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ABSTRACT 

The gaseous free radicals, 

monoa1ky1amides, monoacety1ides, 

alkaline-earth 

monoformamidates 

14 

metal 

and 

monopyrro1idates, consisting of a metal atom (Ca or Sr) bonded to 

a single ligand, were synthesized in a Broida oven. The 

electronic and vibrational structures of these molecules 

were studied by low-resolution laser spectroscopy techniques. 

These inorganic molecules are ionic, well represented by the 

structure M+L- (M=Ca, Sr: L=ligand). 

Three electronic transitions were identified for the metal 

monoalkylamides and the metal monoformamidates. The formamidate 

anion bonds to the metal in a bidentate fashion through the oxygen 

and nitrogen atoms. Two electronic transitions were observed 

for the metal monopyrrolidates. The pyrrolide anion ring 

bonds to the metal to provide these "open-faced sandwich" type 

molecules with pseudo-C5V symmetry. For the metal monoacety1ide 

molecules, only one electronic transition (A2rr_x2~+) was observed. 

Several vibrational frequencies were determined for these 

inorganic molecules from the low-resolution spectra. 

The A2rr_x2~+ transition of the calcium monoacety1ide molecule 

was rotationally analyzed at high-resolution using the filtered 
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laser excitation spectroscopy technique. The rotational line 

positions were fitted to a 2II_2~+ Hamiltonian to obtain several 

rotational constants. The calcium-carbon bond length in CaCCH was 

calculated for the ground (2.248 A) and excited (2.220 A) 

electronic states. 

The vibration-rotation spectra of the gaseous bismuth hydride 

and bismuth deuteride molecules were recorded, using a diode laser 

system. The 1-0 fudamental band and several hot bands with t:.v=l 

were rotationally analyzed. The rotational line positions were 

fitted first, to a Dunham energy expression and then to a 3~

Hamiltonian, to obtain ground state rotational constants. The 

bismuth-hydrogen (deuterium) bond distance was calculated to be 

1.809 A (1.807 A). 
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CHAPTER 1 

INTRODUCTION 

Free radicals are defined as highly reactive, short-lived 

atoms or molecular fragments, containing one or more unpaired 

electrons. The well known stable molecules NO, N02 and 02 fall 

into this category due to the presence of unpaired electrons. On 

the other hand, the highly reactive species CS and HNO will not be 

classified as free radicals. Over the years, chemists have found 

the study of free radicals a fascinating challenge. Due to their 

high reactivity, these species have to be synthesized and analyzed 

in situ. 

The study of free radicals in the gase phase has probably been 

the most rewarding, in terms of understanding the chemical 

reactivities and geometries of these compounds. The 

inter-molecular interactions are minimal in the gaseous phase, 

providing an essentially "isolated" molecule for characterization. 

The subj ect of this dissertation is the study of gas phase 

metal containing free radicals using laser spectroscopy 

techniques. All of the molecules discussed here consist of a 

sine;le metal atom (M). bonded to a single ligand (L). with the 
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representative structure ML. Except for the bismuth hydride and 

bismuth deuteride molecules, all the other free radicals contain 

the alkaline-earth metals, calcium and strontium. The gas-phase 

alkaline-earth metal halides (ML, M = Ca, Sr, Ba: L - F, Cl, Br, 

I) were the first molecules to be synthesized and characterized, 

in this class of inorganic molecules (1-7). 

alkaline-earth metal monohydroxides (MOH, M 

The isoelectronic 

Ca, Sr, Ba), first 

discovered by Herschel (8), have been the subject of several 

spectroscopic investigations (9-14). The recent advances made in 

laser technology have made it possible to extend these 

spectroscopic studies to the gaseous inorganic molecules 

containing larger ligands such as amide (15-17), alkoxide (18-20), 

azide (21), methyl (22), isocyanate (23, 24) and cyclopentadienide 

(25) . 

The above mentioned free radicals are formed in high 

temperature systems. The alkaline-earth metal monohydroxides have 

been identified in flames (26). The CaOH molecule was observed in 

the atmosphere of a star (27) and the MgOH, CaOH molecules are 

predicted to be present in the upper atmosphere (28). The 

laboratory investigations of these molecules, such as described in 

this dissertation will greatly facilitate their identification and 

characterization in the upper atmosphere and the interstellar 

medium, where only a low concentration of these molecules are 
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present. These species consisting of a single metal atom bonded 

to a single ligand, may be the intermediates in chemical reactions 

involving metals. They also provide simple molecular models for 

more complicated inorganic molecules such as transition metal 

complexes. 

The synthesis and characterization of several gaseous 

alkaline - earth metal containing free radicals are discussed in 

this dissertation. Due to their high reactivity, these molecules 

cannot be synthesized in large concentrations or stored for any 

length of time. Emission spectroscopy, not absorption 

spectroscopy, was used in recording the spectra of these free 

radicals. To record absorption spectra, a relatively large 

absorption cell needs to be filled with the molecule under 

investigation. The dye laser spectroscopy techniques described in 

Chapter 2 are excellent tools in studying the electronic, 

vibrational and rotational structures of these molecules. 

The calcium and strontium monoalkylamides (Chapter 3) and 

monoacetylides (Chapter 4) contain a single metal-ligand bond. 

The metal monoformamidates described in Chapter 5 however, contain 

two metal-ligand bonds, as a result of the formamidate ligand 

bonding to the metal in a bidentate fashion. These were among the 

first gas-phase molecules to be discovered with such unique 
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bonding, the alkaline-earth metal monoborohydrides (CaBH , SrBH ) 
4 4 

(29) and metal monocarboxy1ates (M0
2

CR, M = Ca, Sr; R = H, CH
3

) 

(30) being the others. Chapter 6 provides a description of the 

calcium and strontium monopyrro1idate molecules. The pyrrolide 

ligand ring bonds to the metal atom, forming these "open-faced 

sandwich" type molecules. 

The alkaline earth metal containing free radicals are only a 

small fraction of the molecules that can be synthesized and 

spectroscopically studied using the techniques described here. 

The possibility of extending these experiments to study molecules 

containing other metals, such as the transition metals, is very 

promising. 

The development of infrared telescopes has created a demand for 

high-resolution infrared data on molecules that are of 

astrophysical interest. Molecules containing hydrogen are of 

particular interest due to the dominant role played by hydrogen in 

the chemistry of the interstellar medium. The discovery of diode 

lasers in the past decade has opened a new era in high-resolution 

spectroscopy in the infrared region. These tunable infrared 

sources are excellent tools in probing vibration-rotation spectra 

of molecules at high-resolution. They have been successfully used 

in studying the rotational structures of several alkali and 
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alkaline-earth metal hydrides (31-36). The investigation of the 

vibration-rotation spectra of bismth hydride and bismuth deuteride 

molecules using a diode laser system is discussed in Chapter 7. 

The possibility of studying the hydrides of other metals, such as 

antimony, are currently being investigated. 

Two other projects that were undertaken, "Diode laser 

spectroscopy of alkali halides: The sodium fluoride molecule" and 

"Laser spectroscopy of calcium and strontium monocyanates" , which 

are not included in the body of this dissertation are provided in 

Appendix A. 
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 METHOD OF SYNTHESIS OF GAS-PHASE INORGANIC MOLECULES 

All of the gas-phase inorganic molecules consisting of a metal 

atom bonded to a single ligand, that are discussed in Chapters 3 

through 6, were synthesised in a Broida-type oven (37). A 

schematic diagram of the Broida oven that is used in the 

laboratory is given in Figure 1. The alkaline-earth metal (Ca or 

Sr) used in these experiments was placed in the alumina crucible 

(A, in Figure 1) and resistively heated to vaporize the metal. A 

temperature of about sooaC was required for this purpose for Ca 

and Sr metals. The metal vapor was then entrained in argon 

carrier gas (::::1.5 torr) and carried to the reaction region (D, 

Figure 1). The oxidant required to synthesize the inorganic 

molecule was introduced just below the reaction region through 

inlet C (Figure 1). The reaction between the metal vapor and the 

oxidant produced the gas-phase inorganic molecules. 

The base plate of the Broida oven, which is constructed of 

stainless steel, is placed inside a stainless steel chamber (a 

stainless steel cross, see Figure 2) which has six access ports. 
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Of the four access ports that are on the four sides of the 

chamber, one is connected to a vacuum pump. The chamber is 

evacuated before the metal is heated. A photomultiplier-tube used 

for recording laser-excitation spectra is connected to the chamber 

via the second access port. Quartz windows are connected to the 

other two ports. Of these, one is used for viewing while the 

experiment is in progress. The other is aligned with a 2/3 meter 

monochromator to record fluorescence spectra. The access port at 

the top of the chamber consists of a quartz window at Brewster's 

angle (54 0 for quartz in the visible region). When the experiment 

is in progress, laser beams are directed vertically into the 

Broida oven through this Brewster angle window. 

In all the experiments that are reported here, it was found 

that the ground state metal atoms do not react with the oxidant 

to provide the desired inorganic molecules. Therefore the 

chemistry of the reaction was promoted by exciting the metal atoms 

to a higher electronic state. A dye laser tuned to the required 

wavelength (6573 A for Ca and 6892 A for Sr) was used to excite 

the metal atoms from the ground s tate to the 3 P 1 excited 

state. The reaction of the excited metal vapor with the oxidant 

produced the gas-phase inorganic molecules. The amount 

oxidant required varied from experiment to experiment. 

of 

The 

total pressure inside the stainless steel chamber could be varied 



Figure 1. Schematic diagram of the Broida-type oven 

A - alumina crucible which contains the alkaline

earth metal. 

B - the stainless steel ring which flows in the argon 

carrier gas. 

e - oxidant inlet. 

D - reaction region where the metal vapor reacts with 

the oxidant to form the gas-phase inorganic 

molecules. 
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Figure 2. Stainless steel vacuum chamber in which the Broida 

oven is placed. 

A - flame from the Broida oven 

B - quartz window 

C - Brewster window 

D - monochromator 
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most easily by partially closing the valve to the vacuum pump. 

In some experiments, this was utilized to increase the 

signal-to-noise ratio of the recorded spectra. The partial 

pressure of the oxidant and the total pressure inside the chamber 

proved to be critical in synthesizing these gas-phase inorganic 

molecules. 
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2.2 LASER EXCITATION SPECTROSCOPY TECHNIQUE 

The schematic diagram for the experimental apparatus used in 

recording the laser excitation spectra is given in Figure 3. Two 

dye lasers pumped by two cw argon ion lasers (Coherent Innova 20 

and Coherent Innova 70) were used in the experiment. A Coherent 

599-01 broad band (1 cm- 1 band width) dye laser is tuned to the 

3 p _1S atomic transition of the metal. The second dye laser is 
1 0 

used to monitor the molecular transitions. Either a broad band 

dye laser (Coherent 599-01) or a Coherent 699-21 computer 

controlled single frequency ring dye laser (1 MHz band width) is 

used for this purpose, depending on whether the 

experiment is carried out at low resolution or at high 

resolution respectively. The laser beams are spacially overlapped 

and directed vertically into the reaction region of the Broida 

oven through a Brewster angle window. 

When recording laser excitation spectra, the wavelength of the 

laser that is used to study the molecular transitions is scanned 

throughout the appropriate spectral region. The electronic 

transitions of the molecule of interest are thus excited and the 

resultant total fluorescence is collected by a photomultiplier 

tube that is connected directly to the Broida oven. The signal 



Figure 3. Schematic diagram for the experimental setup used in 

recording the laser excitation spectra 

The second dye laser is either broad band (1 cm- 1 

band width) or single frequency (1 MHz band width) 

depending on whether low resolution or high 

resolution experiments are being carried out. 
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then passes through a lock-in-amplifier. One of the laser beams 

is chopped by a mechanical chopper and the modulated signal is 

lock-in detected. The output from the lock-in amplifier is fed to 

a chart recorder to record the total fluorescence signal. 

A quartz window attached to one access port of the Broida-oven 

is used to obtain scattered laser light from the oven, which is 

then imaged on to the slits of a 2/3 meter monochromator, using 

two lenses. The monochromator provides calibration markers for 

the low-resolution spectra. The monochromator is set at regularly 

spaced wavelengths through which the laser probing the molecular 

transition is scanned (for example every 50 A). When the laser 

scans through this wavelength a signal is obtained from the 

photomultiplier tube that is connected to the monochromator. The 

monochromator is then advanced to the next wavelength. All of the 

low-resolution spectra were recorded with a two-pen chart 

recorder. 

In the high-resolution experiments, a computer controlled 

Coherent 699-29 ring dye laser was used to probe the molecular 

transitions. The total fluorescence signal from the lock-in 

amplifier is then recorded with an Apple 11+ computer. 
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In most of the experiments that are reported here, it was 

neccessary to use filters to block the scattered laser light 

before collecting the fluorescence signal. The red pass filters 

Schott RG 9, RG 695, RG 780, RG 830 were some of the filters 

commonly used. These filters enhance some features over others, 

therefore the relative intensities of the different features in 

the excitation spectra were distorted. 

The laser excitation spectroscopy technique is an excellent 

tool in obtaining survey spectra of molecules whose electronic 

transitions are not known. This technique has several advantages 

over the more conventional chemiluminescence spectroscopy 

technique. The laser excitation spectra have excellent 

signal-to-noise compared with chemiluminescence spectra. 

Chemiluminescence signal of many molecules formed in chemical 

reactions is usually very weak, broad (due to the presence of many 

excited vibration levels) and does not show clear vibrational 

structure. Most of the low-resolution laser excitation spectra 

not only contain electronic information, but also display 

vibrational structure. By the use of filters, it is possible to 

enhance some features over others in the laser excitation spectra. 

Most importantly, the gas -phase inorganic molecules discussed 

here did not produce any chemiluminescence. Therefore the initial 

survey of the spectra of these molecules would have been 
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impossible without the use of the laser excitation spectroscopy 

technique. 
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2.3 RESOLVED FLOURESCENCE SPECTROSCOPY TECHNIQUE 

The schematic diagram of the experimental apparatus used in 

recording the resolved fluorescence spectra is given in Figure 4. 

As in the laser excitation spectroscopy technique, two dye laser 

beams are directed vertically into the Broida oven. Fluorescence 

from the Broida oven is imaged on to the entrance slits of a 2/3 

meter monochromator, using lenses. The signal is recorded using a 

thermoelectrically cooled (_40DC) photomultiplier tube (RCA 

C31034) with photon counting electronics and displayed on a two 

pen chart recorder along with reference markers from the 

monochromator. 

Once the frequencies of the electronic transitions of the 

inorganic molecule are established from the laser excitation 

spectra, the second dye laser that is used to probe the molecular 

transitions is tuned into resonance. This promotes the molecule 

to the excited electronic state. The fluorescence from the 

molecule is then detected by scanning the wavelength of the 

monochromator. 

Since the dye laser is tuned to one particular electronic 

transition, fluorescence is observed only from this selected 

electronic state. The broad band dye laser used in the 
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low-resolution experiments, often populates several vibronic 

levels of the excited electronic state. Fluorescence from these 

vibronic levels result in sequence band structure and vibrational 

progressions in the low-resolution resolved fluorescence spectra. 

This emmision is useful in determining the excited state 

vibrational frequencies of the molecule being studied. On the 

other hand, fluorescence from one vibronic level in the excited 

electronic state to several vibronic levels in the ground 

electronic state is also often observed. This results in 

vibrational band progressions, which is useful in determining the 

vibrational frequencies in the ground electronic state. 

The smaller inorganic molecules discussed here (eg. metal 

monoacetylides) have fairly high vibrational frequencies. 

Therefore the vibrational levels of these molecules are reasonably 

far apart. 

the metal 

In contrast, the heavier inorganic molecules, such as 

tertiary butylamides with many low vibrational 

frequencies have vibrational levels which are relatively close 

together. More importantly, the heavier molecules have larger 

collisional cross-sections for vibrational relaxation, compared to 

the lighter molecules. As a result, when a single vibronic level 

is populated, relaxation to nearby vibronic levels via collisions 

occur more efficiently for the heavier molecules than for the 

lighter molecules. The higher vibrational cross-sections result 
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in a greater redistribution of energy among the different 

vibrational modes in the heavier molecules than in the lighter 

molecules which have a relatively small number of vibrational 

modes. Therefore for the heavier inorganic molecules, when a 

single vibronic level in the excited electronic state is 

populated via laser excitation, fluorescence is observed from 

several nearby vibronic levels. This is referred to as relaxed 

fluorescence as opposed to the resonant fluorescence seen for the 

lighter molecules. Furthermore, if the vibrational frequencies 

for the ground and excited electronic states are sufficiently 

different, sequence structure may also be observed in the 

low-resolution resolved fluorescence spectra. 



Figure 4. Schematic diagram for the experimental setup used in 

recording the resolved fluorescence spectra 

The second dye laser is either broad band (1 -1 cm 

band width) or single frequency (1 MHz band width) 

depending on whether low resolution or high 

resolution experiments are being carried out. 
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In the high-resolution experiments, a single frequency dye 

laser is used to excite the molecular transitions. Using a 

Coherent 699-29 ring dye laser, it is possible to selectively 

excite individual rotational transitions. 

making rotational assignments. 

This is invaluable in 

The two laser techniques described here and the filtered 

laser excitation technique described in Chapter 4 were used in 

studying the gas-phase inorganic molecules presented in this 

dissertation. 
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CHAPTER 3 

LASER SPECTROSCOPY OF CALCIUM AND STRONTIUM MONOALKYLAMIDES 

3.1 INTRODUCTION 

The gas-phase alkaline-earth metal monoamides (MNHz ' M = Ca, 

Sr, Ba) were studied for the first time by Harris and co-workers 

(15). The reaction of the metal vapor with hydrazine in a Broida-

type oven at 500-700 K and a total pressure of 1-3 torr, produced 

these metal monoamides. To record the electronic transitions of 

these molecules, the weak visible chemiluminescence from the metal 

monoamides was focused on to the slits of a 2/3 meter 

monochromator. Three electronic transitions were recorded and 

-z -z - - z z -z h assigned as C Al -x Al and A and B, Bl and Bz-X A
1

. T e relative 

ordering of the z Bl and zB z states was not determined in this 

experiment. 

Harris and co-workers then recorded the (;z A _Xz A 
1 1 

electronic 

transition of CaNHz at high-resolution (16), using the filtered 

laser excitation technique. They determined several spectroscopic 

constants and structural parameters 

states of CaNHz . 

for the (;z A 
1 

and the XZA 
1 
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Meier et al. have studied the reaction of lithium with ammonia 

in an argon matrix, at liquid helium temperatures (38). The 

resultant product, Li(NH
3

), was studied using electron spin 

resonance spectroscopy. When the Li(NH
3

) complex was irradiated 

with visible light, LiNHz was obtained as one of the many 

products. 

Babinec and Alison studied the gas phase reaction of primary 

amines with transition metal ions such as Fe+, Co+, Ni+, Cr+, Mn+, 

Zn+ and Cu+ using an ion cyclotron resonance spectrometer (39). 

This study proved that these metal ions react with the amines via 

insertion. The order of reactivity of the first row transition 

metal ions were determined in this experiment. 

Gas-phase metal amide molecules have also been explored through 

quantum chemical calculations of the LiNHz molecule. The geometry 

of the LiNHz molecule was determined to be planar with a Czv 

symmetry, in a calculation carried out by Dill et al. using a 

STO-3G basis set (40). Ab initio gaussian molecular orbital 

calculations of the LiNHz molecule by Hinchliffe et al. concluded 

that this molecule is most stable when it assumes a planar 

geometry (41, 42). A Hartree-Fock level calculation by Wurthwein 

and co-workers also suggested that the LiNHz molecule has a planar 

geometry (43). The geometries of the dimers and trimers of LiNHz 
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were determined by an ab initio calculation by Sapse et al. (44). 

Recently, the A-X and B-X transitions of the gas-phase 

strontium monoamide (SrNH
2

) molecule was studied at high 

resolution by Brazier and Bernath (17). SrNH
2 

was synthesized in 

a Broida-type oven by the reaction of Sr metal vapor with NH
3

• 

This high-resolution rotational analysis proved the planarity of 

-2 -2 -2-2 
the SrNH

2 
molecule and the A B

2
-X Al and B Bl -X Al assignments. 

Several spectroscopic constants for the X, A and B states and some 

structural parameters of SrNH
2 

were determined. 

In this chapter the study of the gas-phase alkaline-earth metal 

monoalkylamides (MNHR, M = Ca, Sr; R = CH
3

, CH
2

CH
3

, CH(CH
3

)2' 

C(CH3 )3) is presented. Low-resolution laser spectroscopy was used 

to obtain information on the electronic transitions of the metal 

monoalkylamides. The method of synthesis of these compounds and 

the analysis of their spectra are discussed in the remainder of 

this chapter. 
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3.2 EXPERIMENTAL DETAILS 

The calcium and strontium monoalkylamides were synthesised in a 

Broida-type oven (37) by the reaction of the excited metal vapor 

with the appropriate primary amine (monomethylamine, 

monoethylamine, isopropylamine and tertiary-butylamine). A 

general description of the synthesis of gas-phase inorganic 

molecules consisting of a single metal atom bonded to one ligand 

is provided in Chapter 2. 

Approximately 40 mtorr of the amine flowed continuously into 

the Broida oven to react with the metal vapor. All of the amines 

used in this experiment had sufficiently high vapor pressures at 

room temperature (45). In order to remove the residual water 

vapor in the amines they were passed through a drying tube 

containing anhydrous CaC1
2

• 

was maintained at ~1.5 torr. 

The total pressure inside the oven 

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

output of Coherent Innova 20 and Coherent Innova 90 argon ion 

lasers were used for this experiment. The dye lasers were 

operated with DCM and Rhodamine 6G dyes. One dye laser was tuned 

to the 3 P1 -lSo atomic transition of calcium (strontium) at 6573 A 

(6892 A). The wave length of the second dye laser was scanned to 
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record the laser excitation spectra of the metal monoalkylamides. 

A detailed description of the 

technique is provided in Chapter 2. 

technique is given in Figure 3. 

laser excitation spectroscopy 

A schematic diagram of this 

Several red-pass filters (Schott RG 695, RG 9 and RG 780) were 

used to block the scattered laser light. The fluorescence to the 

red of the lasers was detected using a photomultiplier-filter 

combination. Lock-in detection was provided by chopping the laser 

that is resonant with the molecular transition. All of the 

spectra were recorded on a two-pen chart recorder. 

The resolved fluorescence technique was used in recording the 

spectra of the smaller metal monoalkylamides (eg. SrNHCH
3
). A 

detailed description and a schematic diagram (Figure 4) of this 

technique is given in Chapter 2. This however, was not 

successsful for the heavier molecules such as SrNH(CH
3

)3' 

Relaxation is sufficiently fast for these larger molecules that 

almost all of the fluorescence comes from the lowest excited 

electronic state. 
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3.3 RESULTS AND ANALYSIS OF DATA 

Portions of the laser excitation spectra of CaNHR and SrNHR 

and 6 respectively. Three electronic transitions were 

these transitions are recorded in Tables 1 and 2. There is a 

strong correspondence between the spectra of CaNHR (SrNHR) and 

CaNHz (SrNHz ), therefore the spectra and the band centers of the 

metal monoamides are also provided for reference (17). 

As the alkyl group becomes larger, the A-X and B-X transitions 

shift to the red (Figures 5 and 6), while the COX transition 

shifts slightly to the blue (Tables 1 and 2). The vapor pressure 

of the parent primary amine decreases for the larger molecules. 

As a result, the larger metal monoalkylamides are more difficult 

to make, which results in a lower signal-to-noise as seen in 

3 1 f Figers 5 and 6. The PI - So atomic transitions 0 Ca and Sr metals 

becomes more prominent in the spectra of the heavier metal 

monoalkylamides because of the higher concentration of unreacted 

metal atoms. The CaClz drying tube was essential in making the 

gas -phase metal monoalkylamides. In the absence of the drying 

tube, the metal hydroxide was detected instead of the metal 

monoalkylamides. 



Figure 5. Laser excitation spectra of the calcium 

monoalkylamides. 

The asterisks mark the B2L;+ _X2L;+ transition of the 

CaH molecule. Note that for CaNH
2

, CaNHCH(CH
3

)2 and 

CaNHC(CH3 )3' this CaH impurity is not observed. The 

3 p _18 atomic transition of calcium (6573 A) is 
1 0 

marked. 
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Figure 6. Laser excitation spectra of the strontium 

monoalkylamides. 

The A-X and B-X transitions are marked on the 

spectrum. The strong central peak is assigned to the 

1-0 vibronic band (Sr-M stretch) of the A-X 

transition. The strontium 3 P _1 S 
1 0 

atomic transition 

(6892 A) is marked. 
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CaH appeared as an impurity in many of the calcium 

monoalkylamide spectra; most prominantly in those of CaNHCH
3 

and 

CaNHCzHs (Figure 5, the BZ~+_Xz~+ transition of CaH is marked with 

asterisks) . CaNHz and SrNHz were also seen in some of the metal 

monoalkylamide spectra (Tables 1 and 2). The B-X transition of 

the molecule is obscured by the A -x 
1 

and A -x z 

transitions of SrOC(CH
3

)3 molecule (19) (Figure 7). Tertiary-

butanol is probably an impurity in the tertiary-butylamine 

oxidant. 

The Sr-N stretching frequency in SrNHz (459 cm- 1
) matches the 

450 cm- 1 splitting between the AZBz and BZB
1 

electronic states. 

Therefore the v=O level of the BZB
1 

state is extensively perturbed 

by the v=l level of the AZBz state. As the ligand becomes heavier 

in the metal monoalkylamides, the Sr-N stretching frequency 

decreases, but the A-B electronic separation remains nearly the 

same. Therefore, the central peak in Figure 6 is assigned to the 

1-0 vibronic band of the A-X transition. 

The red-pass filters used in recording the excitation spectra 

enhance some features over others, therefore the intensities of 

the features in Figures 5 and 6 are distorted. The intensity of 

the 1-0 A-X vibronic transition will be increased by the 

v=O B - v=l A interaction. The B-X transition is never clear for 



Figure 7. The laser excitation spectrum of the SrNHC(CHa)a 

molecule. 

The broad peak at ~7077 A is assigned to the 

the position of the 

SrOC(CHa)a molecule. 

The sharp feature at 6892 A 

A -x 
1 

and 

This is 

The asterisks mark 

A -x bands 
2 

of the 

from at-butanol 

impurity in the tertiary butylamine oxidant. 



45 

*-----

+ 
ima 



Table 1. Band centers of the calcium monoalkylamides (in cm- i
) 

Molecule 

CaNHz 

CaNHCH
3 

CaNHCzH
5 

CaNHCH(CH
3

)z 

CaNHC(CH
3

)3 

a obscured by CaH 

b obscured by CaNHz 

15605 

15338 

15320 

15298 

15242 

15802 17364 

",15690 a b 

",15625 a b 

",15590 ",17499 

",15550 ",17497 

46 
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Table 2: Band centers of the strontium monoa1ky1amides (in cm- i
) 

Molecule 

SrNH
2 

14274 14724 15862 

SrNHCH
3 

14170 14688 a 

SrNHCzHs 14166 14641 15867 

SrNHCH(CH
3

)2 14135 ",,14623 ",,15885 

SrNHC(CH
3

)3 ",14130 ",14600b ",15895 

a obscured by SrNH
2 

b ±100 cm- i , very wide peak 
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the CaNHR molecules, as for the corresponding SrNHR molecules. 

The resolved flourescence spectrum of SrNHCHa molecule is 

provided in Figure 8. The sharp feature at ~6892 A is the 

a p 1 
1 - So atomic transition of Sr, which is excited by one of the 

dye lasers. The second dye laser is tuned to excite the B2A'_X2A' 

transition of SrNHCHa at ~68l2 A (14688 cm- 1
). The population in 

the B2A' state is rapidly transferred to the A2A" state by 

collisions or, probably, non-radiative processes. This strong 

relaxation can be seen in Figure 8 by the intense A-X emission. 

The broad weak feature at ~6870 A (14557 cm- 1
) is assigned to the 

1-0 band of the metal-nitrogen stretch in the A-X transition. 

For the lighter metal monoalkylamides, the laser induced 

fluorescence spectra were useful in obtaining the metal-nitrogen 

vibrational stretching frequencies. For the heavier molecules, 

however, the laser induced fluorescence was very relaxed and the 

vibrational bands were not clear. Therefore the laser excitation 

spectra were mainly used in obtaining the metal-nitrogen 

vibrational stretching frequencies, which are reported in Table 3. 

An attempt to detect the CaN(CHa )2 and SrN(CHa )2 free radicals 

using HN(CH
3

)z as the oxidant was not successful. The main 

reaction products were the CaOCH
3 

and SrOCHa impurity molecules 

and not the desired dialkylamides. 



Figure 8. The resolved fluorescence spectrum of the SrNHCH
3 

molecule. 

One dye laser is tuned to the 3 P _1 S 
1 0 

atomic 

transition of Sr (6892 A) . A second dye laser is 

tuned to the 00 
0 

band of the E.-x transition at 

::0:6812 A. The strong feature at the red end of the 

spectrum is the A2 A"_X2 A' electronic transition. 
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Table 3: Metal-nitrogen stretching frequencies of calcium and 

strontium monoalkylamides (in cm- 1
) 

Molecule M 

State 

Ca M 

A 

Sr 

50 

MNHz 

MNHCH
3 

MNHCzHs 

MNHC(CH
3

)3 

524 

480 

520 

467 

459 

393 

::::331 

::::450 458 
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3.4 DISCUSSION 

There is a strong correspondence between the spectra of the 

metal monoalkylamides and those of the metal monoamides (17). The 

metal monoamides in turn resemble the corresponding metal 

monohydroxides (9-13). Therefore the correlation diagrams in 

Figures 9 and 10 can be used in assigning the observed transitions 

of calcium and strontium monoalkylamides. 

The calcium and strontium monohydroxide free radicals are 

linear in geometry (C~v point group), and well represented by the 

ionic structure M+-OH (M = Ca, Sr). For the isoelectronic metal 

mono fluoride radicals (MF, C~v point group) it was experimentally 

determined from the hyperfine structure that the unpaired electron 

resides mainly on the metal centered valence orbital (46). The 

electronic transitions of the metal monofluorides can thus be 

described as "one-electron transitions", in which the electronic 

transitions correspond to the promotion of an electron in a 

non-bonding orbital centered primarily on the metal atom to a 

higher-lying non-bonding orbital also centered on the metal atom 

(47) . Due to the similarity of the spectra of the metal 

mono fluoride and the metal monohydroxides, this same description 

has been extended to assign the electronic transitions of the 

metal monohydroxides. 



Figure 9. Correlation diagram for the M+ ion (M = Ca, Sr), 

perturbed by the linear -OH ligand (Crov symmetry) 

and the -NH
2 

ligand (C
2V 

symmetry). 
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Figure 10. Correlation diagram for the M+ ion (M = Ca, Sr), 

perturbed by the -NHz (Czv symmetry) and the NHR (C
s 

symmetry) ligands. 
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Figure 9 shows the correlation between the valence metal 

orbitals (n = 4 for Ca, n = 5 for Sr) and those of the metal 

monohydroxides. The perturbation by the negative point charge on 

-OH lowers the symmetry form spherical (Kh ) to axial (C",v) which 

causes the s atomic orbital to be a ~ state, the p atomic orbitals 

to be split into ~ (pz) and IT (p , P ) states and the d atomic 
x y 

orbitals to split into ~ (dz2 )' IT (dxz ' dyz ) and fi (d
XY

' dx2 _y2 ) 

states. The ligand also mixes the parent atomic orbitals of the 

states so that for the hydroxides, are 

po-do and pn-dn mixtures. The exact locations of the 2fi state and 

the higher lying 2~+ and 2IT states are unknown. 

When the symmetry is lowered to C2V (metal monoamides), the 

in-plane pld orbitals and the out-of-plane pld orbitals are no 

longer degenerate. Therefore 

(in-plane) and (out-of-plane) states. In addition, one 

component of the forbidden 2 fi_2~+ (C",v point group) transition 

becomes allowed in the C2V point group), but was not 

experimentally observed (17). When the symmetry is lowered 

further from C2V (metal monoamides) to C
s 

(metal monoalkylamides), 

the number of states remains unchanged but all of the states can 

now be connected by electric dipole allowed transitions (see 

Figure 10). 
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extensively studied for the metal monohydroxides (9-13). The 

corresponding transitions of the metal monoamides: 

-2 -2 h b 1 and C Al -X AI' ave een ana ysed, some even at high 

resolution (16,17). The three electronic transitions observed in 

the metal monoalkylamides in this experiment are therefore 

2 A, and 2 A" states which correlate to the 2/:;. state of the MOH 

molecule were not observed. 

As described previously, the electronic transitions occur on 

the orbitals that are centerd primarily on the metal atom. As a 

result, the Franck-Condon factors favor the intensities of the 

vibronic bands which are associated with the metal atom i.e. the 

M-N stretch and the M-N-C bend. Therefore the N-H and the N-C 

stretching vibrations ,,,ere not observed in any of the recorded 

spectra. The M-N-C bend was also not observed. This is a 

low-frequency vibration, probably obscured by the broad vibronic 

bands of the metal-nitrogen stretching vibration. 

The laser-induced fluorescence spectra of the metal 

monoalkylamides were very relaxed, therefore vibrational 

progressions were not observed. This is in contrast to the metal 

monoalkoxides (M-OR, R alkyl group), where even for the 
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SrOC(CH
3

)3 radical, the laser-induced fluorescence was quite 

resonant (19). The Ca-N and Sr-N stretching frequencies of the 

metal monoalkylamides are all less than the corresponding Ca-O 

and Sr-O stretching frequencies of the metal monoalkoxides, 

indicating lower force constants for the metal-nitrogen bond. 

These lower force constants suggest that the M-NHR bond 

dissociation energies are smaller than the corresponding M-OR bond 

dissociation energies. 
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3.5 CONCLUSION 

The alkaline-earth metal monoalkylamides were synthesised by 

the gas -phase reaction between the metal vapor and the primary 

amines. The electronic transitions of these inorganic free 

radicals were studied using laser excitation spectroscopy and 

resolved-fluorescence spectroscopy techniques. The spectra 

resemble those of the metal monoamides. Three electronic 

transitions: 'A2 A"-X2 A', ifA'-X2 A' and C2 A'-X2 A' were assigned by 

analogy with other alkaline-earth metal containing free radicals. 

Some Ca-N and Sr-N stretching frequencies were obtained from these 

spectra. The spectra of other metal monalkylamides can be 

recorded using these experimental methods. 
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CHAPTER 4 

LASER SPECTROSCOPY OF CALCIUM AND STRONTIUM MONOACETYLIDES 

4.1 INTRODUCTION 

Metal-carbon bond formation is frequently encountered in 

solid-phase and liquid-phase organometallic chemistry. In the 

gaseous phase however, there are only a handful of known molecules 

containing metal-carbon bonds. 

Tl(CsHs) (49), Ca(CsHs) and Sr(CsHs ) (25) are known for their 

"open-faced sandwich" type structure (Csv symmetry). 

Two other free radicals containing metal-carbon bonds were 

discovered more recently. The monomethyl derivatives of calcium 

and strontium (CaCH
3

, SrCH
3

) are symmetric top molecules with C
3V 

symmetry (22). A high-resolution analysis of the A2 E-X2 A
1 

transition of CaCH
3 

has been completed (50). The linear metal 

monoacetylide (MCCH, M = Ca, Sr) molecules, studied by dye laser 

spectroscopy techniques are presented in this chapter. 

Solid state alkaline-earth metal acetylides have been 

synthesized by Coles and Hart (51) and by Moissan (52). The 
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direct reaction between the metal and phenyl acetylene in liquid 

ammonia produces the bis(l-phenylethynyl)metal compounds. 

2 RC " CH + M ~ 

M = Ca, Sr, Ba R 

(RC " C)zM + Hz 

Ph (51), H (52) 

These dialkynyl compounds are stable indefinitely under nitrogen 

but decompose instantaneously in moist air to provide the metal 

carbides MCz . Their infrared spectra obtained from Nuj 01 mulls 

provided vibration frequencies of the different modes. It was 

concluded that the ionic character of these compounds increases 

from calcium to barium. 

with several organic and 

Phz CO and COz ) was also 

The reactivity of these organometallics 

inorganic compounds (eg. 

investigated. A review 

HgClz ' C5 H6 ' 

of all the 

dialkynyl metal compounds in the solid state is provided by 

Gowenlock et al. (53). 

The alkali metal acetyl ides have also been extensively studied 

in the solid state. A neutron powder-diffraction study on the 

monosodium acetylide (NaCzH) by Atoj i (54) at 293 K and 5 K 

concluded that the molecule is ionic in nature (represented by 

Na+-CCH with most of the negative charge localized on the first 

carbon atom) and linear in geometry. Several bond distances of 

the NaCzH molecule were determined. Goubeau et al. studied the 
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infrared spectrum of the monosodium acetylide molecule (55). This 

provided vibrational stretching frequencies for the CS C and C-H 

bonds. 

Nast and Gremm used infrared spectroscopy to study several 

alkali-metal alkynyl compounds M-CsCR (M = Li, Na, K, Rb, Cs; 

R = H, CH
3

, G
6

l-!s) in the solid state (56). Their study indicates 

that these compounds are ionic, well represented by the 

structure M+-CsCR. This study shows that the csc stretching 

frequency decreases from Li to Cs. This fact is interpreted by an 

increased contribution from structure II in the resonance hybrid 

I II 

from Li to Cs. 

Acetylides can also be formed on metal surfaces. Madix (57) 

applied a battery of surface techniques (UPS, XPS, LEED, EELS and 

TPRS) to the characterization of the CCl-! fragment bonded to the Ag 

(110) surface. CGl-! on a Ag surface is a a-n bonded complex in 

which the GCl-! species is flattened towards the surface by an 

interaction of the Ag atom with the n system of the acetylide. 
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Er1ey and co-workers have studied the vibrational spectra of 

acetylene adsorbed on to the Fe (110) surface, by high-resolution 

energy electron loss spectroscopy technique (58). A triangular 

adsorption site (~3 site) of acetylene on to the Fe (110) surface 

is suggested in this study. They believe that the acetylene 

molecule is strongly distorted to a sp3 hybridization state. A 

review of the coordination chemistry of metal acety1ides is 

provided by Nast (59). 

Several theoretical calculations have been carried out on the 

metal acetylides. Veillard (60) and Streitwieser et al. (61) 

carried out ab-initio calculations to determine the structure of 

lithium acetylide. A linear geometry was assumed in these 

calculations. They concluded that the lithium acety1ide molecule 

is highly ionic in charactor, based on dipole moment (60) and 

electron population (60, 61) calculations. These workers suggest 

that there is no definite Li-G bond in the lithium acety1ide 

molecule, rather an ionic association between the Li+ ion and the 

(GGH)- ion, with the first carbon atom bearing most of the 

negative charge. 

The gas -phase GGH radical and the GGH anion have been the 

subject of several spectroscopic investigations at high 

resolution. The GGH radical was first observed in the 
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The first laboratory 

observation of CCH is reported by Sastry et al. (63). CCH was 

synthesised in an electric discharge of a 2:1:0.1 mixture of He, 

CH4 and CO. The millimeter and submillimeter spectrum of CCH was 

recorded and the rotational line positions were fitted to obtain 

several rotational constants and hyperfine constants for the 

ground electronic state. 

The A2rr_x2~+ electronic transition of CCH, which occurs in the 

infrared region was studied by Carrick et al. (64). Five bands 

of this electronic transition were observed in the 3600-4200 cm- 1 

region, in an argon discharge over polyacetylene using a color 

center laser. Four of the bands have a 2~+ lower vibronic state 

and different 2rr upper vibronic states, which correspond to 

mixtures of the lowest vibronic state of the A electronic state 

and three different vibrationally excited levels of the X 

electronic state, with an odd number of quanta in the bending mode 

and overall 2rr symmetry. The fifth band is a 2~- _2rr hot band 

(which is the subject of reference (65)), with the lower state, 

the first excited bending level (0,1,0) of the ground electronic 

state and upper state, the 2~- component of the (0,1,0) excited 

bending level of the excited electronic state. The C-C bondlength 

in the excited electronic state was determined to be 1.30 A. 
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The hyperfine structre of the CCH radical trapped in a solid 

argon matrix at 4K was studied using the electron spin resonance 

(ESR) spectroscopy technique by Graham et a1. (66). A complete 

analysis of all hyperfine-interaction and g tensor components was 

carried out for the CCH radical and the 13 C isotopically 

substituted radical. Two optical transitions were also observed 

h .. d -2 -2 + by these authors. T e red system 1S ass1gne to an A IIi -x ~ 

transition. The assignment of the blue system is less definite 

and these authors believe that it may 

bent-linear transition since the observed bands cannot be assigned 

definitely to an expected B2~+_X2~+ transition. 

A matrix isolation study of the vibrational spectrum of the CCH 

radical trapped in an argon matrix at 14K was carried out by Jacox 

(67). The band observed at 3612 cm- 1 was tentatively assigned to 

the fundamental band of the carbon-hydrogen stretch for the main 

isotope. The carbon-hydrogen bond was found to be exceptionally 

strong in the CCH radical, resulting in a shorter C-H bondlength, 

compared to that of C
2

H
2

, 

Finally, Saykally et al. used laser magnetic resonance (LMR) 

spectroscopy to study the ground electronic state of CCH (68), A 

combined fit of the microwave, astronomical and LMR data was 
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performed in this study, to obtain improved rotational constants 

for the ground electronic state. 

The CCH anion has been studied experimentally and 

theoretically. Gruebele et al. studied the C-C stretching 

vibration of the CCH anion using the diode laser velocity 

modulation spectroscopy technique (69). An electrical discharge 

of He, C
Z

H
2 

and NF3 was used to synthesize the -CCH ions in the 

gas-phase. Several molecular constants were determined for the 

CCH ion in this experiment. 

A large number of anions including -CCH ion were studied at the 

SCF level of theory with several different basis sets by Lee et 

al. (70). The smallest of these was triple zeta in quality while 

the largest was labelled "near Hartree-Fock limit". Molecular 

properties such as dipole moment, proton affinity and geometry of 

the -CCH ion were calculated in this study. 

Our work on the calcium and strontium monoacetylides is the 

first gas -phase observation of metal monoacetylides. The 

experimental details of synthesizing these molecules in the 

gas-phase are provided in this chapter. The electronic and 

vibrational structures of CaCCH and SrCCH were determined by 

low-resolution laser spectroscpy techniques. The assignments were 
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made by analogy to the corresponding CaOH and SrOH spectra. The 

analysis of the low resolution spectra is provided in Section 4.4 

of this chapter. This preliminary analysis indicated that the 

resolved fluorescence of CaCCH and SrCCH was quite resonant. Many 

of the metal containing free radicals with larger ligands have 

very relaxed laser-induced fluorescence, with extensive 

collisional re-distribution of energy in the excited electronic 

states. The observation of resonant fluorescence made it possible 

to carry out a high-resolution analysis of the A2rr_x2~+ transition 

of the CaCCH molecule. The analysis of the high-resolution 

spectra using the filtered laser excitation technique is discussed 

in Section 4.5. A detailed description of the Hamiltonian used to 

fit the rotational data and a complete listing of the matrix 

elements is also provided. 
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4.2 EXPERIMENTAL DETAILS 

The metal monoacetylide molecules were synthesized in the 

gas-phase in a Broida-type oven (37), by the reaction between the 

vaporized metal and acetylene. Some of the details of 

synthesizing gas-phase alkaline-earth metal containing inorganic 

molecules are provided in Chapter 2. Briefly, the metal was 

vaporized by resistive heating in an alumina crucible and 

entrained in argon carrier gas. Approximately 10 mtorr of 

purified acetylene was continuously flowed into the Broida oven, 

to react with the metal. The total pressure inside the oven was 

",1. 5 torr. In the low- resolution experiment, the s ignal- to -noise 

ratio improved significantly when the pressure inside the reaction 

chamber was increased to ",10 torr by partially closing the valve 

to the vacuum pump. In the high-resolution experiment however, 

the total pressure was maintained below 2 torr, in order to 

minimize collisional relaxation. 

When welding-grade acetylene was used in this experiment, the 

reaction products were mainly CaOCH(CH
3

)2 and SrOCH(CH
3

)2 

molecules and not the desired metal monoacetylide molecules (19). 

Welding-grade acetylene contains acetone. The alkaline-earth 

metal vapors reac':: more easily with water and acetone than with 

acetylene, therefore a purification step was vital. In the 
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current experiments, welding-grade acetylene was passed through a 

trap cooled by a mixture of dry ice and acetone, bubbled through 

concentrated sulfuric acid and then cleaned with a mixture of 

solid NaOH and anhydrous CaC1
2

. 

Two broad band (1 cm- 1 band width) dye lasers pumped by two 

argon ion lasers (Coherent Innova 20 and Coherent Innova 90) were 

used in the low-resolution experiments. One dye laser was tuned 

to the 3 p _lS atomic transition of the metal (6573 A for Ca, 
1 a 

6892 A for Sr). This was necessary to promote the chemistry of 

the reaction, since unexcited metal atoms do not react with 

acetylene. Two types of spectra were recorded. Laser excitation 

spectra were recorded by scanning the wavelength of the second dye 

laser through the spectral region of the molecular transition. A 

detailed description of the laser excitation spectroscopy 

technique is given in Chapter 2. A schematic diagram of the 

experimental apparatus used in this technique is provided in 

Figure 3. A photomultiplier-filter combination was used to detect 

the fluorescence. Red-pass filters (Schott RG 9 or RG 780) were 

used to block the scattered laser light. The laser resonant with 

the molecular transition was chopped to provide lock-in detection. 

Resolved fluorescence spectra were recorded by tuning the 

second laser to a molecular transition and dispersing the 
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fluorescence through a 2/3 meter monochromator. The resolved 

fluorescence technique is described in detail in Chapter 2. A 

schematic diagram of this experimental arrangement is given in 

Figure 4. In order to improve the signal-to-noise ratio, the 

laser exciting the molecular transition was chopped and lock-in 

detection utilized. 

dye lasers. 

DCH and/or Pyridine 2 dyes were used in the 

Resolved fluorescence spectra of SrCCD were recorded with the 

same experimental parameters (pressures and laser wavelengths) as 

SrCCH. SrCCD was made by reacting Sr metal vapor with 

perdeuteroacetylene (CzDz ), which was synthesized by the reaction 

of calcium carbide with deuterium oxide. The SrCCD and SrCCH 

spectra were different, confirming that the product molecule 

contained hydrogen. 

An attempt was made to synthesize the gas-phase metal 

monomethylacetylides (HCCCH
3

, H = Ca, Sr) by reacting the metal 

vapor with monomethylacetylene. Calcium metal produced only the 

calcium monoacetylide molecule in this reaction. In the 

excitation and resolved fluorescence spectra of the strontium 

analog however, there was some evidence that the SrCCCH
3 

molecule 

was present. These spectra had very poor signal-to-noise and were 
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obscured by the presence of strontium hydroxide (which is an 

impurity) so that no spectroscopic measurements were made. 

The analysis of the low-resolution spectra of the Ji.2rr_x2~+ 

transition of CaCCH and SrCCH is provided in Section 4.4. 

Although an extensive search was made in the appropriate spectral 

region, the B2h+_X2~+ transition was not observed in either of the 

metal monoacetylide molecules. 

The resonant fluorescence of the metal monoacetylide molecules 

provided the possibility of studying the Ji.2 rr _x2:;:;+ transition of 

CaCCH at high-resolution. As in the low-resolution experiment, a 

broad band (1 cm -1 band width) dye laser, pumped by the 5 Wall 

lines output of a cw Coherent Innova 90 argon ion laser was tuned 

to the 3 P1 -lSo atomic transition of calcium at 6573 A. The 7 W, 

4880 A output of a cw Coherent Innova 20 argon ion laser was used 

to pump a Coherent 699-29 computer-controlled, single mode (1 MHz 

band width) ring dye laser. Both dye lasers were operated with 

DCM laser dye. The single mode dye laser was used to probe the 

molecular transitions. An iodine cell was used to calibrate the 

wave meter of the ring dye laser (71). The two dye laser beams 

were spatially overlapped and directed vertically into the Broida 

oven. 
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The high-resolution laser excitation spectra of the 

-2 -2 + -2 -2 + A IT1/2 -X L: and A IT3/2 -X L: transitions were recorded by scanning 

the wavelength of the single mode ring dye laser over the region 

where bands were observed at low-resolution. A photomultiplier 

with a 500 A band pass filter centered on 6500 A was used to 

record the signal. The atomic line was chopped and the modulated 

signal was lock-in detected. 

The spin-orbit coupling constant for the A2IT state of CaCCH is 

about 70 -1 cm Therefore conforms to Hund's 

coupling case (a), while the ground 2L:+ state conforms to Hund's 

coupling case (b). The notation used by Herzberg (72) for a 

2IT (case a)_2L:+ (case b) transition is used throught this chapter. 

For CaCCH, -2 -2 + . 
in the A IT1/2 -X L: sp~n component, the strong band 

heads are Q12 
-2 -2 + 

and P 11 while for the A IT3/2 -X L: spin component 

they are Q22 and P 21 (see Figure 11). As shown in Figure 12, in 

f h -2 -2 + . 
the excitation spectrum 0 teA IT1/2 -X L: sp~n component, five 

strong band heads were observed. Of these, the one with the 

lowest transition energy was the strongest. A set of two band 

heads appeared at l.22 cm- 1 higher in energy from the first band 

head, and a third set of two band heads appeared at 1.33 - 1 cm 

higher than the second set of band heads. The band head with the 

lowest transition energy, the one that was strongest, was assigned 

as the 0-0 band head. 



Figure 11. Energy level diagram for a zIT (case a)_z~+ (case b) 

transition (72). 

Although spin-rotation doubling in the z~+ state and 

A doubling in the zIT state are shown in this figure, 

the effects of spin-rotation doubling were not 

observed in the spectrum of CaCCH (see text). 
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Figure 12. The band heads of the A2rr _X2~+ spin component of 
1/2 

CaCCH. 
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h -2 -2 + In t e excitation spectrum of the A II3/2 -X 2; spin component 

which is illustrated in Figure 13, five band heads were once again 

observed. The separation between these band heads were similar to 

-2 -2 + -1 those of the A IIl/2 -X 2; spin component (",1.3 cm ) except that 

the feature with the lowest transition energy was the weakest of 

the five. Initially, the four strong band heads were each 

individually rotationally analyzed, but the ground state 

combination differences did not match with those obtained from the 

A2II _X22;+ spin component. Finally, the rotational analysis of 
1/2 

the weakest band head (with the lowest transition energy) provided 

combination differences that matched with those of the other spin 

component. Therefore this band head was assigned as the 0-0 band 

head of the A2II _X22;+ spin component. 
3 I 2 

-2 -2 + Once the 0-0 bands of the two spin components of the A IT-X 2; 

transition were located, the filtered laser excitation technique 

which is described in Section 4.3 was used to record the 

individual rotational lines of the A-X electronic transition of 

CaCCH. 



Figure 13. The band heads of the spin component 

of CaCCH. 



CaCCH 
22+ 

A n3/.-X:E band heads 
2 

r- -1 -~----'--------;-I ---,.-
15555 15557 15559cm1 

FIGURE 13 

-...J 
+:-



75 

4.3 FILTERED LASER EXCITATION SPECTROSCOPY TECHNIQUE 

The degree of resolution that can be obtained from a 

fluorescence spectrum depends on the resolution of the 

monochromator. An alternative method of obtaining high resolution 

is to use the monochromator as a narrow band pass filter. This is 

utilized in the filtered laser excitation fluorescence technique. 

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

wavelength range and the laser is scanned through its tunable 

wavelength region. A signal will be obtained only when the laser 

excites a state from which a transition can take place in the 

wavelength region for which the monochromator is set. In other 

words, only those transitions which produce fluorescence within 

the monochromator band pass will produce a signal. Since the 

resolution depends on the laser line width and not on the 

monochromator, this technique can be used to obtain 

high-resolution spectra using a low-resolution monochromator. 

When the slit width of the monochromator is increased, the number 

of accessible transitions increase, thereby adding more features 

to the spectrum without affecting the resolution. 

There are several advantages to using the filtered laser 

excitation technique compared to the classsical laser excitation 

spectroscopy. This technique eliminates scattered laser light 
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which results in enhanced signal-to-noise in the resulting 

spectrum and most important of all, simplifies the spectrum 

greatly by excluding the other transitions that are excited by the 

laser, but not connected with the monochromator. This technique 

has been used to simplify the electronic spectra of diatomic and 

polyatomic molecules by several groups: Linton (73), Dulick et al. 

(7) and Nakagawa et al. (9) are some of the first workers. The 

application of this technique to rotationally analyze the 

A2rr_x2~+ transition of CaCCH is discussed here. 

The monochromator used in this experiment was a 2/3 meter 

monochromator with slit widths adjusted to provide ~0.5 A 

resolution. To rotationally analyze the A2rr _X2~+ spin 
1/2 

component, the monochromator was set on the Q12' P11 band head of 

the 0-0 band (see Figure 11). The single mode ring dye laser was 

then scanned to record the rotational lines (R12 , Q11) which 

connect to the band head selected by the monochromator. 

Similarly, by scanning the laser in the appropriate region, the 

R11 band lines that connect to the band head selected by the 

monochromator were also recorded. To record the lines of the P12 

band lines, the monochromator was set on the R
12

, Q
11 

band and the 

ring laser was scanned in the appropriate region. 
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-2 -2 + The rotational lines of the different bands of the A rr3 / 2 -x L 

spin component were also recorded in a similar manner. The 

monochromator was initially set on the unresolved Q22' P21 band 

head of the 0-0 band. The ring dye laser was then scanned to 

record the R22 , Q21 rotational lines which connect to the band 

head selected by the monochromator. Scanning the ring laser in 

the appropriate region provided the R21 lines which connect with 

the band head selected by the monochromator. In this manner, 

approximately 300 rotational line positions were recorded in the 

two spin components of the A2rr_x2L+ transition. 

Finally, in order to obtain rotational assignments, the 

monochromator was set on an individual rotational line with the 

slits adjusted to provide the maximum possible resolution 

(~0.2 A). The ring laser was then scanned through the connecting 

branch in order to pick out the single connecting rotational line. 

The ground state combination differences calculated from these 

connections provided definitive rotational assignments. The 

accuracy of the line positions is approximately ±0.003 cm- 1
. 
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4.4 RESULTS AND ANALYSIS OF THE LOW-RESOLUTION SPECTRA OF CALCIUM 

AND STRONTIUM MONOACETYLIDES 

The laser excitation spectrum of the strontium monoacetylide 

molecule is provided in Figure 14. The two main features at 

~6920 A and ~7055 A are separated by ~275 -1 em the characteristic 

spin-orbit splitting of a Sr+ ion when it is perturbed by a linear 

ligand, for example OH- (11-14). Therefore the assignment of the 

spectra of CaCCH and SrCCH were made by analogy to those of the 

CaOH and SrOH molecules. 

Figure 15 shows the correlation diagram between the low lying 

electronic states of metal monoacetylides and the atomic orbitals 

of the />1+ ion. As in the metal monohydroxides, the molecular 

orbitals of metal monoacetylides can be described as the orbitals 

of the M+ ion perturbed by the presence of the linear -CCH ligand. 

The ground state of the alkaline-earth metal monoacetylides is 

X2~+. The higher lying electronic states are shown in Figure 15. 

The two strong features on the laser excitation spectrum of SrCCH 

are assigned to the -2 -2 + two spin-orbit components (A IT
1

/ 2 -X ~ and 

The resolved fluorescence spectra of CaCCH and SrCCH molecules 

are shown in Figures 16 and 17 respectively. These spectra 
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provide more accurate values for the transition frequencies. In 

Figure 16, the asterisk marks the position of the laser 

wavelength. The laser is tuned to excite the Ji.2 II _X2~+ 
3/2 

transition of CaCCH. Collisions connect the -2 
A IIl/2 and -2 

A II3/2 

-2 -2 + spin components therefore the A IIl/2 -X ~ component also appears 

strongly in the spectrum. The separation between the two spin 

components is ~70 cm- l
. Resonant emission to excited vibrational 

levels of the ground state is also observed in this spectrum. 

Therfore the feature at ~6595 A is assigned to the 0-1 band in the 

-2 -2 + metal-carbon stretch of the A II
3/2

-X ~ transition. The similar 

vibronic band of the spin component is the weak 

feature on the spectrum at the red end. 

Figure 17 shows the resolved fluorescence spectrum of SrCCH, 

where the laser is tuned to excite the Ji.2IIl/2-X2~+ transition at 

~7054 A. Emission to excited vibrational levels of the ground 

electronic state is clearly seen in this spectrum also. The 

feature near 7200 A is assigned to the 0-1 band of the 

metal-carbon stretch. The weak feature near 7100 A is assigned as 

twice the metal-carbon-carbon bend. 

The band origins and spin-orbit coupling constants (A) obtained 

from these low resolution spectra are given in Table 4. The 

vibrational frequencies obtained are provided in Table 5. 
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Although an extensive search was made in the appropriate 

spectral region, the B2~+_X2~+ transition of the CaCCH and SrCCH 

molecules was not detected. It is possible that the B-X 

transition is obscured by the presence of CaOH and SrOH 

impurities. However, the high-resolution analysis on the CaCCH 

molecule revealed that either the B2~+ state is distant from the 

A2II state, or it is dissociative. The effect of this on the A 

doubling parameter p will be discussed in Section 4.5 (b) of this 

chapter. 



Figure 14. Laser excitation spectrum of SrCCH 

The features near 6921 A and 7055 A are the two spin

orbit components of the j\2II_X2 L:+ electronic 

transition. 
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Figure 15. Correlation diagram for the M+ ion perturbed by the 

CCH (Coov symmetry) ligand. 
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Figure 16. Resolved fluorescence spectrum for the A-X 

transition of CaCCH 

The asterisk marks the position of the laser exciting 

the The strong peak just 

to the red of the laser is the 

transition. Collisions have -2 populated the A ill/ 2 

spin component from the directly excited 

component. The two peaks near 6600 A are assigned to 

the 3~ vibrational band of the A-X transition (see 

text). 
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Figure 17. Resolved fluorescence spectrum of the A-X transition 

of SrCCH 

The asterisk marks the position of the laser exciting 

the No emission from the 

-2 A "3/2 spin component appears in this spectrum. The 

weak feature near 7100 A is assigned to the 5~ band 

of the A-X transition (see text). 
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Table 4. Band origins of the A2rr_x2~+ transition of CaCCH and 

SrCCH molecules (in cm- 1
) 

Molecule 

CaCCH 15487 15560 73 

SrCCH 14176 14451 275 

a spin-orbit coupling constant 
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Table 5. Vibrational frequencies of CaCCH and SrCCH in the X2~+ 

state ( in cm- 1
) 

Mode 

V3 (M-C stretch) 

2v3 

2vs (M-C",C 

v3 + 2vs 

a 354 - 1 cm 

bend) 

for the A2IT state. 

M Ca M Sr 

399 343a 

788 684 

181 139 

500 
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4.5 HIGH RESOLUTION ANALYSIS OF THE A2rr_x2L+ TRANSITION OF CALCIUM 

MONOACETYLIDE 

4.5 (a) HAMILTONIAN AND MATRIX ELEMENTS 

The different angular momenta in a molecule, namely, electron 

spin (8), electronic orbital angular momentum (L), angular 

momentum of the nuclear rotation (R), form a resultant total 

angular momentum (J). If the spin and the orbital angular momenta 

are zero, the angular momentum of the nuclear rotation is 

identical with the total angular momentum J. It is helpful to 

distinguish different modes of coupling of the angular momenta, 

as was first done by Hund (74, 75). Hund described five different 

methods of coupling of angular momenta, designated as case (a), 

case (b), case (c), case (d) and case (e). Of these the first 

three are the most commonly encountered in the spectroscopy of 

diatomic and linear polyatomic molecules. 

Whether a molecule follows Hund's case (a), (b) or (c) coupling 

schemes, depends on the magnitude of the quantity IA/2BI, where A 

is the spin-orbit coupling constant and B is the rotational 

constant, given by the expression; 

B 



where, 

h Planck's constant 

~ reduced mass 
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r = equilibrium internuclear bond distance 

c = speed of light 

If the quantity IA/2BI is very large, then the appropriate 

coupling scheme is Hund's case (c) which is illustrated in Figure 

18. In this case the interaction between the orbital angular 

momentum L and the spin angular momentum S is stronger than the 

interaction with the internuclear axis. As a result, the 

proj ections of Land S on to the internuclear axis, A and L: 

respectively. are not defined. In this case Land S couple to 

form a resultant J a , which has a projection 0 on to the 

internuclear axis. 

The angular momentum of nuclear rotation R then couples with 0 to 

form the total angular momentum J. 

J R + 101 



Figure 18. Hund's coupling case (c) 
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In Hund's case (c), 0 is a good quantum number. Therefore the 

electronic states are labelled by o. Hund's coupling case (c) is 

most commonly observed in heavy molecules. 

If IA/2BI is somewhat smaller, Hund's coupling case (a) 

results. This is illustrated in Figure 19. In this coupling 

scheme the interaction of the nuclear rotation with the electronic 

motion is weak, whereas the electronic motion itself is strongly 

coupled to the internuclear axis. Even in the rotating molecule, 

0, which is the sum of the components of the spin angular momentum 

along the internuclear axis (~) and the orbital angular momentum 

along the internuclear axis (A.), is well defined. 

o A + ~ 

Angular momentum of the nuclear rotation R couples with 0 to form 

the resultant total angular momentum J. 

J R + 101 

For the A2 rr state in CaCCH which conforms to case (a) coupling, 

S=1/2, therefore ~ = ±1/2. 

values of 0, 1/2 and 3/2. 

take values 0, 0 + I, 0 + 2, 

Since A.=l, there are two possible 

The rotational quantum number J can 
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If IA/2BI is small, the electron spin vector S is very weakly 

coupled to the internuclear axis, which is Hund's coupling case 

(b), illustrated in Figure 20. 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 

spin, N. 

N R + ltd 

N couples with the spin angular momentum S to form the total 

angular momentum J. 

J N + S 

The possible values of J for a given N are therefore according to 

the principles of vector addition 

J N + S, N + S - 1, N + S - 2, ...... IN - sl 



Figure 19. Hund's coupling case (a) 
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Each level with a given N, therefore splits into (2S+l) 

components. The 2~+ ground state of CaCCH follows Hund's case (b) 

coupling. For this state A=O, therefore N=R and S=1/2, 

therefore ~ = ±1/2. As a result for a given value of N, J can 

take the values J = N + 1/2 which is labelled Fl (e levels), and 

J = N - 1/2 which is labelled F2 (f levels). 

-2 + -2 In order to calculate the energies of the X ~ and A IT states 

of CaCCH, it is necessary to develop an effective Hamiltonian. 

Hund's case (a) basis functions which are of the form 

can be used to describe the energy levels of the A2IT electronic 

state. In this basis function, '7 represents vibrational and 

electronic quantum numbers which are not explicitly given. 

For a 2IT state, there are two possible values for A (±l) and 

two possible values for ~ (±1/2) giving a total of 4 basis 

functions. This will result in a 4x4 matrix, for the calculation 

of the energy levels. By taking the Wang combinations of the 

basis functions, this can be reduced to two 2x2 matrices, which 

are easy to manipulate (76). The new symmetrized wave function 

is: 



Figure 20. Hund's coupling case (b) 



N R + \i\\ 

J N+S 
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2- 1 / 2 [ I ~ A S ~ J 0 > ± (_l)J-S I ~ -A S -~ J -0 >1 

As described by Brown et al. (77), the effective Hamiltonian for a 

2IT state is 

\olhere 

-D (J - S)4 

AL.S 

Hsr = ~ N.S = ~ (J - S).S 

Hld = 1/2 (0 + P + q) (S~ + S:) - 1/2 (p + 2q) (J+S+ + J_S_) + 

1/2q (J~ + J:) 

The operators are written in terms of N2 rather than R2, following 

the description of Brown et al. (77). The A doubling parameters p 

and q are defined as in Mulliken and Christy (78) while the A 

doubling parameter 0 follows the definition of Brown and Merer 

(79) . 
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The matrix elements obtained by operating on the previously 

described basis function with the effective Hamiltonian are listed 

in Table 6. These matrix elements have been tabulated by Amiot et 

al. (80). 

The effective Hamiltonian operator for a 2~+ state is given by 

where 

Hrot BN2 B(J - S)2 

Hcd _DN4 -D(J - S) 4 

Hsr 'Y N.S 'Y (J - S).S 

For the 2~+ state, 1'.=0, therefore O=~. Hund's case (b) basis 

functions can be used to describe the energy levels of the 2~+ 

state. This basis function is: 

where J 

J 

N + 1/2 for e levels 

N - 1/2 for f levels 
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Operating on this basis function with the operator H provides the 

following energies for the e and f levels. 

E B(J - 1/2) (J + 1/2) - D(J - 1/2)2 (J + 1/2)2 + ~/2(J - 1/2) 

for the e levels and 

E B(J + 1/2)(J + 3/2) - D(J + 1/2)2 (J + 3/2)2 - ~/2(J + 3/2) 

for the f levels. 

Of the rotational constants described here only Band D were 

determined for the X2~+ state of CaCCH. For the A2IT state B, D, 

A, AD and p were determined. 
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Table 6. Matrix elements for a 2IT state 

I 3/2 > I 1/2 > 

B [(J + 1/2)2 - 1) - -B [J (J + 1) - 3/4)1/2 + 

D [J(J + 1) - 3/4) (J + 1/2)2 + I 2D (J + 1/2)2 [J(J + 1) _3/4)1/2 

A/2 + AD/2 [J (J + 1) - 3/4) + ~/2 [J (J + 1) - 3/4)1/2 ± 

q/2(J + 1/2)[J(J + 1) -3/4)1/2 

-B [J (J + 1) - 3/4)1/2 + B[(J + 1/2)2 + 1) -

2D(J + 1/2)2 [J (J + 1) - 3/4)1/2 D (J + 1/2)2[J(J + 1) + 13/4)-

+ ~ [J (J + 1) - 3/4]1/2 ± A/2 -AD/2 [J(J + 1) + 5/4] -

q/2 (J + 1/2)[J(J + 1) - 3/4]1/2 ~ + p/2 (J + 1/2) + q (J + 1/2) 

Upper and lower signs refer to the e and f levels respectively 
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4.5 (b) RESULTS AND ANALYSIS OF DATA 

Portions of the high-resolution laser excitation spectra of the 

and spin components are provided 

in Figures 12 and 13, respectively. The feature with the lowest 

transition energy was assigned to the 0-0 band in both spin 

components. A preliminary investigation of the other band heads 

(in both spin components) showed that the individual rotational 

lines split into doublets with increasing rotational quantum 

number Nil. This indicates that the bands to the blue of the 0-0 

band are due to sequence structure in the low frequency Ca-C-C 

bending mode, vs. In both these figures, the band heads are broad 

intensity fluctuations, superimposed on a strong background. 

Single rotational feaures are not observed, indicating that the 

system is extremely dense, virtually unanalizable using 

conventional laser excitation techniques. The filtered laser 

excitation technique is an invaluable tool in resolving these 

complex spectra. -2 -2 + The P12 branch of the A IT1 / 2 -X ~ spin component 

component, recorded using the filtered laser excitation technique 

are shown in Figures 21 and 22 respectively. The rotational 

assignments are also provided in these spectra. 
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The energy level diagram for a (case (case b) 

transition is shown in Figure 11. Since in Hund's coupling case 

(a), the 2II1/2 and 2II3/2 components are well separated (""70 

cm- 1 ), the bands of a 2II_2L;+ transition can be divided into two 

b b d 2 II 2 ",+ and 2 II 2 ",+ The 2 II and 2 II3 /2 components su - an s 1/2- L.. 3/2- L.. • 1/2 

are the F1 and F2 components of the upper electronic state, 

respectively. 



Figure 21. The P12 branch (-3B branch) of the 

transition of CaCCH 

This scan was recorded using the filtered laser 

excitation technique. The monochromator was set to 

pass the fluorescence of the connecting +B branch 

(Qll and R
12

). The individual rotational lines are 

separated by approximately 3B. 



-~ -2 + 
CaCCH A IIY2-X L ~2 branch 

J'~ 24·5 23-5 22·5 21·5 20·5 19·5 

1S!79------ - ~~180 cm- 1 

FIGURE 21 

...... 
o 
...... 



Figure 22. The R
22

, Q
21 

branch (+B branch) of the 

transition of CaCCH 

This scan was recorded using the filtered laser 

excitation technique. The monochromator was set to 

pass the fluorescence of the connecting -3B branch 

(P22 branch). The individual rotational lines are 

separated by approximately B. 



CaCCH 2 2 + b h A n3 - X:2: R22 , Q 21 ranc 
1'2 

N'" = 25 26 27 28 29 30 31 

I I 
15561 15562 cm- 1 

FIGURE n ...... 
o 
N 
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In Figure 11, the doubling of rotational states in the 2rr1/2 and 

2rr levels is due to the interaction between the rotation of the 
3/2 

nuclei and the orbital angular momentum L, commonly known as 

A-type doubling. The doubling of rotational levels in the 2:E+ 

ground state is due to the interaction between the electron spin 

angular momentum S with the rotation of the nuclei, commonly known 

as spin-rotation doubling. This gives rise to the F1 (J = N+l/2) 

and F2 (J = N-l/2) components in the 2:E+ state. The electronic 

transitions between the upper and lower states are governed by the 

selection rules ~J = 0, ±l, + ~ - As seen in Figure 11, for each 

sub-band six branches are possible, giving rise to a total of 

twelve branches for a 2IT (case a) _2:E+ (case b) transition. The 

branches for the sub-band with the F1 upper levels are designated 

P 11' Q11' R11 , P 12' Q12 and R12 depending on whether the lower 

levels are F1 or F2 , and similarly for the second sub-band. The 

Fortrat diagram of a molecule for which all twelve branches have 

been observed is shown in Figure 23. 

For the CaCCH molecule, the spin-rotation doubling in the 

ground electronic state was not resolved even for the highest 

observed rotational levels (N"=63). As a resul t of this, the 

lines of the branches that are separated by spin-rotation doubling 

were not resolved. Therefore only eight branches, four for each 



Figure 23. Fortrat diagram for a typical 2rr_2~+ transition (72) 

As seen in the figure, -B (P
21

, Q22 and P
ll

, Q12) and 

-3B (P
22 

and P
12

) branches form band heads. 
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spin component, were observed in the AhI-X2l;+ transition of 

CaCCH. These are the 1-3B", "_B", "+B" and 1+3B" branches per 

spin component. In the 

are separated by 3B (B is the rotational constant) near the origin 

("+3B branch"), while for the R12 and Q
11 

branches, the lines are 

separated by B ("+B branch"). In the Q
12 

and Pll branches, the 

lines are separated by B (" -B branch). The lines of the P12 

branch are separated by 3B ("-3B branch"). The corresponding +3B 

-2 -2 + .. A rr
3

/
2

-x l; transition are also marked in Figure 11. The -B branch 

forms a blue degraded band head at approximately N" = 21 in the 

component. Although the rotational lines got closer and closer 

with increasing rotational quantum number Nil in the -3B branches 

(P
12 

and P
22

), indicating the formation of a band head, an actual 

band head was not encountered even at the highest observed 

rotational levels. The formation of these band heads is clearly 

seen in the Fortrat diagram in Figure 23. 

It should be noted that the +B and -3B branches connect to the 

f component (lower level) of the A doublet in the A2rr state while 

the -B and +3B branches connect to the e component (upper level). 

Therefore usually the +B branch is recorded by setting the 

monochromator on the - 3B branch and scanning the laser in the 
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appropriate region and vice versa. Similarly the -B branch is 

recorded by setting the monochromator on the +3B branch and 

scanning the laser in the appropriate region. In the CaCCH 

molecule however, these four branches were interconnected, 

probably via collisional relaxations. Therefore anyone of the 

four branches could be recorded by placing the monochromator on 

one of the other three branches. The one that provided the 

highest intensity was selected when recording the rotational lines 

of every branch. 

Figure 21 shows several rotational lines in the P12 branch of 

the i\2rr -xh;+ 
1/2 

transition. These lines have a separation of 

approximately 3B (0.3 cm- 1 ). The R22 ' Q
21 

branch of the 

i\2 rr -2e:L;+ transition is provided in Figure 22 
3/2 • The lines in 

this branch are separated by approximately B (0.1 cm- 1
), this 

separation increasing with the Nil quantum number. 

A total of 282 rotational line positions were measured in the 

eight branches and are reported in Table 7. These rotational line 

positions were fitted with a standard N2 Hamiltonian, described in 

Section 4.5 (a). An explicit listing of the matrix elements is 

also provided in Section 4.5 (a). Initially, the rotational 

lines of each spin component were fitted separately. For the 
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final fit, all the lines were fitted simultaneously to obtain the 

rotational constants reported in Table 8. 
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Table 7. Rotational line positions in the 0-0 band of the A~ 

transit ion of CaCCH. 

J 
expt-calc 

11.5 15552.5833 -0.0091 

12.5 15558.5499 -0.0034 15552.2981 -0.0045 

11.5 15558.7242 -0.0059 15552.0146 -0.0022 

14.5 15558.9108 -0.0007 15551. 7343 -0.0012 

15.5 15559.0958 -0.0016 15551.4571 -0.0017 

16.5 15559.2868 -0.0009 15551.1836 -0.0030 

17.5 15559.4778 -0.0047 15550.8900 -0.0290 

18.5 15559.6804 -0.0014 15550.6416 -0.0143 

19.5 15559.8881 0.0026 15550.4003 0.0029 

20.5 15560.0931 -0.0006 15550.1424 -0.0011 

21.5 15560.3142 0.0079 15549.8937 ·0.0004 

22.5 15560.5166 -0.0068 15549.6513 0.0021 

23.5 15560.7478 0.0029 15549.4123 0.0035 

24.5 15560.9679 -0.0029 15549.1672 -0.0058 

25.5 15561.1981 -0.0029 15548.9368 -0.0049 

26.5 15561.4339 -0.0019 15548.7121 -0.0028 

27.5 15561.6736 -0.0013 15548.4936 0.0009 

211.5 15561. 9180 -0.0004 15548.2756 0.0007 

29.5 15562.1626 -0.0036 15548.0621 0.0004 

30.5 15562.4170 -0.0014 15547.8453 -0.0076 

31.5 15562.6743 -0.0007 15547.6442 -0.0044 

32.5 15562.9357 -0.0002 15547.4474 -0.0015 

33.5 15563.2079 0.0068 15547.2505 -0.0030 

34.5 15563.4714 0.0008 15547.0620 -0.0007 

35.5 15563.7462 0.00111 15546.8720 -0.0043 

36.5 15564.0205 -0.0020 15546.6874 -0.0069 

37.5 15564.3024 -0.0025 15546.5156 -0.0013 

]11.5 15564.5985 0.0069 15546.3411 -0.0027 

39.5 15564.8879 0.0055 15546.1753 0.0002 

40.5 15565.1831 0.0056 15546.0063 -0.0046 

41.5 15565.4787 0.0019 15545.8462 -0.0049 

42.5 15565.7855 0.0052 15545.6849 -0.0107 

43.5 15566.0936 0.0057 15545.5370 -0.0076 

44.5 15566.4105 0.0107 15545.3986 0.0008 

45.5 15566.7258 0.0100 15545.2485 -0.0070 

46.5 15567.0373 0.0014 15545.0896 -0.0279 

47.5 15567.3634 0.00]2 15544.9511 -0.0]28 

48.5 15567.6906 0.0021 

49.5 15568.0292 0.0083 
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J R2l expt-calc Q22,P2l expt-calc 

17.5 15563.4222 0.0048 
18.5 15563.8480 0.0001 
19.5 15564.2850 0.0022 15555.2579 0.0009 

20.5 15564.7238 0.0017 15555.2396 0.0055 

21.5 15565.1673 0.0014 15555.2191 0.0034 

22.5 15565.6109 -0.0031 15555.2058 0.0041 

23.5 15566.0659 -0.0006 15555.1973 0.0050 

24.5 15566.5179 -0.0054 15555.1953 0.0080 

25.5 15566.9882 0.0037 15555.1904 0.0036 

26.5 15567.4502 0.0001 15555.1927 0.0020 

27.5 15567.9173 -0.0027 15555.1986 -0.0005 

28.5 15568.3933 -0.0009 15555.2089 ·0.0030 

29.5 15568.8676 ·0.0051 15555.2236 -0.0056 

30.5 15569.3528 -0.0027 15555.2461 ·0.0048 

31. 5 15569.8464 0.0039 15555.2789 0.0019 

32.5 15570.3334 -0.0005 15555.3007 -0.0068 

33.5 15570.8362 0.0068 15555.3414 -0.0010 

34.5 15571.3332 0.0039 15555.3768 -0.0049 

35.5 15571.8313 ·0.0019 15555.4245 -0.0008 

36.5 15572.3454 0.0039 15555.4724 -0.0010 

37 .5 15572.8578 0.0039 15555.5266 0.0008 

38.5 15573.3762 0.0057 15555.5843 0.0018 

39.5 15573.8956 0.0043 15555.6554 0.0119 

40.5 15574.4195 0.0034 15555.7060 -0.0029 

41.5 "15574.9537 0.0086 15555.7830 0.0044 

42.5 15575.4870 0.0087 15555.8566 0.0040 

4].5 15576.0216 0.0061 15555.9371 0.0063 

44.5 15576.5682 0.0115 15556.0099 -0.0034 

45.5 15577 .1176 0.0156 15556.1026 0.0025 

46.5 15577 .6644 0.0130 15556.1931 0.0020 

47.5 15578.2177 0.0130 15556.2819 -0.0045 

48.5 15578.7614 -0.0007 15556.3842 -0.0016 

49.5 15579.3235 0.0001 15556.4840 -0.0054 

50.5 15579.8923 0.0036 15556.5953 -0.0020 

51. 5 15580.4562 -0.0017 15556.7064 -0.0028 

52.5 15581.0277 -0.0033 15556.8208 -0.0046 

53.5 15581.6067 -0.0014 15556.9369 ·0.0087 

54.5 15582.1865 -0.0024 15557.0675 -0.0025 

55.5 15582.7730 -0.0007 15557.2557 0.0573 

56.5 15583.3568 -0.0054 15557.3416 0.0106 

57.5 15583.9515 -0.0031 15557.4773 0.0097 

58.5 15584.5486 -0.0022 
59.5 15585.1517 0.0011 
60.5 15585.7521 -0.0022 
61. 5 15586.3843 0.0227 
62.5 15586.9713 ·0.0014 
63.5 15587.5778 -0.0096 

64.5 15588.2075 0.0018 
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J P12 expt-ca1c 

8.5 15483.2233 0.0054 
9.5 15482.9047 0.0014 

10.5 
11.5 15482.2942 0.0097 
12.5 15481.9874 0.0071 
13.5 15481.6771 -0.0024 
14.5 15481.3853 0.0031 
15.5 15481.0917 0.0034 
16.5 15480.7965 -0.0013 
17.5 15480.5213 0.0105 
18.5 15480.2311 0.0039 
19.5 15479.9474 0.0004 
20.5 15479.6730 0.0027 
21.5 15479.3996 0.0025 
22.5 15479.1285 0.0013 
23.5 15478.8575 -0.0033 
24.5 15478.5982 0.0004 
25.5 15478.3379 -0.0004 
26.5 15478.0803 -0.0019 
27.5 15477.8341 0.0046 
28.5 15477.5839 0.0037 
29.5 15477.3404 0.0061 
30.5 15477.0904 -0.0014 
31.5 15476.8518 -0.0010 
32.5 15476.6216 0.0045 
33.5 15476.3848 0.0000 
34.5 15476.1613 0.0054 
35.5 15475.9294 -0.0010 
36. :i 15475.6910 -0.0173 
37.'; 15475.4825 -0.0070 
38.:> 15475.2723 -0.0018 
39.5 15475.0722 0.0101 
40.5 15474.8487 -0.0047 
41.5 15474.6536 0.0055 
42.5 15474.4501 0.0040 
43.5 15474.2850 0.0376 
44.5 15474.0782 0.0262 
45.5 15473.8630 0.0030 
46.5 15473.6779 0.0066 
47.5 15473.5044 0.0186 
48.5 15473.3177 0.0140 
49.5 15473.1359 0.0111 
50.5 15472.9541 0.0049 
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III 

J expt-ca1c expt-ca1c 

3.5 15486.9182 -0.0082 
4.5 15487.0516 -0.0062 15485.8592 -0.0389 

5.5 15487.1901 -0.0024 - 15485.8052 0.0043 

6.5 15487.3302 -0.0005 15485.7251 0.0180 

7.5 15487.4753 0.0031 15485.6218 0.0050 

8.5 15487.6170 -0.0002 15485.5350 0.0051 

9.5 15487.7638 -0.0018 15485.4483 0.0019 

10.5 15487.9156 -0.0017 15485.3716 0.0053 

11.5 15488.0722 -0.0003 15485.2869 -0.0028 

12.5 15488.2273 -0.0037 15485.2224 0.0060 

13.5 15488.3924 -0.0005 15485.1490 0.0024 

14.5 15488.5559 -0.0023 15485.0856 0.0054 

15.5 15488.7210 -0.0059 15485.0156 -0.0016 

16.5 15488.8961 -0.0028 15484.9607 0.0032 

17.5 15489.0712 -0.0031 15484.9007 -0.0006 

18.5 15489.2492 -0.0038 15484.8455 -0.0030 

19.5 15489.4298 -0.0053 15484.7939 -0.0052 

20.5 15489.6149 -0.0057 15484.7423 -0.0108 

21. 5 15489.8067 -0.0026 
22.5 15489.9985 -0.0029 
23.5 15490.1937 -0.0032 
24.5 15490.3938 -0.0018 
25.5 15490.5990 0.0013 
26.5 15490.8008 -0.0023 
27.5 15491.0092 -0.0025 
28.5 15491.2211 -0.0026 
29.5 15491.4295 -0.0094 
30.5 15491.6580 0.0006 
31.5 15491.8765 -0.0026 
32.5 15492.1050 0.0009 
33.5 15492.3318 -0.0006 
34.5 15492.5590 -0.0048 
35.5 15492.7912 -0.0073 
36.5 15493.0308 -0.0056 
37.5 15493.2841 0.0066 
38.5 15493.5310 0.0092 
39.5 15493.7795 0.0102 

/ 40.5 15494.0197 -0.0003 
41.5 15494.2465 -0.0273 
42.5 15494.5217 -0.0090 
43.5 15494.8019 0.0111 



J 

39.5 
40.5 
41.5 
42.5 
43.5 
44.5 
45.5 
46.5 
47.5 
48.5 
49.5 
50.5 
51.5 
52.5 
53.5 
54.5 
55.5 
56.5 
57.:5 
58.5 

Table 7. continued 

15502.7573 
15503.2344 
15503.7247 
15504.2117 
15504.7004 
15505.1958 
15505.6840 
15506.1858 
15506.6809 
15507.1887 
15507.6950 
15508.2064 
15508.7209 
15509.2399 
15509.7586 
15510.2823 
15510.8110 
15511.3376 
15511.8688 
15512.4008 

expt-ca,lc 

-0.0060 
-0.0090 
-0.0018 
-0.0010 
-0.0015 
0.0017 

-0.0054 
-0.0019 
-O.OOBO 
-0.0044 
-0.0052 
-0.0039 
-0.0023 
0.0008 
0.0008 
0.0029 
0.0071 
0.0064 
0.0076 
0.0067 

112 
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Table 8. Rotational constants for the X2~+ and A2rr states of CaCCH 

molecule (in cm- 1
) 

Constant 

TOO 0 15521. 5502 (7) 

Bo 0.11578788 (84)a 0.1177780 (80) 

Do 0.948 (23) x 10- 7 0.1072 (21) x 10- 6 

Ao 70.4658 (10) 

ADO 0.16673 (70)xlO- 3 

Po 0.377 (34) x 10- 3 

a values in parantheses are one standard deviation errors from the 

least squares fit 
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4.6 DISCUSSION 

The linear metal monoacetylide MCCH molecules have five 

vibrational modes 1/
1 

(C-H stretch), 1/
2 

(C-C stretch), 1/3 (M-C 

stretch), 1/
4 

(C-C-H bend) and 1/5 (M-C-C bend), with the stretches 

and bends having a and 1(" symmetry, respectively. Since the 

electronic transitions take place on metal centered orbitals, the 

Franck-Condon factors favor the intensities of those vibrations 

that are associated with the metal (i.e.1/3 and 1/5)' As a result, 

1/3 (M-C stretch) and 21/3 were observed for the X2~+ ground state 

and are reported in Table 5. 

vibrational frequency of 181 

An additional mode that has a 

- 1 cm for CaCCH and 139 -1 cm for 

SrCCH were also found. Since the observation of 1/5 is forbidden 

by selection rules (81), the most likely assignment for this 

vibration is 21/5 in the X2~+ state. An attempt to detect the C=C 

stretch was unsuccessful. The vibrational frequencies in the A 

and X states are similar, therefore no sequence structure was 

resolved at low resolution. 

The attribution of these spectra to CaCCH and SrCCH rests 

largely on similarities to the corresponding CaOH and SrOH 

spectra. The spin-orbit coupling constant of the A2rr state of 

SrCCH (CaCCH) is 275 -1 cm (70 cm- 1
), compared to 264 cm- 1 (66 

cm- 1
) for SrOH (CaOH). The M-C bond shifts the A-X band origins 
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to the red and increases the spin-orbit coupling constant of the 

j\2rr state slightly. 

changes with, for 

The SrCH
3 

(CaCH
3

) molecule shows similar 

example A=309 cm -1 (79 cm -1) for the 

corresponding j\2E states (22). The observation of spin-orbit 

splittings for the j\ state confirms that the metal monoacetylide 

molecules are linear in geometry. The reactions of Ca and Sr with 

C
2 

D2 show that the new species contain hydrogen. The chemical 

evidence also suggests that these newly synthesized molecules are 

the linear CaCCH and SrCCH free radicals. 

The high-resolution analysis showed that for CaCCH, the A 

doubling parameter p is very small and positive (p = 0.377 X 10- 3 

cm- 1
) rather than large and negative, as would be expected from 

the usual B2~+_j\2rr interaction, observed in all the other 

alkaline-earth metal containing free radicals (12, 13, 21, 24). 

This indicates that either the B2~+ state is very distant from the 

j\2rr state or, more likely, it is dissociative. This is confirmed 

by the fact that in the low-resolution experiments, the B2~+_X2~+ 

transition was not observed, despite an extensive search in the 

expected region. The A doubling parameter q could not be 

determined from the fit and hence was fixed to zero. 

The rotational constants B~ and B~ obtained from the fit were 

used to calculate the Ca-C bond length in the CaCCH molecule for 
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the X and A states. In order to do this, the C-H bond length was 

fixed at 1.056 A (the value for CzHz (45» and the C-C bond length 

was fixed at 1.239 A. This C-C bond length was calculated from 

the rotational constant (B~) of the -CCH ion, reported by Gruebele 

et al. (69) and a C-H bond length of 1.056 A. The ionic nature of 

the CaCCH molecule makes it reasonable to assume that the C-C bond 

length is the same in CaCCH as in the - CCH anion. The Ca-C 

bondlength (r 0 ) was calculated to be 2.248 A for the XZ~+ state 

and 2.220 A for the AZrr state. The Ca-C and C-C bond lengths of 

some related molecules are reported for comparison in Table 9. 

The Ca-C bondlength in CaCCH is substantially shorter than the 

2.35 A observed in CaCH
3

, suggesting a much stronger Ca-C bond in 

CaCCH. 
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Table 9. A comparison of the bond lengths of CaCCH with some 

related molecules (in A) 

Bond CzHz 

C-H l. 056a 

C-C l. 204a 

Ca-C X 

A 

a reference (45) 

b reference (69) 

CCH 

l. 056a 

1.239b 

CCH 

l.056a 

l.211d 

c reference (50) and references cited therein 

CaCH
3 

CaCCH 

1.09c l. 056 a 

l. 239b 

2.353c 2.248 

2.34lc 2.220 

d calculated from the Bo values reported in references (63, 68) 



118 

4.7 CONCLUSION 

The gas-phase free radicals CaCCH and SrCCH were synthesized by 

the reaction of the metal vapor with acetylene. The electronic 

and vibrational structures of these molecules were studied using 

laser excitation and resolved fluorescence spectroscopy. The 

metal monoacetylide molecules proved to be ionic in nature and 

linear in geometry. 

The 0-0 band of the A2rr_x2~+ transitions of CaCCH was 

rotationally analysed at high-resolution using the filtered laser 

excitation technique. Several rotational constants for the X and A 

states of CaCCH were determined. The Ca-C bond length in CaCCH was 

calculated from the B rotational constant for the ground (2.248 A) 

and excited (2.220 A) electronic states. This work represents the 

first high-resolution analysis of a gas-phase metal acetylide 

molecule. 
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CHAPTER 5 

LASER SPECTROSCOPY OF CALCIUM AND STRONTIUM MONOFORMAMIDATES 

5.1 INTRODUCTION 

Gas-phase calcium and strontium monoformamidate molecules 

consist of a single metal atom bonded to a single formamidate 

anion, HCONH-, synthesized by reacting the 

formamide. Although the formate anion, 

isoelectronic with the formamidate anion, 

metal vapor with 

HCOO which is 

is a commonly 

encountered ligand in transition metal chemistry, metal complexes 

consisting of the fordmamidate ligand have hardly been explored. 

Solid state metal complexes containing the neutral formamide 

molecule (HCONH2 ) as ligands have been synthesized by 

Legendziewicz et al.(82). The metal complexes Ln(HCOO)3.2(HCONH2) 

where Ln = Er, Dy were synthesized and their crystal structures 

were determined by these workers. They report that the neutral 

formamide molecule coordinates with the lanthanide ion through the 

oxygen atom. 

Miyake and co-workers have synthesized the Zn(HCOO)2 (HCONH2 )2 

molecule in the solution phase (83). Extended x-ray absorption 
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fine structure (EXAFS) and radiation distribution function (RDF) 

methods were used in elucidating the coordination structure of the 

Znz+ ion in the above complex. This study concluded that the 

Znz+ ion forms mononuclear Zn(HCOO)z (HCONHz)z tetrahedra with a 

Zn-O bondlength of 1.99 A in solution. 

Pioneering studies on rhodium metal complexes containing the 

(RCONH)- ligand (R = Ph, CF
3

, CH
3

) were carried out by Bear et al. 

(84-88). These complexes were synthesized and their molecular 

formulae were determined by elemental analysis. The 

electrochemistry of these metal complexes and the nature of the 

bonding of the (RCONH)- ligand to the metal, were compared with 

those of the (RCOO)- ligand in Rhz (RCOO)4 complexes. It was 

concluded that the (RCONH)- ligand bonds to the rhodium ion in a 

bridging fashion through the oxygen and nitrogen atoms (similar to 

the RCOO- ligand, where bonding is through the oxygen atoms). 

Following the conventional nomenclature of inorganic metal 

complexes, these compounds were named tetrakis- (J.!-alkylamidato)

dirhodium (II) complexes. 

The tetrakis-(J.!-benzamidato)-dirhodium (II) complex 

(Rhz (PhCONH)4 Ph (CONHz )z1 was synthesized and its structure and 

redox properties were determined by Chakravarty et al. (89). This 

molecule which has a dirhodium unit with four bridging benzamidato 
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anions and two axial, neutral, benzamide ligands was characterized 

by elemental analysis and infrared spectroscopy. The reaction 

products of the above complex with SbPh3 and pyridine in a CH2C12 

medium were also studied. This yielded the molecules 

Rh2 (PhCONH)4 (SbPh3)2.CH2C12 and Rhz (PhCONH)4 (pyridine)z, whose 

structures were determined by single-crystal X-ray diffraction. 

It was found that in all of the above complexes, the benzamidato 

ligand, (PhCONH) -, bonds to the dirhodium unit in a bridging 

fashion. 

The calcium and strontium monoformamidates discussed in this 

chapter are the first gas-phase inorganic molecules to be 

discovered which consist of a metal bonded to the formamidate, 

HCONH-, ligand. The method of synthesizing these molecules and 

the electronic structure determination using dye laser 

spectroscopy techniques is provided in the remainder of this 

chapter. 
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5.2 EXPERIMENTAL DETAILS 

As for all other gaseous metal containing molecules presented 

here, the gas-phase alkaline-earth monoformamidates were 

synthesized in a Broida-type oven (37), by the reaction between 

the electronically excited metal atoms and formamide (HCONHz )' 

The ground state metal atoms were found not to react with 

formamide, therefore, they were exci ted to the 3 P 1 state by a 

broad band dye laser (l cm- 1 band width) tuned to the 3 P _1 S 
1 a 

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

Since analytical grade formam ide contains undesired impurities 

such as NH3 and CO, spectrometric grade (99 + %) formamide 

(Aldrich) was used. Formamide has a low vapor pressure at room 

temperature (1 torr at 70°C) (90). Therefore in order to get a 

sufficient partial pressure of formamide vapor inside the Broida 

oven, it was entrained in argon gas by bubbling argon through the 

glass cell containing formamide (see Figure 24). The metal vapor 

was entrained in ~1.5 torr of argon and the total pressure inside 

the oven was maintained at approximately 3 torr. The reaction 

mechanism for the formation of the metal monoformamidates is not 

known. 
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A Coherent 599-01 broad band (1 cm- 1 band width) dye laser was 

used to probe the molecular electronic transitions. Several laser 

dyes (DCM, Pyridine 2 and Rhodamine 6G) were required to cover the 

desired spectral region. Two types of spectra were recorded. 

Laser excitation spectra were recorded by scanning the wavelength 

of the laser that was probing the molecular transitions. A 

photomultiplier-filter combination was used to detect the total 

fluorescence of the electronically excited molecules. Several 

different red pass filters (Schott RG9, RG 780 and RG 830) were 

used to block the scattered laser radiation. Lock- in detec tion 

was made possible by chopping the laser that was resonant with the 

molecular transition. 

Three electronic transitions J...2 A'_X2 A', j32 A"_X2 A' and C}A'-X2 A' 

were observed in these survey spectra. Once the frequencies of 

these transitions were determined, several resolved fluorescence 

specra were recorded by tuning the laser probing the molecules to 

one particular electronic transition and scanning the wavelength 

of the 2/3 meter monochromator to disperse the fluorescence. The 

slits of the monochromator were adjusted to provide ~5 cm- 1 

resolution. These resolved fluorescence spectra were useful in 

obtaining vibrational frequencies of the metal monoforrnarnidate 

molecules. All of the spectra were recorded on a two-pen chart 
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recorder. The details of laser excitation and resolved 

fluorescence spectroscopy techniques are discussed in Chapter 2. 



Figure 24. The glass cell containing formamide oxidant. 

Argon gas was bubbled through formamide in order to 

get a high vapor pressure of the oxidant into the 

Broida oven. 
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5.3 RESULTS AND ANALYSIS OF DATA 

Some of the laser excitation spectra and resolved fluorescence 

spectra recorded for the calcium and strontium monoformamidates 

are shown on Figures 25-29. All of the spectra recorded had 

excellent signal-to-noise ratio. The laser excitation spectrum of 

the C2 A' _X2 A' transition of calcium monoformamidate is shown in 

Figure 25. The vibronic bands shown are associated with the 

metal-ligand stretch. The intensities of these bands are 

distorted by the filter (RG 9) used to block the scattered laser 

light and the varying laser power. 

Figures 26 and 27 are the resolved fluorescence spectra of the 

A2 A' _X2 A' and p,2 A"_X2 A' transitions of calcium monoformamidate 

respectively. 

band of the 

In both cases, the laser is tuned to excite the 0-0 

electronic transition. Emission from the excited 

electronic state to higher vibrational levels of the ground 

electronic state which gives rise to a long progression was 

observed in all of the resolved fluorescence spectra. The 

vibronic bands observed provided frequencies for the metal-ligand 

stretching mode in the ground and excited electronic states. 

Figure 28 is the resolved fluorescence spectrwn of strontium 

monoformamidate. The laser is tuned to excite the 0-0 band of the 



Figure 25. The laser excitation spectrum of the C2 A'_X2 A' 

transition of calcium monoformamidate molecule. 

The vibronic bands shown here are associated with the 

metal-ligand stretch. 
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Figure 26. The resolved fluorescence spectrum of the A2 A'_X2 A' 

transition of calcium monoformamidate. 

The asterisk marks the position of the laser which is 

tuned to the 0-0 band of the A-X transition. The 

strong vibronic features to the red and the blue of 

the 0-0 band are the 0-1 and 1-0 vibronic bands 

respectively (metal-ligand stretching vibration) of 

the A-X transition. 
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Figure 27. The resolved fluorescence specrum of the B2A"_X2A' 

transition of calcium monoformamidate. 

The asterisk marks the position of the laser tuned to 

the 0-0 band of the B-X transition. The sharp feature 

just to the blue of the 0-0 band is the 3Pl-1SO 

atomic transition of Ca at 6573 A. The features near 

6800 A and 6500 A are assigned to the 0-1 and 1-0 

vibronic bands, respectively, of the metal-ligand 

stretch. 
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B2 A"_X2 A' transition. The long progression in the metal-ligand 

vibration seen in the spectrum is caused by emission to the 

excited vibrational levels of the ground electronic state. 

Relaxation to the 'A2 A' electronic state is also prominent as 

seen in this figure. In fact, when either the B2 A"_X2 A' or 

the C2 A'_X2 A' transition of calcium or strontium monoformamidate 

was excited by the laser, strong 'A2A'_X2A' emission was observed. 

A laser excitation spectrum showing the C2 A'_X2 A' and B2 A"_X2 A' 

transitions of strontium monoformamidate is given in Figure 29. 

This spectrum was recorded by scanning the wavelength of the dye 

laser (operated with Pyridine 2 laser dye) that was used to probe 

the molecular transition. The relative intensities of the 

spectral features are not reliable since the RG 830 filter used to 

block the scattered laser light favors some features over others. 

As in all the other spectra, vibrational progression structure is 

very prominant. 

The band origins of the vibronic transitions obtained from the 

laser excitation and resolved fluorescence spectra are listed in 

Table 10. 

transition. 

vibrational 

The longest progression was observed in the 'A-x 

As will be discussed in Section 5.4, Franck-Condon 

activity was observed only in the metal-ligand 

stretching vibrational mode. The stretching frequencies for the 



Figure 28. The resolved fluorescence spectrum of strontium 

monoformamidate. 

The asterisk marks the position of the laser tuned to 

the 0-0 band of the B-X transition. Emission to 

excited vibrational levels of the ground state 

results in a long progression in the metal-ligand 

stretch. Relaxation to the A2 A' state is also 

prominent as seen in this spectrum. 
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Figure 29. The laser excitation spectrum of the C2 A'_X2 A' and 

£,2 A" _X2 A' transitions of strontium monoformamidate. 

This scan was recorded using a broad band dye laser 

operated with Pyridine 2 laser dye. An RG 830 filter 

was used to block the scattered laser light. The 

relative intensities of the features are distorted by 

the filter and laser power variations. 
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Table 10. Band origins of the vibronic transitions of calcium and 
strontium monoformamidate molecules (in cm- 1 ) 

Band o Ca HN>CH o Sr HN>CH 

2-0 14859 13624 

1-0 14509 13351 

0-0 14154 13077 

0-1 13803 12789 

0-2 13457 12501 

0-3 13108 12222 

1-0 15440 14201 

0-0 15083 13917 

0-1 14727 13630 

0-2 13389 

2-0 15205 

1-0 16601 14895 

0-0 16248 14580 

0-1 15896 14296 
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different electronic states are listed in Table 11. 
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Table 11. Vibrational frequencies of the metal-ligand stretch in 

the calcium and strontium monoformamidate molecules 

(in cm- 1
) 

State Ca 0 
HN>CH Sr 0 

HN>CH 

f2A' 352 288 

A2A' 356 278 

li2A" 357 283 

C2A' 353 315 
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5.4 DISCUSSION 

As with all the other metal containing inorganic molecules 

described here, the alkaline-earth metal monoformamidates are 

ionic compounds well represented by the structure M+(HCONH) -. 

The (HCONH)- ion is a closed shell ligand, therefore the molecular 

orbitals of the metal monoformamidates can be described as those 

of the M+ ion perturbed by the presence of the (HCONH)- ligand. 

The formamidate anion, HCONH-, is isoe1ectronic with the 

formate anion, HCOO-. The low-resolution spectra of calcium and 

strontium monoformates have been previously studied (30). As in 

the transition metal complexes described previously (84-88), it 

was concluded that the formate anion bonds to the alkaline-earth 

metals through the two oxygens atoms in a bidentate fashion to 

form the metal monoformates, with the structure M+ -g>CH. In the 

metal monoformamidates, the formamidate anion may bond to the 

alkaline-earth metal in a monodentate fashion through the N atom 

(to provide the MNHCOH molecules which are comparable to the 

alkaline earth monoalkylamides, MNHR, described in Chapter 3), or 

through the 0 atom (to provide the MOCHNH molecules which are 

comparable to the alkaline earth monoalkoxides, M-OCHzR, (19)), or 

in a bidentate fashion (to provide the M+ -~H>CH molecules which 

are comparable to the metal monoformates, M+ -g>CH). A close 
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comparison of the low-resolution spectra of the metal 

monoformamidates with those of the metal monoalkylamides, metal 

monoalkoxides and the metal monoformates reveal that they are 

similar to the metal monoformates. Therefore it is believed that 

the calcium and strontium monoformamidates are ionic molecules 

with the structure 

symmetry. 

These molecules are of C 
s 

The nature of the bonding between the metal and the ligand has 

pronounced effects on the electronic states of the different 

alkaline-earth metal derivatives. The correlation diagram on 

Figure 30 shows three low lying atomic orbitals of the M+ ion (M = 

Ca, Sr) perturbed by a series of ligands (CCH-, NHz -' NHR and 

NHCOH-) and the symmetries of these orbitals in the resulting 

molecules with symmetries Coov ' Czv ' Cs (bonding in a monodentate 

fashion) and Cs (bonding in a bidentate fashion). In the metal 

monoformamidates, the ligand bonds to the metal through the 

partially negatively charged oxygen and nitrogen atoms. As shown 

in Figure 31, these partially negatively charged atoms on the 

ligand are at 90° to the metal-ligand axis (z axis), pointing at 

the Px and Py atomic orbitals of the M+ ion. The partial negative 

charges pointing at the Px and Py orbitals destabilize these 

orbitals relative to the Pz orbital. The effect of this on the 

molecular orbitals of the MNHCOH molecule is to destabilize the 



Figure 30. Correlation diagram for the M+ ion perturbed by the 

ligands CCH- (Coov symmetry), NH2 - (C2V symmetry), 

NHR and HNCOH (Cs symmetry). 

The ordering of the A, Band C electronic states are 

different for the MNHR and MNHCOH molecules due to 

the different nature of bonding between the metal and 

the ligand in these molecules. Similar "switching of 

states" was observed in other alkaline-earth metal 

containing free radicals where the ligand bonds to 

the metal in a polydentate fashion (see text) . 
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2 A" and 2 A, electronic states which originate from the zn state in 

the Ccov point group, relative to the 2 A' state which originates 

from the 2L;+ state in the Ccov point group. This "swi tching of 

electronic states" is clearly shown on Figure 30. A similar 

switching of electronic states was observed in the alkaline earth 

metal borohydrides (MBH4 molecules) (29), where the BH4 - ligand 

bonds to the metal in a tridentate fashion to provide the CaBH4 

and SrBH4 molecules of C
3V 

symmetry, and in the 

metal monoformates which are of C
2V 

symmetry (30). 

alkaline-earth 

Therefore the three observed electronic transitions of calcium 

and strontium monoformamidates are 

C}A'-X2 A' in contrast to the three electronic 

metal monoalkylamides (see Chapter 3). The relative ordering of 

the B2A" and E;2 A , states in the metal monoformamidates was 

obtained not by experiment but rather by correlation with the A2 A" 

and B2 A' states of the metal monoalkylamides. Of the three 

electronic transitions, the A-X transition shows the longest 

vibrational progression structure (Table 10) . Since the 

electronic transitions occur on the orbitals that are mainly 

centered on the metal, the Franck-Condon factors favor those 

vibrational modes which involve the metal atom. As a result, the 

vibrational progression structure observed in the spectra are 



attributed to progressions in the 

vibration. These long progressions 

metal-ligand 

suggest that 
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stretching 

there is a 

significant change in the metal-ligand bond length, between the 

ground and excited electronic states. 



Figure 31. The metal Px' Py and Pz orbitals which are affected 

by the nature of bonding of the ligand to the metal. 

In the metal monoa1ky1amides (Cs symmetry, bonding is 

through the N atom on the ligand) the metal Pz 

orbital is destab1ized relative to the Px and Py 

orbitals. In the metal monoformates (C
2V 

symmetry, 

bonding is through the oxygen atoms in a bidentate 

fashion) and metal monoformamidats (Cs symmetry, 

bonding is through the oxygen and nitrogen atoms in a 

bidentate fashion), due to the partial negative 

charges that are off-axis, the Px and Py orbitals of 

the metal are destab1ized relative to the Pz orbital. 
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5.5 CONCLUSION 

The gas-phase reaction between the electronically excited 

calcium and strontium metal vapor with formamide produced the 

calcium and strontium monoformamidate free radicals. The 

electronic and vibrational structures of these molecules were 

probed by low-resolution laser spectroscopy techniques. Three 

electronic transitions 

were assigned. Long progressions of the metal-ligand stretching 

vibration were a characteristic feature of these spectra. 

Comparison of these spectra with those of other free radicals 

such as the metal monoalkylamides and the metal monoformates 

lead to the conclusion that the formamidate ligand bonds to 

the metal in a bidentate fashion. Metal-ligand vibrational 

stretching frequencies for the X, A, Band C electronic states 

were obtained from these low-resolution spectra. 

142 
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CHAPTER 6 

LASER SPECTROSCOPY OF CALCIUM AND STRONTIUM MONOPYRROLIDATES 

6.1 INTRODUCTION 

Pyrrole (C4HSN) and the isoelectronic molecule cyclopentadiene 

(CsHs) are commonly encountered ligands in transition metal 

complex formation. The much celebrated ferrocene, Fe(CsHs)z' 

molecule is known for its "sandwich" type structure (91). The 

alkaline-earth metal counterparts of ferrocene, M(Cs Hs ) z ' 

where M = Mg, Ca, Sr, Ba, have been studied experimentally as 

well as theoretically (92-94). 

Gowenlock et al. (92) synthesized the dicyclopentadienyl 

compounds, M(CsHs)z (M = Ca, Sr, Ba), in reasonable yields by 

co-condensation reactions. The alkaline earth metal vapor and 

cyclopentadiene were co-condensed at -196°C and then gradually 

warmed to room temperature to obtain these sandwich type 

molecules. These compounds were then characterized by lH NMR 

spectroscopy. Zerger et al. isolated the Ca(CsHs)z molecule in 

the solid phase and later characterized it by mass spectrometric 

and single crystal X-ray crystallographic diffraction studies 

(93) . This study shows that the coordination sphere about the 
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calcium atom consists of two ~s-CsHs rings, one ~3_CsHs ring and 

one ~l-CsHs ring. The bonding between the metal and the ligand is 

characterized as mainly ionic with some cova1ant contribution. Ab 

initio LCAO-MO calculations at the Hartree-Fock level on the 

Mg(Cs Hs )2 molecule were carried out by Faegri and co-workers (94). 

Several basis sets ranging from a minimal basis to a better than 

triple zeta plus polarization were used in this study. The 

metal-ring bond distance was first determined assuming DSh 

symmetry. Using this bond length, the rotational barrier of the 

molecule was estimated by performing a calculation assuming a DSd 

symmetry. This rotational barrier was found to be 31 cal mol-l, 

one order of magnitude smaller than for ferrocene. The 

equilibrium geometry of the molecule, several infrared and Raman 

vibrational frequencies and orbital energies were also calculated. 

This study shows that the metal-ring bond is mainly between the Mg 

3s and 3p atomic orbitals and the ~ system of the CsHs ring. 

Our interest in the cyclopentadiene ligand increased, when we 

learnt that this ligand can form "open-faced sandwich" type 

complexes with metals where only one Cs Hs ring is bonded to the 

metal. The T1(CsHs) molecule, first synthesized in an aqueous 

medium by Fischer (9S), was later characterized by Cotton and 

Reynolds using infrared spectroscopy (96). This study concludes 

that the Tl(CsHs ) molecule has CSv symmetry and the bonding 
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between the metal and the ligand is described as ionic. The same 

molecule was later studied by Tyler et a1. using microwave 

spectroscopy (49). The rotational constant of this molecule was 

determined and so was the metal-ligand bond length. They conclude 

that the bonding between the metal and the ligand in T1(C5H5 ) is 

considerably, but noe entirely, ionic. 

The molecular structure of the gaseous indium cyc10pentadieny1 

In(CsHs )' molecule was investigated using electron diffraction by 

Shibata and co-workers (48). In(CsHs) molecule is another example 

of an open-faced sandwich type molecule with CSv symmetry. These 

workers suggest that the bonding between the metal and the C5HS 

ring is essentially covalent and not ionic, based on the 

substantial magnitude of the metal-ring overlap integrals, 

calculated using the molecular orbital approach. 

More recently A1exandratos et a1. (97) carried out a 

theoretical calculation at the SCF level of theory on 

cyc10pentadieny11ithium, Li(CsHs )' using minimal and double zeta 

basis sets of contracted Gaussian functions. The C-C and C-H bond 

length of the C5HS ring were first optimized using DSh symmetry. 

Then the position of the lithium over the ring was optimized. It 

was found that the most stable position for Li is directly above 

the center of the CSH5 ring. Then the geometry of the CsHs - ring 
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was re-optimized to study the effect of complexation. It was 

found that when the H atoms on the CsHs ligand bend 3.56° 

out-of-p1ane away from the Li atom, the minimum energy is 

obtained for the Li(CsHs) molecule. They conclude that the above 

result is probably obtained because the metal-ring bonding in 

Li(CsHs) is almost wholly ionic and Cou1ombic attraction is 

enhanced by shifting more ring negative charge to the side facing 

the lithium cation. In other words the Li+ cation polarizes the 

~ electrons of the ligand by giving a partial lone-pair character 

to each carbon with concomitant bending away of C-H bonding 

electrons. 

The gas-phase calcium and strontium monocyc1opentadienide, 

Ca, Srl, molecules were investigated by 

low-resolution dye laser spectroscopy by O'Brien and Bernath (25). 

These molecules were treated as ionic compounds of C5v symmetry. 

1 • •• A-2 E x-2 A -2-2 Two e ectron~c trans~t~ons, 'I - 1 and B A1 -X AI' were detected 

in this study. Vibrational frequencies for the metal-ligand 

stretching vibration were also reported. 

There are numerous examples of metal complexes containing 

pyrro1e ring bonded to the metal (98-102). However, sandwich type 

compounds with two pyrro1e rings bonded to a metal atom or 
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open-faced sandwich molecules consisting of a single pyrrole ring 

bonded to a metal atom are not known. 

The gas-phase calcium and strontium monopyrrolidate molecules 

[Ca«C
4

H
4

N), Sr(C
4

H
4

N)) are the first open-faced sandwich type 

molecules to be discovered consisting of a metal atom ring bonded 

to the pyrrole ligand. The method of synthesis of these molecules 

and the study of their electronic structure using laser 

spectroscopy techniques is discussed in the remainder of 

chapter. 

this 
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6.2 EXPERIMENTAL DETAILS 

The gas-phase reaction between the alkaline-earth metal (Ca, 

Sr) and pyrrole was used to synthesize the calcium and strontium 

monopyrrolidate molecules. The metal was vaporized in a Broida 

oven (37) by resistive heating and carried to the reaction region 

entrained in argon carrier gas. Ground state metal atoms were 

found not to react with pyrrole. They were therefore excited to 

the 3 P1 state using a Coherent 599-01 broad band dye laser tuned 

to the 3 P1 _1 So atomic transition (6573 A for Ca, 6892 A for Sr). 

Pyrrole has a low vapor pressure at room temperature (boiling 

point = l3loC (45». Therefore in order to flow a sufficient 

amount of pyrrole into the Broida oven, it was entrained in argon 

gas by bubbling argon through the glass cell containing pyrrole. 

The same method was used in the experiments involving formamide 

(see Chapter 5, Figure 24). The direct reaction between the 

excited metal vapor and pyrrole produced the metal 

monopyrrolidates. Analytical grade pyrrole (Alfa Chemicals) was 

used without further purification. 

The electronic structures of the metal monopyrrolidates were 

probed by low-resolution laser excitation and resolved 

fluorescence techniques, described in detail in Chapter 2. A 

Coherent 599-01 broad band dye laser operated with DCM or 
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Pyridine 2 laser dyes was used in probing the molecular 

transitions. Laser excitation spectra were recorded by scanning 

the wavelength of this laser and recording the total fluorescence 

from the electronically excited metal monopyro11idate molecules 

using a photomultiplier-filter combination. Schott RG 9 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 10ck-in-detected. Two electronic 

transitions were detected for the metal monopyrro1idate molecules 

using this technique. 

Once the frequencies of the electronic transitions were 

obtained from laser excitation spectroscopy, the laser probing the 

molecular transitions was tuned to the frequency of the electronic 

transition and resolved fluorescence spectra were recorded by 

dispersing the fluorescence with a 2/3 meter monochromator. All 

of the spectra were recorded on a two-pen chart recorder. 
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6.3 RESULTS AND ANALYSIS OF DATA 

Low-resolution laser excitation spectra and resolved 

fluorescence spectra recorded for the Ca(C4H4N) and Sr(C4H4N) 

molecules are given in Figures 32-34. Two electronic transitions, 

and were observed for the metal 

monopyrrolidates. Note that these transitions are labelled by 

analogy with the CaCsHs and SrCsHs molecules, using the orbital 

symmetries of the Csv point group, as will be discussed later. 

The band origins of the observed electronic transitions are 

given in Table 12. Figure 32 shows the A2E1 -X2A1 transition of 

Ca(C4 H4 N). This resolved fluorescence spectrum was recorded by 

tuning the dye laser probing the molecular transition to the O~ 

band of the -2 -2. h A E1 (1/2) -x A1 sp~n component. T e position of the 

laser is marked with an asterisk. The strong feature just to the 

blue of the laser is the -2 -2 
A E1 (3/2) -X Al spin component. The 

spin components which are separated by only 76 -1 cm 

two 

are 

connected via collisions. Figure 33 is a resolved fluorescence 

spectrum of the S2A _X2A transition of calcium monopyrrolidate. 
1 1 

The asterisk marks the position of the laser, tuned to the O~ band 

of the 8-X transition. In both Figures 32 and 33, several broad 

features are seen to the red of the laser. When the laser excites 

the O~ band of a given electronic transition, emission to excited 

vibrational levels of the ground electronic state occurs. 
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Table 12.Band or1g1ns for the observed vibronic transitions in 
calcium and strontium monopyrro1idate molecules (in cm- 1

) 

Band 

-2 -2 
A E1 (1/2) -X Al 

2-0 14830 13869 

1-0 14584 13449 

0-0 14333 13212 

0-1 14021 12958 

0-2 13714 12706 

0-3 12455 

0-4 12207 

2-0 14890 

1-0 14650 13770 

0-0 14409 13512 

0-1 14097 13257 

0-2 13786 13004 

0-3 12749 

0-4 12497 
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Table 12 continued 

Band 

2-0 14069 

1-0 13849 

0-0 14732 13620 

0-1 14419 13367 

0-2 14108 13116 

0-3 13799 12863 

0-4 12612 



Figure 32. The resolved fluorescence spectrum of the 

transition of calcium monopyrrolidate. 

The laser is tuned to the 

-2 -2 
A E1 ( 1/2) -X A1 spin component. 

the -2 
A E1 (1/2) spin component 

00 band o of the 

Collisions connect 

to the other spin 

-2 6 -1 h 1 component A E1 (3/2). which is ",,7 cm to t e b ue 

of the laser. The wavelength of the laser is marked 

with an asterisk. The broad features which are ",,300 

cm -1 to the red and to the blue of the laser are 

assigned to progression bands in the metal-ligand 

stretching vibration. 
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Figure 33. The resolved fluorescence spectrum of the 

transition of calcium monopyrrolidate. 

The asterisk marks the position of the laser tuned to 

o the 00 band. A progression of vibronic bands in the 

metal-ligand stretch are clearly seen in the 

spectrum. 
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Therefore these broad features are assigned to vibrational 

progression bands. As will be discuss sed in Section 6.4, 

vibrational activity is observed only in those modes associated 

with the metal atom. Therefore the observed progression bands 

which are separated by z300 cm- 1 are assigned to the metal-ligand 

stretching vibration. These spectra were very useful in obtaining 

vibrational frequencies for the ground and excited electronic 

states, which are reported in Table 13. 

Figure 34 is a laser excitation spectrum of the strontium 

monopyrro1idate molecule, recor.ded by scanning the wavelength of 

the dye laser probing the molecular transiton. The assignments 

provided on this figure were made using the laser excitation 

spectrum as well as several resolved fluorescence spectra recorded 

for individual electronic transitions. Two electronic transitions 

'A2 E _X2 A and j32 A _X2 A were observed and assigned as shown on 
1 1 1 1 

the figure. The band origins of these transitions are given in 

Table 12. The two spin components -2 -2 
A E1 ( 1/2 ) -X Al and 

-2 -2 
A E1 ( 3/2 ) -X A1 are separated by 300 -1 cm Long vibrational 

progressions in the metal-ligand stretch were observed for the 

strontium monopyrro1idate molecule (see Table 12). The 

metal-ligand stretching fequencies of Sr(C
4

H
4

N) molecule were 

-2 -2 extracted from the low-resolution specta for the X A1 , A E1 , and 

j32 A electronic states. 
1 

These are reported in Table 13. The 
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Table 13. Vibrational frequencies of the metal-ligand stretch of 

the calcium and strontium monopyrrolidate molecules (in 

State Ca(C
4

H
4

N) Sr(C
4

H
4

N) 

X2A 
1 

312 254 

-2 
A E 1 (1/2) 251 237 

-2 
A E 1 (3/2) 241 258 

B2A 
1 

229 



Figure 34. The laser excitation spectrum of the strontium 

monopyrrolidate molecule. 

Two electronic transitions, 

were observed and assigned. The two spin components 

of the transition are separated by 300 

cm- 1 . The assignments of the vibronic bands were 

aided by resolved fluorescence spectra recorded for 

each electronic transition. 
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spin component and the transition of 

strontium monopyrro1idate are separated by only ::::100 cm- 1
• As a 

result, there are several vibronic bands of these two electronic 

transitions that are close to one another. Therefore, it was 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 monopyrro1idate molecule, as will be discussed in 

Section 6.4. 

Although the vibronic bands are broad in both the metal 

monopyrro1idate molecules indicating under lying sequence bands, 

the sequence structure was not resolved in any of the vibronic 

bands. An attempt was made to record higher lying electronic 

transitions of calcium and strontium monopyrro1idates, without 

success. 
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6.4 DISCUSSION 

Figure 35 shows the two possible ways in which the pyrro1ide 

ligand (C
4

H
4

N)- can bond to the alkaline-earth metal. The bonding 

can be through the N atom, in which case the metal 

monopyrro1idates will have a Czv symmetry, or the pyrro1ide anion 

can ring bond to the metal to produce metal monopyrro1idates of 

pseudo-Csv symmetry. If the bonding is through the N atom, the 

resulting metal monopyrro1idates should be similar to the metal 

monoamides (MNHz ) and the metal monoa1ky1amides (MNHR, R = alkyl 

group) described in Chapter 3. In this case, three electronic 

transitions AZBz-XzA
1

, BZB
1 

-XzA
1 

and CZAl -XzAl will be observed 

for the metal monopyrro1idates, similar to the metal monoamides 

(see Figure 9). If however, the pyrrolide ligand ring bonds to 

the metal, the metal monopyrrolidates will closely resemble the 

isoelectronic metal cyc1opentadienides, M(CsHs )' which are of Csv 

symmetry (25). A close examination of the spectra of these 

molecules indicate that those of the metal monopyrrolidates are 

similar to the metal cyclopentadienides, Therefore it was 

concluded that the (C
4

H
4

N)- ligand ring bonds to the metal and the 

geometry of the M( C 4 H4 N) molecule is pseudo - Cs v' Furthermore, 

these are considered ionic molecules, represented by the 

structure 

radicals (25). 



Figure 35. Possible ways in which the pyrrolide anion (C
4

H
4

N)

can bond to the alkaline-earth metal and the 

subsequent symmetries of the metal monopyrrolidate 

molecule. 
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ion is a closed shell ligand. Therefore the 

molecular orbitals of the metal monopyrrolidates can be treated as 

the orbitals of the M+ ion perturbed by the C
4 

H4 N- ligand. The 

Ca+/Sr+ ion contains a single unpaired electron in the ns (n = 4 

for Ca, n = 5 for Sr) valence orbital. In the C
5V 

point group, 

the ns orbital is of symmetry resulting in ground 

electronic state for the M(C
4

H
4

N) molecules. The correlation 

between the atomic orbitals of the M+ ion and the moleuclar 

orbitals of the M(C
4
H

4
N) molecule is shown on Figure 36. Although 

the M(C
4

H
4

N) molecule is of pseudo-C5V symmetry , its molecular 

orbitals are described using the symmetry symbols of the C
5V 

point 

group. There is such a strong correspondence between the spectra 

The degeneracy of the metal d orbitals are lifted in the C
5V 

point group to produce orbitals with symmetries e 2 (dx2 _y2 ' dxy ) , 

e
1 

(dxz ' dyz ) and a 1 (dz2 )' The degenerate p orbitals of the 

metal provide e
1 

(px' Py) and a
1 

(pz) molecular orbitals. The 

presence of the ligand also mixes the metal p and d orbitals 

therefore these molecular orbitals are p-d mixtures. The above 

molecular orbitals give rise to the 2E and 
1 

2Al electronic states (in the order of increaing energy) for the 

M(C
4

H
4

N) molecule as shown in Figure 36. Electronic transitions 

from the X2Al ground state to the next higher lying 2E2 state are 



Figure 36. Correlation diagram for the orbitals of the M+ ion 

perturbed by the (C
4

H
4

N)- ligand. 

Al though the 

symmetry. the notation given here is from the C
5V 

point group (see text). 
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forbidden by the electric dipole selection rules (81). Therefore 

the first observed electronic transiton of M(C
4

H
4

N) molecules is 

-2 -2 assigned as the A E1 -X A1 transition. The spin angular momentum 

and the unquenched orbital angular momentum in the ji.2 E 
1 

state 

couple together to produce the two spin-orbit components 

-2 -2 
A E1 ( 1 I 2) and A E1 ( 3 I 2 ) These two spin components are separated 

by the spin-orbit coupling constant A. For the calcium 

monopyrrolidate molecule A is 76 cm- 1 whereas for the strontium 

analog it is 300 cm- 1
. This is slightly higher than the values 

reported for metal monocyclopentadienides (A=57 cm- 1 for Ca(CsHs) 

and 255 cm- 1 for Sr(CsHs ) (25)) and the metal monohydroxides (A=67 

-1 cm for CaOH and 264 - 1 cm for SrOI-!. (12, 13)) , but not 

unreasonable for the Ca+ (Sr+) ion perturbed by ligands of C~V' 

C3V or Csv symmetry. The observation of spin-orbit splitting in 

the ji.2El state of the metal monopyrrolidates confirmed that these 

free radicals have high symmetry, most probably pseudo-Csv . 

The higher lying electronic transition that was observed is 

assigned as the transition. For the metal 

monopyrrolidate molecules, the ji. and B electronic states are 

relatively close in energy (see Table 12) compared to the ji. and B 

states in the metal cyclopentadienides (25). This tends to 

complicate the spectra of the metal monopyrrolidates, particularly 

those of the strontium monopyrrolidate molecule where the 
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state and the 'AZ EI (3/Z) state are separated by only ::::100 em-I. 

Therefore when the laser is tuned to excite a particular vibronic 

band of one of the above states, it connects to several other 

vibronic bands via collision. This made the assignment of the 

observed bands of the strontium monopyrrolidate molecule extremely 

difficult. A similar problem was encountered when assigning the 

spectra of strontium monocyclopentadienide for which the 

spin-orbit coupling constant matched the metal-ligand stretching 

vibrational frequency (25). The assignments provided here were 

made by comparison of the spectra of the Sr(C
4

H
4

N) molecule with 

those of calcium monopyrrolidate and strontium cyclopentadienide 

molecules. 

As in the other alkaline-earth metal containing free radicals 

discussed here, the electronic transitions of the metal 

monopyrrolidate molecules occur on metal centered orbitals, and 

hence the Franck-Condon factors favor the intensities of those 

vibrations which are associated with the metal atom. Therefore, 

the vibronic bands reported are all assigned to a single 

metal-ligand stretching vibration. Long progressions in this 

vibrational mode were observed for both molecules in all of the 

electronic transitions reported here. The reported frequencies 

have an estimated uncertainty of ±10 cm- I . 
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The assignment of the spectra to the calcium and strontium 

monopyrrolidate molecules of pseudo-Csv symmetry, rests largely on 

the similarities between the spectra of these molecules and those 

of the isoelectronic calcium and strontium monocyclopentadienide 

molecules. 
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6.5 CONCLUSION 

The gas-phase calcium and strontium metal monopyrrolidate 

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 

spectroscopy techniques. The molecules are ionic, represented by 

and have pseudo-C5v symmetry since the pyrrolide ion 

ring bonds to the metal. Long progressions in the metal-ligand 

stretch were a characteristic feature of the two electronic 

transitions observed. The -2 -2 
A El ( 1/2 ) - X Al ' 

-2 -2 
A El ( 3 / 2 ) - X Al and 

i32 A _X2 A assignments were made by analogy to the isoelectronic 
1 1 

metal monocyclopentadienide molecules. Metal-ligand stretching 

vibrational frequencies of the metal monopyrrolidates were 

obtained from these low resolution spectra. This work represents 

the first detection of gas-phase inorganic molecules consisting of 

a metal atom ring bonded to one pyrrolide ligand, to produce an 

open-faced sandwich type molecule. 



167 

CHAPTER 7 

DIODE LASER SPECTROSCOPY OF BISMUTH HYDRIDE AND BISMUTH DEUTERIDE 

7.1 INTRODUCTION 

Several electronic transitions of the gas-phase bismuth hydride 

(BiH) and bismuth deuteride (BiD) diatomic molecules have been 

investigated since the early nineteen thirties. Heimer and 

Hulthen were the first to discover a band system of bismuth 

hydride at 4222 A (103). The BiH molecule was made in an electric 

discharge of hydrogen and bismuth. The bismuth metal was 

vaporized at 900°C in a side arm of the discharge tube and allowed 

to flow into the discharge region. The spectral bands consisted 

of single P and R branches only, therefore this transition was 

. d a 0+(1",+) _0+(1",+) asslgne as u u transition. The (0-0), (1,1) and 

(1,0) vibronic bands were rotationally analyzed to obtain 

spectroscopic constants for the upper and lower electronic states. 

This study was later extended by these authors to cover the (0,1), 

(1,1) and (1,2) vibronic bands of the same electronic transition 

(104). In addition, two other electronic transitions of BiH were 

discovered. The band at 16342 -1 cm was asssigned as a 

0+(12;+)_1(1 IT ) transiton, the upper electronic state being the same 

as that of the previous transition. (0,0), (l, 0), (0,1) and (1,2) 
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vibronic bands were rotationally analyzed to obtain rotational 

constants for the upper and lower electronic states including the 

A doubling constant qa for the leII) state. Furthermore, two 

faint sporadic bands at 20647 cm- 1 and 19342 cm- 1 belonging to a 

new 0+(1z:+) _0+(1z:+) transition (latter assigned as the DO+ -CO+ 

transition), not connected to any of the states mentioned above, 

were detected. Both bands have a common initial state and were 

assigned to the vibronic bands (0,0) and (0,1) respectively. A 

complete listing of the rotational line positions observed in all 

of the vibronic bands in the above mentioned electronic 

transitions is provided by Heimer (105). A rotational analysis of 

the 0+(1Z:+)_0+(1z:+) transition of the bismuth deuteride molecule, 

observed at 21276 
-1 cm (the corresponding transition for biH 

occurs at 21278 cm- 1 ) was also carried out by Heimer (106). The 

(0,0), (1,1), (2,2), (1,0) and (2,1) vibronic bands were analyzed 

in this study, to obtain several rotational constants for the BiD 

molecule. 

Hulthen and co-workers (107, 108) and Nauhaus (109) attempted a 

hyperfine analysis of the BiH and BiD molecules. The hyperfine 

structures of the low lying rotational lines (J = 1,2 3) of the 

O+(lZ:+)_l(l II ) transition were studied. 
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Another eletronic transition of BiH, centered at 32675 cm- l , 

assigned as the EO+(l~+)_XO+(l~+) transition was detected by Khan 

and Khan (110). The experiments were done in absorption using two 

types of sources. The first was a high-current positive column 

discharge tube, with a xenon arc acting as the light source. The 

other was a King- type furnace. Bismuth metal and hydrogen were 

placed inside the furnace and heated to ~800°C, with the pressure 

of hydrogen close to one atmosphere. The rotational analysis of 

the (0,0), (0, 1), (1,0) and (1, 1) vibronic bands provided the B 

and D rotational constants for the v=O and v=l vibrational levels 

of the EO+(l~+) upper electronic state. 

Lindgren et al. attempted to record the EO+(l~+)_XO+(l~+) and 

EO+e~+) -Al(lTI) transitons of BiH and BiD molecules in emission 

without success (Ill). However, the absorption spectrum of the 

EO+e~+) _XO+(l~+) transition for these molecules was succesfully 

recorded by these workers, using the high temperature reaction 

between bismuth and hydrogen (deuterium) to make the BiH (BiD) 

molecule. The results of this experiment and those of the 

previously reported experiments were utilized in model-fitting 

calculations to show that the XO+(l~+) and Al(lTI) states could be 

described as Hund's case (c) components of a 3~- state. Molecular 

rotational constants were determined for XO+(l~+), BO+(l~+) and 

EO+(l~+) states of the BiH and BiD molecules. 
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The BiH molecule has also been the subject of several 

theoretical calculations. Balasubramanian carried out relativistic 

configuration interaction calculations on 10 low-lying states of 

BiH, which arise from the a2~2 configuration (112, 113). 

Potential energy curves for these electronic states were also 

calculated in this study. Ramos et al. (114) have done an ab 

initio Dirac-Fock and nonrelativistic-limit wave function and 

dipole moment calculations to investigate the bonding of the BiH 

molecule. 

The electronic configuration of BiH (BiD) in the ground state 

. (6 ) 2 (6 ) 2 Th' . . h 1 ",+ 3 '" - d 1 A 1S pa p~. 1S gl ves r1se to tree terms L..., L... an Ll, 

of which the 32:- state is lowest in energy. For BiH (BiD) it is 

believed that this state follows Hund's coupling case (c) (72). 

Therefore, n, which is the projection of the total angular 

momentum (J) onto the internuclear axis, a good quantum number in 

case (c), should be used in labelling the electronic states of BiH 

(BiD) . The authors of the earlier work on BiH and BiD have not 

used the n notation in labelling the electronic states. Instead 

the Hund's case (a) 2S+1A notation has been employed. Therefore 

the 2S+1A notation is provided in parantheses along with the n 

notation, in this section of this chapter. In the remainder of 

this chapter however, the standard n notation will be used to 

describe the electronic states of BiH and BiD molecules. 
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From the electronic transitions of BiH (BiD) that were 

rotationally analyzed, several rotational constants were 

In an attempt to better 

characterize the ground state of BiH and BiD, the infrared 

spectra of these moleucles were recorded in absorption, using a 

diode laser spectrometer, the results of which are presented in 

this chapter. 
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7.2 EXPERIMENTAL DETAILS 

The gas-phase bismuth hydride (deuteride) rno1ecu1e was 

synthesized in a heat pipe oven, by the reaction between the 

bismuth metal vapor and hydrogen (deuterium). The heat pipe is a 

1 meter long stainless steel tube, 50 mm in diameter, the ends of 

which are equipped wi th barium fluoride windows. 

transmit radiation above ~1000 cm- 1
. 

The stainless steel tube was "conditioned" 

These windows 

to remove 

impurities prior to the experiment by several cycles of heating to 

~IOOO°C and then cooling down to room temperature while being 

evacuated by an Ed,yards mechanical pump. Once conditioned, 

approximately 200 g of 99.999+% pure bismuth metal (Aesar Chemical 

Company) was placed in the center part of the oven and heated to 

~IOOO°C to evaporate the metal. The pipe was pressurized with 

approximately 25 torr with hydrogen or deuterium. Only the 

central part of the oven was electrically heated. The ends of the 

oven were water cooled to prevent the bismuth vapor from 

condensing on the windows and to keep the metal hydride confined 

to the central part of the tube. Once pressurized with H2 (D
2

), 

the heat pipe was sealed off by closing the valve to the vacuum 

pump. It was necessary to add small amounts of Hz (D
2

) into the 

pipe from time to time, in order to maintain the pressure inside 
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the oven. The pipe was cooled to room temperature and evacuated 

several times each week. Once charged with bismuth, it was 

possible to re-heat the oven many times over a period of one 

month without recharging. The high temperature used in this 

experiment promotes the oxidation of the stainless steel, 

therefore the heat pipe had to be replaced several times during 

the course of the experiment. 

The experimental schematic used in recording the vibration

rotation spectra of BiH and BiD molecules is provided in Figure 

37. Three Pb-Sn-Te diode lasers (Laser Analytics) covering 

different spectral regions were required to record the 1-0 

fundamental and several hot bands with lw=l of BiH and BiD. A 

single longitudinal mode of the laser was first selected by 

passing the laser beam through a 0.33 meter monochromator. As 

seen in Figure 37, a fraction (",,25%) of the laser beam is then 

directed through an air-spaced germanium Fabry-Perot etalon, with 

a free spectral range of 0.029851 cm -1. The fringes from the 

etalon provide relative frequency calibration for the spectra. 

The major portion (",,75%) of the laser beam was directed into 

the heat pipe and multipassed 4 times through the cell to obtain 

an effective path length of ",,2 meters. The out-coming beam is 

passed through a 0.2 meter glass cell equipped with barium 



Figure 37. Experimental schematic used in recording the 

vibration-rotation spectra of BiH and BiD molecules. 
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fluoride windows. This cell is filled with a reference gas of 

which has a well known infrared specrum. The reference gas 

spectral line positions provide absolute calibration for the BiH 

and BiD line positions. NH
3

, H20, N20 (115), NO (116), H2CO (117) 

and OCS (118) were used as refernce gases in the current 

experiment. 

The output from the reference cell and the Fabry-Perot etalon 

were focussed onto two separate liquid nitrogen cooled Hg-Cd-Te 

detectors. The signals from the detectors were fed into two 

lock-in amplifiers. The diode laser beam was frequency 

modulated at zlO kHz and the absorption signal was lock-in 

detected at twice the modulation frequency. The spectra were 

recorded on a two pen chart recorder which received its input from 

the two lock-in amplifiers. The absolute accuracy of the line 

positions recorded is ±O.002 cm- 1 

Prior to this experiment, several attempts were made to record 

the electronic and vibration-rotation spectra of BiH and BiD 

molecules in emission. In one of these attempts, the direct 

emission from the heat pipe used in this experiment (using the 

same experimental parameters) was imaged onto the input aperture 

of a Fourier transform spectrometer. In another attempt, trace 

amounts of 1I2/D2 were added to a Bi hollow cathode sputtered with 
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argon and the emission was imaged onto a Fourier transform 

spectrometer. Neither of these experiments were successful in 

obtaining the electronic and/or the vibration-rotation spectrum of 

the BiH/BiD molecules. 
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7.3 THE ENERGY EXPRESSIONS USED IN FITTING THE VIBRATION-ROTATION 

SPECTRUM OF BiH AND BiD 

The ground state electronic configuraton of BiH and BiD 

molecules is (6pa)2 (6p1r)2, which gives rise to the three terms 

12:+, 32:- and 1 t,.. Of these the 32:- state is lowest in energy 

according to the Hund's rules. For the BiH and BiD molecules, the 

coupling of the angular momenta in the 32:- state follows Hund's 

case (c). A description of Hund's coupling case (c) was provided 

in Section 4.5 (a). 

For the 32:- state, the orbital angular momentum L = ° and the 

spin angular momentum S = 1. This total spin is obtained by 

coupling the individual spins (5 = 1/2) of the two unpaired 

electrons in the 6p1r orbitals. In Hund's case (c), 

L + S ° + 1 1 

therefore n = 0, ±1 

where n is the projection of J a (and J) on the internuclear axis. 

Hund's coupling case (c) as applied to the 32:- state of BiH (BiD) 

is shown in Figure 38. 



Figure 38. Hund's coupling case (c) as applied to the BiH and 

BiD molecules. 

As shown in this figure, the XO+ and Al electronic 

states are separated by 4936 

state resembles a state 

-1 em 

and 

(104). The XO+ 

the Al state 

resembles a In state. As a result, the authors of 

earlier work on BiH and BiD believed that they 

observed the A1 n_xl h+ transition. 
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7.3 (a) DUNHAM ENERGY EXPRESSION 

The vibration-rotation energy of the XO+ ground state is given 

by the well known expression (119) 

BeJ(J+1) - Qe(v + 1/2)J(J+1) + ~e(v + 1/2)2J(J+1) -

DeJ2(J+1)2 - f3 e (v+ 1/2)J2 (J+1)2 + HeJ3 (J+1)3 + ... 

Dunham (120) calculated the energy levels of a vibrating rotor, by 

a Wentzel-Kramers-Brillouin (WKB) method, for any potential which 

can be expanded as a series of powers of (r-re)/re in the 

neighborhood of the potential minimum. This treatment shows that 

the energy levels of a vibrating rotor can be written in the form 

where k,j are summation indices, v and J are, respectively 

vibrational and rotational quantum numbers and are 

coefficients which are related to the molecular constants. The 

effective potential function of a vibrating rotor may be written 

in the form 



where E (r - re)/re 

h/81r
2

JLr!c 
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The term involving BeJ(J+1) allows for the influence of the 

rotation on the effective potential. The expanded forms of the 

Dunham Ykj coefficients are provided in Appendix B. 

If Be/we is small, the Dunham Y coefficients can be related to 

the more commonly used molecular constants as follows. 

YI0 "" we Y
20 "" -w X e e Y

30 "" weYe 

Y
01 "" Be Y

11 "" -Q Y
21 e "" 'Ye 

Y
02 "" -D Y

12 -i3e e "" Y
40 "" weze 

v 
"" He ~o 3 

The Dunham energy expression can be modified to simultaneously 

fit the rotational line positions of several isotopomers, by 

employing the Dunham U constants. The Dunham U constants which 

are isotopically invariant, are related to the Dunham Y constants 

by the formula (121, 122), 
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where me electron mass 

Ma , Mb atomic masses of the isotopes a and b 

J-Lc (Ma + Mb)/(Ma + Mb - Cme) 

C charge of the molecule 

0 higher order terms 

The dimensionless constants 6~j (i = a, b) originally introduced 

by Ross et al. (123) are isotopically invariant and take care of 

the breakdown of the Born-Oppenheimer approximation. 
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7.3 (b) THE 3~- HAMILTONIAN 

The effective Hamiltonian for a 3~- state is given by Zare et 

a1. (124) and the explicit matrix elements are provided by Roux et 

a1. (125) and Brazier et a1. (126). As applied to the BiH and BiD 

molecules, the effective Hamiltonian is 

where Hrot BN2 

Hcd _DN4 

Hcdcd HN6 

Hss (2V3)(3S~ _ S2) 

Hund's case (a) basis functions are used in deriving the matrix 

elements. As described in Section 4.5 (a) these basis functions 

are of the form, 

Ir1AS~JO> 

The matrix e1emets obtained from operating on this basis function 

with the effective Hamiltonian operator are given in Table 14. 
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Table 14. Matrix elements for a 3~- state. 

B < 3 ~~ I H 13 ~~ > X + 2 A < 3 ~~ I H 13 ~~ > -4/3 

< 3 ~~ I H 13 ~~ > = x < 3 ~~ I H 13 ~~ > 2/3 

< 3~ -
- 1 IHI 3~ -> 

-1 x < 3 ~ -
- 1 IHI 3~ -> = 

-1 2/3 

< 3 ~~ I H 13 ~~ > _2(X)1/2 

D < 3 ~~ I H 13 ~~ > _(x2 + 8x + 4) 

< 3~~ IHI3~~ > _(x2 + 4x) 

< 3~ -
-1 IHI 3~ -> 

-1 
_x2 

< 3 ~~ I H 13 ~~ > 4(x + 1)x1/ 2 

H < 3 ~~ I H 13 ~~ > x3 + 18x2 + 28x + 8 

<3~~IHI3~~> x3 + 12x2 + 8x 

< 3~ -
-1 IHI 3~ -> 

- 1 x3 

< 3 ~~ I H 13 ~~ > _X1/ 2 (6x2 + 20x + 8) 

x = J(J+1) 



184 

7.4 RESULTS AND ANALYSIS OF DATA 

The BiH and BiD molecules are formed inside the heat pipe oven, 

most likely, by the endothermic reaction 

2 Bi (g) + Hz (g) ~ 2BiH (g) ilH +122 kJ mo1- 1 

According to the Le Chate1ier's principle, this reaction is 

favored by high temperatures and high pressures. The temperature 

of ",1000°C provided the optimum signa1-to-noise. Although high 

pressures favor the chemistry, the total pressure inside the oven 

was maintained below 25 torr, to reduce the effects of pressure 

broadening on the spectra of BiH and BiD molecules. The necessity 

to add Hz/Dz into the oven from time to time in order to maintain 

this pressure indicates that the gaseous products are being slowly 

removed from the system. It is speculated that this is due to the 

formation of a solid hydride, probably that of iron. Similar 

effects on the pressure were observed in an experiment carried out 

by Magg et al. (36), in the synthesis of gaseous BaH by the 

reaction between Ba metal and Hz at high temperatures. 

The spectra were recorded at Doppler-limitted resolution of 

",0.01 -1 cm In general the intensity of the 1-0 fundamental band 

lines indicated the absorption of ",10% of the infrared radiation 
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by the BiH/BiD molecules. The 2-1 band lines of BiH (BiD) were 

generally one third (one half) as intense as the fundamental band 

rotational lines. 

The ground state of BiH (BiD) is XO+ (1~+). The stretching 

vibration in this molecule has a+ symmetry. Therefore the 

vibration rotation spectrum of the BiH molecule resembles a 

1~+~1~+ electronic transition, consisting of single P and R 

branches. The rotational lines are separated by ~2B where B is 

the rotational constant. A band head was observed in the R branch 

of the 1-0 band of BiH (at ~J=27) and BiD (at ~J=38). Since the B 

rotational constants of BiH (5.13785 cm- 1
) and BiD (2.58881 cm- 1

) 

are relatively large and since a single longitudinal mode of the 

diode laser had contiuous coverage of less than 1 cm -1, only a 

single rotational line could be recorded in each scan. However, 

near the band head of the R branch of the 1-0 band of BiH, the R 

(25) and R (29) lines which are separated by 0.0288 - 1 cm were 

recorded in a single scan as seen in Figure 39. The calibration 

lines in this spectrum were obtained by using a reference cell 

filled with ~0.2 torr of H
2

CO. Water is an impurity in the H
2

CO 

sample. 

Figure 40 shows two rotational lines in the R branch of the 1-0 



Figure 39. A portion of the vibration-rotation spectrum of the 

1-0 band of BiH 

The R (25) and R (29) lines which are separated by 

0.0288 - 1 cm were recorded in a single scan. The R 

branch forms a band head at "'J=27. The 74 3 -75 2 

rotational transition of H
2

0 (at 1781.96231 cm- 1
) and 

the 16 -15 rotational transition of H
2

CO (at 
2,15 2,14 

1782.3609 cm- 1
) were used for absolute calibration. 
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Figure 40. A portion of the vibration-rotation spectrum of the 

2-1 band of BiH. 

The R (14) line of the 2-1 band and the R (4) line 

of the 1-0 band appear on the same scan. As seen 

here, the 2-1 band lines were in general, three times 

lower in intensity than the 1-0 band lines. 
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and 2-1 bands of the BiH molecule. As seen here, the intensity of 

the 2-1 band lines were a factor of three lower than the intensity 

of the 1-0 band lines. Several water vapor lines marked on the 

spectrum provided absolute calibration for this spectrum. A total 

of 15 rotational line positions were recorded in the 1-0 

fundamental and 2 -1, 3 - 2 hot bands of BiH. 

reported in Table 15. 

These lines are 

For the BiD moleucle, 19 rotational line positions were 

recorded in the 1-0 fundamental and 2-1 hot band. Figure 41 

provides one of the scans that contained two molecular rotational 

lines in the 1-0 and 2-1 bands. The 2-1 band lines were about 50% 

less intense than their 1-0 counter parts. 

seen in Figure 4l. NH3 was used as 

This can be clearly 

the reference gas in 

recording these lines. The rotational line positions recorded for 

BiD are listed in Table 16. Although several attempts were made 

to record additional rotational lines of BiH and BiD, they were 

not successful due to the incomplete spectral coverage of the 

diode lasers. 

The rotational line positions reported in Tables 15 and 16 

were fitted to the Dunham energy level expression (120), described 

in Section 7.3 (a). The Dunham vibration-rotation constants 

obtained from the fit and the comparable constants obtained by 
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Heimer (105, 106) are reported in Table 17. The bismuth-hydrogen 

(deuterium) equilibrium bond length was calculated to be 1.80867 A 

(1.80671 A) for the BiH (BiD) molecule, using the Be ~ Y
Ol 

rotational constant. 
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Table 15. The rotational line positions of the 1-0, 2-1 and 3-2 

bands of the BiH molecule (in cm- 1
) 

Assignment l/ Assignment l/ 

1-0 band 2-1 band 

R(4) 1681. 8474 2 R(14) 1682.1174 0 

R(7) 1705.6976 -3 P(21) 1311.4228 -0 

R(8) 1712.9962 2 

R(9) 1719.9487 -2 3-2 band 

R(l1) 1732.8397 -0 

R(12) 1738.7646 2 P(l7) 1309.9661 0 

R(16) 1758.8872 0 

R(l7) 1763.0077 2 

R(19) 1770.1154 -3 

R(25) 1782.1742 0 

R(29) 1782.1454 -0 

P(24) 1322.1550 o 



Figure 41. A portion of the vibration spectrum of the 1-0 and 

2-1 bands of BiD. 

The P(15) line of the 1-0 band and the P(10) line of 

the 2-1 band were recorded simultaneously in this 

spectrum. The aR(7, 7) transition of NH3 (at 

1086.30418 cm- 1
) provided absolute calibration of the 

spectrum. 
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Table 16. The rotational line positions of the 1-0 and 2-1 bands 

of the BiD molecule (in cm- 1
) 

Assignment 1-0 band Assignment 2-1 band 

v v 

P(14) 1092.4647 2 P(9) 1092.4599 3 

P(15) 1085.9693 -4 P(10) 1086.5340 -2 

P(16) 1079.3944 0 P(l2) 1074.4102 0 

P(17) 1072.7282 0 P(13) 1068.2083 -0 

P(18) 1065.9805 5 P(14) 1061.9132 -2 

P(20) 1052.2156 -1 R(13) 1199.9535 1 

P(21) 1045.2127 -1 R(22) 1225.3165 1 

R(10) 1222.4777 0 R(27) 1234.8633 -0 

R(l1) 1226.2593 1 

R(13) 1233.4622 -0 

R(16) 1243.3547 -2 
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An attempt was made to simultaneously fit the line positions of 

BiH and BiD molecules to obtain the Dunham U constants (121, 122). 

The relationship between the Dunham Y constants and the Dunham U 

constants were discussed in Section 7.3 (a). The fit obtained was 

unsatisfactory since the number of ~'s required was equal to the 

number of Y's. 

Finally the 1-0 band lines of BiH and BiD were fitted 

separately to the 3~- Hamiltonian, described in Section 7.3 (b). 

The rotational constants obtained from this fit are reported in 

Table 18. 
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Table 17. The Dunham vibration-rotation constants for the BiH 

and BiD molecules in the XO+ ground state (in cm- 1
) 

Constant 

Y
10 

1697.6278(61)d 

Yzo -30.6127(48) 

Y
30 

-0.19756(89) 

Y
01 

5.31785(19) 

Y
11 

-0.148564(25) 

Yoz x 103 -0.19203(37) 

Y
1Z x 105 0.2280(38) 

Y
03 

x 108 -0.425(28) 

re (A) 1.80867 

a this work 

b reference 105 

c reference 106 

1699.5 1205.3843(45) 1205.6 

-31. 9 -16.02059(89) -16.1 

5.141 2.588813(100) 2.592 

-0.159 -0.053060(22) -0.054 

-0.04564(30) 

0.0177(37) 

-0.107(30) 

1.811 1. 80671 1.802 

d the numbers in parantheses is one standard deviation errors 
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Table 18. The rotational constants obtained for the BiH and BiD 

molecules by fitting the line positions to a 3L;

Hamiltonian. 

Constant BiH BiD 

I/o 1636.0687(89)a 1173.448(25) 

>. 2468.0b 2468.0b 

Bo 5.0841(10) 2.56835(22) 

B1 4.93585(95) 2.51534(28) 

Do x 103 0.1961(10) 0.4718(76) 

D1 x 103 0.19423(79) 0.04684(55) 

Ho x 109 0.33(11) 0.22(98) 

a the numbers in parantheses is one standard deviation errors 

b fixed to this value in the upper and lower states (reference 

104) 
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7.5 DISCUSSION 

The known electronic transitions of the BiH and BiD molecules 

are surnmerized in Figure 42. Initially, the optical data by 

Heimer (105, 106) were fitted to a lL;_lL; energy expression to 

obtain rotational constants for the BiH and BiD molecules. These 

constants were then used in a predictor program to predict the 

vibration-rotation spectra of the 1-0 bands of BiH and BiD, in the 

xo+ ground electronic state. The 1-0 band lines were then 

recorded and the above predictions were used to obtain the initial 

rotational assignments. These observed line positions and the 

optical data were then fitted to the Dunham energy level 

expression (120) described in Section 7.3 (a). The improved 

vibration-rotation constants obtained from this fit were then used 

to predict the line positions of the 2-1 hot band, which was 

subsequently recorded and fitted. The rotational assignments 

reported in Tables 15 and 16 were obtained by this repeated 

procedure of prediction, recording and fitting. 

When the BiH and BiD rotational lines were simultaneously 

fitted to obtain the Dunham Ukj constants, a good fit was not 

obtained by using a reasonable number of l'Ikj terms. 

constants relate to the Ykj constants by the formula given in 

Section 7.3 (a), only if the rotational energy levels of the two 



Figure 42. The known electronic transitions of the BiH and BiD 

molecules. 
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isotopomers are not perturbed by other states. The failure to 

obtain isotopically invarient Dunham Ukj constants indicated that 

either a large number of fl's may be required for hydrides and 

deuterides or the XO+ state of BiH (BiD) is probably perturbed due 

to interactions with another electronic state, most likely, the A1 

state. Therefore, the 1-0 band lines of BiH and BiD were fitted 

separately to a 3L;- Hamiltonian, which takes into account the 

interactions between the 3L;- (0=0) and 3L;- (0=1) states. As 

described in Section 7.3 (b), the 3L;- (0=0) and 3L;- (0=1) states 

are separatd by 2A, where A is the spin-spin interaction 

parameter. This separation was determined to be 4936 cm- 1 (104), 

therefore in the fit A was fixed at 2468 cm- 1 . The rotational 

constants determined from the fit are given in Table 18. 

It is clear from the above fits, that although the 3L;- (0=0) 

and 3L;- (0=1) states are fairly well separated, there is 

considerable amount of interaction between these two states. In 

other words the coupling of the angular momenta in the 3 L;- term 

which arises from the (6so)2 (6p~)2 configuration, cannot be 

described entirely by Hund's coupling case (c). Therefore to 

obtain the isotopically invarient Dunham Ukj constants for the BiH 

and BiD molecules, a program that incorporates the interaction 

between the 3L;- (0=0) and 3L;- (0=1) states must be developed. 
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7.6 CONCLUSION 

The vibration-rotation spectrum of the gas-phase BiH and BiD 

molecules were recorded using a diode laser spectrometer. The 

direct reaction between the bismuth metal and hydrogen (deuterium) 

provided the BiH (BiD) molecules. The 1-0 fundamental band and 

several hot bands with L'.V=l were investigated. The rotational 

line positions obtained were fitted separately for the BiH and BiD 

molecules, first, to a Dunham energy expression and then, to a 3~-

Hamiltonian. Several rotational and vibrational constants were 

determined from these fits. The bismuth-hydrogen (deuterium) 

bondlength was calculated to be 1.80867 A (1.80671 A). 
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DIODE-USER SPECTROSCOP~' OF .UKAU HAlIDES: 
THE SOOIDI FLt:ORlOE :\IOLECCLE 
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Tht ",brl!IOn-rOUllon \pt'Ctrum of the sodium 11uondC' moln:ulf '*11 rrcorded lUlna_ dlC)dr 11\(1' A lOlL! or I ~1 rOLlllonaJ 
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mlcro ... "t mtlsurrmentl, cnlblcd us 10 dttcnnlr.C' lea Ylbnuoa-rot.luon con,UnLJ (or SaF .ncludln, w. = ~J' 659.( IS) cm 41 

.ndw.r.a) l76)6108) em-'. 

I. InlToduclioa 

The ~ILili halide molei:ule1;m protolH)ical models 
(or ionic bondlO! and occur commonly In n.mn..4.s 
II re1ull of this IOlere1t. the1C molei:uJe1 have been 
studied by m;ay dllTerent tei:haique1 rangina from 
mlCrow~ve lpectroscopy [ I ) to photoclei:tron 1pc1:
troscopy [2 I. However. there U'e few hlgh·resolu
tlon Infrared Ob~r-3tlon'. We repon here 00 the 
"bratlon-rolatlon Ipectrum of :-;aF obtained by 
diode laler Ipcteroscopy. 

H,gh-resolul,on Inlrlred Spc1:tr.l Jre ;, adable for 
the IlIhlum hallde1. LIF [JI. LICI [4.S). LIBr (6) 
~nd LII (7) u "'ell 31 KF [8 J. For :"IaF. low-reso
lution ga.! phHc obler-'allon, [9 I and matnx ISO
lation measurements are published [10-11 I. The 
infrared matm Iloiallon spectr.l of (:"-'aF) • .lImen 
and pol)'me(1 "'tre JIIO siudled [12.1 J I. 

The routlonal COnllJnts of NaF Jre known .. ith 
great preCISion from the millimeter mealurementl of 
Veazey and GOldy [14 I and from mlCro",a'e mea
surements [IS.161. The radiO frequency Jnd mICro
WIve "'orl (15.16) allO elt;bluhed Ihe dipole 
moment of NaF (81 S6 D for ~= 0) and prOVided 
value1 for addllional conlt~nu luch u the elei:tnc 

, CU"~"I .IIddrnJ,; l...abonlouT de ~P«1ro\COPlt dn \tolc'tuln 
O,JIOmlqun. L'n'\tnllt dt1 XJtncn (I T('(hnlquM de ldlc. 
aillmenl P1. QQ65) VdlrntUH d" ~Kq (C'drl. fr.anrr 

I -\/(u'd P Slo,," hila_ (.Imilit .lind Htnl) Orr,fus TtJChC'f

').;hol .. 

qlUdrupole hyperline coupling parameters. 
The propenle1 oflhe NaF molecule have been cal

culated by ab milio (17-19) and ~mH:mplOcal 
qlWltum chemical melhods (20). The emplOcal 
Rittner model (21) and variations on thi1 Iheme 
[22-27 I proVlde1 surprisingly accun.te repfC'KnLll
tion, of the ground lute polentlal energy curve. 

The uitr.lvlOlet ablOrptlon and emiSSion Spc1:Ir.t of 
allah halide1 are called the "nuctuatlon band," 
[~8.291. They are largely of ~ bound-free nature. 
Iherefore little Spc1:lroscoplC Informallon can be ex
tr.lcted. PholofrJ&mentatlon spectroscopy (~. for 
cum pie, ref. [JO)) dOC1 proVide some IRfOrmalloo 
00 the eXCited Ilate polentl.1 energy curve1 ;nd Ihe: 
diuoclatlon energy. 

The Itudy of alkali halide1 in hydrogen-()"geo
nitrogen ilame1 gi'C1 eSllmatC1 of the dlSlOClatlon 
energie1 (121 kcal/mol for !'IaF) [JII. A chemi
lumlOescent flame resuitIR8 from the combu\tlon of 
alkali metal fuels with halogen o~ldl~n can allO 
proVide eltlmaleS for the dlSlOClatlon entrgy (32 I. 
The ploneenng ""ark of M. Polanyi [JJ 1 on metaJ
halogen !lamC1 contlnuC1 to proVide insplrallon 
(34.351. 

NaF 'apor "'JS generated In a Italnless sleci heat 
pipe o'en. Thll "'31 aim long. 50 mm diameter tube 

o 009·~61 ~I SgiS OJ jO !; EI~Vler Smnce Publ'lhe(1 8. Y. 
( Nonh·HoliJnd Ph'llCs Publishing Ol\lsion ) 
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equipped with BaF1 windows and electrically heated 
over the center 0,6 m section, The ends of thc tube 
were water cooled to confine the alkali halide vapor 
to the central pan of the tube, Approximately 50 II 
of NaF (Aldrich) was placed nn a stainless wire mesh 
inside the tube and the cell was pressurized with 
about 2 Torr of argon, which acts as a buffer gas to 
maintain the NaF vapor in the central pan of the ceU. 
The ceU was heated to about lOOO'C to obtain a rea
sonable concentration ('" 100 mTorr) of the NaF 
vapor resultinll in up to I'" absorpllon. The sample 
could be heated many timC3 over a period of two 
weeks without recharging the cell with NaF, 

A Pb-Sn-Te diodc laser (Laser AnalyllCS) was 
used to record scveral ~U= 2 VIbration-rotation 
bands of the NaF molecule. The laser beam was 
passed eight times through the cell proVIding an ef
fecllve path length of about 4 m through the NaF \'a
por, A 0,3] m monochromator was used to select a 
sinBle longitudinal mode of the laser, The laser beam 
was then imaged on to a liquid·N:-<ooled Hg-Cd
Te detector. The laser diode was frequency modu
lated at appro)timately 4 kHz and the NaF absorp
tion linC3 were detected usinll a lock·in amplifier at 
twice the modulation frequency, Absolute frequency 
calibration of the linC3 was provided by plactng a 0.2 

m ceU containing 0.5 Torr of NH, in the beam path 
and comparing wllh the published spectrum of '4NH, 
and uNH, (in natural abundance) (36J. A small 
ponion of the beam was passed through an air·spaced 
germanium Fabry-Perot etalon with a free spectral 
range of 0,029851 cm-' to provide relative fre
quency calibration. 

The absorption signal (NaF and NH,) and the 
ewon signal were recorded simultaneously on a two
pen chan recorder. The position of the unblended 
rotational lines could be determined with an accu
racy of about :!: 0,002 cm -', 

3. ResuJl5 and discussion 

A total of 127 rotallonallincs in the first ovenone, 
2-0, and the hot bands J-l, 4-2, 5-3, 6-4, 7-5, 
8-6 of the Na-F stretch were recorded in this ex
(Y.'riment. The absorption of the fundamental band 
1-0, and the hot bands with AU= 1 are stronger than 
that of the ovenone bands with AII=2 but we had no 
diodC3 in this spectral reBlon. InitialUy the milli
meter wave data reponed by Veazey and Gordy [ 14 J 
and the infrared data reported by Ritchie and uW 
(9J were used to predict the rotallonalline positions 

F,J. I rhe 4-1 b.nd of X 'I: • 1I.le of N.f :-;,,'e ,h.1 nelf 'he b.nd held Ihe low J rOl.lIan.u IIn« Ra,ns,nla 'he b.nd he.d and Ihe 
h'lh J line, comma Qui of the b~nd held lee .tcCldenlllly O\lc:rllppt11. The rtlall'fc IntcnSIlIe1 of the linn ,He dUloned by the \o.;an~lIon of 
the diode IHt't po,"",C'r. 

2 
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Table I 
ROLlllonal hne po"uon. o(lhe du.2lnonllllon. o(NaF (in em-I) 

R(J) Z"{) band 3-1 band 4-2 band 6--4 band 8-6 band 

10'6. , 10'.1, , 10'4, , 10'4, v 10'4. 

6 1041.807 -I 

30 1068062 -I 
31 1068.344 -I 1013.428 2 
32 10$4.551 -I 1013.682 3 
)) 10,..790 -4 1013.916 2 
)4 IOSS021 3 1014.133 2 
1$ IOSS.227 4 1041.377 -I 1014.31$ $ 

36 105HI5 6 1041.$57 -6 1014.518 7 988289 1 
37 1069.649 4 IOSS.583 6 1041.728 -I 1014681 988.440 -8 
31 1069.798 2 IOH.730 3 1041.815 -2 1014.817 -2 98U83 -8 
39 1069929 I lOSS 854 -) 1042.010 4 1014945 -I 988.719 3 
40 1070.038 -3 IOSS.965 -4 1042.1::0 3 101S.052 -3 988826 2 
41 1070.130 -6 1056.061 -2 1042.206 -3 1015.146 0 988.916 3 
42 107020$ -6 1056.137 ··1 I04U81 -2 1015.219 0 988.992 7 
H 1070264 -4 1056.193 ··1 1042.336 -) 1015.269 -4 989041 2 
44 1070.302 -4 10$6.230 -I 1042.371 _4 I o IS. 309 -I 989.078 2 
4$ 1070.321 -4 10$6.249 0 1042.389 -5 1015.326 -2 989.086 -9 
46 1070.321 -3 1056.249 I 1042.389 -4 1015.326 -2 989086 -9 
47 1070.302 -3 1056.230 I 1042.371 -3 1015.309 -I 989079 0 
411 1070265 -2 1056.193 I 1042.3)6 -I 101S.269 -4 989.044 -0 
49 1070.205 -5 1056.137 2 1042.281 0 101S.219 0 988.996 4 
SO 1070.130 -4 10$6.061 2 1042.206 0 101l.146 0 988.921 -0 
$I 1070038 -I 1055965 0 1042.120 7 101S.OS2 -3 988.832 -I 
52 1069924 -0 lOSS 854 2 1042.006 6 1014.945 -I 988.72S -2 
H 1069.791 -0 10H.722 2 1041868 -2 1014.817 -I 98U92 -II 
54 1069640 10$5.574 S 1041.722 2 1014.681 9 988 449 -I) 

" 10$H05 6 I04U49 -) 1014.511 10 988.249 -I 
56 105s.!14 4 1041367 2 1014331 6 
S7 1055004 I 1014.126 
5. 105477) -3 1013.909 
59 105030 -I 1013.671 
60 1068.319 -5 10lHIS 
61 1068 OJ] -5 

P(9) 1041681 -I 

of the 2-D band. The 2-D band was then recCtrded The improved molecular constants obtained from 
and the above prediction was u5ed in making tbe ro- Ihis lit were then used to predict the rotational line 
tational assignments. We found that near the band positions of the 3-1 band. which was recorded and 
head. the low J rotational lines gOing Into the band subsequently litted. By this repeated process of pre-
head and the higher J lines coming out of the band diction. recording and litting, we were able to make 
head were aCCidentally overlapped. This blending w.u the rotational assignments of the measured lines re-
observed in all of the bands thai were recorded (Ii" parted in table I. The rotalionaJ line pasllions of Ihe 
I ). The rotational line pasllions oflhe 2-D band and 5-3 band could nOI be measured since it was 01>-
the mlllimeler wave data ( 14) were then litted to the $Cured by the presence of whit we believe to be • 
Dunham energy level expression (37) combination band of the sodium fluoride dimer 

EoJ= t Y,,(v+O'(J(J+l)p. 
( 12.13.38). The 7-5 band ofNaF is in a rcgJon where 

there are no NH I calIbration lines thus these rota-

l 
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T,ble 2 
Dunh.m v,bralian-mullaD canstmfJ for Ihe !'I.F molecule '0 

Ihe X 't- ".Ie (,nem-') 

Y,. 
Y", 
10'YIO 

10'Y .. 

l35.6l94(1l)" 
- ). 17616( 68) 

! 875(11) 
-8.H(64) 

ro. 
IO'Y" 
IO'Y" 
IO'Y" 
100Yo• 
10'Y,. 

0.4169OI08( 12) 
-4.ll801121) 

2.loo6( 98) 
1. 7(,,) 

- 1.16H9{ 47) 
l4911l0) 

., One SI.Jndud dCYLltlon error In parenlh~SC1.. 

tionallines were not measured. For the tinal tit all 
of the lines reported in table I were tilled together 
with the three microwave transitions (I S 1 lnd the 
ten mtllimeter wave transitions to obtain the vlbra
tion-rotalton constant! of the NaF molecule: re
ported in lable 2. 

These VIbration-rotation constants were then used 
as input for an RKR program to obtain the potcnltal 
curve for the X, t· ground state of the NaF mole
cule. The classical turning points thus obtained are 
given In table 3. The eqUIlibrium bond length war 
calculated to be 1.92594 A. The turning point! re
ported in table 3 were used to plot the potenltal en
ergy curve for the N aF molecule (tis. 2). This 
potential energy curve is quite hannonic WIth the 
outer curve extendinll to larger r very slowly wllh the 
increasing Vibrational quantum number. This is to 
be expected as the molecule has a dissociation energy 
Dg =",0 300 em -, (191 and the levels probed range 
only up to .$JOO cm -'. about 10% of (he well depth. 

The hot bands 3-1.4-2 and S-J are stronger (han 
the 2-0 band despite (he fact (hat the populalton falls 
by about a factor of two for each successive vlbra-

T.ble J 
RKR lu,n,n, po,nts of Ihe polenl,ll ene,IY cu",. of Ihe)('1:

,,"e of !'I.F 

v E. (em") R •.• (."" R_ .. (\, 

a ~6 7." 12 I 81284 ~ 00890 
19168H ( 80490 ~ 0)6 6! 

(Jl7 ~6H 1.774 J6 211112 
1811.9668 I.7l09J 2.17062 

4 1JJ98991 1.71161 1.1101J 
! 1541 (6l0 I.7t lO6 2 ~1699 
6 11118670 1.700 l2 1 =S( 91 
7 ) 814. (0" ( 61H2 11lllJ 

• 4 )01.9788 ( 61l7l ~.H7~8 

4 

Fill. 2. The polealw enefIY curve for Ihe X '1: - cround st.le 01 
!'Iar. The equ,hbnum conSUnfJ reponed in l.1ble 2 were u>a1IC 
caJcuale Ibe RK.R polealw cutVe. 

tionallevel This indicates that (he vibrationaltra.o
sition dipole strength increases rapidly wllh vibra
tion quantum number. For bands wllh v· greater than 
J. the abSO£llltOn decreases as the effect of decreas
inll population overcomes the increase in transition 
strength. 

The diode laser system was purchased with a grant 
from (he Depanmcnl of Defence Unlverslly Instru
mentation Program. 
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USER SPECTROSCOPY Of CAlCIlJM AND STRONTIU:\I ;\IONOCYANATES 

loC. ElllNGBOE, A,~f.R.P. BOPEGEDERA. C.R. BRAZIER and P.F. BERNATH 
D,partml.t 01 ChtmlStry, L'ml'tTllfY ol'~'l:o.a. Tue,olf, A Z 8'711, LSA 

RocC1\cd IZ Sovember 198' 

The C. Jnd Sr monocy.nare .petl'" "'ere ob..,,,cd by la5CI"lnduccd nuorescence. The lpetlt. are Inrerprered ... nllng front 
,) moltculc wllh .l IIne.n. lome M .. - - OC~ HrucCute. 

I, Introduction 

We have recently discovered that Ca, Sr and Ba va· 
pors react wrth a wide variety of organic compounds 
(1/ including alcohols, aldehydes and ketones i2/. 
thioethers PI. and carboxylic acids (4/. The products 
an: a variety of gas·phase, free radical org.111ometJ.ilics 
containing one alkaline euth atom and a single ligand. 
The organometallics have visible electronic spect~ 
and are detected by laser·induced fluorescence. In tM 
paper we report the observation of calcium and stron· 
tium monocyanate. from the reaction of the metal 
atoms wrth hydrogen isocyanate vapor. 

There has been no prevrous work on gas·pha~ mono· 
cyanates except the mass spectrometric detection of 
BOCN (5/ and MOCN (6/ by Gingench. However, the 
most ilkely rsomers for these molecules are O=B~N 
and O=AI-OI (6/ rather than the (iso)cyanate or 
(iso)fulmrnate structures I~IOCN, cyanate; ~IC:-.IO, 
fulminate; ~IONC. isofulminatel· 

The calcium and strontium mono cyanate mole· 
cules have a Imear. probably ol\ygen·bonded struc· 
ture, .\IOC:-l. These cyanate observatlons are rn .:on· 
trast to work on the alkaline earth monocyanrdes. 
Calcium and strC'ntium monocyanrdes are predicted 
to have linear lsoc:/anide MNC structures 171. We 
haye made calcium monocyanide by reaction of 
C~lPI) wrth CHJCN PI. The laser·rnduced !luores
cence spectrum of CaCN consuted of a relJ.~ed, fea· 
tureless blob near 6300 t\ wrth no hint of vibratlonal 
structure or of resonant Iluorescence. This sul/.&ests 
that CaCN may have very little bmrer to the motion 

a 009.~614i86/S 03.50 © Elsevier Science Publishers B.V. 
(:-Jorth.Holbnd Physrcs Publishing Divilion) 

of Ca+ around CN- although the equLlibrium struc. 
ture may be T·shaped like :-JaCN [81 Jnd KC:-J (91 or 
linear Itke LiNC (10/. Our CaCN observations agree 
with the work of Pasternack and DJgdigian (II/who 
made calcium, strontium and barium cyanrdes by the 
beam-gas reactions of metal vapor wrth BrCN. ~ore 
recently, Furia and Dagdigian (12/ observed chemi
luminescence attributable to CaCN (and Cillr) from 
the Ca( 10) plus BrCN reaction. 

2. E"pcrimental meth<Xb 

MOCN (~ = Ca, Sr) molecules were produced in .. 
Broida oven (13/ by the reaction of the Jikaline 
euth vapor wrth isocyanic aCid, HNCO, The alkaline 
earth metal was resistively heated in an Jlumina cruci
ble and entrained in At carner gas; pressures were ap
proximately I.S Torr argon and a few mTorr actd. 
The preparation of isocyanic acrd has been deSCribed 
previously (141. Briefly, concentrated aqueous KNCO 
was added slowly to chrlled (DoC) .:oncentrJted pho," 
phoric acid under vacuum. The reactron producU 
were trapped at liquid nitrogen temperatures, and dis
tLiled once at _30°C. ONCO was sunLiuly prepared 
by the reaction of OJPO. (prepared from PzO, ~ 0zO) 
with a deuterated aqueous solution of 101(0. The 
DNCO was used to demonstrate that the product mol
ecule contained no hydrogen: the HNCO and DNCO 
oxidants gave identical spectrl. 

A broadband (I cm -I) dye laser was used to excite 
the JP I _ tso tranlltion of the alk.:LIine earth metal 
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atoms. This resulted in the production of a large con
centration of ~OCN. Without the excitation of the 
atomic line essemi.ally no product was formed. A sec· 
ond broadb~nd dye l;uer was tuned to the A 2n-x 2t+ 
~OCS transition. The resulting fluorescence was db
persed through a 0.64 m monochromator. and de. 
tected with a cooled photomultiplier tube (RCA 
C3 1034) with photon counting electronics. 

3. Results aad di.samioa 

The alkaline earth monocyanate spectra closely reo 
semble the alkaline earth hydroxide (15-20/ and al· 

T,bl4 1 
Tho band 0ri8inJ of Ca ,n<! Sr cyanate in en-I. The 'lDCU' 

t.tintiu an: 'pptOWrule!y ,j crn- I for tlte A-X tumlllOlUI 

o( uocs .tJId dO ,m -I for tit. otlter tnnllCoIUI 

uOCN 
5<OCN 

16230 
14944 

162911 
15249 

17180 
16016 

koxide spectra (2 J. The observed band origins for the 
calcium and strontium cyanate, MOCN, ii 2t+ -X 2t+ 
and A 2n-x 2t+ transitions are reported in table l. 
These data were obtained from monochromator scana 
of the laser·induced fluorescence, for example figs. I 
and 2. The emission from these molecules was partly 
resonant and partly relaxed_ This is particularly clear 
in the spectrum of SrOCN (fig_ 2) since the sequenc:o 
band structure is more open for SrOCN than CaOCN. 
fn iiI!. 2 the laser is excitinl! a sequence band of SrOCN 
and produces some resonance fluorescence but most 
of the emission comes from vibrationally relaxed 
levels. Although only the A 2rr 3/2 spin component is 
excited there is rela.ution to the other spin compo· 
nent (A 2rr liZ> as weU as to the ii 21;+ state at our 
pre!.SUre 01::::'1.5 Torr. The 0-0 band appears to lie 00 

the red side of the A-X features displayed in fig!. 1 
and 2 on the blue side of the ii-x feature (like the 
corresponding CaOH and SrOH tran~tions J I S -19 J). 
The calcium and strontium cyanate A 2n-x 21;+ 
spectra exhibit spin-orbit splittings of 68 J: 7 cm-1 
and 30S J: 40 cm -I, respectively, for the A state 
(table 1). These spin-orbit coupling constants a!'C 
identical (within experimenUi error) wllh the carre-

I 1 

ri!. t. L,scr-induco:d fluore~n"" from Ihe A-~ InnlilioD ofC,OCN. The spliulns between the two ~'" (ealwe, Lt due to tltll 
spin-orbit couplins lD tit. A In sute. Ille ,"erull muitJ ,,"neltd !WIt (rom the dye Laser e>Clt1l1I tlte A In lUte from UI e'Clled 
vlbl1l10rW level 1II lhe ground 'Ule (i.e. Ihe ~r Lt not resonant WIth the O~ b.tJId). TIle lo",er lUce IuJ tlte ",nuIIVlty reduced 
by 10 1II order to put lhe 0-0 b.tJId on scaJo_ 

286 
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S,·OCH 

L 
&3'00 0400 1700 .0'00 I 

Fi&, 2, Loser·induced nuor~",ence from the A-X uanSllion of SIOCN, The SPUlung belween the Iwo wong fe~twe, iJ due to the 
lPin-<lrbn spulllng In Ihe A 2[1 !Ule. The aslen<lc. mark Ihe SC1l1ered l4\h1 from the two dye l.ol<lI exclltn,II the alomlC lp 1- I So 
tranlJuon (6892 A) and the A1 lnl1-X 11:> Ir.nuuon. Note that theeml\.llon 1.1 partly relOlWlt and partly rewed, 

sponding values for the linear CaOH (67 cm- I (18» 
and SrOH (264 cm -I (19» molecules as well as the 
corresponding Ca and Sr a1koxide values (2). This 
constitutes strong evidence for a linear oxygen· 
bonded structure, If MOCN were bent then the sym· 
metry would be lowered from C_ v to C, and no spm
orbit interaction could eXIst for the A state. Instead 
the A 2n state would correlate wrth two electronic 
states of A' and A" symmetry POI. The bent CaSH 
and SrSH molecules (J I have C, symmetry and com· 
pletely dIfferent (more complicJted) spectra than the 
rorrespondlI1g linear CaOH and SrOH molecules, 

The size of the spln-orbrt couph.t;)g constant of the 
A sute suggests M -0 bondIng rather than M-N 
bondmg for the cyanate group, The electroruc struc· 
ture of the alkaline earth monohalides and mono· 
alkoxldes is well descnbed by an IonIC M" -X - struc· 
ture, The remalnmg valence electron on the Ca+, Sr+ 
and Ba+ is perturbed by the X- ligand. Ilence, the 
spm-orbil coupling constant of the A state IS deter· 
mmed by properties of M+ but modulated by the 
nearesl neighbor, X-, atom or group, for example, 
Ca+ perturbed by -OR (R = alkyl) has A = 70 em-I 
12) wluJeA = 72.5,70.5,64.3 and 45.7 em-I for 
CaF (21),CaCI122J,CaBr (23) and Cal (24),re. 
spectlvely. The observed spin-orbit couphng constants 
are conSlSlent wrth the expected M+ - -OR (M = Sr, Ca; 

R = 01) values rather than the probably different 
M+ - -NR (M = Sr, Ca; R = CO) values. 

The known affutity of the alkali and alkaline earth 
melals for oxygen also favors the M-O bonding struc· 
ture, 11ili is in conlrast to the transition metal isocy. 
anate complexes which are almost always N·bonded 
(25 I, However, the early tranmion elements such as 
Ti, Zr and Hf, which also have a strong affinity for 
oxygen, can form O·bonded cyanate complexes (26). 
Many mam group elements such as Si, Ge, Sn and Ga 
have N·bonded structures (Si(~CQ)4' Ge{NCO)4' 
(CH J )JSnNCQ, (CH3 )3GaNCO (27,28/). The NCO
ligand also probably bonds through the N atom to sur· 
face Si atoms of Silica (29), 

The laser-rnduced fluorescence spectra of Ca+ - -OCN 
electronIC transmons conuin VlbrationaJ information. 
Since the electronic transitions involve a non-bonding, 
unpaIred, metal-centered electron all of the electronic 
SUles have simuar geometries and vibrational frequen. 
cies. The f ranck -Condon factors for non -dIagonal 
translllons are small and only the VIbrational modes 
assOCIated with the metal center (such as the M-O 
stretch) are expected to occur strongly. 

The MOCN molecules have frve Vlbrational modes 
"I (C-N stretch), "2 (C-O stretch), "3 (M-O streIch), 
". (O-C-N bend) and "5 (M-O-C bend). The "I, "1 
and "J modes have r symmetry whue ". and "s have 

287 
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Tabla 2 
Vibrational (requencies o( Ca and 51 mono.cYllUte, in em -I. 

The uncerU1/lties are t5 em -I (or CJOCS and dO em 'I (or 
StOCN 

:lfodo Xlt> - I AI n l .1 Al1nl IJ 

CaOCN 
liS 390 39S 393 

z"s 778 779 774 

"I 2200 

StOCN a) 
liS 297 3m 

.) "l' 314 em'l fo, ii It- lI>le. 

11 symmetry, VI and v! arc oft~n described as pseudo
asymmetric stretch and pse'Jdosymmetnc stretch, reo 
spectively, because of the simLi.uities betlOoeen the iso· 
electronic NCO- and CO2 moleculeL 

The observed ~tOC!'l vlbrallonal frequencies are 
listed in table 2. The M -D stretch (vl) occurs most 
strongly in the spectrum. For example both Spill com· 
ponents of the 00000-00100 A 2n-x 21:+ transition 
of CaOCN occw neu 6300 ,\ in rig. 1. ~v3 and Vt 
(C -N stretch) modes were found for CJOC!'l but not 
for SrOCN. The very .:ompact CaOC~ sequence struc· 
ture aUowed very weak modes such as VI to be located 
by enhancing the effective slgnal·to·nOlse ,allO for 
CaOCN. 

In addition to the stretching modes III table 1, 
there are very weak features Il1 the CJOC:-I speClr1 
which suggest that V.lOCN bend). "'64D cm -I (650 
.:m -I in the A state) Jnd Vs lCa-D-C_ be~d) "'50 
cm -I may occur. The observallon of A-X 
OOOOO-DOOIO and OOOOO-OOooltrlnslllons ar~ for. 
maUy forbidden because v4 lnd Vs have 11 symmetry 
(~O/ (transllions involVing the Jilowed modes 21'4 

and 2vs have very small F,anck-Cllndon factors). 
However, spin-<Jtbit vibronlc coupling caused by .. 
breakdown of the Born-Oppenheimer lpproxunation 
can allow these modes to occur (19/. For SrOH (19) 
and BaOH [JOI (but not CaOH) we have observed 
the analogous forbidden OOO-DIO Vlbronlc Irang· 
tions. The liS aS1JgnmentlS not very secure. For in· 
stance. It is pOSSIble thaI 211S flther than liS ll':CUrs in 
the spectrum which would unply a Vs of 25 .:m -I. 
These very low frequency bends arc unusual but the 

~98 

ionic structure provides a very flat bending potential. 
The corresponding Ca-O-R bend is 90 cm- I for the 
alJcoxides (21 and 20 cm- I for the quasisymmetric 
lop SiHlNCO (3 I I. 

The expected OC!'l- vibrational frequencies are 
631 cm- I for the bend, 2182 cm -I for the pseudo. 
asymmetric stretch and 1211 em-I for the pseudo
symmetric stretch, based on solid state spectra of 
KOCN in a KCI matrix [J21. The 12 II cm -I modo 
was not found but modes at 2100 cm -I and a very 
weak overlapped mode "'640 cm- I (II;;) were found. 
The M-D stretch. 390 cm- I for CaOCN and 297 
cm- I for srOC!'l. Jre just the frequencies expected 
by comparison with the Ca and Sr monoaikoxldes. 
For the alkoxldes the \1-0 stretch was found to cor. 
relate linearly with 1.1- 1/2 , where /.I is a pseudodj. 
Jtomic reduced mass computed by ls-sumlI1g that all 
of the ligand mass i.s ~oncentrated at a single point. 
This sort of an empirical correlation suggests that all 
of the M-D force constants.ue simLiar. The M-O 
frequency for ~IOCN agrees with the observed trend 
in the corresponding ~IOH, ~IOCH3' ~IOC zHS' 
\1OClH7 and ~IOC4H9 molecules lM = Ca, Sr). Thull, 
the value of the M -D stretching frequency is aIJo sug. 
gestive of M-O rather than M-N bonding. 

4. Summary 

Ca and Sr vapors react with HNCO to form the lin· 
e.u and probably O·bonded CaOCN and SrOCN mol
ecules. Th~ laser·induced Iluorescence spectra closely 
resemble the corresponding vlbroruc spectra of the a1 • 
klline e.uth monoalkoxides. The CaOCN and SrOCN 
free radicals arc the first gas phase. metal monocy· 
lnates to be detected. 
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APPENDIX B 

VOl - B./8(3a, - 7aV4) 
V18 ,.. ",'(1 + (B:/4",:)(2Sa. - 95ala,/2 - 67a:/4 

+ 459a~a';8 - 1155at/64)J 
V •• .. (B./2)[3(al - Sal/I) + (B:/2",:)(24.5a. - 1365ala./2 

- 885a,a./2 - 1085a:/4 + 8535a~a./8 + 1 i07il!l8 
+ 7335a ,a,a,/4 - 23,865a:a,/16 - 62,OI3a:al/32 
+ 239,985alat/128 - 209,055a~/512)/ 

V,. =- (B:/2",.)(10a, - 35ala, - 17aV2 + 225a:at/4 
- i05aU32) 

V •• "" (5B!/w!'!1a,/2 - 63ata./4 - 33a,a./4 - 63a:;S 
+ 543a:.J./16 + 7SaV16 + 483ata,a,/8 - 1953a:a,/32 
- 4989alal/64 + 23,265ata,/256 - 23,15IaU1024) 

VOl =- B.t 1 + (8!/2w:)[15 + l-tal - 9a. + 150. - 23ala. 
+ 21(a: + al)/21/ 

VII ... (B:/",.)/6(1 + al) + (8:/",!)[175 + 28Sa, - 33Sa./2 
+ l!.lOa. - 225a./2 + liSa. + 2'l95a~/S - 459ala. 
+ 142Sa ,a,/4 - i9Sa ,a./2 + lOO5aVS - ilSaza./2 
+ 115SaU4 - 963!Jala,/16 + 51-15aia,/S 
+ 4677a,a:/8 - 14,259a:a,/16 
+ 31,18S(a: + a~)/1281/ 

V .. '"" (6B:/",!)[5 + lOal - 3a. + Sa, - 13a,a. 
+ IS(al + aV/'l1 

VII ,. (2OB:/w:)[7 + 21al - 11a,/2 + 14a. - 9a./2 + 1a. 
+ 'l'lSaUS - 4Sa ta. + IOSa ,a./4 - 5Ia,a./2 + Slaf/S 
- 4Satal/2 + 14 lar/4 - !HSala,/16 + 435ala,/S 
+ 41 latav'S - 1509a:aJI6 + 3801(a: + an/12SJ 

VOl"'" -(-18:/w:>ll + (8:/2,.;)[163 + Ig9al - ll!Ja, + !JOa, 
- 4Sa, - 201ata, + 2tJ3ata,/2 - 333ala,/2 + 693a:/& 
+ 400: + 126(ar + aU2)1I 

VII "" -(12B!/w!)(!.} + gal + 9aU2 - -ta,) 
Vu " -(2IB:/",:)[65 + 125al - 61a, + 30a. - ISa. 

+ {9Sa:/4 - 111a,a, + 200: + 95a,a./~ - 207ala,/2 
+ 9O(a~ + at/2)J . 

VII - 16B!(3 + al)/"'! 
Via ~ (l2B:/",~)('l33 + 279a, + 189al + 63a~ - 8&la. 

- 120a, + BOa,/3) 
Y .. _ -(6-tB!/w:)(13 + 9al - al + 9aU4) 
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