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ABSTRACT

Carrillo, Michael J. The Rotational Spectrum of 1,1-diiodoethane. Master of Science (MS),

July, 2020, 78 pp., 8 tables, 19 figures, references, 45 titles.

The first chapter of this thesis introduces the basic theory of rotational spectroscopy. This
includes the theory of a rigid rotor, centrifugal distortion, and hyperfine effects. The theory
behind diatomic systems is explained first, and then expanded to the asymmetric top system. The
second chapter encompasses a brief overview on the development of microwave spectroscopy
and discusses the instruments that were utilized during this study, namely the cavity-based and
chirped-pulse Fourier transform microwave spectrometers. Chapter three describes the quantum
chemical calculation methods and basis sets that were applied throughout this study. Chapter
four discusses the progress of data analysis of the rotational spectrum of 1,1-diiodoethane. Only
a few molecules with two 1odine atoms have been studied using rotational spectroscopy. This is
due to the complex hyperfine splitting structure arising from the presence of two iodine nuclei.
The analysis was aided by quantum chemical calculations. A potential energy surface scan was
performed at the MP2/aug-cc-pVTZ-pp level to acquire the lowest energy conformation of 1,1-
diiodoethane and to help estimate the V3 barrier height. 4b initio calculations were carried out on
the global minimum conformation at the CCSD(T) and MP2 levels along with the aug-cc-pVTZ-
pp basis set, in order to help predict the molecular geometry and the hyperfine parameters. We
report the high resolution rotational spectroscopic observation of the 1,1-diiodoethane for the
first time. The spectrum was observed at 11-18 GHz frequency range in a jet-pulsed cavity-based

Fourier transform microwave spectrometer. The observed transition frequencies were analyzed
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to yield the rotational constants, centrifugal distortion constants, the nuclear quadrupole coupling
constants, and nuclear-spin rotation constants. Previous literature shows that molecules with a
terminal methyl group may undergo internal rotation. The experimental spectrum of 1,1-
diiodoethane seems to indicate that there is internal rotation, however, with our preliminary fit

this cannot be concluded for sure.
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CHAPTER I

ROTATIONAL SPECTROSCOPY

1.1 Introduction

Molecular spectroscopy is the study of how molecules interact with light (radiation). It is
conventionally divided into four distinctive frequency regions, electronic (uv-vis), vibrational
(infrared), rotational (microwave), and radiofrequency spectroscopy. Electronic spectroscopy is
the study of the promotion of electrons from their lowest electronic state to a higher energy
electronic state. Electronic spectroscopy deals with mostly visible and ultraviolet frequency.
Next is vibrational spectroscopy, which is the study of various vibrations within the molecule.
Vibration spectroscopy deals with mostly infrared frequency. Rotational spectroscopy, which
studies the rotations of molecules. It deals with microwave frequency. Radiofrequency
spectroscopy corresponds to the energy involved in changing the direction of spin of a nucleus,
for example, Nuclear Magnetic Resonance (NMR). The first three can be further described in
Fig. 1, where the schematic is not fit to scale. Electronic energy is corresponding to the largest
energy scale of the three. It is so large that it cannot be shown on paper if scaled. In between the
ground and excited electronic energies exist the vibrational energy levels. These energies are
equally spaced and are a magnification of the first electronic ground state. They then are further
magnified to show the rotational energy, which is the smallest amount in terms of energy. The

topic of this thesis will describe rotational spectroscopy.



Microwave (rotational) spectroscopy is an extraordinary technique that studies how
matter interacts with microwave radiation. Microwave radiation ranges from 300 MHz — 40
GHz. It probes the rotational motions of molecules in the gas-phase [18]. In order for the
rotational spectrum of a molecule to be observed, the molecule must exhibit a dipole moment. A
dipole moment arises when two atoms share electrons unequally. The more electronegative atom
will pull the shared electron closer to it, resulting in a charge unbalance (polarity). The rotating
dipole moment will interact with the microwave radiation. In this chapter, I will introduce some
basic theories of the microwave spectroscopy in order to understand the microwave spectrum of
1,1-diiodoethane. I will start with the simpler case of diatomic molecules, then expand into
polyatomic molecules. It is not my intention to provide a detailed explanation of microwave
(rotational) spectroscopy in this thesis. If the readers would like to obtain more information
about rotational spectroscopy, please take a further look at references

[18,90,36,60,21,41,96,5,28,46,59,70,29,50,11]

1st Excited

state

I
r 3

AE —
Ground P + 2
state [/ c—........ > 1

—

Electronic + Vibrational + Rotational

Figure 1. Shows the energy transition for a ground electronic, vibrational, and rotational transition.
Schematic not fit to scale.



Quantum chemistry focuses on solving the time-independent Schrédinger’s equation, eq.

1 and is composed of
AY = EY (1)

Where the H is the Hamiltonian operator and in this case is composed of the kinetic and potential
energy of the system, ¥ is the electronic wavefunction that contains dynamic information for the
system of study, and F is the quantized energy of the system [28]. Eq. 1 is used widely to study

many systems. In rotational spectroscopy, the Hamiltonian operator can be described as
H = HR + ﬁCD (2)

Where the Hy corresponds to the Hamiltonian for the rigid rotor, A, is the Hamiltonian
corresponding to the centrifugal distortion. But for molecules like 1,1-diiodoethane, the

Hamiltonian becomes further perturbed as shown below
H=Hg + Hep + Hyge + Hysr (3)

where H noc 1s the Hamiltonian for the nuclear quadruple coupling, and Hy g represents
Hamiltonian for the nuclear spin-rotation, which will be discussed in vivid details later in this

chapter.



1.2 Rigid Rotor

Figure 2. Depicts the moment of inertia of a diatomic molecule, and the bond distance from both
atoms.

A diatomic molecule contains a center-of-mass where those two atoms are rotating about
as shown in Fig. 2. This center-of-mass is chosen to be the origin of the coordinate system, such

as

MRy = MR, (4)

where M; and M are the masses of the atoms and R; and R are the distance from the center-of-
mass. The distance of both atoms can be better described by R = R; + R», also defined as bond

length. When this is combined and manipulated with eq. 4, we obtain

MyR M;R

Rl = m and RZ = My+M, (5)
The total kinetic energy of a rotating system is
2 2
KE = M12V1 + M22V2 ©)



where V' is the velocity of that particle and can be translated into 7@, since the motion is
rotational. Where the rotational angular speed (w;o:) arises from the two atoms in Fig. 2 covering

the circumference of the circle per a period of time. The kinetic energy expression becomes

KE = — (7)

where [/ is the moment of inertia and w is the angular speed. / can be further transformed into

M1 M, R2

— P2 —
I['=uR T My+M,

(8)

and arises when both parts of eq. 5 are combined. The p expression in eq. 8 is the reduced mass
term and R is the bond length. The classical mechanical expression for angular momentum is

known to be L=Iw and can convert the kinetic energy term into

LZ
KE =~ )
The Hamiltonian operator for a rigid rotor diatomic system can then become
~ 2
A, =L (10)

where J is the total rotational angular momentum quantum number that arises when we are
discussing quantum mechanics [18,90,36,60,21,41,96]. Since in a diatomic system there is only
one axis of rotation, it is sufficient to say that the moment of inertia /. = /, and I = 0. When eq.
10 is plugged into eq. 1, the Schrédinger’s equation can be solved when 1 is the spherical

harmonic Y),. Producing the rotational energy of the system

E=2)0+1) (1)

and h is the reduced Planck’s constant. If we define the rotational constant B, where B is



B=— (12)
then eq. 11 becomes
E; =BJ(J+1) (13)

As seen in eq. 12, the rotational constant B is inversely proportional to the moment of inertia.
Therefore, by plugging in the experimental rotational constants, one can determine the moment
of inertia. Because the moment of inertia is proportional to the bond length, one can obtain the
bond length very accurately for that given diatomic system, as shown in Fig. 2. If the rotational
constant(s) for a diatomic molecule is large, then the molecule’s molecular mass must be small.
Thus, larger molecules will have more closely spaced rotational energy levels and vice versa. For
example, carbon monoxide is very light, which would cause the rotational spectrum to be seen in
the far-infrared region. For diatomic/linear molecules the rotational spectrum is equally spaced
by 2B as seen from Fig. 3 [12]. This is because of the selection rule in diatomic/linear molecules

which is AJ = =+1 and for rovibronic transitions the J = 0 is allowable [60].

Je-T=0e1 1le2 23 3«4

&

Intensity

[ ]

b

]

b

|

o)
e—

Energy

Figure 3. Shows the equally spaced absorption rotational spectrum of a rigid rotor diatomic
molecule [70].



That 2B spacing originates from molecules rotational energy levels F(J), where F(J)=E(J)/h, and

1s denoted as
Vi = F(O)' =F()" (14)

Where the J” is the initial rotational energy level and J’ is the final rotational energy level. Fig. 3

shows the general spectrum of a rigid rotor molecule. If the transition is from J — J+1
Visj41 =BU+1D)(J+2)-BJJ+1)=2B(J +1) (15)
Which denotes the 2B spacing of the energy levels that are shown in Fig. 3.

For a 3-dimensional molecule, the classical kinetic energy term is now defined as
KE = = L2+ ~Lw? + = Lw? 16
-5 xWx 5 yWy 5 zWz (16)

where /;and I, are no longer equal to each other, and /. does not equal zero. I, I, and I are the
diagonal terms in the moment of inertia tensor. The tensor also has off-diagonal terms that also
contribute to the total kinetic energy of the system. It must be noted that the angular speed is also
a tensor in the x,y, and z axis. When a molecule is rotating in 3-d space, it is easier to utilize the
internal axis system instead of the Cartesian axis system. The benefit of using internal axis
system is that it moves with the molecule, where the Cartesian axis system must be recalculated

every time the molecule rotates. Therefore eq. 16 can become eq. 17, where
1 5 1 2. 1, 5
KE = Py Iawa + Elbwb + Elcwc (17)
Eq. 17 can be further expanded into

2
La Ly L
20, 20, 21

KE = (18)



Which follows the same route as eq. 9. Therefore, we can convert the classical mechanical

operator to the quantum mechanical rotational angular momentum quantum number J. Producing

Ae=24 Ly g2y g2y g2 (19)
R™ a1, " 21, ' 21, a b ¢

Where it is made up of the three rotational constants 4, B, and C. For an asymmetric top, 4 > B >
C. Meaning that the rotational constant C has the largest moment of inertia followed by B and
finally A coming in last with the smallest moment of inertia. When the rotational Hamiltonian is

plugged into the Schrodinger’s equation, the total rotational energy for a given level becomes
E=-(A+0)JU+1)+5(A- OF;,(x) (20)
Where E;_(k) is an integer and 4 and C are rotational constants [18,90].

Molecules belong to different types of rotors (as seen in Table 1). For instance,
linear/diatomic molecules follow B=C, which is experimentally easy to investigate, and is
denoted as the 2B spacing that was explained above. But for asymmetric tops, the rotational
constants are different. B no longer is equal to C, and there are three different rotational constants
now as seen in eq. 20. The experimental spectrum also becomes more complex because it is not
following the 2B spacing anymore. For instance, the molecule that will be reported in chapter

four, 1,1-diiodoethane is an asymmetric top.

Linear/diatomic molecule B=C
Spherical top A=B=C
Symmetric Top Prolate A>B=C
Oblate A=B>C
Asymmetric top A>B>C



Table 1. Describes different rigid rotors types

Figure 4. shows the oblate and prolate type molecules [50].

Because asymmetric top molecules can also be considered near-oblate or near-prolate type

molecules, eq. 21

__ 2B-A—C

a-c @h

describes the behavior of the asymmetric rotor. It measures the asymmetry with the rotational
constants along their a, b, and ¢ axes. When « is -1 (also known as ka) it is more inclined to
follow the prolate sketch shown on the left side of Fig.4. When the k=+1 (also known as k) it
follows the oblate sketch shown on the right side of Fig. 4. When « =0 it is following a pure
asymmetric top type molecule and the energy levels are not degenerate like the symmetric top
[90]. The energy levels of an asymmetric top are different from those in the symmetric tops as
shown in Fig. 5 [11]. In the case of an asymmetric rotor, there are (2J+1) distinct rotational
sublevels for every J value. Which differs from what is observed in the symmetric top, where the

rotational sublevels are (J+1) for each J value [90].
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Figure 5. Shows the relation of the asymmetric rotor energy levels to the symmetric prolate and
oblate tops [11].

The term « is also proportional to the k, and k. from eq. 22. In other words, as J increase so will
k. Therefore, as asymmetry increases, so will the K splitting, which will not be close to any
degenerate k levels of the symmetric tops. The oblate type looks more like a 3-d picture of earth,
while a prolate resembles an image of a football. The rotational transitions can be denoted as the

quantum labels

J'kidel > k! (22)

where ka, k. are projections of J.

1.3 Centrifugal Distortion
When rotating, molecules undergo a deformation causing them to be displaced from their
equilibrium structure. When the molecule in Fig. 2 is excited by microwave radiation, it causes

the molecule to rotate faster. This faster rotation causes the bond between M1 and M3 to be
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slightly stretched. In the case of a diatomic molecule, there is only one structural parameter
which is the bond length. Because of this centrifugal effect, the bond length will be stretched a
bit longer. As you can see from eq. 8, the moment of inertia will also increase. This causes the
rotational constant (B) to become smaller, as you can see in eq. 12. Experimentally this will
cause the frequency to be shifted lower in the rotational spectrum. In order to account for the
shift, it is useful to understand the Hamiltonian operator corresponding to centrifugal distortion.

The operator for that system is composed of
HCD = —Dj * (23)

where the D is the centrifugal distortion constant. The centrifugal distortion constant can be

linked to the stretching vibrational frequency through eq. 24:

_ h* m 4B}
T 2nfU)? wk

24)

1
where the m. :(i) (%)5 denotes the vibrational frequency [60]. B. is the equilibrium rotational

constant. The negative sign in front of D is to ensure the constant is positive. When we utilize
the classical Hamiltonian operator for a semirigid nonvibrating molecule, which is composed of

the energy of a rigid rotor and the energy of distortion, then we can reduce the classical
o ] 5 ay : :
Hamiltonian operator to — % (ﬁ)g (%) J*. The J*arises from the product of the distortion constants

and the angular momentum. The fterm is the force constant that arises from the potential energy,
and R is the equilibrium bond length. When the partial derivative is evaluated, the term becomes
eq. 24 [18,90]. Like eq. 15, eq. 25 accounts for the transition frequencies of a diatomic molecule

undergoing centrifugal distortion.
Visje1 = 2BJ+1) —4D(J +1)° (25)
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The centrifugal distortion Hamiltonian for asymmetric tops is

-~ h4 a A & a
Hep = IZaﬁ,yé‘ Ta,ﬁ,y&]a]ﬁ]y]c? (26)

where 14,5 are the distortion constants and can be further explained in [18,90] and the a, B, v,
and 6 = a, b, or c. The centrifugal distortion effects highly depend on the angular momentum
operators and the 7,4 constants_ Since the angular momentum operator f, has a non-commuting
character, there will be eighty-one terms for the 74,5 constants. Fortunately, many of those terms
are equivalent, and would further reduce the Hamiltonian to six groups of terms for the first-

order expression. The new Hamiltonian would be described as

~ h*
Hep = T XapTaapplals (27)

Where after a few coefficients are taken from Table 8.4 and 8.5 from Gordy et al., the
Hamiltonian can be diagonalized and plugged into the eq. 1 [90]. Producing the energy of

centrifugal distortion for an asymmetric top, eq. 28.
E= —D]]4 - D]K]2]z2 - D,J; - 5]]2 - 5K]z2 (28)

The terms Dy, Dk, Dk, o, and ok are the quartic centrifugal distortion constants for the Watson a-

type [41].

1.4 Nuclear Quadrupole Coupling
When a molecule contains an atom or more with a nuclear spin of I = 1 or greater, the
nuclear spin(s) will couple with the electric field surrounding the nucleus (nuclei) causing
splittings in that rotational transition. Therefore, instead of one line being produced in the
rotational spectrum, several lines will arise. This is called nuclear quadrupole coupling effect.

Such interactions cannot happen when atoms with nuclear spins of 0 or ' exist in the molecule

12



because the quadrupole moments of those nuclei are spherically symmetric. The nuclear
quadrupole hyperfine structure provides information on electronic structure and chemical bonds
[90]. A good example of a linear molecule that has nuclear quadrupole hyperfine structure is
HCsN [36]. Because N has an [ = 1 there will be a triplet splitting for every rotational transition.
In order to study these types of molecules, we must use the Hamiltonian corresponding to

nuclear quadrupole coupling A noc from (2). The general ﬁNQC is composed of

7o eQq, N2 L3 7 272

Where the I is the nuclear spin and f is the angular momentum. When these two terms are

coupled the resultant is ' the total angular momentum quantum number. Because F'is the vector

sum of 7 and J, the product is F? = J2 4+ 2] - J + I?. Similarly, when I - | = %(F2 — J? — I?) the

eigenvalues of I - f are % [F(F +1) —f(f + 1) —I1(I + 1)] = g, and for (I - ))? = %Z. Finally,

we can substitute these terms into eq. 29, when fI? = J(f + 1)I(I + 1). We obtain the energy of

the first-order nuclear quadrupole coupling energy for a diatomic system
Engc = —eQqY(, L F) (30)
where —eQ, = —y and the Y(J,1,F) becomes

2e(c+)-10+1)]J+1)

YU,ILF) = 2(2J-1)(2]+3)I(21-1) G
where C is composed of diagonal elements
C=FF+1D-IU+1D)—-jJg+1 (32)
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and F is the total angular momentum not the F(J), which is related to the rotational energy

levels[18,90]. The total angular momentum takes on the values of
F=J+Lj+1-1,.,[[-1 (33)

In eq. 29 the e is the charge of the proton, Q is the quadrupole moment, gy is the electric
field gradient of the nucleus, and Y(J,L,F) is the Casimer function[60]. The electric field gradient

is composed of

__ ¥
U= "2 (34)

which in eq. 30 denotes the energy depending on the coupling of the nuclear spin to the electric
field gradient, producing the nuclear quadrupole coupling constant . Thus, the coupling scheme

that was used for these whenever there is an atom with / contributing to the rotational spectra,
F=1+] (33)
By using this coupling scheme one obtains the quantum labels of
J'F" > ]J'F' (36)
from eq. 29, one can obtain the asymmetric top representation

2j+3

ﬁNQC = eQCI]T Y(J,I,F) (37)

where eQ=y which produces the electric field gradient for an asymmetric top to be

2

4 = Grnaies 2e=abe 9993) (38)

and
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J2y = (J K-y, Ky | 2|/, K-1, K1) (39)

Where the Y(J 1, F) terms have been explained beforehand. Therefore, producing the quadrupole

energy to be

6E( )

——{taa [JU+1) + EGO) — (e + DED] + 22, 22+ ye [[(T+1) — EGo) +

Engc = J(]+1)

AE (K)

- DZEEL vy, 1LF) (40)

[18,90]. For asymmetric tops like 1,1-diiodoethane that this thesis will focus on later, the

quantum label will be
J"'kik{F{'F" > J'kok.FF' (41)

The main driving force behind the quantum numbers in eq. 41 is that there are two nuclei that are

contributing to the rotational spectrum. This will be described in more detail in chapter four.

1.5 Nuclear Spin-Rotation
Nuclear spin-rotation is quite different from what we saw in the section above. It arises
when the nuclear spin couples to the molecule’s rotation causing a shift in the spectrum. This can

be defined as
ﬁNSR =—(-H (42)

where /1 is defined as the dipole moment that can also be considered as the nuclear spin magnetic
moment is the molecules rotation. H is the molecular field gradient produced by the molecule’s

rotation. The term £ is defined as

= giBi1 (43)

15



where the 1 is the nuclear magneton, g; is the g-factor (which is dimensionless) for the atom
with a nuclear spin. Since fI and A have a weak interaction, sometimes within the rotational
spectrum these terms can be neglected. Because the molecule is rotating very quickly compared

to I, the electric field becomes normal. This causes the f term to be taken out of the set producing

(Hj)]
Hepr = (Hﬂm = A(A] I (44)
J(J+1)2

Which yields the first-order nuclear spin-rotation Hamiltonian expression

Hysgp = — 11 ] (45)
JU+D)2

where the I - J term has already been discussed beforehand, and the off-diagonal terms of H can

be dropped, leaving the diatomic Hamiltonian operator for nuclear spin-rotation to be
Hysg = Ci1 -] (45a)

Where the Ciis

a2 = ¢ 242 = ¢, (45b)

C, =
r= JJ+1)

J(J+1)

C1 s used here because the molecule only has one axis, z-axis[18,90]. The energy expression

would be
Ensg =2 [F(F+1) =1 +1) = J( + 1) (46)
For asymmetrical tops, the Hamiltonian is expressed to be
ﬁNSR = C]KaKCI j 47)

where the I - | can be treated as before and eq. 47 can be expanded into
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== Yg=ancCog U3) (48)

CJKaKc ](]+1)

where Cgg are the diagonal elements of the nuclear spin-rotation coupling [18,19,36]. Thus eq.48

can finally become

ﬁNSR = Caalaja + Cbblbjb + Ccclcjc (49)

Where the Cj; (i, = a, b, or c) are the nuclear spin-rotation coupling constants with respect to

their a, b, c axis. Once plugged into eq. 1, it would yield the energy expression

Ensg = ﬁ{caa [f(j + 1) +Em)—(k+1) %] + 2Cpyp aE(K) + C.. [](] + 1) E(k) +
- DECN [FEFE+1D-10+1) -] +1) (49a)

It should be noted that these terms sometimes do not play a large role in the rotational spectrum.

17



CHAPTER II
INSTRUMENTAL

2.1 Introduction

Microwave (rotational) spectrum of ammonia was first recorded in 1934 [15]. Fig. 6.
shows a commercial conventional waveguide microwave spectrometer manufactured in 1970s.
This spectrometer is kept at room temperature and uses a klystron source. The klystron source
bombards microwave radiation into the sample cell (wave guide), allowing the molecules to
absorb radiation. The molecules absorption of radiation will then get picked up by a detector, and

a readout is produced in the frequency domain.

o vacuwm punmgp

B I -
— e
N _I;'.I_v:uu-n 4 'f Detector
Mica MMica

woindosw woiindow
Schermatic dieograrm af o microwaoave spectrometer.

Figure 6. Shows the conventional waveguide (top) first commercial microwave spectrometer
from HP (bottom) [105].
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In early 1980, the cavity-based Fourier transform microwave (FTMW) spectrometer was
invented by Flygare and Balle at the University of Illinois Urbana-Champaign and yielded a high
resolution, high sensitivity microwave spectrometer [84]. The resonance frequency range is
estimated to be about 1 MHz. In 2008, a chirped-pulse FTMW spectrometer was invented by
Pate and coworkers at the University of Virginia [8,32]. This spectrometer keeps its high-
resolution capabilities and probes a much larger frequency range than that of the cavity-based
spectrometer. This section describes the two microwave spectrometers that were utilized

throughout my master’s thesis. Those two spectrometers can be seen in Fig. 7.

19



Figure 7. Shows the cavity-based FTMW spectrometer at NCTU (top) and the BrighSpec.
chirped-pulse FTMW spectrometer at UTRGV (bottom).

The top of Fig. 7 shows the cavity-based FTMW spectrometer that was used in this project,
which is housed in Professor Yasuki Endo’s lab at the National Chiao Tung University in
Hsinchu, Taiwan. The cavity-based FTMW spectrometer will be discussed in section 2.2,
including the Fabry-Perot cavity, supersonic expansion, and cavity-based Fourier transform
method [84]. The bottom of Fig. 7 shows the BrighSpec. Chirped-pulse FTMW spectrometer and

is housed at the University of Texas Rio Grande Valley in Professor Wei Lin’s laboratory.

2.2 Cavity-Based FTMW Spectrometer

2.2.1 Fabry-Perot Cavity

Figure 8. The left mirror is the tunable mirror that has the microwave antenna at the center. The right
mirror injects the sample under supersonic expansion.
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The Fabry-Perot cavity is housed in a stainless-steel chamber (top of Fig. 7) that is
composed of two concave aluminum mirrors as shown in Fig. 8. In the spectrometer used for this
study, one mirror has a microwave antenna at the center. This mirror is tunable. The other mirror
injects the sample into the cavity and is fixed. In other cases, both mirrors have a microwave
antenna. Where one antenna bombards microwave radiation, and the other receives molecular
radiation (or so-called free induction decay). In our case, the tunable mirror will propagate
microwave radiation and collect the molecule’s radiation. Those two mirrors should be
separated by a certain amount of distance. The importance of the distances is so that the two
mirrors can create a resonant wave throughout the duration of the experiment. The mirrors will
need to be tuned before the start of every new measurement. Because the sample slit is parallel to
the microwave antenna, there will be a Doppler splitting (Fig. 9). Doppler splitting arises when
microwave radiation is being propagated in between the two mirrors and onto the sample. When
molecules emit radiation, it will flow in every direction. The molecular radiation that does flow
in the direction of the antenna will get collected. The radiation that is not in that direction will
just die out. After that antenna collects the first molecular radiation that hit it, the molecular
radiation opposite to the antenna’s direction arrives a little later and is collected. The reason the
molecular radiation arrives later is that it traveled to the other mirror and was bounced back
towards the microwave antenna. This signal is Fourier transformed from time-domain (left side
of Fig. 9) to the frequency domain (right side of Fig. 9), which will appear in a doublet. The
Doppler splitting will increase with the frequency. The reason behind this is that the higher the

frequency means less time it takes for the Doppler to form.
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Figure 9. Shows the 22,-11¢ rotational transition of 1,1-diiodoethane with a Doppler splitting of
53.4 kHz. It also shows a spectrum in the time domain on the left and frequency domain on the
right.

2.2.2 Supersonic Expansion
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Figure 10. Shows the pulse nozzle injecting 1,1-diiodoethane [101]

When a sample in the gas-phase is injected and carried by an inert carrier gas (e.g. argon,
neon, etc.) into the cavity, it is undergoing a change of pressure rapidly. This is because the
sample is being pulsed through a narrow slit nozzle as seen in Fig. 10 (left side shows a
schematic of the nozzle and the right side shows a picture of the nozzle) that is located at the
center of the aluminum mirror (right side of Fig. 8). A diffusion pump is hosted under the
stainless steel chamber. In order to pump to high vacuum, a mechanical pump is needed to pre-
pump to 107 torr, then a diffusion pump is turned on to allow the pressure to be pumped to down
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1077 torr. Once the sample is being pulsed in, the vacuum pressure is usually estimated to be 107
torr. The backing pressure is typically around 1 atm (760 torr). The process when molecules are
flowing rapidly from room to vacuum pressure through a narrow slit is called supersonic
expansion. The molecules will travel very uniformly through that slit and into the cavity,
minimizing collision forces and allowing molecules to exist in their vibrational and rotational
ground state. Furthermore, it allows the molecules to be at a rotational temperature of 10 K or

below [84,12].

2.2.3 Cavity-Based Fourier Transform Method

[~

Figure 11. Demonstrates microwave radiation being propagated from the microwave antenna,
while the sample is injected into the cavity [13].

This section will describe a detailed mechanism of how a cavity-based Fourier transform
microwave spectrometer functions. First, the chamber must be pumped down to adequate
vacuum pressure. Once that correct vacuum pressure has been achieved, a series of procedures
are used to obtain a microwave spectrum of the sample. This can be seen in the pulse sequence
scheme in Fig. 12. It demonstrates the timing of each pulse. First, the sample is pulsed in and

stopped as shown on the rightside of Fig. 11. After a very short time, microwave radiation is
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pulsed in as seen on the left side of Fig. 11. Two possible scenarios can happen here, if the
microwave radiation does not match the frequency of the molecule, then nothing happens. If the
radiation does match the frequency of the molecule, it would interact with the molecule’s dipole
moment causing it to be promoted to its excited rotational level. After a short time, the
microwave pulsing is stopped and those molecules in their excited rotational state will decay
back to their ground state. While decay is undergoing, the molecules will release molecular
radiation (as seen in the left side of Fig. 9). A trigger is used to tell the microwave antenna to
collect the molecular radiation. Since the molecular radiation is weak, a microwave amplifier is
used to boost the power signal. All this is collected in the time domain. Therefore, a Fourier
transform is performed to obtain a frequency domain spectrum. The advantage of application of
Fourier transform technique is that it will allow the spectroscopists to carry out thousands of
measurements instead of one, then add them together. During this addition, the noise level will
average to a much lower level while the intensity of the true lines stay the same. It significantly

improves the signal to noise ratio of the instrument. Such process can be seen in the right side of

Fig. 9.
J molecular pulse
MW pulse
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Figure 12. Shows the molecular pulse, microwave pulse, and trigger [94].
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2.3 Chirped-Pulse FTMW Spectrometer

2.3.1 Differences of Cavity-Based and Chirped Pulse FTMW Spectrometers

In this section, I will describe the differences of cavity-based and chirped-pulse. Chirped-
pulse FTMW spectrometer is quite similar to the cavity-based one in the sense that it still probes
the rotational spectrum of gas-phase molecules. The difference is the design of the spectrometer.
Unlike the cavity-based which is a narrowband technique, the chirped-pulse is a broadband
technique. The chirped-pulse can scan a larger frequency region versus the cavity-based. For
example, Prof. Endo’s spectrometer has a scanning capacity of | MHz, whereas Prof. Pate’s
spectrometer has a scanning capacity of 10 GHz [8,32]. This is because the chirped pulse
spectrometer utilizes a chirp-pulse microwave pulse generator to allow measurements of a large
frequency range. In the cavity-based FTMW spectrometer the high resolution arises from the
Fabry-Perot cavity. The bandwidth, however, is limited by the resonance frequency range of the
cavity of about 1 MHz. In order to measure the same frequency range of 10 GHz in the chirped-
pulse spectrometer, one would have to carry out 10,000 measurements in the cavity-based
instrument. This is why the chirped-pulse FTMW spectrometer revolutionized the game. Instead
of using the Fabry-Perot cavity, the chirped-pulse spectrometer uses the horn antennas inside the

stainless steel chamber to propagate the microwave radiation as seen in Fig. 13.

1 1.0

Figure 13. Shows the inside of the chamber of Prof. Pate’s chirped-pulse FTMW spectrometer [8].
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The chirped-pulse FTMW spectrometer works by generating a wide frequency range of
microwave radiation, preamplified using a power amplifier, which is then transferred by cables
onto a source horn antenna. This source horn antenna will propagate the microwave radiation
into the vacuum chamber, and at the same time, the sample is being injected into the chamber
and undergoing supersonic expansion. The microwave radiation will be broadcasted along a
large frequency range, which will match all the molecule’s intrinsic frequencies causing
excitations to the next rotational levels. After a short time, the microwave radiation will be
stopped and the molecular radiation is being released due to decay back to the ground state.
Therefore, the molecular radiation will be collected by the receiving horn antenna. Where the
molecular radiation is amplified and transferred through the cables onto a digital storage
oscilloscope. Since all these data points are in the time domain, a Fourier transform is performed

to obtain the data in the frequency domain.

2.3.2 BrightSpec. K-Band FTMW Spectrometer
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Frequency/MHz

Figure 14. Shows the rotational spectrum of acetic acid at 300 K within 100,000 average shots
from 18-26 GHz region produced from the Maria instrument.
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This section is devoted to the K-band chirped-pulse FTMW spectrometer shown in Fig.
6. This instrument is a commercial product developed by BrightSpec. Inc, which was co-founded
by Professor Brooks Pate. The spectrometer is different from the original chirped-pulse FTMW
spectrometer. The reason is that it is a room temperature spectrometer, unlike the supersonic
expansion process that other chirped-pulse spectrometers use. It can study the rotational
spectrum of molecules in the room temperature which allows us to also study the vibrationally
excited states of certain molecules or higher energy conformations. In our instrument, the horn
antennas are outside, which is a benefit because it allows us to align the antennas without
needing to break vacuum. In Fig. 6 (bottom), the left side of picture shows the mechanical
section of the spectrometer. This includes the turbo pump, the stainless steel sample cell chamber
along with the microwave horn antennas, and the sample manifold. The turbo pump is mounted
at the back of the stainless steel chamber. It allows the pressure to be directly pumped down to
107 torr from room pressure. Once the turbo pump has pumped down to the required pressure,
the molecules can be transferred into the sample cell given that the vapor pressure of the
molecule is higher than a couple mtorrs. Once the pressure has stabilized, measurements can be
taken. Another benefit of the stainless steel chamber is that it can be heated. This can potentially
increase the population of the molecules to their excited vibrational states, allowing
spectroscopists to study the rotational levels of vibrationally excited state. The sample manifold,
which is mounted above the stainless steel chamber, allows us to control the amount of sample
that will go into the chamber. Next are the microwave horn antennas, which are similar to the
ones described beforehand. The right side of Fig. 6 is the electrical portion of the instrument. The
first box on the top is the microwave synthesizer. Where the microwave radiation will be

transferred through the cables into the source microwave horn antenna. From here the microwave
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radiation is propagated to the sample cell causing the molecules to be excited. Once that
microwave radiation stops, the molecule will decay back to its ground state, releasing molecular
radiation. The molecular radiation is propagated to the receiving horn antenna, where it is
amplified and transferred through cables to the bottom box, the microwave detector. Here the
molecular radiation is converted from the time domain into the frequency domain via Fourier
transform. The bandwidth of this instrument is 18 MHz. The frequency ranges from 18-26 GHz
as seen in Fig. 14. Accordingly it will take the instrument 445 measurements to scan the whole
frequency range. The fact that this instrument runs with the sample molecule static in the cell, the
pump can work at almost 100% duty cycle, whereas in the instruments with pulsed jet it is
limited to about 10 Hz (or 0.02% duty cycle) due to sample injection. This significantly
improved pumping rate plus the benefit of using a custom digitizer with essentially no resetting
time between acquisitions allows much larger number of measurements to be taken for each step.
The maximum averaging cycles is 16 millions for this instrument, significantly improves its
sensitivity. The typical number of averaging cycles we use for this instrument is 100 k. Using the

number, it takes about 20 minutes to finish scanning the full 8 GHz range of the spectrometer.

Since this is the first time the spectrometer is introduced in the literature, I will include the

operation procedure in Appendix A.

28



CHAPTER III
THEORETICAL CALCULATIONS

3.1 Methods

As seen in eq. 1 from Chapter 1, the time-independent Schrédinger’s equation is utilized
for obtaining energies and chemical or molecular properties. Generally, an equation like eq. 1 is
composed of a mathematical operator (0) that is applied onto a wavefunction (y), which
produces an eigenvalue (¢) that is multiplied by the same eigenfunction (). This can be seen in a

generic equation shown below.

Oy = cyp (50)

If we allow the O = H and ¢ = E, while 1 is a continues function, then we obtain the time-
independent Schrodinger’s equation from Chapter 1. Because the molecular system of study is
undergoing rotation which is a real time property, it would behoove us to understand the time-

dependent Schrodinger equation as well. Eq. 51 shows the time-dependent Schrodinger equation
Ay (x,t) = ih 2 (51)

where H does not contain information on time [21]. Thus, we introduce eq. 52 as an Ansatz, an
approach that simplifies the problem at hand. The Ansatz allows us to separate variables for the

time-dependent Schrodinger equation, where we obtain a wavefunction like

P, t) = Px)f(6) (52)
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If we plug in eq. 52 into eq. 51, and divide both sides by ¥ (x) f(t), we would obtain

AY(x) _ ihdf

Y fOadt (53)

and since H does not contain any property of time, the left hand side can only depend on x, while
the right hand side can depend on ¢ time. Therefore, both sides of the equation will produce a

constant [21]. If we let the constant be £, then we obtain

H(x) = Ep(x) (54)
The Schrédinger’s equation and
Z—f = %Ef ® (55)
Where eq. 55 can be integrated into
f=er (56)

—iEt
And the Y (x, t) takes on the form of y(x)e . Since the terms from the statement before hand

are independent of time, the Y (x) can be called a stationary state [21]. The stationary states are

of importance to spectroscopists and hold dynamic information of that system.

The time-independent Schrédinger’s equation of a molecular system (from eq. 1)
contains information on the kinetic energy of the electrons and the nuclei of the atoms. The

molecular Hamiltonian operator is composed of

ﬁ — _Zelectrons h? V2 — nuclei _h* V2 — Zelectrons Znuclei e’Zy electrons __€~
- i i A A i A . i>j ..
2me 2my 4TTEGT (A ATEQT |
. o2
Znuclel e“ZaZp (57)

A>B 4megRAB
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where the first two terms are the kinetic energy of the electrons and the nuclei. The third term is
the potential energy due to electron-nuclei attraction. The fourth term is the potential energy due
to electron-electron repulsion, and the fifth term is the potential energy of the nuclear-nuclear
repulsion. Since the nuclei of atoms are much heavier, they can be held stationary. This causes
the nuclear coordinates to be frozen and contribute nothing to the Hamiltonian operator. By
doing this, we can negate the second term and add the fifth term after we have acquired the
energy of the system. The electrons, on the other hand, are much lighter and can move much
quicker [46]. This assumption is also known to be the Born-Oppenheimer approximation [46].
The 7, represents the distance between / and #, i is the subscript for electrons, A is for nuclei, m.
and my are the masses of the electron and nucleon, respectively. Thus, we need to only focus on
solving the energy that depends on the set of atomic coordinates. If we allow A = 1, m=1, e =1,

and ko=4me,=1, then eq. 57 can become

—~

H = Zflectrons L + Zelectrons Znuclel _ZA Zfis;ctrons 1 (58)

reduced to atomic units. 1 atomic unit is also known to be 1 Hartree = 2625.5 kJ/mol [21]. Eq.
58 is also known to be the electronic Hamiltonian. When plugged into the Schrodinger’s

equation, we obtain

<Zl¢lectr0ns 1 + Zelectrons Znuclel ZA Zleie]ctrons 1 ) ll’(rr) — Eelqj(rr) (59)

where the eigenvalue of the Hamiltonian operator is the electronic energy Ee.. The Ee is the
energy that arises from the movement of electrons along with the electrostatic energies of all
comparable particles (formally defined as a potential energy surface). This is still considering

that the nuclei remain fixed. The wavefunction, on the other hand, must take into consideration
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the electron spin. Once that electron spin is considered, there must be another electron spin to
counter that spin, as denoted in the Pauli exclusion principle. Therefore, the wavefunction that is

utilized is
W(Tbrz) = —‘P(@ﬁ) (60)

where it must consider the antisymmetric exchange of the two particles. Basically, in quantum
chemistry, there are several fundamental postulates that these equations must conform too.
Although it is not my intention to describe them in this thesis, they are important in
understanding all quantum mechanical (chemical) systems and can be found in ref. [21,46,19]. In
this section, I will be describing ab initio and quantum chemical calculations along with basis

set.

3.2 Ab initio Calculations

Ab initio means “from the beginning”. Therefore, it is a useful method to take into
consideration when starting to understand molecules in their initial form. The first ab initio
method that was the “go-to” method was utilized for many years in quantum chemistry was the
Hartree-Fock method [25,89]. Many years later the second-order Mgller-Plesset perturbation
theory popped up and produced better results than its predecessor [20]. Lastly is coupled-cluster
single double theory, which predicts the best results at the moment. Although some methods
were not utilized for the current study, I would still like to discuss them, as they are all important

in understanding quantum chemistry.

3.3 Hartree-Fock Method
The Hartree-Fock (HF) method first came out in 1928 shortly after Schrodinger’s

equation was formulated [25,89]. HF uses an effective one-electron Hamiltonian for each
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electron in the system that has an effective potential that is determined by a mean-field
approximation. In addition to the attraction of the electron to the nuclei, each electron will
interact with and be repelled by a field that arises from the average charge distribution that is
generated by the other electrons in their orbitals. We can denote this type of interaction as
Coulombic type interactions, which exist between electrons of a given spin as well as those of
other spins. Another type is purely quantum mechanical and arises from the antisymmetry of the
electronic wavefunction, which is also indistinguishable [46,19,25,89]. The latter interactions
only exist between electrons of the same spin and are called exchange interactions
[21,46,19,25,89]. The remaining effects are neglected by the HF wavefunction because they rely
on given interactions between pairs of electrons, irrespective of their spins. This falls under the
category of correlation, which MP2 and CCSD can achieve [21,46,19,25,89]. A generic
restricted HF wavefunction with even number of electrons is comprised of

/¢1a(1) ¢ (1) ¢%ﬂ(N)

ha(2)

Y(r) == (61)

pua(N) . ¢up(N)
which shows the molecular orbital subscript to range from 1 to N/2, while the spatial part ranges
from 1 to N. Each molecular orbital will appear twice for a given electron. Therefore, there will
be as many columns and rows as there are electrons in the system. The electron spin function
a(w) and B(w) can range from 1 to N. Because orbitals are doubly filled, the spatial part can
appear twice in the determinant. Thus, giving the same amount of parameters in the determinant
as there are electrons in the system. Because there are N/2 spatial parts, the orbitals available will

be occupied by the electron w as seen below
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Dy q = ;) (W) i=12 3. N2 (62)
Dy = (7)) () i=123 .. N2 (63)

Thus, the total wavefunction is the sum of the products of spin orbitals. Furthermore, it is the

sum of Hartree products like ¢ a (1), ¢15(2), ¢p,a(3), .5 (4)... pna(N — 1),¢nF(N) [31]. In

eq. 62 and 63, the a term would yield odd numbers and the ff term would yield even spin terms.
Another way to see eq. 61 is as a Slater determinant. It considers the antisymmetric property of
the electrons as shown in eq. 60. When plugged into eq. 1, the HF wavefunction can be in the

form of a Slater determinant, and allow the energy of the system to be given by

Eq = (lplﬁelllp) (64)

where variational theorem can be applied, which would overshoot the energy to its true value.
This would allow a better approximation for the wavefunction and minimize the energies within
that functional [14]. The molecular orbitals that are produces can be integrated as a set linear
combination of atomic orbitals. Another way to see the HF method is by the Self-consistent field
method. This method considers an approximate Hamiltonian that solves the Schrodinger
equation, and obtains an accurate set of molecular orbitals. Those approximate and accurate
orbitals are then plugged into the Schrédinger equation again. They continue this process until
they reach convergence [14]. HF is a good method for a starting point of any project. In order to

obtain better results, one must employ a higher level of ab initio methods.

3.4 Basis Set
The basis set is a collection of mathematical functions that are used to build the electronic

wavefunction for a system of study. By using a basis set the electron is restricted to a certain
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region of space. Thus, by using a higher-level basis set, we can allow fewer restraints on the
electrons, allowing more accurate approximations to be obtained. A primitive is a basis function,
which is a composition of a linear combination of several Gaussian functions assigned to atomic
orbitals of each atom in the molecule of study. There are several kinds of basis sets, like split-
valence, polarized, and diffuse functions. Where the split-valence basis set will treat valence
orbitals as a linear combination of Gaussian primitives with a more complex structure that just a
summation. In the case of polarized basis set, it allows the orbital to change shape by adding
angular momentum to those orbitals. For diffuse functions, they allow the orbitals of s- and p-
type to occupy a bigger volume of space. Anytime a diffuse function is added it is taking into
consideration the electrons that are far away from their nuclei. This is a good basis set for
molecules with high electronegativity, lone pairs, an anion, cation, excited states, etc. These
basis sets can be combined in order to improve the functional. For instance, the basis set that was
utilized in this master thesis was the aug-cc-pVTZ, which was invented by Dunning and
coworkers [81]. In this basis set, the cc-pVTZ is the parent basis functional that includes
polarization functions. The VTZ is considering the split-valence triple zeta correlation, in which
triple zeta contains a total of 30 basis functions.There are other types that can be described in the

Gaussian book [31].

3.5 Second-Order Moller-Plesset Perturbation Theory
The second-order Moller-Plesset (MP2) perturbation theory first came to be in 1934 and
is an improvement of the HF method and is an approach to trying to solve the electron
correlation problem. It applies the Rayleigh-Schrodinger perturbation theory to the Hamiltonian
in order to account for the electron correlation [25,89,20]. Generally, this approach uses an

approximation on a problem that already has a known solution, and perturbs it. In this case it

35



takes the HF wavefunction/energy and then applies perturbation to it. It will then produce
approximate solutions to the real problem in terms of the exact solutions to the zeroth-order

problem. The MP2 theory will split the Hamiltonian into two parts as shown in eq. 65

where the V is the small perturbation to the Hamiltonian, A is a dimensionless parameter, and H,

1s denoted to be
Hy=YF (66)

which shows the summation of the Fock operator in the unperturbed problem [4-6]. When we
introduce A, the energy and wavefunction become dependent on the A term. Since this becomes
unsolvable in a way, we apply Taylor series expansion to account for the perturbation. By
expanding the exact wavefunction along with its energy, the HF wavefunction and energy

produce
E=E® + EMW + 2E@ ¢ ... (67)
along with the HF wavefunction which is
Y =1y + YD + 212p@ 4 ... (68)
Where we substitute eq. 67 and eq. 68 into the Schrodinger’s equation we can obtain,
ﬁolpo = E(O)I/Jo (69)

E©® = (lpolﬁollpo) =i & (70)
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the nth-order (MPn) energy [20,14,31]. Where in eq. 70, the energy is not the HF energy, but the
sum of the orbital energies. When we utilize the first-order perturbation, we obtain the first-order

energy expression
ED = (o|V]¢po) and EHF) = E© 4+ FD (70a)

Which yields the HF energy. We can then take the HF energy and express the correlation energy
to be the first term that is considered in eq. 71 [14]. The energy for a second-order perturbation
theory is

(islab)

2) _ pHF KlVI¥s)? _ gr 1
E® = pHF — 3, MBI e 23 oy L
atEp—E—Ej

Es—Ej

(71)

where the single excitation term is 0 due to Brillouin’s theorem, and the variationality of the
wavefunction means that mixing in singles will not change the energy. The inclusion of triples,
quadruples, etc. would not contribute because the Hamiltonian only contains one- and two-
electron operators. Eq.71 shows its only obtaining the double excitation [31]. The terms i, j are
occupation terms that couple the electrons together, while a and b virtual terms. For triples, we

would utilize the third-order perturbation expression, which is made up of

(Wo|VIPs WS |VIPe )i VI ¥o)

E® =E@ ¥y, (Es—Eo)(Et—Eo)

(71a)

where the s and ¢ go over the double excitations and can range from single, double, triple, etc.
[31]. Single, doubles, and triples are wavefunctions that are constructed by taking the HF
wavefunction and replacing the specified number of occupied orbitals with the previous
unoccupied orbitals. Because eq. 71a does not include triples contribution,there is no way to
obtain triples in three applications of V. Therefore, it is crucial to include quadruples and go up
to MP4 energies like below
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(71b)

where the s and u will run over the doubles excitation, and ¢ will cover singles doubles, triples,
and quadruples excitation [31]. The MP2 perturbation theory is less expensive in terms of
computational time than that of higher-level calculations. It provides a better approximation then
that of the HF approximation method. A single point calculation at the MP2 level was utilized to
predict the nuclear quadrupole coupling, nuclear spin-rotation, and other spectroscopic constants.

For the purpose of this thesis, I will only delve into the second-order perturbation theory.

3.6 Coupled-Cluster Theory
The coupled-cluster theory is the “golden ticket” of calculations and was created in 1978
[67]. It provides the best computational results but is quite computationally expensive. Its full
name is coupled-cluster theory with single and double excitation (CCSD). This method uses a
cluster operator (T) to construct a multi-determinant wavefunction that expands in a Taylor
series format. The wavefunction is the product of the exponential cluster operator and the HF

wavefunction as seen in eq. 72
W=eW = A+ T+ T+ T 4wy, (72)
where the cluster operator takes on the form of
T=T+T,+T;++T, (73)

and will end its expansion at #, since there are no further excitations after n [19]. For instance, if

n=2,

& _ \0cc\irt pab o ab
T, = ¥i&i Xa<p tij Ui (74)
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then the cluster operator takes on the doubles term, where the ¢ term is noted to be the amplitude

and is determined through the satisfaction of eq. 72 [19]. When eq. 72 is plugged into eq. 1, then
e THeTW, . = EWyp (75)
we obtain the energy of the system. If we consider,
Weep = €T Wyp (75a)

then the wavefunction is the coupled cluster-doubles excitation. Which when plugged into eq. 1
will produce the coupled-cluster doubles energy (Eccp) [14]. When including triplet excitation,

the cluster operator will range from

A~ A~

and will be known as coupled-cluster singles, doubles, and triples CCSD(T) theory. The
CCSD(T) method takes into consideration the triple excitation determinant. When this cluster

operator is plugged into eq. 1, then we obtain the CCSD(T) energy to be

E = Ecesp — — ) 77
ccsp(r) = Ecesp D (77)

36 Eqteptec—Ei—Ej—¢Ek

which includes perturbation theory and keeps all the important energies contribution that comes

from the triple excitations. The term uf‘ﬁf is a six-way matrix element of the Hamiltonian

between the CCSD single and double excitation amplitudes along with the triple excitation term

[31]. The other small downplay of this calculation is that it must be utilized with a large basis set
[31]. Applying a larger basis set will help with more details from the chemical system. Although
for our study, we utilized this type of calculation to predict the best structure of the molecule,

which produces the best rotational constants.
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3.7 Quantum Chemical Calculations and Texas Advanced Computing Center

There are many quantum chemical programs that have been created to better understand
chemical and molecular systems. However, in this study only Gaussian 16 and Molpro were
utilized [31,51]. Where Gaussian 16 “provides state-of-the-art capabilities for electronic structure
modeling” [31], and Molpro “is a comprehensive system of ab initio programs for advanced
molecular electronic structure calculations” [51]. The use of the Lonestar 5 and Stampede cluster
computers housed at the Texas Advanced Computing Center (TACC) at the University of Texas
Austin was utilized for computational calculations. I would like to thank TACC for their services
as they were extremely helpful. Without these cluster computers no calculation would have been

made possible [80].
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CHAPTER IV
RESULTS
4.1 Understanding Alkyl Halides

Alkyl halides are cousins of hydrocarbons that are composed of F, Cl, Br, or I instead of
hydrogen. They are important because of their use in industry and commercial production as fire
retardants, extinguishers, organic solvents, and refrigerants [4,9,57,16,52,76,27,1,82,43,65]. In
which they leech into the environment, drinking water, and atmosphere [62,48,61,87,100,64,78].
Because these alkyl halides are photochemically active, they will undergo photodissociation in
the stratosphere where they produce a halogen anion. The anionic halogen will then react with
the oxygen in ozone, causing the production of Cl0O, BrO, and IO radicals, which regenerate the
halide and deplete the ozone layer further [95,102,63,68,49,47,73,55,54]. The main contributor
of that depletion in the Antarctic region is a series of compounds called chlorofluorocarbons
(CFC) which consist of trichlorofluoromethane, trichlorotrifluoroethane,
dichlorotetrafluoroethane, and dichlorodifluoromethane [26]. These compounds have been
reported to have long lifespans in the atmosphere, for example dichlorodifluoromethane can exist
for up to190 years [83]. The Montreal protocol was passed in 1987. The purpose of this protocol
was to stop the production of CFC’s [88]. It dramatically reduced the concentration of these
chemicals in the atmosphere. A study performed in China showed the decline in the production
and consumption of CFC’s in 1999 [45]. Although the battle between CFC’s showed a good
outcome there, other deleterious chemicals began to flow into the atmosphere,

hydrochlorofluorocarbons (HCFC) and hydrofluorocarbons (HFC) [37]. In 2016 the Montreal
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protocol was amended to phase out these HFC and HCFC’s [37,58]. Other important compounds
that are sources for reactive halides in the atmosphere are the methyl halides (CH3X; X= Cl, Br,
or I). According to the World Meteorological Organization, chloromethane (CH3Cl) is the most
abundant source of chlorine in the atmosphere [97]. Bromomethane (CH3Br) and iodomethane
(CHj3I) are also the main precursor for bromine and iodine in the atmosphere. They come from
the ocean, which is the natural source of bromomethane and iodomethane [98]. Iodomethane is
more reactive than any other methyl halide [34]. It has been well studied that the conventional
treatment of raw water by disinfection of chlorine, produces more carcinogenic alkyl halides
[56]. Furthermore, they cause extreme deterioration to the soil that grows crops [86]. Therefore,
it is imperative to study the structure these alkyl halides in the gas-phase, as they are ubiquitous.
Microwave spectroscopy is a good technique to study the structure of these molecules. It helps us
obtain a better understanding of the different conformations these molecules can have in the gas-
phase. Halogen atoms have a nuclear spin. These nuclear spins contribute to additional
splitting/shifting of the rotational transition, which have coined the term hyperfine splitting.
Previous studies performed by Gordy and coworkers on microwave measurements of the
monosubstituted methyl halides, such as CH3*Cl, CH3"°Br, CH3%'Br, and CHsI have provided a
better understanding on the bond lengths of C-X (X= Cl, Br, or I) and bond angles between <H-
C-H [91]. They were not able to determine the bond angles of H-C-H very accurately for the
methyl halides. This was because they could not determine Ia as well as they determined Is.
Furthermore, the investigation was expanded to the deuterated methyl halides, such as CDsCl,
CD;Br, and CDsI where they found that because of the deuterated substitution they could not
obtain enough information on the C-H displacement due to the zero-point vibrational energies

[44]. In this study they did determine the nuclear quadrupole coupling constants that were in
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agreement with what Gordy et al. observed [91]. They also state that their values for nuclear
quadrupole constants were lower than those of the normal methyl halides [44]. This is due to the
increased mass on the methyl group causing the potential energy to rise because of the bond
between CI-C is changes. It was not until Miller and coworkers reinvestigated the structure of
deuterated methyl halides and normal methyl halides that they were able to obtain a better
structural parameter for these species [77]. They determined better bond angles along <H-C-H as

shown in Table 2.

Molecule C-X (A) C-Hor C-D (A) H-C-H (angle)
CH:Cl 1.7810 1.113 110°31°
CD:Cl 1.7810 1.104 110°43°
CH3Br 1.9391 1.113 111°14°
CDs3Br 1.9391 1.104 111°26°

CH:l 2.1392 1.113 111°35°
CDsl 2.1392 1.104 111°37

Table 2. Shows the bond length and bond angles of the methyl and deuterated halides.

Although the rotational constant B was determined very nicely, they could not report
them with a large accuracy. Years later, several groups reinvestigated the CH3Cl and its
isotopomers by using the high-resolution maser technique and molecular beam technique, in
which they determined the rotational constant B, with great accuracy along with its nuclear
quadrupole coupling constants, and the nuclear spin-rotation constants of >>Cl and *’C1[74,2]. A
similar study was performed on the ground state of CH3"°Br and CH3*!Br, where they were able
to determine the B rotational constant along with the quartic and higher order sextic centrifugal

distortion constants. Furthermore, they determined the nuclear quadrupole coupling and the spin-
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rotation constants of both isotopomers, "Br and 8'Br [38]. For the case of CHsl a study
performed by Boucher e al., determined the structure and nuclear hyperfine components along
with the centrifugal distortion constants (quartic and sextic) [22]. However, in the methyl
chloride and bromide systems the higher order centrifugal distortion constant Hi; was not
determined because of the inaccuracies. In the methyl iodide system, it was made possible
through double resonance, where they helped the assignment. Young and Kukolich at al. were
able to determine the J=1<0, K=0, J=2<1, K=0, J=2<1, K=1 of CHsI and its deuterated
species, where they were able to get a good understanding of the nuclear quadrupole coupling
constants of both species [75].

Other set of molecular systems that are equally as important are the ethyl halides. The
first of this series that came out when the halomethanes were first studied is, 1-chloroethane.
Where the extra methyl group brings in another phenomenon, internal rotation. This will be
discussed in the further section but is as equally as important as the nuclear quadrupole coupling
constants. A complete structure analysis was performed on 1-chloroethane, where the 4 and B
rotational constant were determined for 4 conformations [71]. They were not able to determine
the B rotational constant to a certain degree because they were not able to determine a good
value on the C-H bond length. However, they did determine that the equilibrium geometry is in
the staggered conformation for all 4 conformations and is in excellent agreement from the
structural parameters that were observed in methyl chloride system [77,74,71]. They also only
determined the eqQ to be along the C-Cl bond [71]. In the reinvestigation of this molecule by
Schwendeman et al., they were able to obtain a more information and complete structural
parameters and coordinates of every atom by using the Kraitchman’s method [66,42].

Furthermore, they obtained the yaa, Ypb, Xcc, and xab which coincide with what had been found
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earlier [66]. Wagner et al. continued the study on C2Hs”Br and C2Hs®'Br, and determined the B
and C rotational constants, structural parameters that were consistent with what was observed in
Table 2, and the with the nuclear quadrupole diagonal terms [72]. They were not able to assign a
few transitions even when they utilized second-order quadrupole effects [72]. The strong nuclear
magnetic moment from the Br nucleus is the reason they observed so many splittings. It relates
to the degree that was observed from the halomethanes systems. Flanagan et al. restudied 1-
bromoethane system and determined the structure of 10 isotopic species by using the
Kraitchman’s substitution and better value of . and ya» nuclear quadrupole coupling constant
[42,17]. The rotational spectrum of 1-iodoethane was first determined by Oka et al., where they
were able to assign the rotational constants, dipole moments, and the diagonal and off-diagonal
term yab [85]. They also determined the complete structure of the molecule and compared them to

the to their ethyl halides as seen in Table 3.

Structure parameters C:HsC1 C:HsBr C:HsI
Rcx (A) 1.779 1.940 2.139
Rcc(A) 1.550 1.550 1.540

Ac-cx (angle) 110°30° 110°30° 112°10°
Rcn (A) 1.101 1.11 1.11
An.c-u (angle) 110°00° 110°00° 110°00°

Table 3. Shows the bond length (R) and bond angle (A) for the different ethyl halides that have
been previously mentioned.

Gripp et al. took another crack at the 1-iodoethane molecular system using high-resolution
FTMW spectroscopy technique [39]. As mentioned before, the higher the resolution, the better
the rotational spectrum and determination of smaller lines that are not seen in the conventional

room-temperature technique. Where they were able to obtain a better understanding of the three
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diagonal nuclear spin-rotation and quadrupole coupling constants of the iodine atom. If we
compare the monosubstituted methyl halide systems in Table 2 to the monosubstituted ethyl
halides in Table 3, they are in excellent agreement of each other. This is expected, given that the
molecular structure is similar. It only deviates by the extra methyl group. Although the approach
for these molecules is very different when studying them in rotational spectroscopy. The methyl
halides are symmetrical rotors, while the ethyl halides are treated as asymmetrical rotors.

Molecular systems that have two halides or more have posed a challenge on the rotational
spectrum due to the two nuclear magnetic moments. This is important because the nuclear
magnetic moments from both nuclei will couple to each other causing the rotational transition to
be split into dozens of lines. Because the project in this thesis has two halides, I will discuss
molecules that have been previously studied by several groups to understand these species more.
With the information that was obtained from monosubstituted halides, rotational spectroscopists
expanded to dihalide methanes. Myers et al. first assigned the complete structure analysis and the
diagonalized matrix elements of CH>Cl; and its isotopomers [69]. They concluded the H-C-H to
be 112°58’ and the CI-C-Cl to be 111°47°, which is a little off compared to what was observed in
the monosubstituted halomethanes, and concluding that the CI-C-ClI bond is bent [69]. Flygare et
al. reinvestigated this molecule and determined the off-diagonal terms along with the CI-C-Cl
bond angle not being bent [92]. Chadwick et al. obtained the rotational spectrum at high J
quantum numbers of CH2Br; along with is isotopomers [23]. They determined a full structural
analysis and the diagonal and off-diagonal terms of the nuclear quadrupole coupling constants of
all 4 isotopomers, CH,”’Bra, CH,8!Bra, CD,"Br», and CD,8'Br, [23-24] Because there are two Br
atoms with a large nuclear quadrupole moment that couple to the molecule’s rotation, the

rotational transitions has a large splitting pattern that ranges up to 350 MHz A similar study was
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performed on the CH>I> molecular system, where Kisiel and coworkers had a bit of trouble
assigning its rotational spectrum [103]. Because the nuclear magnetic moments of both iodine
atoms are large and interact with each and the molecular rotation, every rotational transition will
be split almost 2 GHz wide [103]. Therefore, when they tried assigning the spectrum on one
spectrometer, they could not determine a good assignment due to the fact that they were dealing
with large J quantum numbers. It was not until they combined the power of room temperature
and super-sonic expansion techniques that they were able to determine the structure [103].
Which lead them to conclude the bond length for the CH2X: series get longer, as was reported in
the past by the monosubstituted methyl halides series. For the initial treatment of the nuclear
quadrupole coupling constants, they scaled the diagonalized nuclear quadrupole constants of the
CHal and the y.: [CH2Br2]/ y.- [CH3Br]. They then flipped the constant to be on the same axis as
the principal axis and the angle between the a-axis of the CHzLz and the C-1 bond [103]. Which
allowed a better treatment of the diagonal terms of the nuclear quadrupole constants. Even then,
few uncertainties on the off-diagonal terms which could have helped fit some unassigned
splittings [103]. They also made a comparison to the lighter halogen series and their nuclear
quadrupole constants to the dihalide methanes and their nuclear quadrupole coupling constants.
Which they conclude the increase of the halide size, would prompt a larger ratio of 2, and the
angle of the <XCX to increase also, which as they reported is larger than that of a tetrahedral
109.5° [103]. Although these methyl halide/dihalide systems gave vital information on the
structure and behavior of the nuclear quadrupole coupling constants, they do not quite compare

to the system that this project is studying.

A molecule that is closely related to 1,1-diiodoethane and has been studied immensely by

various research groups in the microwave spectroscopy community is 1,1-dichloroethane. The
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first partial structural and quadrupole hyperfine coupling constants assignment of this molecule
was made by Flygare [104]. Where the bond angle of <CI-C-Cl was calculated to be 112°0°,
which is a bit more than what has been seen in Table 2 and Table 3 [93]. This also means that
there is a strain on the sp> hybridized carbon. Sugie ef al. was able to get a complete structural
determination of 1,1-dichloroethane, 1,2-dichloroethane, and 1,1,1-trichloroethane [53].
Although no 1,1-dibromoethane, 1,2-dibromoethane, and even 1,2-diiodoethane, has been
rotationally studied, they are as equally important and would give a lot of information in terms of
molecular structure and nuclear quadrupole coupling constants.

The rotational spectrum of any diiodine containing molecule has posed quite a challenge.
Only a handful of these molecules have been rotationally tackled. The first one was
diiodomethane and its deuterated species [103,104]. Followed by difluorodiiodomethane, which
was studied by Grubbs et al. and remains unsolved [33]. Another molecular system that bared
quite a challenge and was the first halosilane with two halides to be rotationally studied was,
diiodosilane [28]. Where the assignment of this molecule gave detailed information on the
molecular geometry, nuclear quadrupole coupling constants, and the nature of the Si-I bond [28].
The reason only a handful of diiodine containing species have been studied is because of the
nuclear quadrupole coupling of the two iodine are large. One iodine’s nuclear quadrupole
moment will couple to the other nuclear quadrupole moment and then couple to the molecule’s
rotation. Causing the rotational transition to be split 500 MHz or more. This spacing makes it
difficult to assign any rotational transition with 100 % confidence. Rendering these systems more
difficult than the dihalomethanes and dihaloethane systems. Another reason is the nuclear spin-

rotation shifting. If these values are larger than they will contribute a large shifting pattern.
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4.2 Ab initio Calculations

A potential energy surface scan (Fig. 15) was implemented along the I-C-C-H dihedral

angle at 36 steps every 10 degrees at the MP2/aug-cc-pVTZ-pp levels. Because both carbons are

tetrahedral conformations, the PES scan yields a 3-fold minima and maxima as shown in Fig. 15
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Figure 15. Shows the PES scan at MP2/aug-cc-pVTZ-pp level

The 3-fold minima shows that there is only one conformation for this molecular system. It also

shows a potential energy barrier height of 20 kJ/mol. The global minima was then optimized at

the CCSD(T) level along with the aug-cc-pVTZ-pp basis set using Molpro [51]. The -pp was

taken from the online basis set exchange website, which was used to account for the d- electrons

in the iodine atoms. [6]. This produced the equilibrium structure along with its calculated bond

angles and bond lengths as shown in Table 4 and Fig. 16 (top). From this calculation we were

also able to obtain the inertial axis location as shown in Fig. 16 (bottom). The structure was then

re-calculated by single-point calculation at the MP2/ aug-cc-pVTZ-pp basis set using Gaussian

16 (G16) [79].
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Because Molpro could not produce the nuclear quadrupole coupling and nuclear spin-
rotation constants for the iodine atoms, G16 was utilized to produce them. Table 4 shows the
bond angles, bond length, and dihedral angles. Where the R represents the bond length, A
represents angle between bonds, and D represents dihedral angle. Comparing the calculated C-I
bond to the one found in literature, the calculated C-I bond is much shorter [104]. Another full
re-optimization was performed at the MP2/aug-cc-pVTZ-pp level in order to compare structure
parameter (showed in Table 4), rotational, dipole moments, nuclear quadrupole coupling, and

nuclear spin-rotation constants (shown in Table 5) to the higher-level calculation.
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Figure 16. Shows 1,1-diiodoethane’s calculated from CCSDT/aug-cc-pvtz-pp bond angles and
bond lengths (top) along with its inertial axis(bottom).

Parameter

Rcc

RcH

Ac-c-H

AH-C1

Dc-c-Ha

AH-CI

Dc.c-Ha

Ac-c-H

1.516 A
1.085 A
112.4°
2.145 A
105.1°
120.5°
2.147 A
105.1°
120.5°
1.092 A

109.7°

CCSD(T)/aug-cc-pVTZ-pp
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Bond length (A) and bond angles (degree)

MP2/aug-cc-pVTZ-pp

1.510 A
1.084 A
112.5°
2.132A
105.1°
120.6°
2.133A
105.1°
120.6°
1.090 A

109.6°



DH-c-c-H

RcH

Ac-c-H

DH-c-c-H

Rc-n

Ac-c-H

DH-c-c-H

Table 4. Shows the calculated structure parameters of 1,1-diiodoethane at the CCSD(T) and MP2

level.

Parameters
A (MHz)
B (MHz)
C (MHz)

pa (Debye)

b (Debye)

pe (Debye)

Yaa (MHz)

%bb- Ycc (MHZ)
¥ab (MHZ)

Yac (MHZz)

ybe (MHZ)

Caa (kHZ)

59.9°
1.092 A
109.7°
59.9°
1.091 A
110.8°

179.9°

CCSD(T)/aug-cc-pVTZ-pp

4514.700

601.277

538.697

0.0

1.8

0.5

-1505.176

-118.821

-1063.464

460.757

269.887

0.005
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59.9°

1.090 A

109.9°

59.9°

1.088A

110.7°

179.9°

MP2/aug-cc-pVTZ-pp
4492.281
603.198
540.377
0.0
1.8
0.5
-1472.092
-110.140
1049.430
504.698
-294.384

0.005



Chb (kHz) 0.002 0.002

Cec (kHz) 0.002 0.002
Cab+ Cra (kHz) -0.003 0.003
Cab+ Cra (kHz) 0.002 -0.002
Cac + Cea (kHz) 0.001 -0.001
Cac- Cea (kHz) -0.001 0.001
Che+Ce (kHz) 0.0002 0.0002
Caa (kHz) -0.0006 -0.0006
Caa(kHz) -0.0001 -0.0001
Cab+ Cra (kHz) -0.0001 -0.0001
Cab- Cha (kHz) 0.0001 0.0001

Table 5. shows calculated spectroscopic parameters from CCSD(T) and MP2 calculations.

It has been noted in the past that the nuclear quadrupole constants of iodine containing systems
are extremely large as evidenced in Table 5. The rotational and nuclear quadrupole coupling
constants were utilized to predict the simulated rotational spectrum as seen in Fig. 18.
4.3 Internal Rotation

Whenever molecules have a terminal methyl group on them, they may experience free
rotation about the C-C bond. Since the hydrogens on the methyl group are so light, it allows this
motion to happen depending on the energy relative to the potential energy barrier (V3). Internal
rotation results in the splitting of the vibrational states, which split into the A and two degenerate

E states as shown in Fig. 17.

53



7 /\ /\ 4\
5 ] Y { ] | _E
£ <a
2
< 45
.©
E 1 f 1 ] 5 E
£ <a
> 40
= ]
5 E
iz R
2
5_
E
-<A
0 T T I T I T I T I T T T

T T T
-200  -150 -100 -50 0 50 100 150 200

Torsional angle / degree

Figure 17. Shows a generic V3 potential energy barrier along with the two vibrational states
being split.

Where the A state is less perturbed and treated almost regularly, and the E state is the doubly
degenerate state. In order to treat the E state, we must have information on the barrier height
potential. I will discuss briefly about the potential barrier height and how it pertains to 1,1-
diiodoethane. Several studies have been performed on methyl containing molecules in order to
be able to determine the barrier height of the rotation about the C-C bond [79,40,99,30,7]. Table
5 shows the comparison of the calculated barrier height of 1,1-diiodoethane and other
experimentally solved molecules. One can see that there would be internal rotation for molecules
with a very low barrier likel,1-difluoroethane. This would be extremely difficult because
perturbation theory must be utilized in order to treat the E state. For instance, A. de Luis ef al.
observed a small internal rotation splitting in the low-lying vibrationally excited state of 1,1-

dichloroethane [3].
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Molecule V3 (kJ/mol)

1,1-difluoroethane 13.94
Ethyl Fluoride 14.07

Ethyl Chloride 15.13

Ethyl Iodide 15.20

Ethyl Bromide(”Br) 15.32
Ethyl Bromide(®'Br) 15.41
1,2-dichloroethane 17.89
1,1-dichloroethane 17.90
1-chloro-1,1-difluoroethane 18.48
1,1-diiodoethane ~20.00

Table 6. Shows the different V3 measured through rotational spectroscopy.

This molecules structure resembles 1,1-diiodoethane, but instead of having two iodine atoms, it
contains two chlorine atoms. Because the possible interactions of the two iodine atoms with the
three hydrogen atoms on the methyl group, there could be a possibility that there is or is not
internal rotation in 1,1-diiodoethane. The experimental V3 potential barriers reported in Table 6
show that systems related to 1,1-diiodoethane have barrier heights close to the calculated value
of 20 kJ/mol. Therefore, internal rotation may be seen experimentally.
4.4 Analysis

When two iodine atoms are added onto an ethane molecule, the rotational spectrum
becomes even more complicated to fit. As seen in Table 4, the nuclear quadrupole coupling
constants from CCSD(T) calculation are a lot larger than that of the rotational constants. Thus,
the simulated rotational spectrum shown in Fig. 18 denotes the complexity. Fig. 16 and Table 5

also shows that there is no dipole moment on the a- axis. Therefore, no a- type rotational
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transitions will be observed, only the strong b- type and weak c- type transitions. When the
rotational spectrum was experimentally recorded for the most part of the 11-18 GHz range
(shown in Fig. 18, we did not scan from 12.5-13.5 GHz region.), it seemed to line up with the
fact that the nuclear quadrupole coupling constants are larger than that of the B and C rotational
constants. Meaning that the rotational spectrum is more dependent on the splittings due to the
nuclear quadrupole coupling of the two iodine atoms than that of the rotational transitions.
In order to fit the rotational spectrum, we utilized Pickett’s program for fitting and
simulating the rotational spectrum [35]. The Hamiltonian operator applied to 1,1-diiodoethane is:
H=Hg+ Hep + Hyoc + Hysr (78)
where the Hamiltonians operator that was discussed in chapter 1, is not being utilized since the
molecule has all these features. Recall that the Hy pertains to the rotational Hamiltonian of rigid

rotor; the Hy, is for the centrifugal distortion; the H noc pertains to the nuclear quadrupole

coupling; the Hyy represents the nuclear spin-rotation coupling. These features will be
discussed in the later section but are important because of the magnitude that they pose in the
rotational spectrum. Two types of coupling schemes were considered for fitting the spectrum,
consequential and sequential. In both occasions the quantum label produced is

J"kigk{ F{'F"> J'kyk.F{F'. Both coupling schemes will give identical final positions of the

rotational transitions.

Since both iodine atoms bisect the b-axis in Fig. 16 (bottom), the nuclear quadrupole and
nuclear spin-rotation constants can be treated symmetrically. Meaning only one set of hyperfine
constants would be taken into consideration in the fit. This symmetry significantly reduces the
complexity of the spectrum analysis. This is how other previously studied dihalogen

methanes/ethanes were confronted and solved. If both iodine atoms were not symmetrical it
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would make the hyperfine constants extremely hard and the rotational spectrum nearly

impossible to solve.

4.4.1 Sequential coupling Scheme
We utilized the sequential coupling scheme for the beginning of this experiment. This
scheme is shown in equation(s) 79 & 80.
Fi=0L+] (79)

where /7 and 1> are both g . When we couple the nuclear magnetic moment to J which represents

the rotational angular momentum quantum number, we obtain the total angular momentum (F7).
We then couple F/ to the second nuclear magnetic moment of the second iodine and obtain F. By
using this coupling scheme, we were able to obtain a root-mean-square error (RMS) of
approximately 0.7 MHz. Resulting in a simulating spectrum that lines up very nicely with the
experimental one and is shown in Fig. 18. This is initially a good indication that the fit is in the
right direction. However, the satisfactory fitting error should match the experimental error of

about 2-5 kHz, indicating that there is still major progress needed.

0.003

il
Tl il w1

L O I I ST |
11500 12000 12500 13000 13500 14000 14500 15000 15500 15000 16 500 17000 17500 18000
Frequency/MHz

Normalized Intensity

Figure 18. Shows the experimental (top) and predicted (bottom) rotational spectrum of 1,1-
diiodoethane with a fitting of 0.7 MHz
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Figure 19. Shows a zoomed in spectrum of 1,1-diiodoethane.

Although once we zoom into the spectrum (Fig. 19) as seen in Fig. 18, we notice some
discrepancies. In addition, there are more experimental lines than the ones seen in the prediction.
This is a strong indication that there is internal rotation. Although with our preliminary fit, we
cannot determine for certain. Further improvement of the RMS error would help provide such

information.

Parameter Experimental Constants  CCSD(T)/aug-cc-pVTZ-pp

A (MHz) 4476.(30) 4514.700
B (MHz) 607.(6) 601.277
C (MHz) 569.(2) 538.697
As(kHz) -0.231 ]

Asx (kHz) 1.34 -

Ax (kHz) 13.12 ]
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dj (kHz)

dk (kHz)
Yaa (MHZz)

%bb- Yee (MHZ)
¥ab (MHZz)
Yac (MHz)
ybe (MHZ)
N

o (kHz)

N is number of fitted lines

Table 7. shows the experimental spectroscopic parameters after the sequential fitting.

-0.180
7.418
-1636.(2)
-136.7(6)
-1196.(5)
544.(7)
340.(2)
78

0.7

-1505.176

-118.821

-1063.464

460.757

269.887

The fitted spectroscopic constants from that fit are shown in Table 7. Table 8 shows all of the

assigned hyperfine components along rotational transitions.

J' Ka' K¢ F/' F' J' Ka" K"  F" " vexe/ MHz  Av'/ MHz
2 2 1 92 7 1 1 0 92 6 14120.230 -2.097
2 2 1 72 6 1 1 0 72 6 14134.273 0.434
2 2 1 72 5 1 1 0 72 4 14151.016 0.296
2 2 1 92 5 1 1 0 92 5 14156.436 0.392
2 2 0 92 5 1 1 0 92 5 14157.856 -1.634
2 2 1 12 3 1 1 0 52 2 14160.248 -0.780
2 2 0 32 3 1 1 1 32 2 14161.347 -0.200
2 2 0o 72 6 1 1 1 72 5 14247.629 0.625
2 2 0 32 4 1 1 1 32 3 14251.105 1.613
2 2 1 72 5 1 1 0 72 5 14270.207 -0.264
2 2 0 52 5 1 1 1 52 4 14276.216 1.367
2 2 1 92 5 1 1 0 52 4 14351.745 -0.007
2 2 0 92 4 1 1 1 52 4 14352.715 -0.413
2 2 o 72 3 1 1 1 72 3 14353.223 -0.664
2 2 0 72 5 1 1 1 72 4 14359.468 0.421
2 2 0 92 4 1 1 1 52 3 14362.998 0.309
2 2 0 72 5 1 1 1 772 5 14385.152 0.952
2 2 1 12 3 1 1 0 52 3 14400.699 0.163
2 2 o » 3 1 1 1 52 2 14458.590 0.159
2 2 1 92 6 1 1 0 92 6 14471.324 0.289

59
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9/2
7/2
7/2
972
9/2
5/2
7/2
972
7/2
972
3/2
972
9/2
972
7/2
7/2
7/2
5/2
5/2
7/2
9/2
972
3/2
5/2
7/2
972
5/2
972
9/2
7/2
9/2

72
9/2

72

Ve
3/2
9/2

5/2
972
7/2
972
7/2
972
3/2
72

AP OUNVNAI0CUVNJUNUNAITDNPRL, JIWLWOAARINNPEAWLWIAAITNUNAI PR, UNNONDWIWUNEIDNNDD B P W

I LR T S T S T T S S = N SN SN SN SN S SN PN S SN \O I \O I \O 2 (O 2 O O TN \O I 'O i (O I (O 2 NS T O \O I8 (S I \O i (O (O (ST NS TN O I \O I NS I

et ek ek e ek e pd bk e bk e ek pd e ek bk e e bk e ek bk e bk e e ek e b e e b ek e ek e e ek ek e ek e ek e e

W L L LW LW LW W WL W W W WWWULWWUWWINNPNPNPNIPPPNPDIPIPPDINOIPODDNINDRF, PR

9/2
7/2
7/2
972
9/2
572
7/2
972
7/2
972

972
9/2
972
3/2
372
7/2
572
5/2
7/2
9/2
972

572
7/2
972
9/2
972
9/2
7/2
9/2
72
9/2
9/2
vz
372
9/2

5/2
972
7/2
972
7/2
972
3/2
/2

WWwWwoprpudoaoadarrhr,r,raoaorrP,rodUmMmWAaAaNDOCUVMMUNPPWLWNDOIT T TDNDOLPP USSP PRRPR,AdWNDOIT UL WD DA ONW PR W

14471.758
14479.211
14481.977
14525.572
14589.004
15169.782
15212.157
15229.943
15255.323
15324.092
15326.229
15331.999
15407.764
15440.932
15454.743
15464.199
15486.753
15504.003
15579.200
15596.401
15665.564
15679.752
15703.391
15715.407
15716.453
15721.157
15729.232
17385.525
17396.240
17410.373
17423.135
17445.362
17451.432
17451.946
17455.539
17455.871
17458.260
17458.328
17458.693
17465.297
17466.209
17468.010
17471.377
17472.168
17480.074
17485.065

-0.007
0.156
-0.489
0.109
-0.668
-0.768
0.900
0.565
-0.644
0.631
0.040
-0.133
-0.510
0.734
-0.066
-0.223
-0.620
-0.777
0914
-1.466
1.3816
-0.895
0.561
0.704
-0.363
0.936
-1.010
0.036
-0.361
0.722
-1.747
1.232
0.887
1.114
0.502
0.505
0.781
0.391
0.105
-0.279
-0.336
1.049
-1.129
-1.197
-0.933
-0.836

60



5 2 4 92 10 4 1 3 92 9 17489.468 0.949
5 2 4 32 6 4 1 3 32 5 17498.815 0.166
5 2 4 52 6 4 1 3 52 5 17500.166 0.119
5 2 4 72 8 4 1 3 772 7 17501.338 -0.000
5 2 4 52 5 4 1 3 25 17504.032 0.209
5 2 4 72 2 4 1 3 72 1 17505.980 0.164
5 2 4 52 3 4 1 3 52 2 17508.891 -1.548
5 2 4 52 3 4 1 3 52 2 17511.035 0.596
5 2 4 52 7 4 1 3 52 6 17513.568 -0.395
5 2 4 32 7 4 1 3 32 6 17520.821 -0.718
5 2 4 72 9 4 1 3 712 8 17527.473 0.556
5 2 4 52 8 4 1 3 52 7 17529.072 -0.681
3 2 2 92 8 3 1 3 92 8 11952.104 -0.158
9 2 7 572 12 9 1 8 52 12 11910.865 -0.046
9 2 8 52 12 9 1 9 52 12 11941.037 0.0240
5 2 3 92 10 5 1 4 92 10 11652.892 -0.143
6 2 4 92 11 6 1 5 92 11 11655.993 0.276
5 2 4 32 7 5 1 5 32 7 12298.302 -0.113
7 2 6 52 8 7 1 7 52 8 12297.426 -0.017
7 2 6 32 8 7 1 7 32 8 12297.049 -0.004
4 2 3 92 8 3 1 2 92 7 16437.096 -0.632

% AV = VEXP - VCAL.

Table 8. Observed rotational transition frequencies of the 1,1-diiodoethane.

4.4.2 Consequential Coupling Scheme

In the consequential coupling scheme, shown in equation(s) 81 & 82

Iiot =1 +1; (81)

F =1l +] (82)
The use of eq. 81 couples the two nuclear spins together first to obtain a total nuclear spin
quantum number. Eq. 82 couples the total nuclear spin to the rotational angular momentum
quantum number to produce a total angular momentum quantum number (). The advantage of
this coupling scheme is that the coupling of the two iodine nuclear spins may produce a scheme
with Io; being zero. When the /,/is zero, F is equal to J, and the rotational transition can be
treated like systems that do not have nuclear spin(s). Thus, producing a quantum label like eq.

22. The benefit to using this scheme is that it would allow us to obtain a fit of 5 kHz and better
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rotational and centrifugal distortion constants than that of the current sequential coupling
scheme. We would then take the fitted rotational and centrifugal distortion constants and plug
them into the sequential coupling scheme. We would fix them and only focus on fitting the
nuclear quadrupole coupling and nuclear spin-rotation constants.
4.5 Conclusion

Alkyl halides are anthropogenic molecules that have been detected all over the world.
They pose a threat to the ozone layer, harvest, and all life on earth. Several important alkyl
halides have been studied by rotational spectroscopists. The purpose was to obtain a better
understanding of the structure of these molecular systems along with their hyperfine
components. Since the structure is related to energy, one can understand how energetic they are
in the environment, ground water, and atmosphere and come up with a mechanism to get them
out of that medium. The rotational spectrum and nuclear hyperfine coupling constants of 1,1-
diiodoethane were investigated for the first time by jet pulsed cavity-based FTMW spectrometer.
High level ab initio calculations provided a better understanding of the structure of 1,1-
diiodoethane and its nuclear hyperfine structure, which aided in the experimental search. The use
of sequential coupling scheme allowed us to obtain a RMS error of 0.7 MHz. This means that
our initial fit is contaminated by the hyperfine splittings. The plan is to use the consequential
coupling scheme and obtain a fit of 2-5 kHz From that fit, we would take the fitted rotational and
centrifugal distortion constants and plug them into the sequential coupling scheme. Allowing the
rotational and centrifugal distortion constants to be fixed and only focusing on the hyperfine
components. At this time internal rotation cannot be ruled out as a possibility, it is highly

suspected, given the V3 barrier heights being close to the calculated one.
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Maria Procedure

Start up:

1. Turn on both power bars. Check the “Fans” light (green one) to make sure it is on.

2. Turn on the turbo pump from the side (it will start with a self-check for about 30 seconds)

3. After the self-check, turn on the pump by pressing the power on button. (it will take from
10 to 15 mins to pump down to desired vacuum level. (when you see 309: 1500 Hz) and
pressure reading at around 0.

4. While waiting for the system to pump down, turn on the laptop computer

5. Click on the app “8 PI control Panel” and wait until it is fully loaded.

6. Click on the app “Edgar mmWave”

7. Make sure that you can see “ready” at the bottom of program interface before starting the
measurements.

Shut down:

1. After making sure you have saved all of the data, close the Edgar mmWave program.

2. Close the app “8 PI control Panel”

3. Close any remaining app.

4. Close the valve connecting to the sample vial, then open up the needle valve slowly to
pump down any remaining sample in the gas line.

5. Turn off the pump by pressing the power off button (the same as power on button), you
will see the increasing pressure reading. Wait until it states 309: OHz, it takes about 10
min)

6. Turn off the vacuum pump from the side.

7. Turn off both power bars.

*Static mode* (this is only if you sample has extremely low vapor pressure)

1. While the sample and needle valve are completely open and your pressure meter
is marking 00.00 mtorr (or extrmely low).

2. Flip the switch located on the left side of the pressure meter and below the sample
cell to “off”. ( you should hear a clik sound arising from the angle valve)

3. Begin a timer for 15 minutes *as you have a maxium of 20 minutes for static
mode.* (Pushing more than 20 minutes can cause damage to the turbo pump)

4. The pressure should begin to rise. (The pressure should reach a maximum of
10 mtorr).
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This can be controlled by closing the needle valve, which wont allow any sample
to come go into the sample cell.

. After 1-2 minutes begin running measurements.

Once done with measurements, make sure that the needle valve and sample valve
are closed completely.

Once done, flip the switch to “on” (you should hear a click)

. You are done, repeat if needed.
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Sequential Coupling Scheme
B.1
Below is the filename.par file used for fitting.
1,1-diiodoethane Thu May 23 1Tue Jun 04 11:22:12 2019

18 78 8 0 0.0000E+000 4.0000E+022 1.0000E+000
1.0000000000

a 66 1 0 12 0 -3 1 1 0 -1
10000 4.476339277534789E+003 1.00000000E+037 /A

20000 6.068741595522226E+002 1.00000000E+037 /B

30000 5.694102892760241E+002 1.00000000E+037 /C

200 -2.308657457976916E-001 1.00000000E+037 /DJ

1100 1.341688326676811E+000 1.00000000E+037 /DJK

2000 1.311984069337918E+001 1.00000000E+037 /DK

40100 -1.800884221818424E-001 1.00000000E+037 /dJ

41000 7.418922380115690E+000 1.00000000E+037 /dK

110010000 -1.636317829083909E+003 1.00000000E+037 /3/2Chi_aa
-220010000 -1.636317829083909E+003 1.00000000E-037 /3/2Chi_aa
110040000 -1.366542862769735E+002 1.00000000E+037 /1/4Chi_bb-
-220040000 -1.366542747761183E+002 1.00000000E-037 /1/4Chi_bb-
110210000 3.399470305405217E+002 1.00000000E+037 /Chi_bc
-220210000 3.399470305405217E+002 1.00000000E-037 /Chi_bc
110410000 5.439919468996119E+002 1.00000000E+037 /Chi_ac
-220410000 —-5.439919468996119E+002 1.00000000E-037 /Chi_ac
110610000 -1.195646740074121E+003 1.00000000E+037 /Chi_ab
-220610000 1.195646740074121E+003 1.00000000E-037 /Chi_ab
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B.2

Below shows the .lin file. This file contains all the recorded rotational transitions that were

utilized to provide the segential fit.

2

2

2

2

7
6

74

14120.

14134

14151.
14156.

14157.

14160

14161.
14247.

14251.

14270

14276

14351.
14352.

14353

14359.
14362.
14385.
14400.
14458.
14471.

14471.

14479

14481.
14525.
14589.
15169.

230

.273

016
436
856

.248

347
629
105

.207
.216

745

715

. 223

468
998
152
699
590
324
758

211

977
572
004
782

.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
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15212.
15229.
15255.
15324.
15326.
15331.
15407.
15440.
15454.
15464.
15486.
15504.
15579.
15596.
15665.
15679.
15703.
15715.
15716.
15721.
15729.
17385.
17396.
17410.
17423.
17445.
17451.

17451.

157
943
323
092
229
999
764
932
743
199
753
003
200
401
564
752
391
407
453
157
232
525
240
373
135
362
432
946

.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
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17455.

17455.

17458

17458.

17458.

17465

17466

17468.

17471

17472.
17480.
17485.
17489.
17498.
17500.
17501.
17504.
17505.
17508.
17511.
17513.
17520.
17527.
17529.

539
871

.260

328
693

.297
.209

010

.377

168
074
065
468
815
166
338
032
980
891
035
568
821
473
072

.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005
.005



B.3

Below shows the sequential fit file, filename.fit.

10
11
12
13

NEW PARAMETER (EST. ERROR) -- CHANGE THIS ITERATION

10000
20000
30000

200

1100

2000
40100
41000
110010000
110040000
110210000
110410000
110610000

A
B
C
DJ
DJK
DK
dJ
dK
3/2Chi_aa
1/4Chi_bb-
Chi_bc
Chi_ac
Chi_ab

MICROWAVE AVG =0.000665 MHz,

MICROWAVE RMS =0.778970 MHz,

END OF ITERATION

8 OLD, NEW RMS ERROR= 155.79400

IR
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4476.277(176) -0.062
606.869 ( 34) -0.006
569.4077(126) -0.0026
-0.23089( 37) -0.00002
1.34221(166) 0.00052
13.132( 34) 0.012
-0.180082(179) 0.000006
7.4196( 74) 0.0007
-1636.3174(135) 0.0004
-136.6541( 37) 0.0002
339.9492(145) 0.0022
543.995( 40) 0.003
-1195.6407 (299) 0.0061
AVG =0.00000
IR RMS =0.00000
155.05216
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