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ABSTRACT 

Metal containing molecules were studied in the gas phase. These compounds 

were synthesized in a Broida-type oven by the high temperature reaction between metal 

atoms and appropriate oxidants. The laser-induced fluorescence technique was 

employed to detect the products from these reactions. These inorganic molecules, 

consisting of a metal atom bonded to a single ligand, are ionic and can be represented 

by the structure M+L- (M = Ca, Sr, Ba and Cu). 

The BaOH and BaOD molecules were studied at low resolution. The band 

origins were found and the vibrational assignments were carried out for the A2II_X2~+ 

transition , which has been previously seen. The nominally forbidden A' 2Ll_X2~+ 

transition was observed for the first time for alkaline earth polyatomics. Three 

electronic transitions were detected for the metal monohydrosulphides and metal 

monothiolates. The spectra are consistent with a bent Ca-S-R structure. Some Ca-S and 

Sr-S stretching frequencies were determined from the spectra. 

The lilA" - XIA'transition of CuOD molecule was rotationally analyzed at high 

, " resolution using the filtered laser excitation technique. Rotational lines up to K ,K 

= 7 sub bands have been measured. Molecular constants were obtained for the ground 

and excited states by fitting these lines to a asymmetric rotor Hamiltonian. These 

constants will be helpful for assigning the red systems of CuOH and CuOD. 

The emission spectra of boron containing compounds, BC, BH and BD, were 

recorded using a high resolution Fourier transform spectrometer. These compounds 

were made in a B.C/Cu composite-wall hollow cathode lamp. The B·~--X·~- transition 

of BC was observed near 17900 cm-l. The ground state internuclear separation was 

found to be 1.488A. The rotational constants for different vibrational levels were 

obtained from fitting the rotational lines. The A lII_XI~ transition was analyzed for BH 
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and BD in order to find accurate rotational line positions and precise molecular 

constants. The rotational lines of BH were fit to a Dunham-type expression and 

equilibrium molecular constants were obtained. The vibrational levels of the A In state 

are very anharmonic. During the course of the study of BD, the A 1~+ _Xl~+ transition 

of CuD was also observed. This spectrum contained rotational lines from both 6sCuD 

and 65CuD isotopomers and improved molecular constants were obtained by the analysis 

of the data. 
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CHAPTER 1 

INTRODUCTION 

Generally speaking, small, polyatomic, metal-containing molecules are classed 

as high temperature molecules. Hence, it is not too surprising that their spectra were 

first observed when salts of the metals were added to flames. These studies were first 

carried out by the pioneering workers in the field of spectroscopy, Talbot, Herschel, 

Bunsen and Kirchhoff (I), whose research at that time was the first attempt to utilize 

spectral observations for chemical analysis. One result of their work is qualitative 

elemental analysis of flames, which is known to every introductory chemistry student. 

However, this is not the ultimate goal of a spectroscopic investigation. The primary 

objectives of a spectroscopic investigation are the identification of the molecular 

species which give rise to the spectra, the electronic states which participate in the 

transition, the structure of the molecular species, and the detailed energy level structure 

of the observed electronic states. The spectra recorded in early days exhibited very 

complex and badly overlapped band structure, hence detailed analyses were not possible 

and none of the objectives of a spectroscopic investigation were capable of being 

addressed. 

The invention of the laser has brought about a drastic change in molecular 

spectroscopy, although progress was rather slow in the beginning. This is perhaps due 

to the fact that molecular studies need versatile light sources, but most early lasers were 

rather limited in many respects, including wavelength coverage. 



16 

In the visible region the laser spectroscopic study of metal-containing molecules 

was initiated with the observation of fluorescence induced by an Ar+ laser, for example 

the A 1~+_XI~+ transition of BaO observed by Sakurai et al. (2). The development of the 

dye laser has significantly changed spectroscopy in the visible and UV regions. A large 

number of publications have already appeared on applications of this light source to 

molecular spectroscopy. 

Interferometers are particularly useful in the infrared where the performance 

of grating instruments is limited by the sensitivities and noise characteristics of the 

detectors used. The interferometer has the advantage that the complete spectral region 

is sampled all the time in contrast to a scanning spectrometer which samples only a 

small region at anyone time. The interferometer normally has a greater aperture and 

hence greater throughput than a grating instrument (the Jacquinot advantage), and also 

the detector noise contributes only to the signal for the complete spectral region and not 

to each individual spectral element (the Fellget advantage). Some of the additional 

advantages are: very large resolving power (modern interferometers can provide 

resolution of 0.001 em-I), high wavenumber accuracy, vastly reduced stray or unwanted 

flux problems, fast scanning time, which increases the probability of successfully 

completing an experiment, and large wavenumber range per scan. Frequencies and 

intensities are automatically provided by the Fourier transform process and are usually 

more internally consistent than measurements made with grating instruments. In the 

UV region the interferometer gives essentially the same performance as a grating 

instrument. In principle it should be possible to detect weaker signals with the 

interferometer than with a photographic instrument, but in practice the latter has the 

advantage in that very long exposure times (days) or very long path lengths can be 
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employed if necessary to detect weak emissions or a bsorptions. The most serious 

disadvantage of the interferometer is that it requires a reasonably steady emission 

source. 

The applications of Fourier transform spectroscopy or interferometry in science 

and industry are extensive. The usefulness and the simplicity of the technique has 

helped in almost every field in which the spectroscopist has ventured and has opend up 

more new areas. It has fared better in most instances than conventional techniques in, 

for example, environmental problems, liquid-phase studies, solid-state studies and 

astronomical measurements. 

Many new unstable or highly reactive gas phase molecules are discovered every 

year. Stable molecules are being reanalyzed at higher resolution and with greater 

accuracy. This is due largely to the combination of the new molecular sources and 

sensitive instruments. 

The metal-containing compounds discussed here (Chapters 3-5 and 7) consist of 

a single metal atom (M), bonded to a single ligand, with a representative structure ML. 

They serve as models for important molecules in a variety of areas including synthetic 

chemistry, biochemistry, materials science and surface science. The study of a single 

metal with a single ligand is the simplest version of the more complex multiligand and 

multimetal compounds created by inorganic chemists. For example, Grignard reagents 

(organomagnesium halides) are probably the most widely utilized organometallic 

compounds in organic synthesis. Many industrial processes involve heterogenous 

catalysis on surfaces. Simple gas-phase molecules serve as models for surface radical 

intermediates. The active sites for many biological processes involve metals such as Mg, 

Cu and Zn. The photosynthetic mechanism of green plants utilize a Mg2+ ion 

coordinated by H 20 and various porphine derivatives in chlorophyll. In photosynthesis, 



18 

there is evidence from ESR spectroscopy for complex free radical intermediates, for 

which MgOH may serve as a model for the photoexcited active site. Metal-ligand 

interactions are of vital importance to the chemistry of life processes. 

The metal hydroxides (MOH) molecules are, perhaps, the most important 

polyatomic metal-containing molecules. The MOH molecules are simple enough so that 

comparisons with the isoelectronic diatomic metal fluorides, MF, are very helpful. 

Since they are polyatomics,the MOH molecules are the key to understanding the more 

complicated metal derivatives. 

1.1 ALKALINE EARTH METAL MONOHYDROXIDES 

The prism spectra of alcohol flames seeded with alkaline earth salts were first 

observed by Herschel in 1823 (I). Later the carrier of these emission bands were 

assigned to alkaline earth monohydroxides by James and Sugden(3). The same authors 

suggested that the emission observed near 5000A for flames containing Ba consisted of 

both BaOH and BaO. BaOH was found to have two bands in the green at 4870 and 

5120A as well as regions of intense emission in the red and infrared at 7120-7580A and 

7830-8390A respectively (4). Haraguchi et al. (5) showed that the overlapping emission 

from BaO, BaOH and BaCI in the 4800-5320A region could be selectively excited by 

laser excited molecular fluorescence spectroscopy. 

Alkali and alkaline earth monohydroxides are formed in flames (6) and stellar 

atmospheres (7,8). It has been proposed that alkaline earth monohydroxides are formed 

in the upper atmosphere (9) from metals and ions released either by man (10) or by 

ablation from meteors (11,12). These radicals might also be found in the interstellar 

medium where they could be produced by metal cluster ion-electron recombination (13) 
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or metal ion reactions on the surfaces (14). 

A large number of experiments have been carried out to study the reactions 

between alkaline earth metal atoms and water. Infrared spectra of some matrix-isolated 

alkaline earth monohydroxdes were observed by Kauffman et al. (15). They discovered 

the formation of MOH by codeposit ion of metal and water in an argon matrix with 

prolonged UV photolysis conditions for Sr and Ba. The electron spin resonance (ESR) 

spectra of BeOH and MgOH have been analysed by Brom and Weltner (16). These 

spectra could be interpreted as arising from linear, ionic species (M+--OH) with the 

unpaired electron mainly residing on the metal. Theoretical work (17) also supports 

these observations for BeOH and MgOH. 

In addition to flame sources, the MgOH and MgOD molecules were made in an 

electric arc through water with magnesium electrodes (18) or in a King furnace by 

heating MgO (19). The A2n-x2~+ transition of CaOH (20) and the B2~+_X2~+ system 

of SrOH (21) were recorded and analyzed under high resolution in a Broida-type oven 

(22) with the use of laser excitation spectroscopy. CaOH and SrOH were found to be 

linear in the ground and excited electronic states. Additional work on CaOH (23,24) 

and SrOH (25) was done using laser excitation and Fourier transform emission 

spectroscopy. Kinsey-Nielsen et al. (26) rotationally analyzed the B2~+_X2~+ transition 

of BaOH and BaOD at high resolution. 

The 2n and the 2~+ states are the only experimentally known low-lying electronic 

states for monohalides and monohydroxides for Ca and Sr. In the case of BaCI, the 

lowest energy excited state has been shown to be a 2/l state (27). Similar metastable 2/l 

states have recently been identified in the laser-induced spectra of BaH and BaD (28). 

High resolution infrared Fourier transform emission spectra recorded by laser 
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excitation to c2rr states of BaI (29) and BaF (30) yields C2rr_A,2/j. fluorescence. The 

discovery of 2/j. state for Ba halides suggests that the lowest-lying excited electronic 

state for isoelectronic BaOH is also A' 2/j.. The analyses of A-X and A' -x systems of 

BaOH and BaOD is described in Chapter 3. 

1.2 ALKALINE EARTH METAL THIOLATES 

The interaction of metals with sulfur containing molecules is an important area 

in inorganic chemistry (31). Many studies have been made on thiolates (RS-) because 

they have provided models for related natural sulfur-containing compounds which 

occur, for example, in the active sites of proteins. 

Sulfur bonded ligands with Zn and Cd have been known for a long time. These 

compounds are studied partly because of the biological importance of the elements and 

partly because zinc dithiocarbamate and related compounds act as accelerators in the 

vulcanization of rubber by sulfur. The sulfide anions of Zn, Cd, [M(Ss)2]2-, can be made 

by interaction of the acetelates with alcoholic polysulfide ions as the NEt/ salts (32). 

Mononuclear thiolates are formed by ions such as Zn2+, Cd2+, Mn2+ and Fe2+, for 

example [Fe(SPh)4]2-(33). 

Ag(I) and Au(I) thiolates, dithiocarbamate ions, thiocyanates, thioureas and 

thioethers are also known. Gold(I) thiolates such as thiomalate (mercaptosuccinate) and 

glucothiose have been in clinical use for the treatment of rheumatoid arthritis for over 

forty years. They exist as linear and cyclic oligomeric or polymeric species (34). It has 

been shown that aurothiomalate has a variable oligomeric structure in solution 

depending on the ionic strength and pH (35). 
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Study of several molybdenum-containing enzymes have shown that sulfur atoms 

play an important role in the coordination sphere of the molybdenum atom (36,37). The 

same also applies to nitrogenase, where it has been pointed out that a Mo-S-Fe cluster 

is probably present at the active site, with the immediate environment of the Mo 

consisting exclusively of sulfur atoms. 

Although action of H2S on metals commonly gives insoluble sulfides, some 

complexes of H2S are known, although they may be readily oxidized to sulfur or 

deprotonated to SH- complexes (38). 

All the above experiments were carried out in solution. No experimental work 

can be found in the literature regarding gas-phase alkaline earth metal thiola tes. The 

smallest members of the alkaline earth monothiolate (M-SR, M = Ca, Sr) series are the 

triatomic hydrosulphides (R = H). The synthesis and the laser excitation spectra of Ca 

and Sr thiolates are discussed in Chapter 4. 

1.3 TRANSITION METAL MONOHYDROXIDES 

Transition metals playa very important role in chemistry. In recent years, high 

resolution electronic spectroscopy of homonuclear and heteronuclear transition metal

containing diatomic molecules has drawn a lot of attention. However, very little work 

has been carried out on related polyatomic molecules. 

It is thought that the green color of flames containing copper salts was due to CuOH 

emission (39). This emission in flames were recorded by Eder and Valenta (40), Singh 

(41) and Bulewicz and Sugden (42). Isotopic substitution work by Javanovic and Pestic 
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(43) in an arc confirmed that these bands belong to CuOH. In a hollow-cathode 

sputtering source, Trkula and Harris (44) produced CuOH in the gas phase by the 

reaction of Cu atoms with H20 2 or H20 vapor. They carried out a rotational analysis 

of the 000-000 band of the Ji1A"-X1A' green system using laser excitation spectroscopy. 

Both CuOH and CuOD were found to be strongly bent in both the ground and excited 

state. The rotational energy levels were well described as those of a near prolate 

asymmetric top with an asymmetry parameter, Ie, of about -0.998. Chapter 5 describes 

the high resolution work on CuOD. 

1.4 TRANSITION METAL HYDRIDES 

Recently there has been a revival in the experimental and theoretical interest in 

metal hydrides. Ab initio prediction of the properties of transition metal hydrides has 

also been quite successful (45). Transition metal hydrides are the simplest model 

systems for the complex molecular species which occur in catalytic hydrogenations on 

metal surfaces (46,47). 

The A l~+ -X l~+ transition of CuD near 4300A was previously record by Heimer 

(48), Jeppesen (49) and Ringstrom (50). Many of the excited vibrational levels of the 

A l~+ state are perturbed (50) and, for CuH, display some evidence of predissociation 

by a 3~+ state (51,52). Since there was confusion about the assignment of the electronic 

states in CuH, Ringstrom (50) recorded the absorption spectra of CuH and CuD in the 

region 3300-3900A. Transitions to A l~+, B3IIo+, CI, cl and a3~+ states for CuD were 

seen in this spectrum. 

The CuH molecule is of astrophysical interest. Hauge (53) observed the A l~+_ 

Xl~+ transition in the spectrum of a sunspot. CuH was also tentatively identified in 
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the spectrum of the star 19 Piscium (54). 

1.5 BORON CONTAINING COMPOUNDS 

There has been increased interest in the properties of borides and carbides. 

Boron-carbon compounds have been the subject of many experimental studies with the 

goal of developing technical applications based on the utilization of their physical 

properties such as the high degree of hardness or the ability to absorb thermal neutrons 

(55). 

The simplest boron and carbon containing compound, BC, was first discovered 

by Verhaegen (56) in 1964. This mass spectroscopic study of the vapor in equilibrium 

with solid B.C, showed several boron-carbon compounds. The a tomiza tion energy of 106 

kcal/mole for BC was measured. The first spectroscopic study of BC was carried out 

by Knight et a1.(57) in rare gas matrices. Their electron resonance results confirmed 

that the ground state is .~, in agreemant with theoretical predictions. 

A number of theoretical calculations are available for BC. Kourba and Ohrn 

(58) reported the potential energy curves for a number of electronic states using natural 

orbitals and valence shell configuration mixing. This calculation showed that the 

ground state of BC is 4~- and that the dissociation energy is greater than 2.9 eV. The 

second theoretical study reported by Mitin et a1.(59) employed a double-zeta Slater type 

orbital + atomic orbital basis set. They noted that a double minimum could occur in the 

ground state potential curve because of the alternative placement of the unpaired s 

electron on boron or carbon (i.e .. B-C: or :B-C.). The most accurate calculations on BC 

were the multireference single and double excitation CIs (MR SD-CI) of Hirsch and 

Buenker (60) using a contacted Gaussian basis set. Potential energy curves and 
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spectroscopic constants for the ground and low-lying excited states of BC (and BC+) 

were calculated and compared with isoelectronic C2 + molecule. 

An extensive theoretical treatment of BC has been carried out by Davidson (57) 

for comparison with the ESR experiment. A Mulliken-type population analysis and the 

calculated nuclear hyperfine parameters are compared directly with the experimental 

results. 

The most recent calculation was done by Oliphant et al.(61) using a method 

which combines the numerical MCSCF technique and the coupled cluster method 

involving single, double and triple excitations in order to determine re in the ground 

electronic sta teo 

The analysis of the emission spectra of BC is described in Chapter 6. The 

capabilities and operation of the Kitt Peak interferometer and the hollow cathode 

discharge source are also discussed briefly. 

The spectrum of BH molecule in the visible and near ultraviolet regions was first 

recorded by Lochte-Holtgreven and ven der Vlengel (62). They found two emission 

bands: the A lII_Xl~+ system near 4330 A and the b3~_a3II system near 3700 A The 

lower state of the singlet system was considered to be the ground state of the BH 

molecule. This system was later observed by Thunberg (63) as well as Almy and 

Horsfall (64). Two additional transitions, both 1~1II, were discovered by Douglas (65) 

at 3400 and 3100 A which have AlII as their lower state while the upper states are two 

new l~ states. Chretien and Miescher (66) recorded an emission band near 1920 A which 

belong to BI~Xl~ system. 

The most extensive spectroscopic measurements were done by Bauer et al. (67) 

where the absorption spectrum of the BH radical was obtained by the flash photolysis 
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of borine carbonyl, HsBCO. A number of new electronic transitions were found and 

most of the upper electronic states are Rydberg states. A value of the ionization 

potential of 9.77 eV was derived from them. Johns et al. (68) discovered a new state, 

C' l~ during the improved measurements on Aln_xl~+ system. From this experimental 

work, four vibrational levels in each the X l~+, the A In and the Bl~+ states as well as 

three vibrational levels of the C' 1.1 state were found. The radiative lifetime of the A In 

state has also been measured (69-71). 

On the other hand, boron deuteride, BD, has received relatively little attention. 

The A In_xl~+ system was recorded by Thunberg (63) under moderate resolution and 

the Bl~+_Xl~+ transition was studied by Bauer et al. (67). The observed isotope shift 

between BH and BD in the B-X system is 15.4 cm-1• 

BH, with only six electrons, is one of the simplest molecules and therefore has 

been the subject of a number of theoretical investigations. Potential energy curves for 

the ground state and low lying excited states have been calculated by several authors 

(72-77). The results of Fourier transform emission spectra are discussed in Chapter 8. 

All the molecules studied in this dissertation were produced in the gas phase. All 

the metal-containing molecules (except CuD) were made in a Broida-type oven, which 

is described in Chapter 2, by a high temperature reaction of the metal vapor (M) and a 

precursor molecule. Inter-molecular interactions are minimal in the gaseous phase, 

providing a molecule closer to an "isolated" species for characterization. Therefore, gas

phase studies are probably more accurate in terms of understanding the electronic 

properties and the geometries of these compounds. The size of the molecules studied 

here range from very small diatomics such as BH, to large metal-containing compounds 

such as calcium and strontium thiolates. 
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Several other research projects that were undertaken are not included in the 

body of this dissertation. They were accomplished through a collective effort in the 

research group and as such cannot be claimed for sole credit. However, some of the 

work is provided in Appendix A. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 PRODUCTION OF GAS PHASE METAL-CONTAINING MOLECULES 

Historically, the metal containing compounds were produced in electrical 

discharges and metal seeded flames (6). The conditions in an electric discharge are 

favorable for the production of diatomic molecules. In 1975, West el al. synthesized 

alkaline earth free radicals in a Broida-type oven (22). All of the alkaline earth free 

radicals and CuOD were made in a Broida-type oven by the gas phase reaction of the 

metal vapor (Ca, Sr, Ba or Cu) with the appropriate oxidant vapor. The important 

components of a Broida oven are given in Figure 1. The metal was placed in a crucible 

and resistively heated to melt the metal. The temperatures vary from 800°Cfor alkaline 

earth metals (Ca,Sr and Ba) to about 1400°Cfor Cu. The evaporated metal vapor was 

entrained in argon carrier gas and carried to the reaction zone. At the entrance to the 

reaction zone, the appropriate oxidant vapor was added. Chemiluminescence was seen 

in some of the experiments, due to the reaction of metal vapor and the oxidant. 

The Broida oven, which is mounted on a stainless steel plate, is attached to the 

bottom port of a stainless steel cross. There are five other access ports, four on the sides 

and one at the top. One port is used to attach a photomultiplier tube to collect the total 

fluorescence. Another was connected to the vacuum pump. The other three have quartz 

windows. Of these one port is aligned with a monochromator to resolve the fluorescence 

or to calibrate the spectra. Laser beams are focused into the oven vertically or 

horizontally through a quartz window at Brewster's angle. 



Figure 1 

Schematic diagram of the Broida-type oven. 
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Figure 1 
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The total pressure in the oven was about 2-8 Torr, normally with a few mTorr 

of oxidant. These pressures were critical for the synthesis of gas phase metal-containing 

compounds. The conditions used for the production of each compound are reported in 

the experimental section of the individual Chapters. In some experiments, the optimum 

conditions were obtained by adjusting the pumping speed. Changing the conditions 

inside the oven can be useful to discriminate against the production of other 

compounds. Small changes in the temperature of the oven, once the metal is melted, do 

not seem to improve the production of the compounds. 

In the production of alkaline earth metal containing molecules, it was found tha t 

ground state metal atoms do not react with the oxidants. Therefore, the reaction was 

promoted by exciting the metal atoms to a higher energy state. A dye laser was used to 

excite the alkaline earth metal atoms. The reaction between excited state metal atoms 

and the oxidant produced the gas-phase inorganic molecules. 

2.2 LOW RESOLUTION LASER EXCITATION TECHNIQUE 

Low resolution laser excitation spectra were recorded first to observe the 

molecular transitions. Figure 2 is a block diagram of the experimental setup. Except 

for CuOD, two dye laser systems were used. The 6W all lines output of a Coherent 

Innova 90 argon ion laser was used to pump a Coherent 599-01 broad band ( I cm- l band 

width) dye laser. The output from this dye laser was tuned to the SPI_ISo atomic 

transition of the alkaline-earth metal (6573A for Ca, 6892A for Sr or 7911A for Ba). 

Pyridine 2 and DCM dyes were used. Occasionally, an eta Ion was used in the dye laser 

cavity to narrow and stabilize the laser exciting Ca atomic transition. A second dyc 

laser was used to obtain the laser induced fluorescence spectra. Either a broad band dye 



Figure 2 

Schematic diagram for the experimental setup used in recording the laser 

exci ta tion spectra. 
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laser or a Coherent 699-29 computer-controlled single frequency ring dye laser (1 MHz 

band width) was used for this purpose, depending on the resolution of the experiments. 

This dye laser was operated with the appropriate dye for the spectral region of interest 

(RllO 5300-5950A; R6G 5600-6500A; DCM 6100-7500A;Pyridille 2 6820-8100A; and 

Styryl 9M 7900-8950A). Two dye laser beams were spatially overlapped and focused 

vertically or horizontally into the Broida oven. The low resolution laser excitation 

spectra were recorded by scanning the laser that probes the molecular transitions while 

detecting the total fluorescence with the photomultiplier tube. As the laser is scanned 

through a frequency resonant with a molecular transition, the molecule absorbs the light 

and makes a transition to an excited state. Then the excited molecule fluoresces and a 

signal is detected with the photomultiplier tube. A red pass filter was often inserted 

before the photomultiplier tube to eliminate the scattered laser radiation particularly 

when the laser beams were sent vertically to the oven. One of the laser beams was 

chopped by a mechanical chopper and the modulated signal (1.5 KHz) was detected 

through a lock-in amplifier. This technique eliminates any chemiluminescent light from 

the reaction between the metal vapor and the oxidant. 

The calibration of the spectra was carried out using a monochromator. The 

monochromator was tuned to pick-up the scattered laser light from the oven. (A portion 

of the probe laser beam was sent to the monochromator when the laser was passed 

horizontally through the oven). In low resolution experiments, the laser-induced 

fluorescence and the calibration signals were recorded with a two-pen chart recorder. 

When the lasers were sent vertically, it was necessary to block the scattered light 

coming from the laser which excites the metal atoms. Schott RG9, RG 780 and RG 715 

were some of the red pass filters used in the experiments. Because these filters distort 

the spectral features, the relative intensities of the different features in the excitation 
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spectra were not only dependent on the dye laser power but also on the filter. 

2.3 RESOLVED FLUORESCENCE TECHNIQUES 

The frequencies of the electronic transitions of the metal-containing molecules 

were established from the laser excitation spectra. The low resolution resolved 

fluorescence spectra were recorded by tuning the probe laser to a previously observed 

molecular transition and focusing the emission onto the slits of a monochromator. The 

intensity of the laser induced fluorescence was recorded as a function of wavelength 

by scanning the monochromator. The signal is detected by a cooled (-40 DC) 

photomultiplier tube (RCA C31034) with photon counting electronics. 

Resolved fluorescence spectra provided the information about vibrational levels 

in the ground and excited electronic states. When the laser excites molecules to a 

particular vibrational level of an excited electronic state, the molecules can fluoresce 

to a number of ground state vibrational levels. This emission to different vibrational 

levels depends on the selection rules and the Franck-Condon factors. Resolved 

fluorescence spectra give the vibrational frequencies from the shift in emission 

frequency from the excitation frequency. 

Small metal-containing molecules have relatively high vibrational frequencies 

and the vibrational levels are well separated from each other. On the other hand, the 

heavier molecules such as alkaline-earth thiolates with many low vibrational 

frequencies, have relatively close vibrational levels. Therefore, the heavier molecules 

have larger collisional cross-sections for vibrational relaxation compared to the lighter 

molecules. When an excited state vibrational level is populated, rapid relaxation to 

nearby vibrational levels can occur through collisions. This process is more efficient 
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for the heavier molecules. This is known as Relaxed Fluorescence as opposed to the 

resonant fluorescence seen for the lighter molecules. The resolved fluorescence 

technique is very useful in assigning congested spectra, since the laser selectively excites 

one vibrational level in the excited state. 
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CHAPTER 3 

LASER SPECTROSCOPY OF BaOH AND BaOD 

3.1 INTRODUCTION 

The B2~+_X2~+ transition of BaOH and BaOD was rotationally analyzed at high 

resolution by Kinsey-Nielsen et al. (26) using laser induced fluorescence. In the course 

of this work, they also thought they observed the A.2rr_x2~+ emission spectrum through 

the resonant B-A.-X cascade. However, this A2rr_x2~+ low resolution analysis is in error. 

Recording new laser excitation spectra near 8000A wi11 help to find the band 

origins. These spectra wi11 also provide the unknown vibrational frequencies for BaOH 

and BaOD in the A. 2rr state. 

The energies of the low-lying electronic states of BaOH are relatively lower than 

the corresponding states of CaOH and SrOH. The emission spectra of Ba halides suggest 

that the lowest-lying excited electronic state is A.' 2ll. Therefore, the spectra should also 

give the location of the A' 211 state of BaOH and BaOD, which would be the first 

observation of the A' 211 state for any alkaline earth metal-containing polyatomic 

molecule. These spectra will also provide the spin-orbit splitting and the vibra tiona I 

frequencies for the A' 211electronic state. 

This Chapter deals with the study of the A.2rr-x2~+ electronic transition and 

A.' 211_X2~+ vibronic transition of BaOH and BaOD which occur in the 8000-900oA 

region. 
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3.2 EXPERIMENTAL 

The BaOH (and BaOD) molecules were made in a Broida-type oven (22) by the 

reaction of barium metal vapor with a few mTorr of H20 (D20). The metal was 

vaporized from an electrically heated alumina crucible and entrained in argon carrier 

gas. The experimental setup was described in the previous chapter. The amount of 

molecule produced was optimized by decreasing the pumping speed. The total pressure 

in the oven was approximately 2 Torr. 

The 6W output of a Coherent Innova 70 argon ion laser was used to pump two 

broadband (I cm- l band width) dye lasers. One broadband dye laser, operated with 

Pyridine 2 dye, was used to exite the 3Pl _1So (791IA) atomic transition of barium to 

promote the production of BaOH (BaOD). The other broad band dye laser, operated 

with Styryl 9M dye, was scanned from 7900A to 8950A while the total fluorescence was 

recorded using a photomultiplier tube. This laser was chopped at about I kHz and the 

signal was detected through a lock-in-amplifier. 

After the laser excitation spectra were recorded, the vibrational assignments 

were made with the help of dispersed laser-induced fluorescence. For these experiments 

the Styryl 9M dye laser (100-150 mW) was set on a particular band head and the laser

induced fluorescence was dispersed with a 0.64 m monochromator and detected with a 

cooled photomultiplier tube (RCA C31034) with photon counting electronics. 

3.3 ELECTRONIC TRANSITIONS 

Figures 3 and 4 are laser excitation spectra of BaOH and BaOD, respectively. 

The electronic states of BaOH arise from the Ba+ ion perturbed by OH- ligand. BaOH 



Figure 3 

Laser excitation spectrum of barium monohydroxide. The Styryl 9M broad band 

dye laser was scanned, and the total fluorescence was recorded. The A2IIs/ 2-

X2~+ transition is recorded at a different intensity scale than the rest of the 

spectrum. 
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Figure 4 

Laser excitation spectrum of barium monodeuteroxide. The Styryl 9M broad 

band dye laser was scanned, and the total fluorescence was recorded. The 

A2IIa/2-xh;+ transition is recorded at a different intensity scale than the rest of 

the spectrum. 
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is linear in its ground state and excited states (26). The interaction of the negative 

charge on the ligand causes the valence Ba+ atomic orbitals to split into the following 

molecular orbitals: 

6s ----> 
6p ----> 

5d ----> 

~ 

~ (pz) and II (px' Py) 

~ (dz2), II (dxz' dyz) and tJ. (dxy, d x2_y2) 

Figure 5 shows the correlation between the valance Ba+ atomic orbitals and the 

molecular orbitals of barium monohydroxide. The 2~+ and the 2rr excited states interact 

through the ligand field to produce pa-da and p1f-d1f mixtures. Figure 3 also provides 

the ordering of the 2tJ., 2II and 2~+ excited states for BaF, which is isoelectronic with 

BaOH, and has been studied quite well (30, 78 and 79). The similarity of the spectra of 

the barium monofluoride and barium monohydroxide, was used to interpret the BaOH 

and BaOD spectra. 

According to the energy level diagram, the lowest energy electric dipole allowed 

transition is A2rr_x2~+. The two main features at 8300A and 8715A are asssigned for 

the two spin-orbit components of this transition. The 000-000 band origins were 

estimated to be 12045 eIIs/2), 11473 errl/2) for BaOH and 12039 (2rr3/2)' 11467 (2rrl /2) for 

BaOD with an error of about ±2 em-I. The spin orbit coupling constant A, was found 

to be 572±3 cm- l which is similar to the A value (632 em-I) of BaF for the A 2rr state 

(80). 

The lowest energy electronic transition in BaOH is electric dipole forbidden 2tJ._ 

2~+. In an allowed electronic transition the electronic transition moment, Re, is non 

zero. 



Figure 5 

Correlation diagram for Ba+ perturbed by the linear OH-ligand. The positions 

of the electronic states of Ba+, BaF and BaOH are given for comparison. 
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The intensity of a vibrational band of an electronic transition is determined by 

the Franck-Condon factor which is the square of the vibrational overlap intergral. 

qy' y"= [I t/J~vv' d r y]2 

In order that this integral be different from zero, the integrand t/J;tPy " must be 

symmetric with respect to all symmetry operations permitted by the point group to 

which the molecule belongs, i.e. tP;tPy " must be totally symmetric. 

For degenerate vibrational levels, a product of appropriate linear combinations 

of the degenerate vibrational eigenfunctions must be totally symmetric. Symmetry 

forbidden electronic transitions are defined as those for which Re is equal to zero. 

However, the vibronic transitions still can occur in a forbidden electronic transition if 

tP;tPy " has the same symmetry (or one of its components) as tP'l-'tPe". This is called 

vibronically allowed electronic transitions and 

Figure 6 shows the electronic and vibrational symmetries for doubly degenerate 

Ba-O-H bending vibration (v2). The vibronic symmetry can be obtained by taking the 

direct product of electronic and vibrational symmetry. Since v2 of BaOH has 11" 

symmetry, the vibronic symmetries for v = I level in the 2/::,. state are, 

/::,. ®II = iI>+II. 

Now the transitions can occur from the 2~+ ground state to 2IIs/2 and 2II1/2 

vibronic levels. The spectral features near 8500A and 8850A, (which do not belong to 

the A2II_X2~+ transition) are separated by 480 cm-l and 448 cm-l for BaOH and BaOD, 

respectively. The predicted spin-orbit coupling constant for BaOH (373 cm- l ) using the 

BaF value (411 cm-l ) for the A' 2/::,. state is smaller than the separation betwee,n the two 

spectral features. The different separations for BaOH and BaOD indicates that these 

features are isotope dependent. Therefore, we assign the band near 8850A to 010-000 



Figure 6. 

Symmetries of the vibrational levels for BaOH. 
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and the band near 8500A to 011-000 vibronic bands of the A' 21::._ x2~+ transition. The 

vibrational frequencies for the A' 21::. state are calculated from the spectra and given in 

the Table 2. 

3.4 VIBRATIONAL ANALYSIS 

There are three vibrational modes for linear triatomic molecule BaOH: the O-H 

stretch (vI)' Ba-O-H bend (v2), which is doubly degenerate, and the Ba-O stretch (vs)' 

The Franck-Condon factors favor the intensities of the vibronic bands which are 

associa ted with the metal a tom vi bra tions, since the electronic transi tions occur between 

orbitals which are centered on the metal atom. Therefore, v2 and Vs bands are expected 

in the spectra. 

An attempt was made to assign as many bands as possible to activity in Vs and 

v2' Figures 7 and 8 show the vibrational assignments for A2IIs/2-X2~+ spin component 

for BaOH and BaOD, respectively. The results of the band head analysis are listed in 

Table 1. These band heads are measured with an accuracy of about ±2A. 

Figure 9 shows a resolved fluorescence scan of BaOH with the laser exciting the 

000-000 band of the A2IIs/2-X2~+ transition. It is very hard to see 000-001 vibrational 

band (vs in the X2~+ state) in the spectrum, since it occurs near the vicinity of the 

A2IIl/2-X2~+ system, where the A2IIl/2 state is populated by collisions. 

The degenerate bending vibration (v2) has II symmetry, hence the vibrational 

part of the transition dipole integral: 

Rev = Re I tfJ;tfJv " d Tv 

is not totally symmetric for the 000-010 band. Therefore, within the Born-Oppenheimer 

approximation the 000-010 band is forbidden. However, the neglected nuclear kinetic 



Figure 7. 

Vibrational assignments of the A2II3 / 2- X2~+ transition of BaOH. 
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Figure 8. 

Vibrational assignments of the A2rr3/2-x2~+ transition of BaOD. 
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Table I. Bandheads for the A2II_X2~+ transition of BaOH and BaOD (in A). 

assignment v=O 2 3 o 2 3 

BaOH 

OvO-OvO 8300 8292 8285 8278 8714 8704 8695 8685 

OOv-OOv 8300 8324 8347 8714 8739 

BaOD 

OvO-OvO 8304 8298 8294 8286 8718 8712 8706 8701 

OOv-OOv 8304 8327 8718 8749 8774 



Figure 9. 

The resolved fluorescence spectrum of BaOH. 

One dye laser is tuned to the 3Pl-1SO atomic transition of Ba (791IA). The 

monochromator was scanned with the second dye laser is fixed to the 000-000 

band of the A2IIs/ 2-xh:+ transition at 8300A. 
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energy terms in the total Hamiltonian mix the electronic and vibrational wave functions 

so the above rule is no longer strictly obeyed. The A2rr 000 (II) vibronic level interacts 

with the B2~+ 010 (rr) vibronic level so that the A - X 000-010 transition can appear by 

intensity borrowing (81) probably due to "spin-orbit vibronic" coupling. However, for 

BaOH 000-010 band is obscured by the vibronically allowed A' 2,6_X2~+ transition. 

Since the ground state vibrational frequencies are known (26), it was possible to 

extract the excited state vibrational frequencies from the sequence structure. Table 2 

gives these values. Note that vs '< vs"and v 2'> v2"SO the OOvs'- OOvs" sequence bands 

appear to the red (lower energy) while the Ov2' 0-Ov2"0 sequence bands appear to the 

blue (higher energy) of the 000-000 band. 

An attempt was made to find additional low-lying vibrational states belong to 

the A' 2,6_X2~+ transition. This was not successful due to the low laser power towards 

the red-limit of Styryl 9M dye. Since the red-limit of the photomultiplier tube is near 

9000A, resolved fluorescence scans were not recorded beyond this limit. 

3.5 CONCLUSION 

The gas phase BaOH (BaOD) was synthesized by the high temperature reaction 

between Ba vapor and H20 (D20). The origin of the bands for the A2rr-x2~+ transition, 

vibrational frequencies of the A2rr state and the spin-orbit splitting were calculated 

from the laser spectra. The A2rr state is badly perturbed by the neighboring B2~+ and 

A' 2,6 states. 

This work also represents the first observation of the A' 2,6 state for alkaline 

earth metal-containing polyatomic molecules. The location of the A' 2,6 state and the 

vibrational frequencies were estimated from spectra. 



Table 2. Vibrational frequencies for BaOH and BaOD (in em-I). 

BaOH BaOD 

a values from ref.(26) 

BaOH 

352 

458 

BaOD 

268 

451 

BaOH 

342 

468 

BaOD 

258 

469 

48 
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Similar ionic monohydroxide molecules could be made for Group IA metals (Li, 

Na and K) and for transition metals (Fe, Cu, Ag and Zn). The ionic molecule Li+OH

will have only dissociative ultraviolet electronic transitions. This is in contrast to the 

Ca+OH-, Sr+OH- and Ba+OH- molecules which have visible electronic transitions 

because of the presence of a non-bonding valence electron on Ca+ (isoelectronic to K). 

However, LiOH will have strong infrared vibration-rotation transitions which can 

detect by Fourier transform spectroscopy. 



50 

CHAPTER 4 

LASER SPECTROSCOPY OF CALCIUM AND STRONTIUM THIOLA TES 

4.1 INTRODUCTION 

Many experiments were carried out to find the structure and electronic 

properties of alkaline earth metal monohydroxides. These experiments can be extended 

to metal hydrosulphides. the sulfur analog of hydroxide. which have not been 

previously observed. 

Metal monohydrosulphides. MSH. can have either linear or bent geometry. It is 

necessary to compare the laser excitation spectra of MSH with those of MOH to find the 

geometry of MSH. The two structures of MSH produce two different types of electronic 

spectra. The spectrum of linear MSH will be very similar to MOH with two electronic 

transitions (B2~+.X2~+ and A2n·x2~+). For bent MSH. three electronic transitions 

(C2A' -X2A'. B'2A". X2A' and i.. 2A' ·X2A' )are expected. Therefore. the number of 

electronic transitions in the spectra will determine the geometry of MSH. Analysis of 

the spectra gives the locations of the electronic states which can then be correlated to 

the electronic states of MOH. 

The laser excitation and resolved fluorescence spectra will also provide the 

vibrational frequencies in the ground and excited electronic states. The relative force 

constants and dissociation energies can be deduced by comparing these frequencies with 

other metal derivatives. 

This Chapter describes the study of the alkaline earth metal hydrosuphides and 

thiolates. A comparison of thiolate spectra provides the change in the electronic 
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energies when the alkyl group is changed. 

4.2 EXPERIMENTAL OET AILS 

The calcium and strontium monothiolates were made in a Broida-type oven (22) 

by the reaction of the excited metal vapor with the appropriate thio1 (hydrogen sulfide, 

methane thio1, ethane thiol, etc.). A detailed description of the synthesis of gas-phase 

alkaline earth metal containing molecules is provided in Chapter 2. 

The total pressure inside the oven was maintained at z 1.5 Torr, with a few 

mTorr of the thiol. Pumping speed was changed in order to obtain the optimum signal. 

All the thiols used in this study were purchased from Aldrich Chemical Company (97% 

purity). The vapor pressures at room temperature were sufficiently high for the 

production of thiolates. 

Two cw broad band (-1 cm- I ) dye lasers pumped by the all lines output of 

Coherent Innova 90 and Coherent Innova 70 argon ion lasers were used in this 

experiment. The dye lasers were operated with Pyridine 2, OCM and Rhodamine 6G 

dyes. One dye laser beam was focused into the oven to probe the molecular transition. 

The second dye laser was used to excite the alkaline earth 3PI_ISO atomic transition 

(6892 A for Sr, 6573 A for Ca). 

Low resolution laser excitation and low resolution resolved fluorescence spectra 

were recorded for thiolates. These laser spectroscopic techniques were described in 

Chapter 2. 

Red-pass filters (Schott RG 695, RG 9 and RG 780) were used to filter the 

scattered light (which comes from the dye laser that excites the metal atoms) when 

recording the laser excitation spectra. 
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4.3 THE ELECTRONIC TRANSITIONS OF THIOLS 

The bonding and electronic structure in these molecules can be described by an 

M+ ion perturbed by the L - ligand. The M+ ions (Ca+ and Sr+) are isoelectronic with 

the alkali atoms so the molecular states can be given in terms of one electron metal

centered atomic orbitals. It has been shown experimentally for metal monofIuoride 

radicals, from hyperfine structure analysis, that the unpaired electron resides mainly 

on the metal centered valence orbital (82). Due to the similarity of the spectra of the 

metal monofIuoride and the metal monohydroxides, this same interpretation has been 

extended to assign the electronic transitions of the metal thiolates. 

The interaction of the negative charge on the ligand lowers the symmetry from 

spherical in the atom to axial (Ceoy) in the molecule. This lowering of symmetry causes 

the atomic orbitals to split into following components. 

s ----> ~ 

p ----> ~ (pz) and II (px' Py) 

d ----> ~ (dz2), II (dxy' dyz) and II (dxy, dx2_y2) 

Figure 10 shows the correlation between the valence calcium atomic orbitals and 

the molecular orbitals of calcium monohydroxide (CaOH). The ligand field of the OH

mixes the po and do and the Pll' and dll' atomic orbitals to make po-do and Pll'-pll' mixed 

molecular orbitals. Figure 10 also provides the ordering of the 2II and the 2~ electronic 

states since these states are known experimentally for CaOH. 

Recently, the gas-phase strontium hydrosulphide molecule was studied at high 

resolution by O'Brien, Ram and Bernath (83). This high resolution analysis proved that 

SrSH has a bent geometry. Electron propagator calculations by Ortiz (84) confirms that 

the ground and excited states of CaSH are bent and have Cs symmetry. The optimum 



Figure 10. 

This correlation diagram shows the effects of various ligands perturbing the Ca + 

atomic orbitals. The solid lines represent the experimentally known electronic 

states and the dashed lines represent the calculated electronic states from ref.84. 
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calculated geometry has a Ca-S bond length of 2.614 1>.. an S-H bond length of 1.346 A 

and a Ca-S-H bond angle of 100.0°. Therefore CaSH is a bent molecule and belongs to 

the Ca symmetry group. This symmetry lowering from Ceoy of CaOH causes to lift the 

degeneracy in the 2rr and the 21l states. 

2~ ____ > 2A' 

2rr ----> 2A' and 2A" 

21l ____ > 2A' and 2A" 

The locations of the first three excited states can be estimated accurately from 

laser induced fluorescence spectra of CaSH. The energies of the excited states 

connected to 21l are taken from the calculations of Ref. (84). 

4.4 RESULTS AND ANALYSIS OF SPECTRA 

A comparison of laser excitation spectra of CaSR and SrSR [R = H, CHs, C2H 5, 

CsHa, CH(CHs)2' C(CHs)s and CH(CHs)C2H 5 ] are provided in Figures II and 12, 

respectively. The three observed electronic transitions are C2A' -X2A' ,B'2A"-X2A' and 

i.. 2A' -X2A'. The observed band centers for these transitions obtained from laser 

excitation and resolved fluorescence spectra are reported in Tables 3 and 4. 

The intensities of the features in these spectra are distorted. The red-pass filters 

used to eliminate the scattered radiation in recording the excitation spectra enhance 

some features over others. The intensities are also dependent on the output power of 

the dye laser. 

In general for calcium thiolates, as the alkyl group becomes larger, the A-X and 

a-x band centers shift to the red (Figure 11). The C-X transition was not observed for 



Figure I I. 

Low resolution laser excitation spectra of calcium thiolates. The corresponding 

transitions for the different thiolates are connected by a line. CaSH is also 

observed in the spectra of the larger thiolates in the upper four panels. The 

transitions of these four larger thiolates are badly obscured by the transitions 

of CaSH. 
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Figure 12. 

Low resolution laser excitation spectra of strontium thiolates. The 

corresponding transitions for the different thiolates are connected by a line. 

SrSH is also observed for the larger thiolates in the upper four panels. The sharp 

feature at 6892A is the SPI-iSo atomic line of Sr, which excites the 1-0 vibronic 

band of the A-X transition of SrSH. 
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Table 3. Band centers of the calcium thiolates (in em-I). 

Thiolate A-X Ii-x c-x 

Ca-SH 15366 15810 16082 

Ca-SCHg 15509 15807 

Ca-SCH2CHg 15463 15760 

Ca-SCH2CH2CHg 15455 15711 b 

Ca-SCH(CHg)2 15423B 15694b 

Ca-SC(CHg)g 15434B 15664b 

Ca-SCH(CHg)C2H6 15432a 15694b 

B broad peak. 

b overlapped with the Ii-x transition of CaSH. 
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Table 4. Band centers of the strontium thiolates (in em-I) 

Thiolate A-X Ii-x c-x 

Sr-SH 14293 14815 15026 

Sr-SCHs 14407 14780 15468 

Sr-SCH2CHs 14355 14745 15499 

Sr-SCH2CH2CHs 14351 14734 154663 

Sr-SCH(CHsh 14329 14732 

Sr-SC(CH3 >S 14318 14732 

Sr-SCH(CHs)C2Hs 14323 14728 

3 broad peak. 
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calcium thiolates. For strontium thiolates, the spectral shifts are similar. Note that the 

A-X transition of both CaSH and SrSH shift to the blue when the H is replaced by CHg. 

The C-X transition is observed for SrSH, SrSCHg and SrSC2Hs. 

Excitation spectra of larger thiolates show an almost identical spectral pattern. 

Since these electronic transitions involved metal centered molecular orbitals, the nature 

of the alkyl group is expected to have a small effect on the transition energies. CaSH 

and SrSH were also observed in the spectra of larger thiolates and greatly mask the 

spectral features of heavier thiolates. The C-X transition of large Sr thiolates are 

probably obscured by the C-X transition of SrSH. For calcium compounds, the 13-X 
transition is obscured by the A-X transition of CaSH. 

CaS and SrS (A lI:+_Xl~+ system) appeared as an impurity in many spectra (85, 

86). The emission from sulfides was eliminated by selecting suitable red-pass filters. 

Changing the conditions in the oven also minimized the production of sulfides. 

The reaction of metal vapor with thioethers (CHg-S-CHg and C2Hs-S-C2H5) 

produced the strong features identical with those observed with the corresponding thiols 

CHgSH and CHgCH2SH. However the larger thioethers are not available with high 

purity and the vapor pressures are less than the thiols. 

The Frank-Condon factors favor the vibronic bands which are associated with 

the metal atom, since the electronic transitions occur in the orbitals which are centercd 

on the metal atom. Therefore. M-S stretching and M-S-H (or M-S-C) bending 

vibrations are expected in the spectra. Only the M-S stretching vibration was seen in 

the spectra. The M-S-R bend is a low frequency vibration and probably obscured by 

the broad electronic features in the spectra. 

The resolved fluorescence spectrum of SrSH is provided in Figure 13. The probe 

dye laser is tuned to excite the 0-0 band of the A2A' -X 2A' transition. The sharp peak 



Figure 13. 

Resolved fluorescence spectrum of SrSH. The frequency of the probe dye laser 

was held fixed on the 000-000 band of the A-X transition. The scattered laser 

light is marked by the asterisk. The feature at 7103A is emission to v=l of Sr-S 

stretching vibrational level in the ground state. 
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to the red (at 7130 A) is assigned to the 0-1 band of the Sr-S stretch. The centers of the 

vibronic bands of CaSH and SrSH are given in Table 5 and 6 respectively. For calcium 

and strontium thiolates, the laser induced fluorescence was very relaxed and the 

vibrational bands were not clear. No vibrational information was seen in the resolved 

fluorescence spectra. Excitation of B'-x or C-X bands produced strong A-X emission, 

probably through collisions or non-radiative decay processes. This type of strong 

relaxation to lowest excited state has been seen for metal monoalkylamides (87). An 

attempt was made to record the laser excitation spectra by using a monochromator as 

a band pass filter to detect the vibronic bands. This gave identical spectra to those 

which were recorded with the red-pass filters. 

The M-S stretching frequencies for SrSH and CaSH are given in Table 7. The 

frequency in all four electronic states are almost the same. Table 8 compares the ground 

state vibrational frequencies of M-SH with M-oH and M-NH2• The M-S stretching 

frequencies are less than the corresponding M-o and M-N (even when the heavier S 

mass is taken into account) indicating that the force constants are smaller in metal 

hydrosulfides. This suggests that dissociation energies are smaller than the 

corresponding M-oR and M-NHR dissociation energies. 

4.5 CONCLUSION 

The gas phase metal monothiolates were made in a high temperature oven by the 

reaction between metal vapor and thiols. The spectra are consistent with a bent M-S-C 

structure. Three electronic transitions, C2A' -X2A' ,B'2A"-X2A' and A2A' -X 2A' , were 

observed using laser excitation spectroscopy. Ca-S and Sr-S stretching frequencies were 

obtained from these spectra. 
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Table 5. Band centers of CaSH (in em-I), only the Ca-S vibration was observed. 

band A-X B-X C-X 

0-2 14730 15177 15456 

0- 1 15040 15492 15770 

0-0 15366 15810 16082 

1 - 0 15684 16129 16402 

2-0 15973 16453 16730 

Table 6. Band centers of SrSH (in em-I), only the Sr-S vibration was observed. 

band A-X B-X C-X 

0-2 13751 14490 

0-1 14023 14545 14755 

0-0 14293 14815 15026 

1 - 0 14565 15295 

2 - 0 15576 
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Table 7. M-S vibrational frequencies of hydrosulfides (in em-I). 

Molecule X A B C 

SrSH 270 270 - 269 

CaSH 326 318 320 312 

Table 8. Comparison of the ground state vibrational frequencies of MSH, MOH and 

M MOH a MNH b 
2 MSHc 

Ca 606 524 326 

Sr 528 459 270 

a Ref. 20 

b Ref. 87 

C This work 
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This work can be extended to the transition metal hydrosulphides such as CuSH. 

CaSH is relatively easy to make and produces a strong spectrum but the isovalcnt 

molecules. CaPH2 and CaSiHs• could not be made. The oxidants PHs. CHsPH2• SiH4 and 

CHsSiHs all react with Ca to make CaH. not the desired products. 

The dissociation energies of M-SH seem to be smaller than the corresponding 

M-QR and M-NHR dissociation energies. 
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CHAPTER 5 

LASER SPECTROSCOPY OF CuOD 

5.1 INTRODUCTION 

Recently three new electronic transitions, at 6230A and 6600A in red and 5250A in 

green have been discovered in our lab for CuOH and CuOD (88). Rotational analysis 

and the determination of the symmetries of these electronic states are still in progress. 

The two new electronic states in the red region seem to have a long lifetime, 

probably because they are components of a triplet state. The resolved fluorescence 

spectra could not be recorded because of the long lifetime so the experimental 

information was limited to the laser excitation spectrum. It is vital to know the X1A' 

ground state spectroscopic constants in order to analyze the complicated rotational 

structure of these red transitions. However, the ground state constants reported by 

Trkula and Harris (44) from the analysis of the 0 - 1 and 1 - 0 K sub-bands of the green 

system were not accurate and some important higher order constants were not obtained. 

A rotational analysis has been carried out in our lab for the green system of CuOH and 

the rotational lines up to the K' , K" = 8 sub bands have been measured. 

To understand the symmetries of the upper electronic states of the red bands, the 

excitation spectrum of CuOH was compared with that of CuOD. Once again, accurate 

ground state constants were required for the analysis of CuOD red bands. 

In this work, the CuOD spectra were recorded and analyzed to obtain accurate 

molecular constants for the ground state. The rotational lines were fit to an energy 

level expression to extract the higher order constants. This experiment also extended 

the studies of metal containing compounds to transition metals. 
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5.2 PRODUCTION OF CuOO 

Gas phase CuOD was produced in a Broida-type (22) oven by the reaction of Cu 

atoms with 0202' The conventional oven, which was used to make alkaline earth metal

containing radicals, was slightly modified to work at high temperatures since the 

boiling point of Cu is 2567°C. The crucible and the funnel were made of graphite. 

Ceramic fiber (Fiberfrax) was packed around the heating element to reduce the amount 

of heat loss. The Ar carrier gas inlet was also modified to minimize the contact with 

the crucible. 

O2°2 was made by the deuteration of 30% H20 2. First H20 2 was concentrated by 

pumping off the excess water. Then 99.9% 020 (Cambridge Isotope Laboratories) was 

added. After the deuterium exchange, the mixture of H20 2/020 2 was concentrated by 

pumping the excess water. This process was repeated several times until the pure 0202 

was obtained. 

0202 (or H20 2) has a low vapor pressure at room temperature (- 5 mTorr) (89). 

Therefore, in order to get a sufficient amount of 0202 vapor inside the oven, it was 

entrained in argon gas by bubbling argon through a glass cell containing 0202' The 

pumping speed and the flow rates of argon were adjusted to get the optimum signal. 

Under these conditions the total pressure in the oven was about 5-7 Torr. 

5.3 LOW-RESOLUTION LASER-EX CIT A TION SPECTROSCOPY 

Laser excitation spectra were recorded using a broad band (-I cm- I ) dye laser 

operated with Rhodamine 110 dye, which was pumped by a Coherent Innova (6W) argon 

ion laser. The dye laser beam was amplitude modulated with a mechanical chopper and 
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the laser power was typically about 500 mW at maximum of the dye gain curve. The 

signal was detected by monitoring total laser-induced fluorescence intensity 

perpendicular to the laser beam with a photomultiplier tube whose output was directed 

to a lock-in amplifier. Typical integration time constants were 0.1 to 0.3 s. 

5.4 HIGH-RESOLUTION LASER SPECTROSCOPY 

High-resolution spectra were recorded by using a Coherent 699-29 computer

controlled, single mode (1 MHz bandwidth) ring dye laser, which is pumped by a 7 W 

output of a cw Coherent Innova 20 argon ion laser. Figure 14 shows a schematic 

diagram for the experimental setup used in recording the spectra. In this experiment 

the dye laser beam was sent vertically to the oven. A fraction of the laser beam was 

directed into a cell containing 12' so that excitation spectrum of 12 could be recorded to 

calibrate the wavemeter of the ring dye laser (90). The total fluorescence from CuOD 

was focused to the slit of a monochromator and recorded with an Apple 11+ computer. 

The CuOD spectra were recorded using filtered laser excitation fluorescence 

techniques. In this technique, the monochromator is set to detect a narrow wavelength 

range and the laser in scanned through its tunable wavelength region. A signal will be 

detected only when the laser excites a state from which a transition can take place in 

the wavelength region for which the monochoromator is set: i.e. only those transitions 

which produce fluorescence within the monochrometor band pass will produce a signal. 

The monochromator acts as a narrow band filter to select only the fluorescence of 

interest. 

There are several advantages to the use of the filtered laser excitation technique: 

A. Elimination of scattered laser light which results in enhancement of the 



Figure 14. 

Schematic diagram for the experimental setup used to record the filtered laser 

excitation spectra of CuOD. 
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signal-to-noise ratio. 

B. Since the resolution depends on the Doppler linewidth of the molecule and 

laser line width and not on the monochromator, a low-resolution 

monochromator can be used. 

C. Simplification of the spectrum by excluding the other transitions that are 

excited by the laser, but not connected with the monochromator band pass. 

A 0.64 m monochromator with slit widths ~ 0.5/\ resolution was used in this 

experiment. To rotationally analyzed the (1-0) sub band of CuOD, the monochromator 

was set on the Q or R head of the connecting (1-2) sub band. The single frequency dye 

laser was then scanned to record the rotational lines (P, Q and R branch) which connect 

to the band head selected by the monochromator. Other sub bands were also recorded 

in a similar fashion. 

5.5 RESULTS AND DISCUSSION 

A comparison of CuOD with isoelectronic molecule CuF was found to be useful. 

The microwave spectrum (91) and the rotational analysis (92) indicate that the ground 

state of CuF molecule has a 1~+ symmetry and has a closed shell ionic Cu+F- structure. 

In the excited electronic state of CuF, Cu+ ion has 3d94s1 and F- has 2p6 electronic 

configurations. This gives rise to six molecular states namely: 

3~+, 1~+, 3n, In, 3ll and III 

according to whether the hole is in the 3d shell is 0, 11' or S. 

In order to facilitate comparison between CuF and CuOH, the experimentally 

known electronic states are plotted in Figure 15. The 525 nm and 542 nm green systems 

seem to correspond to the in-plane and out-of-plane components of the Aln state of CuF. 



Figure 15 

Experimentally known electronic states of CuF and corresponding electronic 

states of bent CuOH molecule. 
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The red systems of CuOD seem to correlate with the b8rr state of CuF. According to this 

correlation the green system presented here is A1A"-X1A' . 

A low resolution laser excitation spectrum of the A-X transition of CuOD is 

shown in Figure 16. The spectrum exhibits a very complex rotational structure and the 

positions of the band heads are given in Table 9. Since CuOD is a bent molecule, these 

bandheads belong to the rotational subbands. This transition can be attributed to a c-

type, perpendicular band. The rotational selection rules are: 

f).J = 0, ±I, lIKa = ±I and liKe = 0, ±2 

where Ka and Ke are prolate and oblate symmetric top Quantum numbers. 

The assignments of the Rand Q sub-band heads are shown using symmetric top notation 

in the spectrum. The allowed transitions are indicated in the energy level diagram of 

Figure 17. The rotational levels for Ka ~ I levels are split into two due to asymmetry 

doubling. However, this splitting is inversely proportional to Ka therefore, only for 

Ka = I, 2 splittings were seen in the spectrum. 

The 4-3 sub-band of the high resolution filtered laser excitation spectrum is 

shown in Figure 18. The measured rotational lines are given in Table 10. Lines for 

each sub-band were fitted to a polynomial expression to confirm the J assignment. 

To calculate the energy levels in CuOD, it is necessary to solve the eigen value 

equation. 

Hilt = Ellt 

where H is the Hamiltonian of the system and Ilt is the associated eigenfunction. 

The angular momentum of the molecular rotation is an axial vector and it can be 

given by 

J2 = J 2 + J 2 + J 2 abe 

where the molecule-fixed axes are designated by a,b and c. 



Figure 16. 

Low resolution laser excitation spectrum of CuOD. 
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Table 9. Measured band-heads for CuOD (in em-I). 

Assignment Band-head Assignment Band-head 

PRlS 18274.36 PR2 18397.66 

PR12 18284.44 18401.99 

PR ll 18294.07 PR1 18419.40 

PR 10 18303.35 rRo 18451.68 

PR g 18312.53 rR I 18480.84 

PRs 18321.50 18474.64 

PR 7 18330.94 rR
2 18508.57 

PRa 18341.05 rRs 18541.82 

PR6 18352.32 rR
4 18575.91 

PR4 18365.40 rR5 18610.22 

PRs 18381.10 rRs 18644.05 



Figure 17. 

Energy level diagram for a prolate asymmetric top. The allowed transitions are 

indicated for a c-type band. 
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Figure 18. 

The Q-branch of the 4-3 sub-band of CuOD. 



o 
~r---

COt----

-c 
c 0 
CO 

,... 
.c 
I 

.c 
::I 

UJ N ,... 
~ 
I 
~ 

,... 
I 

E 
(.) 

o 
C") 
II) 
CO ... 

CJ) 
N 
II) 
CO ... 

co 
N 
II) 

CO ... 

75 

00 -
0 
~ 

::I 
00 

ii: 



76 

The rotational Hamiltonian for an asymmetric rotor is given by 

H = AJ 2 + BJ 2 + CJ 2 r abc (1) 

with A ~ B ~ C by convention. 

When the molecule under consideration is close to a prolate symmetric top, as in the case 

of CuOD, the rotational Hamiltonian my be written as 

Although a rigid body closely approximates a molecule with respect to its overall 

rotation, a real molecule also vibrates as it rotates. Therefore, the chemical bonds and 

the bond angles in the molecule are by no means rigid. This leads to an interaction 

between the vibrational and rotational motions. This results in the centrifugal 

distortion effect on the rotational energy and, to lowest order, it is proportional to J4 

and is given by (93) : 

(3) 

where the centrifugal distortion constant Ta{J-yo is expressed as 

and a, {J, -y and 0 are principal axes. In view of its definition, only 21 T af3-yo arc 

independent; there are 3 of the Taaoatype, three of the Taaf3{Jtype, 3 of the Ta{Ja{3tYpc, 

3 of the Toa{J-ytype, 3 of the To{Ja-ytypc and 6 of the Taaa{Jtype. From the commutation 

relations, (3) is simplified to 



Table 10. Observed line positions for 63CuOD (in em-I). 

O-C Units of 10-3 em-I. 

* Line not included in the fit. 

# Line used to form ground state combination differences. 
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(4) 

where 

't"""" = 't"""" 

This simplification also modifies the rotational constants slightly: 

, 1 
C .... C = C + -(3Tabab - 2'tbcbc - 'troca) 

4 
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equation (4) contains six r constants, but Watson has shown that only five of thc six 

constants can be determined from the observed spectrum. Watson has derived an 

expression appropriate for a near prolate symmetric rotor: 

(5) 

and the transformation from (4) to (5) again introduces additional corrections to A' • B' 

and C' as follows: 

A' .... A" = A' + 16~ 



B' .. B" = B' _ 16~ (A - C) 
(B-C) 

C' .. C" = C' + 16~ (A - B) 
(B-C) 
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This method may be extended to higher order sextic terms as well (93). The observed 

rotational lines for CuOD were fit to the Hamiltonian which contain terms up to J4. 

Matrix elements of this Hamiltonian can be derived using symmetric top basis functions 

(94). The Hamiltonian matrices for the ground and excited states were diagonalized and 

the molecular constants from the least-squares fit are collected in Table I I. One should 

note that the Band C constants in the ground electronic state differ from those in the 

excited state by about 3% and the A constants differ by about 12%. This is a 

significantly larger change than the change in the rotational constants found in CaOH 

(21), SrOH (20) and BaOH (26), which were on the order of 1%. This difference 

indicated that the electron involved in the transition of CuOH has slightly more 

bonding character than that of the alkaline-earth hydroxides. 

CuOD is strongly bent while all of the alkali and alkaline-earth monohydroxides are 

linear. However, all of these species seem to have their electronic structure well 

described in terms of an ionic model. The simplest explanation for the bent shape of 

CuOD can be explained from electronegativities. The electronegativity of Cu is 1.9 and 

is closer to that of H (2.1) than to a typical alkali or alkaline-earth metal (1.0), hence 

CuOD can be expected to have a bent structure like H20. The bonding in CuOH is 

therefore, substantially more covalent than in CaOH. 



90 

Table 11. Spectroscopic Constants for 6sCuOD (in em-I). 

Constant 

T 0.0 18422.33545(65)1\ 

A 12.42647(29) 14.23511(40) 

B 0.365932(14) 0.353836( 15) 

C 0.354308(14) 0.344590( 15) 

I1J 10-7 5.146(94) 4.783(97) 

I1JK 10-5 1.5745(56) 1.9768(95) 

11K 10-2 0.6405(50) 2.8082(87) 

oJ 10-8 1.81 (17) 1.570(91) 

OK 10-5 4.00(24) 1.38(42) 

HJJK 10-10 -4.28(31) 

HJKK 10-8 4.68( 18) 

HK 10-4 -0.166(33) 4.084(81 ) 

LJKKK 10-10 2.509(87) 

LK 10-6 -2.246(99) 7.25(35) 

MK 10-8 -6.58(23) 7.07(65) 

NK 10-10 -8.92(45) -1.92(23) 

OK 10-12 -4.61(31) -6.72(45) 

1\ One standard deviation error in parentheses. 
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5.6 CONCLUSION 

The CuOD molecule was made by the reaction between Cu vapor and D 20 2• This 

method produced a stronger and more stable emission than the Cu sputter source. 

Compared with previous work (44), improved rotational line positions and accurate 

molecular constants were derived from the analysis of data. The higher order constants 

will help to analyze the observed red bands and to find the symmetries of the 

corresponding electronic states. 

Other Cu containing molecules such as CuCHs and CuNH 2 can be made using the 

same experimental method. CuCHs is a yellow, cxplosive polymeric solid (95) suggesting 

blue-grecn and red absorption features. Thc possibility of prcdissociation nceds to be 

considcrcd for bluc or UV excitation of mctal alkyls sincc thc M - C bond energics are 

typically 40 - 70 kcal/mole (96). 

Thc reaction mcchanism bctwccn Cu atoms and O2°2 is not known. Howcvcr, the 

direct reaction 

is possible. 
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CHAPTER 6 

FOURIER TRANSFORM SPECTROSCOPY OF BC 

6.1 INTRODUCTION 

Solid metal borides are well-known materials and often used in the form of thin 

films (95,97). However, carbides and borides are largely unknown in the gas pha:;e. BC 

is one of the simplest boron-carbon containing molecules and several theoretical 

calculations available. 

The emission spectrum of BC described in this Chapter is the first electronic 

transition to be discovered. The high resolution spectra can provide the symmetries of 

the ground and excited states. The analysis of the spectra can also give the vibrational 

frequency and the bond length of BC. 

The experimental molecular constants will be compared with the theoretical 

values to check the validity of the calculations. Transitions involving 42: states are rare. 

In order to fit the data, an energy level expression (matrix elements) will be derived for 

a 42: state. 

The BC spectrum was recorded in emission from a composite-wall hollow ca thode 

lamp with a high resolution Fourier transform spectrometer. This rotationally resolved 

spectrum provides the information about BC in the ground and excited electronic states. 

6.2 THE FOURIER TRANSFORM SPECTROMETER 

A Fourier transform spectrometer is based on the Michelson interferometer. 



Figure 19. 

Optical arrangement of a Michelson interferometer. The compensating plate 

used to match optical paths through the beamsplitter material is not shown in the 

diagram. 
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Figure 19 gives the optical arrangement of a Michelson interferometer. The light 

coming from the source is partially reflected and partially transmitted by the beam 

splitter B. The fixed Ml mirror and movable M2 mirror reflect the beams back. The two 

reflected beams are recombined at the beam splitter, now acting as a beam recombiner, 

and both beams are focussed into the detector. The two beams form an interference 

pattern depending on the difference in the optical path lengths that the two beams 

travel. When the path length is same for the two beams, they are completely in phase 

and will interfere constructively. This is called Zero Path Difference (ZPD) and results 

a maximum signal at the detector. For a monochromatic light source of wave length >., 

an optical path difference of >./2 will cause the two beams to recombine 180 0 out of 

phase, and the destructive interference will lead to a minimum signal at the detector. 

As M2 mirror is moved, the interference pattern is detected and is called an 

/nterferogram. The interferogram from a monochromatic source is essentially a cosine 

wave and can be given by: 

Ia (x) = Ia (1+cos2nox) (1) 

where 10' is the mean intensity, 0' = >.-1 the wavenumber (cm- I ), and x is the path 

difference. This is shown in Figure 20(a). 

For a polychromatic source, the total intensity can be obtained by summing the 

con tri bu tions from all spectral elements. Then equation (I) becomes, 

Io(x) = fa-B(a) (1+cos2nox)do (2) 

= fa-B(a) do + fa-B(O) cos2naxdo (3) 



Figure 20. 

(a) The interferogram for a monochromatic source of wavenumber 0: 

I(x) = Ia(1+cos21tox) 

(b) Schematic interferogram for a polychromatic source B(o): 

I(x) = r + fB(o)COS21tOXdo 
o 
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= I + fo-B(o) cos2noxdo (4) 

The first term in equation (4) is a constant and the second term contains all the 

information on the spectrum. Figure 20(b) shows an interferogram for a polychromatic 

source. The modulated part of the interferogram is: 

I(x) = Io(x) -I (5) 

If one of the mirrors is moved at a speed v/2, the path difference changes at a rate v; 

x = vt, and equation (5) becomes 

I( t) = L:B(O) cos2nftdo (6 ) 

where the frequency f is given by f = vo. 

I(t) is the cosine transform of B(o) and B(o) can be recovered from the inverse cosine 

transform to give the power spectrum, 

B(o) = L:I(t)cos2notdt (7 ) 

The mathematical operation on the data is done by a computer to transform the time 

domain interferogram to a frequency domain spectum. 

Figure 21 shows the optical path of the Kitt Peak FTS used in the experiments. 

This instrument differs from a Michelson interferometer in several ways. Thc 

retrorefIectors (cat's eyes) are used instead of plane mirrors. These are tilt invariant, 

and they have the additional advantage that the complementary interferogram 

returning towards the source is laterally displayed from the input beam and can be 

picked up by a second detector for improvement of the single-to-noise ratio. The 



Figure 21. 

Optical path of the Fourier transform interferometer at Kitt Peak. 
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arrangement shown in the Figure 21, with the two halves of the beam splitter coated on 

opposite sides, also dispenses with the need for a separate compensating plate. 

Another difference is that both eat's eyes are moved in opposing directions. 

Light coming from the source is collimated and sent to the beam splitter. The 

two beams are reflected to the eat's eyes retroreflectors after the beam splitter and 

reflected back to the beam recombiner. The reflected and transmitted beams from the 

recombiner are detected separately. The interferogram is the difference of the two 

signals. 

6.3 HOLLOW CATHODE DISCHARGE SOURCE 

Historically electrical discharge sources have been used extensively in molecular 

emission spectroscopy. More recently, a composite-wall hollow cathode source has 

proved to be a useful tool for producing gas phase atoms or molecules. 

This technique has several advantages over conventional methods of molecular 

production: 

1. The hollow cathode source dissipates relatively small amounts of power so thermal 

insulation and cooling requirements are minimal and the apparatus is quite simple. 

2. Since the molecules or atoms are produced by sputtering and not by thermal 

vaporization, essentially any material which can be placed in the cathode of the 

system can be used to produce atoms or molecules. 

A schematic diagram of the composite-wall hollow cathode is shown in Figure 

22. The construction was based on an unpublished design (98). To make the cathode a 

hole was drilled in a copper block. Then a mixture of copper powder and the powder 

of the desired metal or compound was pressed into the hole. A hole was then drilled 



Fi,gure 22. 

Hollow cathode lamp. 

1. standard 2.75"diameter Varian cross 

2. copper ca thode block 

3. layer of the desired rna terial 

4. quartz shield 

5. anode rod 

6. ceramic shield and insulator 

7. CaF window 

8. focusing lens 

9. argon inlet and outlet 

10. cooling water inlet and outlet 
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through the block leaving a thin layer of the pressed mixture inside the block. Sharp 

edges in the copper block were smoothed in order to prevent sparking and unstable 

discharges. The quartz tube enclosing the copper cathode reduces the amount of 

unwanted glow discharge that is not confined inside the cathode hole. 

Slowly flowing argon gas carrier was used for all of the experiments. After a 

warmup period of about one hour, these cathodes are stable for many hours and are 

ideal for recording high resolution spectra. 

6.4 PRODUCTION OF BC AND RECORDING THE SPECTRUM 

The hollow cathode used to make gas phase BC was made from copper and B4C 

powers (3:1). Since B4C is an electrical insulator, the addition of copper powder keeps 

the cathode stable. Operating current was maintained at 400mA. A flow of argon gas 

at 1.2 Torr pressure was maintained through the discharge. Two cooled RCA 31034 

photomultiplier tubes were used as detectors. 

In our preliminary work, the 2800-11000A interval was surveyed using different 

bandpass filters (Corion) with the same experimental conditions. About 22 scans were 

coadded with two hours of integration for each spectral interval. A set of lines with 

a P-head and a R-branch around 17900 cm- l was seen in one of the scans. However thc 

signal-to-noise ratio for these lines were not good. As a result, splittings were not 

resolved and the first few lines of the P and R branch were not observed in the 

spectrum. Therefore, the band origin of this transition was not very clear. 

In order to find the band origin and to see the spin spIittings the spectrum was 

recorded for a second time with similar conditions. Using a prism monochromator and 

a 6000A blue pass filter the spectral interval was limited to 17300-18900 em-I. 
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Photomultiplier detectors were used and 46 scans were coadded. Spectral lines in this 

scan were quite strong and a doublet splitting was seen for most of the lines. However 

this spectrum contained a large number of C2 lines from the d3IIg-a3IIu (Swan system) 

transition. Some of the weak BC lines were blended and the first P and R lines were not 

obvious in the spectrum. 

The spectrum was recorded for a third time with same conditions. The hollow 

cathode was burned for several hours before the spectrum was recorded. This helped 

to clean the cathode and to remove any C2 emission. Intensities of the lines in this 

spectrum was slightly better than the first experiment and the first P and R lines were 

found in the spectrum. 

The spectra were calibrated with line positions of singly ionized argon measured 

by Norlen (99). The accuracy of these lines are within ±O.OOI em-I. 

6.5 RESULTS AND ANALYSIS 

The interferograms were transformed by G. Ladd of the National Solar 

Observatory. The line positions in the spectra were determined using a data reduction 

program called PC-DECOMP developed at Kitt Peak. A Voigt lineshape function was 

fit to the lines in a nonlinear least-squares method. For weak lines, with a single-to

noise ratio less than -2 , the peak positions were determined by eye. 

Line centers obtained from the first experiment were fit to a l~ - l~ energy level 

expression ignoring the partially resolved spin splittings. Since the first P and R lines 

were not bound in the spectrum, there were three possible assignments for the band 

origin resulting in three different possible re (equilibrium bond length) values. The 

experimental re values were compared with the calculated values by Hirsch and Buenker 
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(60) (1.5012A) and Davidson (57) (1.52IA) in order to try to find the correct assignment. 

This comparison between experiment and theory was ambiguous. Oliphant et al. (61) 

performed another theoretical calculation and found a ground state re = 1.491A. This 

third theoretical value agrees with value of Hirsch and Buenker's and with one of the 

experimental values (1.488A). The third spectrum that we recorded provided an 

unambiguous rotational assignment. Table 12 compares theoretical and experimental 

Be and revalues for the ground state. The experimental and theoretical values are in 

excellent agreement. 

Electronic configuration of BC in its ground 4~- state is: 

and the potential energy curve dissociates to B(2p) + qSp). The B4~- excited state can 

be obtained by promoting an electron from the 4a to the Sa orbital. The band origin 

predicted by Hirsch and Buenker (60) was almost same as the experimental value. 

6.6 HAMILTONIAN AND MATRIX ELEMENTS 

In order to extract the molecular parameters from the emission spectrum of BC, 

it is necessary to fit the spectral lines to energy level expression. These energy levels 

or eigenvalues can be obtained by operating the Hamiltonian on the molecular wave 

function. 

The resultant total angular momentum (J) in a molecule can be obtained by 

vector addition of electronic orbital angular momentum (L), electron spin (S) and 

angular momentum of the nuclear rotation (R). As described by Hund (100) there are 

several ways these angular momenta can couple with each other to give the total angular 
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Table 12. Comparison of experimental and theoretical molecular constants for the X42;-

state of BC. 

This work 

Kouba and Ohrna 

Hirsch and Buenkerb 

Knight et al.c 

Oliphant and Adamowiczd 

a Ref. 58 

b Ref. 60 

C Ref. 57 

d Ref. 61 

1.49116 1.32041 

1.665 1.069 

1.501 1.3028 

1.521 1.2691 

1.491 1.3207 
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momentum. These different ways are known as case (a), case (b), case (c), case (d) and 

case (e). Of these the first three are the most commonly used in the spectroscopy of 

diatomic and linear polyatomic molecules. 

The magnitude of I A/2B I, determines the Hund's case coupling scheme, where 

A is the spin-orbit coupling constant and B is the rotational constant, given by the 

equation, 

(8) 

Where h = Planck's constant 

I-' = reduced mass 

r = equilibrium internuclear bond distance 

c = speed of light 

If I A/2B I is small, as in the 4~- states of Be, the electron spin S is weakly coupled to 

the internuclear axis, which is Hund's case (b), shown in Figure 23. The component of 

the orbital angular momentum L along the internuclear axis, A, couples with the nuclear 

rotation R to form the resultant angular momentum without the spin, N. 

N = R + IAI (9 ) 

N couples with the spin angular moment S to give the total angular momentum J. 

J=N+S (10) 

The possible values of J for a given N; 

J = N+S, N+S-l , N+S-2 , •••••••• 1N-.sI 

For a given N, there are (2S+I) components. 

For a 4~ state, A = 0, therefore N = R and ~ = ±3/2, ±1/2 



Figure 23. 

Hund's case (b) coupling scheme. 



N=R+IAI 
J.= N + 5 

Figure 23 
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Then J = N+3/2, N+I/2, N-I/2 and N-3/2 which are labeled F I , F2, Fg and F4 

respectively (see Figure 24). 

To calculate the energy levels of BC in the ground and excited electronic states, 

it is necessary to construct an effective Hamiltonian. The effective Hamiltonian, as 

described by Brown et al. (101) for a ,,~ state is 

where 

Hrot = BN2, the rotational kinetic energy 

Hcd = -DN", the centrifugal distortion energy 

Her = -y N.S, the spin-rotation interaction 

Has = 2/3 >'.(3S: - S2), the spin-spin interaction 

The total wavefunction of BC can be given by the product of the electronic 

wavefunction, the vibrational wavefunction and the rotational wavefunction which 

rests on the Born-Oppenheimer assumption of the separability of nuclear and electronic 

motions. For a ,,~ electronic sta te, the Hund's case (a) basis set has the form 

lei> Ivib> Irot> = IA=O,S=3/2,~±3/2 and ±1/2> Ivib> IJ,0=±3/2 and ±I/2> 

= In,J,O> 

where the label n stands for all remaining electronic and vibrational labels. There are 

four basis set functions for a given J, namely 0=±3/2, ±1/2: 

I n,J,3/2>, I n,J,I/2>, I n,J,-1/2> and I n,J,-3/2> 

The operation of the Hamiltonian in the space defined by these four basis 

functions will result in a 4x4 matrix representation. The matrix elements are given in 

Table 13. The two ±o components, degenerate in energy for the nonrotating molecule, 
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are not properly symmetrized eigenfunctions of the total Hamiltonian. Only linear 

combinations of these to functions have well defined symmetry. This symmetry is 

called parity, and uy is the operator used in the molecular frame to classify the basis 

functions as belonging to either even or odd parity (102). The eigenvalues of uy are + I 

and -I, and correspond to even and odd total parity respectively. 

I n,J, bl> = (2t1/ 2 [ I n,J ,0> ± I n,J ,-0>] 

The second type of label, often called the elf parity, factors out the (_1)3+1/2 J

dependence and becomes a rotation-independent label. After making the elf parity 

transformation, the 4x4 matrix will be reduced to two 2x2 matrices and given in the 

Table 14. These matrices are easy to diagonalize in order to obtain the energy levels. 

6.7 ANALYSIS OF DATA 

In a 4~ state each rotational level N (~) is split into four spin components and 

several transitions between different Nand J levels are possible. The selection rule tlJ 

= 0, ±I results in 24 branches 4~-_4~- transition. However, for the higher N transitions 

there are four strong P and R branches (PI' P2, Ps' P4, R 1, R 2, Rs and R 4) in agreement 

with the general selection rule t.J = toN = ±I. The energy level diagram for a 4~-_4~-

transition is given in Figure 24. 

If the spin-rotation parameter, 'Y, is small in both electronic states of Be then the 

fine structure is determined by spin-spin interaction which has only diagonal rna trix 

elements: 

EBB = 2/3).[3~2 - S(S+I)) (13) 
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Table 14. Matrix elements after the parity transformation( + for e parity; - for f parity) 
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Thus 4'Z1/2 and 4~_1/2 (0 = 1/2) have same energy (-2~) while 4'Z3/2 and 4~_3/2 are also 

unsplit (+2~). Therefore, only doublets can be expected under the resolution used in this 

experiment. The separation between the two peaks in the doublet is approximately 

given by the difference in the spin-spin interaction parameters, 48~, in the two 

electronic states. For a given N. two lines from each branch (P1+P4 and P2+P3 or RI+R4 

and R 2+R3) combine to make the doublet. 

Lines associated with 0-0, I-I, 2-2 and 3-3 bands were measured and assigned. 

These bands sho·¥ a characteristic rotational structure of a ~-~ transition. The head is 

in the P branch and the bands are blue degraded and the rotational analysis is straight 

forward. Figure 25 shows the P-head of the 0-0 band while Figure 26 gives part of the 

R-branch. 

The intensity formulae given by Kovacs (103) and its corrections (104), Table 15, 

are used to assign the two lines in the doublet (i. e. which line is Rl+R4 and which is 

R 2+R3). The experimental and calculated intensities for R(II) and R(12) lines given 

in Table 16. According to the Table, the calculated intensity of Rl+R4 line is slightly 

greater than that of R2+Rs line. The two lines in the doublet are labeled to match the 

experimental and calculated intensities. This intensity pattern also observed for the 

unblended P-branch lines. 

The measured line positions are reported in Table 17. Each band was fit 

separately to the 4~4~ fitting program. The spin-spin interaction parameter, ~, was 

estimated (0.0284 cm-I) from Ref. 57 and used as the initial guess of the fit for the 0-0 

band. 

For the 0-0 band, all the parameters (B, D and ~) were varied for both electronic 

states and the '"('s were set to zero. Many of the doublets in the P-branch are not 

resolved or are blended. The weights for these lines in the fit are adjusted to reflect the 



Figure 24. 

Energy level diagram for a 4~-_4~- transition 
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Figure 25. 

R-branch of the 0-0 band of the emission spectrum of Be. Doublet structure is 

due to the spin-spin interaction. 
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Figure 26. 

P-head of the 0-0 band of the emission spectrum of Be. 
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Table 15. Rotational line intensities for a 4»-4~ transition in a diatomic molecule. 

Branch Line Strength 

P1(J), R1(J-I) (2J - 3)(2J + 1)/4(J - 1) 

P2(J), R 2(J-l) (J + 1)(2J - 3)(2J + 1)/4J2 

Ps(J), Rs(J-l) (J - 1)(2J - 1)(2J + 3)/4J2 

P ,<J), R.<J-l) (2J - 1)(2J + 3)/4(J + 1) 

Table 16. The experimental and calculated rotational line intensities. 

N Line Exp. Intensity Cal. Intensity 

11 Rl+R4:R2+Rs 0.925: 1.000 0.993: 1.000 

12 R t +R4:R2+Rs 0.928: 1.000 0.994: 1.000 
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Table 17. Observed line positions of the B"~-X"~ transition of BC (in em-I). 

0-0 Band 

N RI+R" O-Ca R2+Rs O-C P1+P" O-C P2+PS O-C 

0 17907.610 -9 
I 17910.482 -8 17910.514 3 17902.233 -16 
2 17913.475 8 17913.395 -8 17899.736 -28 17899.869 48 
3 17916.566 12 17916.462 -3 17897.374 -8 17897.313 -14 
4 17919.759 5 17919.643 -9 17895.117 7 17895.020 -6 
5 17923.074 8 17922.950 -6 17892.964 12 17982.852 -0 
6 17926.497 5 17926.385 9 17890.895 -13 17890.799 -1 
7 17930.041 9 17929.912 0 17889.002 22 17888.866 0 
8 17933.685 2 17933.554 -6 17887.185 18 17887.048 -1 
9 17937.441 -7 17937.320 -4 17885.478 7 17885.359 11 

10 17941.331 3 17941.203 2 17883.897 5 17883.771 5 
11 17945.316 -5 17945.191 -1 17882.427 -I 17882.318 17 
12 17949.418 -8 17949.294 -1 17881.094 12 17880.956 3 
13 17953.640 -5 17953.516 4 17879.853 -1 17879.729 6 
14 17957.970 -5 17957.847 4 17878.740 -3 17878.619 7 
15 17962.414 -6 17962.295 9 17877.748 -2 17877.606 -11 
16 17966.973 -5 17966.839 -3 17876.874 -2 17876.731 -I I 
17 17971.633 -15 17971.518 6 17876.124 3 17875.985 -I 
18 17976.428 -2 17976.299 5 17875.470 -14 17875.362 14 
19 17981.334 6 17981.202 12 17874.970 4 17874.841 11 
20 17986.338 5 17986.203 5 17874.577 9 17874.430 -2 
21 17991.456 3 17991.325 6 17874.296 6 17874.170 17 
22 17996.684 -4 17996.538 -15 17874.132 -0 17873.966 -29 
23 18002.036 -3 18001.920 20 17874.113 18 17873.955 -2 
24 18007.504 6 18007.347 -11 17874.179 0 17874.023 -17 
25 18013.075 5 18012.946 14 17874.380 -4 17874.232 -13 
26 18018.746 -10 18018.594 -23 17874.661 -49 17874.557 -15 
27 18024.551 -3 18024.410 -5 17875.098 -62 17875.026 10 
28 18030.459 -6 18030.839 14 17875.666 -66 17875.628 36 
29 18036.514 24 18036.407 58 17876.425 -1 17876.293 7 
30 17877.290 46 17877.106 3 
31 17878.218 33 17878.032 -13 
32 17879.270 19 17879.121 II 
33 17880.293 -6 

a O-C correspond to the observed minus calculated line positions (in 10-3 em-I) using the 
spectroscopic constants of Table 17. 
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1-1 Band 

N R 1+R. O-C R2+Rs O-C Pl+P• O-C P2+Ps O-C 

0 18028.302 -6 
1 18031.186 29 18031.186 17 18023.014 19 
2 18034.110 -3 18034.030 -2 18020.569 15 18020.647 9 
3 18037.165 -18 18037.068 -5 18018.215 -0 18018.129 -23 
4 18040.373 5 18040.246 3 18015.975 -15 18015.879 -9 
5 18043.638 -31 18043.539 4 18013.894 12 18013.785 24 
6 18047.082 -6 18046.948 3 18011.908 16 18011.754 -6 
7 18050.619 -4 18050.471 -5 18010.031 11 18009.868 -13 
8 18054.243 -32 18054.117 -7 18008.284 15 18008.126 3 
9 18058.050 7 18057.894 5 18006.630 -7 18006.476 -12 

10 18061.230 2 18061.783 12 18005.125 -1 18004.975 0 
11 18065.933 3 18065.776 4 18003.729 -8 18003.577 -5 
12 18070.052 4 18069.889 1 18002.474 6 18002.299 -12 
13 18074.285 2 18074.122 -0 18001.323 -2 18001.154 -8 
14 18078.630 -4 18078.488 16 18000.322 24 18000.135 -2 
15 18083.102 0 18082.916 -23 17999.390 -5 17999.211 -22 
16 18087.694 8 18087.548 26 17998.627 12 17998.424 -28 
17 18092.388 1 18092.224 2 17997.976 16 17997.795 1 
18 18097.207 3 18097.037 0 17997.407 -20 17997.238 -24 
19 18102.131 -5 18101.969 -1 17997.007 -12 17996.841 -12 
20 18107.183 -3 18107.004 -14 17996.774 39 17996.552 -16 
21 18112.351 -0 18112.170 -13 17996.612 37 17996.382 -26 
22 18117.610 -24 18117.440 -24 
23 18123.024 -8 18122.853 -9 
24 18128.542 -4 18128.362 -14 
25 18134.187 10 18134.037 31 
26 18139.935 11 18139.784 31 
27 18145.778 -10 18145.645 29 
28 18151.756 -12 18151.614 18 
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2-2 Band 

N R 1+R. O-C R2+Rs O-C Pl+P4 O-C P2+PS O-C 

1 18152.231 -43 18152.343 49 18144.206 -15 
2 18155.190 -13 18155.100 -35 18141.880 64 18141.880 4 
3 18158.262 14 18158.150 -6 18139.510 -9 18139.493 31 
4 18161.409 -4 18161.297 -10 18137.350 9 18137.224 -30 
5 18164.723 25 18164.599 14 18135.254 -30 18135.206 24 
6 18168.127 23 18167.992 7 18133.321 -28 18133.173 -64 
7 18171.614 -16 18171.486 -20 18131.515 -22 1813 1.386 -34 
8 18175.283 8 18175.156 7 18129.798 -52 18129.729 1 
9 18179.054 12 18178.916 4 18128.230 -56 18128.182 22 

10 18182.904 -24 18182.789 -8 18126.901 53 18126.762 43 
11 18186.934 -0 18186.802 0 18125.567 33 18125.425 22 
12 18191.052 -10 18190.933 6 18124.321 -24 18124.221 8 
13 18195.316 8 18195.174 2 18123.273 -11 18123.129 -20 
14 18199.679 5 18199.545 8 18122.297 -52 18122.168 -44 
15 18204.158 -3 18204.015 -7 18121.565 25 18121.339 -63 
16 18208.768 I 18208.628 0 18120.864 6 18120.715 -6 
17 18213.477 -15 18213.346 -6 18120.352 48 18120.171 5 
18 18218.316 -21 18218.207 10 18119.875 -5 18119.725 -15 
19 18223.297 -5 18223.154 -7 18119.582 -1 18119.387 -55 
20 18228.376 -II 18228.242 -3 18119.437 21 18119.259 -15 
21 18233.583 -8 18233.430 -19 18119.383 5 18119.195 -42 
22 18238.908 -7 18238.767 -7 
23 18244.354 -6 18244.208 -9 
24 18249.905 -19 18249.769 -12 
25 18255.587 -21 18255.458 -6 
26 18261.399 -13 18261.269 1 
27 18267.344 9 18267.193 2 
28 18273.380 1 18273.265 30 
29 18279.516 -28 18279.398 -I 
30 18285.848 20 18285.710 26 
31 18292.242 8 18292.111 22 
32 18298.777 17 18298.655 41 
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3-3 Band 

N Rl+R4 O-C R2+Rs O-C Pl+P4 O-C P2+Ps O-C 

4 18282.769 -23 18282.769 79 
5 18286.026 -36 18286.026 74 18256.877 -50 18256.877 49 
6 18289.443 -11 18289.271 -68 18254.973 -58 18254.973 50 
7 18292.878 -91 18292.878 29 18253.226 -34 18253.226 80 
8 18296.550 -56 18296.550 67 18251.615 -1 18251.615 118 
9 18300.302 -63 18300.302 63 18250.095 -4 18250.095 118 

10 18304.266 20 18304.066 -53 18248.679 -29 18248.679 96 
11 18308.252 4 18308.078 -41 18247.466 20 18247.466 147 
12 18312.291 -83 18312.291 48 18246.308 -4 18246.308 125 
13 18316.552 -68 18316.552 64 18245.248 -58 18245.248 72 
14 18320.911 -78 18320.911 55 18244.355 -75 18244.355 57 
15 18325.402 -76 18325.402 58 18243.623 -60 18243.623 72 
16 18330.061 -29 18329.944 -11 18242.953 -114 18242.953 20 
17 18334.796 -27 18334.710 22 18242.423 -158 18242.423 -24 
18 18339.671 -7 18339.566 24 18242.143 -85 18242.143 51 
19 18344.567 -88 18344.567 49 18241.918 -88 18241.918 48 
20 18349.770 17 18349.607 -9 18241.796 -121 18241.796 16 
21 18354.991 19 18354.852 17 
22 18360.293 -20 18360.217 41 
23 18365.829 52 18365.657 18 
24 18371.323 -39 
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blending and the intensity of the lines. 

The I-I, 2-2 and 3-3 bands were fit by fixing the ground state>. to the v = 0 

value. For the 2-2 and 3-3 bands the values for D' and D" were linearly extrapolated 

with the usual formula 

Dv = De + f3e(v + 1/2) (14) 

using Do and Dl values. The lines in 3-3 band were very weak. Most of the P-branch 

lines were blended with C2 lines and except for a few R-branch lines, the spin doubling 

was not resolved. For the 3-3 band only a band origin and the rotational constant, B, 

for both electronic states were varied. The molecular constants extracted from the fi ts 

are given in Table 18. The equilibrium rotational constants obtained by fitting the Bv 

values of Table 18 are reported in Table 19. The equilibrium bond lengths calculatcd 

from the Be values are reported in Table 19. 

The spin-spin parameters (>.'s) of Table 18 are effective values. As usual>. = >.(1) 

+ >.(2) where the "true" spin-spin interaction energy (>.(1» is small relative to the second 

order spin orbit interaction energy (>.(2». The microscopic form of the spin-orbit 

Hamiltonian 

(15) 

connccts a 4~- state to other electronic states. The 4a2Sa1111'2configuration of the X4~

state and the 4a1Sa2111'2configuration of the B4~ each give rise to 4~-, 2~+, 2~- and 26 

states. Within a a 111'2 configuration the 4~- and 2~+ states are connected by the Izsz part 

of the Hso operator. Application of second order perturbation theory rcsults in thc 

equation 

(16) 

where all'(= <lI'lai/lI'»is the molecular analog of the atomic spin-orbit parameter, r. 



Table 18. Molecular constants for the B4~-_X4~- transition of BC (in em-I). 

Constant v=O v = 1 

X4~-

By 1.311730(52) 1.29505(12) 

106 Dy 7.600(46) 9.16(25) 

102 A 2.82(33) 2.82b 

B4~ 

Tvv I 7904.8622( 14) 18025.5754(22) 

By 1.369140(52) 1.35432( 12) 

106 Dy 7.273(47) 8.73(22) 

102 A -4.57(34) -6.23(14) 

" extrapolated from v = 0 and 1 values 

b fixed to the v = 0 value 

v=2 v=3 

1.27640(10) 1.26272(31) 

10.720" 12.280" 

2.82b 2.82b 

18146.7638(26) 18268.250( 12) 

1.33749(10) 1.32488(29) 

10.187" 11.644" 

-4.80(17) -4.57b 

120 
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Table 19. Equilibrium molecular constants for BC in the X4~- and B4~- states (in cm-l). 

Constant 

1.32041(61) 1.37693(55) 

0.01733(46) 0.01553(40) 

1.49116(34) 1.46023(29) 
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In the case of the X'~~ state of BC there is another important contribution to >.(2) 

from another low lying configuration, 40'2111"3, which gives rise to the a 2rr state. This a 2rr 

state is calculated5 to lie only 4600 cm-1 above the ground state. Furthermore the 50' and 

111" orbitals are nominally pO' and P1l" orbitals for which a pure precession relationship is 

a reasonable approximation. The I+s- part of Hso can, therefore, connect the X4~- and 

the a2rr state. The 4~;/2 component interacts with the 2rrS/2 while the 4~;/2 component 

interacts with the 2rr1/2 state and the application of second order perturbation theory 

results in the expression 

>. (2) = a~ / 12(EeII) - E(4~-)} (17) 

The molecular a1l" value is not known for BC but r = II cm-1 for the B atom and 

r = 29 cm-1 for the C atom. Assuming tha t the corresponding 111" molecular orbital is a 

simple linear combination of atomic orbitals then a1l"~ (rc+ rB)/2= 20 em-I. From the 

ab initio calculations of Hirsch and Buenker Ee~+) - E(X4~-) = 13300 cm-I while E(a 2rr) 

- E(X4~n = 4600 em-I. Therefore eq.(16) contributes 0.005 cm-I to >. while eq.(l7) 

contributes 0.007 cm-I for a total of 0.012 cm-I compared to the observed value of >. = 

0.027 cm-I for the X4~-. Considering the approximations made in this semi-empirical 

estimate, the agreement is satisfactory. 

For the excited B4~ state the value of >. = -0.046 cm-I is more difficult to 

rationalize. By interchanging the assignment of the spin doublets it is possible to obtain 

a positive value of >. in the excited B4~ state but the variance of the fit is degraded by 

a factor of 2. The excited state configurations of BC are probably too mixed for any 

semi-empirical estimate to have any meaning. 
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6.8 CONCLUSION 

The BC free radical was observed in emission from a composite wall hollow 

cathode discharge with the Fourier transform spectrometer. This method proved to be 

successful in recording the unknown electronic spectra of borides and carbides in the 

gas phase. 

The symmetry of the ground state of BC is 4~- and confirms the previous 

theoretical calculations and experimental observation by ESR. The ground state bond 

length is 1.488A. The molecular constants extracted from the fits show the doublet 

structure in the spectrum comes from the spin-spin interaction. The vibrational 

frequencies were not found since only the /:"v = 0 sequence was observed in the 

spectrum. However, the blue degraded sequence bands indicate that the excited state 

vibrational frequency is greater than that of the ground state, which is in good 

agreement with the theoretical predictions. 
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CHAPTER 7 

EMISSION SPECTROSCOPY OF CuD 

7.1 INTRODUCTION 

The diatomic hydrides of the transition metals are important experimentally 

because these metals are valuable hydrogenation catalysts (46,47). The M-R molecule 

represents the simplest such metal-hydrogen bond. Ab initio prediction of the 

properties of transition metal hydrides has also been quite successful (45). 

In the course of our work on BD, the 0-0, 0-1 and I-I bands of the A 12;+ -X 12;+ 

transition of CuD were identified. These Fourier transform data provide much 

improved spectroscopic constants for 63CuD and 65CuD including rotational constants 

and a value for fj,G1/ 2 in the ground state. The symmetries of the electronic states and 

their relative energies of isovalent molecules containing Cu, such as CuOR, can be 

estimated using these data. 

7.2 EXPERIMENTAL DETAILS 

The CuD molecule was made in a hollow cathode discharge. In this experiment, 

a 1:3 mixture of B"C powder and copper powder was pressed and drilled to form a 

hollow cathode. The composite-wall hollow cathode was operated at 400 rnA with a 

flow of 1.6 Torr of argon gas and 35 mTorr of D2 gas. 

The emission from the hollow cathode was observed with the Fourier transform 

spectrometer at Kitt Peak. 33 scans were coadded in 1.5 hr of integration with an 
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unapodized resolution of 0.05 cm-l. A prism monochromator, acting as a filter, limited 

the wavelength response of the GaAs photomultipler detectors to approximately 21700-

24000 cm-l. The spectrum was calibrated to an absolute accuracy of about 0.002 cm- l 

with the Ar+ atomic line positions of Norlen (99). 

7.3 RESULTS AND ANALYSIS 

The line positions were determined from the spectrum by a data-reduction 

program, PC-DECOMP, developed at Kitt Peak. Because the spectrum was slightly 

under-resolved, most of the strong lines produced ringing. A special option in PC

DECOMP called "filtered fitting" was used to improve the resolution by removing the 

effect of the instrumental sinc function lineshape. If the bonding in CuD is considered 

to be ionic then the ground state of CuD has electron configuration, 

Cu+ (Is2,2s2,2p6,3s2,3p6,3dlO,4so) D- (ls2) 

The low lying excited states can be obtained by promoting a 3d electron to a 4s orbital. 

Then the configuration of CuD, 

Cu+ (IS2,2s2,2p6,3s2,3p6,3d9,4s1) D- (1s2) 

gives rise to six possible electronic states from the 3da, 3d 11' and 3dS orbitals, each one 

forming a singlet and a triplet combination with the 4s electron. 

Cu+ (3d[S311'4a2]4s[alJ) ........... 3ll, III 

Cu+ (3d[S411'3a2]4s[alJ) ........... 3n, In 

Cu+ (3d[S411'4a l]4s[al]) .......... h::+, l~+ 

Of these the l~+ state should be Al~+ and the 3~+ is a repulsive perturbing state. 

Lines for 63CuD and for 66CuD were measured for 0-0, I-I and a-I bands of the 

A l~+_Xl~+ transition and are listed in Table 20. Part of the R-head of the 0-0 band is 



126 

Table 20. The Observed Line Positions for the A l~+_Xl~+ Transition of CuD (in em-l) 

63CuD 65CuD 

J P(J) O-CB R(J) O-C P(J) O-C R(J) O-C 

0- 0 Band 

0 23332.9764 -10 23332.9764 20 
1 23318.0446 12 23338.8887 -9 23318.0539 -12 23338.8807 -2 
2 23309.0252 -27 23343.7601 -17 23309.0474 -10 23343.7474 -10 
3 23298.9912 65 23347.5898 -22 23299.0092 -59 23347.5748 -1 
4 23287.9195 16 23350.3760 -24 23287.9555 -36 23350.3590 3 
5 23275.8356 38 23352.1155 -42 23275.8843 -6 23352.0961 -24 
6 23262.7362 48 23352.8118 -30 23262.8015 42 23352.7923 -9 
7 23248.6259 42 23352.4614 -19 23248.7055 41 23352.4405 -19 
8 23233.5056 -27 23351.0631 -19 23233.6065 38 23351.0449 -9 
9 23217.3942 -27 23348.6193 -7 23217.5130 59 23348.6016 -20 
10 23200.2916 -23 23345.1289 2 23200.4256 49 23345.1155 -8 
11 23182.2071 14 23340.5941 18 23182.3513 12 23340.5838 -10 
12 23163.1408 15 23335.0162 44 23163.3007 -14 23335.0093 -11 
13 23143.1038 20 23328.3930 42 23143.2794 -46 23328.3914 -32 
14 23122.1028 20 23320.7278 25 23122.3056 25 23320.7403 9 
15 23100.1445 6 23312.0215 -20 23100.3759 86 23312.0465 -5 
16 23077.2406 14 23302.2839 -20 23077.4894 48 23302.3185 -13 
17 23053.3981 30 23291.5114 -39 23053.6635 3 23291.5597 -11 
18 23028.6229 27 23279.7155 6 23028.9123 5 23279.7750 19 
19 23002.9520 19 23266.8883 2 23003.2420 29 23266.9615 15 
20 22976.3175 46 23253.0412 28 22976.6573 32 23253.1223 -29 
21 22948.7964 -23 23238.1680 -18 22949.1647 -12 23238.2778 53 
22 22920.3941 40 23222.2832 -31 22920.7835 -5 23222.4092 32 
23 22891.0971 7 23205.3879 -44 22891.5202 25 23205.5341 41 
24 22860.9256 -17 23187.4911 -11 22861.3743 -26 23187.6476 -14 
25 22829.8880 -46 23168.5888 -18 22830.3641 -70 23168.7628 -49 
26 22798.0017 -5 23148.6911 -13 22798.5068 -35 23148.8902 -5 
27 22765.2646 -13 23127.8016 -9 22765.8059 15 23128.0226 -5 
28 22731.6920 -16 23105.9195 -63 22732.2648 15 23106.1686 -11 
29 22697.2922 -33 23083.0701 27 22697.8957 -13 23083.3363 6 
30 22662.0808 -6 23059.2343 17 22662.7132 -21 23059.5246 -17 
31 22626.0603 -9 23034.4286 23 22626.7302 18 23034.7439 -26 
32 22589.2416 -32 23008.6536 -3 22589.9517 58 23009.0020 4 
33 22551.6434 14 22981.9304 98 22552.3783 7 22982.2994 28 
34 22513.2645 22 22954.2316 6 22514.0318 -14 22954.6396 29 
35 22474.1155 2 22925.594- 34 22474.9233 12 22926.0244 -23 
36 22434.2128 26 22896.0065 24 22435.0472 -65 
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63CuD 61)CuD 

J P(J) O-cn R(J) O-C P(J) O-C R(J) o-c 

37 22393.5553 -8 22865.4752 -11 22394.4384 15 
38 22352.1641 24 22834.0077 -40 22353.0857 50 
39 22310.0375 19 22310.9974 40 
40 22267.1826 -35 22268.1775 -59 

63CuD 65CuD 

J P(J) o-C R(J) o-C P(J) o-c R(J) o-c 

0- 1 Band 

0 21986.7598 -4 21987.3806 21 
I 21971.9987 -15 21992.8541 -22 21972.6524 -95 21993.4744 57 
2 21963.3597 -26 21998.0969 6 21964.0054 17 21998.7099 61 
3 21953.8628 -78 22002.4786 6 21954.5136 -78 22003.0837 23 
4 21943.5342 -49 22006.0019 24 21944.1931 -71 22006.6129 131 
5 21932.3709 -8 22008.6619 24 21933.0266 175 22009.2583 7 
6 21920.3627 107 22010.4584 17 21921.0473 102 22011.0521 -14 
7 21907.5451 -39 22011.3908 3 21908.2395 -63 22011.9864 -4 
8 21893.9002 -34 22011.4557 -47 21894.6030 108 22012.0533 -37 
9 22010.6709 48 22011.2637 -3 
10 22009.0121 40 22009.6120 41 
II 22006.4886 17 22007.0922 29 
12 22003.1008 -24 22003.7115 24 
I3 21998.8616 32 21999.4693 10 
14 21993.7529 -10 21994.3687 I 
15 21987.7936 22 21988.4096 -18 
16 21980.9750 19 21981.5978 -12 
17 21973.3009 -5 21973.9272 -64 
IR 21964.7743 -45 21965.4248 71 
19 21955.4091 10 21956.0539 -2 
20 21945.1732 188 21945.8463 4 
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J P(J) O-ca R(J) O-c P(J) o-c R(J) O-c 

1 - 1 Band 

0 23157.1765 10 23157.2671 64 
1 23142.6158 36 23162.8990 9 23142.7131 14 23162.9748 -30 
2 23133.7746 -30 23167.5823 42 23133.8873 15 23167.6613 81 
3 23123.9118 -8 23171.2159 31 23124.0345 40 23171.2746 98 
4 23113.0184 -24 23173.7967 -37 23113.1499 3 23173.8703 6 
5 23101.0996 -69 23175.3397 5 23101.2488 18 23175.4086 12 
6 23088.1718 -23 23175.8276 -4 23088.3264 -11 23175.8906 -56 
7 23074.2268 -17 23175.2693 37 23074.3964 8 23175.3296 -54 
8 23059.2753 6 23173.6544 30 23059.4532 -33 23173.7297 65 
9 23043.3137 -45 23170.9842 -8 23043.5111 -46 23171.0558 -45 
10 23026.3636 -7 23167.2663 2 23026.5831 -47 23167.3473 13 
11 23008.4188 -3 23162.4941 -7 23008.6536 27 23162.5800 -8 
12 22989.4879 -8 23156.6719 2 22989.7376 -14 23156.7662 -15 
13 22969.5795 0 23149.8002 31 22969.8462 -30 23149.9056 72 
14 22948.6928 -50 23141.8725 6 22948.9916 37 23141.9841 15 
15 22926.8509 4 23132.8981 9 22927.1599 -19 23133.0202 18 
16 22904.0452 6 23122.8731 -11 22904.3760 -18 23123.0043 -25 
17 22880.2884 14 23111.8053 10 22880.6401 -28 23111.9513 20 
18 22855.5852 2 23099.6869 -21 22855.9623 -20 23099.8488 20 
19 22829.9496 37 23086.5273 -26 22830.3452 -38 23086.7009 -13 
20 22803.3800 29 23072.3260 -30 22803.8056 12 23072.5161 4 
21 22775.8839 -20 23057.0894 14 22776.3374 -5 23057.2884 -11 
22 22747.4791 -9 23040.8105 16 22747.9564 -3 23041.0303 49 

a Observed minus calculated line positions using the constants of Table 20 (in units of 
10-4 em-I). 



Figure 27. 

R-head of the 0-0 band of CuD. Two isotopomers are not resolved in this region. 
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shown in Figure 27. Lines up to J = 40 were seen for 0-0 band. The signal-to-noise ratio 

for the lines in 0-1 band was not very good because these lines are near the red limit of 

the wavelength filter. The observed linewidth of the CuD lines was approximately 

0.095 cm- l and the transitions were easily assigned with the help of Jeppesen's work 

(49). 

Copper has two stable isotopes, 6SCu and 6SCu (69.2 and 30.8%). At higher J values 

(J > 20) a doublet pattern due to the two isotopomers was observed in the 0-0 band. In 

the 0-1 band, the lines from two isotopomcrs were well separated. 

All of the lines for 0-0, 1-1 and 0-1 vibrational bands were fitted together by the 

least squares method for each isotopomer using customary energy level expression, 

F(J) = Vo + BJ(J+I) - 0£1(J+I)]2 + H[J(J+I)]s 

B, D and H for both the ground state and the excited state were allowed to vary 

in the fit. The molecular constants from the two fits are provided in Table 21. Hy for 

the v = I vibrational level in the excited state was not well determined for both 

isotopomers. Rotational lines with high J in 0-1 and I-I bands are necessary to 

determine these higher order constants. Molecular constants from this study arc in 

reasonable agreement with less accurate previous values. 

One can determine the equilibrium values for Band D using the following 

relationships. 

By = Be - Qe(v + 1/2) 

Dv = De + fJe(v + 1/2) 

Table 22 presents the equilibrium values of B, D and r. 

The isotopic relationships of the molecular parameters are well known within the 

Born-Oppenheimer approxima tion (105). 
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Table 21. Molecular constants for the Al:E+_Xl:E+ transition of CuD (in cm-l). 

Constant v = 0 v = 1 v=O v = 1 

63CuD 

Tv 0.0 1346.2171(12)6 23326.02770(64) 24496.6296( 14) 

Bv 3.992396(20) 3.900452(31 ) 3.475075(20) 3.381743(34) 

D 10" v 1.36296(27) 1.3485(12) 1.20200(28) 1.2149(13) 

H 109 
v 2.819(11) 2.69(16) 1.565(11) 8.5( 16) 

65CuD 

Tv 0.0 1345.5958( 15) 23326.03150(83) 244496.1001 (19) 

Bv 3.988482(27) 3.896603(44) 3.471678(28) 3.378417(47) 

Dv 10" 1.35903(43) 1.3429(16) 1.19831(47) 1.2085(18) 

Hv 109 2.785(19) 2.62(22) 1.535(22) 5.8(23) 

6 one standard deviation error in parenthesis. 
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Table 22. Equlibrium molecular constants of CuD for XI~+ and AI~+ states (in em-I). 

Constant 

6SCuD 

Be 4.038368 3.521741 

Q 0.091944 0.093332 

104 De 1.3537 1.1956 

104 {J -0.0145 -0.0129 

re(A) 1.4625 1.5661 

66CuD 

Be 4.034422 3.518309 

Q 0.091879 0.093261 

104 De 1.3510 1.1932 

104 {J -0.0161 -0.0102 

fe(A) 1.4632 1.5668 
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The constant p (ratio of the square root of the reduced masses of two isotopomers) 

can be calculated and compared with the experimental isotope effects. Table 23 

presents these data. Because copper is a heavy element, no deviations from thc 

predicted isotope effect was expected or observed. 

7.4 CONCLUSION 

The CuD molecule was made in a Cu hollow cathode by the reaction of Cu atoms 

with D2 gas, and the emission was observed using Fourier transform spectrometer. 

Other metal hydrides and deuterides can also be made using the same technique. 

Improved line positions and molecular constants were obtained from the analysis 

of the spectrum. The ground state bond length is 1.462SA. The new CuD ground state 

constants complement the recent observations of the vibration-rotation spectrum of CuH 

(106). These spectroscopic constants will be helpful in planning other experiments such 

as millimeter wave experiments to find more accurate and additional molecular 

properties of CuD. 



Table 23. Comparison of experimental and calculated isotope effects. 

Ratio 

(B!/Be)1/2 

(D!/De)1/4 

p = (J1./ J1.j)1/2 

0.999511 0.999513 

0.99912 0.99951 

0.99952 

134 



135 

CHAPTER 8 

FOURIER TRANSFORM SPECTROSCOPY OF BH AND BD 

8.1 INTRODUCTION 

Boron derivatives, particularly borohydrides, are often suggested as advanced 

propellants. To make suitable propellants these species must be stabilized so that they 

can be stored and released on demand. However, the first step is the discovery and 

spectroscopic characterization of these molecules. 

BH is one of the simplest molecules, with only six electrons, and as a consequence 

has been the subject of a number of theoretical investigations. These calculations show 

that the A In state has a potential barrier and only three vibrational levels exist. This 

prediction is confirmed from the absorption spectrum (68). It is interesting to see 

whether the emission spectrum also shows the same number of vibrational levels. The 

analysis of Fourier transform emission spectra will also test the predicted electronic 

structure model for BH. 

Boron deuteride has received relatively little attention. Only the 0-0 and 1-1 

bands of the Aln_xl~+ transition have been recorded under moderate resolution (63). 

The analysis of new BD spectrum can be used to identify more vibrational levels. 

A Dunham energy expression is used to analyze the In_l~+ electronic transi tion 

including A-type doubling for the In state. The rotational lines are fit to this expression 

to extract the higher order molecular constants. 

The present work on BH arose from an investigation originally aimed at 

obtaining spectra of BC. The BD spectrum was obtained by adding O2 gas to the system. 
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The description and analysis of the spectra will be discussed in the remainder of this 

Chapter. 

8.2 EXPERIMENTAL OET AILS 

The BH molecule was made in a hollow cathode discharge. In this experiment, 

the B4C composite-wall hollow cathode was operated at 300 rnA current with a flow of 

1.2 Torr of Ar gas. No hydrogen was added so the H atoms for the production of BH 

might possibly be produced by the dissociation of trace amounts of water vapor in the 

system. 

The emission from the hollow cathode was observed with the Fourier transform 

spectrometer at Kitt Peak. Twenty two scans were coadded in 1.5 hr of integration with 

an unapodized resolution of 0.06 em-I. A Corion 6000A bluepass filter limited the 

wavelength response of the RCA photomultiplier detectors to approximately 3800-

6000A. 

A 35 mTorr of O2 gas was added to produce BO. The cathode was operated 

under the same conditions as in the above experiment. Thirty three scans were coadded 

in 1.5 hr of integration. A prism monochromator, acting as a filter and a 6000A blue 

pass filter limited the frequency range to 21700-24000 cm-I. Both spectra were 

calibrated to a absolute accuracy of about 0.002 cm-I with Ar+ atomic line positions of 

Norlen (99). 

8.3 ANALYSIS OF SPECTRA 

According to molecular orbital theory, the lowest electronic state of BH and BD 

arise from the electronic configuration: 
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(1 so)2(2so)2(2po)2 ............. 1z:+ . 

The two lowest energy excited electron configurations are 

(lso)2(2so)22pu2p1!' .............................. Irr, sii 

(1 su)2(2su)2(2p1!')2 ............. sz:-. lz:+ and 1,6 

All the electronic states arising from these low lying configurations have been 

experimentally identified for BH. 

In order to understand the possible branches for a given vibrational band, it is 

helpful to look at the energy level diagram for a lII_1z:+ transition. which is shown in 

Figure 28. Lambda-type doubling occurs in the III state because of the interaction of 

the rotational angular momentum of the nuclei with the electronic angular momentum. 

In the absence of any other electronic states. the doublets would be degenerate. If there 

are nearby lz: (or 1,6) electronic states, coupling with the III state occurs via the B(J+L

+ J-L +) part of the rotational Hamiltonian (102). 

The only close-lying lz: state is Blz:+. The magnitude of the splitting is 

dependent on the nature and proximity of the perturbing state, with those closest in 

energy ~xerting the greatest influence. The effect is to produce a splitting in each of 

the rotational levels of the AlII state into two components of different parity, labeled 

e and f. elf is the Kronig parity used to designate different lambda doubling 

components (102). 

Each of the rotational levels of the lz:+ state has only e parity. Therefore, the 

rotational levels in the Blz:+ state can only perturb those rotational levels of e symmetry 

in the AlII state. The splitting of the e and f levels increases as J(J+I). i.e., with the 

same functional form as the rotational energy. 

Electric dipole selection rules allow only + to - transitions. As a result, P and R 

(.61 = -1 and +1) branch transitions go exclusively to the e levels of the excited state, 



Figure 28. 

The allowed rotational transitions for a lII_l~+ electronic transition. 
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while the Q-branch (M = 0) transitions go only to the f levels, giving two different 

types of rotational transitions. 

The 0-0, I-I and 2-2 vibronic bands of AlII-XI~+ transition have been seen in 

BH spectrum. The band-head of the Q-branch for the 0-0 band is displayed in Figure 

29. In addition to the above vibrational bands the 3-3 band was also observed in the 

emission spectrum of BD. The Q-head for the 0-0 band of BD is shown in Figure 30. 

All the R-branches from band heads, while only the Q-branch of the 0-0 band forms a 

head. 

The line positions were determined from the spectra by the data-reduction 

program, PC-DECOMP, which was described earlier. The measured line positions for 

BH and BD are listed in Table 24 and Table 25. The transitions for BH in all the 

observed bands were easily assigned with the help of Johns et al.'s (68) work. For BD, 

the rotational lines for the 0-0 and I-I bands were assigned with the help of Thunberg's 

work (68). 

Boron has two stable isotopes, lOB and llB (20 and 80%). In this work only lines 

from llBH and llBD were analysed. However, many lines due to 10BH and 10BD were 

also observed and measured in the spectra but a detailed analysis has not been 

completed. 

The rotational line positions of BH and BD were fit to the customary energy 

level expression in each electronic state: 

F(J) = 110 + BvJ(J+l) - Dv[J(J+I)]2 + Hv[J(J+I)]3 

±6IAJ(J+ l)[qv+qnvJ(J+ I )]/2 

Approximate weights for the least square fit were chosen for each line on the 

basis of the signal-to-noise ratio, as well as freedom from blending. The spectroscopic 

constants for the A III and X l~+ states extracted from the fits are reported for BH and 



Figure 29. 

Q Branch of the 0-0 band of BH. 
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Figure 30. 

Q branch of the 0-0 band of BD. 
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Table 24. Rotational line positions measured for llBH (in em-I). 

0- 0 Band 

J P(J) O-C il Q(J) o-c R(J) O-C 

0 23097.810 -5 
1 23074.117 3 23121.849 7 
2 23026.969 5 23074.414 19 23146.019 7 
3 22003.859 3 23074.791 -12 23170.276 -4 
4 22981.031 -4 23075.320 5 23194.595 2 
5 22958.515 -2 23075.933 -7 23218.894 -3 
6 22936.301 -7 23076.609 -12 23243.133 4 
7 22914.410 2 23077.358 20 23267.217 5 
8 22892.810 I 23078.040 -12 23291.097 -4 
9 22871.526 22 23078.716 -7 23314.689 3 

10 22850.471 3 23079.297 -2 23337.883 -6 
II 22829.681 6 23079.714 -6 23360.606 -7 
12 22809.100 12 23079.931 7 23382.757 3 
13 22788.670 7 23079.841 9 23404.181 -17 
14 22768.361 18 23079.37 I 9 23424.810 -6 
15 22748.064 4 23078.412 -2 23444.458 -14 
16 22727.744 10 23076.867 -II 23462.990 -21 
17 22707.275 7 23074.636 9 23480.239 -21 
18 22686.558 7 23071.523 4 23496.023 -8 
19 22665.440 - I I 23067.380 -8 23510.103 -5 
20 22643.788 -24 23062.041 -4 23522.261 II 
21 22621.439 -19 23055.280 5 23532.195 8 
22 22598.1 79 0 23046.834 3 23539.628 17 
23 22573.743 8 23036.414 -16 23544.176 0 
24 23023.721 -25 23545.476 -9 
25 22520.188 -2 23008.278 -128 
26 22490.398 2 

n Observed-Calculated line positions using the constants of Table 26. 
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1 - 1 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 22913.998 0 
1 22891.132 1 22935.889 -1 
2 22845.702 66 22890.110 -8 22957.265 1 
3 22822.056 6 22888.556 -19 22978.061 2 
4 22798.108 19 22886.473 -0 22998.206 -2 
5 22773.745 -4 22883.775 1 23017.625 -4 
6 22749.020 -I 22880.425 -I 23036.229 -4 
7 22723.895 18 22876.376 1 23053.906 -8 
8 22698.287 2 22871.528 -16 23070.545 -12 
9 22672.196 4 22865.870 26 23086.026 -2 

to 22645.542 6 22859.179 3 23100.185 7 
11 22618.244 9 22851.459 39 23112.848 10 
12 22590.192 3 22842.439 2 23123.808 -9 
13 22561.277 -4 22832.085 18 23132.901 3 
14 22531.362 -4 22820.119 -2 23139.811 -21 
15 22500.277 5 22806.374 -9 23144.328 -12 
16 22467.831 35 22790.593 -4 23146.186 89 
17 22433.736 36 22772.470 0 23144.737 4 
18 22397.696 -2 22751.663 5 23139.811 -10 
19 22359.500 41 22727.757 -6 
20 22318.594 0 
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2 - 2 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 22569.666 -4 
I 22547.600 -29 22588.612 14 
2 22544.492 8 22605.914 9 
3 22478.849 12 22539.701 -15 22621.515 12 
4 22452.425 -13 22533.267 2 22635.280 2 
5 22424.508 -17 22525.045 -2 22647.078 -18 
6 22395.046 3 22514.957 -1 22656.802 9 
7 22363.892 -18 22502.867 3 22664.183 5 
8 22331.029 11 22488.603 -2 22669.030 3 
9 22296.238 9 22471.917 -6 22671.063 -5 

10 22259.365 -2 22452.754 -5 22669.969 -12 
11 22220.215 -0 22430.654 12 22665.347 -34 
12 22178.458 -44 22405.275 2 22656.796 2 
13 22133.885 -0 22376.200 -10 
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Table 25. Rotational line positions measured for llBD (in em-I). 

0- 0 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 23112.055 30 
1 23099.093 -9 23125.158 -1 
2 23073.329 -1 23099.282 -16 23138.401 9 
3 23060.698 2 23099.556 -34 23151.712 0 
4 23048.192 -13 23099.972 -1 23165.101 -4 
5 23035.854 -7 23100.470 28 23178.552 -3 
6 23023.677 8 23101.016 26 23192.044 -2 
7 23011.620 -9 23101.606 -4 23205.550 -9 
8 22999.736 -6 23102.289 -3 23219.095 20 
9 22987.999 -5 23103.014 -11 23232.547 -24 

10 22976.438 21 23103.762 -35 23246.058 32 
11 22964.960 -11 23104.592 -2 23259.410 -4 
12 22953.651 -12 23105.392 -7 23272.709 -2 
13 22942.482 -2 23106.180 -16 23285.895 8 
14 22931.423 2 23106.967 0 23298.877 -36 
15 22920.500 35 23107.691 4 23311.775 18 
16 22909.599 -1 23108.343 8 23336.747 -10 
17 22898.813 5 23108.893 7 23348.844 5 
18 22888.059 -11 23109.306 -2 23360.588 4 
19 22877.357 -5 23109.554 -19 23371.937 -11 
20 22866.676 15 23109.648 3 23382.895 12 
21 22855.963 26 23109.477 -10 23393.330 -4 
22 22845.196 39 23109.074 18 23403.237 -7 
23 22834.285 -0 23108.293 -16 23412.584 -13 
24 22823.276 -4 23107.211 16 23421.178 " .. -
25 22812.046 -50 23105.664 6 23429.080 -1 
26 22800.681 -2 23103.613 -24 23436.171 24 
27 22788.967 -15 23101.030 -37 23442.332 30 
28 22776.919 -11 23097.881 6 23447.446 -4 
29 22764.445 -14 23093.963 -15 23451.488 2 
30 22751.488 -2 23089.293 4 23454.323 26 
31 22737.951 15 23083.688 -21 23455.754 1 
32 22723.705 5 23077.148 20 23455.658 -67 
33 22708.697 21 23069.389 -41 23454.200 143 
34 22692.733 -14 23060.408 -73 23450.249 -337 
35 22675.732 -45 
36 22657.510 -125 
37 22637.882 -269 
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1 - 1 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 23002.074 -5 
1 22989.486 -4 23014.409 -15 
2 22989.223 -9 23026.633 -4 
3 22951.593 -27 22988.816 24 23038.680 -26 
4 22938.770 -5 22988.304 -4 23050.696 85 
5 22925.835 -9 22987.621 -7 23062.345 8 
6 22912.827 -1 22986.790 0 23073.871 13 
7 22899.725 -3 22985.789 9 23085.162 8 
8 22886.514 -12 22984.586 1 23096.205 9 
9 22873.249 18 22983.194 9 23106.967 II 

10 22859.850 23 22981.579 17 23117.405 2 
II 22846.306 6 22979.691 -II 23127.520 19 
12 22832.652 16 22977.565 17 23137.230 18 
13 22818.832 16 22975.109 5 23146.485 -10 
14 22804.827 9 22972.321 -2 23155.300 -5 
15 22790.608 -5 22969.180 11 23163.582 -11 
16 22776.176 1 22965.590 -13 23171.290 -13 
17 22761.477 12 22961.562 -16 23178.379 1 
18 22746.440 -6 22957.030 -14 23184.744 -10 
19 22731.035 -38 22951.921 -24 23190.335 -26 
20 22715.241 -55 22946.195 -25 23195.134 12 
21 22699.014 -42 22939.773 -26 23198.932 -24 
22 22682.275 -19 22932.613 5 23201.769 -3 
23 22664.898 -38 22924.590 26 
24 22646.906 9 22915.616 40 
25 22628.116 7 22905.578 35 
26 22608.487 19 22894.359 1 
27 22881.931 33 
28 22868.002 -28 
29 22852.457 -150 
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2 - 2 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 22818.519 -47 
1 22806.304 -2 22829.921 -19 
2 22805.402 -6 22840.847 -12 
3 22768.766 -14 22804.051 -7 22851.279 -26 
4 22755.306 11 22802.220 -10 22861.259 3 
5 22741.404 7 22799.940 13 22870.689 4 
6 22727.098 18 22797.133 6 22879.552 -11 
7 22712.304 -31 22793.822 15 22887.863 8 
8 22697.143 -5 22789.966 20 22895.531 8 
9 22681.501 -1 22785.532 21 22902.508 -16 

10 22665.396 21 22780.466 -3 22908.801 -7 
11 22648.748 7 22774.792 11 22914.354 31 
12 22631.575 11 22768.398 -3 22918.988 -20 
13 22613.808 -5 22761.275 -2 22922.781 -12 
14 22595.423 -5 22753.335 -17 22925.574 -33 
15 22576.341 -28 22744.539 -23 22927.385 19 
16 22556.574 2 22734.806 -24 
17 22535.977 0 22724.044 -32 
18 22514.507 10 22712.213 4 
19 22492.051 5 22699.126 1 
20 22684.725 15 
21 22668.864 25 
22 22651.382 10 
23 22632.131 -25 
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3 - 3 Band 

J P(J) O-C Q(J) O-C R(J) O-C 

0 22536.076 5 
1 22524.167 10 22546.169 10 
2 22522.277 39 22555.279 -42 
3 22486.799 84 22519.552 13 22563.583 46 
4 22472.074 -65 22515.822 11 22570.783 5 
5 22456.674 19 22511.119 12 22576.970 -41 
6 22440.263 13 22505.419 22 
7 22422.866 -32 22498.669 27 22586.316 29 
8 22404.561 -10 22490.807 8 22589.240 14 
9 22385.195 -38 22481.816 4 

10 22364.831 -7 22471.609 -7 
11 22343.349 19 22460.143 3 
12 22320.652 5 22447.283 -11 
13 22296.755 45 22432.955 -25 
14 22271.446 13 22417.070 -16 
15 22244.679 -30 22399.471 -8 
16 22216.378 -45 22380.041 27 
17 22358.529 6 
18 22334.820 -22 
19 22308.693 -11 
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BD in Tables 26 and 27 respectively. 

For BH the 0-0, 1-1 and 2-2 bands of the A In_xl~+ transition were combined 

with the 1-0,2-1 and 3-2 infrared rotation-vibration lines (107). All these rotational 

lines were fit simultaneously to extract the molecular constants in the ground and 

excited electronic states. The value for L in v" = 0 was obtained by fitting 0-0 band 

separately. For v"= I and 2 levels this Lo value (-4.5 x 10-12 em-I) was used. Infrared 

data are not available for llBO and non-diagonal bands were not observed so each band 

was fit separately. For the 0-0 band, the value for L" was estimated (-3.9 x 10-13 em-I) 

from the isotopic relationship using the llBH value. The values for L were held fixed 

to the v = 0 values (L' =-4.66 x 10-12 em-I) in the v = I, 2 and 3 levels for both 

electronic states. Inspection of the values of the centrifugal distortion constants of the 

excited AlII state (Tables 26 and 27) indicates the usual power series expansion is a poor 

representation of the data. 

Potential energy curves for the ground state and low lying excited states of BH 

have been calculated by several authors (72-77). These calculations showed that (see 

Figure 31): 

(a) the A In state has a potential barrier (75), which results from the crossing of an 

attractive curve [from B(2sl 2p2) and H(lsl)) and a repulsive curve [from B(2s 2 

2pl and H( lSi)]. 

(b) the BI~+ state has a double minimum (73,74) which results from a crossing of the 

potential curve corresponding to an ionic B+H- state with a Rydberg state 

dissociating into B(2s2 3sI) and H(ls1). 

By ab initio (CASSCF) calculations, Jaszuriski (108) found 20 bound vibrational 

levels in the Xl~ state, 2 bound and 1 quasi bound levels in the A III state. 22 bound 

levels in the BI~+ state also found, of which 5 belong primarily to the inner minimum, 
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Table 26. Molecular Constants for the A In_xl~+ Transition of llBH (in em-I). 

Constant v=o v=1 v=2 

Xl~+ 

Tv 0 2269.22707(25) 4443.03454(71 ) 

Bv 11.815745(43) 11.400844(37) 10.992633(60) 

103 Dv 1.22305(50) 1.20106(36) 1.1800(11) 

108 Hv 9.86(13) 10.052(16) 10.55(50) 

1012 Lv -4.5(10) -4S' -4.5 3 

AlII 

Tv 23073.9708(22) 25160.8602(25) 26992.2261 ( 46) 

Bv 11.906298(81) 11.16801(12) 10.22817(38) 

103 Dv 1.43853(74) 1.5986(15) 2.0179(92) 

108 Hv 5.00(19) -6.39(62) -20.0(81 ) 

1011 Lv -6.88(16) -18.71(87) -164(23) 

102 q 3.7364(28) 3.4736(39) 3.0301(95) 

106 qD -1.6846(63) -1.997(13) -1.817(67) 

a Fixed to the v=O value. 
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Table 27. Molecular Constants for the A1n-X1I:+ Transition of llBD (in em-I). 

Constant v=O v=1 v=2 v=3 

X 1I:+ 

Bv 6.45 135( 17) 6.28516(22) 6.12095(39) 5.9478(16) 

10" Dv 3.6271(29) 3.588(35) 3.564( 12) 2.38(12) 

108 Hv 1.573(15) 1.603a 1.683a 1.738c 

1013 Lv -3.9a -3.9b -3.9b -3.9b 

A1n 

Tvv 23099.0025(33) 22989.6174(44) 22806.7531(48) 22525.07 5( 1 0) 

Bv 6.50651(18) 6.22659(23) 5.90251(41) 5.4942( 18) 

10" Dv 4.1788(36) 4.432(42) 4.927(14) 4.61 (14) 

109 Hv 8.17(36) -8.59(23) -42.56(79) -135.5(56) 

1012 Lv -4.66(15) -4.66b -4.66b -4.66b 

102 Q 1.1096(19) 1.0451(48) 1.0060(95) 9.79(25) 

106 
QD -2.652(23) -2.71(11) -4.57(42) 1.97(31) 

a Calculated from the corresponding llBH values using the isotopic relationships. 

b Fixed to the v=O value. 

c Extrapolated value. 



Figure 31. 

Calculated potential energy curves for BH (from ref. 77). 
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10 belong to the outer minimum and 7 cover the full potential well. The diffuse lines 

appearing in the A In_xl~+ absorption spectra and the absence of some lines in the A In_ 

Xl~+ emission spectra (68) showed that there did exist a barrier in the A In state and 

that the fourth vibrational level in the A In state is quasi bound. 

Our Fourier transform emission data of BH shows almost same number of 

rotational lines in v = 0, 1 and 2 levels of the A In state as in the emission spectrum 

obtained by Johns et al. (68). It is very clear that lines with J' = 27, 21 and 14 are 

definitely missing in bands with v'= 0, I and 2, respectively. Lines with J' equal to one 

less than the figures given above are almost certainly present, although in some cases 

their intensity has already dropped sharply or are unusually broadened. Rotational 

lines for the 3-3 band do not appear in the spectrum. 

The reason for finding v = 3 of the A In state in the absoption but not in the 

emission is simply because the emission breaks off substantially below the top of the 

potential barrier as a result of tunnelling through the barrier. This tunnelling broadens 

the levels and shortens the lifetimes enough to prevent emission. The height of the 

potential barrier to dissociation is estimated to be about 28850 cm-l (68). 

For BD, levels up to v = 3 exist in the A In sta te. Clearly J' = 36, 29, 23 and 18 

levels exist for v'= 0, 1,2 and 3 respectively. However, due to the poor signal-to-noise 

ratio in the high J lines, it is hard to estimate a maximum J value. 

Another way to find the molecular parameters at equlibrum geometry is to fit 

the rotational lines to a Dunham type expression (109). 

8.4 DUNHAM ENERGY EXPRESSION 

The term values of the vibrating rotator for any potential can be expanded as 
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a power series in (r-re)/re in the vicinity of the potential minimum. Then the energy 

levels can be expressed in the form of a double power series. 

TVJ = ~ Yjj ( v + ~ ) j [J (J + 1) ] :i 

where i, j - summation indices 

v, J - vibration and rotation quantum numbers 

Y jj - Dunham parameters 

The effective potential of a vibrating rotor can be written in the form 

U( e) = aoe2( I + ale + a2e2 + ..... ) + BeJ(J + 1)( I - 2e + 3e2 + ..... ) 

where e = (r - re)/re. 

The Ba1(J+I) term accounts for the effect of rotation on the effective potential. 

The Dunham parameters (Yij) have the following relations to familiar 

spectroscopic constants. 

Y 10 :::: we Y 01 :::: Be 

Y 20:::: -WeXe 

Y 30:::: WeYe 

Y",O:::: weze 

Y 21:::: 1e 

Y02 :::: -De 

Y 12:::: -/3e 

However, it was actually found by Dunham that there are some very small 

deviations from the above relations. In other words, the value Be that is found from the 

analysis of spectrum differs slightly from Y 01' For molecules other than H2 and 

hydrides these corrections are quite negligible. 

According to Dunham's formula there is also a non-vanishing term Y 00 which in 

terms of the other constants may be written (lOS), 

This term represents an addition to the zero-point energy obtained from the 

anharmonic oscillator, 
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To reflect the A-type doubling in the A In state the Dunham expression was 

modified: 

Where + corresponds to e and - to f parity levels. The measured line positions for 

0-0, 1-1 and 2-2 bands of the A In_xlI;+ transition for BH were fit with the infrared 

data from the rotation-vibration spectrum (107) to the above expression. Y 30( -weYe) was 

fixed to the value given by Johns et al. (68) 15.82 cm- l for the excited state. The 

Dunham coefficients for both electronic states are given in Table 28. The revalues 

calculated from the YOI values of Table 28 are 1.223320(8)A and 1.232168(2)A for the 

A In and X II;+ sta tes, respectively. 

The BD spectrum was limited to the f).v = 0 sequence. A new spectrum was 

recorded with the same experimental conditions with a wider filter band pass in order 

to see the bands of the f).v = ±l. However, this new spectrum did not yield any new 

bands. An attempt was made to fit BD data to a Dunham expression by fixing the 

vibrational constants using isotopic relations but this was not succesful. 
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Table 28. The Dunham coefficients for the AlII and Xl~+ states of uBH (in em-I). 

Dunham coefficient Xl~+ AlII 

YOO 0.0 23135.4376(37) 

Y lO 2366. 7296( 16) 2251.4577(68) 

Y 20 -49.33983(99) -56.5725(27) 

Yso 0.36227 -15.828 

YOI 12.025755(45) 12.20035(15) 

Y u -0.421565(22) -0.53767(30) 

Y 21 0.0033195(61) -0.10070(13) 

lOS Y02 -I.23493( 45) -1.4577(1 6) 

106 Y 12 2.247(12) 9.86(37) 

10" Y 22 -1.224(18) 

108 Yos 9.98(10) 2.32(58) 

107 Y 13 1.38( 15) 

107 Y 2S -1.631(73) 

IOU Yo" -5.18(75) -6.96( 11) 

102 QOI 3.8263(53) 

lOS Qu -1.406(97) 

10" Q21 -6.38(29) 

106 Q02 -1.532(1 I) 

106 Q12 -3.20( 17) 

a Fixed to the value in ref. 68. 
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8.6 CONCLUSION 

The BH and BD molecules were observed in emission from a B4C/Cu hollow 

cathode with a Fourier transform spectrometer. This technique proved to be successful 

in making boron derivatives. 

The observed rotational lines of BH were fit to both Irr_II:+ energy level 

expression and Dunham expression to obtain the molecular constants. The BD Iincs 

were not fit to a Dunham expression since only the fj,v = 0 sequence was observed in the 

spectrum. Accurate line positions and improved molecular constants were obtained 

from the analysis of the spectra. 

Three bound vibrational levels were observed for BH in the In state, which 

confirms the theoretical predictions. Four vibrational levels of BD were observed, v = 

2 and 3 for the first time. 
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CHAPTER 9 

CONCLUSION 

9.1 METAL CONTAINING COMPOUNDS 

The metal hydroxides (MOH) molecules are perhaps the most importan t 

polyatomic metal-containing molecules. The MOH molecules are simple enough so that 

comparisons with the isoelectronic diatomic metal fluorides, MF, are very helpful. 

Since they are polyatomics, the MOH molecules are the key to understanding the more 

complicated metal derivatives. 

The analysis of BaOH completes the spectroscopic study of the low lying 

electronic states of Group IIA metal hydroxides. Several important observations can be 

made by completing these compounds. 

(a) The energies of the electronic states become low as the metal hydroxides get 

heavy. The A2rr_x2~+ transition of MgOH is in the UV region while that of 

BaOH is in the near JR. 

(b) Location of the A' 26, state changes with respect to the A2rr and B2~+ states. For 

BaOH A'lies lower than A and 13 while for CaOH and SrOH A' (the A'state has 

not seen experimentally for CaOH or SrOH) lies above A and B. This is due to 

the pll'-dll' and po-do interaction of the atomic orbitals in M+ ion. 

(c) All the observed electronic states of CaOH, SrOH and BaOH are linear. But for 

MgOH, the X2~+ state is linear while the A2rr state is quasi-linear (l10). These 

results suggest that MgOH, unlike CaOH, SrOH or BaOH, is displaying some 

covalent character in the M-OH bond. A strongly bent MOH structure, like the 
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H20 molecule, is characteristic of covalent bonding. 

With the work of CuOH and CuOD, the studies of monohydroxides were 

extended to the transition metals. The spectroscopic constants will be very helpful in 

finding the symmetries of the recently discovered electronic states of CuOH and CuOD. 

Then these electronic states can be correlated to those of CuF. 

The AgOH molecule is isovalent with CuOH and isoelectronic with AgF, so 

similar energy patterns might be expected. Additional work on AgF may be required 

because the spectroscopy of AgF is not as well developed as CuF. However, the AgF 

excited states seem to be shifted to higher energy than in CuF. This suggests that the 

strongest AgOH transition will be in the blue region. Similar comparisons can be made 

to locate the states of FeOH and NiOH. Due to the presence of more than one 3d 

electron in the metal ion these spectra will be more complicated than that of CuOH. 

The Group lIB metal hydroxides such as ZnOH will probably be much harder to 

detect than Group IIA metal hydroxides. Relatively little is known about diatomic Zn 

halides (80). The diffuseness of some of the higher-lying Zn halide spectra suggests that 

much of the ZnOH spectrum (expected to be in the blue) may be predissociated. 

However, the ZnOH transition corresponding to the A2II- xh;+ transition of ZnH may 

be sharp (The A-X transition of ZnF is not known). 

With the work on alkaline earth hydrosulfides, the studies of metal containing 

derivatives were extended to the second row of the periodic table. Unlike their oxygen 

analogs, hydrosulfides are bent molecules. As a result, the MSH spectra are much more 

difficult to analyze than the corresponding MOH molecules. Recently an attempt was 

made to analyze the B2A" - X2A' transition of SrSH, but the work has not been 

completed yet. However, the low resolution spectra of CaSH shows that the A2A' -X 2A' 

transition is isolated from any other bands and may be free from any perturbations 



160 

from other electronic states. The ab initio calculations are very helpful in the 

interpretation of the molecular spectra. A calculation on CaSH made by Ortiz (84) 

(completed after we had obtained the spectra of the hydrosulfides) was helpful in 

assigning the electronic states of the hydrosulfides. 

The isoelectronic series of molecules CaF, CaOH, CaNH2, CaCHs and CaBH4 

have been studied in our laboratory. A similar series of molecules can be synthesized 

for Cu. CuF and CuOH are already known molecules while CuNH2, CuCHs and CuBH4 

are not known. CuNH2 can be planar or pyramidal like NHs. CuCHs is a yellow, 

explosive polymeric solid (95) suggesting blue-green and red absorption features. The 

activation of CH4 by excited Cu atoms has been studied by several research groups (111-

113). The primary product in CH4 or CH4/rare gas matrices is CHsMH. Subsequent 

photolysis resulted in the formation of CuCHs' 

The product of the reaction between Cu vapor and CHsONO (methyl nitrite) 

produced a laser excitation spectrum. However, this spectrum was near the blue edge 

of the dye laser power curve and the carrier of this spectrum was not clear. Further 

work on this system is necessary. 

9.2 BORON CONTAINING COMPOUNDS 

The most important molecule among the boron containing compounds studied in 

this dissertation is BC. The first experimental evidence of the existence of BC in the 

gas phase came from the Fourier transform results. The ground state bond distance is 

1.488A, which is in agreement with the ab initio calculations. The analysis of the 

spectra also confirms the theoretical calculations regarding the symmetries and 

molecular parameters of the electronic states of BC. The ground state molecular 
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constants will help in the analysis of other electronic transitions of BC which are in 

different wave length regions. The rotational line positions might be helpful in a 

search for BC in stellar atmospheres. 

The same experimental technique, using a composite wall hollow cathode 

discharge, was successful in generating the first spectra of the SiC (114) molecule. This 

work can be extended to other diatomic borides such as LiB, MgB and AlB. The LiB4' 

MgB4 and AlB2 powders (95,97) can be mixed with copper powder to make hollow 

cathodes. The diatomic borides can be synthesized by sputtering and detected by 

electronic emission spectroscopy. The theoretical predictions of the electronic 

transitions are very useful. LiB is the only boride where the calculation is available in 

Ii tera ture (lIS). 

Metal carbides, like metal borides, are largely unknown in the gas phase. AIC 

is isovalent with BC and may be detected by the analogous B4~-_X4~- electronic 

transition. Calculations show that this strong transition should occur near 4425A for 

AIC (116). Very recently AIC was detected by ESR in a rare gas matrix (I 17). 
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APPENDIX 

PUBLICA TIONS FROM COLLABORATIVE RESEARCH 

Gas-Phase Inorganic Chemistry: Laser Spectroscopy of Calcium and Strontium 
Monopyrrolate Molecules 

A. M. R. P. 8opegedera,t W. T. M. L. Fernando, and P. F. Bernath··1 

Deparlment o/Chemistry. University 0/ Arizona. Tucson. Arizona 85721 (Rectived: November 8. 1989; 
In Final Form: January 15. 1990) 

The gas-phase calcium and strontium monopyrrolate moleCules were synthesized by the direct reaction between the metal 
vapor and pyrrole. The electronic and vibrational structures of these molecules were probed by low-resolution laser techniques. 
The s~tra are consistent with a ring-bonding. ionic. M+(C.H.Nr structure of pseudo-Cs. symmetry. The assignments 
oflhe AIEu./I)-XIA •• AIEu'/ll-XIA •• and nIA.-XIA. electronic transitions were made by analogy to the isoclectronic metal 
monocyclopentadienide molecules. CaC,H, and SrC,H,. 

InlroduclloD 
Although cyclopentadienyl compounds arc very common. the 

isoclectronic pyrrolyl derivatives arc rarc.' Only a few molecules 
such as (C,H,)fe(C.H.N)1 and (C.H.N)Mn(CO),'·· have been 
characterized. The neulral pyrrole molecule can also serve as a 
ligand. for example. (C.H.NHICt(CO),.' 

Very recently. the replacement of hydrogen atoms by methyl 
groups was found to increase the stability of pyrrolyl-metal 
complexes analogous to the effect in cyclopentadienyl-metal 
complexes.' This strategy allowed the preparation of a derivative 
of I.I'-diazaferrocene.' (C.(CH,).Nhfe(C.(CH,).NHh. 

'Currcntaddrcss: NOAA. ERL. R/E/AL2. 3H Broadway. Boulder. CO 
80303. 

I Alrrcd P. Sloan fellow; Camille and Henry Dreyrus Teacher-5<:holar. 

We report the gas-phase synthesis and laser spectroscopic 
characterization of Ca(C.H.N) and Sr(C.H.N). These free 
radicals arc isoclectronic with the CaC,H, and SrC,H, molecules 

(I) Calion. F. A.; Wilkinson. G. Ad.aM,d IIIlJ,ganic Ch,mlsI,y.,'th cd.; 
Wiley-In.ersciencc: New York. 1977; p 1180. 

(2) Joshi, K. K.; PaulJOn. P. L.; Qui. A. R.; Stubbs, W. H. J. O,gaflDo 
m"al. Ch,m. 1964,1,471-4". 

Il) Kin., R. B.; ErrllY. A. J. Organom"al. CIr,m. 1969. 10, 26 ..... 268. 
(4) (a) Ji. L.-N; Kerthncr. D. L.; Rerck. M. E.; BuoIo, F. J. Organom"al. 

CIr,m. 1985. 196, 83-94. (b) Kenhner. D. L.; Rheinsold, A. L.; BlJOlo. F. 
O"alllJmttalllcJ 1967.6. 196-198. 

(') Orcle. K.; Oo.uuer, E. J. O'lalllJm"al. CIr,m. 1971, JO, 211. 
(6) Kuhn. N.; Hom, E.·M.; Zauder. E.; Bldser, 0.; Boese. R. Anltw. 

CIr,m .• Inl. Ed. En,l. 1981,11, '79-580. 
(7) Kuhn. N.; Hom, E.-M.: Boese. 1<.; Ansart, N. An",.. CIr,m .• lnl. Ed. 

Enll. 1981,21, 1368-1369. 
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Figure I. The resolved fluorescence spectrum of the ,VE,-XIA, tran
sitio,!1 of calcium monopyrrolate. The laser is tuned to the 0-0 band of 
the AlEIlI/lI-XIA, spin component. Colli~ions conncctthe AIEIl"I) spin 
component to the other spin component. AIElll/ll' which is ==76 cm" to 
the blue of the laser. The wavelength of the laser is marked with an 
asterisk. The broad features which are ",300 cm" to the red and to the 
blue of the laser are assigned to progressions in the metal-ligand 
stretching vibration. 

previously discovered in our laboratory.' 

Experimental Details 
The gas-phase reaction between the alkaline-earth metal (Ca. 

Sr) and pyrrole was used to synthesize the calcium and strontium 
monopyrrolate molecules. The experimental arrangement was 
similar to the configuration in our previous work in this area.,·t6 
The metal was vaporized in a Broida oven17 by resistive heating 
and carried to the reaction region entrained in argon carrier gas. 
Ground-state metal atoms were found not to react with pyrro(e. 
Ca and Sr atoms were. therefore. excited to the lPt state by using 
a Coherent 599-01 broad band dye laser tuned to the lP,_tso 
atomic transition (6573 A for Ca. 6892 A for Sr). Pyrrole has 
a low vapor pressure at room temperature (boiling point = 131 
°Cl. I n order to obtain a sufficient flow of pyrrole into the Broida 
oven. it was necessary to bubble argon through the glass cell 
containing pyrrole. The total pressure in the oven was about 4 
Torr of mainly argon carrier gas. The direct reaction between 
the excited metal vapor and pyrrole vapor produced the metal 
monopyrrolates. Analytical grade pyrrole (Alfa Chemical) was 
used without further purification. 

A Coherent 599-01 broad band dye laser operated with OCM 
or Pyridine 2 laser dyes was used to probe the molecular tran
sitions. laser excitation spectra were recorded by scanning the 
wavelength of this laser and recording the total fluorescence from 
the electronically excited metal monopyrrolate molecules using 
a photomultiplier-filter combination. Schott RG9 and RG 780 
red-pass filters were used to block the scattered laser radiation. 
The laser resonant with the molecular transition was chopped and 
the modulated signal was detected with a lock·in amplifier. 

Once the frequencies of the two electronic transitions were 

(8) O·Brien. L. C.; Bernath. P. F. J. Am. CIr.fIf. Soc. 1986. 108. 
5011-5018. 

(9) Brazier. C. R.; Bernath. P. F.; Kinsey-Nielsen. S.; EllinSboc. L. C. J. 
Am. CIr.m. Soc. 1986.108.2126-2132. 

(10) EllinSboc. L. C.; Bopescdera. A. M. R. P.; Brazier. C. R.; Bernath. 
P. F. CIr.m. Plrys. l.m. 19S6. /16. 285-289. 

(II) Brazier. C. R.; Bernath. P. F. J. CIr.m. Phys. 1987.86.5918-5922; 
also. J. CIr.m. Phys. 1989.91.4548-4554. 

(12) Bopescdera. A. M. R. P.; Brazier. C. R.; Bernath. P. F. Ch"". Phys. 
Ltll. 1987. /16.97-100; J. Mol. Sputrou. 1981. /19. 268-275. 

(Il) Bopesedera. A. M. R. P.; Brazier. C. R.; Bernath. P. F. J. Phys. 
Ch.m. 1987.0/.2779-2781. 

(14) O·Brien. L. C.; Brazier. C. R.; Bernath. P. F. J. Mol.Sp«/rost:. 1988, 
IJO. 11-4S. 

(15) Brazier. C. R.; Bernath. P. F. J. CMm. Phys. 1981.88.2112-2116. 
(16) O·Brien. L. C.; Bernath. P. F. J. Ch.m. Phys. 1981.88.2117-2120. 
(17) West. J. B.; Bradford. R. S; Eversole. J. D.; Jones. C. R. R.o. Sri. 

IIU/rum. 1975.46. 164-168. 
(18) Herzbers. G. EllClron/c SptClra of Pol)'Q/omlt: MoltcultS; Van 

Nostrand Reinhold: New York. 1966. 
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Figure 2. The resolved fluorescence spectrum of the AIA,-XIA, tran· 
si,ion of calcium monopyrrolate. The asterisk marks the position of the 
laser tuned to the 0-0 band. A progression of vibronic bands in the 
meral-Iigand stretch are clearly seen in the spectrum. The sharp feature 
just to the left of the 0-1 band is the Sr lP,_'S atomic line. Sr present 
as an impurity in the Ca metal and is. presumably. excited by energy 
transfer from the excited calcium monopyrrolate. 

TABLE I: Band Origins ror tbe Obsened Vlbronlc Transllloll5 or 
Calcium and Strontium !\fonopyrrolate !'tfolccules (In cm·t) 

2-0 
AIE'"/lI-XIA, 

14830 13686 
1-0 14584 13449 
0-0 14333 13212 
0-1 14021 12958 
0-2 13714 12706 
0-3 12455 
0-4 12207 

2-0 
AIE'Il/ll-XIA, 

14890 
1-0 14650 13170 
0-0 14409 13512 
0-1 14097 13257 
0-2 13786 13004 
0-3 12749 
0-4 12497 

AIA,-XIA, 
2-0 14069 
1-0 13849 
0-0 14732 13620 
0-1 14419 13367 
0-2 14108 13116 
0-3 13799 12g63 
0-4 12612 

obtained from laser excitation spectroscopy. the laser probing the 
molecular transitions was tuned to the frequency of the electronic 
transition. Resolved fluorescence spectra were reported by dis
persing the laser-induced fluorescence with a 2/3-m monochro
mator equipped with a GaAs photomulitiplier tube and photon
counting electronics. 

Results and Analysis 
Some sample low·resolution laser excitation spectra and resolved 

nuorescence spectra recorded for the Ca(C.H.N) and Sr(C.H.N) 
molecules arc given in Figures 1-3. Two electronic transitions. 
A1E,-X2A, and B1A t-X2A,. were observed for the metal mon
opyrrolates. Note that these transitions are labeled by analogy 
with the CaCsHs and srCsHs molecules. using the orbital sym
melries of the CSu point group. as will be discussed below. The 
band origins of the observed vibronic transitions are given in Table 
I. 

Figure 1 shows Ihe A1E,-X1A, transition ofCa(C.H.N). This 
resolved fluorescence spectrum was recorded by tuning the dye 
laser probing the molecular transition to the 0-0 band of the 
A1EI("l)-XIA, spin component. The position of the laser is 
marked wilh an asterisk. The mong feature 76 cm-' to the blue 
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F1gure 3. The laser excitation spectrum or the str~ntium_ monopyrrolate molecule. Two electronic transitions. AlEI-XlAI and alAI-XlAI• were observed 
and lssigned. The two spin components or the AlEI-XlA I transition are separated by 300 cm-I. The assignments or the vibronic bands were aided 
by resol,ed nUllrescence spectra recorded ror each vibronic transition. 

TABLE II: \'Ibratlonal Freqlltncles or the Metal-Lilland Stretch or 
the Calcium and Strontium :\Ionopyrrolate :\Iolecules (In em-I, 

XlA 311 253 
- 1 I 
~l EO!2) 249 237 
A EIC l/2, 241 258 
AlAI 225 

of th51aser is the A2E)u/21-X2At spin component. Emission from 
the A2E)u/2) spin component occurs because collisions transfer 
population from the laser-excited A2EI(I/2) spin componen!. 

Figure 2 is a resolved fluorescence spectrum of the 82AI-X2A, 
transition of calcium monopyrrolate. The asterisk marks the 
position of the laser. tuned to the IH) band of the 8-X transition. 
In both Figures I and 2. several broad features are seen to the 
red of the laser. When the laser excites the 0-0 band of a given 
electronic transition. emission to excited vibrational levels of the 
ground electronic state occurs. Only the metal-ligand vibrational 
modes were found to be Franck-Condon active in the electronic 
spectrum. Therefore. the observed progression. separated by ",300 
cm-I• is assigned to the metal-ligand stretching vibration. These 
spectra were very useful in obtaining the vibrational frequencies 
for the ground and excited electronic states. which are reported 
in Table II. 

Figure 3 is a laser excitation spectrum of the strontium mon
opyrrolate molecule. recorded by scanning the wavelength of the 
dye laser probing the molecular transition. The assignments 
provided on this figure were made by using the laser excitation 
spectrum as well as several resolved fluorescence spectra recorded 
by individual vibronic transitions. Two electronic transitions. 
IVEI-X2AI and 82A,-X2AI• were observed and assigned as shown 
on the figure. The band origins of these transitions are given in 
Table I. The two spin components A2E)(I/2)_X2AI and 
A2E I(I/2,-X2A, are separated by 300 cm-'. Long vibrational 
progressions in the metaHigand stretch were observed for the 
strontium monopyrrolate molecule (see Table I). The metal
ligand stretching frequencies of Sr(C.H.N) molecule were ex
tracted from the low-resolution spectra for the X2A I• A2EI• and 
~2AI e1ect!onic states. These are reJlOrted in Table II. The 
A2EIIIJ2)_X2AI transition and the 82AI-X2A I transition of 
strontium monopyrrolate are separated by only ",100 em-I. As 
a result. there are several vibronic bands of these two electronic 
transitions that are close to one another. Therefore. it is not 
possible to selectively excite one of these bands with a dye laser. 
without simultaneously exciting others which are close by. This 
made the assignment of spectra more difficult for the strontium 
monopyrrolate molecule than for the calcium monopyrrolate 
molecule. 

Discussion 
Figure 4 shows the two possible ways in which the pyrrolate 

ligand (C.H.Nt can bond to the alkaline·earth metal. The 
bonding can be through the N atom. in which case the metal 
III.monopyrrolates will have Clu symmetry. or the pyrrolate anion 
.;an ring· bond to the metal to produce metal '1'.monopyrrolatcs 

Alkaline Earth Monopyrrolates 

M-t@ 

175-rlng bonding 

F1gure 4. Possible ways in whieh the pyrrolate anion (e.H,Nt can bond 
to the alkaline·earth·metal cation and the subsequent symmetries or the 
metal monopyrrolate molecule. 

of pscudo-CSo symmetry. If the bonding is through the N atom. 
the resulting metal monopyrrolates should be similar to the metal 
monoamides (MNH2) and the metal monoalkylamides (MNHR. 
R = alkyl group) which have been_studied previously." In this 
case. three electronic transitions. A2B2-X2A .. 82Bt-X2AI• and 
C2AI-X2A I• will be observed for the metal monopyrrolates similar 
to the metal monoamides. If. however. the pyrrolate ligand ring 
bonds to the metal. the metal monopyrrolates will closely resemble 
the isoclectronic metal cyclopentadienides. M(C,H,). which are 
of C,. symmetry.- A close examination of the spectra indicates 
that of the metal monopyrrolates are similar to those of the metal 
cyclopentadienides. Like the cyclopentadienide derivatives. 
calcium lind strontium monoprrrolates seem 10 have two excited 
electronic states A2Et an~ BAl' with_ the A2EI stllte split by 
spin-orbit interaction into A2EI(I/2) and A2EIJlj2) spin components. 
Therefore. it was concluded that the (C.H.N) ligand ring bonds 
to the metal and the geometry of the M+(C.H.Nt molecule is 
pseudo-C So' 

The C.H.N- ion is a c1osed·shell ligand. The molecular orbitals 
of the metal monopyrrolates can be treated as the orbitals of the 
M+ ion perturbed by the C.H.N- ligand. The Ca + /Sr+ ion 
contains a single unpaired electron in the ns (n = 4 for Ca. n = 
S for Sr) valence orbital. In the C,. point group. the ns orbital 
is of al symmetry resulting in a 2AI ground electronic state for 
the M(C.H.N) molecules. as shown in Figure S. Although the 
M(C.H.N) molecule is of C, symmetry. the molecular orbitals 
are described by using the symmetry symbols of the C,. point 
group. There is such a strong correspondence between the spectra 
of M(C.H.N) and M(C,H,) molecules that this is useful. 

The degeneracy of the metal d orbitals is lifted in the C,. point 
group to produce orbitals with symmetries e2(dsl_yl.d.y). el(d ... 
dy,). and al(d,.). The degenerate p orbitals of the metal provide 
el(p"py) and al(p,) molecular orbitals. The presence of the ligand 
also mixes the metal p and d orbitals so these molecular orbitals 
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Filllre 5. Correlation diagram for the orbitals of the M+ ion perturbed 
by the (C.H.N): ligand. Altho~gh the (C.H.N)" ligand is of C, sym
metry. the notation given here 15 from the C,. point group (see text). 

are p-d mixtues. The above molecular orbitals give rise to the 
lEI. lEI' 2A I• 2EI• and IAI electronic states (in the order of in
creasing energy) for the M(C.H.N) molecule as illustrated in 
Figure 5. 

Electronic ~ransitions from the XIAI ground state to the 2E2 
state are forbidden by the electric dipole selection rules. Note 
that the lower slmmetry (e,) of the M(C.H.N) molecule could 
make the 2E2- AI transition allowed but no evidence of this 
transition was found. Therefore. the first observed electronic 
transition of M(C.H.N) molecules is assigned as the A2EI-X2AI 
transition. The spin angular momentum and the unquenched 
orbital angular momentum in the A2EI state couple together to 
produce the ~wo spin-orbit components AIEJ(I/2I and A2EI()/2)' 
These two spm components are separated by the spin-orbit cou
pling constant A. For the calcium monopyrrolate molecule A is 
76 em-I. whereas for the strontium analogue it is 300 em-I. This 
is slightly higher than the values reported for metal monocyclc
pentadienides (A .. 57 em-I for Ca(C,H,) and 25S cm-I for 
Sr(C,H,)2) and the metal monohydroxides (A = 67 cm-t for 
CaOH and 264 cm-I for SrOHI9.lO) but not unreasonable for the 
Ca+ (Sr+) ion perturbed by ligands of e ... el<>o or e,. symmetry. 
These observations are closely related to the often successful 
scmiempirical estimation of diatomic spilHlrbit coupling constants 
f!om the corresponding atomic values (for example. ref 23). The 
A state spin-orbit splittings of several akaline earth metal con
taining free radicals are reported in Table III for comparison 
purposes. The observation of spin-orbit splitting in the A lEI state 
of the metal monopyrrolates confirmed that these free radicals 
effectively have high symmetry. most probably pseudc-e,.. 

(19) Brazier. C. R.; Bemalh. P. F. I. Mol. Sp«lfOJC. 1985. I U. 163-173. 
(20) Bernath. P. F.; Brazier. C. R. AstropIJYJ. I. 1985. 288. 373-376. 
(21) Bernath. P. F.; Field. R. W I. Mol. SptClfOJC. 1980.82. 331H47. 
(22) Sieimle. T. C.; Domam., P. J.; Harris, D. O. I. Mol. SptClfOJc. 1978, 

71.441-443. 
(23) lefebvre·Brion H.; Field. R. W. P,flU,bollofIJ III 1111 Sptctra 0/ 

Dlalomic Moltcu/tJ; Academic Press: Orlando. FL. 1986; p 216. 

TABLE III: Obscned SpllH)rbil Splllllnil for the Aln or AlE 16 
States .~f Some Alkaline Earth Metal Containing Free Radicals, ~ 5 
(In em ). Where M = C. or Sr and L b a Ligand 

molecule Cal Srt 

MF" 73 281 
MOH' 67 ~64 
MOCH{ 65 268 
MCCH4 70 275 
MN,' 76 296 
MNC<Y 68 293 
MCH1' 73 309 
MC,H,· 57 255 
MC.H.N' 76 300 

"References 21 and 22. 'References 19 and 20. <References 9 and 
14. Reference 12. 'Reference 15. 'References 10 and 16. 
, Reference II. • Reference 8. 'This work. 

The higpcr energy electronic transition observed is assigned as 
the ~IAI-XIAI transition. For the metal monopyrrolate molecules. 
tne A and S electronic statC;,S are relatively close in energy (see 
Table I) comrared 10 Ihe A and B states in the metal cyclc
pentadienides. This tends to complicate the spectra of the metal 
monopyrrolates. particularly those of the §trontium monopyrrolate 
molecule where the SIAl stale and the AIEI()fl) spin component 
are separated by only ==100 em-I. A similar problem was en
countered when assigning the spectra of strontium monocyclc
pentadienide for which the ~pin-orbit coupling constant matched 
the metal-ligand stretching vibratonal frequency.' The assign
menlS provided here were made by comparison of the spectra of 
the Sr(C.H4N) and SrC,H, molecules. 

The electronic transitions of the metal monopyrrolate molecules 
occur on metal-centered orbitals so the Franck-Condon factors 
favor those vibralions that are associated with the metal atom. 
Theref~re. the vibronic bands reported arc all assigned to a single 
metal-ligand strelching vibration. Progressions in this vibrational 
mode were observed for both molecules in all of the electronic 
transiti~ns reported here. The observation of a progression in the 
metal-hgand mode suggeslS that the metal-ligand bond distances 
(cr. vibralional frequencies. Table II) are different in the various 
electronic states. The reported frequencies have an estimaled 
uncertainty of = I 0 cm-I. 

Conclusion 
In our continuing study of the gas· phase inorganic chemistry 

of Ca and Sr. we have discovered Ihe Ca(C4H.N) and Sr(C.H.N) 
n:t0lecules. These monopyrrolate free radicals were found to be 
nng-bonding (,,') like the isoclectronic monocyclopentadienyl 
molecules. rather than nitrogen-bonding ("I) like the mono
alkylamide derivatives. Our assignments of the spectra rest largely 
on the comparison between the electronic spectra of Ca(C.H.N) 
and Sr(C.H.N) with the isoclectronic CaC,H, and SrC,H, 
molecules. . 
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Gas-Phase Inorganic Chemistry: Laser Spoctroscopy of Calcium and Strontium 
Monoformamldate8 

A. M. R. P. Bopegedera,t W. T. M. L. Fernando, and P. F. Bernatb-·f 

Department 0/ Chemistry. University 0/ Arizona. Tucson. Arizona 85721 (Rtetived: October 10. 1989) 

The reaction products of calcium and strontium metal vapon with formamide were studied by using laser spcctrosc:opic techniques. 
Thrcc electronic transitions were observed for the resulting metal monoformamidates, MNHCOH. The formamidate ligand 
is probably bonding to the metal in a bidentate manner. The metal-ligand stretching vibrational frequencies were assigned 
from the low-resolution spectra. 

InlroductlOil 
In our laboratory, we have investigated the spectra of alkaline 

earth metal containing free radicals including metal monoal
koxides,lJ monothiolates,) isocyanatcs,4 cyclopcntadienidcs,' 
monoalkylamidcs,' monomethidcs,l acetylidcs,' azides,9 bora
hydrides,lo and carboxylates. II•lz All these frcc radicals have a 
single metal-ligand bond (monodentate bonding) except for the 
metal borohydrides and carboxylates. The borohydride ligand 
bonds to the metal in a tridentate fashion lo while the carboxylate 
ligand bonds in a bidentate fashion.'z 

Although the formate anion (HCoo-) is a commonly en
countered ligand in transition-metal chemistry, the chemistry of 
the isoelectronic formamidate anion (HCONH-) has hardly been 

'Current address: NOAA. ERL. R/E/AL2.l25 Bl"OIdway. Boulder. CO 
801Ol. 

I Alrrcd P. Sloan Fellow; Camille and Henry DreyCLII Teacher-Scholar. 
• To whom correspondence Ihould be addressed. 

explored'" A few workers have explored the substitution of 
formate ligands by amidato ligands in, for example, Rh1(ONH-

(I) Brazier, C. R.; Bernath. P. F.; Kinley-Nielsen. S.; Ellinaboe, L. C. J. 
Clttm. Pity,. 1915.81. 10-43. 

(2) Brazier. C. R.: Ellinaboe. L. C.; Kinsey-Nielsen. S.; Bernath. P. F. J. 
Am. Clttm. Soc. 1986, 11M. 2126. 

(3) Fernando. W. T. M. L.; Ram. R. S.; Bernath. P. F. Work in proaresa. 
(4) Ellinaboe. L. C.; Bopeacdera. A. M. R. P.; Brazier. C. R.; Bernalh. 

P. F. Clttm. Phsy. Lm. 1986, 116. 285. O·Orien. L. C.; Bernath. P. F. J. 
Clttm. Pity,. 1988,88.2117. 

(5) O·Brien. L. C.; Bernath. P. F. J. Am. Clt.m. Soc. 1986. 108, 5017. 
(6) Bopeacdera, A. M. R. P.; Brazier. C. R.; Bernath. P. F. J. Pity,. Clttm. 

1917.91.2779. 
(7) Orazier. C. R.; Bernath. P. F. J. Clwm. Pity,. 1917.86. 5918;J. Chtm. 

Pity,. 1989.91.4548. 
(8) Bopeacdera. A. M. R. P.; Brazier. C. R.; Bernath. P. F. Clttm. Pity,. 

1.111. 1911. t J6. 97; J. Mol. S/HC'rosc. 1988. 129, 268. 
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Fleure I. Resolved nuorescence spectrum of the nZA'-XzA' transition 
of calcium monoformamidate. The asterisk marks the position of the 
laser, which is tuned to the 0-0 band. The strong feature to the blue of 
the asterisk is the IPI_ISg atomic transition of Ca. Features at .. 680 and 
.. 645 nm arc assigned to}he 0-1 and HI bands, respectively. Although 
not shown here, strong AZA'-XzA' emission was observed in this spec
trum at .. 706 nm (sec te~t). 

CCF,)4.14 We report here on the gas-phase calcium and strontium 
monoformamidates synthesized by the direct reaction between 
the metal vapor and formamide. 

Experimental Section 
The gas-phase alkaline-carth monoformamidates were prepared 

in. a Broida tYpe oven" by the reaction of the metal (Ca. Sr) vapor 
~lIh form~mlde (~CONHz)' The metal was resistively heated 
10 a~ alum lOa crucIble and the vapor entrained in I.S Torr of argon 
camer gas. 

Formamide has a very low vapor pressure at room temperature 
(I Torr at 70 °C).16 Therefore. to provide a sufficient partial 
pressure of formamide vapor inside the oven. argon gas was 
bubbled through the glass cell containing formamide. The total 
p~essure inside the oven was maintained at approximately 3 Torr. 
Smce analytical grade formam ide contains undesirable impurities 
such as NH,• spectrometric grade (99+%) formamide (Aldrich) 
was used for our experiments. 

":wo CW broad-band (I-cm-I) dye lasers pumped by a S.S-W 
all-hnes output of a Coherentlnnova 70 argon ion laser were used 
in this experiment. One dye laser was tuned to ellcite the lp -tSo 
atomic transition of the metal (6S73 A for Ca and 6892 A for 
Sr). The second dye laser was used to excite the molecular 
transitions of the calcium and strontium monoformamidates. 
Scverallaser dyes (DeM. Pyridine 2. and Rhodamine 60) were 
required to cover the desired spectral region. 

Two types of spectra were recorded. Laser elicitation spectra 
were recorded by scanning the wavelength of the laser that was 
exciting the molecular transition. The beam from this laser was 
chopped and the signal demodulated with a lock-in amplifier. Red 
pass filters (SchOll RG9. RG780, and RG830). were used to block 
the scallered laser light. A photomultiplier-filter combination 
was used to detect the total fluorescence from the excited electronic 
states. 

Resolved nuorescence spectra were recorded by tuning the 
wavelength of the second dye laser to a molecular transition and 

(tt) Brazier, C. R.; Bernath, P. F.; Kinsey·Nielsen, 5.; EliinSboc, L. C. 
J. CA.m. PAys. 1985,81, 1043. 

(12) O'Brien, L. C.; Brazie.,C. R.; Kinsey·Nielsen, 5.; Bernath, P. F.J. 
PAys. CIr,m., prcccdinl paper in this issue. 

(13) COllon. F. A.; Wilkinson, G. AdvollCtd /nor,anlc CA,mulry, 51h cd.: 
Wiley.lnlel1;Ciencc: New York, t988: P 376. 

(14) DentS, A. M.; Korp. J. D.: Bernal. I.: Howard. R. A.; Bear, J. L. 
/NN,. CA,m. 1913, 11. 1522. 

(IS) Wesl, J. B.: Bradford, R. 5.; Eversole. J. D.: Jones, C. R. Rw. Sci. 
/fUlrum. 1975.46, 164. 

(16) TA, M,rek /ndtx. 10th cd.; Merck .t Co.: Rahway. NJ, 1983: p 
4127. 
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Figure 1. Resolved nuorescence spectrum of the nzA'-XzA' transition 
of stront~um. monoformamide. The asterisk "larks Ihe position of Ihe 
laser, which IS luned to the 0-0 band. Strong AZA'-XzA' emission can 
also be secn to the red (sec te~I). The features at .. 70S, ",735, and .. 745 
nm nrc assigned 10 the HI, o-t, and 0-2 vibronic bands, respectively. 
The feature at ",780 nm is the 0-1 band of the AZA'-XzA' transition. 

TABLE I: Band Origins or the Calcium and Strontium 
Monorormamldate Vlbronle TransltlollS (Ja em-I) 

band CaNHCOH SrNHCOH 
AZA'-f(ZA' 

2-() 14859 11624 
I-() 14509 IlJSI 
0-0 14154 13077 
0-1 Il 803 12789 
0-2 13457 12501 
0-3 Il 108 12222 

nzA'-XzA' 
I-() 15440 14201 
0-0 15083 13917 
0-1 14727 11630 
0-2 11389 

CZA"-XzA' 
2-() 15205 
1-0 16601 14895 
0-0 16248 14580 
0-1 15896 14296 

dispersing the nuorescence through a small monochromator 
equipped with photon counting detection electronics. 

Results and Discussion 
Three electronic transitions AIA'-fezA', QIA,-:!{IA' and 

CIA"-feZA' were observed in the excitation spectra of the metal 
monoformamidates. Figures I and 2 show parts of the resolved 
nuorcscence spectra of the j'J1A'-fezA' transition of calcium and 
strontium monoformamidate molecules. respectively. To obtain 
these spectra, the dye laser exciting the molecular transition was 
tuned to the 0-0 band of the aZA'-felA' transition. and the 
nuorcsccnce dispersed with the monochromator. Emission from 
the excited electronic state to higher vibrationallcvels of the ground 
electronic state was observed in all of the resolved nuorescencc 
spectra. The band origins of these vibronic transitions arc given 
in Table I. 

When the j'JzA'-fezA' transition of the metal monoformamidatcs 
was excited by the laser, relaxation to the AlA' state was observed 
(Figure 2). In fact, strong AZA'-fezA' emission was observed in 
the s~tra of both molecules when either the aIA'-felA' or the 
CIAn-feZA' transition was eltcited by the laser. 

The formamidate anion (HCONH") is isoclectronic with the 
formate (~COO-) anion. The low-resolution spectra of calcium 
a~d .stronttum monofor~ates have been reported previously. II 
SImIlar to the formate amon, the formamidate anion could bond 
to the metal ion in a monodentate (to give molecule I or II) or 
bidentate (to give molecule III) manner. Although both types 

M-O-CHNH 

I 
M-NH-COH 

" 

o 
M :'C-H 

N/ 
I 
H 
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Correlation Diagram 

__ ?-r..
np-::' 

····~n -
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W· W"CCH w"NHz M"NHR M' HH~H 
CoO C" C, C, 

Fll\ft J. Correlation diagram for Ca+ and Sr+ with CCW (C .. ). NHI -
(CII). NHR- (C,. monodentate) and HCONW (C,. bidentate) ligands. 
Note that in our previous paper on calcium and strontium monoalkyl· 
amides (ref 6) the corresponding figure (Figure 4) is in error. The 
out-of·plane B, states correlate with A" states while the in. plane BI states 
correlate with A'. 

of bonding result in a molecule in the C, point group. the nature 
of bonding will have a strong effect on the electronic spectra of 
the metal monoformamidates. If the bonding is monodentate. 
then the spectra of the M-NH-COH or M-Q-CHNH (M = Ca. 
Sr) molecules will resemble those of the monoalkylamides6 or the 
monoalkoxides.2 If the bonding is bidentate. the spectra of 
molecule I" will resemble those of the isoelectronic metal mono
formates. 1l A close look at the spectra of the metal monoform· 
amidates reveals considerable similarity with those of the metal 
monoformates. suggesting that the formamidate anion is a bi· 
dentate ligand. 

The metal monoformamidates are ionic molecules represented 
by the structure M+HNCOW. where the HCONH- ligand is 
closed shell. Therefore. the molecular orbitals of the metal mo
noformamides can be described as the orbitals of the M+ ion 
perturbed by the HCONW ligand in the C, point group. The 
correlation diagram in Figure 3 is helpful to describe these mo
lecular orbitals and the electronic structure of CaNHCOH and 
SrNHCOH. 

The valence lIS (n .. 4 for Ca. n .. S for Sr) orbital of the M+ 
ion contains one unpaired electron. This results in a I~+ ground 
state for the linear (C .. ) MCCH molecule. In the C, point group. 
this transforms to a IA' state (Figure 3). The S-fold degeneracy 
of the (n - I)d orbitals is lifted in the C .. point group. giving rise 
to 0 (d ..... ,.. d.,). r (dn • d,,). and tI (d,J) orbitals. Similarly. the 
J-rold degenerate np orbitals split into r (P .. p,) and tI (p,) orbitals 
in the C •• point group. In addition. the presence of the linear 
ligand mixes"dr with pr and dtl with ptl so that these orbitals arc 
now dr-pr and do-ptl mixtures. Transition to the I~ state (d..z-;. 
dq orbitals) from the I~+ ground state is forbidden. Consequently. 
in the C.D point group the first allowed electronic transition is 
from the XI:!;+ ground state to the Aln state. 

When the symmetry is reduced to Cz" (as in metal mono
amides). the degeneracy of the 6 and r orbitals is lifted. giving 
rise to a" al (d ..... ,.. d.,) and bz. b, (mixture of d,. and Pl' d.., and 
P.) orbitals. respectively. The corresponding electronic states arc 
given in Figure 3. Note that the x-axis is out of plane. The relative 
ordering of the AIBI and BIB, states was dettrmined ex peri
mentally'7 for SrNHI. Although transitions arc allowed from the 
ground IA, state to all the other states in the Cz" point group. 
except to the IAI state, a transition was not observed to the 
low-lying IA, state in any of the Ca- and Sr-containing molecules 

(17) Orazier. C. R.; Bernath, P. F. Manuscript in preparation. 

TABLE II: Vibrational Frequencies or Calcium and Strontium 168 
Monoformlmldatcs (In em·t) 

state CaNHCOH SrNHCOH 
XlA' 351 288 
AIA' 355 278 
IIIA' 357 284 
CIA" 353 liS 

that we studied. When a H atom of a metal monoamide is 
replaced by an alkyl group to obtain the metal monoalkylamides. 
the sY'!lmetry is reduced from CllI to C,. The relative ordering 
of the A lA', BIA". and CIA' states of the metal monoalkylamides 
is obtained by correlating to the Cz" point group. 

Since the formamidate ligand bonds to the metal in a bidentate 
fashion, the nitrogen and the Ol(ygen atoms on the anion 

o· 
H-C.--r-

"":N 
I 
H 

are partially negatively charged. We believe that these off-axis 
negative charges destabilize the metal orbitals that are perpen
dicular to the z axis (r orbitals) relative to the metal orbitals that 
are parallel to the z axis (tl orbitals). This has pronounced effects 
on the relative ordering of the electronic states in the metal 
monoformamidate. As a result of this, the A and B electronic 
states of the metal monoalkylamides correlate with the a and C 
states of the metal monoformamidates while the C state of the 
monoalkylamides correlates with the A state of the monoform
amidates (Figure 3). Therefore. the three observed electronic 
transitions of the metal monoformamidates are assigned as 
AIA'-XIA'. 91A'-XIA'. and CIA"-XIA'. We have observed a 
similar switching of states in two other families of molecules we 
have studied previously: the metal borohydrides 10 and the metal 
monoformates.1l The borohydride (BH.) anion bonds in a tri
dentate fashion. In both these cases off-axis negative charges are 

. present on the ligands. 
The low-resolution electronic spectra enabled us to obtain vi

brational frequencies for the metal monoformamidates which are 
reported in Table II. Since only metal-centered orbitals are 
involved in the electronic transitions. any vibrational activity that 
is observed is also associated with the metal atom. We therefore 
assign the single observed Franck-Condon-active mode as a 
metaHigand stretching vibration. The observation of progressions 
in the metal-ligand stretching mode suggests that there are sig
nificant changes in the metal-ligand bond lengths in the excited 
electronic states. 

The electronic assignments of the metal monoformamidate 
spectra were based on qualitative arguments made by comparing 
the spectra of metal monoformamidates. monoformates. and 
monoborohydrides. This was necessary because definitive high
resolution spectra are not available. 

Boldyrcv and co-workers" have carried out ab initio calculations 
of the molecular properties of LiBH.. They find that the ClD 
tridendate structure has the lowest energy on the potential surface. 
Similar ab initio calculations on metal monoformates and mo
noformamidates would provide some additional insight into the 
structures of these molecules. 

Coacluslon 
The gas-phase reaction between alkaline-earth metals and 

formam ide produces the alkaline-earth monoformamidate frcc 
radicals. Three electronic transitions (AIA'-XIA'. aIA'-XIA'. 
and CIA"-XIA') were observed at low resolution. Comparison 
of the spectra with those of the alkaline-earth monoborohydrides 
and monoformates enables us to conclude that the formamide 
ligand bonds to the metal in a bidentate manner. 

(18) Boldyrcv, A.I.; CharlUn, O. P.; Rambidi. N. G.; Avdccv, V.1. Chtm. 
PhYI. LIII. 1976, 44, 20. 
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Fourier Transform Emission Spectroscopy 
of the A 2II-X 2~ + Transition of 2nD 

L. C. O'BRIEN, 1 W. T. M. L. FERNANDO, AND P. F. BERNATH2 

Department o/Chemistry. The Cnil'eTsity 0/ Ari:ona. Tllcson. :!ri:ona 85721 

The 0-0 band of zinc deuteride A 2n_x2:!;. transition was recorded in emission by Fourier 
transform spectroscopy. Compared with previous work on ZnD. improved line positions and 
molecular constants were determined from the analysis of the data. Rotational structure from 
the three zinc isotopes in zinc deuteride. 64ZnD. 6<\ZnD. and 68ZnD. were resolved in many of 
the branches. 

INTRODUCTION 

Recently there has been a revival in the experimental and theoretical interest in 
metal hydrides. Several metal hydrides, including ZnH, have been identified in the 
spectra of the sun and cool stars (/-3). Ab initio prediction. of the properties oftran
sition metal hydrides has also been quite successful (4). Transition metal hydrides 
are the simplest model systems for the complex molecular species which occur in 
catalytic hydrogenations on metal surfaces (5. 6). 

The A2II_X2};+ and B2};+ _X2};+ transitions of ZnD were first recorded in the 
1930s (7.8). In 1962 Khan discovered the C2};+ _X2};+ transition ofZnH and ZnD 
(9). More recently Balfour and co-workers have recorded new spectra of the A 2II_ 
X2};+ and B2};+ _X2};+ transitions ofZnD with a Zn/D2 arc (/0. / /). Dufayard and 
Nedelec have measured the lifetime, collisional energy transfer rates, and some A
doubling intervals for the A 2II state ofZnD and ZnH (/2. /3). We report here on an 
improved analysis of the 0-0 band of the A2II_X2}; + transition ofZnD. 

EXPERIMENTAL DETAILS 

As in our work on CuD (14), the spectrum ofZnD was produced inadvertently in 
a hollow cathode discharge lamp. Atomic zinc was sputtered from a Zn:Ni:C (2:2: I) 
hollow cathode at a current of 400 rnA. A slow flow of 10 mTorr deuterium and 1.2 
Torr argon was passed through the cell. 

The ZnD emission spectrum was recorded with the Fourier transform spectrometer 
associated with the McMath Solar Observatory at Kitt Peak. A bandpass interference 
filter was used to limit the spectral interval to 21 000-24 000 em -I. The interferogram 
was recorded with an unapodized resolution of 0.05 em -I, with cooled (-10°C) 
photomultiplier tubes (RCA C31034). Sixteen scans were co-added in 40 min of 

I Current address: Food and Drug Administration. Division of Drug Analysis. 1114 Market St.. St. Louis. 
Missouri 6310 I. . 

2 Alfred P. Sloan fellow; Camille and Henry Dreyfus teacher-scholar. 
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integration. The spectrum was calibrated (±O.OO t cm -I) with line positions of singly 
ionized argon measured by Norlen ( 15). 

RESUl TS A:-1D DISCUSSION 

The interferogram was transformed into a spectrum by G. Ladd of the National 
Solar Observatory. The A 2n_x2~ + transition line positions were measured using a 
data reduction program called DECOMP, developed at Kitt Peak. The branches were 
easily identified and assigned using the term values for the A and X states given by 
Balfour and Taylor (10). A small portion of the spectrum is given in Fig. I. 

Zinc has five stable isotopes: 64Zn (48.6%), 6SZn (4.1 %), 66Zn (27.9%). 68Zn ( t 8.8%). 
and 70Zn (0.6%). As shown in Fig. I. a characteristic triplet pattern due to three main 
zinc isotopes. 64ZnD. 66ZnD. and 68ZnD. was observed in many of the branches (all 
except the Pl2 and P22 branches). A separate least-squares fit was performed for each 
of the three strong isotopomers. 

The A 2n state has a spin-orbit splitting of 34 t cm -I • and thus follows the Hund's 
case (a) coupling scheme (16). A Hund's case (a) 2n-:!2; + transition has t 2 branches 
and all of these branches were observed in our spectrum. The 'Observed line positions 
which were used in the fit are listed in Table I. For 64ZnD 242 lines were fit with t 7 
parameters with a standard deviation of about 0.0 I cm -I. The standard effective 
Hamiltonian of Brown et al. (17) was used for the 2n and 2~ + states to extract the 
molecular constants. listed in Table II. The explicit matrix elements have been pub
lished by Amiot et al. (18) with corrections to "Y and "Yo of the 2~ + state from Douay 
et al. (19). 

Brown and Watson (20) demonstrated that for a 2rr state. AD and "Yare completely 
correlated. Therefore. AD was fixed to zero and "Y and "YO were varied and determined 
in the final fit. 

There are problems with constants of Table II because the observed minus calculated 
values show evidence of systematic errors. Furthermore. the isotopic relations are not 

23347 

Q1(14.5) 
64 

66 

23348 em-1 

FIG. I. A portion of the 0-0 band of the ,.j2n l/l-X2!+ transition of ZnD. The tripling present in each 
line is caused by the 6OZn• 66Zn and 68Zn isotopes. 
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TABLE I 

Line Positions (in em -I) For the 0-0 Band of the .-Iln-x~~· Transition of""ZnD. b6ZnD, and 68ZnD 

"ZnD 

J PI2 o-c' PII o-c RII O-c RI2 O-C 

O.~ 2323~. 3127 109 23228.9719 -7~4 
1 . ~ 23204. ~~29 -22 23217.5407 4~ 23246. 914~ -33 23234.2774 2~~ 
2.~ 2319~.69~~ 90 2321~.107~ 353 232~9. 2193 74 23240.1387 -0 
3.~ 23187. ~23~ 81 23213.3029 4~ 23272.1806 -~ 23246.6599 -473 
4.5 23180.0616 147 23212.2185 12 2328~. 8326 95 23H3. 9~58 -14 
5.5 23173 .3020 1~6 23211 .8281 -40 23300.1466 109 23261.8877 -13 
6.5 23167.2~45 147 23212.1469 6 23315.1346 174 23270.4991 -42 
7.5 23161.9331 203 23213.1683 47 23330.7756 93 23279. 79~8 -53 
8.5 23157.3333 210 23214.8753 -127 23347.0882 62 23289.7862 24 
9.5 231~3.4670 221 23217.3181 -60 23364.0665 31 23300.4473 -58 

10.5 23150.3395 216 23220.4709 - 58 23381.7198 9~ 23311. 8126 14 
11.5 23147 . 9~88 200 23224.3443 -64 23400.0326 99 23323.8549 -57 
12.5 23146.3350 197 23228.9489 -27 23419.0083 75 23336.6002 -37 
13. ~ 23145 .463~ 79 23234.2798 -53 23438.6497 44 
14.~ 23145.3737 5~ 23240.3577 5 23458.9633 61 
15.5 23146.0745 127 23247.1755 14 23479.9373 -5 
16.5 23147.5530 74 23254.7429 4 23501.5872 -15 
17.5 23149.8373 83 23263.0618 -74 23523.9100 -18 
18.5 23152.9266 51 23272.1654 41 23546.9143 48 
19.5 23156.8377 43 23282.0238 -26 23570.5852 7 
20.5 23161.5774 26 23292.6754 34 23594.9468 71 
21. 5 23167.1419 -145 23304.1117 53 
22.5 23173. 57~5 -137 23316.3394 16 
23.5 23180.8843 -2 23329.3740 -9 
24.5 23189.0854 316 23343.2242 -25 
25.5 23198.1117 25 23357.9147 122 

J QII o-c Qu O-C R21 o-e R22 O-C 

0.5 23224.4431 -176 23217.7228 -80 23569.5898 -411 23563.0562 -37 
15 23228.8549 22 23215.3966 4 23~81 . 7307 -122 23568.5942 -99 
2.5 23233.9286 7 23213.7500 -16 23594.7189 220 23574.9960 -9 
3.~ 23239.6855 -0 23212.7998 5 23608.4931 51 23582.2334 -28 
4.5 23246.1232 , -20 73212.5443 18 23623.1160 47 23~90. 3188 -14 
5.5 23253.2470 -I 23212.9792 -51 23638.5622 7 23599.2593 126 
6.~ 23261.0385 -125 11214.1275 -10 23654.8357 22 23609.0121 -13 
7.5 23269.5369 -15 23215.9795 5 23671. 9204 -1 ~ 23619.6181 -1 
8.~ 23278.7106 5 73218.5338 -65 23689.8251 37 23631.0661 74 
9.~ 23288.5693 16 "3221. 8074 -94 23708.5211 -58 23643.3315 -10 

10.5 23299.1129 -1 23225.8049 -88 23728.0319 -11 23656.4424 51 
11. ~ 23310.3458 -24 23230. ~371 10 23748.3425 79 23670.3628 -80 
12.5 23322 .2711 -49 2l23~. 9911 13 23685.1208 -99 
13.5 23334.8954 -39 23242.1723 -81 23700.7143 -6 
14.5 23348.2176 -37 23249.1175 32 23717.1335 121 
15. ~ 23362.2493 37 23256.7897 -81 23734.3633 150 
16.5 23376.9720 -44 23265.2346 -32 
17.5 23392.4159 -19 23274.4396 -17 
18.5 23408.5718 -29 23284.4104 ·51 
19.5 23425.4533 12 2329~.1667 -1 ~ 
20.5 23443.0~79 2~ 23306.7007 -6~ 
21. ~ 23461.3909 5 23319.0173 -235 
21. ~ 23480.4623 -11 23332.1770 -6 
23. ~ 23~00. 2791 -19 23346.1118 -146 
24 ~ 23520.8469 -33 23360.8946 -18 

• Observed minus calculated line positions using the constants of Table" (in units of I () -4 em -I I. 

always obeyed to within experimental error. particularly for the higher-order param-
eters. The inclusion of additional higher-order parameters such as L and "'til was not 
successful. The problem seems to originate with the large number of additional weak 
lines present in the spectrum from, for example. the 1 - 1 band. In addition, the presence 
of three isotopomers <often only partly resolved at low J). each with 12 branches, 
produces numerous blended lines. The weights of the lines in the fit were adjusted to 
try to reflect the signal-to-noise and the degree of blending. However, our efforts were 
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TABLE I-Continued 

"ZnO 

J Q" o·c Q" ?·c P" o·c P" o·c 

1.5 13562,8588 ·66 13549,1243 ·11 
2,5 13568,2810 }9 21548,5729 ·3! 13149.4052 38 2l5}9,6976 ·15 
3,5 11574.5455 19 11548,2813 • JO 21548 1224 ·10 11521,87]7 62 
4.5 11581. 6429 .1\ 3 23548.842d ·~6 23147.6966 ·57 }J514.92)) 183 
5.5 21589 6U6 17 11550.2616 ·109 23548.1294 ·97 2350d,8344 190 
6,5 23598 1963 ·124 23552.5426 ·117 13549.4298 .47 11501.6221 195 
1,5 23608 0606 III n555.6880 .7] 23551,5846 ·48 23499.2867 162 
8.5 23618.5Jll 19 23559,6828 .: )0 23554,5936 ·107 21495.8395 III 
9,5 23629,8463 II 21564.5525 ·18 13558.4702 ·95 13493.2792 III 

10,5 13641.9923 ·0 23510,2791 19 23563,2035 ·126 lJ491.6072 144 
1l.5 21654.9749 6 23576.8606 17 23568,8111 ·ll 13490.8279 98 
12.5 23668.1887 25 2);84.3014 17 23575.2640 ·103 23490.9577 163 
n.5 23683.4256 ·5 23592.6091 29 23582.6132 162 11491. 9744 86 
14.5 23698,8168 ·149 23601. 7131 7 13590,7803 .2/ 23493.8988 38 
15.5 23115.1921 109 21611. 7913 ·54 23599.8202 ·126 23496.1))1 14 
16.5 231)2.2991 61 23622.6927 .J) 21609,1621 148 23500 4812 ·1 
11.5 23634.4531 ·15 21505.1381 ·75 
18.5 23641.0149 ·'d 23510.7165 ·125 
19.5 23660.5681 ·33 }]511,2203 ·153 
20,5 23614.9))8 8 23524.6531 ·158 
21. 5 23690.1146 84 2l533.0314 22 
22,5 21106.2799 65 23542 3))5 ·18 
21.5 23113.2589 136 23552 5423 ·188 
24.5 '23563.8133 415 

"ZnD 

J PIl o·c P" O·C Rli O·C RIl o·c 

0.5 21235,3127 420 23228.9719 ·450 
1.5 23204.5529 ·2 2]211.4407 ·824 23246,9145 393 21234.219] 54 
2.5 23195.6955 35 23215.1075 446 23259.1019 ·549 23240.1381 464 
3.5 23181.5235 ·39 23213.3029 il2 23212.0990 ·138 21246.6599 83 
4.5 '23180.0616 ·26 23212.2185 63 23285.1236 ·172 23253.8526 ·392 
5.5 23113.3020 ·59 23211.8281 5 2))00.0295 ·94 23261.7142 ·390 
6.5 23167.2545 ·96 23212.1469 58 2])15.0187 135 23210, ]909 ·256 
7.5 23161,9111 ·60 2321l.1683 1\8 2))30.6318 .69 23219,7059 ]0 
8.5 23157. ]]j] ·60 23214.815] ·27 23346.9296 ·85 2]289.6584 ·155 
9,5 23153.4610 ·41 23211.3181 80 2)363.9107 77 23]00,3214 ·97 

10.5 23150, ll95 ·]8 ~~n2:~m 134 2))81.5233 .96 2]311.6816 106 
11.5 23141.9588 ·32 190 2])99,8319 39 2]323.11]) ·6 
12,5 23146.ll50 ·5 23228.9103 .88 23418.7856 ·28 2]]]6.4375 ·13 
n.5 23145.4635 ·81 23234.2798 354 2]4]8,4207 59 
14.5 23145.3137 ·70 23240.2800 ·215 2]458.1109 21 
15.5 23146.0745 45 23247.0751 . ]96 23419.6665 .]] 
16.5 2]147.5530 ]5 23254.6219 ·447 2]501.3136 125 
11.5 23149.8313 86 23262.9400 ·482 2]523.6008 .1) 
18.5 23152.9266 89 23212.0990 301 2]546.5109 ·98 
19.5 23156.8311 109 2]281. 9026 ·194 
20.5 23161.5774 108 23292.5568 12 
21. 5 23167.1419 ·63 23303.9818 40 
22.5 23173.5755 ·13 23316.1394 ·571 
23.5 23180,8843 19 23129.2J79 151 
24.5 23189,0854 266 23J43,0948 324 
25,5 23198.1111 ·1l0 2]]51.1318 101 

not completely successful. Systematic errors are present in the line positions which 
are. in turn. propagated into the molecular constants of Table II. 

The electronic parentages of the X. A. and B states of ZnH and ZnD are fairly well 
understood. Figure I of Ref. (10) shows the approximate potential energy curves and 
dis.';ociation limits of these states. Figure 4 of Ref. (11) gives the calculated RKR 
curves for these states. The X2~ + curve dissociates to Zne S) + He S) and the A 2n 
and B2~ + states both dissociate to Zn (3 P) + H (2 S). Chong et al. ( 4) have calculated 
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TABLE I-Continued 

"ZnO 

J QII o·c Qu o·c R'l o·c R" o·c 

o.~ 23224.4431 ·61 23217.7228 ~2 
1.~ 23228. 800~ ·218 2321~.3966 97 
2.~ 23233.8370 ·~30 23213. 7~00 ~I 23~94. 6227 ·127 23~74. 91~1 ·420 
3. ~ 23239. ~90~ ·486 23212.7998 55 23608.3811 ·286 23582.1436 ·431 
4.5 23246.1011 31~ 23212.~443 64 23622.9405 . 74~ 23~90. 2668 69 
~.~ 23253.1403 ·412 23212.9792 I 23638.4497 33 23599.1832 86 
6.~ 23260.9224 ·527 23214.127~ 60 23654.7116 127 23608.8840 ·449 
7.5 23269.4370 ·150 23215.9795 103 23671.7633 ·41 23619.49~2 ·253 
8.5 23278.5929 ·188 23218.5338 73 23689.6541 75 23630.9303 ·171 
9.5 23288.4512 ·63 23221. 8074 94 23708.3360 45 23643.2006 ·68 

10.5 23298.9909 3 23225.8049 161 23656.2986 4 
11.5 23310.2165 30 23230.4666 ·377 23670.2152 ·27 
12.5 23322.1354 67 23235.9098 ·402 23684.9670 28 
13.5 23334.7469 76 23242.0771 ·548 23700.4984 ·368 
14. ~ 23348.0606 120 23249.0849 287 
15.5 23362.0965 361 23256.6882 ·414 
16.5 23376.7878 92 23265.1538 ·51 
17.5 23392.2206 129 23274.341~ ·97 
18.5 23408.3~58 34 23284.2933 ·207 
19. ~ 23425.2234 56 23295.0438 ·113 
20.5 23442.8185 92 23306.5696 ·128 
21. 5 23461.1328 1 23318.9141 ·96 
22.5 23480.1819 ·123 23332.0395 ·9~ 
23.5 23499.9985 ·19 2334~. 9796 ·118 
24.5 23520.5544 ·37 
25.5 23541.8158 ·590 

Q'l o·c Q .. o·c P'1 o·c P" o·c 

1.5 23549.7243 84 
2.5 23548.5729 60 23~49.4304 385 23529.6833 ·279 
3.5 23574.4752 ·287 23548.2813 84 23548.1224 88 23521.8737 ·127 
4.5 23581. 6469 422 23~48.8428 81 23~4 7.6966 58 23~14. 9233 ·~7 
5.5 23589.5347 ·149 23550.2616 83 23548.1215 ·29 23508.8370 ·60 
6.5 23598.3057 309 23552. ~426 13~ 23~49.4298 146 23~03.6221 ·102 
7.5 23607.9630 . ·9 2355~.6773 144 23~~1 . ~846 20~ 23499.2942 ·64 
8.5 23618.4199 ·9~ 23~59.674~ 193 235~4. ~864 147 2349~.8447 ·70 
9. ~ 23629. 73~1 41 23564.4797 ·268 235~8.4633 24~ 23493.2792 ·101 

10. ~ 23641.8628 ·41 23~70. 2230 56 23563.2035 375 23491. 607} ·97 
11. ~ 23654.83~6 9 23576.7992 109 23~68. 7911 373 23490.8317 ·65 
12. ~ 23668.6386 60 23~84. 2319 119 23H~ .1~04 ·~27 23490.9577 10 
13. ~ 23683. 238~ ·201 23~92. ~269 138 23~82.47~6 ·389 23491.9744 ·17 
14.~ 23698.7196 88 23601.6855 171 23590.7403 ~1~ 23493.8988 ·12 
1~. ~ 23611.6807 ·60 23599.7217 ·51 23496.7337 IS 
16.5 23622. ~624 ·67 23609.6028 ·269 23~00.4812 47 
17. ~ 23634.3027 ·141 23~0~.1381 12 
18.5 23646.92~3 ·60 23~10. 716~ ·10 
19.5 23660.4299 1~7 23~17 .2203 ·24 
20.~ 23674.7627 ·48 23524.6~37 ·33 
21.~ 23~33.0374 121 
22. ~ 23~42. 3335 8 

that the Zn d-orbital electron density is 9.96. indicating that the Zn d-orbitals are full 
and not mixing with the valence orbitals. There is an avoided crossing for the X2~ + 

and B2!, + states. This avoided crossing introduces Zn 4pu character to the X2!. + 

state. The inner wall of the B2~+ state is the repulshe wall of the ZneS) + HeS) 
neutral-neutral potential, and is quite shallow with a large 'e. 

The substantial 4 JI u character of the X 2~'" is supported by the work of Knight and 
Weltner. From the ESR spectrum of matrix-isolated ZnH. they estimated that the 
X2!,+ has 39% 4pu character (21). The large spin-rotation constant h = 0.130 
cm -I) of the X2!, + is also consistently an approximate unique perturber (22-24) 
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TABLE I-Continued 

"ZnO 

J PI2 o-c Pil O-c Ril O-C RIl o-c 

0.5 23235.3127 615 23228.9719 -196 
1.5 23204.5529 55 23217.4407 -738 23246.9145 651 23234.2193 378 
2.5 23195.6955 61 23215.1075 491 23259.1019 -219 23240.1387 866 
3.5 23187.5235 -39 23213.3029 125 23272.0320 -395 23246.6599 570 
4.5 23180.0616 -46 23212.2185 51 23285.6171 -729 23253.8526 187 
5.5 23173.3020 -95 2321\ .8281 -22 23299.9115 -658 23261.7742 288 
6.5 23167.2545 -144 23212.1469 25 23314.9206 -1l0 23270.3173 -210 
7.5 23161.9331 -116 23213.1683 88 23330.4926 -590 23279.6171 36 
8.5 23157.3333 -121 23214.8753 -44 23346.7959 -404 23289.5645 -82 
9.5 23153.4670 -1l0 23217.3181 87 23363.7498 -351 23300.2014 -163 

10.5 23150.3395 -101 23220.4709 175 23381.3587 - 385 23311. 5534 27 
ll.5 23147.9588 -92 23224.3443 275 23399.6299 -432 23323.5804 60 
12.5 23146.3350 -61 23228.9103 52 23418.6024 -107 23336.2921 4 
13.5 23145.4635 -138 23234.2798 559 23438.1831 -348 
14.5 23145.3737 -115 23240.2800 6 23458.4701 -185 
15.5 23146.0745 6 23247.0751 -29 23479.4204 -62 
16.5 23147.5530 2 23254.6279 15 23501.0294 -43 
17.5 23149.8373 57 23262.9400 82 23523.3221 101 
18.5 23152.9266 62 23272.0318 303 23546.2392 -251 
19.5 23156.8377 79 23281.8449 17 
20.5 23161.5774 69 23292.4531 -122 
21.5 23167.1419 -119 23303.8666 -93 
22.5 23173.5755 -158 23316. \194 353 
23.5 23180.8843 -107 23329.1093 103 
24.5 23189.0854 79 23342.9319 16 
25.5 23198.1117 -399 

Qil O-C QIl o-c R11 O-C Rll O-C 

0.5 23224.4431 247 23217.7228 150 23568.4693 - 590 
1.5 23228.8549 567 23215.3966 163 23594.5317 -413 23574.9151 89 
2.5 23233.8370 -226 23213.7500 93 23608.3404 42 23582.1436 151 
3.5 23239.5905 -114 23212.7998 82 236V.9268 -27 23590.1974 41 
4.5 23246.10ll 764 23212.5443 85 2"3638.3340 -139 23599.0900 -88 
5.5 23253.1403 120 23212.9792 24 23654.5954 89 23608.8420 -8 
6.5 23260.9224 94 23214.1275 96 23671.6464 62 23619.3742 -491 
7.5 23269.3832 • 34 23215.9795 162 23689.4831 -208 23630.8466 82 
8.5 23278.5052 -247 23218.5338 166 23708.1650 -78 23643.0955 97 
9.5 23288.3509 -140 23221.8074 231 23656.1665 29 

10.5 23298.8871 3 23225.8049 353 23670.0757 58 
ll.5 23310.1064 85 23230.4666 -liB 236B4.8088 60 
12.5 23322.0106 95 232 35.9098 -~5 23700.3791 186 
13.5 23334.6180 187 23242.0771 -122 
14.5 23347.9169 207 23249.0849 811 
15.5 23361. 9089 134 23256.6882 219 
16.5 23376.6217 202 23265.0936 97 
17.5 23392.0337 148 23274.2633 -4 
18.5 23408.1674 147 23284.2036 -99 
19.5 23425.1034 950 23294.9522 109 
20.5 23442.5940 23 23306.4466 -88 
21.5 23460. BBB 7 -205 2331B.7660 IS 
22.5 234BO.0219 546 23331. BB29 52 
23.5 23499.7254 -loBI 23345. B204 15B 

relationship with the A 2n state (p = 0.157 cm - J ). If the A 2n were pure 4 p 7r and the 
X2~+ were pure 4pu then 

and 

with 'eff = 1_ The observed leff is 0.80 using this equation and the constants of Ta
ble II. 

The unique perturber model ignores the interaction of the nearby B2~ + state as 
well as the participation of 4s and 3d orbitals in the bonding. The unique perturber 
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TABLE I-Continued 

"ZnO 

Q" o·c Q" o·c P" o·c P" o·c 

1.5 23549.7243 387 
2.5 23548.5729 368 23549.4052 415 23529.6833 ·113 
3.5 23574.4752 192 23548.2813 405 23548.1224 365 23521.8737 ·5 
4.5 23581. 5571 68 23548.8428 422 23547.6966 340 23514.9233 29 
5.5 23589.4815 ·62 23550.2616 453 23548.1294 344 23508.8370 ·1 
6.5 23598.3011 347 23552.5426 540 23549.4298 459 23503.6221 ·63 
7.5 23607. 8837 ·7 23555.6770 588 23551.5846 545 23499.2942 ·39 
8.5 23618.3152 ·245 23559.6745 688 23554.5936 590 23495.8447 ·53 
9.5 23629.6081 ·225 23564.4797 277 23558.4702 722 23493.2792 ·86 

10.5 23641. 7476 ·73 23570.1618 43 23563.2035 824 23491.6072 ·81 
11.5 23654.7089 ·20 23576.7390 161 23568.5811 ·1236 23490.8317 ·44 
12.5 23668.4800 ·166 23584.1600 108 23574.9797 ·1699 23490.9577 37 
13.5 23592.4662 291 23582.3232 ·1336 23491.9744 16 
14.5 23601.5997 120 23590.5480 ·792 23493.8988 26 
15.5 23611.5693 ·328 23599.7217 599 23496.7337 54 
16.5 23622 .4628 ·1&9 23609.6028 406 23500.4812 82 
17 .5 23634.2002 ·279 23505.1l81 34 
18.5 23646.8147 ·285 23510.7165 ·13 
19.5 23660.2807 ·485 23517.2203 ·66 
20.5 23674.7628 ·742 23524.6537 ·135 
21.5 23533.0374 ·64 
22.5 23542.3335 ·289 
23.5 23552.7106 816 
24.5 23563.9122 620 

TABLE II 

Molecular Constants for the 0-0 Band of the A2n_x2~+ Transition of ZnD (in cm -') 

Constant o&"ZnD "ZnO 

X'!:' 

B 3.350727(48)' 3 . 34709 ( 11 ) 

10' 0 1.2116(14 ) 1.2065(35) 

10' H 2 .02( 14) 3.8(34) 

7 0.12972(11) 0.12971(32) 

10' 7, .1. 894(31) ·1.853(99) 

A'n 

T 23387.61250(66) 23387. 5977( 20) 

B 735526(49) 3. 73126(11 ) 

10' 0 . 1801(16) 1 . 1530(40) 

10' H 3.56(\6) 1. 70(43) 

0.01298(52) 0.0151(17 ) 

10' 7, 2.59(12) 1.22(42) 

A 341.37733(74) 341. 3707(20) 

10' q 1.021(:2) 1.203(35) 

P 0.15668(22) 0.15297(36) 

10' Po .4.45(4) ·3 36(12) 

10' 
"" 

1.49(19) 1.486' 

• One standard deviation error in parentheses. 
h Fixed to the values estimated from isotopic relations. 

"ZnO 

) )4475(13) 

1. 2186(46) 

1.29(46) 

0.12887(35) 

'1.925(98) 

23387. 5743( 25) 

7284504 ) 

1645(56) 

12 (72) 

0.0136(21) 

29(61 ) 

341.3481(24) 

1.044( 74) 

0.14835(43) 

'247(19) 

1 482" 
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model is far too simple a model but, as is the case for many molecules, provides a 
useful "zeroth order" picture. 
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