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ABSTRACT 

This thesis describes the building of a new supersonic molecular beam, laser- 

induced fluorescence spectrometer and its application to the spectroscopy of vzu-ious 

metal containing radicals. Using this spectrometer, laser vaporized metals ( Ca and Sr ) 

react with reactants such as D,O, MI, and HOCH, and, because of the cooling ef5ect of 

the supersonic rnolecular beam, rotationally resolved spectra can be obtained for some 

Iarger molecules. 

The SrOD E'F-F'L' spectnim was recorded and analyzed and irnproved 

molecular parameters were derived. The high resolution B' B, - ,?'A, and the 

?A, -??A, spectra of CaNH, were studied, to give the molecular constants for the 

Z'B, and ?A, States. The high resolution C'A, -24, transition of SrNH2 was analyzed to 

derive the molecular constants for the C'A, state. Finally, The 2% -.?A, transition of 

CaOCH, was analyzed and discussed. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The interaction of metals with organic molecules is very important in modem 

chemistry, because of the possibility of applications and the variety of moiecules can be 

synthesized. Synthetic chemists usually use NMR and X-ray crystallography to 

characterize the products of reactions. These reactions occur in solution or in the solid 

state and are ofien influenced by the presence of a solvent. In recent years. laser 

spectroscopy has been introduced to snidy metal-ligand chemistry in the gas phase. 

which makes it possible to study reactions without the effect of solvents. 

Dunng the past ten years the reactions of gas phase alkaline metals with inorganic 

and organic molecules have been studied intensively by means of laser excitation 

spectroscopy. The use of laser evaporation coupled with supersonic expansion makes it 

easier to record rotationally cooled spectra of a variety of molecules. These powerful 

rnethods have revolutionized the way chemists analyze reactions, and made it possible 

to determine the molecular geometry of many diatomic, triatornic and larger molecules 

with high accuracy. 

The study of metal-containing free radicals in the gas phase has been a hot topic 

since the 1980s. Free radicals are atoms or molecular fragments containing one or more 

unpaired electrons. Because they are highly reactive and short-lived, they have to be 
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synthesized and analyzed in situ. Many fiee radicals are formed in high temperature 

systems such as in flames (1) or in the atmospheres of stars (2). The invention of the 

metal flow reactor, the Broida oven, made it possible to prepare and analyze many 

different kinds of metai-containing fiee radicals. 

The gas-phase alkaline earth metal halides, like CaF and SrF, were the first 

members of the alkaline earth family of radicals to be synthesized and characterized (3- 

8). Then the isoelectronic alkaline earth metal monohydroxides (MOH, M = Ca, Sr. Ba) 

were discovered (9) and they were the subject of several spectroscopic investigations 

(10-15). It was the laser excitation technique that made it possible to study gaseous 

inorganic molecules containing larger ligands such as amide (1 6 ,  17). alkoxide (1 8-20). 

azide (20), rnethyl (22), isocyanate (23, 24) and cyclopentadienide (25). 

CaOH and SrOH are very reactive and cm only be isolated for extended periods of 

time in rare gas matrices. However, substantial concentrations are found in a variety of 

energetic environrnents such as in flames (1) and exploding fireworks (26, 27). They are 

also thought to be abundant in the atmospheres of cool stars (28) and in the earth's upper 

atrnosphere (29,30). It was found that the alkdine earth hydroxides were easily made in a 

Broida oven (16, 3 1, 32). The combination of a relatively cool molecular source ( -500 

K, much less than the traditionai arcs or carbon fumaces) and single fiequency tunable 

dye laser excitation that made detailed analysis of the spectra possible for some simple 

moIecules. In this way a new farnily of isoelectronic derivatives, the alkaline earth 
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monoamides, CaNH,, SrNH, and BaNH, were discovered (16, 34). Some of the 

transitions were also studied in a supersonic jet, and the spectra were rotationally 

analyzed (35,36). 

Another important discovery was the laser-driven chemical reaction of alkaline earth 

metals (23,24). Ground state Ca and Sr vapors react with only a few molecules. For most 

of the molecules studied, it was found that laser excitation of the metal atom promotes the 

chemical reactivity of Ca, Sr and Ba vapors. In this case, one laser is used to drive the 

chemical reaction while a second laser detects the product. This laser driven chernical 

reactivity was vital in the preparation of most of the free radicals studied in a Broida 

oven. 

The species made in a Broida oven are called high temperature molecules because 

the metal is vaporized at high temperature. It is possible to rotationally analyze the 

spectra of some simple molecules like CaOH using a Broida oven but for large 

molecules such as CaOCCH, lower temperatures are required in order to resolve the 

rotational structure. In this case a laser-vaponzation source coupled with a supersonic 

expansion into vacuum and laser detection is very convenient. 

The subject of this dissertation is the construction of a supersonic molecular beam 

spectrorneter and the study of gas phase metaisontaining fiee radicals using high 

resolution laser excitation spectroscopy. A laser evaporation apparatus was built to 

perform the spectroscopic studies. Metals (Ca and Sr) are vaponzed by a pulsed 
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Nd/YAG laser, and then reacted with D,O, NH, or HOCH, present in an inert gas (Ar, 

Ne or He). A cw dye ring laser was used to excite laser-induced fluorescence. Al1 the 

molecules discussed in this thesis consist of a single metal atorn (Ca or Sr), bonded to a 

single ligand (OD, NH, or OCH,). 

SrOD (chapter 3) was the first molecule studied in Our molecular beam 

spectrometer because it is easy to make and the bands were identified (16) previously. 

The alignment of the system was not optimized at that time, and the spectrum could only 

be recorded when He was used as a carrier gas. Attempts to record the spectrum witli Ar 

failed. The spectrum was analyzed and improved molecular parameters were denved. 

In chapter 4 the high resolution B 2  B, - 2' A, and the 2' Al - 2' A, transitions of 

CaNH, will be discussed. By then the spectrometer was optimized and very good spectra 

were obtained even in Ar. 

The high resolution ?A, - Z?A, transition of SrNH, was studied and the results are 

reported in chapter 5. The spectnim was recorded both in Ar and He. Because the 

spectnim was very dense the analysis was not easy. A good set of molecular constants 

were derived. 

Chapter 6 describes the work on the symmetric top calcium monomethoxide, 

CaOCH,. The A2 E - , i2~, transition was analyzed and the results are discussed. 
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CHAPTER 2 

EXPERIMENTAL 

The expenrnental setup is a combination of a laser ablation source and a supersonic 

molecular beam expansion system. The metal vapors of strontium or calcium are 

produced by laser ablation, then mixed with the reactants and expanded into vacuum 

through a supersonic expansion. The spectmm is recorded by detecting the laser induced 

fluorescence. The details of the supersonic molecular beam spectrometer will be 

discussed in the following sections. 

The block diagram of the expenmental apparatus is given in Figure (2.1). The 

apparatus has two separately pumped chambers. The ablation source chamber was 

pumped by a 10 in. diffision pump (Edwards 250/200), while the detection chamber was 

pumped by a 4 in. difhsion purnp (Edwards 100/300). 

The molecular beam was produced by a pulsed valve. The second harmonic (532 

nm) of a 10 Hz pulsed Nd:YAG laser was used to vaporize the metal. The beam was 

formed by expansion of 40 - 60 psi of helium or argon seeded with reactants. The 

stainless-steel noules can accept a metal sample rod with a diameter up to 8 mm. The rod 

was rotated and translated during the expenment. The ablation laser was weakly focused 

ont0 the sample and entered the sample holder through a 1-mm hole. The expansion 

channel was about 1 mm in diameter and 5 - 10 mm long. 



The signal was detected by monitoring the laser-induced fluorescence (LIF) 

produced by the molecular beam when it intersected the probe laser beam frorn a cw-ring 

dye laser 15 cm downstream fiom the nozzie. A Hamamatsu photomultipfier tube (R943- 

02) was aligned perpendicular to both the molecular beam and the probe laser beam, and 

the LIF was collected through a lens assembly. A narrow bandpass filter (40 nm or 10 

nm) centered at the laser frequency was used to reduce the effect of plasma emission and 

other non-resonant light. A boxcar integrator was used to process the LIF signal. A time 

"window" of 20 msec width was opened afier a 80 p e c  delay for He and 180 psec delay 

for Ar from when the ablation laser fired. To increase the signal-to-noise ratio. a very 

slow laser scan (40 - 100 s / I O  GHz) was used. 

The Coherent Autoscan 699-29 dye ring laser was calibrated with the 1, lines 

recorded at the sarne time during the experiment. The absolute accuracy of the Iine 

positions is about 0.003 cm-'. Each part of the apparatus is described in detail in the 

following sections. Some of the necessary background information is also included. 

2.1 Laser vaporization and the creation of small molecules 

The conventional way of vaponzing metals is by heating hem, for example in a 

Broida oven. For some low boiling point metals, it is convenient to produce metal vapor 

this way, however, for some refiactory rnetals, such as tungsten, a specially designed and 
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expensive high temperature fumace is required. Because of the extremely high power 

density of laser light, it is possible to evaporate virtually îny rnaterial. Ruby lasers (A = 

694 nm) (l), CO, TEA lasers(h = 10 pm) (2), excimer lasers (A = 308, 351 nm)(3) and 

Nd:YAG lasers (h  =266, 355, 532, 1069 nm) (4) have al1 been used to vaporize a variety 

of materiais. In our expenment we used a NdiYAG laser (A = 532 nm) as the ablation 

source. 

The laser power density at the surface of the solid matenal determines the physical 

processes that take place (5). Below about 10' ~ / c m '  the surface is only heated. This 

results in thermal ejection of volatile species from the surface or frorn the bulk material. 

Between 10' and 10' w/cm2, both melting and evaporation occur while at power densities 

that exceed 109 ~ k m '  the vaporization (atomization) of the rnaterial is dominant. At this 

high power density level the electrical properties and melting points of the material play 

virtually no role in the vaporization process because of the extreme physical conditions. 

A very dense vapor cloud results from laser ablation. Stimulated Raman scattering of the 

incident radiation creates many high order anti-Stokes photons that lead to multiphoton 

ionization or even direct single photon ionization of the material. The plasma is formed 

when the laser power density exceeds the plasma ignition thresholds (6,7). Normally up 

to 90 % of the incident radiation is absorbed by the plasma (8). The number of atoms that 

is vaporized by a single pulse from a Q-switched laser is reported to range between 1013 

to 10" atoms per laser shot (9 -12), the exact number being determined by the power 

density in combination with the irradiated area. 
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2.2 Sample preparation and reactant addition 

As mentioned in the previous section, laser vaporization cm be used to produce an 

intense pulsed plume of atoms of virtually any element in the periodic table, and by 

combining this technique with supersonic cooling of the vaporized material in an 

adiabatic expansion, a variety of cold clusters and cluster ions c m  be produced (1 3-1 5).  

The vaporization of the solid target is performed inside the throat of a pulsed valve. 

Because of the high power density of the laser, a hole will be drilled in the target 

surface very quickly if the laser is kept at the same spot, and this hole will enclose the 

vapor cloud. In order to obtain stable shot-to-shot production of atoms the target sliould 

rnove to renew the target continuously. In our apparatus, a metal rod (1/4" in diarneter 

for Ca, 3/8" for Sr) was used as the target, and a synchronous AC motor (3 RPM) was 

used io drive a micrometer screw to rotate and translate the rod in the nozzle (Figure 2.2). 

In this way the vaporizing laser can hit a fresh part of the target at every shot. Reasonably 

good shot-to-shot stability was obtained in Our apparatus. A 24 V General Valve 

solenoid pulsed valve with a nozzle diameter of 0.8 mm was used to produce the 

molecular bearn. The rod holder has a expansion channel of about 1 mm in diarneter and 

10 mm in length plus a 4 mm long cone shaped nozzle. A 1 mm hole was drilled 

perpendicular to the expansion channel so that the YAG laser can hit the surface. The 

metal rod side of the channel was machined in such a way that metal rod protrudes into 
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the channel a little bit when it was tightly held against the rod holder. In this way the 

expanding gas can efficiently pick up the metal vapor. An extra pusher was added to push 

the metal rod tightly against the channel wall. The YAG laser beam was focused on to the 

metal surface to give a t mm diameter spot. The laser pulse energy at 532 nm was about 

100 ml (1 W at 10 Hz) when the flashlamp discharge voltage was set to about 1.35 - 1.4 

kV. If a higher laser power was used then the signal-to-noise ratio decrease substantially. 

This technique has been used to form a variety of diatomic and polyatomic 

molecules. Accidentally, the presence of unknown arnounts of impurity in the target led 

the to production and detection of several oxides (1 6,17), hydrides ( 1 7.9). mixed nuclear 

clusters (1 8) and polyatomic molecules (1 9,9). Alloys were also vaporized to 
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Meta1 Rod 

Figure 2.2 Laser Ablation Assembly 

generate mixed metal cluster beams (20, 3). Addition of a reactant gas to the carrier gas 

expanded through the pulsed valve yielded a new method for the production of a large 

number of different molecules. In this reactive laser vaporization, highly excited species 

in the laser-generated plasma react more readiiy with some of the molecules than when 

they are in the ground state. This fact is illustrated by expenments perforrned in a Broida 
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oven, in which a second laser was used to excite Ca or Sr atoms to higher electronic 

states, and this improved the production of product molecules typically by a factor of 10'. 

In our experiment He and Ar were used as carrier gases and D,O, NH, and HOCH, 

as the reactants. When He was used the molecules were cooled down to about 200 K and 

a much lower temperature of about 10 K was achieved when Ar was used. 

2.3 Cooling of the supersonic expansion 

The initial stage of the adiabatic expansion from the n o d e  orifice is very important 

for the final composition of the molecular bearn. The shape and the length of the 

expansion channel strongly influences the flow characteristics and hence the mising of 

the gas with the vaporized material. Longer expansion channels, both conical and 

cylindrical, have been s h o w  to lead to extensive cluster formation (21-23) and c m  be 

used to intentionally reheat the supersonic jet to a desired rotational temperature (24). 

Therefore shorter and wider flow channels should be used whenever condensation has to 

be avoided (25 - 27) and very low rotational temperatures are required. 

For a Boltzmann distribution at room temperature, many high J rotational levels are 

occupied and, for some larger molecules, even excited vibrational levels can be occupied. 

Excitation from these numerous energy levels to a higher electronic state results in a 

large number of transitions and possible overlapping of lines in the spectrum. This can 

make the spectmm too complicated to analyse. By using the supersonic molecular beam 
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technique, the intemal energy of the molecules can be decreased so that only the ground 

vibrational level and a few lower J rotational Ievels are populated. A very simple and 

clean spectnim is then obtained. 

The temperature of the molecules in supersonic beam can be determined by 

analyzing the intensity of the Iines in the the spectnim. Studies have shown that diatomic 

molecules can be cooled to translational, vibrationai, and rotational temperatures below 5 

K, 100 K and 10 K, respectively (13). The actual temperatures will depend on the nature 

of the carrier gas, gas pressure, noale  diameter and the vaporized material. The 

following formula can be used to determine the rotational temperature (28): 

log(I,/(J' + J" + 1 )) = A - B,J' (J' + 1 )hc/kT ( 2 . 1  ) 

where A can be considered as a constant, 1 s the intensity of the transitions, J' and J" 

are the ground and excited state rotational quantum numbers, respectively, and B, is the 

rotational constant. If the lefi side of eq. 2.1 is plotted against Jr(J' + 1) then the slope 

will give the rotational temperature. Our estimation for the rotational temperature of 

CaNH, is below 10 K in Ar. 

2.4 Sub-Doppler laser excitation spectroscopy 
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Sub-Doppler detection is another advantage of the molecular beam technique. By 

crossing the probe laser and the molecular beam at right angles, Doppler broadening can 

be reduced and very high resolution obtained. The divergence of the molecular beam 

limits the resolution that can be achieved. 

At room temperature, the Doppler broadening for CaNHz is about 1 GHz full width 

at half maximum. The estimate of the residual Doppler broadening for our system is 

about 180 MHz, which agrees with the experimental line width of 200 MHz. 

Figure (2.3) is a schematic diagram of the beam source and the LIF detection 

assembly. The PMT is placed at right angles to both the molecular beam and the probe 

laser. A lens assembly is used to enhance the LIF collection efficiency Figure (2.4). The 

first lens in front of the probe region has a focal length of 1.5" and the second lens has a. 

focal length of 7". The position of the first lens is adjustable to collimate the laser- 

induced fluorescence. The PMT can be moved to make sure that fluorescence is centered 

on the PMT photocathode. To reduce the arnount of scattered light, a plate with a 5 mm 

aperture is placed between the two lenses. The PMT is placed inside a thermoelectncally 

cooled charnber, made by Products for Research, in order ro reduce the dark counts. A 

lens with a focal length of 1 m was used to focus the dye laser beam to a spot about 2 mm 

in diameter at the probe region. The laser power is about 30 mW. 
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Figure 2.3 Sub-Doppler Detection 
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Figure 2.4 LIF Detection Assembly 



2.5 Control electronics and data acquisition 

Figure (2.5) shows a block diagram of the control electronics of the spectrometer. 

Trigger pulses at 10 Hz generated by the computer are used to trigger a home-made 

timing control box which then triggers the pulsed valve driver, YAG laser and boxcar 

integrator at the appropriate delay times. The timing sequence is shown in Figure (2.6). 

The 0.3 ms gas pulse will appear afier a 0.55 ms time delay from the triggering of the 

pulsed valve driver. At this instant. the Q-switch of the YAG laser is opened and the 

ablation takes place at the leading edge of the gas pulse. The molecules then travel for 

about 0.2 ms down to the probing region (when Ar is used), and a time window of 40 ps 

is opened by the boxcar intergrator to collect the LIF signal. The output of the boxcar is 

sent to the Coherent Autoscan computer to record the spectrum. 



Driver YAG Laser 111 
Figure 2.5 Block Diagram for Control Electronics 
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Figure 2.6 Timing Sequence for the System 
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CHAPTER 3 

HIGH RESOLUTION LASER EXCITATION SPECTROSCOPY 

OF THE È 2 ~ + -  X2z+ SYSTEM OF JET-COOLED SrûD 

3 .I Introduction 

In recent years there has been a surge of interest in the alkaline earth rnonohydroxide 

molecules. For SrOH and SrOD, the pioneenng work was the rotational analysis of the 

000-000, 00 1-00 1 and 010-0 10 bands of the 'F- 2% transition by Nakagawa. 

Wormsbecher and Hams in 1983 (1). Since then the 000-000 band of the 2 'Il - '1- 

transition of SrOH has been analysed (2), followed by work on additional bands of the À 

- 2 (3) and B - 2 (4) transitions. Microwave (5) and millimeter wave (6.7) spectra of 

SrOH are available and the dipole moments in the 2 ,  2 and Ë states were determined 

from the Stark effect in a molecular beam (8). Semi-empirical calculations based on a 

modified Rittner mode1 (9) and ligand field theory (10) have been used to predict energy 

levels and dipole moments. 

The previous spectmm of SrOD was recorded in a Broida oven (1) so that the 

resolution was limited by Doppler broadening and weak Q-branch lines were not seen. In 

a supersonic jet expansion the molecules are vibrationally and rotationally cooled in order 
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to simpliQ the spectmm. The molecular bearn is crossed at right angles with a laser bearn 

so that sub-Doppler spectra are obtained. 

The 000-000 and 001-000 bands of the B'z'- y2x+ system of SrOD were studied 

in our work. The 2 2rI,, and E2r States are rnixed by off-diagonal spin-orbit coupling. 

The B 'z+- 2's transition is nominally a parallel transition which should have very 

weak Q branches which decrease rapidly in intensity as I increases. However. the 2 'n,, 

- B'H- rnixing induces some perpendicular character in the - 2 transition and 

enhances the intensity of the Q branches. By comparing the intensities of the P. Q and R 

branches it is possible to deduce the ratio of the parallel to the perpendicular transition 

dipole moment. 

With the exception of the millimeter wave work (6) on SrOD, al1 of the recent 

studies have concentrated on SrOH. We report here on the analysis of the 001-000 and 

000-000 bands o f  SrOD, recorded in order to test the new laser ablation spectrometer. 

3.2. Experimental 

The experimental apparatus was described in detail in chapter 2. However, some of 

the specific conditions used are listed here. The supersonic molecular bearn was produced 

by a home-made piezo-dnven pulsed valve and collimated by a 3 mm diameter stainless 
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steel skimmer located 3 cm from the noa le  (5,8). The second harmonic (532 nrn) of a 10 

HZ pulsed NdNAG laser was used to vaporize the rnetal. The beam was formed by 

expansion of 2.7 atm of heiium flowing over liquid D,O. A Sr metal rod with a 5 mm 

diameter was rotated and translated during the experiment. The ablation laser was 

weakly focused ont0 the sarnple and entered the sarnple holder through a 1 mm hole. The 

expansion channei is about 1 mm in diameter and 1 O mm long. 

Kiton red dye was used in the Coherent 699-29 dye laser at a wavelength of about 

620 nrn. A band pass filter (40 MI) centered at the laser frequency was used for the 000- 

000 transition. When recording the 001 - 000 band, a band pass filter (40 nm) centered on 

the 00 1-001 transition and a red pass filter were used, and in this way a much better 

signal-to-noise ratio was obtained. A time "window" of 20 ps was opened by the boxcar 

integrator after a 100 ps delay from when the ablation laser fired. To increase the signal- 

to-noise ratio, the ring dye laser was set in continuous mode and at least five pulses 

were averaged for each frequency point. Therefore, 100 s was needed for each 10 GHz 

scan using 50 MHz steps. 

3.3. Results and Discussion 

Spectroscopie studies of the monovalent alkaline earth derivatives show that a 

simple one electron hydrogenic picture can provide a reasonable mode1 of the electronic 

structure. 
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Sr'OD- can be considered to be an ionic molecule like CaF (Figure 3.1). SrOD is 

linear, rather than bent like H,O or CaSH, because there is a partial positive charge on 

the deuteron of the OD- group. The linear geometry maximizes the distance between the 

Sr* unit and the deuteron. As the ligand becomes less electronegative, the degree of 

covalency in the metal-ligand bond increases and the molecule is bent rather than linear, 

such as CaSH. 

The neutral Sr atom has a [Kr]5s2 electronic configuration and when Sr'OD- forms. 

one electron is transferred to the OD ligand. The rernaining 5 s  valence electron on Sr- is 

nonbonding and makes the 2% ground state of SrOD. The first and second excited 

states of Sr' result from promotion of the 5s electron to 4d and 5p states. The 2'17 and 

ij2L- states of SrOD originate from the pn and po orbitals correlating with the 5p Sr' 

orbital mixed with the dn and do orbitals correlating with the 4d Sr* orbita1.The B 2 r  and 

A2n states are p<r-do and pn-dn orbital mixtures polarized to keep the unpaired electron 

as far away from the OD' group as possible. 



ioooo - LJ- / 

2~ 

Figure 3.1 Energy Level Correlation Diagram 
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The 001-000 and 000-000 bands of the &'-?L+ transition of SrOD were 

rotationally analyzed. The *z+ states of SrOD adopt Hund's case (b) coupling (Figure 

3.2). As always, the total angular momentum J is a good quantum number, however, the 

rotational angular momentum N also becornes good quantum nurnber. The rotational 

energy levels can be approximated by: 

E , ,  = B , N ( N + 1 )  

where N = 0, 1, 2, ... The total angular momentum quantum number can be derived from 

N and the spin quantum number S (=1/2) by : 

J = N  + 1/2, N - 1/2 (3 -2) 

for a 'C state. 

For Hund's case (b) , the selection rules are AN = k 1. For a 'L state, each rotational 

energy level is split into two spin components: J = N + S = N + 112 for F, and J = N - S = 

N -1/2 for FI. The selection mle for J is AJ = 0, + 1, so that P and R branchs and satellite 

Q branch lines should appear for each spin component. Figure 3.3 shows the possible 

branches for a 'Z - 'C transition. 

The analysis of the spectra was straightfonvard with the help of the previous work 

(1). As a result of rotational cooling, the first few lines and the band ongin were easily 

located (Figure 3.4). The line positions of the two bands were measured with a program 

called Decomp and are reported in Tables 3.1 and 3.2. 



Figure 3.2 The Angular Momentum Coupling Diagram 
for Hund's Case (b) 



Figure 3.3 Energy Level Diagram for 'L' - Transition 
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Figure 3.4 A Portion of the High-Resolution Spectnun Showing P and R Branches of 

the 000 - 000 Band o f  the 'z+- k 2C Transition of SrOD 
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The line positions were fitted using the standard N~ Hamiltonian evaluated using 

Hund'ç case (a) basis fûnctions (12). The 'L Harniltonian (14) can be written as 

k=fi,+fî,+k,+l?,, (3.2) 

where the k ,, is the electronic-vibrational Hamiltonian (not including the nuclear kinetic 

energy term). The spin-orbit part of the Hamiltonian fi, is given by, 

fî, = A ( ~ ) L . S  (3 -3) 

the spin-rotation interaction is, 

H,, = +y, 3' +y,f i4+yL@6) 

and the rotational part of the Hamiltonian is defined by, 

fi,, = B ( ~ ) N '  - D ( ~ ) N '  + ~ ( r ) # ~  

The Hund's case (a) ba i s  functions were used to derive matrix elements of the standard 

'Z hamiltonian, because it is more difficult to obtain the matrix elements with Hund's 

case (b) ba is  functions. The case (a) basis function is, 

InuASX)IQJ)=InvASZRJ) (3.7) 

where n represents the electronic quantum number, u is the vibrational quantum number, 

Z = S, S-1, ... -S and R = A + L (4.48). The two basis functions for a 'L state are , 

1 n, u, A=0, S=1/2, X= +1/2, R =  +1/2, J ) = 1 *L,, ) (3 -8) 
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1 n, u, A=0, S=1/2,Z= -IR, R= 4 2 ,  J ) = 1 'L-,,) (3 -9) 

and they can be transformed into the following form to diagondize the 2x2 Harniltonian 

matrix, 

where e and f are parity basis functions. The Hamiltonian matrix elements in the 

transformed basis set are Iisted in the Table 3.3. 

The 001-000 and 000-000 bands, and the pure rotational transitions (6)  were fitted 

togetlier to provide the constants of Table 3.4. A small perturbation was noted in the 

excited state F, component of the 001 B?E+ state close to Ni = 14. J' = 13.5. f parity 

(Table 11). These lines were included with reduced weights in the fi na1 fit. 

For pure ?Z+-'L+ transitions, Q branches are forbidden . If there is 'FI,, cliaracter 

mixed into a 'L' state then the intensity of the Q branches is enhanced. Figure 3.5 shows 

the well resolved Q branch lines in the P branch region. Kopp and Hougen (13) 

considered the intensity of the branches of a general 112-1/2 transition and derived the 

following formulas: 
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Application of these expressions to the 000-000 band gives a ratio of p , / ~ ~ o f  about 0.1 

to 0.3 for the %+ - 2'~' transition of SrOD. The 001-000 band is weaker than the 

000-000 band so that Q branches were not detected. The value of the Sr - O stretching 

mode frequency, v,, in the g2b state of SrûD is found to be 523.652 cm-' by 

subtraction of the band origins. The use of our 001-000 band ongin and Nakagawa et 

al.% (lJ 00 1-001 band origin o f  16372.628 1, gives a value of 5 17.122 cm-' for v,  in the 

,Y'L+ state. 
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Figure 3.5 A Portion of the P Branch of the 000 - 000 Band of the 'Z+- X'X' 
Transition of SrOD Showing Q-Branch Lines 



Table 3.1. Line positions (in cm-') for the 2P(000)- 2 'L+(000) band of SrOD. 
The table shows v,,, and the residuals, va,+,, 



Table 3.1 (Continued) 

17 16376.3689 0.0003 
18 16376.9853 -0.0005 
N Qid 
12 16360.3522 0.0038 
13 l63S9.9025 0.0037 
14 16359.4536 -0.0008 
15 16359.0171 0.0014 
16 16358.5822 0.0000 
17 16358.1572 0.0030 
18 16357.7333 0.0016 
20 16356.8977 -0.0048 
2 1 16356.4990 0.0028 
22 16356.0958 0.0006 
23 16355.7032 0.0035 
24 16355.3 101 0.0005 
25 16354.9256 0.0007 
26 16354.5472 0.00 1 5 
27 16354. 1728 0.0009 
28 16353.8020 -0.00 15 
29 16353.440 1 -0.0004 
30 16353.0827 -0.0003 
3 1 16352.7305 -0.0005 
32 16352.3793 -0.005 1 
33 16352.0425 -0.0007 
N Qrr. 
1 1 I6372.1704 -0.00 17 
12 16372,7496 -0.0007 
13 16373.3324 -0.001 3 
14 16373.8896 -0.0328 
15 16374.5 189 0.0025 
16 16375.1 1 19 -0.0037 
17 16375.7 193 -0.0009 



Table 3.2 Line positions (in cm- 1 ) for the 2 ~ + ( ~ 0  1) - 2 ' ~~ (000)  band of SrOD. 
The table shows vobs, and the residuals, vobs-vcalc 



Table 3.2 ( Continued) 



Table 3.3 Hamihonian matrix elements for a 'F state using Hund's case (a) parity b a i s  
set. 

- 

T e  1 

f 1 
B e (J + 0.5)(J - 0.5) 

f (J + OS)(J + 2.5) 
D e - [(J + 0.5)(J - OS)]' 

f - [(J + 0.5)(J + 1 .5)12 
H e [(J + 0.5)(J - OS)]' 

f [(J+0.5)(J+1.5)I3 



Table 3.4 
Molecular constants for SrOD (in cm") 

Constant X '~(000) B 2 ~ ( 0 0 ~ )  E'L+(oO 1) 
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SrOH and SrOD are linear molecules, therefore, the relationship between the 

moment of inertia and the bond lengths of a linear molecule can be used to derive the 

bond lengths, 

I = (m,m,ri + m,m3r,: + -rn3r;) / M (3.14) 

The moments of inertia for SrOD are caiculated fiom the B values of Table 3.4, while the 

corresponding data for SrOH was taken fiom the work of Nakagawa and Harris (1). In 

this way, the r, structures of SrOD in both the Ë'Z* and W ' t  States were determined. 

The results are presented in Table 3.5. The bond lengths of the Ë 'L* state are shorter than 

those of the T2z+ which suggests that the non-bonding valence electron has çlight anti- 

bonding character in the ground state. 

Table 3.5 Bond lengths in SrOH and SrOD (in A). 

Bond length 



3.4 Conclusion 

Our high resolution study of SrOD has provided improved rnolecular constants. 

This resulted fiom the cooling of SrOD in a supersonic expansion and sub-Doppler 

linewidths. The transition wavenurnbers were well reproduced with a 'E Hamiltonian. 

which proved that SrOD is a linear molecule, consistent with previous work. 

The fact that no observable hyperfine splittings were found suggest that the bonding 

between the metal and the OD group is ionic, M' OH*. Studies of other alkaline earth 

metal hydroxides (6)  such as SrOH , CaOH and MgOH support the idea that the metal- 

OH bonds are mainly ionic in character. Q-branch lines were observed for the first time in 

the & '2.- 2 'c+ transition of SrOD and the ratio of the perpendicular to parallel transition 

dipole moment was estimated. 
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C W T E R  4 

HIGH RESOLUTION LASER EXCITATION SPECTROSCOPY 

OF THE 3'4 - ?A, SYSTEM OF JET-COOLED C a m  

4.1 Introduction 

Studies on the CaN& radical date back to the early 1980s (1). Calcium vapor was 

rnixed with hydrazine (N&) in a Broida oven and a weak cherniluminescence was 

observed which was attnbuted to C a m 2  by cornparison with the isoelectronic molecule 

CaF. Using high resolution laser spectroscopy, a partial rotational analysis of the K, = 1 

sub-band of the 0: band of the C'A, - ?A, transition was camed out (2). C H 2  was 

found to be a planar molecule with Ch. syrnmetry in both states. Subsequently, CaNHl 

I and SrNH2 were also produced in a Broida oven by exciting the 'PI - So atomic transition 

of Ca or Sr in the presence of NH; (3). Low resolution spectra were recorded and the 

two broad features with maxima at 15 605 and 15 802 cm-' were assigned to the 

- 2' and Ezgl - F'A, transitions of CaNH2. A partial analysis of the 

0; A=B? - F?A, and the 0: B'B, - Z'A, band systerns were performed by using the 

supersonic-jet expansion technique and a pulsed dye laser (4). Limited by the resolution 

of the dye laser, however, the accuracy of the derived molecuiar constants were not very 

high. The most recent study on C m 2  was camied out by using supersonic beam 

expansion combined with a high resolution cw ring dye laser systern (5). The 2'4 - i' A, 
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band system was rotationally analyzed and the ground state dipole moment was 

detennined fiom the Stark effect. 

In this chapter, the high resolution andysis of the &3, - FA, and the 

C'A, - Z'A, band systems will be discussed. The spectrum was recorded using the 

supersonic molecular beam spectrometer. The y' = 1 - &" = O, Y' = O - Y" = 1 and y' 

= 2 - Y" = 1 çub-bands of the B'B, - X 2 ~ I  transition and the Y' = O - kW = O* Y' = 1 - 

&" = 1 sub-bands of the e2 A, - T'A, transition were recorded and analyzed. 

4.2 Experiment 

The experimental apparatus has been discussed in previous chapters. so that only 

specific details about this experiment will be provided here. A pulse of 532 nm radiation 

from a NdlYAG laser was focused ont0 a rotating calcium rod. Amrnonia gas was used as 

the reactant and diluted (5%) in argon. Afier the pulsed valve was opened. the 

ammonia/argon was mixed with the Ca plasma during the supersonic expansion into 

vacuum. 

A heavier carrier gas, argon, was used in order to get a lower rotational temperature, 

and the gas mixture travels more slowly than when helium is used. A time delay of 180 

ps was needed for the molecules travel 120 mm fiom the nozzle to the probe region. 

Kiton red dye at about 620 nm was used in the Coherent 699-29 laser. In this experiment. 
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skimmer and the plate between the two chambers was taken out because it was found that 

the home made stainless steel skimmer disturbed the molecu1a.r beam. The spectrum of 

SrOD discussed in the previous chapter was hotter than expected because of the skimmer 

and it was very difficult to see any signal when argon was used as the carrier gas. With 

the skimmer and the plate removed a very good spectrum was recorded when argon was 

used. 

With the help of previous work (6 )  three sub-bands: O - 1 (K,' = O - Ka" = 1). 1 - O 

(Kar = I - K," = 0) and 2 - 1 6,' = 2 - K," = 1) ofthe E'B, -?A, transition and the O - 

O (Kaf = O - K," = 0) and 1 - 1 (IGf = 1 - K i r  = 1) sub-bands of the C'A, -h, 

transition were easily recorded. The laser excitation spectrum of I2 was used to calibrate 

the absolute wavenumber scale. 

4.3 Results and discussion 

4.3.1 Electronic structure of CaNHz 

As discussed in chapter 3, the electronic energy structure of the calcium halides can 

be considered as that of a Ca' ion perturbed by the electric field of the negative haiide ion. 

The ground state of the C a m  molecule is essentidly a 4s atomic orbital and the low- 

lying excited state orbitals result fiom a mixture of 3d and 4p Ca* atomic orbitals. For a 

linear molecule such as CaOH, there are five low-lying excited electronic states ( 2 x 211, 

2 x 2 ~ ,  and 2 ~ )  (Figure 4.1). In case of C m ,  which has Cb syrnrnetry, the 2~ states 



CaOH CaNH, 

Figure 4.1 Correlation Diagram for CaNH, 
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correlate to *AI states, the orbitally degenerate states are split into 'B~ and 'B? states 

and 2~ states split into *A* and ' ~ 1  states. 

4.3.2 Reçults for the @B, - PA, transition 

C m  is an asymmetric top molecule with Ch symmetry, and the state has Bi 

symmetry, so that for the following integral to be nonzero 

,Ü must have b, symmetry, because y, has a bl symmetry and ys.r has a ai symmetry. 

Thus the transition should be a c-type transition and the selection mles are: 

A Ka = t 1 ( +1,*5,. . .) (4- 1 ) 

A & = O (k2,&4, ...) (4.2) 

A J = O ,  -+I (4.3) 

The possible sub-band (K; ,Kÿ)  transitions are O - 1, 1 - 0, 2 - 1, I - 2, 3 - 2, 2 - 3, etc. 

Because of the cooling of the supersonic jet, however, only the low K, value sub-bands O 

- 1, 1 - 0, and 2 - 1 were recorded since the nuclear spin statistics of the two hydrogen 

nuclei prevent Ka" = 1 from cooling into [Gu = 0. 

Figure 4.2 is the spectrum for the O - 1 sub-band which looks very much like a 'Z - 

*lI transition of a linear molecule. The rotational energy levels are depicted in Figure 4.3 

in which the standard N w .  notation (7) was used to label each energy level. For a K, = O 

manifold state, each rotationai level splits into two levels of the same total parity due to 



Figure 4.2 Y' = O to Y" = 1 Sub-band of the B2 B, - z2 A, Transition 



Figure 4.3 The Possible Transitions for the K, = (0, 1) Sub-band of the 

B, - X2 A, Transition 



I I I  
1.5 2.5 

Figure 4.4 Y' = 1 to K: = O Sub-band o f  the E 2  B, - 2' A, Transition 



Figure 4.5 The Possible Transitions for the K, = (1, O) Sub-band OF the 

& * B, - z2 A, Transition 



h 

Figure 4.6 K i  = 2 to Y" = 1 Sub-band of the E2 B, - x2 A, Transition 



w 
Q w Px, 'a: p~,:' 

Figure 4.7 The Possible Transitions for the K, = (2, 1 )  Sub-band of the 

E 2  B, - X2 A, Transition 



Table 4.1 Line for the Ka= (O - 1 )  sub-band of CaNH, 



Table 4.2 Lines for the K, = ( 1  - 0) sub-band CaNH, 



Table 4.2 Lines for the K, = (1 - 0) sub-band CaNHl (continued) 



Table 4.3 Lines for the K, = (2 - 1) sub-band F2 of CaNHz 

P N-l P, 3.5 
4.5 
5.5 
6.5 

R 'V-l RZ2 1.5 
2.5 
3.5 
4.5 

5.5 

6.5 
7.5 
8.5 
9.5 
10.5 
11.5 

1' P;t -- 3.5 
4.5 

5.5 
6.5 

R N R,, -- 1.5 
2.5 
3 -5 
4.5 

5.5 

6.5 
7.5 



Table 4.3 (2 - 1) subband FI 
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spin-rotation interaction. They are labeled as Fl or F2 according to whether I = N + 112 or 

J = N - 1/2. For a K, # O state, the spin-rotation interaction splits each rotational level 

into FI and F2 components and then each level splits into a closely spaced asyrnrnetry 

doublet. This pattern of energy levels results in 12 branches for the O - 1 sub-band. The 

notation for each branch, -A.JF;*~". follows the recommendations in Reference (5). 

Because some of the splittings are very small, not al1 of the possible branches are resolved. 

The measured and assigned Iine positions are listed in Table 4.1. 

Figure 4.4 shows the spectrum for the I - O sub-band. This sub-band is similar to O - 1 

2 sub-band and looks like a 'Il - Z transition with 12 possible branches. The energ level 

pattern is depicted in Figure 4.5. The Iine positions are listed in Table 4.2. 

The spectrum for the 2 - 1 sub-band is illustrated in Figure 4.6 and the energy level 

diagram is provided in Figure 4.7. In this case there is both spin-rotation and asymmetry 

splitting for the upper and lower energy states, and 24 branches are possible. They are 

designated using the sarne notation as for O - 1 sub-band but a right superscript, N" or N"- 

1, is used to indicate the Ki value. Only the resolved branches are listed in Table 4.3. 

4.3.3 Results for the C'A, - P'A, transition 

C a M 2  is an asymmetric top molecule with Chi symmetry, and the C çtate has AI 

symmetry, so that for the following integral to be nonzero 

J VA+ 
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ji must have al symmetry, because y, has bl symmetry and ty, has a, symmetry. The 

transition should be an a-type parallel transition and the selection niles are: 

A Ka = &O(B,k4,-..) (4- 1) 

A K, = 51 (+3,+5, ...) (4.2) 

AJ=O, fl (4-3) 

Therefore the possible sub-bands (K, ,Ki) transitions are O - 0, 1 - 1, 2 - 2, .. ., however. 

because of the cooling of the supersonic jet, oniy O - O and 1 - 1 sub-bands were 

recorded. The detailed analysis of this transition was camed out by Zulfikar Morbi (1  1) . 

4.3.4 Analysis 

Only transitions with small J values were recorded so the effect of centrifuga1 

distortions should be small, and the proton magnetic hyperfine interactions were not 

resolved. For the effective Hamiltonian operator only the rotational and spin-rotational 

interactions (8) need to be considered, 

where Hm, is the rotational Hamiltonian for an asymrnetnc rotor, including the effects of 

centrifuga1 distortion to the fourth power (9), 



which has the matrix elements given in Table 4.4, 

Table 4.4 Matrix elements for the non-ngid asymmetric rotor 
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In the coupled Hund's case (b) basis, I N J S K ) ,  the spin-rotation interaction Kr is 

represented in the A-reduced form as 

and the matrix elements are listed in Table 4.5 (9). The matrix elements of Table 4.5 rnust 

be added to those of Table 4.4, with J replaced by N to fom the complete spin-molecular 

rotation matrix. The Hm, terrn gives rise to matrix elements of the form AN = O, AK = 0, 

A 

&2 and M = O ,  whereas the H, tems gives rise to = O ,  AK = 0, i l ,  52 type matrix 

elements. 

The matrix elernents of al1 necessary J's and K's can be calculated using the matrix 

elements of Table 4.4 and 4.5. Diagonalizing the Hamiltonian matrix then gives the 

eigenvalues and eigenvectors. Fortunately a cornputer program was already wri tten to fit 

the data (10). A standard nonlinear least-squares fitting procedure was used to fit the 

observed line positions to obtain the molecular parameters. In the final fit the Y'A, 

rotational and spin-rotational parameters were fixed to the previously determined values 

(5). The fitted spectroscopie parameters are given in Table 4.6. 





4.3.5 Discussion 

As discussed in the previous section, the A 'B~  and the E'B, electronic states of 

Cab& correlate with the A ' l l  state and the ?'A, state correlates with the &' Z' state 

of the linear CaOH molecule (Figure 4.1). Al1 three of these states arises mainly frorn an 

atornic *P state of Ca-. In the "pure precession" limit, the C'A, state anses fiom a single 

unpaired electron in the 4po orbital of Ca+ aligned along the Ca-N bond, and the 2%: 

and the Ë'B, states can be considered to have the unpaired electron in Ca- 4p orbitals in 

and out of the molecular plane but perpendicular to the Ca-N bond, respectively ( Figure 

4.8). 

If there is no rotation of the molecule, there is no interaction between theA, and 

? states. In the rotating molecule, however, these electronic states interact by a 

mechanism analogous to Coriolis coupling between vibrational levels in a single electronic 

state. Rotation about the a-axis of the rnolecule couples the d ' ~ ~  and the B'B, states, 

rotation about b-axis causes interaction between the C'A, and E'B, states and rotation 

about c-axis causes interaction between C'A, and PB' states. The interactions caused 

by rotation will be discussed in the following sections. 



Table 4.6. Fitted spectroscopie constants for the low-lying 
eIectronic state of CaNH, ( cm-' ) 

15885.28204(11) 

14.4 l899(14) 

0.30 167(32) 

0.29 164(32) 

-7.6 194(20) 

-3.673(96)~ 1 O" 

7.9 l4(96)x 1 O" 

-2.050(38)~ 1 O-' 

-5.99(3 I )X I o4 

1.7 l(89)x 1 O-' 

6.9O( 1 3)x 1 O-' 

17375.16686(65) 

12-95 l27(86) 

0.30505 l(25) 

0.297964(25) 

0.9985( 1 1) 

-3.966(37)~ 1 O-' 

-3 .O84(27)~ 1 O-' 



A. a-axis rotation-electronic interaction 

The rotation about the a-axis is actually the rotation of two protons, and the 

interaction between this rotation and the orbital angular momentum of the atomic 'P state 

is the reason the electronic states couple together. 

Z 

When the N& group is not rotating, the A and Ë states will not interact and the 

orbital angular momentum of the 'P state is quenched in a molecule. As the NH2 goup 

starts to rotate, at first the pir electron will follow the motion adiabatically. As the 

hydrogens rotate faster and faster, the motion of the electron can not match the rotation of 

the NH2 group and will decouple from the nuclear frarne. In thiç case, the 2 and 

states will mix and a net electronic orbital angular momentum will be induced in each 

state. 

By analogy with the a-axis Coriolis and spin-orbit interaction Hamiltonian used in the 

"bent molecule" fonnalism for the Renner-Teller interaction of a triatomic molecule in a 

*Il state near the linear configuration, the following formula can be considered as a 

reasonable approximation of the interaction (6) 

Hm = -2AN,L, + AmL,S, (4-4) 

where A is the "true" value of the a-axis rotation constant, A" is the spin-orbit constant 

for the unperturbed parent 211 state. By replacing the angular rnomentum operators N,. L, 



c-qxis 
f 

B I  1 
1 

0 
0 

0 
a-axis 

O 

Figure 4.8 Orbital Structure of CaNH, 



and Sa by the corresponding quantum numbers, Ka, A and E, and letting E, and Eb be the 

2 and i? state energies, respectively, a 2x2 matrix for the Harniltonian can be formed 

Diagonalization of this matnx gives the pemirbed energy levels. For the A state ( to 

second order) 

+ 4.4 A" A' X,, 
+ ... , 

AE 
where A E = (Eb - Ea) and for the state, 

The effect of this interaction on the A and E,, spectroscopic constants was denved for the 

2 and states in the pure precession limit as 

where, A is the component of the orbital angular mornentum on the a-axis and hEB-, is 

the energy difference E@) - E(A) . In theçe formulas, the top sign refers to the 2 state 

and the lower to the B state. A should be the same for both states, therefore 
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and from the spectroscopic constants in Table 4.8, we have 

A = 12.93 cm-' 

AE = 420.9 1 cm-' 

By substituthg these values into formulas (4.7), we have 

A -  1 

A" = 67.03 cm-' 

For a pure 'Il parent, the value for A should be unity and the above prediction gives a 

value very close to 1. The value for the spin-orbit constant A" = 67.03 cm-' is consistent 

with the measured values of 71 and 67 cm-' for CaF and CaOH, respectively. These results 

indicate that the "pure precession" approximation can be used to explain the a-a.xis 

rotation electronic interaction almost perfectly. 

B. End-over-end rotation-electronic interaction 

Z 

In a similar fashion as in the case of the a-axis rotation, interactions between C and 

Ë states, and the interactions between C and 2 states were derived in the pure 

precession limit (1 1): 
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where I is the electronic orbital angular momentum quantum number ( 1 for p orbitals). In 

formulas (4.9), the top sign again refers to the lower of the two states (i-e., to the 

Z 

states in the E, formula and to the A state in the E, formula). In the pure precession 

- 5- 

lirnit, E, = O in the C state, gbb = O in the A state and E, = O in the B state. Using 2 

=1, A" = 67 cm' and the band origins for the different states, the pure precession 

predictions for the E, , E, and E, are listed in Table 4.7. 

Comparinç the pure precession predictions to the observed values, the predictions 

for E,, are veiy close, however the prediction's for E,, and E, are not as çood. The 

pure precession mode1 can be used as a usehl tool to predict some spectroscopic 

constants in advance of a high resolution analysis. 



Table 4.7 Pure precession prediction (cm") for C m  

State (To) %b &cc 

pred. obs. pred. obs. pred. obs. 



4.4 The molecular structure of C a m  

Although three rotational constants, 4 B and C are obtained from the measured 

spectra, it is stili not possible to derive al1 three jeometricd parameters, rh~l and 

0,. For a planar molecule like C a m  1, = 1, + I b  so that only two independent 

çeometrical parameters can be determined for each state. In order to obtain an ro structure 

the rotational constants of another isotopomer, such as C a m 2 ,  has to be analyzed. For 

the moment since we do not have the spectra of CaND2, we can only make some 

approximations. It is a reasonable approximation to constrain the value of rh1.71 to that of 

?W2 and to assume that the molecule is planar (5). In this way the çeometrical constants of 

the ground states can be derived. When rs~1.025 A was used, rCJb=2.122(6) A and 

8 kbw=106.00. 

4.5 Conclusion 

In this chapter, the analysis of the 0 -1, 1 - O and 2 - 1 sub-bands of the C a m 2  

E'B, - .?A, transition and the O - O and I - 1 sub-bands of the C a m 2  C'A, - T'A, 

transition are discussed. Observed line positions are fitted by a nonlinear least squares 

fitting procedure. Very good molecular constants are obtained. 

Because the B'B, - PA, transition is a perpendicular transition, the spectrurn was 

well resolved, and the line positions can be easily assigned. For the C'A, - Z'A, 
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transition, however, because it is a parailel transition, the Iines fiom different sub-bands 

are overlapped with each other and the analysis of the spectrum is much more difficult. 

The geometrica! structure of the CaN& rnoIecule is also determined. The small 

moment inertid defect (A = G -1, -4) shows that C w  is basically a planar molecule. 
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CHAPTER 5 

LASER EXCITATION SPECTROSCOPY OF SrNH, 

5.1 Introduction 

In the previous chapter calcium monoamide was studied, in this chapter we will 

discuss the spectroscopie study of the strontium amide radical, SrNH,. Just like in the 

calcium amide case, the electronic structure of SrNH, can be pictured using a one electron 

model. However, because strontium is heavier than calcium, the bonding may be slightly 

different. It is interesting to find out how CaNH, and SrNH, differ from each other. 

The earliest work on the strontium amide was carried out by D. O. Harris and CO- 

workers. They observed cherniluminescent emission from SrNH, and CaNH, (1). The 

B'B, -X'A, and A'B, - X 2 ~ ,  transitions of SrNH, were rotationally analyzed (2). The 

rotational constants for the A'B, -Z*A, transition were successfully obtained, however, for 

the E'B, -?A, transition, the spectnim was dificult to analyze because of a perturbation. 

In this chapter the rotational analysis of the C 2 ~ ,  - X 2 ~ ,  transition will be discussed. 

The E 2 ~ ,  -Z*A, transition is a parallel transition, and the different K sub-bands are 

overiapped, making the analysis dificult. In a supersonic beam, only the Kr = O to K" =O 

and Kt = 1 to K" =1 sub-bands are seen. 



5 -2 Experimental 

The expenment was also carried out with the supersonic molecular beam 

spectrometer. The conditions are almost the same as those described in the previous 

chapter except that a strontium rod was used instead of a calcium rod. The spectra were 

recorded by using both Ar and He as the carrier gases in order to obtain spectra at 

different temperatures. Kiton red dye centered at 620 nm was used for the cw 699 - 29 

ring dye laser. 

5.3 Results 

The laser excitation spectrum of the C'A, -?A, transition of the SrNH, is shown in 

Figure 5.1. The top spectrum was recorded with Ar was used as a camer gas while the 

bottom spectmm was recorded with He. It is clear that even when He was used the 

spectrum was cooled very effectively. The rotational temperature of the Ar spectrum was 

about 10 K. More lines were recorded in He, but the spectmm looks much the same. The 

line positions are Iisted in Table 5.1. 

The spectnim looks simple at first glance, but the assignment is not so easy because 

al1 the lines from the different K sub-bands and the different spin cornponents overlap 

each other. The spectnun spreads out when the J value increases, but the lines from 

vanous branches are mingled together. This overlapping of lines is the main difference 



Figure 5.1 Spectrum of C'A, -?A, Transition of SrNH, 



Table 5.1 Line positions for the C 2 ~ ,  -?*A, transition of SrNH, 

.l Observed v, - v, J Observed v, - v,, 



Table 5.1 1 continued) 
J Observed V~ - va, J Observed v, - v,, 



Table 5.2 Fitted spectroscopie constants for the low-lying 
electronic statsof SrNHz ( cm" ) 

Too 

A 

B 

C 

saa 

Ebb 

&cc 

AK 

ANK 

AN 

Fixed to the values of reference(2). 



86 

between parallel and perpendicular transitions. A relatively weak Q branch was 

recorded at around 15873 cm". The line positions were fitted using the model descnbed 

in the previous chapter with the ground state constants fixed to that of reference (2), and 

the molecular constants are Iisted in Table 5.2. 

5.4 Discussion 

The anaiysis procedure was given in the previous chapter, so that only the difference 

between the parallel and perpendicular transitions will be discussed here. 

The molecular constants of the .?B~ -.Y%, transition derived by Brazier and those of 

the ?'.dl -.?-I, transition obtained in Our work are listed in Table 5.2. The molecular 

constants predicted by the pure precessing mode1 for al1 three transitions are listed in 

Table 5.3. 

From Table 4.5, the diagonal matrix element of the spin-rotation part of the 

Harniltonian is: 

( N K S I I H ~ I N K U )  = - r ( N X J ) /  2N(N + ~) ] {E ,K '  + (gbb  + EJ 

x [ N ( N  + 1) - K'] / 2) 5.1  

The K dependent term is proportional to and from Table 5.3, the value of the 

?'A, state is predicted to be O by the pure precession model. The values of E,, and cCc are 

also relatively small so that the spin-rotation part of the Harniltonian is much smaller in 
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the C'.-I~ state than in the .?& and B'B, states. In the 2'- and E'B, states a big . E ~ ~  value 

and the selection mle AK = tl causes the spectrum for different K sub-bands to be shified 

away From each other. Thus we see a very well resolved spectrum for the d2& -?4, and 

b ' ~ ,  -.\-4, transitions and a very dense spectrum for -?-I, transition even under 

rnolecufar beam conditions. 

Table 5.3 Pure precession predictions in (cm-') for S r w  

State (T,) Em Ebb &cc 

pred. obs. pred. obs. pred. obs 



5.5 Molecular structure 

As in the CaNH, case, the ground state molecula. structure of SrNH, can be 

estimated by fixing the NH bond length to the value found in NH2. Using r,,=l .O25 A as 

denved for NH,, gives r,,,= 2.25 1 1A and 8-=IO2.19". The inertial defect, A. is 0.23 

arnu A'. For cornparision, the molecular geometries of CaNH, and SrNHz are listed in 

Table 5.4. The Sr-N bond length is greater than the Ca-N bond length because the Sr 

atom has a larger diameter than Ca. The ground state moment of inertial defect for 

SrNH, is bigger than that for CaNH?. Table 5.4 also lists parameters for the excited states 

of CaNH,. The values for the 2 and states are calculated by using the average value of 

the A rotational constants denved fiom the andysis. We can see that the Ca-N bond 

length and H-N-H bond angles are very similar for the different states but the moment of 

inertia defects shows considerable variation. For the Ë state, a large A value of 0.618 is 

obtained because of the interactions between 2, BI and C states. Averaging the A 

constants for 2 and states has only partly corrected for these interactions. For SrNH?. 

the constants for the C state differ considerably from those of the ground state. 

suggesting that these may be a problem with the fits. 



Table 5.4 Molecular structure of SrNH, 

Molecule State r, " /fi r or r / 8 , A/arnu A2 

" fixed. 

5.6 Conclusion 

In this chapter the work on the C'A, -?A, transition of SrNH, is described. Because 

of the cooling effect in the supersonic bearn, only the O - O and 1 - 1 K sub-bands were 

recorded which rnakes it possible to analyze a very dense spectrum. From the geometrical 

structure we see that SrNH, has a slightly bigger moment of inertial defect than CaNHz 

but since the defects are relatively srnall, we can Say that both are planar molecules in 

their ground States. 
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CHAPTER 6 

HIGH RESOLUTION LASER EXCITATION SPECTROSCOPY 

OF CALCIUM MONOMETHOXIDE CaOCH, 

6.  l Introduction 

The interaction of metals with organic molecules is very importa .t in the 

development of modem chemistry. A large number of alkaline earth metal-containing 

Free radicals have been studied using the technique of laser excitation spectroscopy. 

These molecules were made by reaction of alkaline earth atoms (Ca Sr. Ba) with alcohols 

(1, 2), carboxylic acids (l), isocyanic acid (3), cyclopentadiene (4). metal alkyls (5). 

amines (6),  and acetylene (6,  7). The free radical product molecules were formed by 

combining one alkaline earth metal atom and one ligand group. 

Laser excitation spectroscopy of the alkaline earth monomethoxides was first 

carried out for SrOCH, (S), using methyl nitrite (CH,ONO) to react with gas-phase 

strontium atoms. Only low resolution spectra were recorded and a vibrational analysis of 

the A'E-?A, and Z2a, -X*A, transitions were reported. Later, a high resolution 

s p e c t m  of the O - O band of the A L ~ - Z 2 ~ ,  transition of SrOCH, was recorded by 

combining laser excitation spectroscopy and narrow band fluorescence detection in a 

Broida oven (9). In this experiment methanol was used instead of methyl nitrite in the 
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reaction and a second laser was used to excite the strontium atom to the first excited j ~ ,  

state. 

In this chapter, a preliminary high resolution analysis of the 

2% -b2~,  transition of CaOCHl will be reported. Because CaOCH, should have the 

same structure as SrOCH,, the Ca-O-C bond angle should be 180" (9), which will give a 

prolate symmetric top molecule with C,, symmetry. The off-axis hydrogens in CaOCH, 

do not perturb the spin-orbit coupling in the d'b state, so that a spin-orbit splitting 

similar to the value of 65 cm" for the corresponding ;i2 n state of CaOH is espected. 

6.2 Experimental 

The CaOCH, expenment was also camied out in the supenonic molecular beam 

spectrometer described in previous chapters. Ca metal was vaponzed by the 532 rn 

radiation from the Nd/YAG laser. About 60 psi of Ar or He was used as carrier gas to 

bubble through liquid methanol. After the pulsed valve was opened the methanol mixed 

with the Ca plasma during the supersonic expansion into the vacuum. 

Because of the spin-orbit splitting in the excited state, two spin components should 

appear, Le. 2 ~ , , ,  and 'E,,, , in the A 2 ~  state. From the low resolution spectrum 

recorded by Brazier and coworkers, the transition to the A'E,,, component should be at 

around 159 17 cm-' and A2 E,,, at 15982 cm*'(2). From our expenment, two very strong 



15880 15885 
Wavenumber (cm") 

Figure 6.1 Spectnim of A' E,,, -29, Transition of CaOCH, in He 



15885 15886 15887 

Wavenum ber (cm") 

Figure 6.2 Spectnim of A2~,,, -F%, Transition of CaOCH, in Ar 



Figure 6.3 Spectrum of A'E,,, -?A, Transition of CaOCH, in Ar 
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features around 15886 and 15954 cm-' were recorded and assigned as transitions to the 

2' E ,, and A 2  E , ,  spin components, respectively. 

6.3 Results 

The branch pattern for a Hund's case (a) 'E - *A, transition is similar to that for a 

case (a) 'n - 'x+ transition but complicated by the presence of multiple sub-bands due to 

K rotational structure. Each spin-orbit component of the 'E state has six branches, 2P. ZQ 

and 2R which have line spacings of approximately -3B, -B(2 branches), +8(2 branches), 

and + 3B at low J. The selection d e s  are AK = + 1, AJ = 0, +1. In our case only the O -1. 

1 - 0, and 2 - 1 K sub-bands were recorded because of the cooling in the supersonic 

beam. 

The high resolution spectrum of the 'E,, - 'A, transition of CaOCH, recorded in He 

is shown in Figure 6.1. The spectrum is not well resolved in the P branch -B region 

(15885 cm-') because in He the rotational temperature is above 200 K, so that the 

different K sub-bands are overlapped. Thus a band head forms at 15884 cm-'. Another 

complication is that the sub-band origins are almost the sarne for the different K sub- 

bands(l0). In the -3B region, the s p e c t m  is well resolved, and is easily assigned. When 

the same spectrum was recorded in Ar, Figure 6.2, the lines are resolved even in the -B 

region because the rotational temperature is about 10 K. However, the -3B lines are 

missing fiom the cold Ar specti-urn, so both spectra were used in the analysis. 



4 s  *S X 'L+ 2( 'A, X 2 ~ ,  

Ca+ CaOH CaNK CaOCH, 
c,, C2" C3" 

Figure 6.4 Correlation Diagrarn 
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The spectnun of 2 ~ 3 n  - 'A, transition of CaOCH, was also recorded, Figure 6.3. Due 

to the complexity of this spectnim, it was not possible to make any assignments. 

6.1 Discussion 

A. Electronic Structure 

The A 2 ~ - , Y i ~ ,  transition is andogous to the AL n - h +  transition of the linear 

CaOH and the correlation diagram is pictured in Figure 6.4. Ca has two valence electrons 

and when Ca and OCH, are combined to f o m  a bond, one of the Ca valence electrons is 

given to O and this results in a very ionic bond between Ca' and -OCH,. There is one 

nonbonding valence electron centered on Ca' . When this electron is in the 4s (a,) orbital. 

one obtains the ground electronic state, Z'A,? while if tliis electron is promoted to the 

excited orbitals(e, a, etc.) one obtains the low-lying electronic states, A'E,  FA, and 

C'E etc.. 

In the 'E state, the total electron spin angular momentum S, the orbital angular 

momentum L, the rotational angular momentum R, and the total angular momentum J 

can be considered to be quantized along the top a-axis in the rnolecule-fixed a.xis system. 

For the A state this is analogous to the Hund's case (a) limit for diatomic molecules. The 

separation of 65 cm-' between the 'E,, and the 'E,, spin components is about the sarne as 

the spin-orbit splitting of the CaOH, consistent with a 'E state that is belongs to Hund's 
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case (a). Figure 6.5 shows Hund's case (a) coupling for the 'E state where the 

projections of N, S and J along the prolate top axis are represented as K, Z. and P, 

respectively, with P = K + X. The projection of L on the top axis is r d ,  where d is a 

Jahn-Teller quenching parameter. 

When the Jahn-Teller effect is weak, t;d correlates to A of the linear CaOH 

rnolecule with A = + 1 for the corresponding 2 electronic state. In this case, d - & 1 and 

L;, is also close to 1, and the spin-orbit energy formulas are 

Es, = AAZ, where A = 65 cm-' for CaOH 

and 

Es, = a LdZ, where a &d = 67 cm-' for CaOCH, 

The Jahn-Teller effect for the 'E state of CaOCH, is small. 

B. Rotational structure 

CaOCH, is a prolate symmetnc top rnolecule and the N' fonn of the rotational 

Hamiitonian will be used (18, 19,23), 

f î = H , + f i , + H , , + H , ,  

for the 'E state and 

fî=fi,+Eî,,+ fi, 

for the *A, state, where 



Figure 6.5 Hund's Case (a) Coupling for a *E State 



il,= ( A - B ) N ~ + B N ~  

is the rotational part, 

A, = - D,N' - ~ , f i * N ;  - D,N: 

is the centrifuga1 distortion part, 

Am, = - ~ A N , I ,  + rl ,N2NzLz + qKN: L,  

is the first-order electronic Coriolis interaction term, 

A CI 

A,, = aL,S, 

is the spin-orbit interaction term, 

fi,, = E,N,S, + %(E,, + E,J( N - s -  + NB.) 

is the spin-rotation interaction term with 

fi= j - g  

defined as the total angular momentum without spin and 

N , = j z - i z  

is the projection of the total angular momentum along the top mis. 

The Hund's case (a) 'E, - 'A, transition should have a sirnilar branch pattern as a 

'El - 'L transition but complicated by the presence of multiple sub-bands due to the K 

rotational structure. There are six branches spaced by approximately - 38, - B (2), + B 

(2), and + 3B at low J. The -B and + B branches are doubled due to the spin-rotation 

interaction in the ground state but we were not able to resolve this sptitting because only 

low J lines were recorded. 



Figure 6.6 is the energy level diagram for the K' = 1 to K" = O sub-band transition. 

P, and QI, are the -B branches and they are not resolved. QI is the +B branch, PI2 the -3B 

branch and R, the +38 branch. The first line in -B branch is Q,,(O.S) and the first Iine in 

+B branch is Q,(O.S) and there is about a 2B interval between them. For the -3B and +3B 

branches the first lines are Pl,(1.5) and R1(0-S), respectively, and there is band gap of 

about 9B at the origin. 

Figure 6.7 is the energy level diagram for the K' = O to K" = 1 sub-band transition. 

ï h e  energy levels for this transition are very similar to that of the K' = 1 to K" = O sub- 

band transition except that the Ql(0.5) line is missing from the spectrum because the 

ground state N starts at 1. The band gap spacing between the two first lines is about 33. 

Figure 6.8 is the energy level diagram for the K' = 2 to K" = 1 sub-band transition. 

In this transition two lines ( Q,,(0.5) and Q,(0.5)) are missing from the spectrum and this 

make the band gap between two first lines about 4B. 



Figure 6..6 Energy diagram for the K' = 1 - K" = O (Ka O - 0) sub-band of 
2 E - A, transition, where Q,, and P, are the -B branches, 

Q, and R,, are the +B branches, P,, is the -3B branch and 
Ri is the +3B branch. 



Figure 6.7 Energy diagram for the K' = O - K" = 1 (KR= 1 - 1) sub-band of 
2 2 El, - Al transition, where QI, and P, are the -B branches, 
QI and R,, are the +B branches, P,, is the -3B branch and 
RI is the +3B branch. 



Figure 6.8 Energy diagram for the K' = 2 - K" = 1 (KR= 1 - 1) sub-band of 
'El, - 2 ~ 1  transition, where Q,, and Pl are the -B branches, 
Q, and RI, are the +B branches, P,, is the -3B branch and 
R, is the +3B branch. 



The spectrum of the lE,, - 2 ~ ,  transition in Ar is shown in Figure 6.2, only the low I 

lines of the +B and -B branches are seen in this region and the +3B and -3B branches are 

weak. Figure 6.1 Shows the s p e c t m  recorded in He for the sarne transition. The 

spectrum close to the band origin is very dense and there is a very strong band head 

caused by the overlapping of the different sub-bands. To the lower wavenumber side of 

the band head are some well resolved lines, assigned to the -3B branches. The observed 

transition wavenumbers used in the fit are iisted in Table 6.1 and the molecular constants 

detennined from the fit are given in Table 6.2. 

6.5 Conclusion 

The 'E,, - 'A, transition of CaOCH, was rotationally analyzed for the first time. The 

high resolution spectnim was recorded using the supersonic bearn spectrometer. 

Preliminary molecular constants were obtained with a nonlinear l e s t  squares fitting 

program. The Jahn-Tek  effect was found to be small in die A'E state. 



Table 6.1 Observed lines for the A'E -X*A, transition of CaOCH, (cm-') 



Table 6.1 (continued) 



Table 6.2 Molecular constants for the O - O Band of 
A 2 ~  -2.4, Transition of CaOCH, (cm") 

constants Z2a, 
A 5.18511" 
B 0.1 173(49) 
DK 0.02(90) 
Em -0.00 178" 
Ebb + Etc 0.00 1586" 

" Fixed to the value in Reference 9 
Fixed to the value of CaOH 
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