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ABSTRACT 

 Pulsed-beam Fourier transform microwave spectroscopy (PBFTMS) was 

used to determine the rotational structure of N-hydroxypyridine-2(1H)-thione.  

PBFTMS was also used to determine the rotational structure of a hydrogen dimer 

between propiolic acid and formic acid.  Rotational constants and quadrupole 

coupling constants were determined.  Calculations (MP2/DFT) were utilized in 

predicting the isotopic structures.  Isotopic data (D, and 13C) and normal 

isotopomers collected were used in establishing of key structural parameters 

such as bond length and bond angles.   
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1  INTRODUCTION 

 
High resolution microwave spectroscopy has been used to measure structural 

parameters such as bond lengths and angles.  Experimental data that is 

collected follows the principles of the moments of inertia from the molecule 

rotating end over end.  The molecule that is under investigation must have a total 

net dipole greater than zero so that the oscillating electric field can couple with 

the dipole moment.  This causes the molecule to rotate and excite to another 

rotational state.  The information obtained using microwave spectroscopy will 

aide in a greater understanding of how atoms bond and will enhance predictions 

done using computer simulations. 

Two separate projects were investigated and are reported in this thesis. The 

first project was the structure determination of a dimer between two organic 

molecules (propiolic acid and formic acid).  The interest in the dimer stems from 

the need for a greater understanding of how biological systems work.  It is known 

that doubly bonded hydrogen dimers and triply bonded hydrogen dimers play a 

key role in DNA replication and are also believed to be one of the sources of 

genetic mutations.  Genetic mutations are thought to be caused by the 

mismatching of two DNA base pairs resulting in improper sequencing of the 

replicated DNA strand1.  Through the study of example systems such as propiolic 
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acid and formic acid, a greater understanding of the chemistry that occurs can be 

obtained and applied towards genetic mutations. 

The second project was the structural determination of 2-mercaptopyridine-n-

oxide with the initial goal of being able to detect this molecule in a plant bulb, 

Allium Stipitatum.  This project originated from a professor in New York 

[University at Albany], Professor Eric Block, who has been doing work with sulfur-

containing molecules, specifically in plant species.  High-level calculations were 

used to predict the structures of the two tautomers2, conducted by Dr. Adam 

Daly, but will not be discussed in depth in this thesis.  Pulsed beam Fourier 

transform microwave spectrometry was used to determine structural information 

for these two projects. 
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2  THEORY 

This section of the thesis is to describe and highlight some of the primary 

principles of microwave spectroscopy in order to aide in the understanding of 

how and why certain experimental methods were chosen.   

2.1 Rigid Rotor Model: 

Microwave spectroscopy is based on the primary principles of angular 

momentum, where a molecule displays end over end rotations.  The simplest and 

easiest form of a rotational spectrum comes from a rigid rotor model, wherein a 

series of point masses are connected by weightless rods that do not expand nor 

contract.  The system is also described using the classical physics concept of 

angular momentum.  

 

Variable J defines the total angular momentum using the summation of the 

moments in the arbitrary x, y, and z axes, where I is the moment of inertia for 

each axis and ω is the angular velocity.  Other influential factors, such as nuclear 

quadrupole and spin-spin interaction, are initially being neglected in an attempt to 

simplify the concept.  Due to the fact that the free rotation of the molecule is 

quantized and does not behave classically, a different form of the equation is 

needed in which the angular momentum is quantized. Through the substitution of 
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J=Iω and by treating J as an angular momentum operator, the following equation 

can be obtained. 

 

A different coordinate system, the principle axis system (PAS), is used, which is 

based on a molecule where the initial moment of inertia tensor for x, y, and z is 

diagonalized in a matrix, thus “rotating” the coordinate grid3. The structural 

components of a molecule are determined from the rotational constants A, B, and 

C, which are inversely proportional to the moments of inertia for each of the three 

axes around which a molecule rotates.  The axes are also labeled a, b, and c 

based on the intensity of the net dipole moments in each of the planes, with “a” 

having the largest net dipole followed by “b” and “c”.  A trend in splitting between 

the excited and non-excited state occurs due to molecules having similar values 

in moments of inertia.  Molecules can be classified based on how the three 

rotational constants correlate with each other.  They can be classified as a linear 

molecule, spherical top, prolate top, or oblate top.  These classifications can be 

determined from the moments of inertia in each axis and are defined in the table 

on the next page. 
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Table 2.1-Classification of Molecules Based On the Rotational Constants 

Classification Type Definition 

Linear Molecule Ib=Ic, Ia=0 

Spherical Top Ia=Ib=Ic 

Oblate Symmetric Top Ia=Ib<Ic 

Prolate Symmetric Top Ia<Ib=Ic 

Asymmetric Top Ia<Ib<Ic 

If a molecule has three different moments, it is then classified as an asymmetric 

top, in which the splitting of energy levels no longer follows a trend as a 

symmetric top molecule does. 

One molecule and one dimer were studied to determine the gas phase 

rotational structure.  The structures of N-hydroxypyridine-2(1H)-thione and the 

dimer between propiolic acid and formic acid (see figure 2.1) were determined 

and can be classified as asymmetric top. The hydrogen dimer can also be 

classified as an oblate top due to the moments in the “b” and “c” rotational axis 

being almost equal.  Being able to characterize the molecule or complex gives 

the researcher some insight into what the rotational spectrum should look like in 

terms of patterns in rotational transitions. 
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Figure 2.1-N-hydropyridine-2(1H)-thione (left), Propiolic Acid Formic Acid 
Dimer (right) 
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2.2 Symmetric Top: 

A symmetric top is the case wherein two of the rotational constants are 

equal to each other while the third is either greater than (prolate) or less than 

(oblate) the other two.  Starting from the Hamiltonian equations for an atom 

rotating around the center of mass: 

 

The equation can be simplified due to the two of the rotational constants equaling 

each other.  Rotational constant A is defined as , B as , and C as .  

The energies for each type of symmetric top, prolate and oblate can be 

determined using the appropriate equation below: 

 

 

These two equations describe the amount of energy an oblate or prolate 

symmetric top contains for a given rotational state, which is dependent upon the 

angular moment, variable J.  Variables A, B, and C are the rotational constants 

where K is the angular moment along the axis of symmetry.  The difference in 

energy between the non-excited rotational state and the excited rotational state is 

the energy that is detected by the spectrometer.  For a symmetric top, the 

transition from an excited state to a non-excited state follows a set of rules known 

as selection rules, which are defined for a symmetric top as ΔJ=-1,0,1 while 
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ΔK=0.  Typically, these transitions can be observed when the excitation radiation 

is within 1MHz of the transitions, being either above or below. 
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2.3 Asymmetric Top: 

As defined above, an asymmetric top has three rotational constants that 

are not equal to each other, resulting in a more complex rotational spectrum.  

This is caused by the rotational states not being equally spaced and by the 

selection rules becoming more complex as they are dependent upon the dipole 

moments of the molecule.  With a symmetric top, there is only one value of κ for 

prolate and oblate tops.  With an asymmetric top, κ is used to describe the 

rotational states in terms of oblate (Kc) or prolate (Ka) behavior3, while J is the 

quantum number for the total angular momentum.  As Kc (oblate) splitting gets 

smaller, Ka (prolate) splitting gets larger in energy resulting in the effects 

illustrated in the diagram: 

 

Figure 2.3-Prolate/Oblate Correlation Diagram for an Asymmetric Top 

 

The allowed transitions for an asymmetric top are dependent upon the 

dominating dipoles of the molecule and are shown in Table 2.3. 
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Table 2.3-Asymmetric Top Selection Rules 

Dipole Allowed Transitions 

a-Type ΔKa=   0 (±2, ±4) 
ΔKc= ±1(±3, ±5) 

b-Type ΔKa= ±1 (±3, ±5,…) 
ΔKc= ±1(±3, ±5,…) 

c-Type ΔKa=±1(±3, ±5,…) 
ΔKc=  0 (±2, ±4,…) 
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2.4 Distortion Constants: 

The use of a rigid rotor is convenient in preliminary structures and in 

theory, but in reality the structure of a molecule or dimer becomes distorted 

through expansion and contraction as it rotates end over end.  Therefore 

additional variables are needed to better describe the system in motion using the 

constants  and .  The term DJ represents the total distortion while the 

term DK represents the distortion along the A-axis.  With the addition of these 

terms, the equation for a symmetric top is defined as: 

. 

Distortion constants, in terms of magnitude, typically range from 10 to 100 kHz.  

The distortion constants are generally small enough that, when attempting to fit 

rotational constants to the transitions, they typically are not needed until the 

standard deviations of the transitions are within 100 kHz.  
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2.5 Quadrupole: 

When calculating the total amount of angular momentum (F) that a 

molecule or dimer contains, rotational angular momentum (J) is only part of the 

total, as nuclear spin (I) also has to be accounted for as the nuclear quadrupole 

is oriented along with the spin. 

 

If the nuclear spin of an atom is greater than 1/2, it is possible for an atom 

to have a quadrupole moment.  The magnitude of the quadrupole moment is due 

to the asymmetric distribution of charges around the atom.  Molecules 

investigated that contained atoms with nuclear quadrupole were the isotopomers 

of the propiolic acid formic acid dimer that contained deuterium.  N-

hydroxypyridine-2(1H)-thione contained nitrogen, which also has quadrupole 

moment since nitrogen has a spin of 1.  The rotational angular momentum, J, will 

couple with nuclear spin, I, resulting in splitting of each the energy levels by 2I+1 

when J is greater than one.  Due to the splitting of the energy levels, the 

rotational spectrum becomes increasingly more complex because of single peaks 

becoming a pair or a cluster of peaks.  Some information about the electron 

distribution can be determined by calculating an electric field gradient using the 

assignment of rotational transitions including the quadrupole moments.  
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3  EXPERIMENTAL METHODS 

The details of the experimental method used to acquire the data collected for 

this thesis are presented in this chapter.  Specifics such as the apparatus, 

sample synthesis and preparation, and the procedure for collecting a rotational 

spectrum are discussed in this chapter.  Each of these items plays a crucial role 

in the successful determination of the microwave spectrum and rotational 

constants of any molecule under investigation.  The basic workflow consisted of 

the prediction of a molecule's structure, from which the rotational constants are 

obtained.  The rotational constants are then used to predict the frequencies of 

the rotational transitions.  These rotational transitions are scanned for and 

measured.  New rotational constants are then calculated based on the measured 

transitions, allowing for an updated structure to be determined. 
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3.1  Instrument: 

The instrument used to collect data for this thesis was built around 1980-

19814 based on the design by Flygare and Balle.  The use of a pulsed-beam 

microwave spectrometer allows high resolution (~30 kHz) measurements of the 

rotational transitions to be collected and averaged.  Over the course of the past 

two decades, the instrument has been gradually upgraded, from the software 

used to the detection method.   

The instrument, seen in Figure 2.1, consists of two 12” (30.5cm) diameter 

mirrors, one stationary and one mobile.  Both mirrors sit inside a cavity that can 

sustain a reduced pressure in the range of 10-7 torr.  The mobile mirror is used to 

tune the cavity by creating a standing wave from the excitation/emission 

radiation.  As the frequency of the radiation changes, the number of nodes 

presents within the cavity changes.  To ensure the cavity is in resonance with the 

stimulating frequency, the mobile mirror is moved in the appropriate direction 

according to an increase or decrease in the radiation frequency.  The resonance 

of the stimulating frequency in the cavity is measured using an oscilloscope, 

where the intensity of the reflected radiation drops to zero.  The position of the 

mobile mirror where the cavity is in resonance with the stimulating radiation is 

known as a mode and the mirror position is noted using a measuring stick that is 

attached to the mobile mirror. 
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Figure 3.1.1- Apparatus Setup:  A-Stationary Mirror, B-Mobile Mirror, C-Actuator, 
D-10" Diffusion Pump, E-Roughing Pump, F-Cooling Water Inlet/Outlet 

 

The pressure in the cavity of the spectrometer, for a typical experiment, is 

reduced to 10-6 or 10-5 torr to ensure that the rotational states of the molecule 

under investigation are not quenched by collisions with other molecules.  The 

reduced pressure also helps minimize the effect of pressure broadening on 

transition line widths.  The pressure is reduced using two pumps, a 10” diffusion 

pump and a Welch fore pump. 

The excitation radiation is introduced (~5 dbm) into the cavity through an 

antenna that sits in front of the stationary mirror by approximately 1 mm and can 
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be adjusted to help tune the coupling to the standing wave in the cavity.  One of 

the upgrades to the spectrometer that has been made is the use of a homodyne 

system as the detection method.  This method (Figure 3.1.2) uses only one 

radiation source to step the transition frequency of the measured rotational 

transition down from 5-14 GHz to 0-1 MHz so that the signal is usable for both 

the collection and averaging software.  The radiation source is also used as the 

excitation energy, serving two purposes.  

 

Figure 3.1.2-Diagram of the Homodyne Detection System Used 
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The samples were introduced into the cavity using either a General Valve 

or a modified car fuel injector.  Both have shown to be an effective way of 

introducing the sample and each has an advantage in use.  The sample is pulsed 

at a rate, around 2 Hz, in which the sample can traverse from the valve and 

through the bottom side of the beam waist.  The pulse rate is dependent upon 

the back pressure on the sample from the carrier gas along with the rate at which 

the diffusion pump and roughing pump can clear the cavity.  Samples were either 

heated using heating coils or cooled using water/ethanol slush baths to ensure 

that the appropriate amount of sample was entering the cavity to produce the 

strongest possible signal from the sample. 
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3.2  Sample Handling: 

Each of the molecules investigated were stable under standard conditions.  

Samples were deposited into a special sample cell that was designed to allow a 

carrier gas (Ne) to be flowed over the sample and then exit through a side arm 

into the spectrometer.  Each sample was frozen, while sealed, in liquid nitrogen 

prior to being put on the spectrometer and pumped down to 10-3 torr to minimize 

the interaction of air and water with the molecule, reducing the probability of the 

sample binding with water.  A picture of the sample cell is placed below for quick 

reference. 

 

Figure 3.2-Diagram of the Sample Cell Used 
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3.3 Measuring Spectra and Determining Structure: 

3.3.1 Prediction: 

There is a general sequence of events that needs to take place for 

successful data collection.  Before any of the experimental steps are performed, 

an initial structure is created with Gaussian 035 and optimized using Gaussian 

096 on the ICE High Performance Computing system at the University of Arizona. 

Once a predicted, optimized structure is obtained, a spectrum of rotational 

transitions is generated using SPCAT, which creates a spectrum based on the 

rotational constants and dipole moments of the molecules structure.   

3.3.2 Scanning: 

The next step consists of selecting an excitation frequency based on the 

predicted spectrum.  A HP 8673E signal generator is used to transmit the 

radiation.  To tune the cavity, the instrument is switched into “Fast Tune” mode, 

versus “Slow Scan” mode.  In Fast Tune mode, radiation is sent into the cavity 

while the valve/injector is stopped.  The signal is split and a portion of it is sent to 

the oscilloscope where the intensity of the reflected radiation is measured.  The 

other portion of the radiation is used in the homodyne detection system to step 

down the frequency.  In Slow Scan mode, the valve is pulsed using a 555 timing 

circuit where the radiation is pulsed in at a consistent rate and the valve is 
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activated every other pulse.  This allows a background to be taken before every 

sample pulse.  Once the cavity is tuned for a certain frequency, the sample is 

pulsed through the top of the apparatus.  The excitation radiation is delayed a 

few microseconds; the precise amount of time is dependent upon the molecule, 

so that the sample can transit into the beam waist.  Once the radiation is pulsed, 

another delay occurs so that any excess radiation, cavity ringing, can decay.  If a 

rotational transition is present at that frequency, radiation from the relaxation of 

the molecule from the excited state will still be present after the delay, which is 

then detected. 

 

Figure 3.3-The Sequence of Valve Activation, Radiation Pulse, and Delays 

  

Transmit Delay 

Valve Signal 

Transmit Signal 

Receive Signal 

Receive Delay 



29 

 

3.3.3 Data Processing/Computer Programs: 

During the process of determining the structure of a molecule or dimer, four 

programs are utilized:  Scan 2.07, Windraw8, FitSpec8, and StrFit9.  Once a 

transition has been detected at a certain frequency and the sample signal is 

averaged and saved using a program called Scan 2.07 (originally written by Chris 

Dannemiller (Transient Waveform Recorder 3.0) and modified by Dr. Adam Daly 

to support AutoScan 6.0).  The program, Scan 2.07, records and takes each 

individual data sample and averages it with the other existing data along with 

background data that was also collected.  The data is then displayed in two 

forms: the free induction decay (FID) in the time domain and the Fourier 

Transform, in the frequency domain.  Each form helps verify whether or not a 

rotational transition has been detected.  The data is then analyzed using a 

program called WinDraw7.  This program allows the researcher to determine 

where the transitions occurred in the frequency domain based on the relative 

intensity of the signal versus the background noise and averages multiple saved 

frequencies together.  Ideally, when using WinDraw7, there is either one peak or 

one cluster of peaks present.  Typically there are other artifacts present causing 

the determination of the rotational transition to become difficult, thus increasing 

the standard deviation in the average transition frequency.  Clusters of peaks can 

be and typically are caused by the effects of certain atoms, such as nitrogen and 

deuterium, having a nuclear quadrupole moment as discussed in Chapter 2.  
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Detected rotational transitions are measured three to four times above and below 

the transition, allowing the average and standard deviations of the transition 

frequency to be obtained.  Once these have been determined, they are then 

assigned a transition based on a MP2/DFT prediction and are inputted into a 

program called FitSpec8 to optimize the rotational constants.  FitSpec8 modifies 

the rotational constants and the distortion constants so that they correlate to the 

measured rotational transitions.  The rotational constants are then utilized to 

determine the structure of the molecule or dimer under investigation using a 

program called StrFit9, which uses variables programmed by the researcher to 

optimize the structure, such as adjusting bond lengths and angles.  
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4  THE STRUCTUAL INVESTIGATION AND DETECTION OF 2-

MERCAPTOPYRIDINE-N-OXIDE IN ALLIUM BULBS 
 

4.1 Introduction: 

The 2-mercaptopyridine-n-oxide project was proposed to the Kukolich 

group by Dr. Eric Block from the University of Albany, New York. The primary 

interest in 2-mercaptopyridine-n-oxide was from the continual research that Dr. 

Block has been doing for the past few years on sulfur containing compounds 

present in plants, primarily in onions.  2-mercaptopyridine-n-oxide is also known 

for some unique properties that could be utilized today for its antibacterial and 

antifungal properties10.  This molecule is also has some military applications as 

an antivesicant11 or anti-blistering agent.  There is also interest in 2-

mercaptopyridine-n-oxide in a zinc salt form for applications in anti-dandruff 

shampoos.  Dr. Block approached the Kukolich group with the concept of using 

microwave spectroscopy to detect trace quantities of 2-mercaptopyridine-n-oxide 

in Allium stipitatum bulbs.  Due to 2-mercaptopyridine-n-oxide having different 

tautomers, rotational spectroscopy has an advantage over other methods such 

as the DART mass spectroscopy12, which was previously used, or UV studies12, 

being that microwave spectroscopy can differentiate between tautomers, making 

it ideal for detection of a structure specific molecule.  Rotational constants were 

acquired for several isotopomers for one of the tautomers, which were needed to 

determine the structure and used as a “fingerprint” in the detection of 2-
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mercaptopyridine-n-oxide in allium bulbs.  Microwave spectroscopy was 

previously used to successfully detect propanethial S-oxide (CH3CH2CD=S+O-) 

from a crushed onion13, but using microwave spectroscopy as an analytical tool 

is rare.  In certain applications, microwave spectroscopy has advantages over 

other instrumentation such as gas chromatography mass spectroscopy (GCMS) 

and liquid chromatography mass spectroscopy (LCMS).  Since microwave 

spectroscopy is based on changes in the angular momentum of a molecule, 

multiple samples can be pulsed into the spectrometer at the same time without 

interference since the spectrometer has high resolution, whereas GCMS and 

LCMS use columns to separate the molecules before detection can occur.  

Molecules with the same empirical chemical formula will not have the same 

moments of inertia since these are dependent upon the bond angles along with 

their bond lengths.  This makes it advantageous to use microwave spectroscopy 

as an analytical technique since the sample does not need to be neat. However, 

the concentration of water does need to be minimized due to complexation that 

can occur.  Samples can and will have overlapping rotational transitions but for a 

sample to be conclusively identified, each molecule has specific set of transitions 

that act as a “fingerprint.”  Microwave spectroscopy can also be utilized for 

quantitative determination using the signal strength of the rotational transitions 

but is difficult to accomplish due to the error that is associated with the signal 

measurements.  This is due to errors being generated from:  “spectrometer 
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characteristics, under-modulation, overlapping from other lines, saturation 

effects, baseline uncertainty ...”14  For the purpose of this project, the use of 

microwave spectroscopy will be for the structural determination from a neat 

sample and attempts to detect 2-mercpatopyridine-n-oxide from the bulb of an 

Allium stipitatum.
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4.2 Calculations: 

Calculations were carried out initially to predict the structure of the 2-

mercaptopyridine-n-oxide along with another tautomer that could be present in 

the sample using Gaussian 035 along with Gaussian 096 on the University of 

Arizona’s ICE high performance computer.  The calculations were done using a 

MP2 basis set.  The optimized structures that were obtained were then used to 

predict rotational constants. The frequencies of the rotational transitions for the 

tautomers were predicted using Pickett’s SPCAT15.  Similar methods were used 

for the isotopomers.  Rotational transitions and structures were fitted as 

described in Chapter 3.  
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4.3 Experimental: 

The compound labeled “2-mercaptopyridine-n-oxide” (CAS: 304675-78-3) 

(mp: 60-72oC) was purchased from Sigma Aldrich and used without purification.  

This compound is believed to be in the pyrithione form in the gas phase.  Since 

the compound is stable under normal conditions, no special precautions were 

used during the loading and unloading of the sample onto the spectrometer.  The 

sample was placed into a standard sample cell, described in Chapter 3, and 

approximately .7 to 1 atm of neon gas was allowed to enter the cell.  The sample 

cell was attached to a Bosch automotive fuel injector and a mixture of the sample 

along with the carrier gas was pulsed into the cavity at a rate of approximately 

2Hz. The rate and radiation delay was acquired by optimizing a known transition 

signal from butadiene iron tricarbonyl.  The first few experiments were ran at 

70oC to ensure that the sample was going into the gas phase but the 

temperature was lowered in subsequent experiments due to the decomposing of 

the molecule after several hours of scanning.  The temperature of 45oC was 

found to give sufficient vapor pressure without causing decomposition.  Once the 

initial transitions are measured, the structure can then be determined through the 

use of different isotopomers with substitutions of 34S and 2H.  The 34S was 

measured in natural abundance while the 2HO isotopomers was created using 

deuterated methanol to replace the acidic hydrogen by placing .250 mg of 2-

mercaptopyridine-n-oxide in 1 mL of methanol-OD and allowed to stir overnight.  
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Due to the pKa of the acidic hydrogen on the 2-mercaptopyridine-n-oxide, only 

the hydroxyl hydrogen was substituted.  The excess methanol was then removed 

via reduced pressure.  Details of the homodyne mixing/detection system along 

with the spectrometer are present in Chapter 3.   

Sample preparation of the Allium stipitatum for the detection of 2-

mercaptopyridine-n-oxide utilized several different methods such as freeze 

drying, maceration, organic phase extraction, along with soxhlet extraction.  

Freeze drying was done by freezing the sample using liquid nitrogen and 

reducing the pressure within a flask containing small pieces of the allium bulb for 

several hours.  The sample was then immediately put onto the spectrometer.   

For the organic phase extraction, an allium bulb was pureed using a food 

processor, Hampton Beach Juice Extractor CJ01, and then dry diethyl ether was 

added, mixed together, and soaked for two hours.  The mixture was filtered, 

removing the allium puree, followed by an organic extraction using a separatory 

flask.  The organic layer contained a yellow hue and had the viscosity of a paste 

once the diethyl ether was removed via reduced pressure.  The sample was 

immediately put onto the spectrometer for analysis.  The final extraction method 

used was a soxhlet extraction using dichloromethane (DCM) as the solvent.  

Approximately 400ml of DCM was put into a round bottom flask with soxhlet 

extraction glassware attached above.  The extraction was carried out for 24 

hours and then the DCM was removed and the sample was placed onto the 
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spectrometer.  Out of the three extraction techniques, the Soxhlet extraction 

provided the most promising sample. 
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4.4 Microwave Spectrum 

The microwave spectrum that was collected contained only a-dipole 

transitions which favor the structure of N-hydroxypyridine-2(1H)-thione versus 2-

mercaptopyridine-n-oxide. 2-mercaptopyridine-n-oxide should contain both a-

dipole and b-dipole transitions.  A total of 61 transitions were observed and 

assigned to the structure, N-hydroxypyridine-2(1H)-thione using Herb Pickett’s 

SPFIT15 program.  The best fit structure can be seen in the Figure 4.5.1.  

Quadrupole splitting was also present in the microwave spectrum from the 

nitrogen and deuterium being present.  The nitrogen quadrupole coupling 

constant was also determined by fitting the measured transitions.  Using the 

quadrupole constants, an electric field gradient was able to be predicted resulting 

in the prediction of the electron density, seen in Figure 4.5.2.  Information about 

the dipoles of the two structures, N-hydroxypyridine-2(1H)-thione and 2-

mercaptopyridine-n-oxide, aided in the final determination of which structure was 

present based on the rotational transitions observed.  Based on the nitrogen 

quadrupole coupling that was predicted along the a-principal axis, 2-

mercaptopyridine-n-oxide quadrupole coupling should be approximately 20 times 

less than N-hydroxypyridine-2(1H)-thione, which assisted in the determination of 

the which tautomer was present.  Also, zero b-dipole and c-dipole transitions 

detected indicated that the N-hydroxypyridine-2(1H)-thione was the dominant 

tautomer in the gas phase.  
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                     A                        B 

                 Erel= 0                           Erel = 1400 cm-1 

                  µa=5.0D                   µa=3.8 

                  µb=0.3D                   µb=3.0 

Figure 4.4.1-Dipole Moments of A) N-hydroxypyridine-2(1H)-thione and             
B) 2-mercaptopyridine-N-oxide 

Calculated structures and total energies using MP2/6-31+G(d,p) 

 

 A previous study done by a research group at Vanderbuilt University16 

found, using computational methods (DFT), that out of the two tautomers, the 

thione form was more stable thus causing it to be more prevalent by ~104 times.  

In terms of signal averaging, the amount of data collection time needed is 

inversely proportional to the square of the relative concentration for the given 

molecule.  Since the target molecule is 104 less likely than the thione form in the 
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gas phase, it would take approximately 108 more time than the thione form which 

explains why 2-mercaptopyridine-n-oxide was not detected in the neat sample. 
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4.5 Structure Determination 

  The structure of the N-hydroxypyridine-2(1H)-thione was determined 

using a least-square fit varying four structural parameters being the bond length 

from acidic hydrogen attached to the oxygen along with the angle between the 

hydrogen, oxygen, and nitrogen.  The bond length of the carbon sulfur bond was 

also allowed to vary and the bond angle between the carbon (5), carbon (2), and 

sulfur (see figure 4.5.1).  The other eight atoms were fixed in location.  The 

parameters were allowed only vary in the A & B planes since the molecule was 

assumed to be planar due to the inertial defect, Δ=-0.032 amu•Å2.  The “best fit” 

structure resulted in R (O-H) parameter = 0.93(2) Å, R (C-S) parameter = 1.66(2) 

Å, θ angle (N-O-H) = 105 (4) o, and φ angle (C4-C2-S) = 7.05(5) o.  This structure 

correlated with the computational prediction using MP2/6-31+G(d,p) very well, in 

terms of the sulfur translating approximately seven degrees towards the hydroxyl 

group along with the nitrogen, oxygen, hydrogen bond angle decreasing to 

approximately 105o versus 107o.  A total of three isotopomers, C5H4
32S14NOH, 

C5H4
32S14NO2H, C5H4

34S14NOH, were used to measure these structural changes. 
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Figure 4.5.1:  Structural Parameters Using a Four Parameter Fit 

 
 

 
 

Figure 4.5.2:  Electron density of N-hydroxypyridine-2(1H)-thione 
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4.6 Discussion: 
 The primary difference in the microwave spectra between the two 

tautomers that were predicted, 2-mercaptopyridine-n-oxide and N-

hydroxypyridine-2(1H)-thione, is the type and amount of dipole present along 

with the quadrupole coupling constants.  For pyrithione, the predicted dipole 

moment is µa=5.0 D and µb=0.3 D while 2-mercaptopyridine-n-oxide contained 

µa=3.8 D and µb=3.0.  Since no b-dipole transitions were observed, it suggests 

that only the pyrithione structure is present and measured during the course of 

this study. 

 The initial concept for this study was to be able to detect 2-

mercaptopyridine-n-oxide in Allium stipitatum bulbs.  This idea was brought to us 

by Dr. Eric Block from University of Albany, New York.  The first step in this 

project was to collect a set of rotational transitions for the molecule, which would 

act as a “fingerprint” when trying to detect the molecule in extract from the allium 

bulbs.  Since the 2-mercaptopyridine-n-oxide was not detected in the pure 

sample from Sigma Aldrich, most likely due to insufficient quantities and limited 

detection methods, it was assumed that the other tautomer, N-hydroxypyridine-

2(1H)-thione, would present since it is the dominant tautomer as seen with the 

neat sample.  The rotational transition at 7619.35 MHz (for the N-

hydroxypyridine-2(1H)-thione) was chosen based on its intensity from the neat 

sample.  Each sample was warmed to the appropriate temperature based on the 
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neat sample and pulsed for approximately 1 hour before any data collection took 

place.  Each sample was pulsed into the spectrometer around 10,000 shots, no 

rotational transitions were detected.  Several times the neat sample was 

measured with the spectrometer to ensure the optimal settings were being used 

for detection.  A sample from the soxhlet extraction was submitted to the Mass 

Spectroscopy Facility at the University of Arizona to determine whether or not the 

lack of detection was due to N-hydroxypyridine-2(1H)-thione or its tautomer not 

being present or if it was due to instrumentation/procedure.  The mass spectrum 

that was collected had peaks at 126, 109, 97, 69, and 53 m/z which is very 

similar to the spectrum of 2-mercaptopyridine-n-oxide but the spectrum collected 

lacked the evidence of nitrogen being present in the sample, the parent peak was 

even.  The sample peaks correlated to a molecule known as 2-mercaptophenol 

with a parent mass of 126.176.  The peak at 109 is the loss of a hydroxyl group 

and the peak at 97 is caused by the loss of COH.  From the mass spectrum 

collected, it can be stated that 2-mercaptopyridine-n-oxide or its tautomer was 

present in the samples used. 

 It is unknown whether or not that the extraction technique had a chemical 

effect on 2-mercaptopyridine-n-oxide.  Further sampling and testing of neat 

allium bulb would need to be done. 
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Figure 4.6-Mass Spectrum from Allium Bulb Soxhlet Extraction 
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Table 4.6.1- Measured N-Hydroxypyridine-2(1H)-thione Rotational Constants 

 32S / 1H 32S / 2H 34S / 1H 

A     (MHz) 3212.10(1) 3166.49(2) 3200.81(4) 
B     (MHz) 1609.328(7) 1596.440(1) 1566.132(2) 
C     (MHz) 1072.208(6) 1061.412(1) 1051.632(2) 
ΔJ     (kHz) 0.021(8) 0.01(1) 0.23(8) 
ΔJK  (kHz) 0.25(9) 0.4(2) -5(2) 
ΔK   (kHz) 1.15(1) 1.21(2) 1.09(3) 
δJ    (kHz) 2.00(1) 1.91(2) 1.93(3) 
δK   (kHz) -3.09(1) -3.12(2) -3.08(3) 

N 61 47 20 
σ     (kHz) 8 14 5 

 

Table 4.6.2-Measured Transitions for N-Hydroxypyridine-2(1H)-thione 32S isomer 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

212 1 111 1 4824.697 -1.2 
212 3 111 2 4825.825 -1.8 
212 2 111 1 4826.247 7.6 
212 2 111 2 4826.819 1.4 
202 1 101 1 5248.434 -1.4 
202 3 101 2 5249.107 0.6 
202 2 101 1 5249.347 2.5 
202 2 101 2 5249.688 -2.7 
211 1 110 0 5899.131 -0.4 
211 2 110 2 5899.571 16.5 
211 3 110 2 5900.198 23.9 
211 2 110 1 5900.481 1.8 
211 1 110 1 5901.435 -8.2 
313 2 212 2 7172.46 6.1 
313 4 212 3 7173.86 0.8 
313 3 212 2 7174.056 3 
313 3 212 3 7175.04 -3.6 
303 2 202 2 7618.24 -1.1 
303 4 202 3 7619.122 -7.1 
303 3 202 2 7619.452 20.9 
322 2 221 1 8044.316 5.7 
322 3 221 3 8044.52 1.6 
322 4 221 3 8044.52 1.5 
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Table 4.6.2 Continued- Measured Transitions for N-Hydroxypyridine-2(1H)-thione 
32S isomer 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

322 2 221 3 8044.52 1.4 
322 3 221 2 8044.897 3.7 
322 2 221 2 8044.897 3.5 
321 3 220 3 8469.475 -5 
321 4 220 3 8469.977 -2.4 
321 2 220 1 8469.832 2.3 
321 3 220 2 8470.07 5.6 
321 2 220 2 8470.739 0.2 
312 2 211 1 8769.579 -2.8 
312 4 211 3 8769.762 -2.1 
312 3 211 2 8769.919 -1.6 
312 2 211 3 8769.919 -7.3 
312 2 211 2 8770.549 3 
414 3 313 3 9461.592 -1.8 
414 5 313 4 9463.119 -1 
414 4 313 3 9463.258 -6.7 
414 4 313 4 9464.446 -3.1 
404 3 303 3 9802.572 -2.1 
404 5 303 4 9803.757 -2.5 
404 3 303 2 9803.757 -7.1 
404 4 303 4 9804.922 -1.2 
423 5 322 4 10636.49 -13 
423 4 322 3 10636.71 0.5 
423 4 322 4 10636.71 0.5 
432 3 331 2 10914.66 0.7 
432 5 331 4 10914.78 6.7 
432 4 331 3 10915.04 0.2 
431 3 330 2 11004.83 -4 
431 5 330 4 11004.94 7.7 
431 4 330 3 11005.12 -6.1 
413 3 312 2 11521.37 -18.3 
413 5 312 4 11521.48 5.2 
413 4 312 3 11521.66 5.8 
422 5 321 4 11557.13 1.6 
422 4 321 4 11556.56 -11.7 
515 5 414 4 11698.95 0.8 
515 5 414 5 11700.29 5.6 



48 

 

Table 4.6.2 Continued- Measured Transitions for N-Hydroxypyridine-2(1H)-thione 
32S isomer 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

505 6 404 5 11903.47 -5.4 
505 5 404 4 11903.69 13.7 
505 5 404 5 11904.86 17 

 
 
 
 
 
Table 4.6.3-Measured Transitions for N-Hydroxypyridine-2(1H)-thione 34S isomer 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

313 2 212 2 7020.763 -2.5 
313 4 212 3 7022.167 -3.7 
313 3 212 3 7023.353 2.7 
303 2 202 2 7463.234 -3 
303 4 202 3 7464.101 6.9 
303 3 202 2 7464.396 7.4 
303 3 202 3 7464.945 -1.5 
312 2 211 1 8552.205 -1 
312 4 211 3 8552.386 -3.5 
312 3 211 2 8552.538 1.2 
414 5 313 4 9268.916 12.3 
414 4 313 3 9269.041 -3.8 
404 5 303 4 9618.251 -1.4 
404 4 303 3 9618.528 -6.3 
404 4 303 4 9619.38 -6.8 
413 3 312 2 11249.05 2.4 
413 5 312 4 11249.14 -0.4 
515 4 414 3 11464.9 -6.6 
505 6 404 5 11682.79 16.4 
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Table 4.6.4-N-Hydroxypyridine-2(1H)-thione O2H isomer Measured Transitions 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

313 4 212 3 7105.354 -7.5 
313 2 212 1 7105.486 -11.8 
313 3 212 2 7105.544 -17.4 
313 3 212 3 7106.562 -2.4 
303 2 202 2 7543.638 -10.2 
303 4 202 3 7544.572 0.7 
303 3 202 2 7544.868 -7.2 
303 3 202 3 7545.484 2.6 
322 2 221 1 7973.236 -6.2 
322 3 221 3 7973.486 26.6 
322 4 221 3 7973.486 26.6 
322 2 221 3 7973.486 26.4 
321 3 220 3 8401.934 11.3 
321 2 220 1 8402.264 -3.9 
321 4 220 3 8402.451 23.1 
312 4 211 3 8694.602 -3.9 
312 2 211 3 8694.785 21.4 
312 3 211 2 8694.785 16 
312 2 211 2 8695.374 -2.6 
414 5 313 4 9371.144 -0.2 
414 3 313 2 9371.221 3.1 
414 4 313 3 9371.296 3.9 
414 4 313 4 9372.504 9.1 
404 3 303 3 9702.933 2.7 
404 5 303 4 9704.151 4.7 
404 4 303 3 9704.435 8.4 
404 4 303 4 9705.338 1.4 
423 5 322 4 10540.804 -29.5 
423 4 322 3 10541.031 -22.6 
423 4 322 4 10541.031 -22.6 
432 5 331 4 10821.461 7.3 
432 4 331 3 10821.731 -2.7 
413 3 312 2 11418.868 -19.6 
413 5 312 4 11418.98 3.9 
413 4 312 3 11419.158 0.6 
413 3 312 3 11419.493 -2.3 
422 4 321 3 11466.231 11.1 
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Table 4.6.4 Continued-Measured Transitions for N-Hydroxypyridine-2(1H)-thione 
O2H isomer 

 F  F Frequency 
(MHz) 

Obs-Calc 
(kHz) 

422 3 321 2 11466.231 -3.8 
515 6 414 5 11583.465 2.6 
515 5 414 4 11583.588 3 
505 6 404 5 11781.472 -18.4 
505 4 404 3 11781.546 34.6 
505 5 404 4 11781.718 17.8 
505 5 404 5 11782.879 -11.4 
616 5 515 4 13756.095 -35.9 
616 6 515 5 13756.209 9.4 
606 6 505 5 13856.543 16.8 
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5  THE STRUCTURAL DETERMINATION OF PROPIOLIC ACID - FORMIC 

ACID DIMER 

5.1 Introduction: 

Previous work on hydrogen-bound dimers, including propiolic acid bonded 

to formic acid, has been done at the University of Arizona1718.  Further research 

was recently done to better understand and obtain a more accurate structure.  

The interest in the structure along with concerted hydrogen tunnel stems from 

being able to apply the information obtained to systems, such as DNA base pair 

recognition.  DNA base pair recognition is of particular interest since it is believed 

that when DNA base pairs do not bond properly, it results in the genetic 

mutations or possibly cancer1.  It is hypothesized that for concerted hydrogen 

tunneling to occur an equal double well potential is needed.  Smaller scale 

systems such as a formic acid dimer have been of particular interest due to the 

concerted hydrogen tunneling that is predicted to be occurring.  Due to a formic 

acid dimer not containing any dipole, this system is not feasible to use with 

microwave spectroscopy.  Detailed information on the structure of these 

hydrogen bonded base pairs is needed to further understand why improper 

bonding occurs and also give greater insight on many processes that occur in 

live species.   
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The original dimer between propiolic acid and formic acid was revisited 

due to some areas of interest not being fulfilled by the previous work.  Those 

areas included structural parameters such as the rotation of the formic around 

propiolic acid along with deuterium quadrupole splitting and the tunneling 

frequency for the OD-OD complex.  Several new isotopomers of the dimer were 

measured along with quadrupole splitting from deuterated monomers and 

dimers.  The microwave spectrum of the gas phase dimer was measured from 5-

15GHz using pulsed beam microwave spectroscopy.  MP2 calculations were 

utilized to predict rotational frequencies, constants, along with structural 

parameters of both the monomer and dimer.  
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5.2 Experimental: 

For the experiments, propiolic acid (95%) (CAS:  471-25-0) (m.p.:  16-

18°C) along with formic acid (98%) (CAS:  64-18-6)(m.p.:  8.2-8.4°C) were 

purchased from Sigma Aldrich in their highest purity possible.  Both propiolic and 

formic acid were used without any modification initially while testing/verifying the 

rotational transitions from previously cited21 work.  Sample temperatures were 

briefly studied to ensure that the best signal to noise ratio was observed and to 

validate previous data.  Vapor from the monomer propiolic acid with neon was 

pulsed into the spectrometer with the sample at -10°C for ten minutes and then 

held at -70°C to achieve optimal signal.  Vapor from the monomer formic acid 

with neon was pulsed into the spectrometer with the sample at -10°C and 

maintained for the duration of the experiment.  To ensure that equal quantities of 

propiolic acid and formic acid were entering the gas phase, liquid phase 

volumetric ratios of propiolic and formic acid were also briefly studied to 

maximize the signal to noise ratio, being 3:1.  

Propiolic acid-CD was prepared in 32-54% yield by the decarboxylation of 

acetylenedicarboxylic acid monopotassium salt (95%) (TCI America) (CAS:  928-

04-1) in D2O (99.9%) (Cambridge Isotope Laboratories) (CAS:  7789-20-0) 

following the literature procedure cited19, which was carried out by Spencer J. 

Carey.  About 3.0 grams of acetylene dicarboxylic acid monopotassium salt was 

dissolved with 10 mL of D2O and gradually heating to 100oC over five hours.  It 
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was then refluxed for 1 hour.  The D2O was then removed via reduced pressure 

resulting in an orange tinted salt.  2mL of sulfuric acid (95%) was then added 

followed by 20mL of deionized water.  It was then extracted using approximately 

20 mL of diethyl ether, dried with magnesium sulfate, and then the diethyl ether 

was removed via reduced pressure.  The purity of the product was determined 

using 1H NMR (Bruker AVIII-400 MHz, CDCl3), which revealed a deuterium 

content of 79%20.  Propiolic acid-OD was prepared with a simple hydrogen 

exchange with methan(ol-d) (99.5%) (Sigma-Aldrich) (CAS:  1455-13-6).  2 mL of 

propiolic acid and 6 mL of deuterated methanol were mixed together for 24 

hours, providing an approximate 5:1 ratio of deuterium to hydrogen.  The 

methanol was then removed under partial pressure.  Formic acid-OD was also 

prepared with a simple hydrogen exchange with methan(ol-d).  One milliliter of 

formic acid and five milliliters of methan(ol-d) are added to a round-bottom flask, 

providing an approximate 10:1 ratio of deuterium to hydrogen.  The methan(ol-d) 

was then removed under partial pressure. 

 Each mixed sample of propiolic acid and formic acid along with their 

isotopomers lasted around one and half months before signal intensity began to 

degrade.  Also, due to running acids on the spectrometer, the valve was changed 

from a Bosch automotive fuel injector to a General Valve.  The general setup of 

the spectrometer is the same as described in Chapter 3.  Constant adjustment of 

the inbound radiation phase was done to guarantee that the greatest sensitivity 
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was present.  Measurements of rotational transitions lower in frequency, in the 

region of 5-6 GHz, were limited due to the reduced number of modes present 

along with the quality of the modes. 
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5.3 Data Analysis and Results: 

  Rotational transitions were measured from 4-12 GHz for each 

isotopomer, Propiolic acid-CD Formic acid dimer (DCPAFA) and Propiolic-OD 

Formic acid-OD dimer(Pro-OD Fa-OD).  8 rotational transitions were measured 

and assigned for Propiolic acid-CD Formic acid dimer.  For the second 

isotopomer, Pro-OD Fa-OD, a total of 9 transitions were measured and 

assigned.  The Pro-OD Fa-OD transitions that were measured contained both 

A-dipole along with B-dipole.  A summary of the fitted transitions for each of the 

isotopomers can be seen in Table 5.5.1 and Table 5.5.2.  Each of the 

isotopomers contained quadrupole splitting from the deuterium.  Rotational 

constants were determined for each of the isotopomers and are present in 

Table 5.3.1. 

 
Table 5.3.1-Propiolic Acid Formic Acid Isotopomers Rotational Constants 

 ProCD-FA ProOD-FAOD 

A     (MHz) [5988.7] 5827.47 
B     (MHz) 890.651 (2) 921.618(2) 
C     (MHz) 775.666(2) 795.944(1) 
ΔJ     (kHz) 0.2 0.52(2) 
ΔJK  (kHz) 1.2 9.4(2) 
ΔK   (kHz) [0.00] 0.00 
δJ    (kHz) [.06] [.06] 
δK   (kHz) [5.5] [5.5] 

N 8 9 
σ     (kHz) 9.9 8.08 
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 All the transitions were fit using FitSpec8 and the structure of the dimer 

was optimized using StrFit9.  The rotational constants:  A, B, and C along with 

the distortion constants:  ΔJ, ΔJK, and ΔK were found for the Pro-OD Fa-OD 

dimer.  Only the rotational constants B and C were measured for DCPAFA as 

rotational constant A along with distortion constants:  ΔJ, ΔJK, and ΔK were held 

constant.  The structure of the dimer was determined by using a least squares 

fit with propiolic acid being held constant while three variables were used to 

define formic acid’s orientation.  Formic acid was allowed to translate and rotate 

in the A and B principal axes.  Based on previous predictions, internal 

coordinates of propiolic acid and formic acid were not varied.  Only the distance 

between the two molecules and their orientation to each other changed.  To 

ensure that the monomer structures either had little or no effect on the structure 

of the dimer, two different structures of propiolic acid were tried.  The difference 

between the two structures was in the angle of the acidic hydrogen, HOC bond, 

being 108o and 106o.  The angle of 106 degrees was chosen due to MP2 

calculations that had previously been done by another graduate student, Dr. 

Adam Daly, which showed the acidic hydrogen becoming more of a cis-

orientation.  The angle of 108o provided the best structural fit. 
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5.4 Propiolic Acid Monomer Quadrupole Splitting 

 Splitting of the rotational transitions due to quadrupole were present in 

the monomers, both DC-propiolic acid and OD-propiolic acid.  The quadrupole 

splitting for propiolic-CD along with propiolic-OD are stated in Table 5.3.2.  The 

structure and quadrupole of propiolic-CD was fitted by allowing rotational 

constants B & C to vary along with the quadrupole coupling constant.  For 

propiolic-OD, only rotational constant C was allowed to vary along with the 

quadrupole coupling constant.  Initial structures of propiolic acid with an isotopic 

substitution on the acidic hydrogen were from D. G. Lister21.  Rotational 

transitions and quadrupole assignments were made using Pickett15.   
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Table 5.3.2-Isotopomer Rotational Constants of Propiolic Acid 

 Propiolic-CD Propiolic-OD 

A     (MHz) [12109.954] [11858.4873] 
B     (MHz) 3819.6810(48) [4015.6736] 
C     (MHz) 2899.5908(56) 2995.6929(267) 

eQqaa (kHz) 303.6(12) 226.7(215) 
N 10 7 

σ     (kHz) .6927 .4618 

           

Table 5.3.3-Propiolic-CD Rotational Transitions Assignment with Quadrupole 

    Frequency 
(MHz) 

Obs-Calc 
(kHz) 

000 1 101 0 6719.1787 8.09 
000 1 101 2 6719.2725 10.81 
000 1 101 1 6719.3315 9.09 
111 0 202 1 5075.7529 -5.78 
111 2 202 3 5075.8364 -3.81 
111 1 202 2 5075.9351 -0.26 
101 1 110 1 9210.2959 7.99 
101 2 110 1 9210.3428 -5.83 
101 0 110 1 9210.4443 4.59 

 

Table 5.3.4-Propiolic-OD Rotational Transitions Assignment with Quadrupole 

    Frequency 
(MHz) 

Obs-Calc 
(kHz) 

101 1 000 0 7011.2925 1.43 
101 1 000 2 7011.3626 3.52 
101 1 000 1 7011.4043 -0.12 
110 1 101 1 8862.7383 0.71 
110 2 101 2 8862.8154 9.80 
202 2 101 3 13929.5811 5.48 
202 2 101 1 13929.5459 -2.88 
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Figure 5.3-Structural Parameters of Hydrogen Bonded Dimer Between 
Propiolic Acid and Formic Acid 
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5.5 Discussion: 

5.5.1 Propiolic Acid Formic Acid Dimer 

The microwave spectrum for two isotopomers of the propiolic acid formic 

acid dimer along with two isotopomers of propiolic acid have been measured in 

the range of 4-12 GHz providing structural parameters for the dimer between 

propiolic acid and formic acid along with quadrupole constants for two propiolic 

acid isotopomers.  The microwave spectrum of DC-propiolic acid formic acid 

dimer along with the dimer between propiolic-OD acid and formic-OD acid 

allowed the determination of the orientation of formic acid in reference to 

propiolic acid.  The distance from propiolic acid’s carboxylic acid carbon to 

formic acids carboxylic acid was determined to be 3.825 angstroms with an 

unequal distance between the carbonyl oxygen and acidic hydrogen being 

1.660 angstroms and 1.697 angstroms.  The formic acid was determined to be 

angled 3 degrees above propiolic acid’s carbon chain (figure 5.3). 

The measurements taken allowed the planarity of the dimer to be 

measured using the inertial defect.  The inertial defect of the dimer was 

determined from the fitted structural parameters to be Δ=-7.173x10-5 amu Å2, 

showing that the dimer is a planar molecule.  If the molecule was not planar, the 

inertial defect would have resulted in a positive or negative value.  The value of 

the inertial defect correlates with the MP2 calculation that was done initially, 

predicting that the dimer structure was planar. 
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5.5.2 Quadrupole Splitting of Monomer Propiolic Acid 

For the first time, distinct splitting in the rotational levels of propiolic-OD 

and propiolic-CD were measured with high resolution allowing the 

measurement of the quadrupole coupling to be measured.  These 

measurements will allow an electric field gradient to be calculated and aide in 

the calculating of the electron density. Propiolic acid deuterated on the 

acetylenic end resulting in a quadrupole coupling of 303.6(12) kHz.  Propiolic 

acid deuterated at the acidic hydrogen resulted in the quadrupole coupling of 

226.7(215) kHz.  The splitting will allow further comparison of deuterium 

quadrupole bonded to other functional groups. 

 

5.5.3 Deuterium Tunneling is Propiolic-OD Acid Formic-OD Acid Dimer 

B-dipole transitions were measured in the dimer between propiolic-OD 

acid and formic-OD acid.  Splitting from deuterium tunneling was measured to 

be 1.982 MHz for the 61,5-60,6 and 1.6133 MHz for 11,1-00,0 transitions while the 

previous b-dipole transitions that were measured by the University of Virginia 

showed the splitting to be approximately 3.35(2) MHz.  Further investigation 

and modeling needs to be done to better understand why there is a difference 

between the two values, University of Arizona and University of Virginia, of 

splitting in the b-dipole transitions.  Due to the difference in mass from hydrogen 
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to deuterium, the splitting from deuterium should be exponentially different than 

that of hydrogen.  An example of this was seen with the ammonia molecule, 

where the deuterium splitting was approximately 15 times less than that of the 

hydrogen22. 
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5.6 Conclusion: 

 This paper provides experimental transitions frequencies for two 

isotopomer of the hydrogen bonded dimer along with two isotopomers of the 

monomer propiolic acid.  This data has been used to determine the structural 

parameters of the hydrogen bonded dimer, allowing structural details such as 

the formic acid being rotated in reference to propiolic acid.  Data was also 

collected allowing for the determination of quadrupole moment of two 

isotopically different monomers. 
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Table 5.5.1-Propiolic-CD Acid Formic Acid Measured Transitions 

  Frequency 
(MHz) 

Obs-Calc 
(kHz) 

202 303 4991.2944 -9.6 
313 414 6431.9912 -2.2 
303 404 6646.1694 -6.1 
415 515 8036.5430 1.6 
404 505 8293.4893 12.6 
505 606 9931.5469 0.2 
514 615 10326.3203 -6.7 
606 707 11558.8047 7.4 

 
 
 
 
 
 
 
 
 
Table 5.5.2-Propiolic-OD Acid Formic-OD Acid Measured Transitions 

  Frequency 
(MHz) 

Obs-Calc 
(kHz) 

606 615 6413.5913* .1 
313 414 6614.5513 3.2 
000 111 6623.5073* 2.1 
303 404 6846.5040 5 
414 515 8263.8940 -0.3 
404 505 8540.4640 -4.7 
515 616 9910.5360 7.4 
717 808 10104.1104* 2.1 
505 606 10222.9950 -11.8 

* = indicates b-dipole transitions 
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Table 5.5.3-Propiolic-OD Acid Measured Transitions 

  Frequency 
(MHz) 

Obs-Calc 
(kHz) 

000 101 7011.2915 11.0 
101 110 8862.8506 14.5 
202 211 9975.9424 -32.7 
303 312 11812.4335 13.4 
111 212 13002.4453 4.2 
212 303 13750.6953 -20.3 
101 202 13929.4287 4.0 
000 111 14854.0406 9.2 

 

Table 5.5.4-Propiolic-CD Acid Measured Transitions 

  Frequency 
(MHz) 

Obs-Calc 
(kHz) 

111 202 5075.9427 41.3 
000 101 6719.2725 -37.8 
101 110 9210.3984 32.3 
202 211 10202.7770 12.3 
303 312 11822.2720 -11.1 
212 303 12428.5750 -7.6 
111 212 12518.3830 7.5 
101 202 13366.1510 -18.6 
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6  FUTURE DIRECTIONS 

 

 There are some aspects of each these projects that could be revisited for 

further analysis.  With the 2-mercaptopyridine-n-oxide project, the extraction of 

this molecule from the allium bulbs proved to be difficult, resulting in zero 

detection of 2-mercaptopyridine-n-oxide or its tautomer.  The use of other 

extraction techniques could aid in and result in a positive detection.  The results 

from the mass spectrum showed that while 2-mercaptopyridine-n-oxide was not 

present, 2-mercaptophenol was present.  Another project that could result from 

the findings is the detection of 2-mercaptophenol in allium bulbs and determine 

the limits of detections.  This could be done by calculating the number of 

molecules being pulse into the spectrometer based on the vapor pressure and 

the conditions being used.  Running the allium bulb and then doping the sample 

with known quantities could also attempt the quantification of 2-

mercaptophenol. 

 For propiolic acid formic acid dimer, more isotopic data could be used to 

improve the standard deviation of the dimer.  If isotopes for each of the carbons 

were measured, the monomers’ structures could be allowed to fluctuate versus 

being kept fixed, allowing a better understanding of what is occurring with the 

dimer as opposed to making assumptions.  This may result in a structure that is 
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very close to what is being stated in this thesis, which would confirm that the 

monomers do not change as they bind together. 

 One project that was started but never reached the experimental phase 

was the investigation of butadiene cobalt cyclopentadiene.  This molecule is of 

particular interest due to previous work that has been completed.  The 

investigation of trends within the periodic table was initially started and 

continues to this day.  Other molecules that were being investigated were:  

butadiene iron tricarbonyl and butadiene osmium tricarbonyl.  The overall goal 

is to see if a pattern in terms of bond lengths and angles in the columns of the 

periodic table exists.  Two structure predictions were done and can be seen in 

Table 6.1 and Table 6.2, the difference being the rotational constants from two 

different basis sets.  The molecular structural parameters were predicted with 

Gaussian 09 6 and the Cartesian coordinates are below.   

 Table6.1-Butadiene Cobalt Cyclopentadiene in PAS (HF/3-21g) 

Element X Y Z 

Co  0.150801 -0.000617 -0.045040 
C -1.541290 -1.168596  0.346546 
C -1.572339 -0.080992  1.259831 
C -1.574684 -0.641740 -0.990794 
H -1.513946 -2.219168  0.608771 
C -1.542188  1.118754  0.501573 
H -1.537491 -0.154765  2.339804 
C -1.570827  0.772371 -0.893661 
H -1.574193 -1.222716 -1.903866 
H -1.515517  2.125402  0.900484 
H -1.564926  1.470609 -1.720613 
C  1.868252 -0.712261  0.631584 
H  1.908953 -1.255090  1.573524 
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C  1.867288  0.713695  0.631353 
H  1.906935  1.256909  1.573163 
C  1.548772  1.355027 -0.597369 
H  1.983736  1.028884 -1.539917 
H  1.297271  2.413458 -0.563383 
C  1.551368 -1.353651 -0.597632 
H  1.986469 -1.025795 -1.539508 
H  1.302348 -2.412663 -0.564741 

 
Rotational Constants: 
    2329.3632  /  A  /                             
    1243.7006  /  B  /                             
    1124.1952  /  C  /                             
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Table 6.2- Butadiene Cobalt Cyclopentadiene in PAS (B3PW91/genECP) 

Element X Y Z 

Co  0.145322 -0.000785 -0.048313 
C -1.529135 -1.168343  0.356122 
C -1.541783 -0.075212  1.264867 
C -1.572492 -0.646819 -0.983353 
H -1.494378 -2.220332  0.624973 
C -1.526273  1.122567  0.500575 
H -1.495403 -0.144239  2.348061 
C -1.567766  0.769111 -0.892760 
H -1.584635 -1.233370 -1.896706 
H -1.491125  2.133328  0.897019 
H -1.572249  1.465145 -1.725928 
C  1.855219 -0.712294  0.632225 
H  1.901784 -1.257409  1.576344 
C  1.854267  0.713516  0.631866 
H  1.900108  1.258947  1.575903 
C  1.540770  1.350941 -0.601765 
H  1.992788  1.022192 -1.539285 
H  1.295859  2.414273 -0.569971 
C  1.542684 -1.350004 -0.601712 
H  1.994760 -1.019905 -1.538739 
H  1.300783 -2.414001 -0.570777 

 
Rotational Constants: 
2327.7960  /  A  / 
1256.6734  /  B  / 
1135.7116  /  C  / 
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Synthesis of butadiene cobalt cyclopentadiene was started, completing 

Step 1 of 3.  The synthesis is outlined below.  Once the synthesis has been 

completed, structural determination can be started.  Sample handling and 

preparation will be a challenge due to the molecule not being stable at standard 

conditions as it is air and water sensitive. 

 

 

 

 

Step 1: 

1. Construct two solutions: 

 CpCo(CO)2 in anhydrous diethylether 

 I2 in anhydrous diethylether 

2. Filter both solutions 

3. Mix both solutions in a round bottom flask under N2 

4. Attach oil bubbler 

5. Black precipitate forms immediately 

6. Stir for 72 hours 

7. Filter precipitate  

8. Wash with diethyl ether and pentane 
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Step 2: 

1. In round bottom flask, stir CpCo(CO)I2 in light petroleum for 1 hour 

2. Filter solution, results in grey-black residue (air sensitive) 

3. Wash product with dichloromethane 

4. Dry via reduced pressure 

Step 3: 

1. In a three neck round bottom flask, stir [(C5H5)CoI2]2, sodium amalgam 

and toluene. 

2. Pressurize vessel with 1,3-butadiene via vacuum distillation and stir 24 

hours 

3. Filter solution (air sensitive) 

4. Remove solvent via reduced pressure 
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 7 CONCLUSIONS 
 

Pulse Beam Fourier Transform Microwave Spectroscopy (PBFTMS) was 

used to measure structural parameters such as bond lengths and angles as 

well as the quadrupole moments seen in Chapter 4 and 5.  In Chapter 4, 

attempts to use PBMWS to as an analytical tool showed that in theory, the 

technique is possible but many factors need to be addressed to bring about a 

successful outcome.  In Chapter 5, the structural parameters of a dimer 

between propiolic acid and formic acid were redefined with the addition of more 

isotopic data.  From this, the rotation of the formic acid relative to the propiolic 

acid was determined along with the bond lengths from the acidic hydrogens to 

the carbonyl groups. 

 Each molecule that was investigated in this thesis have everyday 

applications that can be beneficial to the science community.  The bond lengths 

and angles that were measured may be utilized when the fundamentals of 

chemistry is being taught to future scientists.  Theoretical chemists may also use 

this information to improve their basis sets, thus allowing for a more accurate 

prediction of how molecules interact with each other.  The structural information 

obtained for the propiolic acid formic acid dimer could also aide in a greater 

understanding of how genetic mutations occur.  Eventually, this could result in 

the prevention of diseases.  
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