

A BnBz sample (99% purity) was obtained from Sigma Aldrich and used without further 

purification. BnBz was placed directly inside a custom-built nozzle cap32 of a General Valve, 

Series 9, pulsed nozzle and heated to 145 °C. Helium, neon, and argon were used as carrier gases 

at a backing pressure of 276, 345, and 345 kPa, respectively. Rotational spectra in the 2 to 6 GHz 

range were measured with a custom built CP-FTMW spectrometer,33,34 based on the design by 



122 

 

Pate and coworkers.35 Briefly, a 4 μs long chirped-pulse, from 2 to 6 GHz, was generated using a 

12 GS/s arbitrary waveform generator and amplified with a travelling wave tube amplifier. The 

amplified MW pulse (~100 W) was then broadcasted into the vacuum chamber via a horn 

antenna and intercepted a molecular expansion perpendicularly. The free induction decay (FIDs) 

of the molecular emission signals were collected by the receiving horn antenna, positioned 

oppositely to the broadcasting horn antenna. The FIDs were digitized with a 25 GS/s 

oscilloscope, averaged, and Fourier transformed to produce the frequency spectra. A total of 2.3, 

1.5, and 0.15 million FIDs were collected with helium, neon and argon, respectively.  

5.3. Results and Discussion 

5.3.1. Rotational Assignments and Conformational Identification   

The CREST conformational search produced two low energy BnBz conformers. Generally, the 

conformational flexibility of BnBz is associated with the four dihedral angles, τ1 to τ4, 

corresponding to rotation about the four σ bonds in BnBz, as also shown in Figure 5.1. For 

completeness, we also carried out additional manual 1D-PES scans along these angles (vide 

infra). To view these geometries, we started with the hypothetical planar BnBz geometry. As it 

turned out, in both low energy conformers, the benzoate (C6H5-COO) portion remained planar 

and so did the benzyl (C6H5-CH2) group. Rotating the benzene ring of benzyl by 90° led to the 

second most stable conformer, BnBz-t. BnBz-t has a symmetry plane (C6H5-COO-CH2) which 

bisects the benzene ring of benzyl. Next, we rotated the benzyl group of BnBz-t along τ2. This 

resulted in the corresponding 1D-PES scan depicted in Figure 5.2, together with the optimized 

geometries of BnBz-g and BnBz-t and the associated transition states (TSs). Rotating the benzyl 

group of BnBz-t along τ2 in the forward direction (large τ values) led to the most stable 

conformer, BnBz-g, which has a gauche+ configuration, whereas the rotation in the backward 
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direction generated the mirror image of BnBz-g, which has a gauche- configuration. Similarly, 

rotating forward through TS2 also produced the gauche- configuration of BnBz-g. Since we 

cannot tell the pair of the mirror images apart using rotational spectroscopy, we decided to name 

them simply as BnBz-g, a chiral conformer.  

 

Figure 5.1. The four dihedral angles, τ1 to τ4, associated with the flexibility of BnBz and the 

atom numbering.  

 

 

Figure 5.2. The relaxed 1D-PES scan along the τ2 dihedral angle. The optimized geometries of 

BnBz-t, BnBz-g, and the related transition states are shown. The dihedral angle values for (τ1, 

τ2, τ3, τ4) for BnBz-t and BnBz-g are (89.4°, 180°, 180°, 0.0°) and (92.3°, -88.6°, 177.6°, -1.8°), 

respectively.  
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BnBz-g is approximately 1.0 kJ mol-1 more stable than BnBz-t and is connected to the 

latter via a conversion barrier of 4.1 kJ mol-1. The relaxed 1D-PES scans of BnBz-g along the τ1, 

τ3, and τ4 are shown in Figure 5.3, while the corresponding values of BnBz-t are shown in 

Figure 5.4. The potential energy scans along τ1 and τ3, are barriers to rotation of 4.6 kJ mol-1 and 

25.4 kJ mol-1 respectively for BnBz-g and 3.1 kJ mol-1 and 27.4 kJ mol-1 for BnBz-t. The 

potential energy scans of τ4 for BnBz-g and BnBz-t shows that the peripheral structure (atoms 

that do not make up τ4), relax to what appears to be two stable high energy conformation along 

the τ4 scan, see Figure 5.3 and Figure 5.4. The structures at those minima were further optimized 

and their frequencies calculated to confirm that these are stable conformers that were previously 

unidentified by CREST. These conformers were unidentified by CREST because of the energy 

cut off window which suggests a higher energy window needs to be used for a more 

comprehensive conformational search. Note that the τ4 scan for BnBz-g and BnBz-t leads to the 

same high energy minima. The two high energy conformers along with the two found by CREST 

can be seen Figure 5.5. The two new high energy minima are named BnBz-PD and BnBz-TT 

because their structures are reminiscent of a parallel displaced (PD) π-π stacking36 and a tilted T-

shape9 (TT). The computational spectroscopic parameters and energy ordering can be seen Table 

5.1. In these scans, no new low energy conformers were identified.  
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Figure 5.3. The relaxed 1D-PES scans starting with BnBz-g along τ1, τ3, and τ4. 
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Figure 5.4. The relaxed 1D-PES scans starting with BnBz-t along τ1, τ3, and τ4. 
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Figure 5.5. Stable conformers of BnBz and their relative energies to the lowest energy 

conformer (BnBz-g). 

Table 5.1. Theoretical (B3LYP-D3BJ/def2-TZVP) spectroscopic parameters for the four 

conformers of BnBz. 

 BnBz-g BnBz-t BnBz-PD BnBz-TT 

ΔEa /kJ mol-1 0 1.0 35.3 37.5 

ΔGb /kJ mol-1 1.8 0.0 39.1 39.2 

Pc /% 37.1 62.9 0 0 

A /MHz 1243.8 1297.4 725.4 908.8 

B /MHz 252.5 233.1 527.7 362.8 

C /MHz 244.1 212.5 400.6 289.6 

ΔJ /kHz 0.0303 0.0073 0.2907 0.1095 

ΔK /kHz 2.079 0.4061 0.7491 0.7833 

ΔJK /kHz -0.219 0.222 -0.824 -0.482 

δJ /kHz -0.00143 0.0015 0.0902 0.0290 

δK /kHz -0.0781 -0.6759 0.0622 0.0985 

|μa|,|μb|,|μc| 

/Debye 
0.3, 1.8, 0.1 0.6, 2.2, 0.0 1.0, 3.9, 2.2 1.4, 4.1, 1.6 

a Relative zero-point energy corrected energy.  
b Relative Gibbs free energy at 298 K.  
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A dense, broadband rotational spectrum of BnBz in a helium expansion was obtained. To 

aid the spectral assignment, the predicted spectroscopic properties of the two low energy 

conformers including rotational constants, dipole moment components, quartic centrifugal 

distortion constants and relative energies are summarized in Table 5.2. Both BnBz-g and BnBz-t 

were predicted to have strong b-type transitions, while BnBz-t also exhibits weaker c-type 

transitions. The simulated spectrum of BnBz-t showed characteristic dense Q-branch Ka= 21 

transitions centered at ~2960 MHz and even denser Q-branch Ka= 32 transitions centered at 

~4935 MHz, whereas the dense Q-branch Ka= 32 transitions of BnBz-t appeared around 

~5380 MHz, See Figure 5.6. The assigned transitions were fitted using SPFIT31 and the resulting 

spectroscopic constants of both conformers are summarized in Table 5.2, while the 

corresponding observed transition frequencies are provided in Table C.1.1 for BnBz-g and Table 

C.2.1 for BnBz-t.  

Table 5.2. Theoretical (B3LYP-D3BJ/def2-TZVP) and experimental spectroscopic parameters 

for the two conformers of BnBz. 

c Percent abundance based on the Gibbs free energies at the source temperature of 413 K. 

 

 BnBz-g BnBz-t 

 Theory Experiment Theory Experiment 

ΔEa /kJ mol-1 0 - 1.0 - 

ΔGb /kJ mol-1 1.8 - 0 - 

Bf
c /% 37.1 - 62.9 - 

A /MHz 1243.8 1237.04842(10) 1297.4 1300.43887(14) 

B /MHz 252.5 254.192472(24) 233.1 232.458052(39) 

C /MHz 244.1 245.864530(23) 212.5 212.028730(38) 

ΔJ /kHz 0.0303 0.030730(48) 0.00728 0.00709(10) 

ΔK /kHz 2.079 1.9071(25) 0.406 0.0841(43) 
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Figure 5.6. Experimental spectrum with argon, helium, and neon as carrier gases. 

After removing the transitions belong to BnBz-g and BnBz-t, there are still many 

transitions with signal-to-noise ratio larger than 5 left. We were able to further assign rotational 

spectra of a total of 14 13C isotopologues of BnBz-g and two 13C isotopologues of BnBz-t. The 

experimental rotational transition frequencies are listed in Table C1.2-C1.15 for the 13C 

isotopologues of BnBz-g, while the corresponding frequencies of the two 13C isotopologues of 

ΔJK /kHz -0.219 -0.16157(29) 0.222 0.66155(58) 

δJ /kHz -0.00143 -0.0016756(84) 0.00151 0.001556(17) 

δK /kHz -0.0781 -0.0275(20) -0.676 -1.7393(38) 

|μa|,|μb|,|μc| 

/Debye 
0.3, 1.8, 0.1 N, Y, N 0.6, 2.2, 0.0 Y, Y, N, |μa|<|μb| 

Nd - 271 - 256 

σe  3.0  3.7 

a Zero-point energy corrected relative energy. 
b Relative Gibbs free energy at 298 K.  
c Percent abundance based on the Gibbs free energies at the source temperature of 413 K.  
d Number of transitions included in the fit.  
e Standard deviation of the fit. 
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BnBz-t are provided in Tables C.2.2 and C.2.3. The resulting fitted rotational constants are 

summarized in Table 5.3 for all the isotopologues of BnBz-g and BnBz-t. As can be seen in Table 

5.2, the difference between the respective theoretical and experimental rotational constants is less 

than 1%. In addition, the relative intensity trend of the different types of transitions is consistent 

with the theoretical electric dipole components (see Table 5.2). While the rotational spectrum of 

the 13C isotope at every single C atom in BnBz-g were observed and assigned, the weaker 

intensity of the less abundance BnBz-t makes it difficult to achieve the same. On the other hand, 

for BnBz-t, the presence of the symmetry plane which bisects the benzyl benzene ring, makes 

C10 and C14, and C11 and C13 (see Figure 5.1 for atom numbering), equivalent to each other, 

leading to a natural abundance of ~2 % for the 13C substitution at these particular C positions. 

This explains why only two 13C isotopologues of BnBz-t were observed experimentally. The 

extensive isotopic data, together with the other pieces of evidence discussed above, 

unambiguously confirmed the identities of the observed conformers.   

Table 5.3. Experimental rotational constants of the 13C isotopologues of BnBz-g and BnBz-t.a 

 13C1 BnBz-g 13C2 BnBz-g 13C3 BnBz-g 13C4 BnBz-g 

A 1234.54256(82) 1236.9391(11) 1232.78545(77) 1232.88921(53) 

B 254.08319(57) 253.65852(16) 253.08531(19) 251.89566(19) 
C 245.74986(28) 245.36364(14) 244.72618(15) 243.78381(12) 

N 19 16 14 19 
σ 6.7 7.1 6.4 5.2 

 13C5 BnBz-g 13C6 BnBz-g 13C7 BnBz-g 13C8 BnBz-g 

A 1233.68021(68) 1229.49934(87) 1232.76566(43) 1228.18973(59) 
B 251.51428(13) 252.47036(29) 253.42196(10) 253.62269(14) 

C 243.37838(14) 243.96126(18) 244.997387(87) 245.67699(11) 
N 17 15 21 19 

σ 6.2 6.9 4.5 5.9 

 13C9 BnBz-g 13C10 BnBz-g 13C11 BnBz-g 13C12 BnBz-g 

A 1235.87707(93) 1231.73132(71) 1229.53634(50) 1230.72915(63) 
B 253.47104(63) 253.13109(16) 252.309449(65) 251.70806(12) 

C 245.23547(32) 244.69426(12) 243.897811(60) 243.75592(11) 
N 16 19 16 18 
σ 7.3 6.2 3.0 5.6 
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 13C13 BnBz-g 13C14 BnBz-g 13C10/14 BnBz-t 13C11/13 BnBz-t 

A 1230.59739(64) 1233.57342(56) 1295.6489(34) 1293.7989(15) 
B 252.32416(16) 253.25631(14) 231.3263(42) 230.4763(22) 

C 244.18256(11) 244.85867(11) 211.2224(17) 210.46637(88) 
N 21 21 10 9 
σ 5.9 5.8 5.9 4.6 

a A, B, and C are rotational constants in MHz, N is the number of transitions included in the fit, σ 
is the standard deviation of the fit in kHz. All quartic centrifugal distortion constants are fixed at 

the corresponding values of the parent species. 

 

5.3.2. Conformational Conversion Cooling 

Experimentally, it was possible to estimate the percentage abundances of the two detected 

conformers based on the observed rotational transition intensities, estimated rotational 

temperature, and the theoretical electric dipole moment components. A rotation temperature of 1 

K was estimated for the experiments carried out with helium, neon, and argon carrier gas, while 

the sample source temperature was kept at 140 °C. Using the strong b-type transitions in the 2.5-

5.5 GHz region, the percentage abundances of BnBz-g:BnBz-t were estimated to be 80:20, 

90:10, and 100:0 in helium, neon, and argon, respectively. Clearly, heavier rare gas provides 

significantly more effective conformational cooling, resulting noticeable relative decrease in the 

BnBz-t intensity and finally its non-observation in argon, see Figure 5.6. These observations 

provide unambiguous experimental evidence that BnBz-g is the global minimum.  It is 

interesting to note that while the zero-point energy corrected energies place BnBz-g as more 

stable than BnBz-t, the free energies suggest the opposite ordering. Logically, one would use the 

free energies for estimating population abundance in this case, although free energy or relative 

free energy values are known to have considerable uncertainties. Therefore, it is unclear which 

conformer would be more stable before the actual experiment. These results highlight the 

important role such conformation-specific studies play in benchmarking theoretical energy terms.   
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Furthermore, the experimental results with different carrier gases demonstrated that the 

conformational conversion barrier from BnBz-t to BnBz-g is relatively low. Indeed, the relaxed 

1D-PES scan along the τ2 dihedral angle (Figure 5.2) shows that the interconversion barrier from 

BnBz-t to BnBz-g is ~1.9 kJ mol-1, lower than the empirical cutoff value of 4.8 kJ mol-1 

proposed by Ruoff et al.37 On the other hand, it has been increasingly recognized that other 

factors, such as interconversion barrier width and the number of involved heavy atoms, may also 

play noticeable role in cooling efficiency as demonstrated in, for example, jet-cooled rotational 

spectroscopic study of  vicinal diols38 and fluoroalcohols and their complexes.39,40 This helped to 

explain why BnBz-t was observed in helium expansion in the first place.  

5.3.3. Experimental Structural Parameters 

Using the experimental rotational constants of the 15 assigned C isotopologues of BnBz-g, we 

carried out substitution structural analyses, rs. The experimental rotational constants and their 

uncertainties of the parent and 13C rare isotopologues of BnBz-g were directly utilized for the 

substitution structural analyses using the Kraitchman’s equations.41,42 The Cartesian coordinates 

in the parent principal inertia axis system of every substituted carbon atoms were calculated 

using the KRA and EVAL programs,27 an the results are summarized in Table C.3, along with 

their Costain errors. The associated bond lengths, angles, and dihedral angles of BnBz-g are 

summarized in Table 5.3., as well as the corresponding theoretical re values. Similar analyses 

were carried out for BnBz-t with the substitution coordinates listed in Table C.4, Appendix C and 

the rs, and re structural parameters also summarized in Table 5.3. In general, the rs structural 

parameters exhibit a good agreement with the theoretical equilibrium values, since the 

substitution procedure helps to remove some effects caused by the vibrational contributions.  
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Table 5.4. The substitution and theoretical equilibrium structural parametersa of BnBz-g 

 BnBz-g BnBz-t 

 rs re rs re 

r(C1-C2)  1.523(7) 1.487  1.487 

r(C2-C3) 1.40(1) 1.395  1.395 

r(C3-C4) 1.395(2) 1.388  1.386 

r(C4-C5) 1.386(4) 1.391  1.391 

r(C5-C6) 1.411(7) 1.391  1.391 

r(C6-C7) 1.386(5) 1.386  1.388 

r(C7-C2) 1.38(1) 1.395  1.395 

r(C8-C9) 1.521(8) 1.501  1.497 

r(C9-C10) 1.44(8) 1.395  1.393 

r(C10-C11) 1.383(4) 1.389 1.32(3) 1.389 

r(C11-C12) 1.412(4) 1.390  1.390 

r(C12-C13) 1.373(5) 1.390  1.390 

r(C13-C14) 1.394(7) 1.389 1.32(3) 1.389 

r(C14-C9) 1.36(7) 1.394  1.393 

∠(C2-C1-C8) 145.1(5) 145.1  145.7 

∠(C9-C8-C1-C2) 104(3) 98.5  0.0 

∠(C10-C9-C8-C1) -113.0(4) -118.5  -89.4 
a rs, re are substituted, and theoretical equilibrium (at the B3LYP-D3BJ/def2-TZVP level) 

structural parameters. The bond lengths are in unit of Å and the angle values are in °. The atom 
numbers are provided in Figure 5.1. The errors in the parentheses are derived from the Costain 

errors listed in Tables C.3 and C.4.   

 

5.3.4. Intramolecular Noncovalent Interactions 

As shown in Figure 5.1, rotation of the benzyl group along τ2 generates the two low energy 

BnBz conformers. While BnBz-t has the benzyl and benzoate groups extending in opposite 

directions, the two benzene rings were brought closer to each other in BnBz-g. To gain further 

insight into how intramolecular non-covalent interactions, among other factors, help to stabilize 

BnBz-g relative to BnBz-t, we carried out the QTAIM, NCI, and IBSI analyses. The results for 

these two conformers are depicted in Figure 5.7. In the QTAIM plots, only one bond critical 

point (BCP) for intramolecular interaction, associated with the ring H (of benzoate 
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benzene)···O=C contact, was identified for BnBz-g, while none was found for BnBz-t, 

highlighting certain limitations with the QTAIM approach. In the NCI plots, multiple attractive 

contacts, in green to blue colors, were identified. The orientation of the benzyl group in BnBz-g 

is mainly stabilized by an intramolecular hydrogen bond between the carbonyl O and a 

methylene H, as well as other weaker attractive interactions including the ring H (of benzoate 

benzene)···O=C, ring H (of the benzyl benzene)···O=C, and ring H (of benzoate 

benzene)···O(ester) interactions. In BnBz-t, three of the aforementioned attractive interactions 

are also present although to a lesser degree, while the C-H(of the benzyl benzene ring)···O=C 

interaction is missing. We note that the intramolecular hydrogen bond between the carbonyl O 

and the methylene H is missing a bond critical point in the corresponding QTAIM plot.   

More recently, a new way, i.e., IBSI, was proposed to characterize bond strength, 

including non-covalent bonds.21 Based on an analysis of the local electron density distribution 

with the independent gradient model,43 IBSI quantifies the relative strength of a bond with a 

single value which is correlated to its local bond stretching force constant. This approach was 

successfully utilized to evaluate the weak intramolecular interactions in vanillic acid 44 and in 1- 

and 2-naphthol45 monomers. The IBSI values of BnBz all fall in the noncovalent scale provided 

in the pervious benchmarks21 and follow the same relative NCI strength trend revealed by the 

NCI analysis. For example, the strongest interaction between the carbonyl O and a methylene H 

by the NCI analysis has the highest IBSI value of 0.027. Similarly, the other weaker interactions 

in BnBz-g and BnBz-t, uncovered in the NCI analysis, have the IBSI values ranging from 0.015 

to 0.023. Overall, both NCI and IBSI analyses provide a consistent intramolecular non-covalent 

interaction picture where the intramolecular hydrogen bond between the carbonyl O and a 

methylene H is largely responsible for the preference of BnBz-g over BnBz-t. 
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In both low energy BnBz monomer conformers, no indication of π-π or CH⋯π 

interactions was provided by any of the analyses utilized here. This is presumably because the 

short C(=O)-O bridge imposes strong steric effect, preventing a close approach of the two 

aromatic rings. The higher energy conformers however appear to have π-π or CH⋯π interactions. 

This observation leads us to wonder if the monomer of BnBz was more flexible, would these 

interactions be involved in the lowest energy conformer. By adding one and two methylene 

groups to BnBz, we form ethyl benzyl benzoate (eBnBz) and propyl benzyl benzoate (pBnBz), 

respectively. Geometry optimizations at the B3LYP-D3BJ/def2-TZVP level provide two 

structural candidates and the subsequent NCI analyses of them are shown in Figure 5.8. 

Interestingly, the benzene rings begin to approach each other to form a folded parallel displaced 

π-π stacking configuration in eBnBz. The longer chain flexibility affords pBnBz to form a fully 

folded parallel displaced π-π stacking structure where a blanket of π-π stacking attractive 

interactions was identified in the NCI plot. It would be of considerably interest to experimentally 

probe these larger molecular systems in the same series to appreciate the competition among 

different factors which lead to the very different geometrical outcomes including the π-π stacking 

conformations for the benzyl benzoate series.  
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Figure 5.7. The QTAIM, NCI, and IBSI analyses of the two observed BnBz conformers. The 

calculations were done at the B3LYP-D3BJ/def2-TZVP level of theory. The isosurfaces in the 

NCI plots have reduced electron density gradient s=0.6. The intrinsic bond strength indices 

between atom pairs are indicated for BnBz-g and BnBz-t. 

 

 

Figure 5.8. The NCI plots of the three optimized geometries of benzyl benzoate (BnBz), ethyl 

benzyl benzoate (eBnBz), and propyl benzyl benzoate (pBnBz). 
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5.3.5. BnBz Dimer  

Once the assigned rotational transitions associated with BnBz-g and BnBz-t and their 

isotopologues were removed, the rotational transitions associated with the dimer were found. The 

dimer was studied using a similar procedure to the monomer and the preliminary findings are 

presented below. 

5.3.5.1. Rotational Assignment and Conformational Identification 

A total of 128 unique dimer conformers were identified from the CREST search (Table C.5). 

They are labelled by the monomer subunits involved in the dimer, i.e., -g for gauche and -t for 

trans, and in order of energy, with 1 indicating the lowest energy conformer. The 128 dimer 

structures can be organized into four families, i.e., g-g-, g-g+, tg, and tt, which describe the 

geometries of the subunits (see Table C.5). Of the 128 conformers, 28 are in the g-g-, 36 in the g-

g+, 45 in the tg, and 20 in the tt family. We further categorize the conformers according to the 

type of π interactions involved.  For instance, the g-g- and g-g+ families contain dimers with only 

PD π-π stacking interactions and dimers with both T-shaped and PD π-π interactions, which we 

call mixed interactions (see Figure 5.9). The tt family contains dimers with only PD π-π stacking 

interactions, only T-shaped interactions, and only ester-π interactions with different degrees of 

deviation of their monomer subunit structures from those in the isolated monomers (see Figure 

5.10). The tg family has conformers with only PD π-π stacking interactions, only T-shaped 

interactions, mixed interactions, and ester-π interactions (see Figures 5.11 and 5.12). For the 

lowest energy conformer, the results of NCI and QTAIM analyses are shown in Figure 5.13, 

while intrinsic bond strength indices can be found in Figure 5.14. 



138 

 

 

Figure 5.9. Examples of structure within the g-g+ family. 

 

 

Figure 5.10. Examples of structure within the tt family. 
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Figure 5.11. Examples of structure within the tg family with minimal distortion of the monomer 

subunits. 

 

 

Figure 5.12. Examples of structure within the tg family with the trans subunit distorted from its 

monomer configuration. 
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Figure 5.13. Results from a) a QTAIM analysis and b) an NCI analysis of the BnBz-tg-1 dimer. 

 

 

Figure 5.14. Intrinsic bond strength indices between atom pairs in the BnBz-tg-1 dimer. 
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Experimentally, one dimer candidate spectrum consisting only of b-type transitions could 

be assigned spectroscopically (Table 5.4). Experimental transition frequencies of the dimer are in 

Table C.6, together with the quantum number assignments. The assignment of the molecular 

carrier was difficult since there are 18 BnBz dimers predicted to be within 5 kJ mol-1 of the 

global minimum structure (Table C.5). Of these 18 conformers, eight have rotational constants 

within 10% of the experimentally determined rotational constants. Out of those eight conformers, 

four have a μb dipole moment component larger than μa and μc, in accord with experimental 

observations, and are possible candidates for the conformational assignment. The energies of the 

four candidates were recalculated at the DLPNO-CCSD(T)/cc-pVTZ level of theory to obtain a 

more accurate relative energy ordering (see Table 5.4) and aid in the conformational assignment.  

Table 5.5 Experimental spectroscopic parameters of the BnBz dimer and parameters of four 

candidate structures, calculated at the B3LYP-D3(BJ)/def2-TZVP level of theory with an energy 

correction at the CCSD(T)/cc-pVTZ level of theory. 

 Experiment BnBz-tg-1 BnBz-tg-2 BnBz-g-g+-5 BnBz-tg-8 

ΔEa /kJ mol-1 - 0 0.5 3.2 3.9 

ΔEb /kJ mol-1 - 0 1.2 2.2 3.6 

A /MHz 198.67868(12) 203.5 201.0 211.5 183.1 

B 122.48892(14) 126.5 122.8 122.0 122.5 

C 108.500959(64) 110.5 111.8 110.2 108.4 

|μa|, |μb|, |μc| /Debye only b-type obs. 0.3,3.23,0.45 0.7,2.7,1.0 1.0,2.9,0.2 0.5,1.7,0.4 

ΔJ /kHz 0.00544(17) 0.00283 0.00288 0.00253  0.00316  

ΔK 0.03405(55) 0.00657 0.0170  0.01440  0.01054  

ΔJK -0.01174(70) 0.00579 -0.003318  -0.00366  -0.00327 

δJ 0.000845(85) -0.000131 -0.000130  0.000447 0.000744  

δK -0.0109(15) -0.01156 -0.008315  -0.005502  0.01206  

Nc 127 - - - - 

σd /kHz 9.96 - - - - 
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a Sum of electronic and zero-point energy relative to the lowest energy conformer with BSSE correction 
at the B3LYP-D3(BJ)\def2-TZVP level of theory. 
b Sum of electronic energy, at the DLPNO-CCSD(T)/cc-pVTZ level of theory and zero-point energy, at 
the B3LYP-D3(BJ)\def2-TZVP level of theory, relative to the lowest energy conformer. 
c
 Number of  transitions used in the fit. 

d Root-mean-square deviation of the fit. 

The four low-energy conformers that are structural candidates for the assigned 

experimental spectrum, BnBz-tg-1, BnBz-tg-2, and BnBz-g-g+-5, and BnBz-tg-8 have both T-

shaped and PD π-π stacking interactions (see Figure 5.15). These conformers, and in fact in most 

of the dimers identified, have the phenyl group in the plane of the ester where its main role is 

forming a parallel displaced π-π stacking interactions. Structures containing only PD π-π 

stacking or only distorted T-shape arrangements were also identified and are at least 3.6 kJ mol-1 

higher in energy, while no dimer structure that contains only hydrogen bonding was identified. 

After recalculating the energies of the structural candidates at the DLPNO-CCSD(T)\cc-pVTZ 

level of theory it is clear that BnBz-tg-2, BnBz-g-g+-5 and BnBz-tg-8 are unlikely to be the 

experimentally assigned conformer because their high relative energy. 

 In BnBz-tg-1 the benzyl ring of the gauche monomer acts simultaneously as H-bond 

donor in a C-H⋯ π hydrogen bond to the (trans) phenyl ring and as H-bond acceptor in a π ⋯H-

C hydrogen bond involving a (trans) benzyl ring H-atom (see Figure 5.13). At the same time, the 

phenyl rings of the two monomers adopt a PD π-π stacking arrangement so that a compact 

arrangement results. The centroid-to-centroid distances between the T-shaped geometries formed 

between the phenyl –benzyl ring and benzyl ring – benzyl ring are 4.8Å and 4.9 Å, respectively, 

similar to the separation of 4.8Å in the T-shaped benzene dimer.8 The plane-to-plane distance 

between the PD π-π stacked rings in BnBz-tg-1 is 3.4 Å, within the distance of π–π stacked rings 

found in X-ray crystallography of 3.3 to 3.6 Å for benzene derivatives.46 
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5.3.5.2. Noncovalent Interactions in the BnBz Dimer  

Adjustments of τ1, τ2, and τ4 in the BnBz monomers facilitate the formation of a blanket of 

dispersive noncovalent interaction between the aromatic rings of the dimer subunits while still 

allowing for stabilization through intramolecular hydrogen bonding in BnBz-tg-1. The NCI 

blanket of dispersive interactions in BnBz-tg-1 by PD stacking of the benzene subunits is similar 

to the blanket of interaction seen in the other aromatic dimers.12,47,48 In BnBz-tg-1 however, the 

interaction blanket includes two distorted T-shape interactions that form pockets of dispersive 

interactions, Figure 5.13.  

Intermolecular hydrogen bonding can occur through the carbonyl or bridging O-atoms 

and can further stabilize the dimer structure. In the BnBz-tg-1 conformer, carbonyl centric 

intermolecular hydrogen bonding is present to supplement the PD π-π stacking and the two 

CH…π T-shape interactions (see Figure 5.15). Critically, the BnBz-tg-1 conformer maximizes its 

intermolecular hydrogen bonds through the carbonyl of the gauche subunit and the hydrogens of 

the benzyl group and the methylene group of the trans subunit at the expense of its 

intramolecular interactions. This is in contrast to BnBz-tg-2 and BnBz-g-g+-5 which have one 

less intermolecular interaction but maintain the intramolecular hydrogen bond present in the 

gauche subunits of the monomer (see Figures 5.15 and 5.16). In BnBz-tg-8, the carbonyl groups 

point away from any interactions and BnBz-tg-8 depends on the bridging oxygen in the ester for 

additional stabilization to be 3.9 kJ mol-1 higher in energy. The likely candidates for the 

structural BnBz dimer assignment, exhibit all PD π-π stacking or T-shaped interactions or both in 

addition to other noncovalent interactions.  
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Figure 5.15. Visualization of results from NCI analyses of BnBz-g-g+-5, BnBz-tg-1, BnBz-tg-2, 

BnBz-tg-8. 

 

Figure 5.16. QTAIM results of BnBz-g-g+-5, BnBz-tg-1, BnBz-tg-2, BnBz-tg-8 with the π-π and 

CH…π bond critical points, ring critical points, and cage critical points removed for clarity. 

Apart from the T-shaped and π-π interactions, auxiliary noncovalent interactions, non π-π 

stacking and C-H⋯ π (T-shaped) interactions, exist between subunit-I and subunit-II in BnBz-tg-

1, Figure 5.13. Out of all the auxiliary interactions formed between subunit-I and subunit-II, the 

intramolecular interactions between the carbonyl and the methylene hydrogen remain the 

strongest noncovalent interaction (see Figure 5.14). Interestingly the bond critical point between 



145 

 

the carbonyl of the ester and the ring hydrogen of the benzyl group, signifying a intramolecular 

hydrogen bond that’s seen in the BnBz-g monomer, disappears in the dimer as consequence of 

the τ2 and τ4 adjustments during dimer formation, Figure 5.13. As mentioned above the lack of 

bond critical point does not necessarily mean a lack of interaction but, from the IBSI analysis 

(Figure 5.14) this is the case in this instance.  

Utilizing symmetry adapted perturbation theory (SAPT), the binding energy can be 

decomposed into individual contributions from electrostatic, induction, dispersion, and electron 

exchange.49,50 In BnBz-tg-1 it can be clearly seen that dispersion plays a significant role with 

65% of the overall attractive interaction (see Table 5.5), similar to the diphenyl ether dimer 

dibenzofuran dimer, dibenzofuran dimer, fluorene dimer,47 and 2-naphthalenethiol dimer.48 In 

BnBz-g-g+-5, BnBz-tg-2, and BnBz-tg-8 the SAPT results show a similar dispersion contribution 

to the binding energy. In the case of BnBz-tg-1, the PD π-π stacking, CH…π interaction, and 

several intermolecular hydrogen bonds exist that add stability to the dimer because of the 

flexibility of the monomer subunits and availability of binding sites. The flexibility of the 

monomer allows for a more synergetic packing structure of the dimer instead of competition 

between two motifs in BnBz. 

Table 5.6. SAPT2+/aug-cc-pVDZ results of the BnBz dimer, in of kJ mol-1, with negative values 

signifying attractive contributions to the overall energy and positive values repulsive 

contributions. Energies are in kJ mol-1. 

 Ebinding
a EExchange EElectrostatic EInduction EDispersion ETotal

c 

BnBz-tg-1 -65 .0 98.6 
-45.0 

(27 %)b 
-12.3 
(7 %) 

-109.6 
(66 %) 

-68.3 

BnBz-tg-2 -63.1 91.5 
-41.7 

(26 %) 
-10.6 
(7 %) 

-105.2 
(67 %) 

-66.0 

BnBz-g-g+-5 -58.7 99.5 
-41.5 

(26 %) 
-12.2 
(8 %) 

-107.6 
(67 %) 

-61.8 

BnBz-tg-8 -57.6 97.2 
-40.8 

(25%) 

-12.7 

(8%) 
-103.6 (64%) -59.9 
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a Binding energy computed at the B3LYP-D3(BJ)\def2-TZVP level of theory with BSSE 
correction. 
b Percent contribution to the attractive overall energy (Eel+Eind+Edisp). 
c Binding energy obtained from SAPT(2+)/aug-cc-pVDZ. 
 

5.4. Conclusion  

The conformational landscape of BnBz was investigated using a combination of computational 

chemistry calculations and CP-FTMW spectroscopy. Four conformers of BnBz were identified 

theoretically following the CREST search and several 1D-PES scans along the four dihedral 

angles associated the σ-bonds in the molecule. Rotational spectra of the parent BnBz-g and 

BnBz-t, as well as those of the 14 13C of BnBz-g and two 13C of BnBz-t isotopologues were 

measured and assigned. The experimental data, together with the relative experimental line 

intensity variation of BnBz-g and BnBz-t allowed one to unambiguously establish that BnBz-g is 

the global minimum. The conformational conversion barrier from BnBz-t to BnBz-g, together 

with the aforementioned experimental intensity, provided the satisfactory explanation of the 

deviation in the observed and predicted conformational abundances. Furthermore, the 

intramolecular non-covalent interactions were analyzed using the QTAIM, NCI, and IBSI 

analyses, where the latter two provide very consistent pictures about the relative strength of 

different attractive interactions. between the carbonyl O and a methylene H by the NCI analysis 

has the highest IBSI value of 0.027. These analyses demonstrated that the intramolecular 

hydrogen bond between the carbonyl O and a methylene H, identified by both the NCI and IBSI 

as the strongest non-covalent interaction, plays the dominant role preferentially stabilize BnBz-g 

over BnBz-t. A dimer of BnBz was identified in the experimental spectrum and preliminary 

analysis of its conformation landscape and noncovalent interactions are presented. The 

experimental identification of the dimer which account for 32 heavy atoms using gas phase 

rotational spectroscopy accounts for one of the biggest dimer species identified experimentally. 
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Out of the 128 dimers found, one dimer was experimentally identified. Computationally, all the 

dimers identified had some form of π-interactions stabilizing their structure. Breaking down the 

energetic contribution found in the dimer, through SAPT, shows that dispersion accounts for 65% 

of the overall attractive interaction. The dimer has a plethora of noncovalent interaction present 

and may provide details about noncovalent interaction in large systems in the gas phase. The 

current study sheds light on the diverse factors which influence the structural outcomes of 

aromatic systems and also provides important structural input for future investigation into the 

potential role of BnBz in the formation of secondary organic aerosols.  
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6  

Instruments and Techniques to Probe 

Emissions from PVC Pyrolysis 
 

6.1. Introduction 

In this chapter, I outline how to study the emissions resulting from the thermal degradation of 

PVC as a stepping stone for studying waste burning. I summarize the necessary steps in 

generating PVC emissions, measure the resulting HCl emissions, and discuss how the aerosol 

particles that are also emitted can be classified and their properties measured. The results of these 

measurements are presented and discussed in Chapter 7. In Section 6.2, I discuss how PVC can 

be pyrolyzed to emit volatile organic compounds, particulate matter, and HCl. In Section 6.3, I 

discuss how an HCl trap can be constructed to measure gaseous HCl concentration using 

colorimetry. In Section 6.4, I discuss how aerosol particles can be classified by the amount of 

organic carbon and elemental carbon to better understand how they can interact with solar 

radiation. In Section 6.5, I discuss how aerosol instrumentation can be used to measure particle 

size distribution using a scanning mobility particle sizer and the ability to scatter and absorb 

solar radiation using a photoacoustic extinctiometer and an aethalometer. The overall experiment 

and how the different components interconnect can be seen in Figure 6.1. 
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Figure 6.1. Schematic of experimental setup utilized in Chapter 7 to study the emissions 

resulting from PVC pyrolysis. 

6.2. Thermal Degradation of PVC using a Tube Furnace 

The thermal decomposition of PVC can be described by two stages characterized by temperature 

and emission dependence.1 The initial stage, occurring at temperatures between 250°C to 350°C, 

involves dehydrochlorination, resulting in an initial weight loss attributed to HCl emissions.1 

This is followed by a second stage, extending from 350°C to 525°C, during which particulate 

matter and volatile organic compounds such as methane, toluene, and xylene are emitted.2 A 

detailed study of the behaviour of PVC pyrolysis at different temperatures can lead to greater 

control of emissions from thermal PVC degradation. 

For the controlled thermal degradation of PVC, I have constructed a tube furnace with 

precise environmental control, see Figure 6.2. The furnace holds a quartz tube with an inner 

diameter of 2.5 cm. Upstream of the quartz tube, a mass flow controller regulates the flow of 

carrier gas into the tube at a rate between 1000 and 5000 ccm. The carrier gas displaces air in the 

tube, creating an oxygen-free environment for PVC thermal degradation. The tube furnace 

contains a high-temperature ceramic fiber heater and a TEC-2400 temperature controller 

(Thermal Devices) with a K-type thermocouple. It offers temperature control within a range of 

0°C to 1200°C. 
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Figure 6.2. Custom built tube furnace utilized in Chapter 7 for the pyrolysis of PVC. 

6.3. Thermal Optical Transmission Analysis for Classification of Aerosol particles  

After the tube furnace, a portion of the emissions is sampled and deposited onto a quartz fiber 

filter for classification of the emitted aerosol particles. One method to classify aerosol particles is 

to determine the amount of elemental carbon (EC) and organic carbon (OC) on an aerosol-laden 

filter.3 The EC and OC content on the filter can be measured using a thermal optical transmission 

analyser. The thermal optical transmission analyzer operates by heating a filter sample in an 

oven, which permits control over the gas atmosphere and gas flow in the oven.3 To initially 

measure the amount of OC present on the filter, the oven is heated to 870°C without oxygen, 

releasing any OC on the filter.3 The emitted OC is then transported via a helium sheath flow to a 

catalytic chamber to be converted to CO2 and then methane, which is quantified with a flame 

ionization detection system.3 Once all the OC is removed, the oven is cooled to 500°C in 

preparation for the next heating cycle. The next heating cycle occurs in the presence of 2% 

oxygen in helium and the temperature is increased to 900°C, to oxidize the elemental carbon on 

the filter to CO/CO2.3 The CO/CO2 mixture is then transported into the catalytic chamber to be 

converted to methane and finally into the flame ionization detector.3 The flame ionization 
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detector is calibrated for a known amount of methane, thus enabling the determination of the 

amounts of EC and OC in μg cm-2.3  

The OC on the filter when heated can pyrolyze, instead of volatilize, and form a charr, an 

incomplete form of EC often called pyrolytic carbon (PC). The conversion of OC to PC adds an 

uncertainty to how much OC is measured during the first heating cycle. To monitor, and correct 

for, PC produced during the heating , laser transmittance is observed.3 During the second heating 

cycle, if PC was produced during the first heating cycle, the transmittance is reduced, returning 

to normal levels when the PC has been released from the filter.3 Emissions from the time period 

of decreased transmittance are then associated with PC. This time period is often called the split -

time and differentiates the OC and EC emissions from the filter. 

The thermal-optical transmission analysis in Chapter 7 was performed using a Sunset 

Laboratory Inc. analyzer. A 1.5 cm2 sized punch is made from the original filter and inserted into 

the thermal optical transmission analyzer. The thermal optical transmission trace can be seen in 

Figure 6.3 with the preprogrammed steps to obtain an EC/OC mass signified by the black peaks 

in the bottom trace. The temperature and laser transmission can be seen as a function of time in 

the blue trace and red trace. The first peak is associated with the OC emission from the filter, and 

the second peak, not shown in Figure 6.3, is associated with the EC released from the filter. The 

peak in between the OC and EC peaks, not shown in the Figure 6.3, is the pyrolytic carbon peak. 

The final peak in Figure 6.3 is a known amount of CH4 used for calibration. Downstream of the 

filter holder is a mass flow controller and a vacuum source to control the number of aerosols 

sampled by the filter. 
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Figure 6.3. Thermogram of an EC/OC analysis of PVC. The blue and red traces are the 

temperature and transmittance respectively. The signal from the flame-ionization (FID) detector 

is shown in purple. Regions where peaks of organic carbon (OC), pyrolytic carbon (PC), and 

elemental carbon (EC) are shown. The last peak in the thermogram is a methane calibration 

peak. 

6.4. Colorimetric Analysis for Determination of Hydrogen Chloride Concentration 

from PVC Pyrolysis 

Chlorine radicals in the atmosphere are known to influence the formation of SOA by oxidizing 

VOCs.4 Source of chlorine radicals in the atmosphere include perchlorates, HCl, and particulate 

chloride.4 An anthropogenic source of gaseous HCl and particulate chloride is open waste 

burning of PVC.5 The first stage of the thermal degradation of PVC is dehydrochlorination at a 

temperature of 250°C, leading to the release of gaseous HCl.6 At higher temperatures, aerosols 

are emitted, containing chloride and chlorinated benzenes.6 To quantify the emitted hydrogen 

chloride and aqueous particulate chloride, I constructed a chloride trap similar to that by Heji et 

al.,7 through which the pyrolyzed emissions are passed. 

The chloride trap consists of three empty condensation vessels, in series, designed to 

capture any low-volatile species such as large oil mist particles emitted during the pyrolysis 

process. Following the condensation vessels are five bubblers, also in series, each containing 100 

ml of 2M NaOH to trap the chloride in the aqueous phase. Finally, the last vessel is an empty 
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bubbler used to prevent the loss of solution from the bubbling process. In the experimental setup 

used in Chapter 7 there are multiple paths from the tube furnace to different instruments for 

characterization of the emissions (see Figure 6.1). The path to the photo-reaction “smog” 

chamber has little resistance and will therefore prevent pressure buildup so that the emissions do 

not bubble through the chloride trap. To circumvent this issue and force emission from the 

mixing chamber to the chloride trap, an injector-dilutor is used. The injector dilutor is a single-

stage venturi pump (AVR038H) that builds up enough pressure to force the N2 plus PVC 

pyrolysis emissions mixture to flow through the chloride trap. 

The aqueous chloride from the emission is dissolved in the 2M NaOH solution and then 

neutralized to a pH of 7 using 3M sulfuric acid. To avoid possible interference from aerosol 

particles, the solution is then filtered. The chloride concentration is then measured using a 

colorimetric method (HACH Chloride TNT879 test kit).8 The method functions by mixing the 

neutralized sample with a mercury thiocynate ferric nitrate nonahydrate solution that turns 

orange in the presence of chloride ions. The onset of color occurs when chloride liberates 

thiocyanate from mercury thiocyanate to form ferric thiocyanate, an orange-colored compound, 

see reaction scheme 6.1. The higher the concentration of chloride present, the more ferric 

thiocyanate forms, and the darker the solution becomes. The absorbances between 400 nm and 

500 nm is recorded using a JASCO, J-1500, CD spectrometer and a calibration curve with 

absorbances for known concentration is used to determine the exact concentration of chloride 

ions from the sample solution. The absorbance at 468 nm is used, as recommended by HACH 

method 10291,8 to determine the concentration of chloride.  
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 𝐻𝑔(𝑆𝐶𝑁)2 + 2𝐶𝑙− → 𝐻𝑔𝐶𝑙2 + 2𝑆𝐶𝑁− 

 𝐹𝑒+3 + 3𝑆𝐶𝑁− → 𝐹𝑒(𝑆𝐶𝑁)3 (𝑟𝑒𝑑 − 𝑜𝑟𝑎𝑛𝑔𝑒 𝑐𝑜𝑙𝑜𝑟) 

Scheme 6.1. The reaction of chloride ions to form a red-orange colored ferric thiocyanate 

compound.  

6.5. Instruments to Probe Aerosol Properties 

6.5.1. Photo-reaction “Smog” Chamber 

The pyrolyzed emissions, not captured by the filter or HCl trap, can be sampled to assess their 

size distribution and their ability to scatter and absorb solar radiation. These properties are 

directly measured from the tube furnace, reflecting instantaneous emission characteristics. 

Conversely, the aging of aerosol properties is studied using a smog chamber, offering precise 

control over aerosol exposure. Before injection into the chamber, emissions undergo cleaning to 

remove H2O or VOCs, allowing systematic aging studies relative to VOC or oxidant exposure. 

Our smog chamber comprises a 1.8 m3 bag that consists of perfluoralkoxy (PFA) film and 

is surrounded by three sets of eight 32W black lights with peak emission at 350 nm. The Teflon 

bag is kept at atmospheric pressure, which is maintained by a pure air generator (Aadco 737). 

Fans inside the bag ensure that the contents are completely mixed and temperature and relative 

humidity sensors are used to monitor environmental conditions. The UV-transparent PFA film 

was chosen because we can form hydroxyl radicals through UV irradiation a naturally occurring 

atmospheric radical within the chamber. By being able to forms hydroxyl radicals, we can form 

secondary organic aerosol and a secondary organic coat and study aging due to the oxidation of 

VOC. Various instruments can sample from the chamber to evaluate aerosol properties, including 

size distributions and optical properties. 

Loss of aerosol particles from the chamber, typical for small chambers like ours, can 

occur through dilution, diffusion to chamber walls, coagulation, and gravitational settling. Loss 
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due to diffusion and gravitational settling is size-dependent: particles smaller than 100 nm 

primarily undergo Brownian diffusion, while those larger than 500 nm preferentially settle 

gravitationally.9 In the intermediate size range, minimal loss occurs to these processes.9 

Corrective measures, both size-dependent and size-independent, can minimize experimental 

uncertainties.9 In Chapter 7, I use an empirical method to correct size independent and size 

dependent particles losses. The size independent method assumes that the loss in particles is a 

first order process where the rate of loss is the slope of the natural logarithm of the total 

concentration vs time plot.9 The size dependent correction utilizes a similar approach however 

the plot is the natural logarithm of concentration at a particles size versus time.9 Correcting for 

wall losses is crucial for aging studies to be able to attribute the evolution of the size distribution 

in the chamber as a result of an atmospheric process or as a consequence of the loss processes.  

6.5.2. Scanning Mobility Particle Sizer 

Atmospheric aerosols naturally occur in a distribution of different sizes. The initial step in 

analyzing an aerosol size distribution is to classify the aerosol particles into size bins and then 

count how many are present in a given bin. In Chapter 7, to obtain a size distribution of 

pyrolyzed PVC, I use a scanning mobility particle sizer (SMPS 3936L76), which consists of two 

instruments: a differential mobility analyzer (DMA) that utilizes the electric mobility of charged 

aerosol particles to select a size, and a condensation particle counter (CPC) to counts those 

particles. 

A DMA consists of two concentric cylindrical metal tubes with a laminar sheath flow of 

clean air between them. An electrostatic potential is applied to the central cylinder. Charged 

aerosol particles are introduced at the top of the DMA and experience an attractive electrostatic 

force towards the inner cylinder. The electrostatic force is opposed by an aerodynamic drag as 
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the particle travels through the sheath flow. If electrostatic force and drag are balanced for a 

certain particle size, these particles will leave the DMA through an exit port, to be counted in the 

CPC. A size distribution can be obtained by scanning the electrostatic potential through an 

appropriate range.10 For this method of size selection, it is necessary to have aerosol particles 

with a known charge and be able to reproduce that charge on similarly sized particles.10 The 

DMA I used is equipped with an aerosol neutralizer that can produce a well-characterized charge 

distribution. A radioactive source in the aerosol neutralizer is used to generate ions that collide 

with aerosol particles to produce a known Boltzmann charge distribution. The resulting charged 

particles are then injected into the classification region of the DMA. Typical aerosol particle 

sizes that a DMA can select range from 25 nm to 1000 nm. 

The second instrument in an SMPS is a CPC that is used to count the number of particles 

classified by the DMA. In Chapter 7, I used a conductive cooling CPC in which aerosol particles 

pass through a heated region saturated with butanol.10 The aerosol particles then enter a cooling 

region where the now supersaturated butanol condenses onto the particles.10 The aerosol particles 

will grow to a size of about 12 μm and can now be detected by optical means. The particles cross 

through a laser light beam and the scattered light is detected by a photodiode.10 The particle 

number can then be extracted from the scattering signal.  

6.5.3. Aethalometer  

The absorption of radiation by aerosol particles depends on the type of aerosol particle present. 

For example, brown carbon aerosols exhibit wavelength-dependent absorption, wherein the light-

absorbing component within the aerosol particle shows stronger absorption in the ultraviolet 

region.11 The wavelength-dependent absorption of an aerosol is often expressed as a power law 



165 

 

expression, Equation (6.4), where Babs(λ) is the absorption coefficient at wavelength λ, and AAC 

is the absorption Ångström exponent.12   

 
𝐵𝑎𝑏𝑠 (𝜆1)

𝐵𝑎𝑏𝑠 (𝜆2)
= (

𝜆1

𝜆2
)

−𝐴𝐴𝐶

  (6.4) 

The importance of this expression lies in its ability to differentiate between aerosol types 

using the AAC value. For instance, black carbon aerosols have an AAC of 1, while a value greater 

than 1 can be attributed to organic aerosols such as brown carbon aerosols.13 The calculation of 

AAC requires the experimental determination of the absorption coefficient at a minimum of two 

wavelengths. 

An aethalometer serves as a low-cost alternative that can be purchased as a handheld 

device and used in remote sensing contexts to obtain the AAC.14 The aethalometer is a filter-

based measurement device that traps aerosol particles on a filter which is then irradiated by 

several different wavelengths, so that the light attenuation by the particles can be measured.15 For 

instance, in Chapter 7, a MA200 Aethlabs aethalometer is used that has light of five different 

wavelengths (370nm, 475nm, 528nm, 625nm, 880nm) to irradiate the aerosol-laden filter and 

obtain the absorption coefficient at these wavelengths. 

The attenuation, 𝐴𝑇𝑁, measured by the aethalometer can be described by the Beer-

Lambert law, Equation (6.5), where I0 and I represent the light intensity transmitted through a 

particle-free filter and the aerosol-filled filter.16  

 𝐴𝑇𝑁 = −100 ∙ ln (
𝐼

𝐼0
)   (6.5) 

The change in attenuation, ΔATN, caused by the deposition of aerosols on a filter at a known 

flow rate (in mL min-1), Q, over a filter surface area (in mm), A, and time (in minutes), Δt, can 

then be utilized in Equation (6.6) to calculate the attenuation coefficient, bATN.14   
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 𝑏𝐴𝑇𝑁 =
𝐴

𝑄
∙

Δ𝐴𝑇𝑁

Δ𝑡
  (6.6) 

The attenuation measured by the detector in the aethalometer is caused by several processes. The 

first cause of a decrease in attenuation is the scattering and absorption by the aerosol particles 

deposited on the filter.16 The second cause is scattering of radiation by filter fibers, and the third 

cause is shadowing of the filter by multiple particles depositing on the same spot, causing the 

optical path length to decrease (often called the filter-loading effect).16 To mitigate filter-loading 

effects, the DualSpot measurement technique can be applied.17 This technique allows the 

simultaneous measurement of attenuation through a clean filter spot and an aerosol-laden spot.17 

Further corrections are necessary and applied through data processing algorithms to correct for 

artifacts caused by the filter, such as scatter by filter fibers.16 These corrections are applied in the 

instrument software. 

The aethalometer data output includes the raw uncorrected attenuation and a black carbon 

mass equivalence obtained by the computation of absorption. Thus, the absorption, Babs(λ), in 

units of Mm-1, can be back-calculated using Equation (6.7)18 to determine the AAC. 

 𝐵𝑎𝑏𝑠 (𝜆) =
𝐶𝐵𝐶 (𝜆)∙𝑀𝐴𝐸𝐵𝐶(𝜆)

𝑓
∙ 10−3  (6.7) 

In Equation (6.7), CBC(λ) represents the equivalent black carbon mass (in ng m-3) reported by the 

aethalometer, MAEBC(λ) stands for the mass-specific absorption cross-section (m2 g-1) of black 

carbon, and, f denotes the calibration factor for filter loading and scattering by aerosols on the 

filter.18 In Chapter 7, a calibration factor 𝑓 = 1.3 was used, as recommended by the 

manufacturer, and the MAE  values were obtained from Li et al.18  
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7  

Analyzing Emissions of Pyrolyzed PVC: 

Measuring Hydrogen Chloride Emissions 

and Aerosol Properties 
 

7.1. Introduction 

An estimated 2000 Tg of waste is produced yearly1 and will eventually need disposing of. The 

primary method of waste disposal is through landfills; however, incineration is an alternative.2  

The incineration process has the advantage of not only disposing of waste but also generating 

energy at a cost of resources.3,4 In areas where waste disposal services are insufficient, open pit 

waste burning is a common practice.5 In open pit waste burning, the fuel source is a mixture of 

different products, such as plastics and biomass, making the emissions complex. Globally, an 

estimate of 972 Tg of waste is burned every year, releasing toxic and hazardous emissions.5 

Emissions from waste burning include PM2.5, polychlorinated biphenyls (PCBs), and volatile 

organic compounds (VOCs).5 Without knowing the precise waste mixture, the composition of 

emissions from waste burning is unknown. Interestingly, certain emissions can function as 

tracers for certain types of waste and provide insights into what is being burned. For instance, the 

majority of HCl emissions from open waste burning are from the thermal decomposition of 

polyvinyl chloride (PVC).1 
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Since the development of PVC, it has become a staple of manufacturing.6 The popularity 

of PVC comes from its low cost of production and durability, allowing for mass production and 

incorporation into medical instruments, piping, and electronics, for example.7–9 In 2018 alone, 

44.3 million tons of PVC resin were produced globally, with a market demand of 59.1 billion 

USD of PVC products.10 In the end, the millions of tons of PVC plastics produced will need 

disposing of.  

The thermal decomposition of PVC occurs in two stages that are temperature dependent 

and can be characterized by their emissions.11 The initial stage of thermal decomposition of pure 

PVC is dehydrochlorination between 250°C to 350°C, releasing hydrogen chloride gas.11 The 

thermal stability of PVC is tied to its chlorine content12 which can range from 56 % to 73 % by 

mass depending on the specific type of PVC.12 The second stage of pure PVC decomposition is 

from 350°C to 525°C, releasing semi volatile organic acids13 such as benzene and toluene 

derivatives3 that can form particulate matter.13 The emissions of PVC degradation are further 

complicated by the inclusion of additives and stabilizers such as barium and phthalate in the 

manufacturing process of PVC.2,9,14 The inclusion of additives can influence PVC properties 

such as thermal stability and will influence the thermal degradation of the PVC plastics and 

therefore emissions.3  

While incorporated into garbage, the thermal degradation of PVC overlaps with the 

thermal degradation of biomass. 3 This overlap in emissions increases the likelihood of emissions 

interacting, making the assessment of the combined emissions difficult. As such, I set out to 

study the emissions from the thermal degradation of PVC as a starting point to study the 

combined emission of PVC and biomass. 
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It is estimated that out of the 9 Tg of HCl anthropogenically emitted, 3.5 Tg is a result of 

open pit waste burning,5 where the main contributor to the HCl emission is PVC.1 The 

importance of HCl emissions from open waste burning is that HCl can act as a chloride source. 

For instance, once HCl is emitted from PVC thermal degradation, it can undergo photolysis and 

form chlorine radicals that may interact with, and deplete, atmospheric ozone or enhance aerosol 

hygroscopicity.15,16 In a local context, toxicity from PVC thermal degradation emission is of 

concern during house fires that can produce toxic chlorinated VOCs and in particular dioxins.7  

Another type of emission that has consequences for the environment is aerosol particles. 

The aerosol particle emissions from PVC pyrolysis are often ignored; however, they may present 

a risk to human health through exposure to aerosols particles loaded with benzene derivatives, 

for example.3 Information about the size distribution of the emitted aerosol particles can be 

important in determining their health impacts. For instance, smaller aerosol particles such as 

PM2.5 can penetrate more efficiently into the respiratory system and inject potentially toxic 

chemicals into our bodies when compared with larger particles.17  

The aerosol from PVC-pyrolysis can also impact the local climate by absorbing and 

scattering solar radiation. This ability of aerosol from PVC pyrolysis to scatter and absorb solar 

radiation has not been quantified and, in comparison to emissions from wildfires, their impact 

may be small. However, co-pyrolysis of PVC with other waste may influence the evolution and 

composition of the produced aerosol particles and change their optical properties. As such, I 

studied size distribution and optical properties of aerosol particles emitted from PVC pyrolysis 

together with accompanying HCl emissions to provide a reference point for future studies of 

emissions from co-pyrolysis of biomass and PVC. 
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7.2. Experimental Methods  

7.2.1. Generation and Sampling of Pyrolysis Emissions 

The emissions from PVC pyrolysis were generated using a custom-built tube furnace. The tube 

furnace was constructed from a cylindrical ceramic fiber heater with an inner diameter of 2.5 cm 

and a temperature controller (Thermal Devices Inc) equipped with a K-type thermocouple. A 

quartz tube, fitted with adapters at both ends, was used as a pyrolysis vessel. Upstream of the 

tube furnace is a mechanical flow controller that regulates the flow of carrier gas into the 

pyrolysis tube. 

A simplified version of the experimental setup can be seen in Figure 7.1. The PVC 

sample consisted of 5 mm by 8 mm pieces of PVC piping weighing 0.7 g. The PVC piping was 

purchased from Wolseley Plumbing, a local distributor of plumbing equipment, to mimic PVC 

waste that may be found in open waste burning of construction material. The PVC sample was 

first placed in the tube furnace, and the system was flushed with 3 slpm of N2 for at least 10 

minutes. The heating cycle of the tube furnace was then initiated only if the total aerosol particle 

number concentration within the system was less than 50 particles/cm3, which was measured 

after an activated charcoal (AC) denuder using a condensation particle counter (CPC 3776). The 

tube furnace was then set to heat at a rate of 50 °C min-1 until a temperature of 350°C was 

reached. The emissions from the thermal degradation of PVC flowed through the experimental 

set-up shown in Figure 7.1. from the onset of the heating cycle until 40 minutes after the final 

temperature was reached. At this time the pyrolysis of the PVC sample was assumed to be 

completed. 
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Figure 7.1. The overall experimental set up to study the emissions form pyrolysis of PVC 

piping.  

Starting with the beginning of the heating cycle, a 0.7 slpm flow was sampled from the 

tube furnace to a filter holder where a quartz filter collected aerosol particles for thermal optical 

analysis. The filter was removed from the filter holder 3 minutes after a temperature of 350°C 

was reached. The remaining flow that exits the tube furnace was directed to a 5 L mixing 

chamber. After the mixing chamber, the emissions are split into two paths. In the first path the 

emissions underwent pre-treatment using a 25 cm long diffusion dryer containing calcium sulfate 

and a 100 cm long active charcoal (AC) denuder. The treatment of the emissions in this path was 

to prevent damage from HCl to the stainless steel instruments. The emissions were then injected 

into the photo-reaction “smog” chamber. The injection of particles into the smog chamber started 

with the beginning of the heating cycle. During the injection into the smog chamber, the total 

particle number concentration in the smog chamber was measured using a CPC for the duration 

of the injection. The injection continued during the entire pyrolysis time, i.e., for 40 min, 

consistent with the HCl trapping time. After the injection phase of the experiment, the aerosol 

size distribution within the smog chamber was measured using a scanning mobility particle sizer 

(SMPS 3936L76) composed of a CPC 3776 and a differential mobility analyzer (DMA) 3080 

long. The samples within the chamber were then diluted with pure air until the mass 
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concentration of particles was approximately 400 ug/m3 and optical measurements with an 

MA200 aethalometer can begin. For some experiments, the smog chamber was bypassed and the 

size distribution of aerosol particles that are emitted were directly measured using the SMPS. 

The VOC content in the smog chamber after cleaning and during experiments was assessed using 

ultra-violet differential optical absorption (DOAS) spectroscopy. The DOAS light source, located 

at one end of the smog chamber, is a broadband deuterium lamp (Ocean Optics, D-2000-S) with 

emission output from 215-400 nm. The light beam is transported through an optical fibre to 

collimator lens, transmitted through the chamber to a collecting lens, and then transmitted to the 

detector (Ocean Optics, HR-2000+) through another optical fibre. A measured absorption 

spectrum is fitted to a ninth order polynomial to capture only broad background features without 

the molecular signals. This background is then subtracted from the original spectrum to yield the 

differential absorption spectrum that contains the molecular signals.18  The concentration of the 

species of interest is then determined by fitting the differential absorption spectrum to a literature 

spectrum.  

The second path after the mixing chamber leads to a hydrogen chloride trap. The chloride 

trap consists of nine 250 ml Erlenmeyer flasks that have been modified into bubblers, see Figure 

7.2. The first three flaks are empty and trap any low volatility condensate. The next five contain 

100 ml of 2 M NaOH to trap any gaseous HCl in the liquid phase as chloride. By the time the gas 

is bubbled into the last of the five flasks that contains NaOH, no gaseous HCl remained in the 

gas. This was verified by measuring the HCl concentration in the fifth  flask which was kept as a 

precaution for experiments larger PVC samples. The last flask in the series is empty to prevent 

NaOH solution exiting the trap. 
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Figure 7.2. The HCl trap used to capture gaseous HCl by bubbling the emissions through 2M 

NaOH solution. 

7.2.2. Emissions Characterization 

The portion of the pyrolysis emissions that are sampled onto an 11.76 cm2 quartz filter were 

analyzed using a thermal-optical transmission analyzer (Sunset Laboratory Inc) to measure the 

elemental carbon (EC) and organic carbon (OC) content. A 1.5 cm2 punch of the aerosol-laden 

filter was placed into the analyzer oven where control of the temperature and gas is possible. The 

initial analysis of the filter measures the OC content of the filter by gradually ramping the heat 

inside the oven to 870°C in the absence of oxygen.19 A helium carrier gas sweeps the OC 

emissions to a manganese dioxide chamber to be converted to CO2 gas and then to a nickel 

catalyst chamber to be reduced to methane. 19 The OC that has been converted to methane is fed 

into a fire ionization detector (FID) calibrated for a known amount of methane.19  Once all the 

OC has been analyzed, the oven temperature is cooled to 500°C. At 500°C, a 2% mixture of 

oxygen in He is fed into the oven, and the temperature is ramped up again.19  During this stage, 

the EC is oxidized, and the emissions follow the same path as OC to be quantified.19 

The emissions that are not sampled by the filter are transported to the mixing chamber. A 

portion of the emissions that exits the mixing chamber is pushed into the HCl trap using an Air-
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Vac venturi pump (AVR038H). The captured HCl is measured using a HACH chloride TNT879 

test kit20 after being neutralized by 3M H2SO4 and filtered to remove particulate matter. The test 

kits utilize a colorimetric reaction between chloride and mercury thiocyanate ferric nonahydrates 

solution to form a red-orange ferric thiocyanate compound.20 The concentration of colored 

compound formed is proportional to the chloride concentration and the absorbance is measured 

using a Jasco-1500 spectrometer at 468 nm. Measured calibration curves with known 

concentrations of HCl between 10 to 1000 ppm are shown in Figure 7.3 and are used to convert 

an absorbance measurement to an HCl concentration. 

 

Figure 7.3. Colorimetric calibration curves for the determination of HCl concentration from the 

HCl trap. The error in the fit is one standard deviation of the last digit. 

The remainder of the emissions that are not sampled for EC/OC or HCl are injected into 

the smog chamber. The smog chamber at the University of Alberta is composed of a 1.8 m3 

perfluoroalkoxy (PFA) film (Ingeniven) surrounded by three sets of eight 32 W black lights with 

peak emission at 350 nm. The photo-reaction chamber is equipped with a mixing fan and 

temperature and relative humidity sensors within the chamber. During continuous flow 
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experiments, a pure air generator (Aadco 737) supplies clean dry air to the chamber to maintain 

the volume of the PFA bag. The size distribution of the aerosol particles within the smog 

chamber was measured using an SMPS operating with a sheath flow of 1.7 L min-1 and a sample 

flow of 0.3 L min-1. 

The absorption wavelength dependence of emitted aerosol particles was measured using 

an MA200 aethalometer. The aethalometer is a filter-based absorption analyzer, operating at 370 

nm, 475 nm, 528 nm, 625 nm, and 880 nm.21 It is operated in Dualspot compensation mode to 

correct for the filter load effect, a decrease in optical path length over time. A sample flow rate of 

100 mL min-1 and an attenuation threshold of 100 to trigger PTFE filter advancement were used. 

The aethalometer outputs the black carbon equivalent (𝐵𝐶𝑒,𝜆 in ng m-3) mass concentration at 

each wavelength which can be converted to an absorbance using Equation (1)21 to determine the 

wavelength dependence of absorption (𝐵𝑎𝑏𝑠, in Mm-1). 

 𝐵𝑎𝑏𝑠 = 𝐵𝐶𝑒,𝜆 ∙ 𝑀𝐴𝐸𝐵𝐶 ,𝜆 ∙ 10−3  (1) 

In Equation (1), MAE (in M2 g-1) is the mass attenuation cross section of BC at the 

corresponding wavelength and is obtained from Li et al.21 

7.3. Results and Discussion  

The PVC sample used in this study is from PVC piping with additives that can influence its 

thermal degradation.3 The choice of PVC piping is to mimic emissions from PVC that can be 

found in waste, such as construction waste. Since the temperature ranges for the two stages of 

thermal decomposition are not known for this specific PVC, a pyrolysis temperature that lies 

between the two stages of thermal decomposition of pure PVC3 was chosen to potentially emit 

both HCl and aerosol particles. Assuming that aerosols are generated only during the second 

stage of thermal decomposition a CPC that directly samples from the tube furnace can be used to 
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determine an approximate transition temperature. The onset of aerosol emission from the thermal 

degradation of PVC piping in this study is approximately 290°C, signifying the end of the first 

stage of thermal decomposition. A thermogravimetric analysis of the PVC piping would be 

necessary to determine the exact temperature of each stage of the thermal degradation of the 

PVC piping. Without knowing the exact time and temperature of each stage, the aerosols and 

HCl emitted from our sample of PVC piping are sampled from the onset of heating. 

7.3.1. HCl Emissions  

In the first stage of thermal decomposition of PVC, dehydrochlorination occurs, resulting in the 

formation of HCl along with trace amounts of chlorobenzene, benzyl chloride, and 1,1-dichloro-

4-methyl-1,4-pentadiene.22 During this stage, a weight loss of 61% of the total mass has been 

reported, associated with the release of HCl, while stage two accounts for an 8% decrease in 

mass.22 In the current study, the percent mass emission yield is determined as the mass of the 

emissions divided by the original mass of PVC. The mass of emissions is the difference of the 

mass of PVC before (MPVC) and after pyrolysis (Mchar) see Table 7.1. A total weight loss of 

approximately 61%, as shown in Table 7.1, is observed. This weight loss accounts for both stage 

one and partially stage two of thermal decomposition because we observed aerosol particle 

emissions. The emission of HCl is temperature dependent and has been shown to increase with 

temperature.23 In this study, only a single temperature of 350 °C was used. From the measured 

chloride concentrations in the HCl trap solutions, the total mass of HCl emitted was determined 

and the corresponding percent mass emission yields are given in Table 7.1. On average, the 

emissions from PVC pyrolysis at 350 °C are 25 % HCl. The difference between the 25 % HCl 

measured and the expected 50 – 60 % HCl, based on the chlorine content of pure PVC can 

rationalized as follows. One possibility is that some of the HCl emitted is trapped in the bio-oil 
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that coats the pyrolysis tube. Another possibility is that a more significant amount of HCl gas is 

reacting with the additives and stabilizer in the PVC resulting in the formation of chloride 

residues.2 Lastly, chlorinated aromatics may be forming that can nucleate to form aerosol 

particles that do not dissociate in NaOH solution. In future studies PVC pyrolysis must be probed 

at higher temperatures to determine HCl emissions as a function of temperature and heating rate. 

Further discussions on extending the temperature can be found in Section 7.5. 

Table 7.1 The mass of PVC pyrolyzed, emission yield (MPVC -Mchar)/MPVC, and percent HCl in 

the emissions, MHCl/(MPVC-Mchar). 

Fuel PVC Mass / g Emission Yield / wt.% HCl Yield / wt.% 

PVC 0.7516 59 23 

PVC 0.7328 65 25 
PVC 0.7055 58 29 

PVC 0.7223 60 24 

 

7.3.2. Thermal Optical Analysis  

The ratio of EC to OC of the PVC-derived aerosol can be seen in Table 7.2. The emitted aerosol 

from PVC pyrolysis is predominantly composed of organic compounds, as suggested by the low 

EC/OC ratio. Because the major component of the aerosol particles is organic carbon, the 

properties measured can be attributed to the low volatile and semi-volatile organic compounds 

that make up the aerosol particle.  

The determined EC/OC ratio falls into the same range that was measured during garbage 

burning in landfills, which is between 0.434 and 0.035.1 The garbage burned in these landfills 

contained mostly plastics as fuel, confirming that most of the emissions are low or semi volatile 

organic compounds. Comparatively, the EC/OC ratio measured for biomass burning ranges from 

0 to 1, depending on the extent of combustion, and for vehicle exhaust, it ranges from 0.4 to 50.24  
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This suggests that the thermal-optical method cannot differentiate between plastic burning and 

biomass burning. 

Table 7.2. Results from the thermal-optical analysis of PVC pyrolysis emissions. 

  Pyrolysis 1 Pyrolysis 2 Pyrolysis 3 Pyrolysis 4 

OC / mg 1.925 1.8289 1.3298 0.9856 

EC / mg 0.1161 0.0648 0.0163 0.0002 

EC/OC 0.06 0.04 0.01 0.00 

 

7.3.3. Size Distribution  

The aerosol particle size distributions that were directly measured from the mixing chamber are 

shown in Figure 7.4. for different pyrolysis times. The aerosol particle size distributions are 

unimodal. The total number concentration and mean aerosol particle mobility diameter of aerosol 

particles are in Figures 7.5a) and b), respectively, for three different experiments. Figure 7.5 

illustrates how the emissions from the PVC pyrolysis change with pyrolysis time; the onset of 

heating defines measurement time = 0. The aerosols are first detected at 270 °C and reach a 

maximum total aerosol particle number concentration after reaching the target temperature of 

350 °C. Interestingly, the initial increase in aerosol particle number concentration coincides with 

an increase in particle mean diameter. A possible explanation is that the pyrolysis of plastics is 

known to emit aerosols that agglomerate,26 and at the highest concentration, larger agglomerates 

can form.  

 



183 

 

 

Figure 7.4. Measurements of size distribution of PVC pyrolyzed at 350°C at onset of heating. 

The SMPS scans takes 2 minutes per scan and the scans are labelled by the start time of the scan 

relative to the start of the tube furnace.  

To investigate concentration-dependent agglomeration, the flow into the mixing chamber 

was decreased for 30 seconds, 11 minutes after the onset of heating (Exp 3 in Figure 7.5). 

Comparing Exp 1 and 2 to Exp 3 in Figure 7.5, the mean particle mobility diameter in Exp 3 is 

approximately 37 nm smaller. The initial rapid decrease in total particle number density and 

mean particle diameter is followed by a steady rate of decreasing emissions. The size changes 

consistently between experiments once the emission rate into the mixing chamber is the same.  
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Figure 7.5. a) The total particle concentration emitted by the thermal degradation of PVC at 

350°C as a function of pyrolysis time. b) The corresponding mean particle mobility diameter of 

the aerosol size distribution measured directly from the tube furnace. Experiments 1 and 2 were 

done under the same conditions; for experiment 3, the emissions flow was interrupted for 30 s, 

11 min after onset of heating.  

A different progression is observed when the aerosol particles are injected into the smog 

chamber. For these experiments aerosol injection into the smog chamber was done for the 

duration of the pyrolysis (40 minutes). Once the injection stopped, measurements with the SMPS 

began. These experiments were conducted with no radical source or radiation source. The 

evolution of the mean particle size for 1500 minutes under these conditions is shown in Figure 

7.6. In the smog chamber several processes can occur, including agglomeration, 

condensation/evaporation, nucleation, and deposition at chamber walls that can result in changes 

in the observed aerosol particle size distribution.27 In this study nucleation is suppressed by 

removing the VOCs in the emissions with an AC denuder and by not introducing a radical source 

to form semi-volatile species from any volatile organic species that remain. Additionally, from 
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the UV-DOAS measurements no benzene, toluene, and xylene compounds where detected.  At 

the start of the measurements, the mean particle mobility diameter is about 200 nm and then 

increases to plateau at about 350 nm after 700 min. The increase could be a result of more 

efficient wall deposition of aerosol particles that are smaller than 100 nm and larger than 500 

nm27 resulting in a biased time evolution of the size distribution. The size-dependent loss of the 

aerosol particles inside the chamber can be seen in Figure 7.7, where the particle number 

concentration for four different aerosol particle sizes is plotted as function of time. Exponential 

functions can be fitted to the decays, and the coefficients in the exponential functions represent 

total rate constants (Figure 7.7) associated with the processes involved. 

 

 

Figure 7.6. The change in the mean mobility diameter of aerosol particles in the smog chamber. 

Measurements began after injection of aerosol particles into the smog chamber ended (40 

minutes). 
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Figure 7.7. The number densities of particles with diameters (Dp) of 151.2 nm, 250.3 nm, 552.3 

nm, and 850.5 nm throughout experiment. The numbers in brackets are the errors in units of the 

last digit. 

7.3.4. Optical Properties 

Aerosols composition determines to a large degree the ability of  an aerosol particles to scatter or 

absorb solar radiation. For example, aerosol particles composed of organic constituents 

preferentially absorb at lower wavelengths compared to black carbon (BC) rich aerosol particles 

which are produced during complete combustion.28 In instances were different aerosols with 

different abilities to absorb solar radiation, such as BC aerosol and brown carbon (BrC) aerosol, 

coexist, absorption amplification at lower wavelengths can occur.29 The particles emitted from 

the pyrolysis of PVC are primarily organic aerosols, suggesting that they will have wavelength 

dependent light absorption. If PVC is mixed with biomass during the burning process, the 

composition of the aerosol particles will change, which will alter their interactions with solar 

radiation. The absorption Ångstrom coefficient (AAC) is a unitless parameter that describes the 

wavelength dependence of absorption of an aerosol particle.30 The AAC can be determined by 
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Equation (2) where 𝐵𝑎𝑏𝑠 is the wavelength dependent absorption in Mm-1, 𝜆 is the wavelength in 

nm, and 𝐵0 the wavelength independent absorption constant in Mm-1. 29  

 𝐵𝑎𝑏𝑠(𝜆) = 𝐵0𝜆−𝐴𝐴𝐶  (2) 

The wavelength dependence of the absorption of aerosol particles from PVC pyrolysis 

was measured with an aethalometer at several different wavelengths and the results are shown in 

Figure 7.8 for three different experiments. Also given in Figure 7.8 are the AACs that were 

obtained from fits to the experimental data. The obtained AAC values are reasonably consistent 

and range from 5.5 to 6.1. The AACs for aerosol particles from PVC pyrolysis are comparable to 

those of brown carbon aerosols, which are predominantly composed of organic compounds and 

have  AAC values ranging from 2 to 11.31 Black carbon-rich aerosols have an AAC of 1.31  

 

Figure 7.8. The absorption (𝐵𝑎𝑏𝑠) of PVC pyrolyzed emission, in Mm-1, at different wavelengths 

(𝜆) in nm, is fit as a power law relationship to determine the absorption Ångstrom coefficients 
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(AAC), a unitless parameter. The errors of the fitted parameters are given in brackets in units of 

the last digit. 

An alternative approach can be used to approximate the AAC using absorptions at two 

wavelengths through Equation (3) 

 𝐴𝐴𝐶(𝜆1, 𝜆2) =  −
ln(𝐵𝑎𝑏𝑠 ,𝜆1 𝐵𝑎𝑏𝑠 ,𝜆2⁄ )

ln(𝜆1 𝜆2⁄ )
 (3) 

were 𝐵𝑎𝑏𝑠,𝜆1  and 𝐵𝑎𝑏𝑠,𝜆2  are the absorption coefficients, in Mm-1, at 𝜆1 and 𝜆2, in nm.29 The 

results from the two wavelengths approach for 10 different wavelength combinations are given in 

Table 7.3. Depending on the wavelengths chosen, the AAC ranges from 3.5 to 7.2. The two 

approaches lead to slightly different ranges for the AAC values.  However, both results confirm 

that the aerosol particles emitted by PVC pyrolysis are predominantly composed of organic 

compounds. These result suggest that if these aerosol particles can enhance the short wavelength 

absorption of BC aerosol particles, that may be co-emitted in open pit waste burning. 

Table 7.3. The AAC calculated using the two-wavelength (𝜆1, 𝜆2)  approximation (Equation 

(2)) for the different possible combinations of wavelengths. 

 Exp 1 Exp 2 Exp 3 Average 

AAC (370 nm, 475 nm) 5.4 6.0 5.6 5.7 

AAC (370 nm, 528 nm) 5.7 6.6 6.1 6.1 

AAC (370 nm, 625 nm) 4.9 5.6 5.3 5.3 

AAC (370 nm, 880 nm) 6.0 6.2 6.0 6.1 

AAC (475 nm, 528 nm) 6.3 8.0 7.2 7.2 

AAC (475 nm, 625 nm) 4.5 5.2 5.1 4.9 

AAC (475 nm, 880 nm) 6.2 6.3 6.2 6.2 

AAC (528 nm, 625 nm) 3.4 3.5 3.7 3.5 

AAC (528 nm, 880 nm) 6.2 6.0 6.0 6.1 

AAC (625 nm, 880 nm) 7.6 7.3 7.1 7 
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7.4. Future Studies 

Further characterization of the emission from PVC pyrolysis is needed at different pyrolysis 

temperatures and at different rates of pyrolysis. Both temperature and rate of pyrolysis are known 

to influence emissions23,32 and their effects on PVC pyrolysis and PVC and biomass co-pyrolysis 

need to be studied for a more complete characterization of the emissions to better assess impacts 

on environment and health. As such, the temperature range should be extended to 250°C - 750°C 

to span the full biomass decomposition range.32 Additionally, heating rates from 0.1 °C s-1 to 200 

°C s-1 that span slow and fast pyrolysis processes32 should be used to asses the production of 

different emission. At each temperature and pyrolysis rate the aerosols and HCl emission should 

be characterized.32 Further experiments could probe heterogeneous reactions on the surface of 

the emitted aerosols that may release chlorine radicals from the particulate phase into the gas 

phase.33 The chemical composition of aerosol particles from PVC pyrolysis could be probed by, 

for example, an aerosol mass spectrometer.  

Beyond measurements of thermal decomposition stages and aerosol composition, 

studying the fate of the aerosol particles after being released into the atmosphere is of interest. 

During their residence time in the atmosphere, particles can age, that is, they can change 

composition and morphology. For example, For example, the aerosol particles can increase in 

size through condensation of a layer of SOA. 

7.5. Conclusions 

HCl and aerosol emissions from PVC pyrolysis at 350°C were measured. The pyrolysis of 0.7 g 

of PVC resulted in the conversion of 61 % of its initial mass into emissions. Of those emissions, 

25 % was HCl. The emitted aerosol particles were classified by their OC and EC content and 

found to be composed primarily of organic compounds. The organic aerosol emitted by PVC 
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pyrolysis has a wavelength absorption dependence with an AAC ranging from 5.5 to 6.1. Aerosol 

particle size distributions were measured directly after pyrolysis and after injection into a smog 

chamber. Both size distributions were found to be unimodal within the size range of the SMPS. 

The mean particle mobility diameter when measured directly from the mixing chamber was 

initially ~ 340 nm and decreased with time to ~ 150 nm. This change is believed to be a result of 

concentration dependent agglomeration and further experiments are needed to probe how these 

aerosols grow after nucleation. An opposite trend is seen when sampling from the smog chamber 

where the mean particle mobility diameter is initially ~200 nm and increases to ~ 350 nm. This 

increase in mean particle mobility diameter is also thought to be a result of agglomeration. 

However, it is convoluted by loss processes to smog chamber walls and requires further 

investigation. The data obtained in this study is a first step towards studies of co-pyrolysis of 

PVC and biomass in the hopes to better assess the impact of open pit waste burning on health 

and environment. 
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8  

Conclusions 
 

Alberta has endured a series of devastating wildfire seasons over the past decade. As I write this 

thesis, smoke once again shrouds the whole Alberta province and many parts of North America 

from wildfires currently raging near Fort McMurray and Grande Prairie. Polyvinyl chloride 

(PVC) plastic, widely used in construction and household items, releases toxic substances during 

fires, such as building fires. These severe and destructive events have partly inspired and 

motivated my thesis research. One primary focus of my thesis work is the (toxic) substances, 

including gaseous substances and aerosol particles, emitted by PVC pyrolysis in a laboratory 

environment. During the course of my research, I realized that to achieve a comprehensive 

evaluation of such complicated processes, many different pieces of information are needed. 

Consequently, I adopted a multi-pronged approach to investigate various aspects of PVC 

pyrolysis. In this thesis, I detail this approach, which includes examining structural and dynamics 

properties of several semi-volatile organic molecules and their non-covalently bonded 

complexes, as well as aerosol particle formation on different size scales. To achieve this, I 

employed a combination of distinctive experimental and theoretical methods. By integrating 

these diverse techniques, I aimed to gain a more complete understanding of the intricate 

processes involved in PVC pyrolysis.  

I applied high resolution rotational spectroscopy to probe structural and dynamical 

properties of several semi-volatile organic compounds, including four substituted benzoic acids 
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(para-aminobenzoic acid, para-nitrobenzoic acid, para-chlorobenzoic acid, and para-

hydroxybenzoic acid), vanillic acid, and benzyl benzoate, for the first time. These compounds 

may be released during PVC or biomass burning, or can be generated biogenically.1,2,3 

Additionally, I explored a first stage of secondary organic aerosol particle formation, which may 

involve the aggregation of semi-volatile organic compounds with water or themselves. In these 

investigations, I utilized a combination of jet-cooled Fourier transformation microwave 

spectroscopy and quantum chemical calculations. Very detailed and specific information 

regarding the conformational landscapes and large amplitude motions of these compounds and 

their non-covalently bonded complexes was obtained. The roles of intra- and intermolecular non-

covalent interactions in preferentially stabilizing specific conformers were examined in 

considerable detail. The significant results, presented in Chapter 3 to 5, are outlined below.   

To examine substances such as hydrogen chloride, semi-volatile organic compounds, and 

aerosol particles emitted during PVC pyrolysis, multiple sophisticated instruments are required. I 

have taken on the responsibility of setting up new laboratory components and integrating them 

with the existing smog chamber4,5 specifically for this research activity. This involved 

configuring advanced equipment to ensure precise measurements, identifying essential 

spectroscopic instruments and chemical kits for specific characterization, and interpretating the 

data. My efforts in developing and refining the instrumentation are detailed in Chapter 6, while 

the key points are summarized below. The final result chapter of my thesis, Chapter 7, presents a 

series of experiments aimed at characterizing various substances emitted during PVC pyrolysis.  

These experiments include determining aerosol particle size distributions and examining their 

wavelength-dependent absorption under these conditions. The key and intriguing findings of 

these experiments are highlighted below. 
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In Chapter 3, the conformational preferences of four substituted benzoic acids: para-

aminobenzoic acid, para-nitrobenzoic acid, para-chlorobenzoic acid, and para-hydroxybenzoic 

acid were investigated using chirped pulse Fourier transform microwave spectroscopy and 

quantum chemical calculations. I experimentally identified the lowest energy conformer of each 

acid which contain a planar carboxylic acid group in its cis-configuration in all cases. In the case 

of para-hydroxybenzoic acid, two cis-conformers were observed, related to different relative 

orientations between the OH and the COOH groups. Theoretically, the trans-conformers are 

approximately 23 kJ mol-1 higher in energy than the global minimum cis-conformers, with the 

carboxylic acid group being out-of-plane with respect to the benzene ring. A comparative 

analysis of the electron density distribution of in these trans-conformers indicates that different 

degrees of out-of-plane excursion experienced by the carboxylic acid group is related to the 

electron donating or withdrawing nature of the para-substituents. From a nucleation perspective, 

these benzoic acid derivatives exhibit a similar carboxylic acid conformational preference as 

benzoic acid,6 3,5-difluorobenzoic acid,7 ortho- and para-toluic acid,8,9 whereas the functional 

groups substituted at the para-position may offer additional binding sites for intermolecular non-

covalent interactions. Additionally, there is on-going interested in probing how the substitution in 

the para position of benzoic acid influences the double proton tunnelling in binary complexes of 

substituted benzoic acids.10 para-chlorobenzoic acid may be a product of PVC pyrolysis and 

could be a component of the emitted aerosol particles. 

In Chapter 4, I explored the conformational flexibility of vanillic acid and its 

monohydrate using electronic structure calculations and Fourier transform microwave 

spectroscopy. This study aims to shed light on the preferential binding of water in a highly 

functionalized benzoic acid derivative. Vanillic acid is a semi-volatile benzoic acid derivative 
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released during biomass burning.2 Guided by quantum chemical calculations, two conformers of 

the monomer and monohydrate were identified experimentally. In the two lowest energy 

conformers of the monomer and the monohydrate, the carboxylic acid functional group adopts 

the cis-configuration, similar to my findings in Chapter 3. Additionally, the hydroxyl group and 

methoxy group form an intramolecular hydrogen bond that potentially limits their interaction 

with the first water molecule. The structure of the monohydrate has the carboxylic acid forming a 

five-membered ring with the water molecule through two hydrogen bonds. This bonding motif is 

similar to benzoic acid-water,6 p- and o-toluic acid – water,11,12 and oxalic acid-water.13 Building 

upon the findings in Chapter 3, this study demonstrates that ortho-functional groups possess the 

potential to interact with each other, thereby limiting their involvement in the initial cluster 

formation. However, this does not necessarily imply their exclusion from cluster formation; 

rather, it presents a possibility that must be taken into account when seeking to comprehend the 

early stages of cluster formation.  

In Chapter 5, I transitioned to a larger, volatile aromatic organic molecule, i.e., benzyl 

benzoate, and its non-covalently bonded dimer. Benzyl benzoate is an ester with terminal benzyl 

and phenyl groups, constituting a high molecular weight biogenically emitted semi-volatile 

organic compound.3 This study uses benzyl benzoate as a proxy to understand how large semi-

volatile aromatic compounds may aggregate. Benzyl benzoate is unique in that it is much more 

flexible than naphthalene and can exist in multiple low energy conformers. Experimentally, two 

conformers of the monomer were identified. Aided by quantum chemical calculations, I showed 

that CH···O hydrogen bonding interactions play a larger role in the structural preference than the 

interactions responsible for the π- π stacking structural motif, i.e., dispersion forces and a 

reduction in Pauli exchange repulsion,  
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The situation changes drastically in the corresponding dimer, where dispersion 

interactions, which favor a parallel-displaced π-π stacking structural motif, play a central role in 

stabilizing the preferred binary conformers. This preference for the π-π stacking structural motif 

mirrors that observed in the 2-naphthalenethiol dimer14 and the 1-naphol dimer.15 Additionally,  

two C-H⋯ π interactions are present in the benzyl benzoate dimer. This study highlights the 

importance of the π-π stacking structural motif for larger semi-volatile aromatic compounds in 

cluster formation.  

In Chapter 6, I describe instruments used for my studies of emissions from PVC 

pyrolysis. This includes brief explanations of the operating principles of some of the commercial 

instruments I used, such as the scanning mobility particle sizer, which consists of a differential 

mobility analyzer and condensation particle counter, to study aerosol particle size distributions 

and an aethalometer to measure the wavelength dependence of aerosol particle absorption. The 

process of measuring the hydrogen chloride concentrations in the emissions is described in 

detail. The setup of the photo-reaction chamber, which I renovated and made operational again, 

is given as well as the details of the design and operational procedure for the tube furnace which 

I constructed for the PVC pyrolysis. 

In Chapter 7, I describe my experimental studies of the emissions from PVC pyrolysis. A 

61% loss of mass after 40 min PVC pyrolysis at 350°C is observed. The gaseous emissions from 

this process consist of a mixture of hydrogen chloride, volatile organic compounds, and aerosol 

particles.16 Of those emission an average of 25% is HCl. The aerosol particle emissions are 

predominantly composed of organic compounds that form concentration-dependent 

agglomerates. The emitted aerosol particles have a unimodal size distribution between 25 nm and 

900 nm, with a mean size of approximately 150 nm. This is comparable to the accumulation 
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mode of biomass burning, which ranges in mean size between 100 nm and 150 nm.17 The 

absorption Ångstrom coefficient, AAC, a measure of the wavelength dependence of absorption,18 

was determined to be between 5.8 and 6.1. This can be compared to an AAC of 1 for black 

carbon-rich aerosol particles emitted by biomass burning.19 This suggests that the semi-volatile 

compounds that make up these aerosols preferentially absorb at lower wavelengths and, if 

deposited onto black carbon aerosols, may influence their impact on solar radiation. 

Many of the studies outlined in this thesis are starting points for future studies, some of 

which have already began. For instance, the studies on para-substituted benzoic acid derivative 

described in Chapter 3 have laid the groundwork for investigations on double proton tunneling in 

dimers of benzoic acid with the para-substituted species. In this study, how the para-substitution 

affects the barrier to double proton exchange in the heterodimers is being investigated. A 

collaboration with the Cvitaš group in Croatia is ongoing, and a graduate student, Mihael 

Eraković, has been visiting our laboratory to participate in measurements. We have already 

identified and analyzed the spectrum of the para-nitrobenzoic acid – benzoic acid dimer. From 

the observed tunneling splittings, a barrier was determined experimentally which we compared 

with the barrier determined from instanton calculations done by Mihael Eraković. Further work 

to measure the spectra of the para-chlorobenzoic acid – benzoic acid and the para-aminobenzoic 

acid – benzoic acid heterodimers is underway.  

With the work on PVC pyrolysis described in Chapter 7, I have set up the laboratory 

instrumentation and established the experimental procedures necessary for the studies on co-

pyrolysis of PVC with biomass. Those studies are important to better simulate the conditions in 

open pit waste burning and also those in house fires. Preliminary experiments on wood pyrolysis 

have already begun, together with a summer student, Mason D’Souza.  
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The aerosol particle analysis in Chapter 7 can still be made more comprehensive by, for 

example, including light absorption and scattering measurements with more sensitive 

instruments, such as a photo-acoustic extinctiometer (PAX). I have put a newly purchased PAX 

into operation in our laboratory and established the measurement protocols. Measurements of 

both absorption and scattering coefficients are important to better establish the effects of the 

aerosol particles on our climate in terms of their radiative forcing.
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Appendix A  

Supplementary Information for Chapter 3 

Rotational Spectroscopic Studies of para-Nitrobenzoic acid, para-Aminobenzoic acid, para-
Chlorobenzoic acid, and para-Hydroxybenzoic acid 

 

Contents: 

1. Assigned Rotational Transitions of the p-aminoBA Monomer 
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3. Assigned Rotational Transitions of the p-chloroBA  
a. Table A.3. Assigned transitions of the p-35chloroBA monomer 

b. Table A.4. Assigned transitions of the p-37chloroBA monomer 
4. Assigned Rotational Transition of the conformers of p-hydroxyBA 

a. Table A.5. Assigned transitions of the p-hydroxyBA-I monomer  

b. Table A.6. Assigned transitions of the p-hydroxyBA-II monomer 
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Table A.1. Assigned transitions of the cis-p-aminoBA monomer. 

J' Ka' Kc' F' - J'' Ka'' Kc'' F'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

2 1 2 1 - 1 1 1 1 2765.0546 0.0020 

2 1 2 3 - 1 1 1 2 2766.3849 0.0032 

2 1 2 2 - 1 1 1 1 2767.2036 0.0002 

2 1 2 2 - 1 1 1 2 2767.7637 -0.0006 

2 0 2 1 - 1 0 1 1 2896.3333 0.0005 

2 0 2 3 - 1 0 1 2 2897.5292 0.0097 

2 0 2 1 - 1 0 1 0 2898.1540 -0.0014 

2 0 2 2 - 1 0 1 2 2898.3436 0.0004 

2 1 1 1 - 1 1 0 0 3035.7329 0.0035 

2 1 1 2 - 1 1 0 2 3036.7290 0.0001 

2 1 1 3 - 1 1 0 2 3037.3303 0.0000 

2 1 1 2 - 1 1 0 1 3038.0208 0.0013 

2 1 1 1 - 1 1 0 1 3038.9586 0.0024 

1 1 0 1 - 1 0 1 1 3174.3559 -0.0019 

1 1 0 1 - 1 0 1 2 3175.0861 -0.0008 

1 1 0 2 - 1 0 1 1 3175.6498 0.0014 

1 1 0 2 - 1 0 1 2 3176.3768 -0.0006 

1 1 0 0 - 1 0 1 1 3177.5844 -0.0002 

2 1 1 2 - 2 0 2 2 3314.7698 0.0067 

2 1 1 3 - 2 0 2 2 3315.3623 -0.0022 

2 1 1 2 - 2 0 2 3 3315.5954 0.0084 

2 1 1 3 - 2 0 2 3 3316.1901 0.0017 

2 1 1 1 - 2 0 2 1 3316.9839 0.0028 

3 1 2 3 - 3 0 3 3 3532.8424 0.0060 

3 1 2 3 - 3 0 3 4 3533.7523 -0.0044 

3 1 2 4 - 3 0 3 4 3534.1689 0.0051 

3 1 2 2 - 3 0 3 2 3534.6316 0.0027 

7 1 6 7 - 7 1 7 7 3771.0603 -0.0085 

7 1 6 6 - 7 1 7 6 3773.5368 0.0107 

4 1 3 4 - 4 0 4 4 3838.4877 0.0014 

4 1 3 4 - 4 0 4 5 3839.5172 0.0008 

4 1 3 5 - 4 0 4 5 3839.8286 0.0013 

4 1 3 3 - 4 0 4 3 3840.1737 0.0012 

3 1 3 2 - 2 1 2 2 4145.1077 0.0004 

3 1 3 4 - 2 1 2 3 4147.0663 -0.0011 

3 1 3 3 - 2 1 2 3 4148.7160 -0.0014 

5 1 4 5 - 5 0 5 5 4243.7226 0.0016 

5 1 4 6 - 5 0 5 6 4245.1191 -0.0005 

5 1 4 4 - 5 0 5 4 4245.4052 0.0004 

3 0 3 2 - 2 0 2 2 4334.1513 -0.0023 

3 0 3 4 - 2 0 2 3 4335.3125 0.0130 
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3 0 3 3 - 2 0 2 3 4336.2177 -0.0020 

3 2 2 2 - 2 2 1 1 4352.3969 -0.0007 

3 2 2 4 - 2 2 1 3 4352.8316 0.0000 

3 2 2 3 - 2 2 1 2 4353.6120 -0.0008 

3 2 1 2 - 2 2 0 1 4370.0939 0.0045 

3 2 1 4 - 2 2 0 3 4370.5057 -0.0024 

3 2 1 3 - 2 2 0 2 4371.2217 -0.0004 

1 1 1 0 - 0 0 0 1 4490.6970 -0.0016 

1 1 1 2 - 0 0 0 1 4491.5404 -0.0003 

1 1 1 1 - 0 0 0 1 4492.0992 -0.0025 

3 1 2 3 - 2 1 1 3 4552.8678 0.0000 

3 1 2 2 - 2 1 1 1 4553.0808 -0.0019 

3 1 2 4 - 2 1 1 3 4553.2731 -0.0018 

3 1 2 3 - 2 1 1 2 4553.4673 -0.0019 

3 1 2 2 - 2 1 1 2 4554.0128 -0.0067 

6 1 5 6 - 6 0 6 6 4761.7732 0.0036 

6 1 5 7 - 6 0 6 7 4763.2491 0.0016 

6 1 5 5 - 6 0 6 5 4763.5004 0.0032 

7 1 6 7 - 7 0 7 7 5405.3341 -0.0025 

7 1 6 8 - 7 0 7 8 5406.8985 -0.0030 

7 1 6 6 - 7 0 7 6 5407.1268 -0.0006 

4 1 4 3 - 3 1 3 3 5522.4335 -0.0013 

4 1 4 5 - 3 1 3 4 5524.5436 -0.0018 

4 1 4 3 - 3 1 3 2 5524.6724 0.0100 

4 1 4 4 - 3 1 3 4 5526.3329 -0.0033 

4 0 4 3 - 3 0 3 3 5758.8311 -0.0029 

4 0 4 4 - 3 0 3 3 5760.1318 0.0028 

4 0 4 4 - 3 0 3 4 5761.0461 -0.0031 

4 2 3 4 - 3 2 2 3 5800.8115 -0.0055 

2 1 2 1 - 1 0 1 1 5805.5428 -0.0020 

2 1 2 3 - 1 0 1 2 5807.0423 0.0002 

2 1 2 1 - 1 0 1 0 5807.3676 0.0001 

2 1 2 2 - 1 0 1 1 5807.6935 -0.0022 

2 1 2 2 - 1 0 1 2 5808.4258 0.0009 

4 3 2 3 - 3 3 1 2 5812.1424 0.0012 

4 3 2 5 - 3 3 1 4 5812.4151 -0.0017 

4 3 1 3 - 3 3 0 2 5812.6857 0.0017 

4 3 2 4 - 3 3 1 3 5813.1206 0.0017 

4 3 1 4 - 3 3 0 3 5813.6560 -0.0029 

4 1 3 4 - 3 1 2 4 6065.3671 -0.0046 

4 1 3 3 - 3 1 2 3 6066.1663 -0.0039 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
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Table A.2. Assigned transitions of the cis-p-nitroBA monomer. 

J' Ka' Kc' F' - J' Ka'' Kc'' F'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

3 1 3 3 - 2 1 2 3 2551.4090 0.0034 

3 1 3 2 - 2 1 2 2 2552.1310 -0.0016 

1 1 0 1 - 1 0 1 0 2577.5650 0.0030 

1 1 0 2 - 1 0 1 2 2577.8190 -0.0002 

1 1 0 1 - 1 0 1 1 2578.3800 -0.0015 

3 0 3 4 - 2 0 2 3 2644.3560 0.0023 

3 0 3 2 - 2 0 2 2 2644.8400 0.0041 

3 2 2 3 - 2 2 1 2 2648.9710 0.0044 

3 2 2 4 - 2 2 1 3 2649.3210 0.0033 

3 2 2 2 - 2 2 1 1 2649.5140 0.0011 

3 2 1 3 - 2 2 0 2 2653.8730 0.0045 

3 2 1 4 - 2 2 0 3 2654.2210 0.0043 

3 2 1 2 - 2 2 0 1 2654.4140 0.0028 

3 1 2 4 - 2 1 1 3 2745.2400 -0.008 

4 1 3 5 - 4 0 4 5 2883.2370 0.0105 

4 1 3 4 - 4 0 4 4 2883.3730 0.0031 

9 1 8 10 - 9 1 9 10 2889.2380 0.004 

9 1 8 9 - 9 1 9 9 2889.3910 -0.0091 

5 1 4 5 - 5 0 5 5 3063.4870 0.0063 

6 0 6 7 - 5 1 5 6 3159.8220 0.0055 

6 1 5 7 - 6 0 6 7 3289.0540 -0.0059 

6 1 5 6 - 6 0 6 6 3289.1890 0.0042 

1 1 1 0 - 0 0 0 1 3396.3250 -0.0091 

4 1 4 4 - 3 1 3 4 3400.5290 0.0047 

4 1 4 3 - 3 1 3 3 3401.3760 -0.0015 

4 0 4 4 - 3 0 3 4 3519.7220 0.0043 

4 0 4 5 - 3 0 3 4 3520.0970 -0.0019 

4 0 4 3 - 3 0 3 3 3520.5710 0.0051 

4 2 3 4 - 3 2 2 3 3531.2610 0.0044 

4 2 3 5 - 3 2 2 4 3531.4000 -0.0061 

4 2 2 4 - 3 2 1 3 3543.4930 0.0036 

4 2 2 5 - 3 2 1 4 3543.6320 -0.0028 

7 1 6 8 - 7 0 7 8 3565.0280 -0.0052 

7 1 6 7 - 7 0 7 7 3565.1620 0.005 

4 1 3 4 - 3 1 2 4 3658.6120 0.0044 

4 1 3 3 - 3 1 2 3 3659.1080 0.0061 

8 1 7 9 - 8 0 8 9 3896.0970 -0.0042 

8 1 7 8 - 8 0 8 8 3896.2340 0.0077 

7 0 7 8 - 6 1 6 7 4178.5760 -0.0025 

11 1 10 12 - 11 1 11 12 4214.0370 -0.0047 

11 1 10 11 - 11 1 11 11 4214.2100 0.0034 
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2 1 2 1 - 1 0 1 1 4215.5340 -0.0006 

5 1 5 5 - 4 1 4 5 4248.5220 0.0054 

5 1 5 4 - 4 1 4 4 4249.4270 0.0008 

9 1 8 10 - 9 0 9 10 4286.8210 -0.0034 

9 1 8 9 - 9 0 9 9 4286.960 0.008 

5 0 5 5 - 4 0 4 5 4390.6380 0.0036 

5 0 5 6 - 4 0 4 5 4391.0230 -0.0033 

5 0 5 4 - 4 0 4 4 4391.4920 0.0046 

5 2 4 5 - 4 2 3 5 4412.4630 -0.0083 

5 2 4 6 - 4 2 3 5 4412.6960 -0.0034 

5 4 1 5 - 4 4 0 4 4417.9080 0.0017 

5 3 3 5 - 4 3 2 4 4419.3430 0.0037 

5 2 3 6 - 4 2 2 5 4437.0750 -0.0021 

5 1 4 5 - 4 1 3 5 4570.8890 0.0004 

5 1 4 6 - 4 1 3 5 4571.1460 -0.0043 

5 1 4 4 - 4 1 3 4 4571.4460 0.0045 

10 1 9 11 - 10 0 10 11 4741.0000 0.0004 

10 1 9 10 - 10 0 10 10 4741.1380 0.0076 

2 2 1 1 - 3 1 2 2 4794.6120 -0.0049 

2 2 1 3 - 3 1 2 4 4794.8730 -0.0074 

2 2 1 2 - 3 1 2 3 4795.4230 -0.0038 

3 1 3 3 - 2 0 2 3 5001.5170 0.0022 

3 1 3 4 - 2 0 2 3 5001.8660 -0.0011 

3 1 3 2 - 2 0 2 2 5002.3460 0.0025 

6 1 6 6 - 5 1 5 6 5095.1360 0.0045 

6 1 6 7 - 5 1 5 6 5095.5640 -0.0092 

6 1 6 5 - 5 1 5 5 5096.0720 -0.0004 

8 0 8 9 - 7 1 7 8 5203.1670 -0.007 

6 0 6 6 - 5 0 5 6 5255.6690 0.0026 

6 0 6 7 - 5 0 5 6 5256.0630 -0.0055 

11 1 10 11 - 11 0 11 11 5261.3000 0.0060 

6 1 5 7 - 5 1 4 6 5481.7750 -0.0029 

12 1 11 13 - 12 0 12 13 5848.1430 -0.0093 

12 1 11 12 - 12 0 12 12 5848.2870 -0.0022 

7 1 7 8 - 6 1 6 7 5940.6070 -0.0078 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
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Table A.3. Assigned transitions of the cis-p-35chloroBA monomer. 

J' Ka' Kc' F' - J'' Ka'' Kc'' F'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

5 2 4 4 - 6 1 5 5 3062.3992 0.0016 

5 2 4 7 - 6 1 5 8 3063.4517 -0.0002 

5 2 4 5 - 6 1 5 6 3069.0329 -0.0025 

5 2 4 6 - 6 1 5 7 3070.1487 -0.0033 

1 1 0 1 - 1 0 1 1 3349.5258 0.0035 

6 0 6 6 - 5 1 5 5 3350.9805 0.0071 

6 0 6 7 - 5 1 5 6 3351.0846 -0.0007 

6 0 6 5 - 5 1 5 4 3353.4065 -0.0066 

6 0 6 8 - 5 1 5 7 3353.5533 0.0052 

1 1 0 2 - 1 0 1 1 3364.1034 0.0039 

1 1 0 3 - 1 0 1 3 3370.3789 0.0025 

1 1 0 2 - 1 0 1 3 3378.4489 0.0012 

1 1 0 1 - 1 0 1 2 3381.6991 0.0045 

1 1 0 3 - 1 0 1 2 3388.1979 -0.0026 

1 1 0 2 - 1 0 1 2 3396.2724 0.0005 

2 1 1 2 - 2 0 2 1 3428.3789 0.0014 

2 1 1 3 - 2 0 2 4 3434.1667 -0.0009 

2 1 1 1 - 2 0 2 1 3438.2188 0.0042 

2 1 1 3 - 2 0 2 2 3439.1167 -0.0055 

2 1 1 4 - 2 0 2 4 3443.8654 0.0032 

2 1 1 2 - 2 0 2 2 3446.117 0.001 

2 1 1 3 - 2 0 2 3 3451.993 0.0033 

2 1 1 1 - 2 0 2 2 3455.9565 0.0034 

2 1 1 2 - 2 0 2 3 3458.9864 0.003 

2 1 1 4 - 2 0 2 3 3461.6886 0.0044 

3 1 2 3 - 3 0 3 2 3536.9929 0.0017 

3 1 2 4 - 3 0 3 5 3538.6915 0.002 

3 1 2 4 - 3 0 3 3 3548.1008 0.0019 

3 1 2 2 - 3 0 3 2 3551.2425 0.0008 

3 1 2 5 - 3 0 3 5 3552.8802 0.0009 

3 1 2 3 - 3 0 3 3 3554.7659 0.0015 

3 1 2 4 - 3 0 3 4 3556.4912 0.0026 

3 1 2 3 - 3 0 3 4 3563.1608 0.0067 

3 1 2 2 - 3 0 3 3 3569.0155 0.0007 

3 1 2 5 - 3 0 3 4 3570.6799 0.0016 

4 1 3 4 - 4 0 4 3 3684.4343 -0.0007 

4 1 3 5 - 4 0 4 6 3685.0674 -0.0032 

4 1 3 5 - 4 0 4 4 3696.5446 -0.0002 

4 1 3 3 - 4 0 4 3 3700.4455 -0.0015 

4 1 3 6 - 4 0 4 6 3701.0505 -0.0023 

4 1 3 4 - 4 0 4 4 3702.1838 -0.0021 
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4 1 3 5 - 4 0 4 5 3702.8311 -0.0019 

4 1 3 4 - 4 0 4 5 3708.4711 -0.0031 

4 1 3 3 - 4 0 4 4 3718.1963 -0.0016 

4 1 3 6 - 4 0 4 5 3718.8201 0.0048 

5 1 4 5 - 5 0 5 4 3874.7511 0.0033 

5 1 4 6 - 5 0 5 7 3874.9913 -0.0028 

5 1 4 6 - 5 0 5 5 3887.6611 -0.004 

5 1 4 4 - 5 0 5 4 3891.6342 -0.0006 

5 1 4 7 - 5 0 5 7 3891.8645 0.0002 

5 1 4 5 - 5 0 5 5 3892.4559 0.0001 

5 1 4 6 - 5 0 5 6 3892.7092 0.0007 

5 1 4 5 - 5 0 5 6 3897.4994 0.0003 

5 1 4 4 - 5 0 5 5 3909.3394 -0.0034 

5 1 4 7 - 5 0 5 6 3909.5815 0.0029 

6 1 5 7 - 6 0 6 6 4125.3288 0.0066 

6 1 5 8 - 6 0 6 8 4129.2457 -0.0007 

6 1 5 6 - 6 0 6 7 4133.6675 -0.0004 

6 1 5 5 - 6 0 6 6 4146.8343 -0.0011 

4 2 3 3 - 5 1 4 4 4302.1065 -0.0044 

4 2 3 6 - 5 1 4 7 4304.3081 -0.0050 

4 2 3 4 - 5 1 4 5 4311.7854 -0.0053 

4 2 3 5 - 5 1 4 6 4314.0949 -0.0048 

1 1 1 1 - 0 0 0 2 4336.3506 0.0029 

1 1 1 3 - 0 0 0 2 4344.1772 0.0032 

1 1 1 2 - 0 0 0 2 4353.938 0.0034 

7 1 6 8 - 7 0 7 7 4413.9254 -0.0002 

7 1 6 6 - 7 0 7 6 4417.4884 0.0041 

7 1 6 9 - 7 0 7 9 4417.5972 0.0055 

7 1 6 7 - 7 0 7 8 4421.135 0.0012 

7 0 7 7 - 6 1 6 6 4548.2469 -0.0035 

7 0 7 8 - 6 1 6 7 4548.4096 0.0000 

7 0 7 9 - 6 1 6 8 4550.2954 -0.0085 

10 3 8 9 - 11 2 9 10 4705.8955 0.0059 

10 3 8 12 - 11 2 9 13 4706.136 0.0075 

10 3 8 10 - 11 2 9 11 4709.0787 0.0022 

10 3 8 11 - 11 2 9 12 4709.3394 0.0072 

2 1 2 2 - 1 0 1 1 5298.8321 -0.0013 

2 1 2 1 - 1 0 1 1 5306.9853 0.0013 

2 1 2 3 - 1 0 1 3 5307.3587 -0.0027 

2 1 2 3 - 1 0 1 2 5325.1883 0.0026 

2 1 2 2 - 1 0 1 2 5331.007 0.0013 

2 1 2 1 - 1 0 1 2 5339.1546 -0.0016 

3 2 2 2 - 4 1 3 3 5506.6012 0.0017 

3 2 2 5 - 4 1 3 6 5512.1127 -0.0028 

3 2 2 3 - 4 1 3 4 5522.4756 -0.0089 
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3 2 2 4 - 4 1 3 5 5528.1768 -0.0074 

10 1 9 12 - 10 0 10 12 5635.0254 0.0046 

8 0 8 8 - 7 1 7 7 5756.3709 -0.0011 

8 0 8 9 - 7 1 7 8 5756.4841 -0.0119 

8 0 8 7 - 7 1 7 6 5757.8687 -0.0064 

8 0 8 10 - 7 1 7 9 5758.0058 -0.0041 

9 3 7 8 - 10 2 8 9 5908.1630 -0.0040 

9 3 7 11 - 10 2 8 12 5908.5045 -0.0022 

9 3 7 9 - 10 2 8 10 5911.9340 -0.0062 

9 3 7 10 - 10 2 8 11 5912.3018 -0.0008 

3 1 3 4 - 2 0 2 4 6239.3816 0.0051 

3 1 3 2 - 2 0 2 1 6245.0626 0.0024 

3 1 3 3 - 2 0 2 2 6250.2282 0.00300 

3 1 3 5 - 2 0 2 4 6251.8890 0.0047 

3 1 3 4 - 2 0 2 3 6257.2019 0.0034 

3 1 3 2 - 2 0 2 2 6262.8060 0.0072 

3 1 3 3 - 2 0 2 3 6263.0933 0.0007 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
 

 

Table A.4. Assigned transitions of the cis-p-37chlorBA monomer. 

J' Ka' Kc' F' - J'' Ka'' Kc'' F'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

5 2 4 4 - 6 1 5 5 3271.7494 0.0051 

5 2 4 7 - 6 1 5 8 3272.5778 -0.0029 

5 2 4 5 - 6 1 5 6 3276.9815 -0.0013 

5 2 4 6 - 6 1 5 7 3277.8564 -0.0026 

1 1 0 2 - 1 0 1 1 3376.7963 0.0057 

1 1 0 1 - 1 0 1 2 3390.6565 -0.0007 

1 1 0 3 - 1 0 1 2 3395.7824 0.0005 

1 1 0 2 - 1 0 1 2 3402.1508 0.0018 

2 1 1 1 - 2 0 2 1 3446.9154 0.0009 

2 1 1 3 - 2 0 2 2 3447.6629 0.0018 

2 1 1 4 - 2 0 2 4 3451.3896 0.0038 

2 1 1 2 - 2 0 2 2 3453.1737 0.0026 

2 1 1 3 - 2 0 2 3 3457.7859 -0.0003 

2 1 1 3 - 2 0 2 3 3457.7861 -0.0001 

2 1 1 1 - 2 0 2 2 3460.9115 -0.0029 

2 1 1 2 - 2 0 2 3 3463.2987 0.0024 

3 1 2 4 - 3 0 3 5 3543.9722 -0.0071 

3 1 2 2 - 3 0 3 2 3553.8744 0.0014 

3 1 2 5 - 3 0 3 5 3555.1741 0.0037 
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3 1 2 3 - 3 0 3 3 3556.6622 0.0002 

3 1 2 4 - 3 0 3 4 3558.0157 0.0012 

3 1 2 2 - 3 0 3 3 3567.8876 -0.0039 

3 1 2 5 - 3 0 3 4 3569.2116 0.0060 

4 1 3 4 - 4 0 4 3 3683.1238 -0.0032 

4 1 3 5 - 4 0 4 6 3683.628 0.0008 

4 1 3 5 - 4 0 4 4 3692.685 0.0001 

4 1 3 3 - 4 0 4 3 3695.748 0.0000 

4 1 3 6 - 4 0 4 6 3696.2291 0.0000 

4 1 3 4 - 4 0 4 4 3697.126 -0.0012 

4 1 3 5 - 4 0 4 5 3697.6351 0.0005 

4 1 3 3 - 4 0 4 4 3709.7388 -0.0093 

4 1 3 6 - 4 0 4 5 3710.2349 -0.0016 

5 1 4 4 - 5 0 5 4 3877.5118 0.0018 

5 1 4 7 - 5 0 5 7 3877.6941 0.0007 

5 1 4 6 - 5 0 5 6 3878.3635 0.0000 

5 1 4 5 - 5 0 5 6 3882.1406 0.0048 

1 1 1 1 - 0 0 0 2 4328.1242 -0.0099 

1 1 1 3 - 0 0 0 2 4334.3049 0.0036 

1 1 1 3 - 0 0 0 2 4334.3055 0.0042 

1 1 1 2 - 0 0 0 2 4341.9983 0.0023 

7 0 7 9 - 6 1 6 8 4351.0360 -0.0086 

4 2 3 3 - 5 1 4 4 4479.5857 0.0043 

4 2 3 6 - 5 1 4 7 4481.3261 0.0000 

4 2 3 4 - 5 1 4 5 4487.2200 -0.0019 

9 1 8 11 - 9 0 9 11 5084.9399 0.0015 

2 1 2 2 - 1 0 1 1 5271.7881 -0.0008 

2 1 2 1 - 1 0 1 1 5278.2078 0.0013 

2 1 2 3 - 1 0 1 3 5278.5108 0.0026 

2 1 2 4 - 1 0 1 3 5284.8354 0.0016 

2 1 2 3 - 1 0 1 2 5292.5681 0.0032 

2 1 2 2 - 1 0 1 2 5297.1465 -0.0007 

3 2 2 5 - 4 1 3 6 5658.5016 -0.0084 

3 1 3 2 - 2 0 2 1 6196.8886 0.0010 

3 1 3 3 - 2 0 2 2 6200.9798 0.0021 

3 1 3 5 - 2 0 2 4 6202.2805 0.0039 

3 1 3 4 - 2 0 2 3 6206.4607 -0.0009 

4 1 4 3 - 3 0 3 2 7085.4413 -0.0012 

4 1 4 5 - 3 0 3 4 7090.7741 -0.0036 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
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Table A.5. Assigned transitions of the cis-p-hydroxyBA-I monomer. 

J' Ka' Kc' - J'' Ka'' Kc'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

2 1 2 - 1 1 1 2762.3180 0.0028 

3 1 3 - 2 1 2 4140.7980 0.0005 

3 1 2 - 2 1 1 4544.6020 0.0009 

2 0 2 - 1 0 1 2892.5980 0.0009 

2 1 1 - 1 1 0 3031.5780 0.0018 

3 0 3 - 2 0 2 4328.0580 0.0038 

3 2 2 - 2 2 1 4345.4200 0.0015 

3 2 1 - 2 2 0 4362.7900 0.0071 

4 1 4 - 3 1 3 5516.1910 0.0001 

4 0 4 - 3 0 3 5750.6800 0.0037 

4 2 3 - 3 2 2 5790.5070 -0.0012 

4 3 1 - 3 3 0 5802.8560 -0.0017 

4 2 2 - 3 2 1 5833.7140 -0.0078 

4 1 3 - 3 1 2 6054.1850 -0.0011 

5 1 5 - 4 1 4 6887.6630 -0.0009 

5 0 5 - 4 0 4 7156.7300 -0.0032 

7 1 6 - 7 1 7 3751.3320 0.0018 

8 1 7 - 8 1 8 4806.5710 -0.0032 

6 1 5 - 6 1 6 2819.8910 0.0031 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
 

 

Table A.6. Assigned transitions of the cis-p-hydroxyBA-II monomer. 

J' Ka' Kc' - J'' Ka'' Kc'' 𝑣𝑎/ MHz 𝑣𝑏/ MHz 

7 1 6 - 6 2 5 2547.3480 -0.0092 

2 1 2 - 1 1 1 2762.1080 0.0013 

2 0 2 - 1 0 1 2892.3690 0.0038 

3 2 2 - 4 1 3 2921.8170 -0.0046 

4 0 4 - 3 1 3 3009.5060 0.0021 

2 1 1 - 1 1 0 3031.3190 0.0028 

1 1 0 - 1 0 1 3192.8220 0.0044 

2 1 1 - 2 0 2 3331.7720 0.0035 

7 3 5 - 8 2 6 3378.2340 -0.0029 

3 1 2 - 3 0 3 3548.2740 0.0053 

7 1 6 - 7 1 7 3750.6290 0.0017 

4 1 3 - 4 0 4 3851.7120 0.0038 
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3 1 3 - 2 1 2 4140.4880 0.0019 

5 1 4 - 5 0 5 4253.8540 0.0032 

3 0 3 - 2 0 2 4327.7140 0.0015 

3 2 2 - 2 2 1 4345.0700 0.0029 

3 2 1 - 2 2 0 4362.4240 0.0022 

8 1 7 - 7 2 6 4469.6640 -0.0087 

1 1 1 - 0 0 0 4506.5710 0.0025 

3 1 2 - 2 1 1 4544.2160 0.0033 

2 2 1 - 3 1 2 4630.4200 -0.0057 

5 0 5 - 4 1 4 4649.9210 0.0011 

6 1 5 - 6 0 6 4767.7460 0.0076 

8 1 7 - 8 1 8 4805.6790 -0.0066 

6 3 4 - 7 2 5 5074.6830 -0.0033 

7 1 6 - 7 0 7 5405.9730 0.0023 

2 2 0 - 3 1 3 5442.3090 -0.0037 

4 1 4 - 3 1 3 5515.7770 -0.0014 

4 0 4 - 3 0 3 5750.2320 0.0002 

4 2 3 - 3 2 2 5790.0420 0.0004 

4 3 2 - 3 3 1 5801.8550 -0.0028 

2 1 2 - 1 0 1 5820.3210 0.0015 

4 2 2 - 3 2 1 5833.2320 0.0008 

4 1 3 - 3 1 2 6053.6730 0.0018 

8 1 7 - 8 0 8 6178.5000 0.0013 

6 0 6 - 5 1 5 6305.5510 -0.0028 
a Experimental transition frequency. 
b Experimental transition frequency – Theoretical transition frequency. 
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Appendix B  
Supplementary Information for Chapter 4 

Conformers of Vanillic acid and Its Monohydrate: A Rotational Spectroscopic and Theoretical 

Study 

 

Contents: 

1. Assigned Rotational Transitions of the VA Monomer and Monohydrate 

a. Table B.1. List of Assigned Rotational Transitions of VA-I monomer 
b. Table B.2. List of Assigned Rotational Transitions of VA-II monomer 
c. Table B.3. List of Assigned Rotational Transitions of VA-I-W monohydrate 

d. Table B.4. List of Assigned Rotational Transitions of VA-II-W monohydrate 
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Table B.1. List of the assigned rotational transitions of the VA-I monomer. 

J' Ka' Kc' - J'' Ka'' Kc'' va / MHZ vb / MHZ 

2 0 2 - 1 0 1 2186.582 0.008 

4 1 3 - 4 0 4 2231.231 0.001 

2 1 1 - 1 1 0 2396.814 -0.004 

3 0 3 - 2 1 2 2443.336 0.005 

4 2 2 - 4 1 3 2565.160 -0.001 

5 2 3 - 5 1 4 2579.051 0.002 

3 2 1 - 3 1 2 2673.298 0.002 

6 2 4 - 6 1 5 2765.778 0.003 

2 2 0 - 2 1 1 2838.009 -0.005 

2 1 2 - 1 0 1 2963.772 -0.003 

5 1 4 - 5 0 5 2964.886 -0.004 

3 1 3 - 2 1 2 3024.463 -0.001 

7 2 5 - 7 1 6 3161.466 0.000 

3 0 3 - 2 0 2 3220.532 0.000 

3 2 2 - 2 2 1 3317.156 0.001 

3 2 1 - 2 2 0 3413.775 -0.004 

3 1 2 - 2 1 1 3578.491 -0.007 

4 0 4 - 3 1 3 3616.060 0.001 

5 1 4 - 4 2 3 3642.164 0.002 

3 2 2 - 3 1 3 3661.985 0.003 

8 2 6 - 8 1 7 3784.998 -0.002 

3 1 3 - 2 0 2 3801.653 -0.012 

6 1 5 - 6 0 6 3865.968 -0.001 

9 3 6 - 9 2 7 3893.549 -0.003 

8 3 5 - 8 2 6 3907.071 -0.002 

4 1 4 - 3 1 3 4008.086 0.002 

4 2 3 - 4 1 4 4057.343 -0.002 

7 3 4 - 7 2 5 4089.885 -0.003 

4 0 4 - 3 0 3 4197.193 0.001 

6 3 3 - 6 2 4 4368.335 0.004 

4 2 3 - 3 2 2 4403.439 -0.008 

4 3 2 - 3 3 1 4466.900 0.001 

4 3 1 - 3 3 0 4479.388 -0.001 

5 2 4 - 5 1 5 4554.763 0.000 

4 1 4 - 3 0 3 4589.212 -0.006 

4 2 2 - 3 2 1 4628.989 0.010 

5 3 2 - 5 2 3 4660.301 -0.002 

5 0 5 - 4 1 4 4734.622 0.004 
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4 1 3 - 3 1 2 4737.115 0.001 

7 1 6 - 7 0 7 4876.822 0.001 

4 3 1 - 4 2 2 4897.682 0.003 

5 1 5 - 4 1 4 4976.003 0.001 

3 3 0 - 3 2 1 5047.271 0.002 

6 1 5 - 5 2 4 5102.367 0.002 

5 0 5 - 4 0 4 5126.642 -0.001 

6 2 5 - 6 1 6 5149.059 0.001 

3 3 1 - 3 2 2 5166.649 -0.001 

2 2 1 - 1 1 0 5209.982 0.014 

4 3 2 - 4 2 3 5230.101 -0.001 

5 3 3 - 5 2 4 5350.905 -0.002 

5 1 5 - 4 0 4 5368.027 0.000 

2 2 0 - 1 1 1 5420.210 -0.002 

5 2 4 - 4 2 3 5473.421 0.001 

6 3 4 - 6 2 5 5547.416 0.004 

5 4 2 - 4 4 1 5583.753 0.002 

5 4 1 - 4 4 0 5584.925 0.000 

5 3 3 - 4 3 2 5594.228 0.002 

6 0 6 - 5 1 5 5791.144 -0.016 

7 3 5 - 7 2 6 5834.386 -0.003 

5 1 4 - 4 1 3 5860.303 0.000 

5 2 3 - 4 2 2 5874.191 0.000 

6 1 6 - 5 1 5 5929.510 0.001 

6 0 6 - 5 0 5 6032.549 0.004 

3 2 2 - 2 1 1 6130.306 0.001 

6 1 6 - 5 0 5 6170.897 0.004 
a Experimental transitions frequency. 
b Experimental transition frequency – theoretical transition frequency 
 

Table B.2. List of the assigned transitions of the VA-II monomer. 

J' Ka' Kc' - J'' Ka'' Kc'' va / MHZ vb / MHZ 

1 1 1 - 0 0 0 2027.874 -0.003 

2 1 2 - 1 1 1 2037.109 -0.008 

2 0 2 - 1 0 1 2200.382 0.001 

4 1 3 - 4 0 4 2249.344 -0.001 

4 1 3 - 3 2 2 2296.613 0.004 

3 0 3 - 2 1 2 2486.215 0.003 

4 2 2 - 4 1 3 2505.864 0.003 

5 2 3 - 5 1 4 2536.557 0.001 

3 2 1 - 3 1 2 2606.077 0.006 
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6 2 4 - 5 3 3 2719.667 0.013 

6 2 4 - 6 1 5 2749.568 0.005 

2 2 0 - 2 1 1 2769.757 0.006 

2 1 2 - 1 0 1 2951.499 0.003 

5 1 4 - 5 0 5 3005.624 -0.001 

3 1 3 - 2 1 2 3040.061 -0.001 

7 2 5 - 7 1 6 3180.741 -0.001 

3 0 3 - 2 0 2 3237.330 0.003 

2 2 1 - 2 1 2 3312.771 -0.003 

3 2 2 - 2 2 1 3340.496 0.002 

3 2 1 - 2 2 0 3443.654 -0.007 

3 1 2 - 2 1 1 3607.344 0.003 

3 2 2 - 3 1 3 3613.212 0.006 

4 0 4 - 3 1 3 3660.467 -0.003 

5 1 4 - 4 2 3 3763.491 0.001 

3 1 3 - 2 0 2 3791.179 0.002 

8 3 5 - 8 2 6 3807.052 -0.005 

9 3 6 - 9 2 7 3834.064 -0.002 

8 2 6 - 8 1 7 3846.028 -0.005 

6 1 5 - 6 0 6 3927.675 -0.003 

7 3 4 - 7 2 5 3965.381 0.003 

4 2 3 - 4 1 4 4019.050 0.006 

4 1 4 - 3 1 3 4027.351 0.000 

10 3 7 - 10 2 8 4097.775 0.000 

4 0 4 - 3 0 3 4214.320 -0.001 

6 3 3 - 6 2 4 4235.187 -0.002 

7 2 5 - 6 3 4 4361.039 0.002 

4 2 3 - 3 2 2 4433.182 -0.007 

4 3 2 - 3 3 1 4500.879 0.007 

4 3 1 - 3 3 0 4514.844 0.001 

5 2 4 - 5 1 5 4529.286 0.001 

5 3 2 - 5 2 3 4530.590 0.003 

4 1 4 - 3 0 3 4581.199 -0.002 

4 2 2 - 3 2 1 4672.687 0.000 

9 2 7 - 9 1 8 4727.789 0.003 

4 1 3 - 3 1 2 4772.898 0.001 

5 0 5 - 4 1 4 4776.914 0.004 

3 3 0 - 3 2 1 4934.784 0.007 

7 1 6 - 7 0 7 4952.472 -0.001 

5 1 5 - 4 1 4 4998.207 0.005 

3 3 1 - 3 2 2 5062.197 -0.004 

4 3 2 - 4 2 3 5129.879 -0.004 

6 2 5 - 6 1 6 5137.918 -0.002 
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5 0 5 - 4 0 4 5143.786 -0.004 

2 2 1 - 1 1 0 5160.010 -0.002 

6 1 5 - 5 2 4 5228.436 0.000 

5 3 3 - 5 2 4 5258.346 0.001 

5 1 5 - 4 0 4 5365.082 -0.001 

2 2 0 - 1 1 1 5376.511 0.004 

6 3 4 - 6 2 5 5466.533 -0.003 

5 2 4 - 4 2 3 5508.440 -0.003 

10 4 6 - 10 3 7 5526.707 -0.002 

5 4 2 - 4 4 1 5626.528 -0.001 

5 4 1 - 4 4 0 5627.903 0.000 

5 3 3 - 4 3 2 5636.880 -0.025 

5 3 2 - 4 3 1 5684.415 -0.005 

7 3 5 - 7 2 6 5769.300 0.001 

10 2 8 - 10 1 9 5770.303 -0.001 

6 0 6 - 5 1 5 5830.039 -0.003 

7 2 6 - 7 1 7 5833.670 -0.004 

5 1 4 - 4 1 3 5900.072 0.002 

5 2 3 - 4 2 2 5930.766 0.000 

9 4 5 - 9 3 6 5936.475 0.006 

6 1 6 - 5 1 5 5954.195 -0.005 

8 1 7 - 8 0 8 6012.003 -0.001 

6 0 6 - 5 0 5 6051.337 0.002 

8 2 6 - 7 3 5 6055.349 0.004 

3 2 2 - 2 1 1 6083.628 -0.001 

6 1 6 - 5 0 5 6175.494 0.002 

8 4 4 - 8 3 5 6325.956 0.002 

6 2 5 - 5 2 4 6562.836 0.001 

8 2 7 - 8 1 8 6601.329 0.002 

7 4 3 - 7 3 4 6632.307 0.001 

7 1 6 - 6 2 5 6646.827 -0.004 

9 3 7 - 9 2 8 6687.008 0.002 

6 4 3 - 5 4 2 6769.590 0.000 

6 3 4 - 5 3 3 6771.024 -0.002 

6 4 2 - 5 4 1 6775.683 0.006 

3 2 1 - 2 1 2 6783.050 -0.001 

7 0 7 - 6 1 6 6832.278 0.000 

6 4 2 - 6 3 3 6835.525 -0.004 

6 3 3 - 5 3 2 6891.005 0.008 

7 1 7 - 6 1 6 6898.393 0.002 

4 2 3 - 3 1 2 6909.480 0.003 

5 4 1 - 5 3 2 6950.851 0.003 

7 0 7 - 6 0 6 6956.435 0.000 
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6 1 5 - 5 1 4 6973.383 -0.005 
a Experimental transitions frequency 
b Experimental transition frequency – theoretical transition frequency 
 

Table B.3. List of the assigned transitions of the VA-I-W monohydrate. 

J' Ka' Kc' - J'' Ka'' Kc'' va / MHZ vb / MHZ 

7 2 5 - 7 1 6 2922.176 -0.003 

8 2 6 - 8 1 7 2929.462 0.000 

6 2 4 - 6 1 5 2971.124 -0.001 

9 2 7 - 9 1 8 3006.576 -0.005 

3 1 3 - 2 0 2 3045.689 -0.001 

5 2 3 - 5 1 4 3059.985 0.001 

8 1 7 - 8 0 8 3123.820 -0.003 

10 2 8 - 10 1 9 3164.627 0.021 

4 2 2 - 4 1 3 3170.515 -0.005 

3 2 1 - 3 1 2 3284.359 0.005 

6 0 6 - 5 1 5 3418.989 0.006 

4 1 4 - 3 0 3 3600.240 0.010 

2 2 1 - 2 1 2 3619.983 -0.002 

9 1 8 - 9 0 9 3698.028 -0.002 

5 1 4 - 4 1 3 3707.187 0.034 

3 2 2 - 3 1 3 3741.990 -0.002 

4 2 3 - 4 1 4 3905.950 -0.007 

5 2 4 - 5 1 5 4112.619 0.001 

5 1 5 - 4 0 4 4130.095 0.001 

7 0 7 - 6 1 6 4192.595 0.002 

10 1 9 - 10 0 10 4334.875 0.011 

6 2 5 - 6 1 6 4362.490 0.006 

6 1 6 - 5 0 5 4645.860 0.003 

7 2 6 - 7 1 7 4655.610 -0.007 

2 2 1 - 1 1 0 4871.510 0.007 

8 0 8 - 7 1 7 4944.351 0.001 

2 2 0 - 1 1 1 4955.260 -0.002 

7 3 5 - 6 3 4 4964.261 0.013 

8 2 7 - 8 1 8 4991.450 -0.001 

11 1 10 - 11 0 11 5017.730 -0.010 

7 1 7 - 6 0 6 5158.841 -0.004 

9 3 6 - 9 2 7 5167.767 -0.004 

10 1 9 - 9 2 8 5342.320 -0.011 

8 3 5 - 8 2 6 5358.210 0.005 

8 0 8 - 7 0 7 5365.083 -0.046 

9 2 8 - 9 1 9 5368.659 -0.004 

3 2 2 - 2 1 1 5497.265 0.003 
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7 3 4 - 7 2 5 5520.570 -0.002 

6 3 3 - 6 2 4 5646.338 0.001 

9 0 9 - 8 1 8 5671.850 0.001 

8 1 8 - 7 0 7 5679.050 0.000 

5 3 2 - 5 2 3 5733.993 0.001 

3 2 1 - 2 1 2 5756.624 0.003 

4 3 1 - 4 2 2 5787.989 -0.003 

3 3 1 - 3 2 2 5836.575 -0.013 

4 3 2 - 4 2 3 5847.533 -0.004 

5 3 3 - 5 2 4 5869.283 -0.004 

6 3 4 - 6 2 5 5906.533 -0.001 

7 3 5 - 7 2 6 5964.281 0.004 

8 3 6 - 8 2 7 6047.550 0.009 

4 2 3 - 3 1 2 6082.625 0.002 

9 3 7 - 9 2 8 6161.100 0.004 

9 1 9 - 8 0 8 6213.338 0.010 

10 0 10 - 9 1 9 6376.129 0.000 
a Experimental transitions frequency. 
b Experimental transition frequency – theoretical transition frequency 
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Table B.4. List of the assigned transitions of the VA-II-W monohydrate. 

J' Ka' Kc' - J'' Ka'' Kc'' va / MHZ vb / MHZ 

3 1 3 - 2 0 2 3032.383 -0.001 

4 2 2 - 4 1 3 3100.284 0.008 

3 2 1 - 3 1 2 3215.012 -0.005 

6 0 6 - 5 1 5 3468.485 0.009 

4 1 4 - 3 0 3 3588.173 -0.001 

3 2 2 - 3 1 3 3683.733 -0.003 

9 1 8 - 9 0 9 3759.074 0.005 

4 2 3 - 4 1 4 3852.202 -0.008 

5 2 4 - 5 1 5 4064.598 0.004 

5 1 5 - 4 0 4 4119.335 -0.002 

7 0 7 - 6 1 6 4242.800 -0.003 

6 2 5 - 6 1 6 4321.373 -0.007 

7 2 6 - 7 1 7 4622.560 0.001 

11 3 8 - 11 2 9 4632.535 0.007 

6 1 6 - 5 0 5 4637.110 0.003 

2 2 1 - 1 1 0 4815.360 0.003 

2 2 0 - 1 1 1 4901.513 0.004 

8 2 7 - 8 1 8 4967.420 0.002 

8 0 8 - 7 1 7 4993.902 0.002 

9 3 6 - 9 2 7 5029.954 0.005 

7 2 5 - 6 2 4 5149.757 -0.014 

7 1 7 - 6 0 6 5153.310 -0.005 

8 3 5 - 8 2 6 5225.180 0.006 

7 3 4 - 7 2 5 5394.034 -0.011 

3 2 2 - 2 1 1 5443.833 0.001 

6 3 3 - 6 2 4 5526.300 -0.009 

5 3 2 - 5 2 3 5619.260 0.002 

4 3 1 - 4 2 2 5676.856 0.011 

8 1 8 - 7 0 7 5678.093 0.002 

3 2 1 - 2 1 2 5710.958 0.003 

9 0 9 - 8 1 8 5719.988 0.005 

4 3 2 - 4 2 3 5740.625 -0.002 

5 3 3 - 5 2 4 5763.896 -0.008 
a Experimental transitions frequency. 
b Experimental transition frequency – theoretical transition frequency 
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Point C.1. Keywords used in Gaussian16 Calculation 

• Opt  

• freq=Vibro 

• b3lyp/def2TZVP 

• empiricaldispersion=gd3bj 

• output=pickett 

 

Table C.1.1. Assigned rotational transitions of the BnBz-g monomer. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz Δva /MHz 

5 0 5 - 4 1 4 1553.1846 0.0014 

10 1 10 - 9 2 7 1789.4182 0.0018 

2 1 2 - 1 0 1 1974.6393 -0.0005 

4 0 4 - 3 0 3 1999.6954 0.0021 

4 1 3 - 3 1 2 2016.7869 0.015 

14 2 13 - 13 3 10 2039.8955 -0.0038 

6 0 6 - 5 1 5 2072.4327 -0.0015 

11 1 11 - 10 2 8 2233.6358 0.0013 

10 1 9 - 9 2 8 2264.4663 -0.0013 

12 5 7 - 13 4 10 2379.358 -0.0174 

12 5 8 - 13 4 9 2379.358 -0.0007 

8 4 5 - 9 3 6 2406.7512 0.0003 

8 4 4 - 9 3 7 2406.9447 0.0009 

4 3 2 - 5 2 3 2433.1674 -0.0002 

4 3 1 - 5 2 4 2435.0143 0.0014 

3 1 3 - 2 0 2 2462.2226 -0.0004 

22 2 20 - 22 1 21 2477.8771 0.0008 

5 1 5 - 4 1 4 2479.2175 -0.0044 

23 2 21 - 23 1 22 2482.5694 0.0044 

20 2 18 - 20 1 19 2487.6062 -0.01 

24 2 22 - 24 1 23 2494.2833 -0.0075 

5 0 5 - 4 0 4 2499.2197 0.0035 

5 2 4 - 4 2 3 2500.1484 -0.0105 

19 2 17 - 19 1 18 2500.9595 0.0031 

5 2 3 - 4 2 2 2501.2091 -0.0033 

18 2 16 - 18 1 17 2519.1536 -0.004 

5 1 4 - 4 1 3 2520.86 0.0006 

15 2 14 - 14 3 11 2531.5237 0.0029 

17 2 15 - 17 1 16 2541.5893 -0.0008 

16 2 14 - 16 1 15 2567.5955 -0.0012 
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7 0 7 - 6 1 6 2594.9278 -0.0027 

15 2 13 - 15 1 14 2596.502 0.0013 

14 2 12 - 14 1 13 2627.6151 0.0005 

15 2 13 - 14 3 12 2656.1856 -0.0029 

13 2 11 - 13 1 12 2660.2513 0.0012 

12 1 12 - 11 2 9 2670.5368 -0.0004 

12 2 10 - 12 1 11 2693.7273 -0.0005 

11 2 9 - 11 1 10 2727.3869 -0.0009 

10 2 8 - 10 1 9 2760.597 -0.0011 

9 2 7 - 9 1 8 2792.7628 0.0000 

11 1 10 - 10 2 9 2808.6572 0.0000 

8 2 6 - 8 1 7 2823.3265 -0.0021 

7 2 5 - 7 1 6 2851.7912 0.0008 

15 6 9 - 16 5 12 2852.4605 0.0013 

15 6 10 - 16 5 11 2852.4605 0.0021 

6 2 4 - 6 1 5 2877.6948 0.0004 

11 5 7 - 12 4 8 2879.9971 0.0012 

11 5 6 - 12 4 9 2879.9971 -0.0075 

5 2 3 - 5 1 4 2900.6429 0.0014 

7 4 4 - 8 3 5 2907.3181 -0.0059 

7 4 3 - 8 3 6 2907.4254 0.005 

4 2 2 - 4 1 3 2920.2881 -0.0003 

3 3 1 - 4 2 2 2934.0439 0.0004 

3 3 0 - 4 2 3 2934.834 -0.0001 

3 2 1 - 3 1 2 2936.349 -0.0001 

4 1 4 - 3 0 3 2945.7265 0.0001 

2 2 0 - 2 1 1 2948.5936 -0.0010 

2 2 1 - 2 1 2 2973.5257 -0.0005 

3 2 2 - 3 1 3 2986.0544 0.0001 

6 0 6 - 5 0 5 2998.4728 -0.0002 

6 3 4 - 5 3 3 3000.625 0.0079 

6 3 3 - 5 3 2 3000.625 -0.0036 

6 2 4 - 5 2 3 3001.9255 -0.0028 

4 2 3 - 4 1 4 3002.7786 0.0001 

16 2 15 - 15 3 12 3021.1977 0.0019 

5 2 4 - 5 1 5 3023.7149 -0.0006 

6 1 5 - 5 1 4 3024.8742 -0.0012 

6 2 5 - 6 1 6 3048.8848 -0.0007 

7 2 6 - 7 1 7 3078.3115 -0.0001 

13 1 13 - 12 2 10 3099.5661 0.0004 

8 2 7 - 8 1 8 3112.0166 -0.0023 

8 0 8 - 7 1 7 3120.3822 -0.0016 

9 2 8 - 9 1 9 3150.0339 -0.0006 
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16 2 14 - 15 3 13 3180.8812 -0.0019 

10 2 9 - 10 1 10 3192.3818 -0.0043 

11 2 10 - 11 1 11 3239.0997 -0.0018 

12 2 11 - 12 1 12 3290.2083 0.0005 

13 2 12 - 13 1 13 3345.731 0.0006 

14 6 9 - 15 5 10 3353.0434 0.0003 

14 6 8 - 15 5 11 3353.0434 0.0000 

12 1 11 - 11 2 10 3356.5347 -0.0015 

10 5 5 - 11 4 8 3380.5146 -0.0031 

10 5 6 - 11 4 7 3380.5146 0.0012 

14 2 13 - 14 1 14 3405.6913 -0.0003 

5 1 5 - 4 0 4 3425.2552 0.0002 

15 2 14 - 15 1 15 3470.1108 0.0002 

7 1 7 - 6 1 6 3470.5293 -0.0005 

7 0 7 - 6 0 6 3497.4121 0.0000 

7 2 6 - 6 2 5 3499.9536 -0.0022 

7 3 5 - 6 3 4 3500.8307 0.0284 

7 3 4 - 6 3 3 3500.8307 0.0021 

7 2 5 - 6 2 4 3502.8987 -0.0018 

17 2 16 - 16 3 13 3508.624 -0.0026 

14 1 14 - 13 2 11 3520.1408 0.0013 

7 1 6 - 6 1 5 3528.8038 -0.0007 

16 2 15 - 16 1 16 3539.0048 0.0033 

21 3 19 - 20 4 16 3610.2678 0.0000 

17 2 16 - 17 1 17 3612.3744 0.0015 

9 0 9 - 8 1 8 3648.4685 -0.0016 

18 2 17 - 18 1 18 3690.2287 0.0015 

17 2 15 - 16 3 14 3709.9544 0.0022 

19 2 18 - 19 1 19 3772.5644 0.0053 

13 6 7 - 14 5 10 3853.533 -0.0038 

13 6 8 - 14 5 9 3853.533 -0.0036 

20 2 19 - 20 1 20 3859.3505 -0.005 

9 5 5 - 10 4 6 3880.9285 -0.0007 

9 5 4 - 10 4 7 3880.9285 -0.0027 

6 1 6 - 5 0 5 3900.9543 -0.0003 

13 1 12 - 12 2 11 3908.0074 -0.0048 

15 1 15 - 14 2 12 3931.6677 0.0011 

21 2 20 - 21 1 21 3950.5934 -0.0009 

2 2 1 - 1 1 0 3956.9837 0.0000 

2 2 0 - 1 1 1 3965.3657 0.0012 

8 1 8 - 7 1 7 3966.0514 -0.0003 

18 2 17 - 17 3 14 3993.491 0.0024 

8 0 8 - 7 0 7 3995.9808 -0.0023 
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8 2 7 - 7 2 6 3999.7574 -0.0017 

8 4 5 - 7 4 4 4000.8035 -0.0009 

8 4 4 - 7 4 3 4000.8035 -0.0011 

8 3 6 - 7 3 5 4001.0539 0.0312 

8 3 5 - 7 3 4 4001.0539 -0.0213 

8 2 6 - 7 2 5 4004.1668 -0.002 

8 1 7 - 7 1 6 4032.63 -0.0005 

22 2 21 - 22 1 22 4046.2527 0.0084 

22 3 20 - 21 4 17 4112.1649 -0.0050 

23 2 22 - 23 1 23 4146.2622 -0.0018 

10 0 10 - 9 1 9 4178.8321 -0.0005 

18 2 16 - 17 3 15 4243.7187 -0.0018 

24 2 23 - 24 1 24 4250.5971 -0.0054 

12 6 7 - 13 5 8 4353.9474 -0.0027 

12 6 6 - 13 5 9 4353.9474 -0.0028 

7 1 7 - 6 0 6 4373.0105 -0.0009 

8 5 3 - 9 4 6 4381.2583 -0.0026 

8 5 4 - 9 4 5 4381.2583 -0.0017 

26 3 23 - 26 2 24 4399.2741 0.0028 

4 4 1 - 5 3 2 4408.2662 0.0035 

4 4 0 - 5 3 3 4408.2662 -0.0023 

3 2 2 - 2 1 1 4448.7127 -0.0007 

25 3 22 - 25 2 23 4456.5967 -0.0011 

9 1 9 - 8 1 8 4461.4772 0.0065 

14 1 13 - 13 2 12 4462.9787 -0.0008 

3 2 1 - 2 1 2 4473.9606 -0.0006 

19 2 18 - 18 3 15 4475.4313 0.0031 

9 0 9 - 8 0 8 4494.1381 -0.0001 

9 2 8 - 8 2 7 4499.4857 -0.0005 

9 4 6 - 8 4 5 4500.9738 -0.0018 

9 4 5 - 8 4 4 4500.9738 -0.0024 

9 3 7 - 8 3 6 4501.2819 0.0005 

9 3 6 - 8 3 5 4501.3768 -0.0008 

9 2 7 - 8 2 6 4505.7721 0.0012 

24 3 21 - 24 2 22 4511.7108 0.0004 

9 1 8 - 8 1 7 4536.3347 -0.002 

23 3 20 - 23 2 21 4564.0897 0.0004 

22 3 19 - 22 2 20 4613.2978 -0.0002 

21 3 18 - 21 2 19 4658.9803 -0.0086 

20 3 17 - 20 2 18 4700.9071 0.0001 

11 0 11 - 10 1 10 4711.0873 0.0026 

17 1 17 - 16 2 14 4725.2269 -0.0001 

19 3 16 - 19 2 17 4738.8891 -0.0016 
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18 3 15 - 18 2 16 4772.8715 0.0004 

19 2 17 - 18 3 16 4782.4744 0.0041 

17 3 14 - 17 2 15 4802.8717 0.0058 

16 3 13 - 16 2 14 4828.9742 0.0009 

8 1 8 - 7 0 7 4841.6498 -0.0013 

15 3 12 - 15 2 13 4851.361 -0.0001 

11 6 5 - 12 5 8 4854.2933 -0.0009 

11 6 6 - 12 5 7 4854.2933 -0.0009 

14 3 11 - 14 2 12 4870.2562 -0.0002 

7 5 2 - 8 4 5 4881.5206 -0.0006 

7 5 3 - 8 4 4 4881.5206 -0.0002 

13 3 10 - 13 2 11 4885.9324 0.0006 

12 3 9 - 12 2 10 4898.6927 0.0000 

11 3 8 - 11 2 9 4908.865 -0.0001 

10 3 7 - 10 2 8 4916.7839 0.001 

9 3 6 - 9 2 7 4922.7782 0.0001 

8 3 5 - 8 2 6 4927.1704 -0.0007 

7 3 4 - 7 2 5 4930.2647 -0.0001 

6 3 3 - 6 2 4 4932.3364 -0.0004 

5 3 2 - 5 2 3 4933.6362 -0.0004 

4 3 1 - 4 2 2 4934.3813 -0.0001 

3 3 1 - 3 2 1 4934.7544 -0.0002 

3 3 1 - 3 2 2 4935.0197 0.0015 

4 3 2 - 4 2 3 4935.1695 -0.0009 

5 3 3 - 5 2 4 4935.4748 0.0001 

6 3 4 - 6 2 5 4936.0048 -0.0008 

4 2 3 - 3 1 2 4936.2697 -0.0002 

7 3 5 - 7 2 6 4936.8518 -0.0001 

8 3 6 - 8 2 7 4938.1149 -0.0006 

9 3 7 - 9 2 8 4939.911 0.0003 

10 3 8 - 10 2 9 4942.3651 0.0015 

11 3 9 - 11 2 10 4945.6121 0.0013 

12 3 10 - 12 2 11 4949.8019 0.0025 

13 3 11 - 13 2 12 4955.0841 -0.0006 

10 1 10 - 9 1 9 4956.774 -0.0021 

14 3 12 - 14 2 13 4961.6309 0.0009 

15 3 13 - 15 2 14 4969.6062 0.001 

16 3 14 - 16 2 15 4979.1858 0.0006 

4 2 2 - 3 1 3 4987.0288 -0.0001 

17 3 15 - 17 2 16 4990.5508 0.0014 

10 0 10 - 9 0 9 4991.832 -0.001 

10 2 9 - 9 2 8 4999.1263 -0.0014 

10 4 7 - 9 4 6 5001.1708 -0.0009 
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10 4 6 - 9 4 5 5001.1708 -0.0021 

10 3 8 - 9 3 7 5001.5808 0.0002 

10 3 7 - 9 3 6 5001.7443 -0.001 

18 3 16 - 18 2 17 5003.8791 -0.0002 

10 2 8 - 9 2 7 5007.7404 -0.0001 

19 3 17 - 19 2 18 5019.3607 0.0018 

15 1 14 - 14 2 13 5021.3165 -0.0014 

20 3 18 - 20 2 19 5037.1687 -0.0028 

10 1 9 - 9 1 8 5039.9058 0.0006 

21 3 19 - 21 2 20 5057.5051 0.005 

22 3 20 - 22 2 21 5080.5258 0.0009 

18 1 18 - 17 2 15 5106.1276 0.0003 

23 3 21 - 23 2 22 5106.426 0.0031 

24 3 22 - 24 2 23 5135.3698 0.0035 

25 3 23 - 25 2 24 5167.522 0.0003 

26 3 24 - 26 2 25 5203.044 -0.005 

12 0 12 - 11 1 11 5244.8165 0.0004 

9 1 9 - 8 0 8 5307.138 -0.0006 

20 2 18 - 19 3 17 5326.436 0.0032 

6 5 2 - 7 4 3 5381.7228 -0.0022 

6 5 1 - 7 4 4 5381.7228 -0.0023 

5 2 4 - 4 1 3 5419.6566 -0.0003 

21 2 20 - 20 3 17 5428.9782 -0.0011 

11 0 11 - 10 0 10 5489.03 0.0018 

11 2 10 - 10 2 9 5498.6723 -0.0017 

11 5 6 - 10 5 5 5501.1391 0.003 

11 5 7 - 10 5 6 5501.1391 0.003 

11 4 8 - 10 4 7 5501.3949 -0.0004 

11 4 7 - 10 4 6 5501.3949 -0.0028 

11 3 9 - 10 3 8 5501.9211 -0.0002 

11 3 8 - 10 3 7 5502.191 0.0017 

5 2 3 - 4 1 4 5504.7805 -0.0007 

11 2 9 - 10 2 8 5510.1067 -0.0002 

11 1 10 - 10 1 9 5543.3153 -0.0019 

16 1 15 - 15 2 14 5582.8914 -0.0002 

10 1 10 - 9 0 9 5769.7755 -0.0011 

13 0 13 - 12 1 12 5779.5993 -0.0002 

9 6 4 - 10 5 5 5854.826 0.0136 

9 6 3 - 10 5 6 5854.826 0.0136 

5 5 0 - 6 4 3 5881.8822 -0.0025 

5 5 1 - 6 4 2 5881.8822 -0.0025 

6 2 5 - 5 1 4 5898.8829 -0.0006 

22 2 21 - 21 3 18 5899.7323 -0.0014 
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12 1 12 - 11 1 11 5947.0138 0.004 

12 0 12 - 11 0 11 5985.6858 -0.0043 

12 2 11 - 11 2 10 5998.1158 -0.0002 

12 3 10 - 11 3 9 6002.3062 0.0016 

12 3 9 - 11 3 8 6002.7187 -0.0021 

12 2 10 - 11 2 9 6012.8939 0.0007 

6 2 4 - 5 1 5 6027.4869 -0.0008 

12 1 11 - 11 1 10 6046.544 -0.0092 

17 1 16 - 16 2 15 6147.5465 -0.0006 

11 1 11 - 10 0 10 6229.901 -0.0012 

14 0 14 - 13 1 13 6314.9985 -0.0001 

7 2 6 - 6 1 5 6373.965 0.001 

13 1 13 - 12 1 12 6441.9241 0.0024 

13 0 13 - 12 0 12 6481.7927 -0.0004 

13 2 12 - 12 2 11 6497.446 0.0018 

13 1 12 - 12 1 11 6549.5905 -0.0015 

7 2 5 - 6 1 6 6555.4712 -0.0011 

12 1 12 - 11 0 11 6687.884 0.0003 

18 1 17 - 17 2 16 6715.1122 0.0000 

8 2 7 - 7 1 6 6844.9201 0.0015 

15 0 15 - 14 1 14 6850.577 -0.0004 

22 4 18 - 22 3 19 6858.3786 -0.0097 

20 4 16 - 20 3 17 6876.2173 0.0057 

18 4 14 - 18 3 15 6888.5291 0.0000 

17 4 13 - 17 3 14 6893.0771 -0.0019 

16 4 12 - 16 3 13 6896.7654 0.0017 

18 4 15 - 18 3 16 6899.5225 0.0071 

15 4 11 - 15 3 12 6899.7152 -0.0016 

17 4 14 - 17 3 15 6900.9585 -0.0009 

14 4 10 - 14 3 11 6902.0573 0.0007 

16 4 13 - 16 3 14 6902.3006 0.0000 

15 4 12 - 15 3 13 6903.5221 0.0044 

13 4 9 - 13 3 10 6903.8868 0.0004 

14 4 11 - 14 3 12 6904.5948 -0.003 

12 4 8 - 12 3 9 6905.2955 -0.0005 

13 4 10 - 13 3 11 6905.5348 -0.0001 

11 4 8 - 11 3 9 6906.9838 -0.0005 

10 4 6 - 10 3 7 6907.1553 0.0003 

10 4 7 - 10 3 8 6907.5097 -0.0006 

9 4 5 - 9 3 6 6907.7268 -0.0005 

9 4 6 - 9 3 7 6907.9203 0.0012 

8 4 4 - 8 3 5 6908.1342 0.0054 

8 2 6 - 7 1 7 7089.1117 0.0002 
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13 1 13 - 12 0 12 7144.1144 -0.0008 

9 2 8 - 8 1 7 7311.7752 0.0009 

16 0 16 - 15 1 15 7385.9124 0.0022 

14 1 14 - 13 0 13 7599.0137 0.0036 

9 2 7 - 8 1 8 7628.8327 0.0022 

10 2 9 - 9 1 8 7774.5648 -0.0004 

Δv is the difference between measure and calculated frequencies. 

 

Table C.1.2. BnBz-g 13C1 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2942.4232 0.0129 

5 1 5 - 4 0 4 3421.7053 0.0027 

6 1 6 - 5 0 5 3897.1534 -0.0111 

2 2 1 - 1 1 0 3949.3490 -0.0024 

2 2 0 - 1 1 1 3957.7411 0.0033 

7 1 7 - 6 0 6 4368.9842 0.0013 

3 2 2 - 2 1 1 4440.8438 -0.0080 

8 1 8 - 7 0 7 4837.3836 -0.0007 

4 2 2 - 3 1 3 4978.9824 0.0118 

9 1 9 - 8 0 8 5302.6262 -0.0084 

5 2 4 - 4 1 3 5411.3304 0.0018 

5 2 3 - 4 1 4 5496.5139 0.0004 

10 1 10 - 9 0 9 5765.0444 0.0067 

6 2 5 - 5 1 4 5890.3251 0.0073 

6 2 4 - 5 1 5 6019.0096 -0.0067 

11 1 11 - 10 0 10 6224.9320 0.0003 

7 2 6 - 6 1 5 6365.1541 -0.0040 

3 3 1 - 2 2 0 6422.4874 -0.0083 

3 3 0 - 2 2 1 6422.5542 0.0054 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.3. BnBz-g 13C2 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2942.1605 0.0011 

8 0 8 - 7 1 7 3111.3041 -0.0096 

5 1 5 - 4 0 4 3420.7351 0.0017 

6 1 6 - 5 0 5 3895.4884 -0.0037 

2 2 0 - 1 1 1 3964.513 0.0107 

10 0 10 - 9 1 9 4167.5109 -0.0035 
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7 1 7 - 6 0 6 4366.6205 0.0003 

3 2 1 - 2 1 2 4472.0401 0.0108 

8 1 8 - 7 0 7 4834.3388 -0.0024 

12 0 12 - 11 1 11 5231.2687 0.0115 

9 1 9 - 8 0 8 5298.9204 0.0021 

5 2 4 - 4 1 3 5415.8607 -0.0119 

5 2 3 - 4 1 4 5500.6406 -0.0103 

10 1 10 - 9 0 9 5760.6484 -0.0028 

6 2 4 - 5 1 5 6022.2238 -0.0008 

11 1 11 - 10 0 10 6219.8812 0.0065 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.4. Assigned rotational transitions of the 13C3 isotopologeu of BnBz-g. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

9 0 9 - 8 1 8 3631.7923 -0.0115 

6 1 6 - 5 0 5 3884.0255 0.0000 

10 0 10 - 9 1 9 4159.9957 0.0102 

3 2 2 - 2 1 1 4432.5120 0.0024 

3 2 1 - 2 1 2 4457.8506 -0.0031 

8 1 8 - 7 0 7 4820.0344 0.0042 

4 2 2 - 3 1 3 4968.7210 -0.0072 

5 2 4 - 4 1 3 5398.8609 0.0081 

5 2 3 - 4 1 4 5484.3058 -0.0028 

10 1 10 - 9 0 9 5743.4490 0.0034 

6 2 4 - 5 1 5 6004.8725 0.0053 

11 1 11 - 10 0 10 6201.2146 -0.0026 

7 2 6 - 6 1 5 6348.4865 -0.0108 

3 3 0 - 2 2 1 6412.7562 0.0034 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.5. Assigned rotational transitions of the 13C4 isotopologeus of BnBz-g. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2927.3237 0.0036 

5 1 5 - 4 0 4 3402.9968 0.0001 

6 1 6 - 5 0 5 3874.9332 -0.0024 

2 2 1 - 1 1 0 3942.4336 0.0082 

2 2 0 - 1 1 1 3950.5928 0.0054 

10 0 10 - 9 1 9 4133.2450 0.0001 

7 1 7 - 6 0 6 4343.3127 -0.0008 
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3 2 2 - 2 1 1 4429.9906 -0.0031 

8 1 8 - 7 0 7 4808.3446 -0.0007 

4 2 2 - 3 1 3 4962.9159 -0.0047 

9 1 9 - 8 0 8 5270.2838 0.0009 

5 2 4 - 4 1 3 5392.9415 0.0020 

10 1 10 - 9 0 9 5729.4182 0.0046 

6 2 5 - 5 1 4 5868.3337 0.0048 

6 2 4 - 5 1 5 5993.5099 -0.0004 

11 1 11 - 10 0 10 6186.0522 -0.0068 

7 2 6 - 6 1 5 6339.6823 0.0031 

3 3 1 - 2 2 0 6412.1384 -0.0148 

3 3 0 - 2 2 1 6412.2094 0.0059 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.6. BnBz-g 13C5 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

8 0 8 - 7 1 7 3077.6029 0.0076 

5 1 5 - 4 0 4 3400.0700 0.0015 

6 1 6 - 5 0 5 3871.1444 -0.0068 

2 2 1 - 1 1 0 3944.3828 -0.0101 

10 0 10 - 9 1 9 4124.6269 -0.0082 

7 1 7 - 6 0 6 4338.6663 0.0027 

3 2 2 - 2 1 1 4431.1492 -0.0012 

3 2 1 - 2 1 2 4455.8154 0.0051 

4 2 2 - 3 1 3 4963.4040 0.0016 

9 1 9 - 8 0 8 5263.8797 0.0033 

5 2 3 - 4 1 4 5475.5648 0.0052 

13 0 13 - 12 1 12 5708.3478 -0.0060 

6 2 5 - 5 1 4 5866.9746 -0.0060 

6 2 4 - 5 1 5 5992.5460 0.0064 

11 1 11 - 10 0 10 6177.8729 0.0007 

3 3 1 - 2 2 0 6415.7061 -0.0085 

7 2 5 - 6 1 6 6514.6625 0.0105 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.7. BnBz-g 13C6 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

5 1 5 - 4 0 4 3400.0701 0.0158 

9 0 9 - 8 1 8 3624.0989 0.0002 
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6 1 6 - 5 0 5 3871.6162 -0.0009 

7 1 7 - 6 0 6 4339.4736 0.0005 

3 2 2 - 2 1 1 4420.3642 0.0077 

3 2 1 - 2 1 2 4446.1731 0.0122 

4 2 2 - 3 1 3 4955.9035 0.0025 

9 1 9 - 8 0 8 5265.0535 0.0001 

5 2 3 - 4 1 4 5470.4421 -0.0001 

10 1 10 - 9 0 9 5723.3722 -0.0010 

6 2 5 - 5 1 4 5858.5641 0.0018 

6 2 4 - 5 1 5 5990.0613 -0.0066 

11 1 11 - 10 0 10 6179.1723 0.0000 

7 2 6 - 6 1 5 6329.4615 -0.0134 

3 3 1 - 2 2 0 6395.5726 -0.0053 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.8. BnBz-g 13C7 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2935.2311 -0.0009 

5 1 5 - 4 0 4 3412.8930 0.0035 

9 0 9 - 8 1 8 3638.5276 -0.0087 

6 1 6 - 5 0 5 3886.6788 -0.0001 

2 2 0 - 1 1 1 3951.7440 -0.0031 

10 0 10 - 9 1 9 4167.5112 0.0058 

7 1 7 - 6 0 6 4356.7885 -0.0028 

3 2 2 - 2 1 1 4433.2648 0.0010 

3 2 1 - 2 1 2 4458.8052 -0.0033 

8 1 8 - 7 0 7 4823.4599 0.0012 

4 2 3 - 3 1 2 4919.0394 0.0020 

4 2 2 - 3 1 3 4970.3976 0.0001 

12 0 12 - 11 1 11 5230.6584 -0.0014 

9 1 9 - 8 0 8 5286.9574 0.0044 

5 2 3 - 4 1 4 5486.7341 0.0006 

10 1 10 - 9 0 9 5747.5845 -0.0003 

6 2 5 - 5 1 4 5877.9398 -0.0006 

6 2 4 - 5 1 5 6008.1011 0.0079 

11 1 11 - 10 0 10 6205.6972 -0.0029 

3 3 1 - 2 2 0 6412.8928 -0.0110 

3 3 0 - 2 2 1 6412.9652 0.0069 
aΔv is the difference between measure and calculated frequencies. 
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Table C.1.9. BnBz-g 13C8 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

8 0 8 - 7 1 7 3118.2336 -0.0027 

5 1 5 - 4 0 4 3415.8137 -0.0065 

9 0 9 - 8 1 8 3644.4613 -0.0033 

6 1 6 - 5 0 5 3891.8541 -0.0030 

2 2 1 - 1 1 0 3930.2203 0.0002 

10 0 10 - 9 1 9 4172.9364 0.0068 

7 1 7 - 6 0 6 4364.3968 -0.0022 

3 2 1 - 2 1 2 4445.6538 -0.0004 

8 1 8 - 7 0 7 4833.6536 0.0004 

4 2 2 - 3 1 3 4957.3466 -0.0022 

9 1 9 - 8 0 8 5299.8672 0.0042 

5 2 4 - 4 1 3 5392.3530 0.0100 

5 2 3 - 4 1 4 5473.4933 -0.0010 

10 1 10 - 9 0 9 5763.3047 -0.0016 

6 2 5 - 5 1 4 5871.7712 0.0030 

11 1 11 - 10 0 10 6224.2933 -0.0006 

3 3 1 - 2 2 0 6390.4513 -0.0152 

3 3 0 - 2 2 1 6390.5277 0.0126 

7 2 5 - 6 1 6 6520.1761 -0.0018 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.10. BnBz-g 13C9 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

5 1 5 - 4 0 4 3418.6755 -0.0144 

6 1 6 - 5 0 5 3893.3019 -0.0006 

2 2 1 - 1 1 0 3952.8505 0.0098 

2 2 0 - 1 1 1 3961.1178 -0.0100 

7 1 7 - 6 0 6 4364.3086 0.0016 

3 2 1 - 2 1 2 4468.2820 0.0047 

8 1 8 - 7 0 7 4831.9288 0.0046 

4 2 2 - 3 1 3 4979.8450 0.0002 

9 1 9 - 8 0 8 5296.4204 0.0069 

5 2 4 - 4 1 3 5411.8806 0.0021 

5 2 3 - 4 1 4 5496.0373 -0.0020 

6 2 5 - 5 1 4 5889.9857 0.0002 

6 2 4 - 5 1 5 6017.1268 0.0018 

11 1 11 - 10 0 10 6217.2218 -0.0049 

3 3 1 - 2 2 0 6428.5916 -0.0139 
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3 3 0 - 2 2 1 6428.6683 0.0110 
aΔv is the difference between measure and calculated frequencies. 

 

 

Table C.1.11. BnBz-g 13C10 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2932.0592 0.0012 

8 0 8 - 7 1 7 3107.9585 -0.0042 

5 1 5 - 4 0 4 3409.0917 -0.0002 

9 0 9 - 8 1 8 3634.0840 -0.0085 

6 1 6 - 5 0 5 3882.2518 -0.0012 

2 2 1 - 1 1 0 3939.8552 -0.0069 

2 2 0 - 1 1 1 3948.3674 0.0140 

10 0 10 - 9 1 9 4162.5119 0.0156 

7 1 7 - 6 0 6 4351.7344 0.0014 

3 2 2 - 2 1 1 4429.2487 -0.0027 

8 1 8 - 7 0 7 4817.7649 0.0004 

9 1 9 - 8 0 8 5280.6191 -0.0016 

5 2 4 - 4 1 3 5395.3479 -0.0020 

5 2 3 - 4 1 4 5481.6149 -0.0046 

10 1 10 - 9 0 9 5740.6112 -0.0022 

6 2 5 - 5 1 4 5872.0738 0.0013 

6 2 4 - 5 1 5 6002.4145 -0.0082 

11 1 11 - 10 0 10 6198.0925 0.0029 

3 3 0 - 2 2 1 6407.4955 0.0058 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.12. BnBz-g 13C11 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2924.3233 -0.0016 

8 0 8 - 7 1 7 3096.0981 0.0019 

5 1 5 - 4 0 4 3399.8061 0.0037 

9 0 9 - 8 1 8 3620.5256 -0.0062 

6 1 6 - 5 0 5 3871.4185 0.0005 

10 0 10 - 9 1 9 4147.2377 0.0002 

7 1 7 - 6 0 6 4339.3668 0.0043 

3 2 2 - 2 1 1 4420.2775 0.0004 

3 2 1 - 2 1 2 4445.7805 -0.0023 
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11 0 11 - 10 1 10 4675.8204 0.0029 

8 1 8 - 7 0 7 4803.8609 -0.0067 

9 1 9 - 8 0 8 5265.2046 -0.0007 

5 2 3 - 4 1 4 5469.2368 0.0000 

10 1 10 - 9 0 9 5723.6876 0.0018 

6 2 4 - 5 1 5 5988.3513 0.0009 

11 1 11 - 10 0 10 6179.6547 0.0000 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.13. BnBz-g 13C12 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

5 1 5 - 4 0 4 3401.0475 -0.0022 

6 1 6 - 5 0 5 3873.2278 -0.0021 

7 1 7 - 6 0 6 4341.9103 0.0000 

9 1 9 - 8 0 8 5269.6334 -0.0017 

10 1 10 - 9 0 9 5729.2056 0.0062 

11 1 11 - 10 0 10 6186.3011 0.0011 

9 0 9 - 8 1 8 3605.6347 -0.0067 

10 0 10 - 9 1 9 4130.3235 0.0050 

12 0 12 - 11 1 11 5184.9627 0.0022 

5 2 4 - 4 1 3 5386.5162 0.0119 

6 2 5 - 5 1 4 5862.0736 -0.0039 

7 2 6 - 6 1 5 6333.6789 -0.0118 

3 2 1 - 2 1 2 4447.5262 -0.0017 

4 2 2 - 3 1 3 4955.3958 0.0007 

5 2 3 - 4 1 4 5467.7077 -0.0071 

6 2 4 - 5 1 5 5984.7407 0.0065 

7 2 5 - 6 1 6 6506.7467 -0.0031 

3 3 0 - 2 2 1 6401.2992 0.0049 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.14. BnBz-g 13C13 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2927.7835 0.0074 

8 0 8 - 7 1 7 3094.4223 -0.0061 

5 1 5 - 4 0 4 3404.2070 -0.0013 

6 1 6 - 5 0 5 3876.8942 0.0027 

2 2 0 - 1 1 1 3944.1292 -0.0117 

7 1 7 - 6 0 6 4346.0081 0.0043 



277 

 

3 2 2 - 2 1 1 4424.3153 0.0008 

11 0 11 - 10 1 10 4672.8209 -0.0006 

8 1 8 - 7 0 7 4811.7662 0.0038 

4 2 2 - 3 1 3 4958.2151 0.0050 

9 1 9 - 8 0 8 5274.4190 -0.0023 

5 2 4 - 4 1 3 5388.8139 0.0035 

5 2 3 - 4 1 4 5472.0038 0.0056 

10 1 10 - 9 0 9 5734.2661 -0.0055 

6 2 5 - 5 1 4 5864.9645 0.0118 

6 2 4 - 5 1 5 5990.6103 -0.0055 

11 1 11 - 10 0 10 6191.6393 0.0018 

7 2 6 - 6 1 5 6337.0403 -0.0007 

3 3 1 - 2 2 0 6401.0970 -0.0105 

7 2 5 - 6 1 6 6514.3789 0.0045 

12 1 12 - 11 0 11 6646.8676 -0.0055 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.1.15. BnBz-g 13C14 isotopologeus assigned rotational transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

4 1 4 - 3 0 3 2935.1177 0.0094 

5 1 5 - 4 0 4 3412.5281 0.0016 

6 1 6 - 5 0 5 3886.0867 -0.0008 

2 2 1 - 1 1 0 3945.5572 0.0043 

10 0 10 - 9 1 9 4163.0675 0.0067 

7 1 7 - 6 0 6 4355.9795 -0.0015 

3 2 1 - 2 1 2 4460.7256 -0.0073 

11 0 11 - 10 1 10 4693.5328 -0.0066 

8 1 8 - 7 0 7 4822.4346 -0.0026 

4 2 2 - 3 1 3 4971.9763 0.0032 

9 1 9 - 8 0 8 5285.7249 -0.0013 

5 2 4 - 4 1 3 5402.0832 -0.0028 

5 2 3 - 4 1 4 5487.9456 0.0025 

10 1 10 - 9 0 9 5746.1538 -0.0024 

6 2 5 - 5 1 4 5879.1943 -0.0020 

6 2 4 - 5 1 5 6008.9123 -0.0048 

11 1 11 - 10 0 10 6204.0703 -0.0005 

7 2 6 - 6 1 5 6352.1376 0.0115 

3 3 1 - 2 2 0 6416.7778 -0.0128 

3 3 0 - 2 2 1 6416.8531 0.0085 

7 2 5 - 6 1 6 6535.2279 0.0020 
aΔv is the difference between measure and calculated frequencies. 
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Table C.2.1. Experimentally assigned rotational transitions of BnBz-t. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

6 0 6 - 5 1 5 1723.7485 -0.0019 

7 0 7 - 6 1 6 2215.7216 0.0029 

6 3 4 - 7 2 5 2250.8365 -0.0040 

13 1 12 - 13 0 13 2270.2589 -0.0022 

5 1 4 - 4 1 3 2272.2076 -0.0043 

6 3 3 - 7 2 6 2287.3981 -0.0081 

11 1 10 - 10 2 9 2296.3149 -0.0017 

3 1 3 - 2 0 2 2350.4486 0.0002 

14 1 13 - 14 0 14 2487.7990 0.0048 

6 1 6 - 5 1 5 2603.3367 -0.0038 

10 4 7 - 11 3 8 2636.3611 -0.0044 

10 4 6 - 11 3 9 2644.1355 -0.0007 

6 0 6 - 5 0 5 2656.8038 -0.0009 

6 2 5 - 5 2 4 2665.5720 0.0042 

6 3 4 - 5 3 3 2668.3730 0.0054 

6 3 3 - 5 3 2 2668.5016 -0.0107 

6 2 4 - 5 2 3 2675.6738 -0.0030 

14 2 12 - 14 1 13 2705.8201 0.0010 

15 2 13 - 15 1 14 2707.5447 0.0050 

8 0 8 - 7 1 7 2711.4568 -0.0012 

13 2 11 - 13 1 12 2719.1465 -0.0050 

6 1 5 - 5 1 4 2725.8113 0.0006 

5 3 2 - 6 2 5 2727.9768 -0.0052 

4 1 4 - 3 0 3 2754.6441 0.0000 

17 2 15 - 17 1 16 2763.4201 0.0064 

11 2 9 - 11 1 10 2782.5085 -0.0035 

10 2 8 - 10 1 9 2827.8675 -0.0007 

12 1 11 - 11 2 10 2850.3864 -0.0009 

9 2 7 - 9 1 8 2879.0296 0.0005 

8 2 6 - 8 1 7 2933.4682 0.0004 

16 1 15 - 16 0 16 2984.2870 -0.0014 

7 2 5 - 7 1 6 2988.7199 -0.0022 

14 5 10 - 15 4 11 3009.6420 0.0012 

14 5 9 - 15 4 12 3011.0926 0.0043 

7 1 7 - 6 1 6 3036.1968 -0.0042 

6 2 4 - 6 1 5 3042.4718 -0.0005 

9 4 6 - 10 3 7 3087.4880 -0.0032 

5 2 3 - 5 1 4 3092.6026 -0.0035 

7 0 7 - 6 0 6 3095.3084 -0.0001 

7 2 6 - 6 2 5 3109.0909 0.0026 
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7 3 5 - 6 3 4 3113.5593 -0.0041 

7 3 4 - 6 3 3 3113.8913 0.0023 

7 2 5 - 6 2 4 3125.1738 -0.0012 

4 2 2 - 4 1 3 3137.2654 -0.0022 

5 1 5 - 4 0 4 3149.6879 -0.0007 

4 3 2 - 5 2 3 3159.9791 -0.0028 

4 3 1 - 5 2 4 3170.1560 0.0034 

3 2 1 - 3 1 2 3174.8929 0.0036 

7 1 6 - 6 1 5 3178.9255 0.0002 

2 2 0 - 2 1 1 3204.2103 0.0007 

9 0 9 - 8 1 8 3209.3915 0.0020 

17 1 16 - 17 0 17 3261.0787 -0.0013 

2 2 1 - 2 1 2 3265.2275 -0.0001 

3 2 2 - 3 1 3 3296.0504 -0.0003 

4 2 3 - 4 1 4 3337.2563 0.0016 

5 2 4 - 5 1 5 3388.9211 -0.0015 

13 1 12 - 12 2 11 3410.8411 -0.0017 

6 2 5 - 6 1 6 3451.1504 0.0004 

13 5 9 - 14 4 10 3459.9746 -0.0013 

13 5 8 - 14 4 11 3460.8162 0.0018 

8 1 8 - 7 1 7 3468.6225 0.0012 

7 2 6 - 7 1 7 3524.0348 -0.0022 

8 0 8 - 7 0 7 3531.9412 0.0006 

6 1 6 - 5 0 5 3536.3949 0.0001 

8 4 5 - 9 3 6 3536.8230 0.0000 

8 4 4 - 9 3 7 3539.2175 0.0019 

8 2 7 - 7 2 6 3552.2650 -0.0025 

18 1 17 - 18 0 18 3554.7319 -0.0116 

8 6 2 - 7 6 1 3556.6029 -0.0033 

8 6 3 - 7 6 2 3556.6029 -0.0033 

8 5 4 - 7 5 3 3557.0356 -0.0029 

8 5 3 - 7 5 2 3557.0356 -0.0029 

8 3 6 - 7 3 5 3558.9439 0.0031 

8 3 5 - 7 3 4 3559.5927 0.0015 

8 2 6 - 7 2 5 3576.1991 -0.0012 

8 2 7 - 8 1 8 3607.6882 0.0049 

3 3 1 - 4 2 2 3609.0648 0.0049 

3 3 0 - 4 2 3 3613.4238 0.0049 

8 1 7 - 7 1 6 3631.4531 -0.0017 

9 2 8 - 9 1 9 3702.1798 0.0004 

10 0 10 - 9 1 9 3707.8992 -0.0007 

10 2 9 - 10 1 10 3807.5961 -0.0031 

19 1 18 - 19 0 19 3863.2363 0.0051 
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9 1 9 - 8 1 8 3900.5621 0.0004 

12 5 8 - 13 4 9 3909.2335 -0.0041 

12 5 7 - 13 4 10 3909.7023 -0.0013 

7 1 7 - 6 0 6 3915.7910 -0.0001 

11 2 10 - 11 1 11 3923.9900 -0.0024 

9 0 9 - 8 0 8 3966.5519 -0.0007 

14 1 13 - 13 2 12 3976.8386 -0.0012 

7 4 4 - 8 3 5 3984.7748 0.0036 

7 4 3 - 8 3 6 3985.9668 -0.0005 

9 2 8 - 8 2 7 3995.0569 -0.0008 

9 6 3 - 8 6 2 4001.3787 -0.0055 

9 6 4 - 8 6 3 4001.3787 -0.0055 

9 5 5 - 8 5 4 4001.9703 0.0025 

9 5 4 - 8 5 3 4001.9703 0.0025 

9 3 7 - 8 3 6 4004.5003 -0.0014 

9 3 6 - 8 3 5 4005.6928 0.0010 

9 2 7 - 8 2 6 4028.8487 -0.0015 

12 2 11 - 12 1 12 4051.3764 0.0007 

9 1 8 - 8 1 7 4083.2877 -0.0012 

2 2 1 - 1 1 0 4113.3258 0.0000 

2 2 0 - 1 1 1 4134.0524 -0.0003 

20 1 19 - 20 0 20 4184.2663 0.0071 

13 2 12 - 13 1 13 4189.7278 0.0013 

11 0 11 - 10 1 10 4205.4223 0.0001 

23 3 20 - 23 2 21 4269.7013 -0.0091 

8 1 8 - 7 0 7 4289.1029 -0.0008 

10 1 10 - 9 1 9 4331.9912 -0.0006 

14 2 13 - 14 1 14 4338.9729 -0.0030 

22 3 19 - 22 2 20 4347.6982 -0.0118 

11 5 7 - 12 4 8 4357.5821 -0.0045 

11 5 6 - 12 4 9 4357.8342 0.0008 

10 0 10 - 9 0 9 4399.0699 -0.0021 

6 4 3 - 7 3 4 4431.6677 0.0001 

6 4 2 - 7 3 5 4432.2123 0.0011 

10 2 9 - 9 2 8 4437.4129 0.0012 

10 6 4 - 9 6 3 4446.2141 -0.0194 

10 6 5 - 9 6 4 4446.2141 -0.0194 

10 5 6 - 9 5 5 4446.9978 -0.0047 

10 5 5 - 9 5 4 4446.9978 -0.0050 

10 3 8 - 9 3 7 4450.2459 0.0063 

10 3 7 - 9 3 6 4452.2743 -0.0002 

10 2 8 - 9 2 7 4483.1464 0.0001 

21 1 20 - 21 0 21 4515.4142 0.0033 
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20 3 17 - 20 2 18 4529.5961 0.0037 

10 1 9 - 9 1 8 4534.3061 -0.0009 

3 2 2 - 2 1 1 4537.3637 0.0010 

15 1 14 - 14 2 13 4547.4042 0.0014 

3 2 1 - 2 1 2 4600.1238 -0.0006 

19 3 16 - 19 2 17 4627.4597 -0.0057 

9 1 9 - 8 0 8 4657.7254 0.0005 

16 2 15 - 16 1 16 4669.6396 0.0028 

12 0 12 - 11 1 11 4700.5189 0.0006 

18 3 15 - 18 2 16 4726.0563 0.0021 

11 1 11 - 10 1 10 4762.8909 0.0009 

10 5 6 - 11 4 7 4805.1568 -0.0048 

10 5 5 - 11 4 8 4805.2856 0.0005 

17 3 14 - 17 2 15 4822.6503 -0.0008 

11 0 11 - 10 0 10 4829.5149 0.0009 

17 2 16 - 17 1 17 4850.6467 0.0048 

5 4 2 - 6 3 3 4877.7786 -0.0004 

5 4 1 - 6 3 4 4877.9993 0.0029 

11 6 5 - 10 6 4 4891.1617 -0.0005 

11 6 6 - 10 6 5 4891.1617 -0.0005 

11 5 7 - 10 5 6 4892.1652 0.0104 

11 5 6 - 10 5 5 4892.1652 0.0098 

11 3 9 - 10 3 8 4896.1368 -0.0023 

11 3 8 - 10 3 7 4899.4304 -0.0040 

16 3 13 - 16 2 14 4914.8415 0.0012 

11 2 9 - 10 2 8 4939.0194 -0.0010 

4 2 3 - 3 1 2 4951.1328 -0.0001 

11 1 10 - 10 1 9 4984.3778 0.0010 

15 3 12 - 15 2 13 5000.5918 0.0095 

10 1 10 - 9 0 9 5023.1639 0.0000 

18 2 17 - 18 1 18 5041.7328 0.0019 

4 2 2 - 3 1 3 5078.1045 0.0005 

16 1 15 - 15 2 14 5121.4110 -0.0086 

13 3 10 - 13 2 11 5146.8501 0.0018 

13 0 13 - 12 1 12 5191.9570 -0.0002 

12 1 12 - 11 1 11 5193.2443 0.0005 

23 1 22 - 23 0 23 5198.3754 -0.0117 

12 3 9 - 12 2 10 5205.6903 0.0011 

19 2 18 - 19 1 19 5242.5671 0.0071 

9 5 4 - 10 4 7 5252.1138 -0.0270 

9 5 5 - 10 4 6 5252.1138 0.0304 

11 3 8 - 11 2 9 5254.7213 0.0000 

12 0 12 - 11 0 11 5257.9870 0.0007 
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10 3 7 - 10 2 8 5294.3072 -0.0002 

12 2 11 - 11 2 10 5320.6263 -0.0006 

4 4 0 - 5 3 3 5323.3419 -0.0478 

4 4 1 - 5 3 2 5323.3419 0.0246 

9 3 6 - 9 2 7 5325.1810 0.0018 

12 6 6 - 11 6 5 5336.1827 0.0044 

12 6 7 - 11 6 6 5336.1827 0.0044 

12 5 8 - 11 5 7 5337.4376 0.0013 

12 5 7 - 11 5 6 5337.4376 -0.0001 

12 4 9 - 11 4 8 5339.6056 -0.0014 

12 4 8 - 11 4 7 5339.7264 -0.0033 

12 3 10 - 11 3 9 5342.1715 -0.0044 

12 3 9 - 11 3 8 5347.2766 -0.0016 

8 3 5 - 8 2 6 5348.3372 -0.0004 

5 2 4 - 4 1 3 5354.6578 -0.0078 

7 3 4 - 7 2 5 5364.9472 0.0002 

6 3 3 - 6 2 4 5376.2337 0.0008 

5 3 2 - 5 2 3 5383.3984 0.0010 

11 1 11 - 10 0 10 5386.9827 0.0008 

4 3 1 - 4 2 2 5387.5509 0.0004 

3 3 0 - 3 2 1 5389.6636 0.0009 

3 3 1 - 3 2 2 5391.1145 0.0014 

4 3 2 - 4 2 3 5391.8898 0.0010 

5 3 3 - 5 2 4 5393.4772 -0.0001 

6 3 4 - 6 2 5 5396.2740 -0.0031 

7 3 5 - 7 2 6 5400.7532 0.0007 

8 3 6 - 8 2 7 5407.4256 -0.0001 

9 3 7 - 9 2 8 5416.8692 -0.0004 

10 3 8 - 10 2 9 5429.6957 -0.0018 

12 1 11 - 11 1 10 5433.3565 0.0027 

11 3 9 - 11 2 10 5446.5522 -0.0015 

12 3 10 - 12 2 11 5468.1009 -0.0017 

13 3 11 - 13 2 12 5495.0179 -0.0011 

14 3 12 - 14 2 13 5527.9773 0.0008 

15 3 13 - 15 2 14 5567.6368 -0.0012 

5 2 3 - 4 1 4 5569.1619 0.0005 

16 3 14 - 16 2 15 5614.6444 -0.0007 

13 1 13 - 12 1 12 5623.0504 0.0011 

17 3 15 - 17 2 16 5669.6081 -0.0007 

14 0 14 - 13 1 13 5678.7721 0.0000 

13 0 13 - 12 0 12 5684.6819 -0.0008 

17 1 16 - 16 2 15 5697.6385 -0.0046 

8 5 4 - 9 4 5 5698.4553 -0.0020 
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8 5 3 - 9 4 6 5698.4553 -0.0266 

18 3 16 - 18 2 17 5733.1014 0.0002 

6 2 5 - 5 1 4 5748.0183 -0.0031 

12 1 12 - 11 0 11 5750.7123 0.0005 

13 2 12 - 12 2 11 5761.4003 0.0001 

13 5 9 - 12 5 8 5782.8595 0.0008 

13 5 8 - 12 5 7 5782.8595 -0.0022 

13 4 10 - 12 4 9 5785.5703 0.0028 

13 4 9 - 12 4 8 5785.7940 0.0087 

13 3 11 - 12 3 10 5788.3148 -0.0015 

13 3 10 - 12 3 9 5795.9201 -0.0042 

19 3 17 - 19 2 18 5805.6503 0.0034 

13 1 12 - 12 1 11 5881.0832 0.0006 

20 3 18 - 20 2 19 5887.7180 0.0015 

21 3 19 - 21 2 20 5979.7259 0.0053 

14 1 14 - 13 1 13 6052.3097 -0.0019 

12 6 7 - 13 5 8 6071.9054 0.0126 

12 6 6 - 13 5 9 6071.9054 0.0070 

6 2 4 - 5 1 5 6074.7513 -0.0005 

14 0 14 - 13 0 13 6109.8665 0.0023 

13 1 13 - 12 0 12 6115.7752 0.0004 

7 2 6 - 6 1 5 6131.2991 0.0001 

7 5 3 - 8 4 4 6144.3824 0.0058 

7 5 2 - 8 4 5 6144.3824 -0.0036 

15 0 15 - 14 1 14 6160.2905 0.0000 

14 4 11 - 13 4 10 6231.7565 0.0055 

14 4 10 - 13 4 9 6232.1246 0.0042 

14 3 12 - 13 3 11 6234.5205 0.0018 

14 3 11 - 13 3 10 6245.4955 -0.0052 

18 1 17 - 17 2 16 6274.7021 0.0000 

14 1 13 - 13 1 12 6327.4009 0.0038 

15 1 15 - 14 1 14 6481.0472 0.0039 

14 1 14 - 13 0 13 6483.4023 -0.0013 

8 2 7 - 7 1 6 6504.6413 0.0000 

15 0 15 - 14 0 14 6533.8322 0.0022 

7 2 5 - 6 1 6 6596.5881 0.0016 

16 0 16 - 15 1 15 6636.1376 0.0021 

3 3 1 - 2 2 0 6724.2662 0.0001 

3 3 0 - 2 2 1 6724.5594 0.0001 

15 1 15 - 14 0 14 6854.5819 -0.0008 

9 2 8 - 8 1 7 6868.2438 -0.0004 

17 0 17 - 16 1 16 7106.1987 -0.0010 

8 2 6 - 7 1 7 7136.5858 0.0000 
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4 3 2 - 3 2 1 7168.1342 0.0016 

4 3 1 - 3 2 2 7169.6049 0.0012 

10 2 9 - 9 1 8 7222.3701 0.0031 

16 1 16 - 15 0 15 7230.0207 0.0040 

11 4 7 - 11 3 8 7530.3525 0.0052 

10 4 6 - 10 3 7 7535.8626 0.0051 

11 4 8 - 11 3 9 7537.9357 -0.0017 

9 4 5 - 9 3 6 7539.7933 0.0029 

10 4 7 - 10 3 8 7540.2145 -0.0035 

8 4 4 - 8 3 5 7542.5236 -0.0006 

8 4 5 - 8 3 6 7543.7111 0.0032 

7 4 3 - 7 3 4 7544.3683 0.0029 

7 4 4 - 7 3 5 7544.9054 0.0004 

6 4 2 - 6 3 3 7545.5536 -0.0038 

17 1 17 - 16 0 16 7610.1286 0.0016 

5 3 3 - 4 2 2 7610.8759 0.0006 

5 3 2 - 4 2 3 7615.3094 0.0052 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.2.2. Assigned rotational transitions of the 13C1 BnBz-t isotopologe. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

7 1 7 - 6 0 6 3902.6168 0.0048 

8 1 8 - 7 0 7 4274.9753 -0.0157 

3 2 1 - 2 1 2 4582.3192 0.0008 

9 1 9 - 8 0 8 4642.6944 0.0050 

10 1 10 - 9 0 9 5007.1772 -0.0018 

11 1 11 - 10 0 10 5369.9888 0.0029 

6 2 5 - 5 1 4 5727.3747 0.0005 

12 1 12 - 11 0 11 5732.6097 -0.0033 

13 1 13 - 12 0 12 6096.4663 0.0053 

7 2 6 - 6 1 5 6109.6850 -0.0003 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.2.3. Assigned rotational transitions of the 13C2 BnBz-t isotopologe. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp /MHz va /MHz 

6 1 6 - 5 0 5 3514.4588 0.0078 

2 2 1 - 1 1 0 4091.8464 0.0028 

8 1 8 - 7 0 7 4262.6058 0.0062 

3 2 2 - 2 1 1 4512.7562 0.0004 
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3 2 1 - 2 1 2 4574.2011 -0.0056 

10 1 10 - 9 0 9 4992.1501 -0.0035 

11 1 11 - 10 0 10 5353.6194 -0.0023 

12 1 12 - 11 0 11 5714.8870 0.0031 

13 1 13 - 12 0 12 6077.3289 -0.0049 
aΔv is the difference between measure and calculated frequencies. 

 

Table C.3. Cartesian coordinates of 14 carbons in BnBz-g obtained through Kraitchman’s 

substitution equations with their Costain errors.  They are compared with theoretical results(re).  

  re rs re rs re rs 

  a a ±  err. b b ±  err. c c ±  err. 

C(1) 0.7701  0.7021  0.0030  0.7184  0.6818  0.0030  -0.6029  -0.6048  0.0035  

C(2) 2.0696  2.0441  0.0008  0.1717  0.1539  0.0111  -0.1293  -0.1122  0.0152  

C(3) 2.9589  2.9030  0.0006  1.0466  1.0683  0.0016  0.4952  0.5301  0.0033  

C(4) 4.1815  4.1420  0.0004  0.5839  0.6292  0.0027  0.9569  0.9994  0.0017  

C(5) 4.5226  4.5321  0.0004  -0.7557  -0.6880  0.0025  0.7994  0.8110  0.0021  

C(6) 3.6381  3.6799  0.0005  -1.6313  -1.5861  0.0011  0.1790  0.1327  0.0137  

C(7) 2.4140  2.4399  0.0007  -1.1715  -1.1532  0.0015  -0.2857  -0.3111  0.0054  

C(8) -1.2931  -1.2425  0.0014  0.2012  0.1536  0.0109  -1.6833  -1.7117  0.0010  

C(9) -2.3291  -2.2974  0.0009  0.0071  0.0235  0.0924  -0.6143  -0.6232  0.0035  

C(10) -2.9714  -2.8642  0.0006  -1.2224  -1.2792  0.0013  -0.4766  -0.3726  0.0046  

C(11) -3.9138  -3.8021  0.0004  -1.4201  -1.4584  0.0011  0.5240  0.6288  0.0027  

C(12) -4.2237  -4.2018  0.0004  -0.3850  -0.3542  0.0047  1.3987  1.4134  0.0012  

C(13) -3.5891  -3.6565  0.0005  0.8450  0.8839  0.0019  1.2673  1.1751  0.0015  

C(14) -2.6463  -2.7066  0.0006  1.0409  1.0626  0.0016  0.2664  0.1696  0.0100  

 

Table C.4. Cartesian coordinates of four carbons in BnBz-t obtained through Kraitchman’s 

substitution equations with their Costain errors. They are compared with theoretical results(re). 

  re rs re rs re rs 

  a a ±  err. b b ±  err. c c ±  err. 

C(10) -4.1215  -3.0258  0.0037  0.7573  0.0000  0.0496  1.2029  1.2230  0.0092  

C(14) -3.0108  -3.0258  0.0037  -0.0768  0.0000  0.0496  -1.2007  -1.2230  0.0092  

C(11) -3.0109  -4.1476  0.0015  -0.0767  -0.7065  0.0085  1.2007  1.2312  0.0049  

C(13) -4.1214  -4.1476  0.0015  0.7572  0.7065  0.0085  -1.2031  -1.2312  0.0049  
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Table C.5. List of computationally identified BnBz dimers at the B3LYP-D3(BJ)/def2-TZVP 

level of theory with their relative energies, rotational constants, abundances, dipole moments, 

and quartic centrifugal distortion constants. 

 ΔE
a
 / kJ mol

-1
 Pb 

/% 
A  

/ MHZ 

B  

/ MHZ 

C 

 / MHZ 

|μa|,|μb|,|μc|  

/ Debye 
ΔJ / kHz Δk / kHz ΔJK / kHz δJ  / kHz δK / kHz 

BnBz-
tg-1 

0.00 7% 203.7 126.6 110.6 0,3,0.4 0.002819 0.006571 0.005787 -0.000131 -0.011157 

BnBz-
tg-2 

0.49 6% 201.2 122.9 111.9 0.4,2.5,0.9 0.002903 0.016992 -0.003318 -0.00013 -0.008315 

BnBz-
tg-3 

1.03 5% 195.8 132.6 113.6 1.8,0.1,0.1 0.002328 0.006491 0.000492 0.000295 -0.003172 

BnBz-
g-g-

-4 
1.95 4% 198.3 130.0 115.0 1.4,0,0.3 0.003655 0.014885 -0.007105 0.000572 -0.005346 

BnBz-
g-g+

-5 
3.20 3% 211.5 122.2 110.3 0.8,2.7,0.2 0.002527 0.014395 -0.003628 0.000447 -0.005502 

BnBz-

g-g+
-6 

3.38 3% 208.7 114.3 104.4 2.3,0.1,0.9 0.003974 0.021209 -0.011192 0.000832 -0.005914 

BnBz-
tt-7 

3.62 3% 156.6 147.5 113.4 0.4,2.2,0.3 0.008105 -0.013514 0.007938 0.002503 0.03234 

BnBz-

tg-8 
3.85 2% 251.5 102.1 98.2 2.2,0.5,0.5 0.002717 0.035651 0.018211 0.00102 -0.278171 

BnBz-
g-g+

-9 
3.88 2% 183.1 122.5 108.4 0,3.2,0.3 0.003156 0.01054 -0.00327 0.000744 0.012063 

BnBz-

tt-10 
3.92 2% 183.3 140.8 116.5 0.5,1.7,0.4 0.007087 0.021332 -0.017768 0.001894 -0.002353 

BnBz-
g-g+

-11 
4.27 2% 198.2 124.6 113.5 2.3,1,1 0.004237 0.021257 -0.009866 -0.000051 -0.00399 

BnBz-

tg-12 
4.57 2% 253.0 91.5 88.7 0.8,0.1,0.1 0.002415 0.040744 -0.011814 -0.000094 0.020653 

BnBz-
g-g+

-13 
4.63 2% 304.6 81.6 75.6 0.8,0.1,0.1 0.000753 0.029034 -0.001282 0.000029 -0.002614 

BnBz-

g-g+
-14 

4.63 2% 304.6 81.6 75.6 0.1,1.7,2.8 0.000753 0.029034 -0.001282 0.000029 -0.002614 

BnBz-
g-g+

-15 
4.75 2% 223.2 110.7 105.7 1.5,0.2,0.4 0.002893 0.017952 0.002872 -0.00032 0.011144 

BnBz-
g

-
g

+
-16 

4.91 2% 228.8 100.4 91.2 1.4,1.2,0.9 0.003194 0.020634 0.029837 -0.00029 0.007757 

BnBz-
g-g+

-17 
4.97 2% 172.2 139.6 113.8 1,1.1,1.3 0.00889 0.01511 -0.020507 0.000536 -0.012254 

BnBz-
tt-18 

4.98 2% 327.6 79.2 71.7 0.2,1.1,2.9 0.00047 0.029268 0.002767 0.000061 0.001933 

BnBz-
g-g+-19 

5.16 2% 220.4 116.2 107.1 0.4,1.5,0.6 0.002254 0.017184 0.000865 -0.000191 0.006475 

BnBz-
tg-20 

5.17 2% 192.3 124.3 113.3 2.2,1.3,0.3 0.004016 0.032858 -0.009039 0.000341 -0.003788 

BnBz-
tt-21 

5.22 2% 208.0 100.1 89.3 0,0,2.9 0.001129 0.019928 0.010099 0.000064 -0.013653 

BnBz-
tt-22 

5.31 2% 317.3 79.9 73.7 1.2,1,0.3 0.000604 0.030398 0.000373 0.000035 -0.034867 

BnBz-

g-g-
-23 

5.37 2% 231.3 110.3 105.0 0,0,0 0.002296 0.003295 0.010937 0.000288 0.007339 

BnBz-
g

-
g

+
-24 

5.42 1% 157.8 150.7 115.0 2.2,1.5,1 0.018802 0.038533 -0.053898 -0.00048 -0.117778 

BnBz-

g
-
g

-
-25 

5.43 1% 198.3 121.0 112.0 0.1,3.2,0.6 0.003102 0.034448 -0.007874 0.000077 -0.005982 

BnBz-
g-g+

-26 
5.50 1% 183.8 124.8 116.8 0.1,2,0.1 0.003161 0.020445 -0.002734 0.000405 -0.015868 

BnBz-

g
-
g

-
-27 

5.58 1% 219.8 114.4 100.0 1.2,0.8,1.2 0.002454 0.024104 -0.005531 0.000329 0.003327 

BnBz-
g-g+

-28 
5.71 1% 204.3 122.5 106.0 1.5,0.3,0.1 0.003915 0.02371 -0.009423 0.000255 -0.002176 

BnBz-

g-g-
-29 

6.00 1% 204.3 113.6 96.3 0,0,2.1 0.005154 0.070538 -0.014564 0.000865 0.004778 
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BnBz-
g-g+

-30 
6.04 1% 192.9 128.7 113.6 1.3,0.5,0 0.006374 0.050165 -0.019419 0.002124 -0.004839 

BnBz-
tg-31 

6.17 1% 224.2 109.2 107.4 0,3,0 0.001767 0.008426 0.001383 -0.000347 0.051702 

BnBz-
g-g-

-32 
6.76 1% 200.9 120.3 103.7 2.9,0.6,1 0.002452 0.009696 0.001675 0.000234 -0.005491 

BnBz-
tg-33 

7.12 1% 207.6 113.5 99.2 0.3,2.8,0.4 0.002964 0.015069 0.007405 0.000223 -0.003607 

BnBz-
g-g-

-34 
7.27 1% 263.6 91.1 82.9 2.6,0.6,1.4 0.003204 0.065288 -0.015869 -0.000176 -0.002622 

BnBz-
tt-35 

7.41 1% 199.4 114.8 97.1 0.4,0.4,0 0.009316 0.076018 -0.031801 0.002693 -0.00429 

BnBz-
tg-36 

7.62 1% 188.5 130.4 103.7 1,0.6,3.3 0.00547 0.020804 -0.010082 0.001126 0.001334 

BnBz-
tg-37 

7.68 1% 255.9 98.4 91.7 2.4,0.5,1 0.001209 0.03857 0.015841 0.00008 -0.026124 

BnBz-

tt-38 
7.78 1% 151.3 144.9 105.8 0.1,0.3,0.1 0.004765 -0.017926 0.015564 0.000574 0.108161 

BnBz-
g-g+

-39 
8.02 1% 163.6 141.0 108.2 0.6,2.1,1.1 0.013781 0.010685 -0.02176 -0.0004 0.00078 

BnBz-

tg-40 
8.13 1% 265.6 99.8 89.3 1.1,1.6,0.6 0.000787 -0.016068 0.036461 0.000139 0.018961 

BnBz-
g-g+

-41 
8.26 1% 173.8 137.4 124.6 0.4,0.5,0 0.004782 0.021353 -0.008546 0.000938 0.000663 

BnBz-

tg-42 
8.36 1% 211.1 118.7 97.4 0.3,2.1,0.5 0.002789 0.020905 0.006529 0.000218 0.012891 

BnBz-
tg-43 

8.41 1% 206.0 116.3 87.6 3.2,1,1.5 0.004067 -0.024744 0.048938 0.000664 0.024938 

BnBz-

g-g+-44 
8.47 1% 167.8 137.6 102.7 2.9,1.5,1.3 0.009997 -0.004673 -0.003609 0.000967 0.008347 

BnBz-
g-g+-45 

8.61 1% 207.8 114.9 95.7 0.3,2.7,0.3 0.001923 0.014185 0.006018 0.000386 -0.011039 

BnBz-
tg-46 

8.70 1% 195.2 120.6 95.0 0.5,0.4,0 0.00205 -0.004754 0.012995 0.00038 -0.002827 

BnBz-
tg-47 

8.82 1% 179.4 135.7 103.3 1.2,0.7,0.1 0.010802 0.018872 -0.027282 0.001985 -0.016091 

BnBz-
tg-48 

8.86 1% 219.2 116.6 102.4 0.1,1.5,0.1 0.008492 -0.006905 0.020096 -0.002987 0.045399 

BnBz-
tt-49 

9.09 1% 182.3 114.8 94.3 0.6,0.1,0.1 0.007055 0.050813 -0.016166 0.002154 -0.006126 

BnBz-
tt-50 

9.19 0% 197.9 118.0 104.0 1.9,0.2,1.3 0.002097 0.004254 0.008159 0.000065 -0.008232 

BnBz-
tt-51 

9.19 0% 267.6 99.0 88.7 3,0.1,0.9 0.001135 -0.029139 0.059852 0.000111 0.030038 

BnBz-
tg-52 

9.24 0% 265.7 96.6 88.0 2.4,1.5,1.2 0.001774 -0.022132 0.052125 0.000052 0.031995 

BnBz-
g-g-

-53 
9.27 0% 209.8 101.1 97.9 2,0.2,0.3 0.013275 0.135141 -0.075331 0.003085 0.062795 

BnBz-
tt-54 

9.39 0% 150.7 140.5 115.8 2.5,0.1,1.4 0.007366 0.004664 -0.008637 0.000329 -0.007832 

BnBz-

g-g-
-55 

9.40 0% 171.9 139.1 106.4 0.1,2.4,0 0.033808 0.073848 -0.10311 -0.000901 -0.090838 

BnBz-
g-g+

-56 
9.63 0% 212.5 109.4 94.9 1.9,0.4,1 0.001741 0.017893 0.002364 0.000363 -0.000978 

BnBz-

tg-57 
9.76 0% 150.3 144.2 123.9 2.7,1,1.6 0.042571 0.060339 -0.094151 -0.000385 -0.136381 

BnBz-
tg-58 

9.79 0% 270.7 98.2 88.9 0,0,0 0.000831 -0.009976 0.02744 0.000176 0.015628 

BnBz-

tt-59 
9.91 0% 212.3 97.3 86.5 2.1,0,0.7 0.002315 0.029227 0.014241 0.000199 -0.014411 

BnBz-
g

-
g

-
-60 

9.98 0% 230.6 107.0 98.0 0,0,0 0.001836 0.015021 0.005108 0.000459 -0.026732 

BnBz-

tt-61 
10.06 0% 250.9 93.4 89.9 1.5,0.1,0.8 0.002248 0.024849 0.00312 0.000293 -0.007322 

BnBz-
tt-62 

10.17 0% 261.6 88.2 84.7 0.1,0.4,3.3 0.003019 0.020255 0.054076 -0.000578 -0.133459 

BnBz-
tg-63 

10.29 0% 201.5 111.0 86.5 0.7,0.4,3.2 0.002627 0.01087 0.003614 0.000208 0.005423 

BnBz-
tt-64 

10.38 0% 292.9 93.0 87.6 0.4,3,0.5 0.003363 0.105709 0.005068 0.000658 0.029815 
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BnBz-
tg-65 

10.45 0% 230.4 106.9 92.5 1,0.8,0.1 0.001581 0.007331 0.014045 -0.000062 0.013548 

BnBz-
tt-66 

10.48 0% 198.9 110.1 88.3 0.3,2.1,2.9 0.003059 0.012568 0.007251 0.000651 0.006955 

BnBz-
g-g-

-67 
10.78 0% 205.3 114.7 85.4 0.5,0.6,0.2 0.001721 0.005643 0.018378 0.000627 0.010387 

BnBz-
g-g-

-68 
11.11 0% 268.3 94.9 88.4 0.1,1.4,2.7 0.002033 -0.289698 0.384323 0.000514 -0.107343 

BnBz-
tt-69 

11.12 0% 267.3 89.1 81.2 0.3,1.9,3 0.00375 0.090391 0.009035 0.000753 0.03088 

BnBz-
g-g-

-70 
11.25 0% 189.8 126.4 106.2 2.3,0.5,2.4 0.003194 0.006206 0.002593 0.000346 -0.001926 

BnBz-
g-g+

-71 
11.25 0% 176.3 133.7 119.1 0.9,0.7,2.4 0.066337 0.349089 -0.192326 -0.01779 -0.241682 

BnBz-
g-g+

-72 
11.26 0% 196.7 121.0 111.0 0.8,1.4,1 0.002858 0.010308 -0.000137 -0.000255 -0.002428 

BnBz-

tt-73 
11.42 0% 180.8 112.1 98.3 0.5,1.4,0.2 0.004267 0.021916 -0.000477 0.000656 -0.008551 

BnBz-
tg-74 

11.50 0% 206.7 109.1 81.7 1.9,0.2,0 0.002128 0.013066 0.005173 0.000698 0.005651 

BnBz-

tg-75 
11.54 0% 257.4 97.2 87.4 2.4,0,1 0.003028 0.036093 0.001041 0.000758 0.020549 

BnBz-
g-g-

-76 
11.80 0% 259.1 92.8 90.4 1.9,0.3,0.3 0.002086 0.011068 0.010462 0.00016 0.044511 

BnBz-

g
-
g

-
-77 

11.88 0% 157.4 129.9 111.7 0,1.4,0 0.00372 -0.005182 0.008273 0.000345 -0.000126 

BnBz-
tt-78 

12.10 0% 206.2 108.8 82.5 0.9,1.9,1.7 0.001762 0.010465 0.006578 0.000583 0.006247 

BnBz-

g-g+-79 
12.21 0% 209.6 103.0 82.2 2.4,0.3,0.9 0.011673 0.14511 -0.062275 0.002305 0.002117 

BnBz-
g-g--80 

12.28 0% 158.7 111.4 85.9 0,0,0 0.006338 0.022088 -0.008829 0.00196 0.004404 

BnBz-
g-g+

-81 
12.33 0% 195.9 113.3 89.2 0.7,2,1.9 0.001495 0.004492 0.026456 0.000237 0.007886 

BnBz-
g-g+

-82 
12.37 0% 215.4 100.4 80.5 0.1,0.3,3.8 0.011041 0.155591 -0.068533 0.002171 -0.000272 

BnBz-
tg-83 

12.39 0% 313.3 83.7 79.6 0.2,0.4,3.3 0.002105 0.011997 0.013291 0.000106 0.009782 

BnBz-
g-g-

-84 
12.58 0% 166.2 113.5 92.6 1,0.3,0 0.00457 0.01651 -0.000323 0.001246 0.001597 

BnBz-
g-g+

-85 
12.59 0% 188.8 121.0 90.5 2.5,1.7,0.5 0.002699 0.00793 0.005898 -0.00021 0.008147 

BnBz-
tg-86 

12.60 0% 150.5 139.4 114.8 0.7,1.4,2.7 0.004239 -0.013305 0.011568 -0.000196 0.037043 

BnBz-
g-g+

-87 
12.66 0% 251.8 96.0 82.1 1.1,0.9,0.9 0.002502 0.022307 0.008733 0.000496 0.006647 

BnBz-
tg-88 

12.71 0% 193.5 98.5 77.4 1.9,1.5,0.9 0.002499 0.007658 0.004347 0.000388 0.006389 

BnBz-
tg-89 

12.90 0% 199.3 108.5 86.9 0.5,1.7,1.5 0.003077 0.012571 -0.000537 0.000633 -0.002186 

BnBz-

g-g-
-90 

13.04 0% 197.3 105.7 83.5 0,2.5,0 0.001833 -0.010579 0.027261 0.000153 0.005734 

BnBz-
g-g-

-91 
13.21 0% 191.8 120.5 102.4 0.9,1,0.3 0.005334 0.079414 -0.023277 -0.000899 0.011466 

BnBz-

g
-
g

+
-92 

13.25 0% 163.3 128.1 103.9 0.2,1.5,1.1 0.008423 0.011324 -0.015678 0.003267 -0.005027 

BnBz-
tg-93 

13.25 0% 158.4 130.9 97.9 1.1,1.8,0.3 0.006605 -0.020002 0.015391 0.000916 0.009427 

BnBz-

tt-94 
13.32 0% 203.3 110.8 83.8 0.3,2.8,1.7 0.00202 0.009424 0.004892 0.000532 0.006494 

BnBz-
g

-
g

+
-95 

13.45 0% 180.7 125.6 95.4 0.6,1.7,0.8 0.008551 0.009884 -0.014616 0.00321 -0.00399 

BnBz-

g-g-
-96 

13.48 0% 166.2 143.7 101.9 0.5,1.3,3 0.0085 0.010647 -0.017945 0.000029 -0.020496 

BnBz-
g-g+

-97 
13.51 0% 230.4 99.7 82.0 1.1,0.3,0.7 0.003282 0.027061 0.008721 0.001048 0.014546 

BnBz-
g-g-

-98 
13.60 0% 307.2 76.4 69.0 0.8,2.4,0.2 0.000933 0.046849 -0.001528 0.000126 0.002186 

BnBz-
tg-99 

13.75 0% 184.8 109.0 87.0 0.2,0.5,0 0.006461 0.005497 -0.000155 0.001412 0.010964 
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BnBz-
tg-100 

13.79 0% 307.3 76.7 74.8 2,0.9,0.4 0.001784 0.050597 -0.00376 -0.000097 -0.022306 

BnBz-
tg-101 

13.88 0% 188.8 121.0 90.5 0.9,1.9,1.8 0.0027 0.00788 0.005888 -0.000212 0.008165 

BnBz-
g-g-

-

102 

13.95 0% 230.7 93.6 85.2 1.2,0.1,0.5 0.002896 0.034821 -0.003878 0.000148 0.009879 

BnBz-
g-g--
103 

13.97 0% 221.1 86.4 73.8 0.9,0.7,0.3 0.004366 0.077819 -0.023146 0.001028 0.005318 

BnBz-
g-g--
104 

14.06 0% 270.9 72.7 65.5 0.7,0.1,0.1 0.001178 0.060934 -0.00549 0.000202 -0.002162 

BnBz-

g-g--
105 

14.18 0% 189.7 101.7 85.6 0.3,0.5,0.1 0.003995 0.017228 0.004896 0.001174 0.010259 

BnBz-

tg-106 
14.21 0% 218.6 95.7 78.8 0.5,0.4,0.4 0.00346 0.042195 -0.010045 0.001266 0.007844 

BnBz-
tg-107 

14.24 0% 214.1 109.7 84.9 2.4,0.3,0.9 0.001105 0.006318 0.009248 0.000168 0.005285 

BnBz-

tg-108 
14.30 0% 180.2 105.5 83.5 3.2,2,0.7 0.011717 0.041814 -0.028086 0.00338 0.011959 

BnBz-
tg-109 

14.39 0% 285.2 71.1 63.6 0,2.7,1.8 0.000875 0.043263 -0.000336 0.000159 -0.000281 

BnBz-

g
-
g

-
-

110 
14.50 0% 268.7 75.8 74.1 0.4,1.8,0.7 0.003844 0.165061 -0.03378 0.000305 0.004331 

BnBz-
g-g+

-

111 

14.59 0% 205.4 109.3 86.1 2.9,2.3,0.1 0.001152 0.009335 0.00947 0.000197 0.00118 

BnBz-
g-g+-

112 

14.72 0% 285.4 71.2 63.7 0.7,0.6,0.5 0.00085 0.042764 -0.000388 0.000167 -0.002408 

BnBz-
tg-113 

14.73 0% 220.9 82.8 71.4 0.3,1.2,2.7 0.003624 0.071128 -0.019113 0.000929 0.008912 

BnBz-

g-g+
-

114 
14.74 0% 330.7 73.4 69.3 0.1,2,1.7 0.001071 0.034846 0.000206 0.000126 0.001392 

BnBz-
g-g+

-

115 

14.87 0% 273.8 72.4 64.6 0.4,2.2,1.8 0.001161 0.060434 -0.005595 0.000202 0.000481 

BnBz-
g-g+

-
116 

14.95 0% 202.3 117.4 95.1 0.4,0.8,3.1 0.002625 0.018078 0.003334 0.000005 0.008422 

BnBz-
g-g+

-
117 

16.02 0% 168.8 125.1 119.3 0.5,2.4,0.4 0.006326 0.047226 -0.019011 -0.002373 0.025353 

BnBz-

tg-118 
16.92 0% 235.8 84.9 73.1 1.4,1.7,1.8 0.004733 0.104125 -0.026604 0.001235 0.001877 

BnBz-
tg-119 

16.94 0% 164.9 134.4 99.3 0.2,0.4,0.1 0.008836 -0.002309 -0.005008 0.001527 0.002977 

BnBz-
tg-120 

17.16 0% 159.9 105.9 82.0 0.5,2.3,1.5 0.011366 0.054436 -0.021487 0.003534 -0.00054 

BnBz-
tg-121 

17.21 0% 177.6 99.8 84.7 1.7,0.3,0 0.003924 0.029031 -0.007623 0.00097 -0.009191 

BnBz-
tg-122 

17.94 0% 248.6 83.3 74.0 1.2,0.7,0.7 0.002757 0.068476 -0.015758 0.000552 -0.000822 

BnBz-
g

-
g

-
-

123 

18.60 0% 198.0 110.8 83.3 0.1,0.7,1.2 0.001909 -0.001223 0.017059 0.000422 0.00951 

BnBz-
tg-124 

18.67 0% 176.1 112.6 83.2 0.3,2.8,0.9 0.003539 0.008402 0.018466 -0.000257 0.019225 

BnBz-

tg-125 
18.82 0% 196.5 124.2 106.6 1,0.8,1.3 0.003844 -0.003288 0.022202 -0.000532 0.010933 

BnBz-
g-g-

-

126 

19.24 0% 152.4 103.6 75.7 0,2.6,0 0.01499 0.013233 -0.027386 0.002611 -0.004137 

BnBz-
tg-127 

19.57 0% 148.5 128.3 93.8 1.5,1,0.3 0.012934 -0.082233 0.072408 0.004388 0.181964 
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BnBz-
g-g+

-

128 

21.64 0% 166.4 97.8 67.4 0.5,2.2,0.9 0.009622 -0.000332 -0.008688 0.003445 0.004574 

 

 

Table C.6. List of assigned dimer transitions. 

J’ Ka’ Kc’ - J’’ Ka’’ Kc’’ vExp / MHz va / MHz 

6 5 2 - 5 4 1 2135.3150 0.0045 

10 0 10 - 9 1 9 2204.1670 -0.0059 

10 1 10 - 9 0 9 2207.2136 -0.0131 

6 6 1 - 5 5 0 2301.2283 -0.0005 

6 6 0 - 5 5 1 2301.2283 -0.0011 

10 2 9 - 9 1 8 2311.4660 0.0077 

7 5 3 - 6 4 2 2366.3848 0.0080 

7 5 2 - 6 4 3 2366.8047 -0.0103 

11 0 11 - 10 1 10 2421.8730 -0.0027 

11 2 10 - 10 1 9 2515.3223 0.0105 

7 6 2 - 6 5 1 2532.7488 0.0033 

7 6 1 - 6 5 2 2532.7488 -0.0029 

8 5 3 - 7 4 4 2598.2039 0.0150 

9 4 6 - 8 3 5 2623.1138 -0.0006 

12 0 12 - 11 1 11 2639.2519 0.0216 

12 1 12 - 11 0 11 2640.0103 -0.0045 

9 4 5 - 8 3 6 2686.5968 -0.0032 

7 7 1 - 6 6 0 2698.5662 -0.0109 

7 7 0 - 6 6 1 2698.5662 -0.0109 

12 2 11 - 11 1 10 2723.6195 -0.0014 

10 4 7 - 9 3 6 2822.9889 -0.0115 

9 5 5 - 8 4 4 2825.0399 -0.0134 

13 0 13 - 12 1 12 2856.4029 0.0014 

13 1 13 - 12 0 12 2856.7855 -0.0053 

13 1 12 - 12 2 11 2922.2589 0.0164 

8 7 2 - 7 6 1 2930.1178 0.0015 

8 7 1 - 7 6 2 2930.1178 0.0011 

9 6 4 - 8 5 3 2995.1521 -0.0142 

9 6 3 - 8 5 4 2995.3381 0.0076 

11 4 8 - 10 3 7 3011.6629 -0.0091 

10 5 6 - 9 4 5 3050.3061 0.0081 

10 5 5 - 9 4 6 3062.4453 -0.0086 

14 0 14 - 13 1 13 3073.4825 0.0043 

14 1 14 - 13 0 13 3073.6691 -0.0003 
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13 3 11 - 12 2 10 3077.0852 -0.0054 

8 8 1 - 7 7 0 3095.9206 0.0010 

8 8 0 - 7 7 1 3095.9206 0.0010 

14 1 13 - 13 2 12 3141.9319 -0.0036 

14 2 13 - 13 1 12 3149.0350 -0.0170 

9 7 3 - 8 6 2 3161.5632 0.0015 

9 7 2 - 8 6 3 3161.5632 -0.0013 

14 2 12 - 13 3 11 3172.8082 -0.0030 

11 4 7 - 10 3 8 3210.3733 0.0003 

10 6 5 - 9 5 4 3225.6717 -0.0004 

10 6 4 - 9 5 5 3226.2481 0.0037 

14 3 12 - 13 2 11 3268.3387 -0.0048 

11 5 7 - 10 4 6 3270.0797 -0.0011 

15 0 15 - 14 1 14 3290.4923 -0.0150 

15 1 15 - 14 0 14 3290.6092 0.0088 

11 5 6 - 10 4 7 3297.4695 -0.0124 

9 8 1 - 8 7 2 3327.4636 -0.0068 

9 8 2 - 8 7 1 3327.4636 -0.0068 

15 1 14 - 14 2 13 3360.3948 -0.0013 

15 2 14 - 14 1 13 3364.2201 0.0065 

10 7 3 - 9 6 4 3392.8412 -0.0073 

10 7 4 - 9 6 3 3392.8412 0.0071 

11 6 6 - 10 5 5 3455.2158 0.0025 

11 6 5 - 10 5 6 3456.9076 -0.0054 

15 3 13 - 14 2 12 3466.5841 -0.0013 

12 5 8 - 11 4 7 3481.5730 0.0109 

9 9 0 - 8 8 1 3493.2533 -0.0032 

9 9 1 - 8 8 0 3493.2533 -0.0032 

12 4 8 - 11 3 9 3499.4860 0.0078 

12 5 7 - 11 4 8 3537.1989 0.0025 

16 2 15 - 15 1 14 3580.1690 0.0026 

16 2 14 - 15 3 13 3635.5901 -0.0021 

16 3 14 - 15 2 13 3670.9214 0.0124 

13 5 9 - 12 4 8 3681.9828 -0.0002 

12 6 7 - 11 5 6 3683.1034 0.0199 

17 0 17 - 16 1 16 3724.5196 0.0136 

17 1 17 - 16 0 16 3724.5196 -0.0079 

10 9 2 - 9 8 1 3724.8171 0.0023 

10 9 1 - 9 8 2 3724.8171 0.0023 

13 5 8 - 12 4 9 3784.9486 0.0035 

11 8 4 - 10 7 3 3790.3232 0.0025 

11 8 3 - 10 7 4 3790.3232 0.0013 

17 1 16 - 16 2 15 3795.5082 -0.0134 
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17 2 16 - 16 1 15 3796.5668 -0.0016 

12 7 6 - 11 6 5 3854.3996 -0.0016 

12 7 5 - 11 6 6 3854.5994 0.0029 

17 2 15 - 16 3 14 3859.3501 -0.0009 

16 4 13 - 15 3 12 3864.7357 -0.0024 

14 5 10 - 13 4 9 3869.7104 -0.0116 

17 3 15 - 16 2 14 3879.8038 -0.0036 

10 10 0 - 9 9 1 3890.5831 -0.0045 

10 10 1 - 9 9 0 3890.5831 -0.0045 

13 6 7 - 12 5 8 3918.6548 0.0026 

18 4 14 - 17 5 13 3938.7901 0.0068 

18 1 18 - 17 0 17 3941.5047 0.0013 

18 0 18 - 17 1 17 3941.5047 0.0116 

11 9 3 - 10 8 2 3956.3186 -0.0046 

11 9 2 - 10 8 3 3956.3186 -0.0046 

18 1 17 - 17 2 16 4012.6781 -0.0046 

18 2 17 - 17 1 16 4013.2224 0.0019 

12 8 5 - 11 7 4 4021.4992 -0.0036 

12 8 4 - 11 7 5 4021.4992 -0.0087 

18 2 16 - 17 3 15 4080.2550 -0.0012 

13 7 7 - 12 6 6 4084.3383 0.0022 

13 7 6 - 12 6 7 4084.9170 0.0014 

18 3 15 - 17 4 14 4102.3734 0.0038 

11 10 1 - 10 9 2 4122.1491 -0.0016 

11 10 2 - 10 9 1 4122.1491 -0.0016 

14 6 9 - 13 5 8 4128.4644 0.0074 

14 6 8 - 13 5 9 4151.2772 -0.0058 

19 1 19 - 18 0 18 4158.4805 -0.0009 

19 0 19 - 18 1 18 4158.4805 0.0039 

12 9 4 - 11 8 3 4187.7437 0.0004 

12 9 3 - 11 8 4 4187.7437 0.0003 

16 5 12 - 15 4 11 4209.8427 0.0094 

19 1 18 - 18 2 17 4229.7420 0.0057 

19 2 18 - 18 1 17 4230.0046 -0.0047 

19 4 15 - 18 5 14 4232.3829 0.0137 

13 8 6 - 12 7 5 4252.4488 0.0253 

13 8 5 - 12 7 6 4252.4488 0.0058 

11 11 0 - 10 10 1 4287.9103 -0.0019 

11 11 1 - 10 10 0 4287.9103 -0.0019 

19 2 17 - 18 3 16 4299.4194 0.0080 

19 3 17 - 18 2 16 4305.8182 -0.0023 

14 7 8 - 13 6 7 4313.2878 -0.0041 

14 7 7 - 13 6 8 4314.8370 -0.0036 



293 

 

15 5 10 - 14 4 11 4322.6224 -0.0010 

15 6 10 - 14 5 9 4341.5769 0.0024 

12 10 2 - 11 9 3 4353.6948 0.0198 

12 10 3 - 11 9 2 4353.6948 0.0198 

17 5 13 - 16 4 12 4367.3121 0.0069 

20 0 20 - 19 1 19 4375.4604 0.0026 

20 1 20 - 19 0 19 4375.4604 0.0003 

15 6 9 - 14 5 10 4387.2021 0.0036 

19 4 16 - 18 3 15 4418.1700 -0.0192 

13 9 5 - 12 8 4 4419.0318 0.0023 

13 9 4 - 12 8 5 4419.0318 0.0019 

20 1 19 - 19 2 18 4446.7429 0.0074 

20 2 19 - 19 1 18 4446.8767 0.0035 

20 2 18 - 19 3 17 4517.5377 0.0016 

12 11 2 - 11 10 1 4519.4786 -0.0003 

12 11 1 - 11 10 2 4519.4786 -0.0003 

20 3 18 - 19 2 17 4521.0244 -0.0040 

15 7 9 - 14 6 8 4540.7149 0.0057 

20 3 17 - 19 4 16 4571.7493 -0.0056 

13 10 3 - 12 9 4 4585.1332 0.0024 

13 10 4 - 12 9 3 4585.1332 0.0024 

21 0 21 - 20 1 20 4592.4177 -0.0195 

21 1 21 - 20 0 20 4592.4177 -0.0205 

16 5 11 - 15 4 12 4622.0205 -0.0134 

21 1 20 - 20 2 19 4663.7424 0.0337 

21 2 20 - 20 1 19 4663.7424 -0.0349 

19 5 15 - 18 4 14 4675.8173 -0.0061 

12 12 1 - 11 11 0 4685.2291 -0.0006 

12 12 0 - 11 11 1 4685.2291 -0.0006 

15 8 8 - 14 7 7 4713.0517 -0.0018 

15 8 7 - 14 7 8 4713.2406 -0.0046 

17 6 12 - 16 5 11 4734.4289 -0.0018 

21 3 19 - 20 2 18 4736.9436 -0.0079 

13 11 3 - 12 10 2 4751.0168 0.0025 

13 11 2 - 12 10 3 4751.0168 0.0025 

16 7 10 - 15 6 9 4765.6707 0.0005 

21 3 18 - 20 4 17 4797.2516 0.0004 

22 1 22 - 21 0 21 4809.4166 0.0012 

22 0 22 - 21 1 21 4809.4166 0.0017 

14 10 4 - 13 9 5 4816.4824 -0.0016 

14 10 5 - 13 9 4 4816.4824 -0.0015 

21 4 18 - 20 3 17 4825.0922 -0.0153 

20 5 16 - 19 4 15 4835.3348 0.0158 
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15 9 7 - 14 8 6 4880.9795 0.0014 

15 9 6 - 14 8 7 4880.9795 -0.0049 

16 8 8 - 15 7 9 4942.9725 0.0052 

22 2 20 - 21 3 19 4952.2977 0.0029 

22 3 20 - 21 2 19 4953.2867 -0.0029 

14 11 4 - 13 10 3 4982.4942 -0.0007 

14 11 3 - 13 10 4 4982.4942 -0.0007 

17 7 10 - 16 6 11 5004.8042 -0.0096 

23 1 23 - 22 0 22 5026.3955 0.0046 

23 0 23 - 22 1 22 5026.3955 0.0048 

22 4 19 - 21 3 18 5035.3444 0.0033 

15 10 5 - 14 9 6 5047.6944 -0.0008 

15 10 6 - 14 9 5 5047.6944 -0.0007 

13 13 1 - 12 12 0 5082.5404 0.0008 

13 13 0 - 12 12 1 5082.5404 0.0008 

23 1 22 - 22 2 21 5097.6322 0.0067 

23 2 22 - 22 1 21 5097.6322 -0.0100 

16 9 8 - 15 8 7 5111.5129 0.0090 

16 9 7 - 15 8 8 5111.5129 -0.0118 

14 12 3 - 13 11 2 5148.3432 0.0007 

14 12 2 - 13 11 3 5148.3432 0.0007 

17 8 10 - 16 7 9 5170.8772 -0.0101 

17 8 9 - 16 7 10 5172.2107 0.0225 

22 5 18 - 21 4 17 5181.4340 0.0121 

15 11 5 - 14 10 4 5213.8971 0.0029 

15 11 4 - 14 10 5 5213.8971 0.0029 

20 6 15 - 19 5 14 5224.0776 0.0125 

18 7 11 - 17 6 12 5237.5400 -0.0021 

23 3 20 - 22 4 19 5238.9950 0.0019 

24 1 24 - 23 0 23 5243.3676 0.0028 

24 0 24 - 23 1 23 5243.3676 0.0029 

23 4 20 - 22 3 19 5248.1457 0.0060 

23 4 19 - 22 5 18 5275.7010 -0.0041 

16 10 6 - 15 9 7 5278.7186 -0.0011 

16 10 7 - 15 9 6 5278.7186 -0.0005 

24 1 23 - 23 2 22 5314.5812 0.0020 

24 2 23 - 23 1 22 5314.5812 -0.0061 

21 6 16 - 20 5 15 5368.4118 -0.0102 

15 12 4 - 14 11 3 5379.8435 0.0022 

15 12 3 - 14 11 4 5379.8435 0.0022 

24 2 22 - 23 3 21 5386.3061 -0.0023 

18 8 11 - 17 7 10 5397.9278 -0.0024 

18 8 10 - 17 7 11 5400.9766 0.0056 
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19 7 13 - 18 6 12 5407.8174 -0.0034 

16 11 5 - 15 10 6 5445.1799 -0.0018 

24 3 21 - 23 4 20 5457.4461 0.0099 

25 0 25 - 24 1 24 5460.3408 0.0040 

25 1 25 - 24 0 24 5460.3408 0.0040 

24 4 21 - 23 3 20 5462.5395 -0.0031 

14 14 1 - 13 13 0 5479.8431 0.0021 

14 14 0 - 13 13 1 5479.8431 0.0021 

17 10 8 - 16 9 7 5509.5050 0.0003 

17 10 7 - 16 9 8 5509.5050 -0.0017 

25 1 24 - 24 2 23 5531.5340 0.0021 

25 2 24 - 24 1 23 5531.5340 -0.0018 

15 13 3 - 14 12 2 5545.6616 0.0010 

15 13 2 - 14 12 3 5545.6616 0.0010 

18 9 10 - 17 8 9 5571.2027 0.0054 

18 9 9 - 17 8 10 5571.3545 -0.0126 

20 7 14 - 19 6 13 5601.9043 0.0062 

25 2 23 - 24 3 22 5603.2206 -0.0116 

16 12 5 - 15 11 4 5611.2723 -0.0014 

16 12 4 - 15 11 5 5611.2723 -0.0014 

19 8 12 - 18 7 11 5622.8608 -0.0043 

17 11 7 - 16 10 6 5676.3206 -0.0026 

17 11 6 - 16 10 7 5676.3206 -0.0026 

26 0 26 - 25 1 25 5677.3084 0.0017 

26 1 26 - 25 0 25 5677.3084 0.0016 

25 4 22 - 24 3 21 5677.9210 -0.0010 

15 14 2 - 14 13 1 5711.4166 0.0025 

15 14 1 - 14 13 2 5711.4166 0.0025 

18 10 9 - 17 9 8 5739.9940 0.0015 

18 10 8 - 17 9 9 5739.9940 -0.0051 

26 1 25 - 25 2 24 5748.4822 -0.0018 

26 2 25 - 25 1 24 5748.4822 -0.0038 

16 13 4 - 15 12 3 5777.1696 -0.0031 

16 13 3 - 15 12 4 5777.1696 -0.0031 

17 12 6 - 16 11 5 5842.6127 -0.0032 

17 12 5 - 16 11 6 5842.6127 -0.0032 

20 8 13 - 19 7 12 5844.5746 0.0135 

15 15 1 - 14 14 0 5877.1327 -0.0006 

15 15 0 - 14 14 1 5877.1327 -0.0006 

26 4 23 - 25 3 22 5893.8819 -0.0037 

27 1 27 - 26 0 26 5894.2747 0.0002 

27 0 27 - 26 1 26 5894.2747 0.0002 

18 11 8 - 17 10 7 5907.2789 -0.0012 
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18 11 7 - 17 10 8 5907.2789 -0.0014 

16 14 3 - 15 13 2 5942.9664 -0.0020 

16 14 2 - 15 13 3 5942.9664 -0.0020 

26 4 22 - 25 5 21 5958.8094 -0.0023 

27 2 26 - 26 1 25 5965.4338 -0.0028 

27 1 26 - 26 2 25 5965.4338 -0.0018 

19 10 10 - 18 9 9 5970.1197 0.0058 

19 10 9 - 18 9 10 5970.1197 -0.0138 

17 13 5 - 16 12 4 6008.6274 -0.0025 

17 13 4 - 16 12 5 6008.6274 -0.0025 

20 9 12 - 19 8 11 6028.0683 0.0000 

20 9 11 - 19 8 12 6029.1207 0.0136 

18 12 7 - 17 11 6 6073.8415 0.0007 

18 12 6 - 17 11 7 6073.8415 0.0007 

16 15 2 - 15 14 1 6108.7072 -0.0007 

16 15 1 - 15 14 2 6108.7072 -0.0007 

28 0 28 - 27 1 27 6111.2466 0.0066 

28 1 28 - 27 0 27 6111.2466 0.0066 

19 11 9 - 18 10 8 6138.0026 -0.0063 

19 11 8 - 18 10 9 6138.0026 -0.0069 

17 14 4 - 16 13 3 6174.4880 -0.0030 

17 14 3 - 16 13 4 6174.4880 -0.0030 

18 13 6 - 17 12 5 6240.0043 -0.0082 

18 13 5 - 17 12 6 6240.0043 -0.0082 

16 16 1 - 15 15 0 6274.4179 0.0018 

16 16 0 - 15 15 1 6274.4179 0.0018 

19 12 8 - 18 11 7 6304.9117 -0.0064 

19 12 7 - 18 11 8 6304.9117 -0.0065 

17 15 3 - 16 14 2 6340.2690 0.0028 

17 15 2 - 16 14 3 6340.2690 0.0028 

18 14 5 - 17 13 4 6405.9702 0.0030 

18 14 4 - 17 13 5 6405.9702 0.0030 

17 17 1 - 16 16 0 6671.6914 0.0029 

17 17 0 - 16 16 1 6671.6914 0.0029 
aΔv is the difference between measure and calculated frequencies.  

 

 


