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Rotational Spectroscopy of trans Isopropylamine and 

2-(methoxy-13C)-ethanol

Christian Metzger

New College of Florida, 2013

Abstract

The methoxy-13C isotopomer of 2-methoxyethanol (MEO) was synthesized from 

ethylene glycol and iodomethane.  The rotational spectra of both 2-(methoxy-13C)-ethanol 

(13MEO) and isopropylamine have been recorded from 8.7 – 26.5 using a waveguide, 

chirped-pulse Fourier transform microwave spectrometer.  Spectra were recorded at 253 

K at each molecule's optimal pressure.  The ground state and three excited vibrational 

states of 13MEO and the ground state of trans isopropylamine have been fit.  The work 

required to further these fits and to fit other states of both molecules are discussed.  

Dr. Steven T. Shipman 

Division of Natural Sciences



1 – Introduction

Molecules exist in quantized energy states and transitions between these states 

must be accompanied by the absorption or emission of energy equal to the difference of 

the energies of the states involved.  Each unique molecule is restricted to a unique set of 

energy states, so it can only interact with specific wavelengths of light corresponding to 

transitions between levels.  Molecules in space are constantly emitting radiation at these 

wavelengths, which can be detected with telescopes.   Their emission is observed in the 

frequency domain, and each spectral peak corresponds to a specific transition of a 

molecular species in the observed region.  Astrochemists rely on molecular 

spectroscopists to determine which peaks are associated with which molecules.  This 

information allows them to study the distribution, conditions, and reaction kinetics of 

matter throughout the universe.    

Each region of the electromagnetic spectrum is associated with a specific type of 

molecular transition: the microwave region with rotational (λ ~ 1 m – 1 mm), the infrared 

with vibrational (λ ~ 1 mm – 1000 nm), and the ultraviolet/visible  (λ ~ 1000 nm – 100 

nm) with electronic transitions.  This thesis deals with the assignment of rotational 

transitions occurring between 3.45 and 1.13 cm-1 (8.7 – 26.5 GHz).  Rotational 

spectroscopists record the spectrum of a molecule of interest in the microwave region and 

assign its peaks to rotational transitions.  These assignments are used to calculate 

molecular parameters from which astrochemists can predict the spectrum in any region. 

Rotational spectroscopy is particularly useful in astrochemistry because it is keenly 

sensitive to mass distribution, making it possible to differentiate between the isotopomers 
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of a molecule.  Isotopomers are simply molecules with isotopic substitutions.  

Astronomers refer to the matter between star systems in a galaxy as the interstellar 

medium (ISM).  It is composed of gaseous atoms, ions, molecules, cosmic rays, and dust. 

Astrochemists scan the ISM for complex molecules of interest, but very abundant, small 

organic molecules termed interstellar “weeds” make identifying other molecules difficult.  

Due to their high abundances and many low lying excited vibrational states, these 

interstellar weeds have strong, dense spectra that hinder detection of the “flowers.”[1] 

Fortunately, characterization of interstellar weeds is worthwhile for reasons other than 

finding flowers.  Because their dense spectra include many excited states, they also 

provide information about physical conditions in the ISM[1].  

There is a current need for laboratory data on molecules known or thought to be 

present in the ISM.  Presently, only around 170 molecules have been detected, many of 

which require further characterization[1].  Furthermore, with the advent of new, more 

sensitive telescopes it will be possible to detect much less abundant species for which 

laboratory data will also be necessary.  Of particular note is the Atacama Large 

Millimeter/submillimeter Array (or ALMA)[2,3].  An international collaboration, ALMA is 

an array of 66 antennas located in an ideal location, 5000 meters above sea level on the 

Chajnantor plateau in the Atacama desert of northern Chile.  It began operations in March 

2013, and will be the most precise and sensitive active sub-millimeter telescope for some 

time.

The distribution of isotopes throughout the ISM is of marked interest to 

astrochemists because it provides details on the conditions, history, and chemical 
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pathways of the ISM.  According to the Standard Big Bang nucleosynthesis model, the 

isotopes deuterium, 3He, 4He, 6Li, and 7Li were produced in the moments following the 

Big Bang[4].  The heavier atoms (which astrophysicists and astrochemists commonly refer 

to as metals) and their isotopes are thought to be produced in stars (stellar 

nucleosynthesis).  Current abundances are the result of initial abundances and the 

pathways by which each species is created and destroyed.  Laboratory measurements 

make the detection and determination of current abundances possible.  

In the past it has been difficult to detect isotopomers in the ISM and in the lab due 

to their low abundances (Table 1.1).  For instance, a spectrometer must have a signal-to-

noise ratio on the order of several hundred-to-one at a minimum to detect a carbon 13 

isotopomer in natural abundance.  Now that the observational tools have improved, 

Table 1.1 Natural (terrestrial) abundance of a few common isotopes[5]

Isotope Relative Atomic Mass Isotopic composition Standard  Atomic Weight

H        1   
D        2   
T         3 

1.00782503207(10)
2.0141017778(4)
3.0160492777(25)

0.999885(70)
0.000115(70)

1.00794(7)

C        12
           13
           14

12.0000000(0)   
13.0033548378(10) 
14.003241989(4)

0.9893(8)
0.0107(8)

12.0107(8) 

N        14
           15

14.0030740048(6)
15.0001088982(7)

0.99636(20) 
0.00364(20) 

14.0067(2)    

O        16
           17
           18

15.99491461956(16)
16.99913170(12)
17.9991610(7)

0.99757(16)
0.00038(1)
0.00205(14)

15.9994(3) 

S        32  
          33
          34
          36

31.97207100(15)
32.97145876(15)
33.96786690(12)
35.96708076(20)

0.9499(26) 
0.0075(2) 
0.0425(24) 
0.0001(1) 

32.065(5)

Cl       35
          37

34.96885268(4)
36.96590259(5)

0.7576(10)
0.2424(10) 

35.453(2) 
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however, laboratory measurements must be made on isotopomers of interest.  It will be 

particularly important to measure the isotopomers of “weeds”, as these will contribute a 

high number of transitions to the observed spectra of the ISM.  This thesis details the 

synthesis and analysis of the rotational spectrum of a carbon 13 isotopomer of 2-

methoxyethanol in addition to the normal species of isopropylamine.
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2 – Experimental 

Microwave spectra were recorded using the Shipman lab's chirped-pulse Fourier 

transform microwave spectrometer (CP-FTMW).  In this instrument, rotating molecules 

are transiently aligned within the sample cell (waveguide) by a high-powered linear 

frequency sweep in time, termed a chirped pulse, of microwave radiation (Figure 2.1). 

As a result of their dipole moments, this pulse applies a torque on the molecules that 

causes them to rotate in phase with the electric field.   After the polarization pulse 

terminates, the molecules continue to rotate in phase, emitting a weak electric field.  The 

spectrometer monitors the free induction decay of this signal as collisions between the 

molecules and each other or the walls of the waveguide induce collisional dephasing. 

The frequency domain rotational spectrum is generated by Fourier transforming this time 

domain molecular FID.  This technique offers a high signal-to-noise ratio due to the 

phase sensitivity of the detection process; there is no practical noise floor because the 

primary noise source, a low-noise amplifier in the receiver, has random phase and 

averages to zero[6]. 

Figure 2.1: A stylized representation representation of a chirped pulse[8].  For an actual  

chirped-pulse, see Figure 2.2
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The Chirped-Pulse Fourier Transform Microwave Spectrometer  

The microwave circuit of the spectrometer can be divided into three portions 

based on task - generating the chirped-pulse, irradiating the sample, and detecting 

molecular emissions.  The chirped-pulse is generated by an arbitrary waveform generator, 

shifted to the desired frequency range and amplified.  It is then sent into the waveguide to 

irradiate the sample.  After polarization, weak molecular emissions are detected as a FID 

by extremely sensitive microwave components. These components are protected from the 

initial chirped-pulse by a switch that is open during sample irradiation and closed upon its 

completion.  Finally, the FID must be amplified prior to detection by a digital 

oscilloscope.  

The pulse length of the polarization pulse can be optimized to achieve the highest 

S:N ratio.  A longer pulse can increase this ratio by delivering more power to the sample, 

but lengthening the pulse can also decrease the ratio because a larger fraction of the 

molecules will have decayed before the pulse terminates and FID detection begins.  The 

latter effect decreases the intensities of spectral peaks closer to the beginning of the 

frequency band because those components of the FID decay as the pulse continues.  The 

amplitude of the polarization pulse can also be increased at the beginning of each shot to 

account for this decay.  Figure 2.2, which shows a chirped-pulse used regularly in the 

Shipman lab, exemplifies this approach. 

The spectrometer circuit can be modified to perform its tasks in different 

frequency ranges, and three such bands and accompanying setups were used to collect 

data for this thesis.  The first two bands, 8.7 – 13.5 and 13.5 – 18.3 GHz, require almost 
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Figure 2.2:  A chirped-pulse generated by the arbitrary waveform generator.  This 250 ns  

pulse was used to collect data from 8.7 – 13.5 and 13.5 – 18.3 GHz.  The signal from  

molecules excited at the beginning of the pulse decays during the rest of the sweep.  The  

decrease in power evens out signal strength by accounting for this decay.  

identical setups while the third band, 18.0 – 26.5 GHz, requires a markedly different 

circuit.  Detailed descriptions of the two lower band circuits can be found in Ian 

Finneran's thesis,[6] and the 18.0 – 26.5 GHz circuit is described in depth in Bri Gordon's 

2013 thesis[7].

Unfortunately, imperfections in the isolation of the high speed electronics cause 

spurious peaks referred to as clock lines to appear in the spectrum.  These lines are 

independent of sample conditions, including pressure, so a blank is taken after flooding 

the waveguide with sample molecules.  When the pressure is too high, molecular 

collisions occur with such frequency that the molecular FID decays before detection is 
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initiated.  Thus, only clock lines are recorded, and can be easily subtracted from the 

experimental spectrum.  

Synthesis of 2-(methoxy-13C)-ethanol (HO-CH2-CH2-O-13CH3)

The methoxy-13C isotopomer of 2-methoxyethanol (HOCH2CH2OCH3) was 

synthesized from iodomethane (CH3I) and ethylene glycol (HOCH2CH2OH).  Ultimately, 

sodium hydride (NaH) was used to deprotonate the glycol, however, two catalysts were 

tested first.  These were ferric perchlorate (Fe(ClO4)3) and ferric chloride (FeCl3). 

Ferric perchlorate tetrahydrate was purchased from Sigma-Aldrich as a 

hygroscopic, pale violet crystal.  Several unsuccessful attempts were made to reproduce 

the one-pot synthesis described by Behbahani et al[8,9].  The reaction was monitored by 

thin-layer chromatography on silica or alumina plates.  Dichloromethane (DCM) was the 

solvent, and the product was visualized in an iodine chamber.  No product was detected 

by TLC or HNMR of the crude product when the reaction was run as described (for 1.5 

hours, at room temperature, and exposed to air).  The crude product was isolated by 

distillation.  Raising the temperature, increasing the reaction time, and running the 

reaction under an inert atmosphere, individually and combined, failed to remedy the 

problem with and without solvent.  Adsorbing the catalyst onto silica as described by 

Salehi et al met with similar results[10].  Lastly, an unsuccessful attempt was made to 

employ a different ferric iron source[11], ferric chloride (Sigma-Aldrich, 97%).  
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2-methoxyethanol (MEO) was finally synthesized by first deprotonating the 

ethylene glycol with sodium hydride.  The procedure, based on a reported synthesis of 

3-methoxypropanol from iodomethane and propanediol[12], is reported below.  NaH was 

purchased as a 60% dispersion in mineral oil from Sigma-Aldrich.  The normal molecule 

was successfully synthesized three times from normal reagents before isotopically 

enriched reagents were employed.  

Products were verified by HNMR and MW spectroscopy.  NMR spectra were 

recorded on a Bruker AC – 250 while MW spectra were recorded with the Shipman lab's 

CP-FTMW spectrometer.  The product was purified first by distillation and then by three 

freeze-pump-thaw cycles prior to collection of the MW spectrum.  Figures 2.3 and 2.4 

show comparisons of the HNMR and MW spectra of MEO purchased from Sigma-

Aldrich (anhydrous, 99.8%) and the synthesized product.  Additionally, the NMR spectra 

of each reagent, the product from each practice synthesis, and the isotopomer are 

available in the Appendix.   

Table 2.1 shows the yield of each synthesis, where either sodium hydride or

 iodomethane were limiting.  The jumps in yield are likely due to improved reagents and 

technique.  The sodium hydride used in the first two reactions was extremely old and had 

not been properly sealed.  It was whiter and much less reactive than the fresh reagent 

used in the third and final syntheses.  The third reaction became too vigorous when the 

iodomethane was added as before and backed into the condenser tube and nitrogen line. 

A larger flask and very gradual addition of the iodomethane resulted in a much smoother 
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Figure 2.3: The NMR spectra (250 MHz, CDCl3) of (above) purchased and (below)  

synthesized MEO.  All of the hydrogens are accounted for by the peaks present in both,  

where: δ 2.4 (singlet, HOCH2), 3.4 (singlet, H3CO(CH2)), 3.5 (triplet, OCH2CH2 OH), 

3.7 (triplet, OCH2CH2 OH)
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Figure 2.4: Comparison of MW data.  The thinner line is data recorded for 2 million  

averages at -10 ºC using purchased MEO.  The thicker line is data recorded for 0.5  

million averages at -20 ºC using the synthesized product.  The agreement between these  

spectra confirm the NMR results indicating that MEO is the dominant product.

reaction and higher yield for the final synthesis.

Table 2.1:  Reaction Yields

1st Synthesis 2nd Synthesis 3rd Synthesis Isotopomer Synthesis 

Yield (%) 33% 13% 48% 81%*
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Procedure

A 150 mL three-necked boiling flask charged with 3.25 g (81.2 mmol) NaH (60% 

dispersion in mineral oil, Sigma-Aldrich) and a magnetic stir bar was fitted with a rubber 

septum, a plastic stopper, and a reflux condenser fitted to a nitrogen line.  The flask was 

purged with N2 for a few minutes before a 5 mL hexane wash was injected into the flask. 

After the solution settled, the hexane was removed to expose reactive sodium hydride.

The vessel was gradually charged with 20 mL (290 mmol) ethylene glycol (99% 

anhydrous, Sigma-Aldrich) before slowly adding 10.0 g (65.8 mmol) 13CH3I (99% 

isotopic enrichment, stabilized with copper wire, Cambridge Isotopes Laboratories).  The 

reaction mixture was left to reflux under mild heating and allowed to cool to room 

temperature once reflux ceased (approx. 1 hour).  The reaction mixture, a clear yellowish 

solution, was then distilled under reduced pressure to yield 4.33 g (30.3 mmol, 81% 

yield) 2-(methoxy-13C)-ethanol.  The product was purified by three freeze-pump thaw-

cycles before the MW spectrum was recorded. 

Isopropylamine

(CH3)2CHNH2: Isopropylamine (≥ 99.5%) was purchased from Sigma-Aldrich, 

verified by NMR, and used without further purification.  NMR info (250 MHz, CDCl3): δ 

1.1 (doublet, (CH3)2CH), 1.2 (singlet, CHNH2), 1.6 (singlet), 3.5 (septet, (CH3)2CH). 

This spectrum is available in the Appendix.  
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3 – Theory

According to quantum mechanics, the free rotation of a molecule is quantized; the 

rotational energy and angular momentum take specific, fixed values related to the 

molecule's moment of inertia.  That is to say, molecules exist in a set, rather than a 

continuum, of rotational states determined by their mass distribution.  Rotational 

spectroscopy deals with the measurement of the energies of transition between these 

states.  Intermolecular forces prevent molecules from undergoing free rotation in the solid 

and liquid phases, so rotational spectroscopy is concerned exclusively with molecules in 

the gas phase.  

Molecules rotate relative to three orthogonal axes A, B, and C, whose origins are 

located at the system's center of mass.  Each molecule's moment of inertia has three 

components: IA, IB, and IC, where Ii is the component along axis i.  The axes are normally 

defined such that the A axis corresponds to the smallest moment of inertia, or IA ≤ IB ≤ IC. 

Traditionally, rotational spectroscopists replace these components with the rotational 

constants A, B, and C such that:

A = ħ2/2IA B = ħ2/2IB C = ħ2/2IC

Molecules are divided into five groups based on symmetry.  Defined by their 

rotational constants, they are: spherical tops (A = B = C), linear tops (A = ∞, B = C), 

oblate symmetric tops (A = B > C), prolate symmetric tops (A > B = C), and asymmetric 

tops (A > B > C).  Oblate and prolate tops resemble discs and footballs respectively. 

Examples include methane and sulfur hexafluoride for spherical tops, diatomics and 

carbon dioxide for linear tops, benzene and cyclobutadiene for oblate tops, chloroform 
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and chloromethane for prolate tops, and water and nitrogen dioxide for asymmetric tops. 

Most large molecules, including both of those studied in this thesis, are asymmetric tops. 

The energy of a freely rotating molecule is purely kinetic and dependent on the 

moment of inertia and angular momentum, J:

E = 1/ħ2(AJA
2 + BJB

2 + CJC
2)

where Ji is the component of angular momentum along the axis i.  In quantum mechanics, 

observable quantities such as energy and angular momentum are replaced by operators. 

Operators act on a set of functions, referred to as eigenfunctions, to yield a constant value 

multiplied by the eigenfunction.  The constant value is called the eigenvalue and 

corresponds to a familiar observable quantity, such as angular momentum or energy.  

The most important quantum mechanical operator is the Hamiltonian, Ĥ, which is 

the energy operator.  It acts upon a system's eigenfunction, or wavefunction (Ψ), to yield 

the energy of that system according to the Schrödinger equation:

ĤΨ = EΨ

Wavefunctions are sometimes referred to as state functions because they completely 

specify the state of a quantum-mechanical system, such as a particle or molecule.  

The entire Hamiltonian for a molecule is an infinitely large matrix that acts upon 

the molecule's entire wavefunction to yield its total energy.  Just as energy can be broken 

into rotational, vibrational, and electronic components, the Hamiltonian can be broken 

down into multiple operators whose eigenvalues are those components.  An approximate 

rotational Hamiltonian for a molecule with fixed bond lengths (rigid rotor) can be 

constructed using the angular momentum operator, Ĵ:
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Ĵ2 =  ĴA
2 + ĴB

2 + ĴC
2

Ĥ = 1/ħ2(A ĴA
2 + B ĴB

2 + C ĴC
2)

where A, B, and C are the rotational constants described above.  The eigenvalues of this 

Hamiltonian are a molecule's rotational energy levels.  

Spectroscopists approximate the true, infinitely large rotational Hamiltonian using 

a Watson's A-Reduced Hamiltonian[13].  This Hamiltonian generates rotational spectra 

from the fewest possible parameters.  All of these parameters, however, have physical 

meaning.  The goal of rotational spectroscopy and this thesis is to determine these 

parameters, so that rotational spectra can be predicted in any frequency range and used 

for molecular identification in complex spectra with signals from many different 

compounds.  Watson's A-Reduced Hamiltonian up to sixth order includes all of the 

parameters employed in this thesis (operators in bold):

Ĥ{A}=Ĥr+Ĥd
{4}+Ĥd

{6}

Ĥr=APz
2+BPx

2+CPy
2 

Ĥd
{4}=-ΔJP

4-ΔJKP2Pz
2-ΔKPz

4-2δJP
2(Px

2-Py
2)-δK[Pz

2(Px
2-Py

2)+(Px
2-Py

2)Pz
2]

Ĥd
{6}=ΦJP

6+ΦJKP4Pz
2+ΦKJP

2Pz
4+ΦKPz

6...

The rotational constants A, B, and C are the most important as they are several orders of 

magnitude larger than the others.  As a molecules rotates, its bond lengths and mass 

distribution change slightly, altering the spectrum.  The other parameters account for this 

distortion due to rotation.  Table 3.1 gives typical values for these constants.  

This Hamiltonian cannot be solved analytically for asymmetric tops, so it is 

modeled using a symmetric top basis set.  The symmetric top wavefunction is dependent 
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Table 3.1:  The rotational constants of dimethyl ether ((CH3)2O)[14].  The eight shown here  

are generally the minimum necessary to describe a molecule.

Constant A B C ΔJ ΔJK ΔK δJ δK

Unit MHz MHz MHz kHz kHz kHz kHz kHz

Value 38788.162 10056.509 8886.804 9.014 -30.051 340.077 -1.781 -0.166

on three quantum numbers, J, K, and M.  J is the molecule's angular momentum, K is the 

angular momentum along one of the molecular reference frame axes, and M is the 

angular momentum along the laboratory reference frame axes.  The quantum number M 

is only necessary to describe a molecule rotating in an external electric field.  No external  

field was applied to samples during data collection for this thesis, so the degeneracy in M 

was not broken.  Additionally, a molecule's relative symmetry determines which basis set, 

oblate or prolate top, is more important.  Asymmetric tops that more closely resemble the 

prolate condition have a dominantly prolate basis set and vice versa.  Asymmetry is 

quantified using Ray's asymmetry parameter, κ:

κ = (2B – A – C) / (A – C) 

The values of κ vary between -1 and 1, corresponding to the prolate and oblate cases 

respectively.  

The basic elements of rotational spectroscopy are as follows: first, a known 

sample's purely rotational (gas phase) spectrum is recorded as a free induction decay in 

the time domain.  Fourier transformation of this FID then yields the spectrum in the 

frequency domain.  Peaks in this spectrum, representing the energy difference between 

two rotational states, are assigned to states specified by the angular momentum quantum 
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number, J , and the components of angular momentum along one of the axes (A: prolate, 

C: oblate) if the molecule was a symmetric oblate top (Kc) or a prolate symmetric top 

(Ka).  These assignments generate matrix elements used to better approximate the actual 

Hamiltonian.  This refinement takes the form of more accurate rotational parameters.

The Hamiltonian predicts energy levels, but transitions between energy levels are 

observed rather than the energy levels themselves.  These are governed by selection rules 

that depend on a molecule's dipole moment, μ.    For a given molecule, only transitions 

with specific changes in angular momentum are allowed.  These allowed transitions are 

given by a set of selection rules, and the components of a molecule's dipole moment 

determine which selection rules govern its transitions:

if μa ≠ 0:  ΔJ = 0, ± 1  ΔKa  = 0(,± 2, ± 4,. ..)  ΔKc= 1(,± 3, ± 5,. ..)

if μb ≠ 0:  ΔJ = 0, ± 1  ΔKa  = 1(,± 3, ± 5,. ..)  ΔKc= 1(,± 3, ± 5,. ..)

if μc ≠ 0:  ΔJ = 0, ± 1  ΔKa  = 1(,± 3, ± 5,. ..)  ΔKc= 0(,± 2, ± 4,. ..)

Transitions are designated by the component of μ involved: a-type, b-type, and c-type. 

Finally, the intensities of spectral peaks are proprotional to μ2.

An additional complication to address is hyperfine splitting, which arises from 

quadrupole coupling.  Nuclei with a spin quantum number, I, greater than ½ have a 

quadrupole moment.  The nuclear spin angular momentum couples with the rotational 

angular momentum causing the rotational energy levels to split.  For J > I, 2I + 1 

sublevels result.  For J < I, 2J + 1 sublevels result.  The only quadrupolar nucleus in this 

thesis is 14N, which has a spin quantum number equal to one.  In this case, all transitions 

with a J of greater than two are split into three levels.  The sublevel energies are 
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proportional to the nuclear quadrupole moment and are a function of J and a new 

quantum number, F, where:

F = J + I, J + I – 1, …, 0, …, J – I

and the selection rules become

ΔJ = ± 1, ΔF = 0, ± 1

The next complication is also an advantage of CP-FTMW, particularly at higher 

temperatures.  Due to the sensitivity of rotational spectroscopy to mass distribution, every 

conformer, vibrational state, and isotopomer has its own spectrum and rotational 

constants.  Thus, multiple spectra are present and overlapping in the experimental 

spectrum of even pure compounds.  The population distribution in various states can be 

calculated as a function of temperature according to the Boltzmann distribution. 

Furthermore, ab initio methods make it possible to estimate the rotational parameters of 

excited vibrational states and isotopomers from the ground state parameters.  

The spectroscopic Hamiltonian is purely rotational, so it does not account for 

vibrational effects.  Only the average vibrational effects must be taken into account 

because molecules vibrate on a much faster time scale than they rotate.  Each vibrational  

type and state alters bond lengths and mass distribution differently, so each excited 

vibrational state has a unique rotational spectrum.  The effects of a vibration on the 

rotational constants are given by the vibration-rotation coupling constants:

An = Aₒ – n*αa

Bn = Bₒ – n*αb

Cn = Cₒ – n*αc
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where An , Aₒ, and αa refer to the nth excited vibrational state rotational constant, the 

ground state rotational constant, and the vibration-rotation coupling constants of A (B,C) 

respectively.  

A final topic worth addressing is the automated fitting procedure used in the 

Shipman lab.  This approach relies on the importance of the rotational constants A, B, and 

C relative to the distortion constants.  Knowing that these constants can be generated 

from any three linearly independent spectral assignments, a previous thesis student Ian 

Finneran wrote a Python script (the “triples fitter”) that generates and tests possible 

combinations of three assignments rapidly[6].  The input required is a list of peaks from 

the experimental spectrum and initial estimates for the rotational constants.  The program 

predicts the spectrum using these constants, identifies the 10 – 20 most intense transitions 

in the desired bandwidth, and allows the user to select three of them (the triple).  The user 

then picks transitions for the program to use in assessing potential constants.  The 

program generates potential constants by assigning the three specified transitions to peaks 

within a given range of their predicted location.  These constants are used to predict the 

spectral frequencies of the transitions chosen for assessment.  The closer the predicted 

peaks are to experimental peaks, the higher the triple is scored.  High scoring results are 

usually an improvement over starting constants from Gaussian.  Frequently, the most 

difficult part of fitting spectra is assigning the first few peaks.  The triples fitter expedites 

the fitting process as a whole by easing this step.  
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4:  2-(methoxy-13C)-ethanol: 

The first molecule studied in this thesis, 2-(methoxy-13C)-ethanol (13MEO), was 

chosen after Maria Phillips collected a strong spectrum of normal 2-methoxyethanol 

(MEO)[15].  Her interest in MEO is the result of its physical characteristics, such as vapor 

pressure, size, dipole moment, and the likelihood that it exists in the ISM.  ALMA should 

detect molecules with more than three heavy atoms, and MEO is the product of known 

ISM formation reactions.  It has four stable conformers[16], but only the most stable has 

been observed by microwave spectroscopy[15,17,18].  This conformer is trans-gauche-

gauche' (tgg') with respect to the CO-CC, OC-CO and CC-OH bonds (Figure 5.1).  It is a 

nearly prolate top with a Ray's asymmetry parameter κ = -0.947 and a dipole moment 

strongest along the A axis, significant along the B axis, and negligible along the C axis: 

μa =  2.03, μb =  1.15, μc = 0.0897 D. 

Figure 4.1: The most stable and only observed conformer of MEO, which is designated  

trans-gauche-gauche' (tgg' )[16]

In 1971, Buckley and Brochu observed the first microwave spectrum of MEO 

from 8 – 26.5 GHz  at -40ºC using a 100 kHz Stark-modulated spectrometer[17] .  They fit 

38 transitions with Jmax = 4 to the ground state of the dominant conformer.  Furthermore, 
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they assigned 47 transitions with Jmax = 9 to three excited vibrational states.  In 1986, 

Caminati et al extended the ground state fit to Jmax = 70 as well as assigning transitions to 

five new excited vibrational states[18].  Their spectra were recorded at -25ºC using a 

Hewlett Packard 8040A computer-controlled Stark-modulated spectrometer. 

Most recently, Phillips recorded the spectrum of MEO using the Shipman lab's 

CP-FTMW spectrometer (8.7 – 26.5 GHz, 1 million shots, 4 μs FID)[16].  The spectrum 

was observed at 253 K and 5 mTorr.  Using Caminati's ground state constants, the triples 

fitter found constants for the ground and four excited vibrational states.  Caminati's 

constants were then used again, this time to identify the excited states, which were the 

first and second excited state of the C-O torsion (vsk1), the first excited state of the C-C 

torsion (vsk2), and a combination of the first excited states of vsk1 and vsk2.  The triples fitter 

constants were refined with SPFIT/SPCAT, and all of these refined fits are given in Table 

4.1.

The spectrum of 13MEO was recorded from 8.7 – 26.5 GHz on the Shipman lab's 

CP-FTMW spectrometer.  2 million shots with a 4 μs FID were averaged at 253 K and 5 

mTorr.  The spectrum is shown in Figure 4.2.  1619 peaks were identified above the 3:1 

signal to noise ratio, 122 of which have been assigned to transitions belonging to the 

ground and three excited vibrational states of 13MEO.  An additional 63 peaks were 

assigned to the ground state of the 12C species.  All of the 13MEO constants are reported 

for the first time here.

In order to assign 13MEO's ground state, a simple method was used to improve the 

ab initio values calculated with Gaussian, which are close, but not perfectly correct.  A
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Table 4.1: Parameters for the ground and four excited vibrational states of MEO tgg’  

taken from Phillips[15].

GS 

Constant 

Ground State vsk1 = 1 vsk1 = 2 vsk2 = 1 vcombination

(vsk1 = 1) + 

(vsk2 = 1)

A (MHz) 12982.413
(82)

12868.526
(82)

12757.791
(86)

131011.368 
(113)

12965.253 
(102)

B (MHz) 2742.5065
(171)

2750.443
(171)

2759.1535
(179)

2731.1284 
(247)

2738.2374 
(201)

C (MHz) 2468.1081
(158)

2473.7820
(171)

2479.7663
(191)

2459.8579 
(267)

2465.5310 
(208)

ΔJ (kHz) 1.4255(232) 1.4935(215) 1.5770(290) 1.418(90) 1.466(36)

ΔJK (kHz) -11.939(305) -12.48(38) -13.10(44) -12.32(142) 13.38(65)

ΔK (kHz) 93.06(35) 87.42(53) 82.65(55) 83.00(191) 99.76(90)

δJ (kHz) 0.28485(161) 0.3056(59) 0.3312(56) 0.2744(143) 0.2915(113)

δK (kHz) 4.13(48) 3.30(63) 2.60(89) 5.93(249) 3.43(166)

HJ (Hz) 0.00157(55) - - - -

HKJ (Hz) -0.217(59) - - - -

Lines Fit 257 142 123 81 82

Fit RMS 
(kHz)

72 75 87 79 78

scaling factor between Gaussian and Phillips' experimental ground state constants for the 

12C species was used to scale the Gaussian values of the 13C species.  

Starting with these scaled constants and holding Phillips' normal species distortion 

constants fixed, 63 transitions were assigned.  J values up to 15 were included, and the fit 

has an RMS (root mean squared deviation) of 63 kHz.  All parameters are given in Table 

4.2 alongside ab initio values, scaled ab initio values, and ground state constants from 
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Table 4.2:  Comparison of rotational parameters for the ground state of MEO

Constant Ab Initio
B3LYP/6-311+g(d,p)

Scaled ab 
initio

Phillips[16] Metzger

A (MHz) 12954.101 12959.42 12982.413(82) 12982.325(196)

B (MHz) 2718.106 2671.565 2742.5065(171) 2742.503( 33)

C (MHz) 2445.155 2410.041 2468.1081(158) 2468.105( 34)

ΔJ (kHz) 1.4386 1.4386 1.4255(232) 1.409( 95)

ΔJK (kHz) -12.057 -12.057 -11.939(305) -12.26(114)

ΔK (kHz) 94.545 94.545 93.06(35) 93.4( 51)

δJ (kHz) 0.29118 0.29118 0.28485(161) 0.2859

δK (kHz) 4.3814 4.3814 4.13(48) 3.9000

Lines Fit - - 257 63

Fit RMS (kHz) - - 72 63

Jmax - - 78 26

Values reported without uncertainties were held fixed to the given value.

Phillips.  Unfortunately, a quick comparison makes it clear that this fit is of the normal 

species' ground state. 

Previously, the triples fitter successfully found the ground and four excited 

vibrational states of 12C MEO in a single run using Caminati's constants[15].  It also found 

the ground state constants of 2-ethoxyethanol, but only after some tinkering.  Given these 

accomplishments and the failure of the scaling method, the triples fitter was the next 

logical method to attempt.   After a few failures, the triples fitter identified multiple sets  

of potentially good rotational constants.  

An excerpt of the output, showing some sets of rotational constants with an RMS 

below 135 kHz is shown in Figure 4.3.  An attempt was made to fit the spectrum starting 

with each of these sets of constants, and relative intensities made it clear which were 

legitimate.  Aside from the ground state, three other distinct states were found in the 
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experimental spectrum using this method.  These excited vibrational states were easily 

identified with the vibration-rotation coupling constants given in Table 4.3.  These 

coupling constants from ab initio calculations are taken from Phillips[16] and for the 12C 

species, but none of the torsions involve the substituted carbon.  The excited states are the 

first and second excited vibrational states of the C-O torsion (vsk1 = 1 and vsk1 = 2)  and the 

first excited state of the C-C torsion (vsk2 = 1).  The combination state fit by Phillips, 

vcombination, could not be found.  It is likely that the correct set of rotational constants for 

this state is among those with an RMS above 135 kHz.  Peaks are about one MHz wide 

on average, so this uncertainty is still relatively small.  Future work should include 

targeting this state specifically with the triples fitter.  

Figure 4.3:  Excerpt of the triples fitter output.  Asterisks indicate the sets used to assign  

states. 

Table 4.3: Vibration-rotation coupling constants of 12MEO tgg’  taken from Phillips[15].

Energy 

(cm-1)

Vibration-Rotation Coupling 

Constants

Vibration 

αA (MHz) αB (MHz) αC (MHz) Bond 

Involved

Symbol Description 

93 119.16 -7.39 -5.82 CO-CC vsk1 O-C Torsion

137 -113.43 10.21 7.54 OC-CO vsk2 C-C Torsion
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The best scoring set of rotational constants in Figure 4.3 (first entry) belong to the 

ground state of  13MEO.  51 transitions were assigned to this state, including J values up to 

15.  The fit has an RMS of 52 kHz.  Peaks were assigned primarily to a-type R-branch 

and b-type Q-branch transitions, while a few assignments were made to a-type Q-branch 

and b-type R-branch transitions.  The b-type R-branch transitions are intense, but many 

could not be assigned due to an overlapping peak.  The ground state rotational constants 

are given in Table 4.4.  The scaled ab initio constants B and C agree well with the values 

reported here, but the observed value of A is 112 MHz, or 0.87%, lower than predicted. 

In contrast, the triples fitter values for B and C are essentially identical to their observed 

values and A was overestimated by slightly less than 1 MHz.  Additional assignments 

would reduce the uncertainties associated with the distortion constants.  

Table 4.4:  Rotational constants for the ground state of 13MEO

Constant Scaled ab initio
B3LYP/6-311+g(d,p)

Current Triples Fitter

A (MHz) 12959.42 12847.072(281) 12848.0

B (MHz) 2671.565 2679.719( 42) 2679.721

C (MHz) 2410.041 2415.905( 41) 2415.902

ΔJ (kHz) 1.4386 1.504(198) 1.4935

ΔJK (kHz) -12.057 -11.88(247) -12.48

ΔK (kHz) 94.545 94.7( 50) 87.42

δJ (kHz) 0.29118 0.2788(286) 0.3056

δK (kHz) 4.3814 4.3( 36) 3.30

Lines Fit - 51 -

Fit RMS (kHz) - 52 -

Jmax - 15 -

The first excited state of the C-O torsion, vsk1 = 1, was identified using the third 
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set of rotational parameters from the triples fitter output.  37 lines were assigned to this 

state with an RMS of 52 kHz and a Jmax of 12.  Assignments were made almost 

exclusively to a-type R-branch and b-type Q-branch transitions.  Enough transitions were 

assigned to determine the rotational constants with certainty, but only a single distortion 

was allowed to vary from its ground state value.  As with the ground state, additional 

assignments are required to refine these.  All parameters for this state are reported in 

Table 4.5.  

Table 4.5:  Rotational constants for the vsk1 = 1 state of 13MEO

Constant Vibration-rotation 
modified GS

Current Triples Fitter

A (MHz) 12727.912 12736.921(215) 12737.0

B (MHz) 2687.109 2688.317( 49)  2688.329

C (MHz) 2421.725 2421.835( 48) 2421.831

ΔJ (kHz) 1.504 1.42( 63) 1.4935

ΔJK (kHz) -11.88 -12.84 -12.48

ΔK (kHz) 94.7 94.7 87.42

δJ (kHz) 0.2788 0.2788 0.3056

δK (kHz) 4.3 4.3 3.30

Lines Fit - 37 -

Fit RMS (kHz) - 52 -

Jmax - 12 -

Values reported without uncertainties were held fixed to the given value.

Once again, the triples fitter constants are effectively perfect, but modifying the 

ground state constants by ab initio vibration-rotation coupling constants also yields 

excellent estimates.  This method for predicting constants could be used in combination 

with the triples fitter to find specific excited vibrational states.  For instance, the 

combination state the triples fitter found constants for in 12MEO would be an excellent 
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target.  Other examples include isopropylamine, which is discussed in the next chapter, 

and 2-ethoxyethanol, for which the triples fitter has only found ground state constants[15].

Tentative fits of two other states have been made using the second and fourth sets 

of rotational constants in Figure 4.3.  The second set belongs to the second excited state 

of the C-O vibration, vsk1 = 2.  17 transitions have been assigned to this state with an RMS 

of 78 kHz.  The highest J value is 5, and all assignments are to a-type R-branch 

transitions.  These parameters are given in Table 4.6.  The fourth set belongs to the first 

excited state of the C-C vibration, vsk2 = 1.  17 transitions were assigned with an RMS of 

only 29 kHz.  As with the vsk1 = 2 state, Jmax = 5 and all of the assigned peaks belong to a-

type R-branch transitions.  The parameters for this state are given in Table 4.7.  

In the last two cases, some of the b-type Q-branch transitions are likely strong 

enough to assign, but doing so in practice would be difficult.  Transitions with low J 

values occur closer to their predicted frequencies than transitions with high J values 

because distortions become steadily more important with increasing J.  The b-type Q-

branch transitions with low J occur in the least intense band of the experimental spectrum 

(8.7 – 13.5 GHz).  Those occurring between 18.3 and 26.5 GHz are much more intense, 

but assigning them is challenging without first refining the distortion constants. 

Additionally, relative peak intensity, which is useful information for the fitting process, is  

unreliable in this band.  The reported rotational constants for these states, vsk1 = 2 and vsk2 

= 1, are in agreement with those found both by the triples fitter and by modifying the 

ground state values.  Regardless, these current fits are inadequate due to the large 

uncertainty in A.  The source of this uncertainty is attempting to derive all three
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Table 4.6: Rotational constants for the vsk1 = 2 state of 13MEO

Constant Vibration-rotation 
modified GS

Current Triples Fitter

A (MHz) 12608.752 12627( 72) 12631.0

B (MHz) 2694.499 2697.680(124)  2697.69

C (MHz) 2427.545 2428.033(122) 2428.027

ΔJ (kHz) 1.504 1.45 1.4935

ΔJK (kHz) -11.88  -11.6 -12.48

ΔK (kHz) 94.7 89.5 87.42

δJ (kHz) 0.2788  0.2841 0.3056

δK (kHz) 4.3 4.3 3.30

Lines Fit - 17 -

Fit RMS (kHz) - 78 -

Jmax - 5 -

Values reported without uncertainties were held fixed to the given value.

Table 4.7: Rotational constants for the vsk2 = 1 state of 13MEO

Constant Vibration-rotation 
modified GS

Current Triples Fitter

A (MHz) 12960.502 12965( 80)  12963.0

B (MHz) 2669.509 2671.845(122) 2671.855

C (MHz) 2408.365 2410.261(121) 2410.273

ΔJ (kHz) 1.504  1.297 1.4935

ΔJK (kHz) -11.88 -12.84 -12.48

ΔK (kHz) 94.7  94.7 87.42

δJ (kHz) 0.2788 0.2788 0.3056

δK (kHz) 4.3  4.3 3.30

Lines Fit - 17 -

Fit RMS (kHz) - 29 -

Jmax - 5 -

Values reported without uncertainties were held fixed to the given value.
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parameters from assignments to a single branch of transitions.  The constant A is largely 

independent of Ka, so assignments to the a-type R-branch contain little information 

regarding its actual value.  The result is an uncertainty several orders of magnitude larger 

than typically reported.  A has only been determined to within 72 and 80 MHz of its 

actual value for the vsk1 = 2 and vsk2 = 1 states respectively.  Uncertainties for these 

parameters are generally reported in kHz.  

Future work may be limited to additional assignments of this data.  An NMR 

spectrum was not recorded prior to collection of the microwave spectrum to ensure there 

would be enough of the sample to collect data in all three bands.  The o-rings of the 

sample vial degrade in organic solvents, and small bits fell into the sample when it was 

removed.  An NMR of the remaining product is available in the Appendix.  There is an 

adequate amount remaining to collect more spectra, but it will need to be purified 

beforehand.

The triples fitter proved to be a much more effective approach to assigning this 

spectrum than scaling ab initio constants, which led to an assignment of the 12C  species. 

It was also shown, however, that good estimates for the rotational constants of excited 

vibrational states can be made from ground state constants and ab initio vibration-rotation 

coupling constants.  Future work should include refining the fits of all three excited 

states, vsk1 = 2 and vsk2 = 1 in particular, and targeting the first excited state of the 

combined C-O and C-C torsions with the triples fitter.   Figure 4.4 shows the 

experimental spectrum on the positive scale opposed by predictions of the ground and 

three excited states on the negative scale.  Figure 4.5 is an enlargement of the peaks 
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clustered near 16 GHz.  The close alignment of even the excited vibrational states 

demonstrates the importance of the rotational constants relative to the distortion 

constants.  In total, 122 of the 1619 peaks above the 3:1 signal-to-noise threshold have 

been assigned to transitions of the ground and three excited vibrational states.  
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5 – Isopropylamine

Isopropylamine was selected as the second molecule for study after Phillips 

collected a strong spectrum of n-propylamine[15].  It has a high vapor pressure and two 

primary conformers with respect to rotation about the isopropyl-amine axis.  Figure 5.1 

shows the optimized structures of both conformers while Figure 5.2 shows a dihedral 

potential energy scan around the isopropyl–amine bond axis.  The barrier to rotation of 

the amine group, 1167(9) cm-1, was estimated from the fit of this scan and is large enough 

that these conformers do not freely interconvert at 250 K.  The primary dipole axis 

changes upon rotation of the amine group.  The trans conformer is an asymmetric top 

(κ = 0.804) with its primary dipole along the C axis.  The gauche is also an asymmetric 

top (κ = 0.864), but its primary dipole is along the A axis.  

The first microwave spectrum of isopropylamine as well as its amino deuterated 

isotopomers was recorded in 1977 by Mehrotra et al with a 25 kHz Stark-modulated 

spectrometer at -78.5 ºC[19].  Reliable assignments were limited to c-type, R-branch 

transitions of the trans rotamer of (CH3)2CHNH2, (CH3)2CHNDH, and (CH3)2CHND2. 

Nine transitions were assigned to the ground state of the undeuterated species, eight to 

the monodeuterated species, and seven to the fully deuterated species.  The molecular 

dipole was found to be 1.19 ± 0.03 D, where μa = 0 D, μb = 0.10 ± 0.04 D, and μc = 1.19 ± 

0.03 D.   They also reported the 14N-quadupole coupling constant, but the trace of the 

coupling tensor does not equal zero[20].  The trace of the coupling tensor should equal zero 

because it is a spin paired system, so the constants are almost assuredly wrong[20,21].
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Figure 5.1: The optimized structures of trans (left) and gauche (right) isopropylamine.  

Carbon = gray,  hydrogen = white, and nitrogen = blue.

Figure 5.2: A potential energy scan around the isopropyl-amine axis with a fit of the  

function (E = V3/2(1 - cos(3ϕ)) shown in red. 
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 In 1991, Keussen and Dreizler recorded the microwave spectrum of trans 

isopropylamine and its amino-deuterated isotopomer in order to accurately determine the 

14N-quadupole coupling constants[21].  The spectrum was recorded with a Fourier 

transform microwave spectrometer in the frequency range between 3.8 – 40 GHz.  15 c-

type transitions with a Jmax of 30 were assigned to the ground state.  The seven transitions 

with J above eight were excluded from the quadrupole fit as hyperfine structure could be 

resolved at only low J values.  They successfully determined the quadrupole coupling 

constants of the normal species, relying largely on the hyperfine structure of the J ← J' = 

2 ← 1 transitions between 30 and 33 GHz.  The deuterium quadrupole coupling could not 

be resolved, but caused broadening of the 14N-hyperfine components.

In 2012, Durig et al recorded variable temperature Raman spectra (3500 – 

100 cm- 1) of isopropylamine dissolved in liquid xenon due to the inconsistency of 

previously reported values for the enthalpy difference of the two conformers[22].  While 

past values varied from nearly zero to slightly over 400 cm-1, this new work suggests that 

the trans species is the more stable conformer with a relative separation of 113 ± 11 cm-1. 

From this value, they estimate that 54 ± 1 % of the molecules are in the gauche state at 

ambient temperature.  The prevalence of the gauche conformer is due to the molecule's 

symmetry.  As Figure 5.3 demonstrates, the amino group has two equivalent 

configurations.  These states are degenerate and cannot be distinguished by rotational 

spectroscopy.  Therefore, they have a higher combined occupation than the more stable 

trans conformer.    

Durig et al calculated ab initio values of the relative stability of the trans 
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conformer with the MP2 and B3LYP methods and various basis sets.  The results 

averaged from around 70 – 200 cm-1.  Their value of 950 cm-1 for the trans-gauche barrier 

is in good agreement with a previous estimate of 1000 cm-1 by Durig et al in 1979[23] as 

well as the potential energy scan discussed previously (Figure 5.2), but lower than 

anticipated by Hamada et al based on far IR assignments[25].

Figure 5.3:  The equivalent gauche conformers of isopropylamine

The microwave spectrum of isopropylamine was recorded from 8.7 - 26.5 GHz 

for 1 million averages at -20ºC and 10 mTorr with a 4 μs long FID (Figure 5.4).  The 

trans conformer ground state was assigned first, using Keussen and Dreizler's 

assignments and rotational constants to assign the first peaks.  Unfortunately, the 

experimental bandwidth includes only a single transition from the much more intense 

c-type, R-branch of isopropylamine's spectrum.  As figure 5.5 shows, the experimental 

bandwidth does not include many of trans isopropylamine's strong transitions.  

Hyperfine structure due to the 14N atom was noticeable at low J values.  In the 

case of the lone c-type, R-branch transition, all three peaks were clearly defined (Figure 

5.6).  In most cases, however, two of the transitions had to be assigned to a blended peak 

and the third transition could not be discerned from noise.  SPFIT assigns relative peak

heights to the two hyperfine components present in the blended peak.  Although only

37



38



39



Figure 5.6:  Hyperfine splitting of the 1, 1, 0, F' ← 0, 0, 0, 1 transition

higher level programs than those employed here make use of this data, it could be useful 

for future work.  

65 transitions (130 counting hyperfine sublevels) have been assigned to the 

ground state with an average RMS of 93 kHz.  The highest J quantum number assigned is 

38, and the refined constants are given in Table 5.1.  The quadrupole coupling terms 

could not be determined to Keussen and Dreizler's accuracy, but this result is not 

surprising.  Their spectrum included clear hyperfine structure of the 2, 2, 0, F' ← 1, 1, 0 

F'', the 2, 2, 1, F' ← 1, 1, 1, F'', and the 2, 1, 1, F' ← 1, 0, 1, F'' transitions.  These 

transitions occur between 30 – 33 GHz (Figure 5.5), which is unfortunately just outside 

of our operating range.
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Table 5.1: Rotational constants for the ground state of trans isopropylamine 

Ground State Ab Initio
B3LYP/6-311+g(d,p)

Current Previous[21]

A (MHz) 8309.177 8332.20 ( 35) 8331.921(21)

B (MHz) 7932.011 7977.59 ( 35) 7977.320(21)

C (MHz) 4628.678 4657.17 ( 35) 4657.170(76)

ΔJ (kHz) -3.18 138.9(100) 7.4(22)

ΔJK (kHz) -3.76 9.73( 32) -12.94(53)

ΔK (kHz) 0.663 -2.422(113) -9.6 (52)

δJ (kHz) 1.19 3.367(116) 0.1443(83)

δK  (kHz) 2.310  -2.310(100) -6.43(72)

χaa - 1.789 1.789(2)

χbb - 2.566 2.566(4)

χcc - -4.355 -4.355(4)

V3  (cm-1) 1167 - 950*

Lines Fit - 65/132 15/45

RMS (kHz) - 93 25

Values reported without uncertainties were held fixed to the given value.  Lines fit  

includes the number of transitions assigned (first) and the number of hyperfine sublevels  

assigned to those transtions (second).  *Reference 22

Figure 5.7 shows a comparison of the experimental spectrum and the trans ground 

state spectrum predicted from the refined rotational parameters.  65 transitions of the 

1063 peaks identified as above the 3:1 signal-to-noise ratio were assigned, all to the 

ground state of trans isopropylamine.  These 65 transitions include 132 hyperfine 

sublevels.  

In order to search for excited vibrational states, the changes in rotational constants 
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with vibrational excitation were calculated using ab initio methods.  Table 5.2 shows the 

ab initio vibration-rotation coupling constants of the first few excited states.  The ground 

state distortion constants were held fixed while the rotational constants were altered by 

their respective coupling constant.  Unfortunately, no excited vibrational states were 

observed in detail due to a dearth of strong transitions in the observed frequency range.

Isopropylamine's lowest lying excited vibrational states are much higher in energy 

relative to the ground vibrational state than MEO.  13MEO's excited vibrational states 

have higher populations than isopropylamine at the same temperature, so their spectra are 

much more intense.  Additional data from higher frequency regions that contain more of 

the c-type R-branch transitions should make fitting this state possible.   

Table 5.2: Ab initio vibrational energies and vibration-rotation coupling constant of  

trans isopropylamine

Energy 
(cm-1)

Vibration-Rotation Coupling Constant (MHz)

αA (MHz) αB (MHz) αC (MHz)

200 12.01 5.595 4.147

243 11.45 21.21 7.029

245 40.31 -5.550 28.52

375 -20.83 -1.209 -16.97

405 3.509 -11.52 -0.0867

Attempts were also made to fit the gauche conformer, but no transitions could be 

assigned.  This result is unsurprising as molecules with similar symmetry, such as 

isopropylalcohol, are extremely difficult to assign even without a quadrupolar nucleus 

because tunneling between the gauche and gauche' states breaks their degeneracy.  This 
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loss of degeneracy can lead to considerable tunneling-induced splitting.  For example, Bri 

Gordon observed splittings as large as ~ 3.5 GHz in the spectrum of ethanethiol.   She 

was only able to assign the spectrum by extending her spectroscopic Hamiltonian to 

include coupling terms between the symmetric and anti-symmetric states.  An alternate 

approach would be to use the triples fitter to search for good spectral matches.  This 

approach was attempted, but failed due to complications caused by hyperfine splitting. 

However, the triples fitter has since been modified to account for hyperfine splitting. 

Future work on isopropylamine should include trying to find rotational constants for the 

gauche conformer using the updated triples fitter and a more complete Hamiltonian.

Only the ground state of the trans conformer was successfully fit, but identifying 

other states is possible with continued effort.  Data from higher temperatures, in which 

the excited vibrational states would be more intense, could aid in assigning them. 

Alternatively, averaging for longer would increase the signal to noise ratio and make the 

excited state transitions easier to discern.  The signal-to-noise ratio increases as the 

square root of the time data is recorded.  Recording 1 million shots took approximately 

six hours each for the lower two bands and approximately twelve hours for 18.0 – 26.5 

GHz.  Unfortunately, the signal-to-noise ratio only increases as the square root of number 

of averages.  With the machine in its current configuration, recording data for more than 

twice as long is unfeasible.  Fortunately, the Shipman lab will soon be in possession of a 

much faster (≥ 60X) digitizer.  This real time digitizer will allow data collection to occur 

much faster, increasing the signal-to-noise ratio by a factor of almost eight if data is 

recorded for the same length of time as on the current digitizer.  
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This new digitizer represents the first major component of a new spectrometer the 

Shipman lab is building.  Its operating range will cover frequencies from 110 -170 GHz, 

where the spectrum of isopropylamine as a whole is significantly more intense than in the 

current 8.7 – 26.5 GHz range.  The predicted spectrum of isopropylamine is shown from 

0 – 170 GHz in Figure 5.8.  The intensity of the c-type R-branch increases dramatically, 

so at least the transitions between 110 and 170 GHz should be intense enough to assign to

vibrationally excited states.  

Although it contains more c-type R-branch transitions, data from this band still 

may not help refine the quadrupole coupling constants.  In order to do so, more hyperfine 

sublevels would need to be assigned than in Keussen and Dreizler's fit.  Their bandwidth, 

3.8 – 40 GHz, includes 4 c-type R-branch transitions, while the new spectrometer will 

add more than fifty of these transitions to the current 1.  Regardless of their quantity and 

intensity, these new peaks may not be of aid in refining the quadrupolar coupling 

constants because they have higher J values and therefore less pronounced hyperfine 

structure.  Keussen and Dreizler could not resolve hyperfine splitting in transitions with J 

values above 7.  The c-type R-branch transitions in the new spectrometer's bandwidth 

have J values ranging from 5 – 11. 

Assigning the gauche conformer will almost certainly require significant 

improvements to the triples fitter.  The first step is to test the hyperfine-capable triples  

fitter.  The ground state of isopropylamine is a possible target, but testing it on molecules 

with more pronounced hyperfine structure may be informative.  If the triples fitter can 

handle hyperfine splitting, it may then be able to find constants for the gauche conformer 
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once the Hamiltonian has been extended.  Of the future work discussed in this thesis, 

improving the triples fitter is the most important in terms of furthering the labs goals.  

Refining the triples fitter to find the rotational constants of increasingly complex 

molecules is a necessary step in designing a microwave spectrometer capable of 

determining the structure of unknown molecules with only minimal user input.  
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6 – Conclusion

Rotational spectroscopy is the primary method with which molecules are 

identified in the interstellar medium.  Laboratory measurements of molecules suspected 

to be of interest are necessary if they are to be identified in observational spectra.  As 

radio telescopes improve, molecular signals previously buried in the noise will be 

resolved.  With the launch of ALMA, it will be possible to detect many of these less 

abundant molecules.  In this thesis, the rotational spectra of two molecules thought to 

belong in this group have been recorded and analyzed.  

The rotational spectra of 13MEO and isopropylamine have been recorded from 8.3 

– 26.5 GHz at 250 K.  Estimating isotopomer rotational constants by scaling ab initio 

values led to a fit of 12MEO, but the triples fitter was able to find rotational constants for 

the ground and three excited vibrational states of the 13C isotopomer.  The states were 

identified using ab initio vibration-rotation coupling constants and the triples fitter  

constants were refined in SPFIT/SPCAT.  Ab initio vibration-rotation coupling constants 

also accurately predicted the rotational constants of excited vibrational states, and this  

method could be useful in targeting these states with the triples fitter.  Targets should 

include the combination state Phillips assigned to 12MEO[15] and excited vibrational states 

of both 2-ethoxyethanol and trans isopropylamine.  

In total, 122 transitions were assigned peaks in 13MEO's spectrum, leaving 1497 

above the 3:1 signal-to-noise threshold.  The fits of the vsk1 = 2 and vsk2 = 1 are tentative, 

but the new digitizer could be extremely useful in refining these fits if the sample can be 

purified.  Rerecording the spectrum from 8.7 – 13.5 GHz for many more averages would 
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make the low J, b-type Q-branch transitions clearer.  Assigning this branch of transitions 

would allow determination of all three rotational constants with much higher certainty. 

Initially, the triples fitter could not find the ground state rotational constants of 

isopropylamine due to hyperfine coupling.  Instead, this state was fit by extending a 

previous fit by Keussen and Dreizler.  65 transitions were assigned to the ground state of 

trans isopropylamine.  Future work could include recording the spectrum from 110 – 170 

GHz in order to refine the ground state fit and to observe excited vibrational states. 

Fitting the gauche conformer represents an opportunity to improve the triples fitter.  The 

hyperfine capable triples fitter needs to be tested, and trans isopropylamine is a perfect 

candidate.  Once the triples fitter can handle hyperfine splitting, simultaneously 

extending the Hamiltonian to account for tunneling-induced splitting could allow it to 

find rotational constants for the gauche conformer.  
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Appendix:  NMR Spectra of Reagents and Products 

Isopropyamine Reagent in CDCl3 (Sigma-Aldrich, ≥ 99.5%): 
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First* ethylene glycol reagent in CDCl3 (Sigma-Aldrich, anhydrous, 99.8%):

*used in the three practice syntheses 
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Second*ethylene glycol reagent in CDCl3 (Sigma-Aldrich, anhydrous, 99.8%):

*used in the isotopomer synthesis 

52



2-methoxyethanol reagent* in CDCl3 (Sigma-Aldrich, 99.8%):
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2-methoxyethanol first experimental batch in CDCl3:
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2-methoxyethanol second experimental batch in CDCl3:
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2-methoxyethanol third experimental batch in CDCl3:
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2-(methoxy-13C)-ethanol CDCl3:
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