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ABSTRACT

           A significant challenge in room temperature microwave spectroscopy is the large 

number of transitions in a spectrum at 298 K. At these temperatures, multiple vibrational 

states are populated, each of which has its own distinct spectrum. Assignment of these 

spectra can be accomplished through a combination of experimental and computational 

techniques. Room temperature microwave spectra of fluorobenzene, iodobenzene, and 

anisole were collected and analyzed. For fluorobenzene the fit parameters for previously 

assigned states were refined. For iodobenzene, in addition to assigning new lines to 

transitions, the hyperfine terms for three excited states were resolved. Finally for anisole 

the fit parameters for previously assigned states were refined and two new preliminary fits 

were obtained. As a proof of principle, broadband 2-D measurements and narrowband 

double resonance measurements were made on iodobenzene. The implication of these 

measurement techniques for future spectral assignment are discussed. 
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I. Introduction

While there are purely fundamental reasons for collecting rotational spectra, there 

are also applications that are more broadly of interest to chemists in general.

One such application is to the field of astrochemistry. Astrochemists are interested 

in exploring and understanding the formation kinetics of complex molecules in the 

interstellar medium. Accurate kinetic models require very specific information on the 

distribution and amounts of chemical species. All molecules with a dipole moment have a 

unique microwave spectrum, and so the spectra collected in the lab can be used to make 

positive identifications of molecules in space (Shaw 2007 page 60). Additionally, with 

confirmed spectral assignments, absolute transition intensities can be calculated which 

can then be used to determine molecular abundance.

Furthermore rotational spectroscopy can also be used to determine molecular 

geometry. By measuring the rotation of a molecule, its moments of inertia can be 

determined. These parameters, in conjunction with data on isotopomers, can be used to 

determine bond lengths and bond angles to high degrees of precision. For example, from 

the microwave spectrum of anisole and its isotopomers, Kisiel's group was able to 

determine bond lengths to less than 0.005 Å and bond angles to less than 0.5 degrees 

(Desyatnyk et al. 2005).

Spectroscopy is the study of the interaction between matter and radiation. 

Spectroscopy provides methods for chemical identification and also reveals information 

about processes at an atomic (or molecular) level in the system being examined. While 

these two are directly linked their study belongs to two different fields of chemistry. 
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Analytical chemists are generally concerned with the former while physical chemists 

study the latter.

The energy of a wave and its frequency are directly related via the equation 

E=hυ=hc/λ and waves can be described by energy, frequency or wavelength 

interchangeably. A commonly used unit for energy in the infrared region is wavenumbers 

(inverse centimeters, cm-1). As an example radiation with an energy of 3 cm-1 

(5.96 x 10-23J) has a wavelength of 0.33 centimeters and a frequency of 90 GHz.

Spectroscopic phenomena occur over a wide range of energies and each range has 

a typical energy unit. Radiation at frequencies between 1 GHz and 500 GHz (the 

microwave region) is associated with changes in the rotational states of molecules. 

Radiation between 100 and 10000 cm-1 is typically associated with changes in the 

vibrational state of the molecule. The excitation of electrons from the HOMO to the 

LUMO takes place in the approximately the range of 900 nanometers to 150 nanometers 

and is associated with color.

Our lab studies the rotational motion of molecules in the ground and excited 

vibrational states with radiation in the microwave region. Before discussing the work 

done in our lab we will review the history of microwave spectroscopy to put the results of 

this thesis into context. 

While Maxwell predicted that light was an electromagnetic wave it was Heinrich 

Hertz's experiments that validated Maxwell's theory. Hertz also noted that some materials 

absorbed these waves while others did not. Hertz's research lead to the development of 

the first functional waveguide by Hertz's close colleague Sir Oliver Joseph Lodge in 
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1894. Basic lenses and detection antennas for the microwave region were also developed 

pre-1900. A comprehensive review of these developments was written by John Ramsay. 

(Ramsay 1958)

The next wave of development towards rotational spectroscopy began in 1917 

when Tesla postulated that radio-microwave waves could be used to not only determine 

the location of objects but their velocity as well (as reviewed by Page 1962). The 

ramifications that such a technology could have on warfare was recognized and by the 

outbreak of World War Two all major powers (with the exception of France and Japan) 

used electromagnetic waves operating in the radio-microwave range to detect airplanes 

and boats. The impact of these technologies can not be overstated, and the British 

repulsion of a superior German force in the battle of Britain would not have been possible 

without them. 

Before the end of World War Two molecular spectroscopy in the microwave range 

was very limited. Papers dealing with water and ammonia were published but that seems 

to be the limit of molecular spectroscopy in the microwave range (Cleeton and Williams 

1934; Knerr 1937). Despite this sparse record the basic theory behind rotational 

spectroscopy (and why radar worked) was developed before the war. In 1926 David 

Dennison applied Heisenberg's recent developments in quantum mechanics to the rotation 

of molecules (Dennison 1926). This appears to be the first time that quantum mechanics 

had been applied to the idea of molecules rotating. Although Dennison did not explicitly 

state the range of energies that rotation would have, it did not take long for changes in 

rotational energy to become associated with the microwave region. 
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At the end of World War Two the spectrometers in use were fairly simple. 

Microwaves at a steady frequency were generated and directed into a waveguide filled 

with a gas. The intensity of the wave was measured before and after it passed through the 

waveguide (Hershberger 1946). Although the pressure could have been controlled at the 

time, measurements were usually made at 1 atmosphere, because in absorption 

measurements the signal strength is directly proportional to the number of molecules 

present. However, such high pressures lead to tremendous line broadening; the FWHM 

(full width at half the maximum peak height) of a peak from a typical molecule at 1 atm 

would be about 15 GHz. This lead to molecules being classified as either absorbing 

microwaves or not absorbing microwaves. 

The period directly following World War Two was a period of rapid growth and 

innovation in microwave spectroscopy. The first major improvement in microwave 

spectroscopy after the war came in 1947 by Hughes and Wilson from Harvard. The 

Wilson-Hughes spectrometer uses the Stark effect and lock in amplification techniques to 

detect microwave absorption. The Stark effect itself is based on the alignment of a 

molecule's dipole with an external electric field. This leads to splitting of the spectral 

lines in the presence of an electric field; the amount of splitting depends on the field 

strength. If an electric field is oscillating inside of the waveguide, spectral lines will 

oscillate at the same frequency but arbitrary sources of noise will not. By only focusing 

on signals oscillating at the same frequency as the applied electric field the signal to noise 

ratio was greatly improved. A downside of this design is that it leads to line broadening as 

well as distortion in the measured frequency, and these effects get worse as the rotational 
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quantum number J increases. 

The next major advances in spectrometer development came between 1979 and 

1981 by Balle and Flygare (Balle and Flygare 1981). They used pulsed nozzles to inject 

sample into a Fabry-Perot cavity and made pulsed measurements in the time domain. The 

development of pulsed nozzles is one of the most significant developments in microwave 

spectroscopy (Smalley et al. 1977). When injecting sample through a pulsed nozzle into a 

vacuum the sample expands adiabatically, significantly reducing the vibrational and 

rotational temperature: temperatures of 2-5 Kelvin are routinely achieved. Cooling the 

sample in this manner drastically increases the molecular population of low energy states.

The use of the Fabry-Perot cavity in a Balle-Flygare spectrometer results in a 

tremendous signal gain, quantified by the cavity Q factor. A Q factor greater than 1 

corresponds to amplification of radiation within the cavity. The Q factor of the original 

Balle Flygare spectrometer was 2*105. Since the molecules themselves do not emit noise 

this results in a direct gain in signal to noise ratio. 

Although this spectrometer operated in the time domain, the bandwidth in the 

frequency range that could be excited and measured per repetition cycle was quite low, 

on the order of a few hundred kHz.  Because of the low bandwidth per measurement, 

transitions were usually estimated based on calculations and then data near the predicted 

transition was taken rather than collecting spectra over a full frequency range (as 

reviewed by Brown et al 2008).

In the years after the initial development of the Balle-Flygare spectrometer many 

improvements were made. Different nozzles were designed that injected molecules into 
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the cavity under a variety of conditions, the cavity Q factors were improved (resulting in 

higher amplification of signal), and frequency resolution was also improved. While these 

spectrometers only take data over a small frequency range during any given experimental 

cycle, modifications allow them to switch frequencies automatically. Almost all 

microwave spectrometers currently in use are based on this design. 

While the vast majority of microwave spectrometers are modified Balle-Flygare 

instruments, the New College spectrometer operates on fundamentally different 

principles. Most instruments use sample pulsed into cavities and operate at 2 K; our 

instrument instead uses a waveguide at room temperature with a constant pressure 

sample.

There are advantages and disadvantages to using a waveguide instrument. A 

waveguide instrument loses the amplification due to the Q factor of the cavity, but the Q 

factor also limits cavity instruments to taking data over a narrow bandwidth during a 

given repetition cycle. Due to the lack of a Q factor our instrument requires expensive 

amplification of the molecular signal. However cavity instruments require adjustment to 

collect data at different frequencies (adjusting the end mirrors and re-optimizing the 

cavity Q factor), while the waveguide instrument has no moving parts and can take data 

over its entire frequency range at once gaining a large speed improvement. Furthermore 

because a cavity instrument is constantly pulsing sample into a chamber which is 

immediately evacuated, it consumes sample much more rapidly than a static gas cell.

The most significant difference between our instrument and a typical Balle-

Flygare spectrometer is that ours operates at room temperature rather than at the 2-5 K 
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temperature range typical of molecular beam instruments. While this greatly complicates 

the spectrum, it also allows us to collect data on molecules at energies that are difficult to 

study in high resolution by any other means, which in turn gives information about 

molecular structure and dynamics at room temperature. 

While a primary goal is to be able to observe and assign new vibrational states we 

also use our data to improve upon older fits. Since our data is collected at a non-standard 

temperature for our frequency range we can typically add many newly observed 

transitions to previously collected line lists. This is significant because most fits by other 

groups rely on rotational transitions with low K values (and either high or low J quantum 

numbers) whereas our data contains many rotational transitions with mid to high K 

values. Because the higher order distortion constants scale with K4 or higher we can often 

greatly improve the fit accuracy of these parameters which in turn helps the fitting 

process of otherwise unassigned lines in the high frequency data taken by other groups. 

All molecules covered in this thesis are mono-substituted benzenes. Excited 

vibrational modes are mentioned throughout this thesis. They are referred to based on the 

nomenclature developed by Herzberg (Herzberg 1945). Herzberg numbered the 

vibrations based on decreasing frequency within each symmetry class in the conventional 

order (ie. A1, A2, B2 etc). Because this nomenclature is not obvious, figures showing 

relevant vibrations are included in every chapter. 

The physical basis of our work is based on the rotation of molecules. All 

molecules move translationally through space. When dealing with rotational motion the 

linear equations are used but with rotational variables; mass becomes moment of inertia, 
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momentum becomes angular momentum and kinetic energy becomes rotational energy. 

Classically rotational energy is dependent on an object's moments of inertia and angular 

momentum. Molecules exist at the quantum level where angular momentum is quantized. 

This leads to the molecule having quantized rotational energy levels.

All properties of a quantum mechanical system can be determined from the 

Hamiltonian. The Hamiltonian for the rotation of molecules differs based on the type of 

molecule in question; simple linear molecules have a significantly less complex 

Hamiltonian than the asymmetric tops dealt with in this thesis. 

While the Hamiltonian can not be solved exactly for these molecules the goal of 

our lab is to solve for coefficients in an approximation of the Hamiltonian known as the 

Watson A reduced Hamiltonian. This is a spectroscopic Hamiltonian; it is designed to 

reproduce rotational spectra with a minimum of parameters, all of which are physically 

meaningful. While this is not the entire Hamiltonian (which is infinitely large); the 

Hamiltonian up to the sextic constants is:

Ĥ{A}=Ĥr+Ĥd
{4}+Ĥd

{6}   (1.1)

where

Ĥr=APz
2+BPx

2+CPy
2 (1.2)

Ĥd
{4}=-ΔJP4-ΔJKP2Pz

2-ΔKPz
4-2δJP2(Px

2-Py
2)-δK[Pz

2(Px
2-Py

2)+(Px
2-Py

2)Pz
2]  (1.3)

Ĥd
{6}=ΦJP6+ΦJKP4Pz

2+ΦKJP2Pz
4+ΦKPz

6   (1.4)

In these equations, the bolded symbols are quantum mechanical operators and the 

unbolded symbols represent the spectroscopic parameters that are varied to fit the 

spectrum. There are additional terms in the Ĥd
{6} term however for the purpose of this 
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thesis this expansion is detailed enough. For states that are Coriolis coupled or split by 

hyperfine interactions more terms are required. These will be discussed when relevant. 

The constants A, B and C are inversely proportional to the moments of inertia of the 

molecule (using conventional notation). The other constants all represent distortion in the 

molecule from rotation. 

Unfortunately this Hamiltonian is not analytically solvable. Instead, we use a 

symmetric top basis set which uses the quantum numbers J, K and M. J is the total 

angular momentum of the molecule, K is the angular momentum of the molecule along a 

particular axis in the molecular reference frame and M is the angular momentum of the 

molecules along a particular axis with respect to the lab reference frame.

These equations are solved approximately with linear algebra techniques. To solve 

them exactly would require infinitely large matrices. For the symmetric rotor the 

following non-zero matrix elements are used (taken from Gordy and Cook page 234):

The quantum number M is not affected by the operators. This is because the angular 

momentum operators are all with respect to the molecule rather than the system as a 

whole and we do not use any external fields that would break the symmetry with respect 

to the lab frame. 

Software such as the program SPFIT uses this formalism to predict and fit spectra 

(Pickett 1991). This software uses this Hamiltonian to generate a specific pattern of 

energy levels. The exact properties of these levels including location and splitting depend 
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on the non-operator parameters in the Hamiltonian shown above.

The intensity of spectral lines is determined by both the population of the states 

involved in the transition and by the dipole moment. Two factors affecting the population 

of the states are the relative energy of the states and the degeneracy of the states. The 

relative population of a state based on its energy level follows Boltzmann behavior: 

N1/N0=gie-ΔE/kbT where gi is the degeneracy of the state, ΔE is the energy difference 

between state 1 and 0, kb is the Boltzmann constant and T is temperature. The degeneracy 

of energy levels is due to the  M quantum number (all M states for a given J state have 

the same energy) and results in 2J+1 equal energy states. Overall the intensity of a given 

peak is determined by a tradeoff between the energy and the degeneracy. Because energy 

increases with J, high energy states are reduced by Boltzmann weighting but enhanced by 

degeneracy. This dynamic results in intermediate J states being the most intense in our 

spectrum. For the molecules covered in this thesis the states around J=10 to J=14 have 

the most intense spectral lines at room temperature.

A molecule's dipole moment is a vector, μ, in three dimensions. We reduce this 

vector into its components on the A, B and C axes μa, μb, and μc. Depending on the nature 

of the transition the intensity is proportional to μa
2, μb

2, and μc
2. Transitions in this thesis 

are referred to as a-, b- or c-type depending on which component they are dependent on.

Finally, the Hamiltonian given above is purely rotational. Since vibrations happen 

on a significantly faster time scale than rotations the Hamiltonian only needs to take into 

account average vibrational effects to be accurate. Because vibrations cause a change in 

intramolecular geometry (and therefore the moments of inertia) the Hamiltonian for every 
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excited vibrational state of a molecule is different. The change can be accounted for by a 

parameter called α, the vibration-rotation interaction constant. For an excited vibrational 

state the rotational constants A, B and C are shifted by vibrational excitation as follows: 

An = A0 – n*αa   (1.5)

Bn = B0 – n*αb   (1.6)

Cn = C0 – n*αc   (1.7)

where An  (Bn, Cn) is the rotational constant of the excited state, A0 (B0, C0) is the ground 

state rotational constant, n is the number of vibrational quanta in the mode and α is the 

vibration-rotation interaction constant. For combined vibrational states the αa (αb  ,αc) 

values from the fundamental vibrational states can be added together to give the 

rotational constants for the combined excited state. The values for α can be positive or 

negative depending on the vibrational mode. Typical values of |α| range from 0.5 to 20 

MHz, so they shift the rotational constants by a few percent at most.

With this background, we can now discuss rotational spectra obtained in the lab. 

Chapter 2 will discuss the spectrometer and typical experimental procedures, Chapters 3 

through 5 will discuss individual molecules, and Chapter 6 summarizes the thesis as well 

as discusses future work that will be performed in the lab.
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II. Experimental

Our spectrometer is a room temperature version of the spectrometer developed by 

Brooks Pate at the University of Virginia (Brown et al. 2008). Below is a description of 

the New College spectrometer.

Our microwave spectrometer has three primary parts: pulse generation, sample 

cell, and receiver. In the pulse generation portion we create a pulse with a width of up to 

4.8 GHz and a center frequency between 8.7 and 18.3 GHz. The pulse is then amplified 

and sent through a waveguide. The waveguide is our sample cell and is connected to a 

vacuum system which allows us to fill it with low pressure gaseous sample (typically 5-

30 mTorr). Finally, after the pulse interacts with the molecules in the waveguide we 

amplify and measure the free induction decay (FID) of the sample. A schematic of the 

spectrometer is shown in Figure 2.1. The symbols and abbreviations in Figure 2.1 follow 

the nomenclature used by Brown et al. (Brown et al. 2008). Our spectrometer uses a 

variety of common microwave parts. Before we get into details a general overview of the 

functions of major components is presented. 

All microwave components are either active or passive. Active devices require 

power and generate noise while passive devices do not. A commonly used unit in the 

microwave community is the decibel (abbreviated dB). A decibel compares two 

intensities or powers and is equal to ten times the log of the ratio of the two powers. A 

dBm is another commonly used unit. X dBm is equal to 10X/10 milliwatts, so +0 dBm is 

1 mW, +10 dBm is 10 mW and +13 dBm is about 20 mW. 

Amplifiers are active devices that use external power to boost the amplitude of 
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light passing through them. There are a few properties of an amplifier that are important. 

The first is the gain in dB; this is how much the the amplifier boosts the signal 

(Poutput=10dBgain/10*Pinput). The second is the maximum output power. Finally there is also a 

property of amplifiers called the noise factor which is equal to 

signalin*noiseout/signalout*noisein. 

Figure 2.1. Schematic of the experimental setup. The PLDRO is at either 8.6 or 18.4 GHz. A detailed 

description of the circuit can be found in the text.

A phase-locked dielectric resonator oscillator (PLDRO) is an active device that 

emits an ultra-low noise fixed frequency signal. Our PLDROs take in an external 10 MHz 

reference and use frequency multiplication chains to emit a phase stable high frequency 

output. 

Mixers are passive devices that frequency combine two signals and can be used to 

either add (upconvert) or subtract (downconvert) a fixed frequency from the input signal. 

15



Mixers contain three ports known as the radio frequency (RF), local oscillator (LO), and 

intermediate frequency (IF) ports. In our setup the PLDRO is always connected to the LO 

port. In upconversion the signal is input into the IF port and the upconverted signal exits 

through the RF port. In downconversion this is reversed.

Our setup uses two types of filters: lowpass and bandpass filters. Filters are 

passive devices that only allow a certain range of frequencies through. Lowpass filters 

only allow light below a certain frequency through while bandpass filters allow light in a 

certain frequency range through. Filters work by either absorbing or reflecting light at the 

frequencies they block, and because of this filters often have to be isolated so they do not 

reflect incoming light back into sensitive circuit components such as amplifiers. 

Switches are active devices that that when in the open state become very large 

attenuators (approximately 80 dB) and when in the closed state allow light through with 

only minimal attenuation.

Because the FID is measured in electric field, rather than power, our 

measurements are phase-dependent and so an extremely stable 10 MHz frequency 

standard is used to synchronize the high speed electronics of the system. For our set up 

we use a 10 MHz Rubidium frequency standard (Stanford Research Systems FS725) . 

This standard is used as an external reference for the arbitrary function generator, the 

arbitrary waveform generator, the phase locked dielectric resonator oscillators, and the 

oscilloscope.

An experimental repetition cycle starts with an arbitrary function generator 

(Tektronix Model AFG3252) generating a 2.5 nanosecond 2.5 volt square pulse. This 
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pulse triggers the arbitrary waveform generator (AWG) (Tektronix Model AFG7101) 

which both generates pulses and triggers a timing control system and the oscilloscope. 

The AWG is only capable of producing frequencies of up to 5 GHz; however we 

operate in the 8.7 to 18.3 GHz range. So we convert the frequency of the electromagnetic 

radiation produced by the AWG using a fixed frequency source. We use PLDROs as fixed 

frequency sources. Specifically we use two separate PLDROs which operate at 8.6 or 

18.4 GHz (Microwave Dynamics PLO-4000). The frequency output from the PLDRO is 

filtered via cavity filter (Lorch 4CF7-8600/100-s and 4CF7-18400/100-s)  to eliminate 

extraneous frequencies and then frequency mixed with the pulse in a double balanced 

mixer (Miteq DM0520LW1).

The mixed pulse is then amplified twice: first with a general-purpose amplifier to 

+0 dBm (Phase One Microwave SL-182010), and then with a power amplifier from 

+0 dBm to +40 dBm (Microwave Power L0618-40-T526). The power amplifier is 

connected to the timing controller (Quantum Composer 9618) and is only active when the 

mixed pulse is present. Both of these amplifiers are water cooled and run on a 12V power 

supply.

After being amplified the pulse travels through two single junction isolators 

(Ditom Microwave D3I7018) and into the waveguide. The isolators prevent the pulse 

from reflecting back into the amplifier from the waveguide.

The waveguide is connected to a vacuum system made with standard Quick 

Flange parts that allows for both freeze-pump-thaw purification and injection of sample. 

The vacuum system consists of two pumps. A mechanical pump (Welch Duo Seal 1402) 

17



acts as a roughing pump for the whole system and as a backing pump for a 2” water-

cooled diffusion pump (Innotec R-220). Together they can bring the pressure in the 

waveguide down to below 1 mTorr. Currently all measurements are made at room 

temperature. Future experiments will involve variable temperature control of the 

waveguide.

The amplified pulse polarizes the molecules in the waveguide which leads to a 

molecular free induction decay. The optimal pressure for our sample in the waveguide is 

determined by the sample in question. Too low of a pressure results in too few molecules 

and very low signal. Too high of a pressure results in frequent collisions which cause the 

FID to decay rapidly, broadening the peaks and thereby lowering the frequency 

resolution. The optimal pressure for a molecule depends on its dipole moment. The 

higher a molecule's dipole moment the lower the optimal pressure. This is because a 

larger dipole means the effective collisional cross section of the molecule is larger so at 

the same pressure the mean free path before it collides with a wall or another molecule is 

lower. Optimal pressures tend to be in the range of between 4 and 25 mTorr.    

 The apparatus for acquiring the FID must take into consideration the need to 

block the remnants of the pulse which would be intense enough to destroy parts of the 

detection/receiver circuit. Microwaves leaving the waveguide are first passed through a 

diode limiter (Advanced Control Components, ACLM 4537-C361K) and then a switch 

(Advanced Technical Materials model S1517D).  The switch is controlled by the master 

timing controller and blocks light when the pulse is present (including extra time to 

account for the time it takes for the pulse to travel through the circuit as well as its 
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reflections). After the pulse has been completely eliminated the switch is closed allowing 

the FID to pass through. 

After the switch, the FID is amplified by a high-gain, low noise amplifier (Miteq 

AMF-5F-08001800-14-10P). The noise produced by the amplifier sets the signal to noise 

ratio for the individual experimental cycle. Even though this is our primary noise source 

this component is required to bring the magnitude of the FID to detectable levels. Back-

reflections into the low noise amplifier are eliminated with another single junction 

isolator (Ditom Microwave D3I7018) placed immediately after the amplifier output. 

The amplified FID is then filtered through a cavity bandpass filter. The passband 

for the filter is centered at either 11.1 or 15.9 GHz (Lorch 13-IZ7-11100{or 15900}/4800-

S) and used with the 8.6 GHz PLDRO or 18.4 GHz PLDRO respectively. The filters have 

a bandwidth of 4.8 GHz. Because the FID is in the range of either 8.7-13.5 GHz or 13.5-

18.3 GHz this allows the FID to pass freely while filtering out extraneous frequencies, 

most notably out-of-band noise from the amplifier.  

The signal is then mixed down (Miteq DW0520LW1) to DC to 5 GHz using the 

PLDRO as a frequency source. The shifted FID is passed through a 5 GHz low pass filter 

(Lorch part number 8LA-5000-S). Frequency down conversion increases the speed at 

which the signal can be processed because it allows the digitizer to be operated at a lower 

sampling rate. However, because of mixer imperfections, specifically incomplete 

isolation between the RF and IF ports, doing this can create false peaks. These peaks are 

quite small (-20 dB relative to “true peaks”) making the signal to noise gain from being 

able to take data faster well worth it.
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Finally, the FID is digitized by the oscilloscope  (Tektronix TDS6154C) in the 

time domain. The processing of the FID is the overall rate limiting step for our apparatus. 

The processing time is directly proportional to the amount of data points, and this is 

where   frequency down conversion helps our speed. For collecting data up to 5 GHz we 

need to  sample at 10 GS/s. While the scope can sample at 40 GS/s (and therefore up to 

20 GHz) this would take four times as long to process for the same FID duration.

Now that the apparatus has been discussed in some detail a section on the pulses 

in use is necessary. The AWG is capable of generating pulses from text files which can be 

generated by MathCAD scripts. There are two types of pulses that we use: chirped pulses 

(linear frequency sweeps) and sinc pulses (narrow bandwidth pulses). Plots of these 

pulses in the time domain as well as plots of time vs frequency and the pulses in the 

frequency domain are shown in Figure 2.2.

The typical chirped pulse lasts for 500 nanoseconds and excites all frequencies 

between 0.1 and 4.9 GHz sequentially. The pulse can either start at 0.1 GHz and go to 

4.9 GHz or can start at 4.9 GHz and sweep in the reverse direction. The former is called a 

forward chirp and the latter a reverse chirp. The amplitude of a chirped pulse with respect 

to time is: 

sin(2*pi*(t*f0+k*t2/2))  (2.1)

where t is time, f0 is the starting frequency, and k is the sweep rate given by final 

frequency minus the starting frequency over the total time of the chirp. For the forward 

chirp f0 is equal to 108 Hz, and k is equal to 4.8 * 1015 Hz2. For the reverse chirp f0 is 

equal to 4.9*109 Hz and k is equal to -4.8*1015 Hz2.
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 We use the two chirps with different directions because of FID decay during the 

polarizing pulse. With the forward pulse the components of the FID that are closer to 

0.1 GHz have more time to decay than the components closer to 4.9 GHz (because they 

are excited earlier) and therefore have lower signal in the frequency domain. With the 

reverse chirp the opposite occurs. By acquiring data with both pulses and averaging the 

spectra the intensities of our peaks are more accurate. The other type of pulses that we 

use are called sinc pulses. We refer to them this way because they resemble the sinc 

function (sin(x)/x) in the frequency domain. These transform limited pulses are narrow in 

the frequency domain and are intended to pump specific rotational transitions. The 

presence of the sinc pulse results in considerable attenuation of the peaks that share a 

quantum state with the pumped transition. A sample double resonance measurement is 

shown in Figure 2.3.

These sinc pulses are the core of our microwave-microwave double resonance 

measurements; the information these measurements provide greatly aids the fitting 

process. Normally sinc pulses are coupled with a chirped pulse (occurring immediately 

afterward). Because of FID decay during the time between the pulses and during the sinc 

pulse, we try to minimize these delays. Sinc pulses generally last 100 nanoseconds and 

occur as soon after the chirp pulse as possible.
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Figure 2.2. A) Time vs frequency of a chirped pulse B) Time vs frequencies of a sinc pulse with Sf=4573 

MHz C) Frequency vs amplitude of a chirped pulse D) Frequency vs amplitude of a sinc pulse E) Time vs 

frequency of a chirp pulse F) Time vs frequency of a sinc pulse. Note that unlike a chirped pulse a sinc 

pulse contains multiple frequencies at once; this figure was made taking the amplitude at all frequencies 

every 5 nanoseconds.
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Figure 2.3. An insert of a sample double resonance measurement of iodobenzene. The bottom spectrum was 

collected with a chirped pulse and the top spectrum was collected with a chirped pulse followed by a sinc 

pulse centered at 14211.8 MHz. The star is at 15608.6 MHz. The peak at 15608.6 MHz is greatly attenuated 

in the upper spectrum because it shares a quantum level with the pumped peak at 14211.8 MHz. 

Specifically, both transitions involve the 10 8 3 12.5 quantum state of iodobenzene in the ground state.

 Sinc pulses have time-dependent amplitudes of:

Sinc(2*pi*Sb*[t-tc])*Cos(2*pi*Sf*t) (2.2)

where t is time in seconds, Sb is the half width half max of the pulse in the frequency 

domain (in Hz), tc is the center time of the pulse, and Sf is the center frequency in the 

frequency domain. Sf is chosen to match a molecular transition frequency. Importantly 

these pulses can be used even if the line has not yet been assigned.

The oscilloscope is hardware limited to only storing 10,000 waveforms at a time 
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however our spectra are generally composed of millions of co-added waveforms. Because 

of this, much of our data processing is done via software scripts. A data collection script 

on the oscilloscope saves sets of 10,000 waveforms. MathCAD scripts then co-add the 

waveforms (still in the time domain) and  Fourier transform them to the frequency 

domain. 

Our system generates clock lines which are spurious peaks generated by 

imperfectly isolated timing clocks in the high speed electronics. These clock lines are 

independent of sample conditions. To eliminate these lines we take a blank spectrum, 

which is collected by flooding the waveguide with sample to the point where the 

molecular collisions are so rapid that the FID decays while the chirped pulse is still 

present. However, the clock lines are independent of pressure and since they are at a 

constant frequency we can use this blank to remove the clock lines from the spectrum.

Our lab makes frequent use of ab initio methods.  These calculations use 

approximate solutions to the Hamiltonian to calculate various properties of the molecules. 

Our calculations are performed with Gaussian 03 (Frisch et al. 2003). We most 

commonly use the hybrid functional theory B3LYP with the basis set 6-311++G(d,p). For 

molecular ground states these calculations tend to be quite accurate with only small 

changes needed to fit the spectra. Our calculations are run in two stages. The first is an 

optimization of the structure and the second is an anharmonic vibrational calculation 

including vibration-rotation interaction effects. For the molecule anisole, structure 

optimization required only 4 minutes and 57 seconds of CPU time while the anharmonic 

vibrational calculation required just under 2 days, 17.5 hours of CPU time. The ab initio 
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methods do not give perfect A, B and Cs, however they do give bond lengths that are 

accurate to within <0.1 Å. These minor errors (which are generally less than 1% of A, B, 

and C) are due to neglect of some interactions in the B3LYP method. Neglect of these 

interactions systemically underestimates bond lengths, leading to slightly more compact 

molecular shapes than experiments indicate. The rotational constants can be corrected by 

a scaling factor which is the same for all isotopomers and vibrationally excited states as 

shown previously by Shipman and Pate for isotopomers and for the vibrationally excited 

states of fluorobenzene in this thesis (chapter 3) (Shipman and Pate in press). While more 

accurate ab initio methods exist, such as MP2, they could take up to 20 times longer to 

run, making the use of them time prohibitive. 

We use the programs SPCAT, SPFIT and JB95 to fit our spectra (Pickett 1991) 

(Plusquellic 2002). These programs use the Watson A-reduced Hamiltonian mentioned in 

Chapter 1 both to generate spectra and to fit spectral constants based on assigned 

transitions. 
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III. Fluorobenzene

The first molecule this thesis will consider is fluorobenzene because of its relative 

simplicity. It is relatively rigid and has only one conformer. It has an appreciable dipole 

moment (1.555 Debye) due to the fluorine and has only a-type transitions (because of the 

symmetry along the b- and c- axes). Furthermore fluorine does not have nuclear 

hyperfine splitting and has only one naturally occurring isotope (unlike bromine and 

chlorine). One complication that does make spectral analysis challenging is the presence 

of Coriolis coupling between vibrational states.

Coriolis coupling occurs when two vibrational states are close in energy and 

involve motion of some of the same atoms so that exciting one mode could potentially 

lead to excitation of the other. Because this is all taking place in a rotating frame this can 

also affect the total angular momentum of the molecule. Coriolis coupling greatly 

complicates the fitting process because it affects every line in the coupled states. 

For vibrational states that are Coriolis coupled the Hamiltonian for the two states 

has to be combined with the addition of extra terms. The Hamiltonian for two Coriolis 

coupled states becomes:

 Ĥ=ΔE+ Ĥ1
{a}+ Ĥ2

{a}+ Ĥcc       (3.1)

where  Ĥcc=i*Gb*Px+(Fca+FJ
ca*P2)*(PyPz+PzPy)   (3.2)

and Ĥ1
{a} and Ĥ2

{a} are the normal Watson A-reduced Hamiltonian terms for each of the 

states.  ΔE is the difference in energy between the two vibrational states, Gb is the 

coupling coefficient, and Fca and Fj
ca are interaction constants between the two states. 

The first available microwave spectrum of fluorobenzene was taken at the 
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University of Iowa from 22.1 to 27.3 GHz (McCulloch and Pollnow 1954). They 

observed 148 peaks in this region but were only able to assign 13 of those lines. Based on 

this data they calculated values of the rotational constants A, B and C for the ground state 

that were accurate to within 1 MHz of our current values. 

In 1999 a paper by Schäfer and Bauder used both a Balle-Flygare spectrometer to 

collect the microwave spectrum of fluorobenzene between 7 and 17 GHz at 

approximately 2 Kelvin and a waveguide spectrometer to obtain the spectrum between 8 

and 15 GHz at room temperature (Schäfer and Bauder 1999). In spectra taken with a 

Balle-Flygare spectrometer it is rare to see excited vibrational states because of the low 

effective rotational and vibrational temperature of the expanding gas, however this paper 

clearly observed the first four vibrationally excited states by manipulating the expansion 

conditions. After measuring these states they were able to fit the spectra with rotational 

constants that have since been confirmed to within 400 kHz. Furthermore they obtained 

the first quartic distortion constant (Delta J) for each vibrational state that they observed. 

However these constants had errors as high as 30% when compared with more recent fits. 

Subsequently Kisiel et al. acquired fluorobenzene data from 167 to 318 GHz at 

room temperature (Kisiel et al. 2005). They observed and fit the the first six vibrationally 

excited states, which requires accounting for Coriolis coupling between the V18b=1 and 

V16a=1 vibrationally excited states. It should be noted that the authors were not 

completely satisfied with their fit of the V16b=1 and V6a=1 states. They attempted to fit the 

two states assuming Coriolis coupling between them however their attempts were 

unsuccessful. The paper did note that these two vibrational states could be in resonance 
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with the V11=2 state at 497 cm-1, and while this state lies only 1 cm-1 below the lower of 

these two states the need for a resonant interaction seems unlikely because their fit for the 

V11=2 should have required accounting for this to be as accurate as it was. A figure 

showing fluorobenzene and its observed vibrational modes is shown below.

Figure 3.1. Observed vibrational modes of fluorobenzene. The V11 state lies at 248.6 cm-1, the V18b state lies 

at 404.4 cm-1, and V16a state lies at 413.9, the V16b state lies at 497.7 and the V6a state lies at 517.1 cm-1 (Lipp 

and Seliskar 1978).

There is the potential for exciting work on this molecule. The V16b=1 and the 

V6a=1 states lie at 498 and 517 cm-1  respectively. The next excited states are the 

combination bands with calculated energies of 636 and 652 cm-1 followed by the V4b state 

at 687 cm-1. Since we operate at room temperature these states should be between 45 and 
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55% as populated as the V6a=1 state because of Boltzmann statistics. Furthermore we 

have an ability to see peaks that the most recent paper on fluorobenzene could not 

(because we operate in a different frequency range). This allows us to both improve on 

their fits and confirm that their fits are accurate for high J and K quantum states.  

For our experiment fluorobenzene was obtained from Aldrich (99%) and was 

purified by three freeze-pump-thaw cycles with the vacuum line. Ab initio calculations 

were performed in Gaussian '03 by Ian Finneran using our standard method and basis set 

(see experimental section). The first data taken of fluorobenzene by our group consisted 

of 4 million experimental repetition cycles for both the upper (13.5 – 18.4 GHz) and 

lower band (8.6 – 13.5 GHz), half using reverse chirps and half using forward chirps. The 

data were then combined and can be seen in Figures 3.2 and 3.3.

After data collection we simulated spectra of fluorobenzene with SPCAT using 

the most recent constants (Kisiel et al. 2005) (Pickett 1991). Using this data peaks in our 

spectrum were assigned to transitions. Then using our newly assigned transitions as well 

as Kisiel's previously assigned transitions, the program SPFIT was used to recalculate the 

constants. Our constants compared to the most recent paper's are shown in Tables 3.1, 3.2 

and 3.3.
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Figure 3.2. Full spectrum of fluorobenzene from 8.6 to 18.4 GHz.  At least 1098 peaks are present above 

the 3:1 signal to noise threshold belonging to at least 8 vibrational states. 
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Figure 3.3. 165 MHz inset of the fluorobenzene full spectrum from 15005 to 15170 MHz. The 3:1 signal to 

noise cut off, at 0.2 units, is marked by the dashed line. 

Table 3.1. Current and Previous Rotational Constants for the Ground and v11 Vibrational State.

GS V11

Ab Initio Current Previous Ab Initio Current Previous

A (MHz) 5663.713477(261) 5663.71367(34) 5640.96 5641.44814(43) 5641.44801(70)

B (MHz) 2570.653182(70) 2570.653197(56) 2571.84 2571.804855(90) 2571.804925(80)

C (MHz) 1767.913719(62) 1767.913605(52) 1769.68 1769.693476(72) 1769.693451(57)

ΔJ (kHz) 0.12961 0.1331921(94) 0.1331829(81) 0.1339797(107) 0.133991(11)

ΔJK (kHz) 0.22393 0.2143376(279) 0.214358(27) 0.217757(34) 0.217720(48)

ΔK (kHz) 0.79696 0.83600(37) 0.83634(51) 0.73169(38) 0.7306(10)

δJ (kHz) 0.04226 0.04355529(251) 0.0435589(29) 0.0437393(38) 0.0437479(66)

δK (kHz) 0.36963 0.373050(37) 0.373004(40) 0.361342(57) 0.361326(79)

N 704 535 505 414

RMS (kHz) 70 79 45 33
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Table 3.2. Rotational Constants for the V18b, V16a, V16b and V6a States.

V18b V16a

Ab Initio Current Previous Ab Initio Current Previous

A (MHz) 5682.86 5681.67323(60) 5681.67353(61) 5658.47 5658.41009(70) 5658.41075(81)

B (MHz) 2570.58 2570.590264(247) 2570.59024(19) 2570.84 2570.758648(253) 2570.75863(19)

C (MHz) 1766.60 1766.597592(83) 1766.597575(61) 1769.04 1769.052429(72) 1769.052462(52)

ΔJ (kHz) 0.1331654(118) 0.133152(11) 0.1336485(112) 0.133646(11)

ΔJK (kHz) 0.211136(54) 0.211167(45) 0.213342(50) 0.213389(50)

ΔK (kHz) 0.95223(82) 0.95264(97) 0.83524(89) 0.8361(11)

δJ (kHz) 0.0435478(63) 0.0435422(60) 0.0436952(57) 0.0436937(57)

δK (kHz) 0.386655(118) 0.38658(10) 0.372273(116) 0.37220(11)

Coriolis 
Constants for 
V18b and V16a

Current Previous

ΔE (MHz) 223498.063(64) 223497.92(10)

Gb (MHz) 275.059(95) 275.081(70)

Fca (MHz) 0.60989(173) 0.6094(13)

Fj
ca (Hz) -2.0778(195) -2.074(23)

N 802 674

RMS (kHz) 33 32

V16b V6a

Ab Initio Current Previous Ab Initio Current Previous

A (MHz) 5663.90  5664.39462(152) 5664.4040(71) 5665.07 5663.89471(235) 5663.8953(76)

B (MHz) 2569.89 2569.862062(249) 2569.86229(59) 2570.51 2570.506092(255) 2570.50656(49)

C (MHz) 1768.92 1768.909393(153) 1768.90914(36) 1766.93 1766.824120(213) 1766.82447(36)

ΔJ (kHz) 0.1333059(257) 0.133236(58) 0.1331486(257) 0.133217(61)

ΔJK (kHz) 0.252231(104) 0.25264(28) 0.181382(143) 0.18141(33)

ΔK (kHz) 0.78110(305) 0.787(11) 0.8462(37) 0.847(14)

δJ (kHz) 0.0434559(134) 0.043440(31) 0.0440418(139) 0.044054(31)

δK (kHz) 0.35072( 32) 0.34984(69) 0.39981(49) 0.39983(79)

N 311 252 279 243

RMS (kHz) 121 89 122 94.9
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Table 3.3 Rotational Constants for theV11=2 Vibrational State.

V11=2

Ab Initio Current Previous

A (MHz) 5618.20 5620.56892(79) 5620.5649(12)

B (MHz) 2573.03 2572.944109(140) 2572.94419(11)

C (MHz) 1771.46 1771.423773(111) 1771.423745(87)

ΔJ (kHz) 0.1348762(168) 0.134920(18)

ΔJK (kHz) 0.217704(67) 0.217480(82)

ΔK (kHz) 0.67486(148) 0.6711(21)

δJ (kHz) 0.0438859(80) 0.0439015(92)

δK (kHz) 0.351210(210) 0.35170(19)

N 362 290

RMS (kHz) 47 35

The ab initio values were calculated by applying the scaling factor to the ground 

state values and then subtracting the calculated α (the scaling factor is not applied to the 

α). Our fitted constants rarely differ from Kisiel's constants by even 1%. Furthermore the 

rotational constants for all vibrational states differ from that predicted by Gaussian by 

less than 0.1%.

Peaks that were assigned to transitions were then removed from the spectrum, 

resulting in the spectrum shown in Figure 3.4. Note that the units are the same as in 

Figure 3.2, so the largest peak has approximately one tenth the intensity of the the largest 

assigned peak.
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Figure 3.4. Fluorobenzene spectrum minus the assigned transitions. The largest remaining unassigned line 

has one tenth the intensity of the largest line. There are just under 600 unassigned transitions remaining.

While this figure shows that there are many transitions that have not been 

assigned, a sample 300 MHz wide region is shown in Figure 3.5. In this figure transitions 

that have been assigned are marked with an asterisk and the dashed line is the 3:1 signal 

to noise cut off; peaks below this line were not considered in our analysis.
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Figure 3.5. 300 MHz inset of the uncut spectrum with a dashed line at the 3:1 S:N cut off. The marked 

transitions have already been assigned.

Overall, we observed 1098 peaks, 500 of which were assigned and 598 of which 

are currently unassigned. There are multiple possibilities for the origin of these 

transitions. One possibility is that they could belong to the V6a=1 and V18b=1 excited 

vibrational states. The fits for these are not very good (the RMS is approximately 50% 

higher than typical) and unfortunately we were unable to figure out why; Kisiel suggests 

these states could interact but was unable to produce a successful combined fit. Because 
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of the poor quality of the fits for these states transitions that could otherwise be assigned 

may be too far from their predicted frequencies to be assigned with confidence. Fits for 

the two next excited vibrational states were also attempted. High quality fits could not be 

obtained, but since these two states are so close in energy (636 and 652 cm-1), the 

likelihood of interaction between them is high. 

Future work will involve data taken at different temperatures. Using this data 

peaks can be assigned to specific excited vibrational states based on how their intensities 

change with temperature. Using this the fit for the V6a=1 and V18b=1 states will be refined 

and the presence or absence of interaction between the next two excited vibrational states 

will be ascertained. Furthermore while there are no inband states that are amenable to our 

double resonance technique our lab will soon acquire a microwave synthesizer which 

should allow us to use our double resonance technique for crossband states with the aim 

of exploring level connectivity in the remaining unassigned states. 
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IV. Iodobenzene

The second molecule this thesis will consider is iodobenzene. Iodobenzene, like 

fluorobenzene, has only one conformer, has a strong dipole (1.4 Debye), and because of 

symmetry along the b- and c- axes only has a- type rotational transitions. Iodine only has 

one naturally occurring isotope. However what makes the spectrum significantly more 

complicated than that of fluorobenzene is iodine's nuclear spin of 5/2 , leading to hyperfine 

splitting of rotational transitions. 

Hyperfine splitting occurs due to interaction with the quadrupole moment of the 

nucleus. The quadrupole effectively splits single lines into 2I+1 lines (6 for iodobenzene). 

To demonstrate this two spectra were simulated with SPCAT (Pickett 1991). The first 

contained a nucleus with spin 5/2 (the positive lines in figure 4.1) and the second did not 

(the negative lines) :

Figure 4.1. Simulated spectra with (top) and without (bottom) hyperfine splitting using a nuclear spin of 

5/2.
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A 1 GHz wide insert is shown below to further demonstrate this effect. 

Figure 4.2. 1 GHz inset of two simulated spectra, one with hyperfine splitting (top) and one without 

(bottom). This is the J=9←8 cluster for the ground state.

With the presence of the nuclear quadrupole the J quantum number, which is the 

molecular angular momentum, no longer gives the molecule's total angular momentum. 

Two new quantum numbers are introduced: I and F. I is the nuclear spin of the nucleus 

and can have values of I, I-1, I-2...-I. F is the total angular momentum of the molecule 

(J+I) and can take values of J+I, J+I-1, J+I-2...J-I.

A new term is added to the Hamiltonian, ĤQ (Gordy and Cook 1984): 

ĤQ=1/2 (eQqJ/[I(2I-1)J(2J-1)])*[3(IJ)2+3/2(IJ)-I2J2]  (4.1)
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e is the electric charge, Q is the quadrupole tensor in three dimensions and qJ is a J 

dependent constant that can not be written in closed form. In practice fitting programs use 

approximations when simulating and fitting spectra with hyperfine splitting.

The following matrix elements become non-zero (adapted from Gordy and Cook 

page 404):

In iodobenzene, the iodine is located on a symmetry axis and so the quadrapole 

tensor only has three diagonal terms: χaa, χbb and χcc. Furthermore, the quadrupole tensor is 

traceless and so we only need two variables in our fit (χaa+χbb+χcc=0) (Gordy and Cook 

page 398).

 The first spectrum of iodobenzene was published in Arkiv Fysik in 1965 

(Johansson et al. 1965). The authors were unable to resolve the hyperfine splitting terms. 

Half a decade later Mirri and Caminati resolved the quadrupole coupling constants using 

a room temperature instrument operating between frequencies of 12.8 and 25.7 GHz 

(Mirri and Caminati 1971).  

The next significant microwave paper on iodobenzene appeared in 2007. Cooke et  

al. used bromobenzene and iodobenzene to test their new molecular beam spectrometer 

which was designed to operate to frequencies as low as 500 MHz. They recorded 

iodobenzene transitions as low as 1.1 GHz and refined the previous rotational constants 

for the ground state of iodobenzene (Etchison et al 2007). 

The most recent work on iodobenzene was done by Kisiel's group, who reported 

data between 170 and 220 GHz at room temperature and between 6 and 16 GHz at low 
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temperature (Dorosha et al. 2007). Using this data they were able to improve the fit for 

the ground state and also obtain hyperfine unresolved fits for the first three excited 

vibrational states. A figure showing iodobenzene and its previously assigned vibrational 

states is shown below:

Figure 4.3. Assigned vibrational modes of iodobenzene. The V30 state lies at 167 cm-1, the V24 state lies at 

221 cm-1 and the V11 state lies at 267 cm-1 (Griffiths and  Thompson 1967).

The potential for work on iodobenzene is exciting. We expect to see the 

vibrational levels that were assigned but have currently unresolved hyperfine splitting. 

The data from Kisiel's group for 170-220 GHz contains only high J states where the 

magnitude of the splitting from the hyperfine is too small to resolve. Because we observe 

low J transitions we should be able to resolve the hyperfine constants. 

 For our experiment iodobenzene was obtained from Aldrich and was purified by 

three freeze-pump-thaw cycles with the vacuum line. Spectrum collection and ab initio 
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calculations followed usual lab protocols. The 8.7-18.3 GHz spectrum of room-

temperature iodobenzene can be seen below:

Figure 4.4. Full spectrum of iodobenzene from 8.7 to 18.3 GHz with major J clusters labeled. 

As seen above, the clusters of peaks are due to the hyperfine splitting. The lowest 

frequency cluster contains J=7←6 transitions, the next lowest contains J=8←7 

transitions, and so on until the highest frequency cluster which contains J=12←11 

transitions. The lowest frequency transitions of the J=13←12 cluster can be seen around 

17700 and 18000 MHz. An inset of the J=11←10 cluster can be seen below in Figure 4.5 

and an even more expanded view showing the noise level can been seen in Figure 4.6. 
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Figure 4.5. Inset of full spectrum of iodobenzene showing the J=11←10 cluster.

Using the most recent constants and the program SPCAT the iodobenzene 

spectrum was simulated. Using this data peaks in our spectrum were assigned to 

transitions (Pickett 1991) (Dorosha et al. 2007).  
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Figure 4.6. Inset of the  J=11←10 cluster from 15415 to 15715 MHz to show signal to noise. The dashed 

line is the 3:1 S:N cut off.

Using these assigned transitions (as well as the ones observed by Cooke's group 

for the ground state), the program SPFIT was used to recalculate the constants (Pickett 

1991) (Etchison et al. 2007). The results of this process are shown below in Table 4.1. 

Note that unlike with fluorobenzene, excited vibrational data from Kisiel's group could 

not be combined with our data to refine the fits because their data is not hyperfine 

resolved.
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Table 4.1. Current and previous rotational constants of iodobenzene.

GS V30

Current Previous Current Previous

A (MHz) 5669.1188(82) 5669.126(15) 5624.570(68) 5624.5653(79)

B (MHz) 750.41523(52) 750.414323(52) 751.11388(69) 751.11327(54)

C (MHz) 662.63687(8) 662.636162(44) 663.42280(98) 663.42245(49)

ΔJ (kHz) 0.02268(145) 0.0195479(14) 0.0197227(64) 0.01871(78)

ΔJK (kHz) 0.1977(173) 0.164648(67) 0.171354(62) 0.1676(123)

ΔK (kHz) 0.078(100) 0.891(52) 0.37(10) 0.09(64)

δJ (kHz) .002740(184) 0.00253098(65) 0.0025621(75) 2.436(59)

δK (kHz) 0.130(59) 0.15554(32) 0.13733(46) 0.1553(143)

ΦJK (mHz) 0.0609(300) 0.0609(13) ------------------- -------------------

ΦKJ (mHz) -0.377(300) -0.377(16) ------------------- -------------------

χaa (MHz) -1892.069(54) -1892.0398(46) -1891.94(16) -------------------

χbb-χcc (MHz) 65.464(284) 65.602(17) 65.684(408) -------------------

N 350 296 119 97

RMS (kHz) 52 49 49

V24 V11

Current Previous

A (MHz) 5711.6104(78) 5711.609(69) 5666.5645(69) 5666.581(82) 

B (MHz) 750.43516(65) 750.43446(61) 749.74493(68) 749.74564(77) 

C (MHz) 662.23260(64) 662.23251(98) 662.25144(62) 662.2517(11) 

ΔJ (kHz) 0.01891(105) 0.0196176(65) 0.01958(92) 0.0198761(66) 

ΔJK (kHz) 0.1642(76) 0.15950(27) 0.1501(89) 0.145170(69) 

ΔK (kHz) 1.26(49) 1.80(11) 0.624(195) 1.17(12) 

δJ (kHz) .002586( 65) 0.0025101(69) .002485( 63) 0.0025576(82) 

δK (kHz) 0.1751(167) 0.17450(45) 0.1678(210) 0.15387(47) 

ΦJK (mHz) ------------------- 0.1226(60) ------------------- -------------------

χaa (MHz) -1891.847(188) ------------------- -1891.991(141) -------------------

χbb-χcc (MHz) 66.808(372) ------------------- 65.08(32) -------------------

N 82 108 75 76

RMS (kHz) 43 50 55 45
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Note that Kisiel's group reported a weighted fit for the ground state in a manner 

that was different from the way the error was reported for the excited vibrational states. 

They reported a unitless value of 0.793 called σw. 

The constants and their errors show how data from different spectrometers are 

complementary: Our low frequency data resolves hyperfine constants that are not 

resolvable at high frequency, while high frequency data can be used to obtain high order 

distortion constants with smaller errors. Once assigned transitions were removed from the 

spectrum the following 397 lines remain:

Figure 4.7. Iodobenzene spectrum minus 519 assigned lines. 397 lines remain above the 3:1 signal to noise 

cutoff.
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As with fluorobenzene this is a large number of unassigned lines, but only a 

fraction of the total number of transitions in the spectrum. Shown below is a 100 MHz 

wide inset from the spectra in Figure 4.4 with assigned transitions marked with an 

asterisk. Apparent peaks below the dashed line were considered too likely to be noise and 

not included in the unassigned line count:

Figure 4.8. Inset of iodobenzene spectrum with assigned lines marked. The dashed line is at the 3:1 signal 

to noise cutoff. 

Overall we observed 916 lines, 519 of which were assigned. The fact that there 

are still clusters in the unassigned spectra make these peaks perfect candidates for our 

double resonance technique. This is the first project that future work on iodobenzene will 
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focus on. 

The current instrument is capable of double resonance measurements that can link 

transitions in the J=7←6, J=8←7 and J=9←8 clusters to each other but not to the higher J 

transitions that are in the upper band from 13.5 to 18.3 GHz (likewise the three higher 

clusters can be linked together but not to clusters in the lower band). With the use of a 

microwave synthesizer that we will soon acquire, we will be able to link transitions 

across all of these clusters. A single measurement of this type can potentially provide 

enough information for us to estimate preliminary rotational constants for excited 

vibrational states which can in turn lead to entire fits of those states. 

Although comprehensive double resonance measurements that would aid in fitting 

new vibrational states were not made for iodobenzene, double resonance measurements 

of two types were performed. The first were low resolution 2-D measurements. For the 

2-D measurements data was taken with a chirped pulse followed by a sinc pulse with a 

FWHM of 50 MHz centered at every 50 MHz over the entire J=11←10 cluster. The 

second type of double resonance measurements that were collected were collected with 

chirped pulses followed by narrow frequency sinc pulses centered at the most intense 

peaks.  The low resolution 2-D data is shown in Figure 4.9. Panels A through F show 

rotational spectra resulting from a scan of a very broad (FWHM 50 MHz) sinc pulse 

through the J=11←10 cluster of transitions. Individual low resolution double resonance 

measurements eliminate distinct large fractions of the J=10←9 cluster.  It is clearly 

demonstrated by this figure that our setup has enough power to hit multiple peaks per 

double resonance measurement. In addition to being the precursor to full 2-D
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Figure 4.9. Insets from low resolution 2-D of iodobenzene from 14000 to 14400 MHz. In this figure the top 

spectra were collected with a chirped pulse and the bottom spectra were taken with a chirped pulse 

followed by a 50 FWHM sinc pulse centered at A) 15450 B)15500 C)15650 D)15600 E)15650 and 

F)15700 MHz.
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measurements this will allow us to find areas of interest in spectra that are less clustered 

than iodobenzene. This will be explained further in the future work section of the 

conclusion chapter.

The second set of double resonance measurements that were collected were taken 

with a chirped pulse followed by a narrow frequency sinc pulse centered at an intense 

transition. These were used to demonstrate that narrowband double resonance 

measurements are feasible with our experimental setup and work as expected.  A sample 

pair is shown in Figures 4.10 and 4.11. The peak at 15608.6 MHz is the 

11 8 4 13.5←10 8 3 12.5 transition and the peak at 14211.8 MHz is the 

10 8 3 12.5←9 8 2 11.5 transition. These two transitions share a quantum state and 

therefore, a sinc pulse centred at one should attenuate the peak of the other. The 

significance of this for future assignment of unknown states will be discussed in the 

conclusion chapter. 
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Figure 4.10. The bottom spectrum was collected with a chirped pulse and the top spectrum was collected 

with a chirped pulse followed by a sinc pulse centered at 15608.6 MHz. The marked peak at 14211.8 MHz 

is greatly affected by the sinc pulse, but all other transitions are untouched.

Figure 4.11. The bottom spectrum was collected with a chirped pulse and the top spectrum was collected 

with a chirped pulse followed by a sinc pulse centered at 14211.8 MHz. The marked peak at 15608.6 MHz 

is the only transition significantly attenuated by the sinc pulse. This is the complement of the double 

resonance measurement indicated in Figure 4.10.
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V. Anisole

The last molecule this thesis will cover is anisole, C6H5-O-CH3. Like 

fluorobenzene anisole contains no atoms that induce hyperfine splitting. However unlike 

fluorobenzene and iodobenzene, anisole has two conformers as shown in Figure 5.1 

(Spellmeyer et al.1990). This high energy conformer is roughly 873 cm-1 above the 

ground state and so a majority of anisole molecules are in the lower energy conformer at 

room temperature. Furthermore anisole's total dipole of 1.2623 Deybe is split between the 

a- and b- axes (μa=0.6937 D, μb=1.0547 D), leading to a- and b- type transitions observed 

in the spectra (Desyatnyk et al. 2005).

Figure 5.1. A) Ground state of anisole B) Second conformer of anisole. In the ground state the dihedral 

angle between the phenyl group and the methoxy bond is approximately 0 degrees and in the first excited 

conformer it is 90 degrees. The excited conformer has an energy of 873 cm-1.

Structural interests in anisole were concerned with the angle of the dihedral 

between the oxygen-methyl bond and the benzene ring in the ground state. Initial work 

used polarisability measurements to calculate the angle and found it to be approximately 

20 degrees (Aroney et al.1969). Using ab initio methods Seip and Seip calculated the 
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dihedral angle to be either 0 or 75 degrees depending on the specific method used. They 

then performed electron diffraction experiments, which found anisole's ground state 

dihedral angle to be between 0 and 10 degrees (Seip and Seip 1973).

While there had been previous microwave studies on substituted anisoles, the first 

microwave spectrum of anisole itself was published in 1986 over the frequencies of 8 to 

18 and 26.5 to 40 GHz at -20°C. These measurements revealed rotational constants for 

the ground state as well as the first excited vibrational state of the lower energy 

conformer (Onda et al.1986). 

Since Onda et al. only one paper on the microwave spectrum of anisole has been 

published. Kisiel's group published low temperature data from below 41 GHz and room 

temperature data from 170 to 330 GHz. While they did not attempt to fit data for any new 

excited vibrational states they observed both 13C lines (6 per carbon), and 6 18O lines in 

natural abundance and used these to get an accurate structure of anisole. Modern ab initio 

calculations as well as the observed data puts the dihedral angle at less than a degree 

(Desyatnyk et al.2005).

To date only one excited vibrational state has been assigned despite the fact that 

ab initio calculations predict excited vibrational states lying at 196, 254.1 and 254.9 cm-1 

(not including the fit vibrational state at 88.8 cm-1). The state at 196 cm-1 not only should 

be populated but should also be sufficiently energetically separated from other excited 

states that any interactions should have a negligible effect on the fit.  
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A figure showing the ground state and first vibrational state of anisole is shown below:

Figure 5.2. The ground state and the first vibrationally excited state of anisole with a vibrational frequency 

of 88.8 cm-1.

Anisole was obtained from Aldrich and was purified by three freeze-pump-thaw 

cycles with the vacuum line.  Ab initio calculations were performed in Gaussian '03 using 

our standard method and basis set. We averaged four million experimental repetition 

cycles for both the upper (13.5 – 18.4 GHz) and lower band (8.6 – 13.5 GHz), half using 

reverse chirps and half using forward chirps. Double resonance measurements were taken 

using 500,000 experimental repetition cycles. 

The single pulse data was then combined and is shown in Figure 5.3 and an inset 

is shown in Figure 5.4 along with the 3:1 signal to noise threshold. Using this data fits 

were performed by starting with previously observed rotational constants as well as ab 

initio calculations. Then using our assigned transitions as well as Kisiel's, SPFIT was 

used to recalculate the constants (Pickett 1991) (Desyatnyk et al. 2005). Our constants 

compared to those of Desyatnyk et al. are shown in Table 5.1.
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Figure 5.3. Full spectrum of anisole from 8.7 to 18.3 GHz. This spectrum contains 876 peaks above the 3:1 

signal to noise threshold. 
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Figure 5.4. 115 MHz inset of spectrum for anisole. The dashed line indicates the 3:1 signal to noise cut off.

Table 5.1. Current and Previous Rotational Constants for Previously Fit States of Anisole.

GS v1

current previous current previous

A (MHz) 5028.844013(280)  5028.84414(19) 5015.72396(35) 5015.72483(22)

B (MHz) 1569.364284(91) 1569.364308(68) 1569.376460(215) 1569.37640(14)

C (MHz) 1205.825607(66) 1205.825614(41) 1207.419896(165) 1207.419747(66)

ΔJ (kHz) 0.0603759(97) 0.0603743(39) 0.0614904(138) 0.0614774(83)

ΔJK (kHz) 0.040586(129) 0.041045(33) 0.041011(79) 0.041014(54)

ΔK (kHz) 0.78434(43) 0.783354(67) 0.776131(291) 0.77697(17)

δJ (kHz) 0.0159439(50) 0.0159437(18) 0.0160474(93) 0.0160516(45)

δK (kHz) 0.178927(266) 0.179228(90) 0.17608(32) 0.17574(12)

ΦK (mHz) 0.456(137)

ΦKJ (mHz) -0.204( 56)

N 467 154 259 135

RMS (kHz) 49.9 39.7 47.3 38.8

Although our fits have a slightly higher error than Kisiel's we were able to solve 

for two sextic constants for the ground state. In addition two preliminary fits were made 
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for new vibrational states. Their preliminary rotational constants as well as the scaled 

predicted constants for the v1 overtone and the v2, v3 and v4 states are displayed below:

Table 5.2 Preliminary Fits for Two New States and Relevant Ab Initio Calculations.

v1 overtone Ab initio v1 

overtone 
v2 Ab initio v2 Ab initio v3 Ab initio v4

A (MHz) 5002.7013(123) 5000.96 5023.6056(108) 5023.64 5048.45 5026.27

B (MHz) 1569.3209(58) 1569.70 1568.0626(84) 1567.76 1568.15 1567.21

C (MHz) 1209.0358(56) 1209.05 1205.9540(84) 1205.79 1204.39 1205.14

ΔJ (kHz) 0.0601(102) 0.0599(136)

N 16 15

RMS (kHz) 51.5 105.1

E (cm-1) 178.95 196 254.1 254.9

From the rotational constants as well as the Gaussian output we suggest that one 

of these new excited states is the overtone of the first vibrational state and the other is the 

second vibrational state. This is due to the closeness of the experimental constants to the 

ab initio constants as well as the energy levels of the two states. The v1 overtone and v2 

state lie at 178.95 cm-1 and 196 cm-1 respectively while the next two excited states lie at 

254.1 and 254.9 cm-1. So while the second new vibrational state has predicted constants 

close to the predicted v2 and v4 states the intensities of the observed peaks are what would 

be expected for the v2 state. 

The assigned lines were then cut from the spectra; remaining peaks are shown in 

Figure 5.5. While this is still a dense spectrum 375 of the 876 peaks were assigned, and 

only 5 of the 50 most intense transitions were left unassigned.

A 255 MHz sample region is shown in Figure 5.6. Assigned peaks are marked 

with an asterisk and the dashed line represents the 3 to 1 signal to noise cut off; peaks 

below this line were considered to be indistinguishable from random noise.
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Figure 5.5. Full anisole spectrum minus assigned transitions.

Figure 5.6. Inset of full spectrum from 14695 to 14950 MHz with assigned transitions marked.
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While there are a number of unassigned peaks left in the spectrum we should be 

able to assign a new vibrationally excited state with relative ease because the typical 

accuracy of ab initio calculations for low-lying unperturbed states is excellent. This is the 

first goal of future work. A second objective for future work will be to use anisole as a 

test for our double resonance measurements. 

Double resonance measurements are effective in general but one problem that we 

have had is that the optimal amount of power for the sinc pulse strongly varies based on 

transition. For any given transition too much power in the sinc pulse attenuates 

unconnected transitions that should not be modulated, while too little power insufficiently 

modulates connected transitions. Since anisole has a number of connected transitions 

over a wide frequency range with varying intensity, it is a good molecule to 

systematically test our double resonance technique in order to see which, if any, of these 

factors affect optimal power. This will make future automation of double resonance 

measurements on other molecules significantly more straightforward.
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VI. Conclusions/Future Work

Three molecules were discussed in this thesis: fluorobenzene, iodobenzene and 

anisole. For fluorobenzene the fit parameters for previously assigned states were refined. 

For iodobenzene, in addition to assigning new lines to transitions, the hyperfine terms for 

three excited states were resolved. Finally for anisole the fit parameters for the previously 

assigned states were refined and two new preliminary sets of fit parameters were 

obtained. While future work will be done to fit more vibrationally excited states for all of 

these molecules and also to further refine the fit parameters of the newly assigned anisole 

states, a majority of the future work using the NCF spectrometer will concentrate on 

double resonance measurements. 

Currently, our setup has enough power to make broadband double resonance 

measurements which should allow us to rapidly search for connected states. This search 

could be performed as follows. First, a measurement would be made with a chirped pulse 

followed by a broad sinc pulse (>50 MHz FWHM). This data could then be processed to 

see which transitions were attenuated by the broadband sinc pulse. Measurements would 

then be made with a chirped pulse followed by a narrowband sinc pulse (<2 MHz 

FWHM) centered at an attenuated transition to see which peaks share a quantum state 

with the attenuated peak. By pre-selecting connected transitions this technique will allow 

us to quickly learn about level connectivity on systems without previous assignments. 

This connectivity information allows for rapid spectral assignment. Often as few as 1 or 2 

double resonance measurements are required for a preliminary assignment if there are 

reasonable initial structures from ab initio calculations.
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The low resolution 2-D measurements performed on iodobenzene combined with 

the narrowband double resonance measurements show the potential for high resolution 

2-D measurements, in which a double resonance measurement would be performed on 

every line in the spectrum in an automated fashion. The primary barrier stopping us from 

making these measurements presently is the speed at which the oscilloscope can process 

data. Currently we are limited to an experimental repetition rate of 160 Hz. At this speed, 

taking 2 million experimental cycles per sinc pulse with a 2 MHz pulse spacing over the 

entire 10 GHz spectrum would take 694 days. However, a “spectroscopy optimized” 

oscilloscope being designed as part of a recent NSF grant would potentially increase the 

repetition rate to 100 kHz, allowing this same series of measurements to be performed in 

under 28 hours. 

Currently, we are limited to an instantaneous 5 GHz bandwidth. While combining 

data from multiple PLDROs allows us to acquire a 10 GHz spectrum our existing 

instrument can only make double resonance measurements on transitions that lie either in 

our upper or lower band. In the near future, we will receive a microwave synthesizer 

which has already been purchased. This synthesizer will allow us to generate out of band 

sinc pulses which will allow us to conduct double resonance measurements over our 

entire bandwidth in a given experimental cycle.

Additionally, our lab is exploring variable temperature measurements. Because 

the population of excited vibrational states is given by Boltzmann statistics the use of 

multi-temperature measurements should allow us to estimate the vibrational origin of 

each observed peak. Furthermore, higher temperature measurements will populate more 
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excited vibrational states and conformers extending measurements to new states that have 

never been previously observed.

Lastly, software to perform automated spectral fitting is currently in development 

by Noah Anderson, a New College student. If this software works as intended it would 

help to significantly accelerate the most time consuming step of the experimental process.
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