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The Microwave Spectroscopy of Small Molecules with Methyl 
Rotors

Ian Finneran

New College of Florida, 2011

Abstract

The microwave spectra of three molecules with methyl rotors, 2-methylfuran, 

o-fluorotoluene, and anisole, were collected between 8.7-18.3 GHz using a waveguide 

chirped-pulse Fourier-transform microwave spectrometer at 273 K, 298 K, and 323 K. 

The splittings due to the methyl torsion were used to calculate the barrier height to 

internal rotation of the methyl rotor in 2-methylfuran (411 cm-1) and o-fluorotoluene 

(238 cm-1), and these values were compared to the values predicted by ab initio  

(B3LYP/6-311+G(d,p) model chemistry) calculations (369 cm-1 and 205 cm-1, 

respectively). One torsionally excited state was fit in 2-methylfuran, and two were fit in 

o-fluorotoluene. No splittings were observed in the spectrum of anisole, which indicates 

that the barrier height is at least 1100 cm-1. The development of a Python brute force 

automated spectral fitting program and an Arduino-based pressure controller are also 

discussed.

Steven T. Shipman

Division of Natural Sciences
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1 - Introduction
Molecular spectroscopy is the study of how light interacts with matter. Different 

regions of the electromagnetic spectrum are associated with different transitions between 

energy levels in a molecule: rotational transitions occur in the microwave region (λ ~ 1 m 

– 1 mm) , vibrational transitions occur in the infrared region (λ ~ 1 mm – 650 nm) and 

electronic transitions occur in the ultraviolet/visible region (λ ~ 650 nm – 10 nm). By 

studying the positions of these transitions, spectroscopists can learn information about 

molecular structure and differentiate between different molecules. This thesis deals with 

the rotational transitions of small gas phase molecules near room temperature between 

8.7 and 18.3 GHz (λ = 3.5 cm – 1.6 cm). More specifically, it covers the microwave 

spectroscopy of molecules that contain one methyl (-CH3) functional group. 

The microwave spectroscopy of small molecules with methyl rotors dates back 

over 50 years [1]. Recent developments in spectrometer design have allowed 

spectroscopists to measure new transitions, and assign new vibrational states due to 

improvements in signal to noise ratios and resolution. The focus of this thesis is to 

measure previously unobserved transitions in three small molecules with methyl rotors, 

2-methylfuran (Chapter 5), ortho-fluorotoluene (Chapter 6), and anisole (Chapter 7), 

using a novel technique, chirped-pulse Fourier transform microwave spectroscopy 

(CP-FTMW). Assigning the spectrum of molecules containing a methyl rotor presents 

difficulties not encountered in more rigid molecules. The methyl rotor in each of these 

molecules causes a splitting pattern in the spectrum that can be used to calculate the 

potential energy barrier to internal rotation of the methyl group and the orientation of the 
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methyl group with respect to the rest of the molecule. Additionally, applying microwave 

spectroscopy to problems in astrochemistry, atmospheric chemistry, and other fields that 

study small organic molecules in the gas phase demands a strong understanding of methyl 

rotors, since they are a common functional group.

Although the spectra of 2-methylfuran, ortho-fluorotoluene, and anisole have been 

collected previously on older microwave spectrometers (a review of older microwave 

spectrometer designs can be found in [2]), the CP-FTMW spectrometer has several key 

design modifications that make it more effective for studying internal rotation. Originally 

developed by the Pate lab at the University of Virginia [3], the spectrometer uses a linear 

frequency sweep (chirped-pulse) to cover the entire spectrum in less than one 

microsecond, instead of scanning through a spectrum frequency by frequency. Since the 

CP-FTMW spectrometer averages phase-coherent signals in the time domain, the noise 

level approaches zero with additional averaging. In general, signals with definite phase 

can have negative and positive intensities, so a signal with random phase will average to 

zero. This is fundamentally different than spectrometers that average magnitude spectra 

in the frequency domain, where the noise level approaches a small positive value, since 

every point in the spectrum has an intensity greater than zero. Many of the peaks present 

in the spectrum of a molecule with internal rotation are relatively weak, since the 

intensity of each peak present in a rigid molecule is shared between two or three new 

peaks, due to the rotor induced splitting. Rapid averaging in the time domain provides the 

signal to noise ratios needed to measure the low intensity transitions in an internal rotor 

spectrum. It is also important to accurately measure the relative intensities of the peaks in 
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an internal rotor spectrum, as they provide clues about the coupling strength between 

levels (see Chapter 3 for more information). Since the CP-FTMW spectrometer collects a 

full spectrum with each chirped-pulse, the relative intensities of peaks in different parts of 

the spectrum are directly comparable.

The original chirped-pulse spectrometer built at the Pate lab uses a molecular 

beam to cool the sample to 2-4 K. The spectrometer in the Shipman lab has a 10 meter 

coiled waveguide that holds a room temperature, low pressure gas sample. Analyzing 

spectra collected at room temperature is considerably more difficult than analyzing 

spectra collected at 2-4 K (Figure 1.1), because excited vibrational states and higher 

energy conformers are populated at room-temperature, in addition to high energy 

rotational levels. Each vibrational state and conformer has a different set of rotational

Figure 1.1: Rotational spectra of acetone at 1 K (left) and 298 K (right), obtained from 

low-temperature and room-temperature microwave spectrometers. The room-temperature  

spectrum contains many more peaks than the low-temperature spectrum. These new 

peaks result from vibrationally-excited states and higher energy rotational states that are  

populated at 298 K. Both spectra have the same noise level of ~0.2 μV.
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 constants that must be fit independently. By studying the microwave spectrum of 

molecules with methyl rotors at room temperature, we can observe characteristic splitting 

patterns due to the internal rotation of the methyl group, which can be used to learn more 

about the potential energy surface of the methyl torsion. Additionally, in molecules with a 

large potential energy barrier to internal rotation, the characteristic splitting pattern may 

not become visible until excited torsional states of the methyl group are populated.

Although this thesis is purely focused on understanding the spectra of three 

molecules in isolation, fitting the splitting patterns of molecules with methyl rotors has 

applications in astrochemistry and atmospheric chemistry. Over the past few decades the 

field of astrochemistry has expanded, as more molecules are identified in the interstellar 

medium (ISM). Many of the molecules found in the ISM have methyl groups with low 

barriers to internal rotation, including acetaldehyde [4], methyl formate [5], methylamine 

[6], and acetone [7]. A majority of the identifications of species in the ISM come from 

measurements of rotational transitions by radio telescopes. Rotational transitions are 

particularly useful in molecular identification, because molecules that have similar 

vibrational and electronic structures are easily differentiated in the microwave region of 

the spectrum. For example, in an IR spectrum of methyl cyanide and ethyl cyanide the 

C-H stretching and C≡N stretching frequencies of both molecules are almost identical. 

However, because these molecules have extremely different moments of inertia the 

rotational spectra of these two compounds are quite different. The splitting patterns of 

molecules with methyl rotors can also be used for molecular identification. Furthermore, 

the population of excited torsional states can give information about the temperature in 
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the ISM.

An integral part of correctly identifying molecules in space is laboratory 

measurements. The spectra recorded by radio telescopes contain thousands of peaks that 

are the result of rotational transitions of hundreds of molecules. In order to separate out 

the transitions resulting from one molecule, the spectra from space must be compared to 

spectra recorded in microwave spectrometers on Earth. Over the past decade databases of 

rotational transitions have been created that can be used to separate common interstellar 

molecules, called interstellar 'weeds', from other unidentified molecules [8]. One of the 

most common and widely studied interstellar weeds is methanol, a small molecule with a 

methyl rotor. In order to identify the transitions of methanol observed in the ISM, a 

considerable effort has been made to assign the laboratory spectrum, including splitting 

resulting from the internal rotation of the methyl group [9]. 

The information obtained in spectra taken from space can provide clues about the 

conditions in the ISM. In particular, a wide variance in temperature has been observed in 

molecular clouds, depending on their proximity to stars. Many of the molecular clouds 

are hotter than 200 K, as the radiation from nearby stars has a significant warming effect 

[10]. However, most of the microwave spectrometers used to record spectra on Earth use 

a molecular beam supersonic expansion that cools the molecules to 2-4 K. Laboratory 

spectra recorded at 2 K are useful for fitting low energy rotational state, ground 

vibrational state transitions, but the spectrum of a molecule at 298 K is extremely 

different, as shown in Figure 1.1. The chirped pulse waveguide spectrometer has a niche 

in this application, since spectra can be collected at temperatures from 273-323 K.
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The usefulness of fitting the microwave spectrum of molecules with methyl rotors 

to problems in astrochemistry is well known. However, this work, as well as the use of 

CP-FTMW spectroscopy, also has promising applications in atmospheric chemistry. One 

possible application in atmospheric chemistry is in the study of tropospheric ozone 

formation. Tropospheric ozone has harmful effects on humans including respiratory 

irritation, reduced lung capacity, and intensified asthma symptoms [11]. It can also cause 

damage to plants, leading to lower crop yields and ecosystem degradation [12]. Ozone 

formation is initiated by photochemical reactions of nitrogen oxides (NOx) and volatile 

organic compounds (VOCs). During the 20th century tropospheric ozone concentrations 

increased dramatically due to the release of nitrogen oxides and VOCs as byproducts of 

industrial processes and fossil fuel combustion.

 Direct measurements of ozone, NOx, and VOC concentrations have been carried 

out using many methods, including chemiluminescence [13], differential absorption lidar 

[13], infrared absorption spectroscopy [14], and proton transfer reaction mass 

spectrometry [14]. While effective, these techniques are not able to easily differentiate 

between isotopomers. This is important for studying ozone and VOCs, as past studies of 

ozone in the stratosphere have revealed anomalies in isotopic concentrations that have 

helped elucidate mechanisms of ozone formation [15]. Microwave spectroscopy can be 

used to easily differentiate isotopomers, since microwave spectra are highly sensitive to 

the shape and mass distribution of molecules. The predicted spectrum of three 

isotopomers of ozone and several VOCs with methyl rotors is shown in Figure 1.2. Note 

how all species are easily differentiated. 
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Figure 1.2: The simulated spectrum of three isotopomers of ozone, nitrogen dioxide and 

several VOCs at 298 K and equal concentrations.  Simulated linewidths are 1 MHz,  

corresponding to a pressure of ~10 mTorr.  All species (including isotopomers) are  

cleanly differentiated.

An important aspect of studying tropospheric ozone is field measurements of 

VOCs. The construction of a portable cavity microwave spectrometer has been described 

previously [16]. However, a chirped pulse spectrometer has advantages over the cavity 

design, including a high bandwidth, relative intensity accuracy, and spectrum acquisition 

speed. A waveguide setup would also be much more portable than a molecular beam 

instrument, and is thus more suitable for field based measurements. 

By itself, the microwave spectroscopy of small molecules with methyl rotors is a 

somewhat esoteric topic. However, given the large number of molecules containing 

methyl groups in applied gas phase chemistry disciplines, studying the internal rotations 

of methyl groups is a crucial part of any microwave spectroscopy group. Prior to this 

thesis, the Shipman lab had never analyzed the characteristic splitting of a methyl rotor. 

Although the molecules studied in this thesis are indirectly linked to applications, the 

skills and programs learned to fit their spectra will definitely be used in future projects in 
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the Shipman lab.

This thesis has been organized into eight chapters. Chapters 2 and 3 address the 

design of the waveguide CP-FTMW spectrometer and the theory required to fit the 

spectrum of a molecule with a methyl rotor. The development of a Python brute-force 

automated fitting program is discussed in Chapter 4 (the source code for the program is in 

Appendix I). Chapters 5-7 present the spectra and fits of 2-methylfuran, o-fluorotoluene, 

and anisole, as well as a discussion of the results. Finally, Chapter 8 summarizes the 

results presented in the thesis and discusses future work that could be done on these 

molecules and in the Shipman lab. 
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2 - Experimental 

The Shipman lab uses a room-temperature chirped-pulse Fourier transform 

microwave spectrometer capable of collecting microwave spectra between 8.7 and 

18.3 GHz. Before discussing the spectra collected with the spectrometer, it is important to 

address the basic theory and implementation of a CP-FTMW spectrometer, as well as 

recent modifications made to the spectrometer.

Chirped-Pulse FTMW Spectrometer:  Theory of Operation

In the room-temperature, chirped-pulse FTMW spectrometer, a chirped-pulse 

(linear frequency sweep, Figure 2.1) in the microwave region of the spectrum is used as a 

polarization pulse to transiently align a collection of rotating molecules.  The oscillating 

electric field generated by the chirped-pulse applies a torque on the molecules because of 

their dipole moments. This causes the molecules to rotate in phase with the electric field. 

When the chirped-pulse ends, the molecules continue to rotate in phase emitting a weak 

electric field. The phase of the rotating molecules decays as they collide with each other 

or the walls of the waveguide, producing a free induction decay (FID).  This molecular 

FID can then be collected directly in the time domain and Fourier transformed to yield 

the (frequency domain) rotational spectrum of the sample.

Detection of the FID is phase sensitive, vastly improving the signal-to-noise ratio 

of the spectra over phase insensitive techniques like conventional absorption 

spectroscopy.  In particular, phase-sensitive detection means that the instrument does not 

have an apparent noise floor, as the primary noise source has random phase, which 
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averages to zero rather than to a small positive value.

Figure 2.1: A stylized picture of a chirped-pulse (top) and the spectrogram of an actual  

chirped pulse (bottom).

Chirped-Pulse FTMW  Spectrometer:  Experimental Implementation

Overview

The microwave circuit of the spectrometer can be separated into three main 

components: chirped-pulse generation, irradiation of the gas sample in the waveguide and 

detection of molecular emission. The chirped pulse consists of a linear frequency sweep 

in time which is generated by an arbitrary waveform generator (AWG). After the chirped 
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pulse is generated, it is mixed to cover a desired frequency range, amplified, and passed 

into the waveguide where it interacts with the sample.  Detection of the FID is 

accomplished with extremely sensitive microwave components because the molecular 

emission is very weak. During the irradiation of the sample these microwave detection 

components are blocked from the chirped pulse by a switch. Once the chirped pulse 

finishes, the switch is closed to allow amplification and detection of the molecular 

emission with a digital oscilloscope.

Detailed Description

The microwave circuit diagram of the spectrometer is shown in Figure 2.2. All 

electronics are locked to a 10 MHz rubidium atomic clock (Stanford Research Systems 

FS725). The chirped-pulse generated by the 10 Gs/s AWG (Tektronix Model AFG7101) 

covers 100 MHz to 4900 MHz in 250 ns. This duration can be varied, but entails a 

tradeoff. The main disadvantage of the shorter pulse length is that less power is delivered 

to the molecules, so the signal-to-noise ratio decreases. The S:N ratio also decreases if the 

pulse length is too long, because less of the FID can be recorded, as a larger fraction of 

the molecules will have decayed during the polarization pulse. 

The 100 MHz-4900 MHz chirped pulse is mixed to 8700-13500 MHz or to 

13500-18300 MHz using two phase-locked dielectric resonator oscillators (PDROs) 

(Microwave Dynamics PLO-4000). The PDROs use the 10 MHz input from the atomic 

clock to generate a continuous phase stable signal centered at 13600 MHz or 18400 MHz. 

Using the signal from a PDRO, a double balanced mixer (Miteq DM0520LW1) converts 

the chirped pulse into an upper and lower sideband, with the frequency range of the upper 
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sideband given by (PDRO frequency) + (chirped pulse frequency) and the range of the 

lower sideband given by (PDRO frequency) - (chirped pulse frequency range).

Figure 2.2: A circuit diagram of the CP-FTMW spectrometer.

After mixing, the pulse is amplified to 0 dBm (1 mW) by a pre-amplifier (Phase 

One Microwave SL-182010), followed by amplification to ~43 dBm (20 W) by a solid 

state amplifier (Microwave Power L0618-40-T526). Finally the pulse travels through two 

isolators (Ditom Microwave D3I7018) into a 10 meter section of WRD-750 double-

ridged waveguide (7.5-18.0 GHz transmission frequency). The isolators prevent the pulse 

from being reflected back into the solid state amplifier. Double-ridged waveguide allows 
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for the transmission of a larger bandwidth of microwave radiation compared with more 

traditional rectangular waveguide. The back end of the waveguide has a diode limiter 

(Advanced Control Components, ACLM 4537-C361K), which prevents damage to the 

switch and low-noise amplifier. The diode limiter blocks microwave transmission to the 

switch above the 21 dBm (125 mW) power threshold.

Once the microwave pulse has ended, a SPST switch is closed (Advanced 

Technical Materials model S1517D), and the molecular emission is amplified by a 38 dB 

gain low-noise amplifier (Miteq AMF-5F-08001800-14-10P). Before passing the 

molecular signal to the oscilloscope, it is mixed back down to 100-4900 MHz with 

another mixer (Miteq DM0520LW1) and the same PDRO whose output is split with a 

Wilkinson power divider. A 15 dB gain IF amplifier (Mini-Circuits ZX60-6013E-S+), 

was recently added before the oscilloscope, to increase the molecular signal to a level 

more suited to the detection range of the oscilloscope. The repetition rate of the 

oscilloscope (Tektronix TDS6154C) is about 160 Hz, which means that 10,000 FIDs (2 

us, 10 Gs/s) can be collected in about one minute. However, the repetition rate of the 

oscilloscope is dependent on the number of points to digitize, so data collection is faster 

for shorter FIDs collected at low sampling rates. The sampling rate used is chosen based 

on the desired bandwidth.

Microwave filters are an important part of the instrument. Although the mixers 

generate an upper and lower band, the spectrometer is best operated using only one band 

at a time. If both bands are allowed to pass through the circuit, 10 GHz of the spectrum 

will be folded over a 5 GHz output. In the 13500-18300 MHz setup the upper sideband is 
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removed by the frequency cutoff of the amplifiers, but in the 8700-13500 MHz setup the 

upper sideband is removed by an 8.7 – 13.5 Ghz bandpass filter (Lorch 13-IZ7-

11100/4800-s). 

The presence of filters in the circuit greatly reduces the number of spurious peaks, 

or 'clock lines', in the spectrum. However, there are still a few clock lines that are present, 

due to imperfect isolation in the circuit and internal oscilloscope components. The clock 

lines are separated from the molecular peaks by recording a 'blank' spectrum at high 

pressure (>1 Torr), which causes the molecular signals to disappear due to pressure 

broadening. The FID of each spectrum is subtracted from a blank FID to remove the 

clock lines in the final spectrum.

In addition to generating clock lines, the microwave circuit components can also 

modulate the relative intensities in a spectrum. Although the input pulse for the AWG has 

a level intensity, the pulse that passes into the waveguide has an envelope that makes the 

lower frequencies less intense than the high frequencies. This is caused both by the 

internal electronics of the AWG and non-flat gain profiles of the amplifiers. Because of 

this effect, the relative intensities in the final spectrum are not accurate. This is corrected 

for by applying an amplitude function to the input pulse that raises the intensities of the 

lower frequencies and lowers the intensities of the higher frequencies.

Construction of an Arduino-based Pressure Controller

A typical microwave spectrum recorded in the Shipman lab is the result of 

500,000 to 6 million averages. In order to collect this many averages, the molecules in the 

waveguide must remain at a constant pressure of 8-15 mTorr for up to 15 hours, while the 
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spectrometer continuously collects data. The pressure fluctuates constantly as molecules 

evaporate and condense on the walls of the waveguide. In order to counteract this effect, 

the vacuum pumps must be used to regulate the pressure. In the past this was done by 

opening and closing a Swagelok valve by hand; during data collection a person would 

need to check the pressure and adjust the valve roughly every ten minutes. This limited 

the maximum number of averages that could be taken for a single spectrum, as it is 

difficult to continuously monitor the pressure for ten or more hours. It was also difficult 

to keep a constant pressure in the waveguide; during data collection the pressure could 

vary by as much as 5 mTorr. 

Over the past semester an Arduino-based [17] pressure controller was developed 

that can keep the pressure constant indefinitely. The design uses a Python module and 

Arduino code that enables precise servo control using Python commands from a 

computer (Figure 2.3) [18]. The servo control module was integrated into a Python script 

Figure 2.3: The basic components of the Arduino-based pressure controller. 
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that monitors the pressure of the waveguide through an RS-232 connection to the 

pressure gauge (MKS 627B).

The source code for the pressure controller is given in Appendix I. Once 

initialized, the Python script reads the current pressure and stores that value as the set 

pressure. After the first pressure reading, the script reads the pressure every second and 

compares the current pressure with the set pressure. The current pressure and time stamp 

are written to a text file every minute, so that the changes in the pressure during a dataset 

can be monitored. When the current pressure becomes more than 0.1 mTorr different than 

the set pressure, the python script sends a command to the Arduino to move the servo. In 

order to prevent overcorrections in the pressure control, the program monitors the sign of 

the first derivative of the pressure with respect to time, dP/dt. For example, if the set 

pressure is 10.1 mT and the current pressure is 10.3 mT and decreasing, the script will not 

change the position of the servo. However, if the set pressure is 10.1 mT and the current 

pressure is 10.3 mT and constant, the script will slowly move the servo, until the pressure 

decreases to 10.2 mT. In practice, this arrangement typically holds the pressure to within 

about ±0.2 mTorr of the setpoint.
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3 - Theory of Rotational Spectroscopy
Recording spectra is generally the fastest and easiest part of microwave 

spectroscopy. Matching the experimental data with theoretical predictions (called 'fitting') 

can be time intensive and difficult. However, fitting peaks in a spectrum to specific 

changes in rotational energy in a molecule is the only way to obtain useful information 

from a microwave spectrum. Before making spectral assignments, it is necessary to 

understand the theory of molecular rotations, or more specifically how physical 

properties of the molecules affect the positions of rotational energy levels, the labeling of 

these levels, the allowed and forbidden transitions that can occur between different levels, 

and the relative intensities of these transitions.

The theory of rotational spectroscopy has been thoroughly discussed in many 

books and papers over the last century. Although these sources are useful to seasoned 

spectroscopists, it can be difficult to decipher the notation used in different sources as a 

novice, especially when dealing with the theory of internal rotation. For consistency and 

ease of reading, I have compiled some of the derivations of rotational spectroscopy from 

several excellent and dense sources ([19], [20], [21], and [1]). 

Energies and Labeling of Molecular Rotational States

As a first approximation, a molecule can be modeled with the same quantities as 

any rigid object, such as a football or frisbee. The classical rotational quantities are 

analogous to the familiar ones used for linear movement. For example, distance, x, 

becomes angle, θ, while mass, m, becomes moment of inertia, I. A full list of conversions 
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is shown in Table 3.1. In the case of a rotating rigid object, such as a molecule, the 

moment of inertia is described by a 3x3 diagonalizable tensor. The diagonal form of this 

tensor is the principal axis system of an object, a form which allows the moment of 

inertia to be described by three scalar quantities (the diagonal entries of the tensor). The 

angular momentum has three components, for each of the Cartesian axes: Lx, Ly, Lz.

Table 3.1: A comparison of the quantities associated with linear and rotational motion  

(adapted from [20]).

Linear Motion Rotational Motion

x (distance) θ (angle)

v (velocity) ω = v/r (angular velocity)

a (acceleration) α = v2/r (angular acceleration)

m (mass) I = mr2 (moment of inertia)

p = mv (momentum) L = Iω (angular momentum)

T = (mv2)/2 = p2/(2m) (kinetic energy) T = (Iω2)/2 = L2/(2I) (kinetic energy)

F = ma (Force) τ = Iα (Torque)
 In a quantum mechanical system, such as a molecule, the total angular momentum is 

quantized, and called J, instead of L. The total angular momentum is the vector sum of 

each of the three components:

L2
=Lx

2
Ly

2
Lz

2
classical   (1)

J 2
= J x

2
J y

2
 J z

2
quantum  (2)

By convention, the three Cartesian axes, x, y, z, are renamed to a, b, c, such that Ia ≤ Ib ≤ 

Ic. Using this convention, molecules can be divided into five classes, based on symmetry: 

linear (Ib  = Ic, Ia = 0), spherical (Ia = Ib = Ic), prolate (Ia < Ib = Ic), oblate (Ia = Ib < Ic), and 

asymmetric (Ia < Ib < Ic). Since the energy of a rotating molecule is purely kinetic, it 
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depends only on the angular momentum and moment of inertia:

E =
1
2
(

La
2

I a

+
Lb

2

I b

+
Lc

2

I c

) =
1
2
(

J a
2

I a

+
J b

2

I b

+
J c

2

I c

)  (3)

Finally, in rotational spectroscopy Ia, Ib, Ic are usually replaced with the constants A, B, C, 

such that:

A =
ħ2

2Ia

 (4)

B =
ħ2

2Ib

 (5)

C =
ħ2

2Ic

 (6)

To finish converting the classical energy expression to a quantum mechanical system, 

such as a molecule, all of the observables must be replaced by operators. An operator acts 

on an eigenfunction, or wavefunction, to produce a constant value, or eigenvalue, 

multiplied by the eigenfunction. A common example in quantum mechanics is the energy 

operator, called the Hamiltonian. In equation form H is the energy operator, E is the 

energy eigenvalue, and Ψ is the eigenfunction:

H Ψ =EΨ  (7)

The full Hamiltonian for a molecule is an infinitely large matrix, but it may be broken 

into electronic, vibrational, and rotational parts. The rigid rotor rotational Hamiltonian is 

an approximation of the full rotational Hamiltonian. Using the energy expression above, a 

rigid rotor Hamiltonian operator can be constructed using the angular momentum 

operator, J :
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H=
1
2

J a

2

I a


J b

2

I b


J c

2

I c

 =
1
ħ2 A

J a
2
B J b

2
C J c

2
  (8)

The eigenvalues of the rigid rotor Hamiltonian operator are the rotational energy levels of 

a molecule. However, before using the Hamiltonian, it must be rearranged in terms of 

quantities that all have eigenvalues with the same eigenfunction. Using commutation 

relations (for more information, see [22] page 221) it can be shown that the three 

components of angular momentum (Ja, Jb, Jc) cannot all have energy eigenvalues with the 

same eigenfunction. In other words, there is a fundamental uncertainty in measuring the 

three components simultaneously. However, the square of the total angular momentum 

(J2) and one of the components (such as Jc) can have simultaneous energy eigenvalues, 

which means that the Hamiltonian must be rearranged in terms of these two quantities. 

For a spherical (A = B = C) or linear (B = C, A=0) molecule this rearrangement is fairly 

simple:

H spherical =
1

ħ2
 A J a

2
B J b

2
C J c

2
 =

A

ħ2
 J a

2
 J b

2
 J c

2
 =

A

ħ2
J 2

 (9)

H linear =
1

ħ2
A J a

2
B J b

2
C J c

2
 =

1

ħ2
B J b

2
C J c

2
 =

B

ħ2
 J b

2
 J c

2


=
B
ħ2

J 2
 (10)

The rearrangement is also possible for a prolate (A > B = C) or an oblate (A = B > C) 

molecule:

J 2
=

J a
2

J b

2


J c
2

so
J 2
− J a

2
= J b

2
 J c

2
 prolate  or J 2

− J c
2
= J a

2
 J b

2
oblate 

 (11)
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H prolate =
1

ħ2
A J a

2
B J b

2
C J c

2
 =

1

ħ2
 A J a

2
B J b

2
 J c

2


=
1
ħ2 [A

J a
2
B J 2

− J a
2
]

=
1
ħ2

J a
2
A−BB J 2

 (12)

 switching A and C yields the oblate Hamiltonian:

H oblate =
1

ħ2
J c

2
C−BB J 2

 (13)

The derivation so far has been performed in the molecular reference frame. However, in 

the case of symmetric tops (oblate and prolate molecules) one component of J in the 

laboratory, JZ, will also have an eigenvalue, M, with the same eigenfunction. Since the 

energy of a molecule is independent of its laboratory orientation, M does not affect the 

rotational energy levels of a molecule, unless it is exposed to an external electric field, 

which breaks this symmetry. Measurements of this type were not performed on any 

molecules in this thesis, so M can be excluded from state labels. 

The symmetric rotor wavefunction, or eigenfunction, is determined by three 

quantum numbers, J, K, and M, where K and M are given by:

K = −J , J−1, ... , 0, ... , J+1, J  (14)

M = −J , J−1, ... , 0,... , J+1, J  (15)

The exact form of the symmetric rotor wavefunction is not important to this derivation 

but it can be found in [20], page 189. The list of operators and their corresponding 

eigenvalues are shown in Equations 16-19. Note that the Jb
2 and Jc

2 operators do not have 

eigenvalues with the symmetric molecule eigenfunctions, because they transform K. This 
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will be addressed more thoroughly when asymmetric molecules are discussed.

H |J , K , M > = E | J , K ,M >  (16)

J 2| J , K ,M > = J J1ħ2 |J , K , M >  (17)

J Z |J ,K , M > = Mħ| J , K , M >  (18)

J c
2| J , K , M > = K2

ℏ
2 |J , K , M >  (19)

Using the symmetric top Hamiltonian and the eigenvalues from equations 16 - 19, the 

energy eigenvalues of a symmetric molecule can be determined:

Eprolate J , Ka = BJ J1A−BK a
2  (20)

Eoblate J , K c = BJ J1C−BK c
2  (21)

From this expression it can seen that the energy of a rotating molecule is dependent on 

two quantities: the total angular momentum, J, and the angular momentum projected onto 

one of the principal axes, K. Since K is squared in equation 20 and 21, energy levels with 

J,+K and J,-K are degenerate. Also, since A-B > 0  the energy of a given J state increases 

with increasing K for a prolate top, while the opposite is true for an oblate top.

The rotational Hamiltonian and energy levels of linear, spherical, oblate, or 

prolate molecules can all be solved exactly, as was shown above. Unfortunately, this is 

not true for an asymmetric molecule (Ia < Ib < Ic). The asymmetric molecule is a hybrid 

between the prolate and oblate cases as shown in Figure 3.1. 

The amount of asymmetry can be quantified using Ray's asymmetry parameter κ, 

as shown below, where κ = -1 corresponds to a prolate molecule, and κ = +1 corresponds 

to an oblate molecule. κ is used to derive the energy levels of the asymmetric rotor.
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Figure 3.1: The asymmetric top is a hybrid between the prolate and oblate tops (adapted  

from [20] page 195). Ka refers to K in the limit of the prolate case, while Kc refers to K in  

the limit of the oblate case.

κ=2B−A−C
A−C

 (22)

The spectrum of an asymmetric molecule is quite complicated, because the energies of 

+ or – K for a given J are no longer degenerate. This means that there are 2J+1 distinct 

rotational energy levels for each J, rather than the J+1 in the symmetric case. J2 and M are 

the only 'good' quantum numbers, meaning they are the only operators that have 

eigenvalues with a common eigenfunction. Since K is no longer a good quantum number, 

there is no straightforward way to label the states. The most common method, which will 

be utilized in this thesis, is to assign the prolate character, Ka, and the oblate character, Kc, 

of a state. For example, J, Ka, Kc represents the label of a state that would be J, Ka if the 

molecule were prolate and  J, Kc if the molecule were oblate.
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The Hamiltonian for a symmetric molecule in the correct basis can be represented 

in matrix form, with the diagonal entries being the energy eigenvalues, and the rest of the 

matrix filled with zeros. More specifically, each diagonal entry corresponds to the energy 

of a particular combination of J and K. The eigenfunctions are represented as infinite 

dimensional vectors, with all zeroes except for a one at the correct position of J and K.

H = [
E J=0, K=0 0 0 ...

0 EJ=1,K=−1 0 ...
0 0 EJ=1,K=1 ...
... ... ... ...

]  (23)

| J=0, K=0> = [
1
0
0
0
...
] and < J=0, K=0 | = [1 0 0 0 ... ]  (24)

In general, the eigenvalues of a diagonal matrix are the diagonal entries of the matrix. 

However, if the matrix or Hamiltonian is non-diagonal (in other words, it contains non-

diagonal entries) the eigenvalues may or may not be analytically solvable. The 

Hamiltonian matrix for the asymmetric rotor is non-diagonal and has no analytic 

solutions, and there is no basis that will make the matrix diagonal. 

Since K is no longer a good quantum number, the Hamiltonian is rearranged into 

two parts: the solvable portion containing J2  and Jc
2, and the analytically unsolvable 

portion containing Ja
2 and Jb

2:

H asymmetric =
1
2
 ACJ 2


1
2
 A−CJa

2
 J b

2
−J c

2
 = H solvable Hunsolvable  (25)
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H solvable=
1
2
 ACJ 2

−
1
2
 A−CJ c

2
 (26)

H unsolvable=
1
2
A−C  Jb

2
J a

2
  (27)

Using the matrix representation, the solvable Hamiltonian corresponds to a diagonal 

matrix, similar to that of the symmetric Hamiltonian shown in Equation 23. The 

unsolvable Hamiltonian has off diagonal entries because Jb
2 and Ja

2  do not have 

eigenvalues in common with J2 and Jc
2. The off diagonal entries of  Jb

2 and Ja
2 are given 

by:

〈 J , K , M∣ J b
2∣ J , K , M 〉 = 〈 J , K , M∣ J a

2∣ J , K , M 〉 =
1
2
J Jl −K   (28)

〈 J , K , M∣ J b
2∣ J , K±2, M 〉 = −〈J ,K , M∣ J a

2∣ J , K±2, M 〉

=
1
4
[ J J1−K K±1]

1
2 [ J J1−K±1K±2]

1
2

 (29)

In the above notation < P | Q | R > = L corresponds to the off diagonal entry L in the 

matrix Q, where the row position is given by P and the column position is given by R. 

Using some algebra, it can shown that this expression is not equivalent to 

Q̂ | R > = L | P > . It is also worthwhile to note that the diagonal entry M of matrix Q 

with eigenvector R cannot be written as an eigenvalue Q | R > = M | R > unless matrix 

Q has no off diagonal elements.

Since Jb
2 and Ja

2 have no off-diagonal elements dependent on J2 (all off diagonal 

elements are dependent on K) the asymmetric Hamiltonian matrix is block-diagonal; in 

other words there are no cross-terms connecting different values of J. This means that 

each J may be treated with a separate matrix, independent of the other J's. Finding the 
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entries of these matrices is fairly straightforward. For example, the diagonal element 

<1,0|H|1,0> is given by:

<1,0 | H |1,0>=
1
2
AC  J 2


1
2
A−C J a

2
 J b

2
−J c

2


=
1
2
AC J J1


1
2
 A−C [

1
2
 J  J1−K 

1
2
 J  J1−K −K 2]

=
1
2
AC 2

1
2
 A−C [

1
2
2−0

1
2
2−0−02

]

=AC 
1
2
A−C2B−A−C 

=AB

 (30)

After finding the rest of the J=1 entries the full J=1 submatrix can be constructed:

H =

|1,−1> |1,1 > |1,0>

< 1,−1 | C
AB

2
A−B

2
0

< 1,1 |
A−B

2
C

AB
2

0

< 1, 0 | 0 0 AB

 (31)

The J=1 Hamiltonian submatrix happens to be one of the only analytically solvable 

matrices of the asymmetric molecule. The energy eigenvalue for J=1, K=0 has no off-

diagonal terms, so it is A+B. The rest of the energy eigenvalues can be found by solving 

for the eigenvalues of the remaining 2 x 2 matrix via the secular determinant method:

det [C
AB

2
−E

A−B
2

A−B
2

C
AB

2
−E] = 0  (32)

[C
AB

2
−E]

2

−
A−B

2


2

= 0  (33)
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E = AC and E = BC  (34)

The energies of the J=1 rotational state are thus A+B, A+C, and B+C. By pairing the 

relative energies of the three states to the energy ordering of the J, Ka, Kc correlation 

diagram (Figure 3.1), the states can be labeled:

Energies of J=1 states : 101 = BC 111 = AC 110 = AB  (35)

As mentioned previously, finding the energy eigenvalues for the asymmetric rotor at 

higher values of J requires numerical methods. Usually this is done on a computer using 

perturbation theory. Perturbation theory breaks the Hamiltonian into a solvable portion, 

H(0), and an unsolvable portion, H(1), which was already done for the asymmetric rotor 

earlier in this chapter (equations 26, 27). A rough estimate of the energy eigenvalues can 

be obtained using H(0), and expanding the contribution of H(1) in an infinite series 

improves the accuracy of these values. The total eigenfunctions are linear combinations 

of the symmetric top eigenfunctions.

H 0 
=

1
2
AC  J 2

−
1
2
A−C J c

2 and E 0
= < JKM 0| H 0 | JKM 0>  (36)

H 1
=

1
2
A−C  J b

2
J a

2
 and E 1 

= < JKM 0 | H 1 | JKM 0>  (37)

| J Ka K c > = | JKM 0>| JKM 1>...  (38)

E JKa K c
= E(0)

+E(1)
+E (2)

+...  (39)

So far, the derivation of rotational energy levels has treated molecules as rigid 
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objects, incapable of distortions. However, real molecules are made of spring-like 

chemical bonds that distort as the molecule rotates. As a molecule rotates faster, the 

centrifugal force causes more distortion,  indicating a J dependence. For a symmetric or 

asymmetric molecule, there is also the possibility of distortion along a particular axis, 

which leads to a K-dependent term. The Watson A-reduced Hamiltonian, which is used 

throughout this thesis, addresses the deviation from rigidity by expanding the distortion 

terms in a power series. The uppercase terms (∆J, ∆JK, ∆K) are all dependent on operators 

with eigenvalues in the symmetric top basis set, meaning they are symmetric top 

distortion constants. The lowercase terms ( δJ,  δK) are dependent on Ja and Jb, which 

corresponds to the distortion of an asymmetric top.

H A
= H rr H d

4
 H d

6
...  (40)

H rr = A J a
2
B J b

2
C Jc

2  (41)

H d
4 

= − J
J 4
−JK

J2 J c
2
− K

Jc
4

−2 J
J2
 J a

2
−Jb

2
−K [ J c

2
 Ja

2
−J b

2
 Ja

2
−J b

2
 Jc

2
]

 (42)

H d
6 

= J
J6
JK

J 4 J c
2
JK

J2 J c
4
K

J c
6

2J
J 4
 J a

2
−J b

2
JK

J 2
[ J c

2
 J a

2
−J b

2
 Ja

2
−J b

2
 J c

2
]

K [
Jc

4
 J a

2
−J b

2
 J a

2
−J b

2
 J c

4
]

 (43)

A molecule also becomes distorted in excited vibrational states, due to the 

anharmonicity of chemical bonds. In particular, the average bond lengths of the molecule 

change in excited vibrational states, which changes the rotational constants. In a diatomic 
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molecule, vibrational excitation generally increases the bond length, which decreases the 

rotational constant. The changes in the rotational constants of a polyatomic molecule are 

much more difficult to predict, but they can be calculated via ab initio methods. In 

equation form, the deviation from the ground vibrational state rotational constants (A0, 

B0, C0) is given by the rotational-vibrational coupling constants, or α values:

X v=X 0−X n where X =A , B ,C
and n=quanta in vibrational state

 (44)

For an asymmetric molecule, there is a different α for each rotational constant (αA, αB, 

αC). In a microwave spectrum each vibrational state generates its own set of microwave 

transitions based on the particular set of rotational constants that describe it.

In the rigid rotor approximation, a symmetric molecule has J+1 rotational levels 

while an asymmetric molecule has 2J+1 rotational levels, due to a loss of K degeneracy. 

The molecules presented in this thesis have an additional level splitting, due to the 

hindered internal rotation of a methyl group. As a methyl group rotates, it generates 

angular momentum, which can add vectorially with the total angular momentum of a 

molecule. This causes all of the peaks in the microwave spectrum to split into pairs, 

labeled A and E. By fitting the splitting pattern in the spectrum, the potential energy 

barrier to internal rotation can be determined, as well as the angle of the internal rotor 

relative to the rest of the molecule.

The potential energy of a methyl rotor, V, as a function of rotation angle, α, can be 

modeled with the following infinite series, where V3 is the height of the potential barrier 

(the 3 represents the number of potential energy maxima) and V6 is a first order 

correction term:
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V =
V 3

2
1−cos 3

V 6

2
1−cos6 ...  (45)

The magnitude of V6 is usually <5% of the value of V3, depending on the molecule, so it 

is a good approximation to only consider the contribution from V3. Using this expression 

the Hamiltonian for internal rotation of the methyl rotor has two terms, for the potential 

and kinetic energies:

H kinetic =
J 2

2Ir
 (46)

H potential =
V 3

2
1−cos 3  (47)

H total =
H kinetic

H potential =
J 2

2Ir


V 3

2
1−cos 3  (48)

I r =
I  I 

I  I 
= reduced moment of inertia  (49)

Note that the kinetic energy is dependent on the reduced moment of inertia, which 

includes Iα, the moment of inertia of the methyl group around the rotation axis, and Iβ, the 

moment of inertia of the rest of the molecule about this same axis.

In order to better understand this Hamiltonian, it is useful to look at two limiting 

cases: the free rotor (V3→0) and the infinite barrier (V3→∞). In the free rotor case the 

Hamiltonian takes the form:

H total =
J 2

2Ir


V 3

2
1−cos 3 ≈

J 2

2Ir

as V 30  (50)

E = Fm2 where F= ℏ
2

2Ir

and m=0,±1,±2,±3 ...  (51)
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This Hamiltonian has a similar form to the symmetric molecule Hamiltonian, 

except it is one dimensional rather than three dimensional. Like the K quantum number in 

the symmetric top Hamiltonian, the energy eigenvalues are degenerate for +m and -m 

(Figure 3.2). Physically, this degeneracy results from the fact that the methyl rotor has the 

same energy if it rotates clockwise or counterclockwise. 

Finding the Hamiltonian for the high barrier case (Figure 3.2) is more difficult. 

Since the movement of the hydrogens in the methyl rotor are dependent on the barrier 

height, the high barrier case will cause them to oscillate over very small angles, back and 

Figure 3.2: The labeling of energy levels of a hindered methyl group. The v labeling  

originates from the infinite barrier case, while the m labeling originates from the free  

rotor case (adapted from [1]).
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forth in the potential energy well. Using this understanding, the potential energy function 

can be approximated with a power series for small values of α:

cos 3≈1−
9
2


2


27
8


4
... if  is small  (52)

so

V =
V 3

2
1−cos 3≈

9
4

V 3
2


27
16

V 3
4
...  (53)

Adding this to the kinetic energy Hamiltonian and keeping the first term of the series 

yields a Hamiltonian identical in form to that of the harmonic oscillator:

H total =
J 2

2Ir


V 3

2
1−cos 3 ≈

J 2

2Ir


9
4

V 3
2 as V 3 0  (54)

E = 3 V 3 F 1/2v
1
2
 where F= ℏ

2

2Ir

and v=0,1,2,3 ...  (55)

Since there are three separate potential energy wells, each containing one hydrogen, the 

energy levels are triply degenerate.

As shown above, both the high barrier and the low barrier cases are easily 

solvable. Unfortunately most real molecules, including those covered in this thesis, have 

an intermediate barrier. A qualitative understanding of the intermediate barrier case can 

be attained by comparing the low and high barrier cases. Mapping the degeneracy of the 

low barrier case onto the degeneracy of the high barrier case generates the energy level 

pattern shown in Figure 3.3. In the middle of the figure the doubly degenerate E and 

singly degenerate A splitting appears as a hybrid between the triply degenerate v levels 

and the doubly degenerate m levels.
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Figure 3.3: The degeneracy map between the high (infinite) barrier case and the low 

barrier case (adapted from [19]).

The A-E splitting is a result of the quantum mechanical tunneling of hydrogens in 

the methyl group through the potential barriers between the wells. As a general principle, 

the amount of tunneling splitting is dependent on the height and width of the barrier, with 

larger splittings occurring in cases with easier tunneling. For example, a hydrogen in the 

ground torsional state (v = 0) must tunnel through a larger barrier than a hydrogen in an 

excited torsional state (such as v = 2). Therefore, the tunneling A-E splitting in the 

ground torsional state is less than the splitting found in an excited state.

Up to this point, internal motion has been treated separately from the rest of the 

molecule. In order to find a quantitative description of rotational energy levels, the 

internal rotation Hamiltonian (Equation 47) and the rigid rotor Hamiltonian (Equation 25) 
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must be combined. First, these two operators are used to find the kinetic energy, T, of the 

system. Since there is coupling between the overall rotation and the internal rotor, the 

angular momentum operators must be redefined. 

T total=T rrT irT rr /ir  (56)

T rr=
1
2
 I aa

2
 I bb

2
I cc

2
  (57)

T ir=
1
2

I 
2

 (58)

T rr /ir= I  aabbcc

where  x=cos x

and  x is the angle between the x axis and the axis of internal rotation
 (59)

In this representation, the reduced moment of inertia, Ir, has been approximated as the 

moment of inertia of the methyl group, Iα, since the main framework of the molecule is 

much larger than the methyl group ( Ir >> Iα). There is also an additional coupling term, 

Trr/ir, which is dependent on the rotation of the three principal axes, the angular 

momentum of the internal rotation (Iαωα), and the directional cosines (λx). The directional 

cosines are the projections of the methyl group axis unit vector on each of the three 

principal axes. This coupling term becomes large as the methyl group aligns with a 

particular axis, as the external and internal angular momenta will add as vectors. For 

example, if the methyl group is parallel with the a-axis, cos(θa) = 1, it will couple 

exclusively with this axis, since the three Cartesian axes are orthogonal. This will lead to 

a coupling Hamiltonian of the form Iαωαωa. However, as the methyl group moves away 

from the a-axis, it will begin to couple with the b and c axes, reducing the  λa term, and 
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increasing the  λb and  λc terms. 

The next step is to find the angular momentum operators of each of the three 

principal axes, Pa, Pb, Pc, and the internal rotation axis, Pα, using the fact that the angular 

momentum is defined as ∂T/∂ω:

P x=
∂T
∂x

=I xxI xx for x=a ,b , c  (60)

P=
∂T
∂

=I  I aabbcc   (61)

The total energy of the system is the sum of the kinetic and the potential energies. In this 

case, the potential energy is a result of the methyl rotation:

E total = TV

=
1
2
 I aa

2
I bb

2
I cc

2


1
2

I 

2
 I aa bbccV 

 (62)

The total energy can now be rearranged in terms of the angular momentum operators, 

generating the Hamiltonian:

H= H rrF P−a Pa−b Pb−c Pc 
2
V   (63)

where x=
 x I

I x

F=
ℏ

2

2 r I 

 (64)

and r=1−
a

2 I 

I a

−
b

2 I 

I b

−
 c

2 I 

I c

 (65)

This internal rotor derivation is called the principle axis method (PAM), because the 

coordinates have not been transformed from the principal axis system. Solving the PAM 

Hamiltonian is very difficult, because there are cross terms of the form -2PαρxPx, where 
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x = a,b,c, between adjacent torsional levels. This means that the Hamiltonian cannot be 

broken into single vibrational state matrices because there are nondiagonal terms that 

connect different torsional levels. This is a much larger level of coupling than the 

asymmetric rigid rotor, which is block diagonal in J. 

Another approach, that is used in all of the spectral fits in this thesis, is the rho 

axis method (RAM). The rho axis method transforms the a-axis to be parallel to the ρ 

vector (the components of this vector are given by Equation 64) . In molecules with an 

a-b plane of symmetry this removes the b and c torsional cross-terms from the 

Hamiltonian, since the directional cosines are equal to zero. Since there are fewer 

coupling elements in the Hamiltonian, it can be more accurately approximated using 

perturbation theory. However, this transformation moves the coordinate system away 

from the principal axes, which means the moment of inertia tensor is no longer diagonal. 

Overall, this approach significantly lowers the computational time needed to predict a 

spectrum. In molecules with no plane of symmetry, the RAM approach is less effective, 

because the b and c torsional cross-terms cannot be completely removed. Fortunately, all 

of the molecules in this thesis have a plane of symmetry, so a RAM based program, 

XIAM [23], was used for all internal rotation fits in this thesis.

Selection Rules and Relative Intensities of Rotational Transitions

So far the relative ordering and energies of rotational levels have been addressed. 

However, it is also important to cover the specific transitions that occur between 

rotational energy levels, as that is the only observable in a rotational spectrum.

The intensity of rotational transitions is dependent on the electric dipole moment 
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of the molecule, since the dipole is the 'handle' that is rotated by an oscillating electric 

field. Changes in rotations along each of the principal axes of a molecule are dependent 

on the component of the dipole along each axis. In order to find the selection rules for a 

rigid asymmetric molecule the transition dipole moment is evaluated:

d x=〈 J , K , M∣ x∣J ' , K ' , M ' 〉 where x= a , b , c  (66)

The transition dipole moment is proportional to the amount of overlap between different 

rotational wavefunctions along a particular component of the dipole moment. If it is equal 

to zero, then there is no overlap, and no transitions will occur. However, if it is non-zero, 

then transitions will occur with relative intensities proportional to the magnitude of the 

integral. In the case of a rigid molecule it can be found that this integral is zero for all 

values except when:

 J=0,±1  K a=0  ,±2,±4,. ..  K c=1 ,±3,±5,. .. for a≠0  (67)

 J=0,±1  K a=1 ,±3,±5,. ..  K c=1 ,±3,±5,. .. for b≠0  (68)

 J=0,±1  K a=1 ,±3,±5,. ..  K c=0  ,±2,±4,. .. for c≠0  (69)

The selection rules for a molecule with internal rotation can be evaluated by 

solving the transition dipole moment using the internal rotor-rigid rotor wavefunctions. 

The selection rules for the A-states are A→A and the same selection rules for J, Ka, and 

Kc, as the rigid rotor. The selection rules for the E states are only E→E, which makes 

them particularly interesting. In some cases the coupling between E-state rotational 

energy levels that are close in energy causes the appearance of c-type and x-type 
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(ΔKa=0,2..., ΔKc=0,2...) transitions in a molecule that only has dipole components along 

the a and b axes. This occurs because the magnitude of the A-E spitting (Figure 3.3) 

becomes close to the magnitude of the K splitting in an asymmetric molecule (Figure 

3.1). As this occurs, the A state of the bottom K pair crosses the energy of the E state of 

the top E pair. As a result, the E states mix, making the normally forbidden c-type E-state 

transitions allowed. 

Since the appearance of forbidden c-types is dependent on the A-E splitting and 

the K splitting, it is important to analyze the factors that influence these phenomena. The 

A-E splitting is determined by the barrier height of the methyl rotor, as was discussed 

earlier in this chapter. The K splitting increases for more asymmetric molecules (Figure 

3.4) and as K gets larger (Figure 3.6). Therefore, forbidden c-types are not observed in 

highly asymmetric molecules (κ ~ 0), such as o-fluorotoluene (κ = -0.101), since the K 

splitting is much larger than the A-E splitting. However in more symmetric molecules, 

such as 2-methylfuran (κ = -0.670) the forbidden c-types dominate the spectrum 

(Figure 3.5).

Figure 3.4: The K splitting increases in more asymmetric molecules (κ ~ 0).
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Figure 3.5: The transitions observed in a symmetric, asymmetric, and an asymmetric molecule with a methyl rotor. Note the  

appearance of forbidden transitions (shown in green) in the near symmetric molecule with a methyl rotor.
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Figure 3.6: The K splitting of an asymmetric rotor decreases at larger K.

In general, rotational transitions with a large change in Ka and Kc  are less intense 

in a microwave spectrum, because they do not couple as strongly with radiation. For 

example, it is extremely rare to observe an a-type transition of ΔKa = +4, ΔKc = -5, but it 

is common to observe an a-type transition of ΔKa = 0, ΔKc = +1. Most of the transitions 

reported in this thesis have the smallest changes in  Ka and Kc (those shown outside of the 

parentheses in Equations 67, 68, 69) because they are the easiest to fit.

The other major factor that determines the relative intensities of rotational 

transitions is the population difference between the two rotational energy levels. If the 

population of the upper and lower states are equal, no rotational transitions will be 

observed. Because of this, the occupancy of rotational levels is an important factor in 
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determining the relative intensities. The occupancy of any energy state at thermal 

equilibrium can be calculated using the Boltzmann distribution:

Population∝e
−E
k BT (2J+1)  (70)

where E is the energy of the state, T is the temperature of the system, kB is the Boltzmann 

constant, and 2J+1 is the degeneracy of the state, resulting from the M quantum number.

For example the ratio between the molecules in the ground rotational state (E = 0) and 

J = 1, Ka  = 1, Kc  = 1 (E = A+C, from Equation 35) for a molecule with A = 3000 MHz, 

B = 2000 MHz, C = 1000 MHz at 298 K is:

Ratio between population in 0,0,0 and 1,1,1=
e

−0
6.0293THz 2 01

e
−3000 MHz1000 MHz 

6.0293THz 2 11
=0.33355

 (71)

The ratio between molecules in the ground rotational state and  J = 1, Ka  = 0, Kc = 1 is 

given by:

Ratio between population in 0,0,0 and 1,0,1=
e

−0
6.0293 THz 201

e
−3000 MHz
6.0293THz 211

=0.33349  (72)

This means that if all of the factors affecting the relative intensities of the 111 to 000 and 

101 to 000 transitions were equal (including the transition dipole moment), the 111 to 000 

would be the slightly less intense transition of the two at 298 K.
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4 - Automated Spectral Fitting
As mentioned previously, the most difficult part of microwave spectroscopy is 

fitting experimental data to a theoretical prediction. A typical spectrum can contain 

several thousand peaks above the 3:1 S:N ratio, each of which can be assigned to a 

specific rotational transition. Since kT at room temperature is ~207 cm-1, low lying 

vibrational modes and conformers can be populated, each of which contributes a separate 

set of peaks to the total spectrum. In order to fit a spectrum, the peaks from each 

vibrational state and conformer must be assigned separately, using a different set of 

rotational constants. This process is much slower than collecting the data, and there are 

usually a significant number of residual (unassigned) peaks.

Computational chemistry software can be used as an aid in fitting a spectrum. 

Rotational constants and rotational-vibrational coupling constants calculated using 

ab initio techniques are close to the actual values, but usually differ by 1-3%. However, 

microwave spectra are extremely sensitive to small changes in the rotational constants, so 

a 0.1% change in the rotational constants of a molecule can significantly alter a predicted 

spectrum. Because of this, the ab initio calculations provide a good starting guess for a 

spectrum, but finding the actual rotational constants requires significantly more time and 

effort. 

After performing a forward prediction using constants from Gaussian (an ab initio  

software package), the spectrum must be evaluated for specific patterns of peaks. In the 

8-18 GHz region this often consists of a series of Q-branch transitions (ΔJ = 0), since the 

spacing between successive transitions is low enough in energy to appear in this region. 
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The high line density from multiple vibrational states often obscures patterns that would 

be visible in a lower temperature spectrum, making this process very difficult. 

There are several different software packages that can predict peak positions and 

use algorithms to adjust rotational constants to fit assignments, including SPFIT/SPCAT 

[24] and JB95 [25]. Although these fitting packages have dramatically shortened the time 

required to predict a spectrum relative to methods employed in the early days of 

microwave spectroscopy, new spectrometer designs have allowed spectroscopists to 

observe more peaks. These programs have not significantly changed the method of 

spectral fitting, they have only made the process faster and more efficient.

Overall, spectral fitting is the bottleneck of the Shipman lab; the spectra measured 

from two days of data collection can take a week to analyze. In the past year, a new 

automated fitting program has been developed by the Pate lab at the University of 

Virginia, to help speed up the fitting process. The Pate lab program was written to fit 13C 

isotopomers from molecular beam spectra, and relies on a 'brute force' approach. I have 

written a new version of this program that I have used to aid in the assignment process 

for the spectra presented in this thesis. 

The Pate lab program has been finished for several months and has proven to be 

extremely useful. So far it has successfully fit many isotopomers from chirped-pulse 

molecular beam spectra, as well as several excited vibrational states from spectra 

recorded at the Shipman lab. However, this program is fairly slow and does not take full 

advantage of the resources available in a typical computer, such as multiple processors. It 

also relies on an internal prediction script, which does not have all of the capabilities of 

43



SPCAT, SPFIT or JB95, such as accurately accounting for hyperfine splitting and 

Coriolis coupling. In order to aid in fitting the large amount of data in the Shipman lab, I 

have developed a faster and more versatile version of the brute force program written in 

Python that uses SPFIT for spectral fitting. The source code for the current version of this 

program is in Appendix I.

A flowchart of the Python brute force program processes is shown in Figure 4.1. 

The inputs for the program are an initial guess of the rotational constants (from a 

Gaussian calculation, or prior work), and an experimental peak list. Using the rotational 

constants, the program predicts the spectrum with SPCAT and displays the peaks sorted 

by intensity. The user then selects an arbitrary number of 'sorting peaks', and three 'fitting 

peaks'. Three peaklists are formed by finding all of the experimental peaks near to one of 

the three fitting peaks. The window of uncertainty that is used to find the peaklists can be 

adjusted, depending on the accuracy of the initial guess. If the initial guess is extremely 

inaccurate, then the window should be assigned a large value, so that more experimental 

peaks are included as a possible assignment. All combinations of peak assignments, or 

'triples', are generated from the three lists, by taking one peak from each list. Then, each 

triple is fit using SPCAT, which produces a unique set of rotational constants. This is the 

most time-consuming part of the program, as a typical calculation can have 100,000 to 

1,000,000 triples, all of which must be fit using SPFIT. Ideally, any three peaks in a 

spectrum can be perfectly fit to the three rotational constants. In practice this is not 

always the case, depending on the degree of linear dependency between peaks. 

After fitting all of the triples, the correct rotational constants of a vibrational state 
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or conformer are now located somewhere in a long list of fake rotational constants. In 

other words, there are usually only one or two matches in a list of up to a million 

rotational constants. In order to sort the rotational constants, the positions of the sorting 

peaks are compared with the experimental peaks. Each sorting peak close to an 

experimental peak (<2 MHz), adds one point to the score of that set of rotational 

constants. The average difference in frequency between the sorting peaks and the nearest 

experimental peak (observed minus calculated, OMC) is also recorded for each set of 

rotational constants. Finally, the full list of rotational constants is sorted by score and 

OMC, and written to a text file. If the calculation is successful, the rotational constants of 

the ground state and several excited states will appear at the top of the list, followed by 

all of the 'fake' rotational constants.

As mentioned previously, a typical calculation requires the processing of 100,000 

to 1,000,000 triples. The MathCAD version of the program developed by the Pate Lab 

can process ~15,000 triples per hour, so a calculation can take anywhere from seven 

hours to several days. The new python version can process 400,000-600,000 triples per 

hour because it takes advantage of more efficient script compiling and multithreading. 

Multithreading allows the program to split the triples list into one part for each processor, 

and simultaneously run multiple copies of SPFIT. For example, on a four processor 

computer, the triples list is sectioned into four equal parts, and each processor executes its 

own copy of SPFIT to fit the triples in its section of the triples list. In initial tests it seems 

that the speed of the program scales linearly with the number of processors, so an eight 

core computer may be able to process more than 1 million triples per hour. However, at 
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this time the program has only been tested on dual and quad core computers.

Figure 4.1: A flowchart of the Python brute force program

The other major improvement in the Python brute force program is the ability to 

include a wide range of interaction constants. Since the fitting is performed using the 

versatile program SPFIT, Coriolis coupling, hyperfine splitting, and high order distortion 

constants can be included in a calculation. It would also be straightforward to use a 

different program, such as XIAM, to fit the rotational constants, since the execution of 

SPFIT has been integrated into the program as a separate function.

Despite the improvements in the Python version of the program, there are still a 

number of weaknesses inherent to the brute force method. In particular, the program 
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cannot successfully fit a spectrum if the initial guess of the rotational constants are not 

reasonably close to the actual values. In this case, the initial prediction contains 

transitions that are higher or lower in frequency than the peaks in the actual spectrum, so 

there is no chance of correctly assigning a predicted peak. There is also the possibility of 

fitting a triple that causes one or more of the sorting peaks to shift out of the range of the 

experimental spectrum. This causes that set of rotational constants to have lower score in 

the final list, so it may not appear toward the top of the list, though it may still be found 

via the OMC scoring.

In the future, this program will likely be modified to fit more interaction terms. 

We are currently integrating hyperfine splitting into the program, although this addition is 

not yet finished. The problem of peaks shifting out of the 8.7-18.3 GHz region that was 

described may be partially solved in the future if the bandwidth of the spectrometer is 

extended. 
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5 - 2-Methylfuran
2-Methylfuran was chosen as the first molecule to be studied in this thesis because 

of its rigidity, dipole moment, high vapor pressure, and single methyl rotor (Figure 5.1). 

The dipole moment of the molecule is mostly along the b-axis, so many of the observed 

transitions obey b-type selection rules. However, the internal rotation of the methyl rotor 

causes normally 'forbidden' E-state c-types to appear, which makes the spectrum more 

dense. The forbidden c-types have an intensity proportional to the b-component of the 

dipole moment, because they are the result of coupling between the energy levels of b-

type transitions and other nearby transitions [19].

Figure 5.1: The structure of 2-methylfuran showing the dipole moment and principal axis  

coordinate system. The c-axis is pointing out of the plane of the paper.
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The first microwave spectrum of 2-methylfuran was published by Norris and 

Krisher in 1968 [26]. The spectrum was collected at room temperature using a 

100 kHz-Stark-modulated spectrometer from 12-33 GHz. The X-band (8-12 GHz) region 

of the spectrum was also recorded, but there were no detectable peaks. Overall 74 ground 

state a- and b-type transitions up to J=15 were recorded and used to fit the barrier of 

internal rotation to 416 cm-1. Fourteen transitions in a vibrationally excited state were also 

found in the spectrum, and they were tentatively assigned to the out-of-plane bending 

mode, as the observed A-E splittings were much less than the expected splitting of the 

first excited torsional state. The authors also noted that the structure of the ring portion of 

2-methylfuran is similar to furan, indicating that the methyl group does not substantially 

distort the molecule.

In 1970 Andresen and Dreizler recorded another spectrum of the molecule using a 

100 kHz-Stark modulated spectrometer [27]. They fit 3 A-E pairs (6 peaks total, 

including two peaks at the upper edge of the X-band) to find the dipole moment of the 

molecule, 0.65±0.03 D. However, they did not make any refinements to the rotational 

constants recorded by Norris and Krisher. 

As the previous microwave studies of 2-methylfuran were done over 40 years ago, 

there are many unobserved peaks that can now be measured with modern spectrometers, 

especially in the X-band region of the spectrum. In particular, the chirped-pulse 

spectrometer in the Shipman lab has a significantly better signal-to-noise ratio and 

resolution and is able to measure high J transitions that were previously inaccessible with 

the older Stark modulated design.
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Figure 5.2: B3LYP/6-311+G(d,p) methyl torsion dihedral scan results from Gaussian 03.  

The calculated energies (the black points) were fit to a V3 potential function, yielding a 

barrier height of 369 cm-1.

Before recording the spectrum on the spectrometer in the Shipman lab, several 

Gaussian calculations were performed on 2-methylfuran using the B3LYP/6-311+G(d,p) 

model chemistry. The optimized structure with the principal axis system is shown in 

Figure 5.1. After the initial geometry optimization, a dihedral potential energy scan over 

the methyl rotor coordinate was performed (72 points were calculated overall, or 1 energy 

point every 5 degrees). The potential energy scan was fit to the V3 potential function, as 

shown in Figure 5.2. The fit was quite satisfactory, indicating a minimal V6 contribution 

to the potential. The calculated vibrational energies of the molecule are shown in Table 

5.1.
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Table 5.1: The calculated vibrational energies and rotational-vibrational coupling  

constants of 2-methylfuran.

Energy 
(cm-1)

Rotational-Vibrational Coupling Constants Description

αA (MHz) αB (MHz) αC (MHz)

158.4 2.31 1.89 0.47 Methyl torsion

237.4 68.17 -2.47 -3.51 Out-of-plane bend

339.3 -67.47 -2.45 1.31 In plane methyl rock

603.3 18.42 3.76 -0.51 Out-of-plane twist

628.7 16.61 9.19 -0.73 Out-of-plane bend

651 -0.65 -4.41 2.47 In-plane C-CH3 stretch

724.8 12.9 2.1 -0.84 Out-of-plane C-H wag (sym)

798.1 12.43 3.11 -0.78 Out-of-plane C-H wag (antisym)

862.4 28.14 2.57 -0.24 Out-of-plane C-H wag (antisym)

893 -12.35 -1.19 5.8 In-plane bend

After performing Gaussian calculations, the spectrum of 2-methylfuran was 

collected at 273 K, 298 K, and 323 K (Figure 5.3). The ground state A and E states and 

preliminary excited A and E states were fit using XIAM. The differences in the relative 

intensities of the spectra taken at the different temperatures were compared and used to fit 

the spectra, since kBT is ~190 cm-1 at 273 K, 207 cm-1 at 298 K, and 224 cm-1 at 323 K. In 

particular, peaks from the ground vibrational state were assumed to be more intense at 

273 K than at 323 K, while the excited vibrational states were assumed to be more 

intense at 323 K than at 273 K. However, the S:N ratio was significantly better in the 

spectrum taken at 273 K, so it was used to determine peak positions of all assignments. 

At 273 K there are more molecules in the waveguide and more intense signal than at 323 

or 298 K at the same pressure, because n = PV/RT and all spectra were collected at the 
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same pressure, 11 mTorr. Overall, 311 peaks were assigned in the spectrum at 273 K out 

of 3091 peaks that were above the 3:1 signal to noise ratio, or ~10% of the total peaks. 

Although this is a relatively small fraction of the total observed peaks, 64 of the 100 most 

intense peaks were assigned. The ground A state fit was obtained independently from the 

literature, by using the ab intio calculated rotational and distortion constants as a first 

guess in the Python brute force fitting program described in Chapter 4. The splittings of 

the most intense low J transitions were then used to fit the first few E-state transitions. 

The results of the ground state fit are shown in Table 5.2. 

Table 5.2: Rotational constants for the ground state of 2-methylfuran.

GS Current Previous [26]

A (MHz) 8792.220(7) 8791.62

B (MHz) 3542.632(3) 3543.28

C (MHz) 2565.601(8) 2565.64

ΔJ (kHz) 1.33(8) -

ΔJK (kHz) -2.13(8) -

ΔK (kHz) 0.83(3) -

δJ (kHz) 0.49(3) -

δK (kHz) -0.475(5) -

V3 (cm-1) 411.0(2) 416.2(244)

Jmax A,E 78,71 15,15

θ (degrees) 5.3(1)

φ (degrees) 90.0 (fixed)

Iα (uA2) 3.175(1)

N 278 (A=115, E=163) 74, A=37, E=37

RMS (kHz) 118 1193

κ -0.670
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Figure 5.3: The spectrum of 2-methylfuran from 8.7-18.3 GHz at 273 K and 11 mTorr, with a 2 μs FID, and 3 million averages. At this  

scale the 3:1 signal to noise cutoff is at an intensity of 0.9 units.
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Initially Iα, the moment of inertia of the methyl group,  was fixed at 3.18 uA2, due 

to the high correlation between the Iα and the V3 parameters. Physically, this correlation 

makes sense. As the moment of inertia of the methyl group increases, the angular 

momentum decreases, which decreases the A-E splittings. This has nearly the same effect 

as raising the height of the potential barrier; as the barrier height increases the methyl 

group becomes more hindered, decreasing the angular momentum and decreasing the A-E 

splitting. However, after allowing Iα to vary, the fit improved drastically (from 180 kHz 

RMS to 118 kHz RMS), which indicates that there is a significant amount of freedom 

between the two parameters. In the end, both parameters were fit, so the uncertainties 

estimated by XIAM (shown in Table 5.2) are smaller than the actual uncertainties due to 

the high correlation between the parameters.

Table 5.3: A comparison of the potential energy barriers to methyl rotation in different  

heterocycles.   

Molecule Experimental V3 (cm-1) Calculated V3 (cm-1)a

2-methylfuran 411 369

3-methylfuran 381 [28] 347

2-methylthiophene 208 [29] 230

3-methylthiophene 259 [30] 271
 aAll calculations were performed at the B3LYP/6-311+G(d,p) level.

The measured barrier to internal rotation, V3, was 411 cm-1, which is larger than 

the barrier heights of 3-methylfuran, 2-methylthiophene, or 3-methylthiophene (Table 

5.3). However, the difference between the barrier height of 2-methylfuran and 

3-methylfuran is quite small, indicating that the barrier is not due to steric effects between 

the lone pair on the oxygen and the hydrogens of the methyl group. The barrier height of 
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the methyl substituted sulphur containing heterocycles, 2-methylthiophene and 3-

methythiophene, are significantly lower than for the substituted furans. The main 

difference between thiophene and furan is the amount of aromaticity; thiophene is more 

aromatic than furan, since sulphur is less electronegative than oxygen, as mentioned in 

[30]. In methylthiophene the increased aromaticity decreases the contribution from the 

resonance structure with hyperconjugation of the methyl hydrogen, which allows the 

methyl group to rotate more freely.  Potential scans using Gaussian (standard method and 

basis set) were calculated for 3-methylfuran, 2-methylthiophene, and 3-methylthiophene, 

as shown in Table 5.3. It seems that the calculated values are different from the 

experimental values by ~10%, and they are systematically low for the substituted furan 

rings, and systematically high for the substituted thiophene rings. 

Figure 5.4: The angles used to describe the methyl group axis (the C-CH3 bond) in the 

principal axis system.

The final two internal rotation parameters that were used to fit the spectrum were 

θ and φ, the angles of the methyl group with respect to the principal axis system (shown 
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in Figure 5.4). In 2-methylfuran the measured angle between the a-axis and the methyl 

axis, θ, was 5.3 ± 0.1 degrees, indicating that the methyl group is nearly parallel to the a-

axis. This agrees well with ab initio value of 4.7 degrees. Since the methyl axis is nearly 

parallel with the a-axis, the projection of the methyl axis on the b-c plane is very small 

making it difficult to fit the φ parameter. This was accounted for in the fit by fixing φ to 

90°, placing the methyl group in the a-c plane, consistent with the angle expected for a 

planar structure.   

Figure 5.5: The predicted splitting between the A and E states for a b-type transition for  

different barrier heights. Note the appearance of forbidden c-type transitions at low 

barrier heights. The sum of the intensities of the two E states is equal to the intensity of  

the A state.
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In total, 278 transitions were fit in the ground state spectrum, including 115 A-

state transitions and 163 E-state transitions (Figure 5.5). The observed peaks included 

138 forbidden c-types, which would not be normally observed in a molecule without a 

projection of the dipole moment onto the c-axis (Figure 5.6). However, these become 

allowed in molecules with a methyl rotor, as described in Chapter 3 (pages 40-43). The 

existence of the forbidden c-types was used to help determine the barrier height of the 

methyl group, as shown in Figure 5.5. 

Table 5.4: Tentative rotational constants for vt=1.

vt=1 Ab initio1

A (MHz) 8796.78(2) 8789.91

B (MHz) 3538.73(1) 3540.74

C (MHz) 2565.14(3) 2565.13

ΔJ (kHz) 5.6(3)

ΔJK (kHz) -2.13 (fixed)

ΔK (kHz) -3.0(6)

δJ (kHz) 2.2(1)

δK (kHz) 0.8(2)

V3 (cm-1) 401.4(1)

Jmax A,E 15,7

θ (degrees) 8.7(1)

φ (degrees) 98.2(1)

Iα (uA2) 3.224(1)

N 33 (A=25, E=8)

RMS (kHz) 98
1Ab initio values were determined by subtracting ab initio α's from experimental GS fit  

parameters.
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A search for the excited state reported by Norris and Krisher [26] was 

unsuccessful. However, they were only able to fit 14 transitions to a large RMS 

(2.073 MHz). Considering the high line density of the spectrum, it is easy to fit many 

combinations of 14 peaks to an RMS of that magnitude. Therefore, it is likely that no 

excited state exists with their reported constants.

However, a tentative assignment of a new excited state with different rotational 

constants was found in the spectrum (Table 5.4). Comparison with the alpha values 

calculated with Gaussian (Table 5.1) and the position of the E states indicate that the 

Figure 5.6: Panel (a) shows assigned ground state (blue) and excited torsional state  

(green) peaks between 14150 and 14400 MHz in the spectrum collected at 273 K, and the  

blank in red with negative intensity. Note the presence of E-state b-type transitions  

(labeled Eb) and 'forbidden' E-state c-type transitions (labeled Ec). Also note the A-E 

pairs connected by brackets that form the characteristic splitting pattern.  Panel (b) is  

the inset outlined by the black box in (a), which shows two ground state E-state c-types.  

The 3:1 signal to noise ratio is given by the black dashed line.
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Figure 5.7: The potential energy barrier to internal rotation for different values for V6.  

The magnitude of V6 is 5% the magnitude of V3 for the dotted and dashed lines (adapted 

from [19]). A negative value for V6 makes the apparent value of V3 smaller, since the total  

area of the barrier is decreased.

excited state is vt=1, the first torsional excited state. Overall, 25 A-state transitions and 

eight E-state transitions were fit to an RMS of 101 kHz. The fitted values for θ and φ in 

the excited torsional state, 8.7 ± 0.1 degrees and 98.2 ± 0.1 degrees respectfully, are 

significantly different than the values found for the ground state. It seems that the methyl 

rotor distorts out of the plane of the molecule and away from the oxygen atom as the 

methyl rotor spins faster. This deviation from planarity cannot be determined from the 

rotational constants, because the molecule is planar, on average. However, the A-E 
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splitting is not dependent on the average structure of the molecule, but the average value 

of the directional cosines (Chapter 3). This means that a bending motion up or down has 

the same effect on the A-E splitting, so the average is non-zero. The cause of this out of 

plane bending may be a slight coupling between the first torsional state (158 cm-1) and the 

out-of-plane bend   (237 cm-1). The value of V3 fitted in the excited state, 401.4±0.1 cm-1, 

was smaller than the value found in the ground state. This is likely due to a negative V6 

contribution to the potential, as shown in Figure 5.7 [19]. A negative V6 decreases the 

apparent value of V3, since the overall barrier area is decreased. More peaks are needed to 

confirm this assignment, possibly between 19-26 GHz.

There was significant difficulty in fitting the spectrum of 2-methylfuran because 

of the relatively large rotational constants. As the rotational constants become larger, the 

position of rotational transitions shifts to higher frequencies, above 18 GHz. Because of 

this, the spectral features in the 8-18 GHz region become more widely spaced and there 

are fewer possible double resonance matches. In fact, there were large gaps in J that 

prevented higher J transitions from being assigned (Figure 5.8), since many of the 

predicted transitions occur above 18 GHz. In the spectrum of 2-methylfuran there were 

no possible double resonances in the 8-18 GHz region. However, there were many peaks 

in the 8-18 GHz region of the spectrum that were connected to peaks in the 20-26 GHz 

region. In order to find more vibrational states and extend the current fits, the 20-26 GHz 

region of the spectrum would need to be collected and probed with double resonance 

measurements. 
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Figure 5.8: The predicted intensities of A-state, b-type, ΔKa = ±1, ΔKc = ±1 transitions  

between 8.7 and 18.3 GHz. Note the 'J-gap' inside the dashed oval. As a result of this  

J-gap, no A-state transitions with high intensity between J=42 and 53 were present in the  

8.7-18.3 GHz spectrum.

61



6 - Ortho-Fluorotoluene
Ortho-fluorotoluene is structurally similar to 2-methylfuran due to a purely a- and 

b-type dipole moment, rigid planar structure, and single methyl rotor. However, 

o-fluorotoluene has more atoms, and thus more low lying vibrational modes that can 

couple to the methyl torsion, making the spectrum more dense. The S:N ratio is also 

decreased in ortho-fluorotolene because it has a lower vapor pressure than 2-methylfuran. 

Molecules with low vapor pressures have a weak signal, because impurities make up a 

larger proportion of the gas phase molecules in the waveguide. There have been two 

published microwave studies of the molecule to date, from 1970 [31] and 2003 [32].

Figure 6.1: The structure of o-fluorotoluene showing the dipole moment and principal  

axis coordinate system. The c-axis is pointing out of the plane of the paper.
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In 1970, J. Susskind recorded the spectrum of o-fluorotoluene between 

12-38 GHz at -50 °C using a 5 kHz Stark-modulated waveguide spectrometer [31]. Stark-

modulation showed a- and b-type components of the dipole moment, but no c-type dipole 

contributions, consistent with a planar structure. Ground state A (19 peaks) and E (15 

peaks), and two excited torsional A states (19 for A2 and 16 for A3) were fit in the 

spectrum. However, the RMS uncertainties of the excited torsional states were larger than 

for the ground state. Susskind suggested that this was due to Coriolis coupling between 

the torsion and low lying vibrational modes, as well as assumptions of the internal 

rotation Hamiltonian. In particular, he points out that the structure of the molecule is 

assumed to be rigid as the methyl rotor rotates. Physically, this is unlikely, as the 

molecular coordinates will relax to an equilibrium position for each angle of the methyl 

rotation.

Susskind also studied the V6 contribution to the potential, by varying the constant 

and seeing the change in the overall fitness. He concluded that the methyl rotor potential 

has a slight negative V6 contribution, which makes the well maxima narrower and the 

minima broader. This is due to the attractive interaction between the hydrogens of the 

methyl group and the fluorine atom. However, since V6 is much smaller than V3, it is a 

good approximation to set V6 to 0. With V6 = 0, the measured barrier height was 

227.2 cm-1.

The most recent study of o-fluorotoluene was reported by S. Jacobsen, U. 

Andresen, and H.Mäder in 2003 [32]. They used a Balle-Flygare molecular beam 

supersonic expansion FTMW spectrometer to record the spectrum between 4 and 
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20 GHz. The ground state A (44 transitions) and E lines (44 transitions) for the normal 

species and seven 13C isotopomers (24-33 transitions for each) were fit using XIAM and 

used to determine the molecular structure. No excited states were fit beyond the ground E 

state because of the low temperature (~2 K) of the molecules. Even though the E state has 

a higher energy than the A state, the ground E state has a similar population to the ground 

A-state because the two states cool separately since collision induced transitions between 

them are forbidden.

Table 6.1: The calculated vibrational energies and rotational-vibrational coupling  

constants of of o-fluorotoluene.

Energy (cm-1) Rotational-Vibrational Coupling Constants Description

αA (MHz) αB (MHz) αC (MHz)

92.3 13.37 -2.47 1.18 Methyl Torsion

174.4 7.7 0.99 -0.85 Out-of-plane bend

269.1 4.5 -0.94 -1.06 Out-of-plane bend

283.6 -4.77 -1.69 1.06 In plane methyl rock

427.8 -4.57 -0.15 0.01 In plane bend

444 -1.29 0.26 -0.82 Out-of-plane bend

525.3 0.68 -0.46 1.89 In plane bend

543.5 3.05 0.26 -0.45 Out-of-plane bend

578.8 -2.93 0.37 -1.15 In plane bend

707.6 1.37 0.46 -0.23 Out-of-plane bend

The peak list for the ground state shown in the paper by Jacobsen et al. was very 

strange; the reported σ (14 kHz) was significantly lower than the actual σ (using their 

values, I calculated σ=143.1 kHz). The RMS uncertainty of the A states (2.8 kHz) was 

also significantly smaller than that for the E states (142.7 kHz), indicating that the E 
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states were not used in the fit. It is stated in the paper that the moment of inertia of the 

methyl group, Iα, was held constant during the fits because of a large correlation with the 

V3 parameter. Using their peak list, fitting all of the parameters and fixing Iα at 3.237 uA2, 

I obtained σ = 125 kHz (138 kHz for E and 49 kHz for A) with XIAM. However, when I 

let Iα vary it converged at 3.11 uA2, a reasonable value for a methyl rotor, and I obtained a 

σ = 96 kHz (44 kHz for E and 130 kHz for A). When I refit their data, many of the 

distortion constants also became insignificant (ΔK, δJ, δK), as shown in Table 6.2.

Figure 6.2: Potential energy scan of the methyl group of o-fluorotoluene. The black dots  

are the calculated energy points, while the red line is a fit of the calculation to the  

function E=V3(1-cos(3α)), where V3 is the barrier height, α is the torsional angle of the  

methyl group, and E is the potential energy.
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Table 6.2: Rotational constants for the ground state of o-fluorotoluene.

GS Current Previous [32] Previous (refit)

A (MHz) 3243.152(3) 3243.078(2) 3243.15(1)

B (MHz) 2180.438(3) 2180.450(1) 2180.443(8)

C (MHz) 1314.391(4) 1314.363(1) 1314.39(1)

ΔJ (kHz) 0.37(5) 0.09(1) 0.6(4)

ΔJK (kHz) -0.85(5) 0.01(5) -1.5(14)

ΔK (kHz) 0.69(6) 0.61(11) 0.93(97)

δJ (kHz) 0.113(6) 0.032(7) 0.1(2)

δK (kHz) -0.32(3) 0.06(4) -0.6(9)

ΦKJ (Hz) -0.7(1) - -

ΦK (Hz) 1.5(2) - -

V3 (cm-1) 238.3(2) 227.28(2) 237.0(14)

θ (degrees) 30.79(1) 31.62(3) 31.0(2)

φ (degrees) 90.01(5) 90.0(fixed) 90.0(100)

Iα (uA2) 3.094(3) 3.237(fixed) 3.11(2)

Jmax A, E 72, 42 8, 8 8, 8

N 346a (A=188, E=158) 88 88

RMS (kHz) 103 143 96

κ -0.101 - -
aincludes 87 assignments from [32]

Prior to collecting the spectrum of o-fluorotoluene, the rotational constants, 

vibrational-rotation coupling constants, and methyl rotor potential energy scan (shown in 

Figure 6.2) of the optimized structure were calculated using Gaussian 03 with the 

B3LYP/6311+G(d,p) model chemistry. The calculated value for the barrier to internal 

rotation was 204.7 cm-1, which is close to the literature value of 227.28 cm-1 and shows 

Gaussian's typical underestimate of ~10%. The calculated vibrational modes of 

o-fluorotoluene are shown in Table 6.1.
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Figure 6.3: The spectrum of o-fluorotoluene at 298 K and 11 mTorr with a 4 μs FID, and 3 million averages. The red line is the 3:1  

signal-to-noise cutoff.
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Figure 6.4: The spectrum of o-fluorotoluene at 273 K and 11 mTorr using a 2 μs FID, and 3 million averages. The red line is the 3:1 

signal-to-noise cutoff.
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The spectrum was recorded at 273 K (2 μs FID), 298 K (4 μs FID), and 323 K 

(2 μs FID) with 3 million averages for each (Figures 6.3 and 6.4). Most of the fitting was 

done using the spectrum collected at 298 K, since it had significantly better resolution 

than the other two spectra due to the longer FID duration. However the signal-to-noise 

ratio was significantly better in the spectrum collected at 273 K, so it was used for 

assigning peaks that were near the 3:1 cutoff. The ground state fit was improved 

significantly, as shown in Table 6.2, with 258 new transitions measured to an RMS of 103 

kHz. Due to the high J transitions fit in the spectrum, two sextic order distortion 

constants, ΦK and ΦKJ, were also included in the fitting constants.

The measured barrier to internal rotation, 238.3±0.2 cm-1, is significantly different 

than the value reported by Jacobsen, 227.28±0.02 cm-1. However, it is likely that the E 

states were not fit correctly in this paper, as mentioned previously. During the fit Iα was 

also varied, and it converged on a physically reasonable for a methyl group of 

3.094±0.003 uA2. The barrier to internal rotation in o-fluorotoluene is significantly larger 

than that of m-fluorotoluene (V3 = 16.9 cm-1, measured from the fluorescence spectrum) 

[33] and p-fluorotoluene (V6 = 4.75 cm-1, measured from the microwave spectrum) [34]. 

The potential barrier in p-fluorotoluene has a V6 shape, due to the high symmetry of the 

molecule. If the barrier in o-fluorotoluene was caused by the hyperconjugation of the 

methyl hydrogen, the barrier height of o-fluorotoluene and p-fluorotoluene would very 

close in magnitude, since both molecules have similar resonance contributions from 

electron withdrawal by the fluorine. However, the fact that the barrier height in 

o-fluorotoluene is over 40x larger than the barrier height of p-fluorotoluene indicates the 
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barrier in o-fluorotoluene is almost entirely caused by steric interactions between the 

methyl group and the fluorine. This is fundamentally different than the barrier in 2-

methylfuran, which is caused by contributions from the hyperconjugated resonance 

structure. 2-Methylfuran is less aromatic than o-fluorotoluene, so the resonance structure 

with hyperconjugation of the methyl hydrogen is much more significant.

Figure 6.5: A portion of the spectrum of o-fluorotoluene at 298 K, showing the  

characteristic A-E splittings in the ground state. One E state peak from the first excited  

state (labeled E*) is also present in this region of the spectrum. The 3:1 signal-to-noise  

cutoff is given by the solid horizontal line.
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Finally, the fitted angles of the methyl group were θ = 31.62±0.03 degrees and φ = 

90.01±0.05 degrees, which are consistent with a planar structure and close to values 

predicted by ab initio calculations. No forbidden c-type E-states were fit in the spectrum, 

due to the highly asymmetric shape of the molecule (κ = -0.101). As a molecule becomes 

more asymmetric the splitting between K doublets becomes significantly greater than the 

A-E splitting and forbidden c-types are not observed, as explained in Chapter 3. A portion 

of the spectrum with several ground state A-E pairs is shown in Figure 6.5.

Starting with the rotational constants from Susskind, 119 state transitions were fit 

in the first torsionally excited state with an RMS of 81 kHz (Table 6.3). The fit includes 

17 transitions from a new E-state. The value of V3 in the excited torsional state, 

239.91±0.02 cm-1 is extremely close to the value found in the ground state, indicating a 

minimal V6 contribution to the potential. The measured rotational constants for the first 

excited state agree well with those predicted by ab initio calculations, which further 

suggests that this vibrational state is the first torsionally excited state.

The A-states of the second torsionally excited state of o-fluorotoluene were also 

fit in the spectrum. The rotational constants were extremely different than the values 

predicted by the ab initio calculation. However, the excited state had the most physically 

reasonable distortion constants when it was fit as the second torsionally excited state, 

rather than vt = 0 or vt = 1. The large difference between the ab initio values and the 

experimental values is likely due to couping between this vibrational state (184 cm-1) and 

the out-of-plane bend at 174 cm-1. 
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Table 6.3: Rotational constants for the first and second torsionally excited states of  

o-fluorotoluene.

vt=1 vt=2

Current Previous 
[31]

Ab initio Current Previous
[31]

Ab initio

A (MHz) 3226.733(6) 3217.74 3229.71 3376.42(3) 3367.41 3216.41

B (MHz) 2182.980(5) 2175.81 2182.92 2205.77(3) 2199.58 2185.38

C (MHz) 1313.441(6) 1314.445 1313.18 1312.09(3) 1314.44 1312.00

ΔJ (kHz) 0.32(8) - 3.3(7) -

ΔJK (kHz) -0.57(8) - -9.6(4) -

ΔK (kHz) 0.41(8) - 6.0(3) -

δJ (kHz) 0.06(1) - 0.60(6) -

δK (kHz) -0.50(5) - -5.1(2) -

V3 (cm-1) 239.91(2) - 238.3(fix.) -

θ (degrees) 30.79(1) - 30.79(fix.) -

φ (degrees) 90.01(5) - 90.01(fix.) -

Iα (uA2) 3.098(2) - 3.094(fix.) -

Jmax A, E 23, 15 6 17 6

N 119 (A=102, E=17) 19 (all A) 21 (all A) 16 (all A)

RMS (kHz) 81 110 96 140

There are still many unassigned peaks in the spectrum of o-fluorotoluene. Overall, 

398 peaks were assigned out of 3495 observed above the 3:1 S:N cutoff (~11%), 

including 67 of the 100 most intense transitions. Assigning more peaks in the spectrum 

would likely require a program that is capable of simultaneously fitting Coriolis coupling 

and internal rotation, which is not possible with XIAM. In the future, more peaks could 

be assigned using another program, such as ERHAM or SPFIT/SPCAT, as well as 

collecting the spectrum between 19 and 26 GHz.
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7 - Anisole
Anisole was chosen as the final molecule in this thesis because of its methyl rotor 

and dipole moment (Figure 7.1). Benjamin Reinhold, a previous thesis student in the 

Shipman lab, recorded the spectrum of anisole, and was able to fit the ground state and 

the first excited vibrational state using assignments from previous work [2]. He also 

obtained tentative assignments for two other excited vibrational states. However, no 

internal rotation splitting was fit in the spectrum. 

Figure 7.1: The structure of anisole showing the dipole moment and principal axis  

system. The c-axis is pointing out of the plane of the paper.

The microwave spectrum of anisole has also been reported in the literature twice, 

by Onda [35] and Kisiel [36]. Onda recorded the spectrum from 8-18 and 26.5-40 GHz at 
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253 K, and was able to fit the ground state and the lowest lying vibrationally excited 

state. Kisiel recorded the spectrum up to 40 GHz using a molecular beam instrument, and 

from 170-330 GHz at room temperature. Kisiel did not fit any new excited vibrational 

states, but he did obtain values for the centrifugal distortion constants in the ground state 

and first excited state. Kisiel, Onda, and Reinhold do not mention A-E splitting in the 

spectrum, which is strange, since the molecule contains a single methyl group. The A-

states of molecules with internal rotors can be fit as a rigid rotor, so it is possible that only 

the A-states were fit. It is also possible that the barrier to internal rotation in anisole is 

quite large and the A-E splitting cannot be resolved (Figure 7.2).

Figure 7.2: The predicted A-E splitting, including forbidden c-types, at different barrier  

heights. Note the lack of splitting at high barrier heights. This is a duplicate of Figure  

5.5.
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In order to investigate this further, a potential energy scan of the methyl group 

rotation was performed on the optimized structure from [2] using the 

B3LYP/6-311+G(d,p) model chemistry. The results of the scan were unsatisfactory, as the 

energy surface was not smooth near the maxima. This indicates that the methyl torsional 

angle coordinate is not separable from the other coordinates of the methyl 

Figure 7.3: A potential energy scan of the torsional angle of the methyl group (24 steps of  

15º) and the C-O-C-C dihedral angle (12 steps of 15º). The approximate minimum energy 

path between potential wells is shown by the dashed red lines. Note that this path is not  

at a dihedral angle of 0º.
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group, most likely the C-O-C-C dihedral angle. The calculation was repeated using the 

M05-2X/6-311+G(d,p) model chemistry, which is more suited to predicting dispersive 

interactions [37], by varying two coordinates: the torsional angle of the methyl group 

(360º total, in 24 steps of 15º) and the C-O-C-C dihedral angle (180º total, in 12 steps of 

15º) (Figure 7.3). The results of the scan indicate that the highest point of the minimum 

energy path of the hydrogen (Energy ~ 1200 cm-1) lies at a dihedral angle of roughly 40º 

(Figure 7.3). Because of this, the V3 potential is no longer a reasonable approximation for 

describing the hydrogen tunneling, as the tunneling path lies on a two-dimensional 

potential energy surface, which involves concerted motion along the torsional and 

C-O-C-C dihedral angles. In order to predict the splittings in the spectrum of anisole, a 

new internal rotation Hamiltonian would have to solved with a potential energy term that 

depends on both coordinates.

The vibrational energies and the vibrational-rotational coupling constants were 

calculated using the B3LYP/6-311+G(d,p) model chemistry, as shown in Table 7.1. The 

results of the vibrational calculation indicate that the methyl torsion is split between two 

vibrational modes at 195 cm-1 (symmetric) and 251 cm-1 (asymmetric), each of which has 

significant out-of-plane bend coupling. This indicates that as the methyl torsion 

vibrational mode becomes higher in energy, it mixes with the out-of-plane bend, to form 

a linear combination of the two vibrational modes. The vibrational energy of both modes 

is significantly higher than the than the values calculated for 2-methylfuran (158 cm-1) 

and o-fluorotoluene (92 cm-1). 

After performing the Gaussian calculations, the spectrum of anisole was averaged 
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Figure 7.4: The spectrum of anisole at 273 K and 11 mTorr with a 2 μs FID and 3 million averages. The red line shows the 3:1 signal-

to-noise cutoff.
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for 3 million repetition cycles, and collected at 273 K, 298 K, and 323 K. Similar to 

2-methylfuran and o-fluorotoluene, the spectrum collected at 273 K (Figure 7.4) showed 

the highest signal-to-noise ratio, so it was the primary source for fitting. Overall, 2496 

transitions were observed above the 3:1 signal-to-noise cutoff, and 649 peaks were 

assigned (~26% of the peaks observed) to the ground vibrational state and two excited 

vibrational states. The signal-to-noise ratio in this spectrum was significantly better than 

that recorded by Reinhold a year earlier on the same instrument (he reported 876 peaks 

above 3:1 signal-to-noise). This is likely due to improvements to the spectrometer made 

over the past year, including a new chirped-pulse length and an IF amplifier, as well as 

the generally improved spectral quality at low temperature.

Table 7.1: The calculated vibrational modes of anisole.

Energy (cm-1) Rotational-Vibrational Coupling Constants Description

αA (MHz) αB (MHz) αC (MHz)

88.5 13.94 -0.17 -1.61 Out-of-plane C-O wag

194.6 5.21 1.61 0.32 Methyl torsion (symmetric)

250.9 2.57 2.15 0.68 Methyl torsion (asymmetric)

253.0 -19.6 1.21 1.43 In-plane C-O rock

421.2 4.08 -0.06 -0.57 Out-of-plane bend

437.0 -4.39 0.45 0.61 In-plane bend

507.0 2.27 0.43 -0.37 Out-of-plane bend

553.1 -5.46 0.45 0.86 In-plane bend

624.7 3.57 -0.15 0.01 In-plane bend

691.7 -3.5 0.36 -0.16 Out-of-plane bend

The ground state of anisole was fit to an RMS of 97 kHz (Table 7.2). Out of the 

324 peaks fit to the ground state, there were 71 new peaks not observed by Reinhold, due 
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to the significantly better signal-to-noise ratio in the spectrum. A comparison of the fit 

with Kisiel and Reinhold is shown in Table 7.2. The fit reported by Reinhold includes 

Figure 7.5: A 150 MHz portion of the spectrum taken at 273 K, showing the assignments  

for the ground state and three excited states. The 3:1 signal-to-noise cutoff is given by the  

dashed line, and the blank is plotted with negative intensity.

154 peaks from Kisiel, while the current fit only includes peaks from the spectrum 

collected in the Shipman lab. Many of the peaks in the fit reported by Reinhold were also 

removed, due to poor assignments. Overall, the ground state has already been well 

determined by the fit reported by Kisiel. However, the constants fit using the spectrum 
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from the Shipman lab are quite close to those reported by Kisiel. This is incredible, since 

Kisiel used 100 GHz of bandwidth to fit the ground state, while we only used 10 GHz. 

These results hint at the usefulness of the room-temperature CP spectrometer for 

assigning high order distortion constants.

The first excited vibrational state was fit to an RMS of 75 kHz (Table 7.3). In 

total, 245 peaks were assigned, including 83 new assignments. The values of the 

rotational constants as compared to the ab initio values and the relative peak intensities 

indicate that the excited state is the C-O wag at 89 cm-1 (anharmonic). The preliminary 

excited state reported by Reinhold was also fit, and assigned to the first overtone of the

Table 7.2: Rotational constants for the ground state of anisole.

GS Current Previous
[2] (Reinhold)

Previous
[36] (Kisiel)

Current with Kisiel

A (MHz) 5028.8439(2) 5028.8440(3) 5028.8441(2) 5028.8447(2)

B (MHz) 1569.36416(7) 1569.36428(9) 1569.36430(7) 1569.36434(5)

C (MHz) 1205.82549(5) 1205.82560(7) 1205.82561(4) 1205.82562(4)

ΔJ (kHz) 0.06039(2) 0.06038(1) 0.060374(4) 0.060370(4)

ΔJK (kHz) 0.0407(2) 0.0406(1) 0.04105(3) 0.04084(9)

ΔK (kHz) 0.7846(4) 0.7843(4) 0.78335(7) 0.7842(3)

δJ (kHz) 0.015948(5) 0.015944(5) 0.015944(2) 0.015942(2)

δK (kHz) 0.1789(2) 0.1789(3) 0.1792(1) 0.17899(9)

ΦJK (mHz) -0.08(2) 0.003(9)

ΦKJ (mHz) -0.11(5) -0.20(6) -0.15(3)

ΦK (mHz) -0.4(1) 0.5(1) 0.39(8)

Jmax 111 109 136 136

N 324 467a 154 478a

RMS (kHz) 97 49.9 39.7 81
aincludes 154 peaks from [36]
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 C-O wag at 177 cm-1 (anharmonic), based on the rotational constants and the intensities 

of the peaks. The fit reported by Reinhold was extended from 16 peaks to 80 peaks, with 

an RMS of 88 kHz (Table 7.4). 

Table 7.3: Rotational constants for the first excited state of anisole, the C-O wag at 89  

cm-1.

v1 Current Previous
[2] (Reinhold)

Previous
[36] (Kisiel)

Current with 
Kisiel

Ab initio

A (MHz) 5015.722(3) 5015.7240(4) 5015.7248(2) 5015.7247(3) 5014.9

B (MHz) 1569.3761(9) 1569.3765(2) 1569.3764(1) 1569.3764(1) 1569.53

C (MHz) 1207.4204(8) 1207.4199(2) 1207.41975(7) 1207.4201(1) 1207.44

ΔJ (kHz) 0.061(2) 0.0614904(138) 0.061477(8) 0.061492(9)

ΔJK (kHz) 0.04(1) 0.04101(8) 0.04101(5) 0.04109(6)

ΔK (kHz) 0.777(5) 0.7761(3) 0.7770(2) 0.7766(2)

δJ (kHz) 0.0159(4) 0.016047(9) 0.016052(5) 0.016045(5)

δK (kHz) 0.18(2) 0.1761(3) 0.1757(1) 0.1757(2)

Jmax 101 99 99 101

N 245 259a 135 387a

RMS (kHz) 75 47.3 38.8 69
aincludes 135 peaks from [36]

No methyl torsion splitting was observed in the spectrum, which indicates that 

anisole has a barrier to internal rotation that is larger than 1100 cm-1, assuming a V3 type 

potential. This value was calculated by predicting the A-E splitting up to J = 99 with 

XIAM, and assuming that any splitting below 100 kHz could not be resolved. However, 

this is a rough approximation, since the hydrogen tunneling path involves a change in the 

C-O-C-C dihedral. The barrier height is likely due to steric hindrance between the methyl 

group and the hydrogen in the ortho position of the ring.

Many of the peaks present in the spectrum were blended, which added difficulty 
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to assigning the excited states. In the future, data from 19-26 GHz would assist the 

assignment of more peaks from the excited states. It would also be helpful to collect the 

spectrum using a 4 μs FID, since this would improve the spectral resolution. Finally, 

before fitting any splitting in the spectrum, the spectroscopic Hamiltonian should be 

solved with a coupled dihedral-torsion potential energy surface.

Table 7.4: Rotational constants for the overtone of the first excited state of anisole.

v1=2 Current Previous
[2]

Ab initio

A (MHz) 5002.756(6) 5002.70(1) 5000.96

B (MHz) 1569.330(1) 1569.321(6) 1569.70 

C (MHz) 1209.028(2) 1209.036(6) 1209.05 

ΔJ (kHz) 0.397(5) 0.06(1) 

ΔJK (kHz) -0.92(1)

ΔK (kHz) 0.52(1)

δJ (kHz) -0.148(2)

δK (kHz) 0.299(3)

Jmax 33 24

N 80 16 

RMS (kHz) 88 51.5 
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8 - Conclusion
The microwave spectra of 2-methylfuran, o-fluorotoluene, and anisole were 

recorded from 8-18 GHz at 273 K, 298 K, and 323 K. The splitting from the methyl 

torsion in 2-methylfuran and o-fluorotoluene was fit and used to measure barrier heights 

to internal rotation of the methyl rotor. The spectrum of anisole showed no A-E splitting, 

which means that the barrier to internal rotation is at least ~1100 cm-1. Overall, two new 

excited states were fit, including the first excited torsional state of 2-methylfuran (A and 

E), and the E-state of the first excited torsional state of o-fluorotoluene. Additionally, the 

fits of three excited states of anisole were refined.

The barrier to internal rotation in 2-methylfuran (411 cm-1) was much larger than 

the barrier in o-fluorotoluene (238 cm-1). Ortho-fluorotoluene is more aromatic than 

2-methylfuran, since the there are no heteroatoms in the benzene ring. Because of this, 

the resonance contribution with hyperconjugation of the methyl hydrogen is much more 

significant in 2-methylfuran, so it has a larger barrier to internal rotation. This 

explanation is further supported by examining the barrier heights of 3-methylfuran 

(381 cm-1) [28], 3-methylthiophene (259 cm-1) [30], 2-methylthiophene (208 cm-1) [29], 

m-fluorotoluene (16.9 cm-1) [33], and p-fluorotoluene (4.8 cm-1, a purely V6 potential) 

[34]. Since the barrier to internal rotation in 2-methylfuran is due to contribution of the 

hyperconjugated resonance structure (not steric effects), there is little difference in the 

barrier heights of 2-methylfuran and 3-methylfuran. However, when the oxygen of 

methylfuran is replaced by a less electronegative atom, such as sulphur, the ring becomes 

more aromatic, which reduces the resonance contribution of the hyperconjugated methyl 
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group and lowers the barrier height. In o-fluorotoluene the ring is even more aromatic, 

since there are no heteroatoms in the ring, and the barrier to internal rotation is due to 

steric hinderance between the methyl group and the fluorine. If the methyl group is 

moved to the meta or para position, the barrier to internal rotation drops significantly, 

since there are almost no steric effects present. Finally, in anisole the rotation of the 

methyl group is hindered by the steric effects of the hydrogen in the ortho position. 

Before assigning the spectra presented in this thesis I developed an automated 

spectral fitting program in Python based on a previous version developed in the Pate lab 

at University of Virginia. The Python program uses multiple processors to quickly 

analyze microwave spectra at speeds 30x faster than the Pate lab program. It is also more 

versatile, since it relies on one of the best and most widely used microwave fitting 

software packages, SPFIT and SPCAT, to make spectral predictions. I used the Python 

program frequently while assigning the spectra in this thesis. 

Finally, an Arduino-based pressure controller was developed to control the 

pressure in the waveguide of the spectrometer. Before this year, the pressure had to be 

constantly monitored and adjusted.  Spectra can now be averaged overnight or for 

multiple days (depending on leaks in the waveguide). This should allow for longer 

averaging times in future measurements, which will increase signal-to-noise ratios.

There are still a large number of unassigned peaks in 2-methylfuran, 

o-fluorotoluene, and anisole.  Many of the predicted peaks of these molecules (especially 

those for 2-methylfuran) lie between 19 and 26 GHz. In fact there were large gaps in J in 

2-methylfuran and o-fluorotoluene that prevented the assignment of high J transitions, 
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since only a fraction of the total predicted transitions occur between 8.7-18.3 GHz. 

Because of this, extending the bandwidth of the spectrometer to 8-26 GHz would greatly 

aid in spectral fitting. In the future, it may be possible to purchase the microwave 

components necessary to allow the New College spectrometer to collect spectra between 

8-26 GHz. This would significantly improve the quality of the fits obtained in the 

Shipman lab.

Fitting additional excited states of the molecules covered in this thesis (and other 

molecules with methyl rotors studied in the Shipman lab) may also require a more robust 

fitting program than XIAM. SPFIT has the capability to fit Coriolis coupling and internal 

rotation, so it may be a good choice in the future.
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Appendix I: Source code for the Python brute-force 
fitting program

import subprocess
import os
from easygui import *
import sys
from multiprocessing import Process
import re

def int_writer(u_A,u_B,u_C, J_min="00", J_max="20", inten="-
10.0",Q_rot="300000",freq="25.8", temp="298"):#generates SPCAT 
input file
    input_file = ""
    print "freq_max=",freq
    input_file += "Molecule \n"
    input_file += "0  91  %s  %s  %s  %s  %s %s  %s\n"%(Q_rot, J_min, 
J_max,inten,inten,freq, temp)
    input_file += " 001  %s \n" % u_A
    input_file += " 002  %s \n" % u_B
    input_file += " 003  %s \n" % u_C
    fh_int = open("default.int", "w")
    fh_int.write(input_file)
    fh_int.close()
def var_writer(A,B,C,DJ,DJK,DK,dJ,dK):#generates SPCAT input file
    input_file = ""
    
    input_file += "anisole 
Wed Mar Thu Jun 03 17:45:45 2010\n"
    input_file += "   8  430   51    0    0.0000E+000 
1.0000E+005    1.0000E+000 1.0000000000\n"
    input_file +="a   1  1  0  99  0  1  1  1  1  -1   0\n"
    input_file += "           10000  %s 1.0E+004 \n" %(A)
    input_file += "           20000  %s 1.0E+004 \n" %(B)
    input_file += "           30000  %s 1.0E+004 \n" %(C)
    input_file += "             200  %s 1.0E-025 \n" %(DJ)
    input_file += "            1100  %s 1.0E-025 \n" %(DJK) 
    input_file += "            2000  %s 1.0E-025 \n" %(DK)
    input_file += "           40100  %s 1.0E-025 \n" %(dJ)
    input_file += "           41000  %s 1.0E-025 \n" %(dK)
    fh_var = open("default.var",'w')
    fh_var.write(input_file)
    fh_var.close()
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def run_SPCAT(): 
    a = subprocess.Popen("SPCAT default", stdout=subprocess.PIPE, shell=False)
    a.stdout.read()#seems to be best way to get SPCAT to finish. I tried 
.wait(), but it outputted everything to screen
 
def cat_reader(freq_high,freq_low): #reads output from SPCAT
    fh = open("default.cat")
    linelist = []
    for line in fh:
        if line[8:9]==".": 
            freq = line[3:13]
            inten = line[22:29]
            qnum_up = line[55:61]
            qnum_low = line[67:73]
            if float(freq)> freq_low and 
float(freq)<freq_high:#<<<<<<<<<<<<<<<<<<<<
                linelist.append((inten,freq, qnum_up, qnum_low))
    linelist.sort()
    fh.close()
    return linelist

def fit_triples(all_combo_list,trans_1,trans_2,trans_3,top_17,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,file_num,A,B,C,DJ,DJK,DK,dJ,dK):
    final_omc = []
    counter = 0
    output_file = ""
    test = 1
    regular_counter = 0
    error_counter = 0
    for peaks_triple in all_combo_list: #this is time consuming part!
        input_file = ""#the next part adds in the three peaks to be fit
        input_file += trans_1[2][0:2]+' '+trans_1[2][2:4]+' '+trans_1[2][4:6]+' '+\
                      trans_1[3][0:2]+' '+trans_1[3][2:4]+' '+trans_1[3][4:6]+' 
'+peaks_triple[0][0]+' 0.50 1.0000\n' 
        input_file += trans_2[2][0:2]+' '+trans_2[2][2:4]+' '+trans_2[2][4:6]+' '+\
                      trans_2[3][0:2]+' '+trans_2[3][2:4]+' '+trans_2[3][4:6]+' 
'+peaks_triple[1][0]+' 0.50 1.0000\n' 
        input_file += trans_3[2][0:2]+' '+trans_3[2][2:4]+' '+trans_3[2][4:6]+' '+\
                      trans_3[3][0:2]+' '+trans_3[3][2:4]+' '+trans_3[3][4:6]+' 
'+peaks_triple[2][0]+' 0.50 1.0000\n'
        counter = 0
        for line in top_17:#the hack that adds in the 17 peaks but dosen't use 
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them in the fit
            input_file += line[2][0:2]+' '+line[2][2:4]+' '+line[2][4:6]+' '+\
                      line[3][0:2]+' '+line[3][2:4]+' '+line[3][4:6]+' 
'+'%s.0'%(str(counter))+' 0.00 1.0000\n'
            counter += 1
        fh_lin = open("default%s.lin"%(str(file_num)), "w")
        fh_lin.write(input_file)
        fh_lin.close()        
        input_file = ""
        input_file += "anisole 
Wed Mar Thu Jun 03 17:45:45 2010\n"
        input_file += "   8  25   5    0    0.0000E+000 
1.0000E+005    1.0000E+000 1.0000000000\n"
        input_file +="a   1  1  0  50  0  1  1  1  1  -1   0\n"
        input_file += "           10000  %s 1.0E+004 \n" % A
        input_file += "           20000  %s 1.0E+004 \n" % B
        input_file += "           30000  %s 1.0E+004 \n" % C
        input_file += "             200  %s 1.0E-025 \n" % DJ
        input_file += "            1100  %s 1.0E-025 \n" % DJK 
        input_file += "            2000  %s 1.0E-025 \n" % DK
        input_file += "           40100  %s 1.0E-025 \n" % dJ
        input_file += "           41000  %s 1.0E-025 \n" % dK
        fh_par = open("default%s.par"%(str(file_num)),'w')
        fh_par.write(input_file)
        fh_par.close()
        a = subprocess.Popen("SPFIT%s default%s"%(str(file_num),str(file_num)), 
stdout=subprocess.PIPE, shell=False)
        a.stdout.read()#used to let SPFIT finish
        fh_fit = open("default%s.fit"%(str(file_num)))
        const_list = []
        file_list = []
        for line in fh_fit:
                file_list.append(line)
                if line[13:18] == "10000":
                        const_list.append(line[37:53]) 
                if line[13:18] == "20000":
                        const_list.append(line[37:53])
                if line[13:18] == "30000":
                        const_list.append(line[37:53])
        freq_list = []
        for x in range(len(file_list)):
            if file_list[-x][11:14] == "RMS":
                rms_fit = float(file_list[-x][22:32]) #note - assumes RMS fit error is 
less than 1 GHz.  Change 22 to 21 if this is a problem.
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            if file_list[-x][5:6] == ":" and int(file_list[-x][3:5])>3:
                freq_list.append(file_list[-x][60:71])
            if file_list[-x][40:64]=="EXP.FREQ.  -  CALC.FREQ.":
                break
        read_fit = (const_list[-3],const_list[-2], const_list[-1],freq_list)
        counter +=1
        constants = read_fit[0:3]
        freq_17 = read_fit[3]
        freq_17.reverse()
        A_1 = float(constants[0][:constants[0].find("(")]) #clean up the format of 
the rotational constants
        B_1 = float(constants[1][:constants[1].find("(")])
        C_1 = float(constants[2][:constants[2].find("(")])
        omc_list = []
        
        for x in range(len(top_17)): #matches peaks in the top 17 to peaks in 
experimental peak list 
<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<
            qnum_up = top_17[x][2]
            qnum_low = top_17[x][3]
            real_omc = 1.0
            freq = float(freq_17[x])
            p_1 = float(peak_list_1[0][0])
            p_2 = float(peak_list_1[-1][0])
            p_3 = float(peak_list_2[0][0])
            p_4 = float(peak_list_2[-1][0])
            p_5 = float(peak_list_3[0][0])
            p_6 = float(peak_list_3[-1][0])
            p_7 = float(peak_list_4[0][0])
            p_8 = float(peak_list_4[-1][0])
            if freq>p_1 and freq<p_2:#conditionals to find proper portion of 
experimental peak list to loop through
                peaks_section = peak_list_1
                peak = p_2
                regular_counter +=1
            elif freq>p_3 and freq<p_4:
                peaks_section = peak_list_2
                peak = p_4
                regular_counter +=1
            elif freq>p_5 and freq<p_6:
                peaks_section = peak_list_3
                peak = p_6
                regular_counter +=1
            elif freq>p_7 and freq<p_8:
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                peaks_section = peak_list_4
                peak = p_8
                regular_counter +=1
            elif freq>p_8 or freq<p_1:
                peaks_section = peaklist
                peak = p_8
                error_counter +=1
                real_omc = 0.0# this is the omc if you throw out peaks that go 
over the edge of the spectrum
            else:
                peaks_section = peaklist
                peak = p_8
                regular_counter +=1
            current_peak = float(freq_17[x])
            old_omc = 100000.0
            for peak_freq,peak_inten in peaks_section: #find nearest peak in actual 
spectrum to the given top 20 peak
                omc = abs(current_peak-float(peak_freq))
                omc_low = abs(current_peak-float(peak))
                if omc>old_omc:
                    omc_low = old_omc                    
                    break
                old_omc = omc
            if real_omc == 1.0:
                real_omc = omc_low
            omc_list.append((omc_low, real_omc))# 
current_peak,qnum_up,qnum_low)) you can add in this extra output, 
but its slower
        omc_avg = [float(omc) for omc, real_omc in omc_list]
        real_omc_avg = [float(real_omc) for omc, real_omc in omc_list]
        score = str(len([omc for omc in omc_avg if omc<2.0])) #scores the accuracy 
of the fit
        avg = (sum(omc_avg)/len(omc_avg))+rms_fit
        real_avg = (sum(real_omc_avg)/len(real_omc_avg))+rms_fit
        if int(score)<10: #makes sorting work properly later
            score = '0'+score  
        output_file += 'score = '+' '+score+' '+"Const = "+str(A_1)+' 
'+str(B_1)+' '+str(C_1)+' '+"average omc = "+str(avg)+'  '+"avg 
w/out peaks over edge = "+str(real_avg)+"\n"
        if counter == 100000: #appends to file after every 100000 triples
            fh_final = open("final_output%s.txt"%(str(file_num)), "a")
            fh_final.write(output_file)
            fh_final.close()
            counter = 0
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            output_file = ""
    fh_final = open("final_output%s.txt"%(str(file_num)), "a")#writes 
separate file for each processor
    print 'out of %s peaks there were %s peaks that werent in 
the experimental spectrum'%(regular_counter, error_counter) 
    fh_final.write(output_file)
    fh_final.close()
    os.system("sort -r 'final_output%s.txt'>sorted_final_out
%s.txt"%(str(file_num),str(file_num)))#sorts output by score
    
if __name__ == '__main__': #multiprocessing imports script as module
    msg = "Enter all your constants in MHz, if left blank they 
will be set to default values (in parentheses). The inputs 
will be sent directly to SPCAT, so remember to input -DJ, 
-DJK, etc. "
    title = "Spectral Fitting Program"
    fieldNames = ["a dipole (0.0)","b dipole (0.0)","c dipole 
(0.0)","A (3000.0 MHz)","B (2000.0 MHz)","C (1000.0 MHz)","-DJ 
(0.0 MHz)","-DJK (0.0 MHz)","-DK (0.0 MHz)","-dJ (0.0 MHz)","-
dK (0.0 MHz)",\
                  "number of processors (2)", "upper freqency limit 
(18000 MHz)", "lower frequency limit (8000 MHz)",\
                  "upper intensity limit on exp spectrum 
(100000)","lower intensity limit on exp 
spectrum(0)","temperature (298K)", "Jmax (30)"]
    const = [] 
    const = multenterbox(msg,title, fieldNames) # gui for grabbing data
    fh = open(fileopenbox(msg="enter the peaklist file in two column 
format: frequency intensity")) #gui for choosing peak list from 
experimental spectrum
    choice_method = buttonbox(msg='choose the method for scoring the 
results:', title='Scoring Options',choices=\
                              ('use the top 10 most intense peaks 
(default)','choose an arbitrary set of peaks from the 
prediction'))
    if const[0]=='':
        u_A = "0.7"#<<<<<<<<<<<<<set default value here
    else: u_A = const[0]
    if const[1]=='':
        u_B = "1.0"#<<<<<<<<<<<<<set default value here
    else: u_B = const[1] 
    if const[2]=='':
        u_C = "0.0"#<<<<<<<<<<<<<set default value here
    else: u_C = const[2]

94



    if const[3]=='':
        A = "4989.773"#<<<<<<<<<<<<<set default value here
    else: A = const[3]
    if const[4]=='':
        B = "1569.284"#<<<<<<<<<<<<<set default value here
    else: B = const[4]
    if const[5]=='':
        C = "1210.637"#<<<<<<<<<<<<<set default value here, etc...
    else: C = const[5]
    if const[6]=='':
        DJ = "-6.039172819096906E-005"
    else: DJ = const[6]
    if const[7]=='':
        DJK = "-4.062399888786662E-005"
    else: DJK = const[7]
    if const[8]=='':
        DK = "-7.849257044782961E-004"
    else: DK = const[8]
    if const[9]=='':
        dJ = "-1.594563792509013E-005"
    else: dJ = const[9]
    if const[10]=='':
        dK = "-1.787671792895037E-004"
    else: dK = const[10]
    if const[11] == '':
        processors = 2
    else: processors = int(const[11])
    if const[12]=='':
        freq_high = float(18000.0)
    else: freq_high = float(const[12])
    if const[13]=='':
        freq_low = float(9000.0)
    else: freq_low = float(const[13])
    if const[14]=='':
        inten_high = float('100000.0')
    else: inten_high = float(const[14])
    if const[15]=='':
        inten_low = float('0')
    else: inten_low = float(const[15])
    if const[16]=='':
        temp="298"
    else: temp = const[16]
    if const[17]=='':
        Jmax="10"
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    else: Jmax = const[17]   
    x = subprocess.Popen("ls", stdout=subprocess.PIPE, shell=True)
    x = x.stdout.read().split()

    for number in range(processors):
        if re.search("SPFIT%s.EXE"%(str(number)), str(x))==None:
            y = subprocess.Popen("cp SPFIT.EXE SPFIT%s.EXE"%(number), 
stdout=subprocess.PIPE, shell=True)
            y.stdout.read()     
    trans_1 = "" 
    trans_2 = ""
    trans_3 = ""
    int_writer(u_A,u_B,u_C, J_max=Jmax,freq=str((freq_high*.001)), temp=temp)
    var_writer(A,B,C,DJ,DJK,DK,dJ,dK)
    run_SPCAT()
    if choice_method == 'use the top 10 most intense peaks 
(default)':
        top_peaks = cat_reader(freq_high, freq_low)[0:10] #grab the most intense 
peaks from the predicted spectrum
    else:
        top_peaks = multchoicebox(msg='Pick the transitions that you 
want to use for sorting the results', title='Result Sorting 
Setup',choices=cat_reader(freq_high, freq_low))
        top_peaks_clean = []
        for entry in top_peaks:
            clean = entry[2:43]
            re_split = clean.split("', '")
            tuples = tuple(re_split)
            top_peaks_clean.append(tuples)
        top_peaks = top_peaks_clean

    peaklist = []
    for line in fh:
        a = line.split()
        if float(a[1])>inten_low and float(a[1])<inten_high:
            peaklist.append(tuple(a))
    trans_1_peaks = []
    trans_2_peaks = []
    trans_3_peaks = []
    while trans_1_peaks == [] or trans_2_peaks == [] or trans_3_peaks == []: #this 
loops until there are peaks around each member of the triple
        msg ="Pick any three transitions"
        title = "Microwave Fitting Program"

96



        choices = cat_reader(freq_high, freq_low)
        choice = multchoicebox(msg, title, choices)
        choice_clean = []
        for entry in choice:
            clean = entry[2:43]
            re_split = clean.split("', '")
            tuples = tuple(re_split)
            choice_clean.append(tuples)
        trans_1 = choice_clean[0]
        trans_2 = choice_clean[1]
        trans_3 = choice_clean[2]
        uncertainty_flag =1
        while uncertainty_flag ==1:
            freq_uncertainty = float(enterbox(msg="Enter the frequency 
uncertainty in MHz"))
            trans_1_peaks = []
            trans_2_peaks = []
            trans_3_peaks = []
            for freq_p, inten_p in peaklist:
                if abs(float(trans_1[1])-float(freq_p))< freq_uncertainty:
                    trans_1_peaks.append((freq_p, inten_p))
            for freq_p, inten_p in peaklist:
                if abs(float(trans_2[1])-float(freq_p))< freq_uncertainty: #this bit finds 
peaks in the real spectrum that are near the predicted peaks
                    trans_2_peaks.append((freq_p, inten_p))
            for freq_p, inten_p in peaklist:
                if abs(float(trans_3[1])-float(freq_p))< freq_uncertainty:
                    trans_3_peaks.append((freq_p, inten_p))
            num_of_triples = len(trans_1_peaks)*len(trans_2_peaks)*len(trans_3_peaks) 
#this tells you how many entries there will be in the all_combo_list
            decision = buttonbox(msg='There are %s triples in this 
calculation. Would you like to continue, try new 
uncertainty, or quit?'%(str(num_of_triples)), 
choices=('Continue','Quit','new uncertainty'))
            if decision == 'Quit':
                quit()
            elif decision == 'Continue':
                uncertainty_flag = 0
            else: pass
        if trans_1_peaks == []:
            msgbox("There are no peaks in the peaklist file near 
this transition: %s"%(str(trans_1)))#error messages
        elif trans_2_peaks == []:
            msgbox("There are no peaks in the peaklist file near 
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this transition: %s"%(str(trans_2)))
        elif trans_3_peaks == []:
            msgbox("There are no peaks in the peaklist file near 
this transition: %s"%(str(trans_3)))
    top_peaks_3cut = []
    for entry in top_peaks:
        if entry != trans_1 and entry != trans_2 and entry != trans_3:
            top_peaks_3cut.append(entry)
    num_of_triples = len(trans_1_peaks)*len(trans_2_peaks)*len(trans_3_peaks) #this 
tells you how many entries there will be in the all_combo_list
    print num_of_triples

    all_combo_list = []                                             #which determines how long it 
will take to execute
    for freq_1,inten_1 in trans_1_peaks:#generates all combinations of three 
peaks from three peaklists
        for freq_2, inten_2 in trans_2_peaks:
            for freq_3, inten_3 in trans_3_peaks:
                all_combo_list.append(((freq_1,inten_1),(freq_2, inten_2),(freq_3, inten_3)))
    peak_list_1 = peaklist[0:int(len(peaklist)/4)]#splits peaks into 4 parts to 
speed up processing
    peak_list_2 = peaklist[int(len(peaklist)/4):int(len(peaklist)/2)]
    peak_list_3 = peaklist[int(len(peaklist)/2):int(len(peaklist)*0.75)]
    peak_list_4 = peaklist[int(len(peaklist)*0.75):len(peaklist)]
    if processors == 2:
        all_combo_list_1 = all_combo_list[0:int(len(all_combo_list)/2)]#splits all 
combination list into 2 parts for each processor
        all_combo_list_2 = 
all_combo_list[int(len(all_combo_list)/2):int(len(all_combo_list))]
        p0 = Process(target=fit_triples, 
args=(all_combo_list_1,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"0",A,B,C,DJ,DJK,DK,dJ,dK))
        p1 = Process(target=fit_triples, 
args=(all_combo_list_2,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"1",A,B,C,DJ,DJK,DK,dJ,dK))
        p0.start()
        p1.start()
        p0.join()
        p1.join()
    if processors ==1:
        fit_triples(all_combo_list,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, 
peak_list_2, peak_list_3, peak_list_4,peaklist,"",A,B,C,DJ,DJK,DK,dJ,dK)

    if processors == 4:
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        all_combo_list_1 = all_combo_list[0:int(len(all_combo_list)/4)]#splits all 
combination list into 4 parts for each processor
        all_combo_list_2 = 
all_combo_list[int(len(all_combo_list)/4):int(len(all_combo_list)/2)]
        all_combo_list_3 = 
all_combo_list[int(len(all_combo_list)/2):int(0.75*len(all_combo_list))]
        all_combo_list_4 = 
all_combo_list[int(len(all_combo_list)*0.75):len(all_combo_list)]
        p0 = Process(target=fit_triples, 
args=(all_combo_list_1,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"0",A,B,C,DJ,DJK,DK,dJ,dK))
        p1 = Process(target=fit_triples, 
args=(all_combo_list_2,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"1",A,B,C,DJ,DJK,DK,dJ,dK))
        p2 = Process(target=fit_triples, 
args=(all_combo_list_3,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"2",A,B,C,DJ,DJK,DK,dJ,dK))
        p3 = Process(target=fit_triples, 
args=(all_combo_list_4,trans_1,trans_2,trans_3,top_peaks_3cut,peak_list_1, peak_list_2, 
peak_list_3, peak_list_4,peaklist,"3",A,B,C,DJ,DJK,DK,dJ,dK))
        p0.start()
        p1.start()
        p2.start()
        p3.start()        
        p0.join()
        p1.join()
        p2.join()
        p3.join()
    os.system('cat sorted_final_out*.txt |sort -t "=" -k 4 > 
sorted_omc_cat.txt')
    """
    entry = 0
    while entry<processors:
        variable_name = "p"+str(entry)
        all_combo_list_part = 
all_combo_list[int(len(all_combo_list)*(entry/processors)):int(len(all_combo_list)*((entr
y+1)/processors))]
        vars()[variable_name] = Process(target=fit_triples, 
args=(all_combo_list_part,trans_1,\
                                                           trans_2,trans_3,top_peaks_3cut,peak_list_1, 
peak_list_2, peak_list_3, peak_list_4,peaklist,entry,A,B,C,DJ,DJK,DK,dJ,dK))
        vars()[variable_name].start()
        entry+=1
    """
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Appendix II: Source code for the Arduino-based 
pressure controller

import serial
import time
usbport1 = 'COM4'
ser2 = serial.Serial(usbport1, 9600, timeout=1, stopbits=1)
usbport2 = 'COM3'
ser1 = serial.Serial(usbport2, 9600, timeout=1)

def move(servo, angle):
    '''Moves the specified servo to the supplied angle.

    Arguments:
        servo
          the servo number to command, an integer from 1-4
        angle
          the desired servo angle, an integer from 0 to 180

    (e.g.) >>> servo.move(2, 90)
           ... # "move servo #2 to 90 degrees"'''

    if (0 <= angle <= 180):
        ser1.write(chr(255))
        ser1.write(chr(servo))
        ser1.write(chr(angle))
    else:
        print "Servo angle must be an integer between 0 and 
180.\n"

ser2.write("p")#this retrieves the pressure from the pressure gauge

x = float(ser2.readline()[0:5])#this selects gauge 1

pressure = x
last_p = pressure
y = 90
move(1,y)
time.sleep(2)
counter = 0
marker = ""
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while 1:

    counter +=1
    if counter ==180:
        fh = open("pressure_data.txt","a")
        data = str(x)+"\n"
        fh.write(data)
        fh.close
        counter =0
    ser2.write("p")

    x = float(ser2.readline()[0:5])#this selects gauge 1
    print x  

    if x>last_p:
        marker = "up"

    if x<last_p:
        marker = "down"

    if abs(pressure-x)<0.1:
        marker = "stable"
        

    if x<(pressure-0.1) and marker != "up":
        y+=1
        if y>155:
            y=155
        move(1,y)
        time.sleep(.3)

    if x>(pressure+0.1) and marker !="down":
        y+=-1
        if y<20:
            y=20
        move(1,y)
        time.sleep(.3)
       
    time.sleep(.3)
    last_p = x
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