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ABSTRACT 

Metal-ligand interactions play an essential role in various areas of chemistry, 

including catalysis, biochemistry, coordination chemistry and materials science.  

However, little is known about their fundamental properties.  In order to elucidate the 

nature of the metal to ligand chemical bond, high-resolution laboratory spectroscopy 

measurements of small alkali, alkaline earth and transition metal-containing molecules 

were carried out using pulsed Fourier transform microwave (FTMW) techniques 

combined with millimeter/Terahertz-wave direct absorption methods.  Novel gas-phase 

synthetic techniques such as laser ablation and DC/AC glow discharges were employed 

to synthesize these reactive species.   

Rotational spectra of LiCCH, NaCCH, KCCH, ScN, YN, BaNH, CaH, MgH, 

ZnH, FeH, LiSH, NaSH, KSH, ZnSH, ClZnCH3 and IZnCH3 were recorded in the 4 – 60 

GHz (FTMW) and 200 – 850 GHz (direct absorption) frequency range.  Measurements of 

the weaker isotopologues, including LiCCD, NaCCD, KCCD, Sc
15

N, Y
15

N, CaD, 
24

MgH, 

25
MgH, 

26
MgH, 

66
ZnH, 

67
ZnH, 

68
ZnH, 

70
ZnH, FeD, KSD, 

66
ZnSH, 

68
ZnSH, 

64
ZnSD, 

I
66

ZnCH3, IZn
13

CH3 and IZnCD3 were also carried out.  Due to short molecular lifetimes 

as well as the presence of fine/hyperfine structure, these data were particularly 

challenging to analyze as often weak signals with complex rotational patterns had to be 

identified amongst hundreds of contaminant molecular lines.  The spectra were fit using 

an effective Hamiltonian consisting of rotational, electron spin-rotation, electron spin-

orbit, electron spin-spin, magnetic hyperfine and electric quadrupole terms to derive 

spectroscopic constants.  Based on such results, molecular geometries were determined as 
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well as electronic structure information and the degree of covalent/ionic bonding 

character in the metal – ligand bond. 
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CHAPTER 1: INTRODUCTION 

 

 

Pure rotational spectroscopy was used as a tool to investigate small unsolvated 

inorganic molecules, organometallic compounds and astrophysically-relevant species in 

the gas phase.  These molecules have applications in several fields of chemistry research, 

including catalysis (Sakamoto et al. 2009), organic synthesis (Knochel 2004; Knochel et 

al. 2011), biochemistry (Christianson & Cox 1999), and industrial hydrodesulphurization 

processes (Kuwata & Hidai 2001).  Additionally, they play an essential role in 

astrochemistry and are significant components of interstellar gas (White & Wing 1978).   

There are three main objectives of this dissertation.  The first is to characterize the 

chemical and physical properties of small (two to six atoms) metal-containing molecules.  

It is becoming increasingly important to understand the fundamental nature of the metal – 

ligand bond (Peruzzini & Poli 2001).  Small metal-containing molecules are the simplest 

system to study in this regard.  Because rotational spectroscopy is currently one of the 

most sensitive techniques available, with a sensitivity of approximately 1 in 10
8
, 

extremely accurate rotational constants can be achieved.  These spectroscopic constants 

are directly related to the molecular structure, allowing for highly accurate experimental 

molecular geometries to be determined, i.e. bond lengths and bond angles.  Additionally, 

depending on the molecule’s ground electronic state, bonding characteristics can be 

obtained from the measured rotational spectrum.  The majority of this dissertation 

explores a full range of rotational spectroscopic techniques utilized to: characterize 

molecular and electronic structures, evaluate ionic versus covalent bonding character, 
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establish structural periodic trends, obtain information on excited electronic states and 

assess molecular orbital compositions. 

The second objective is to verify and advance current bonding theories.  Because 

extremely accurate molecular geometries of unsolvated molecules are experimentally 

determined, laboratory benchmark comparisons are set for high power ab initio 

calculations.  Molecules synthesized in this thesis serve as the foundation for similar 

subsections in larger molecular or biological systems.  For example, the ZnOH and ZnSH 

moieties are present in the proposed catalytic mechanism of OCS hydrolysis by the 

carbonic anhydrase enzyme, where they are thought to play a critical role in the enzyme’s 

functionality (Spiropulos et al. 2012).  Accurate experimental ZnOH and ZnSH structures 

provide superb model systems to better understand the zinc-ligand interactions important 

in carbonic anhydrase. 

Computational chemists calculated molecular structures and spectroscopic 

constants of several molecules in this dissertation, yet their calculations are often 

insufficient when compared to those determined via pure rotational spectroscopic 

techniques.  One reason for this is that many of the species characterized contain 

rotational angular momenta, electron spin angular momenta, nuclear spin angular 

momenta and/or electronic orbital angular momenta, all of which can couple with each 

other.  Significant perturbations to the rotational energy levels result, making accurate 

computations problematic and spectroscopic patterns difficult to predict.  For example, 

the ground electronic state of a ‘simple’ diatomic metal oxide, KO, is not known.  In fact, 

it is still debated among theoreticians and spectroscopists to this day.  In order to aid 
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computational chemists to further advance current bonding theories, accurate molecular 

geometries of reactive monomeric metal-containing species were experimentally 

determined using a combination of Fourier transform microwave (FTMW), millimeter-

wave, submillimeter-wave, and terahertz spectroscopic methods.   

The final objective is to establish the spectroscopic ‘fingerprint’ of molecules of 

astrophysical interest.  Over 140 molecular species have been detected in space, including 

several metal-containing species.  For example, TiO (Kamiński et al. 2013), TiO2 

(Kamiński et al. 2013), FeCN (Zack et al. 2011), AlF (Highberger et al. 2001), AlOH 

(Tenenbaum and Ziurys 2010), AlO (Tenenbaum & Ziurys 2009), AlNC (Ziurys et al. 

2002), HMgNC (Cabezas et al. 2013), MgNC (Highberger et al. 2001), KCN (Pulliam et 

al. 2010), and NaCN (Highberger et al. 2001) were detected in various astronomical 

sources.  However, the measurement of their spectroscopic ‘fingerprint’ in the laboratory 

is cumbersome.  Metal-containing species present in the interstellar medium (ISM) have 

extremely short lifetimes.  Consequently, these molecules cannot be purchased in a 

bottle, vaporized and simply inserted into the spectrometer.  Exotic synthetic techniques 

must be employed in order to create these molecules in sustainable and detectable 

concentrations.  Once the spectrum is then identified, searches for these molecules toward 

the ISM can be performed using one of two single dish radio telescopes belonging to the 

Arizona Radio Observatory (ARO): the 12 m telescope located on Kitt Peak and the Sub-

millimeter Telescope (SMT) on Mount Graham.   

In order to perform reliable radio observations, highly accurate and precise 

rotational rest frequency measurements, ±200 kHz, are essential.  The importance of this 
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is demonstrated in Figure 1.1, which displays the abundance of molecular spectroscopic 

signatures in a 1 GHz wide spectrum centered at 231.5 GHz, taken from the astronomical 

source Sagittarius B2 North (a molecular cloud located approximately 25,000 light years 

from Earth).  As shown, molecular lines are merely hundreds of kilohertz separated from 

each other.  Lines labeled with ‘U’ are unidentified molecules that have yet to be studied 

in the laboratory.  Armed with laboratory-measured molecular ‘fingerprints’, astronomers 

can use the rotational rest frequencies for unambiguous molecular detections toward the 

interstellar medium.  These detections help probe the type of chemical compounds that 

exist in particular interstellar sources, how they are formed, isotopic ratios and the 

influence this has on the origins of planets, solar systems and stars.  This dissertation 

focuses solely on the laboratory aspect of astrochemistry.   

 

 

Figure 1.1: A 1 GHz wide spectrum taken from 231 – 232 GHz toward Sagittarius B2 

North using the SMT on Mt. Graham.  Note the abundance of molecular lines, in addition 

to 35 unidentified (U) lines (Halfen et al. 2015).  
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Clearly, rotational spectroscopy has direct applications in astronomy, 

computational chemistry and physical chemistry.  Accurate molecular parameters of 

numerous metal-containing species were established using millimeter to THz-wave direct 

absorption and Fourier transform microwave emission spectroscopic methods.  Many of 

these molecules have never been previously synthesized in the gas-phase.  This 

dissertation has been organized such that the molecular rotational spectroscopic patterns 

become more complex as the chapter number increases.  Chapter 4 explores the rotational 

energy level diagrams of ‘simple’ closed-shell diatomic/linear molecules.  The effects of 

unpaired electron(s) combined with nuclear spin(s) on the rotational spectrum of diatomic 

molecules are then analyzed in Chapter 5.  That leads us into the beautiful spectroscopic 

signatures of C3v symmetric top species in Chapter 6.  Finally, Chapter 7 embarks on the 

chemical analysis of the complex patterns associated with asymmetric top molecules.  

Bonding characteristics, electronic compositions, structural periodic trends, comparisons 

to previous computational work and novel synthetic techniques are investigated.   
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CHAPTER 2: THEORY 

 

Several texts address the concepts of applying rotational spectroscopy to small 

molecules.  Microwave Spectroscopy by Townes and Schawlow (1975) and Rotational 

Spectroscopy of Diatomic Molecules by Brown and Carrington (2003) are two classic 

works which describe them in detail.  The following will be a brief introduction to the 

fundamental concepts of rotational spectroscopy, including approximations, angular 

momentum coupling schemes, quantum numbers, Hund’s cases and effective 

Hamiltonians.  

 

2.1 Rigid Rotor 

To derive molecular rotational energy levels for a closed shell (no unpaired 

electrons) diatomic molecule, it is assumed the two atoms are connected by a rigid 

massless bar.  Referred to as the rigid rotor approximation, this is the simplest possible 

model for a rotating diatomic molecular species.  From classical mechanics, the energy of 

rotation is derived to be Erot = 
 

 
Iω

2
, where ω is the angular velocity and I is the moment 

of inertia.  The moment of inertia depends on two things: (1) the mass of the molecule 

and (2) the mass distribution in relation to a set of mutually perpendicular axes, termed 

the principal axes.  It can be expressed as μR
2
, where μ is the reduced mass of the 

diatomic molecule (
    

     
  and R is some fixed distance, i.e. the bond length.  The time-

independent Schrodinger equation for a rigid rotor can be written as 
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Ψ = EΨ,                                                                        (2.1) 

 

where   is the rotational angular momentum operator, and the eigenfunctions (Ψ) are the 

spherical harmonics, YJM(θ,φ), which can be found in any undergraduate level physical 

chemistry textbook.  Solutions of Equation 2.1 are shown below. 

 

 
  

    YJM (θ,φ) = 
  

  
J(J+1)YJM (θ,φ).                                                                               (2.2) 

 

Hence, for diatomic (and linear) molecules, the rotational energy levels can be described 

via the resultant eigenvalue: 

 

E(J) = 
  

  
J(J+1),                                                                   (2.3) 

 

where J is the rotational quantum number and 
  

  
 is called the molecular rotational 

constant, commonly labeled B.   

Rotational spectroscopy is a powerful tool because it allows for an accurate 

determination of the B molecular rotational constant, which subsequently allows for an 

accurate determination of the bond length (R), as depicted below in Equation 2.4 

(Bernath 2005).  The term to the far right is a short-hand notation to expedite calculations 

for diatomic molecules, where the units for R and  are Angstroms and atomic mass 

units, respectively. 
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B (MHz) = 
 

    
      = 

          

   
                                                                               (2.4) 

 

Rotational transition frequencies (ν) can be experimentally determined by 

measuring transitions between two sequential rotational energy levels, where ν = 2B (J + 

1).  Therefore, consecutive rotational lines are separated by exactly 2B in frequency space 

with energy separations of 2B, 6B, 12B, etc, assuming no external fields or intramolecular 

interactions present.  A stick plot of the characteristic rotational ‘fingerprint’ of a closed-

shell rigid diatomic molecule is demonstrated in Figure 2.1 (shown in red).  

 

2.2 Non-Rigid Rotor 

Obviously atoms are not connected by a rigid massless bar, and the bond length in 

fact slightly increases as the molecule rotates faster and J increases.  Classically it is 

helpful to visualize this process as two balls (the atoms) connected together via a spring.  

To account for non-rigid behavior, the rigid rotor energy expressed in Equation 2.3 is 

corrected via a power series expansion, and the resultant non-rigid rotor energy is shown 

below (Bernath 2005). 

 

E(J) = BJ(J+1) – DJ
2
(J + 1)

2
 + HJ

3
(J + 1)

3
 –  …         (2.5) 

 

In Equation 2.5, D is a fourth-order centrifugal distortion term that accounts for 

molecular geometry fluctuations due to molecular rotation, and H is a sixth-order 

centrifugal distortion correction parameter.  Consecutive rotational transitions are now 
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separated by approximately 2B (no longer exactly) due to centrifugal distortion effects.  

The effect this has on the rigid rotor predictions is demonstrated by the black lines shown 

in Figure 2.1.  Note the bond length increases as the molecule rotates faster; therefore, all 

rotational transitions are shifted slightly lower in frequency.  Also, as J increases the 

deviations of the rigid rotor predictions versus the non-rigid rotor predictions are 

magnified due to faster molecular rotation.  However, rotational transition frequencies 

can be reliably predicted through use of Equation 2.6. 

 

ν = 2B(J + 1) – 4D(J + 1)
3
 + …                                                                                     (2.6) 

 

  For most molecules studied in the Ziurys laboratory, the addition of D and H 

adequately describe molecular rotation.  However, even higher order terms are essential 

for lighter molecules, such as diatomic metal hydrides, which have large centrifugal 

distortion constants due to the large magnitude of the rotational constant.  Molecules in 

high J rotational states (J > 50) also typically require higher order terms.  These cases are 

discussed in Chapters 5 and 6, respectively.   
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Figure 2.1:  A simple stick plot depicting the effect on the rotational spectrum of a rigid 

rotor (in red) versus a non-rigid rotor (in black).   

 

To determine an accurate molecular structure, the rotational constants from 

several isotopologues must be determined.  The corresponding moments of inertia are 

then fit through the use of a non-linear least squares fitting routine STRFIT.  Allowed 

rotational transitions adhere to the selection rule ΔJ = ± 1, derived from the transition 

electric dipole moment integral (Brown & Carrington 2003).  If a molecule does not 

contain a permanent electric dipole moment, pure rotational transitions are forbidden.  

For example, pure rotational transitions of H2 cannot be observed via rotational 

absorption/emission experiments; however, HD, the deuterium isotopologue, possesses a 

small electric dipole moment which permits for rotational detections.  Theory of 

symmetric tops and asymmetric tops are discussed in Chapters 6 and 7, respectively. 
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2.3 Addition of Angular Momentum 

The above derivations were for closed-shell diatomic/linear molecules in the 

ground vibrational state of their ground electronic state, without the presence of any 

intramolecular/intermolecular interactions or external fields.  However, for most 

molecules studied in this dissertation, numerous magnetic moments, magnetic fields and 

electric fields are present, all of which cause severe perturbations and splittings to the 

simple non-rigid rotor rotational energy level diagram.  A cartoon of various angular 

momentum coupling schemes is shown in Figure 2.2.  Here, L is the orbital angular 

momentum, R is the rotational angular momentum due to molecular end-over-end 

rotation, S is the spin angular momentum (due to unpaired electron(s)), and I is the 

nuclear spin angular momentum (due to nuclei with I > 0).  L and S are determined via 

the summation of l and s of the unpaired electron(s), where s = ½ for one electron.  The J 

quantum number is always the total angular momentum excluding nuclear spin, where J = 

R + L + S.  F is used in the presence of nuclear spin, where F = I + J.  Angular 

momentum interactions most commonly found in this dissertation are listed in Table 2.1. 
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Figure 2.2: Schematic of eight possible angular momenta couplings, not including 

indirect couplings.  L is the orbital angular momentum, R is the rotational angular 

momentum, S is the electron spin angular momentum and I is the nuclear spin angular 

momentum.  All but the I·L interaction were dealt with in this dissertation. 

 

 

Table 2.1: Angular Momenta Coupling Schemes Encountered  

Angular Momenta Interactions Type of Coupling 

L·S Spin-orbit 

R·S Spin-rotation 

S·S Electron spin-electron spin 

I·S Nuclear spin-electron spin (Fermi-contact, Dipolar) 

I·I Nuclear spin-nuclear spin 

I·R Nuclear spin-rotation 

E· Q Electric quadrupole 

 

Angular momenta outlined in Table 2.1 couple via intrinsic and associated 

magnetic moments.  For example, an unpaired electron has an intrinsic spin magnetic 

moment, μS, (derived from the Dirac Hamiltonian) equal to -gsμBS, where gs is the 

electron g-factor (~2 for a free electron), μB is the Bohr magneton (
  

  
), and S is the total 

electron spin angular momentum.  This electron spin magnetic moment can interact with 

a magnetic field created by an orbiting electron (i.e. a moving charge), causing significant 

splittings to the rotational spectrum.  This is perhaps the most well-known effect amongst 
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physical scientists and is known as spin-orbit coupling.  However, the end-over-end 

molecular rotation also generates a magnetic field, which similarly couples with the 

electron spin magnetic moment.   

To further complicate matters, a nucleus containing a nuclear spin (I) gives rise to 

an intrinsic nuclear magnetic moment (µI), where µI = gIµnI.  In this equation gI is the 

nuclear g-factor and µn is the nuclear magneton (
  

   
).  This magnetic moment couples 

with other angular momenta in an analogous manner compared to that of an unpaired 

electron.  However, if I ≥ 1, the nucleus possesses a nuclear quadrupole moment, 

indicative of a non-spherical nuclear charge distribution.  This quadrupole moment 

interacts with the electric field gradient ‘felt’ at the nucleus containing the nuclear spin.  

All of these potential interactions cause perturbations and splittings to the rotational 

energy level diagram, which not only complicates the rotational ‘fingerprint’ but also 

drastically decreases the experimental signal-to-noise.  As a result, rotational spectra of 

even ‘simple’ diatomic molecules are extremely difficult to measure, identify and 

characterize.  

Magnitudes of the interactions listed in Table 2.1 can vary.  However, because the 

Bohr magneton is approximately three orders of magnitude greater than the nuclear 

magneton, the first three interactions listed tend to have the largest perturbations.  

Splittings due to the presence of unpaired electron(s) are referred to as fine structure 

splittings.  If nuclear spin is included, the resultant splittings are termed hyperfine 

structure.  Although hyperfine splittings are characteristically smaller in magnitude in 

comparison to fine structure splittings, they reveal invaluable information with regards to 
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the electronic structure.  The importance of fine and hyperfine interactions is examined in 

Chapters 4, 5 and 7.   

 

2.4 Hund’s Angular Momentum Coupling Schemes 

Depending on the presence and magnitude of the angular momentum interactions, 

certain coupling cases are more appropriate than others in the construction of the 

rotational wave function.  Hund’s coupling schemes are basis sets that provide the best 

description of the molecule of interest.  While there are numerous Hund’s coupling 

schemes, Hund’s case (a) and case (b) were primarily incorporated and are outlined 

below.    

A Hund’s case (a) vector diagram is represented at the top of Figure 2.3.  In 

Hund’s case (a), the electron orbital angular momentum (L) precesses around the 

internuclear axis via electrostatic interactions, with the projection of L on the axis called 

Λ.  While L is a good quantum number for atoms, only its projection, ±Λ, is a good 

quantum number for diatomic and linear molecules.  (The importance of the two 

degenerate Λ-components is explained in Chapter 5.)  Although electron spin is in 4
 

dimensional Hilbert space, the magnetic effects of its intrinsic spin magnetic moment are 

still ‘sensed’ in 3D space; therefore, through spin-orbit coupling (L·S), L couples S to the 

internuclear axis with the projection of S labeled as Σ.  It should be noted S and Σ are 

still good quantum numbers for diatomic and linear species. 

In general, a Hund’s case (a) basis set is appropriate for open shell molecules that 

contain orbital angular momentum, i.e. Λ > 0, where Λ = 0, 1, 2, 3… corresponds to Σ, Π, 
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Δ, and Φ states, respectively.  Because L and S are coupled to the internuclear axis, 

Hund’s case (a) uses a molecular reference frame.  J is the total angular momentum 

excluding nuclear spin, where J = R + L + S.  Each rotational transition is split in to 2S 

+1 fine structure components, depending on the number of unpaired electrons (recall that 

s = ½ for an electron).  This is known as the spin multiplicity and is indicated by a 

superscript in the term symbol, analogous to the Russell-Saunders terms used to describe 

angular momentum in multi-electron atoms.  Fine structure components are labeled by Ω, 

with Ω = Λ + Σ, where J ≥ Ω.  Depending on the sign of the spin-orbit coupling constant, 

A, either the highest or lowest Ω-component can be lowest in energy.  This is indicated 

by a subscript as r (regular, lowest Ω is lowest in energy) or i (inverted, highest Ω is 

lowest in energy).  Ω ladders are separated by AΛΣ, with energies ranging from roughly 

0.1 – 1000 cm
-1

.  An energy level diagram of FeH (X
4
Δi), a classic Hund’s case (a) 

molecule, is discussed in Chapter 5, Figure 5.2. 

In Hund’s case (b), displayed at the bottom of Figure 2.3, there is typically no 

orbital angular momentum (Λ = 0) and the electron spin is consequently no longer 

constrained to the molecular axis.  Here, N = R + L and the total angular momentum, 

excluding nuclear spin, is J = N + S.  As an example, if there is one unpaired electron (S 

= ½), electron spin-rotation doublets result, where the two energy levels are labeled J = N 

+ ½ and J = N – ½.  For S > ½, there are additional fine structure components and 

electron spin – electron spin interactions must be included, with each rotational transition 

split in to 2S + 1 components.  A Hund’s case (b) coupling scheme is most frequently 
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encountered throughout this dissertation.  An energy level diagram of 
25

MgH (X
2
Σ

+
), a 

typical Hund’s case (b) molecule, is revealed in Chapter 5, Figure 5.1. 

 

 

Figure 2.3:  Angular momenta vector diagrams of a Hund’s case (a) coupling scheme 

(top) and a Hund’s case (b) coupling scheme (bottom). 

 

Hyperfine structure was resolved for the majority of molecules characterized in 

this dissertation.  When a nucleus contains a non-zero nuclear spin, the total angular 

momentum is labeled as F, where F = J + I.  In the case where more than two nuclei 

contain a nuclear spin, F1 = J + I1, and F = F1 + I2.  Classically the nuclei with the largest 

magnetic moment (I1) couples to J first.  This is the case for 
25

MgH and 
67

ZnH 

(I(
25

Mg,
67

Zn) = 5/2; I(H) = ½) and is outlined in Chapter 5.  In a Hund’s (b) basis set, 

when the hyperfine constants are on the same order of magnitude as the fine structure 
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constants, a Hund’s case (bβs) scheme is employed, where S couples with I to give G 

(which replaced J), and G then couples with N to generate F (the total angular 

momentum).  However, Hund’s case (bβJ) sets were most frequently used, and the reader 

is directed towards the microwave study of ScS (X
2
Σ

+
) (Adande et al. 2012) for 

incorporation of Hund’s case (bβS) basis sets.   

 

2.5 Effective Hamiltonians 

Intramolecular molecular interactions studied via rotational spectroscopy 

experiments are evaluated through the use of an effective Hamiltonian.  An effective 

Hamiltonian is a sum of terms that best describe the angular momentum interactions 

present within the molecule of interest (Brown and Carrington 2003).  Each term is 

composed of a quantum mechanical operator and a corresponding molecular parameter.  

Its implementation allows physical information regarding the molecule’s chemical and 

physical properties to be extracted from the experimentally-determined molecular 

constants.  Using an exact Hamiltonian is more cumbersome and does not provide insight 

into the molecule’s chemical/physical properties.  Perhaps Prof. Robert W. Field, a 

renowned molecular spectroscopist at the Massachusetts Institute of Technology, best 

explained the significance of the effective Hamiltonian in his lecture to his Spectroscopy 

and Dynamics graduate course (Field 2008): 
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“People think what we (molecular spectroscopists) do is write a molecular telephone 

directory.  However, there are beautiful patterns and codes we can break and it is far 

more interesting than a phonebook.  This is not about the exact Hamiltonian…we need to 

build an effective Hamiltonian that represents the spectrum and dynamics.  Many of you 

interested in theory are interested in doing exact calculations…but for spectroscopy 

exact calculations are descriptions without causality.” – Prof. Robert W. Field 

 

A full chapter dedicated to the derivation of numerous effective Hamiltonians is outlined 

in Brown & Carrington (2003).   

To obtain accurate molecular constants, multiple rotational transition frequencies 

are recorded and a matrix is set up with the effective Hamiltonian operating within the 

chosen Hund’s basis set.  This matrix is diagonalized, and the predicted energy levels and 

wave functions obtained.  Spectral frequencies based on the predicted energy levels are 

compared to the actual frequencies, and molecular parameters are extracted using a non-

linear least square fitting routine.  Typically, when the rms is below 100 kHz, spectral 

assignments are confirmed.  The majority of molecules were analyzed with Prof. Herbert 

Pickett’s program, SPFIT (Pickett 1991).  For FeO, a molecule containing orbital angular 

momentum, the HUNDA fitting program was used, written by J. M. Brown and 

coworkers.    

It should be noted extreme caution must be taken with regards to the 

interpretation of the resultant spectroscopic parameters from an effective Hamiltonian, 

because all terms within it absorb contributions from other rovibrational or electronic 
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states.  One classic example is the spin-rotation effective Hamiltonian (γN·S), which 

takes into account the electron spin magnetic moment inducing a torque on the generated 

magnetic moment from end-over-end molecular rotation.  Even in an electronic ground 

state without orbital angular momentum, there is a non-negligible second order spin-orbit 

coupling contribution to the spin-rotation constant, γ.  Interestingly, this second order 

spin-orbit coupling term actually dominates the first order spin-rotation term for heavier 

molecules, even though no orbital angular momentum is present in the ground state!  This 

effect was observed in the pure rotational spectrum of ZnOH (X
2
A′) and ZnSH (X

2
A′), 

and is examined in Chapter 7.  Interpretations of the resultant physical parameters 

obtained from employing an effective Hamiltonian to various metal-containing molecules 

are discussed throughout the rest of this dissertation.   
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CHAPTER 3: EXPERIMENTAL 

 

 

3.1 Instrumentation 

Molecular spectra were recorded using a combination of two direct absorption 

spectrometers and a pulsed Fourier Transform microwave (FTMW) spectrometer.  The 

direct absorption spectrometers, namely the low temperature Broida-type oven 

spectrometer and the velocity modulation spectrometer, are great to begin molecular 

surveys due to a fast 0.6s/MHz scanning rate.  They also allow for continuous frequency 

coverage from 65 – 850 GHz and have an instrumental resolution of 100 kHz.  The 

FTMW spectrometer was primarily used to resolve molecular hyperfine structure, and 

has a frequency range of 4 – 60 GHz with an instrumental resolution of 5 kHz and a 

200s/MHz scanning rate.  Each spectrometer, not commercially available, employs a 

unique synthetic method in order to create transient metal-containing molecules in the 

gas-phase at sustainable and detectable concentrations.  Instrumentation and general 

synthetic procedures are outlined in this chapter. 

 

 3.1.1 Fourier Transform Microwave Spectrometer  

A Balle-Flygare (Balle & Flygare 1981) Fourier transform microwave 

spectrometer was used to explore hyperfine resolved, pure rotational transitions between 

4 – 60 GHz.  A block diagram of the instrument is shown in Figure 3.1, and more details 

can be found elsewhere (Sun et al. 2009).  Briefly, the spectrometer consists of a Fabry-

Pérot cavity that encompasses two spherical aluminum mirrors in a near confocal 

arrangement.  The unloaded cavity pressure is 10
-8

 Torr and maintained by a cryogenic 



33 

 

pumping system instead of the more commonly used diffusion pumps.  Gaseous reactants 

containing the ligand of interest enter the stainless steel cell via a pulsed solenoid valve 

(General Valve) at a 40° angle relative to the optical axis.  Attached to the solenoid valve 

is a discharge assisted laser ablation source, developed by Prof. Ming Sun and co-

workers, to improve the yield of open shell metal-containing molecules (Sun et al. 2010).  

A block diagram of this source is pictured in Figure 3.2.  Briefly, the laser ablation 

component is bolted to the end of the solenoid valve, where a pure metal rod is 

continuously translated and rotated through use of a microwave actuator.  An intense 5 ns 

laser pulse (200 mJ per pulse) from the 2
nd

 harmonic (532 nm) of a Nd:YAG laser 

(Continuum Surelite II) enters the cell orthogonal to the valve, and ablates the metal rod 

at a 10 Hz repetition rate.  To aid in the adequate generation of free radicals, a direct 

current (d.c.) discharge source was attached to the laser ablation set-up, where two copper 

ring electrodes approximately 2 cm apart are sealed in Teflon housing. 

The combination of the solenoid valve, laser ablation set-up and discharge source 

produces the conditions necessary to synthesize reactive and transient metal-containing 

species.  Once this gaseous mixture containing the molecules of interest adiabatically 

expands through the 3 mm orifice, the resultant supersonic jet achieves 4 – 10 K 

rotational temperatures permitting the lowest rotational energy levels to be sufficiently 

populated.  Synthetic products are directed to the center of the Gaussian beam waist 

(where microwave power is strongest) in ~1000 μs at velocities typically varying from 

400 – 600 m/s.  A 1.2 μs microwave pulse is then launched into the cavity via an antenna 

(4 – 40 GHz) or waveguide (40 – 60 GHz) to interact with the molecular electronic dipole 
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moments and achieve a state referred to as a macroscopic polarization.    More details on 

the process of achieving a macroscopic polarization and the importance of the timing 

sequences are outlined later.    

A nickel-iron alloy mu metal shield surrounds the inside of the cavity to minimize 

Zeeman splittings caused by the Earth’s ~45 μT magnetic field.  Figure 5 in Appendix A 

demonstrates the Earth’s magnetic field effect on ZnOH microwave transitions.  Because 

the cavity has a relatively high quality factor (often termed a ‘Q factor’) of ~10,000, it is 

considered to be an ‘underdamped’ system.  Therefore the microwave pulse inserted into 

the cavity will make approximately 100 – 200 passages between the mirrors before power 

is dissipated.  The higher the Q factor (ν / Δν), the longer the microwave pulse oscillates, 

but the smaller the bandwidth for which frequencies can resonate.  The intrinsic 

bandwidth for this narrowband FTMW spectrometer is 600 kHz.  

  

 

Figure 3.1: Block diagram of the Fourier transform microwave spectrometer (Sun et al. 

2010).  Note the timing arrangement of the gas pulse (S1), the discharge source (S2), the 

laser pulse (S3), and the digitization sequence (S4) (Sun et al. 2010). 
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Figure 3.2: A schematic of the discharge assisted laser ablation source (DALAS) (Sun et 

al. 2010). 

 

Because the low pass filter is only effective between 0 – 1 MHz, a heterodyne 

detection scheme is employed.  Figure 3.1 shows the instrumental block diagram.  The 4 

– 40 GHz synthesizer signal (νsignal) is sent to a coupler.  (To achieve > 40 GHz, a 

multiplier is used prior to the coupler).  This coupler directs 10% of the frequency to the 

mixer and is referred to as the local oscillator (νLO).  A 1.2 μs microwave pulse with 

frequency νsignal is pulsed into the cavity; however, the cavity is actually tuned to νsignal + 

400 kHz, as depicted in Figure 3.3.  As a result the lower side image band (νsignal – 400) is 

effectively rejected; however, frequency shifts are still recommended to confirm the lines 

are real as intense signals can leak through.  After the microwave radiation interacts with 

the molecular environment, the emitted radiation eventually gets detected by a low noise 

amplifier, and then mixed with νLO, such that νsignal – νLO = 400 kHz. This 400 kHz IF 

signal, which contains the molecular information, passes through a preamplifier and a 

low pass filter.  It is then sent to the A/D sequence for digitization.  . 
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Figure 3.3: The cavity response of the Fourier transform microwave spectrometer.  A 1 

μs signal shown in black (FWHM 1 MHz) is pulsed into the cavity which is tuned to 400 

kHz higher in frequency.  The 600 kHz FWHM of the cavity (red) is primarily 

determined by the Q factor.  Cartoon is not drawn to scale. 

 

  Molecules containing a permanent electric dipole moment interact with the 

pulsed oscillating electric field.  If the pulse energy is identical to the energy difference 

between two consecutive rotational energy levels, the electric field produces a torque on 

the electric dipole moments.  This torque causes the molecules to eventually collectively 

rotate together at their resonant frequencies (instead of randomly rotating when they are 

first inserted into the spectrometer).  This effect is referred to as a macroscopic 

polarization.   

Once the microwave pulse dissipates, molecules spontaneously emit radiation and 

over time the electric dipole moments start losing their coherence.  This loss of coherence 

is what is recorded to acquire the free induction decay (FID).  A fast Fourier transform is 

instantaneously performed to convert the time domain FID into a 600 kHz wide 

frequency spectrum.  Brown and Carrington experimentally-determined a ~1 µs 

microwave pulse achieved the most effective macroscopic polarization (Brown & 
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Carrington 2003).  An elaborate ‘cartoon’ developed by Prof. Wolfgang Jäger at the 

University of Alberta depicts the macroscopic polarization process once the gas reactants 

are pulsed into the FTMW chamber (http://www.chem.ualberta.ca/~jaeger/misc/ftmw.swf). 

The FTMW spectrometer resolution is limited by the Doppler line width, and is ± 

2 kHz.  Because the molecular jet enters the chamber at a 40° angle relative to the electric 

field, Doppler dephased doublets appear in the spectrum with their splitting dependent on 

the tuned frequency and the gas velocity.  Rotational transition frequencies are taken as 

the average of the two components.  Ten experiments (or shots) are performed every 

second, with the number of shots to achieve a sufficient signal-to-noise ratio varying 

from 200 – 10,000. 

 

3.1.2 Direct Absorption Spectrometers 

a) Frequency Source 

All three direct absorption spectrometers in the Ziurys laboratory utilize similar 

millimeter-wave electronics, with the primary difference being the path along which 

radiation is propagated.  Sources of radiation are InP Gunn oscillators (J. E. Carlstrom 

Co.), which operate in the frequency range of 65 – 140 GHz.  To generate millimeter-

wave power, an InP semiconductor diode connected to a tunable resonant cavity contains 

a thin, light n-doped layer sandwiched between two substantially n-doped regions.  These 

two regions are connected to two terminals.  A voltage is initially applied to the diode 

and the current increases proportionally, as expected from Ohm’s Law.  Interestingly, 

http://www.chem.ualberta.ca/~jaeger/misc/ftmw.swf
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characteristic of InP (and GaAs), once a certain voltage threshold is achieved the diode 

attains a state referred to as the negative differential resistance region.  In this region, an 

increase in the applied voltage actually causes a decrease in the current.  Therefore, the 

Gunn diode is a non-ohmic device.  In the negative differential resistance region is where 

direct current is converted into millimeter-wave radiation, with approximately 20 – 90 

mW of power.  An I-V graph demonstrating this relationship is shown in Figure 3.4.  

Most Gunn oscillators are biased around their threshold voltage of ~10 V.   

 

 

Figure 3.4: A Gunn oscillator’s IV curve demonstrating the negative differential 

resistance that occurs over the Gunn’s voltage threshold (vo) of ~10 V.  This region is 

where direct current is generated into millimeter-wave power. 

 

However, Gunn oscillators are relatively unstable and are known to drift at room 

temperature; therefore they must be phase-locked in order to guarantee nearly 

monochromatic radiation.  A block diagram illustrating this detection scheme is depicted 

in Figure 3.5.  Millimeter-wave radiation from the Gunn (νGunn) is propagated via a 

waveguide (WR-12: 60 – 90 GHz; WR-10: 75 – 100 GHz; WR-8: 90 – 140 GHz) to a 
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coupler that directs 10 dB (10%) to a Schottky diode mixer for phase locking.  The 

scanning frequency of interest is typed in to the computer which calculates a ~2 GHz 

reference signal for the synthesizer, labeled as νSyn.  (A Fluke 6082A synthesizer 

referenced to a 10 MHz rubidium crystal provides the 2 GHz reference signal.)  νSyn is 

then sent to the mixer to generate a series of 2 GHz harmonics (n ≈ 30 – 65).  The Gunn 

signal and reference signal are mixed down such that Equation 3.1 is constantly held. 

 

νGunn – n*νSyn = 100 MHz            (3.1) 

 

The resultant 100 MHz signal is termed the phase lock intermediate frequency (IF), and 

is sent through a triplexer to the phase lock box where it is compared to a 100 MHz 

reference frequency provided by a quartz oscillator.  While scanning for a particular 

molecule, the Gunn is continuously biased to insure the phases are always locked. 

Phase locking the Gunn in this manner allows for a frequency precision of ±1 Hz.  

In order to confirm the correct IF is locked, the harmonics are varied at least ±2 and the 

100 MHz IF signal displayed on the spectrum analyzer should remain stationary.  (While 

doing this insure the harmonic results in a νSyn between 1.8 – 2.2 GHz.)  If the IF signal, 

commonly referred to as the PIP, shifts when the harmonic is changed, the PIP is 

incorrect and should not be locked.  The author suggests frequently monitoring the 

correct PIP to ensure the wrong frequency is not locked, and to always have a test line.  

Once the Gunn is phase-locked, the radiation is directed to a Schottky diode multiplier, 

biased around 1 V at ~5 mA, where the frequency can be doubled, tripled, quadrupled, 
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etc.  This set-up extends the operational frequency range from 65 – 140 GHz to 65 – 750 

GHz.     

 

 

Figure 3.5: A block diagram of the low temperature Broida-type oven spectrometer 

(Ziurys et al. 1994). 

 

b) Optics Scheme and Reaction Chamber 

i. Low Temperature Broida Oven 

In the Broida oven spectrometer, the incoming radiation is propagated using a 

corrugated scalar feedhorn connected to a waveguide which propagates solely the vertical 

light polarization.  Radiation then passes through a polarizing wire grid constructed of 25 

μm gold plated tungsten wires.  The light is directed into a double-pass stainless steel 

reaction chamber, pictured in Figure 3.6.  Two Teflon lenses seal the cell, and a rooftop 

reflector is attached at the end of the cell to rotate the light’s polarization 90° after its first 

pass.  Radiation then travels back through the molecular production region (hence termed 

double-pass), reflects off the wire grid and launched into a helium-cooled hot electron 
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bolometer.  The vacuum chamber is approximately 0.5 m long and 0.1 m in diameter.  It 

is evacuated by a mechanical pump in combination with a Roots type blower (Edwards 

EH500/E2M40) achieving vacuum pressures of 1 – 10 mTorr.   

To generate metal vapor, a Broida-type oven is connected to the bottom of the 

cell.  An aluminum oxide crucible (R & D Mathis, Part #: C6-A0) containing the metal is 

placed in a 1(1/2) in x 1(5/8) tungsten basket (R & D Mathis Part #: B11-3X.040W).  

This basket is attached to two stainless steel posts connected to copper electrodes and is 

resistively heated.  Five degrees Celsius water surrounds the chamber and the oven to aid 

in rotationally cooling the molecules and to prevent the oven and cell from melting.  

Although metals with 1100 K melting points can be vaporized, rotational temperatures 

vary from 300 – 600 K inside the cell.  A d.c. discharge copper electrode is placed 

approximately 2 – 7 cm above the crucible in order to excite the metal atoms and create 

radical fragments.  A gas inlet tube is placed above the oven to direct the precursor gas 

into the molecular production region.   Argon is flowed below the oven to act as carrier 

gas. 

During an experiment, intensely colored atomic emission or chemiluminesence 

plasmas can be observed via 2 inch quartz window located above the cell.  Alkali, 

alkaline earth, copper and zinc metals were vaporized in this spectrometer.  To vaporize 

metals with a melting point greater than 1000 K, the high-temperature Broida-type oven 

spectrometer must be used. 



42 

 

 

Figure 3.6:  Photograph of the low temperature Broida oven spectrometer. 

 

 

ii. Velocity Modulation Spectrometer 

In the velocity modulation (VM) spectrometer (Savage & Ziurys 2005), a single-

pass glass cell reaction chamber is used, and its photograph displayed in Figure 3.7.  

Once the radiation exits the feedhorn the Gaussian beam passes through two Teflon 

lenses (which cap the cell), directly into the detector.  The pumping system is similar to 

the one mentioned previously, achieving a vacuum pressure of 1 – 10 mTorr.  The cell is 

approximately 1 meter long and 0.5 m in diameter.  Chilled methanol flows through the 

outer jacket of the cell, cooling it to -65°C.  To aid in the generation of free radicals, two 

longitudinal AC copper ring electrodes are placed inside the cell approximately 0.75 m 

apart.  The resultant plasma can be clearly seen through the glass, as demonstrated in 

Figure 3.7.   
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Figure 3.7: A photograph of the velocity modulation spectrometer.  Methanol cools the 

glass cell to -65°C.  The pinkish glow discharge plasma is a result of argon atomic 

emission. 

 

  

With the Broida-type oven technique some metals are difficult to effectively melt 

and generate a sufficient amount of metal vapor; vanadium being a classic example.  

Therefore the VM spectrometer utilizes inorganic precursors, such as VCl4(l), as the 

source of metal vapor and thus no heating is necessary.  Unlike the Broida oven 

techniques which run out of metal every 1 – 3 hours, once the VM system is prepared 

continuous scanning can be accomplished without interruption for the entire 13-hour 

work day.  However, one disadvantage is that most organometallic precursors have 

copious amounts of contaminants, making it relatively difficult to identify molecular 

fingerprints.  For instance, VCl4 has four extremely reactive chlorine ligands which will 

infest the data with intense contaminant signals.  Additionally, many of the precursors are 

hazardous, flammable, carcinogenic, etc…so extreme caution must be used.   
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c) Hot electron bolometer 

The detector used for the direct absorption spectrometers is an indium antimonide 

(InSb) hot electron bolometer (Cochise Instruments).  While operational details are 

beyond the scope of this dissertation, a summary is provided.  The bolometer consists of 

a thin InSb semiconductor absorbing layer connected to a pseudo thermal reservoir.  At 

room temperature, the electron – phonon interactions in InSb are strongly coupled; 

however, when the detector is cooled to 4.2 K with liquid helium, the free electrons are 

only weakly coupled to the phonon system, i.e. the electron temperature is out of thermal 

equilibrium with the phonon system.  These electrons are referred to as ‘hot electrons’.   

The helium-cooled InSb chip essentially behaves as a thermometer, because the 

resistance of the InSb chip is directly related to the hot electrons temperature.  When 

molecules have a rotational transition resonant with the incoming radiation, light is 

absorbed, resulting in a minute decrease in radiation power irradiating the InSb chip.  

This decrease in radiation power cools the ‘hot’ electrons causing a change in resistance, 

which consequently causes a change in voltage.  InSb bolometers are extremely sensitive 

to even the slightest changes in temperature.   

To conserve liquid helium, the outer Dewar of the detector is filled with liquid 

nitrogen (77 K).  If liquid nitrogen is filled every 12 hours, the 4 L of liquid helium in the 

inner Dewar remains 30 – 36 hours before needing refilled.  Liquid helium currently 

costs $12.50 a liter.   
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d) Phase sensitive detection 

Since the molecules synthesized are highly transient species with lifetimes on the 

order of microseconds, phase sensitive detection is necessary to extract weak signals 

from the noise.  This is accomplished through the use of a lock-in amplifier, which one 

can roughly think of as an AC voltmeter.  Lock-in amplifiers take advantage of the 

mixing characteristics of two sinusoidal waves.  The lock-in obtains the input signal from 

the InSb bolometer.  However, because the detector is an AC device, the Gunn input 

signal must first be frequency modulated according to Equation 3.2. 

 

f = 3 kHz · (nHarm) · (nmult.)                                  (3.2) 

 

In this equation, nHarm is the harmonic of the ~2 GHz reference frequency and nmult. is the 

harmonic of the frequency multiplier (usually 2, 3, or 4).  The Gunn frequency is 

modulated by frequency (f) at a 25 kHz rate delivered via an external function generator 

(BK Precision).   

In addition to the detector’s modulated signal, a 25 kHz reference signal is also 

sent to the lock-in.  Therefore the lock-in only detects signals that have been frequency 

modulated by 25 kHz, essentially eliminating random noise.  A phase sensitive detector 

(PSD) mixes the 25 kHz modulated input signal with the 25 kHz reference signal and 

integrates for approximately 100 - 300 ms.  When the input signal and reference signal 

are not identical the average virtually goes to zero; however, when the input signal equals 

the reference, a DC voltage signal is extracted, being directly proportional to the original 
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signal (the spectrum) amplitude.  After passing through a low pass filter to remove other 

AC components, the signal is demodulated at two times the rate of modulation (50 kHz).  

Consequently, second derivative line profiles are observed.   

One advantage of a second derivative spectrum is the majority of the line intensity 

is centered on the actual transition frequency.  Gaussian line profiles are subsequently fit 

to the zoomed-in 5 MHz signals to determine accurate rotational frequencies.  The 

estimated experimental uncertainty is ±100 kHz.  Phase sensitive detection is critical to 

increase molecular signal intensities that would otherwise be lost within the noise. 

 

3.2 Synthesis 

In this section the general synthetic techniques employed for all three 

spectrometers are described.  However, every metal, inorganic precursor, reactant gas and 

products behave in a different manner under similar chemical and physical conditions.  

While published experimental settings in the attached manuscripts accurately describe the 

molecular synthetic schemes, more elaborate procedures are available in the chapters that 

follow.  Additionally, supplementary procedures to effectively work with Cr(CO)6, 

Fe(CO)5, Zn(CH3)2, sodium, potassium, scandium, magnesium, calcium, barium, yttrium, 

titanium and copper are presented in Appendix B.   Information in these chapters was 

gathered through years of experience in the Ziurys laboratory, and I encourage the 

spectroscopist interested in his/her quest to synthesize challenging metal-containing 

molecules to explore them.  Table 3.1 summarizes the experimental conditions used for 

all molecules studied in this dissertation, including unpublished and undetected species.  



47 

 

Appendix C illustrates key conditions a rotational spectroscopist should observe while 

scanning.  
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Table 3.1: Summary of Synthetic Conditions for Various Molecules in the Direct Absorption Spectrometer 

Molecule Gas/Pressure Ar(g) Inlet 

Pos. 

Discharge Plasma Con.
a
 Notes 

FeH/FeD >40 mT H2 

(D2); 1 mT 

Fe(CO)5 

10 mT N/A 250 Watt (AC) Purple/Pinkish Yes Needs high discharge 

YOH 0.5 0 10 mT 

H2O 

VAR. Top VAR. N/A No Can’t be synthesized
b
 

ZnSH/SD 0.5 – 2.0 mT 

H2S (D2S) 

VAR. Top 140 

deg. 

VAR. Localized Yes Only plasma behavior 

essential for ZnSH
c
 

ZnOH/OD 2 mT H2O 

(D2O) 

15 mT Top 120 

deg. 

0.250 A (100 V) Purple/Pink Yes  

KSH/SD 2 mT H2S 

(D2S) 

10 mT Top 140 

deg. 

0.08 A (250V) Green Yes Potassium must be 

shiny
c
 

IZnCH3 4 mT CH3I 15 mT Top 140 

deg. 

0.060 A (460 V) Purple/Pink/Blue Yes  

ClZnCH3 > 20 mT 

CH3Cl 

15 mT Top 140 

deg. 

0.31A (250 V) Pink localized No Isotopologues too 

expensive 

FeO 3.5 mT N2O + 

2-3 mT 

Fe(CO)5 

40 mT Ar T’d 

off with 

Fe(CO)5 

175  Watt (AC) Purple/Pinkish Yes Measured up to 850 

GHz
d
 

FeOH 2-4 mT H2O + 

0.5 – 1 mT 

Fe(CO)5 

20 mT Ar T’d 

off with 

Fe(CO)5 

175 Watt (AC) Purpleish No Instant Ph.D. Molecule 

(5.9B already scanned) 

KO (I) 3-4 mT N2O 23 mT Top 140 

deg. 

0.08A (.26 kV) Pink with a little 

green 

M Instant Ph.D. Molecule. 

Guarantee it is in this 

data set.  Many 

contaminants
e
 

KO (II) 25 mT of O2 6 mT Top 140 

deg. 

0.16A (.31 kV) Grey/green M Instant Ph.D. Molecule. 

O2 oxidized K once 

melted 
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Table 3.1 Continued: Summary of Synthetic Conditions for Various Molecules in the Direct Absorption Spectrometer 

Molecule Gas/P. Ar/P. Inlet 

Pos. 

Discharge Plasma Con. Notes 

KO 

(Blank) 

3 mT N2O 30 mT Top 140 

deg. 

0.08A (0.36 kV) Pink N/A Blank Run.  Compare 

lines to KO (I) lines 

CrOH Heated 

Cr(CO)6 to 

85.1F + 5mT 

H2O 

15 mT Ar and 

H2O 

T’d off 

265 W (AC) Blue/purple No Instant Ph.D. Molecule 

CuN 30 mT N2 20 mT Top 0.17A (410 V) Green No  

ZnI ? mT I(s)
f
 30 mT Top 140 

deg. 

0.05 A (340 V) Purple/Pink No Could not get iodine 

vapor  with I(s) crystals 

CaH 20 mT H2 20 mT Top 140 

deg. 

0.15 A (30 V) Pinkish 

chemiluminesence 

Yes Strong S/N 

MgH 15 mT H2 45 mT Top 140 

deg. 

0.75 A (180 V) Green 

chemiluminesence 

Yes Strong S/N 

ZnH 5 mT H2 40 mT Top 140 

deg. 

0.38 A (20 V) Purple/Pink Yes Strong S/N 

CuNH2 15 mT NH3 25 mT Top .18 A (440 V) Green No Use NH3(g) for MN or 

MNHx species.  Potential 

lines in old data. 
a 
Confirmed. 

b 
Yttrium very difficult to work with in Broida-oven spectrometer. 

c 
Refer to Chapter 7. 

d
 Work I did not discussed in this dissertation.  Astrophys. J. paper once 1.2 -1 .7 THz frequency source available.                       

   Contact me. 
e 
Look at this data in IDL. 

f 
Could not produce iodine vapor, even without shutoff/fine-tune valves and round bottom flask upside down. 
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Table 3.2: Summary of Synthetic Conditions for Various Molecules in the FTMW Spectrometer 

Molecule Reactant Gas Flow Exp. 

Time 

DC/Time Gas Pulse Conf.
a
 Notes 

ScNH 0.4% NH3 in Ar 46sccm 1700 - 

1750 

1050V/1300 μs 750 Yes Weak lines (three nuclei 

with I > 0).  Needs more 

work
b
 

BaNH 0.2% NH3 in Ar 40sccm 1750 1000V/1500 μs 750 Yes Ba rod difficult to 

construct 

ScN 0.2% NH3 in Ar 40sccm 1750 1250V/1390 μs 750 Yes N2 did not work 

YN 0.2% NH3 in Ar 40sccm 1750 1250V/1390 μs 750 Yes N2 did not work 

NaNH2 0.3% NH3 in Ar 60sccm 1850 500V/1300μs 750 Yes Optimize this.  Survey 

for KNH2
c 

ZnSH 0.1% H2S in Ar 45sccm 1750 400V/1350μs 750 Yes 1500 shots 

ZnSD 0.25%D2S in Ar 45 sccm 1750 400V/1350 μs 750 Yes H/D exchange 

20000 shots 

KSH/SD 0.25%H2S in Ar 33 sccm 1750 500V/1350 μs 750 Yes Lines 20% weaker w/o 

DC 

(1.27 kV Laser Power) 

LiCCH 0.3%HCCH in Ar 40 sccm 1750 1000V/1000 μs 500 Yes 1.27 kV Laser Power 

NaCCH 0.3%HCCH in Ar 40 sccm 1750 1000V/1000 μs 500 Yes 1.27 kV Laser Power 

KCCH 0.3%HCCH in Ar 40 sccm 1750 1000V/1000 μs 500 Yes 1.27 kV Laser Power 
a 
Confirmed. 

b
 Needs more work.  Data not presented in this dissertation.  See Steimle et al. 1997.  Solid J. Mol. Spectrosc manuscript. 

c
 Will be intense in both FTMW and mm spectrometer.  Must do weaker 

15
N and D isotopologues.  Caution:  

  Potassium tough to work with.  See Appendix B. 
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3.2.1 Fourier Transform Microwave Spectrometer 

 Metal-containing molecules studied in the FTMW spectrometer were synthesized 

exploiting the DALAS technique discussed in section 3.1.1.  Gas mixtures typically 

contained 0.10% - 0.25% of the reactant gas (containing the ligand of interest) in argon at 

a pressure of 200 psi.  990 μs after the initial solenoid valve is opened to release the gas 

mixture, a 5 ns (532 nm) Nd:YAG laser pulse ablates a pure metal rod for metal 

vaporization.  Laser power supply voltages varied between 1.21 and 1.49 kV, depending 

on the metal.  Interestingly, failure of the rod to continuously rotate/translate immediately 

destroyed molecular signals, even if plasma was still observed.  A 300 – 1500 V DC 

discharge is simultaneously applied to the gas mixture for 1100 – 1400 μs as soon as the 

solenoid valve is opened.  For some closed shell species, optimum signals were obtained 

without the presence of a discharge.   

The ensuing gas mixture adiabatically expands out of a 3 mm orifice into the 

cavity (stagnation pressure of 34 psi) with a flow varying from 20 – 70 sccm (standard 

cubic centimeters per minute).  After a ~1000 μs delay to allow the gas to travel to the 

Gaussian beam waist, a 1.2 μs microwave signal is pulsed into the cavity.  Eight 

microseconds later, the A/D sequence is switched on, and the 400 kHz IF signal is 

amplified by a low noise amplifier, directed through a low pass filter and finally sent to 

the A/D card for digitization.  Timings are slightly different for each molecule, and it’s 

important to optimize the above conditions.  A picture of the FTMW spectrometer in 

action is shown in Figure 3.8.  
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Figure 3.8: The DALAS Fourier transform microwave spectrometer used for low 

frequency experiments. 

 

 

3.2.2 Direct Absorption Spectrometers 

The general molecular synthesis procedures using the low temperature Broida-

type oven spectrometer are similar for all molecules studied.  Chunks of metal, typically 

98 – 99% pure, are placed in an alumina oxide crucible.  To generate metal vapor, the 

crucible is situated in a tungsten basket connected to stainless steel posts and resistively 

heated.  Reactant gases were introduced into the cell approximately 5 cm above the 

crucible to interact with the metal vapor.  Gas pressures varied from 0.5 – 40 mTorr.  

Attempts to introduce the reactant gas from the bottom of the oven consistently had a 

negative impact on signal intensities.  In all experiments, argon was also flowed in front 

of the two Teflon lenses to prevent metal deposition, as this attenuated millimeter 

radiation; particularly vital for zinc and potassium.  Argon was also introduced through 

the bottom of the oven to act as a carrier gas, with optimal pressures varying from 3 – 60 

mTorr.  Zirconia felt, alumina packing and alumina spheres were not required for 

additional insulation surrounding the crucible in the low temperature Broida-oven. 
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A copper d.c. discharge electrode located ~5 cm above the crucible was applied to 

the subsequent reaction mixture to produce free radicals and create a glow discharge 

plasma.  The presence of this plasma was essential to increase reaction yields, even for 

closed-shell molecules.  Additionally, depending on the synthetic conditions (d.c. current, 

oven voltages, pressures, etc…), the discharge plasma coloration and shape would alter.  

It’s imperative to record this chemical behavior.  A key example illustrating the 

importance of this is discussed in Chapter 7.   

        For the velocity modulation spectrometer, the heating of metals is not 

required.  Instead it utilizes inorganic and organometallic precursors as the metal vapor 

source.  Typically, a liquid precursor is placed in a round bottom flask or a steel ‘bomb’ 

next to the glass cell, with a shutoff valve and fine-tuning valve attached.  Optimum 

pressures are usually between 0.3 and 3 mTorr.  For many liquids, argon was connected 

to the Teflon tubing as well.  However, this Swagelok connection should be connected 

closest to the cell instead of directly above the fine-tune valve to prevent argon from 

‘blocking’ organometallic liquid vapor from entering the cell.  Additional gas reactants 

were added through another inlet tube located approximately 10 cm away.  Reactant gas 

pressures and argon pressures varied tremendously in this spectrometer depending on the 

molecule studied.  An AC discharge of 150 – 300 Watts was used for all open shell 

molecules.  Discharge wattage greater than 300 W negatively affected the Gunn phase-

lock mechanism and produced spikes in the data.  
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CHAPTER 4: HYPERFINE STRUCTURE IN CLOSED SHELL MOLECULES 

 

4.1 Introduction 

In closed-shell molecules, the most important hyperfine interaction is the electric 

quadrupole coupling interaction (Brown and Carrington 2003).  The ability to resolve 

quadrupole hyperfine splittings allows the metal-ligand chemical bond to be probed in 

order to assess the degree of ionic/covalent bonding character and evaluate the electronic 

structure.  Quadrupole coupling parameters of various metal-containing species have 

already been analyzed, including metal fluorides (Cederberg et al. 1992; Hollowell et al. 

1964; Paquette et al. 1988), chlorides (Gallagher et al. 1972; De Leeuw et al. 1970; Nitz 

et al. 1984) and the hydroxides (McNaughton et al. 1994; Kawashima et al. 1996; 

Cederberg et al. 1996).  While previous millimeter-wave and optical work has been 

reported for the metal acetylides, nitrides and imides (Apponi et al. 1998; Xin and Ziurys 

1998; Brewster et al. 1999; Grotjahn et al. 1998; Kunze and Harrison 1988; Ram and 

Bernath 1994; Janczyk et al. 2006), hyperfine parameters for these molecules have not 

yet been established.  This is undoubtedly due to a combination of low resolution 

spectrometers and weak signal-to-noise as a result of quadrupole hyperfine structure 

splittings to the rotational energy levels.   

Interestingly, there have been various theoretical papers predicting the electronic 

structure of YN and ScN (Dou et al. 2010; Daoudi et al. 1998; Tientega and Harrison 

1994; Feng-Juan et al. 2009).  As an example, one study suggested ScN is a purely ionic 

compound containing Sc – N triple bond in a 
1
Σ

+
 electronic ground state (Tientega and 

Harrison 1994).  However, a later study stated ScN is purely covalent with a Sc – N 
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double bond and an unpaired electron (Daoudi et al. 1998).  Microwave rotational 

spectroscopy experiments will indisputably confirm the electronic structure of ScN, and 

can be used to refine computational chemists’ calculations.  Similar situations have also 

been encountered with metal acetylides and metal imides. 

In order to establish the electronic composition of metal acetylides, nitrides and 

imides, FTMW high-resolution spectrometers are crucial to resolve electric quadrupole 

splittings.  In closed-shell molecules the nuclear magnetic moment is the key contributor 

to the quadrupole coupling interaction.  Because it is approximately three orders of 

magnitude smaller than the Bohr magneton, hyperfine splittings are typically extremely 

small (1 – 10 MHz) in comparison to fine structure splittings (10 MHz – 10 GHz).  

Therefore, it is essential to study these molecules in the FTMW instrument, due to its: a) 

high sensitivity (1 in 10
8
) and b) high resolution (~5 kHz).  This allows quadrupole 

hyperfine splittings to be resolved, which would otherwise be blended in the millimeter-

wave/optical instruments. 

In this chapter, discharge-assisted laser ablation FTMW methods were used to 

establish quadrupole coupling parameters of LiCCH, NaCCH, KCCH, BaNH, ScN and 

YN for the first time.  Their rotational spectra were previously recorded at millimeter 

wavelengths (for the acetylides and BaNH) or via optical studies (YN and ScN); however 

quadrupole structure could not be resolved.  Microwave spectra of deuterium and 
15

N-

substituted isotopologues were also measured.  For the synthesis of the alkali-metal 

acetylides (MCCHs), a novel synthetic procedure was developed to effectively vaporize 

sufficient quantities of alkali-metal vapor.  Interpretations of the experimentally-
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determined quadrupole coupling parameters with regards to their electronic structure will 

be discussed.  Townes-Dailey methods were also applied to quantify the degree of 

covalent bonding character present in the metal to ligand bond.   

 

4.2 Theory  

4.2.1 Hyperfine Structure in Closed-Shell Molecules: Quadrupole Coupling 

As mentioned previously, quadrupole structure is the most important/common 

hyperfine interaction present in closed shell species (Brown and Carrington 2003).  It 

results from a nucleus containing a nuclear spin greater than ½ coupling to the electric 

field gradient present at that particular nucleus.  The quadrupole moment can be thought 

of as a measure of the departure of the nuclear charge distribution from spherical 

symmetry, where a positive nuclear quadrupole moment implies a prolate nucleus and a 

negative one implies an oblate nucleus (Townes and Dailey 1949).  Electric fields are 

generated even in closed-shell species, from both paired electrons and the nuclei as a 

whole, although it is primarily dominated by the electrons.  Quadrupole hyperfine 

splitting magnitudes depend on the size of the nuclear quadrupole moment and the 

electric field gradient.   

Quadrupole coupling is described by the following scalar product of two second 

rank spherical tensors (Brown and Carrington 2003):  

 

HeqQ = -eT
2
( E) · T

2
(Q), where                               (4.1) 

T
2
( E) = 

 

    
∑

  

  
                   (4.2) 
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eT
2
(Q) =  ∑   

 
                   (4.3) 

 

In Equation 4.1, the first term takes into account the electric field gradient and the final 

term the nuclear quadrupole moment.  These terms are expanded in Equations 4.2 and 

4.3.  T
2
( E) accounts for all charges outside of the nucleus, primarily protons and 

electrons.  eT
2
(Q) takes into account the proton coordinates inside of the nucleus.  It 

should be noted that this interaction is also the same in open-shell molecules.  The 

diagonal quadrupole energy eigenvalue obtained from Equation 4.1 is shown in Equation 

4.4.  In-depth details of this calculation are described in Chapter 8 of Brown and 

Carrington (2003). 

 

      
    

                     
 
 

 
                             

                              ]        (4.4) 

 

The most important result from the above equation is the eq0Q term shown in the 

numerator, the quadrupole coupling constant, where q0 is the electric field and eQ is the 

quadrupole moment of the nucleus of interest.  An accurate determination of eq0Q allows 

for the metal – ligand bonding character to be gauged.  As will be shown in the following 

sections, the primary objective of this chapter is to accurately determine this parameter on 

a series of molecules to evaluate electronic structure periodic trends and provide insight 

on the fundamental nature of the metal – ligand chemical bond.  
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 In addition to the quadrupole interaction, a weaker interaction involving two 

magnetic dipole moments occurs, called the nuclear spin-rotation interaction.  As was 

discussed in Chapter 2, a nuclear spin I has a corresponding magnetic moment (μI), 

where μI = gNμNI.  Similarly, the molecular rotation generates a small magnetic moment 

governed by μJ = μJJ.  These two associated magnetic moments weakly interact with 

each other, and the effective Hamiltonian describing this nuclear spin-rotation interaction 

is shown in Equation 4.5.   

 

      ∑                
               (4.5) 

 

However, because quadrupole hyperfine structure is the most important interaction in 

closed-shell molecules, the remainder of this chapter focuses on the analysis and 

interpretation of eQq parameters.  

 

4.2.2 The Townes-Dailey Method 

 The Townes-Daily method (Townes and Dailey 1949) is a procedure used to 

evaluate molecular electronic structures from their nuclear quadrupole coupling 

constants.  Quadrupole hyperfine parameters depend on the magnitude of the nuclear 

quadrupole magnetic moment and the varying electric field ‘felt’ at the nucleus 

containing the quadrupole moment.  Townes and Dailey demonstrated the variation of the 

electric field is directly related to the electronic structure, and depends on the valence 
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electrons in the lowest energy p-type orbitals.  An s-type subshell gives no contribution 

toward the electrostatic potential because of its spherical nature.   

 As an example, the electric quadrupole coupling constant (eQq0(Sc)) of a ScX 

diatomic molecule can be expressed in terms of the atomic scandium orbitals via the 

following formula (Lin et al. 2000):  

 

            (     
 

 
   )                

 

 
                          (4.6) 

 

where ni are the bonding orbital populations.  For scandium, eQq410 and eQq320, the 

quadrupole coupling constants created by 3d and 4p orbitals respectively, have yet to be 

established.  However, they can be calculated using Equation 4.7 and assuming 

hybridized sp and sd orbitals. (Gordy and Cook 1984). 

 

                
       

            
 〈 

  

 
  〉        (4.7) 

 

Through the use of Equations 4.6 and 4.7, it is possible to predict the value of 

eQq0(Sc)for ScX.  Depending on the percent difference between the calculated eQq0 and 

the experimentally-determined eQq0 constant, the degree of ionic character can be 

quantitatively examined.  Additionally, contributions from the core electrons of the 

ligand to the experimental eQq0 constant can be evaluated.     

 Perhaps a simple example of comparing chlorine quadrupole coupling constants 

of atomic chlorine, ICl and NaCl will elucidate the importance of the Townes-Dailey 
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method.  It should be state this example has been summarized from Townes’s and 

Dailey’s original manuscript (Townes and Dailey 1949), and is briefly discussed here for 

the benefit of the reader.  Complete derivations of molecular electronic structures 

determined from quadrupole coupling constants can be found in the previous reference.   

Experimentally-determined chlorine quadrupole coupling constants of atomic Cl, 

ICl and NaCl are displayed in Table 4.1.   Consider the quadrupole coupling constant of 

the neutral chlorine atom, which obviously lacks one p electron.  Due to this lack of 

electron the p subshell departs from spherical symmetry, producing a rather large 

quadrupole coupling constant of -110.4 MHz.  Now consider a neutral chlorine atom 

bonded to neutral iodine atom to form ICl, a covalent molecule.  In simple terms, one can 

think about the I – Cl chemical bond as an open p subshell oriented along the internuclear 

axis, which still departs from spherical symmetry.  Therefore, the quadrupole coupling 

constant of ICl should also be relatively high, similar to that of a neutral chlorine atom. 

Indeed this hypothesis is confirmed by an eQq(Cl) of -82.5 MHz. 

 

Table 4.1: Quadrupole Coupling Constants of Various 
35

Cl Species
a
 

Molecule Chemical Bond eQq (MHz) 

Cl N/A -110.4 

ICl Purely covalent -82.5 

NaCl Purely ionic < 1 
a
 Townes and Dailey, J. Chem. Phys. 1949, 17, 782. 

 

Finally, for sodium chloride (Na
+
Cl

-
) the chlorine atom now has a full p subshell 

and the distortion from spherically symmetry should be minimal.  Therefore the 
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quadrupole coupling constant of NaCl, a purely ionic molecule, should be near zero.  

Indeed this is observed with an eQq(
35

Cl) of less than 1 MHz.  This demonstrates that a 

molecule containing a small quadrupole coupling parameter is primarily ionic.  Also, 

notice the quadrupole coupling constant of ICl is approximately 25% smaller than that of 

atomic chlorine; this is direct evidence of sp hybridization occurring in ICl.  An 

application of the Townes-Dailey method to quadrupole hyperfine parameters of metal 

acetylides and metal nitrides is outlined in Section 4.5. 

 

4.3 Experimental 

4.3.1 A Novel Synthetic Approach for Alkali Metal-Containing Molecules 

 A novel synthetic Fourier transform microwave laser ablation technique was 

developed to allow for the consistent and adequate production of alkali metal vapor.  

Laser ablation experiments involve a Nd:YAG 5 ns (532 nm) intense pulse of radiation 

ablating a pure metal rod, creating a plume of excited metal atoms.  The conditions of the 

resultant metal plasma are crucial to synthesize gas-phase metal-containing free radicals 

in sufficient and detectable concentrations.  However, for the laser ablation of alkali 

metals, such as lithium, sodium and potassium, spectroscopists typically ablate pressed 

rods constructed of the salt, i.e. LiCl, NaCl, or KCl.  In this manner, the handling of 

pyrophoric metals can be ignored.  However, most of the metal vapor reacts with the 

halide ligand immediately in the gas-phase, significantly decreasing the concentration of 

the alkali metal-containing molecule of interest.  
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 In order to maximize the production of alkali metal-containing molecules in the 

gas-phase and ensure my graduation, it was necessary to ablate the pure alkali-metal.  

However, hard metal rods are needed in order to have a secure fit in to the microwave 

actuator housing.  Alkali metals are relatively soft with a texture similar to that of Play-

Dough, and solid pure metal rods cannot be constructed nor purchased.  Additionally, 

they are highly reactive at standard temperature and pressures and must be stored in 

mineral oil to prevent rapid oxidation.   

Since a pure alkali metal rod cannot be fashioned or purchased, a 3.0 cm notch 

was machined on an aluminum rod.  The diameter of this notch was 2.0 mm smaller than 

the rod itself.  In a glovebox under a pure argon atmosphere, a thin piece of the alkali 

metal was wrapped and tightly pressed around the aluminum rod notch.  (Note: insure the 

rod rotates freely in the laser ablation housing).  For lithium it was necessary to glue the 

metal to the aluminum, while sodium and potassium adhered without an adhesive.  In fact 

sodium and potassium explode upon contact with glue, so it’s not recommended.  The rod 

is then transported to the FTMW spectrometer in a plastic bag filled with argon.  Figure 

4.1 shows a photograph of a potassium rod housed in the microwave actuator fitting.  

Alkali metal-containing molecules signal-to-noise increased by approximately 30% with 

this method.   
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Figure 4.1: A photograph of a pure potassium metal rod prepared for laser ablation 

experiments.  Laser ablation housing not shown. 

  

4.3.2 Synthesis of LiCCH, NaCCH and KCCH 

 In-depth details on how to handle pyrophoric metals and synthesize alkali metal-

containing radicals are explained in Appendices B and D.  Synthetic procedures for the 

synthesis of LiCCH, NaCCH and KCCH were similar.  A 550 μs pulse of a 0.25% 

mixture of HCCH in 200 psi of Ar(g) was introduced in to the cell at a stagnation 

pressure of 36 psi and flow of 40 sccm.  990 μs after the gas valve was initially opened, 

the alkali metal rod was ablated using the 2
nd

 harmonic (532 nm) of a Nd:YAG laser.  

Since alkali metals are soft, the laser’s power supply voltage had to be lowered to 1.21 

kV compared to the typically used 1.49 kV setting.  At higher voltages, the laser 

destroyed the alkali-metal rod and a new one had to be constructed.  A DC discharge of 

1000 V was applied as soon as the initial gas valve was opened for 1000 μs.  Each 

experiment, or ‘shot’, occurred in about 1000 μs.  MCCH signals were relatively intense 

and required only 250 shots.  MCCD isotopologues were synthesized under similar 

conditions, replacing HCCH with DCCD (99%, Cambridge Isotopes).   
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4.3.3 Synthesis of ScN, YN and BaNH 

 BaNH was created under conditions analogous to the MCCHs; however, pure 

barium metal rods were not available at the time.  Therefore, pieces of barium (Sigma 

Aldrich) were glued to the aluminum rod constructed for alkali metals.  This was difficult 

as barium is hard and the surface area of the aluminum rod could not be fully covered.  

As a result, only 40-60% of the aluminum rod’s notch was sufficiently covered with 

barium pieces.   

Although the signals were relatively weak, BaNH was still reliably created.  Gas 

pulses were opened for 750 μs with a 0.3% mixture of NH3 in argon and a flow rate of 62 

sccm.  The laser power supply voltage was set at 1.39 kV and the DC discharge was on 

for 1500 μs at 1000 V.  Placement of the ground electrodes in the Teflon housing was 

important and varied S/N ratios by as much as 40%.  (Side note: this is true for all 

molecules in the FTMW).  10,000 shots were necessary to resolve quadrupole hyperfine 

structure. 

 ScN and YN were both synthesized under comparable environments.  A 750 μs 

gas pulse was opened to release a 0.2% NH3 in Ar mixture with a flow of 36 sccm and 

backing pressure of 34 psi.  Laser power was set at 1.36 kV to ablate both scandium 

(American Elements) and yttrium (ESPI Metals) with a DC discharge voltage of 1250 V 

applied for 1390 μs.  Typically 1000 shots provided sufficient signal-to-noise to observe 

quadrupole hyperfine splittings.  Sc
15

N and Y
15

N were synthesized by a 0.2% mixture of 

15
NH3 (

15
N: 98%, Cambridge Isotopes) in an Ar mixture.  Interestingly, ScN could not be 

synthesized using a 0.2% N2 mixture in argon under identical conditions.  For future 
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metal nitride work, the author suggests using ammonia both in the millimeter-wave direct 

absorption spectrometer and the FTMW spectrometer. 

  

4.4 Results 

4.4.1 – Metal Acetylides (MCCH) 

 Hyperfine resolved spectra of LiCCH, NaCCH, KCCH, LiCCD, NaCCD and 

KCCD were recorded in their 
1
Σ

+
 ground electronic state using the FTMW spectrometer.  

Table 4.2 lists the measured hyperfine resolved components of the J = 1 → 0 and J = 2 → 

1 rotational transitions for the three main MCCH isotopologues.  A complete list can be 

found in Appendix D.  Each rotational transition is split in to several hyperfine 

components due to the alkali metal I = 3/2 nuclear spin labeled by F, where F = J + I.  For 

the deuterium substituted species (not shown), because deuterium has a nuclear spin of 1, 

hyperfine transitions are now labeled by F1 and F.  Since alkali-metals have a larger 

nuclear quadrupole moment than deuterium, they result in the largest hyperfine splittings 

and couple to J first, where F1 = J + I(M).  Deuterium further splits the F1 components into 

F components, where F = F1 + I(D).   

A sample spectrum of the J = 1 → 0 of LiCCH and NaCCH and J = 2 → 1 of 

KCCH near 21, 9, and 12 GHz, respectively, is displayed in Figure 4.2.  Each hyperfine 

transition, labeled by F, is split into Doppler dephased doublets due to the angle of the 

gas pulse with respect to the optical axis.  Rotational rest frequencies are taken as the 

average.   Intense hyperfine components follow the ∆J = ∆F = +1 criterion.  Deuterated 

spectra are available in Appendix D.   
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Table 4.2: J = 1 → 0 and 2 → 1 Hyperfine Resolved Rotational Transitions of MCCH 

(X
1
Σ

+
)
a
 

  LiCCH NaCCH KCCH 

J′ → J′′ F′ → F′′ νobs νobs-calc νobs νobs-calc νobs νobs-calc 

1 – 0 1.5 – 1.5 21088.214 0.001 9018.782 -0.001 5940.287 0.004 

 2.5 – 1.5 21088.121 0.002 9020.601 0.002 5492.000 0.003 

 0.5 – 1.5 21088.043 0.000 9022.052 0.001 5943.363 -0.005 

2 – 1 1.5 – 0.5 - - 18038.587 0.000 11881.554 0.001 

 2.5 – 2.5 - - 18038.740 -0.002 11881.702 0.003 

 1.5 – 2.5 - - 18040.037 -0.003 11882.925 0.001 

 0.5 – 0.5 - - 18040.403 0.000 11883.269 0.003 

 3.5 – 2.5 - - 18040.559 0.001 11883.417 0.004 

 2.5 – 1.5 - - 18040.559 0.001 11883.417 0.004 

 1.5 – 1.5 - - 18041.854 -0.002 11884.641 0.003 

 0.5 – 1.5 - - 18043.671 -0.001 11886.354 0.003 
a 
Listed frequencies are errors are in MHz.   

 

 The degree of the quadrupole hyperfine splitting is determined by a combination 

of the alkali metal nuclear quadrupole moment and the varying electrostatic field at the 

metal nucleus.  Electric quadrupole moments of 
7
Li, 

23
Na and 

39
K are -0.041x10

-24
 cm

2
, 

+0.101x10
-24 

cm
2
 and +0.049x10

-24
 cm

2
, respectively (Brown and Carrington 2003).  The 

effect of these physical quantities on the rotational spectra is observed in Figure 4.2.  

There are two things to note.  Firstly, for LiCCH the F = 1.5 → 1.5 hyperfine component 

of J = 1 → 0 is highest in frequency; however, in NaCCH and KCCH the F = 0.5 → 1.5 

hyperfine component is highest in frequency.  This is attributed to the sign of the nuclear 

quadrupole moment, where a negative moment is indicative of an oblate charge 

distribution and a positive nuclear moment is indicative of a prolate charge distribution.  

Secondly, the larger the value of the nuclear magnetic moment is the larger the 

hyperfine splitting within each rotational transition.  
7
Li has the smallest nuclear 

quadrupole moment compared to 
23

Na and 
39

K; as a result, the three hyperfine 
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components of the J = 1 → 0 are barely resolved, with a frequency difference from the F 

= 1.5 → 1.5 component to the F = 0.5 → 1.5 component of merely 170 kHz.  These 

blended transitions are shown at the top of Figure 4.2.  Au contraire, 
23

Na has the largest 

nuclear quadrupole moment, and the two outermost hyperfine lines are clearly separated 

from each other by 3.27 MHz.  (The J = 1 → 0 spectrum of KCCH is not displayed, but 

the splitting between the F = 1.5 → 1.5 and F = 0.5 →1.5 lines was 3.08 MHz, as 

expected).   
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Figure 4.2:  Microwave spectra of the J = 1 → 0 of LiCCH (top), J = 1 → 0 of NaCCH 

(middle) and J = 2 → 1 of KCCH (bottom) near 21 GHz, 9 GHz, and 12 GHz, 

respectively.  Three alkali metal hyperfine components, indicated by F, were resolved for 

LiCCH and NaCCH, and seven hyperfine lines are visible for KCCH.  In NaCCH and 

KCCH, frequency breaks were necessary in order to display all spectral features.  Each 

line required approximately 250 – 1500 shots (25 – 150 seconds of integration time) to 

achieve a satisfactory signal-to-noise. 
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Each MCCH isotopologue was fit using an effective Hamiltonian, where Heff = 

Hrot + HeQq, with a Hund’s case (bβJ) basis set.  More details of the matrix 

diagonalization procedures to determine the energy eigenvalues of the rotational energy 

levels were described in Chapter 2.  The resultant spectroscopic parameters obtained 

from SPFIT (Pickett 1991) are listed in Table 4.3 for LiCCH, NaCCH and KCCH and the 

deuterated species. 
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Table 4.3: Spectroscopic Parameters for Six Alkali Metal Acetylide Isotopologues
a
 

Constant LiCCH LiCCD NaCCH NaCCD KCCH KCCD 

B 10544.0915(32) 9622.8794(21) 4510.12329(86) 4181.19005(91) 2970.83066(10) 2765.21740(58) 

D 0.011375(11) 0.0086090(18) 0.00282733(64) 0.00228463(95) 0.00176168(43) 0.0014454(19) 

H 2.78(99)x10
-8

 - 4.12(14)x10
-9

 2.88(18)x10
-9

 1.403(10)x10
-8

 9.78(36)x10
-9

 

L - - - - 3.257(76)x10
-13

 1.77(20)x10
-13

 

eQq(M)
b
 0.378(47) 0.272(37) -7.274(20) -7.442(47) -6.856(18) -6.873(14) 

eQq(D)
b
 - 0.152(33) - 0.193(48) - 0.157(20) 

       

rms 

(kHz) 

10 27 32 9 77 13 

a
 In MHz.  Quoted errors are 3σ. 

b
 Determined for the first time. 
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4.4.2 – Closed-Shell Metal Nitrides and Imides 

 Hyperfine resolved rotational transitions of Sc
14

N, Sc
15

N, Y
14

N, Y
15

N and 

Ba
14

NH were measured for the first time.  Microwave transition frequencies belonging to 

the J = 1 → 0 of Sc
14

N and Sc
15

N are shown in Table 4.4.  The J = 1 → 0 of BaNH and J 

= 1 → 0 and J = 2 → 1 for YN are listed in Appendix E.  At the time this data was 

collected, the FTMW instrument operated from 4 – 60 GHz so higher rotational 

transitions of ScN and YN could not be accessed.  For BaNH, higher rotational 

transitions were not possible due to the weak signal-to-noise.  (This was undoubtedly a 

result of the homemade construction of the barium rod, as discussed in Section 4.4.2).   

Unlike the MCCH species, Sc
14

N contains two nuclei with a nuclear spin greater 

than ½.  Hence rotational energy levels are first split into (2I(Sc) + 1) hyperfine 

components by scandium, where F1 = J + I(Sc; I =7/2).  These hyperfine components are 

then further split into (2I(N) + 1) components from the I = 1 nuclear spin of 
14

N, where F = 

F1 + I(14N).  For Sc
15

N and YN, while the I = 1/2 nuclear spins of 
15

N and Y have a 

spherical charge distribution and don’t contribute to the quadrupole coupling constant, 

they can still contribute to the nuclear spin-rotation interaction (CI).  For convenience, the 

nuclear chemical properties of the Sc, Y, Ba, N and D isotopes of interest are displayed in 

Table 4.5, as these will be referenced throughout the text (Brown & Carrington 2003). 
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Table 4.4: Measured Hyperfine Resolved Rotational Transitions of Sc
14

N and Sc
15

N 

(X
1
Σ

+
)
a
 

Sc
14

N J′ → J′′ F1′ → F1′′ F′ → F′′ νobs νobs-calc 

 1 – 0 2.5 – 3.5 2.5 – 2.5 33139.179 -0.002 

  2.5 – 3.5 2.5 – 3.5 33139.179 -0.002 

  2.5 – 3.5 1.5 – 2.5 33139.195 0.002 

  2.5 – 3.5 3.5 – 2.5 33139.195 0.002 

  2.5 – 3.5 3.5 – 3.5 33139.195 0.002 

  2.5 – 3.5 3.5 – 4.5 33139.195 0.002 

  4.5 – 3.5 5.5 – 4.5 33141.562 0.001 

  4.5 – 3.5 4.5 – 3.5 33141.540 -0.001 

  4.5 – 3.5 4.5 – 4.5 33141.540 -0.001 

  4.5 – 3.5 3.5 – 2.5 33141.574 0.000 

  4.5 – 3.5 3.5 – 3.5 33141.574 0.000 

  4.5 – 3.5 3.5 – 4.5 33141.574 0.000 

  3.5 – 3.5 4.5 – 3.5 33147.822 0.001 

  3.5 – 3.5 4.5 – 4.5 33147.822 0.001 

  3.5 – 3.5 2.5 – 2.5 33147.813 0.000 

  3.5 – 3.5 2.5 – 3.5 33147.813 0.000 

  3.5 – 3.5 3.5 – 2.5 33147.856 -0.001 

  3.5 – 3.5 3.5 – 3.5 33147.856 -0.001 

  3.5 – 3.5 3.5 – 4.5 33147.856 -0.001 

Sc
15

N J′ → J′′ F1′ → F1′′ F′ → F′′ νobs νobs-calc 

 1 – 0 2.5 – 3.5 2 – 3 31463.522 0.002 

  2.5 – 3.5 3 – 3 31463.526 -0.002 

  2.5 – 3.5 3 – 4 31463.526 -0.002 

  4.5 – 3.5 5 – 4 31465.873 -0.001 

  4.5 – 3.5 4 - 3 31465.885 0.001 

  4.5 – 3.5 4 – 4 31465.885 0.001 

  3.5 – 3.5 4 – 3 31472.162 0.001 

  3.5 – 3.5 4 – 4 31472.162 0.001 

  3.5 – 3.5 3 – 3 31472.162 -0.001 

  3.5 – 3.5 3 – 4 31472.162 -0.001 
          a

 In MHz. 
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Table 4.5:  Nuclear Properties of Various Isotopes
a
 

Isotope of 

Interest 

Natural 

Abundance 

Nuclear Spin 

(I) 

Magnetic 

Moment (μN) 

Quadrupole 

Moment  

(10
-24

 cm
2
) 

45
Sc 100 7/2 4.75649 -0.22 

89
Y 100 1/2 -0.13742 - 

138
Ba 71.70 0 - - 

14
N 99.63 1 0.40376 +0.20 

15
N 0.37 1/2  -0.28319 - 

1
H 99.985 1/2 2.79285 - 

2
H 0.015 1 0.85744 +0.0028 

 
a
 Brown and Carrington 2003. 

 

 Figure 4.3 shows a representative spectrum of the J = 1 → 0 hyperfine resolved 

rotational transitions of Sc
14

N and Sc
15

N.  Note the three F1 components due to the Sc I = 

7/2 nuclear spin are clearly resolved, with frequency breaks needed to fit all three spectral 

features in the window.  Each F1 component is further split into nitrogen quadrupole 

components, indicated by F.  Nitrogen hyperfine splittings are extremely small and 

demonstrate the importance of high resolution microwave spectroscopy, as indicated by 

the brackets.  Despite the 5 kHz resolution, various F hyperfine components are blended 

together and could not be resolved.  Hyperfine parameters of ScN, YN and BaNH are 

listed in Table 4.6.  The J = 1 → 0 spectra of YN and BaNH are displayed in Appendix E. 
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Figure 4.3:  The pure rotational spectrum of the J = 1 → 0 rotational transition of Sc
14

N 

and Sc
15

N.  The F1 quantum number designates splitting due to the Sc (I = 7/2) nuclear 

spin and the F components are a result of the 
14

N (I = 1) and 
15

N (I = ½) nuclear spin.  

Each spectrum is approximately 600 kHz wide and required approximately 10,000 shots 

to achieve well-resolved spectra.  
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Table 4.6:  Molecular Parameters of ScN, YN and BaNH (X
1
Σ

+
)
a
 

Constant Sc
14

N Sc
15

N Y
14

N Y
15

N BaNH 

B 16571.52781(94) 15733.69214(95) 12791.4381(20) 12058.8390(30) 7984.5273(11) 

D -
b
 -

b
 0.02139(79) 0.0190(11) 5.7114(65) x 10

-3
 

H - - - - -0.054(11) x 10
-6

 

L - - - - 0.0198(56) x 10
-9

 

eQq(M)
c
 33.818(17) 33.811(20) - - - 

CI(M)
c
 0.055531(58) 0.05275(51) - - - 

eQq(N)
c
 -0.127(18)  -0.3065(61) - 0.0389(66) 

CI(N)
c
 7.3(2.6) x 10

-3
 -8.5 (4.0) x 10

-3
 5.1 (1.4) x 10

-3
 4.0(3.8) x 10

-3
 - 

CI(Y)
c
 - - -0.0108(35) -0.0134(36) - 

      

rms (kHz) 1 1 1 1 26 
a
 In MHz.  Quoted errors are 3σ. 

b
 Centrifugal distortion constant could not be determined because only J = 1 → 0 measured. 

c
 Determined for the first time.
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4.5 Interpretation of Quadrupole Coupling Constants 

4.5.1 – Alkali Metal Acetylides (MCCH, M = Li, Na or K) 

 MCCH quadrupole coupling parameters are summarized in Table 4.7.  Constants 

from the alkali metal fluorides (MF), known ionic species, are shown for comparison.  

The similar magnitudes of the MCCH quadrupole coupling parameters versus the MFs 

are symptomatic of a substantial amount of ionic character present in the alkali metal – 

carbon bond.  However, based on electronegativity differences between the alkali metal 

and carbon (from -CCH), the metal-carbon bond is predicted to contain a degree of 

covalent bonding character; especially when compared to the alkali metal halides, 

borohydrides and hydroxides.  (Quadrupole hyperfine constants of all these species are 

available in Appendix D for additional comparisons).   

 

Table 4.7: Quadrupole Coupling Constants for Alkali Metal Acetylides Compared to 

Alkali Metal Fluorides
a
 

 LiCCH LiF NaCCH NaF KCCH KF 

eQq 0.378(47) 0.41590(12) -7.264(20) -8.4401(15) -6.856(18) -7.932397(10) 

Ref. This work 1 This work  2 This work 3 
a
 In MHz.  Quoted errors are 3σ. 

1
 Cedeberg et al. 1992. 

2
 Hollowell et al. 1964. 

3
 Paquette et al. 1988. 

 

 I was interested in assessing the degree of covalent character present between the 

alkali metal and CCH ligand in order to provide additional insight on the MCCH 

electronic structure.  This proved to be relatively difficult; however, if it is assumed there 

is a significant amount of sp hybridization and that it is the primary contributor to eQq, 
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then the Townes-Dailey model shown in Equation 4.8 can be utilized (Townes and 

Dailey 1949).  

 

                 
 

 
                          (4.8) 

 

In this equation, nnpσ and nnpπ describe the number of electrons in the pσ and pπ orbitals 

on the alkali metal atom and eQqn10 is the coupling of an unpaired electron in a p orbital 

on the alkali metal.  Atomic Li, Na and K eQqn10 values were previously established to be 

0.29 MHz, -4.77 MHz and -4.79 MHz, respectively (Cohen et al. 2008).  Assuming npπ 

contributions are negligible, a reasonable assumption based on its higher energy, npσ was 

calculated to be 1.3, 1.5 and 1.4 for Li, Na and K, respectively.  The maximum value for 

a sigma orbital is 1; clearly there is a drastic error within the sp hybridization assumption.  

This lack of agreement indicates hybridization is not the primary contributor to the 

quadrupole coupling constant.  Therefore, the covalent character of the alkali metal – 

carbon bond in all three MCCH species is for all intents and purposes nonexistent.  

Deuterium quadrupole coupling parameters for the three deuterium-substituted alkali 

metal acetylide species are identical within the 3σ uncertainties, and little electronic 

structure information can be extracted. 

 

4.5.2 – Metal Nitride and Imides 

 Hyperfine parameters for Sc
14

N, Sc
15

N, Y
14

N, Y
15

N and Ba
14

NH were 

experimentally-determined for the first time.  This section focuses on ScN, as the 
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procedure for YN and BaNH are identical.  Table 4.8 compares the quadrupole coupling 

parameters for various scandium-containing diatomic molecules.  Based on the lack of 

fine structure splittings in ScN, the ground electronic state was confirmed to be 
1
Σ

+
 with a 

triple bond, in contrast to previous theoretical work.  Interestingly, the eqQ(Sc) for ScN 

(~33 MHz) has a significantly smaller quadrupole coupling constant compared to any 

ScX species; roughly 50-60% smaller than scandium oxide, scandium sulfide and the 

scandium halides.  This result was unexpected.  Assuming ScF as the most ionic species, 

a reasonable assumption based on electronegativity differences, scandium nitride clearly 

has considerably more covalent contributions than any ScX diatomic species measured to 

date. 

Table 4.8: Hyperfine Parameters for Scandium Diatomic Molecules. 

Molecule eQq(Metal) CI(Metal) eQq(N) CI(N) 

Sc
14

N 33.818 (17) 0.05553(58) -0.127(18) 7.3(2.7)x10
-3

 

Sc
15

N 33.811 (20) 0.05275 (51) - -8.5(4.0)x10
-3

 

ScF
a
 74.086 (15) - - - 

ScCl
a
 68.207 (9) - - - 

ScBr
b
 65.256 (9) - - - 

ScO
c
 72.240 (15) - - - 

ScS
d
 55.709 (54)    

a
 W. Lin, S. A. Beaton, C. J. Evans, M.C. L. Gerry, J. Mol. Spectrosc. 199, 275 (2000). 

b
 W. Lin, C. J. Evans, M. C. L. Gerry, Phys. Chem. Chem. Phys. 2, 43 (2000). 

c
 W. J. Childs and T. C. Steimle, J. Chem. Phys. 88, 6168 (1988).  

d
 G. R. Adande, D. T. Halfen, and L. M. Ziurys, J. Mol. Spectrosc. 278, 35 (2012). 

 

 With regards to nitrogen quadrupole coupling, Townes and Dailey demonstrated 

in organic molecules 
14

N quadrupole coupling constants varied from 3 – 5 MHz when the 

14
N had three chemical bonds.  When 

14
N contained four bonds, the complete valence 

shell is filled and therefore the surrounding electrons have essentially a spherical 
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distribution, and the quadrupole coupling constant was considerably smaller, around 0.1 – 

0.5 MHz (Townes and Dailey 1949).  For example, the eQq(
14

N) of NH3 is 4.10 MHz 

compared to the eQq(
14

N) of CH3NC of 0.5 MHz.  Unfortunately, it appears when metals 

are involved, this method is not as reliable with regards to the determination of the 

number of chemical bonds in ScN.  Nevertheless, the ground electronic state of ScN 

contains a triple bond (and no unpaired electrons) as confirmed by this work and since 

both Sc (4s
1
3d

2
) and N (

4
S) have three valence electrons in their dissociated ground 

atomic state.  For Sc, unpaired electrons must be in 4s, 3dπx and 3dπ orbitals in order to 

produce a 
1
Σ

+
 electronic ground state (Kunze and Harrison 1990).   

Although ScN was found to be the most covalent of the ScX species, based on the 

small nitrogen eQq of -0.127 MHz there is still significant ionic character present in ScN.  

The amount of ionic character can be calculated from the nitrogen (
14

N) quadrupole 

coupling constant using the Townes-Dailey analysis.  In fact, this is the first Townes-

Dailey analysis performed on a metal-nitride molecule.  Since nitrogen d orbitals 

essentially have no contributions to the Sc-N bonding orbital, the percent of ionic 

character present can be determined by Equation 4.9. 

  

    
       

         
                                   (4.9) 

 

In this equation, eQq210(N) is the -10 MHz (Gordy and Cook 1984) quadrupole coupling 

constant for atomic nitrogen with an unpaired electron in the 2pz orbital, eQq0(N) is the 
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nitrogen quadrupole coupling constant determined in this work and i is the percent ionic 

character.  From this equation, ScN is approximately 98.7% ionic in its bonding. 

Interpretation of the scandium quadrupole coupling constant using the Townes-

Dailey analysis is more difficult.  It was still utilized, but with d orbital contributions 

taken in to account.  The modified equation in its simplest form is shown in Equation 

4.10 (Lin et al. 2000). 

 

            (     
 

 
   )                

 

 
                 (4.10) 

 

In this equation, n4pσ, n3dσ, n3dπ and n3dδ are the total orbital populations of the 4p and 3d 

orbitals on scandium and eQq410 and eQq320 are the quadrupole coupling constants of an 

unpaired electron in scandium’s 4pz and 3dz2 orbitals, respectively.  Most atomic 

quadrupole coupling constants have not been experimentally-determined; however, 

Gordy and Cook formulated Equation 4.11 to estimate their values (Gordy and Cook 

1984). 

 

               
       

            
 〈 

  

 
  〉           (4.11) 

 

Using Equation 4.11, the resultant eQqnl0 values for the Sc
+
 ion (chosen based on ScN 

being primarily ionic) are 49.6 MHz (eQq410) and 53.4 MHz (eQq320).  The ScN σ 

bonding orbital is composed of an admixture of scandium 4sσ with 3dσ, and 3dπ orbitals 

(Ram and Bernath 1992).  Assuming no other metal contributions, these scandium orbital 
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populations (ni) were calculated for ScO using various levels of theory.  (Sc populations 

for ScN have not yet been calculated).  The most recent calculations were implemented, 

with the valence orbital populations for 4sσ, 3dσ and 3dπ being 0.67, 0.57 and 0.72, 

respectively (Knight Jr. et al. 1999).  Using these conditions, the calculated scandium 

quadrupole coupling parameter (Equation 4.10) in ScN is 49.7 MHz, 47% higher than 

that of the experimental value of 33.8 MHz.  Similar procedures were used to quantify 

the amount of ionic character in YN and BaNH.   

 

4.6 Conclusion 

 Pulsed Fourier transform microwave techniques were used to resolve electric 

quadrupole hyperfine splittings of LiCCH, NaCCH, KCCH, ScN, YN and BaNH.  A 

novel laser ablation set-up involving the direct ablation of pure alkali metals has proven 

to be a favorable technique to synthesize alkali-metal containing molecules in the gas 

phase.  The alkali – carbon bond in the MCCHs was determined to be purely ionic.  

Additionally, the ground electronic state of ScN was confirmed to be 
1
Σ

+
 with a triple 

bond, in disagreement with previous theoretical studies.  Furthermore, scandium and 

nitrogen electric quadrupole coupling constants established ScN to be primarily ionic.  

Interestingly, alkali metal quadrupole coupling constants have not yet been determined 

for the metal amides.  One NaNH2 hyperfine resolved rotational transition was detected 

in the FTMW, and the author suggests surveying for KNH2, a molecule that has yet to be 

synthesized. 
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CHAPTER 5: COMPLEX PATTERNS OF ‘SIMPLE’ METAL HYDRIDES 

 

“I don’t know anything, but I do know everything is interesting if you go into it deeply 

enough.” -Richard Feynman 

 

5.1 Motivation 

 Understanding the critical role of the metal to ligand bond is one of the major 

challenges in modern chemistry and physics (Peruzzini 2001).  Metal hydrides (MH), 

where the ligand in this case is a hydrogen atom, provides the simplest benchmark system 

for spectroscopists, theoreticians and computational chemists to investigate.  The general 

scientific population (even occasionally within the molecular spectroscopic community 

and NSF grant proposal reviewers), tends to assume the synthesis, characterization, 

analysis and calculations of diatomic molecules are trivial.  Perhaps unfortunately, this is 

far from reality.  Most diatomic hydrides contain unpaired electrons, high spin states, 

orbital angular momentum and hyperfine structure, making experimental detections (and 

theoretical calculations) cumbersome.  Presence of these relativistic effects not only 

cause severe splittings in the energy level diagram, but also drastically decreases 

experimental line intensities.  As a result, the spectroscopic ‘fingerprint’ is problematic to 

detect and assign.   

Additionally, especially true for 3d transition metals, there are many low lying 

electronic states, some even lower than the first vibrational state.  Consequently there is a 

catastrophic breakdown of the Born Oppenheimer approximation.  Significant and often 

‘unpredictable’ perturbations result.  For example, an abstract submitted for the 2015 
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International Symposium on Molecular Spectroscopy entitled “Molecular Lines Lists for 

Scandium and Titanium Hydride Using the DUO Program” states: ‘…As a result (of low 

lying electronic states), fully ab initio calculations of line positions and intensities of 

transition-metal-containing molecules have an accuracy which is considerably worse 

than the one usually achievable for molecules made up by main-group atoms only.’ (Lodi 

et al. 2015).  In fact, perturbations can be so substantial the rotational spectrum cannot be 

adequately fit with an effective Hamiltonian, as in the case of iron hydride (Brown et al. 

2006).  Table 5.1 displays the widely-varied ground electronic states of the 3d transition 

metal hydrides.   

Table 5.1: Electronic Ground States of the 3d Transition Metal Hydrides 

ScH TiH VH CrH MnH FeH CoH NiH CuH ZnH 

X
1
Σ

+
 X

4
Φr X

5
Δr X

6
Σ

+
 X

7
Σ

+
 X

4
Δi X

3
Φi X

2
Δi X

1
Σ

+
 X

2
Σ

+
 

  

In addition to metal hydrides being of quantum mechanical interest, they are also 

of astrophysical importance.  For example, FeH and FeD electronic transitions have been 

detected in sunspots (Wing et al. 1977), along with AlH, CuH, SiH, SnH, and ZnH 

transitions observed toward the star 19 Piscium (Peery 1979).  MgH bands were 

identified in cool dwarfs, giants, sunspots, and late-type stars (Wöhl 1971; Wallace et al. 

1999; Weck et al. 2003).  CaH electronic transitions (along with TiO) are used to 

characterize L and M type dwarfs (Lepine et al. 2003a; Lepine et al. 2003b; Burgasser et 

al. 2007).  Moreover, pure rotational transitions of metal-containing cyanides, 

isocyanides, oxides, hydroxides and halides have been detected in the interstellar medium 

(ISM) via ground based single dish radio telescopes.  This includes: HMgNC (Cabezas et 
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al. 2013), MgCN (Ziurys et al. 1995), MgNC (Highberger et al. 2001), NaCN 

(Highberger et al. 2001),  NaCl (Cernicharo and Guélin 1987), AlCl (Cernicharo and 

Guélin 1987), AlF (Highberger et al. 2001), AlNC (Ziurys et al. 2002), FeCN (Zack et al. 

2011), TiO (Kamiński et al. 2013), TiO2 (Kamiński et al. 2013), KCN (Pulliam et al. 

2010), AlO (Tenenbaum and Ziurys 2009) and AlOH (Tenenbaum and Ziurys 2010).   

Clearly, metal hydrides are present in numerous astronomical objects.  

Additionally metal-containing molecules having ligands with a lower cosmic abundance 

than hydrogen have been rotationally-detected in the ISM.  Despite this, MH pure 

rotational transitions have yet to be observed in space.  Lack of detections toward the 

ISM is undoubtedly due to a combination of three factors:  

i) Absence of high-resolution experimental studies.  

ii) Unreliability of theoretical calculations. 

iii) Rotational transitions occurring in regions contaminated by water.  

Accurate rotational frequencies (±100 kHz) are essential for astronomers to 

definitively confirm these species in space, and is one of the primary objectives of this 

dissertation.  Laboratory MH detections are difficult due their highly transient nature.  

Therefore many transitions have not been detected, and even relatively accurate 

calculations result in errors larger than the 100 kHz requirement for astronomical 

observations.  Furthermore, hydrides are relatively light, so their pure rotational spectrum 

is in the terahertz/far-infrared regime, an area severely contaminated by atmospheric 

water lines.  But with the advent of space-borne platforms like SOFIA and SAFIR, these 
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telluric water lines can now be avoided.  Metal hydride observations would allow for the 

chemical species in diffuse and dense clouds to be evaluated, and the refractory, 

interstellar, and hydride chemistry in the ISM to be assessed.  

Because of their astrophysical relevance, since the 1920s there have been 

numerous metal hydride scientific works.  MgH, CaH, ZnH and FeH have all been 

extensively examined by various techniques, including UV/Vis spectroscopy, infrared 

measurements, high resolution spectroscopy, electron spin resonance methods and 

various theoretical investigations (Knight Jr. and Weltner 1971a; Knight Jr. and Weltner 

1971b; Shayesteh et al. 2013; Li et al. 2012).  However, much less experimental work is 

available on the weaker 
25

MgH and 
67

ZnH isotopologues, even though 
25

MgH electronic 

transitions have been detected in sunspots (Wing 1977).  This is primarily due to a 

combination of the metal isotopes low natural abundance and 5/2 nuclear spin.  To date, 

25
MgH and 

67
ZnH metal hyperfine structure has only been resolved in solid argon matrix 

studies (Knight Jr. and Weltner 1971a; Knight Jr. and Weltner 1971b).   

More recently, the ExoMol project (Tennyson and Yurchenko 2012) was 

developed to provide advances in theoretical calculations combined with all previous 

experimental work to deliver accurate molecular line lists for the spectral characterization 

of astrophysical molecules.  In 2012, the rovibrational spectrum of CaH and MgH was 

calculated, including predictions for the N = 1 ← 0 and N = 2 ← 1 rotational transitions 

of the 
24

MgH (v = 0, 1), 
26

MgH and 
25

MgH isotopologues (Yadin et al. 2012).  At the 

time, rotational transitions of 
24

MgH and 
26

MgH were not yet measured in the THz 

regime and hyperfine resolved 
25

MgH spectra were not available to validate their 
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calculations.  To demonstrate the importance of high resolution MgH experiments, Prof. 

Jonathan Tennyson (University College London, ExoMol project PI), approached me 

after my 
25

MgH presentation at the International Symposium on Molecular Spectroscopy 

and said: 

 

“I am so excited that you determined the 
25

Mg hyperfine constants!  I’d really love 

to see how my calculations compare with your results!”  – Prof. Jonathan Tennyson 

(Informal discussion at the International Symposium on Molecular Spectroscopy, The 

Ohio State University, June 2013)  

 

With regards to iron hydride, the only high resolution work available is limited to 

laser magnetic resonance (LMR) experiments, where FeH and FeD rotational transitions 

in the ground electronic states were indirectly measured (Brown et al. 2006; Jackson et al. 

2009).  Extrapolated zero field frequencies from LMR experiments can have an 

uncertainty of greater than ±10 MHz, an error 100x larger than what’s necessary to 

perform radio observations. 

In this chapter, highly accurate pure rotational transition frequencies of MgH, 

CaH and ZnH near the terahertz regime are now available for astronomical searches.  

Hyperfine structure of the 
25

Mg and 
67

Zn nuclei for MgH and ZnH was resolved for the 

first time in the gas-phase, and will be compared to previous theoretical work and 

ExoMol’s predictions.  Interpretation of metal and proton hyperfine spectroscopic 

constants in terms of chemical bonding will be discussed and compared to the analogous 
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metal fluorides.  Direct measurements of the pure rotational transitions in the ground 

electronic state of FeH and FeD were also recorded for the first time. 

 

5.2 Theory 

5.2.1 Energy Level Diagrams of CaH, MgH, and ZnH 

 CaH (X
2
Σ

+
), MgH (X

2
Σ

+
) and ZnH (X

2
Σ

+
) are best classified using Hund’s case 

(b) wave functions.  Because their electronic ground states are 
2
Σ

+
, each MH contains an 

unpaired electron.  The free electron’s spin magnetic moment couples with the magnetic 

moment generated from molecular rotation.  This interaction splits the rotational energy 

levels, N, into (2S + 1) J spin-rotation components.  Similarly, the hydrogen nucleus 

contains an I = ½ nuclear spin which splits each spin-rotation level into 2I + 1 hyperfine 

components, labeled by quantum number F.  These interactions effectively describe the 

rotational ‘fingerprint’ of most CaH, MgH and ZnH isotopologues.   

However, for 
25

MgH and 
67

ZnH, the 
25

Mg and 
67

Zn nuclei have an I = 5/2 nuclear 

spin which additionally couples to J.  To determine whether the hydrogen or the metal 

couples first, the magnitude of the nuclear magnetic moments must be considered.  The 

nuclear magnetic moments of H, 
25

Mg, and 
67

Zn are +2.79285μN, -0.85545μN, and 

+0.875479μN, respectively (Brown and Carrington 2003).  Therefore, the nuclear spin of 

hydrogen couples to J first, establishing J + I1(H) = F1 components.  The metal nuclei 

then couples to F1 to form six F hyperfine lines, where F = F1 + I (
25

Mg; 
67

Zn).   

An energy level diagram of 
25

MgH is shown in Figure 5.1 and demonstrates the 

effects of the presence of fine and hyperfine structure.  To summarize, the unpaired 
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electron generates a set of spin-rotation doublets (J).  Each individual spin-rotation level 

is split into hydrogen hyperfine doublets (indicated by F1), and then each hydrogen 

hyperfine component is split into a sextet, labeled by F.   

 

 
Figure 5.1:  Rotational energy level diagram of 

25
MgH (X

2
Σ

+
) described via a Hund’s 

case bβJ basis set.  Shown are the complications of identifying rotational patterns 

containing various associated/generated magnetic moments.  N is the rotational angular 

momentum quantum number, J takes into account the spin-rotation interaction, F1(H) is 

hyperfine splittings due to the I = ½ of the proton, and F(
25

MgH) is the total angular 

momentum quantum number.  Energies are not drawn to scale.  For clarity, only the F 

components of the N = 0 rotational level were labeled. 

 

5.2.2 Energy Level Diagram of FeH 

The energy level diagram for FeH (X
4
Δi) is shown in Figure 5.2.  Because Λ > 0, 

FeH is best described by a Hund’s case (aJ) basis set.  Iron hydride contains three 

unpaired electrons and has a significant electronic orbital angular momentum 
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contribution (Λ = 2).  This results in four fine structure components, labeled by Ω.  The 

fine structure splitting for FeH is ~700 cm
-1

, considerably larger than that of MgH (~0.25 

cm
-1

) due to the presence of spin-orbit coupling.  Spin-orbit coupling arises from the 

magnetic field generated from the electron’s non-spherical orbit exerting a torque on the 

electron spin magnetic moment.  Because of this large fine structure splitting, 

experimental signal intensities decrease substantially as one increases the Ω ladder.  Also, 

since the ground state of FeH is inverted (i.e. the spin-orbit coupling constant, A, is less 

than zero), the Ω = 7/2 component is lowest in energy, with J ≥ Ω.  This has important 

consequences with regards to accessing the FeH transitions most likely to be detected in 

the ISM, as will be discussed in Section 5.5.3.   

As shown in Figure 5.2, each FeH rotational energy level is split into two 

symmetry levels known as lambda doublets.  These states only arise in electronic states 

which contain electronic orbital angular momentum.  L rapidly precesses around the FeH 

internuclear axis, generating two defined Λ components opposite in parity, as illustrated 

in the vector diagram in Figure 2.3 (Chapter 2).  This parity arises from the behavior of 

the wave function under the space fixed inversion operator, i.e. Pψ = ±ψ (Gordy and 

Cook 1984).  Lambda doubling originates from the admixture of a non-degenerate 

excited state (with + or – symmetry), with a degenerate electronic state lower in energy.  

Excited sigma electronic states interact with levels of the same parity in the degenerate 

state, and drastically shift these energy levels away from those with opposite parity.  For 

Π states this interaction is generally the largest because it occurs by second order mixing 

through spin-orbit and rotational-coupling interactions, where ΔΛ = ±1.  For Δ states, like 
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FeH, this interaction is a 4
th

 order effect.  (On a side note, only until recently has lambda 

doubling been seen in Φ states (Harrison et al. 2007)).  When the molecule isn’t rotating, 

both Λ components are degenerate; however, the faster the molecule rotates, the more 

these states split.  Indeed this is revealed in Figure 5.2 by the increased splittings as J 

increases.  Also, the lowest Ω components (i.e. Ω = ½) show the largest lambda-doubling 

splittings.  

 
Figure 5.2: An energy level diagram of a classic Hund’s case (aJ) molecule, FeH (X

4
Δi).  

Three unpaired electrons form four omega (Ω) components, and each rotational level (J) 

is further split into lambda-doublets, indicated by + or -.  The inverted ground state 

results in the Ω= 7/2 to lie lowest in energy, where J ≥ Ω.  Hydrogen hyperfine structure 

is not shown. 

 

5.2.3 Metal Hydride Effective Hamiltonians 

The effective Hamiltonian used to analyze 
25

MgH and 
67

ZnH is shown in 

Equation 5.1.  The first term accounts for molecular rotation and the second term 

accounts for the fine structure interaction.  Hmhf(H) and Hmhf(M) describe the magnetic 

hyperfine effects of the hydrogen and metal nuclei, respectively, and HeqQ(M) accounts for 
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metal electric quadrupole splittings.   (More details on effective Hamiltonians and the 

electric quadrupole interaction are available in Chapters 2 and 4, respectively.)  CaH and 

the remaining MgH and ZnH isotopologues employed the same Hamiltonian, minus the 

metal nuclei hyperfine terms.  A similar effective Hamiltonian was incorporated for all 

deuterium-substituted species as well. 

 

Heff = Hrot + Hsr + Hmhf(H) + Hmhf(M) + HeqQ(M)                                    (5.1) 

 

 For iron hydride, the chemistry and physics are more complicated.  Because there 

is an easy rearrangement of electrons within the iron open d-shell orbitals, a large number 

of low lying electronic states are produced.  In fact, the first excited electronic state is 

lower in energy than the first vibrational state (Jackson et al. 2009).  These low lying 

electronic states result in a catastrophic breakdown of the Born-Oppenheimer (B.O.) 

approximation.  An effective Hamiltonian can no longer reliably fit the rotational 

spectrum of FeH.  Therefore, a phenomenological approach was developed to analyze the 

LMR frequencies.  In this approach they described each individual spin-rotation 

component by the formula shown in Equation 5.2 (Brown et al. 2006). 

 

        (  )                     
   

       
   

   
                                          (5.2) 

 

In this equation,    is the zero-field rotational energy, the second term describes the 

typical linear Zeeman effect, and the final two terms are higher order terms which arise 
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from the admixture of adjacent rotational energy levels.  In this thesis, only FeH and FeD 

detections were achieved and no additional fitting via an effective Hamiltonian was 

performed. 

 

5.3 Synthesis 

 CaH, MgH and ZnH were synthesized using the low temperature Broida-type 

oven spectrometer and FeH was created by the velocity modulation spectrometer.  

Interestingly, the optimal experimental conditions for creating all of these metal hydrides 

were different.  The following sections provide the finer details essential for the 

interested spectroscopist to successfully synthesize similar open-shell metal-containing 

molecules.   

 

5.3.1 CaH 

Calcium pieces (99%, Sigma Aldrich) were placed in a large aluminum oxide 

crucible (Part#: C6-AO, R. & D. Mathis), with the oven power supply on the 20 VAC (at 

385 Amperes) setting.  The oven voltage was gradually increased for 30 – 40 minutes 

until the calcium sublimation temperature was achieved, which corresponded to an oven 

setting of 86 A (7.9V).  Argon was flowed into the chamber continuously throughout this 

heating process.  A pink plasma from calcium chemiluminescence was promptly 

observed.  At these specific oven conditions, calcium vapor lasted ~2 hours.  To 

synthesize CaH, 10 mTorr of argon was directed into the cell, half flowed under the oven 

to act as a carrier gas and the other half flowed in front of the Teflon lenses which seal 
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the chamber.  6 mTorr of H2 (g) was added above the oven and a 0.10 A (220 V) DC 

discharge applied to the subsequent reaction mixture.  A pink/purple plasma resulted.   

Excellent signal-to-noise was achieved under these conditions, as CaH hyperfine 

lines were detected with merely 1-10 µW of power in the 750 GHz region.  (Typical 

output powers are 1 – 50 mW).  Power was estimated from the bolometer voltage, 

comparing the attenuator closed voltage (0.857 V) to the attenuator open voltage (0.856 

V).  Transmission losses from the 9x multiplier and ~3% losses after each pass through 

the Teflon lenses were factored into this assessment.  To create CaD, deuterium gas 

(99.8%, Cambridge Isotopes) was substituted for H2 under similar reaction conditions. 

 

5.3.2 MgH 

To generate magnesium vapor, magnesium chips (4-30 mesh, 99.98%, Sigma 

Aldrich) were placed in a large aluminum oxide crucible with an oven power supply 

setting of 10 VAC.  Similar to CaH, the oven was heated slowly from 8.0 A (0.2 V) to 64 

A (5.3 V) in ~30 minutes.  20 mTorr of argon was simultaneously flowed into the 

chamber.  Once magnesium sublimed, a dark green chemiluminescence was observed.  

Under these particular conditions, a flow of magnesium vapor continued for 

approximately 180 – 210 minutes.   Synthesis of MgH required 6 mTorr of H2 (g) added 

above the oven with 60 mTorr of Ar (g) added from below and in front of the Teflon 

lenses.  A DC discharge of 0.72 A (230 V) was necessary for optimum MgH production.  

Similar methods were used for the deuterium isotopologue, MgD, substituting D2 for H2.  

It should be noted the more intense the green plasma, the stronger the magnesium hydride 
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molecular signals; however, caution must be taken to avoid magnesium coating the 

optics.   

 

5.3.3 ZnH 

Zinc mesh pieces (2-14 mesh, 99.9%, Sigma Aldrich) were melted in a method 

similar to the previous MHs to generate the metal vapor.  Out of all the metals studied in 

this dissertation, it is most imperative to heat zinc slowly (~40 min.) with a constant 

supply of argon (at least 20 mTorr).  If heated too fast, zinc deposited onto the optics and 

significantly attenuated the incoming millimeter-wave radiation.  Zinc vapor was 

produced for 90 – 120 minutes at an oven setting of 70 A (6.8 V).  Unlike calcium and 

magnesium, where the higher the Broida-type oven temperature the stronger the metal 

hydride molecular signals, the opposite were true for ZnH.  One must be extremely 

cautious when increasing the oven past the zinc 416°C melting point.  It isn’t rare for zinc 

to completely coat the optics in less than 60 seconds.  Approximately 10 – 15 mTorr of 

H2 (D2 for ZnD) was added above the oven in addition to 40 mTorr of Ar added from 

below the oven and from the side.  A DC discharge of 0.38 A (60V) produced the most 

intense ZnH line profiles.  A blue/pink plasma was typically observed, as a result of zinc 

atomic emission.  

 

5.3.4 FeH 

FeH was synthesized using the velocity modulation spectrometer which 

implements organometallic precursors as the source of metal vapor.  The source of iron 
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vapor was iron(0) pentacarbonyl, Fe(CO)5 (l) (99.99%, Sigma Aldrich).  Approximately, 

5 mL of Fe(CO)5 was placed in a glass round bottom flask with ~15 glass beads.  

Fe(CO)5 must remain a clear and bright red liquid.  The round bottom flask wrapped in 

aluminum foil to avoid interactions with light.  It must also be changed daily because 

particulates appeared within 24 hours which decreased FeO and FeH test line intensities.  

Heating of this precursor was not necessary.  Teflon tubing from the Fe(CO)5 flask to the 

Ultra-Torr fitting on the glass cell should be as short as possible (~ 60 cm) to ensure an 

adequate flow of iron(0) pentacarbonyl vapor into the cell.  Ideal conditions required 

merely 0.1 mTorr – 0.3 mTorr of Fe(CO)5.  10 mTorr of argon was also directed into the 

cell via the same Teflon tubing as Fe(CO)5.  FeH was created with at minimum 40 mTorr 

of H2 (g) (or D2 for FeD), introduced opposite of the Fe(CO)5/Ar mixture.  A 250 W 

longitudinal AC discharge was applied to the ensuing reaction mixture, which generated 

an intense pink/purple plasma.  High discharge conditions were extremely difficult to 

stabilize; however, it was essential to detect iron hydride spectral signals.   

 

5.4 Results  

5.4.1 MgH, CaH and ZnH – No Metal Hyperfine Structure 

This work represents the first measurements of MgH, CaH, ZnH and various 

isotopologues in the submillimeter/Terahertz regime.  Two to three rotational transitions 

were recorded, with a total of 61 newly measured lines not including the deuterium 

substituted species.  Figure 5.3 shows a representative direct absorption spectrum of the 

N = 3 ← 2 transition of CaH near 761 GHz (top).  The signal-to-noise is approximately 
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8 and demonstrates the effectiveness of using Broida-type oven synthesis techniques to 

create transient species in detectable concentrations.  This spectrum was accomplished 

with only 1-10 μW of power available, when typical power outputs range from 1-50 

mW.   

The bottom of Figure 5.3 also illustrates the intense signal-to-noise achieved, 

showing two F hydrogen hyperfine components belonging to the N = 2 ← 1, J = 2.5 ← 

1.5 transition of 
70

ZnH near 787 GHz. The 
70

Zn isotope was measured in its natural 

abundance of merely 0.62%.  This spectrum is a composite of only four scans.  A F = 2 

← 2 line belonging to 
68

ZnH is shown for intensity comparisons. 
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Figure 5.3: Representative pure rotational spectra of the N = 3 ← 2, J = 3.5 ← 2.5 of 

CaH near 761 GHz (top) and the N = 2 ← 1 J = 2.5 ← 1.5 of 
70

ZnH near 787 GHz 

(bottom).  Hydrogen hyperfine components are labeled by F.  Both spectra demonstrate 

the power of the Broida-type oven hydride molecular production scheme.  The CaH 

spectrum was acquired with minimal power (1-10μw) and the 
70

Zn isotope has a 0.62% 

natural abundance.  No signal averaging was performed on CaH and four signal 

averages were necessary for the 
70

ZnH spectrum. 

 

As mentioned previously, it is imperative for the metal hydride transition 

frequencies to be accurate within ~100 kHz for astronomical observations.  The ExoMol 

project was created precisely for this reason, to provide astronomers/spectroscopists 

accurate transition frequencies, even in the case when experimental work has not been 
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previously completed.  ExoMol uses ab initio computations in combination with 

previous experimental and theoretical work to predict these transition frequencies.  

Table 5.2 lists ExoMol’s calculated N = 2 ← 1 pure rotational transition frequencies of 

CaH, 
24

MgH, 
24

MgH (v = 1) and 
26

MgH in their ground electronic states, labeled as 

νExoMol.  Experimentally-determined frequencies (νactual) from this dissertation are shown 

for comparison.  (A complete list of all experimental metal hydride transitions, including 

weaker isotopologues and the deuterium substituted species, are listed in Appendix F).  

Due to the low cosmic abundance of zinc, ZnH isn’t likely to be detected via radio 

observations in the ISM; therefore no calculations were performed on this species by the 

ExoMol project. 

As demonstrated in the table, ExoMol’s predictions are in relatively good 

agreement with the experimental frequencies; however, even with an average |Δν| of 

~2.2 MHz, this is approximately 20x the desired accuracy needed for dependable 

astronomy observations.  Additionally, only the two most intense hyperfine transitions, 

where ΔN = ΔJ = ΔF = +1, were calculated.  The ExoMol project can now use the 

newly-measured experimental frequencies to help refine their bonding theories, and 

more reliably predict pure rotational transitions for these molecules and other ‘simple’ 

metal hydrides. 
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Table 5.2: Comparison of ExoMol’s Line Lists with Experimental Frequencies of 
40

CaH (X
2
Σ

+
), 

24
MgH (X

2
Σ

+
), 

24
MgH (v = 1) 

(X
2
Σ

+
) and 

26
MgH (X

2
Σ

+
) 

Species N′ ← N′′ J′ ← J′′ F′ ← F′′ νExoMol (MHz)
a
 νactual (MHz) |νactual – νExoMol| (MHz) 

CaH 2 – 1 1.5 – 0.5 1 – 0 506265.490 506263.040
a
 2.450 

  2.5 – 1.5 3 – 2 507561.702 507566.402
a
 4.700 

 3 – 2 2.5 – 1.5 2 – 1 759390.575 759387.861 2.714 

  3.5 – 2.5 4 – 3 760684.659 760689.711 5.052 
24

MgH 2 – 1 1.5 – 0.5 1 – 0 687170.572 687171.368 0.796 

  2.5 – 1.5 3 – 2 687959.566 687959.492 0.074 
24

MgH(v = 1)
 

2 – 1 1.5 – 0.5 1 – 0 665455.015 665455.708 0.693 

  2.5 – 1.5 3 – 2 666209.803 666209.701 0.102 
26

MgH 2 – 1 1.5 – 0.5 1 – 0 685057.964 685061.103 3.139 

  2.5 – 1.5 3 – 2 685844.590 685846.814 2.224 
a
 Yadin et al. 2012. 
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5.4.2 
25

MgH and 
67

ZnH – ExoMol Project vs. High-Resolution Rotational Spectroscopy 

Metal hyperfine structure for the weaker 
25

MgH and 
67

ZnH isotopologues, where I 

(
25

Mg, 
67

Zn) = 5/2, was resolved for the first time in the gas-phase.  A total of 27 lines 

were measured for 
25

MgH and 20 for 
67

ZnH, belonging to the N = 2 ← 1 and 1 ← 0 

transitions.  Table 5.3 displays all measured 
25

MgH lines, labeled in the νactual column.  

67
ZnH lines are available in Appendix G.  Table 5.4 displays the resultant spectroscopic 

parameters of both 
25

MgH and 
67

ZnH.   

Analogous to the previous section, the ExoMol project calculated pure rotational 

transition frequencies for 
25

MgH.  Because the addition of the 
25

Mg nuclear spin 

complicated the ab initio calculations, this interaction was ignored.  To a first 

approximation this seems reasonable owing to the smaller magnetic moment of 

magnesium compared to hydrogen (i.e. -0.8555 μN versus 2.79285 μN, respectively).  

Indeed this was depicted in the energy level diagram shown in Figure 5.1, where the 

magnesium hyperfine splitting is relatively small in comparison to hydrogen.  However, 

I∙S hyperfine interactions cannot be ignored.  Table 5.3 lists Exomol’s 
25

MgH 

frequencies (νExoMol) in comparison to the newly-measured experimental frequencies 

(νactual).  The relative error on 
25

MgH is quadrupled compared to the 
24

MgH calculations, 

with an average |Δν| of ~ 9 MHz.  Additionally, only three hyperfine transitions could be 

calculated.  Clearly, more high-resolution experiments are integral in order to advance 

current chemical bonding theories, especially when more than one nucleus contains a 

nuclear spin. 
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Table 5.3: Comparison of ExoMol’s 
25

MgH Line Lists with Experimental Frequencies 

Species N′ ← N′′ J′ ← J′′ F1′ ← F1′′ F′ ← F′′ νExoMol (MHz)
a
 νactual (MHz) |νactual – νExoMol| 

25
MgH 1 – 0 0.5 – 0.5 1 – 1 3.5 – 2.5 … 342218.376 … 

  0.5 – 0.5 1 – 1 3.5 – 3.5 … 342728.404 … 

  0.5 – 0.5 1 – 0 1.5 – 2.5 … 342743.273 … 

  1.5 – 0.5 1 – 1 2.5 – 1.5 … 343374.445 … 

  1.5 – 0.5 2 – 1 3.5 – 2.5 … 343548.764 … 

  1.5 – 0.5 1 – 1 1.5 – 2.5 … 343641.330 … 

  1.5 – 0.5 2 – 1 2.5 – 2.5 … 343705.286 … 

  1.5 – 0.5 2 – 1 1.5 – 1.5 … 343705.286 … 

  1.5 – 0.5 2 – 1 4.5 – 3.5 343753.604 343758.374 4.770 

  1.5 – 0.5 1 – 0 3.5 – 2.5 … 343793.076 … 

 2 – 1 1.5 – 0.5 2 – 1 3.5 –  3.5 … 685996.678 … 

  1.5 – 0.5 2 – 1 2.5 – 2.5 … 686034.962 … 

  1.5 – 0.5 1 – 0 2.5 – 2.5 686069.914 686051.092 18.822 

  1.5 – 0.5 2 – 1 4.5 – 3.5 … 686142.403 … 

  1.5 – 0.5 1 – 0 3.5 – 2.5 … 686210.762 … 

  2.5 – 1.5 2 – 1 3.5 – 2.5 … 686733.160 … 

  2.5 – 1.5 3 – 2 3.5 – 2.5 … 686775.253 … 

  2.5 – 1.5 3 – 2 4.5 – 3.5 … 686782.307 … 

  2.5 – 1.5 3 – 2 2.5 – 1.5 … 686785.286
 

… 

  2.5 – 1.5 2 – 1 1.5 – 1.5 … 686826.775 … 

  2.5 – 1.5 3 – 2 1.5 – 1.5 … 686855.314 … 

  2.5 – 1.5 3 – 2 5.5 – 4.5 686857.964 686860.655 2.977 

  2.5 – 1.5 2 – 1 4.5 – 3.5 … 686869.291 … 

  2.5 – 1.5 3 – 2 2.5 – 2.5 … 686879.966 … 

  2.5 – 1.5 2 – 1 2.5 – 2.5 … 686894.138 … 

  2.5 – 1.5 3 – 2 3.5 – 3.5 … 686931.896 … 
a
 Yadin et al. 2012. 
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Table 5.4.: Molecular Constants of 
25

MgH (X
2
Σ

+
) and 

67
ZnH (X

2
Σ

+
)
a
 

Spectroscopic Parameters 
25

MgH 
67

ZnH 

B 171700.894 (37) 196159.4 (4.0) 

D 10.5867 (47) 14.28 (46) 

γ 789.90 (11) 7577 (15) 

γD -0.171 (14) -1.9 (1.2) 

bF(H) 307.86 (24) 499.80 (88) 

bFD(H) … 0.300 (87) 

c(H) 5.20 (75) -1.55 (82) 

bF(M) -201.629 (47) 625.63 (14) 

c(M) -16.54 (14) 61.40 (16) 

eqQ(M) -32.22 (81) -60.18 (57) 

CI(M) -0.042 (16) 0.124 (17) 

rms 0.051 0.198 

                      
a
 In MHz.  Quoted errors are 3σ. 

 

Figure 5.4 exhibits a stick plot comparing the hyperfine structure of the N = 2 ← 

1, J = 2.5 ← 1.5 transition of 
24

MgH (top panel) to that of 
25

MgH (bottom panel).  For 

24
MgH, only the two strongest hydrogen hyperfine lines, where ΔN = ΔJ = ΔF, are 

displayed.  When the 
25

Mg nuclear spin is introduced, the F1(H) = 3 ← 2 is divided into 

six magnesium hyperfine components (indicated by red), and the F1(H) = 2 ← 1 split 

into four magnesium hyperfine lines (indicated by blue).  Actual experimental intensities 

are shown.  Figure 5.5 displays a representative experimental spectrum of 
25

MgH, 

presenting three hyperfine components of the N = 2 ← 1, J = 2.5 ← 1.5 transition near 

687 GHz.  The hydrogen hyperfine structure is labeled by F1, whereas that of 

magnesium is indicated by F. 
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Figure 5.4: A stick plot clearly representing the difficulties arising upon substitution of 

the 
24

Mg isotope (I = 0) of MgH with the 
25

Mg isotope (I = 5/2).  Intensities shown were 

those obtained from 5 MHz frequency scans.  For clarity, the F quantum numbers were 

not labeled in 
25

MgH. 

 

 
Figure 5.5:  Pure rotational spectrum of the N = 2 ← 1, J = 2.5 ← 1.5 transition of 

25
MgH 

(X
2
Σ

+
) recorded near 687 GHz.  F1 indicates hyperfine splitting due to hydrogen nucleus 

(I = ½) and F accounts for the 
25

Mg I = 5/2 nuclear spin.  This spectrum is approximately 

90 MHz wide and acquired in ~65 seconds.  Signal averaging was not required. 
 

 



104 

 

 

5.4.3 FeH and FeD (X
4
Δi) 

This work represents the first direct detection of iron hydride.  Direct absorption 

spectroscopy was used to record seven rotational transitions of FeD and one transition of 

FeH.  Figure 5.6 shows three FeD spectra belonging to the J = 4.5 ← 3.5, Ω = 7/2 (top 

panel), J = 3.5 ← 2.5, Ω = 5/2 (middle panel), and J = 2.5 ← 1.5, Ω = 3/2 (bottom panel).  

Each rotational transition is split in to lambda doublets, as indicated in the upper left of 

the spectra.  Low AMC output power in combination with decreased bolometer 

sensitivity caused the Ω = 7/2 to have a lower intensity than expected in comparison to 

the higher energy Ω components.   

Figure 5.7 displays hydrogen hyperfine structure resolved in the high energy Ω = 

½ ladder of FeH, a result not expected since hyperfine splittings decreases in 

correspondingly higher energy omega states (Brown et al. 2006).  Table 5.5 lists FeH and 

FeD measured frequencies compared with previous laser magnetic resonance 

experiments.  Zero field frequencies inferred from LMR experiments have uncertainties 

of 3 – 10 MHz.  Indeed this has been confirmed, with an average |Δν| of 2.53 MHz. 
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Figure 5.6:  Pure rotational spectra of FeD (X

4
Δi) measured in the Ω = 7/2, Ω = 5/2, and 

Ω = 3/2 ladders near 809 GHz, 715 GHz, and 540 GHz, respectively.  Rotational 

transitions measured are indicated at the top left of each spectrum.  The Ω-components 

high energies (200 – 700 cm
-1

) in combination with low power resulted in relatively weak 

line intensities.  The Ω = 7/2 component is 25 MHz wide and required 40 averages, Ω = 

5/2 is 20 MHz wide and needed 90 averages, and the Ω = 3/2 is 60 MHz wide and 

required four averages.  Frequency breaks were necessary for the Ω = 5/2 and Ω = 3/2 

due to the increased lambda doubling splitting. 
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First Direct Measurement of FeH (X
4
Δi): Evidence of Hyperfine in the Ω = ½ 

ladder. 

 
Figure 5.7: The FeH F = 1 ← 0 and F = 2 ← 1 hydrogen hyperfine transitions of the J = 

1.5 ← 0.5 (e lambda doublet) recorded near 731 GHz.  Because an effective Hamiltonian 

could not be employed, it is unclear which peak belongs to the correct hydrogen 

hyperfine component.  This 15 MHz wide scan is an accumulation of 40 scan averages 

acquired in ~30 minutes. 

 

Table 5.5:  Accurate rotational rest frequencies for FeH (X
4
Δi) and FeD (X

4
Δi) compared 

to LMR experiments 

 Ω J′ J′′ Λ - Doublet νLMR (MHz) νactual (MHz) Δν (MHz) 

FeD 7/2 4.5 3.5 - 808815.12
a
 808812.743 2.377 

 7/2 4.5 3.5 + 808822.12
a
 808816.771 5.349 

 5/2 3.5 2.5 - 714922.15
a
 714921.008 1.142 

 5/2 3.5 2.5 + 715101.26
a
 715099.036 2.224 

 3/2 3.5 2.5 - 757094
a
 757090.881 3.119 

 3/2 2.5 1.5 - 537005.32
a
 537002.083 3.237 

 3/2 2.5 1.5 + 541291.81
a
 541291.844 0.474 

FeH 1/2 1.5 0.5 - 730914.81
b
 730917.144 2.334 

a 
Jackson et al. 2009. 

b 
Brown et al. 2006. 
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5.5 Discussion 

5.5.1 Interpretation of Magnetic Hyperfine Constants: Electronic Structure of MgH and 

ZnH  

 

Because both nuclei in 
25

MgH and 
67

ZnH contain a nuclear spin, the hyperfine 

analysis of these particular isotopologues allowed the metal-hydrogen chemical bond to 

be probed.  The electronic configuration in the ground electronic state of MgH and ZnH 

is [core]5σ
1
 and [core]6σ

2
3π

4
1δ

1
7σ

2
8σ

1
, respectively.  The wave function of the 

molecular orbital containing the unpaired electron can be written as: Ψ(mσ) = cnsΨ(M) + 

cnpσΨ(M) + c1sΨ(H) + c3dσΨ(Zn), where m = 5, n = 3 for Mg and m =8, n = 4 for Zn 

(Tezcan et al. 1997). 

 An estimate of the degree of covalent/ionic character in MgH and ZnH will be 

assessed from the following hyperfine parameters: bF, c and eqQ.  The Fermi-contact 

term, bF, is shown below in Equation 5.3.  Note the Dirac delta function, δ(r), which 

requires a nonzero probability density that the unpaired electron resides at the center of 

the nucleus.  Therefore, bF can be used to evaluate the percent atomic s contributions, 

cns
2
, to the molecular orbital containing the unpaired electron.  Comparing the ratio of bF 

of free hydrogen (1420 MHz; Morton 1978) to bF(H) in MgH (307.86 MHz), results in 

22% of the unpaired electron spin density located in the 1s hydrogen orbital.  For ZnH 

(bF(H) = 499.80 MHz), 35% of the electron wave function has hydrogen 1s atomic 

contributions.  Similar ratios can be accomplished with the Fermi-contact terms for the 

metal nuclei, with 34% of the 5σ molecular orbital in MgH composed of 3s Mg atomic 

character and 44% of the 8σ orbital of ZnH composed of 4s Zn atomic contributions.   
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Additionally, the magnetic dipolar constant, c, shown in Equation 5.4, can be used 

to assess the angular (i.e. p, d, etc…) contributions to the electron wave function Ψ(mσ).  

Angular factors in the numerator are listed in Table 5.6.  These are used to determine 

which angular molecular orbitals primarily contribute to the wave function, based on the 

magnitude and sign of the experimentally-determined magnetic dipolar constants.  For 

example, looking at Equation 5.4, the Bohr magneton (   , nuclear g factor (  ) and 

electron g factor (  ) are all positive values.  However, the magnetic moment (    of 

25
Mg is -0.85545 μn and c(

25
Mg) in MgH is -16.54 MHz.  From Table 5.6, the pπ orbital 

clearly has negligible contributions because c(
25

Mg) would otherwise be positive.  

Additionally, magnesium atomic d orbitals are significantly higher in energy relative to 

the p orbitals and can be ignored.  Therefore, the MgH 5σ molecular orbital contains 23-

39% 3pσ character, based on the ratio of c(
25

Mg) in 
25

MgH compared to c(
25

Mg
+
) (-57.3 

± 15 MHz; Drullinger et al. 1980).   

A similar procedure was performed with ZnH, with the 8σ orbital containing 12% 

4pσ and ~10% 3dσ atomic contributions.  (If atomic hyperfine constants aren’t available 

they can be calculated by Goudsmit’s method (Goudsmit 1933).  Goudsmit’s method was 

used for to estimate 
67

Zn
+
 with a calculated a 3aJ=3/2 constant of approximately 500 

MHz.) 

 

    
  

  
        ∫                                                                                            (5.3) 

 

   
 

 
        

 

 
∑ 〈

         

  
 〉 

                                                                                  (5.4) 
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Table 5.6: Angular factors of the magnetic dipole hyperfine constant 

Orbital           

dδ -4/7 

dπ 2/7 

dσ 4/7 

pπ -2/5 

pσ 4/5 

sσ 0 

 

 Experimentally-determined Fermi-contact hyperfine parameters indicated 

significant atomic s contributions from both the metal and the proton.  Additionally, the 

magnetic dipolar terms of the metals are relatively large, representative of considerable 

angular contributions.  This is in direct contrast to the analogous magnesium and zinc 

fluoride species, which have only 0.3% 2s(F) and 0.7% 2s(F) contributions and 4% 2p(F) 

and 12% 2p(F), respectively (Anderson et al. 1993; Flory et al. 2006).  Although there are 

minor covalent contributions from fluorine, the metal fluorides are primarily ionic with 

an electronic M
+
F

-
 structure.  However, based on the zinc, magnesium and hydrogen 

magnetic hyperfine parameters, substantial electron density is clearly on both the 

hydrogen nucleus and the metal nucleus – a clear departure from a pure ionic M
+
H

-
 

structure.  There is also direct evidence of spσ (and possibly sdσ for zinc) orbital 

hybridization for both species.     

 

5.5.2 Interpretation of Metal Electric Quadrupole Parameters: Non-negligible Ionic 

Character 

 

The electric quadrupole moment, eqQ, arises from the electric field gradient 

interacting with the I > ½ nuclear spin and evaluates the degree of covalent character.  It 
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is composed of two parts, an electronic term and a polarization term, i.e. eqQ = (eqQ)el + 

(eqQ)pol.  The electronic term, shown in Equation 5.5 (Townes and Schawlow 1975), 

originates from the non-s character of the unpaired electron and is zero for a closed shell 

molecule.  The polarization term originates from the polarization of closed shell electrons 

located on the metal atom, and is suggestive of an ionic structure. 

 

         
     

       
                              (5.5) 

 

 From the above equation, (eqQ)el of 
25

MgH was calculated to be -16.0 MHz; 

therefore the (eqQ)pol contribution is -16.2 MHz (eqQ(
25

Mg) of 
25

MgH = -32.22 MHz; 

refer to Table 5.4).  The non-zero values of the (eqQ)pol term for 
25

MgH indicates 

electrons in a closed shell on the metal are polarized somewhat by the H
-
 ligand.  As a 

result, there is ionic character and covalent character present in magnesium hydride.  For 

comparison, (eqQ)el of 
25

MgF (Anderson et al. 1993) is 15.5 MHz and (eqQ)pol is -35.7 

MHz.  Here, (eqQ)pol is obviously the dominant contributor to the electric quadrupole 

coupling constant, and is direct evidence of significantly more ionic character in 

magnesium fluoride compared to magnesium hydride, as expected.  Similar calculations 

were performed on ZnH and ZnF, and are discussed in detail in Appendix G.   

 

5.5.3 First Direct Measurements of FeH 

Rotational rest frequencies of FeH and FeD were directly determined in their 

ground 
4
Δi electronic states for the first time.  Transition frequencies are consistent with 
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but more accurate than the zero field frequencies indirectly recorded from LMR 

experiments.  These measurements will help complete the spectroscopic characterization 

of the elusive iron hydride molecule.  Additionally, iron hydride pure rotational 

transitions in the sub-millimeter/terahertz regime can now be searched for via ground 

based single dish radio telescopes and/or space-born platforms toward various 

astronomical objects. 

Current THz electronics in the Ziurys laboratory have a maximum attainable 

frequency up to 850 GHz, so only the lowest rotational transition of the Ω = ½ ladder 

could be probed.  This is because FeH has an inverted ground state, with the Ω = 7/2 

ladder lowest in energy, and J ≥ Ω.  Because typical temperatures in molecular clouds 

vary from 10 – 100 K, transitions from the Ω = ½ ladder are expected to be unpopulated 

and difficult to detect via radio observations.  (Recall the Ω = ½ components lying ~700 

cm
-1

 higher in energy than the Ω = 7/2 ladder).  However, although this transition isn’t of 

astrophysical interest, it is still essential for the understanding of the FeH electronic 

structure, as stated by John Brown and co-workers: 

 

“…much remains to be done in this spectral region (sub-millimeter regime).  In 

particular, it is important to obtain more information on FeH in the highest Ω = ½ 

component.” 

-Brown et al. 2006 
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Nevertheless, the Ω = 7/2 rotational transitions need to be measured in the 

laboratory because they are much more likely to be detected in space.  The FeH rotational 

transition most likely to be observed in the ISM is the J = 4.5 ← 3.5, Ω = 7/2 near 1.7 

THz.  In the Ziurys lab, for frequencies up to 0.85 THz the InSb hot electron bolometer 

(HEB) will suffice.  However, HEBs drastically lose sensitivity above the 850 GHz 

threshold.  Therefore a liquid-helium-cooled composite silicon detector must be utilized 

for frequencies greater than 0.85 THz.  A 1.2 – 1.7 THz frequency source was recently 

purchased in the Ziurys laboratory; however, no power was attainable using the InSb 

bolometer.  Until more funding becomes available, the 1.7 THz FeH transition will 

remain a mystery.  Detection of pure rotational transitions of FeH in cool stars, brown 

dwarfs, sunspots, and diffuse clouds will allow for astronomers to probe molecular 

environments, evaluate local magnetic fields and determine possible nuclear reaction 

mechanisms that result in FeH formation.  

 

5.6 Conclusion 

 Pure rotational spectra of CaH, MgH, ZnH and FeH have been measured in the 

gas phase using submillimeter-wave direct absorption spectroscopic techniques.  Newly 

measured CaH and MgH rotational rest frequencies are in relatively good agreement with 

the ExoMol project and previous theoretical works.  Additionally, metal hyperfine 

structure of 
25

MgH and 
67

ZnH was resolved for the first time.  Interpretation of the metal 

and proton hyperfine parameters indicates a significant amount of covalent character - a 

clear departure from the analogous ionic metal fluoride species.  FeH and FeD lines were 
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directly measured for the first time, and agree well within ±10 MHz uncertainties to LMR 

experiments.  Proton hyperfine was resolved in the Ω = ½ ladder of FeH, a result not 

expected considering the high energy of the omega component.  These accurately 

measured frequencies are essential for the understanding of the elusive electronic 

structure of iron hydride. 
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CHAPTER 6: ZINC INSERTION CHEMISTRY: A SPECTROSCOPIC STUDY 

OF METHYL HALIDE INSERTION PRODUCTS 

 

 

6.1 Introduction  

Organometallic compounds play crucial parts in synthesis, catalysis, 

biochemistry, and materials science.  This chapter focuses specifically on the chemical 

analysis of organozinc halides (RZnX; X = Cl or I).  RZnX reagents are popular in 

organic synthesis owing to their high chemoselectivity, mild reaction conditions and 

compatibility with various sensitive functional groups (Knochel and Singer 1993; 

Knochel 2004).  For example, the Fukuyama coupling reaction effectively synthesizes 

ketones by the reaction of a thioester with an organozinc halide in the presence of a Pd 

catalyst (Tokuyama 1998). 

A similar reaction, the Negishi cross-coupling reaction, has received considerable 

recognition the last several years.  This extensively used reaction, which earned Richard 

F. Heck, Ei-chi Negishi and Akira Suzuki the 2010 Nobel Prize in Chemistry, involves 

the palladium (or nickel) catalyzed cross-coupling of organozinc halide reagents with an 

organic halide to successfully produce carbon-carbon chemical bonds (Suzuki 2011; 

Negishi 2011; Baba and Negishi 1976).   Figure 6.1 illustrates a typical palladium-

catalyzed Negishi type cross-coupling reaction scheme.  This cross-coupling reaction is 

generally described in three steps: 

  

(1) Oxidative addition of the Pd
0
Ln catalyst to the organic halide (R

a
I) to form the  

      R
a
Pd

II
LnI

a
 complex. 
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(2) Transmetalation of this R
a
Pd

II
LnI

a
 intermediate with the organozinc halide  

     (R
b
ZnI

b
). 

(3) Reductive elimination of R
a
Pd

II
LnR

b
 to form the desired carbon-carbon bond    

     (R
a
-R

b
). 

 

 
Figure 6.1: The general scheme of a Negishi palladium-catalyzed cross-coupling reaction.  

The reaction is thought to occur in three steps: 1) oxidative addition of the Pd
0
 catalyst to 

the Pd
II
 complex, 2) transmetalation of this Pd

II
 intermediate with an organozinc halide, 

and 3) the reductive elimination of the Pd
II
 complex to generate a carbon-carbon bond 

(R
a
-R

b
). 

 

In this reaction, R
a
 and R

b
 can be a variety of organic ligands, including alkyl, 

aryl, alkenyl groups and unsaturated carbon chains.  Iodine, chlorine and bromine are the 

most commonly used halogens.  Unfortunately, despite the wide use of Negishi cross-

coupling reactions in organic chemistry, the mechanism is not well understood (Negishi 

2002).  Recent theoretical work suggests a transition state involving the complex between 

R
b
ZnI

b
 and R

a
PdI

a
, forming an actual Zn-Pd bond (Fuentes et al. 2010).  However, these 

intermediates are difficult to experimentally detect or isolate.  Therefore there have been 
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several DFT calculations to attempt to provide further insight into this mechanism.  For 

instance, calculations at the B3LYP/BS1 level were performed to evaluate the potential 

energy surfaces (PES) of Ni(I)-catalyzed Negishi alky–alkyl cross-coupling reactions 

(Lin and Phillips 2008).   In order to construct the PES, optimized geometries of all 

species involved, including the structure of IZnCH3, were calculated.  Clearly, an 

accurate experimental IZnCH3 molecular geometry will be beneficial to computational 

chemists, as their PESs can be validated. 

There has been considerable experimental work to better comprehend the Negishi 

mechanism.  In 2009, it was discovered that there are actually two parts to the 

transmetalation step of the Pd-catalyzed cross-coupling reaction, which occurred between 

an organozinc reagent (Ar
2
 – ZnX, X = Cl or I) and an Ar

1
 – Pd – Ar

2
 complex (Liu et al. 

2009).  Kinetic studies in combination with DFT calculations determined alternative 

transmetalation pathways were also discovered involving the reaction of trans-

[PdMeCl(PMePh2)2] and ZnMe2 in THF (García-Melchor et al. 2011).  ClZnCH3 was the 

organozinc halide utilized in both these reaction schemes.  All previous experimental 

kinetic studies related to the Negishi cross-coupling mechanism were recently 

summarized (Jin and Wiwen 2012).  Although methylzinc halides are extensively used in 

chemical synthesis, kinetic studies and computations, few methylzinc halide experimental 

studies are available.  

With regards to the oxidative addition of zinc to C – X bonds, it is well 

established that zinc directly inserts itself to C – H and C – C bonds (Breckenridge 1996); 

however little is known concerning the direct zinc insertion mechanism into the C – X (X 
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= Cl or I) chemical bond of even the simplest halide species, i.e. chloromethane (CH3Cl) 

and iodomethane (CH3I).  More recently, the Activation Strain model was used to 

establish why main group elements (Be, Mg, Ca) insert in the C-H bond of methane and 

the C-Cl bond of chloromethane more effectively than transition metals (Zn, Cd, Pd).  To 

attempt to trace the characteristic differences in reactivity, optimized ClZnCH3 molecular 

geometries were calculated.  Unfortunately, the experimental structure (i.e. bond length 

and bond angle) for the ClZnCH3 monomer was not available at the time to validate their 

model.   

In order to gain insight into the central mechanism behind the Negishi cross-

coupling reaction and to better comprehend the elusive zinc insertion mechanism, the 

pure rotational gas-phase spectra of IZnCH3 and ClZnCH3 were measured using 

millimeter-wave direct absorption methods.  These transient species were created by 

reacting zinc vapor with iodomethane (or chloromethane) in the presence of a direct 

current (DC) discharge.  Spectroscopic parameters of I
64

ZnCH3 (v = 0, 1), I
66

ZnCH3, 

I
64

ZnCD3, I
64

Zn
13

CH3, and 
35

Cl
64

ZnCH3 (v = 0, 1, 2) isotopologues were obtained.  This 

provides a model system which probes zinc insertion chemistry in a non-solvated state.  

Unlike most species synthesized in the Ziurys laboratory, data suggest IZnCH3 and 

ClZnCH3 are not created by the generation of radical fragments in the spectrometer.  

Molecular structure trends, comparisons with previous theoretical work and possible gas-

phase formation mechanisms are examined.    

 

 



118 

 

 

6.2 Theory 

 In Chapters 4, and 5, rotational spectroscopy was applied to diatomic and linear 

molecules, where the moments of inertia about mutually orthogonal axes (A, B, and C) 

were as follows: IB = IC (IA = 0), with the origin of the coordinate systems located at the 

molecular center of mass.  The methylzinc halides (XZnCH3) studied in this chapter 

contain C3v molecular symmetry and are classified as prolate symmetric tops, where IA < 

IB = IC.  Any molecule containing at least a 3-fold symmetry axis is classified as a 

symmetric top.  Oblate symmetric tops, where IA = IB < IC, were not encountered in this 

dissertation.  Examples of oblate symmetric tops generally include molecules that 

resemble a ‘pancake’, like BF3 and benzene.  An energy level diagram depicts the 

characteristic differences between prolate and oblate symmetric tops in Figure 6.2.  The 

energy for a prolate symmetric top is shown in Equation 6.1. 

 

E(J,K) = BJ(J + 1) + (A – B)K
2
 – DJJ

2
(J + 1)

2
 – DJK(J + 1)K

2
 – DKK

4
 – …      (6.1) 

 

In this equation, A and B are the molecular rotational constants, J is the rotational 

quantum number, K is the projection of J on the C3 molecular axis, DJ and DK are 

centrifugal distortion constants, and DJK is the centrifugal distortion constant responsible 

for breaking the K ladder degeneracy.  Because the (A – B) term in Equation 6.1 is 

always greater than zero, energy increases as the K-ladder increases for prolate 

symmetric tops, as demonstrated in Figure 6.2.  Allowed rotational transitions obey the 

electric dipole selection rules ΔJ = ±1 and ΔK = 0. 
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Figure 6.2: An energy level diagram demonstrating the key differences between a prolate 

symmetric top versus an oblate symmetric top.  Note the (A – B) energy term is always 

greater than 0 for the prolate symmetric top, and vice versa for the oblate symmetric top. 

 

As mentioned previously, a symmetric top has a 3-fold symmetry axis, where a 

2π/3 (i.e. 120°) rotation about this C3 axis leaves all particles indistinguishable.  This 

rotation either leaves the total wave function unchanged or opposite in parity, and enters 

into it as follows: ψ' = ψe
±(2π/3)Ki

 (Townes and Schawlow 1975).  When K is a multiple of 

3, the total wave function is obviously symmetric.  However, when K is not a multiple of 

3, then it is neither symmetric nor antisymmetric.  In order to attain the final wave 

function with the correct symmetry for all K components, nuclear spin wave functions 

must be considered.  Briefly, as in the case of the methylzinc halides, the exchange of any 

two protons occurs in either a symmetric or anti-symmetric wave function.  Any nuclei 

containing a half integer nuclear spin obey Fermi-Dirac spin statistics, such as hydrogen, 
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where the total wave function must be anti-symmetric.  If the nuclei contain an integer 

spin, for instance deuterium, Bose-Einstein statistics apply.   

 Including the nuclear spin wave functions into the total wave function is 

necessary because when nuclei are exchanged, not only do they switch their spatial 

coordinates but they also switch their spins.  Each proton on the XZnCH3 methyl rotor 

has two nuclear spin projections on a fixed axis, namely +½ or – ½ (commonly seen as ↑ 

and ↓, respectively).  Because there are three protons on the methyl rotor, eight different 

combinations of the hydrogen nuclear spin states are possible.  Two of the states, the ↑↑↑ 

and ↓↓↓, are clearly symmetric upon exchange of any two protons.  However, the other 

six are degenerate.  The result of combining these spin wave functions with the e
±(2π/3)Ki

 

rotations, is that when K is not a multiple of 3, there are twice as many acceptable wave 

functions than compared to when K is a multiple of 3 (Townes and Schawlow 1975).  

This causes the intensities of the K = 3, K = 6, etc. components to have twice the signal 

intensity than K states not a multiple of 3.  Indeed this is observed in the K = 3 and K = 6 

components of the methyl zinc halide spectra, as discussed in Section 6.4.  Townes and 

Schawlow provide significantly more details on the effects of nuclear spins and statistics 

(and inversion) in symmetric tops (Townes and Schawlow 1975).     

 

6.3 Synthesis 

  IZnCH3 and ClZnCH3 spectra were recorded using the low temperature Broida-

type oven direct absorption spectrometer.  Similar to all zinc-containing species studied 

in this dissertation, zinc pieces (99.9%, 2 – 14 mesh, Sigma Aldrich) placed in a large 
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Al2O3 crucible, were slowly heated for 30 – 40 minutes while flowing ~15 mTorr of 

argon into the chamber.  Once zinc melted, 1 – 2 mTorr of CH3I (99.5%, contains copper 

as a stabilizer, Sigma Aldrich) or 20 mTorr of CH3Cl (99.5%, Sigma Aldrich) were 

required to synthesize IZnCH3 and ClZnCH3, respectively.  Note the drastic pressure 

increase of the methylhalide precursor between the two species.  Interestingly, ClZnCH3 

molecular signals were significantly weaker when less than 20 mTorr of CH3Cl was 

mixed into the molecular production region.  This has important consequences on the 

synthesis of the 
13

C and D substituted ClZnCH3 species, as these precursors are 

particularly expensive.   

A DC discharge of 0.060 A (640 V) for IZnCH3 and 0.050 A (300 V) for 

ClZnCH3 was necessary for optimum and consistent production.   A bluish pink plasma 

was subsequently observed, most likely due to zinc and argon atomic emission.  Higher 

discharge current resulted in a significant decrease in the methylzinc halide signal-to-

noise.  This is an important synthetic result, and provides evidence of direct zinc insertion 

as will be explored in section 6.5.2 and Figure 6.8.  For IZnCD3 and IZn
13

CH3, similar 

experimental conditions were achieved, substituting CD3I (99.5%, Sigma Aldrich) and 

13
CH3I (99%, Sigma Aldrich) as the methyl halide precursor, respectively.  All zinc 

isotopologues were measured in their natural abundance (
64

Zn: 48.63%; 
66

Zn: 27.90%).  

ClZn
13

CH3 and ClZnCD3 species were not measured.  
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6.4. Results  

6.4.1 IZnCH3 

 Accurate r0 structural parameters of the IZnCH3 monomer were experimentally 

determined for the first time using pure rotational millimeter-wave direct absorption 

spectroscopic techniques.  Five to nine rotational transitions ranging from J = 109 ← 108 

to J = 132 ← 131 of I
64

ZnCH3 (v=0, 1), I
66

ZnCH3, I
64

ZnCD3 and I
64

Zn
13

CH3 were 

recorded between 256 – 293 GHz.  The K = 0 – 6 components were determined for most 

isotopologues.  A complete list of transition frequencies is available in Appendix H.  For 

I
64

Zn
13

CH3, only the K = 0 – 3 lines were measured.  Lack of K = 4 – 6 line detections 

has no effect on the determination of the molecular structure.   

Figure 6.3 shows representative spectra of the J = 116 ← 115, J = 117 ← 116, J = 

119 ← 118, and J = 132 ← 131 of IZnCH3, I
66

ZnCH3, IZn
13

CH3 and IZnCD3, 

respectively.  The 1x: 3x: 5x: 7x: etc. frequency intervals between successive K 

components (starting at K = 0) is clearly illustrated in the IZnCH3 spectrum (top left 

spectrum).  These splittings exhibit the characteristic ‘fingerprint’ of a prolate symmetric 

top molecule.  Additionally, there is an obvious departure of line intensities from the 

expected Boltzmann distribution, as indicate by the red curve.  This is a consequence of 

the exchange of equivalent protons on the methyl rotor upon 2π/3 rotations about the a 

inertial axis (the C3 symmetry axis).   

Because I = ½ for the hydrogen atom, Fermi-Dirac nuclear spin statistics apply, 

resulting in the K = 3 and K = 6 components to have twice the anticipated Boltzmann 

intensities.  For the deuterium (I = 1) substituted species, Bose-Einstein statistics apply, 
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resulting in only a 1.275 increase of the K = 3 and 6 line intensities.  Symmetric top K 

rotational level statistical weights due to the presence of three identical nuclear spins 

rotating about a C3 axis are calculated using Equations 6.2 and 6.3 (Townes and 

Schawlow 1975; pg.72). 

 

K a multiple of 3, but not K = 0; 
 

 
                ; I =   

 

 
   

 

 
     (6.2) 

K not multiple of 3; 
 

 
              ; I =   

 

 
   

 

 
       (6.3) 

 

Also note the decrease in the K-ladder splittings of I
64

ZnCH3 versus the heavier 

isotopologues in Figure 6.3.  This is expected due to the slight increase in the molecular 

mass and is further verification on the correct isotopologue assignments.  Measurements 

of these isotopologues confirm unambiguously the detection and C3v molecular geometry 

of methylzinc iodide. 
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IZnCH3 (X
1
A1) Isotopologues: K Components 

 
Figure 6.3:  Representative pure rotational spectra of IZnCH3, I

66
ZnCH3, and IZn

13
CH3 

measured near 273 GHz and IZnCD3 measured near 283 GHz.  Rotational transitions are 

indicated by J.  These spectra confirm IZnCH3 contains a linear I – Zn – C backbone, as 

evident from the 1: 3: 5: etc. splitting of consecutive K components, indicated in the 

IZnCH3 spectrum (top left).  The increased intensities of the K = 3 and K = 6 lines 

obviously depart from the estimated Boltzmann intensities (red curve), attributable to 

Fermi-Dirac (-CH3 moieties) and Bose-Einstein (-CD3 moiety) nuclear spin statistics.  

Five signal averages were performed for the deuterium isotopologue.  Signal averaging 

was not necessary for the other species.  Each spectrum is approximately 110 MHz wide 

and was acquired in ~70 seconds. 

 

6.4.2 ClZnCH3 

The pure rotational spectrum of ClZnCH3 in three vibrational modes, 

corresponding to the Zn – Cl stretch, was recorded using Broida-type oven direct 

absorption methods.  The v = 2 zinc-chlorine symmetric stretch vibrational mode of a 
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metal-containing symmetric top has never been observed in the Ziurys laboratory.  Ten 

rotational transitions were recorded for the v = 0 and v = 1 states and four transitions for 

the v = 2 state, between 230 – 300 GHz.  Figure 6.4 reveals the spectra of the J = 58 ← 

57 transition of all vibrationally excited modes around 296 GHz.  Similar to IZnCH3, 

ClZnCH3 is unmistakably a prolate symmetric top belonging to the C3v molecular point 

group.  A vibrational progression is clearly established via the decrease in signal 

intensities from the v = 0 to the v = 2 mode.  Vibrational temperatures were estimated to 

be approximately 300 K.  Apparently this stretching does not break symmetry and distort 

the linear Cl – Zn – C backbone.   

Contaminant lines, most likely due to CH3Cl, were prevalent throughout the mm-

wave data making weaker 
66

Zn, 
68

Zn and 
37

Cl isotopologues practically impossible to 

identify, as demonstrated in Figure 6.5.  Furthermore, 
13

C and D substituted species were 

not measured due to methyl halide precursor cost issues.  To make matters even more 

complicated, the CH3Cl K frequency splittings happened to be similar to that of 

ClZnCH3.  Because of these complications, ClZnCH3 data has yet to be published.  

Fortunately, Jie Min recently resolved the 
35

Cl quadrupole hyperfine structure of 

35
Cl

64
ZnCH3 (K = 0 component) using the FTMW spectrometer and is currently 

searching for the weaker Cl, Zn and 
13

C isotopologues to determine a ClZnCH3 

substitution structure.   The advantage of the FTMW systems is that significantly less 

material (~0.25% CH3Cl in Ar) is used in comparison to the direct absorption 

spectrometer (continuous flow of 20 mTorr CH3Cl), severely reducing cost issues 

regarding 
13

C and D substituted methylchloride precursors.  Contaminant features are 
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also not a major concern in the microwave region; however, the FTMW does entail 

considerable more scanning overhead and has a sluggish scanning rate.     

 

ClZnCH3 (X
1
A1) Vibrational Modes: K 

components 

 
Figure 6.4: Three pure rotational spectra belonging to the J = 58 ← 57 of ClZnCH3 (v = 

0, 1, 2) measured near 296 GHz.  No signal averaging was performed and these three 

spectra were obtained on the same run; therefore line intensities can be directly 

compared.  Note the vibrational progression when comparing the v = 0 line intensities 

(right) to the v = 2 line intensities (left).  Each spectrum is 100 MHz wide and was 

recorded in ~60 seconds. 
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Contaminants in the ClZnCH3 Raw Data 

    
Figure 6.5: A zoomed-in 110 MHz wide snapshot of ClZnCH3 raw data near 237 GHz, 

illustrating the complexity of locating weak symmetric top features in the insurmountable 

number of intense (and weak) CH3Cl contaminant lines. 

 

6.4.3 IZnCH3 and ClZnCH3 Spectroscopic Parameters 

  Molecular constants of IZnCH3 and ClZnCH3 are displayed in Table 6.1 and 

Table 6.2, respectively.  These parameters were obtained from two different nonlinear 

least squares fitting routines.   For IZnCH3, the symmetric top fitting program SYMF 

(Cazzoli and Kisiel 1993) was used because SPFIT (Pickett 1991) could not account for J 

values greater than 100.  (Informal discussions with molecular spectroscopists at the 2014 

International Symposium on Molecular Spectroscopy informed me SPFIT can fit J > 99, 

yet that information could not be extracted from them).  For ClZnCH3, the well-known 

SPFIT program was applied (Pickett 1991).   

Rotational constants (B) and three centrifugal distortion constants (DJ, DJK, HJK) 

were able to adequately fit both methylzinc halide species.  For IZn
13

CH3, HJK could not 
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be reliably determined because only the K = 0 – 3 components were measured.  

Interestingly, even with the high J values of IZnCH3 (J = 108 to J = 131) and of ClZnCH3 

(J = 47 to J = 58), only one higher order centrifugal distortion constant was necessary to 

achieve a satisfactory fit.  This is indicative of a fairly rigid structure for both methylzinc 

halides.  Also because of the high J values, iodine, chlorine and deuterium electric 

quadrupole hyperfine structure were not resolved, as expected.  The rms of each 

individual fit is in good agreement with the estimated 50 kHz experimental uncertainty. 

 

Table 6.1:  Spectroscopic constants (MHz) of IZnCH3 (X
1
A1) Isotopologues

a,b
  

 I
64

ZnCH3 (v = 0) I
66

ZnCH3 I
64

ZnCD3 I
64

Zn
13

CH3 

B 1178.8444(10) 1169.1951(24) 1075.8051(17) 1150.4001(16) 

DJ 0.000115797(40) 0.000114404(88) 0.000090970(51) 0.000109043(51) 

DJK 0.011823(57) 0.01161(11) 0.008554(93) 0.010877(24) 

HJK 13.2(2.2)x10
-9

 10.2(4.2) x10
-9

 10.3(2.8) x10
-9

 … 

     

rms  0.023 0.025 0.032 0.035 
a 
Quoted errors are 3σ.  

 

b 
Vibrational state corresponding to the Zn – I stretch available in Appendix H. 

 

Table 6.2:  Preliminary Spectroscopic constants (MHz) of ClZnCH3 (X
1
A1) Vibrational 

Species
a
 

 ClZnCH3 (v = 0) ClZnCH3 (v = 1)
b
 ClZnCH3 (v = 2)

b
 

B 2558.3902(20) 2554.7678(14) 2551.2831(17) 

DJ 0.000043355(32) 0.0000433020(23) 0.000043746(36) 

DJK 0.04090(12) 0.040645(10) 0.040289(14) 

HJK 0.102(19)x10
-6

 0.64(17) x10
-6

 … 

    

rms 0.026 0.092 0.231 
a 
Quoted errors are 3σ.

 

b 
Vibrational state corresponds to the Zn – Cl stretch. 
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6.5 Discussion 

6.5.1 Methylzinc Halide Structures 

 The characterization of four IZnCH3 isotopologues allowed for the determination 

of an accurate IZnCH3 r0 molecular structure.  For ClZnCH3, since the 
13

C, D, and 
37

Cl 

substituted species were not measured, only the Zn – Cl bond length could be estimated.  

The remaining ClZnCH3 structural parameters were fixed to those of IZnCH3.  

Experimental bond lengths and bond angles for both species are listed in Table 6.3, along 

with similar molecules for comparison and computational work. 

The Zn – H bond length of HZnCH3 is approximately 0.5 Å and 1 Å shorter than 

the Zn – X (X = Cl, X) bond length of ClZnCH3 and IZnCH3, respectively.  This is 

expected due to the larger atomic radii of the halides compared to hydrogen.  Zn – C and 

C – H bond lengths are similar for all XZnCH3 species, and are relatively unaffected 

regardless of the ligand attached to the -ZnCH3 moiety.  Something fascinating occurs 

when the Zn – C – H bond angle of HZnCH3 is compared to IZnCH3.  Simply based on 

steric hindrance effects, it was hypothesized this IZnCH3 bond angle would be 108° - 

109°, slightly smaller than the 110.2° angle on HZnCH3.  Interestingly, the Zn – C – H 

bond angle of both IZnCH3 and HZnCH3 are identical.  This result was not expected; it 

appears substitution of hydrogen with a ‘bulky’ iodine has absolutely no effect on the -

ZnCH3 moiety.  IZnCH3 DFT calculations were performed by Professor Phillip M. 

Sheridan of Canisius College.  These calculations utilized the B3LYP and B3PW91 

functionals, and are also in good agreement with the experimental structure.  

Computational details are available in Appendix H.   
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Table 6.3: Geometric Parameters of IZnCH3, ClZnCH3, and Similar Species 

Molecule rXM(Å) rMC(Å) rCH(Å)  ∠M-C-H ∠H-C-H
a
 Method Ref. 

IZnCH3 2.4076(2) 1.9201(2) 1.105(9) 110.2(5) 108.7(5) r0 this work 

 2.4373 1.9144 1.0951 111.125 107.825 B3LYP/6-31G*/LanL2DZ 1 

 2.4471 1.9393 1.0904 110.192 108.741 B3PW91/6-

311G++(3df,2p)/LanL2DZ 

this work
b
 

 2.4606 1.9518 1.0892 110.041 108.895 B3LYP/6-

311G++(3df,2p)/LanL2DZ 

this work
b
 

 2.4508 1.9383 1.0904 110.201 108.731 B3PW91/6-

311G++(3df,2p)/DGDZVP 

this work
b
 

 2.4689 1.9505 1.0892 110.031 108.906 B3LYP/6-

311G++(3df,2p)/DGDZVP 

this work
b
 

ClZnCH3 2.100 1.9201
c
 1.105

c
 110.2

c
 108.7

c
 r0 this work 

 2.129 1.937 1.096 109.6 109.3 ZORA-BLYP/TZ2P 2 

HZnCH3 1.5209(1) 1.9281(2) 1.140(9) 110.2(3) 108.7(3) r0 3 

CuCH3 … 1.8841(2) 1.091(2)  110.07(8) r0 4 

a 
Calculated using the following trigonometric relation for axial symmetric tops:    (

 ∠      

 
)   

    

 
            ∠        

(Gordy & Cook; pg. 655, 1984). 
b 
Calculations performed by Prof. Phillip Sheridan (Canisius College). 

c
 Fixed. 

1
 Lin and Phillips 2008 

2 
Fuentes et al. 2010 

3 
Flory et al. 2010 

4
 Grotjahn et al. 2004 
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Figure 6.6 displays the IZnCH3 calculated molecular geometry (left; B3LYP/6-

311G*/LanL2DZ) used to analyze the mechanism behind the palladium-catalyzed 

Negishi cross-coupling reaction (Lin and Phillips 2008).  The right of Figure 6.6 shows 

the experimental ball and stick r0 structure for comparison.  The two structures are in 

excellent agreement, with the bond angle differing by only ~1° and no more than a 1.2% 

error on the bond lengths.  These results lend support to the computational methods 

previously used to investigate organozinc halide reagents and their role in catalyzed 

cross-coupling reaction mechanisms.   

 

 
Figure 6.6:  Comparison of a DFT calculated IZnCH3 molecular geometry (left; Lin and 

Phillips 2008) with the experimentally-determined r0 structure (right). 

 

Table 6.3 shows the DFT ClZnCH3 optimized geometry compared to the 

experimental ClZnCH3 structure.  Although the experimental structure is preliminary, 

ClZnCH3 is clearly is a prolate symmetric top with a 180° Cl-Zn-C backbone, in 

agreement with previous zinc-insertion calculations and the Activation Strain model.  
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This is an important finding as several CH3Cl metal insertion products were actually 

predicted to be an asymmetric top.  Interestingly, the Zn-C-H bond angle of ClZnCH3 

was calculated to be slightly smaller than that of IZnCH3; Jie Min is currently measuring 

weaker isotopologue in order to verify this potentially stimulating result.   

  

6.5.2 Evidence of Zinc Insertion 

Iodomethane is a well-known methyl donor used to synthesize numerous metal 

monomethyl species, including LiCH3 (Allen et al. 1998), ZnCH3 (Cerny et al. 1993) and 

CuCH3 (Grotjahn et al. 2004).  Therefore, the rotational spectrum of the free radical 

symmetric top species ZnCH3 (X
2
A1) was expected to be present in the IZnCH3 raw data.  

Because there is an unpaired electron on ZnCH3, the electron spin magnetic moment 

couples with the magnetic moment generated from molecular rotation, splitting all K 

components into spin-rotation doublets.  Doublet symmetric top patterns were 

exhaustively searched for in the data and could not be recognized.   

Additionally, if the DC discharge dissociated the methyl halide precursor, 

rotational transitions of ZnI (X
2
Σ

+
) and ZnCl (X

2
Σ

+
) would be readily identifiable in the 

IZnCH3 and ClZnCH3 data, respectively.  Although the pure rotational spectrum of ZnI is 

currently unknown, the spin-rotation splitting is predicted to be 100 – 200 MHz, even 

accounting for the dominant second-order spin-orbit coupling contribution.  Therefore, 

with such a small spin-rotational splitting this pattern would be easily discernible in the 

IZnCH3 data; yet no such pattern was recognized.  For ClZnCH3, extremely weak ZnCl 
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lines were present in the data. (The pure rotational spectrum of ZnCl has been previously 

measured (Tenenbaum et al. 2007).)  

 It has already been established that Zn in an excited 
3
P or 

1
P state inserts in to C – 

H and C – C chemical bonds.  Unlike most species in the Ziurys lab, IZnCH3 and 

ClZnCH3 were not created by the generation of free radicals by the DC discharge, 

because the rotational spectra of ZnCH3 and ZnI were not recognized and ZnCl lines 

intensities were exceptionally weak.  Instead, these organozinc halides were fashioned 

via the oxidative addition of Zn into the C – X bond of CH3I and CH3Cl.   

 Further evidence supporting synthetic zinc-insertion occurs is that both 

methylzinc halide signal intensities diminished as the DC discharge current was 

increased.  Figure 6.7 depicts a top view of the Broida-type oven spectrometer during a 

ClZnCH3 run, and demonstrates the best evidence for zinc insertion.  On the right is the 

copper DC discharge electrode and on the upper left is the inlet tube for the CH3Cl 

precursor.  Zinc vapor is generated from the crucible located in the resistively heated 

tungsten basket (the ‘glowing’ ring).   

The photograph shown is of a DC discharge greater than 100 mA, a ‘high’ 

discharge.  As a reminder, optimum discharge conditions for ClZnCH3 were 50 mA.  

Once the discharge was pushed to 100 mA, a distinct CH3Cl plasma appeared from the 

methyl halide precursor inlet tube as indicated by the red arrow.  Lower than 100 mA, 

this particular plasma was not observed.  Remarkably, ClZnCH3 signal intensities 

decreased and ZnCl signals increased once this CH3Cl plasma was observed.  It is 

believed CH3Cl gets dissociated in this plasma, and the discharge produces various free 
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radicals, such as ·CH3 and ·I.  While difficult to confirm via the current instrumentation, 

zinc insertion is most likely occurring; this unpublished result provides the best evidence 

of gas-phase atomic zinc insertion into the carbon-chlorine bond of methyl chloride. 

 

 

Figure 6.7:  A top view of the Broida-type oven spectrometer during a ClZnCH3 ‘high’ 

discharge synthesis experiment.  When the Cu discharge electrode was increased past a 

100 mA threshold, a distinctive CH3Cl plasma was promptly observed, designated by the 

red arrow.  At this instant the DC discharge is thought to dissociate the CH3Cl precursor.  

Once this plasma was induced, ZnCl (X
2
Σ

+
) line intensities increased and ClZnCH3 line 

intensities decreased.  This is direct evidence of a gas-phase atomic zinc insertion 

reaction.  

 

Finally, the oxidative addition of Zn to the C – H bond of methane and C – Cl 

bond of chloromethane was previously examined using DFT calculations and the 

Activation Strain Model (Theodoor de Jong 2006).  A 96.1 kcal/mole activation energy 

barrier exists to zinc insertion in to the C – H bond of methane, 50.1 kcal/mole higher in 

energy than zinc insertion into the C – Cl bond.  Because the C – I bond (of CH3I) is 
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weaker than the corresponding C – Cl bond, the activation energy is expected to be less 

than 46.0 kcal/mole, and hence easiest for the oxidative addition of zinc to CH3I.  This 

trend is experimentally observed based on both the corresponding molecular intensities 

and discharge conditions.   

Interstingly, the Activation Strain Model predicts magnesium to insert itself into 

the C – X bond of CH3X species better than zinc.  Therefore it would be of interest to 

study numerous XMgCH3 species, in order to authenticate this model.  XMgCH3 

compounds also have applications to the well-known Grignard reagents, and detection of 

these species would drastically increase the probability of obtaining NSF funding. 

 

6.6 Conclusion 

Direct absorption millimeter-wave spectroscopy was used to measure the pure 

rotational spectra of two model organozinc halides, IZnCH3 and ClZnCH3.  Accurate 

bond lengths and bond angles were determined for IZnCH3 and a preliminary structure 

was determined for ClZnCH3.  Results support the numerous computed methylzinc halide 

geometries used to investigate the role of organozinc halide reagents in the 

transmetalation step of the Negishi cross-coupling reaction.  Various pieces of evidence 

indicate both IZnCH3 and ClZnCH3 are not synthesized by the recombination of free 

radicals generated by the DC discharge, but via the oxidative addition of zinc to the C – 

X bond of CH3I or CH3Cl, respectively.   
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CHAPTER 7: METAL HYDROSULFIDES 
 

7.1 Introduction 

Formation of metal hydroxide (MOH) complexes is important in many scientific 

areas, including catalysis, surface science, and biology (Hedberg et al. 2010; Auld et al. 

1997).  For example, ZnOH plays a significant role in countless enzymes and proteins, 

including carbonic anhydrase, the most studied zinc-containing enzyme (Christianson and 

Cox 1999).  However, little is known about the corresponding sulfur analogues, which 

have applications in materials science, enzyme functionality, and hydrodesulphurization 

processes (Sánchez-Delgado 1994; Sánchez-Delgado 2001; Rombach & Vahrenkamp 

2001; Trachtman et al. 2001).  For example the Zn – S – H (and Zn – O – H) moieties 

play a key role in the proposed catalytic mechanism of OCS hydrolysis by carbonic 

anhydrase (Spiropulos et al. 2012).  Metal-sulfur bonds also are essential components in 

mechanical lubricants and catalysis (Kretzschmar et al. 2001; Sakamoto et al. 2009).  

Therefore, a spectroscopic study of the monomeric metal hydrosulfides provides a 

benchmark model in which to investigate the mechanism behind various chemical 

processes.     

Interestingly, drastic bonding differences occur between MOHs versus MSHs, 

although they are isovalent.  For instance, CaOH, SrOH, BaOH and AlOH are highly-

ionic linear species (Ziurys et al. 1992; Anderson et al. 1992; Anderson et al. 1993; 

Apponi et al. 1993).  AgOH, CuOH and ZnOH have bent molecular geometries with 

bond angles similar to that of H2O, indicative of sp
3
 hybridization occurring at the 

oxygen atom (Whitham & Ozeki 1999; Appendix A).  KOH, NaOH, MgOH and LiOH 
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possess a quasi-linear geometry and contain large amplitude bending motions 

(Kawashima et al. 1996; Pearson & Trueblood 1973; Barclay, Jr. et al. 1992; Higgins et 

al. 2004).  However, the chemical bonding in the metal hydrosulfides is significantly 

different.  Numerous MSH molecules have been of spectroscopic interest, including 

LiSH, NaSH, MgSH, CaSH, SrSH, BaSH, AlSH, and CuSH (Janczyk & Ziurys 2002; 

Kagi & Kawaguchi 1997; Taleb-Bendiab & Chomiak 2001; Taleb-Bendiab et al. 1996; 

Halfen et al. 2001; Janczyk & Ziurys 2003; Janczyk & Ziurys 2006; Janczyk et al. 2005).  

Unlike the MOHs, all MSH characterized to date contain bent molecular geometries, with 

bond angles ranging from 89° - 95°.  Clearly the MSH bond angles are similar to H2S, 

signifying chemical bonds occurring primarily through pure p orbitals, instead of sp
3
 

hybridization like in H2O.   

Despite the prevalence of high resolution spectroscopic studies, no experimental 

studies have been performed on KSH and currently the only transition metal hydrosulfide 

characterized with high-resolution measurements is CuSH (X
1
A′) (Janczyk et al. 2005).  

My research objective was to extend the measurements of alkali metal and transition 

metal hydrosulfides to establish periodic trends and to provide benchmark experimental 

studies so computational chemists can more reliably predict their molecular behavior in 

larger complex systems, including catalysis and hydrodesulphurization.   

Consequently, pure rotational transitions of KSH, KSD, 
64

ZnSH, 
66

ZnSH, 
68

ZnSH 

and 
64

ZnSD, were recorded using millimeter-wave direct absorption spectroscopic 

methods.  Rotational spectra of 
64

ZnOH, 
66

ZnOH, 
68

ZnOH, 
64

ZnOD, 
66

ZnOD and 
68

ZnOD 

were also measured, but are not the primary subject of this chapter (Appendix A).  
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Hyperfine resolved rotational spectra were also measured for KSH and ZnSH using 

pulsed Fourier transform microwave methods to establish an accurate set of hyperfine 

constants.  Microwave measurements of LiSH and NaSH were resolved to establish alkali 

metal electric quadrupole coupling parameter trends.  In this chapter, physical 

interpretations of the determined rotational, spin-rotation (when applicable), and 

hyperfine spectroscopic parameters will be discussed in terms of metal hydrosulfide 

molecular geometry, electronic structure and metal-sulfur bonding character.  Insight into 

the ZnSH molecular orbital containing the unpaired electron is also discussed.  

 

7.2 Theory: Asymmetric Tops 

 As recalled from previous chapters, the characteristic rotational spectroscopic 

pattern observed for all molecules is dependent on the molecular geometry and its 

electronic structure.  For example, many of the metal hydroxides are linear and therefore 

belong to the C∞v group and have a relatively ‘simple’ rotational pattern.  However, 

MSHs are bent and belong to the Cs point group and are classified as asymmetric tops 

with a spectroscopic signature drastically more complex.   

Unlike diatomic molecules (Chapters 4 and 5), linear molecules (Chapter 4) and 

symmetric tops (Chapter 6), asymmetric tops rotate about three mutually orthogonal axes 

that have three unique moments of inertia, where IA < IB < IC.  Asymmetric tops are 

typically classified as either near prolate, where IA < IB ≈ IC or near oblate, where IA ≈ IB 

< IC.  For symmetric tops, K is the projection of J on the molecular axis which produces 

two degenerate K components (for K > 0).  If the rotation axis has less than C3 symmetry, 
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these K components lose their degeneracy, with the magnitude of the asymmetry splitting 

primarily determined by the atomic mass and their position away from the principal axis 

system.   

Figure 7.1 displays a typical asymmetric top rotational energy level diagram for J 

= 0, 1, and 2 energy levels.  Energies of the Ka and Kc levels were detailed in Chapter 6.  

Quantum numbers used to classify asymmetric top energy levels are JKaKc, where J is the 

total rotational angular momentum and Ka and Kc are labels used to identify energy 

levels.  It should be noted Ka and Kc are only good quantum numbers in the prolate and 

oblate symmetric top limits.  However, they almost commute with the total Hamiltonian 

(Bernath 2005) and are therefore almost good quantum numbers, and can be reliably used 

to assign and fit asymmetric top spectra.  
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Figure 7.1: Energy level diagram for an asymmetric top.  The breakdown in the energy 

level degeneracy arise from transitioning from a molecule with at least C3 symmetry (i.e. 

a symmetric top), to a molecule containing a Cn axis less than C3.  Depending on the 

electric dipole moments, either a-type, b-type, and/or c-type transitions are expected, 

indicated by the red arrows.  In this dissertation only a-type transitions were measured. 

 

The degree of asymmetry is determined by Ray’s asymmetry parameter, κ, where 

κ = 
        

     
 (Bernath 2005).  All metal hydrosulfides and hydroxides studied in this 

dissertation are near prolate asymmetric tops, with κ ≈ -1 (κ ≈ 1 is indicative of near 

oblate asymmetric tops).  Ray’s asymmetry parameter is shown at the bottom of the 

Figure 7.1.  As one moves near κ ≈ 0 the splitting of the K levels drastically increases and 

the molecule becomes more asymmetric.  

 Because asymmetric tops have three unique rotational axes (a, b, and c), there can 

be three corresponding non-zero electric dipole moments: μa, μb, and μc.  Each dipole 

moment corresponds to a different spectroscopic pattern that follows a certain set of 

selection rules.  The selection rules for a-type, b-type and c-type transitions are as 
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follows: ΔJ = +1, ΔKa = 0 and ΔKc = +1; ΔJ = +1, ΔKa = +1 and ΔKc = -1 and ΔJ = +1, 

ΔKa = +1 and ΔKc = 0, respectively.  These transitions are displayed in Figure 7.1.  

Depending on the molecule and the magnitude of the dipole moments it is possible for all 

three spectroscopic patterns to be present in the data.  However, only a-type transitions 

were measured in this thesis, since μa > μb, μc for all molecules analyzed.  As an example, 

KSH dipole moments were calculated by Prof. Phil Sheridan using CCSD(T)/6-

311++G(3df,2pd) methods and were found to be: μa = 10.93 D, μb = 0.40 D, and μc = 

0.00 D.  Figure 7.2 shows a cartoon of a typical metal hydrosulfide with its three 

principal axes, where c is coming out of the plane.  

 

Figure 7.2: A ball and stick model of a typical metal (M) hydrosulfide, illustrating where 

the center of mass is and the three rotational axes which the molecule can freely rotate 

about (not drawn to scale). 
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7.3 Synthesis 

 KSH and ZnSH were synthesized using the low-temperature Broida-type oven 

spectrometer and the discharge-assisted laser ablation FTMW spectrometer.  LiSH and 

NaSH were synthesized solely in the FTMW.  Instrumental details on both spectrometers 

are available in Chapter 3.  Synthetic procedures on ZnOH can be found in Appendix A.  

The following sections explore the finer points with regards to the unique synthetic 

methods employed to produce transient metal hydrosulfides species in sufficiently high 

concentrations for adequate detection. 

 

7.3.1 Alkali-metal Hydrosulfides 

Sections 7.3.1.1 and 7.3.1.2 explore alkali metal hydrosulfide synthesis schemes 

using the FTMW spectrometer and direct absorption spectrometer, respectively.  

However, I deemed it necessary to briefly comment on the safe-handling of pure alkali 

metals.  There is a substantial amount of critical preliminary work to both safely and 

effectively prepare the spectrometers for experimentation.  Extreme caution must be 

taken with regards to materials preparation, clean-up, emergency preparedness, personal 

protective equipment, etc.  Information on safely working with alkali metals in the 

FTMW was discussed in Chapter 4.  For the direct absorption spectrometer, in-depth 

procedures to work with pure potassium, including potassium washing, Broida-type oven 

preparation, and cleaning the potassium-coated stainless-steel cell are available in 

Appendix B.  I strongly suggest the reader references these sections before attempting 
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any alkali metal synthesis experiments.  The importance of this cannot be over-stated, as 

demonstrated in Figure 7.3.  

 

 

Figure 7.3: The violent exothermic reaction encountered while cleaning a potassium-

covered spectrometer with water. 

 

7.3.1.1 Fourier Transform Microwave Spectrometer 

 LiSH, NaSH and KSH were created using the discharge-assisted laser ablation 

(DALAS) molecular production scheme.  5 ns pulses from the 2
nd

 harmonic of a 

Nd:YAG laser ablates a pure metal rod which is continuously translated and rotated, in 

order to generate the metal vapor.  However, because alkali-metals are relatively soft, 

solid rods could not be reliably fit into the laser ablation housing.  Therefore a unique 

synthetic technique was implemented to effectively produce alkali metal vapor.  This 

novel method deviated from traditional FTMW synthetic approaches, and was outlined in 

Chapter 4.   
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 Alkali-metal hydrosulfides were synthesized by the reaction a 0.25% H2S in Ar 

mixture, at a stagnation pressure of 34 psi, with pure alkali metal vapor.  Although a DC 

discharge wasn’t necessary to observe MSH spectral signals, a 500 V (0.050 A) discharge 

applied to the reaction mixture resulted in a ~20% increase in signal-to-noise ratio.  For 

the deuterium substituted species, similar methods were employed substituting D2S 

(Cambridge Isotopes, 98%) for H2S.  Merely 20 – 100 shots, which correspond to 2 – 10 

seconds of acquisition time, were required to achieve an adequate S/N; KSD needed 

~2,000 pulse averages. 

 

7.3.1.2 Direct Absorption Spectrometer 

 KSH and KSD were initially detected using the FTMW, but also needed to be 

synthesized using the low temperature Broida-type oven spectrometer in order to measure 

Ka > 0 components.  Pure potassium chunks (Sigma Aldrich) were melted in a large 

Al2O3 crucible.  Potassium vapor was reacted with 2 mTorr of H2S added from the top of 

the oven.  20 mTorr of argon was also entrained in the reaction mixture, to aide as a 

carrier gas and prevent potassium deposition on the Teflon lenses.  A DC discharge of 80 

mA at 250 V was applied to the resultant mixture, and was necessary to observe 

molecular signals.  Spectral lines immediately disappeared upon removal of the electrical 

discharge. Similar procedures were performed for the deuterium-substituted species, 

replacing H2S with D2S (Cambridge Isotopes, 98%).   

Potassium vapor generation was a key factor to ensure consistent KSH 

production.  The melting point of potassium is ~63°C; therefore the oven power supply 
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must be on the lowest setting (5 VAC).  Potassium was slowly heated for ~30 minutes 

with 20 – 30 mTorr of argon.  An oven voltage/current relationship of merely 12 A / 0.4 

V were sufficient to melt potassium.  Slightly higher oven settings resulted in either the 

splashing, oxidation, or the immediate use of all potassium.  To exemplify the importance 

of the oven settings, potassium vapor production fluctuated from 0.1 to 5 hours per run, 

with oven settings only varying from 12 A – 25 A.  Additionally, it was vital to observe 

the heating process through the Mylar window, because as soon as potassium melted an 

obvious shiny liquid was immediately recognizable and further heating no longer 

necessary.   

Figure 7.4 depicts an actual photograph of a KSH synthesis experiment.  The left 

side shows when potassium is noticeably shiny and KSH signals were, in all seriousness, 

enormous.  The right side displays when the potassium is slightly over-heated and/or 

oxidized, causing the ‘shininess’ to dissipate and KSH signal intensities to decrease by as 

much as 90%.  

It should be noted that the tungsten basket was replaced once in ~3 months of 

experiments.  Also, I recommend not to clean the spectrometer until all scanning has been 

completed for safety reasons (refer to Figure 7.3).   
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Figure 7.4: A photograph of a KSH synthesis experiment.  On the left demonstrates when 

the potassium is ‘shiny’ and an ideal quantity of potassium vapor was available in the 

molecular production region to produce extremely intense KSH molecular lines.  The 

right photograph demonstrates when potassium loses its ‘shine’ (but is still a liquid), and 

KSH signal intensities dropped by 90%. 

 

7.3.2 ZnSH 

7.3.2.1 Fourier Transform Microwave Spectrometer 

To create the ZnSH free radical in the FTMW system, a 0.20% H2S in Ar mixture 

was introduced into the cell with a flow of ~40 sccm.  This precursor was mixed with 

zinc vapor generated from the laser ablation of a pure zinc rod.  As soon as the solenoid 

valve was opened a 750 V (50 mA) DC discharge was applied to the mixture for 1000 μs 

and the laser fired 990 μs after the initial valve opening.  The DC discharge was essential 

to detect ZnSH molecular emission.  Gas pulse durations were 550 μs.  For 
64

ZnSH, only 

500 shots were necessary to achieve a satisfactory signal-to-noise ratio; however, for the 

weaker zinc isotopologues and deuterium-substituted species, approximately 3000 shots 

were required.   
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7.3.2.2 Direct Absorption Spectrometer 

To synthesize ZnSH in the low temperature spectrometer, a Broida-type oven was 

used to generate the zinc vapor (99.9% zinc pieces, Sigma Aldrich).  Simultaneously, 2 

mTorr of H2S was added above the oven with 20 mTorr of argon added from below to act 

as the carrier gas.  Because zinc deposits onto the Teflon lenses, an additional 20 mTorr 

of argon was flowed in front of the optics. A 0.750 A (0.050 V) DC discharge was 

necessary to observe ZnSH spectral signals, and produced a pink/blue plasma due to zinc 

and argon atomic emission.  (Discharge conditions varied tremendously from run to run).  

Figure 7.5, in my opinion, is the most important figure in this dissertation for the 

beginner molecular spectroscopist.  It’s a classic example of how important it is to 

simultaneously keep track of ~30 synthesis variables during each experiment, and to pay 

attention to the smallest details.  (A list of synthetic parameters to optimize is available in 

Appendix C).  Figure 7.5 shows two top views of a ZnSH experiment in progress.  The 

topmost photograph illustrates what I called a ‘delocalized’ (or diffuse) glow discharge 

plasma and the bottom shows a ‘localized’ discharge plasma, where the majority of the 

plasma surrounded the tungsten basket.  To the right of each photograph are 

representative 110 MHz wide spectra displaying four 
64

ZnSH rotational transitions and a 

66
ZnS transition, indicated by the red arrows.  

Prior to confirming ZnSH, the weak lines shown in the top spectrum of Figure 7.5 

were initially detected and promptly disappeared upon removal of zinc vapor.  Therefore 

I was interested in optimizing their signal-to-noise since they were due to a zinc-

containing molecule.  Numerous synthetic parameters were ‘optimized’, including H2S 
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pressure, oven temperature, discharge current, etc…; yet line intensities remained 

constant.  However, during the optimization process I noticed a change in the glow 

discharge plasma behavior, a parameter many spectroscopists tend to ignore. 

Noticing this localized discharge plasma was essential.  To exemplify the 

importance of this, the numerical synthetic conditions in both the top spectrum and 

bottom spectrum are identical; the only difference is in the discharge plasma behavior.  

Had I ignored the ‘localized’ plasma, spectroscopic analysis of the ZnSH radical 

would’ve been substantially more difficult, as evident by the ~90% decrease in S/N 

displayed in the top spectrum versus the bottom spectrum. 

In order to produce the “localized” discharge, the DC discharge current was 

abruptly increased to 700 – 1000 mA, and then decreased to ~0.10-0.50 A (0.150 kV).  It 

is speculated this abrupt increase in current created an arc between the copper electrode 

and tungsten basket.  Unfortunately, until funding for a mass spectrometer becomes 

available, the chemistry occurring inside the plasma will remain not well understood.  It 

was often extremely difficult to maintain the localized discharge.  All zinc isotopes were 

measured in their natural abundance (
64

Zn: 
66

Zn: 
68

Zn = 48.6%: 27.9%: 18.8%).  A 

similar method was employed for ZnSD, substituting D2S (99.9% Cambridge Isotopes) 

for H2S.  
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Figure 7.5: Two photographs taken during the same ZnSH run under identical conditions, 

demonstrating the importance of observing the glow discharge plasma behavior.  To the 

right of each picture is the subsequent 110 MHz wide spectrum with four ZnSH lines.  A 
66

ZnS line is also shown for intensity comparisons.  All transitions are indicated by red 

arrows.  Clearly, the ‘localized’ discharge significantly enhances the S/N compared to the 

‘delocalized’ discharge.  No signal averaging was performed. 
 

7.4. Results 

7.4.1 Metal Hydrosulfides 

 This work represents the first gas-phase detection of KSH and ZnSH by any 

experimental method.  Alkali metal electric quadrupole parameters for 
7
LiSH, 

23
NaSH, 

and 
39

KSH were determined as well as hyperfine parameters for ZnSH and ZnSD.  

Rotational transitions of deuterium isotopologues for all species were also measured, 

allowing for accurate experimental r0 molecular parameters to be determined.  All metal 

hydrosulfide species characterized are undoubtedly bent molecules with Cs symmetry.  
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When no previous work is available, large frequencies ranges must be scanned in 

order to detect and identify their molecular spectroscopic ‘fingerprint’.  For ZnSH, 250 – 

300 GHz were initially surveyed (approximately 10B) in order to assign the rotational 

spectra.  A set of three harmonic doublets were recognized, with a frequency splitting of 

~140 MHz in each N → N + 1 rotational transition.  These doublets were hypothesized to 

belong to the Ka = 4 components due to their strong S/N, attributable to the collapsed 

asymmetry components for Ka > 3 lines for similar near prolate asymmetric tops.  Once 

the Ka = 4 components were assigned, the Ka = 1 lines were promptly located owed to 

their characteristically large asymmetry splittings of 2 – 3 GHz).  A combined fit of these 

two asymmetry components was carried out to obtain a better estimate of DNK, the 

centrifugal distortion constant which dictates the magnitude of the asymmetry splittings.  

The Ka = 0, 2, 3, 5 and 6 components were then readily identified and confirmed the 

hypothesized near prolate asymmetric top molecular geometry.   

Once the rotational constants in the millimeter region were accurately determined, 

a ±1 MHz survey was conducted using the FTMW spectrometer, centered on the N = 2 

→ 1, J = 2.5 → 1.5 predicted frequency.  Predictions were accurate to within a 

megahertz, and numerous hydrogen hyperfine components were promptly measured for 

64
ZnSH.  Only the stronger ΔF = ΔJ hyperfine components were detected, weaker ΔJ ≠ 

ΔF components could not be identified.   Similar methods were employed for ZnSD. 

For KSH, since pure potassium is extremely pyrophoric, the FTMW spectrometer 

was initially used to for molecular searches because significantly less metal was required.  

A 10 MHz survey was conducted based on KOH, NaSH, NaOH scaled spectroscopic 
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constant for the Ka = 0 component, and was right on target.  Five hyperfine resolved 

rotational transitions were subsequently recorded in the microwave regime belonging to 

the Ka = 0.  However, experimental geometries of asymmetric tops cannot be established 

solely from effective rotational constants (i.e. (B + C)/2), and higher Ka components 

needed to be measured.  Exhaustive searches for the Ka = 1 components in the FTMW 

were performed, without success.  Unfortunately Ka > 0 components could not be 

accessed because the rotational temperature of the Ka = 1 energy level was estimated to 

be 15 K (based on the estimated A rotational constant).  Rotational temperatures in the 

FTMW spectrometer are 4 – 5 K.    Therefore, it was necessary to begin searches in the 

millimeter-wave region to identify the remaining asymmetry components.   

A pseudo singlet sigma effective Hamiltonian was applied to the five KSH 

FTMW rotational transitions to predict the higher frequency Ka = 0 component of the J = 

40 ← 39 transition near 280 GHz.  These predictions were accurate to within 1 MHz, a 

great example of the power of these two complementary spectroscopic techniques.  Ab 

initio calculations performed by Prof. Phil Sheridan (Canisius College) established a 

relatively accurate DJK estimate.  Armed with this information, the Ka > 0 components 

were readily identified.  Similar procedures were performed to record the hyperfine 

resolved microwave rotational transitions of LiSH and NaSH. 

Only a-type transitions were detected for all metal hydrosulfides, due to the large 

magnitude of the a electric dipole moment.  In total, 8 transitions were measured for 

ZnSH and 6 transitions measured for KSH.  Ka = 0 – 6 components were typically 

measured for each rotational transition in the millimeter-wave regime.  Hyperfine 
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structure was resolved for LiSH, NaSH, KSH and ZnSH, respectively.  All asymmetric 

top assignments can be found in Appendices I and J.      

Figure 7.6 shows a representative spectrum of the N = 32 ← 31 transition of 

64
ZnSH near 299 GHz, displaying several Ka asymmetry components.  The quantum 

number N labels the rotational energy levels and J (not shown in the figure) takes into 

account the fine structure interactions, where J = N ± S.  Ka and Kc are used to describe 

the projection of J onto the molecular a and c axes, respectively.   The Ka = 2 spin-

rotation doublet is indicated by brackets.  Additional Ka = 0, Ka = 2, and Ka = 3 lines are 

also presented, with their corresponding spin-rotation feature outside the spectral 

window.  Ka = 3 asymmetry components are blended together.  A J = 27 ← 26 transition 

belonging to 
68

ZnS (X
1
Σ

+
) line is demonstrated for relative line intensity comparisons.  

Figure 7.7 displays the magnificent signal-to-noise (especially for an asymmetric top) 

obtained for KSH, showing the Ka = 0 and Ka = 2 components of the J = 42 ← 41 

rotational transition near 298 GHz. 

 



153 

 

 

 
Figure 7.6: The pure rotational direct absorption spectrum of 

64
ZnSH, displaying a 

section of the N = 32 ← 31 transition near 298.6 GHz.  One of the Ka = 2 asymmetry 

components are split into ~140 MHz spin-rotation doublets, as indicated by brackets.  For 

the Ka = 0, Ka = 3, and other Ka = 2 lines, their corresponding spin-rotation component 

lies outside the given frequency range.  The J = 27 ← 26 transition of 
68

ZnS (X
1
Σ

+
) is 

shown for intensity comparisons, and the line marked with an asterisk is a contaminant.  

All zinc isotopologues were measured in their natural abundance.  This spectrum is 175 

MHz wide and acquired in approximately 100 seconds.    

 
Figure 7.7: The J = 42 ← 41 rotational transition of KSH demonstrating the intense 

signal-to-noise obtained for an asymmetric top measured in the direct absorption 

spectrometer.  This spectrum is 110 MHz wide and shows the Ka = 0 and both Ka = 2 

asymmetry components near 298 GHz.  No signal averaging was performed. 
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Figure 7.8 exhibits the FTMW spectrum of 
64

ZnSH near 28 GHz.  The hydrogen 

nuclear spin (I = ½) magnetic moment couples with the electron spin magnetic moment, 

generating hydrogen hyperfine components labeled by F, where F = J ± I.  This spectrum 

is 600 kHz wide and an average of 1000 shots.  Each line is split into two Doppler 

doublets with splittings dependent on the molecules velocities and frequency of the 

transition.  Due to the coupling of the hydrogen nuclear spin with the unpaired electron, 

several hydrogen hyperfine lines were resolved, indicated by F.  FTMW spectra of LiSH, 

NaSH and KSH were also recorded and are available in Appendix I.  

 

 
Figure 7.8:  Hyperfine resolved microwave spectrum of the Ka = 0 component belonging 

to the N = 3 → 2, J = 3.5 → 2.5 transition of ZnSH near 28 GHz.  F components mark 

hyperfine structure from the proton nuclear spin. 

 

7.4.2 Asymmetric Top Effective Hamiltonian 

All metal hydrosulfides were analyzed with Watson’s S-reduced Hamiltonian 

(Watson 1977) using a non-linear least squares fitting routine SPFIT (Pickett 1991).  The 

following effective Hamiltonian was utilized: 
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Heff = Hrot + Hsr(ZnSH) + Hmhf(ZnSH) + HeqQ(Li, Na, K)                                         (7.1) 

 

The first term in Equation 7.1 accounts for molecular frame rotation and centrifugal 

distortion effects.  Hsr is a 3x3 spherical tensor which describes the coupling of the 

unpaired electron’s magnetic moment (for ZnSH) with the magnetic moment generated 

from molecular rotation. This interaction is not applicable to LiSH, NaSH and KSH.  The 

latter two terms account for the magnetic hydrogen hyperfine interaction (I·S), only 

observed in ZnSH, and the electric quadrupole coupling interaction due to the I = 3/2 

nuclear spin of 
7
Li, 

23
Na and 

39
K.  Higher order centrifugal distortion terms HNK and HKN 

were necessary in order to achieve a satisfactory fit for all metal hydrosulfide species.  

Table 7.1 shows ZnSH spectroscopic constants.  Parameters for the alkali metal 

hydrosulfides and deuterium-substituted species can be found in Appendices I and J, 

respectively. 
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Table 7.1: Millimeter-wave Spectroscopic Constants of ZnSH (X
1
A′)

a
 

Parameter 
64

ZnSH 
66

ZnSH
 68

ZnSH
 

A 287917(34) 287872(30) 287887(70) 

B 4714.21615 (15) 4665.66745(93) 4619.9236(25) 

C 4632.68909(14) 4585.80184(79) 4541.5911(25) 

εaa -16.93(83) -18.9(1.3) -9.2(1.1) 

εbb 136.169(48) 134.413(47) 133.849(57) 

εcc 145.599(45) 143.933(45) 142.935(59) 

DJ 0.00376543(17) 0.003691924(94) -0.00361721(41) 

DJK 0.166268(18) 0.163328(61) -0.159669(82) 

d1 -0.00006596(26) -0.00006361(11) -0.00006277(64) 

d2 -0.000004119(20) -0.000003970(77) -0.00000382(13) 

HJK 0.000000502(11) 0.000000651(19) 0.000000442(36) 

HKJ 0.00001433(67) 0.0000175(11) 0.0000160(20) 

εab 2.18(22) 3.28(43) …
b
 

D
S

N -0.0000001510(30) -0.0000001120(15) -0.0000001860(74) 

    

rms (kHz) 45 116 34 

  
a
 In MHz.  Quoted errors are 1σ. 

   
b
 Could not be reliably fit.  

Inclusion of the off diagonal term (εab + εba) / 2 of the spin-rotation tensor and the 

centrifugal distortion correction to the spin-rotation interaction (  
 ) improved the ZnSH 

fit by 200 kHz.  Also, the remaining dipolar hyperfine tensor diagonal terms could not be 

established because only hyperfine splittings were resolved for the Ka = 0 asymmetry 

component.  Similar to KSH, Ka = 1 lines were thoroughly searched for in the FTMW, 

but were not detected.  This is not surprising, due to the high value of the A rotational 

constant (~288 GHz), which required a ~14 K rotational temperature barrier to access the 

Ka = 1 energy level.  Experimental uncertainties are consistent with the 50 kHz 

instrumental resolution. 
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7.5 Discussion 

7.5.1 Metal Hydrosulfide Geometries 

Moments of inertia from MSH and MSD isotopologues were utilized to determine 

r0 geometric parameters of KSH and ZnSH, allowing accurate molecular geometries to be 

experimentally-determined for the first time.  Figure 7.9 displays a simplistic cartoon 

demonstrating how the ZnSH structure was determined from the rotational constants, and 

the primary reasons additional isotopologue measurements are necessary.  It was assumed 

all isotopologues have the same structural parameters. 

The moment of inertia is the sum of masses and the mass distribution with respect 

to a certain rotation axis.  The equation for the moment of inertia about the a-axis for 

ZnSH is outlined in Figure 7.9.  The higher the moment of inertia, the more torque 

required to achieve a particular rotational acceleration about the rotation axis.  

(Classically, this is why figure skaters bring in their arms to lower their moment if inertia, 

i.e. rotate at higher speeds).  Using the least squares fitting routine STRFIT (Kisiel 2003), 

ZnSH and KSH were confirmed to contain bent molecular geometries, and their 

structural r0 parameters are listed in Table 7.2.  Geometric parameters for additional 

metal hydrosulfides are also listed for comparison.   
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Figure 7.9:  Cartoon describing how an accurate determination of ZnSH molecular 

rotational constants can lead to an accurate determination of the ZnSH molecular 

geometry.  Also shows the importance of weaker isotopologue measurements.  Because 

ZnSH is planar, Ic = Ia + Ib. 

 

Table 7.2 allows for many interesting structural comparisons.  First, geometric 

trends for the alkali metal hydrosulfides are examined.  The percent increase in the alkali 

metal – sulfur (M-S) bond length increases from LiSH to NaSH by 15.5% and from 

NaSH to KSH by 13.2%, as expected due to the increase in the atomic radii.  M-S bond 

lengths were also in good agreement with those determined by the CCSD(T)/6-

311++G(3df,2pd) and CCSD(T)/aug-cc-pvtz methods.  (All calculations were performed 

by Prof. Phillip M. Sheridan from Canisus College.  Details are available in Appendix I).  

Additionally, the M-S bond length in the alkali metal hydrosulfides is only ~0.01 Å larger 

than the analogous alkali metal sulfides [LiS (2.155 Å), NaS (2.488 Å) and KS (2.817 

Å)].  It appears the addition of a proton to sulfur has essentially no effect on the M-S 
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bond.  Furthermore, the S-H bond length for all three species was found to be identical.  

This result was not expected.  Substitution of hydrogen on H2S with a large metal has no 

influence on the S – H bond.  Experimental M-S-H angles for the alkali metal 

hydrosulfides were similar to the bond angle in H2S (92.1°) (Edwards et al. 1967), 

indicative of bonding occurring through pure p type orbitals.  Interestingly, the KSH 

bond angle is approximately 2° larger than in LiSH and NaSH, perhaps due to a relatively 

low bending vibrational mode near 235 cm
-1

. 

 

Table 7.2: Accurate r0 molecular structures for all metal hydrosulfide species. 

Molecule rM-S(Å) rS-H(Å) θM-S-H(°) Method 

LiSH 2.146(1) 1.353(1) 93.0 (1) r0 

NaSH 2.479(1) 1.354(1) 93.1 (1) r0 

KSH 2.806(1) 1.357(1) 95.0 (1) r0 

ZnSH 2.2195(6) 1.355(6) 90.5(6) r0 

CuSH 2.091(2) 1.35(2) 93(2) r0 

MgSH 2.316(5) 1.339
a
 87.5 (67) r0 

CaSH 2.564(2) 1.357(17) 91.0(18) r0 

SrSH 2.705(3) 1.336(4) 91.48(3) r0 

BaSH 2.807(3) 1.360(4) 88.34(3) r0 

AlSH 2.240(6) 1.36(4) 88.5 (58) r0 
a 
Fixed.

 

With regards to ZnSH, the 90.5° Zn – S – H bond angle is comparable to that of 

H2S (92.1°), indicative of bonding occurring through pure p-type orbitals similar to KSH.  

This is in direct contrast to ZnOH, where sp
3
 hybridization occurs at the oxygen resulting 

in a 114° Zn – O – H bond angle.  The ZnSH bond angle is also ~3° smaller than that of 

CuSH due to the steric hindrance of the unpaired electron residing on zinc.  Interestingly, 

the 2.0464 Å Zn – S bond length in ZnS (X
1
Σ

+
) increases by ~0.2 Å upon protonation, 

characteristic of a decrease in bond order.  Therefore the zinc – sulfur double bond in 
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ZnS becomes a single bond in ZnSH.  The opposite occurs with the copper – sulfur bond 

length in CuSH versus CuS.  It seems as if the free electron in CuS stabilizes the copper – 

sulfur bond to a certain degree.   

 

7.5.2 Hyperfine Structure in Closed-Shell Asymmetric Tops 

Table 7.3 lists the metal electric quadrupole coupling constant, χaa, for KSH as 

well as the metal electric quadrupole coupling constants for several other potassium-

containing molecules for comparison.  Electric quadrupole coupling arises from the 

interaction of a quadrupolar nucleus (I > ½) with a non-spherical distribution of 

electronic charge about that nucleus.  If the metal-ligand bond in a molecule containing 

potassium is highly ionic, then the electron configuration of K
+
 is expected to be that of 

an inert gas.  Inert gases have a spherical electronic distribution; therefore, the electric 

field gradient at the quadrupolar nucleus was expected to be small in magnitude.    

As Table 7.3 shows, the metal quadrupole coupling constants for various 

potassium-containing molecules have similar magnitudes.  The same trends were 

observed for sodium and lithium molecules (Appendix I).  Because potassium fluoride is 

considered to be an example of a highly ionic compound, the similar quadrupole coupling 

constants indicates that potassium acetylide, hydrosulfide and hydroxide are also 

primarily ionic.  Similar cases were observed for the sodium and lithium hydrosulfides. 
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Table 7.3: Quadrupole Coupling Constants for Potassium-Containing Species
a
 

 KF KCCH KOH KSH 

eQq -7.9322397(10) -6.856(18) -7.454(52) -5.284(22)
b
 

Reference Paquette et 

al.1988 

This work Kawashima et 

al. 1996 

This work 

a
 In MHz.  Quoted errors in 3σ. 

b
 Technically χaa and not eQq as quadrupole coupling in asymmetric tops is a tensor with 

five unique components.  To determine χbb and χcc, hyperfine in Ka > 0 components needs to be 

resolved.  However, in this particular case, eQq and χaa can are still good comparisons as the 

angle between the K – S bond and the a-inertial axis is only 1.6°. 

 

7.5.3 Hyperfine Structure in Open-Shell Asymmetric Tops: Where Does the Electron 

Reside? 

 

Magnetic hyperfine interactions can be used to evaluate the electronic structure of 

ZnSH and the degree of covalent/ionic bonding in the zinc-sulfur bond.  For example, 

because the Fermi-contact constant, aF, is composed of a Dirac delta function, δ(r), this 

term only arises when the electron’s probability density at the center of the nucleus is 

greater than zero.  Therefore, determination of the Fermi-contact term permits for the 

hydrogen 1s atomic orbital contribution to the molecular orbital containing the unpaired 

electron to be quantified.  Similar to ZnOH, aF was determined to be small and negative 

for ZnSH (aF = -1.4 MHz), indicative of the majority of the electron density localized on 

the zinc nucleus.  To quantify the electronic distribution, aF(H) in ZnSH was compared to 

the Fermi-contact constant of the free hydrogen atom, 1420 MHz (Morton and Pearson 

1978).  As a result, less than 0.1% of the unpaired electron resides on the hydrogen 

nucleus. This is not surprising, considering the distance of the proton relative to zinc.  

However, the mere fact that a Fermi-contact constant was established indicates the wave 

function contains a small H 1s atomic orbital contribution.  The negative sign of the 
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Fermi term results from ‘spin polarization’, where the paired electrons in hydrogen 

exchange with the unpaired electron on the zinc, resulting in the subsequent I·S 

interaction. 

Likewise, the classical magnetic dipolar interaction hyperfine constant, Taa, is 

small and can be used to assess the degree of angular contributions of the hydrogen p 

atomic orbitals to the free electron’s wave function.  Their contribution should be 

negligible, as a result of being appreciably higher in energy than the H 1s orbital.  Indeed, 

this is the case, as shown by the small value of -1 MHz.  Apparently the molecular orbital 

containing the unpaired electron has a spherical distribution along the molecular a axis.  

It would be interesting to measure the hyperfine structure of 
67

ZnSH (
67

Zn, I = 5/2) so the 

electron density on the metal can be directly probed. 

Both the Fermi contact constant (aF) and the dipolar term (Taa) for ZnSH and 

ZnOH indicated the unpaired electron primarily resides solely on the zinc nucleus.  

Computational chemists can now use the accurate ZnOH and ZnSH structures to optimize 

their bonding theories and provide insight into their role in carbonic anhydrase catalytic 

processes.  

 

7.5.4 Competition to N·S Interaction: 2
nd

 Order Perturbation Theory 

As listed in Table 7.1, the diagonal εaa component of the spin-rotation tensor is 

small in magnitude and negative, while εbb and εcc are relatively large and positive.  To a 

first approximation, εaa, εbb and εcc are directly proportional to the rotational constants A, 

B and C, respectively.  However, this approximation seems to break down because A is 
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significantly larger than both B and C, yet εaa is small and negative.  Therefore, higher 

order contributions are present and can be described by second order perturbation theory.  

This is shown in Equation 7.2 (Liu et al. 1990), which permits the analysis of the 

molecular orbital containing the unpaired electron. 

 

   
   

   ∑
⟨ |   |  ⟩⟨  |   | ⟩ ⟨ |   |  ⟩⟨  |   | ⟩ 

       
         (7.2) 

 

In the above equation, X and α′ indicate the ground and excited electronic state, 

respectively, a is an atomic spin-orbit coupling constant, and A is the rotational constant. 

Lz is the orbital angular momentum operator for the z-component.  In the linear limit, 

where zinc, sulfur and hydrogen are all positioned on the a axis, the ground 
2
A′ state 

correlates to a 
2
Σ state with the unpaired electron in a 4s orbital.  For Equation 7.2 to be 

greater than zero, the nearby excited (α′) state must have the same symmetry as the 

ground state, i.e A′ symmetry.  Therefore the unpaired electron has 4py orbital 

contributions (in addition to the 4s orbital) in order to satisfy the above conditions.  

Equation 7.2 can then be simplified to Equation 7.3 (Morbi et al. 1997). 

 

   
   

 
    

            
                            (7.3) 

 

Since the spin-orbit coupling constant (a) for zinc is positive, εaa is clearly negative and 

demonstrates second-order spin-orbit coupling dominates the εaa spin-rotation interaction.   



164 

 

 

Determination of ZnSH fine structure parameters combined with Curl’s formula, 

a first order effect, provides further insight in to the distribution of the unpaired electron.  

Curl’s formula is shown in Equation 7.4.   

 

         
   

   
                                                                                                (7.4) 

 

In this equation, ge is the free electron g-value of 2.00232, εαα is the spin-rotation constant 

corresponding to the α-axis and Bα is the molecular rotational constants about α.  The g 

value is a dimensionless proportionality constant that relates the measured magnetic 

moment to its angular momentum and the Bohr magneton.  Departure from the free 

electron ge value of 2.00232 represents the molecular orbital with the unpaired electron 

deviating from spherical symmetry.  It had already been establish that the unpaired 

electron in both ZnSH and ZnOH resides in a symmetric A′ molecular orbital on the zinc 

nucleus.  Indeed this is observed in Table 7.4, where the gaa values for both ZnSH and 

ZnOH are almost identical to the free electron value indicative of a spherical orbital along 

the zinc-sulfur and zinc-oxygen axis.  In contrast, gbb and gcc significantly deviate from 

2.00232.  The differences in g values reveal the A′ molecular orbital containing the 

unpaired electron has asymmetric character, probably due to an admixture of py and/or px 

atomic orbitals  into the 4s zinc atomic orbitals, with the ZnSH orbital slightly more 

asymmetric than in ZnOH.   
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Table 7.4: g-Value Comparisons of ZnSH and ZnOH 

 ZnSH ZnOH 

gaa 2.0024 2.0024 

gbb 1.9877 1.9938 

gcc 1.9873 1.9937 

 

7.5.5 Breakdown of Watson’s Inertial Defect 

The inertial defect is a measure of the planarity of a molecule and is described via 

Equation 7.5 (Bernath 2005).   

 

                                                         (7.5) 

 

For a rigid planar molecule, such as formaldehyde, the inertial defect is approximately 

zero.  ZnSH contains an inertial defect of 0.1312 uÅ
2
, significantly larger than that of 

ZnOH (0.1138 uÅ
2
).  This is indicative of ZnOH being slightly less ‘floppy’ than ZnSH.  

ZnOH required eighth order (LKKN) and tenth order (PKN) centrifugal distortion constants 

to realize an adequate fit.  Only, only sixth order constants were necessary for ZnSH to 

achieve a satisfactory fit.  (Both the ZnSH and ZnOH data sets cover a similar J range).   

Watson has shown that vibrational energies can be used to estimate the value of 

the inertial defect for triatomic molecules using the empirical expression shown in 

Equation 7.6 (Watson 1993). 

 

     
   

   
(

 

  
 

 

  
)                                                    (7.6) 
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The ω1 mode corresponds to the M – S stretching motion and the ω2 mode describes the 

M-S-H bending motion.   

Unfortunately, ZnSH theoretical or experimental vibrational studies have not been 

established; therefore Equation 7.6 cannot be tested if it adequately describes transition 

metal triatomic molecules.  However, while vibrational modes are not currently available 

for the transition metal hydrosulfides, computationally determined anharmonic 

vibrational energies for the three vibrational modes of the alkali metal hydrosulfides were 

recently calculated by Prof. Sheridan at Canisius College.  These calculations allowed for 

the experimentally-determined inertial defects to be compared to Watson’s predicted 

inertial defects.  The experimental Δ0 values in amu Å
2
 are 0.194, 0.203, and 0.287 for 

LiSH, NaSH and KSH, respectively.  Watson’s estimated Δ0 values are 0.269, 0.300, and 

0.402 for LiSH, NaSH and KSH, respectively.  Experimental and estimated values 

compare reasonably well, giving additional credibility to the computationally determined 

vibrational frequencies.  However, the differences suggest that the Coriolis contribution 

to the inertial defect is not well described by Equation 7.6 for triatomic species 

containing a metal.  

 

7.6 Conclusion 

 The pure rotational spectra of ZnSH and KSH were recorded for the first time 

using millimeter-wave direct absorption spectroscopic techniques.  Both species were 

confirmed to be near prolate asymmetric tops.  Their molecular geometries are similar to 

hydrogen sulfide, indicative of similar covalent bonding characteristics.  Second order 
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contributions were shown to dominate the spin-rotation interaction in ZnSH, indicating 

an excited state nearby.  For ZnSH, hydrogen magnetic hyperfine parameters confirmed 

the unpaired electron resides solely on the zinc nucleus.  It would be interesting to study 

additional 3d transition metal hydrosulfides, particularly ScSH, the only transition metal 

hydrosulfide predicted to be linear.   
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CONCLUSION 

In the course of this thesis, new experimental techniques and novel molecule 

production methods were conducted to analyze transient metal-containing species in the 

gas-phase.  Spectroscopic measurements of reaction species relevant to planetary 

atmospheres and astrophysics was carried out.  Metal insertion chemistry was also 

implemented to synthesize methylzinc halide products, important reagents used in 

organometallic synthesis.  Additionally, molecular properties of metal hydrosulfides have 

been analyzed to provide insight on the mechanism of larger systems containing these 

subunits, such as the carbonic anhydrase enzyme.   

Direct ablation of pure alkali metal was discovered to be a promising way of 

synthesizing reactive alkali metal-containing species in sufficient concentrations in the 

gas-phase.  Using this novel synthetic procedure, LiCCH, NaCCH and KCCH alkali 

metal quadrupole coupling constants were determined and indicated all three species are 

primarily ionic.  Accurate CaH, MgH and ZnH rotational rest frequencies were also 

measured in the THz regime, including  
25

MgH and 
67

ZnH which allowed for the ExoMol 

project to test the accuracy of their ab initio calculations.  From a quantum mechanical 

perspective, it was found that MgH and ZnH have 22% and 35% of the unpaired electron 

spin density residing on the hydrogen atom, respectively – a clear departure from a purely 

ionic (M
+
H

-
) structure.     

With regards to organometallic chemistry, the first experimental structure of a 

monomeric organozinc halide, IZnCH3, was accurately-determined in this work.  

ClZnCH3 was also confirmed to have a linear Cl – Zn – C backbone.  Similar to the 
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transmetalation step in Negishi cross-coupling catalysis scheme,  gas-phase synthetic 

reaction conditions suggest both methylzinc halides are formed by the direct insertion of 

zinc into the C – I and C – Cl bond of CH3I and CH3Cl, respectively.  Geometric 

parameters are in relatively good agreement with previous theoretical studies.  

Computational chemists now have two benchmark molecules available to re-evaluate 

potential energy surfaces and energetics of the Nobel Prize-winning Negishi Pd-catalyzed 

cross-coupling reaction.   

Finally, potassium hydrosulfide and zinc hydrosulfide spectra were identified and 

characterized for the first time by any spectroscopic method.  Both KSH and ZnSH have 

bent molecular geometries with a 95.0° and 90.5° M – S – H bond angle, respectively, 

unlike their analogous hydroxides.  It appears the chemical bonding in both species is 

similar to that of H2S, where the sulfur bonds via pure p-type orbitals.  
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APPENDIX A 

GAS-PHASE SYNTHESIS AND STRUCTURE OF MONOMERIC ZnOH: A 

MODEL SPECIES FOR METALLOENZYMES AND CATALYTIC SURFACES 

 

L. N. Zack, M. Sun, M. P. Bucchino, D. J. Clouthier, and L. M. Ziurys, J. Phys. 

Chem. A 116, 1542 (2012) 

Reprinted with permission from The Journal of Physical Chemistry A, Volume 116, Gas-

Phase Synthesis and Structure of Monomeric ZnOH: A Model Species for 

Metalloenzymes and Catalytic Surfaces, pages 1542 - 1550.  Copyright 2012 American 

Chemical Society.   
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APPENDIX B 

A STARTING GUIDE TO EFFECTIVELY AND SAFELY WORK WITH 

METALS AND ORGANOMETALLIC PRECURSORS 
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DISCLAIMER 

 Every effort has been made to accurately describe the synthetic procedures listed 

below in order to safely and adequately produce a sufficient amount of metal vapor to 

synthesize transient metal-containing molecules.  While the techniques and conditions 

described are directly related to the Ziurys laboratory, this information will also prove 

invaluable to other molecular spectroscopists interested in working with these particular 

metals/precursors.  Examples in this Appendix are to be used as a guide and does neither 

guarantee results nor your safety.  Being safe and earning results is entirely dependent on 

the person using this information, adding your own ideas, techniques, PPE, etc….  Every 

experiment is slightly different, every hour conditions can vary, and chances are you will 

encounter something that directly contradicts the statements included in this Appendix.  

There are numerous factors that come into play when it comes to working with dangerous 

metals/chemicals, both with regards to generating the perfect concentration of metal 

vapor and performing the experiments safely.  This information is to be used only as an 

aide to guide you along the right path, and safely explore the wonders rotational 

spectroscopy has to offer.  Under each metal is a list of molecules that would be of 

interest to analyze.  Also, I have copies of all IonScan data, research notebooks, SPFIT 

files, etc…feel free to contact the author with questions and/or concerns. 

 

POTASSIUM 

Procedures  for the synthesis of MCCH (M = Li, Na, or K) and MSH (M = Li, Na, or K) 

are available in Chapter 4 and Chapter 7, respectively.   
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i) Broida-type Oven Spectrometer 

a) Preparing the Chamber 

Potassium should not be dealt with without at least two years of experience in the 

laboratory.  Obviously, it is a highly reactive element that exothermically reacts violently 

with water (including the water vapor present at atmospheric pressures), producing 

potassium hydroxide and hydrogen gas.  Extreme caution must be taken.  However, 

provided you have the experience and confidence to work with this metal, I highly 

recommend it.  Because of the reactive nature of potassium, chances are the molecular 

signals of interest will be relatively intense, as was discussed in Chapter 7.  The 

following is a procedure to safely work with potassium metal in the low temperature 

Broida-type oven direct absorption spectrometer.   

Before preparing potassium, fill the spectrometer chamber with argon up to room 

pressure, with the mechanical pump running and gate valve obviously closed.  Also flow 

the glove box with argon for approximately 5 to 10 minutes, with potassium container, an 

Al2O3 crucible, spatula, paper towels, hexane, and a razor blade already inside.  Take out 

a potassium chunk and wash them with the hexane to eliminate the mineral oil.  (The 

presence of this oil in the spectrometer creates additional contaminants and significantly 

weakened the molecular signals.)  The potassium will begin to get crumbly as the oil is 

removed, resembling crumbling chalk.  Fill the large crucible about halfway, and on your 

first run quarter would be best.  Throw any leftover potassium chunks back into the 

container.  Once finished, and wearing all PPE (latex gloves, heat gloves, face mask, lab 

coat, no loose clothing), remove the crucible from the glove box, walk to the 
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spectrometer, where a second brave spectroscopist is waiting to lift the top seal (which 

contains the inlet tube).  This will allow one to focus on inserting the potassium crucible 

into the basket.  Once inserted, the other person will place the seal back on and quickly 

open the gate valve.  Potassium is now safely stored in the cell under vacuum.  Throw 

any remaining potassium residue into the sink with water flowing.  Take extreme caution.  

I was able to eventually work with potassium by myself, but this is not recommended.          

b) Typical Synthesis 

Potassium has a melting point of approximately 63° C, so therefore the oven must 

be in the lowest setting (5 VAC).  It is imperative to heat potassium slowly, for at least 30 

minutes and preferably an hour.  If heated too quickly, it will either splash all over the 

cell walls or immediately evaporate.  Depending on the contact of the basket with the 

electrodes, it may even melt at an oven setting of 12 A (0.4 V).  Depending on the 

amount of potassium in the crucible, potassium vapor can last anywhere from three to 

seven hours (a 10 – 30 % full crucible lasted 3.5 hours).  To ensure potassium vapor in 

the molecular production region, the potassium must appear shiny, as demonstrated in 

Chapter 7.  Brand new potassium (Sigma Aldrich) was much easier to work with than the 

older (and oxidized) potassium. 

c) Cleaning the Chamber 

I recommend cleaning the cell only once, after scanning has been completely 

finished.  During my search for KO, I scanned for four months and never cleaned the cell 

and wasn’t required to clean the cell until I finished.  (However I did need to change the 
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tungsten basket.  Simply place the oven in the fume hood and let it set for a day or two, 

stand back and spray water all over it.  The flames were surprisingly diminutive).   

Before cleaning the cell, clear all millimeter-wave electronics and wear your PPE 

(including a hat), have the correct fire extinguisher and black power ready, and be sure 

no strong oxidizer gas tanks are nearby.  Now there is a proper procedure in order to deal 

with potassium, which involves using numerous solvents to slowly remove the potassium 

without any flashes.  This process can be googled but is time costly.  What I am about to 

describe never do alone and warn all co-workers.  Stand back approximately 10 feet, and 

spray water into the cell.  There will be a violent explosion, as depicted in Chapter 7.  

However once the cell is dowsed with water, cleaning the cell can be easily 

accomplished.  

Recommended molecules:  

1) KO (X
2
?): Either a 

2
Π or a 

2
Σ

+
 ground electronic state.  An ‘instant Ph.D.’ 

molecule.  6B with N2O and 6B with O2 as a precursor has already been scanned, 

in addition to a blank run.  I guarantee it’s in the N2O data and most likely in the 

O2 data.  Problems: N2O data has too many contaminants and with the O2 the 

oxygen kept solidifying (i.e. oxidizing) potassium in the crucible.  My 

Recommendation: Look for KO in the N2O data using IDL. 

2) KNH2 (X
1
A′): Start with FTMW spectrometer to establish Ka=0 components. 
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ii) FTMW 

The following was the procedure used to create Li, Na and K rods.  All rods were made 

inside a glove box with argon (not nitrogen) continuously flowing. 

 

Starting materials (in glove box): 

a) Al rod 

b) paper towels  

c) Nitrile gloves (to cover glove box gloves) 

d) Teflon cylinder (acts as a 'rolling pin') 

e) Razor blade 

f) Strong plastic bag for transporting rod to spectrometer 

g) hexane (to wash off mineral oil) 

h) alkali metal of interest 

 

Purge the glove box for 5-10 minutes with roughly 5-10psi of argon.  Take out a 

chunk of the metal and cut off a piece with the razor blade (K and Na are very soft) about 

the size of a nickel.  Wash metal with hexane to get rid of mineral oil and dry.  Then use 

the Teflon 'rolling pin' to flatten the metal.  Roll the Al rod on top to mark the height 

needed.  Then with the razor blade cut off the excess metal until approximately into a 2 

cm x 1 cm piece.  Wrap the alkali metal around the aluminum rod and use a razor (and/or 

file) to ensure that the alkali metal can freely rotate in the laser ablation housing.  Even 

the slightest bit of metal touching the housing will cause the Al rod to discontinue 
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translating/rotating in the cavity.  Once the rod is complete, fill a plastic Zip-Lock bag up 

with Ar and place the rod in there to transport it to the FTMW spectrometer. 

 

Notes: 

-Be sure to immediately put all excess alkali chunks/shavings back in original 

container...especially for potassium 

-Typically the highest laser power setting provides the best signal to noise...however, 

rods will only last a few hours maximum under these conditions.  Also if power is too 

high the laser will ablate the alkali metal onto the housing...preventing the rod from 

translating/rotating.  Using a lower laser power only has a 5-10% decrease in the S/N and 

the rod will last for approximately 12 hours. 

-With regards to potassium, it takes no longer then 60 seconds once the K rod is out of 

the Ar bag to placing under vacuum.  For safety reasons, don't have the K rod open to air 

for more than one minute. 

-The first 10 minutes or so let the laser ablate the rod to help get rid of the inevitable 

metal oxide coating.  

 

Recommended molecules:  

1) KNH2 (X
1
A′): Survey for this molecule initially in the FTMW spectrometer to 

establish Ka = 0 components.  Then predict up to mm-wave regime, optimize 

Ka = 0, and knock off other asymmetry components.  You will need to do 
15

N 

and D substituted species. 
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CALCIUM 

Broida Oven: Sublimes and doesn’t melt.  Jacking up the oven significantly increases 

spectral signals.  Will see a purplish chemiluminescence even without the discharge.  The 

stronger the chemiluminescence, the stronger the molecular signals.  Was already 

discussed in detail.  Refer to Chapter 5.  If you ever have discharge instability issues with 

zinc, do a run with calcium…immediately stablished discharge on the following zinc 

experiment.   

 

FTMW: Run away from this.  Three of my colleagues and myself have tried synthesizing 

CaC in the FTMW spectrometer.  No success.  Note: This could be a carbide issue not a 

calcium issues…I did manage to make CaSH in the FTMW. 

 

Recommended Molecules:   

1) CaN (X
2
Πi) 

 

MAGNESIUM 

Broida Oven: Should see green atomic emission after sufficiently heated (without 

discharge)…Jacking up the oven significantly increases intensity of spectral signals, but 

may also coat the optics.  Was already discussed in detail.  Refer to Chapter 5.   

 

Recommended molecules:  

1) MgN (X
3
Σ

-
) 



188 

 

 
 

2) MgC (X
3
Σ

-
) 

3) XMgCH3, X = F, Cl, Br, or I (X
1
A1) 

 

LITHIUM 

FTMW: Lithium is extremely hard.  You will need a sharp and strong knife to cut 

through the oxidized layer and get to the 'soft’ Li layer.  However, it’s not nearly as 

reactive as sodium or potassium.  If necessary, you can super glue Li to the machines Al 

rod (refer to Chapter 4) rod. Do not do this with sodium or potassium.   

 

Broida Oven: Not much experience with Li in this spectrometer. 

 

Recommended molecules:  

1) LiNH2 (X
1
A′): Previously measured in mm-wave by Ziurys group (Grotjahn 

et al. 2001). Do this in the FTMW to establish Li quadrupole coupling 

constants.  Also do NaNH2 (I previously measured this in the FTMW; check 

research notebooks). 

 

SODIUM 

FTMW:  Relatively soft.  More reactive than lithium.  Follow same procedures as 

potassium with regards to experimental set-up and safety.   
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Broida Oven: Not much experience with Na in this spectrometer.  Behaves similarly to 

potassium.  See “POTASSIUM” procedure.  

 

Recommended molecules:  

1) NaNH2 (X
1
A′): Previously measured in mm-wave (Xin et al. 200).  I already 

established this can be synthesized in the FTMW and resolved hyperfine 

structure.  Needed 2000 shots.  After nailing down all transitions optimize and 

do a survey for KNH2 (X
1
A′).  

 

ZINC 

Until recently zinc was thought to be a relatively inert 3d transition metal…wrong! 

 

Broida-Oven: With zinc you must heat slowly while flowing argon through both the 

bottom of the cell and overtop the Teflon lenses in order to prevent zinc deposition.  One 

advantage of zinc is that the same tungsten basket and aluminum oxide crucible can be 

re-used (even for months).  Depending on how well the basket is positioned in the oven 

electrodes, zinc will melt at around 47 A (3.8 V) at an oven setting of 10 VAC.  Take 

approximately 20 – 40 minutes from start to melting.  

If you heat too high zinc will coat and if you increase too fast discharge will be 

unstable.  Hit cell with rubber mallet and/or increase discharge current rapidly and bring 

back down to create an arc.  This helps stabilize the discharge.  Pay close attention to the 

discharge plasma. 
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This metal is relatively simple to work with and is highly recommend to detect zinc-

containing species on the low temperature Broida-type oven spectrometer. (The big 

spectrometer isn’t necessary since zinc only has a melting point of 419.5 degrees 

Celsius.) 

Every zinc molecule detected has had a similar position of the inlet tube with 

respect to the discharge electrode and same height from bucket (approximately 5 

centimeters).  It seems that pointing the inlet tube closer to the rooftop reflector with an 

angle of approximately 120 degrees with respect to the DC electrode was best.  A top 

picture of this is shown in Chapter 7. 

 

VM: Dimethyl zinc is expensive, hazardous, and only lasted a few days of continuous 

scanning with a relatively low pressure. Not recommended. 

 

FTMW: No issues.  Discussed in detail in Chapter 7. 

 

Recommended Molecules:  

1) ZnC (X
3
Σ

-
) 

2) ZnN (X
4
Σ

-
): Use ammonia as precursor, not nitrogen. 

3) ZnNH2 (X
2
A′) 

4) HZnF (X
1
Σ

+
): Use H2 with SF6; should be a ‘cakewalk’. 
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5) ClZnCH3 (X
1
A1): Three symmetric top fits already were already established 

(Chapter 6).  Not 100% confident on their assignments. Use FTMW 

spectrometer    (see Chapter 6) 

 

COPPER 

Broida Oven:  Can use small spectrometer with this metal.  Should see a nice green 

plasma.   

 

Recommended Molecules:   

1) CuN (X
3
Σ

-
) 

2) CuNH2 (X
1
A′): I searched for both of these molecules using N2 and NH3 as 

the precursor.  I recommend ammonia for both species.  Look at my old data 

(2009).   

 

YTTRIUM 

Broida oven: Extremely difficult metal to work with.  Quantum mechanically boring and 

not of astrophysical interest.  Must use high-temperature spectrometer due to yttrium’s 

high melting point.  Must have a YO test line and must check every 10 – 20 minutes.  YO 

signal intensities at once instand will be huge and a minute later will have disappeared.  

Previous FTMW work on YOH was established to probe the mm-wave transitions on the 

big spectrometer.  YOH, a singlet sigma (i.e. ‘easy’ molecule) could not be synthesized, 
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even with signal averaging.  To try to maintain YO signals, oven had to be continuously 

and slowly increased throughout the whole run.    

 

Recommended Molecules:  

1) Run away from this metal. 

 

TITANIUM 

Broida oven:  Must use high-temperature spectrometer.  Difficult metal to work with due 

to ~1650 degree Celsius melting point.  But quantum mechanically interesting and of 

astrophysical interest.  Pack oven tightly with alumina spheres, aluminum oxide pieces, 

and zirconium felt for insulation.  Use small tungsten basket and must use boron nitride 

crucibles (not aluminum oxide crucibles).  Basket will often short.  Might not even need 

the discharge for free radical titanium molecules due to temperature.   

 

FTMW:  Titanium has an extremely weak plasma.  TiN and TiS were easily synthesized.  

No issues with titanium in the FTMW. 

 

Recommended Molecules:  

1) TiOH (X
4
A′′) 

2) TiSH (X
4
A′′) 

3) TiH (X
4
Φr): Refer to Prof. Steimle’s (Arizona State University) two recent 

TiH publications.  
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Fe(CO)5 

VM: Great organometallic precursor.  Wear PPE as this is a hazardous material; however 

it is relatively easy to handle and has a low vapor pressure.  Excellent source of iron 

vapor.  Relatively cheap (Sigma Aldrich).  Make sure the precursor is in new to brand 

new condition.  Older Fe(CO)5(l) will have iron particulates condensed out, significantly 

decreasing the amount of iron vapor in the VM cell and decreasing signal-to-noise ratios.  

Put a few milliliters in a round bottom flask with glass beads (to help vaporization 

process).  No heating is required.  If you T off argon with the Fe(CO)5, T it off right next 

to the cell, as Ar(g) will block the flow of Fe(CO)5 vapor.  Cover glass round bottom 

flask with aluminum foil to minimize photons from interacting with the liquid.  0.1 mTorr 

– 1 mTorr is typically enough to synthesize iron-containing molecules.  Refer to Chapter 

5 for more details.   

 

Recommended Molecules:  

1) FeO (X
5
∆i): I performed higher frequency measurements up to 850 GHz.  

Paper needs to be written.  Hopefully a terahertz source will soon be available 

for additional measurements. 

2) FeH/FeD (X
4
∆i): Same situation as FeO (Chapter 5).   

3) FeOH (X
6
A′): 5.8B already scanned.  This is an ‘instant Ph.D.’ molecule.  I 

used water as the precursor and did significant signal averaging.  Loomis-

wood plots look very interesting. 
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Cr(CO)6 

VM: Great organometallic precursor.  Wear PPE as this is a hazardous material; however 

it is relatively easy to handle.  Excellent source of chromium vapor.  Recommend 

studying Cr-containing molecules in the VM as CrCCH (Min et al. manuscript in 

preparation) could not be synthesized in the Broida oven.  Wrap heat tape around the 

metal ‘oven’.  Heat slowly and pay close attention to the power supply levels and of the 

heat tape temperature (use a thermocouple for temperature monitoring).  Wear gloves 

when handling the heat tape.  Must have a chromium molecule test line because it is not 

obvious when Cr(CO)6 has been depleted.  Test every 30 – 60 minutes.  Depending on 

temperature, it can last 30 minutes to several hours.   

 

Recommended Molecules:  

1) CrOH (X
6
A′): An ‘instant Ph.D.’ molecule.  I have 4B already scanned. 

2) CrSH (X
6
A′): A difficult molecule.  

 

Zn(CH3)2 

VM: Hazardous material and expensive and will run out in a few days of continuously 

scanning with a few mTorr.  Not recommended for long molecular searches. 

 

Recommended Molecules:  

1) N/A 
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APPENDIX C 

IMPORTANT SYNTHETIC CONDITIONS TO NOTE FOR THE NOVICE 

MOLECULAR SPECTROSCOPIST 
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Table 1.  Important Conditions to Note for the Beginner Molecular Spectroscopist 

Spectrometer
a
  Notes 

VM/BO Note all electronics being used.  Example: H202 Gunn, S/N 002 Mixer, 

3x Lo borrowed from ARO (200 – 260 GHz) with small detector 

BO Direction crucible is tilted.  Example: For zinc experiments it was 

necessary to tilt crucible away from the rooftop reflector 

BO Inlet tube position and angle with respect to the Cu electrode 

BO Distance from crucible to inlet tube and distance from crucible to Cu 

discharge electrode 

VM/BO NOTE ALL PLASMA CHANGES, CONDITIONS, BEHAVIOR 

WITH/WITHOUT A CERTAIN PRECURSOR etc… (I believe the 

most important observation) 

VM/BO Keep any eye on the chiller….if two spectrometers are being 

used…water doesn’t get as cold…effects discharge stability 

VM/BO Cleanliness of the cell…melting times/temps fluctuate depending on 

this….(1
st
 ‘clean’run typically unstable) 

BO Amount of metal coated on copper dc electrode is (this matters) 

BO Over settings and dc settings (record both amperes and voltages) 

VM/BO Position of reactant inlet tube(s) 

VM/BO Time each metals or organometallic precursor lasts before it’s empty 

VM/BO Temperature of methanol chiller (VM) 

VM/BO Always double-check detector batteries….preferably 2x a day 

VM/BO Vacuum pressure before/during/after run 

VM/BO Power: (Detector voltage when attenuator is closed compared to voltage 

when attenuator is open) 

VM/BO Leak Check: Methanol and soapy water.  If passes that test, put chamber 

under vaccum, turn blower off than shut gate valve ….Pressure 

shouldn’t increase more than10-30mTorr in 60 seconds (in Low-Temp 

Broida oven spectrometer ) 

VM/BO Pressure of reactants before/after each run 

BO Oven settings (voltage and current) 

BO Discharge settings (typically the lower the voltage the more stable the 

discharge..not always the case) 

VM/BO Always have a testline 

VM/BO Always double-check harmonic 

VM Methanol chiller temperature 

FTMW Source width (duration of DC discharge) 

FTMW Expansion time (time to let molecules travel to Gaussian beam waist) 
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Table 1 - Continued.  Important Conditions to Note for the Beginner Molecular 

Spectroscopist 

Spectrometer
a
 Notes 

FTMW Concentration of gaseous precursor 

FTMW Metal rod surface 

FTMW Emit/Collect times 

FTMW Duration of Gas pulse 

FTMW Stagnation pressure (~40 psi) 

FTMW Laser power 

FTMW Borosilicate window laser passes through (check for water 

condensation) 

FTMW Moisture on DALAS source 

FTMW Check cavity response before/after each run 

FTMW Microwave Probe (typically -12 to +12 dBm) 

FTMW Signal level power (typically -20 -35 dBm) 

FTMW Gas flow (in standard cubic centimeters) 

FTMW POS-mirrors – move in less than 5000 shots 

FTMW Strength of laser plasma 
a
BO =  Broida-type oven; VM = velocity modulation; FTMW = Fourier transform 

microwave. 
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APPENDIX D 

FOURIER TRANSFROM MICROWAVE SPECTROSCOPY OF LiCCH, 

NaCCH, AND KCCH: QUADRUPOLE HYPERFINE INTERACTIONS IN ALKALI 

MONOACETYLIDES 

 

P. M. Sheridan, M. K. L. Binns, M. Sun, J. Min, M. P. Bucchino, D. T. Halfen, 

and L. M. Ziurys, J. Mol. Spectrosc. 269, 231 (2011) 

 

Reprinted with permission from The Journal of Molecular Spectroscopy, Volume 269, 

Fourier Transfrom Microwave Spectroscopy of LiCCH, NaCCH, and KCCH: 

Quadrupole Hyperfine Interactions in Alkali Monoacetylides, pages 231 – 235, Copyright 

2011, with permission from Elsevier. 
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APPENDIX E 

HYPERFINE RESOVLED PURE ROTATIONAL SPECTRA OF ScN, YN and 

BaNH: INSIGHTS INTO METEAL-NITROGEN BONDING – FIGURES AND 

TABLES 

 

M. P. Bucchino, L. N. Zack, M. K. L. Binns, J. P. Young, P. M. Sheridan, and L. 

M. Ziurys, manuscript in preparation for submission to the Journal of Molecular 

Spectroscopy 
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Figure 1.  The microwave spectra of the J = 1 → 0 rotational transitions of YN (top) and 

Y
15

N (bottom) near 25 GHz and 24 GHz, respectively.  In Y
14

N, there are significantly 

more splittings due to the I = 1 of the nitrogen (labeled by F1).  The I = ½ of the yttrium 

causes smaller splittings and is indicated by F. For Y15N, because both nuclei have I < 1, 

only the nuclear spin-rotation interaction occurs; as a result, the hyperfine splittings are 

less than 10 kHz.  Both spectra are approximately 600 kHz wide and required 10,000 to 

attain a sufficient signal-to-noise. 
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Figure 2.  The J = 1 → 0 hyperfine resolved rotational spectrum of BaNH measured using 

the FTMW spectrometer near 16 GHz.  This spectrum is approximately 250 kHz wide 

and is a composite spectrum of 25,000 shots.  Quadrupolar splittings due to the I = 1 for 

14N are barely resolvable, as indicated by the F quantum number.   
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Table 1.  Measured hyperfine resolved rotational transitions for Y
14

N (X
1
Σ

+
)
a
 

J′ F1′ F′ → J″ F1″ F″ νobs νobs-νcalc 

1 1 1.5  0 1 0.5 25582.707 0.001 

1 1 1.5  0 1 1.5 25582.707 0.001 

1 1 0.5  0 1 0.5 25582.713 -0.001 

1 1 0.5  0 1 1.5 25582.713 -0.001 

1 2 2.5  0 1 1.5 25582.805 -0.001 

1 2 1.5  0 1 0.5 25582.820 0.001 

1 2 1.5  0 1 1.5 25582.820 0.001 

1 0 0.5  0 1 0.5 25582.934 <0.000 

1 0 0.5  0 1 1.5 25582.934 <0.000 

2 3 3.5  1 2 2.5 51165.080 0.006 

2 3 2.5  1 2 1.5 51165.080 -0.006 
a 
In Mhz. 
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Table 2.  Measured hyperfine resolved rotational transitions for Y
15

N (X
1
Σ

+
)
a
 

J′ F1′ F′ → J″ F1″ F″ νobs νobs-νcalc 

1 1.5 1  0 0.5 0 24117.596 -0.001 

1 1.5 1  0 0.5 1 24117.596 -0.001 

1 1.5 2  0 0.5 1 24117.593 0.001 

1 0.5 0  0 0.5 1 24117.617 0.001 

1 0.5 1  0 0.5 0 24117.611 -0.001 

1 0.5 1  0 0.5 1 24117.611 -0.001 

2 2.5 2  1 1.5 1 48234.746 0.002 

2 2.5 3  1 1.5 2 48234.746 0.005 

2 1.5 2  1 0.5 1 48234.746 -0.007 
         a 

In Mhz. 

 

Table 3.  Measured hyperfine resolved rotational transition for BaNH ( ̃1
Σ

+
)
a
 

J′ F′ → J″ F″ νobs νobs-νcalc 

1 0  0 1 15969.012 <0.000 

1 2  0 1 15969.030 <0.000 

1 1  0 1 15969.041 <0.000 

       
a 
In Mhz. 
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Table 4.  Spectroscopic parameters for ScN, YN and BaNH (X
1
Σ

+
)
a
 

 Sc
14

N
b
 Sc

15
N Y

14
N Y

14
N

c
 Y

15
N BaNH BaNH

d
 

B 16571.5278(10) 15733.6921(14) 12791.4381(27) 12791.237(17) 12058.8378(27) 7984.5273(18) 7984.5488(29) 

D   0.0214(13) 0.021262(20) 0.0188(13) 0.005711(11) 0.0057642(19) 

H      -5.4(1.9) x 10
-8

  

L      1.98(94) x 10
-11

  

eQq(M) 33.818(19) 33.811(30)      

CI(M) 0.05553(21) 0.05275(77) -0.0108(28)  -0.0125(21)   

eQq(N) -0.127(7)  -0.3065(50)   0.039(11)  

CI(N) 7.3(3.0) x 10
-3

 -8.5 (6.1) x 10
-3

 5.1 (1.2) x 10
-3

  -3.5(2.5) x 10
-3

   

        

rms 0.001 0.001 0.001  0.001 0.026 0.029 
a
  Uncertainties are 3σ. 

b
  Uncertainties are 1σ. 

c
  Uncertainties are 1σ. 

d
  Uncertainties are 3σ. 
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Table 5. Nitrogen Quadrupole Coupling Constants (in MHz). 

Molecule eQq
a
 

ScN -0.127(19)
b
 

TiN -1.515(19)
c
 

CrN -2.080(27)
d
 

YN -0.3065(50)
b
 

MoN -2.31(17)
d
 

BaNH 0.039(11)
b
 

a
 3σ uncertainties. 

b
 This work. 

c
 K. Namiki, S. Saito, J. S. Robinson and T. C. Steimle, J. Mol. Spectrosc. 191, 176-182 

(1998).  
d 

K. C. Namiki, and T. C. Steimle, J. Chem. Phys. 111, 6385 - 6395 (1999). 1σ 

uncertainty. 
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APPENDIX F 

NEW MEASUREMENTS OF THE SUBMILLIMETER-WAVE SPECTRUM 

OF CaH (X
2
Σ

+
), MgH (X

2
Σ

+
), and ZnH (X

2
Σ

+
) 

 

M. P. Bucchino and L. M. Ziurys, manuscript in preparation for submission to 

The Astrophysical Journal 
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ABSTRACT 

Pure rotational transitions of CaH (X
2
Σ

+
), MgH (X

2
Σ

+
), and ZnH (X

2
Σ

+
) have been 

measured in the submillimeter/Terahertz regime using direct absorption spectroscopic 

techniques.  These transient species were synthesized by the reaction of metal vapor with 

H2 in the presence of an electrical discharge.  Numerous hydrogen hyperfine lines 

belonging to the N = 2 ← 1 transition of 
24

MgH (v = 0), 
24

MgH (v = 1), 
26

MgH, 
64

ZnH, 
66

ZnH, 
68

ZnH, and 
70

ZnH in the frequency range of 500 – 805 GHz were measured.  

Hydrogen hyperfine components of the N = 2 ← 1 and N = 3 ← 2 transitions of CaH 

were also recorded; along with several deuterium isotopologues.  Rotational, fine 

structure and hyperfine parameters were determined using a nonlinear least squares fit to 

an appropriate effective Hamiltonian.  Various metal hydride electronic bands have been 

detected in the ISM; interestingly, pure rotational transitions have yet to be observed.  

These precise measurements should allow astronomical searches to be conducted using 

ground based radio telescopes or space-borne platforms. 

 

SUBJECT KEYWORDS: Astrochemistry – ISM: molecules – line: identification – 

molecular data  
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1. INTRODUCTION 

 

Diatomic hydrides are most likely the first molecular species to form in the 

interstellar medium (ISM) due to the high cosmic abundance of hydrogen.  For example, 

multiple hydride species have been detected, including: HCl
+
, SH, SH

+
, OH

+
, SiH, HD, 

HF, OH, HCl, CH
+
, CH.  However, no metal hydride species have been identified, 

despite the great success of the Herschel Space Observatory which has clearly shown that 

hydride species containing a rare ligand are detectable in the ISM through their pure 

rotational spectra.   

Regardless of the lack of millimeter/submillimeter observations, metal hydride 

(MH, M = Ca, Mg, or Zn) electronic transitions are widely dispersed throughout the ISM.  

For example, ZnH 0 – 0 and 0 – 1 bands of the A – X transition were recorded in the 398 

– 434 nm region near the star 19 Piscium (Wojslaw & Peery 1976).  CaH and MgH are 

known to be present in sunspots in the visible regime (Wöhl 1971, Wallace 1999).  

Furthermore, the MgH (0,0) absorption band of the A
2
Π – X

2
Σ

+ 
transition is relatively 

intense in the spectra of late-type stars as well as cool dwarfs and giants (Boesgaard 

1968, Yong et al. 2003), and additional MgH bands have been detected in stellar 

observations (Sotirovski 1971).  Moreover, CaH electronic transitions are used to 

characterize M and L dwarfs (Lepine et al. 2003a, 2003b; Burgasser et al. 2007).  Clearly, 

there are copious amounts of metal hydrides in the ISM; however, because hydrides are 

relatively light, the pure rotational transitions occur in the submillimeter/Terahertz 

regime, making these transitions difficult to observe via ground based radio telescopes.  

However, with the dawn of new airborne space-borne observations, including SOFIA and 

SAFIR, these metal hydrides transitions are no longer contaminated by telluric water 

lines.  

Another motivation to study MgH, in addition to the high cosmic abundance of 

magnesium relative to hydrogen (~3 x 10
-5

), has been the previous millimeter-wave 

detections of similar metal-bearing molecules.  For instance, the N = 9 → 8, 10 → 9, and 

11 → 10 pure rotational transitions of MgCN (X
2
Σ

+
) and the N = 7 → 6, 8 → 7, and 9 → 

8 transitions of MgNC (X
2
Σ

+
) have been observed in the outer shell of the carbon-rich 

star IRC+10216 (Ziurys et al. 1995, Kawaguchi et al. 1993).  MgNC was identified 

toward the proto-planetary nebulae CRL 2688 and CRL 618 using the ARO 12 m and 

IRAM 30 m radio telescopes (Highberger et al. 2001, Highberger & Ziurys 2003).  MgH 

is obviously a viable candidate to be identified in the ISM due to the discovery of several 

magnesium molecules containing less cosmic abundant ligands than hydrogen. 

Many laboratory studies have been performed on the metal hydrides due to their 

astrophysical relevance and interesting chemical properties.  CaH was first detected by 

Hulthѐn in 1927.  Knight & Weltner (1971) measured the ESR spectra of CaH, MgH, 

SrH, and BaH in solid argon matrices, and hydrogen and deuterium hyperfine splittings 

were observed.  The first high resolution spectra were measured using direct absorption 

spectroscopic methods, determining the N = 1 ← 0 transition of CaH and N = 1 ← 0 to N 

= 3 ← 2 of CaD (Ziurys et al. 1993); later, higher rotational transitions were observed 

using similar methods (Frum et al. 1993).  Several rotation-vibrational bands of CaH in 

its ground electronic state using Fourier transform infrared techniques were identified, in 
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addition to bands of the A
2
Π → X

2
Σ

+
, B

2
Σ

+
 → X

2
Σ

+
, and E

2
Π – X

2
Σ

+
 transitions near 

12,000 – 20,000 cm
-1

 (Shayesteh et al. 2004; Shayesteh et al. 2013; Ram et al. 2011).  

Recent theoretical calculated CaH Einstein A coefficients and absolute line intensities for 

ten bands of the E
2
Π – X

2
Σ

+
 transition (Li et al. 2012, and references therein).   

MgH has also been extensively studied.  Watson & Rudnick (1926) were the first 

to associate doublets with the ground electronic state of MgH.  Later, 13 bands of MgH 

and 18 bands of MgD belonging to the B′ 
2
Σ

+
 → X 

2
Σ

+
 transition near 600 – 850 nm were 

measured (Balfour & Lindgren 1978).  The A
2
Π – X

2
Σ

+
 emission band of MgH was 

studied using a Fourier transform spectrometer where low pure rotational transitions were 

measured with an accuracy ± 30 MHz (Bernath et al. 1985).  The first high resolution 

spectrum of 
24

MgH was recorded using tunable far-infrared methods (Leopold et al. 

1986).  Subsequently, hyperfine lines of the weaker isotopologues 
25

MgH, 
26

MgH, and 
24

MgD were determined, as well as higher rotational transitions in the terahertz regime of 
24

MgH (Lemoine et al. 1988; Ziurys et al 1993; Zink et al. 1990).  More recently, a 

deperturbation analysis of the A 
2
Π – X

2
Σ

+
 and B′ 

2
Σ

+
 → X

2
Σ

+
 transitions of MgH and 

was performed and zero point dissociation energies determined (Shayesteh & Bernath 

2011). 

Hulthѐn first detected the ZnH A
2
Π – X

2
Σ

+
 band near the violet regime (1927).  

ZnH (and MgH) have also been studied by ESR techniques in solid matrices, where 

hydrogen hyperfine constants and metal hyperfine parameters were characterized (Knight 

& Weltner 1971a, Knight & Weltner 1971b, McKinley et al. 2000).  The first pure 

rotational spectrum of ZnH in its ground electronic state was recorded by Goto et al. 

(1995), where they measured several hyperfine components of the lowest rotational 

transition of 
64

ZnH,
66

ZnH, 
68

ZnH, 
64

ZnD, 
66

ZnD and  
68

ZnD.  Subsequently, Tezcan et al. 

(1997) recorded higher rotational transitions in the terahertz regime of the same species.  

Shayesteh et al. (2006) determined equilibrium rotational constants of 
64

ZnH, 
64

ZnD, 
114

CdH, and 
114

CdD using a high resolution FT spectrometer.  More recently, pure 

rotational transitions of 
25

MgH and 
67

ZnH have been recorded in the submillimeter 

regime and metal and hydrogen hyperfine parameters accurately determined (Bucchino & 

Ziurys 2013). 

The importance of precise rest frequencies is imperative to conduct astronomical 

observations.  In fact, the ExoMol project was developed to make available accurate 

rotation-vibrational transition frequencies for molecules proposed to be present in the 

atmospheres of extrasolar planets, cool stars, and brown dwarfs, including calcium and 

magnesium hydride (Tennyson & Yurchenko 2012).  Through use of empirical methods 

in combination with ab initio calculations, line lists of BeH, MgH, and CaH in their 

ground electronic states are available for cool astronomical sources with temperatures 

less than 2000 K (Yadin et al. 2012, references therein).  Obviously, precise 

experimentally-determined rest frequencies of astrophysically relevant species will 

support the ExoMol project in refining predictions of higher MH transitions. 

In this study, rotational rest frequencies of 
64

ZnH, 
66

ZnH, 
68

ZnH, 
70

ZnH, 
64

ZnD, 
66

ZnD, 
68

ZnD, 
24

MgH (v = 0), 
24

MgH (v = 1), 
26

MgH, 
24

MgD, 
26

MgD, 
40

CaH, and 
40

CaD 

were measured and are now available for submillimeter astronomical searches.  Our 

rotational frequencies and spectroscopic constants are in good agreement with theory, 
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including the ExoMol project.  Improved spectroscopic constants, the bonding in these 

metal hydrides, as well as the possibility of detecting these species in the ISM will be 

discussed.   

 

2. EXPERIMENTAL 

 

 Pure rotational spectra of CaH, MgH, and ZnH were recorded using a 

submillimeter/terahertz direct absorption spectrometer (Ziurys et al. 1994).  Briefly, the 

source of radiation is phase-locked InP Gunn oscillators attached to Schottky diode 

multipliers to achieve a frequency range of 65 – 750 GHz.  For frequencies near the 

terahertz region (750 – 850 GHz), a Virginia Diodes Active Multiplier Chain (VDI-

AMC-S169) was employed, where the ~2 GHz signal supplied by a synthesizer (Fluke 

6082A) is directly multiplied in an x4x2x2x5 combination.  The radiation is then quasi-

optically propagated into a double-pass stainless steel chamber via a scalar feedhorn, a 

polarizing grid and a series of Teflon lenses (two of which seal the chamber). A rooftop 

reflector attached at the end of the chamber rotates the incoming light polarization by 

90°.  The wire grid then acts as a mirror, directing the radiation into the detector, which is 

an InSb hot electron bolometer, cooled to 4 K with liquid helium.  Phase sensitive 

detection is achieved by frequency modulation of the Gunn oscillator, and through use of 

a lock-in amplifier.  Spectral signals are demodulated at twice the modulation rate; 

therefore molecular features have a second-derivative line profile. 

 Metal hydride synthesis required extreme optimization of our Broida-type oven 

molecular production technique.  To generate the metal vapor, calcium granules, 

magnesium chips, or zinc pieces (Sigma Aldrich) were placed in an aluminum oxide 

crucible and resistively heated.  Simultaneously, 15 mTorr of H2 was added from above 

the oven in the presence of a DC discharge.  Furthermore, 25 mTorr of Ar was added 

below the oven to assist the reaction of the metal vapor with the hydrogen precursor.  An 

additional 25 mTorr of Ar was also flowed over the Teflon lenses in order to prevent 

metal deposition, which significantly attenuated the incoming signal.  The presence of a 

DC discharge was essential to observe spectral signals.  Optimum discharge conditions 

varied slightly between the three species:  0.15 A (30 V) for CaH, 0.750 A (180 V) for 

MgH, and 0.380 A (20 V) for ZnH.  The metal deuteride species were created under 

similar conditions, substituting D2 (Cambridge Isotopes, 99.6%) for H2. 

Typical line widths varied from 0.75 MHz – 1.90 MHz over the frequency range 

of 500 - 805 GHz.  Transition frequencies were obtained by averaging a pair of 5 MHz 

wide scans, one scan increasing and the other decreasing in frequency.  Gaussian line 

profiles were subsequently fit to the recorded spectra in order to obtain precise rotational 

rest frequencies.  Typically, only two averages were necessary to achieve a satisfactory 

signal-to-noise.  However, up to 20 averages were required for the less abundant metal 

isotopologues (
68

Zn, 
70

Zn, 
26

Mg, and D) and weaker hyperfine components (i.e. ΔJ ≠ 

ΔF).  The instrumental precision is estimated to be ~ 100 kHz. 
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3. RESULTS AND ANALYSIS 

 

Newly measured rotational rest frequencies for CaH and MgH are listed in Table 

1 and those for ZnH are listed in Tables 2.  For these metal hydrides, because there is an 

unpaired electron (S = 1/2), the rotational levels are labeled by N.  The magnetic moment 

of the unpaired electron couples with the magnetic field generated by molecular rotation, 

causing each rotational energy level to split in to (2S + 1) spin-rotation doublets.  These 

fine structure doublets are labeled by the quantum number J, where J = N + S.  

Furthermore, this electron magnetic moment also interacts with the hydrogen nuclear spin 

(I = 1/2), resulting in each spin-rotation level to be further split into several hydrogen 

hyperfine components, designated by quantum number F.   

A total of 29 new hyperfine lines were measured for the main metal hydride 

isotopologues: 15 for 
40

CaH, eight for 
24

MgH, and six for 
64

ZnH in the frequency range 

of 500 – 805 GHz.  Several weaker metal isotopes, including 
66

Zn, 
68

Zn, 
70

Zn, 
26

Mg were 

also recorded along with newly measured transitions of the first excited vibrational state 

of 
24

MgH.  In addition to the intense hyperfine components, where ΔJ = ΔF = 1, several 

weaker hyperfine transitions were also achieved (ΔJ = ΔF ≠ 1 or ΔJ ≠ ΔF).  It should be 

noted that for CaH, the ΔF = 0 components of the N = 2 ← 1 transition were split into 

doublets due to the Earth’s magnetic field; therefore the center frequency was taken as 

the average.  Several blended lines were not included in the final fit, as indicated in the 

tables.   

Rotational spectra were also obtained for the deuterium substituted species.  In 

total, sixty one hyperfine lines in the frequency range of 520 GHz – 805 GHz were 

recorded for the following isotopologues: 
40

CaD (N = 4 ← 3 to N = 6 ← 5), 
24

MgD (N = 

3 ← 2 and N = 4 ← 3), and 
64

ZnD, 
66

ZnD, 
68

ZnD (N = 4 ← 3).  Since deuterium has a 

nuclear spin of I = 1, additional hyperfine structure (2I + 1) is expected.  However, the 

magnetic dipole moment of hydrogen is approximately three times larger than deuterium 

(+2.793 μN versus +0.857 μN) (Townes & Schawlow 1975); therefore, the hyperfine 

splitting is considerably smaller.  Therefore, several measured MD transitions appear as 

partially resolved or unresolved triplets, and the center of the lines was taken as the 

transition frequency.  Frequencies for CaD, MgD, and ZnD transitions are available in the 

supporting information.  

Figure 1 is a representative spectrum of the higher frequency spin-rotation 

component of the N = 2 ← 1 and N = 3 ← 2 rotational transitions of CaH near 508 GHz 

and 761 GHz, respectively.  Each spin-rotation component is split into hydrogen 

hyperfine components, labeled by F.  The weaker intensity of the N = 3 ← 2 transition is 

attributable to a significant decrease in power output from the AMC at that particular 

frequency.  Similarly, Figure 23 displays the N = 2 ← 1, J = 2.5 ← 1.5 transition of 
26

MgH and 
24

MgH near 686 and 688 GHz, respectively.  Each spin-rotation component is 

further split into several proton hyperfine components.  The magnesium isotopologues 

were recorded in their natural abundance (
24

Mg: 78.6%; 
26

Mg: 11.3%), without signal 

averaging.   

Three hyperfine components of the ZnH radical are shown in Figure 3.  The two 

lower frequency lines are strong 
66

ZnH proton hyperfine components of the N = 2 ← 1, J 
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= 2.5 ← 1.5 transition near 788 GHz.  The third weaker line is a ΔF = 0 hyperfine line 

belonging to 
64

ZnH.  Figure 4 illustrates the extreme signal-to-noise achieved using our 

hydride production scheme, which displays 
68

ZnH and 
70

ZnH hyperfine lines near 787 

GHz.  The ΔF = 0 line belongs to 
68

ZnH and the two ΔF = 1 lines correspond to 
70

ZnH.  

This 60 MHz wide scan is a composite of only four averages.  All zinc isotopes were 

observed in their natural abundance (
64

Zn: 48.89%; 
66

Zn: 27.81%; 
68

Zn: 18.56%; 
70

Zn: 

0.62%).   Finally, the rotational spectrum of the zinc deuteride species near 800 GHz is 

shown in Figure 5.  Two frequency breaks were necessary in order to display the spectra 

of the zinc isotopologues.  Three deuterium hyperfine components are shown, two of 

which are blended together.     

Spectroscopic constants were determined using a 
2
Σ effective Hamiltonian for 

MgH, CaH, and ZnH. A Hund’s case (bβJ) coupling scheme was assumed.  Molecular 

parameters were obtained from the nonlinear least-squares fitting program SPFIT (Picket 

1991).  Tables 3 and 4 list the spectroscopic constants derived from a global fit of our 

newly measured transitions in combination with previous work.  In all cases, deuterium 

quadrupole constants could not be reliably determined. The newly measured CaH and 

CaD lines were combined with the N = 1 ← 0 lines (and N = 2 ← 1, and N = 3 ← 2 for 

CaD) measured by Barclay et al. (1993).  For 
24

MgH (v=0), included in the fit are N = 1 

← 0 lines and N = 3 ← 2, 4 ← 3, and 6 ← 5 transitions near 1 – 2 THz (Ziurys et al. 

1993; Zink et al. 1990).  For the other magnesium isotopologues, millimeter-wave data in 

the range of 130 – 360 GHz were also fit (Ziurys et al. 1993).  The N = 1 ← 0 ZnH (and 

N = 2 ← 1 for ZnD) millimeter transitions, as well as higher frequency components 

between 1.0 – 4.3 THz were included (Goto et al. 1995; Tezcan et al. 1997).  The higher 

ZnH rms is due to the 250 kHz weighted uncertainty assigned to the previously measured 

Terahertz transitions.  For 
70

ZnH, due to its low natural abundance, only three lines could 

be measured; therefore, several constants had to be fixed.   

Because metal hydrides are relatively light, the centrifugal distortion constants are 

large and need to be accurately determined in order to reliably predict higher transition 

frequencies for astronomical searches.  For example, two CaH hyperfine components (F 

= 3 ← 3 and F = 3 ← 2) of the J = 3.5 ← 2.5, N = 3 ← 2 transition were shifted 

approximately 500 kHz and 3 MHz, respectively, off of predictions based solely on 

previous millimeter-wave measured frequencies.  Clearly, there is a necessity for 

additional experimentally-measured metal hydride frequencies in the THz regime in order 

to conduct dependable astronomical observations and reliably predict higher unmeasured 

rotational transitions.  Several centrifugal distortion parameters have been improved 

upon, and are in good agreement with previous work.  For CaH, MgH and ZnH, the 

addition of the spin-rotation centrifugal distortion correction, γD, significantly decreased 

the final rms by several megahertz.  This is not surprising due to the considerably large 

spin-rotation interaction, as evident by the large magnitude of γ.   

 

4. DISCUSSION 

 

Accurate submillimeter rotational rest frequencies for CaH, MgH, and ZnH and 

their corresponding deuterium isotopologues have been measured and are now available 
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for astronomical searches.  The CaH and MgH lines are in good agreement (~ 1 – 3 MHz) 

with ExoMol’s computed line lists of 
24

MgH, 
26

MgH, and 
40

CaH (Yadin et al. 2012).  

Our newly measured transitions, combined with previous experimental work and the 

ExoMol project computations, should allow for definitive MH interstellar detections in 

the sub-millimeter/Terahertz regime.  Additionally, spectroscopic constants of all three 

hydrides have been improved, and are in excellent agreement with previous work.   

CaH, MgH, and ZnH all have 
2
Σ

+ 
ground electronic states, with the unpaired 

electron residing in a σ molecular orbital.  Because the hydrogen atom possesses a 

nuclear spin, its hyperfine parameters can be used to estimate the hydrogen’s atomic 

contributions to the σ molecular orbital containing the free electron.  The Fermi contact 

term, bF, arises when the unpaired electron wave function has a probability of being 

located at the center of the nucleus; therefore it must reside in a σ molecular orbital.  The 

ratio of the molecular bF versus that of atomic hydrogen (1420 MHz) (Morton & Preston 

1978), i.e. bF (molecule) / bF (free atom), can be used to help quantify the percent 

hydrogen atomic s character contributing to the σ molecular orbital containing the 

unpaired electron.  Based on this ratio, there is approximately 11%, 22%, and 35% 

electron spin density located on the hydrogen nucleus for CaH, MgH, and ZnH, 

respectively.   

Similarly, the dipolar hyperfine constant c evaluates the angular contributions (i.e. 

p and d atomic orbital character) to the σ molecular orbital.  However, because hydrogen 

essentially bonds through its 1s orbital, its dipolar contributions should be minimal.  

Indeed, this is supported by the small magnitude of c shown in Table 3 and Table 4.  (It 

should be noted that c could not be reliably determined within 3σ error for ZnD, and was 

therefore fixed to zero).  Because the calcium, magnesium, and zinc isotopes studied in 

this work do not contain a nuclear spin, chemical bonding information cannot be 

extracted.  However, accurate hyperfine parameters of 
25

MgH and 
67

ZnH have recently 

been established (Bucchino & Ziurys 2013).  Since both 
25

Mg and 
67

Zn contain a nuclear 

spin (I = 5/2), their hyperfine parameters can be used to assess the free electron 

distribution throughout the molecule.  These authors confirmed that spσ orbital 

hybridization occurs for MgH and ZnH (and possibly sdσ hybridization for ZnH).  The 
40

Ca nucleus does not contain a nuclear spin; nevertheless, the bonding is believed to 

behave similarly.  Clearly, the unpaired electron is dispersed between both the metal 

nuclei and the proton, indicative of significant covalent character.  This is in direct 

contrast to the analogous ionic metal fluoride species, where the electron is localized on 

the metal.   

CaH, MgH, and ZnH have yet to be rotationally identified in the interstellar 

medium, although numerous electronic transitions have been detected in sunspots and 

cold evolved stars.  MgH and is a likely candidate to be detected in circumstellar 

envelopes, such as IRC +10216, where similar metal-containing molecules have been 

previously observed.  Because the calcium, magnesium, and zinc metal hydrides contain 

an unpaired electron and are relatively unstable, they are more likely to be detected in the 

outer envelope of late-type stars.  If discovered, they could be used as an astronomical 

probe of the sources physical conditions.  Furthermore, the identification of these species 

may be used to refine isotopic ratios in various cosmic objects, and definitive metal 
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hydride observations would allow chemical species in diffuse and dense clouds, along 

with shocked regions to be assessed.  A set of reliable rotational rest frequencies is now 

available for three metal hydrides, so astronomical observations in the 

submillimeter/Terahertz regime can be conducted to evaluate refractory, interstellar, and 

hydride chemistry.     

 

This research was supported by NASA grant NNX11AI43G. 
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FIGURE 1: Direct absorption spectrum of CaH (X
2
Σ

+
), displaying two hydrogen 

hyperfine lines (labeled by F) of the J = 2.5 ← 1.5, N = 2 ← 1 and J = 3.5 ← 2.5, N = 3 

← 2 transitions near 508 and 761 GHz, respectively.  A frequency break separates the 

two transitions.  Each scan is approximately 20 MHz wide and recorded in ~ 20 s. 

 

FIGURE 2: Laboratory spectrum of 
24

MgH and 
26

MgH recorded in natural abundance.  

Shown are the F = 2 ← 1 and F = 3 ← 2 proton hyperfine splittings of the J = 2.5 ← 1.5, 

N = 2 ← 1 transition near 686 and 688 GHz, respectively.  A frequency break separates 

the two isotopologues, with each spectrum approximately 20 MHz wide with a scan 

duration of 20 s.  Signal averaging was not necessary. 
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FIGURE 3: Three hyperfine components of ZnH corresponding to the J = 2.5 ← 1.5, N 

= 2 ← 1 transition near 788 GHz.  The first two lines are strong 
66

ZnH ΔF = 1 hyperfine 

features.  The third line is a weaker ΔF = 0 component of 
64

ZnH.  No signal averaging 

was performed and all zinc isotopes were measured in their natural abundance.  This 

spectrum is 90 MHz wide and recorded in approximately 50 s. 

 

FIGURE 4: Representative spectrum of 
68

ZnH and 
70

ZnH displaying two ΔF = 1 
70

ZnH 

components and a weaker ΔF = 0 
68

ZnH component corresponding to the J = 2.5 ← 1.5, 

N= 2 ← 1 transition near 787 GHz.  All isotopologues were measured in their natural 

abundance (
68

Zn: 
70

Zn; 18.56%: 0.62%).  This spectrum is 60 MHz wide and is a 

composite of four scans, each recorded in approximately 40 s. 
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FIGURE 5: Rotational spectrum of the N = 4 ← 3, J = 3.5 ← 2.5 transitions of 
64

ZnD, 
66

ZnD, and 
68

ZnD near 800 GHz.  Two of the three strong deuterium hyperfine 

components (F = 4.5 ← 3.5 and F = 3.5 ← 2.5) overlap each other.  Each zinc 

isotopologue spectrum is approximately 25 MHz wide and obtained in ~25 s.  No signal 

averaging was performed. 
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Table 1 

Newly Measured Rotational Transitions of CaH and MgH (X
2
Σ

+
) 

Species N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs (MHz) νobs – νcalc 

CaH 2 – 1 1.5 – 1.5 2 – 2 504239.373
a
 -0.001 

  1.5 – 1.5 1 – 2 504302.913 -0.039 

  1.5 – 1.5 1 – 1 504404.539
a
 -0.020 

 3 – 2 2.5 – 1.5 3 – 2 759383.736 -0.027 

  2.5 – 1.5 2 – 1 759387.861 -0.068 

  2.5 – 1.5 2 – 2 759451.623 0.117 

  3.5 – 2.5 3 – 3 760601.694
b
 0.180 

  3.5 – 2.5 4 – 3 760689.711 0.031 

  3.5 – 2.5 3 – 2 760693.691
c
 -0.037 

24
MgH 2 – 1 1.5 – 1.5 2 – 2 685850.327

d
 … 

  1.5 – 1.5 2 – 1 686034.906
d
 … 

  1.5 – 1.5 1 – 1 686169.426 0.047 

  1.5 – 0.5 2 – 1 687157.243 -0.063 

  1.5 – 0.5 1 – 0 687171.368 0.020 

  1.5 – 0.5 1 – 1 687291.074 -0.006 

  2.5 – 1.5 2 – 2 687787.124 -0.018 

  2.5 – 1.5 3 – 2 687959.492 0.029 

  2.5 – 1.5 2 – 1 687972.772 -0.010 
26

MgH 2 – 1 1.5 – 1.5 2 – 2 683743.151 -0.030 

  1.5 – 0.5 2 – 1 685047.051 -0.039 

  1.5 – 0.5 1 – 0 685061.103 0.032 

  1.5 – 0.5 1 – 1 685180.992 0.036 

  2.5 – 1.5 2 – 2 685674.520 0.022 

  2.5 – 1.5 3 – 2 685846.814 0.004 

  2.5 – 1.5 2 – 1 685860.076 -0.026 
     a

 Average was taken due to Zeeman splitting 
     b

 500 kHz off previous millimeter-wave predictions  (Frum et al 1993). 
         c

 ~3 MHz off previous millimeter-wave predictions (Frum et al 1993). 
                       d

 Could not fit Gaussian profile.  Line not included in fit. 
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Table 2 

Newly Measured Rotational Transitions of ZnH (X
2
Σ

+
) 

   64
ZnH 

66
ZnH 

68
ZnH 

70
ZnH 

N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs 

(MHz) 

νobs – νcalc 

(MHz) 

νobs 

(MHz) 

νobs – νcalc 

(MHz) 

νobs 

(MHz) 

νobs – νcalc 

(MHz) 

νobs 

(MHz) 

νobs – νcalc 

(MHz) 

2 – 1 1.5 – 0.5 2 – 1 780909.566 -0.003 780547.295 -0.009 780205.989 -0.012 779883.924 ...
a
 

 1.5 – 0.5 1 – 0 780941.351 -0.021 780579.086 -0.019 780237.793 0.012 … … 

 1.5 – 0.5 1 – 1 781113.733 0.024 780751.452 0.027 780410.120 0.001 … … 

 2.5 – 1.5 2 – 2 788202.718 0.006 787837.015 0.011 787492.447 0.018 … … 

 2.5 – 1.5 3 – 2 788500.874 -0.011 788135.126 -0.020 787790.556 -0.009 787465.408 ...
a
 

 2.5 – 1.5 2 – 1 788532.404 0.005 788166.663 0.009 787822.098 -0.009 787497.003 ...
a
 

a  
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Table 3 

Spectroscopic Constants for CaH, MgH, and ZnH (X
2
Σ

+
)
a
 

 CaH
c
 

24
MgH

d
 

26
MgH

e 64
ZnH

f
 

66
ZnH

f
 

68
ZnH

f
 

B 126772.925 (22) 171976.173 (41) 171447.794 (43) 196292.987 (44) 196201.939 (44) 196116.156 (55) 

D 5.5466 (15) 10.6196 (59) 10.5552 (64) 14.1647 (61) 14.1587 (61) 14.1520 (75) 

γ 1306.085 (55) 791.154 (95) 788.820 (98) 7588.04 (10) 7584.54 (10) 7580.99 (12) 

γD -0.1534 (55) -0.182 (15) -0.188 (16) -2.388 (16) -2.375 (16) -2.350 (17) 

bF 157.40 (11) 307.91 (13) 307.91 (14) 501.88 (14) 501.82 (14) 501.90 (17) 

bFD … … … 0.072 (49) 0.073 (49) 0.060 (53) 

c 4.65 (28) 4.75 (32) 4.53 (32) … … … 

CI … … … … … … 

eQq … … … … … … 

rms 

(kHz) 

41 29 30 12 25 14 

a 
All values in MHz.  Uncertainties are 3σ deviation in the fit. 

b
 Global fit including data from Halfen & Ziurys 2004. 

c
 Fit includes lines from Barclay et al. 1993. 

d  
Fit includes lines from Ziurys et al. 1993. 

e 
Fit includes lines from Ziurys et al. 1993.

 

f
 Fit includes lines from Goto et al. 1995. 

g 
Held fixed. 
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Table 4 

Improved Spectroscopic Constants for CaD, MgD, and ZnD (X
2
Σ

+
)
a
 

 CaD
c
 

24
MgD

d 64
ZnD

e
 

66
ZnD

e
 

68
ZnD

e
 

B 65263.210 (21) 89966.069 (15) 100441.3065 (20) 100349.188 (18) 100262.3909 (19) 

D 1.46334 (94) 2.88176 (57) 3.64580 (69) 3.63924 (67) 3.63285 (74) 

H 0.21 x10
-4 

(13) … … … … 

L … … … … … 

γ 672.48 (13) 414.249 (57) 3896.536 (74) 3893.050 (73) 3889.63 (10) 

γD -0.03899 (17) 0.0494 (32) -0.6123 (33) -0.6128 (36) -0.6073 (46) 

γH … … … … … 

bF 23.94 (17) 46.799 (76) 76.076 (86) 76.107 76.06 (13) 

c .45 (41) 0.73 (20) … … … 

CI … … … … … 

eQq … … … … … 

rms (kHz) 129 39 49 51 31 

  
a 
All values in MHz.  Uncertainties are 3σ deviation in the fit. 

   b
 Global fit including data from Halfen & Ziurys 2010. 

   c
 Global fit including data from Barclay et al. 1993. 

   d
 Global fit including data from Ziurys et al. 1993. 

   e
 Global fit including data from Goto et al. 1995.
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Table S1 

Observed Rotational Transitions of CaD (X
2
Σ

+
) 

N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs 

(MHz) 

νobs – νcalc 

(MHz) 

4 – 3 3.5 – 2.5 2.5 – 2.5 521404.613 0.075 

 3.5 – 2.5 3.5 – 3.5 521407.021 -0.091 

 4.5 – 3.5 5.5 – 4.5 522066.994 0.424 

 4.5 – 3.5 4.5 – 3.5 522066.994
a
 … 

 4.5 – 3.5 3.5 – 2.5 522066.994
a
 … 

 4.5 – 3.5 5.5 – 4.5 651565.760 0.091 

 4.5 – 3.5 4.5 – 3.5 651565.760 0.091 

 4.5 – 3.5 3.5 – 2.5 651565.760 -0.381 

5 – 4 4.5 – 3.5 3.5 – 3.5 651575.308 -0.141 

 4.5 – 3.5 4.5 – 4.5 651577.624 0.074 

 5.5 – 4.5 5.5 – 5.5 652221.610 -0.089 

 5.5 – 4.5 4.5 – 4.5 652224.180 -0.053 

 5.5 – 4.5 6.5 – 5.5 652235.896 0.205 

 5.5 – 4.5 5.5 – 4.5 652235.896 -0.260 

 5.5 – 4.5 4.5 – 3.5 652235.896 -0270 

 5.5 – 4.5 6.5 – 5.5 781560.985 0.169 

 5.5 – 4.5 5.5 – 4.5 781560.985 0.169 

 5.5 – 4.5 4.5 – 3.5 781560.985 -0.158 

6 – 5 5.5 – 4.5 4.5 – 4.5 781570.760 -0.162 

 5.5 – 4.5 5.5 – 5.5 781572.881 0.183 

 6.5 – 5.5 6.5 – 6.5 782215.602 -0.138 

 6.5 – 5.5 5.5 – 5.5 782217.992 0.178 

 6.5 – 5.5 7.5 – 6.5 782229.598 0.189 

 6.5 – 5.5 6.5 – 5.5 782229.598 -0.133 

 6.5 – 5.5 5.5 – 4.5 782229.598 -0.140 
a
 Not included in final fit. 
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Table S2 

Observed Rotational Transitions of ZnD (X
2
Σ

+
) 

   
64

ZnD 
66

ZnD 
68

ZnD 

N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs 

(MHz) 

νobs – νcalc 

(MHz) 

νobs 

(MHz) 

νobs – νcalc 

(MHz) 

νobs 

(MHz) 

νobs – νcalc 

(MHz) 

4 – 3 3.5 – 2.5 4.5 – 3.5 800662.307 -0.112 799928.786 -0.118 799237.726 -0.005 

 3.5 – 2.5 3.5 – 2.5 800662.307 -0.088 799928.786 -0.094 799237.726 0.019 

 3.5 – 2.5 2.5 – 1.5 800664.906 0.127 799931.388 0.122 799240.200
a
 … 

 3.5 – 2.5 2.5 – 2.5 800692.087 -0.037 … … … … 

 3.5 – 2.5 3.5 – 3.5 800700.506 0.013 … … … … 

 4.5 – 3.5 5.5 – 4.5 804531.869 -0.058 803794.845 -0.058 803100.521 -0.052 

 4.5 – 3.5 4.5 – 3.5 804534.354 0.066 803797.321 0.057 803102.997 0.064 

 4.5 – 3.5 3.5 – 2.5 804534.354 0.042 803797.321 0.033 803102.997 0.041 
a
 Blended line.  Not included in final fit.  
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Table S3 

Observed Rotational Transitions of MgD (X
2
Σ

+
) 

   
24

MgD 

N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs 

 (MHz) 

νobs – νcalc 

(MHz) 

3 – 2 2.5 – 1.5 2.5 – 1.5 539276.334 0.009 

 2.5 – 1.5 3.5 – 2.5 539276.334 -0.134 

 2.5 – 1.5 1.5 – 0.5 539278.833
a
 … 

 2.5 – 1.5 1.5 – 1.5 539293.472 -0.064 

 2.5 – 1.5 2.5 – 2.5 539299.818 -0.049 

 3.5 – 2.5 3.5 – 3.5 539662.525 -0.025 

 3.5 – 2.5 2.5 – 2.5 539670.486 -0.028 

 3.5 – 2.5 4.5 – 3.5 539691.660 -0.039 

 3.5 – 2.5 3.5 – 2.5 539694.108 0.080 

 3.5 – 2.5 2.5 – 1.5 539694.108 -0.123 

4 – 3 3.5 – 2.5 4.5 – 3.5 718783.683 0.003 

 3.5 – 2.5 3.5 – 2.5 718783.683 0.059 

 3.5 – 2.5 2.5 – 1.5 718783.683
a
 … 

 3.5 – 2.5 2.5 – 2.5 718802.292 0.083 

 3.5 – 2.5 3.5 – 3.5 718806.990 -0.033 

 4.5 – 3.5 4.5 – 4.5 719168.967 -0.030 

 4.5 – 3.5 3.5 – 3.5 719174.743 0.038 

 4.5 – 3.5 5.5 – 4.5 719197.760 0.914 

 4.5 – 3.5 4.5 – 3.5 719197.760 -0.382 

 4.5 – 3.5 3.5 – 2.5 719197.760 -0.467 
a
 Blended line.  Not included in final fit. 

 

Table S4 

Observed Rotational Transitions of MgH (v = 1) (X
2
Σ

+
) 

   
24

MgH (v = 1) 

N′ ← N′′ J′ ← J′′ F′ ← F′′ νobs  

(MHz) 

νobs – νcalc  

(MHz) 

2 – 1 1.5 – 1.5 2 – 2 664173.648 -0.021 

 1.5 – 1.5 2 – 1 … … 

 1.5 – 1.5 1 – 1 664516.645 0.011 

 1.5 – 0.5 2 – 1 665441.746 -0.045 

 1.5 – 0.5 1 – 0 665455.708 0.052 

 1.5 – 0.5 1 – 1 665587.610 0.003 

 2.5 – 1.5 2 – 2 666025.686 -0.037 

 2.5 – 1.5 3 – 2 666209.701 0.039 

 2.5 – 1.5 2 – 1 666222.871 -0.002 
a
 Blended line.  Not included in final fit. 
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Table S5 

Spectroscopic Constans for MgH (v = 1) (X
2
Σ

+
) 

 MgH (v=1)
a
 

B 166543.349 (42) 

D 10.6638 (57) 

H … 

L … 

γ 756.948 (89) 

γD -0.180 (16) 

γH … 

bF 331.40 (12) 

c 4.30 (31) 

CI … 

rms (kHz) 29 
a
 All values in MHz.  Uncertainties are 3σ deviation in the fit. Global fit including data 

from Ziurys et al. 1993.
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APPENDIX G 

TERAHERTZ SPECTROSCOPY OF 
25

MgH (X
2
Σ

+
) AND 

67
ZnH (X

2
Σ

+
): 

BONDING IN SIMPLE METAL HYDRIDES 

M. P. Bucchino, and L. M. Ziurys, J. Phys. Chem. A, 117, 9732 (2013) 

 

Reprinted with permission from The Journal of Physical Chemistry A, Volume 117, 

Terahertz Spectroscopy of 
25

MgH (X
2
Σ

+
) and 

67
ZnH(X

2
Σ

+
): Bonding in Simple Metal 

Hydrides, pages 9732 - 9737.  Copyright 2013 American Chemical Society.   
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APPENDIX H 

STRUCTURAL DETERMINATION AND GAS-PHASE SYNTHESIS OF 

MONOMERIC, UNSOLVATED IZnCH3 (X
1
A1): A MODEL ORGANOZINC HALIDE 

 

M. P. Bucchino, J. P. Young, P. M. Sheridan, and L. M. Ziurys, J. Phys. Chem. A, 

118, 11204 (2014) 

Reprinted with permission from The Journal of Physical Chemistry A, Volume 188, 

Structural Determination and Gas-hase Synthesis of Monomeric, Unsolvated IZnCH3 

(X
1
A1): A Model Organozinc Halide, pages 11204 - 11210.  Copyright 2014 American 

Chemical Society.   
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APPENDIX I 

TRENDS IN ALKALI METAL HYDROSULFIDES: A COMBINED FOURIER 

TRANSFORM MICROWAVE/MILLIMETER-WAVE SPECTROSCOPIC STUDY OF 

KSH (X
1
A′) 

 

M. P. Bucchino, P. M. Sheridan, J. P. Young, M. K. L. Binns, D. W. Ewing, and 

L. M. Ziurys, J. Chem. Phys. 139, 214307 (2013) 

 

Reprinted with permission from The Journal of Chemical Physics, Volume 139, Trends 

in Alkali Metal Hydrosulfides: A Combined Fourier Transform Microwave/Millimeter-

Wave Spectroscopic Study of KSH (X
1
A′), pages 214307-1 – 214307-10.  Copyright 

2013, AIP Publishing LLC.  
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APPENDIX J 

EXAMINING FREE RADICAL TRANSITION METAL HYDROSULFIDES: 

THE PURE ROTATIONAL SPECTRUM OF ZnSH (X
2
A′) – FIGURES AND TABLES 

 

M. P. Bucchino, G. R. Adande, and L. M. Ziurys, manuscript in preparation for 

submission to The Journal of Chemical Physics 
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Figure 1.  The direct absorption rotational spectrum of 

64
ZnSH, displaying a section of the N = 

32 ← 31 transition near 298.6 GHz.  Brackets indicate the ~140 MHz spin-rotation doublet of one 

of the Ka = 2 asymmetry components.  For the Ka = 0, Ka = 3, and other Ka = 2 lines, their 

corresponding spin-rotation component is outside the given frequency range.  The J = 27 ← 26 

transition of 
68

ZnS (X
1
Σ

+
) is shown for relative intensity comparisons, and the line marked with 

an asterisk is a contaminant.  This spectrum is 175 MHz wide and was acquired in ~100 seconds 

without signal averaging.  

 

 

 
Figure 2. The pure rotational spectrum of ZnSD, showing the Ka = 2, 3, 4 and 5 asymmetry 

components belonging to the N = 32 ← 31 transition near 290.1 GHz.  Spin-rotation doublets are 

indicated by brackets.  This 175 MHz spectrum was recorded in 300 s and is a composite of three 

scans. 
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Figure 3. A stick plot spectrum of the N = 32 ← 31 transition of ZnSH and ZnSD with estimated 

experimentally-observed intensities.  Splittings due to the spin-rotation interaction have been 

collapsed for illustrative purposes.  Because deuterium is roughly twice as heavy as hydrogen, 

ZnSD is significantly more asymmetric.  This results in larger asymmetry splittings, with the 

increase in separation between the Ka = 1 lines most noticeable.  Ka = 3 asymmetry components 

in ZnSD were split, unlike that in ZnSH.  Also note the Ka = 0 of ZnSD shifted drastically lower 

in frequency. 

 

 
Figure 4.  ZnSH microwave spectrum of the Ka = 0 component belonging to the N = 3 → 2, J = 

3.5 → 2.5 rotational transition.  Two hydrogen hyperfine components are clearly visible, arising 

from the hydrogen ½ nuclear spin.  Hyperfine transitions are indicated by the quantum number F.  

This spectrum is 700 kHz wide and required 1000 shots (100 s of integration time) to achieve a 

sufficient signal-to-noise.  Each line is split into Doppler doublets. 
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Table 1. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

23 0 23 22.5 … … 219570.009 

23 0 23 23.5 … … 219708.363 

23 1 23 22.5 … … … 

23 1 23 23.5 … … … 

23 1 22 22.5 … … … 

23 1 22 23.5 … … 220664.014 

23 2 22 22.5 … … … 

23 2 22 23.5 … … 219709.493 

23 2 21 22.5 … … … 

23 2 21 23.5 … … 219746.077 

23 3 21 22.5 … … 219542.097 

23 3 21 23.5 … … 219682.507 

23 3 20 22.5 … … 219542.097 

23 3 20 23.5 … … 219682.507 

23 4 20 22.5 … … 219485.732 

23 4 20 23.5 … … 219627.839 

23 4 19 22.5 … … 219485.732 

23 4 19 23.5 … … 219627.839 

24 0 24 23.5 … … 228700.612 

24 0 24 24.5 … … 228839.030 

24 1 24 23.5 … … 227747.894 

24 1 24 24.5 … … 227888.564 

24 1 23 23.5 … … 229700.473 

24 1 23 24.5 … … 229836.572 

24 2 23 23.5 … … 228703.734 

24 2 23 24.5 … … 228842.801 

24 2 22 23.5 … … 228745.363 

24 2 22 24.5 … … 228884.176 

24 3 22 23.5 … … 228675.464 

24 3 22 24.5 … … 228815.629 

24 3 21 23.5 … … 228675.464 

24 3 21 24.5 … … 228815.629 

24 4 21 23.5 … … 228616.582 

24 4 21 24.5 … … 228758.361 

24 4 20 23.5 … … 228616.582 

24 4 20 24.5 … … 228758.361 

24 5 20 23.5 … … 228543.186 

24 5 20 24.5 … … 228686.989 

24 5 19 23.5 … … 228543.186 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

24 5 20 24.5 … … 228686.989 

28 0 28 27.5 270551.607 267794.617 … 

28 0 28 28.5 270692.475 267934.036 … 

28 1 28 27.5 269418.599 266683.453 … 

28 1 28 28.5 269561.629 266825.071 … 

28 1 27 27.5 271771.947 268989.201 … 

28 1 27 28.5 271910.356 269126.155 … 

28 2 27 27.5 270572.596 267813.942 … 

28 2 27 28.5 270642.844 267881.375 … 

28 2 26 27.5 270713.842 267953.782 … 

28 2 26 28.5 270783.674 268020.811 … 

28 3 26 27.5 270544.505 267786.068 … 

28 3 26 28.5 270686.539 267926.640 … 

28 3 25 27.5 270544.505 267786.068 … 

28 3 25 28.5 270686.539 267926.640 … 

28 4 25 27.5 270472.697 267715.793 … 

28 4 25 28.5 270616.007 267857.647 … 

28 4 24 27.5 270472.697 267715.793 … 

28 4 24 28.5 270616.007 267857.647 … 

28 5 24 27.5 270384.002 … … 

28 5 24 28.5 270529.017 267772.468 … 

28 5 23 27.5 270384.002 … … 

28 5 23 28.5 270529.017 267772.468 … 

28 6 23 27.5 270277.018 … … 

28 6 23 28.5 270424.055 … … 

28 6 22 27.5 270277.018 … … 

28 6 22 28.5 270424.055 … … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

29 0 29 28.5 279851.684 277000.260 274313.369 

29 0 29 29.5 … 277139.732 274451.447 

29 1 29 28.5 278683.977 275855.023 273189.126 

29 1 29 29.5 278826.951 275996.555 273329.279 

29 1 28 28.5 281117.439 278239.288 275527.435 

29 1 28 29.5 281255.715 278376.145 275662.984 

29 2 28 28.5 279877.737 277024.471 274335.923 

29 2 28 29.5 279955.475 277164.199 274474.289 

29 2 27 28.5 279877.737 277099.134 274407.721 

29 2 27 29.5 279955.475 277238.371 274545.606 

29 3 27 28.5 279850.246 276997.101 274308.653 

29 3 27 29.5 … 277137.494 … 

29 3 26 28.5 279850.246 276997.101 274308.653 

29 3 26 29.5 … 277137.494 … 

29 4 26 28.5 279775.719 276924.255 274237.258 

29 4 26 29.5 279918.774 277065.816 274377.575 

29 4 25 28.5 279775.719 276924.255 274237.258 

29 4 25 29.5 279918.774 277065.816 274377.575 

29 5 25 28.5 … 276834.369 274149.226 

29 5 25 29.5 279828.584 276977.538 274290.962 

29 5 24 28.5 … 276834.369 274149.226 

29 5 24 29.5 279828.584 276977.538 274290.962 

29 6 24 28.5 279573.444 … … 

29 6 24 29.5 279719.966 … … 

29 6 23 28.5 279573.444 … … 

29 6 23 29.5 279719.966 … … 

30 0 30 29.5 289148.531 286202.919 283427.122 

30 0 30 30.5 289289.277 286342.156 283566.891 

30 1 30 29.5 287946.592 285023.904 282269.718 

30 1 30 30.5 288089.414 285165.342 282409.735 

30 1 29 29.5 290460.027 287486.524 284684.862 

30 1 29 30.5 290598.210 287623.306 284820.332 

30 2 29 29.5 289180.101 286232.337 283454.682 

30 2 29 30.5 289321.029 286371.866 283592.891 

30 2 28 29.5 289265.820 286314.630 283533.806 

30 2 28 30.5 289406.317 286453.680 283671.617 

30 3 28 29.5 289153.279 286205.560 … 

30 3 28 30.5 289294.893 286345.742 … 

30 3 27 29.5 289153.279 286205.560 … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

30 3 27 30.5 289294.893 286345.742 … 

30 4 27 29.5 289076.051 286130.036 283354.018 

30 4 27 30.5 289218.794 286271.361 283493.998 

30 4 26 29.5 289076.051 286130.036 283354.018 

30 4 26 30.5 289218.794 286271.361 283493.998 

30 5 26 29.5 288981.214 286037.198 283263.012 

30 5 26 30.5 289125.489 286179.952 283404.449 

30 5 25 29.5 288981.214 286037.198 283263.012 

30 5 25 30.5 289125.489 286179.952 283404.449 

30 6 25 29.5 288866.984 285925.271 … 

30 6 25 30.5 289013.059 286069.922 … 

30 6 24 29.5 288866.984 285925.271 … 

30 6 24 30.5 289013.059 286069.922 … 

31 0 31 30.5 298442.073 295402.131 292537.718 

31 0 31 31.5 298582.701 295541.430 292675.543 

31 1 31 30.5 297206.323 294190.615 291347.551 

31 1 31 31.5 297349.019 294331.289 291487.463 

31 1 30 30.5 299799.616 296730.889 293839.446 

31 1 30 31.5 299937.887 296867.602 293974.826 

31 2 30 30.5 298479.545 295437.357 292570.691 

31 2 30 31.5 298620.359 295576.730 292708.733 

31 2 29 30.5 298573.755 295527.769 292657.628 

31 2 29 31.5 298714.031 295666.619 292795.232 

31 3 29 30.5 298453.620 … 292544.746 

31 3 29 31.5 298595.003 295551.309 292683.450 

31 3 28 30.5 298453.620 … 292544.746 

31 3 28 31.5 298595.003 295551.309 292683.450 

31 4 28 30.5 298373.597 295333.108 292468.108 

31 4 28 31.5 298516.128 295474.230 292607.820 

31 4 27 30.5 298373.597 295333.108 292468.108 

31 4 27 31.5 298516.128 295474.230 292607.820 

31 5 27 30.5 298275.671 295237.317 292374.119 

31 5 27 31.5 298419.574 295379.693 292515.270 

31 5 26 30.5 298275.671 295237.317 292374.119 

31 5 26 31.5 298419.574 295379.693 292515.270 

31 6 26 30.5 298157.834 295121.894 … 

31 6 26 31.5 298303.479 … … 

31 6 25 30.5 298157.834 295121.894 … 

31 6 25 31.5 298303.479 … … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

32 0 32 31.5 … … 301644.966 

32 0 32 32.5 … … 301782.719 

32 1 32 31.5 … … 300422.498 

32 1 32 32.5 … … 300562.283 

32 1 31 31.5 … …  

32 1 31 32.5 … …  

32 2 31 31.5 … … 301683.795 

32 2 31 32.5 … … 301821.681 

32 2 30 31.5 … … 301779.134 

32 2 30 32.5 … … 301916.481 

32 3 30 31.5 … … 301658.710 

32 3 30 32.5 … … 301797.187 

32 3 29 31.5 … … 301658.710 

32 3 29 32.5 … … 301797.187 

32 4 29 31.5 … … 301579.418 

32 4 29 32.5 … … 301718.935 

32 4 28 31.5 … … 301579.418 

32 4 28 32.5 … … 301718.935 

32 5 28 31.5 … … 301482.477 

32 5 28 32.5 … … 301623.251 

32 5 27 31.5 … … 301487.477 

32 5 27 32.5 … … 301623.251 

36 0 36 35.5 344856.184 … … 

36 0 36 36.5 344996.218 … … 

36 1 36 35.5 343458.557 … … 

36 1 36 36.5 343600.568 … … 

36 1 35 35.5 346449.430 … … 

36 1 35 36.5 346586.656 … … 

36 2 35 35.5 344930.369 … … 

36 2 35 36.5 345070.313 … … 

36 2 34 35.5 345075.372 … … 

36 2 34 36.5 345214.686 … … 

36 3 34 35.5 344910.470 … … 

36 3 34 36.5 345050.934 … … 

36 3 33 35.5 344911.729 … … 

36 3 33 36.5 345052.157 … … 

36 4 33 35.5 344816.846 … … 

36 4 33 36.5 344958.135 … … 

36 4 32 35.5 344816.846 … … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

36 4 32 36.5 344958.135 … … 

36 5 32 35.5 344703.181 … … 

36 5 32 36.5 344845.595 … … 

36 5 31 35.5 344703.181 … … 

36 5 31 36.5 344845.595 … … 

36 6 31 35.5 344567.011 … … 

36 6 31 36.5 344710.860 … … 

36 6 30 35.5 344567.011 … … 

36 6 30 36.5 344710.860 … … 

37 0 37 36.5 354127.554 350524.252 … 

37 0 37 37.5 354267.430 350662.722 … 

37 1 37 36.5 352698.987 349122.193 … 

37 1 37 37.5 352840.909 349262.669 … 

37 1 36 36.5 355768.996 352130.202 … 

37 1 36 37.5 355906.153 352266.013 … 

37 2 36 36.5 354210.499 … … 

37 2 36 37.5 354350.340 350741.359 … 

37 2 35 36.5 354367.476 350753.559 … 

37 2 35 37.5 … 350891.347 … 

37 3 35 36.5 354192.430 350584.288 … 

37 3 35 37.5 354332.636 350723.149 … 

37 3 34 36.5 354193.881 350585.654 … 

37 3 34 37.5 354334.148 350724.526 … 

37 4 34 36.5 354095.878 350489.887 … 

37 4 34 37.5 354237.023 350629.620 … 

37 4 33 36.5 354095.878 350489.887 … 

37 4 33 37.5 354237.023 350629.620 … 

37 5 33 36.5 353979.162 … … 

37 5 33 37.5 354121.248 … … 

37 5 32 36.5 353979.162 … … 

37 5 32 37.5 354121.248 … … 

37 6 32 36.5 353839.269 … … 

37 6 32 37.5 353982.753 … … 

37 6 31 36.5 353839.269 … … 

37 6 31 37.5 353982.753 … … 

38 0 38 37.5 363394.815 359697.950 … 

38 0 38 38.5 363534.692 359836.407 … 

38 1 38 37.5 361935.995 358265.985 … 

38 1 38 38.5 362077.826 358406.380 … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 1 - Continued. Rotational transition frequencies of 
64

ZnSH, 
66

ZnSH and 
68

ZnSH
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSH 
66

ZnSH 
68

ZnSH 

38 1 37 37.5 365084.972 361351.513 … 

38 1 37 38.5 365221.992 361487.095 … 

38 2 37 37.5 363487.176 359785.572 … 

38 2 37 38.5 363626.817 359923.872 … 

38 2 36 37.5 … 359948.341 … 

38 2 36 38.5 363795.652 360085.813 … 

38 3 36 37.5 363471.073 359768.742 … 

38 3 36 38.5 363611.016 359907.355 … 

38 3 35 37.5 363472.676 359770.430 … 

38 3 35 38.5 363612.672 359908.966 … 

38 4 35 37.5 363371.640 359671.637 … 

38 4 35 38.5 363512.436 359811.070 … 

38 4 34 37.5 363371.640 359671.637 … 

38 4 34 38.5 363512.436 359811.070 … 

38 5 34 37.5 … … … 

38 5 34 38.5 363393.471 359694.618 … 

38 5 33 37.5 … … … 

38 5 33 38.5 363393.471 359694.618 … 

38 6 33 37.5 363108.147 … … 

38 6 33 38.5 … … … 

38 6 32 37.5 363108.147 … … 

38 6 32 38.5 … … … 
a
In MHz.  Residuals (νobs – νcalc) were all less than 150 kHz and not shown for clarity. 
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Table 2. Rotational transition frequencies of 
64

ZnSD
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSD 

24 0 24 23.5 226584.342 

24 0 24 24.5 226722.378 

24 1 24 23.5 224973.378 

24 1 24 24.5 225113.175 

24 1 23 23.5 228608.771 

24 1 23 24.5 228744.666 

24 2 23 23.5 226793.854 

24 2 23 24.5 226931.999 

24 2 22 23.5 227078.304 

24 2 22 24.5 227215.652 

24 3 22 23.5 226837.486 

24 3 22 24.5 226976.202 

24 3 21 23.5 226841.371 

24 3 21 24.5 226980.348 

24 4 21 23.5 226769.951 

24 4 21 24.5 226910.463 

24 4 20 23.5 226769.951 

24 4 20 24.5 226910.463 

24 5 20 23.5 226837.486 

24 5 19 24.5 226837.486 

25 0 25 24.5 235608.076 

25 0 25 25.5 235745.924 

25 1 25 24.5 233951.956 

25 1 25 25.5 234091.055 

25 2 24 24.5 235845.796 

25 2 24 25.5 235983.707 

25 2 23 24.5 236165.329 

25 2 23 25.5 236302.513 

25 3 23 24.5 235897.609 

25 3 23 25.5 236036.340 

25 3 22 24.5 235902.600 

25 3 22 25.5 236041.354 

25 4 22 24.5 235826.695 

25 4 22 25.5 235966.664 

25 4 21 24.5 235826.695 

25 4 21 25.5 235966.664 

25 5 21 24.5 235748.610 

25 5 21 25.5 236890.411 

25 5 20 24.5 235748.610 
a
In MHz.  Residuals (νobs – νcalc) are not shown as the global fit (FTMW and mm) needs finalized.  
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Table 2 - Continued. Rotational transition frequencies of 
64

ZnSD
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSD 

25 5 20 25.5 236890.411 

25 6 20 24.5 235658.548 

25 6 20 25.5 235802.718 

25 6 19 24.5 235658.548 

25 6 19 25.5 235802.718 

29 0 29 28.5 271651.740 

29 0 29 29.5 271789.477 

29 1 29 28.5 269835.345 

29 1 29 29.5 269974.056 

29 1 28 28.5 274183.858 

29 1 28 29.5 274319.251 

29 2 28 28.5 272025.812 

29 2 28 29.5 272163.220 

29 2 27 28.5 272513.524 

29 2 27 29.5 272649.851 

29 3 27 28.5 272119.226 

29 3 27 29.5 272257.078 

29 3 26 28.5 272129.493 

29 3 26 29.5 272267.310 

29 4 26 28.5 272032.725 

29 4 26 29.5 272171.737 

29 4 25 28.5 272032.725 

29 4 25 29.5 272171.737 

29 5 25 28.5 271939.945 

29 5 25 29.5 272080.272 

29 5 24 28.5 271939.945 

29 5 24 29.5 272080.272 

29 6 24 28.5 271835.290 

29 6 24 29.5 271977.245 

29 6 23 28.5 271835.290 

29 6 23 29.5 271977.245 

29 7 23 28.5 271715.561 

29 7 23 29.5 271859.495 

29 7 22 28.5 271715.561 

29 7 22 29.5 271859.495 

29 8 22 28.5 271579.633 

29 8 22 29.5 271725.759 

29 8 21 28.5 271579.633 

29 8 21 29.5 271725.759 
a
In MHz.  Residuals (νobs – νcalc) are not shown as the global fit (FTMW and mm) needs finalized.  
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Table 2 - Continued. Rotational transition frequencies of 
64

ZnSD
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSD 

30 0 30 29.5 280649.190 

30 0 30 30.5 280786.881 

30 1 30 29.5 278798.586 

30 1 30 30.5 278937.184 

30 1 29 29.5 283288.684 

30 1 29 30.5 283423.985 

30 2 29 29.5 281063.450 

30 2 29 30.5 281200.717 

30 2 28 29.5 281600.396 

30 2 28 30.5 281736.544 

30 3 28 29.5 281169.183 

30 3 28 30.5 281306.829 

30 3 27 29.5 281181.289 

30 3 27 30.5 281318.911 

30 4 27 29.5 281078.660 

30 4 27 30.5 281217.327 

30 4 26 29.5 281078.660 

30 4 26 30.5 281217.327 

30 5 26 29.5 280981.987 

30 5 26 30.5 281121.938 

30 5 25 29.5 280981.987 

30 5 25 30.5 281121.938 

30 6 25 29.5 280873.473 

30 6 25 30.5 281015.048 

30 6 24 29.5 280873.473 

30 6 24 30.5 281015.048 

30 7 24 29.5 280749.666 

30 7 24 30.5 280893.084 

30 7 23 29.5 280749.666 

30 7 23 30.5 280893.084 

30 8 23 29.5 280609.157 

30 8 23 30.5 280754.672 

30 8 22 29.5 280609.157 

30 8 22 30.5 280754.672 

31 0 31 30.5 289640.943 

31 0 31 31.5 289778.592 

31 1 31 30.5 287758.482 

31 1 31 31.5 287897.034 

31 1 30 30.5 292389.875 
a
In MHz.  Residuals (νobs – νcalc) are not shown as the global fit (FTMW and mm) needs finalized.  
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Table 2 - Continued. Rotational transition frequencies of 
64

ZnSD
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSD 

31 1 30 31.5 292525.048 

31 2 30 30.5 290097.870 

31 2 30 31.5 290234.992 

31 2 29 30.5 290687.221 

31 2 29 31.5 290823.122 

31 3 29 30.5 290216.845 

31 3 29 31.5 290354.316 

31 3 28 30.5 290231.037 

31 3 28 31.5 290368.433 

31 4 28 30.5 290122.134 

31 4 28 31.5 290260.541 

31 4 27 30.5 290122.134 

31 4 27 31.5 290260.541 

31 5 27 30.5 290021.520 

31 5 27 31.5 290161.162 

31 5 26 30.5 290021.520 

31 5 26 31.5 290161.162 

31 6 26 30.5 289909.175 

31 6 26 31.5 290050.320 

31 6 25 30.5 289909.175 

31 6 25 31.5 290050.320 

31 7 25 30.5 289781.312 

31 7 25 31.5 289924.131 

31 7 24 30.5 289781.312 

31 7 24 31.5 289924.131 

31 8 24 30.5 289636.142 

31 8 24 31.5 289781.312 

31 8 23 30.5 289636.142 

31 8 23 31.5 289781.312 

32 0 32 31.5 298626.908 

32 0 32 32.5 298764.488 

32 1 32 31.5 296715.099 

32 1 32 32.5 296853.528 

32 1 31 31.5 301487.212 

32 1 31 32.5 301622.320 

32 2 31 31.5 299129.037 

32 2 31 32.5 299266.046 

32 2 30 31.5 299773.814 

32 2 30 32.5 299909.515 
a
In MHz.  Residuals (νobs – νcalc) are not shown as the global fit (FTMW and mm) needs finalized.  
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Table 2 - Continued. Rotational transition frequencies of 
64

ZnSD
a
 

N′′ Ka′′ Kc′′ J′′ 
64

ZnSD 

32 3 30 31.5 299262.041 

32 3 30 32.5 299399.362 

32 3 29 31.5 299278.601 

32 3 29 32.5 299415.872 

32 4 29 31.5 299163.177 

32 4 29 32.5 299301.339 

32 4 28 31.5 299163.177 

32 4 28 32.5 299301.339 

32 5 28 31.5 299058.470 

32 5 28 32.5 299197.868 

32 5 27 31.5 299058.470 

32 5 27 32.5 299197.868 

32 6 27 31.5 298942.238 

32 6 27 32.5 299083.001 

32 6 26 31.5 298942.238 

32 6 26 32.5 299083.001 

32 7 26 31.5 298810.126 

32 7 26 32.5 298952.528 

32 7 25 31.5 298810.126 

32 7 25 32.5 298952.528 

32 8 25 31.5 298660.438 

32 8 25 32.5 298804.811 

32 8 24 31.5 298660.438 

32 8 24 32.5 298804.811 
a
In MHz.  Residuals (νobs – νcalc) are not shown as the global fit (FTMW and mm) needs finalized.  

 

 

 

 

 

 

 

 

 

 



274 

 

 
 

REFERENCES 

 

G. R. Adande, D. T. Halfen, and L. M. Ziurys, J. Mol. Spectrosc. 278, 35 (2012). 

 

M. D. Allen, T. C. Pesch, J. S. Robinson, A. J. Apponi, D. B. Grotjahn, and L. M. Ziurys, 

Chem. Phys Lett. 298, 161 (1998). 

 

M. A. Anderson, W. L. Barclay Jr., and L. M. Ziurys, Chem. Phys. Lett. 196, 166 (1992). 

 

M. A. Anderson, M. D. Allen, W. L. Barclay Jr., and L. M. Ziurys, Chem. Phys. Lett. 

205, 415 (1993). 

 

M. A. Anderson, M. D. Allen, and L. M. Ziurys, J. Chem. Phys. 100, 824 (1994). 

 

A. J. Apponi, W. L. Barclay Jr., and L. M. Ziurys, Astrophys. J. (Letters) 414, L129 

(1993). 

 

A.J. Apponi, M.A. Brewster, and L.M. Ziurys, Chem. Phys. Lett. 298, 161 (1998). 

 

D. Auld. Metal Sites in Proteins and Models. Structure and Bonding, Vol. 89; Hill, H. A. 

O, P. J. Sadler, A. J. Thomson, Eds.; (Springer-Verlag: Berlin Heidelberg, 1997; pp 29–

50). 

 

S. Baba and E. Negishi, J. Am. Chem. Soc. 98, 6729 (1976). 

 

T. J. Balle and W. H. Flygare, Rev. Sci. Instrum. 52, 33 (1981). 

 

W. L. Barclay Jr., M. A. Anderson, and L. M. Ziurys, Chem. Phys. Lett. 196, 225 (1992). 

 

K. Beckenkamp and H. D. Lutz J. Molec. Struct. 245, 203 (1991). 

 

W. H. Breckenridge, J. Phys. Chem. 100, 14840 (1996). 

 

M.A. Brewster, A.J. Apponi, J. Xin, and L.M. Ziurys, Chem. Phys. Lett. 310, 411 (1999).  

  

J. M. Brown and A. Carrington, Rotational Spectroscopy of Diatomic Molecules 

(Cambridge University Press, Cambridge, 2003). 

 

J. M. Brown, H. Körsgen, S. P. Beaton, and K. M. Evenson, J. Chem. Phys. 124, 234309 

(2006). 

A. J. Burgasser, K. L. Crus, and J. D. Kirkpatrick, Astrophys. J. 657, 494 (2007). 

 

C. Cabezas, J. Cernicharo, J. L. Alonso, M. Agúndez, S. Mata, M. Guélin, and I. Peña, 

Astrophys. J. 775, 133 (2013). 



275 

 

 
 

G. Cazzoli and Z. Kisiel, J. Mol. Spectrosc. 159, 96 (1993). 

 

J. Cederberg, D. Olson, P. Soulen, K. Urberg, H. Ton, T. Steinbach, B. Mock, K. 

Jarausch, P. Haertel, and M. Bresnahan, J. Mol. Spectrosc. 154, 43(1992). 

 

J. Cederberg, D. Olson, D. Rioux, T. Dillemuth, B. Borovsky, J. Larson, S. Cheah, M. 

Carlson, and M. Stohler, J. Chem. Phys. 105, 3361 (1996). 

 

J. Cernicharo and M. Guélin, A&A, 183, L10 (1987). 

 

T. M. Cerny, X. Q. Tan, J. M. Willamson, E. S. J. Robles, A. M. Ellis, and T. A. Miller, 

J. Chem. Phys. 99, 9376 (1993). 

 

W. J. Childs and T. C. Steimle, J. Chem. Phys. 88, 6168 (1988).  

 

D. W. Christianson and J. D. Cox, Annu. Rev. Biochem. 68, 33 (1999).  

 

E.R. Cohen, T. Cvitas, J.G. Frey, B. Holmström, K. Kuchitsu, R. Marquardt, I. Mills, F. 

Pavese, M. Quack, J. Stohner, H.L. Strauss, M. Takami, A.J. Thor, Quantities, Units and 

Symbols in Physical Chemistry, IUPAC Green Book, 3rd ed., IUPAC & RSC Publishing, 

Cambridge, 2008 (2nd Printing). 

 

A. Daoudi, S. Elkhattabi, G. Berthier, and J. P. Flament, Chem. Phys. 230, 31 (1998). 

 

F.H. De Leeuw, R. van Wachem, and A. Dymanus, J. Chem. Phys. 53, 981 (1970).  

 

X. Dou, H. Han, G. Zhai, and B. Suo, Int. J. Quant. Chem. 111, 3378 (2011). 

 

R. E. Drullinger, D. J. Wineland, and J. C. Bergquist, Appl. Phys. 22, 365 (1980). 

 

T. H. Edwards, N. K. Moncur, and L. E. Snyder, J. Chem. Phys. 46, 2139 (1967). 

 

W. T. M. L. Fernando, R. S. Sam, L. C. O’Brien, and P. F. Bernath, J. Phys. Chem. 95, 

2665 (1991). 

 

R. W. Field, 5.80 Small-Molecule Spectroscopy and Dynamics, Fall 2008. 

(Massachusetts Institute of Technology: MIT OpenCourseWare), http://ocw.mit.edu. 

 

M. A. Flory, S. K. McLamarrah, and L. M. Ziurys, J. Chem. Phys. 125, 194304 (2006). 

M. A. Flory, A. J. Apponi, L. N. Zack, and L. M. Ziurys, J. Am. Chem. Soc. 132, 17186 

(2010). 

 

B. Fuentes, M. García-Melchor, A. Lledós, F. Maseras, J. A. Casares, G. Ujaque, and P. 

Espinet, Chem. Eur. J. 16, 8596 (2010). 

http://ocw.mit.edu/


276 

 

 
 

T.F. Gallagher, R.C. Hilborn, and N.F. Ramsey, J. Chem. Phys. 56, 5972 (1972). 

 

M. García-Melchor, B. Fuentes, A. Lledós, J. A. Casares, G. Ujaque, and P. Espinet, J. 

Am. Chem. Soc. 133, 13519 (2011).  

 

W. Gordy and R. L. Cook, Microwave Molecular Spectra, (Wiley,  New York, 1984).  

 

S. Goudsmit, Phys. Rev. 43, 636 (1933). 

 

D.B. Grotjahn, A.J. Apponi, M.A. Brewster, J. Xin, and  L.M. Ziurys, Angew. Chem. Int. 

Ed. 37, 2678 (1998). 

 

D. B. Grotjahn, P. M. Sheridan, I. Al-Jihad, and L. M. Ziurys, J. Am. Chem. Soc. 123, 

5489 (2001). 

 

D. B. Grotjahn, D. T. Halfen, L. M. Ziurys, and A. L. Cooksy, J. Am. Chem. Soc. 126, 

12621 (2004). 

 

D. T. Halfen, A. J. Apponi, J. M. Thompsen, and L. M. Ziurys, J. Chem. Phys. 115, 

11131 (2001). 

 

D. T. Halfen and L. M. Ziurys, manuscript in preparation (2015). 

 

J. J. Harrison, J. M. Brown, M. A. Flory, P. M. Sheridan, S. K. McLamarrah, and L. M. 

Ziurys, J. Chem. Phys. 127, 194308 (2007). 

 

J. Hedberg, S. Baldelli, and C. J. Leygraf, Phys. Chem. Lett. 1, 1679 (2010). 

 

K. J. Higgins, S. M. Freund, W. Klemperer, A. J. Apponi, and L. M. Ziurys, J. Chem. 

Phys. 121, 11715 (2004). 

 

J. L. Highberger, C. S. Savage, J. H. Bieging, and L. M. Ziurys, Astrophys. J. 562, 790 

(2001). 

 

C.D. Hollowell, A.J. Hebert, and K. Street, J. Chem. Phys. 41, 3540 (1964).  

 

M. Jackson, L. R. Zink, J. P. Towle, N. Riley, and J. M. Brown, J. Chem. Phys. 130, 

154311 (2009). 

 

A. Janczyk and L. M. Ziurys, Chem. Phys. Lett. 365, 514 (2002). 

 

A. Janczyk and L. M. Ziurys, J. Chem. Phys. 119, 10702 (2003).  

 

A. Janczyk, S. K. Walter, and L. M. Ziurys, Chem. Phys. Lett. 401, 211 (2005).  



277 

 

 
 

A. Janczyk, D. L. Lichtenberger, and L. M. Ziurys, J. Am. Chem. Soc. 128, 1109 (2006). 

 

A. Janczyk and L. M. Ziurys, Astrophys. J. Lett. 639, L107 (2006). 

 

C. N. Jarman and P. F. Bernath, J. Chem. Phys. 98, 6697 (1993).  

 

L. Jin and L. Aiwen, Org. Biomol. Chem. 10, 6817 (2012) and references therein. 

 

E. Kagi and K. Kawaguchi, Astrophys. J. 491, L129 (1997). 

 

T. Kamiński, C. A. Gottlieb, K. M. Menten, N. A. Patel, K. H. Young, S. Brünken, H. S. 

P. Müller, M. C. McCarthy, J. M. Winters, and L. Decin, A&A 551, A113 (2013).  

 

Y. Kawashima, R.D. Suenram, and E. Hirota, J. Mol. Spectrosc. 175, 99 (1996).  

 

L. B. Knight, Jr., J. G. Kaup, B. Petzoldts, R. Ayyad, T. P. Ghanty, and E. R. Davidson, 

J. Chem. Phys. 110, 5658 (1999).  

 

L. B. Knight, Jr. and W. Weltner, J. Chem. Phys. 55, 2061 (1971a). 

 

L. B. Knight, Jr. and W. Weltner, J. Chem. Phys. 54, 3875 (1971b). 

 

P. Knochel and R. D. Singer, Chem. Rev. 93, 2117 (1993) and references therein. 

 

P. Knochel, Sci. Synth. 3, 5 (2004). 

 

P. Knochel, M. A. Schade, S. Bernhardt, G. Manolikakes, A. Metzger, F. M. Piller, C. J. 

 

S. Kuwata and M. Hidai, Coord. Chem. Rev. 213, 211 (2001). 

 

K. Koszinowski and P. Böhrer, Organometallics, 28, 771 (2009). 

 

I. Kretzschmar, D. Schröder, H. Schwarz, and P. B. Armentrout, Adv. Met. 

Semiconductor  

Clusters 5, 347 (2001). 

 

K. Kunze and J. F. Harrison, J. Am. Chem. Soc. 112, 3812 (1990). 

 

S. Lepine, M. M. Shara, and R. M. Rich, Astrophys. J. 585, L69 (2003a). 

 

S. Lepine, R. M. Rich, and M. M. Shara, Astrophys. J. 591, L49 (2003b). 

 

G. Li, J. J. Harrison, R. S. Ram, C. M. Western, and P. F. Bernath, J. Quant. Spec. & 

Rad. Trans., 113, 67 (2012) and references therein. 



278 

 

 
 

W. Lin, S. A. Beaton, C. J. Evans, and M. C. L. Gerry, J. Mol. Spectrosc. 199, 275 

(2000). 

 

W. Lin, C. J. Evans, M. C. L. Gerry, Phys. Chem. Chem. Phys. 2, 43 (2000). 

 

X. Lin and D. L. Phillips, J. Org. Chem. 73, 3680 (2008). 

 

Q. Liu, Y. Lan, J. Liu, G. Li, Y-D. Wu, and A. Lei, J. Am. Chem. Soc. 131, 10201 (2009). 

 

X. Liu, S. C. Foster, J. M. Williamson, L. Yu, and T. A. Miller, Mol. Phys. 69, 357 

(1990). 

 

L. Lodi, S. Yurchenko, and J. Tennyson, International Symposium on Molecular 

Spectroscopy, Abstract P1257 (The University of Illinois at Champaign-Urbana, June 22 

– 26 2015). 

 

D. McNaughton, L.M. Tack, B. Kleibömer, and P.D. Godfrey, Struct. Chem. 5, 313 

(1994). 

 

Z. Morbi, C. Zhao, and P. F. Bernath, J. Phys. Chem. 106, 4860 (1997). 

 

J. R. Morton, J. Magn. Reson. 30, 577 (1978). 

 

E. Negishi, Handbook of Organopalladium Chemistry for Organic Synthesis, Vol. 1 

(Wiley-Interscience, New York, 2002). 

 

E. Negishi, Angew. Chem. Int. Ed. 50, 6738 (2011). 

 

D. Nitz, J. Cederberg, A. Kotz, K. Hetzler, T. Aakre, and T. Walhout, J. Mol. Spectrosc. 

108, 6 (1984). 

 

G. Paquette, A. Kotz, J. Cederberg, D. Nitz, A. Kolan, D. Olson, K. Gunderson, S. 

Lindaas, and  

S. Wick, J. Mol. Struct. 190, 143 (1988). 

 

E. F. Pearson and M. B. Trueblod, Astrophys. J. 179, L145 (1973). 

 

B. Peery, J., Publ. Astron. Soc. Jpn. 31, 461, (1979). 

 

M. Peruzzini and R. Poli, Recent Advances in Hydride Chemistry (Elsevier Science B. V., 

Amsterdam, 2001). 

 

H. M. Pickett, J. Mol. Spectrosc. 148, 371 (1991). 

 



279 

 

 
 

R. L. Pulliam, C. Savage, M Agúndez, J. Cernicharo, M. Guélin, and L. M. Ziurys, 

Astrophys. J. (Letters) 725, L181 (2010). 

 

R. S. Ram and P. F. Bernath, J. Chem. Phys. 96, 6344 (1992). 

 

R. S. Ram and P. F. Bernath, J. Chem. Phys. 165, 97 (1994). 

 

M. Rombach, and H. Vahrenkamp, Inorg. Chem. 40, 6144 (2001). 

 

M. Sakamoto, Y. Ohki, G. Kehr, G. Erker, and K. Tatsumi, J. Organomet. Chem. 694, 

2820 (2009). 

 

R. A. Sánchez-Delgado, J. Mol. Catal. 86, 287 (1994). 

 

R. A. Sánchez-Delgado, Organometallic Modeling of the Hydrodesulfurization and 

Hydrodenitrogenation Reactions (Kluwer Academic Publishers, New York, 2002). 

 

C. Savage and L. M. Ziurys, Rev. Sci. Instrum., 76, 043106 (2005). 

 

A. Shayesteh, R. S. Ram, and P. F. Bernath, J. Mol. Spectrosc. 288, 46 (2013) and 

references therein. 

 

P. M. Sheridan, M. J. Dick, J. –G. Wang, and P. F. Bernath, J. Phys B: Atom., Molec. 

Opt. Phys. 104 3245 (2006). 

 

N. G. Spiropulos, E. A. Standley, I. R. Shaw, B. L. Ingalls, B. Diebels, S. V. Krawczyk, 

B. F. Gherman, A. M. Arif, and E. C. Brown, Inorganic Chimica Acta, 386, 83 (2012). 

 

T. C. Steimle, J. Xin, A. J. Marr, and S. Beaton, J. Chem. Phys. 106, 9084 (1997). 

 

M. Sun, A. J. Appponi, and L. M. Ziurys, J. Chem. Phys. 130, 034309 (2009). 

 

M. Sun, D. T. Halfen, J. Min, B. Harris, D. J. Clouthier, and L. M. Ziurys, J. Chem. Phys. 

133, 174301 (2010). 

 

A. Suzuki, Angew. Chem. Int. Ed. 50, 6723 (2011). 

 

A. Taleb-Bendiab, F. Scappini, T. Amano, and J. K. G. Watson, J. Chem. Phys. 104 

7431, 1996. 

 

A. Taleb-Bendiab and D. Chomiak, Chem. Phys. Lett. 334, 195 (2001). 

 

E. D. Tenenbaum, M. A. Flory, R. L. Pulliam, and L. M. Ziurys, J. Mol. Spectrosc. 244, 

153 (2007). 



280 

 

 
 

E. D. Tenenbaum and L. M. Ziurys, Astrophys. J. (Letters) 694, L59 (2009). 

 

E. D. Tenenbaum and L. M. Ziurys, Astrophys. J. (Letters) 712, L93 (2010). 

 

J. Tennyson and S. N. Yurchenko, Mon. Not. R. Astro. Soc. 425, 21 (2012).  See also 

www.exomol.com 

 

F. A. Tezcan, T. D. Varberg, F. Stroh, and K. M. Evenson, J. Mol. Spectrosc. 185, 290 

(1997). 

 

F. Tientega and J. F. Harrison, Chem. Phys. Lett. 223, 202 (1994). 

 

G. Theodoor de Jong, R. Visser, and F. Matthias Bickelhaupt, J. Organometall. Chem. 

691, 4341 (2006). 

 

H. Tokuyama, S. Yokoshima, T. Yamashita, and T. Fukuyama, Tetrahedron Lett. 39, 

3189, (1998). 

 

C. H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (1949). 

 

C. H. Townes and A. L. Schawlow, Microwave Spectroscopy (Dover, New York, 1975). 

 

L. Wallace, K. Hinkle, G. Li, and P. Bernath, Astrophys. J. 524, 454 (1999). 

 

M. Trachtman, G. D. Markham, J. P. Glusker, P. George, C. W. and Bock, Inorg. Chem. 

40, 4230 (2001). 

 

J. K. G. Watson, Vibrational Spectra and Structure, ed: J. R. Durig (Elsevier, 

Amsterdam, 1977). 

 

J.K.G. Watson, J. Chem. Phys. 98, 5302 (1993). 

 

P. F. Weck, A. Scheweitzer, P. C. Stancil, P. H. Hauschildt, and K. Kirby, Astrophys. J. 

582, 1059 (2003) and references therein. 

 

N. M. White and R. F. Wing, Astrophys. J. 222, 209 (1978). 

C. J. Whitham, H. Ozeki, and S. Saito, J. Chem. Phys. 110, 11109 (1999). 

 

R. F. Wing, J. Cohen, and J. W. Brault, Astrophys. J. 216, 659 (1977).  

 

H. Wöhl, Solar Phys. 16, 362 (1971). 

 

J. Xin and L.M. Ziurys, Astrophys. J. 501, L151 (1998). 

 



281 

 

 
 

J. Xin, M. A. Brewster, and L. M. Ziurys, Astrophys. J. 530, 323 (2000). 

 

B. Yadin, T. Veness, P. Clonti, C. Hill, S. N. Yurchenko, and J. Tennyson, Mon. Not. R. 

Astron.  

Soc. 425, 34 (2012). 

 

L. N. Zack, D. T. Halfen, and L. M. Ziurys, Astrophys. J. (Letters) 733, L36 (2011). 

 

L. M. Ziurys, W. L. Barclay Jr., and M. A. Anderson, Astrophys. J. (Letters) 384, L63 

(1992). 

 

L. M. Ziurys, W. L. Barclay, Jr., M. A. Anderson, D. A. Fletcher, and J. W. Lamb, Rev. 

Sci. Instrum. 65, 1517 (1994). 

 

L. M. Ziurys, A. J. Apponi, M. Guélin, and J. Cernicharo, Astrophys. J. (Letters) 445, 

L47 (1995). 

 

L. M. Ziurys, C. Savage, J. L. Highberger, A. J. Apponi, M. Guelin, and J. Cernicharo, 

Astrophys. J. 564, L45 (2002). 
 


