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ABSTRACT 

Millimeter-wave spectroscopy has been used in this thesis to accomplish two 

main goals: 1) to study bonding, structural, and electronic properties of small, metal-

bearing molecules in their ground electronic states, in particular how individual metal 

atoms bond to small ligands, and 2) to provide rest frequencies for radio astronomical 

searches of metal containing species in the interstellar medium. The types of molecules 
I 

studied in this thesis can be broadly classified into three groups; 1) alkali and alkaline-

earth amides (MNHj), 2) diatomic molecules in high electron spin or high orbital angular 

momentum electronic ground states (MX), and 3) transition metal cyanides (MCN). In 

this first category, the pure rotational spectra of LiNHa (X'AI), LiNDj (X^Ai), NaNDa 

(X'AI), MgNHa (X^Ai), and MgNDa (X^Ai), were recorded and analyzed. For each, the 

first experimental monomer ro structures were determined. These species were found to 

be planar and not invert, in contrast to ammonia. In addition, for the alkaline-earth 

amides, the M-N bond appears to become less ionic from Sr to Ca to Mg. The second 

class of molecules investigated, high-spin diatomics, includes: NaC(X^E'), CrN(X^I'), 

CrO(X-nr), MiiF(X'Z^), FeN(X^Ai), FeC(X^Ai), and TiF(X^%). These species represent 

examples of electronic states that have never or seldom been observed by high-resolution 

millimeter-wave spectroscopy, due to their high values of electron spin and orbital 

angular momenta. The analysis of their spectra has been used to test the adequacy of the 

effective Hamiltonians developed to model their rotational spectra; in particular the use 

of theoretically predicted higher order parameters. The final group studied includes the 
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transition metal cyanides CoCN (X^#i) and NiCN (X^Aj). Unlike their alkali, alkaline-

earth, and group 13 counterparts, these species were determined to be linear cyanides 

with the metal atom bonded to carbon, similar to both CuCN (X^X"*") and ZnCN (X^Z^. 

For both molecules, complications in the rotational spectra due to the Renner-Teller 

effect were observed and analyzed. 
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CHAPTER 1. INTRODUCTION 

Metal containing molecules are present in nearly every aspect of chemical 

research (Cotton et al. 1999). They are found at the center of large biomolecules such as 

proteins and enzymes (Moran et al. 1994), as catalysts in the production of olefins 

(Maldanis, Chien, and Rausch 2000), as potential high-density fuels (Brazier 1993), and 

even as organic synthesis reagents (Crabtree 1994; Gerald and Krause 1997). They are 

also important components of astronomical environments, for example, metal oxides and 

hydrides are used to classify star types (White and Wing 1978), and metal halides and 

cyanides have been detected in cold interstellar gas (Ziurys et al. 2002; Highberger and 

Ziurys 2003), suggesting a rich, yet unexplored chemistry. Therefore, their pervasiveness 

lends importance to the study of the structural, electronic, and bonding properties of these 

species, which can be accomplished by high-resolution spectroscopic techniques. In this 

thesis, millimeter-wave spectroscopy has been utilized to investigate small metal-bearing 

species via their pure rotational spectra. 

Millimeter-wave spectroscopy is a high-resolution gas phase technique in which 

pure rotational transitions of a molecule, in its ground electronic state, are measured 

(Townes and Schawlow 1975; Gordy and Cook 1984; Carrington 1974). Using this 

method, many small metal-containing species (MC, MN, MCN, MNC, MNH2, MO, MX, 

etc.) have been investigated (Sickafoose, Smith, and Morse 2002; Fougere et al. 2000; 

Merer 1989; Bemath 1997). Many of these molecules are radicals (unpaired electrons); 

they are short lived, usually difficult to synthesize, (requiring extreme reaction 

conditions) and produced in low quantity. The information obtained from the millimeter-
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wave spectra of metal-bearing molecules has enabled structural and bonding trends to be 

established for many ligands. It has also provided computational chemists with an 

avenue to compare their results to experimental values, allowing them to improve 

calculation methods (see for example. Appendix D). In addition, these small molecules 

can serve as models for similar subsections in larger molecular systems. In such an 

environment, the interaction of the metal atom with a single ligand may not be easily 

probed and may be better understood by comparison to the isolated gas phase metal-

ligand unit. Finally, many monomeric structures, i.e. methyl lithium, have only been 

obtained by gas-phase rotational spectroscopy (Allen et al. 1998). 

The measurement of the pure rotational spectra of small metal containing 

molecules also provides an excellent method in which to test quantum mechanical 

theories of angular momentum. Since most of the species studied in the thesis are 

radicals, in particular the diatomics, the coupling of rotational, electron orbital and spin, 

and nuclear spin angular momenta must be considered (Townes and Schawlow 1975; 

Carrington 1974). These interactions present many complications in the analysis of the 

pure rotational spectrum of a molecule. In order to model these perturbations, specific 

quantum mechanical molecular rotational, fine, and hyperfine structure expressions have 

been developed (Brown et al. 1978). However, only in the last twenty years, with 

increased resolution and sensitivity in spectroscopic methods, have the predicted higher 

order perturbation components of these Hamiltonians been utilized (Hougen 1962; Brown 

and Milton 1976; Brown et al. 1981). These higher order terms were developed to 

describe molecules in very high electron spin and orbital angular momentum electronic 
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states, which until recently remained largely uninvestigated.' In most cases, these terms 

were initially used in the fitting of optical/infrared electronic transition spectra; however, 

the highly convoluted nature of these spectra often limited their use. Application to 

higher resolution millimeter-wave studies has been severely limited due to lack of data. 

The study of metal containing molecules, which often have high angular momenta 

electronic states, by millimeter-wave spectroscopy, allows for these higher-order terms to 

be fully probed. 

Finally, measurement of the millimeter-wave Spectra of metal containing 

molecules provides a method to enable astronomical detection of these species in the 

interstellar medium (Rohlfs and Wilson 1996). In the cold environments of circumstellar 

gas, only the rotational energy levels of most molecules are populated. Radiative 

emission between these rotational levels is possible and can be collected using large 

sensitive radio telescopes. Astronomical observations at lab frequencies corresponding 

to the molecule of interest, accounting for the appropriate Doppler source shift, can be 

used to definitively detect a molecular species. This thesis however, concentrates on the 

measurement of the laboratory rest frequencies rather than the astronomical observations. 
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CHAPTER 2. EXPERIMENTAL 

1. Instrumentation 

i. Low Temperature Spectrometer 

The pure rotational spectra of the species studied in this thesis have been 

measured using the two direct absorption millimeter-wave spectrometers of the Ziurys 

lab (Ziurys et al. 1994). Figure 1 show a block diagram of the low-temperature 

instrument, in which those molecules containing alkali and alkaline-earth metals were 

studied. The spectrometer can be broken into four basic components, radiation source 

and phase-locking electronics, reaction chamber for molecular synthesis, detector and 

lock-in-amplifier, and data processing. Each of the sections, as well as the optics scheme, 

will be discussed in detail below. 

1. Radiation Source 

The millimeter-wave spectrometers of the Ziurys group are currently equipped to 

operate in the 65-650 GHz frequency region of the electromagnetic spectrum, with near 

continuous coverage over this range. The radiation is produced by a series of Gunn diode 

oscillators (J. E. Carlstrom Co.) and Schottky diode multipliers (Millitech). Three Gunn 

oscillators provide radiation in the approximate ranges 65 - 95 GHz (WR12), 90 - 120 

(WRIO), and 102- 136 (WR8). The Gunn oscillator consists of an InP diode, which is 

biased at approximately 10 V. Specific frequencies are obtained by adjusting the size of 

the oscillating cavity using two micrometers, a backshort and a tuning mic. Specification 

sheets with approximate micrometer settings are available for each Gunn and serve as the 

course frequency adjustment. The typical power output of the Gunn is less than 90 mW. 
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Figure 1. Block Diagram of the Low-Temperature Spectrometer. 

The radiation propagates out of the Gunn into the appropriate sized waveguide, followed 

by an isolator, a magnetic device that serves to prevent reflections back into the Gunn 

oscillator. From there 10 dB or 10% of the radiation is coupled off into a harmonic 

mixer. If higher frequency radiation than the Gunn output is desired, Schottky diode 

multipliers (doubler, tripler, quadrupler, and quintupler) are utilized. The multiplier is 

typically biased at less than lOV at a current of less than 10 mA. Two micrometers are 

available to maximize the output power of the multiplier, which typically ranges from 

less than 5 mW for the doubler to less than 1 mW for the quadruplers and quintupler. The 
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radiation is then launched from a corrugated scalar feed horn in one linear polarization in 

a Gaussian beam shape. 

2. Phase Locking Electronics 

The radiation coupled into the harmonic mixer is used to phase-lock the Gunn 

oscillator and to determine the radiation frequency to high precision. This is 

accomplished using a reference signal, provided by a 2 GHz (1.8 - 2.2 GHz) synthesizer 

(Fluke 6082A). This 2 GHz signal passes , (a filter that allows 2 

GHz to pass) and into the harmonic mixer, MC JIUACI Millimeter Products) 

generates all harmonics of 2 GHz up to ~ the 80*^, with varying efficiency. These 

harmonics are then mixed with the Gunn radiation. The 2 GHz synthesizer frequency is 

set to a value that when multiplied by a chosen harmonic is 100 MHz lower in frequency 

than the fundamental frequency of the Gunn, i.e. VOTMN -100 MHz = VMUH X HARM . If 

the Gunn is properly tuned via the course adjustments, then a 100 MHz intermediate 

frequency (IF) will be produced by the addition of the Gunn and 2 GHz signal. This IF 

signal can pass through the triplexer, to a phase-lock box (XL Microwave 800/800A) 

and spectrum analyzer (HP 8595A/ Advantest R4131D). The correctness of the IF can be 

confirmed by changing the 2 GHz synthesizer frequency to correspond to a harmonic 1 to 

2 units lower or higher. The IF is then compared to a standard 100 MHz reference 

oscillator (MITEQ) via the Gunn phase-lock box. If the phase of the IF matches the 

reference oscillator, the exact frequency of the Gunn is known and system is said to be 

phase locked. Scanning of frequency ranges is achieved by stepping the 2 GHz 

synthesizer. As this frequency changes, the phase lock box changes the bias voltage 

; 
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applied to the Gunn oscillator in order to maintain phase lock. This fine adjustment is 

applicable for scanning ranges up to ± 100 MHz of the fundamental frequency or for 

example, 400 MHz when using the quadrupler. Beyond this the Gunn must be manually 

retuned and the lock process repeated. 

3. Optics Scheme 

The spectrometer utilizes a Gaussian beam optics scheme in order to minimize 

radiation loss through the system. Teflon lenses are used as focusing elements and their 

placement is shown in Figure 2. Upon exiting the scalar feedhom, H, the radiation is 

focused using a frequency dependent lens, LI. The beam comes to a waist at the 

polarizing grid (gold-coated tungsten wire), which ensures only the one linear 

polarization exiting the feedhom passes. The front and rear of the reaction chamber are 

capped with Teflon lenses, L2 and L3, and are used over the entire frequency range of the 

spectrometer. After passing through L2, the radiation is refocused to a waist at the center 

of the reaction cell. It then exits the rear of the chamber through lens L3, where it strikes 

a rooftop reflector, R, reflecting the radiation back through the system with a 90° 

polarization change. The radiation makes a second pass through the reaction chamber 

and exits towards the polarizing grid. The grid now acts as a mirror and directs the 

millimeter-waves into the detector, B, an InSb bolometer. A final frequency independent 

lens L4, collimates the beam into the light cone of the detector. 
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Figure 2. Optics Scheme for the Low-Temperature Spectrometer. 

4. Reaction Chamber 

The molecules investigated in this thesis were synthesized continuously, in the 

gas phase, at low pressure. The reaction cell is a 0.5 m long and 0.1 m diameter steel 

cylinder vacuum chamber, capped at the front and back by virgin Teflon lenses and 

contains several port openings for apparati essential to synthesis. The cell is continuously 

pumped by a mechanical/roots blower type pump (Edwards 1M40/2M40). Typical 

system pressures, without reactant gasses, range from 10-30 mtorr. The reaction chamber 

contains a Broida type oven, shown in Figure 3, which serves as the source for metal 

vapor. Approximately, 1 mtorr of gaseous metal is produced by resistively heating a 

solid sample in an alumina crucible (R. D. Mathis C6-A0) in a tungsten wire basket, (R. 

D. Mathis Bll-3x.040W), which is connected at each end to Vi in diameter steel post. 

These posts are clamped into copper electrodes, which in turn are connected externally. 
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via ceramic feedthroughs, to an ac power supply. In the center of the oven a % in 

diameter tube extends ~ 7 in. below the bottom of the oven and is connected to the 

Crucible 

Gas Met 

Oven 
Jacket 

T 
Gas Inlet 

Tungsten 
Basket 

Steel Post 

Copper Electrode 

Feedfcrou^ 

Copper Electrode 

Figure 3. Broida-type Oven. 

oven jacket, which surrounds the tungsten basket. This tube allows for reactant gasses to 

enter the chamber. Reactant gas can also be added, through a tube, above the oven. A 

d.c. discharge electrode is located perpendicular to the top of the oven, approximately 2 
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in. above. The discharge electrode consists of a 0.25 in. diameter copper rod, 3 in. in 

length, connected externally to a d.c. power supply (Universal Voltronics BRC 10,000). 

Additional wires, copper or silver, can be attached to the end of the electrode as either 

one to three prongs or as a ring. The d.c. discharge electrode is grounded through the 

external portion of one of the copper oven electrodes, in order to direct the discharge 

through the metal vapor and create a plasma. A quartz window, 2 in. in diameter is 

located approximately 8 in. above the oven. From this viewpoint, the solid metal in the 

oven can be monitored along with any atomic emission or chemilumescence from the 

discharge plasma. Brightly colored plasmas are often observed with the alkali and 

alkaline-earth metals and are often a good indication of metal vapor production. 

5. Detector and Lock-In-Amplifier 

The detector is an InSb 'hot electron' bolometer (Cochise Instruments) cooled to 

~ 4K. The detector is cooled by means of a two-stage dewar, surrounded by a vacuum 

chamber (< 1 mtorr). The outer dewar contains liquid nitrogen, while the inner contains 

liquid helium. Before filling, the inner and outer dewars are pre-chilled with liquid 

nitrogen for ~ 1 hour. Liquid nitrogen is then reintroduced into the outer dewar, followed 

by liquid helium in the inner dewar (full is usually indicated by a pluming effect). 

Optimal cryogenic hold times are approximately 36 hours for the helium if the nitrogen is 

replaced every 12 hours. The detector employs a low noise preamplifier before sending 

the signal to a lock-in-amplifier. The radiation is frequency modulated (through the 2 

GHz synthesizer) at (3 kHz x harmonic) at a rate of ± 25 kHz. The lock-in amplifier is 

set to detect signals from the detector, modulated at two times this rate, with the phase of 
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the incoming signal offset by 180°. Therefore, absorption signals have the appearance of 

a second derivative, Gaussian line shape, in emission. 

6. Data Processing 

The entire spectrometer operates under computer control via an IEEE-488 bus. 

The scanning software, SCAN20, was written by A. J. Apponi and operates in MS-DOS 

mode. Spectroscopic data is generally collected in two stages. First, searches for new 

molecules involve large frequency space survey scans, each in 100 MHz intervals. 

Second, final frequency measurements of absorption features are determined by using a 

minimum of one scan pair consisting of one scan in increasing and one in decreasing 

fi-equency, 5-7 MHz in width. The center frequency of the line can be determined by 

fitting a Gaussian curve to the line shape. Additional scan pairs and general signal 

averaging in both stages may be necessary in order to observe weak signals. 

ii. High Temperature Spectrometer 

The high temperature spectrometer was used in this thesis to study all molecules 

containing a transition metal (Allen 1997; Apponi 1997). The design of the second 

instrument is slightly modified from the low temperature spectrometer. The phase locking 

electronics and detection scheme are identical between the two instruments, however, 

there are several differences involving the optics scheme and reaction cell. Also, the data 

collection software now used is WinScan, written by A. J. Apponi, and is Windows 

based. A block diagram of the instrument is shown in Figure 4. 
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1. Optics 

In this instrument, the Teflon lenses have been removed, except for those located 

in front of the feed horn, LI, and the detector, L2. In their place, offset ellipsoidal 

mirrors were utilized, labeled as reflectors 1 and 2. The front spectrometer lens was 

replaced with a polystyrene plug, covered in front and back with virgin Teflon film 

(0.007in. thick). The rooftop reflector, located at the rear of the reaction chamber. 

Figure 4. Block Diagram of the High-Temperature Spectrometer. 

also serves as the vacuum seal. A path length modulator is located in the center of the 

optics path for baseline smoothing and consists of two rooftop reflectors, one stationary 

Pathlength Rooftop 
Modulalot Reflectof 2 

Reflector 1 

Reaction Chaaiber 

Detector 
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and the other movable, with adjustable speed and displacement settings. End point data, 

which corresponds to the absence of this device, are ignored and retaken. 

2. Reaction Chamber 

The reaction chamber for this instrument is a double walled, water cooled, steel 

cell (-27 X 9 X 9 in.). The larger dimensions of the cell allow for three Broida-oven 

ports as shown in Figure 4. In this thesis work, only one oven was employed at a time, in 

the position closest to the rooftop reflector. Attempts at using a second oven, in the 

middle location, resulted in no noticeable increase in molecular production and deformed 

the front polystyrene plug. For the oven port used, the location of the dc discharge 

electrode and quartz viewing window are the same as in the low-temp instrument, 

however, the oven design differs. Modifications to the oven were employed to vaporize 

transition metals. Because of the excessive heat, the external copper electrodes were 

cooled by water jackets designed to slip over the electrodes, beneath the feedthroughs. 

The oven posts were constructed of Hastalloy (higher melting point steel alloy) and a 

smaller sized tungsten basket (R. D. Mathis B10-3x.040W) and alumina crucible (R. D. 

Mathis C5-A0) were used to further concentrate the heat. Pieces of zirconium felt 

(Zircar) were wrapped around the basket and the space between the basket and the oven 

jacket was filled with ceramic balls and pieces of alumina for insulation. For titanium, 

molybdenum posts (higher melting point than Hastalloy) and BN (R. D. Mathis C5-BN) 

crucibles (liquid titanium reacted with alumina) were found necessary. The oven power 

supply(R. D. Mathis LV750) provided up to 1500 - 1700 W of power. Typical system 
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pressures without reactant gases ranged from 20 - 40 mtorr due to the larger pumping 

system (Edwards E1M175/E2M175). 

2. Synthesis 

Table 1 contains a comprehensive list of the optimal synthetic methods employed 

for each of the metal species investigated in this research. Specific isotopes are listed if 

not observed in natural abundance. 

Ta )le 1. Synthetic Methoc s for Metal Containing Mo ecules. 
Mol. R-Gas Amt" C.Gas Amt"^ Gas Met Discharge Emiss. Notes 
NaC CR, 20-30 AT 10-15 Bot/Bot 0.5-0.7A/200V orange 
FeC CHa 10-15 AT 20 Bot/Bot 0.7-1.0A/200V 
CoCN (CNh 15-20 — — Top — 

Co'^CN H"CN 10-15 — — Top 0.2A/200V H'^CN 
synthesized 

NiCN (CN)2 3-5 — — Bot — 

CrN NHa 10-15 AT 10-15 Bot/Bot 0.7A W/N2 
weaker 

FcN N2 15-20 — — Bot 0.7-1.0A/200V W/NH3 
weaker 

LiNHz NHs 10 AT 10 Top/Top — 

LiM>2 ND3 10 AT 10 Top/Top 
NaNDj ND3 < 10 AT 30 Bot/Bot 0.04A/200V orange 
MgNHa NH3 10 AT 10-15 Top/Bot 0.65-0.8A/30V green oven lid 
MgND2 ND3 6 AT 10-15 Top/Bot 0.65-0.8A/30V green oven lid 
CrO N2O 10-15 Ar 10-15 Bot 0.01A/200V — no disch. 

required 
Tip SFfi 3-5 — — Bot — BN 

crucible 
MnF SFfi 20 — — Bot — w/ F2 also 

a) In mtorr. 
b) Gas Inlet Location/Location refers to reactant gas first, carrier gas second. 

In general, metal samples were obtained as 99% pure Aldrich products. For 

several of the metals, other sources, i.e. iron from steel rods, were found to be adequate. 

Several preparatory methods were found to be useful in improving the quantity of metal 

vapor produced and are listed in Table 2. 



Table 2. Metal Preparations. 
Metal Method 

LitMinn source: Lithium ingot, cut pieces with tin snips 
melting; large bucket, must use stainless steel liner to 
prevent reaction with alumina; accumulates in oven bottom 
and often clogs gas inlet tube 

Sodium source: make sure to clean oil off cubes with hexanes first 
(do not order as small pieces) 
melting; accumulates in oven bottom and often clogs gas 
inlet tube 
cleaning; open several spectrometer ports, remove oven and 
place a large bucket with ~ 2 in. of water under oven 
opening, slowly react sodium away by squirting, at a 
considerable distance (~5 feet), with water, connect top port 
to vent, cover laser table with plastic, do not remove front 
lens, this isn't as dangerous as cleaning potassium 

Potassium run away from this metal 
Magnesium source: turnings seem to work best 

subliming: warming oven slowly to sublimation point 
appears to produce a more consistent amount of vapor; on 
low-temperature instrument beware of coating rear lens; a 
green discharge is not a perfect indicator of magnesium 
reactivity; new magnesium works best 

Calcium source: storage of calcium, in any form, after first use in the 
dessicator will prolong lifetime 

Iron source: I Ya- I 'A in. length, 3/8 in. diameter cold rolled 
steel; clean first with hexanes, then sandpaper 

Cobalt source: grinding of outer surface of cobalt pieces (chips) 
with Dremmel tool decreases CoO 
melting: do not overpack chips in crucible 

Nickel melting: do not pack more than 3-4 spheres(if starting 
material is in sphere form) in crucible at once to prevent 
falling together and not melting 

Titanium source: 1 Vi - 1 V2 in. length, 1/2 in. diameter titanium 
rod(TA CAID); file outside 
melting: cut 3 - 2 in. square pieces of zirconia felt with a 
hole slightly smaller in diameter than crucible; fit over 
crucible and basket to prevent Ti splashing onto basket 

Manganese subliming large basket is usable 
reactions: seems to require a large amount of reactant gas 

Vanadium melting: alumina crucibles melt below Vanadium; reacts 
with BN 
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CHAPTERS. GENEBALTHEORY 

1. Rotational Motion in a Diatomic Molecule 

In quantum mechanics, the state of a molecule can be described by a complex 

function, known as a wavefunction (Levine 1991). The total wavefonction of a molecule 

can be broken down into components i.e. = 'FEiactonio^to&nai'PRotationai^Nuciear-- via 

the Bom-Oppenheimer approximation (Levine 1991). Thus, the individual electronic, 

vibrational, rotational, and nuclear wavefunctions can be considered separately. The 

rotational wavefunction can be used to describe the end-over-end rotation of the nuclei. 

If the simplest molecule, a diatomic, is considered then to a first approximation it can be 

represented as a rigid rotor, consisting of two point masses connected by a rigid massless 

bar (Townes and Schawlow 1975; Gordy and Cook 1984; Carrington 1974; Bemath 

1995). In this case, the rotational Hamiltonian can be written as, 

(3 1) 

where R is the rotational angular momentum, and I is the moment of inertia. The 

moment of inertia is directly related to the structure of the molecule, I = fxr\ where |i is 

the reduced mass of the molecule and r is the separation between the atoms. Using the 

time independent Schroedinger equation, the energies of the rotational levels can be 

obtained from Eq. (3.1), if one assumes a spherical harmonic form of the rotational 

wavefunction. The result is discrete rotational energy levels of the form 

F(I) = E,. =BJ(J + 1) (3.2) 
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where B = h/87i^l(Hz) is the rotational constant. Immediately, it can be seen that if B 

can be determined, then the structure of the molecule can be known. 

The B value of a molecule can be measured experimentally by recording 

transitions between the rotational energy levels using the appropriate frequency of 

radiation. For a closed shell diatomic molecule without nuclear spin, Eq. (3.2) can be 

used to construct a rotational energy level diagram, as shown in Figure 5. In order for a 

transition to occur, the molecule must have a permanent electric dipole moment. The 

selection rule derived for electric dipole transitions is AJ = +1 (in absorption), and the 

allowed transition frequencies are given by the expression u = 2B(J +1). If multiple 

rotational transitions are recorded, then these frequencies can be used to determine the 

rotational constant via a least squares fitting routine. 

F(J) v=2B(JH-l) J 

12B 
A 3 

6B 

6B 
A 

4B 

2B 1 

0 0 

Figure 5. Rotational Energy Level Diagram for a Closed Shell Spinless Diatomic. 
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A diatomic molecule can not be expected, however, to remain completely rigid as 

it rotates. As the rotational angular momentum increases (higher J), the bond length of 

the molecule is expected to elongate slightly, as a result of centrifugal forces. This effect 

is accounted for by an expansion of the rotational energy level expression (Bemath 

1995): 

=Bj(j + l)-D[j(j + l)f +H[j(j + lf +L[j(j + lf +M[j(j + l)f +... (3.3) 

where D, H, L, and Mare the centrifugal distortion cohstants. Usually, only the first 

I 
order distortion constant, D, is encountered. 

The value of the rotational constant depends on the electronic and vibrational state 

of the molecule. In general, the pure rotational spectrum of a molecule is recorded in its 

ground electronic and vibrational states. However, if the molecules are not cooled 

significantly, there may exist some population in the excited vibrational levels and 

rotational transitions within these states may be observed. In a diatomic molecule, the 

vibrational motion consists solely of a stretch. Thus, the rotational constant is expected 

to decrease as v (vibrational quantum number) increases, since B ocl/r. The rotational 

constant of each vibration level can be expressed as Bv, and its vibrational dependence 

can be modeled by the following expression (Tovmes and Schawlow 1975): 

B^ =B,-a,(v + l/2)+y,(v + l/2)'+... (3.4) 

where Be is the equilibrium rotational constant and Oe and je are rotation-vibration 

expansion constants. From Be the equilibrium bond length can be determined. 
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2. Perturbations to the Rotational Energy Levels 

i. Interactions of Angular Momenta 

While many molecules are closed shell species, with rotational energy levels 

described in the previous section, most of the species studied in this thesis are radicals. 

Hence, their rotational energy levels may be complicated by perturbations due to electron 

spin and orbital, as well as nuclear spin angular mome'nta. These perturbations can occur 

through the coupling of the various magnetic moments present within the molecule. For 

example, the end-over-end rotation of the nuclei can generate a small magnetic moment, 

I^ROT (R) Additionally, the orbiting electron can have an associated a magnetic moment, 

}ioRB (L). Both the electron and nucleus have an intrinsic spin magnetic moment, 

HESPIN (S) and (O, respectively. Each of these four magnetic moments may interact 

and couple to each other (Carrington 1974), as shown in Figure 6, to give eight possible 

interactions. Because the Bohr (electron) magneton is approximately 1800 times 

R 
y V Y V 

N/ ^R 

Figure 6. Magnetic Coupling Interactions of Angular Momenta. 



31 

larger than the nuclear magneton (Levine 1991), any coupling involving the electron is 

expected to be largest. The relative magnitude of the rotational and nuclear spin angular 

momenta depends on the rotational quantum number as well as the nuclear magnetic 

moment. Couplings that involve magnetic moments due to the electron are designated as 

fine structure, while those with the nucleus are referred to as hyperfme. These possible 

magnetic interactions are summarized in Table 3. 

Table 3. Possible Magnetic Angular Momenta Coupling Interactions. 
Coupled Angular Momenta Designation 

( R S )  Spin-Rotation 

( L S )  Spin-Orbit 

( I S )  Fermi Contact and Dipolar Hyperfme 

(S-S) Spin-Spin 

( I L )  Electron Orbital-Nuclear Spin 

(R-L) Lambda Doubling 

(I-R) Nuclear Spin-Rotation 

(M) Nuclear Spin-Spin 

Additionally, electric hyperfme effects must be considered. The major interaction 

of this type arises from nuclear quadrupolar coupling, which is a result of an asymmetric 

nuclear charge distribution coupling to the external electric potential of the molecule 

(Townes and Schawlow 1975). In order for a molecule to exhibit quadrupole coupling, it 

must contain a nucleus with I > 1/2. This interaction is generally largest in the lowest 

rotational energy levels of a molecule. 
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ii. Hund's coupling cases 

The Hamihonians required to describe the energy levels of an open shell molecule 

are much more complicated than Eq. (3.1). In order to evaluate these expressions, a 

molecular wavefunction must be constructed (Herzberg 1989). This wavefunction can be 

approximated using a basis set composed of relevant quantum numbers listed in Table 4. 

Table 4 Relevant Quantum Numbers in a Diatomic Molecule. 
Quantum Number Angular Momentum and Relationship 

n Electrons State Label 
V Vibrational State 
R Rotation 
L Electron Orbital 
S Electron Spin 
I Nuclear Spin 
Z Projection of S Onto Intemuclear Axis 
A Projection of L onto Intemuclear Axis 
N Rotation and Electron Orbital: N = R + L 
J Total Angular Momentum Excluding Nuclear Spin: J = L + R + S 
O Projection of J onto Intemuclear Axis: O = S + A 
F Total Angular Momentum: F - J +1 

The basis sets can be classified by Hund's coupling schemes (Herzberg 1989). Three of 

Hund's coupling cases, which depend on the magnitude of the spin-orbit interaction 

(generally the largest perturbation to the rotational energy levels), will be discussed 

below. 

1. Hund's case(a) 

The Hund's case(a) basis set is generally employed to describe molecules with 

non-zero orbital angular momentum (Herzberg 1989). A schematic of this coupling 

scheme is shown in Figure 7. As a result of the cylindrical symmetry of a diatomic 
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molecule, the electron orbital angular momentum is quantized only along the internuclear 

(z) axis (A). This results in the strong coupling of the electron spin angular momentum to 

this axis as well (Z). Both the orbital and spin angular momentum can then add as scalars 

along the axis to form O. This interaction is known as spin-orbit coupling. 

Additionally, if nuclear spin angular momentum (I) is present, it may couple directly to J 

vectorally to form F. This coupling scheme is known as case (ap). The possibility exists 

Figure 7. Vector Representation of Hund's Coupling Cases (ap) and b(pj). 

that I may be quantized along the internuclear axis and couple to A and S, however, no 

example of this case(aa) coupling has yet been observed. The basis set for Hund's 

case(ap) can be expressed in Dirac notation as jnvASZJOIF). 

R 

case(bpj) 
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2. Hund'scase(b) 

The Hund's case(b) basis set is generally used to describe molecules in which the 

orbital angular momentum is essentially zero (Herzberg 1989). A schematic of this 

coupling scheme is shown in Figure 7. In the absence of orbital angular momentum, the 

electron spin angular momentum no longer couples to the intemuclear axis. The spin 

angular momentum now couples vectorally, directly to the rotational angular momentum 

to form J. If nuclear spin is present, it can couple vectorally to J, which is known as 

case(bpj). Other scenarios for the coupling of I exist; however, these were not 

encountered in this thesis and will not be discussed. The basis set for Hund's case(bpj) 

can be written as [nvNSJIF). 

3. Hund's case(c) 

A Hund's case(c) coupling scheme is used to describe molecules in which spin-

orbit coupling is extremely large relative to other angular momenta interactions 

(Herzberg 1989) . In general, it is usually observed in heavy molecules (those 

containing 3*^ row transition metals or lanthanides). In this case A and Z are no longer 

good quantum numbers, thus|nvJO) form the appropriate basis set. 

iii. Effective Hamihonians 

In order to model the rotational spectrum of an open shell molecule, effective 

Hamiltonians have been developed (Brown et al. 1978; Brown et al. 1979; Frosch and 

Foley 1952). For a diatomic molecule this expression can be broken into the following: 



^Eff HROJ +HSO + ^SS ^LD ^MHF ^EHF ^NSR (3.5) 

where 

(3.6) 

HgQ = AL^S (3.7) 

HSR =yN-S 

H,, =2/3K(!S;-S') 

HMHF = alzL, + (b + c)i • S + ci J, 

HKB,=eq„Q(3iJ-i')/4l(2I-l) 

Hgj^ = Cji-J 

(3.8) 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

and HLD describes the lambda-doubling interaction. The constants A, /, A, a, b, c, eqoQ, 

and C/, are the eigenvalues determined from the effective Hamiltonian. The physical 

interpretation of each constant as it applies to the types of molecules studied in this thesis 

are discussed in more detail elsewhere (Brown et al. 1979; Appendices A-K ). 

Additionally, each portion of the effective Hamiltonian and the relevant basis sets used to 

model the rotational data of these molecules will be discussed in more detail in each 

appendix. 

3. Fitting Programs 

The rotational transition data measured for a particular molecule can be modeled 

by fitting the data to the appropriate effective Hamihonian via a list squares fitting 

program. Matrix elements can be derived from the appropriate molecular Hamiltonian 
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basis set, allowing for an energy matrix to be calculated for each rotational level. This 

matrix is then diagonalized and the energy eigenvalues and eigenvectors are determined. 

The process is iterative and the data is said to be well modeled based on the rms of the fit, 

in general, when it is less than the experimental accuracy of 100 kHz and based on 

whether or not the values of the constants are reasonable. In this research, four fitting 

programs were employed to fit the molecular data. The first, sigalnc, was programmed 

by A. J. Apponi to fit linear molecules in 'Z and es and more importantly to 

establish harmonic relationships between rotational 1 s. Hunda and Hundb, written by 

J. M. Brown and co-workers, were used to fit diatomic molecules in Hund's case (a) and 

(b) bases. These programs were written in Fortran 90 and were modified several times by 

the author in order to accommodate additional Hamiltonian terms. Finally, the 

asymmetric top molecules were fit using Pickett'sprogram, developed by H. M. Pickett 

and coworkers. 
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CHAPTER 4. ALKALI AND ALKALINE-EARTH AMIDES 

L Introduction 

Ammonia has played a significant role in the development of rotational 

spectroscopy (Townes and Schawlow 1975). In particular the hindered motion, 

inversion, present in the molecule makes it an excellent species to study in the microwave 

region. It is a natural extension, therefore, to examine ammonia-like compounds, 

monosubstituted amides (RNH2) for example, in order to compare their molecular 

properties to ammonia. Several such molecules, NH2OH (Morino et al. 2000), NH2CI 

(Cazzoli, Lister, and Favero 1972), NH2NC (Schafer, Winnewisser, and Christiansen 

1981), and NH2CHO (Costain and Dowling 1960) have been investigated by pure 

rotational spectroscopy. These species are non-planar and exhibit an inversion spectrum. 

Their similarity to ammonia is not surprising since the OH, CI, CN, and CHO ligands 

would be expected to bond covalently to NH2. Metal containing amides, on the other 

hand, in particular those containing alkali and alkaline-earth metal atoms, may have 

entirely different molecular properties. For example, an increase in the ionic character of 

the metal-nitrogen bond might result in a planar structure. Also, the barrier to inversion 

may increase significantly such that the phenomenon may no longer be observable. 

Fortunately, millimeter-wave spectroscopy can differentiate between either a pyramidal 

or planar metal amide as well as detect the presence of inversion. 

The alkaline-earth monoamides were first investigated in the gas phase by the 

Harris group. They successfully recorded the optical spectra of Ca, Sr, and Ba amides by 

the reaction of the pure metal vapor with hydrazine (Wormsbecher et al. 1983). 
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Unfortunately, these spectra were not rotationally resolved and therefore, the authors 

could only speculate that their geometries were planar. This work was followed by 

several high-resolution studies of the electronic structure of CaNHj, in which the A B2 -

X%, B^Bi - X^Ai, and C%- X ^Ai transitions were recorded (Marr et al. 1995; 

Morbi et al. 1998; Morbi, Zhao, and Bemath 1997). The rotationally resolved spectra 

again suggested planarity via the inertial defect. Unfortunately, no isotopomers were 

studied; therefore the structure could not be determin^ without assuming an N-Hbond 

length. Additionally, high-resolution laser spectroscopic studies of the SrNH2 radical 

were conducted ( A ̂ Ba - X ̂ Ai, B^Bi - X ̂ Ai) (Brazier and Bernath 2000). Again, the 

data suggested a planar structure. No pure-rotational spectra had been recorded for any 

of these species. 

The first metal amide to be studied by millimeter-wave spectroscopy was NaNHs 

(Xin, Brewster, and Ziurys 2000). This species was of particular interest from an 

astrochemical standpoint, as metal amides were postulated to form in the circumstellar 

envelopes of late-type stars (Petrie 1996). The presence ofNHs (Truong-Bach, Nguyen-

Q-Rieu, and Graham 1988), as well as the sodium bearing species NaCN and NaCl 

(Highberger et al. 2003), made sodium amide an excellent candidate for interstellar 

detection. Structurally this species was found to be planar, with no evidence for 

inversion. This work was followed by the observation of the millimeter-wave spectrum 

of CaNHa and its deuterium isotopomer CaND2 (Brewster and Ziurys 2000). Both of 

these species were determined to be planar, and the first ro structure of a metal amide was 

determined. Subsequently, pure rotational transitions of MgNHa, MgNDa, LiNHj, 



LiNDa, NaNDi, SrNHa, and SrNDa were recorded and analyzed in this thesis. The results 

of these investigations will be summarized in the remaining portion of this chapter. 

2. Theory of Asymmetric Tops 

The rotational energy levels of a molecule depend on the geometric and electronic 

structure of the molecule (Townes and Schawlow 1975; Bemath 1995). If the metal 

amides are planar, then they belong to the C2v point group, while if they are pyramidal, 

they have Cs symmetry. Both the planar and pyramidal MNHa species are classified as 

asymmetric top molecules, since for each no two principal moments of inertia are equal 

(out of plaiie) c 
/ b (ill plane) 

M—N< 
H 

Figure 8. Molecular Axis Labeling in MNH2. 

(IA < IB < Ic). The classification of asymmetric rotors is based on their similarity to the 

symmetric top species: prolate (IA < IB - Ic) or oblate (IA - IB < Ic) Using the molecular 

axis labeling in Figure 8 (Appendix C), the metal amides would be considered near-

prolate asymmetric tops. In a symmetric top species, the projection of the rotational 

angular momentum, K, onto the molecular symmetry axis must be considered. In an 

asymmetric top the K energy levels are no longer degenerate; their splitting is determined 
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by the degree of asymmetry of the molecule. An energy level correlation diagram 

illustrating the prolate and oblate symmetric top species as limiting cases of the 

asymmetric rotor is shown in Figure 9. In an asymmetric top the non-degenerate K 

components are labeled as Ka and Kc. Unfortunately, these quantum labels do not 

correspond to a particular projection axis and are only good in the oblate and prolate 

limiting cases. As one moves towards the center of this diagram (most asymmetric) the 

splitting of the K levels increases. Selection rules for transitions between the rotational 

J = 0 0 Ooo 0 J = 0 

prolate Jg. K, oblate Kc 

Figure 9. Correlation Energy Diagram for an Asymmetric Top. 

energy levels of an asymmetric top molecule are given by the electric dipole moment 

operator. For an asymmetric top, the electric dipole moment can be divided into non-zero 

components along the principle axes, and this must be taken into consideration in 

deriving selection rules. For the most intense rotational transitions, the selection rule is 

AJ = +1 (in absorption), while those for Ka and Kc levels are summarized in Table 5 
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Table 5. Asymmetric Top Seleci tion Rules. 
a - dipole b - dipole c - dipole 

AKa 0 ±1 ±1 

AKc ±1 ±1 0 

(Bemath 1995). In the case of either the planar or pyramidal amides, a - dipole 

transitions would be expected to be most intense as this would be the largest non-zero 

component of the dipole moment (see Figure 8). For the pyramidal amide, however, a 
I 

small c - dipole moment also arises resulting in weak c-type transitions. 
i 

One major difference between the pyramidal and planar metal amides is the C2 

rotation axis. The planar molecule, unlike the pyramidal contains this symmetry element. 

A rotation of the planar species about the C2 axis results in an exchange of the two 

protons. Since the two protons are both fermions, this exchange must be antisymmetric 

with respect to the total molecular wavefunction, 

Tot Electronic Vibarationai •^Rotational NuclearSpin 

The electronic and vibrational wavefunctions of the molecule are symmetric since the 

molecule has Ai symmetry in its ground state. The symmetry of the rotational 

wavefunction is given by e "^'*; therefore, for even Ka values is symmetric(sym) 

and for odd Ka values is antisymmetric(asym). Thus, in order for to be 

antisymmetric, (asym) must be accompanied by (sym:ortho) and (sym) 

with (asym:para). Four nuclear spin wavefunctions can be constructed for the two 

fermions; three are symmetric while one is antisymmetric (ortho:(I+l)(2I+l); 

para:l(2I+l)) (Townes and Schawlow 1975). As a result, a nuclear spin-weighting factor 
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must be considered in the intensities of the Kg components in the rotational spectrum of 

the planar amide. This results in the odd Ka components having an intensity ratio of 3:1 

relative to the even Ka components (excluding Boltzmann distribution factors). In the 

deuterium species, MNDj, the exchange of the deuterons results in a 2:1 intensity 

enhancement of Ka (even) to Ka (odd). Since the pyramidal species does not have a C2 

axis, nuclear spin statistics will not be present (unless it is inverting^then each of the two 

inversion states will exhibit opposite spin statistics). The intensity enhancement of the 

Ka components by nuclear spin statistics presents an excellent method for distinguishing 

between the planar and pyramidal species via rotational spectroscopy. 

The symmetry of the ground electronic state of a molecule is determined by the 

electronic wavefunction. For alkali and alkaline-earth containing molecules, this can be 

determined by considering the ligand as a point charge perturbation on the metal ion 

(Rittner 1951). In this case, the symmetry of the electronic wavefunction can be 

determined by the ground state term of the ion. For the alkali metals, this term is 'S and 

for the alkaline-earth metals it is ^S. Taking into account the overall geometry of the 

molecule, the correlation tables between point groups can be used to determine the 

molecular symmetry. In the Civ point group, the alkali amides have ^Ai and the alkaline-

earth amides have ^Ai ground states. For the pyramidal species (Cs), the alkali-amides 

have ^ A' and the alkaline-earth amides have ^A' ground state terms. 

Finally, the presence of inversion must be considered. This phenomenon will 

manifest itself by splitting the rotational spectrum into two inversion components 

separated by a small amount in frequency space as in NH2NC (Schafer, Winnewiser, and 
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Christiansen 1981). In one inversion component the nuclear spin statistics will appear 

reversed, thus the intensity ratio will be 3:1 Ka (even):Ka (odd). Unfortunately, the 

rotational spectrum of the V4 symmetric stretch will appear similar to the inversion 

spectrum. Care must be taken not to confuse the two phenomena (the rotational spectrum 

of the V4 mode should generally be less intense than that of an inversion component). 

3. Results 

The spectroscopic results for each of the amides studied in this thesis can be 

found in more detail in Appendices A-D. Here they will be summarized briefly. The 

measurement of the pure rotational spectra of MgNHi, MgNDj, LiNHa, LiNDj, NaNDa, 

and SrNDa represent the first detection of these species in the gas phase by any 

spectroscopic method. Therefore, large frequency ranges (~ 50 - 150 GHz) were scanned 

in order to assign spectral features due to each amide (assignment details can be found in 

Appendices A-D; Brewster and Ziurys 2000). Only a-type transitions were detected for 

each amide. In addition nuclear spin statistics were observed in each rotational spectra. 

Representative laboratory and stick spectra for each amide can be found in Appendices 

A-D. For each molecule, there was no evidence for an inversion spectrum. Therefore, 

each species was determined to be planar and non-inverting with Cjv symmetry. 

Measured rotational transitions for each amide can also be found in Appendices A-D. 

4. Analysis 

The pure rotational transition data of the metal amides were fit using Watson's S-

reduced Hamiltonian for asymmetric tops (Watson 1977). The form of this Hamiltonian, 

with higher order notation is; 
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= AN; +BN;+CN: -D^N' -D^N-N^ -D^N>d,N'(Nj +N:) 

+ ci2(Nt +N!)+HNN® + HJ^N'N; +HKN® + h,N'(N^ +N!) 

+  h 2 N ' ( N ^  + N ! ) + h 3 ( N t  + N ' ) + L j , N '  + L j , T ^ N X ( 4 . 2 )  

+ L^N^N^ +P^N'« +P^N^N^ +PNNKNX +P>«ckNX 

+ P^NX+PKC 

where A, B, and C are the rotational constants corresponding to each principle molecular 

axis and the remaining terms describe centrifugal distortion corrections. In Eq. (4.2), the 

operators are given in terms of N where J = N + S. Fpr the alkali metal amides S = 0 and 
i 

N is replaced with J. For the alkaline-earth amides S = 1/2 due to the single unpaired 

electron present. This results in a fine structure interaction, spin-rotation coupling, which 

can be modeled by inclusion of the following term (Brown and Sears 1979) 

H, -S, +A»^(N.S)N=N; (4.3) 
a 

where a sums over the three molecular axes, Saa is the spin-rotation constant, and is 

a centrifugal distortion correction. Since the metal amides have orthorhomic symmetry 

(C2v) only diagonal components of the spin-rotation tensor are non-zero. The 

spectroscopic parameters determined for each species can be found in Appendices A-D. 

5. Discussion 

i. Case for Planarity 

The presence of nuclear spin statistics in the pure rotational spectra of the metal 

amides indicates these species are planar. Additional evidence for planarity arises from 

the inertial defect of the molecule, Ao = Ic - IB - IA- A molecule has a non-zero inertial 

defect due to vibrational, electronic, and centrifugal distortion effects (Oka and Morino 
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1961). In general a small positive value of Ao indicates planarity as for formaldehyde, 

which has an inertial defect of 0.05767 amuA^ (Clouthier and Ramsey 1983). Negative 

or large values are interpreted as signs of nonplanar or fluxional behavior. The inertial 

defects of the metal amides are presented in Table 6. These values are all small and 

Tab e 6. Inertial Defects for Selected Amides. 
Molecule Ao (amu A^) 

LiNH2 0.115 
LiND2 0.150 
NaNHj 0.079 
NaND2 0.110 
MgNHs 0.078 
MgND2 0.096 
CaNH2 0.157 
CaIS[D2 0.210 
SrNH2 0.177 
SrNDz 0.242 

NH2OH -2.600 
NH2CI -1.032 

NH2CHO 0.008 
ND2CHO -0.015 

positive, very similar to that of formaldehyde. For comparison, the inertial defects of 

additional amides are shown in Table 6. The inertial defects of NH2OH and NH2CI are 

both negative as both molecules are pyramidal. For formamide Ao is small and positive, 

which would indicate a planar geometry. However, on deuterium substitution, the 

inertial defect becomes negative indicating a non-planar structure. For the deuterium 

substituted amides all of the inertial defects are small and positive. 
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ii. Structure 

The pure rotational spectra of the deuterium isotopomers of each metal amide 

were measured in order to determine ro structures. From the rotational constants of each 

molecule, the principle moments of inertia were calculated and the structural parameters 

determined by (Gordy and Cook 1984): 

= 2mjjr^ sin (0/2)^ 

IB =l/M[m„(2mH +2m„(mj, cos(0/2)' +4m„m^r,^r^,j cos(0/2)J 
I c = I A + I B  ( 4 . 4 )  

A least squares fitting routine was employed in order to determine the bond lengths and 

bond angle for each molecule are listed in Table 7. 

Table 7. Structural Parameters of the Metal Amides. 
ro M-N (A) To N-H (A) 0H-N-H° 

LiNHa 1.736(1) 1.022(1) 106.9(1) 
NaNH2 2.091(1) 1.008(1) 106.6(1) 
MgNH2 1.899(1) 1.007(1) 108.7(1) 
CaNHa 2.126(1) 1.018(1) 105.8(1) 
SrNHs 2.256(1) 1.021(1) 105.5(1) 
NH3 120 

a) Angle projected onto plane defined by H atoms. 

The M-N bond length decreases from Sr to Ca to Mg and from Na to Li, consistent with 

decreasing atomic radius as one moves up the periodic table. The N-H bond length 

remains fairly constant at 1.01 - 1.02 A for each molecule. However, the H-N-H bond 

angle for MgNHs, is approximately two to three degrees larger than the other metal 

amides. The increase in H-N-H bond angle may indicate that MgNHa is tending towards 

a pyramidal structure, with BeNH2 possibly having a non-planar geometry. A more 
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detailed discussion of this structural change as well as ionic and covalent character in the 

metal-nitrogen bond can be found in Appendix B. It should be noted that attempts at 

measuring the pure rotational spectra of BaNH2 and AINH2 were not met with success. 
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CHAPTER 5. DIATOMICS IN HIGH ANGULAR MOMENTUM STATES 

1. Introduction 

The spectra of diatomic molecules containing transition metals can be quite 

complicated. These complications arise from the large number of unpaired d electrons 

that may be present on the metal atom. The result is often many low-lying electronic 

states with high values of electron spin and orbital angular momenta that can perturb the 

ground state. Additionally, several of the first row transition metals contain large values 

of nuclear spin angular momentum, I, and large nuclear magnetic moments, farther 

convoluting the molecular spectra. Thus, the study of transition metal diatomics can be 

quite arduous. 

Despite the difficulties in analyzing the spectra of diatomic molecules in high 

angular momenta states, many have been studied in detail. Table 8 shows the ground 

states of the species formed between the 3d transition metals and some common one atom 

ligands. 

Table 8. Ground States of Diatomic 3d Transition Metal Molecules. 
Sc Ti 

• 

Gas Phase Detection by Optical Spectroscopy 
'E '; Theoretical Studies or Assumed Ground State 

Microwave Spectrum Recorded 
Q: Microwave Spectrum Recorded in this Dissertation 
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Immediately it can be observed from this table that greater than one-third of these 

molecules have not yet been observed by any experimental method, thus their ground 

states have not yet been conclusively assigned. Also, only one-third have been observed 

at high resolution by microwave spectroscopy. Many of the ground states of the 

molecules in Table 8 have high electron orbital and spin angular momentum. Several 

states with A and O terms as well as those with quartet and higher spin muUiplicities have 

been seldom observed. Therefore, measurement of the pure rotational spectra of 

molecules in these states serves to test the Hamiltonians developed for them including 

any higher order parameters. From Table 8 it can be seen that the 3d transition metal 

oxides have been studied in the greatest detail (Merer 1989). From these investigations 

structural and bonding trends have been established for these species. However, for other 

ligands, a similar thoroughness does not exist. Additional high-resolution spectroscopic 

investigations are necessary in order to establish the same trends. Thus, not only are 

these metal containing molecules of interest because of their high-spin ground states, but 

also in obtaining chemical trends for a particular metal-ligand species. Finally, sufficient 

interstellar abundances of the transition metals suggest that several of these molecules 

may be present in the interstellar medium (Anders and Grevesse 1989). 

2. Theory 

i. Molecular Orbital Approach 

The general theory for diatomic molecules has been presented in Chapter 3; 

therefore a molecular orbital approach to interpreting the properties of these molecules 

will be discussed. It must be noted that only the electronic states of a molecule are 
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solutions to the Schroedinger equation, while the molecular orbitals serve only as an 

interpretation of this solution (Merer 1989). The energy ordering of these orbital s can be 

estimated from the energies of the atomic orbitals of the individual atoms. However, 

because of the d electrons, this ordering and especially their electron filling is difficult to 

predict. High level calculations, which explicitly take into account electron correlation 

effects, coulomb splittings, and configuration interaction are required to accurately 

determine their electronic and geometric structure. Unfortunately these calculations are 

time consuming and not yet available for every molecule. 

In the absence of ab initio calculations, molecular orbital diagrams can be 

approximated in order to interpret the bonding and structural properties of a molecule. 

For example, from the spectroscopic data of the 3d transition metal oxides the qualitative 

molecular orbital diagrams shown in Figure 10 have been constructed (Merer 1989). In 

fact they provide a general model for the other 3d transition metal diatomics, if the 

energies of the ligand orbitals are adjusted accordingly (those of the metal hydrides will 

be much different and they will not be discussed here). In Figure 10, the 8o and Sn 

orbitals are bonding orbitals, the 9a and 15 are non-bonding metal centered orbitals, and 

the 47C and 10a orbitals are predominately anti-bonding and metal centered in character. 

The energies of the molecular orbitals can be seen to shift as one moves to the right of the 

3d row. This shift is the result of the energy of the metal orbitals dropping relative to the 

ligand orbitals, and the 3d metal orbital energy dropping relative to the 4s orbital. The 

filling scheme of the electrons is for the 8a and 3n orbitals become occupied, followed 

by additions to the 9a, 15, Atl, and 10a orbitals in a non-Aufbau manner. This results in 
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Figure 10. Qualitative Molecular Orbital Diagrams for Transition Metal Oxides. 

/ 
a maximum spin multiplicity occurring for manganese and chromium containing 

molecules, which is not unexpected as Mn and Cr atoms have 'S and ground states 

terms. In Figure 10, the molecular orbitals are shown close in energy. The difficulty in 

predicting or calculating the energies of these orbitals is the primary reason for the 

ambiguity associated with determining the electronic term of the ground state (as well as 

those of the excited state manifold) of the molecule. For this reason, experimental 

methods must be used to ultimately determine the electronic state terms. Unfortunately, 

even experiments can be misleading. Incorrect assignments can result due to the 

complex spectra, perturbations between electronic states, and the type of experiment 

preformed. For example, the ground state ofTiF was first assigned as '*1, then ^A, and 

finally confirmed as "*0, over a period of 30 years (Appendix I). Millimeter-wave 

spectroscopy is particularly useful in confirming the ground state of a molecule as 

rotational transitions are recorded in the ground electronic state in these experiments. 

However, even this technique is not without drawbacks as the large spin-orbit coupling 

associated with many transition metal diatomics can result in dubious assignments. 



52 

ii. Higher Order Terms 

High angular momenta ground states may require additional terms in perturbation 

theory to accurately describe their spectra at high resolution. The advent of high-

resolution lasers and millimeter-wave spectroscopic techniques has lead to the need to 

model experimental data using these terms. Budo and Kovacs (1948) showed that the 

spin-rotation and spin-spin interactions could be obtained solely from a perturbation 

expansion of the spin-orbit Hamiltonian. Hougen (1962) applied their method to a more 

general treatment of the energy levels of molecules in states. He presented for the first 

time a 3"^ order spin-orbit correction term to the spin-rotation interaction and suggested 

that a similar treatment for molecules in higher spin states would result in additional 

higher order terms. He generalized that for states of even spin multiplicity that (S-1/2) 

parameters for the spin-spin interaction (k) and (S+1/2) parameters for the spin-rotation 

interaction (y) would be necessary. For states of odd multiplicity he postulated that S 

parameters analogous to X and y would be necessary. 

The first of the higher order parameters to appear in its current form was the third 

order correction to the spin-rotation interaction, ys. The authors stated that the parameter 

would only be necessary in cases of high resolution or where nearby electronic states 

interact strongly via spin orbit coupling (Brown and Milton 1976). It has the case (b) 

form; 

(5.1) 
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Additionally these authors developed the fourth order spin-orbit correction, 0, which is a 

higher order spin-spin interaction term. The form of this term is given as; 

=A[35S^ -30S'S^ +25S^ -6S' +3S^] (5.2) 

The Ys term can only be used for states of quartet or higher multiplicity, while 0 is limited 

to states of quintet or higher multiplicity. Additional terms for higher order spin-orbit 

correction have not yet been developed due to the lack of their necessity in modeling 

systematic errors in fitting data. The higher order paiikmeter, r\, was developed to fill 

such a need in the fitting of spectral data for 02^ (Brown et al. 1981). This term 

= 11L,S, 
3S'-1^ 

(5.3) 
V J 

accounts for the coupling of the spin-orbit and spin-spin interactions via third order 

perturbation theory. In general, while these terms have been developed and tested to 

some degree by optical spectroscopy, higher resolution microwave spectroscopic 

measurements of molecules in high spin states have been limited. Several of the 

diatomic molecules studied in this thesis have been used to test the necessity of these 

higher order parameters. 

3. Results of High Spin Molecules 

Several molecules in high spin ground states have been investigated in this thesis. 

The results of these studies will be summarized in this section by ground state. Details 

can be found in Appendices E, F, H, 1, and J. 
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i. NaC (X^r) and CrN(X^Z-) 

Only three molecules with "*1 ground states have been studied by millimeter wave 

spectroscopy to date, KC (Xin and Ziurys, 1999), NaC, and CrN. NaC is the only non-

transition metal diatomic studied in this thesis since few alkali and alkaline-earth 

containing molecules tend to exhibit high spin ground states. The pure rotational 

transitions of each of these molecules provide an excellent example of how varied the 

rotational spectra of the same ground state can appear j Figure 11, shows a representative 

rotational spectrum of each of these species in the 46(1 - 485 GHz region. In the top 

panel the four fine structure components of the N = 27 -> 28 rotational transition of KC 

are shown, clearly resolved and almost equally spaced. In the middle panel, the 

N = 17 -> 18 rotational transition of NaC is shown. Here only three features are 

present, however, the middle one appears to be more intense. For NaC the middle two 

fine structure components are not resolved. Finally, in the bottom panel the four spin 

components oftheN = 13 <- 12 of CrN are shown. While each is well-resolved, they are 

not split evenly in frequency space (note the 1.4 GHz frequency gap in the spectrum). 

The differences in each of the three spectra arise from the magnitude of the spin-spin and 

spin-rotation interactions. Table 9 lists the spectroscopic parameters determined for 

these three species. For all three molecules the value of X is greater than y, however for 

KC and NaC the value of is only 35 and 23 times larger than y, while for CrN it is 375 

times greater. The small magnitude of both fine structure constants in NaC leads to the 

unresolved nature of the middle spin components. Appendix E contains simplified 

energy level expressions for the spin-components of a ^1. molecule. From these equations 
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Table 9. Spectroscopic Parameters for NaC, KC, and CrN. 
Parameter NaC (X^r) KC (x^r) CrN (X^D 

B 12863.1243(26) 8619.8946(77) 18702.9105(12) 
D 0.048564(41) 0.021779(12) 0.0318625(27) 

Y 3.23(38) 5.34(10) 208.897(36) 

YD — -0.000141(42) 0.00067(50) 

X 135(45) 248(17) 78287.04(41) 
Xjy 0.0040(87) 0.00141(40) -0.22088(44) 

rms 0.646 0.044 0.197 

B 12863.1344(54) 8619.8965(64) 18702.9055(14) 
D 0.0485764(85) 0.0217807(99) 0.0318543(32) 

Y 2.710(91) 5.04(21) 209.261(47) 

YD — -0.000063(62) 0.000291(64) 

Ys -0.455(42) -0.0521(35) 0.1328(85) 
X 57.5(11.5) 175(51) 78281.97(58) 
Xt) 0.0043(18) 0.001444(32) -0.21744(56) 

rms 0.132 0.036 0.023 

it can be seen that the effect of spin-spin coupling diminishes in importance at higher N 

while the spin-rotation interaction increases. The large uneven separation of the fine 

structure components in CrN is a result of the large value of X. At higher N, these spin 

components will have a more even splitting as y again dominates (see Appendix F). 

One other interesting anomaly discovered in the fitting of quartet sigma molecules 

concerns an ambiguity in the determination of the value of X. In the original fit of the 

rotational transition data ofKC, the value of the spin-spin interaction was found to be 

large (17.0 GHz). However, in the fitting of the NaC data it was found that two values of 

X could be obtained with near identical values of the rms of the fit (64.4 MHz and 25.7 
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GHz). This fitting ambiguity and the reasons for choosing the smaller value of X in KC 

and NaC is discussed in detail in Appendix E. 
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Figure 11. Laboratory Spectra of KC, NaC, and CrN (460 - 485 GHz). 

In Table 9, fits of the rotational transition data of NaC, KC, and CrN to a 

Hamiltonian with and without the js term are shown. For each molecule, the rms value of 

the fit decreased with the inclusion of YS. Therefore, in the case of the high resolution 
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millimeter wave data ofNaC, KC, and CrN, the third order spin-rotation term postulated 

by Hougen over 40 years was found to be necessary to correctly model the data. 

Measured rotational transition frequencies of NaC and CrN can be found in Appendices 

E and F. 

ii. CrO(X^n,) 

The observation of the CrO radical by millimeter wave spectroscopy represents 

the first measurement of the rotational spectrum of a lyolecule in a'll state. The radical 

was subject to several previous spectroscopic investigations, including the measurement 
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of the - X^n, - X^n, and 'fl - X^D (Hocking et al. 1980; Cheung, Zymicki, and 

Merer 1984; Barnes et al. 1993) electronic transitions A qualitative energy level diagram 

for a molecule in a ^11 state is shown in Figure 12. In this schematic it can be seen that 

CrO is described in a Hund's case(a) basis. Therefore, five spin-orbit components result, 

each separated by approximately 63 cm'^ in energy. In this work rotational transitions 

from within all five spin-orbit components were measured. In Figure 12, each rotational 

transition is split into two by the effect of lambda-doubling. This phenomenon occurs in 

molecules with non-zero angular momentum ground states (A > 0). The ± degeneracy of 

A is removed through perturbations by other electronic states (primarily E states). The 

lambda doublets of each rotational transition are given a parity label based on the Kronig 

symmetry of the nearest perturbing E state. In the case of CrO, lambda doubling was 

resolved in all spin-orbit components (except O = 3). The measured line frequencies for 

CrO can be found in Appendix F. Since the ground state of CrO is ^IT all three 

previously described higher terms ys, 0, and r| may be necessary. In the case of CrO only 

Ti and 0 were included in the Hamiltonian to model the rotational data. Further details on 

the fitting of the rotational transition data for CrO to a ^11 Hamiltonian as well as a 

bonding comparison with CrN can be found in Appendix F. 

iii. FeN(X%) 

Iron has the largest interstellar abundance of the transition metals because it is the 

end product of non-explosive nucleosynthetic processes. Iron containing molecules are 

of particular interest from the viewpoint of interstellar chemistry (see Appendix H). 
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Unfortunately no iron containing molecules have been conclusively detected in the 

interstellar medium to date. Measurements of the pure rotational spectra of iron 

containing species are necessary in order to find such a molecule. One such species is the 

FeN radical. FeN was first observed by optical spectroscopy, under jet-cooled conditions 

(Aiuchi and Shibuya 2000). In this experiment, only the ground state spin-orbit 

component was identified and assigned a value of O = 5/2. Unfortunately, the ground 

state term (A and E values) could not be ascertained since additional spin-orbit 

components had not been observed. Theoretical investigations of FeN (Fieldler and 

Iwata 1997) revealed four possibilities for the ground state, "n, ^A, and "*<!). 

Immediately, the Q = 5/2 ground state assignment eliminates the and ''O terms. The 

measurement of the pure rotational spectrum of FeN revealed very weak rotational 

transitions belonging to the Q = 5/2 sub-level (see Appendix H). Searches for addition 

spin-orbit components were unsuccessful, however this was not surprising due to the 

weak nature of the ground state lines. Since additional spin-orbit components could not 

be found, theoretical calculations were utilized to assign the ground state of FeN. A 

high-level ab initio investigation conducted by Hirano favored a ground state. The 

bond lengths of the ̂ A and the "*11 state were calculated to be 1.5784 A and 1.5944 A 

respectively. The experimental bond length (1.5802 A) is more comparable to the value 

for the ^A state. Because the experimental bond length is based only on the O = 5/2 spin-

component, the overall bond length of the molecule will shorten if data from the O = 3/2 

sub-level is included via Mulliken's relationship (Herzberg 1989). Measured rotational 

frequencies and spectroscopic constants can be found in Appendix H. 
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iv. FeC(X^Ai) 

The pure rotational spectrum of the FeC radical was previously investigated by 

the Ziurys group (Allen, Pesch, and Ziurys 1996). Unfortunately in this study, only two 

(0 = 3 and 2) of the three spin-orbit components were observed for the main isotope 

^^FeC and one (Q=3) for ^'^FeC. The millimeter-wave measurements of the FeN radical 

led to a reinvestigation of FeC in order to find the missing fl = 1 component. This 

subsequent reanalysis revealed that the previously assigned O = 3 spin component of 

^'^FeC was in fact the 0=1 sub-level of ^'^FeC. The reason for this misassignment can be 

observed in Appendix H. Unlike in CrO, the three spin-orbit components ofFeC are not 

evenly spaced in frequency. Thus the previous search for the O = 1 component was 

concentrated in the wrong frequency region. The uneven splitting is the result of a 

perturbation of the O = 2 spin-orbit component by an isoconfigurational 'A excited state 

with n = 2. The resulting perturbation occurs through the spin-orbit operator, and can be 

modeled via the spin-spin parameter. The reassignment of the spectrum allowed for a 

complete case(a) analysis and determination of the molecular parameters the state for 

the first time, including the value of A,. No higher terms were required or necessary for 

this molecule. The measured rotational transitions ofFeC and a more detailed description 

of the isoconfigurationalal perturbation can be found in Appendix H. 

V. TiF 

The spectroscopic investigation of TiF is a good illustration of the diflRculty 

associated with assigning the ground state of a molecule. The ground state was first 
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reported as (Diebner and Kay 1969). Subsequently, a reanalysis resulted in the 

reassignment of the ground state as (Shenyavskaya and Dubov 1985). Most recently a 

new high-resolution optical study of TiF was conducted and the ground state was 

reassigned again as "O (Ram et al. 1997). This assignment was made in analogy with 

TiH(X^O) (Launila and Lindgren 1996) and based on theoretical results (Boldyrev and 

Simons 1998). However, no measurement of the millimeter-wave spectrum of TiF had 

been conducted in order to confirm this assignment. The study of TiF is also of interest 

from the point that O ground states are not very common. Previous to this study, pure 

rotational transitions of only two other molecules in O states had been recorded, CoH 

(X^Oi) (Beaton, Even son, and Brown 1994) and TiCl (X^Or) (Maeda et al. 2001). 

The measurement of the pure rotational transitions of TiF confirmed the % 

ground state assignment since no additional spin-components beyond those observed in 

the optical study were found. TiF is a very well behaved case(a) molecule, with a near 

even splitting of the fine structure components as shown in Appendix I. Measured 

rotational transition frequencies, spectroscopic constants, and a discussion of bonding 

trends in the 3d transition metal fluorides are also presented and discussed in Appendix 1. 

vi. MnF (X'Z^ 

The MnF radical has the largest number of unpaired electron of any molecule 

studied in this thesis. The six unpaired electrons give rise to seven spin components. 

Each of these is further complicated by both the Mn (I = 5/2) and F (I = 1/2) nuclei, 

which have large nuclear magnetic moments. If the spins of the two nuclei are included, 

the result is 84 total hyperfine components per rotational transition (see Appendix J). 
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Unfortunately, the relatively small values of the fine and hyperfine parameters resulted in 

all 84 hyperfine components being compressed into a 100 MHz frequency space. 

Analysis and assignment of the molecular data was difficult, requiring the aid of a 

spectral simulation program. Measured rotational transition frequencies, a more detailed 

analysis of the hyperfine structure, and a further discussion of the bonding in 3d 

transition metal fluorides is presented in Appendix J. 

4. Molecular Orbital Comparison of ScO, TiO, ScF, and TiF 

In Appendix I, a plot of bond lengths of the 3d transition metal fluorides and 

oxides is presented. While the trend in bond length appears to be similar across the 3d 

row for both the oxide and fluoride species (MF ~ 0.2 A longer than MO), deviations at 

titanium and copper (discussed elsewhere) exist. For titanium, the TiF bond appears to 

be lengthened. This elongation can be explained by examining qualitative molecular 

orbital diagrams for the oxide and fluoride species of scandium and titanium, as shown in 

Figure 13. From ScO to TiO, an extra electron is present in a 15 orbital. The addition of 

this electron should have no effect on the bond order of TiO and because of core 

contraction between titanium and scandium should result in a shorter TiO bond compared 

to ScO as observed. In the fluorides, the TiF bond length is elongated compared to ScF. 

In TiF, the extra electron adds to the An orbital, which is largely antibonding in character 

and results in a decrease in the bond order of TiF relative to ScF, lengthening the TiF 

bond. If the ground state of TiF were either or as previously thought, these states 

could only arise from a 9a' 15^ or a 9a^ 15' configuration, respectively. In both 
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situations an antibonding orbital is not occupied and an increased TiF bond length 

relative to ScF would not expected. 
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Figure 13. Qualitative Molecular Orbital Diagrams for ScO, ScF, TiO, and TiF 

From the ground electronic state terms, information about the relative energies of 

the molecular orbitals can also be obtained. In ScO a single unpaired electron occupies 

the 9a orbital. In the fluoride counterpart, ScF, an additional electron is present, due to 

fluorine and it fills the 9o orbital rather than the 15. In TiO and TiF an additional 

electron is present in both species compared to their scandium counterparts. In TiO this 
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electron occupies the IS orbital unlike in isoelectronic ScF. In TiF, the 9o orbital is no 

longer full resulting in a 9a' 15^ 4ti^ configuration not 15', which might be expected from 

the addition of an extra electron into the MO diagram of ScF. The electron filling 

schemes of these diatomics may be explained by examining the 9a - 15 orbital energy 

gap between ScF to TiF as indicated by the double arrow. If this energy difference is 

larger than the spin-pairing energy for the 9o orbital, then the electron configuration 

observed for ScF results. In TiF, the 9a - 15 energy gap must decrease sufficiently such 

that the 9a pairing energy is greater, resulting in a maximum spin multiplicity. In ScO, 

there is only one single unpaired electron, therefore it is not possible to make a similar 

comparison. However, this gap must be small enough in TiO in order for a 9a'15' 

configuration to result. The decrease in the 9a - 15 energy difference most likely occurs 

because the 3d metal atomic orbital decreases in energy relative to the 4s as one moves 

from scandium to titanium. 
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CHAPTER 6. TRANSITION METAL CYANIDES 

1. Introduction 

Molecules containing a metal atom bonded to the cyanide moiety are encountered 

in a variety of regions of chemical research (see Appendices G and K; Brewster and 

Ziurys 2002; Grotjahn, Brewster, and Ziurys 2002). These molecules are also of interest 

from the aspect of their molecular geometry. Three structures are possible for the metal 

cyanides: linear cyanide (MCN), linear isocyanide (MNC), and t-shaped. However, the 

geometry of the lowest energy isomer for most metal cyanides is not known. A periodic 

table of the ground state isomer of the experimentally observed cyanides is shown in 

1 2 3 4 5 6 7 8 9 10 11 12 13 

LiNC 

I MgNC AINC 

1 CaNC FeNC CoCN NiCN CuCN ZnCN GaNC 

InNC 

Figure 14. Periodic Table of Experimentally Observed Metal Cyanides. 
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Figure 14. Both sodium (Van Vaals, Meerts, and Dymanus 1984) and potassium 

(Toning et al. 1980) cyanide exhibit the t-shaped geometry, a polytopic structure in 

which the metal ion is coordinated with the n cloud of CN". This geometry results when 

the metal-cyanide bond is almost completely ionic. The remaining species, lithium (van 

Vaals, Meerts, and Dymanus 1983), the alkaline-earth (Anderson and Ziurys 1994; 

Steimle, Fletcher, and Steimle 1994), and the group 13 metals (Walker et al. 2001) 

exhibit the linear isocyanide form as the lower energy isomer (the isomerization energy 

between InNC InCN is very small). The isocyanide structure is thought to result due to an 

increase in the covalent bonding character between the metal and CN (Dorigo, Schleyer, 

and Hobza 1994; Ma, Yamaguchi, and Schaefer 1995). Recently, the first transition 

metal cyanide, FeNC (Lie and Dagdigian 2001), was detected using laser-induced 

fluorescence (LIF) spectroscopy. It also exhibited the linear isocyanide structure. 

Interestingly, up to this point no species with the linear cyanide form as the ground state 

isomer had yet been observed. However, the extent of the laboratory and theoretical 

investigations for metal containing cyanides, as shown in Figure 14, is rather limited. 

The desire to determine the structure of the remaining transition metal cyanides 

as well the recent detection of four (half of all metal molecules identified to date) metal 

cyanides (Ziurys et al. 2002) in the interstellar medium, prompted the Ziurys group to 

measure pure rotational transitions of these species. The first transition metal cyanide to 

be observed was ZnCN (^S^) (Brewster and Ziurys 2002). Measurement of the pure 

rotational spectrum of zinc cyanide, including five isotopomers led to the unambiguous 

determination of a linear isocyanide geometry. This work was followed by the detection 
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of CuCN ('Z^) by pure rotational spectroscopy (Grotjahn, Brewster, and Ziurys 2002). 

Again several isotopic substitutions indicated that the molecule exhibited the linear 

cyanide structure. Continuing across the 3d row, the next species to be investigated was 

the NiCN radical. Several electronic transitions originating from the O = 5/2 spin-orbit 

component of the ground state were observed using LIF techniques (Kingston, 

Varberg, and Merer 2002). These authors determined the ground state isomer of the 

molecule to be the linear cyanide form. This work was followed by measurement of the 

I 
pure rotational spectra of NiCN (X^Ai) and CoCN (X^Oi) in this thesis. The results of 

these investigations will be summarized in the remaining sections of this chapter. 

2. Theory 

The general theory applicable to the rotational energy levels in the ground states 

of the transition metal cyanides NiCN (X^Aj) and CoCN (X^O,) has been described in 

Chapter 3. Therefore, this section will concentrate on effects arising from the Renner-

Teller interaction. Linear metal cyanide molecules possess four vibrational modes: a 

metal-carbon stretch, a carbon-nitrogen stretch and a degenerate bend. The CN stretch 

lies highest in energy (~ 2000 cm"'), followed by the metal carbon stretch (-500 cm"'), 

and finally the bend, which is lowest (-250 - 300 cm"') (Kingston, Merer, and Varberg 

2002). Because Broida-type ovens are used in the synthesis, the molecules are produced 

at temperatures (400 - 500 K) sufficient to populate the rotational energy levels of the 

bending vibrational mode (and the metal-carbon stretch). Therefore, rotational transitions 

within the energy levels of the bending mode may be observed. In the case of or 'Z 

molecules such as ZnCN or CuCN, the rotational spectra of the bending vibrational 
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modes are subject to a phenomenon known as /-type doubling. The effect is the result of 

the coupling of the rotational angular momentum to the vibrational motion, and removes 

SH 
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Figure 15. Qualitative Vibrational Energy Level Diagram of a E Molecule. 

the degeneracy of the bending mode (Townes and Schawlow 1975). A qualitative energy 

level diagram showing this effect is displayed in Figure 15. Here (V1V2V3) label the metal-

carbon stretch, the bend, and the carbon-nitrogen stretch respectively. The V2 = 1 energy 

level is split into two levels by /-type doubling, thus rotational transitions arising form the 

V2 = 1 mode appear as doublets. Symmetry labels for these levels arise from the value of 
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the I quantum number. This effect has been observed in many linear triatomic molecules, 

for example MgOH and AINC (Apponi, Anderson, and Ziurys 1999; Robinson, Apponi, 

and Ziurys 1997). Energy level expressions that explicitly model the /-type doubling 

splitting in the rotational transitions of each bending mode have been developed up to at 

least V2 = 4. (Presunka and Coxon 1993; Yamada, Birss, and Aliev 1985; Maki and Lide 

1967). 

The ground states ofNiCN (X^A,) and CoCN (^^€>0 have non-zero values of A. 

The resulting orbital angular momentum can couple With the vibrational angular 

momentum to form vibronic states (A + / = K), labeled by K. This coupling, known as 
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Figure 16. Qualitative Vibronic Energy Level Diagram for a Molecule. 
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the Renner-Teller effect splits the energy levels of the bending mode into vibronic 

components (Jungen and Merer 1976; Brown and Jorgenson 1983). Figure 16 shows the 

splitting of the bending vibronic levels of a molecule in a state by this effect. The vj 

- 1 mode is now split into three and the V2 = 2 into five components each. The additional 

vibronic components as well as the uneven energy level separation (Peric and 

Peyerimhoff 2002) make identification of the rotational transitions of the vibronic 

components more difficult. The theory of the Renner ^ffect for A and O states has not 

I . . i . . 
been developed in as great of detail as for 11 states, because studies of linear triatomic 

molecules in A or IT states are extremely limited. Unlike for /-type doubling, a global 

energy level expression does not exist for the rotational transrtions in the vibronic energy 

levels of molecules in these states. Thus, each vibronic coupling must be modeled using 

effective parameters in a case(c) basis (see Appendices G and K). 

As mentioned before, rotational transitions originating in the energy levels of the 

metal-carbon stretch may be observed. In the case NiCN, the energies of the first 

quantum of the stretch and the second quantum of the bend are similar. In this case, the 

bending vibronic component with the same symmetry as the first quantum of the stretch 

(same as the ground state) will perturb one another separating each other in energy and 

partially mixing the rotational constants of each state. This effect was experimentally 

observed to be particularly large in NiCN (Kingston, Merer, and Varberg 2002) and is 

illustrated in the energy level diagram of NiCN in Appendix G. 
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3. Results and Analysis 

The detailed spectroscopic results of the millimeter-wave observations ofNiCN 

(X^Aj) and CoCN (X^<Di) can be found in Appendices G and K. For NiCN, rotational 

transitions were recorded for five isotopomers, including transitions in the O = 3/2 spin-

orbit component and several vibronic components for the first time. The rotational 

spectra indicated that the molecule exhibited the linear cyanide geometry. Representative 

lab and stick spectra as well as measured rotational transitions and spectroscopic 

constants can also be found in Appendix G. CoCN was detected for the first time 

spectroscopically by the millimeter-wave measurements in this thesis. From the pure 

rotational transitions of the isotopomers, '^CoCN and ^^Co'^CN, the molecule was 

determined to have the linear cyanide structure. Hyperfme splittings due to the '^Co (I = 

7/2) nucleus were observed for both isotopomers. Representative laboratory and stick 

spectra, spectroscopic constants and measured rotational transitions can be found in 

Appendix K. In both cases, these molecules are the first examples exhibiting the effects 

of Renner-Teller coupling on the rotational transitions in the bending mode of species in 

A and O states. 

The measured rotational transitions for NiCN and CoCN were fit using the 

Hamiltonians in Chapter 3. Explicit forms can be found in Appendices G and K. 
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4. Discussion 

i. Stracture 

The stnjcture of the transition metal cyanides have been determined using several 

methods. The first is the ro structure, in which the moments of inertia of the isotopomers 

of a particular cyanide are fit to the following equation (Gordy and Cook 1984): 

^0 ~ + nipmi^r^ + (^MC +'cn) ] (6-1) 

where lo is the moment of inertia in the ground vibratibnal state, M is the total mass of 
I 

the molecule, m; are the masses of the individual atoms, and r^ are the bond lengths. 

Small zero point contributions may result in anomalies in the ro structure. In order to 

minimize these effects, a substitution structure is determined. This method employs 

Kraitchman's equations (Gordy and Cook 1984), 

H =  

where the prime denotes the substituted atom and Am is the mass difference in the 

isotopic substitution, and the center of mass condition in order to determine a structure 

closer to the equilibrium value. The final method is the r® method developed by 

Watson, in an effort to further remove zero-point contamination. Here the moments of 

inertia are fit to (Watson, Roytburg, and Ulrich 1999) 

(«3)  

where Im is the rigid mass dependent moment of inertia and c is a constant. This method 

and the substitution structure require moments of inertia from at least three isotopomers. 

; = MAm/M + Am; Am = - m (6.2) 
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Table 10 contains the bond lengths parameters determined for the transition metal 

cyanides by the methods previously described. 

Table 10. Bond lengths for Transition Metal Cyanides. 
IM-C (A) rc-N (A) 

CoCN ro (Q = 4) 1.8827(7) 1.1313(10) 

NiCN ro 1.8283(6) 1.1578(8) 
ro (Q=5/2) 1.8293(1) 1.1590(2) 

rs (-0=5/2) 1.8292 1.1534 

rm^^^ (£2=5/2) 1.8263(9) 1.152(1) 
/ 

CuCN ro 1.8323107) 1.1576(1) 
Ts 1.83284(4) 1.15669(3) 

rJi) 1.8358 1.1573 

ZnCN ro 1.9545 1.1464 
rs 1.9525 1.1434 

r 1.9496 1.1417 

A discussion of the bond lengths can be found in Appendices G and K. 

ii. Bonding 

The preference for the 3d transition metals to form cyanides rather than 

isocyanides may be explained by examining a qualitative molecular orbital diagram for 

CN as shown in Figure 17. Because the atomic orbitals of nitrogen are slightly lower in 

energy than those of carbon, the bonding molecular orbitals are slightly more nitrogen in 

character. Therefore, when the metal atom bonds to CN it would be expected to attach to 

the nitrogen atom, which is the case for lithium, the alkaline-earth, and the group 13 

metal cyanides. However, the transition metals possess nearly full d-orbitals. These 

electron rich metals may prefer to bond to the carbon side of the cyanide because of back 

donation of d-electron density into the TT* orbital of CN, which has a greater carbon 
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CN 

"Hr " 
N 

Figure 17. Qualitative Molecular Orbital Diagram for CN. 

character. A comparison of the CN bond lengths for the transition metal cyanides and 

isocyanides would determine if this hypothesis is correct. However, these parameters are 

not yet known for the higher energy isocyanide isomers. 
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ABSTRACT 

The MgNHj radical has beoi detected in the labwatory for the first time in its X^A, ground state using 
techniques of miUimeter-wave spectroscopy. This short-lived species was cneated using ftoida oven methods. 
Multiple K, asymmetry components were recorded for MgNHj in 12 rotationa] transitions in the frequency range 
129-527 GHz, and spin-rotation splittings were resolved in every component A total of 251 separate lines were 
measured. An intensive search for a possible inversion state in MgNHj was also conducted but proved negative. 
This data set has been modeled with an j^-reduced Hamiltaniao and very accurate rotational, centrifugal distortion, 
and spin-rotation panraeters have been detemiinsd for magnesium amide. This study strongly suggests that the 
radicd is planar with C,, symmetry, altbou^ small banieis to planaiisy/camiot be niied out MgNH, could be 
produced in interstellar/circumsteDar gas baa the associatiOTi reactioD rf Mg* + NHj, as predicted by t^ory. 

Subject headings: circumstellar matt®—ISM; mol^iulss—line; identification—methods; laboralSKy — 
niolecular data 

1. INTRODUCTION 

Altbou^ magnesium has a cosmic abundaiice comparable 
to that of silicon, namely, Mg/H ~ 3 * 10"', only two inter
stellar molecules have been found to date that contain this 
ekmenL These species aie MgNC (Kawaguchi et al. 1993) and 
MgCN (Ziurys et al. 1995). Both have been detected toward 
the late-type carbon star IRC +10216, and more recently, 
Mg^lC has been observed toward CRL 2688 and CRL 618 
(Ziurys, Highbeige^ & Savage 20(M9). Given the wide range 
of silicon-bearing molecules that have been observed in circuoi-
stellar envelopes (SiO, SiS, SiCj, SiC, SiC,, etc.; e.g., Ceisi-
charo, Guelin, & Kahane 2000), it is surprising that more Mg-
containing species have not been detected Again, one 
prohibiting &ctor has been the !ad( of accumte test fiequoscies 
for such compounds. Considerably more silicon-beaiing spe
cies have been studied in the laborativy, such as SiC,, SiCj, 
and SiCft (e.g., McCarthy et al. 2000). Hence, in this case, there 
are a greater number of possibilities for interstellar and circum-
steilar idemificatioDs. 

In a recent chemical model of IRC +10216, Petrie (1996) 
suggested that radiative association reactions of metal icns end 
neu^ molecules could lead to metal-containing species in this 
object In feet, some experimental wori indicates that tlK re
action 

Na* + NH, -> NaNH; + kv (1) 

may be reasonably &st at intersteUar temperatures. The ex-
trspolated rate constant at 20 K is estimatkl by Petrie to be 
k - ifl-'o cm's"', which is about an order of magnitude less 
than the Langevin rate. Subsequent dissociative electron le-
combinatioB of the NaNH, complex produces NaNH,, which 
Petrie concludes is a good candidate for interstellar detection. 
Moreovei, this author has examined the analogous reactions 
leading to MgNHj and AlNHj, which he suggests are COTJ-
paiably efficient Since the binding energy of the MgNHj com
plex is higher than the sodium analog (Bauschlicber & Partridge 
1991), Petrie conjectures that MgNHj might be an even bett® 
candidate for an interstellar search than NaNHj. 

As a coosequetKse of these theoretical studies, our group has 
been measuring the pure rotational spectra of metaJ amide spe

cies. We have recorded, for example, the millimeier-wave spec-
tnim of NaNHj (Xin, Brewstsr, & Ziurys 2000), the first lab
oratory detection of this molecule in die gas phase. Interstellar 
seardies for this compotmd are currently being conducted. 

Here we present our measurements of pure rotational 
spectnum of the MgNH, radical in its .^14, ground eiectronic 
ststs. This study is the laboratory detection of this species. 
Twelve rotational transitions of the molecule were recoried in 
ise frequency range 129-527 GHz, including asymmetry com
ponents as high as = 7. Highly accurate spectroscopic con
stants have subsequently been determined for MgNHj. In tMs 
Letta we describe oair results. 

2. EXPERIMENTAL 

Spectroscopic meBsuremeDts of MgNHj were done using ooe 
of & millimetsr/submillimeter spectrometm of the Ziurys 
group, described in detail elsewhere (Eurys et al. 1994). The 
instroment employs a Gunn osciilator/Schottky diode multipliei' 
combination as the frequency source, a reactitsi chamber, SIK] 
m InSb bolometer dstectoi. This system uses teflon lenses and 
a wire grid to quasi-opdcally propagate the radiation throu^ 
the double-pass reaction cell, which incorpraatss a Broida-type 
oven. Frequency modulation of the radiation allows for phase-
sensitive detectissi. 

Magnesium amide was synthesized in a DC discharge of 
magnesium vapoi; argon, and ammooia gasss. The argon and 
a m m o n i a  w e r e  a d d e d  t o  t h e  r e a c t i o n  c e l l  t o g e t h e r  i n  a  1 : 1  
ratio of about IS raunr per gas. The magnesium vapor was 
produisd using the Broida-type oven. A steel plate with an 
openir^ slightly smaller than the diameter of the crucible was 
placed over the oven in order to coiUmate the magnesium vapci. 
Argon was introduced into the cell froni underneath the ova, 
servmg as a carrier gas, while the ammonia was flowed in over 
the top of the ovai. A I>C discharge current of 650-850 mA 
was used at 30 V. A bright, green-colaed discharge was ob
served, arising from atomic emissicm of magnesium. 

No previous experimental data existed for MgNH,. Hence, 
an initial search had to be conducted over a 70 GHz range, 
which is approximately 6 times the value of the estimated 
effective rotational constaBt This freqiwncy range, covering 
460-530 GHz, was scanned contjnuously is 100 MHz intervals. 

L61 
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TABLE 1 
OssEsvED ROTATIONAL TiiANSjTi«»3S SFOB MgNH,(X'̂ »R 

N' K-K J ' - T  8-  ̂-

5 ^ 4  5 — 4 4 J - 3 J  129529.697 -0.0S8 
1 ̂  1 5 - 4  5 J - 4 J  129568.688 0.010 
! ̂  1 4 - 3  4J -3J J3J 906-673 0,034 
1 i 4 - 3  5 J - 4 i  131946343 0.021 

6 ^ 5  1 ! 6 - 5  5 i - 4 i  155432.918 -0,030 
3 «- 1 6 - 5  6J -5J 155471.705 -0il27 
3 «- 1 5 - 4  5 J - 4 i  158284.859 -OJS28 
1 1 5 - 4  6 J - 5 i  158324358 -0.023 

9 ' - 8  1 1 9 - S  8 J - 7 J  233117.964 -0.062 
1 •- J 9 - 8  9.5-8i 233156335 -0J)39 

8 - 7  9 J - 8 i  235199.672 0.114 2^2 7 - 6  8 J - 7 3  235214.423 -0.020 
0 ^ 0  9 - S  8 J - 7 J  235247.037 -0,003 2^2 7 - 6  9 3 - 8 J  235254.050 0.026 0^0 9 - 8  9.5 - 83 235285.788 -0.049 
1 ̂  1 S- 7 8 J - 7 J  237393.209 <0.000 
1 ̂  1 8 - 7  9 3 - S i  237432.665 -Oi»3 

m <>- 9 , . 1 1 1 0 - 9  9 3 - 8 3  259002.845 -0.012 
I i 1 0 - 9  103 - 93 259041.445 0.076 
2 ^ 2  9 - 8  9 3 - 8 3  261272333 -0.056 
2 ^ 2  9 - 8  103 - 93 261312.022 0.027 
2 ^ 2  8 - 7  9 3 - 8 3  261347326 -0i)81 
0 - 0  1 0 - 9  9 3 - 8 3  261356.691 -OJOIS 
2 * ^ 2  8 - 7  103 - 93 261386.849 -0.008 
0 ^ 0  1 0 - 9  103 - 93 261395376 0.081 
I - I 9 - 8  9 3 - 8 3  263751.622 -0iJ77 
S - 1 9 - 8  103 - 93 263791.167 0.046 

12 •- 11 . I 1 1 2 - 1 1  113-103 310753321 -0i»9 
1 ̂  1 1 2 - 1 1  123 - 113 310792.130 0.048 
2 - ^ 2  n  - 1 0  113- 103 313479,463 -0.024 
2 - 2  11 - 10 123 - 113 313518.722 0.011 
0 - 0  1 2 - 1 1  113- 103 313545.675 -0.021 
0 - 0  12- 11 123- 113 313584.492 0.027 
2 - 2  1 0 - 9  113- 103 313608.988 -0j)70 
2 - 2  1 0 - 9  123- 113 313648J68 0.022 
1 - 1 11 - 10 113- 103 31644SJ287 -OiM2 
1 - 1 11 - 10 123- 113 316487.734 0.033 

13 •- 12 .. .  1 - 1  13- 12 123-113 336618.274 -0.077 
1 - 1 1 3 - 1 2  133 - 123 336656.836 0.040 
2 - 2  1 2 - 1 1  123 - 113 339572.649 0.002 
2 - 2  1 2 -  1 1  133 - 123 339611.841 0.032 
0 - 0  1 3 - 1 2  123- 113 339623.100 0.017 
0 - 0  1 3 - 1 2  133 - 123 339661J99 0.058 
2 - 2  11 - 10 123 - 113 339737-470 0.002 
2 - 2  11 - 10 133 - 123 339776.741 0.036 
1 - i 1 2 -  1 1  123- 113 342785.091 -0.060 
1 - 1 1 2 - 1 1  133 - 123 342824327 0.021 

14 O- 13 .... . 1 - I 1 4 - 1 3  133 - 123 362475.169 -0.014 
1 - 1 1 4 - 1 3  143 - 133 362513.656 0.043 
2 - 2  1 3 -  1 2  133 - 123 365658.156 -0.016 
0 - 0  1 4 -  1 3  133 - 123 365687.742 -0.038 
2 - 2  1 3 - 1 2  143 - 133 365697346 0.061 
0 - 0  1 4 - 1 3  143 - 133 365726381 0X55 
2 - 2  1 2 - 1 1  133 - 123 365864.039 -0.032 
2 - 2  1 2 - 1 1  143 - 133 365903380 0.009 
1 - 1 1 3 - 1 2  133 - 123 369113383 -04M7 
1 - 1 13- 12 143 - 133 369152.807 0.037 

S5 «- 14 „ 1 - i 1 5 - 1 4  143 - 133 388323308 -OJHO 
1 - 1 1 5 - 1 4  153 - 143 388361.975 0.039 
2 - 2  1 4 -  1 3  143 - 133 391735.441 -0.037 
0 - 0  1 5 - 1 4  143 - 133 391738.824 -osm 
2 - 2  1 4 - 1 3  153 - 143 391774375 0.024 
0 - 0  1 5 -  1 4  153 - 143 391777.601 0.038 
2 - 2  1 3 - 1 2  143 - 133 391988.697 -0.016 
2 - 2  1 3 - 1 2  153 - 143 392027.889 0.003 
I - 1 1 4 - 1 3  143 - 133 395432310 0.006 
i - 1 1 4 - 2 3  153 - 143 39547J .847 0.016 

17 •- 1 6  . . .  ,  1 - 1  1 7 -  1 6  163-153 439992323 <0.000 
I - 1 1 7 - 1 6  173 - 163 440030.728 0.009 
0 - 0  1 7 - 1 6  163- 153 443796.197 0.010 
0 - 0  J7 - 16 173 - 163 443834.896 Q.m 
2 - 2  1 6 - 1 5  163 - 153 443863.067 -0:032 

is^n. 

19 •-IS. 

2Q^19. 

K-K K 
2 - 2  1 6 - 15 173 - 163 443902.141 0i)38 
2 - 2  1 5 - 14 163- 153 444231.476 0,006 
2 - 2  15- 14 173 - 163 444270.608 -0.001 
1 - 1 J 6 - 15 163- 153 448040.351 -0.028 
1 - 1 1 6 - 15 173- 163 448079.702 OJ018 
1 - 1 1 8 - n 173- 863 465811.623 OJ014 
1 - 1 18 - 17 183- 173 465849.949 -04M7 
0 - 0  1 8 - N 173- 163 469800.629 0.016 
0 — 0 5 8 - 17 183- 173 4698393S5 -0i)17 
2 — 2  1 7 - 16 173 - 163 469912317 0.070 
2 - 2  1 7 - 16 183- 173 469951.199 -0il35 
2 - 2  1 6 - 15 173- 163 470349384 QM2 
2 - 2  1 6 - 15 183 - 173 470388.269 -0.103 
1 — 1 1 7 - 16 173- 163 474327.816 -04)31 
I - 1 1 7 - 16 183 - 173 474367.134 -0.008 
I ' - l  1 9 - 18 183 - 173 491620.034 <0il00 
F - L  19- 18 193 - 183 491658388 -0J125 
6 - 0  1 9 - 18 183-173 495787.733 0.102 
£ - 0  1 9 - 18 193 - 183 495826373 -04131 
/ 2 - 2  1 8 - 17 183- 173 495950J41 <04)00 
2 — 2 18- 17 193 - 183 495989.785 -0i>22 
2 - 2  1 7 - 16 183 - 173 4964643S3 04)15 
2 - 2  1 7 - !6 193 - 183 496503.481 -04)12 
1 - 1 1 8 - 17 183 - 173 500603.453 OJO09 
I - 1 1 8 - 17 193- 183 500642.704 -04127 
1 - 1 20- !9 193 - 183 517417.008 -04»4 
1 - 1 20- 19 203 - 193 517455315 -04  ̂
0 - 0  20- 19 193 - 183 521756320 -0.004 
0 - 0  2 0 - 19 203 - 193 521794.944 -04)36 
2 - 2  1 9 - 18 193 - 183 521978335 04)35 
2 - 2  1 9 - 18 203 - 193 522017.138 -0.110 
2 - 2  1 8 - 17 193 - 183 522576.656 0.003 
2 - 2  5 8 - 17 203 - 193 522615.781 0.004 
1 — 1 1 9 - 18 193 - 183 526866.469 -04)31 
1 - 1 19- 18 203 - 193 526905.752 -0.026 

' Is uaiss of nKgBbett& 

Iliis intensive initia! search eoabled the pattern of the specua 
to be established and preliminary effective rotationa] constants 
to be obtained. Spectra! lines fim otiier transitions couid then 
be fairly accurately predicted (±S0 MHz) and thetefcse C(»i-
siderably nairowed the search raage. Actual frequency mea-
surements were conducted iitting Gaussian proles to fea
tures usiiig scans S MHz in frequency coverage. For most liaes, 2-4 Slid) scans were averaged (an equal number in increasing 
and decreasing frequency). Below 180 GHz, 8-16 scan aver
ages wee necessary. Observed line widths were 3 50-1 (KK) kHz 
over the range 12(^-530 GHt 

3. RESULTS 

A subset of the tiansitioii frequencies obtained for MgNHj 
is given iaTaWe I. As is the case for any U electronic state, 
the quantum numbeis labeling the eneigy levels are 
is the rotationaJ quantum number (case b coupling schme) aad 

and ate the projections of the rotational angular mo-
mentuni along the 4 or c symmetry axes in the prolate and 
oblate limits (K,+K, s: N os N + I); J aceounts_for fine-
stniaure splittings, doublets in this case, where J = S. 

MgNHj appears to be planar with Cj, symmetry, as will be 
discussed latec Hence, the only dipote moment lies along the 
o-axis, resulting in a-type (A^, = 0, AK^ = ±1) transitioiB. 
Since the value of K, does not change, this quantum number 
can be used to label the asymmetry ccmponents present in each 
N-^N+ I transition. Asymmetry splits many * 0 com-
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Stick Spectaim of MgNH  ̂(N  ̂^) 

\ 
18.  ̂

X 

<92  ̂ 4SE 49B 500 
FrK|uency(C^) 

BG. 1.—Stick KJccfiTora showing she sypica] progncssim of ihe asym* 
asetry conqpanents is MgNH, w în she K iS " 19 nMstianaj tianssls«i. 
Tbe reUave intem&ies resuit panly from prousi spin slasisKics. The ~ 1 
fisyxometry doublets are spiil the widest in the paucni. while ~ 2 !iî  
have modsrsie scparaiicm. Tbe of ihe coniponenis are collapsed or 
nearly collapsed into sin  ̂features. (Spin-rotatioo î Umngs aiz too SIQBII to 
be shows oa this scak.) 

ponents into doublets. The pattern of the K, "doublets" depends 
OD the geometry and degree of asymmetry in the molecule. 
Another consequence of C, symmetry is intensity variation due 
to nuclear spin statistics. The protons can be exchanged in 
MgNH, by a Cj. rotation. Since the total wave function of the 
moleciUe must antisymmetric on exchange of fermions, odd 

components are favored statisticaUy over even K, lines by 
a factor of 3 :1 (see Gordy & Cook 1984), not including any 
Boltzmann factot 

The typical spectral pattern resulting from these effects is 
illusoated in Figure 1. This figure is a stit^ diagram showing 
the frequencies and relative intensities ofX, components of tbe 
jV = 18-> 19 rotational transitioji near 496 GHz. As the diagram 
iUustiates, the X. = I doublets are split ai»rt from each other 
by -9 GHz. The nondegenerate K, = 0 transitions be nest the 
center of the pattern. As is diaracteristic of tii^ Mvalues of 
MgNHj, the iC. = 2 doublets lie higher in frequency relative to 
the if. = 0 transitions and are split by only ~500 MHz. In 
contrast, the X, = 3,4, 5, and 7 lines occur at lower frequoKies 
with respect to tbe X. = 0 line, and the asymmetry separation 
steadily decrease so iiat it cannot be resolved at > 4. Spin-
rotaticm interactions additionally split evsy K, component into 
doublets separated by about 30-40 MHz, whidi is too small to 
be shown on this plot. FinaBy, an a^'ro'uina'E 3 ^ 1 intensity 
pattern for K, odd: K, even is apparent in this diagram, »4ich 
is calcuialed for a tempaature near SCO K. 

Assigranent of tbe individual K, components was not trivial. 
It could be accomplished only alter scanning ~6S in frequency 
space (~70 GHz). Hannonic relationships could then be es
tablished among the components. The intensity pattern and 
spin-rotation splittings also aided in identilying harmonically 
related lines, and K, quantum number assignments were es-
Ublished by extrapolating to the symmetric top limit. Verifi
cation of assignments was accomplished by obtaining a rea
sonable fit to the data using a Hamiltonian. 

Usually components corresponding to X. = 0-5 and 
= 1 were recorded per rotational transition. Tbe complete 

MgNH, (X^A,): 

Frsquettcy (GK) 

He. 2.—Acssffil spectnim of s secdan of she SS~« 19 mnsision of 
MgNH, (y'/l.) showing the = 0, 2. and 3 coiifxnians. which are bbeled 
by The asjwmessy doubBag is mosi pmmsnenl in !hc C = 2 laies. 
-IDie doubtefis present in esch indicated iransitaOD anse &om sptn-rosatiosi m-
sascdom. One iC ~ 0 finc-soucEuie compooenl is blended wilh a s 3 
line. This specErom covecs i J GHz and is a compostte of 12 100 MHz scmts. 
each appnisiiaaseij' I inliiuse in dojauon. 

set of X, components was used to delennine spectroscopic 
constants. Howevei; only tbe lower JC. ctmponents are relevant 
to astronany, and only these are included inTable 1. 

Figure 2 shows a typical laboratory spectrum obtained for 
MgNHj, presenting a section of the i*? = 18 -• 19 transition 
containing the K, = 0, 2, and 3 components. The K, — 2 
asymmetry doublets are separated by more than SOO MHz, and 
each transition is split again by about 39 MHz as a restalt of 
spin-ft)tation interactions, in contrast, asymmetry doubling is 
inucb smaller in the iC. = 3 lines (—5-6 MHz), and the spin-
rotation coupling is then tbe larger interaction. The ~ 0 
transitions are split only by fine structure, and one component 
is blended with a iC. = 3 line. The features marked by asterisks 
are due to vibrationally excited states. 

4. ANALYSIS AND DISCUSSION 

The data set was modeled with a Hamiltonian consisting of 
rotational, centrifugal distmiiHi, and spin-rotation terms; 

= + (2) 

A modified form of tbe 5-reduced Hamiltonian of Watson 
(1977) was used for the first two expressions, the second which 
incorporates several fifUi-order centrifijgai distortion cortsc-
tions. The spin-rotation Hamiltonian is a tmsor term of the 
form 

Hu = \l^u(N,St + S,N.). (3) 
^ tiS 

For species with Cj, symmetry, however, all ofMiagonal el
ements are zero. Spectroscopic parameters were obtained by 
ilting all 251 measured lines wi& the least-squares fitting pro
gram SPFIT developed by H. M. Pickett in addition to the 
rotational and spin-rotation constants, eight centrifugal distor-

•Jl 

yj ISj.'sa • 

/ 
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tion parameters were needed to obtain a reasonable fit These TABLE 2 
constants are listed in Table 2. Tbe nns of the fit was 51 kHz, SPECTROSOJPIC CONSTANTS TOR 
we!3 wifliin the measurenient imcejtainty of ± 100 kHz. " MgNH, A,t 

MgNHj appeals to be a plajiar molecule with C,, symmetry, ?mmaa VaJis 
at least to a good approximatioij. (A low bairier to pianarity ~ ] 373523 (42) 
is difiBcult to rigorously exclude). Evidence for pianarity is tte jj 133147718 (47) 
small, positive ine«ial defect of A = 0.078 found for this rad- C 12839.1166 (46) 
ical, which did not change sign on deuterium substitution (Sher- 1 s6MS^ra« 
idan & Ziurys 2000). Furthemjore, the spin-rotatiOB splitting -0.000S8II (37) 
was readily reproduced without use of off-diagonal terms nee- rfj -0.0002076 (17) 
essary for C, syminetry. Ilje species also does not appear to -0.001184 (ii) 
be undergoing inversion. Jn the 70 GHz searched, thro was »"l"o-' 
no evidence of a spectnan arising frran an upper inversion p"' J 'g-. 
state, which would easily be recognized as a "nMrror image" t24.4»(33) 
of the lower inversion state with opposite spin statistics. The «» 39.743 (90) 
additional lines that were found with the ch^cteristic spin-
rotation splitting of MgNHj were typically touch weaker, they fEf—""" : 
can be atsribmed to or excited vibrational states. //* •= >™«» of a®E»hm« « 3 •> 

Pianarity indicates an ionic bonding scheme, as has been ^ w ibc ha qooied places. 
found for CaNH, (Man-et al. 1995; Brev^ster & Ziurys 2000) .. , , '1 1 J: j 
and SrNH, (Braier & Bematb 2000; Thompsen, Sheridan, & ^ 
Ziurys 2(TO). In this case the structwe rf tbe amide is fus- Comequently, Mg!«, differs from SrOT, and CaNH, m „ ' , , . • its eiectromc structure, but not enousb lo drasticallv aJler its HoweveE, tbe relative magnitudes of the spm-imtson y »« 
constasits change m MgNHj relative to its calciiro and strom- ® 
tiuim analogs. As discussed by Curi (1965), this implies a Hiis research was supported by NSF grants AST 98-20576 
change in tbe g, tensor and thenefone the orientation of the and CHE 98-17707 and NASA grant NAGW5-37S5. 
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Abstrsct 

The pure rotational spectrum of the SrNH; radical in its X'A, state has beem recorded using sub-millimeter direct 
absorption techniques in the range 223-340 GHz. Measurements of SrND: have also been conducted. Both molecules 
were produced by the reaction of metal vapor and NHj or NDj. Fourteen and fifteen rotational transitions were re
corded for SrNHj and SrNDj, respectively. Asymmetry doublets for = 0 through 3 or 6, as well as fine structure 
splittings, were observed in every transition. From these data, spectroscopic constants have been determined, as well as 
an ^o-structuiE. This study provides additional evidence that SrNHz is planar with ionic bonding. O 2000 Elsevier 
Science B.V. AD rights reserved. 

1. Introduction 

A prime way of probing the metal-ligand bond 
is through using gas-phase spectroscopy of small, 
metal-coDtainiog molecules. Receat classes of 
species that have been studied to examine such 
bonding schemes include MOH, MX, MCH3, and 
MNHj, using both optical and millimeter-wave 
(mm-wave) techniques e.g., [1-5]. In addition to 
the alkali metals, such investigations have focused 
heavily on the alkaJiae-eaith elements Mg, Ca, Sr, 
and Ba. (See Bemath for a review [6].) Analysis of 
the speara of such radicals has yielded interesting 
information about their electronic properties and 
structure. 

'Corresponding author. FaJ: +1-520-621-1532. 
E-mail address: Iziurystgas.arizoiia.edii {L.M. Ziuiys). 

The strontium analogs of these molecules pro
vide an important link for understanding chemical 
trends in the alkaline-earth series. Prior spectro
scopic studies of the isovalent alkaline-earth 
monohydroxide, monomethyl and halide species 
have shown that strontium compoimds have 
similar properties to their calcium and barimn 
counterparts |6-8] and exhibit primarily ionic be
havior. For example, it has been shown that 
CaOH, BaOH, and SrOH are tightly bound spe
cies with a linear geometry and an M'^OH" 
structure [7). It is only MgOH that does not fol
low these trends, being quasi-linear, and therefore 
having more covalent character to the metal-OH 
bond [9]. 

Another strontium molecule of interest is 
SrNHj, which was first observed by Wormsbecher 
et al. [10]. These authors detected chemilumices-
cence arising from the reaction of Sr metal vapor 
with hydrazine or ammonia. They observed three 

0(K)9-26S4/<Ki/$ - see front matter © 2(XKI Elsevier Sdeace B.V. A3I rights reserved. 
m :  8 0 0 0 9 - 2 6 1 4 ( 0 0 ) 0 1  1  1 3 - 1  
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Table 1 
SeSccicd transition frequraides of SrNHj aad SrND3{X^/^t}® 

SrNH, SrND; 

VGLLS VGJJJT- SOFA - • 

17(1,17) 16.3 16(1,16) 15.5 227325.149 -0.031 
17(1,17) 17. J 16(1.16) 16.5 227407.2M 0.011 
17(3,15) 16.5 16(3,14) 15.5 228063.034 0.021 
17(3.14) I6J 160.13) 15.5 228063.034 -0.028 
170,14) 17.5 16(3,13) 16.5 228135.067 0.089 
17(3,15) 17.5 160.14) 16.5 228 135.067 0.136 
17(1.16) 16.5 16(1.15) 15.5 229549.898 0.071 
17(1,16) 17.5 16(1,15) 16.5 229616.847 -0.031 

28(53) 27.5 27(502) 26.5 373 871.796 -0.087 
28(5,24) 27.5 27(503) 26.5 373871.796 -0.087 
2K5J3) 28.5 27(502) 27.5 373943.386 -0.084 
28(5J4) 28.5 27(503) 27.5 373943.386 -0.084 
28(1,28) 27J 27(107) 26.5 374098.585 0.073 
28(108) 28.5 27(107) 27.5 374 180.918 -0.009 
28(405) 27.5 27(404) 26.5 374735.178 0.142 
28(404) 27.5 27(403) 26.5 374 735.178 0.141 
28(405) 28.5 27(404) 27.5 374807.838 0.155 
28(404) 28.5 27(403) 27.5 374807.838 0.153 
28(306) 27J 27005) 26J 375 339.976 -0.034 
280,25) 27JS 27(304) 26.5 375340.381 -0.229 
28(306) 28.5 27(305) 27.5 375413.417 -0.014 
28(305) 28.5 27(304) 27.5 375413.834 -0.184 
28(207) 27.5 27(206) 26.5 375706.080 0.138 
28(207) 28.5 27(206) 27.5 375780.402 0.003 
28(206) 27.5 27(205) 26.5 375818.323 0.056 
28(206) 28.5 27(205) 27.5 375891058 0.013 
28(0,28) 27.5 27(007) 26.5 375903.139 -0.059 
28(008) 2S.5 27(007) 27.5 375979.245 -0.130 
28(107) 27.5 27(106) 26.5 277 740.326 0.066 
28(107) 28.5 27(106) 27.5 377807.690 -O.D40 

33(607) 32.5 32(606) 31.5 374956.416 -0.019 
33(608) 32.5 32(607) 31.5 374956.416 -0.019 
33(607) 33.5 32(606) 32.5 375019.356 -0.006 
33(608) 33.5 32(607) 32.5 375019.356 -0.006 
33(1.33) 32.5 32(102) 31.5 440658.322 0.087 
3X1.33) 33.5 32(1.32) 32.5 440740.880 0.066 
33(4.30) 32.5 32(4.29) 31.5 441434.099 -0.083 376302.617 0.058 
33(409) 32J 32(4.28) 31.5 441434.099 -0.088 376302.617 -0.086 
33(4.30) 33.5 32(409) 32.5 441507.074 -0.127 376366.004 0.087 
33(409) 33.5 32(408) 32.5 441507.074 -0.132 376366.004 -0.054 
330J1) 32.5 32(3,30) 31.5 442141.702 -0.037 
3X3,30) 32.5 32(309) 31.5 442143.149 0.045 
3X3,31) 33.5 320.30) 32.5 442215.265 -0.061 
3X3 JO) 33.5 320 09) 32.5 442216.696 0.032 
3X2,32) 32.5 32(2,31)31.5 442 554.612 0.053 
3X2.32) 33.5 32(2,31) 32.5 442629025 0.011 
3X0,33) 32.5 32(0,32) 31.5 442736.271 -0.M6 
33(2,31) 32.5 32(2,30)31.5 442737.826 0.042 377607 401 -0.030 
3X2.31) 33.5 32(2.30) 32.5 442 810.399 0.008 377667.436 -0.094 
3X0.33) 33.5 32(0,32) 32.5 442812.892 -0.172 
3X1,32) 32.5 32(1,31) 31.5 444936.027 0.054 
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Table 1 (Coiitsaued) 

N'(K',.Kl)J' SrNH; SrND; 

- Xot 

330.32) 33J 32(131) 32.3 445 003.633 0.036 

35(1.35) 34.5 34(1.34) 33.3 467248 730 0.061 396549.787 -0.016 
35(1.35) 35.5 34(134) 34.3 467 331,414 0.080 396621.339 -0.016 
35(63) 34.5 34(6.28) 33.3 397620.340 0.019 
35(6,30) 34.5 34(6.29) 33.3 397 620.340 0.019 
35(6.29) 35.5 33(6.28) 34.3 397683.510 0.006 
35(6.30) 35.5 34(6.29) 34.5 397683.510 0.006 
35(5.30) 34.5 34(53) 33.5 398413.019 -O.OOS 
35(5 Jl) 34.5 34(530) 33.5 1 398413.019 -0.007 
35(53)) 35.5 35(53) 34.5 1 398 478.233 -0,019 
35(5,3!) 35.5 35(5,30) 33.5 l l  398478.233 -0.018 
35(4,32) 34.5 34(431) 33.3 468083.633 -0.081 j  / 
35(4JI) 34.5 34(430) 33.5 468083.633 -0.M8 ' / 
35(432) 35.5 34(431) 34.3 468 156.730 -0.090 
3S(4.3!) 35.5 34(430) 34.5 468 156.730 -0.096 
35(3.33) 34.5 34(332) 33.5 468 831.739 0.064 
35(3 J2) 34.3 34(331) 33.5 468833.349 0.043 
35(3J3) 35.5 34(332) 34.5 468903.332 0.040 
35(3.32) 35.5 34(331) 34.5 468907.106 0.017 
330.34) 34.3 34(2,33) 33.5 469260.888 0.025 399609.273 0.054 
35(2,34) 35.3 34(2,33) 34.5 469335.598 0.011 399674.171 -0.043 
35(OJ5) 34.3 34(034) 33.5 469429.731 -0.033 399082.698 -0.007 
35(0,35) 35.5 34(034) 34.5 469506.753 -0.033 399 151159 -0.070 
35(2J3) 34.5 34(232) 33.5 469479.107 0.002 400496.944 0.017 
35(2,33) 35.5 34(232) 34.3 469531.371 0.043 40)556.495 -0.090 
35(1,34) 34.3 34(133) 33.3 471779.049 0.026 402837.100 0.086 
35(1,34) 35.5 34(133) 34.5 471 S46.8I3 0.069 402916.305 -0.046 

37(1,37) 36.5 36(1,36) 33.5 493818.293 0.029 
37(137) 37.5 36(136) 36.5 493901.044 0.065 
37(4.34) 36.5 36(433) 35.5 494 714.320 -0.063 
37(4.33) 36.5 36(4,32) 35.5 494714.320 -0.074 
37(4.34) 37.5 36(433) 36.5 494787.442 -0.109 
37(4J3) 37.5 36(432) 36.5 494757.442 -0.119 
37(3,33) 36.3 36(3.34) 35.5 493502.415 0.036 
37(3.34) 36.3 36(333) 35.5 495504.861 0.064 
37(3.35) 37.5 36(3.34) 36.5 495576.055 0.044 
37(334) 37.5 36(333) 36.5 493378.469 0.083 
37(2.36) 36.5 36a35) 35.5 495946.427 -0.035 
37(2,36) 37.5 36(2,35) 36.5 496021J27 -0.024 
37(0.37) 36.5 36(0,36) 35.5 496098.367 -0.077 
37(037) 37.5 36(0.36) 36.5 496 175.713 0.002 
37(235) 36.5 36(2,34) 35.5 496203.779 -0.062 
37(235) 37.3 36(2,34) 36.5 496276.066 0.003 
37(136) 36.5 36(133) 35.5 498600.058 -0.<»6 
37(1.36) 37.5 36(1,35) 36.5 498667.953 0.103 

40(1.40) 39.3 39(1,39) 38.5 533 630.868 -0.037 452897.952 0.046 
40(1.40) 40.5 39(1,39) 39.5 533713.743 0.016 432970.033 0.030 
40(634) 39.5 39(6,33) 38.5 434 230.515 0.121 
40(635) 39.5 39(6,34) 38.5 454 230.515 0.121 
40(6.34) 40.5 39(633) 39.5 454 293.433 -0.007 
40(6.33) 40.5 39(6.34) 39.5 454293.433 -0.007 
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Table I (Contisued) 

SrNH, SrNDa 

fob. 
40(5.35) 39.5 39(5,34) 38.5 455 128.800 0.059 
4«536) 39.5 39{5,35) 38.5 455 12S.SQ0 0.063 
40(5 J5) 40.5 39(5,34) 39.5 455191.965 -0.009 
40(536) 40J 39(5,35) 39.5 455191.965 -0.006 
40(4,36) 39.5 39(445) 38.5 534622.704 0.035 455846.180 -0.210 
40(4J7) 39.5 39(4,36) 38.5 534 622.704 0.053 455846.130 0.346 
40(4 J«) 40.5 39(4,35) 39J 534695.931 0.039 455909.407 -0263 
40(4.37) 40.5 39(4,36) 39.5 534695.931 0.05S 455909.407 0.285 
40(3 JS) 39.5 39(3,37) 38.5 535469.938 -O.OM 456416.11) -0.047 
40047) 39.5 39(3.36) 38.5 535473.551 0.002 456460.708 0.033 
40(3 J8) 40.3 39(347) 39.5 535543.825 0.214 456479.328 -0.073 
40(3 J7) 40.5 39(3,36) 39.5 535547.193 0.069 456 523.535 0.032 
40(2J9> 39.5 39(248) 38.5 535933.301 -0.175 456408.744 Qjoie 
40(2M 40.5 39(248) 39.5 536008.198 -0.162 456473.983 -0.038 
40(0.40) 39J 39(049) 38.5 536051.892 -0.005 455552.165 0.037 
40(0.40) 40.5 39(049) 39.5 536129.636 0.047 455623.133 0.039 
40a38) 39.5 39(2,37) 38.5 536257.4^ -0.256 457714.563 0.006 
40(248)40.5 39(247) 39J 536329414 -0.101 457773.074 0.001 
40(M9) 39.5 39(1,38) 38.5 538787409 -0.050 460065.916 0.013 
40(1,39)40.5 39(148) 39.5 538 855.606 0.126 460125.894 0.134 

4«1,4«) 45.5 45(1.45) 44.5 520356.902 -0.073 
4^1,46) 46.5 45(1.45) 454 520429.448 -0.JB9 
46(6,40) 45.5 45(649) 44.5 522 054.939 0.036 
46(6.41) 45.5 45(6.40) 444 522054.939 0.036 
4«<6,40) 46.5 45(649) 45.5 522117.919 -0.010 
46(6.41) 46.5 45(6,40) 454 522117.919 -0.010 
46(0,4«) 45.5 45(0,45) 44.5 523049.757 -0.097 
46(5,41) 45.5 45(5,40) 44.5 523073.565 0.076 
46(5.42) 45.5 45(5,41) 444 523 073.565 0.089 
46(0,46) 46.5 45(0,45) 45.5 523 122.613 0.034 
46(5.41) 46.5 45(5.40) 45.5 523 136.702 0.043 
46(5,42) 46.5 45(5,41) 454 523136.702 0.056 
46(2,45) 45.5 45(2,44)44.5 524413.130 0.289 
46(2,45) 46.5 45a44) 45.5 524478.717 0.184 
460,44) 45.5 45(2.43) 44.5 526349.806 -0.096 
46C,44) 46.5 45(2,43) 454 526407.079 0.009 
46(4,43) 45.5 45(4,42) 444 523895.018 -0.045 
46(4,42) 45.5 45(4,41) 44.5 523896.534 -0.014 
46(4.43) 46.5 45(4,42) 454 523958.188 -0.032 
46(4,42) 46.5 45(4.41) 454 523959.707 -0.020 

•loMHz. 

shown, SrNHa is a plaear molecule witli Cjs 
symmetry and a 'Aj ground state. It also is a near-
prolate asymmetric top. Consequently, the quan
tum Dumbers used to label each transition are 
N,K>,Kr, S, and J, in a case (b) coupling scheme. 
N denotes the rotational angular momentum, 
while J labels the spin-rotation interaction 
(J = N + S). Asis the case of any asymmetric top. 

the degeneracy with respect to the K quantum 
number is removed. IQ and JQ correlate with K in 
the limits of prolate and oblate symmetric tops, 
respectively, and although they are not good 
quantum numbers as such, they serve as labels for 
the energy levels. The dipole moment for SrNHj 
ies along only the a axis; hence, a-type dipole 
transitions are only allowed. TThe selection rules 
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AN = ±1, AJ = dbl,AXfl = 0, and AIQ = d:l thus 
apply. 

Estimates of the rotational constants for SrNHj 
were made available to this res^rch group by 
Brazier and Bemath prior to publication fi2]. The 
search for pure-rotational lines of this molecule 
was greatly facilitated by these constants. Most 
transitions were predicted to be within ±100 MHz 
of the actual measuremeBts. However, no spec
troscopic constants existed for SrNDj, necessitat
ing an extensive search through frequency space. 
This search was accomplished by first estimating 
the A,B, and C rotational parameters for SrNDj, 
scaling from those of SrNHj by the mass differ
ence. Transition frequencies were then predicted, 
and data were taken in 100 MHz increments over 
the entire range of 450-485 MHz. Spin-rotation 
doublets were consequently identified and har
monic relationships established among them. The 
harmonically related doublets, which correspond 
to particular components, were then fit with 
effertive B,D, and >• parameters. After a series of 
effective B values were established, a relationship 
was looked for among the components by ex
trapolating back to the symmetric top limit. In this 
way, K, quantum numbers were assigned. Once 
the asymmetric top pattern was established, tran
sition frequencies from additional componeots 
could be readily predicted and measured. Initial 
assignment of the JC, = 4 components of SrNDj 
was also aided by its small asymmetry doubling at 
high N, as expected based on prior work done on 
CaNDa (16]. Asymmetry doubling of the higher K^, 
components was not expected to be observed. 

Spin statistics and line intensities were addi
tionally helpful in the assignment of K, quantum 
numbeis. TTie strongest lines were naturally at
tributed to the ground vibrational state. More
over, for molecules with symmetry, fennion 
exchange (i.e., protons in the case of SrNHj) 
causes the odd components to be statistically 
favored over the even components by a 3:1 ratio. 
In the case of boson exchange (i.e., deuterbns of 
SrNDa), even Ko components were favored over 
odd components by a 2:1 ratio. This alternating 
intensity ratio was quite evident in SrNHj, and 
aided in K, assignmeots. However, for SrNDa, tie 
2:1 ah eratioa in intensity was less obvious and was 

not as definitive in identifying components. 
Furthermore, deuterium substitution results in a 
heavier molecule, and therefore lower energy lev
els. Consequently, components up to = 8 were 
easily observed in SrNDj. For SrNH2, only 
components up to = 5 were recorded. 

It should be noted, as well, that magnetic and 
quadrupole hyperfine structure is posable for these 
molecules due to the interactioos concerning the 
"N(l = 1), 'H(I = 1/2) and DO = 1) nuclei. In the 
frequency ranges investigated, the principal rota
tional levels examined for both molecules were 
quite high p N. Hyperfine splitting is not expected 
to be obseped at these levels. In addition, signals 
arising frw the other strontium isotbpomers, 
namely the "Sr and "Sr analogs, are probably 
present. However, the speara of these species were 
too weak to be realistically studied. (The strontium 
isotope raUo is ®Sr : "Sr : "Sr a 83 : 7 : 10.) 

Sample spectra of SrNHi are presented in Figs. 
1 and 2. Fig. 1 shows a section of the ^ = 36 —> 37 
rotational transition of the ground electronic and 
vibrational state near 4% GHz. The spectrum is a 
composite of 10 successive 100 MHz scans, total
ing 1 GHz of frequency space. Evident in the scan 
are the J^ = 0,2, and 3 components for this 

S«t«,(J(«A,.V.O),N(K^ig 

SS!3,9«!.37|3,SS) 

3®(0.3S)-37!S.37> 

3®(a. 285)-370,38) 3S(2,34) - WR 3S) 
3«ff.»j-37(3,34) 

4SSJ 

Fig. 1. Spectrum of a secticfi of the := 36 —» 37 roiationai 
traasitios of SrNHjPC^At) near 496 GHz. Asymmetry dou> 
bliag is resolved is the ss 2 assd 3 iransidoos, assd the spin-
foistion spiitting ss apparem in Kt, con^nent. Asterisks 
mark umdendged lines, scmie which arise from vibradonally 
esdtsd SrNHj. This spectrum is a com|K>53te of 10 scasis. each 
covering iiK) MHz in frequency with s duration of about 60 s. 
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SfNO, (X'A,. V = 0>; N(K., KJ 

«X«. 3S ® ST) -
41(4,37 » X) 

4CK3,3e)-4'H3,SI») 

ms mts ••msfamefims) 
Fig. 2. SpecmuD of a section of the JV = 40 -• 41 iramsitioffl of 
SrNDa (i'Ai) war 467 GHz. Spin-rotation interactions ate 
observed in every JC. component present {JC, = 0,2.3, and 4), 
some of whidj exhibit asymmetr> doubling as will. Twdve 100 
MHz scans wera required to product this spectrum, each ~60 s 
in duration. 

transition. In each case, spin-rotation doublets are 
readily resolved and asymmetry doubling is ap
parent in the = 2 and 3 lines. It should be noted 
that the intensity of the = 3 components is 
clearly greater than that of the 0 or 2 components, 
as predicted for fermion exchange. Asterisks mark 
vibrational satellite transitions or unknovm lines. 

In Fig. 2 a typical spectrum of SrNDj is dis
played. These data show a part of the 
JV = 40 —» 41 transition near 467 GHz, which in
cludes most of the JC, = 0,2,3, and 4 components. 
(One set of JCa = 2 doublets is not present as it 
oocuis higher in frequency.) Here the 2:1 even K, 
:odd JC boson ratio is apparent. Also, the asym
metry doubling in the = 3 components is on the 
same order of magnitude as the spin-rotation 
splittings, while it is totally collapsed for the 
Kt, = 4 lines. This spectrum is a composite of 12, 
100 MHi scans. 

4. Analysis 

The SrNH; and SrNDj spectra were analyzed 
using a slightly modified form of the S-reduced 
rotational Hamiltonian of Watson [20] in the I' 
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basis, with the additional incorporation of a spin-
rotation term, i.e., 

= (1) 

The first term concerns molecular frame rotation 
and a considerable ntimber of centrifugal distor
tion corrections: 

= ANl + BN\ -t- CN] - D^N* 
- DmN^N] -f N\Ni +Nl) + di 
%  [ N X H „ N *  -t-HmN'Nl 
+ HJ^NI + LmcN*Nl -t- L^ icN^N] 
+ W/V'/Vj + P«arAX 

+ PrnxN^K + -f PmN^N]. (2) 
The second term involves only the diagonal terms 
in the spin-rotation tensor (as appropriate for Cj, 
symmetry), and one centrifugal distortion collec
tion to the spin-rotation: 

^ • 5. + ̂%,(N • S)N'N]. (3) 

This Hamiltonian was used to model the data, 
employing the least-squares fitting routine SPFTT, 
developed by Pickett and co-workers at JPL. To fit 
the data, only lower-order centrifugal distortion 
corrections to the rotation were initially employed. 
To achieve a better rms, higher-order terms were 
then added successively. A centrifugal distortion 
correction to the spin-rotation interaction was 
found necessary in the analysis of both SrNH; and 
SrNDj. Altogether, 14 centrifugal distortion terms 
were used to model Sriffllj; an almost identical set 
was needed to analyze SrNDj. Only components 
up to = 6 were included in the SrNDj it. 

The final results of this data analysis are given 
in Table 2. The rms of the data fitting was 92 kHz 
(SrNHa) and 87 kHz (SrNDz), smaier than the 
estimated experimental accuracy of 100 kHz. 
Constants obtained from the optical study of 
Brazier and Bemath [12] are also shown in the 
taHe. (Only those centrifugal distortion parame
ters that can be meaningfuiy compared are listed.) 
The constants for SrNHj from two data sets are in 
good agreement. The only exception is which is 
about a factor of two larger in the mm-wave fit 
than in the optical work. A subsequent reanalysis 
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Table 2 
KotasioisaJ consasls for SfNBj asid SfND2(X^^[)® 

Consiaai SrNH, SrNDj SrNHj  ̂ opskal 

A 3« 340(140) 196 565(12) 394 001(7) 

B 6790J961(27) 5815.9704(49) 6791.67(69) 

C 6659.5159(26) 5633.5686(36) 6656.15(69) 

Cgg 160.4(2.3) 91.3(2.3) 88(33) 

EfeS 59.740(86) 31.526(79) 54.1(2.5) 

JWr 89.657(83) 76.841(69) 86.4(2.5) 
-5.5(1.2) X 10-  ̂ -1.84(42) X 10-* 

Av 0.00607534(75) 0.00410838(60) 0.00580(23) 

Bm 1.3595(14) 0.91401(90) 1.3583(69) 
di -0.000!5394<46) -fl.«K)n665(«0 , 

dt -4.943(83) X 10-' -8.025(56) X 10-' j 1 

h -1.31(38) X 10-' 1.52(20) X I0-' II 

h -2.93(62) X 10-" 4.62(53) X 10-'" / j 
Mm 2.31(13) X 10-' 1.641(42) X 10-' // 3.64(28) X 10-' i , 

-0.00620(18) -0.002087(63) -0.00901(19) 

Lm 1.6(1 J) X 10-* 8.5(1.8) X 10-» 

Lm -1.383(45) X 10-* -5.5(2J) X 10-» 

Urn -8.9(6.0) X 10-" -2.82(79) X 10-" 

Pmnk -1.00(22) X 10-" -5.1(23) X 10-" 
Puss 2.26(29) X 10  ̂ -7.3(X5) X 10-" 

Pm - -U4(31) X 10-' 
Pm 3.3(1 J) X 10-" -

Rsm of 0.092 0.M7 

' I n  M H z ;  a l l  e i t o i s  a n ;  q u o t e d  t o  3a and apply to the Issi quoted dedmal place. 
'Ref.ll21. 

by C.R. Brazier of their data (private communi
cation) indicates that the value of Zat is relatively 
insensitive to their overall fit Fixing to the miB-
wave value near !60 MHz kads to virtuaBy iden
tical results in the optical analysis. 

S. Discu^kM 

This mm-wave study has resulted in reined 
spectroscopic constants for SrNHj and the first 
such parameters for SrNDi- These data indicate 
that both species are planar, as concluded by the 
previous optical investigaiioas [10-12]. Evidence 
for planarity is found in the line intensities, which 
follow the pattern expected for C^t symmetry and 
fennion or boson panicle exchange. Other evi
dence for planar geometry is found in the inertial 
defects (Jo)> as shown in Table 3. 

The inertial defect found for SrNHj is 
Ass = 0.1 SO amu A'. Although this value is not as 
small as that of some known planar species such as 

Tabk 3 
Ineitiai defers for SrNH? and related species 

Molecule 
(amu A') 

Ref. 

SrNHj 0.180 This woit 
SrND, 0.242 This work 
CaNHj 0.157 116] 
CaNDj 0J!10 ri6] 
MgNH, 0.078 (181 
MgND, 0.096 [18] 
LiNHi 0.115 P2] 
LiNDj 0.150 P2] 
NaNHj 0.079 [5] 
NHjCN -0.285 P3] 
NDiCN - .̂746 P3] 
NH,NC -0.756 P<] 

HjCO (0.0577; Ref. f21]), it is very close to those 
found for other planar amides. For example, the 
inertial defects for CaNHj, NaNHj and Lilffla ai® 
0.157 amu A' [16], 0.079 amu A' [5], and 0.115 
amu |22], respectively (see Table 3^ The defect 
for SrNHj is also positive. Other amide-type spe
cies such as NHjCN that show inversion have 
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large, negative values [23,24]. In fact, that of 
deuteratcd cyan amide is quite large and negative 
at Ao = -0.746 amu A?. The iuenial defect in
creases somewhat on deuteration for strontium 
amide (SrNDj: A<, = 0.242 amu A'), but this trend 
is also observed for CaND2(<do .= 0.210 amu A^), 
and = 0.150 amu A^), both planar 
species. Moreover, the value of A d docs not change 
sign with deuteratioE, as found for non-planar 
formamide [25]. In this molecule, the inertial defect 
is small and positive (0.008 amu A'), but changes 
sign on deuteration - an unusual property that 
indicates a non-planar structure. 

Brazier and Bemath |12] estimated the geome
try of SrNHj by fixing the N-H bond length to 
1.041 A - that of NHj. Because the spectrum of 
SrNDj has been measured, a true rn structure can 
be calculated for SrNHj using the pure rotational 
data. The results of this calculation are presented 
in Table 4, along with the struaure of CaNHj 
from Brewster and Ziurys [16], obtained by m 
identical method. As the table shows, the N-H 
bond lengths and H-N-H angles for SrNHj and 
CaNH2 are virtually identical. The only difference 
between these two species is the metal-nitrogen 
bond length, which increases for SrNHj. This 
lengthening is expected, since the strontium atom 
is larger than that of calcium. Tliese geometric 
similarities suggest that the M^NHJ structure is 

dominant for both species. Othenwse, more dif
ferences might be expected, for example, in the H-
N-H bond angle. The H-N-H bond angle of 
about 105®, found for both calcium and strontiuin 
amide, is a little larger than the 100° value esti
mated by Brazier and Bemath [12); however, these 
authors fixed the H-N bond distance to be 0.02 

A larger than found in the ro calculation. 
Additional evidence for ionic bonding can be 

found in the spin-rotation constants for SrNHj. 
Although the unpaired electron in SrNHj is to a 
first-order approximation located in an s-type or
bital on the strontium atom, some degree of p,d,f 
... charaaer mixes into this orbital from nearby 
excited electronic states. The mixing occurs be
cause of second-order spin-orbit coupling to the 
ground state from these excited states [26]. The 
result is that the spis-rotation constants are no 
longer merely mass-dependent terms. They reflect 
the magnitude of the spin-orbit coupling and 
consequently the anisotropic character of the 

orbital of the unpaired elearon. Therefore, mass-
normalized spin-rotation constants can be a di-. 
agnostic of non-symmetric orbital character, and 
consequently, the deviation from ionic (spherical s-

type distribution) to covalent (non-spherical p,d 
... distribution). This interpretation is especiaDy 
useful for simple single valence electron systems, 
like SrNHj. 

Table 4 
Struamt-s for SrNH7 and CaNHj 

Molecuk yjj IS w On w II 
(A) (A) (degftes) 

SrNH, 1.021 Z25S 105.4 This work 
1.041" 2.247 100.0 [12] 

CaNH, 1£18 2J26 IM [16] 

* Fixed bond length. 

Table 5 
Nomiaiiaed spiD-foubon consisnts for strondmc radic&ls 

Molecule Ground state llB l/2(£« + 0/iS 1/2I:I«/£-K,,/C) Ref. 

SrF 0.010 - - P7) 
SiOH 'I 0.010 - - [28! 
SrNHj 'A| - - 0.011 This work 
SrCCH 'X 0.020 - - (30) 
SiCHj 'Ai - 0.021 - fSi 
SrH 'X 0.03<l - -
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A list of normalized spin-rotation constants for 

simple strontium-containing radicals is presented 
in Table 5. The molecules involved have either 
'Z or 'A ground electronic states, and hence there 
is a direct comparison. Also, it should be aotri 
that £« and are the important spin-rotation 
components for symmetric and asymmetric tops, 
since the second-order spin-orbit coupling occurs 
through the £, operator. The species in Table 5 
range from very ionic species (SxF, SiOH) to a 
primarily covaknt one (SrH). The normaliEsd 
spin-rotation parameters have values of 0.010 for 
SrF [27] and SrOH [28] while that of SrH is largen 
0.034 [29]. TTiose of SiCHj [8] and SrCCH [30] fall 
in between, about O.OZ Curiously, the normalizsd 
constant for SrNH is 0.011 - very close to that of 
SrF and SrOH. A similar trend has been found for 
CaNHj in comparison with other calcium radicals 
[16]. Consequently, the nature of the orbital of the 
unpaired electron in SrNHj is very close to that of 
the hydroxide and the fluoride, and the Sr^NHj 
configuration is probably a very good approxi
mation of the structure of this radical. 
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Table SI. Complete List of SrNH; Rotational Transition Frequencies 
K,' Kc' P K." Kc" r Vota Vobs-cdo 
1 17 16.5 16 1 16 15.5 227325.149 -0.031 
1 17 17.5 16 1 16 16.5 227407.200 0.011 
3 15 16.5 16 3 14 15.5 228063.014 0.001 
3 14 16.5 16 3 13 15.5 228063.054 -0.008 
3 15 17.5 16 3 14 16.5 228135.072 0.142 
3 14 17.5 16 3 13 16.5 228135.062 0.084 
1 16 16.5 16 1 15 15.5 229549.898 0.072 
1 16 17.5 16 1 15 16.5 229616.847 -0.031 
1 18 17.5 17 1 17 16.5 240683.871 -0.041 
1 18 18.5 17 1 17 17.5 240765.975 0.006 
1 17 17.5 17 1 16 16.5 243038.275 0.082 
1 17 18.5 17 1 16 17.5 243105.303 0.010 
1 26 25.5 25 1 25 24.5 347444.373 0.075 
1 26 26.5 25 1 25 25.5 347526.640 -0.009 
3 24 25.5 25 3 23 24.5 348591.439 -0.037 
3 23 25.5 25 3 22 24.5 348591.755 -0.135 
3 24 26.5 25 3 23 25.5 348664.608 -0.172 
3 23 26.5 25 3 22 25.5 348665.013 -0.170 
2 24 26.5 25 2 23 25.5 349099.594 0.006 
0 26 25.5 25 0 25 24.5 349133.784 -0.056 
0 26 26.5 25 0 25 25.5 349209.657 -0.157 
1 25 25.5 25 1 24 24.5 350830.108 0.066 
1 25 26.5 25 1 24 25.5 350897.382 -0.063 
5 22 26.5 26 5 21 25.5 360548.455 -0.294 
5 23 26.5 26 5 22 25.5 360548.455 -0.294 
5 22 27.5 26 5 21 26.5 360619.926 •0.231 
5 23 27.5 26 5 22 26.5 360619.926 -0.231 
1 27 26.5 26 1 26 25.5 360773.464 0.042 
1 27 27.5 26 1 26 26.5 360855.787 -0.019 
4 24 26.5 26 4 23 25.5 361383.592 0.195 
4 23 26.5 26 4 22 25.5 361383.592 0.193 
4 24 27.5 26 4 23 26.5 361456.191 0.257 
4 23 27.5 26 4 22 26.5 361456.191 0.256 
3 25 26.5 26 3 24 25.5 361967.630 0.037 
3 24 26.5 26 3 23 25.5 361967.992 -0.101 
3 25 27.5 26 3 24 26.5 362040.798 -0.162 
3 24 27.5 26 3 23 26.5 362041.228 -0.220 
2 26 26.5 26 2 25 25.5 362323.244 0.047 
2 26 27.5 26 2 25 26.5 362397.581 -0.026 
2 25 26.5 26 2 24 25.5 362424.028 0.052 
2 25 27.5 26 2 24 26.5 362497.030 0.019 
0 27 26.5 26 0 26 25.5 362520.860 -0.063 
0 27 27.5 26 0 26 26.5 362596.848 -0.149 
1 26 26.5 26 1 25 25.5 364287.356 0.082 
1 26 27.5 26 1 25 26.5 364354.663 -0.048 
5 23 27.5 27 5 22 26.5 373871.796 -0.088 
5 24 27.5 27 5 23 26.5 373871.796 -0.088 
5 23 28.5 27 5 22 27.5 373943.386 -0.084 
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Table SI. Cont'd. 
K,' r 4" N" K«" Kc" J" Vobs Vobs-cdc 
24 28.5 27 5 23 27.5 373943.386 -0.084 
28 27.5 27 1 27 26.5 374098.585 0.074 
28 28.5 27 1 27 27.5 374180.918 -0.009 
25 27.5 27 4 24 26.5 374735.178 0.143 
24 27.5 27 4 23 26.5 374735.178 0.141 
25 28.5 27 4 24 27.5 374807.838 0.155 
24 28.5 27 4 23 27.5 374807.838 0.154 
26 27.5 27 3 25 26.5 375339.976 -0.034 
25 27.5 27 3 24 26.5 375340.381 -0.229 
26 28.5 27 3 25 27.5 375413.417 -0.015 
25 28.5 27 3 24 27.5 375413.834 -0.184 
27 27.5 27 2 26 26.5 375706.080 0.138 
27 28.5 27 2 26 27.5 375780.402 0.003 
26 27.5 27 2 25 jt6.5 375818.323 0.056 
26 28.5 27 2 25 1115 375891.258 0.013 
28 27.5 27 0 27 26.5 375903.139 ' -0.059 
28 28.5 27 0 27 27.5 375979.245 -0.130 
27 27.5 27 1 26 26.5 377740.326 0.067 
27 28.5 27 1 26 27.5 377807.690 -0.040 
24 28.5 28 5 23 27.5 387191.863 0.363 
25 28.5 28 5 24 27.5 387191.863 0.363 
24 29.5 28 5 23 28.5 387263.546 0.302 
25 29.5 28 5 24 28.5 387263.546 0.302 
29 28.5 28 1 28 27.5 387419.519 0.102 
29 29.5 28 1 28 28.5 387501.885 0.020 
26 28.5 28 4 25 27.5 388082.992 0.071 
25 28.5 28 4 24 27.5 388082.992 0.069 
26 29.5 28 4 25 28.5 388155.746 0.081 
25 29.5 28 4 24 28.5 388155.746 0.079 
27 28.5 28 3 26 27.5 388708.664 0.075 
26 28.5 28 3 25 27.5 388709.234 -0.070 
27 29.5 28 3 26 28.5 388782.077 0.020 
26 29.5 28 3 25 28.5 388782.640 -0.116 
28 28.5 28 2 27 27.5 389084.607 0.063 
28 29.5 28 2 27 28.5 389159.042 -0.003 
27 28.5 28 2 26 27.5 389209.312 0.057 
29 28.5 28 0 28 27.5 389280.444 -0.046 
27 29.5 28 2 26 28.5 389282.188 0.018 
29 29.5 28 0 28 28.5 389356.659 -0.114 
28 28.5 28 1 27 27.5 391188.901 0.061 
28 29.5 28 1 27 28.5 391256.327 -0.018 
33 32.5 32 1 32 31.5 440658.322 0.088 
33 33.5 32 1 32 32.5 440740.880 0.067 
30 32.5 32 4 29 31.5 441434.099 -0.084 
29 32.5 32 4 28 31.5 441434.099 -0.089 
30 33.5 32 4 29 32.5 441507.074 -0.128 
29 33.5 32 4 28 32.5 441507.074 -0.132 
31 32.5 32 3 30 31.5 442141.702 -0.037 



Table SI. Cont'd. 
N' K.' Kc' J' <r N" K." Kc" r ^obs Vobs-ealo 
33 3 30 32.5 32 3 29 31.5 442143.149 0.045 
33 3 31 33.5 32 3 30 32.5 442215.265 -0.061 
33 3 30 33.5 32 3 29 32.5 442216.6% 0.032 
33 2 32 32.5 32 2 31 31.5 442554.612 0.053 
33 2 32 33.5 32 2 31 32.5 442629.225 0.011 
33 0 33 32.5 32 0 32 31.5 442736.271 -0.046 
33 2 31 32.5 32 2 30 31.5 442737.826 0.042 
33 2 31 33.5 32 2 30 32.5 442810.399 0.009 
33 0 33 33.5 32 0 32 32.5 442812.892 -0.172 
33 1 32 32.5 32 1 31 31.5 444936.027 0.055 
33 1 32 33.5 32 1 31 32.5 445003.655 0.036 
34 1 34 33.5 33 1 33 32.5 453956.064 0.067 
34 1 34 34.5 33 1 33 33.5 454038.714 0.104 
34 4 31 33.5 33 4 30 32.5 454761.198 -0.040 
34 4 30 33.5 33 4 29 32.5 454761.198 -0.046 
34 3 32 33.5 33 3 31 32.5 455489.057 0.015 
34 3 31 33.5 33 3 30 32.5 455490.679 0.053 
34 3 32 34.5 33 3 31 33.5 455562.643 -0.003 
34 3 31 34.5 33 3 30 33.5 455564.239 0.039 
34 2 33 33.5 33 2 32 32.5 455910.276 0.051 
34 2 33 34.5 33 2 32 33.5 455984.940 0.024 
34 0 34 33.5 33 0 33 32.5 456086.011 -0.056 
34 2 32 33.5 33 2 31 32.5 456110.482 0.025 
34 0 34 34.5 33 0 33 33.5 456162.890 -0.049 
34 2 32 34.5 33 2 31 33.5 456183.016 0.042 
34 1 33 33.5 33 1 32 32.5 458360.213 0.042 
34 1 33 34.5 33 1 32 33.5 458427.912 0.057 
35 1 35 34.5 34 1 34 33.5 467248.750 0.062 
35 1 35 35.5 34 1 34 34.5 467331.414 0.080 
35 4 32 34.5 34 4 31 33.5 468083.633 -0.081 
35 4 31 34.5 34 4 30 33.5 468083.633 -0.088 
35 4 32 35.5 34 4 31 34.5 468156.730 -0.090 
35 4 31 35.5 34 4 30 34.5 468156.730 -0.097 
35 3 33 34.5 34 3 32 33.5 468831.739 0.064 
35 3 32 34.5 34 3 31 33.5 468833.549 0.043 
35 3 33 35.5 34 3 32 34.5 468905.332 0.041 
35 3 32 35.5 34 3 31 34.5 468907.106 0.017 
35 2 34 34.5 34 2 33 33.5 469260.888 0.025 
35 2 34 35.5 34 2 33 34.5 469335.598 0.011 
35 0 35 34.5 34 0 34 33.5 469429.731 -0.056 
35 0 35 35.5 34 0 34 34.5 469506.753 -0.034 
35 2 33 34.5 34 2 32 33.5 469479.107 0.002 
35 2 33 35.5 34 2 32 34.5 469551.571 0.043 
35 1 34 34.5 34 1 33 33.5 471779.049 0.027 
35 1 34 35.5 34 1 33 34.5 471846.813 0.070 
36 1 36 35.5 35 1 35 34.5 480536.220 0.060 
36 1 36 36.5 35 1 35 35.5 480618.918 0.078 
36 4 33 35.5 35 4 32 34.5 481401.411 -0.064 



Table SI. Cont'd. 
N' Ke' K.' J' <r N" Ke" Kc" r ^obs Vots - caic 
36 4 32 35.5 35 4 31 34.5 481401.411 -0.072 
36 4 33 36.5 35 4 32 35.5 481474.485 -0.129 
36 4 32 36.5 35 4 31 35.5 481474.485 -0.138 
36 3 34 35.5 35 3 33 34.5 482169.560 0.061 
36 3 33 35.5 35 3 32 34,5 482171.681 0.073 
36 3 34 36.5 35 3 33 35.5 482243.157 0.032 
36 3 33 36.5 35 3 32 35.5 482245.226 0.030 
36 2 35 35.5 35 2 34 34.5 482606.320 -0.004 
36 2 35 36.5 35 2 34 35.5 482681.067 -0.014 
36 0 36 35.5 35 0 35 34.5 482767.244 -0.059 
36 2 34 35.5 35 2 33 34.5 482843.561 -0.046 
36 0 36 36.5 35 0 35 35.5 482844.432 -0.003 
36 2 34 36.5 35 2 33 35.5 482915.975 0.044 
36 1 35 35.5 35 1 34 34.5 485192.391 0.023 
36 1 35 36.5 35 1 34 155.5 485260.207 ; 0.080 
37 1 37 36.5 36 1 36 35.5 493818.293 0.029 
37 1 37 37.5 36 1 36 36.5 493901.044 0.065 
37 4 34 36.5 36 4 33 35.5 494714.320 -0.064 
37 4 33 36.5 36 4 32 35.5 494714.320 -0.074 
37 4 34 37.5 36 4 33 36.5 494787.442 -0.109 
37 4 33 37.5 36 4 32 36.5 494787.442 -0.120 
37 3 35 36.5 36 3 34 35.5 495502.415 0.037 
37 3 34 36.5 36 3 33 35.5 495504.861 0.065 
37 3 35 37.5 36 3 34 36.5 495576.055 0.045 
37 3 34 37.5 36 3 33 36.5 495578.469 0.083 
37 2 36 36.5 36 2 35 35.5 495946.427 -0.035 
37 2 36 37.5 36 2 35 36.5 496021.227 -0.025 
37 0 37 36.5 36 0 36 35.5 496098.367 -0.078 
37 0 37 37.5 36 0 36 36.5 496175.713 0.002 
37 2 35 36.5 36 2 34 35.5 496203.779 -0.062 
37 2 35 37.5 36 2 34 36.5 496276.066 0.003 
37 1 36 36.5 36 1 35 35.5 498600.058 0.007 
37 1 36 37.5 36 1 35 36.5 498667.955 0.105 
38 1 38 37.5 37 1 37 36.5 507094.875 0.021 
38 1 38 38.5 37 1 37 37.5 507177.667 0.063 
38 4 35 37.5 37 4 34 36.5 508022.314 0.008 
38 4 34 37.5 37 4 33 36.5 508022.314 -0.005 
38 4 35 38.5 37 4 34 37.5 508095.426 -0.070 
38 4 34 38.5 37 4 33 37.5 508095.426 -0.083 
38 3 36 37.5 37 3 35 36.5 508830.216 0.040 
38 3 35 37.5 37 3 34 36.5 508833.022 0.084 
38 3 36 38.5 37 3 35 37.5 508903.895 0.085 
38 3 35 38.5 37 3 34 37.5 508906.610 0.084 
38 2 37 37.5 37 2 36 36.5 509281.052 -0.079 
38 2 37 38.5 37 2 36 37.5 509355.887 -0.065 
38 0 38 37.5 37 0 37 36.5 509422.968 -0.070 
38 0 38 38.5 37 0 37 37.5 509500.457 0.014 
38 2 36 37.5 37 2 35 36.5 509559.561 -0.126 



Table SI. Cont'd. 
N* K; Kc' r <- N" XT 58 K." J" Vobs Vobs . eaio 
38 2 36 38.5 37 2 35 37.5 509631.797 -0.005 
38 1 37 37.5 37 1 36 36.5 512001.926 0.010 
38 1 37 38.5 37 1 36 37.5 512069.872 0.118 
39 1 39 38.5 38 1 38 37.5 520365.758 -0.026 
39 1 39 39.5 38 1 38 38.5 520448.607 0.038 
39 4 36 38.5 38 4 35 37.5 521325.144 0.038 
39 4 35 38.5 38 4 34 37.5 521325.144 0.023 
39 4 36 39.5 38 4 35 38.5 521398.298 -0.017 
39 4 35 39.5 38 4 34 38.5 521398.298 -0.032 
39 3 37 38.5 38 3 36 37.5 522152.754 <0.000 
39 3 36 38.5 38 3 35 37.5 522155.936 0.036 
39 3 37 39.5 38 3 36 38.5 522226.412 0.023 
39 3 36 39.5 38 3 35 38.5 522229.578 0.095 
39 2 38 38.5 38 2 37 37.5 522610.032 -0.152 
39 2 38 39.5 38 2 37 38.5 522684.946 -0.091 
39 0 39 38.5 38 0 38 37.5 522740.837 -0.075 
39 0 39 39.5 38 0 38 38.5 522818.524 0.065 
39 2 37 38.5 38 2 36 37.5 522910.859 -0.163 
39 2 37 39.5 38 2 36 38.5 522982.953 -0.074 
39 1 38 38.5 38 1 37 37.5 525397.784 -0.020 
39 1 38 39.5 38 1 37 38.5 525465.782 0.100 
40 1 40 39.5 39 1 39 38.5 533630.868 -0.037 
40 1 40 40.5 39 1 39 39.5 533713.743 0.017 
40 4 37 39.5 39 4 36 38.5 534622.704 0.053 
40 4 36 39.5 39 4 35 38.5 534622.704 0.035 
40 4 37 40.5 39 4 36 39.5 534695.931 0.058 
40 4 36 40.5 39 4 35 39.5 534695.931 0.039 
40 3 38 39.5 39 3 37 38.5 535469.938 -0.040 
40 3 37 39.5 39 3 36 38.5 535473.551 -0.002 
40 3 38 40.5 39 3 37 39.5 535543.825 0.214 
40 3 37 40.5 39 3 36 39.5 535547.193 0.069 
40 2 39 39.5 39 2 38 38.5 535933.301 -0.175 
40 2 39 40.5 39 2 38 39.5 536008.198 -0.162 
40 0 40 39.5 39 0 39 38.5 536051.892 -0.005 
40 0 40 40.5 39 0 39 39.5 536129.636 0.048 
40 2 38 39.5 39 2 37 38.5 536257.468 -0.257 
40 2 38 40.5 39 2 37 39.5 536329.514 -0.102 
40 1 39 39.5 39 1 38 38.5 538787.509 -0.050 
40 1 39 40.5 39 1 38 39.5 538855.606 0.127 
a) In MHz. 
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Table S2. Complete List of SrND; Rotational Transition Frequencies 
N- Ka' Kc' J' « N" Ka" K," r Vote ^obs -calc 
31 6 25 30.5 30 6 24 29.5 352281.782 -0.083 
31 6 26 30.5 30 6 25 29.5 352281.782 -0.083 
31 6 25 31.5 30 6 24 30.5 352344.764 0.050 
31 6 26 31.5 30 6 25 30.5 352344.764 0.050 
32 6 26 31.5 31 6 25 30.5 363620.374 -0.045 
32 6 27 31.5 31 6 26 30.5 363620.374 -0.045 
32 6 26 32.5 31 6 25 31.5 363683.362 0.052 
32 6 27 32.5 31 6 26 31.5 363683.362 0.052 
32 5 27 31.5 31 5 26 30.5 364351.033 -0.061 
32 5 28 31.5 31 5 27 30.5 364351.033 -0.060 
32 5 27 32.5 31 5 26 31.5 364414.280 0.002 
32 5 28 32.5 31 5 27 31.5 364414.280 0.003 
32 4 28 31.5 31 4 27 30.5 364927.557 -0.018 
32 4 29 31.5 31 4 28 30.5 364927.557 0.098 
32 4 28 32.5 31 4 27 31.5 364990.887 -0.044 
32 4 29 32.5 31 4 28 31.5 364990.887 ' 0.070 
32 2 31 31.5 31 2 30 30.5 365479.587 0.048 
32 2 31 32.5 31 2 30 31.5 365544.460 0.091 
32 2 30 31.5 31 2 29 30.5 366162.405 -0.037 
32 2 30 32.5 31 2 29 31.5 366222.641 -0.114 
33 6 27 32.5 32 6 26 31.5 374956.416 -0.019 
33 6 28 32.5 32 6 27 31.5 374956.416 -0.019 
33 6 27 33.5 32 6 26 32.5 375019.356 -0.007 
33 6 28 33.5 32 6 27 32.5 375019.356 -0.007 
33 4 29 32.5 32 4 28 31.5 376302.617 -0.086 
33 4 30 32.5 32 4 29 31.5 376302.617 0.058 
33 4 29 33.5 32 4 28 32.5 376366.004 -0.054 
33 4 30 33.5 32 4 29 32.5 376366.004 0.087 
33 2 31 32.5 32 2 30 31.5 377607.401 -0.030 
33 2 31 33.5 32 2 30 32.5 377667.436 -0.094 
34 1 34 33.5 33 1 33 32.5 385267.076 0.036 
34 1 34 34.5 33 1 33 33.5 385338.623 -0.103 
34 6 28 33.5 33 6 27 32.5 386289.837 0.006 
34 6 29 33.5 33 6 28 32.5 386289.837 0.006 
34 6 28 34.5 33 6 27 33.5 386352.7% 0.008 
34 6 29 34.5 33 6 28 33.5 386352.7% 0.008 
34 4 30 33.5 33 4 29 32.5 387675.026 -0.040 
34 4 31 33.5 33 4 30 32.5 387675.026 0.138 
34 4 30 34.5 33 4 29 33.5 387738.359 -0.059 
34 4 31 34.5 33 4 30 33.5 387738.359 0.116 
34 0 34 33.5 33 0 33 32.5 387766.045 -0.029 
34 0 34 34.5 33 0 33 33.5 387835.323 0.004 
34 3 32 33.5 33 3 31 32.5 388156.559 -0.054 
34 3 31 33.5 33 3 30 32.5 388176.524 0.116 
34 3 32 34.5 33 3 31 33.5 388219.872 -0.104 
34 3 31 34.5 33 3 30 33.5 388239.542 -0.012 
34 2 33 33.5 33 2 32 32.5 388236.656 0.065 
34 2 33 34.5 33 2 32 33.5 388301.517 -0.013 
34 2 32 33.5 33 2 31 32.5 389052.258 -0.021 



Table S2. Cont'd 
w V ' K," J?  ̂ N" Ko" Kc" J" Vote Vobs-oa!o 
34 2 32 34.5 33 2 31 33.5 389112.114 -0.046 
34 1 33 33.5 33 1 32 32.5 391400.004 0.066 
34 1 33 34.5 33 1 32 33.5 391459.132 -0.051 
35 1 35 34.5 34 1 34 33.5 396549.787 -0.017 
35 1 35 35.5 34 1 34 34.5 396621.539 -0.017 
35 6 29 34.5 34 6 28 33.5 397620.540 0.019 
35 6 30 34.5 34 6 29 33.5 397620.540 0.019 
35 6 29 35.5 34 6 28 34.5 397683.510 0.007 
35 6 30 35.5 34 6 29 34.5 397683.510 0.007 
35 5 30 34.5 34 5 29 33.5 398415.019 -0.008 
35 5 31 34.5 34 5 30 33.5 398415.019 -0.007 
35 5 30 35.5 34 5 29 34.5 398478.235 -0.019 
35 5 31 35.5 34 5 30 34.5 398478.235 -0.018 
35 0 35 34.5 34 0 34 33.5 399082.698 -0.008 
35 0 35 35.5 34 0 34 34.5 399152.159 -0.071 
35 2 34 34.5 34 2 33 33.5 399609.273 0.054 
35 2 34 35.5 34 2 33 34.5 399674.171 -0.044 
35 2 33 34.5 34 2 32 33.5 400496.944 0.017 
35 2 33 35.5 34 2 32 34.5 400556.495 -0.090 
35 1 34 34.5 34 1 33 33.5 402857.100 0.086 
35 1 34 35.5 34 1 33 34.5 402916.305 -0.047 
36 6 30 35.5 35 6 29 34.5 408948.432 0.012 
36 6 31 35.5 35 6 30 34.5 408948.432 0.012 
36 6 30 36.5 35 6 29 35.5 409011.401 -0.022 
36 6 31 36.5 35 6 30 35.5 409011.401 -0.022 
36 5 31 35.5 35 5 30 34.5 409763.978 0.025 
36 5 32 35.5 35 5 31 34.5 409763.978 0.026 
36 5 31 36.5 35 5 30 35.5 409827.179 -0.008 
36 5 32 36.5 35 5 31 35.5 409827.179 -0.007 
39 1 39 38.5 38 1 38 37.5 441637.468 0.060 
39 1 39 39.5 38 1 38 38.5 441709.431 -0.005 
39 6 33 38.5 38 6 32 37.5 442914.572 0.055 
39 6 34 38.5 38 6 33 37.5 442914.572 0.055 
39 6 33 39.5 38 6 32 38.5 442977.520 -0.037 
39 6 34 39.5 38 6 33 38.5 442977.520 -0.037 
39 5 34 38.5 38 5 33 37.5 443792.391 0.035 
39 5 35 38.5 38 5 34 37.5 443792.391 0.038 
39 5 34 39.5 38 5 33 38.5 443855.502 -0.092 
39 5 35 39.5 38 5 34 38.5 443855.502 -0.089 
39 4 35 38.5 38 4 34 37.5 444492.233 -0.181 
39 4 36 38.5 38 4 35 37.5 444492.233 0.284 
39 4 35 39.5 38 4 34 38.5 444555.485 -0.227 
39 4 36 39.5 38 4 35 38.5 444555.485 0.232 
39 0 39 38.5 38 0 38 37.5 444273.899 0.051 
39 0 39 39.5 38 0 38 38.5 444344.548 0.027 
39 2 38 38.5 38 2 37 37.5 445057.748 0.051 
39 2 38 39.5 38 2 37 38.5 445122.905 -0.024 
39 2 37 38.5 38 2 36 37.5 446272.059 -0.007 
39 2 37 39.5 38 2 36 38.5 446330.866 0.050 
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Table S2. Cont'd 
Ko' J' ir N" Ka" Kc" J" Vobs Vobs - calc 
37 38.5 38 3 36 37.5 445047.5% -0.008 
36 38.5 38 3 35 37.5 445086.908 0.063 
37 39.5 38 3 36 38.5 445110.800 -0.068 
36 39.5 38 3 35 38.5 445149.762 0.027 
38 38.5 38 1 37 37.5 448634.882 0.055 
38 39.5 38 1 37 38.5 448694.576 0.004 
40 39.5 39 I 39 38.5 452897.952 0.047 
40 40.5 39 1 39 39.5 452970.035 0.030 
34 39.5 39 6 33 38.5 454230.515 0.121 
35 39.5 39 6 34 38.5 454230.515 0.121 
34 40.5 39 6 33 39.5 454293.433 -0.008 
35 40.5 39 6 34 39.5 454293.433 -0.008 
35 39.5 39 5 34 38.5 455128.800 0.060 
36 39.5 39 5 35 3$.5 455128.800 0.063 
35 40.5 39 5 34 39.5 455191.965 -0.010 
36 40.5 39 5 35 39.5 455191.965 -0.006 
36 39.5 39 4 35 38.5 455846.180 -0.210 
37 39.5 39 4 36 38.5 455846.180 0.347 
36 40.5 39 4 35 39.5 455909.407 -0.263 
37 40.5 39 4 36 39.5 455909.407 0.286 
40 39.5 39 0 39 38.5 455552.165 0.038 
40 40.5 39 0 39 39.5 455623.133 0.040 
39 39.5 39 2 38 38.5 456408.744 0.017 
38 39.5 39 3 37 38.5 456416.111 -0.047 
37 39.5 39 3 36 38.5 456460.708 0.033 
39 40.5 39 2 38 39.5 456473.983 -0.038 
38 40.5 39 3 37 39.5 456479.328 -0.073 
37 40.5 39 3 36 39.5 456523.535 0.032 
38 39.5 39 2 37 38.5 457714.563 0.006 
38 40.5 39 2 37 39.5 457773.074 -0.002 
39 39.5 39 1 38 38.5 460065.916 0.013 
39 40.5 39 1 38 39.5 460125.894 0.135 
41 40.5 40 1 40 39.5 464153.684 0.056 
41 41.5 40 1 40 40.5 464225.832 0.032 
35 40.5 40 6 34 39.5 465543.086 0.037 
36 40.5 40 6 35 39.5 465543.086 0.037 
35 41.5 40 6 34 40.5 465606.021 -0.078 
36 41.5 40 6 35 40.5 465606.021 -0.078 
36 40.5 40 5 35 39.5 466461.823 0.053 
37 40.5 40 5 36 39.5 466461.823 0.058 
36 41.5 40 5 35 40.5 466525.039 0.041 
37 41.5 40 5 36 40.5 466525.039 0.045 
37 40.5 40 4 36 39.5 467196.707 -0.293 
38 40.5 40 4 37 39.5 467196.707 0.369 
37 41.5 40 4 36 40.5 467259.956 -0.305 
38 41.5 40 4 37 40.5 467259.956 0.348 
41 40.5 40 0 40 39.5 466822.376 0.005 
41 41.5 40 0 40 40.5 466893.655 0.024 
40 40.5 40 2 39 39.5 467755.078 -0.012 
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Table S2. Cont'd. 
Kc' r 4- N" K." K." r Vote Vobs-oalo 

39 40.5 40 3 38 39.5 467781.174 -0.093 
40 41.5 40 2 39 40.5 467820.402 -0.045 
38 40.5 40 3 37 39.5 467831.646 0.039 
39 41.5 40 3 38 40.5 467844.397 -0.090 
38 41.5 40 3 37 40.5 467894.412 0.042 
39 40.5 40 2 38 39.5 469156.334 0.008 
39 41.5 40 2 38 40.5 469214.640 0.025 
40 40.5 40 1 39 39.5 471491.346 0.024 
40 41.5 40 1 39 40.5 471551.307 0.013 
42 41.5 41 1 41 40.5 475404.526 0.055 
42 42.5 41 1 41 41.5 475476.775 0.060 
36 41.5 41 6 35 40.5 476852.359 -0.036 
37 41.5 41 6 36 40.5 476852.359 -0.036 
36 42.5 41 6 35 41.5 476915.563 0.119 
37 42.5 41 6 36 41.5 476915.563 0.119 
37 41.5 41 5 36 40.5 477791.143 •0.213 
38 41.5 41 5 37 40.5 477791.143 -0.208 
37 42.5 41 5 36 41.5 477854.619 0.042 
38 42.5 41 5 37 41.5 477854.619 0.048 
42 41.5 41 0 41 40.5 478084.051 -0.426 
42 42.5 41 0 41 41.5 478156.080 0.048 
38 41.5 41 4 37 40.5 478543.861 -0.298 
39 41.5 41 4 38 40.5 478543.861 0.486 
38 42.5 41 4 37 41.5 478607.027 -0.371 
39 42.5 41 4 38 41.5 478607.027 0.402 
41 41.5 41 2 40 40.5 479096.641 -0.028 
41 42.5 41 2 40 41.5 479162.033 -0.058 
40 41.5 41 2 39 40.5 480597.233 -0.023 
40 42.5 41 2 39 41.5 480655.344 0.027 
41 41.5 41 1 40 40.5 482910.932 <0.000 
41 42.5 41 1 40 41.5 482971.038 0.016 
43 42.5 42 1 42 41.5 486650.391 0.061 
43 43.5 42 1 42 42.5 486722.702 0.055 
37 42.5 42 6 36 41.5 488158.358 0.016 
38 42.5 42 6 37 41.5 488158.358 0.016 
37 43.5 42 6 36 42.5 488221.296 -0.093 
38 43.5 42 6 37 42.5 488221.2% -0.093 
38 42.5 42 5 37 41.5 489117.547 0.136 
39 42.5 42 5 38 41.5 489117.547 0.143 
38 43.5 42 5 37 42.5 489180.624 0.003 
39 43.5 42 5 38 42.5 489180.624 0.010 
43 42.5 42 0 42 41.5 489338.3% 0.041 
43 43.5 42 0 42 42.5 489410.290 0.086 
40 42.5 42 4 39 41.5 489886.921 0.067 
39 42.5 42 4 38 41.5 489887.528 -0.251 
40 43.5 42 4 39 42.5 489950.111 0.028 
39 43.5 42 4 38 42.5 489950.861 -0.135 
42 42.5 42 2 41 41.5 490433.258 -0.092 
42 43.5 42 2 41 42.5 490498.737 -0.100 



Table S2. Cont'd. 
N' K,' Kc' r ^ N" K," Kc" J" ^obs -calc 
43 2 41 42.5 42 2 40 41.5 492037.234 0.013 
43 2 41 43.5 42 2 40 42.5 492095.129 0.075 
43 1 42 42.5 42 1 41 41.5 494324.534 -0.043 
43 1 42 43.5 42 1 41 42.5 494384.784 -0.005 
44 1 44 43.5 43 1 43 42.5 497891.101 <0.000 
44 1 44 44.5 43 1 43 43.5 497963.532 0.039 
44 6 38 43.5 43 6 37 42.5 499460.813 0.011 
44 6 39 43.5 43 6 38 42.5 499460.813 0.012 
44 6 38 44.5 43 6 37 43.5 499523.794 -0.050 
44 6 39 44.5 43 6 38 43.5 499523.794 -0.050 
44 5 39 43.5 43 5 38 42.5 500439.813 -0.031 
44 5 40 43.5 43 5 39 42.5 500439.813 -0.022 
44 5 39 44.5 43 5 38 43.5 500503.101 0.059 
44 5 40 44.5 43 5 39 43.5 500503.101 0.067 
44 0 44 43.5 43 0 43 f2.5 500583.903 , -0.021 
44 0 44 44.5 43 0 43 43.5 500656.100 0.034 
44 2 43 43.5 43 2 42 42.5 501764.875 -0.140 
44 2 43 44.5 43 2 42 43.5 501830.423 -0.146 
44 3 42 43.5 43 3 41 42.5 501855.222 0.320 
44 3 42 44.5 43 3 41 43.5 501918.222 0.167 
44 3 41 44.5 43 3 40 43.5 501989.020 0.045 
44 2 42 43.5 43 2 41 42.5 503476.055 -0.028 
44 2 42 44.5 43 2 41 43.5 503533.729 0.038 
45 6 39 44.5 44 6 38 43.5 510759.680 -0.005 
45 6 40 44.5 44 6 39 43.5 510759.680 -0.005 
45 6 39 45.5 44 6 38 44.5 510822.668 -0.053 
45 6 40 45.5 44 6 39 44.5 510822.668 -0.053 
45 5 40 44.5 44 5 39 43.5 511758.054 -0.513 
45 5 41 44.5 44 5 40 43.5 511758.054 -0.502 
45 0 45 45.5 44 0 44 44.5 511893.535 -0.010 
45 2 44 45.5 44 2 43 44.5 513156.953 -0.220 
45 2 43 44.5 44 2 42 43.5 514913.660 -0.035 
45 2 43 45.5 44 2 42 44.5 514971.165 0.083 
46 1 46 45.5 45 1 45 44.5 520356.902 -0.074 
46 1 46 46.5 45 1 45 45.5 520429.448 -0.069 
46 6 40 45.5 45 6 39 44.5 522054.939 0.036 
46 6 41 45.5 45 6 40 44.5 522054.939 0.036 
46 6 40 46.5 45 6 39 45.5 522117.919 -0.010 
46 6 41 46.5 45 6 40 45.5 522117.919 -O.OlO 
46 5 41 45.5 45 5 40 44.5 523073.565 0.076 
46 5 42 45.5 45 5 41 44.5 523073.565 0.089 
46 5 41 46.5 45 5 40 45.5 523136.702 0.044 
46 5 42 46.5 45 5 41 45.5 523136.702 0.057 
46 0 46 45.5 45 0 45 44.5 523049.757 -0.097 
46 0 46 46.5 45 0 45 45.5 523122.613 0.034 
46 4 43 45.5 45 4 42 44.5 523895.018 -0.045 
46 4 42 45.5 45 4 41 44.5 523896.534 -0.014 
46 4 43 46.5 45 4 42 45.5 523958.188 -0.032 
46 4 42 46.5 45 4 41 45.5 523959.707 0.020 



Table S2. Cont'd 
N' KJ Kc' J ^ N" K." Kc" r Vobs ^obs-calc 
46 2 45 45.5 45 2 44 44.5 524413.130 0.290 
46 2 45 46.5 45 2 44 45.5 524478.717 0.185 
46 2 44 45.5 45 2 43 44.5 526349.806 -0.096 
46 2 44 46.5 45 2 43 45.5 526407.079 0.009 
47 6 41 46.5 46 6 40 45.5 533346.393 0.029 
47 6 42 46.5 46 6 41 45.5 533346.393 0.029 
47 6 41 47.5 46 6 40 46.5 533409.347 -0.033 
47 6 42 47.5 46 6 41 46.5 533409.347 -0.033 
47 5 42 46.5 46 5 41 45.5 534384.659 0.138 
47 5 43 46.5 46 5 42 45.5 534384.659 0.154 
47 5 42 47.5 46 5 41 46.5 534447.855 0.182 
47 5 43 47.5 46 5 42 46.5 534447.855 0.198 
47 4 44 46.5 46 4 43 45.5 535223.325 -0.099 
47 4 43 46.5 46 4 42 45.5 535225.072 -0.079 
47 2 45 46.5 46 2 44 45.5 537784.368 -0.169 
47 2 45 47.5 46 2 44 46.5 537841.554 0.063 

a) In MHz 
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APPEM)IX C 

TRENDS M THE ALKALINE-EARTH AMIDE SERIES; THE MILLIMETRE-WAyE 
SPECTRUM OF MgNHj AND MgNDj (X^Ai) 

P. M. Sheridan and L. M. Ziurys, Canadian J. Phys. 79, 409 - 421 (2001). 
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Trends in the alkaline-earth amide 
series: The millimetre-wave 
spectrum of MgNHa and MgND2 
(X'A,) 

P.M. Sheridan and L.M. Ziurys 

Abstract: The pure rotational spectra of MgNH; <X-Ai) and its deuterium isoiopomer have 
been recorded using milliinetre/sub-millimeire wave direct absorption techniques. Both species 
were synthesized by the reaction of magnesium vapor and either NH? or NDj in a dc discharge. 
Twelve rotational transitions were measured for MgNHj, and eight transitions weit observed 
for MgND;. both in the range 120-530 GHz. Asymmetry components with K, = 0-5.7, and 
sometimes 6. were measured for nearly every transition. Rotational, centrifugal distortion, 
and spin-rotation parameters have been accurately determined for both molecules, as well 
as an ro structure for magnesium amide. The data indicate that MgNH; is a planar molecule 
with Cj, symmetry, similar to CaNHj and SrNHi, and does not undergo inversion. However, 
there appears to be subtle differences between MgNH; and its calcium and .strontium analogs. 
Magnesium amide, for example, has a significantly larger H-N-H bond angle than CaNH; 
and SrNH;. In addition, the spin-rotation constants indicate slightly more in-plane p character 
for the unpaired electron in this molecule relative to that in calcium or strontium amide. Such 
differences may result from more covalent character in the bonding of MjNH. in comparison to 
the heavier alkaline-earth amide species. 

PACS No.; 32.20BX 

Resume: Utilisant des techniques d'absorption directe dans le domaine millimetrique/sub-
millimetrique. nous avons enregistie le spectre de rotation du MgNH; |X-Ai) et de son 
isotopomcre deuterie. Nous avons synthetise les deu* echantillons grace a la reaction causee 
par une decharge electrique de dans un melange comenant de la vapeur de magnesium et soit du 
NHj, soil du NDj. Nous avons mesure douze transitions rotationnelles dans le MgNHi et huit 
dans le MgNDi, routes dans le domaine 120-530 GHz. Presque chaque transition montre une 
composante asymetrique avec K„ = 0-5, 7 et meme 6. Nous avons determine les parametres 
routionnel. centrifuge, de dislorsion et de couplage spin-rotation pour les deux molecules, ainsi 
qu'une stnicture /-o pour I'amidure de magnesium. Les donnees suggerem que MgNHi est une 
molecule plane a symetrie Ci„ semblable a CaNH; et a SrNH; et ne subit pas d'inversion. II 
semble y avoir des differences subtiles entre le MgNHi et ses analogues Ca et Sr. L'amidure de 
magnesium, par exemple. a tin angle de liaison H-N-H signiticaiivemeni plus grand. De plus, 
le couplage spin-rotation indique que i'eleciron planaire non paire a une composante p dans le 
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plan plus imponanie dans MgNHi. il est possible que ces differences refleieni line covarianee 
plus marquee du liee dans le MgNHi que dans ses cousins alcalins pins iourds. 

[Traduii par la Ridaciionl 

1. Introduction 

The bonding between monovalent alkali and alkaline-earth metals with small ligands has been the 
subject of many theoretical and experimental investigations. Theoretically, Rinner [I] proposed one of 
the earliest quantitative models of such interactions, specifically for alkali halide species, interpreting 
them in the context of ion polarization. The polarizaiion concept has been more recently extended to 
characieriie alkaline-eanh halides as well, (e.g.. Field and Gittins [2]). including applications for ligand 
field theory (e.g.. Rice et al. [3]). Ab initio calculations have also been carried out for other small 
alkaline-earth species, for example by CktiE !4]. The basic conclusion of these theoretical investigaiions 
is that the bondins in simple alkali and alkaline-eanh compounds can be treated as ionic, and various 
molecular propenies can be accurately predicted making this assumption. 

This ionic model has been supponed by experimenial evidence. Numerous alkali and alkaline-eanh 
compounds have been investigated by electronic and rotational spectroscopy (see ref. 5 for an overview). 
The isoelectronic alkaline-eanh hydroxides and amides, in panicular. appear to follow an ionic bonding 
scheme. In fact, analyses of the electronic and rotational spectra of CaOH |6-8]. SrOH [9.10]. and 
BaOH [11.12] have shown that these molecules are tightly-bound linear species best represented by 
an M"*" 0H~ configuration. Spectra of the low-lying electronic transitions of CaNHi 113.14], SrNHa 
(15.16]. and BaNH: 117] have also been recorded. Assignments of these data were based on similarities 
with spectra obsen'ed for the isoelectronic halide and hydroxide species. These alkaline-eanh amides 
were determined to be planar with Cjv symmetry, suggestive of an M"*" NHj*" structure. No evidence 
of pyramidal geometry' and lor) inversion was found, which would indicate covalent bonding as present 
in NH.i. The planar structure for CaNHi and SrNHj has recently been confirmed by pure rotational 
studies of these species conducted at high resolution in the millimetre-wave region 118.19J. 

Al some level, however, small alkali and especially alkaline-earth compounds may begin to exhibit 
some covalent character to their bonding. This property should become apparent for the lighter metals 
of this class, such as Li. Be. and Mg. Unfonunaiely electronic transitions of beryllium, magnesium, and 
lithium analogs of many metal species often lie outside the normal range of cw dye lasers. Consequently, 
pure rotational studies of such compounds may be necessary to investigate their structure. 

A good example of a molecule thai represents a transition from ionic to covalent bonding is MgOH. 
As studies of its pure rotational spectrum have shown [20]. this species is extremely floppy and appears 
10 be quasilinear. Hence, ihe structure of MgOH deviates from the strictly linear monohydroxide series. 

Clearly it would be useful to study other Mg-bearing species to examine the interplay between these 
two extremes of meial-ligand bonds. One molecule of interest for this purpose is MgNHj. It can be 
conjectured that the Mg-N bond will have some significant covalent character, which could lead to a 
pyramidal geometry and (or) inversion, as opposed to the planar Cjv structure. MgNH?. however, has 
never been investigated by electronic spectroscopy, or any.oiher method. Hence, up to the present, no 
structural information existed for thiS radical. 

Currently in the Ziurys laboratory', metal amide species are being investigated in their electronic 

ground states using aas-phase millimetre-wave techniques, including CaNH; [ 18], SrNH: [19], NaNH; 
[21]. and LiNH: |22). Very recently, the pure rotational spectra of MgNHi and MgND; have been 
recorded as well. Eight to twelve transitions were measured for each species in multiple Ka components. 
(For MgNHi. some of the data have already appeared in the astronomical literature [23].) These spectra 

have been analyzed and roialional. centrifugal distortion, and fine structure parameters determined 
for both radicals. Here, we present our complete data set and analysis, including a discussion of the 

geometric wends and bonding propenies of the alkaline-eanh amide species. 

©2001 NRC Canada 
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2. Experimental 

Measurements of the pure rotational specira of MgNHj and MgNDj were conducted using one of 
the direct absorption millimetre-wave spectrometers of the Ziurys group, details of which are available 
elsewhere [24], To summarize, the instrument consists of a tunable millimeire-wave radiation source, a 
reaction chamber, and a detector. For this system, the radiation source consists of phase-locked Gunn 
oscillators and Schotlky-diode multipliers, which allow for near-continuous frequency coverage over 
the range 65-548 GHz. The radiation is launched from a scalar feedhom in a Gaussian-beam shape and 
quasi-optically propagated using teflon lenses and a polarizing grid through the reaction cell, which is 
a double-pass system. A Broida-type oven is anached to the cell for the production of metal vapor. The 
detector is an InSb bolometer, cooled to liquid-helium temperatures. The radiation source is frequency 
modulated ai 25 kHz and detected at 2/. j 

MgNHi was synthesized by the reaction of Mg vapor, seeled in argon carrier gas, and ammonia. 
The magnesium vapor was produced by a Broida-type oven, which was covered by a steel plate with 
2 cm diameter hole in the center to collimate the flow of maglesium vapor and prevent the coating of 
the rear lens of the cell. To actually create this molecule, 10-15 mTorr (1 Torr = 133.3 Pa) of ai^on was 
allowed to flow into the vaporization region from the bottom of the oven to entrain the metal vapor. 
Approximately 10 mTorr of ammonia was then added through a tube over the top of the oven. A dc 
discharge was found necessary for the synthesis, using an electrode placed a few inches above the oven 
(I inch = 2.54 cm). Discharge conditions were typically 650-800 mA of current at 30 V, which resulted 
in the creation of a bright green plasma due to atomic emission of magnesium. For MgNDi, the reaction 
conditions were the same except that 6 mTorr of ND3 was substituted for the ammonia. 

Since no previous estimates of spectroscopic constants existed for either MgNHi or MgNDi, an 
extensive search had to be conducted for both molecules. On the order of 60-70 GHz of frequency 
space was searched in 100 MHz intervals for both species. Once the specira were found and identified, 
actual frequency measurements were conducted. The final frequency determination of the lines was 
accomplished by taking an average of two 5 MHz scans, first in ascending, then in descending frequency. 
The resulting line profile was then fit with a Gaussian curve to establish the center frequency. For lines 
below 300 GHz, four to eight scans were necessary. For both molecules, linewidths varied from 350 to 
1000 kHz over the frequency range 120-530 GHz. 

3. Hesuits 

MgNHj and MgNDi were found to be planar molecules belonging to the C2v point group. Thus, 
they can be classified as near-prolate asymmetric tops, best described in a Hund's case (b) basis set. In 
this case, the quantum numbers are N, J. Kg, and K^. N represents the rotational angular momentum of 
the molecule exclusive of nuclear and electron spin and J indicates the fine structure interactions, where 
J = N + S. Ka and Kt arc projections of N onto the symmetry axis of She molecule in the respective 
prolate and oblate symmetric top limits. For asymmetric top molecules, Ka and Kc are no longer well-
defined quantum numbers since the asymmetry lifts the K degeneracy. Therefore, Ka and Kc are used 
only as energy level labels. Moreover, the dipole moment lies along the o-axis for alkaline-earth amide 
species. Consequently, the strongest electric-dipole allowed transitions obey the following selection 
rules: AN = ±1, AJ = ±1, AKa = 0, and AKc = ±1. Since Ka does not change, asymmetry 
components within each N transition can be labeled by the Ka quantum number. 

Initially, 70 GHz of frequency space was scanned to establish the asymmetric top pattern for MgNHi. 
Since MgNH? is a radical with one unpaired electron, fine structure results in the doubling of each Ka 
component within every rotational transition. Slightly different spin-rotation splittings characterize 
individual Ka components and subsequently this splitting was used to match such components over 
several transitions and establish their effective rotational constants. Assignment of the individual Kc 
quantum numbers was then conducted, aided by the approximate 3:1 intensity ratios of onho to para 

®2(X)I NRC Canada 
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Table 1. Selected iransiiion frequencies of MgNH; and MgND; (X'A|) ° 

N' K,' K/ r N" K/ K/ r 

MgNH: MgND: 

Vote ^eb>-cak 

5 i 5 4.5 4 1 4 33 129529.697 -0.008 
5 1 5 5.5 4 1 4 4.3 129568.688 0.010 
5 1 4 4.5 4 1 3 33 131906.673 0.034 
5 1 4 5.5 4 1 3 43 131946.543 0.021 
6 1 6 53 5 1 5 4.5 155432.918 -0.030 
6 I 6 6.5 5 1 5 5.5 155471.705 -0.027 
6 I 5 5J 5 1 4 43 158284.839 -0.028 
6 1 5 5.5 5 1 4 53 158324358 -0.023 
9 1 9 8.5 8 1 3 73 2331!7.964 -0.062 
9 ! 9 9.5 S 1 8 83 233136333 -0.039 
9 3 7 8.5 8 3 6 73 235005/777 0.021 

i 

9 3 6 83 8 3 5 73 233003.777 -0.(»8 
9 3 7 9.5 8 3 6 83 235046.269 0.061 
9 3 6 9.5 8 3 5 8.3 235046.269 -0.038 
9 2 8 9.5 S 2 7 83 235199.672 0.114 
9 2 7 8.5 S 2 6 73 235214.423 -0.020 
9 0 9 8.5 8 0 8 73 233247.037 -0.003 
9 2 7 9.5 8 2 6 83 235234.050 0.026 
9 0 9 9.5 8 0 8 83 235285.788 -0.049 
9 1 8 8.5 8 1 7 73 237393.209 0.000 
9 1 8 9J5 8 1 7 83 237432.663 -0.003 

19 I 19 18.5 18 1 18 173 491620.034 o.mQ 421079.641 0.005 
!9 1 19 193 18 1 18 183 491658.388 -0.025 421112.475 O.OU 
19 7 13 183 18 7 12 173 492391.148 0.066 426065393 0.001 
19 7 13 193 18 7 12 183 492631.844 -0.028 426101.913 -0.016 
19 7 12 183 18 7 11 173 492591.148 0.066 426065393 0.001 
19 7 12 193 18 7 11 183 492631.844 -0.028 426101.913 -0.016 
19 6 14 183 18 6 13 173 426679.769 0.007 
19 6 14 193 18 6 13 183 426715.338 -0.026 
19 6 13 183 18 6 12 173 426679.769 0.007 
19 6 13 193 18 6 12 183 426715.338 -0.026 
19 5 15 183 18 5 14 173 494540.743 0.054 427206.702 -0.031 
19 5 15 193 IS 5 14 183 494580.486 -0.042 427241.674 -0.062 
19 5 14 183 18 5 13 173 494540.743 0.054 427206.702 -0.056 
19 5 14 193 18 5 13 183 494580.486 -0.042 427241.674 -0.067 
19 4 16 183 18 4 13 173 495212.413 0.029 
19 4 16 193 18 4 15 183 493251.820 -0.048 
19 4 !5 183 18 4 14 173 495212.415 0.010 
19 4 15 193 18 4 14 183 495251.820 -0.067 
19 3 17 183 18 3 16 173 495741.680 0.031 428077.169 -0.095 
19 3 17 193 18 3- 16 183 495780.804 -0.056 428111.290 -0.082 
19 3 16 183 18 3 15 173 493746.979 0.097 428148.859 -0.050 
19 3 16 193 18 3 15 183 495786.090 -0.006 
19 0 19 183 18 0 18 173 495787.733 0.102 425980.808 -0.015 
19 0 19 !9.5 18 0 18 183 495826.273 -0.031 426013.794 0.061 
19 2 18 183 18 2 17 173 495930.841 -0.001 427676399 0.026 
19 1 18 193 18 2 17 183 493989.785 -0.022 427710.277 0.034 
19 n 17 183 18 2 16 173 496464.383 0.013 429891.309 -0.005 
19 2 17 193 18 2 16 183 496503.481 -0.012 
19 1 18 183 18 1 17 173 500603.453 0.009 

€3001 NRC Canada 



Sheridan and Ziurys 

Tabic 1. (concluded.) 
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MgNH; MgNP; 

W K/ K/ r N" K," K' r "nh.-c.ir 

19 1 IS 19.5 IS 1 !7 18.5 500642.704 -0.027 

21 1 21 20.5 20 1 20 19.5 465193.666 -0.030 
21 1 21 21.5 20 ! 20 20.5 465226.492 0.007 
21 0 21 20.5 20 0 20 19.5 470214.794 0.018 
2! 0 21 21.5 20 0 20 20.3 470247.589 0.014 
21 7 15 20i 20 7 14 19.3 470837.862 0.037 
2! 7 15 21.5 20 7 14 20.5 470873.656 -0.002 
21 7 14 20.5 20 7 13 19.5 470837.862 0.037 
2! 7 14 21.5 20 7 13 20.5 470873.656 -0.002 
21 6 16 20.5 20 6 15 19.5 471519.023 0.018 
21 6 16 21.5 20 6 13 20.3 / 471554.214 -0.023 
21 6 15 20.5 20 6 14 19.3 471519.023 0DI8 
21 5 15 21J 20 6 14 20.5 471554.214 -0.023 
21 5 17 20.5 20 5 16 19 J 472107.195 0.008 
21 5 17 21J 20 5 16 20.5 472141.913 -0.004 
21 5 16 20.5 20 5 15 19.3 472107.195 -0.005 
21 5 16 21.5 20 5 15 20.5 472141.913 -0.017 
21 2 20 20.5 20 2 19 19.5 472509.300 0.038 
2! 2 20 21.5 20 2 19 20.5 472542.892 0.045 
21 4 18 20.5 20 4 17 19.3 472627.702 -0.049 
21 4 IS 21.5 20 4 17 20.5 472661.992 -0.089 
21 4 17 20.5 20 4 16 19.5 472629.588 0.094 
21 4 17 21.5 20 4 16 20.3 472663.891 0.066 
21 3 19 20.5 20 3 18 19.5 473094.829 -0.058 
21 3 19 21.5 20 3 IS 20.3 473128.809 -0.103 
21 3 18 20.5 20 3 17 19.5 473213.144 0.085 
21 3 IS 21.5 20 3 17 20.5 473247.229 0.093 
21 2 19 20.5 20 2 IS 19.5 473461.818 0.040 
21 2 19 21.5 20 2 13 20.5 475496.040 -0.052 
21 1 20 205 20 1 19 19.3 479561.084 0.034 
21 1 20 21.5 20 1 19 20.5 479594.997 -0.016 

"In MHz. 

levels due to nuclear spin siaiislics. Since the total wave function of the molecule musi be antisymmetric 
upon a Cj rotation or exchange of the protons, the rotational wave function changes symmetry for Kc 
even (or para) levels vs. Kq odd (or ortho) levels. Also useful in assignment of K„ quantum numbers 
was the comparison with the rotational spectrum of CaNHj. In this molecule, the K„ = 1 component 
had. by far. the largest asymmetry splitting within a given rotational transition and the greatest intensity. 
For MgNHi, therefore, strong lines fitting this pattern were preliminarily assigned Ka = 1. The 
second assignment was made by identifying another set of strong lines near the centroid of the 
K„ - 1 components, with smaller asymmetry splitting. These features were assigned to the = i 
components. Once the = I and K„ = 2 assignments were made, other asymmetry components were 
identified by extrapolation to a symmetric lop pattern. Tentative K,, quantum numbers were assigned, 
and then asymmetry doublets were collapsed until the 1:3:5:7:9... pattern found in the K components 
of a symmetric top was generated. 

For MgNDi. 60 GHz was initially scanned. Since deuterium nuclei are bosons, a Ci rotation in 
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Fig. 1. A seciion of ihe W = 18 -» 19 specirom of MgNHi (X'Ai) conlaining the ifa = 0,2.3. and 4 asymmetry 

components near 496 GHz. Spin-rotation splinings are resolved in every transition, and the effecl of nuclear spin 

statistics is evident in the specmim. (Odd iransilions are stronger than even ones.) Doublets arising from 

exciied vibrational modes are labeled by an asterisk. This specirum is a composiie of twelve, 100 MHz scans, each 

lasting 30 s in duration. 

MgNHj(X2A,): (N, ,) ' 

18.-19. 
»• 18a,,7-19J 

" .J' 
I I 

495J 49S.S 495.9 496J 4S6.S 
Frequency (GHz) 

MgND; produces a 2:1 intensity ratio for K a  even (onho) vs. K q odd (para) components. Hence, the 
effect of nuclear spin statistics was not as dramatic as in MgNHi. For the deuterated species, the if^ = 3 
and 4 components were assigned first, using their small asymmetry splittings as a basis, as was observed 
in the spectrum of CaND;. Assignment of additional Ka components for this molecule was then made 
in the same way as for .MjNHj. namely, collapsing tentatively identified asymmetry doublets until a 
symmetric top pattem emerged. 

Following the initial assignment of the Ka quantum numbers for about three transitions for each 
molecule, the partial data set was fit to generate preliminary rotational constants. These constants were 
then used to predict the frequencies for other transitions to an accuracy of 1-2 MHz, eliminating the 
need for extensive frequency searches. In the final data set, 12 rotational transitions of MgNHj were 
recorded, typically for = 0 to 5, with some Ka — 1 measurements. For MgNDj, eight transitions 
were observed for K,, = 0 to 7. A total of 257 and 228 individual lines were measured for MgNH; and 
MgNDi. respectively. A representative subset of these data is presented in Table I. The complete data 
set can be obtained as supplemental information.* 

Figure I shows a section of the spectrum of the N = 18 -» 19 transition of MgNHi near 496 GHz, 
consisting of K„ = 0.2.3. and 4 components. The spin-rotation splitting for each component is clearly 
resolved. The a symmetry splitting, however, steadily decreases with increasing Ka quantum number, 
such thai it is collapsed for the A'o = 4 lines. The effect of the nuclear spin-statistics is also apparent in 
the spectnim. The K,, = 3 features are nearly three times larger than the Ka = 2 lines, for example. 

A ponion of the A' = 20 —» 21 transition of MgNDj is presented in Fig. 2, showing Ka = 2.3. and 
4 components. In this spccirum asymmetry splitting for both the Ka = 3 and 4 lines is readily resolved. 
This splitting is actually greater for the Ka = 2 components, but the higher frequency /ka = 2 line is 
not included in this spectrum. Again, the effect of nuclear spin-statistics is apparent in the increased 

- The complete daia sei may he purchased from ihe Deposiion- of Unpublished Daia. Documeni Deiiven-. CISTI. Naiional 
Research Council Canada. Oiiawa. ON K5A 0S2. Canada, For informaiion on ordering eiectronicaily use Ehe following web 
address: h!!p;//w v.-\v.nrc.ca cssii/imi/unpub^e.shiml 
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Fig. 2. Pan of the spectrum of the W = 20 -+ 21 iransition of MgND; (X'Ai) near 473 GHz. showing the 
ir„ = 3 and 4 asymmeuy doublets and one of the K, = 2 lines. The spin statistics have reversed for ihe deuterium 
isoiopomer such that even K„ transitions are stronger than odd K. lines. Spin-roialion interactions are resolved in 
every transition, and the doublets marked by an asterisk indicate vibrational satellite features. This spectrum was 
created from a composite of eight ICX) MHz scans, each with a 50 s scan lime. 

20,,„-21 

472.6 472.8 473.0 473.2 

Frequency (GHz) 

fig. 3. A sticls figure illustrating the progression of observed K, components in the .V = IS — 19 Iransilion of 
both MgNH; and MgND; (X-Ai). Spin-rotation splittings have been neglected. The wider spacing of = I 
asymmetry doublets and frequency offset of the AT, = 0 from the cenlroid of Ihe A'„ = 1 line.s indicate thai MgNDi 
is le-ss symmetric than MgNHj. Another manifestation of the larger asymmetry in ihe deuierium isoiopomer is ihe 
presence of the K, = 3,4.5.6. and 7 lines at higher frequency relative to the = 0 tronsiiion; in Mg.NH; they 
lie lower in frequency, as might be expected in the correlation to a symmetric lop. 

N = 1 S-^-l 9: Kg Components 

MgNHj 

1 

4 

5 

7 i 
1 1 

0 ^ 
s> 
z 

i 

490 492 494 496 49S 600 S02 

MgNDj 

1 

4 

6 5* 

7 j 1 

3 

: 

1 . 
! • 

422 424 426 421 430 432 434 

Frequency (GHz) 

intensity of the even Ka lines. Fine structure splittings are also resolved in every transition. 

The subsiitution of the deuterons for the protons in MgNHi increases the asymmetr)' of the molecule. 

Deuteralion shifts the center of mass closer to the N atom, making MgNDi slightly more oblate than 
its hydrogen analog. The effect of the increased asymmetry on the rotational spectrum is seen in Fig. 
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3, where stick figures of the W = 18 -• 19 transitions for both MgNHj and MgNDa are shown. In 
the MgNHj spectrum (top panel), the Kc = 1 components are separated by approximately 9 GHz 
and only the = 1, 2, and 3 have resolvable asymmetry splitting. The Ka = 0 iransiiion is located 
close to the center of the pattern while most additional Kb components are situated lower in frequency 
relative lo this line. For MgND; (bottom panel), the asymmetry splining of the ifj, = 1 components 
is approximately 11 GHz. Moreover, the Kb=A asymmetry doublets are resolved for MgNDj, unlike 
MgNHj. (This splitting is too small to be seen on the scale of the Fig. 3). The most dramatic change 
between the spectra of the two isotopomers, however, is the appearance of the Ka = 0 line at a lower 
frequency relative to the ceniroid of the Kg = 1 lines for MgNDj. Furthermore, the Ka = 2,3,4,5,6, 
and 7 components now appear at higher frequencies relative to the /Cg = 0 transition. This increased 
asymmetry made the assignment of the MgNDj spectrum more difficult. 

4. Analysis 

The data for MgNH: and MgNDj were fit to a ^A| asymmetric top Hamiltonian of the form 

Weff = Wroi + Hcd + Hst (1) 

where Hmi + Wed describe molecular frame rotation and its centrifugal distortion corrections and 
refers to fine structure interactions. The first two terms in the effective Hamiltonian are [25] 

H™ + Hcd = A N ;  +  B N -  +  C N :  -  D«(iV=)^ -  D u k N ^ N ?  +  +  n I )  +  d 2 ( K  +  ̂ - )  

+Huic(N-)-/Vr + + LKKNN^N^ + L N N x i N - f N ?  

+PNNK(N^frff + PK/fN^N! (2) 

This Hamiltonian is basically the S-reduced form of Watson, with the addition of the higher order 
centrifugal distortion terms such as Lkkh> Lhnk< Pnnk< and Pkn-The spin-rotation Hamiltonian 
[26) is a tensor with potentially nine terms. For molecules with Cjv symmetry, however, the off-diagonal 
elements of this tensor are zero. Hence, the Hamiltonian simplifies to include only the diagonal elements 
fflo > and €cr* i«e., 

= (3) 
a 

where a sums over the three molecule-fixed coordinates. These three parameters were sufficient lo model 
the spin-rotation splittings for both MgNHj and MgND2 satisfactorily, and no centrifugal distortion 
corrections required. 

For both molecules, the data were fit using the least-squares fitting program SPFIT [27]. Initially, the 
lowest A'fl components iKa < 4) for at least three rotational transitions were entered into the program. 
Only rotational, lower order centrifugal distortion, and spin-rotation parameters were employed in this 
initial fit. For MgNHz. the A rotational constant was fixed to a value scaled by mass from those of 
CaNHa [ 18] and SrNHi 119). Higher Kc components were then added to the fit, which required higher 
order centrifugal disionion parameters to achieve an acceptable rms. Also, at this point, A was no longer 
constrained. For MgNDi, the same fitting procedure was followed, except A was initially fixed to half 
the value of A of MgNHj. 

The final rotational constants determined for these two molecules are listed in Table 2. In both cases, 
the rms of the final fits is less than 100 kHz, indicating a high degree of precision, ll should be noted 
that MgNDi required two additional higher order centrifugal distortion constants than MgNHj. The 
extra terms are expected, since higher energy rotational transitions were observed in MgND^. 
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Table 2. Spectroscopic constants of MgNHj and MgND; 
(x'A.r 

Parameter MgNH, MgND: 

A 378525(42) 189900(4) 
B 13314.7718(47) 11626.5105(57) 
C 12839.1166(46) 10933.0387(51) 
tm 24.49(33) 13.01(36) 

39.743(90) 34.755(88) 
37.923(88) 32.303(80) 

DM 0.0215749(28) 0.0145008(22) 
DKK 1.86805(29) 1.17624(44) 
d, -0.0008811(37) -0.00103^30) 

-0.00037?9(I2) <h -0.0002076(17) 
-0.00103^30) 
-0.00037?9(I2) 

MM -0.001184(11) -0.000279(37) 
2.131(315) X I0-' 2.886(32) X10-' 

-0.000279(37) 
2.131(315) X I0-' 

LnHtt — -1.55(40) X10"' 
Lk k m  — -2.1(1.1) X10"® 

PHH -8.992(30) X10-' -3.3(1.1) xlO-® 
Pnits 3.60(14) X lO-® 2.02(50) X10-" 
ms O.DSI 0.051 

^ In MHL Errors are and so the iasi quoted decimal place. 

5. Discussion 

Analysis of both the electronic and rotational spectra of CaNH; and SrNH; have demonstrated that 
these molecules are planar. MgNHj also appears to have this geometry. Evidence for planarity partly 
arises from the 3:1 intensity variation with Ka quantum numSier caused by nuclear spin statistics, which 
changes to a 1:2 ratio on deuierium substitution. This variation is apparent in the spectra of MgNH: 
and MgND:, as shown in Figs. 1 and 2, and eliminates the possibility of pyramidal geometry without 
inversion. A pyramidal structure with inversion can also give rise lo the observed intensity pattern for the 
lower inversion level, but the reverse pattern for the upper inversion slate must also be present. Although 
additional doublets were found in the MgNHj spectra, for example, as shown in Fig. I, none of these 
lines produced the "mirror image" spectrum as required for an upper invenion level. A continuous 
frequency scan was even conducted between the W = 17 —• 18 and /V = 18 -» 19 transitions but no 
such state could be identified. Moreover, the extra lines observed were all quite weak, with intensities 
no greater than thai of the Ka = ^ component of the ground vibrational slate of MgNHi. These lines 
are assumed to arise from the low-lying V4 and i>6 bending vibrational modes. Both of these states have 
been identified and analyzed for CaNHa [18]. Due lo the increase in energy above ground state of these 
levels for MgNH^ compared with CaNH2, however, a sufficient number of Ka components could not 
be observed lo assign either vibrational mode. 

Additional evidence for planarity arises from the small, positive inenial defect (Ao) calculated 
for MgNHj. For this radical, Ao = 0.078 amu A^, which is close to the value for formaldehyde 
[28], Ao = 0.0577 amu h?. On detfierium substitution, the inertial defect increases only slightly to 
Afl = 0.096 and remains positive - another indication of planarity. Some nonplanar molecules such 
as formamide [29], have positive inenial defects, but they become negative on deuierium substitution. 
The inertial defect for MgNHj also follows the decreasing trend of the other alkaline-earth amides. For 
CaNHj (18], Ao = 0.157 and for SrNHa [19], Ac = 0.180. 

Because deuterium substitution has been carried out for MgNHj, an rn strucmre can be calculated. 
The results of these calculations are presented in Table 3, along with comparable data for CaNHj and 
SrNH2. For caJcium and siront'wm amide, ihe N—H bond length and H-N-H bond angle are almost 
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Table 3. Geomemes of the a!kalme-sanh amidss." 

Can. J. Phys, Vol. 79.2001 

ru-n 
(A) (A) 0 Ref. 

MgNH: 1.899(3) 1.007(3) 108.7(5) This work 
CaNHj 2.126(3) 1.018(3) 103.8(3) 18 
SrNHj 2.256(1) 1.021(1) 105.4(1) 19 

" Emn ais based on inirinsBC unceiuinies in the use of subsiimtion smicimss. 

Table 4. Spin-rosalion and g-tensor parameters for MNHj and MNDj. 

MgNH; CaNH;° SrNH/ MgNDi, CaND;' SrW;* 

24.49 45.7 160.4 13.01 22.4 91.3 
39.743 32.053 59.740 34.755 27.886 51.526 
37.923 41.110 89.657 32303/ 35.338 76.842 
2.0023 2.0022 2.0021 2.0022 2.0022 2.0021 

gbb 2.0008! 2.00052 1.99790 2.00051 1.99787 
SfT 2.0(S)82 2.mm 1.99556 2.00082 1.99999 1.99548 

• Rrf. 18. 
' Ref. 19. 
' In MHz. 

identical, with values near HJ-H = 1.02 A and 0H-N-H = 105.6®. However, for MgNHj, the H-N-
H bond angle increases by nearly 3° to 108.7°. For ammonia, which has a pyramidal geometry, the 
projected H-N-H bond angle onto the plane defined by the hydrogen atoms is 120°. (This is a more 
direct comparison than the actual H-N-H bond angle of NH3, which is near 107°). Hence, the increase in 
bond angle in MgNHj may reflect a small increase in covalent character relative to SrNHj and CaNHj. 
This increased covalency is not large enough, however, to cause the molecule 10 become pyramidal in 
shape. It should be noted that in NHJ, the H-N-H angle is «:103° [30] — closer to that of CaNHj and 
SrNH2 than MgNHj. 

The electronegaliviiies of Mg, Ca, Sr, and H may give a clue to the changing geometries in the 
alkaline-earth amides and their relationship 10 NH3. For Ca and Sr. the value of the Pauling electroneg
ativity (31) is 1.0. For magnesium the value is about 1 J, and the electronegativity for H is near X2. The 
increased electronegativity of magnesium compared with calcium and strontium likely causes this atom 
to form bonds with less ionic character that these other two alkaline-earth metals. For hydrogen, the 
change from ionic to covalent character is even greater. Considering the electronegativity of beryllium 
of 1.6, BeNHj may indeed be pyramidal. Another molecule of interest is AlNHj. Aluminum has an 
electronegativity of 1.6. and might be pyramidal as well. 

Another interesting difference between magnesium amide and CaNHs and SrNHi arises from the 
spin-rotation constants, listed in Table 4. As the table shows, i^a 'S the lai^esi spin-rotation term for 
CaNHj and SrNHj, and the smallest is €». The opposite is true for MgNHj, where ttb is the largest 
and <00 the smallest of these three parameters. A similar trend is found in the three deutcrated species. 
These differences result in the spin-rbtation splitting decreasing with Ka quantum number for CaNHj 
and SrNHj, but increasing for MgNHj. 

Some of these variations, of course, are because of changes in mass. The mass-dependent effects can 
be minimized by calculating the g-tensor for each molecule, which gives a better insight into electronic 
properties of these species. As shown by Curl [32] and Dixon [33], the spin-rotation parameters are 
related to the electron ^-tensor, gas, by the following equation; 

gaa = 2.0023 - If- (4) 
diSa 
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Fig. 4. Afi idealized smicmre of MgNHj showing the reiaiionship beiwesn ihe molecule fixed 2. fc, and c ax^. llie 

space-fixed axes, and die orieniarion of the pj(bi) and PcCbj) orbiials on ihe magnEsium aiom. The a and b axes 

define the plane of the molecule, which also contains the Pjibj) orbital. The c axis lies perpendicular to this plane, 
as does the p,(bi) orbital. 

where is the spin-rotation constant for the a raolecule-fixed axis and Ba is the corresponding 
rotational constant. The ^-factor for the free electron is 2.0023. From this expression, the j-tensor for 
all three alkaline-earth amide species has been calculated and the values are presented in Table 4. They 
have been additionally calculated for the deuterium isoiopomers for an accuracy comparison. As the 
table shows, the main isotope and the deuieraied forms have identical g-tensor elemems to the fourth 
decimal place. 

The unpaired electron of these metal amide species in their electronic ground stale resides in a 
predominantly ai orbital, which is of course spherically symmetric and arises from an s atomic orbital 
on the metal atom. The g-tensor elements, therefore, should, to a first approximation, reflect the isocropy 
of this electron and have quantities very near the free electron value of 2.0023. Indeed, gaa for all 
species listed in Table 4 is very close to this number. For gbb and g„, the situation changes. In SrNHj 
and CaNHz, deviates noticeably from the free electron value (1.99556 and 2.00000), and gti, has 
a value in between that of g^a and gee (1.99790 and 2.(XX)52). Therefore, the tensor elements differ 
most from the free electron value in the c-direciion (or i-direction) for CaNHj and SrNHj, indicating 
the most anisotropy along this axis, which is perpendicular to the plane of the molecule (see Fig. 4). 
This change may be due to mixing of the unoccupied atomic p^ orbital into the inoleciilar orbital of 
the metal. There is also a smaller contribution from the p,. atomic orbital as well. These orbitais are 
the primary contributors to the molecular orbitais of the unpaired electron in the excited B| and 
states. As noted by Dixon (33], departure from free-spin values in the g-tensor can be anributed to the 
spin-orbit contribution to the spin-rotation interaction. The B| and B2 stales may be perturbing the 
ground state through this type of interaction. (Strictly speaking, there is no spin-orbit coupling in B| 
and Bj states, but the effects remain, for example, in the very large 6oo constants in these states which 
result from mixing of the p, and pj, orbitais in CaNHj and SrNHj. These two states correlate back to 
the spin-orbil components of a stale in ihe linear limit [34].) 

For MgNHj, the g-tensor is different from that of CaNHj and SrNHj. In this case ihe largest 
deviation from the free electron value is gu, which is 2.00081, while g^c is 2.00082. Although these 
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Fig. 5- An idealized figure showing ihe oriemaiions of ihe predominant p-lype orbital contribuling lo she unpaired 

electron distribution in MNHi species. These figures are based on she j-tensor calculations. For CaNHj and SrNHj, 
the out-of-plane orbital appears lo contribute the most to the anisoiropy. For MgNH;, the in-plane one is slightly 
more important, and may indicate an eventual evolution to the pyramidal geometry, the probable structure for 

BeNHi. 

M) N^) -105' 

CaNHj, SrNH 

(planar) 

MgNHj 

(planar) 

N ) -120° 

BeNHj ? 

(pyramidal) 

differences are small, they are duplicated in the MgNDi j-tensor, and hence are likely real effects. In 
MgNHj. Ihe greatest anisotropy is thus in ihe fr-direction, in the molecular plane, which likely arises 
from mixing of the p, atomic orbital of magnesium into the molecular orbital of the unpaired electron. 
Consequently, there appears to be a small shift in the anisotropic electron distribution in MgNHj relative 
10 CaNHi and SrNHj. In calcium and strontium amide, there is slightly more out-of-plane p-type orbital 
character for the unpaired electron in the A| stale, but more in-plane p-type character for the unpaired 
electron in MgNHj. A schematic showing this change is presented in Fig. 5. 

The out-of plane orbital character in CaNHj and SrNHi perhaps arises because the unpaired electron 
is avoiding the electron densities of the M—N bond and the N—H bonds, which all lie in the molecular 
plane. The slight redistribution of the electron density into the in-plane orbital in MgNHj may be a 
result of a subtle increase in covalent character of this species and the correlation to the predominately 
covalent pyramidal geometry. For pyramidal MNH2. the preferred orientation of any p-orbita! of the 
unpaired electron would likely be perpendicular to the pseudo C3 axis defined by the nitrogen atom (see 
Fig. 5). This arrangement avoids other electron distributions, as in the M—N bond. It is this orientation 
that would appear to correlate with the in-plane p,- orbital in the Cjv system. 

6. Conclusion 

Measurement of the pure rotational spectra of MgNHi and MgND; — the first study of magnesium 
amide to date — has shown that this alkaline-earth amide is planar in its A| ground electronic state. 
Hence, this molecule follows the structural pattern of CaNHi and SrNHi. However, there are some 
subtle differences between MgNHi and its strontium and calcium analogs. For example, comparison of 
ro structures show that the H-N-H bond angle is 3° larger in MgNH? than in CaNHj and SrNHj. both 
which have comparable angles. Also, the orbital character of the unpaired electron in MgNHj appears 
to slightly favor the contribution of the in-plane p, orbital, as opposed to the out-of-plane p, orbital for 

©2001 NRC Canada 
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CaNHj and SrNH2. These variations likely indicate a small increase in covalem charaaer in MgNHi, as 
might be expected considering electronegativity differences of the alkaline-earth metals. Spectroscopic 
studies of the excited electronic states of magnesium amide, as well as BeNHj and AlNHi, would 
provide additional insight into mesal-ligand interactions in amide species. 
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Supplemental Table 1 

OBSERVED TRANSITION FREQUENCIES OF MgNHj AND MgNDa (X'A, f 

MgNHj MgNDj 
K K.' K.' T N" K." Kc" J" vch, Vob. 

5 1 J 4.5 4 1 4 3.5 129529.697 -0.008 
5 1 5 5.5 4 1 4 4.5 129568.688 0.010 
5 I 4 4.5 4 1 3 3.5 131906.673 0.034 
5 1 4 5.5 4 1 3 4.5 131946.543 0.021 
6 1 6 5.5 5 1 5 4.5 155432.918 -0.030 
6 1 6 6.5 5 1 5 5.5 155471.705 -0.027 
6 I 5 5.5 5 1 4 4.5 |58284.859 -0.028 
6 1 5 6.5 5 1 4 5.5 158324.558 -0.023 
9 1 9 S.5 8 1 8 7.5 (233117.964 -0.062 
9 1 9 9.5 S 1 8 8.5 233156.535 -0.039 
9 3 7 8.5 8 3 6 7.5 235005.777 0.021 
9 3 6 8.5 8 3 5 7.5 235005.777 -0.098 
9 3 7 9.5 8 3 6 8.5 235046,269 0.061 
9 3 5 9.5 8 3 5 8.5 235046.269 -0.058 
9 2 8 9.5 8 2 7 8.5 235199,672 0.114 
9 2 7 S.5 8 2 6 7.5 235214,423 -0.020 
9 0 9 8.5 8 0 8 7.5 235247.037 -0.003 
9 2 7 9.5 8 2 6 8.5 235254,050 0.026 
9 0 9 9.5 8 0 8 8.5 235285,788 -0.049 
9 I S 8.5 8 1 7 7.5 237393.209 0.000 
9 I 8 9.5 8 1 7 8.5 237432,665 -0.003 

10 1 10 9.5 9 1 9 8.5 259002.845 -0.012 
10 1 10 10.5 9 1 9 9.5 259041.445 0.076 
10 5 6 9.5 9 5 5 8.5 260482.444 0.012 
10 5 5 9.5 9 5 4 8.5 260482.444 0.012 
10 5 6 10.5 9 5 5 9.5 260524.961 0.071 
10 5 5 10.5 9 , 5 4 9.5 260524.961 0.071 
10 4 7 9.5 9 4 6 8.5 260834.586 -0.120 
10 4 6 9.5 9 4 5 8.5 260834.586 -0.120 
10 4 7 10.5 9 4 6 9,5 260875.763 -0.098 
10 4 6 10.5 9 4 5 9.5 260875.763 -0.098 
10 3 8 9.5 9 3 7 8.5 261105.610 0.068 
10 3 7 9.5 9 3 6 8.5 261105.610 -0.136 
10 3 8 10.5 9 3 7 9.5 261145.824 0.139 
10 3 7 10.5 9 3 6 9.5 261145.824 -0.066 
10 2 9 9.5 9 2 8 8.5 261272.533 -0.056 
10 2 9 10.5 9 2 8 9.5 261312.022 0 027 
10 2 8 9.5 9 2 7 8.5 261347.326 -0,081 
10 0 10 9.5 9 0 9 8.5 261356.691 -0.015 
10 2 8 10.5 9 2 7 9.5 261386.849 -0.008 



N" 

10 
10 

10 

12 
12 
12 

12 

12 
12 
12 
12 
12 
12 
12 
12 

12 
12 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

12 

12 
12 
12 

12 

12 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 
13 

121 

Suppiemenlal Table 1 cont. 

! Kc* r N" K." K," J" 
MgNHa 

Vota 
MgNDz 

Vote Vo^ 
0 10 10.5 9 0 9 9.5 261395.576 0.081 
1 9 9.5 9 1 8 8.5 263751.622 -0.077 
1 9 10.5 9 1 g 9.5 263791.167 0.046 
1 12 11.5 11 1 11 10.5 310753.521 -0.099 266278.391 -0.036 
1 12 12.5 11 1 11 11.5 310792.130 0.048 266311.383 -0.043 
7 6 11.5 11 7 5 10.5 311302.332 -0.093 
7 5 11.5 11 7 4 10.5 311302.332 -0.093 
7 6 12.5 11 7 5 11.5 311346.159 -0.017 
7 5 12.5 11 7 4 11.5 311346.159 -0.017 
6 7 11.5 !1 6 6 10.5 269592.040 0.011 
6 6 11.5 11 6 5 10.5 269592.040 0.011 
6 7 12.5 11 6 6 11.5 269630.747 0.014 
6 6 12.5 11 6 5 11.5 269630.747 0.014 
5 8 11.5 11 5 7 10.5 312541.621 0.015 269916.528 0.036 
5 7 11.5 11 5 6 10.5 312541.621 0.015 269916.528 0.036 
5 8 12.5 11 5 7 11.5 312582.988 0.038 269953.635 0.013 
5 7 12.5 11 5 6 11.5 312582.988 0.038 269953.635 0.013 
4 9 11.5 n 4 8 10.5 312964.246 -0.098 270187.749 -0.013 
4 8 11.5 11 4 7 10.5 312964.246 -0.099 270187.749 -0.046 
4 9 12.5 11 4 8 11.5 313004.712 -0.076 270223.660 0.054 
4 8 12.5 11 4 7 11.5 313004.712 -0.076 270223.660 0.021 
3 10 11.5 11 3 9 10.5 313291.099 0.253 270416.631 -0.027 
3 9 11.5 11 3 g 10.5 313291.099 -0.264 270423.647 -0.093 
3 10 12.5 11 3 9 11.5 313330.869 0.279 270451.492 -0.018 
3 9 12.5 11 3 8 11.5 313330.869 -0.238 270458.652 0.055 
2 11 11.5 11 2 10 10.5 313479.463 -0.023 270396.677 0.009 
2 11 12.5 11 2 10 11.5 313518.722 0.011 270430.814 0.085 
0 12 11.5 11 0 1! 10.5 313545.675 -0,021 270023.288 -0.050 
0 12 12.5 11 0 1! 11.5 313584.492 0.027 270056.628 0.018 
2 10 11.5 11 2 9 10.5 313608.988 -0,070 270965.703 -0.070 
2 10 12.5 1! 2 9 11.5 313648.368 0,021 271000.047 -0.045 
1 11 11.5 11 1 10 10.5 316448.287 -0,042 274577.947 -0.125 
1 11 12.5 11 1 10 11.5 316487.734 0.033 274612.356 0.065 
1 13 12.5 12 1 12 11.5 336618.274 -0.077 
1 13 13.5 12 1 12 12.5 336656,836 0.040 
7 7 12.5 12 7 6 11.5 337221.352 -0,053 
7 6 12.5 12 7 5 11.5 337221.352 -0,053 
7 7 13.5 12 7 6 12.5 337264 433 0 008 
7 6 13.5 12 7 5 12.5 337264 433 0 008 
5 9 12.5 12 5 8 11.5 338562.719 0,033 
5 8 12.5 12 5 7 11.5 338562.719 0,033 
5 9 13.5 12 5 8 12.5 338603.712 0,054 
5 8 13.5 12 5 7 12.5 338603.712 0,054 
4 10 12.5 12 4 9 11.5 339020.704 -0.067 
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MgNH: MgNDj 

r N" Ka" Kc" r VoiB Vota V,„: 

12.5 12 4 S 11.5 339020.704 -0.068 
13.5 12 4 9 12.5 339060.950 -0.026 
13.5 12 4 8 12.5 339060.950 -0.027 
12.5 12 3 10 11.5 339375.494 0.028 
12.5 12 3 9 11.5 339376,098 -0.143 
13.5 12 3 10 12.5 339415.171 0.094 
13.5 12 3 9 12.5 339415.794 -0.058 
12.5 12 2 11 11.5 339572.649 0.002 
13.5 12 2 11 12.5 339611.841 0.032 
12.5 12 0 12 11.5 '|Q39623.100 0.017 
13.5 12 0 12 12.5 //339661.899 0.058 
12.5 12 2 10 11.5 '339737.470 0.002 
13.5 12 2 10 12.5 339776.741 0.036 
12.5 12 1 11 11.5 342785.091 -0.060 
13.5 12 1 11 12.5 342824.527 0.021 
13.5 13 1 13 12.5 362475.169 -0.013 
14.5 13 1 13 13.5 362513.656 0.043 
13.5 13 7 7 12.5 363134.319 0.056 
13.5 13 7 6 12.5 363134.319 0.056 
14.5 13 7 7 13.5 363176.718 0.014 
14.5 13 7 6 13.5 363176.718 0.014 
13.5 13 5 9 12.5 364577.499 0.017 
13.5 13 5 g 12.5 364577.499 0.017 
14.5 13 5 9 13.5 364618.148 -0.010 
14.5 13 5 S 13.5 364618.148 -0.010 
13.5 13 4 10 12.5 365070.881 -0.104 
13.5 13 4 9 12.5 365070.881 -0.106 
14.5 13 4 10 13.5 365110.944 -0.057 
14.5 13 4 9 13.5 365110.944 -0.059 
13.5 13 3 11 12.5 365454.187 0.066 
13.5 13 3 10 12.5 365455.387 0.140 
14,5 13 3 11 13.5 365493.642 0.015 
14.5 13 3 10 13.5 365494.789 0.034 
13.5 13 2 12 12.5 365658.156 -0.016 
13.5 13 0 13 12.5 365687.742 -0.038 
14.5 13 2 12 13.5 365697.346 0.061 
14.5 13 0 13 13.5 365726 581 0055 
13.5 13 2 11 12.5 365864.039 -0.032 
14.5 13 2 11 13.5 365903.280 0.009 
13.5 13 1 12 12.5 369113.383 -0.047 
14.5 13 1 12 13.5 369152.807 0.037 
14.5 14 1 14 13.5 388323.508 -0 010 
15.5 14 1 14 14.5 388361.975 0.039 
14.5 14 7 8 13.5 389040.554 -0.005 

332691 336 -0.021 
332724.277 0.006 
336458.531 -0 066 



•c 

8 
9 
8 

10 
9 

10 
9 

11  
10 

11 
10 

12 
11 
12 
11 
13 
12 
13 
12 
14 
15 
54 
15 
13 
13 
14 
14 
16 
16 
10 
9 

10 
9 

16 
16 
11 

10 
11 
10 

12 
11  
12 
11  
13 

Supplemental Table 1 cont. 

MgNHz MgNDa 
r N" K." K." J" Vota Vo^ Vo-c 

14.5 14 7 7 13.5 389040.554 -0.005 336458.531 -0.066 
15.5 14 7 8 14.5 389082.570 0.037 336496.631 0.006 
15.5 14 7 7 14.5 389082.570 0.037 336496.631 0.006 
14.5 14 6 9 13.5 336940.770 -0.011 
14.5 14 6 8 13.5 336940,770 -0.011 
15.5 14 6 9 14.5 336977.648 0.027 
15.5 14 6 S 14.5 336977 648 0.027 
14.5 14 5 10 13.5 390585.583 0.058 337350.028 -0.011 
14.5 14 5 9 13.5 390585.583 0.058 337350.028 -0.011 
15.5 14 5 10 14.5 390625.993 0.029 337385.898 0.021 
15.5 14 5 9 14.5 390625.993 0.029 337385.898 0,021 
14.5 14 4 11 13.5 391114.484 -0.033 337697.964 0.049 
14.5 14 4 10 13.5 391114.484 -0.037 337697.964 -0.112 
15.5 14 4 11 14.5 391154.343 -0.039 337733.033 0.094 
15.5 14 4 10 14.5 391154.343 -0.043 337733.033 -0.067 
14.5 14 3 12 13.5 391526.348 -0.002 338000.367 -0.042 
14.5 14 3 11 13.5 391527.982 0.036 338022.294 0.026 
15.5 14 3 12 14.5 391565.804 0,032 338034.818 0.010 
15.5 14 3 11 14.5 391567.405 0.036 338056,652 -0.029 
14.5 14 2 13 13.5 391735,441 -0.037 337864,069 0.008 
14.5 14 0 14 13.5 391738.824 -0.006 337063.703 -0.035 
15.5 14 2 13 14.5 391774.575 0.024 337897.946 0.055 
15.5 14 0 14 14.5 391777.601 0.038 337096.893 0.023 
14.5 14 2 12 13.5 391988,697 -0.016 338970.775 -0.076 
15.5 14 2 12 14.5 392027.889 0.003 339005.051 -0.026 
14.5 14 1 13 13.5 395432.510 0.006 343042.988 -0.001 
15.5 14 1 13 14.5 395471.847 0.016 343077.161 0.046 
15.5 15 1 15 14.5 354807,043 -0.007 
16.5 15 1 15 15.5 354839.912 -0.028 
15.5 15 7 9 14.5 358867.475 0.006 
15.5 15 7 8 14.5 358867.475 0.006 
16.5 15 7 9 15.5 358904.954 0.001 
16.5 15 7 8 15.5 358904.954 0.001 
15.5 15 0 15 14.5 359346.456 -0.020 
16.5 15 0 15 15.5 359379.574 0.018 
15.5 15 6 10 14.5 359382400 -0.012 
15.5 15 6 9 14.5 359382.400 -0.012 
165 15 6 10 15.5 359418.855 0.002 
16.5 15 6 9 15.5 359418.855 0.002 
15.5 15 5 11 14.5 359820.573 0.005 
15.5 15 5 10 14.5 359820,573 0.004 
16.5 15 5 11 15.5 359856,174 0.044 
16.5 15 5 10 15.5 359856,174 0,043 
15 5 15 4 12 14,5 360195.398 0.096 
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K K.' K.' T N" K," Kc" J" 
MgNHs 

V<te Vo-C 

MgNDj 

Vota 

16 4 12 15.5 15 4 11 14.5 360195.398 -0.158 
16 4 13 16.5 15 4 12 15.5 360230.299 0.148 
16 4 12 16.5 15 4 11 15.5 360230.299 -0.106 
16 2 15 15.5 15 2 14 14 5 360334.025 0.084 
16 2 15 16.5 15 2 14 15.5 360367.796 0.078 
16 3 14 15.5 15 3 13 14.5 360523.862 -0.079 
16 3 13 15.5 15 3 12 14 5 360554.176 -0.011 
16 3 14 16.5 15 3 13 15.5 360558.337 0.092 
16 3 13 16.5 15 3 12 15.5 

1 
360588.549 0.040 

16 2 14 15.5 15 2 13 14.5 1 361673.406 -0.073 
16 2 14 16.5 15 2 13 15.5 

1 
361707 665 -0.038 

16 1 15 15.5 15 1 14 14.5 
1 

365837.790 0.000 
16 1 15 16.5 15 1 14 15.5 365871.940 0.052 
17 1 17 165 16 1 16 15.5 439992.323 0.000 
17 1 17 17.5 16 1 16 16.5 440030.728 0.009 
17 7 11 16.5 16 7 10 15.5 440831.733 0.070 
17 7 10 16.5 16 7 9 15.5 440831.733 0.070 
17 7 11 17.5 16 7 10 16.5 440872.912 -0.029 
17 7 10 17.5 16 7 9 16.5 440872.912 -0.029 
17 5 13 16,5 16 5 12 15.5 442579.530 0.069 
17 5 12 16.5 16 5 11 15.5 442579.530 0.069 
17 5 13 17.5 16 5 12 16.5 442619.572 0.027 
17 5 12 17.5 16 5 11 16.5 442619.572 0.027 
17 4 14 165 16 4 13 15.5 443179.612 -0.040 
17 4 13 16.5 16 4 12 15.5 443179.612 -0.048 
17 4 14 17.5 16 4 13 16.5 443219.208 -0.083 
17 4 13 17.5 16 4 12 16.5 443219.208 -0.091 
17 3 15 16.5 16 3 14 15.5 443649.708 0.043 
17 3 14 16.5 16 3 13 15.5 443652.831 0.172 
17 3 15 17.5 16 3 14 16.5 443688.981 0019 
17 3 14 17 5 16 3 13 165 443691.996 0.038 
17 0 17 16.5 16 0 16 15.5 443796.197 0.010 
17 0 17 17.5 16 0 16 16.5 443834 896 0.004 
17 2 16 16.5 16 2 15 15.5 443863.067 -0.032 
17 2 16 17.5 16 2 15 16.5 443902.148 0.038 
17 2 15 16.5 16 2 14 15.5 444231.476 0.006 
17 2 15 17.5 16 2 14 16.5 444270.608 -0.001 
17 1 16 16.5 16 . 1 15 15.5 448040.351 -0 028 
17 1 16 17.5 16 1 15 16.5 448079.702 0.018 
18 1 18 17.5 17 1 17 16.5 465811.623 0.014 
18 1 18 18.5 17 1 17 17.5 465849.949 -0.047 

18 7 12 17.5 17 7 11 16.5 466715.621 0.059 
IS 7 11 17.5 17 7 10 16.5 466715.621 0.059 

18 7 12 18.5 17 7 11 17.5 466756.529 -0.047 
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K K,' IC' T N" K." Kc" J" 
MgNHj 

Vofas Vo-c 

MgNDj 

Vote VOH; 

18 7 11 18.5 17 7 10 17.5 466756.529 -0.047 
18 5 14 17.5 17 5 13 16.5 468564,467 0.064 
18 5 13 17.5 17 5 12 16.5 468564.467 0.064 
18 5 14 18.5 17 5 13 17.5 468604.343 -0.010 
18 5 13 18.5 17 5 12 17 5 468604.343 -0.010 
18 4 15 17.5 17 4 14 16.5 469200.306 0.000 
18 4 14 17.5 17 4 13 16.5 469200.306 -0.013 
18 4 15 18.5 17 4 14 17.5 469239.805 -0.055 
IS 4 14 18.5 17 4 13 17.5 469239.805 -0.068 
18 3 16 17.5 17 3 15 16.5 ^9699.918 0.108 
18 3 15 17.5 17 3 14 16.5 469703.893 0.093 
IS 3 16 18.5 17 3 15 17.5 469739.072 0.012 
18 3 15 18.5 17 3 14 17.5 469743.071 0.019 
18 0 18 17.5 17 0 17 16.5 469800.629 0.016 
18 0 18 18.5 17 0 17 17.5 469839.285 -0.017 
18 2 17 17.5 17 2 16 16.5 469912.317 0.070 
18 2 17 18.5 17 2 16 17.5 469951.199 -0.035 
18 2 16 17.5 17 2 15 16.5 470349.284 0.042 
18 2 16 18.5 17 2 15 17.5 470388.269 -0.103 
18 1 17 17.5 17 1 16 16.5 474327.816 -0.031 
18 1 17 18.5 17 1 16 17.5 474367 134 -0.008 
19 1 19 18.5 18 1 18 17.5 491620.034 0.000 421079.641 0.005 
19 1 19 19.5 18 1 18 18.5 491658,388 -0.025 421112.475 0.011 
19 7 13 18.5 IS 7 12 17.5 492591.148 0.066 426065.593 0.001 
19 7 13 19.5 18 7 12 18.5 492631.844 -0.028 426101.913 -0.016 
19 7 12 18.5 IS 7 11 17.5 492591.148 0.066 426065.593 0.001 
19 7 12 19.5 18 7 11 18.5 492631.844 -0.028 426101.913 -0.016 
19 6 14 18.5 IS 6 13 17.5 426679.769 0.007 
19 6 14 19.5 18 6 13 18.5 426715.338 -0.026 
19 6 13 18.5 18 6 12 17.5 426679.769 0.007 
19 6 13 19.5 18 6 12 18.5 426715.338 -0.026 
19 5 15 18.5 18 5 14 17.5 494540.745 0.054 427206.702 -0.051 
19 5 15 19.5 18 5 14 18.5 494580.486 -0.042 427241.674 -0.062 
19 5 14 18.5 18 5 13 17.5 494540.745 0.054 427206.702 -0.056 
19 5 14 19.5 18 5 13 18.5 494580.486 -0.042 427241.674 -0.067 

19 4 16 18.5 18 4 15 17.5 495212.415 0.029 
19 4 16 19.5 IS 4 15 18.5 495251.820 -0.048 
19 4 15 18.5 18 . 4 14 17.5 495212.415 0.010 
19 4 15 19.5 18 4 14 18.5 495251.820 -0.067 
19 3 17 18.5 18 3 16 17.5 495741.680 0 031 428077.169 -0.095 
19 3 17 19.5 18 3 16 18.5 495780.804 -0.056 428111.290 -0.082 
19 3 16 18.5 18 3 15 17.5 495746.979 0.097 428148.859 -0 050 
19 3 16 19.5 18 3 15 18.5 495786.090 -0.006 
19 0 19 1S.5 18 0 18 17.5 495787.733 0.102 425980 808 -0.015 
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K K.' Kc' r N* K." Kc" r 
MgNH, 

Vobs Vo-c 

MgNDa 
Vota 

19 0 19 19.5 18 0 18 18.5 495826.273 -0.031 426013.794 0.061 
19 2 18 18.5 18 2 17 17.5 495950.841 -0.001 427676.599 0.026 
19 2 18 19.5 18 2 17 18.5 495989.785 -0.022 427710.277 0.054 
19 2 17 18.5 18 2 16 17.5 496464.383 0015 429891.309 -0.005 
19 2 17 19.5 18 2 16 18.5 496503 481 -0.012 
19 1 18 18.5 18 1 17 17.5 500603.453 0.009 
19 1 18 19.5 18 1 17 18.5 500642.704 -0.027 
20 1 20 19.5 19 1 19 18.5 517417.008 -0.004 443143.798 0,016 
20 1 20 20.5 19 1 19 19.5 , 517455.315 -0.068 443176.642 0.052 
20 0 20 19.5 19 0 19 18.5 521756.320 -0.004 448117.214 0.018 
20 0 20 20.5 19 0 19 19.5 ^21794.944 -0.036 448150082 0.030 
20 7 14 19.5 19 7 13 18.5 518457.801 0.039 448454.592 0.045 
20 7 14 20.5 19 7 13 19.5 518498.252 -0109 448490.628 0.015 
20 7 13 19.5 19 7 12 18.5 518457.801 0.039 448454.592 0.045 
20 7 13 20.5 19 7 12 19.5 518498.252 -0109 448490.628 0.015 
20 6 15 19.5 19 6 14 18.5 449102.147 0.016 
20 6 15 20.5 19 6 14 19.5 449137.528 -0.007 
20 6 14 19.5 19 6 13 18.5 449102.147 0.015 
20 6 14 20.5 19 6 13 19.5 449137.528 -0.007 
20 5 16 19.5 19 5 15 18.5 520507.863 0.016 449659.531 0.022 
20 5 16 205 19 5 15 19.5 520547.481 -0.106 449694.338 -0.017 
20 5 15 19.5 19 5 14 18.5 520507,863 0.016 449659.531 0.014 
20 5 15 20.5 19 5 14 19.5 520547,481 -0.106 449694.338 -0,025 
20 2 19 19.5 19 2 18 18.5 521978.335 0.035 450099.644 0,052 
20 2 19 205 19 2 18 19.5 522017 138 -0.110 450133 264 0.056 
20 4 17 19.5 19 4 16 18.5 521215.392 -0.051 450149.228 -0.025 
20 4 17 20.5 19 4 16 19.5 521254.758 -0.078 450183.631 -0.023 
20 4 16 19.5 19 4 15 18.5 521215.392 -0.051 450150.614 0.126 
20 4 16 20.5 19 4 15 19.5 521254.758 -0.078 450184.941 0.051 
20 3 18 19.5 19 3 17 18.5 521774.735 0,029 450588.085 -0.041 
20 3 18 20.5 19 3 17 19.5 521813.860 -0 023 450622.131 -0.058 
20 3 17 19.5 19 3 16 18.5 521781.557 0084 450680.809 0.076 
20 3 17 20.5 19 3 16 19.5 521820.684 0.030 450714.910 0.071 
20 2 18 19.5 19 2 17 18.5 522576.656 0.003 452667,527 -0.021 
20 2 18 205 19 2 17 19.5 522615.781 0.004 452701,824 -0.011 
20 1 19 19.5 19 1 18 18.5 526866.469 -0.031 456853.720 0.035 
20 1 19 20.5 19 1 IS 19.5 526905.752 -0.026 456887.695 0.019 
21 1 21 20.5 20 • 1 20 19.5 465193.666 -0.030 
21 1 21 21.5 20 1 20 20.5 465226.492 0.007 
21 0 21 20.5 20 0 20 19.5 470214,794 0.018 
21 0 21 21.5 20 0 20 20.5 470247.589 0.014 
21 7 15 20.5 20 7 14 19.5 470837 862 0.037 
21 7 15 21.5 20 7 14 20.5 470873.656 -0.002 
21 7 14 20.5 20 7 13 19.5 470837,862 0.037 
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N" K.' Kc' r N" K.' Kc" J" 
MgNHj 

Vobs Vex 
MgNDs 

Vobs 

21 7 14 21.5 20 7 13 20,5 470873.656 -0.002 
21 6 16 20.5 20 6 15 19.5 471519.023 0.018 
21 6 16 21.5 20 6 15 20.5 471554.214 -0.023 
21 6 15 20.5 20 6 14 19.5 471519.023 0.018 
21 6 15 21.5 20 6 14 20.5 471554.214 -0 023 

21 5 17 20.5 20 5 16 19.5 472107.195 0.008 
21 5 17 21.5 20 5 16 20.5 472141.913 -0.004 
21 5 16 20.5 20 5 15 19.5 472107.195 -0.005 
21 S 16 21.5 20 5 15 20.5 472141.913 -0.017 
21 2 20 20,5 20 2 19 19.5 472509.300 0.038 
21 2 20 21.5 20 2 19 20.5 472542.892 0.045 
21 4 18 20.5 20 4 17 19.5 472627.702 -0.049 
21 4 18 21.5 20 4 17 20.5 472661.992 -0.089 
21 4 17 20.5 20 4 16 19.5 472629.588 0.094 
21 4 17 21.5 20 4 16 20.5 472663.891 0.066 
21 3 19 20.5 20 3 18 19.5 473094 829 -0.058 
21 3 19 21.5 20 3 18 20.5 473128.809 -0.103 
21 3 18 20.5 20 3 17 19.5 473213.144 0.085 
21 3 18 21.5 20 3 17 20.5 473247.229 0.093 
21 2 19 20.5 20 2 18 19.5 475461.818 0.040 
21 2 19 21.5 20 2 18 20.5 475496.040 -0.052 
21 1 20 20.5 20 1 19 19.5 479561.084 0,034 
21 1 20 21.5 20 1 19 20.5 479594.997 -0,016 
22 1 22 21.5 21 1 21 20.5 487228.919 0.023 
22 1 22 22.5 21 1 21 21.5 487261.655 -0.011 
22 0 22 21.5 21 0 21 20.5 492273.196 -0.025 
22 0 22 22.5 21 0 21 21.5 492305.923 -0.039 
22 7 16 21.5 21 7 15 20.5 493215.184 0.039 
22 7 16 22.5 21 7 15 21.5 493250.725 -0.051 
22 7 15 21.5 21 7 14 20.5 493215.184 0.039 
22 7 15 22.5 21 7 14 21.5 493250.725 -0.051 
22 6 17 21.5 21 6 16 20.5 493930.135 0.029 
22 6 17 22.5 21 6 16 21.5 493965.163 -0.028 
22 6 16 21.5 21 6 15 20,5 493930.135 0.029 
22 6 16 22.5 21 6 15 21.5 493965.163 -0.028 
22 5 18 21.5 21 5 17 20.5 494549.576 0.043 
22 5 18 22.5 21 5 17 21.5 494584.158 -0.005 
22 5 17 21.5 21 .5 16 20.5 494549.576 0.023 
22 5 17 22.5 21 5 16 21.5 494584.158 -0.024 
22 2 21 21.5 21 2 20 20.5 494904.946 0010 
22 2 21 22.5 21 2 20 21.5 494938.495 0.004 
22 4 19 21.5 21 4 18 20.5 495101.816 0.011 
22 4 19 22.5 21 4 18 21.5 495136.063 -0.010 
22 4 18 21.5 21 4 17 20,5 495104.247 0.022 
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N" K.' T N" K." Kc" J" 
MgNHa MgNDj 

Vobs Vo_c 

22 4 18 22.5 21 4 17 21.5 495138.478 -0.016 

22 3 20 21.5 21 3 19 20.5 495597.021 -0.096 
22 3 20 22.5 21 3 19 21.5 495630.979 -0.130 
22 3 19 21.5 21 3 18 20.5 495746.275 0.116 
22 3 19 22.5 21 3 18 21.5 495780.286 0.072 
22 2 20 21.5 21 2 19 20.5 498273.321 0.027 
22 2 20 22.5 21 2 19 21.5 498307.635 -0.001 
22 1 21 21.5 21 1 20 20.5 502247.352 0.002 
22 1 21 22.5 21 1 20 21.5 

1 
502281.251 -0.032 

23 1 23 22.5 22 1 22 21.5 1 509248.963 0.036 
23 1 23 23.5 22 1 22 22.5 

1 
509281.625 -0.054 

23 0 23 22.5 22 0 22 21.5 
1 

514292.476 -0.009 
23 0 23 23.5 22 0 22 22.5 514325.129 -0.040 
23 7 17 22.5 22 7 16 21.5 515586.212 -0.008 
23 7 17 23.5 22 7 16 22.5 515621.657 -0.018 
23 7 16 22.5 22 7 15 21.5 515586.212 -0.008 
23 7 16 23.5 22 7 15 22.5 515621.657 -0.018 
23 6 18 22.5 22 6 17 21.5 516335.190 0.031 
23 6 18 23.5 22 6 17 22.5 516370.085 -0.031 
23 6 17 22.5 22 6 16 21.5 516335.190 0.031 
23 6 17 23.5 22 6 16 22.5 516370.085 -0.031 
23 5 19 22.5 22 5 18 21.5 516986.337 0.047 
23 5 19 23.5 22 5 IS 22.5 5)7020.816 -0.016 
23 5 18 22.5 22 5 17 21.5 516986.337 0.018 
23 5 18 23.5 22 5 17 22.5 517020.816 -0.045 
23 2 22 22.5 22 2 21 21.5 517285.953 -0.017 
23 2 22 23.5 22 2 21 22.5 517319.432 -0.066 
23 4 20 22.5 22 4 19 21.5 517571.214 0.031 
23 4 20 23.5 22 4 19 22,5 517605.396 -0.003 
23 4 19 22.5 22 4 18 21.5 517574.527 0.036 
23 4 19 23.5 22 4 18 22.5 517608.668 -0.041 
23 3 21 22.5 22 3 20 21.5 518094.237 -0.122 
23 3 21 23.5 22 3 20 22.5 518128.163 -0.160 
23 3 20 22.5 22 3 19 21.5 518280.398 0.059 
23 3 20 23.5 22 3 19 22.5 518314.593 0.215 
23 2 21 22.5 22 2 20 21.5 521101.147 0.058 
23 2 21 23.5 22 2 20 22.5 521135.437 -0.023 
23 \ 22 22.5 22 .1 21 21.5 524911.269 -0.047 
23 1 22 23.5 22 1 21 22.5 524945.180 -0.039 

a) In MHz. 
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Abstract: Alkali oietal amides typically aggregate in solutioQ aad solid phase, asd eves is tbe gas phase. 
ID addition, eves in the few knows monomeric structures, tbe coordination number of tbe alkali metal is 
raised by binding of Lewis-basic solvem molecules, with concomitant changes in stmcture. !n contrast, the 
simplest lithium amide LiNHj has never been made in a monomeric fcnm, even diough its structure has been 
theoretically predicted several times. Here, tbe experimental structural data for a monomeric, unsolvated 
lithium amide are determined using a combination of gas-phase syndesis and millimeter/submillimeter-wave 
spectroscopy. All data point to a planar structure for LiNHa. The ro structure of UNHj has a Li—N distance 
of 1.736(3) A, an N—H distance of 1.022(3) A. and a H—N—H angle of 106.9(1)". These results are compared 
wid) theoretica] predictions for LiNHj, and experimental data far oligomeric, solid-phase samples, which could 
not resolve the question of whether LiNH: is planar or not. In addition, compariscms are made wi& revised 
gas-phase and solid-phase data and calculated structures of NaKHj. 

inlroductsoD 

Alkali metal amides have played a prominent role in the 
development of chemistry as a science.'"* Sodium and potas
sium amide were first reported at tbe beginning of &e 19th 
century by Gay-Lussac and Thenard and independently by Davy, 
who used &e new substances to reach conclusions about tbe 
constitutions of sodium, potassium, and ammonia.' Lithium 
ainide was fust made at tbe end of tbe last century.^ Tbe &ree-
dimensional structures of solid alkali metal amides were fust 
examined by IR spectroscopy^ and NMR spectroscopy in tbe 
1950s.' In addition. X-ray crystallogiaphy*""showed tbe 
distorted cubic close-packing of amide anions and tbe presence 
of alkali cations in tetrahedral holes between the anions. Thus, 
each ion is associated with several ions of tbe opposite charge. 
Later refinement of die crystal structure of LiNHj" suggested 
that ^ variation in orientation of NHj groups in the crystal is 
dictated by the packing of tbe ions in tbe unit cell, making it 
impossible to form conclusions about tbe stnicture of tbe 
hypothetical monomer. Continuing this theme, derivatives of 
lithium amide witb substituents on the nitrogen show a beautiful 
variety of aggregated structures both in the solid state and in 
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solution,''"'® with hexagonal prisms, ladders, and other evoca
tive names used to describe the architectures seen. In &ct, only 
a handful of crystallographicaliy characterized monomeric 
lidiium amides are known;&ree examples are shown in 
Scheme 1.''"^' These unusual structures, all featuring solvent 
molecule(s) such as THF or amines coordinated to lithium, are 
the result of employing sterically demanding and/or electroni
cally stabilizing substituents at tbe anionic nitrogen of the amide 
ligand. In contrast, nei&er monomeric lithium nor sodium amide 
is known, although &e lithium compound has been proposed 
(wi&out direct evidence) to have be^ generated in an argon 
matrix by irradiating a li&ium-ammonia adduct.'^ Computa* 
tional studies of lithium amide as a prototypical alkali metal 
amide have focused on dimers,^-^ trimers,^*^ tetramers,'^ or 
bexamers.'® 

Li&ium and sodium amide became imporGini reagents in 
organic synthesis, rather than labo^tory cimosities, because they 
were found to deprotonate ketones, aldehydes, and structurally 
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Scheme 1 

2 

1.896(8) A U-N 1.940(6) A 
shorts Li-N bond to c^ts 

WO" 
3 

U-N 1.959(7) A 

related organic molecujes.^^"^^ Sodium amide has been de
scribed as iesdisg to the binb of strong-base cbesnisoy.^ 
Depending on the application, either lithium amide^^ or 
sodium amide^^^ has been found to be st^>erior. 

The use of large groins on amide nitrogen ircquently 
results in regioselective and stereoselective deprotonatioo in 
reactions under kinetic control.^^ The enoiates so produced are 
vei^tile species in organic synthesis, for example, as precursors 
to regio- and stereodefined enoiates of silicon, boron, or other 
elements, which in tum can control subsequent carbon'-caibon 
bond-foiming reactions. Recent developments in alkali metal 
amide chemistry have focused on die use of chiraJ amides for 
processes such as deprotonation^^"^ or reduction.^ If a synthetic 
chemist wishes to reverse a !0:i ratio of products to 1:10, at 
-78 ®C, a common temperature for use of alkali metal amides, 
a change in AG^ for two alternate transition states of only 1.8 

(23) Kauiniaim. E.; Clark. T.; Schleyer, P. v. R. J. Am. Cheai. Soc. 1984. 
i06. 1856-1858. 

(24) Sapse. Kaufnusin. E.; Schlcvcr, P. v. R.; Gleite;, R, Inorg. 
Chem. J984. 23, 15W-1574. 

(25) Sapse. Raghavschah. K.; Schleyer, P. v. R.; Kau&iaim. £. 
J. Am. Chem. Soc. 3985, 107, 6483-6486. 

(26) Raghavachaii. iL; Sapse. A.-M.; Jain. D. C. Jnors- Chem. 3987. 
26, 2585-2588. 

(27) Fiescr. L.; neser. M. JUagenis for Orpjnic Smthesis; Wstev: New 
York. 1967; VoL 1. 

(2S)Giay, M.; Tiskl. M.; Snieckus, V. Lithium. In Comprehensive 
Organornemllic Chemistry II; Abel, E. W., Stone, F. G. A.. WiUdnson, G., 
Eds.; Pergamon: New York. 1995; Vol. 11. 

(29) Erden. I. Lilfahim Amide. In Ency'icopedia of Reagents for Organic 
Synthesis; Paqoette. L. A-, Ed.; Wiley: New York, 1995; Vol. 5, pp 3031 -
3034. 

(30) Erdea. L Lithium Asnide. In Handbook Rea^ems for Organic 
Synthesis: Acidic and Basic Jieagents; Reich. H. J., Rigby, J. H., Eds,; 
Wiley: Chkhester. 1999; VoL 3. pp 204 - 206. 

(31)Belietire. J. L.: R&uh, R. I. Sodium Amide. In Encylopedia of 
Reagenu far Organic Synthesis; Paqueue, L. A., Ed.; Wiley: New Yosk. 
1995; Vol. 7. pp 4498-4502. 

(32) Beileiire, J. L.; Raoh. R. J. Sodiora Amide. In Handbook of Reagents 
/or Organic Synthesis: Acidic and Basic Reagents; Rekb. H. J.. Rigby. J. 
H. Eds.; Wiley: Chichester. 1999; Vol. 3. pp 329-332. 

(33)HdU5er, C. R.; Patertaugh. W. H. J. Am. Chem. Soc. 3953. 75, 
1068-1072. 

(34)H€rijiandson. H. F.; Mooney, D. S. J. Am. Chem. Soc. J9S7. 79, 
5809-5814. 

(35) Hanis, S. R.: Levine. R.J. Am. Chem. Soc. 1948. 70. 3360—3361. 
(36) HaracU, M.; Levine. R. J. Org. Chem. 3950. 15, 162-168. 

kcai mor® is required. Cleariy, a subtle change in structure (e.g., 
bond lengths and angles) could lead to dramatk: change in the 
ires energy changes involved, and hence a sharp reversal of 
.selectivity. Theoretical calculations attempting to model subtle 
structural features will rely on comparisons of calculated 
structures for simpler molecules with precise experimental data 
such as those provided in this paper. 

Regardless of the specific application, understanding the 
stnicture of the alkali amides is crucial to controlling selectivity. 
Elegant and difficult studies by the groups of Collum.^^ 
Hilmersson and Davidsson,**' "*^ Kiumpp,"*^ and othere are 
elucidating the solution structures of lithium amides. However, 
because solution structure studies do not give information about 
b(H}d lengths and angles, only on atom connectivity and 
equilibria between species, other techniques are needed to 
compare theoretical and actual geometries. In this paper we 
report the first synthesis of an unsolvated, monomeric lithium 
amide, LiNHa. This is possible only in the gas phase, where 
millimeter/subniillimeier spectroscopy was used to precisely 
detenniae bonq leng&s and angles. I^ise experimental data 
on the bond lehgths and angles of gas-phase monomei? will 
allow reiinemeiit of theoretical calculations. The data presented 
here are the first available for LiNHj, a key model compound 
for larger amides used in synthesis. 

EaperimesstaS Sec£§oEs 

The pure rotadoaal ̂ >ecira of LiNH] and LiND: were measured using 
a millimeter/subiiullimeter-wave absorption ̂ >ecerometer. parts of w^icb 
ere described elsewhere in detail.̂  Briefly, the source of tunable 
miilimeter>wave radiation is a phase-locked Gunn oscillator used in 
conjunction with a Scfaottky diode multiplier. Several Giinn oscillators 
and multipliers are necessary to cover the frequency range of 100-
550 GHz. The radiation is launched &om a scalar feedbom with a 
Gaussian beam shape and is passed through a v^ire polarizing grid. 
Using two offset ellipsoidal mirrors, the radiation is quasiopticaily 
fffopagaied through tte reactitm chamber, which is a double-pass ̂ tem 
and is water-cooled. A roots-type blower pum|:^g s>^iem continuously 
evacuates the cell. The molecules are created in this chamber which 
contains a Broida-type oven. The oven is used to v^xnize metals by 
resistive heming. A rootop reflector at &e back of the ceil changes 
the polarization of the radiaticm by 90" and reflects it back through the 
cell and mirror o|Hics and into a liquid helium cooled !nSb bolometer 
ddiector. The radiauon source is frequency modulated at 25 kHz and 
data are recorded as second derivative spectra using a lock-in ampiifser. 
The path length through the spectrometer system is additionally 
modulated using a movable rooftqp reflecior. located at the beam waist 
between the two mirrors, to improve the baseline. 

LsNH} was synthesized in &e gas phase by the reaction of lithium • 
and ammonia, with argon serving as the carrier gas. The lithium vapor 
was created by hewing solid lithium in the Broida-type oven.̂  The 
lithium vapor was entrained in a 1:1 mixture of ammcmia and argon, 
added over the top of the oven. About 10 mTcnr of each gas was used. 
The molecule was synthesized cfmtinuously in tl% reacrioo cell for as 
kmg as lithium vapor was preseat (I to 2 h). Molecule iif^imis are 
estimai  ̂ to be less than 1 s. For LiND ,̂ the same procedure was 

(37)K:oga, K.fiureAppL Chem. 3994. 66, 1487-1492. 
(38) Hodgson. D. M.; Gibbs. A. R.; Drew, M. G. B. J. Chem. Soc.. Perkin 

Trans. J 1999. 3579 -3590. 
(39)Vedejs. E; Lee, N.J. Am. Chem, Soc. 3995.117. 891-900. 
(40)Take<  ̂ K.: Ohnishi. Y.: Koizumi. T. Org. Lett 3999. 1, 237-

239. 
(41) Hilmersson. G.; Arvidsson. P. I4 Davidsson. O.: Hikansson. M. 

Or^nometallics 1997. id. 3352—3362. 
(42) ArvidsMJn. P. L; Ahlbeig, P.; Hihnenson, G. Chem. Eur. J. 1999, 

S. 1348-1354. 
(43) van Vliei. C. L. J.; de Kanier. F. J. J.: SchakeL M.: Klumpp. G. 

W.; Spdi. A. L.; Luiz. M. Chem. Eur. J. 3999. 5. 1091-1094. 
(44)Ziurys, L. M.; Barclay, W. L.. Jr.: Anderson. M. A.; Fletcher. D. 

A.; Lasnb. J. W. Rev. Sci. Jnsimm. 3994. 65. 1517-1522. 



Synthesis of a Monomeric, Unsolmied Lithium Amide 

followeil usiBg NDj raiher than NH;. Line iniensities were lypicstily 
weaker for the deuterated species. 

FanaS transitjoa &equeacy messuiasenEs wo-e obtmned litim scsns 
5 MHz in Ihs^uency coverage. One scao in iaa^asing Sreqiiency and 
oae in decreasisjg frequency were typically averaged together. For 
weaker lines, paiticulai-ly al lower frequencies, the number of scans 
was iBcreased to eight or twelve. All line pmliles were it So Gaussian 
sliapes to determine the omter. Line widths ranged &om 400 to 1400 
kHz over IM—535 GHa. 

Results sod Discussiso 

Syntliesis. Tbeoretical calculations suggested that vapocizmg 
moiiomeric LiNHj from the dimer.^'' trimer," tetramer,'^ or 
hexamei^' would be difficult if not impossible, a situation also 
encountered in simple alkyllithiuins such as CHjLi.'" Userefore, 
rather than attempting to vaporize the monomer from a solid-
phase sample, we prepared LiMHj or LiNIh directly in the gas 
phase by reaction of gaseous NHj orNDj and lithium vapor. A 
dc discharge was umiecessary, unlike in the pieviously reported 
syndiesis of NaNH: from ammonia and sodium.''^ Details of 
fte synthesis are found ia the Experimental Section. 

Aaalysis of the Data. Table 1 shows the observed transitioDS 
for bofli UNH2 and LiNDj. Assuming both isotopomeis are near 
prolate asymmetric top species with Cj.. symmetiy and 'Ai 
ground electronic states, the quantum numbers which describe 
the rotational transitions of this molecule are J, Ka, and K^. J 
represents the total angular momentum of the molecule, 
exclusive of nuclear spin. K, and Kt are projections of J oiMo 
the symmetry axis of the molecule in the respective prolate and 
oblate symmetric top limits. In the case of an asymmetric top, 
Ka and are no longer well defined and serve only as energy 
level labels. 

As described below, all evidence suggests that the molecule 
is planar; hence, the dipole moment only lies along the a-axis 
and rotational transitions follow a-type selection rules (AK, = 
0, AKr = ±1), Since Ait, = 0, asynunetry components can be 
labeled by the K, quantum number. In a low J transition of a 
near prolate asymmetric top, the iT, = 0 component appears 
approximately at the center between die two asymmetrically 
split K, = 1 components. Other K, components progress lower 
in fi^uency from the = 0 component with decreased 
splitting. However, as J increases, so does the asymmetry 
doubling. This results in the X, = 0 component shifting lower 
in ftequency, often lower than higher iT, components. This effect 
is also increased on deutetatioQ, since the molecule becomes 
more asymmetric relative to the center of mass. 

identifying this asymmetric top pattern was not trivia] for 
LiNHi or LiNDj because of the relatively large rotationaJ 
constants for these species. The initial search for LiNHj began 
by searching ISO GHz of frequency space, which is ap
proximately 6B of the estimated rotationaJ constant of 28-31 
GHz, based on other alkaline-earth amide species.'" K, com
ponents in adjacent ttansitions weie identified by establishing 
harmonic relationships between lines ft with effective rotational 
constants in this range. Once several of these relationships were 
determined, preliminary assignment of the K, quantum number 
was made. This assignment was aided by the effect of nuclear 
spin statistics on the spectrum. A Cj rotation of LiNHj results 
in the exchange of tbe two protons, which are fennions {/ = 
Vj). The total wave iunction, which describes flie molecule, must 
be antisymmetric to fliis exchange. Thus, the ortho energy levels, 
which the odd K, components arise from, have a degeneracy of 

(45)Chirai. J. W., Jr.; Lagow, R. OrganimKtallia 1984. 3. 75-77. 
(46) Xin. J.; Brewster. M. A.; Zimvs. L. M. Assraphvs. J. 2000. 530, 

323 -328. 
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Table I, Observed Transition Frequencies of LiNH: and LsND: 
(X'A.r 

LiNH; UNO: 

J- K: K: r K," KT 
s 2 I I ii420!.204 -0.053 
0 2 1 0 1 1 i 6584.433 -0.032 
5 4 3 3 228354JW3 -0.006 
3 1 3 3 0 232238.853 H5.i72 
3 2 3 3 ! 232238.853 0.007 
2 3 3 2 2 232738,999 0.038 
2 2 3 2 I 232847.806 -0.006 
0 4 3 0 3 233050.121 -€.037 

3 3 2 237718.425 0.003 
5 4 4 285398J38 -0.007 

4 2 4 4 1 289320.694 -0.028 
4 1 4 4 0 289320.694 -0.028 
2 4 4 2 3 290884.950 0.068 
2 3 4 2 2 29!i02.487 0.004 
0 5 4 0 4 29i20Mi8 -0.020 

4 4 3 297097.236 0.020 
6 5 5 342412.422 -0.D02 29070S.606 -0.037 

5 2 5 5 1 34562IJI2 -0.043 298974.311 0.041 
5 1 5 5 0 345621J12 -0.043 298974J11 0.040 
4 3 5, 4 2 347158^53 0.0IS 2998%.6i5 0.036 
4 2 4 1 347158.453 0.016 299896.615 -0.075 
3 4 5/ 3 3 3483i83(« -0.089 300663.792 -0.083 
3 3 s 3 2 348320.251 -0.023 300687.971 -0.031 
2 5 5 2 4 349005.022 0.089 300672.097 -0.039 
0 6 5 0 5 349278.714 -0.001 299548.872 -0.064 
2 4 5 2 349385.480 0.005 302366.461 -a04l 

5 5 4 356441.919 -0,071 310847.788 -0.051 
7 6 6 39939L023 0.006 338952J89 -0.007 

6 2 6 6 347504.282 0.023 
6 I 6 6 0 347504.282 0.023 
5 3 6 5 2 348809.359 0.037 
5 2 6 5 348809.359 0.036 
4 4 6 4 3 404981.773 0.052 349901.743 0.165 
4 3 6 4 2 404981.773 0.044 349901.743 -0.204 
3 5 6 3 4 406341.204 -0.015 350825.860 -0.006 
3 4 6 3 406344.942 -0.050 350880.141 0.002 
2 6 6 2 5 407094.058 0.106 350633.416 0.085 
0 7 6 0 6 407267.422 -0.007 348713.754 0.01 S 
2 5 6 2 4 353329,057 0.009 

6 6 5 415745.804 0.011 362417.626 0.029 
8 7 456328.442 -0.009 387N6.838 0.047 

6 3 7 6 2 397146.489 -0.046 
6 2 7 6 397146.489 -0.046 
5 4 7 5 3 460739.072 0.083 398647.068 0.019 
5 3 7 3 460739.072 0.083 398647.068 0.014 
4 5 7 4 4 462788.237 0.072 
4 4 7 4 462788.237 0.050 
3 6 7 3 5 464349.347 0.008 401005.742 0.002 
3 3 7 3 4 464356.889 0.007 401114.225 0.003 
2 7 7 2 6 465146J43 0.060 400525.148 0.027 
0 g 7 0 7 465153.279 0.032 397547.572 0.057 
2 6 7 2 466057.952 0.039 404533.928 0.037 

7 7 1 475001J86 -0.009 413871.289 0.020 
9 S I 8 5 S 3219.097 -0.066 

6 4 8 6 446788.086 -0.037 
6 3 8 6 2 446788.086 -0.037 
5 5 8 5 4 518270.164 -0.057 448487.780 0.014 
5 4 8 5 3 518270.164 -0.057 448487.780 <0.000 
4 6 8 4 520375J66 0.016 449943.108 0.018 
4 5 8 4 4 520575366 -0.036 449945.473 -0.054 
3 7 8 3 6 522340.545 -0.029 451202.148 0.112 
3 6 8 3 5 5223S4J73 -0.024 451400.742 0.046 
0 9 S 0 8 522922.236 0.061 446024.286 0.057 
2 g 8 2 7 523158.217 -0.062 450337.485 0.039 
2 8 2 6 524457.5(K 0.047 455994.215 0.039 
J 8 8 1 7 534202.217 -0.054 465187.728 0.035 

10 1 10 9 1 9 483154.371 -0.050 
10 0 !0 9 0 9 49413!.122 -0.028 
10 6 9 6 4 496428,850 0.046 
10 6 4 9 6 3 496428.850 0.046 
io 5 6 9 5 5 498331.756 -0.002 
10 5 5 9 5 4 498331.756 -0,040 
10 4 7 9 4 6 499981.986 -0.00! 
10 4 6 9 4 5 499987.235 -0.037 
so 2 9 9 2 8 500060.590 -0.028 
10 3 S 9 3 7 50S411.809 -0.023 
iO 3 7 9 3 6 50I75S.791 0.017 
io 2 g 9 2 7 507709.574 -0.035 
iO 1 9 9 I 8 516343.921 -0.076 

•In MHz. 
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Figure 1. Spectra of a sectiim of Ihe J » 7-8 transitiaii of Lflffli 
sad pan of the i == 8—9 Ixansioon of LsNDs, near 465 and 451 GHz, 
ref^Kcdvely. The quanium number kbding is JKJ .̂ la the UNIi: 
^>ec(rum, the ~ 0 and 3 compaoents aic piesest, as well as ooe. 
component of die X. = 2 donblel to te inset, die asymmen; ̂ litiiiig 
of the » 3 component near 464.4 GHz is shown, using an expanded 
scale. For LiNDj, one line for the & = 2 doublet is visible but both 
ctmponents for iC. 3 and 4 an presmL The effect of siKlear spin 
statistics, coupled with die Boltzmann factors, is evident in the d  ̂
For LiNHi, the odd lines art stronger than die & even ones; in 
die LiNDj spectiim, tf»e qsposite occurs. Bofli spectra are composites 
of 9 to 16, 1(X) MHz scans, each lasting appioximaleiy 1 min in 
dtjratsQn. 

(i + 1X2/ + 1), and the para or even levels have a degeneracy 
of /(2/ + 1). This results in an approximate 3;1 intensity 
alteration of odd;eveD JC, cranpooents. Thus, the ij, = 1 and 3 
components were identified iiist. These preliminary assignmetrts 
were then used to predict flje frequencies of additional*^ 
components. 

For LiNDj, neaiiy 160 GHz of ftequency space was initially 
searched. The final fit of the rotational transitions for iiND2 
was obtained by a procedure similar to that described for LiNH;. 
However, for LiNDj, a Ci rotation tesults in the exchange of 
the two deuterons, which are bosons (/ = 1), changing the 
intensity alteration by spin statistics to 2:1, K eveaiK, odd. 

Although die spin statistics observed for both LiNHj and 
LiND; indicate that they are planar, a pyramidal structure, «4ich 
undergoes a Cj rotation followed by molecular inversion, was 
also a possible geometric consideration. However, if the 
molecule were undergoing molecular inversion, an inversion 
spectrum with the opposite spin statistics of the ground state 
would be present, to 4e extensive search for these molecules, 
an inversion spectrum was not observed for either species. 
Further evidence for a planar geometry is provided by the 
observation of a small positive inertial defect with little change 
on deuterium substitution, which is usually a good indication 
of plamrity.'"-''® For LiNHi. the inertia! defect A = 0.115 amu 

DNH, UNDj . 

A 394567(49) 197378(3) 
B 30321.626(20) 26795.004(23) 
C 27978.631(19) 23428.339(20) 
o, 0.149451(69) 0.086981(53) 
On. 12.9834(29) 7.9808(20) 
d, -0.015485(74) -0.017241(64) 
dt -0.007830(42) -0.01288(10) 
Ih, -0.01807(26) -0.003957(94) 
ifc 0.001003(19) 0.000706(19) 
hi 1.64(74) X 10-« 
h 43(2.7) X 10"' 7.4(1.5) X 10-' 
l-Si 8.01(82) X 10-» 1.15(29) X I0-* 
LKSJ -3.981(69) X 10-« -3.08(16) X 10-' 
Loil -2.02(81) X 10-' 
imsofSt 0.045 0.040 

' In MHz; errors are 3 — a and apply to the last quoted decimal 
place. 

A' and for Lil^, A = 0.150 amu A'. These values are some
what higher hut comparable to those for NaNH; (0.079 amu 
A')** and for /ormaid^yde (0.0S767 amu A V both of which 
are planar. In ccratrast, for flie nonplanar molecules NHjOH and 
NHjCl, values of —2.600 amu A' or -1.032 A^, respectively, 
have been fotmd.^-®' 

Extra lines were observed in the spectra ofUNHj and UNDj, 
whitdi may arise fiom the 'Li isotopomers. However, the ratio 
of Li and 'Li in die natural abtmdance samples used would be 
12 J to 1.5^ Any 'Li lines are therefore over an order of 
magnimde lower m intensity. While this reduced signal level 
may not pose a problem for strong = 0 and 1 components, 
the spectra could not be assigned without observing lines 
originating in the iC, = 4 and 5 levels. Even in more abundant 
'LiNHj and 'LiNDj, the signals for these components were 
greatly reduced relative to the Ai = 0 and 1 lines. Therefore it 
was not surprising that for the corresponding 'Li species these 
signals were not detectable. 

Finally, quadripole interactions due to both the 'Li (/ = Vj) 
and the "N (/ = 1) nuclei must be considered, in particular at 
low J. For LiNHj, there was no evidence of quadrupole splitting 
in the J = 1 — 2 transition. The J = 0 — I transition, where 
such splitting is expected to be laigest, was not recorded since 
it was below the attainable fi-equency range. Failure to observe 
quadrupole hypedine intetactions is not surprising. The domi
nant nucleus for this splitting should be 'Li, since it has a 
quadrupole moment a factor of 2 larger than that of On 
die basis of data for LiH.^^ the quadnqwle coupling constant 
(eg0 in LiNHj is estimated to be less than 350 kHz. Such 
a value would result in a splitting of <300 kHz in die J = 
2 — 1 transition, which would not be observable given the line 
widflis of at least about 400 kHz at the J = 2 — 1 finequency. 

For both species, the data were fit with a 'Ai Hamiltonian 
using the least-squares fitting program SPFIT. This Hamiltonian 
includes rotational constants and up to 4tli order centrifogal 
distortion parameters. For LiNHj, 57 rotational transitions were 

(47) Oka. T.; Moiino. Y. J. Mai. Spectmt:. IS«). 6. 472-481. 
(48) Oka. T.: Morino. Y. J. Mol. SjpMrmc. 19S3. II. 349-367. 
^49) CloQlhier. D. J.: Ramsay. 0. A. Anna. Xei'. Fhvs. Chem. 1983. 34. 

31-58. 
(501 Morino. 1.; Yamada. K.: Klein. H.: Belov. S. P.; Wiiuiewisscr. G.: 

BocqueL R.: Wlodarczak, G.; Lodvga. W.; Kicglcwski. M. J. Mol. Slruci. 
lase. 517, 367-373. 

(SnCazzoli. G.: Lister, D. G.; Favcro. P. G. J. Aial. Spectrosc. !972. 
42. 286-295. 

(52) Gordv. W.; Cook. R. L. Micmwaif Mfiiecuiar Spectra: Wilev: New , 
YoriL 1984: p 691. 

(53) Whanon. L.: Gold. P.: Klcmperer. W. J. Chem. Ph\>s. 1962. 37. 
2149-21.50. 
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Table 3. Sjrocmial Paramciei^ for LiNHi and Related Spedes (LINHJ^A IM ^ U). NaNH: iM ~ NaK NH;'. sjid NH: 

species source Orf-wiA) rw-HiA) ref 

UNH: mm-wave scrucmre) S.736(3) 1.022(3) 106.9(1) thiswoit: 
ab initio <STO-5G) 1.635 1,026 102.3 56 
2binido 1,782 1.01® 110 55 
ab initio f3-2iG basis set) 1.714 1.013 106.5 24 
ab mldo <3*21+<3 basis sei) 1.759 1.013 107.0 24 
ab isitio <3-2IG t»sis set) 1.715 1.013 106.48 61 
ab initio 3 l+G bass sec) 1.754 1.005 107.58 61 
ab ini&o 16-3 !G basis set) 1.74 1.01 lOS 24 
ab isiuo i6-3!G^ basis sel) 1.750 1.005 105.25 61 
ab Initio j6-3IG) 1.740 1.016 106.5 57 
ab initio (6-31G**) 1,739 1,009 104.4 57 
ab initio (6-3IG^) 1.750 1-005 105.2 58 
ab initio 1.786 1.019 103.S 58 
ab initio (TZV*) 1,728 1.002 105,2 58 
DMOL-min 1.697 1.134 100.8 59 
DMOL-DNP 1.731 1.033 104.0 59 
ab initio (MP2/6-311G*) 1.739 1.014 105.6 59 
ab initio (MP2/6-3I l+G*) 1.760 1.016 105,2 59 
ab initio (MIDM*) 1.767 1.011 103.9 62 
ab initio (MP2/6-31+-KJ«®) 1.754 nd od 63 
B3LYP/6.3I++G'"' 1.737 1.017 104J6 60 
B3LYP/6-31++G**(3dUp) 1.732 1.015 104.27 60 

(UNH2)2 ab initio* 1.869-1.943* 1.007-1.016* 101.7-106* 24 
<UNHJ>3 ab initio'^ 1.850-1.95® 1.017-1.019* 102J-I!0* 24 
(UNH2)4 ab initio^ 1.906-2.027* 1.019 104.4-105.9* 25 
(UNH:U ^ initio^ 1.844-2.055" I.018-I.032* 100.6-105.7* 26 
(UNH2)R' X-niy crystaiiography 2.059(3). 2.064(9), 2.212(9), 2.213(3) 0,70(10), 0.76(12) od 11 
NaNH: mm-wave (ro structure) 2.091(3) 1.008(3) 106.6(1) 46 and this work 

ab initio <6-3)G*) 2.080 1.007 104.4 58 
ab initio (SBK*) 1150 1.022 103.0 58 
ab initio (TZV*) 2.096 1.005 104.6 58 
B3LYP/6-31++G** 2.097 1.017 104.93 60 
B3LYP/6.31 +-H3**(3dUp) 2.082 1.014 104.79 60 

(NaNH:),/ X-^ay ciystal lograpby 2JS-2.50 od nd 9 mii- infrared ^^troscopy 1.041 102.1 64 
NHj laser magnetic resonance 1.025 103.1 65 

" Assumed value. " Valaes depend on geomeBy assumed and particular basis set employed. •' S molecules in the unit cell. " 16 molecules in tbe 
unii cell. 

then we will focus on specific bond iengtb and angle data. 
Although several gn>iq)s have theoretically predicted a planar 
structure for LiNHj (Table 3). the gas-pbase data presented here 
are the first experimental confinnation of fliis feet and the most 
direct comparison between experiment and tbeoiy. In tbe 
previously reported structures of solid iifiiium and sodium amide, 
most attention was paid to tbe arrangement of amide anions 
and alkali metal cations in tbe ciystal. As tbe data in Table 3 
indicate, the hthium and sodium ccmgeneis contain 8 and 16 
molecules, respectively, in tfieir unit cells. Significantly, whereas 
our data sbow fliat both monomeric LiNHs and NaNHj are 
planar, tbe ciysial packing of solid samples of these species 
made it impossible to say whether individual MNHj units were 
planar or tetrahedral.' " Only in the smicture of solid UNHj 
was it possible to identify (he positions of the H atoms." 
However, in the best reported crystal smictujE of LiNH: 
relatively laige standanJ deviations in H-atom positions pre
cludes meaningfel comparison of N—H bond length and 
H—N-H angle with our gas-phase data. ID addition, tbe 
fiindamental difficulty with csystal data is that the orientation 
of each of the eight amide anions in the unit cell of UNHj 
clearly varies, precluding any conclusion about the geometrj-
of a hypothetical LiNHj monomeric unit in flie crystal. Only in 
later structures of monomeric, solvated M—NRj or M—NHR 
(for examples, see Scheme 1) was it possible to see that tbe 
M-NRj unit was planar, but in these samples tbe R groups are 
veiy large or contain groups capable of delocalizieg negative 
charge, feanires expected to encourage planarity. The Li—N 
bond distance in LiNHj is 0.16 A sboiter than that in 1 (Scheme 

Scheme 2 

vl.022(3) A 
106.9(1) 

measured, including components tq) to /i, = 5, over the 
frequency range 110-540 GHz. For LiNDj, 60 rotational 
transitions were recorded for components as higji bs K, = 6. 
The fma] constants deiennined for these species are presented 
in T able 1, including the root mean square of the data fits, which 
indicate an analysis of high precision. 

The structure was calculated using a least-squares roudse, 
which determitjes the bond distances and angles using the 
moment of mertia equations (e.g. ref 52). The moments of inertia 
are obtained directly from tbe measured rotatiotial constants. 
However, fliere are three unknowns involved in the structure 
for LiNHj and only two such equations, because the molecule 
is planar. Therefore, two sets of equations were used, one using 
tbe mcsnents for LiNHj and the other those of LiNDa, assuming 
thai the bond lengths do not change with isotopic substitution. 
The least-squares routine obtained tbe best fit to the structure 
using those four equations. Hence, the to smicture portrayed in 
Scheme 2 was obtained. 

Comparison of Geometrical Parameters with Other Data. 
Fitst we will discuss the overall eeometrv of the M-NHj unit 
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1), which to our knowledge is the iithium amide featuring the 
shonest Li—N bond to date. This difference underscores the 
combiaed effects of solvatioa and large nitrogeii substituents 
in increasing ihe bond distance. The observed M—N distance 
in NaNHj''® is longer than tot in LiNHj, as expseted. The 
H—N—H angle in NaNH; is 106.6°, based on new data obtained 
by Sheridan and Ziuiys for NaNDj (see Supporting Information). 
Theiefois, this angle is almost identic^ to that in LiNHj 
[106.9(1)°], a result in complete agreement with the relatively 
constant H—C-H angk in M—CH3 (M = Li, Na, K).'^ 

Approximately 20 calculated smKtiires for LiNHj monomer 
have been reported in the literature, yet our data provide the 
first direa experimental test. From Table 3 it appears that earlier 
lower level calcalationt"-'' gave the poorest results, whereas 
higher.level ab initio calculations with 6-3IG or lajger basis 
sets provide the best structures.'''^'"® Of note is a recent 

{54) GroQahn. 0. 6.; Pesdi. T. Bre«'sser. M. A.; Zhsys, L. M. J. 
Am. Ch&n. Soc. Zm, 4735-4741. 

(55) HsnchHffe. A.; Dobson. J. C Theor. Chim. Acta 1975.39.11-24. 
(56) Diii, J. Schiever. P. v. R.; Binkicv. I. S.; Pq)le. J.' A. J. Am. 

Chem. Soc. J977. 99.6159-6173. 
(57) Anssoong, D. R.; Perkins. P. G.; Walker. G. T. J. Mol. Sinia. 

(THEOCMEM  ̂1985.122. 189-203. 
(58) Buric, P.; Kqppel, L Jm . J. Quantum Chem. 1994. SI, 313—318. 
(59) PratL L. M.; Khan. I. M. J. Comput. Chem. I99S. J6, 1067— lOSO. 
(60) Schleyer. P. v. R. Private communicsDon. 
(61) Wunhwein. E.-U.; Sen. K. D.; Pq>ie. J. A; Schleyer. P. v. R. Inor .̂ 

Chem. 1983. 22. 496-503. 
(62) Koizumi T.: Morihashi. K.: Kikuchi. O. Bull. Chem. Soc. Jpn. 1996. 

69. 305-309. 
(63) Kremer. T.; Hfirder. S.: Junge. M.: Schiever. P. v. R. Organo' 

mnallics 1994. IS. 585-595. 

comparison of these methods with DFT calculations, which 
can also give good geometries as shown by results with 
DMOL-DNP." 

Cttoclusions 

The simplest lithium amide, LiNHj, serves as a model for 
larger amides used in synthesis and structural studies. Its 
strocture has been predicted sevetal times in the literature, 
wiAout direct experimental evideixie for comparison until now. 
Here, gas-phase synthesis led to fonnation of the unsolvated 
monomer LiNHj and microwave spectroscopy allowed its 
precise structure to be detennined. The data here veriiy 
prediction of its planarity, showing in addition that higher level 
ab initio and DFT calculations provide accurate structural 
infonnation. The results show tiie usefulness of gas-phase data 
on low-coorditmte otganometallic complexes, which will be the 
subject of further reports. 
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Table S1. Measured Rotational Transition Frequencies for NaMJa (X^Ai) 
T K,' Kc' «-- J" K«" Kc" Vobs Vobs-Vcalc 
15 2 13 14 2 12 289070.049 -0.043 
15 1 14 14 1 13 292310.754 -0.068 
17 1 17 16 1 16 322788.135 -0.048 
17 6 12 16 6 11 325372.643 -0.005 
17 6 11 16 6 10 325372.643 -0.005 
17 5 13 16 5 12 325972.676 0.050 
17 5 12 16 5 11 325972.676 0.050 
17 0 17 16 0 16 326424.626 -0.044 
17 4 14 16 4 13 326462.895 0.064 
17 4 13 16 4 12 326462.895 -0.023 
17 2 16 16 2 15 326898.348 -0.087 
17 2 15 16 2 14 327686.617 -0.100 
17 1 16 16 1 15 331162.920 -0.027 
18 1 18 17 1 17 341712.991 -0.025 
18 6 13 17 6 12 344477.342 0.008 
18 6 12 17 6 11 344477.342 0.008 
18 5 14 17 5 13 345112.949 0.001 
18 5 13 17 5 12 345112.949 <0.000 
18 0 18 17 0 17 345484.107 0.002 
18 4 15 17 4 14 345633.808 0.087 
18 4 14 17 4 13 345633.808 -0.043 
18 3 16 17 3 15 346062.305 -0.025 
18 2 17 17 2 16 346070.521 -0.027 
18 3 15 17 3 14 346080.318 -0.044 
18 2 16 17 2 15 347004.297 -0.026 
18 1 17 17 1 16 350571.807 -0.016 
19 1 19 18 1 18 360627.353 -0.004 
19 6 14 18 6 13 363576.038 0.024 
19 6 13 18 6 12 363576.038 0.024 
19 5 15 18 5 14 364247.302 -0.028 
19 5 14 18 5 13 364247.302 -0.023 
19 0 19 18 0 18 364520.059 0.025 
19 4 16 18 4 15 364799.083 0.116 
19 4 15 18 4 14 364799.083 -0.074 
19 3 17 18 3 16 365255.218 0.059 
19 3 16 18 3 15 365278.787 -0.023 
19 2 18 18 2 17 365232.866 -0.003 
19 2 17 18 2 16 366328.295 0.007 
19 1 18 18 I 17 369968.275 0.024 
20 1 20 19 1 19 379530.707 0.016 
20 6 15 19 6 14 382668.355 0.008 
20 6 14 19 6 13 382668.355 0.008 



Table SI. Cont'd. 
J Ka' : Kc' <— J" Ka" Kc" Vobs ^obK-^calc 

20 5 16 19 5 15 383375.410 -0.026 
20 5 15 19 5 14 383375.410 -0.027 
20 4 17 19 4 16 383958,404 0.157 
20 4 16 19 4 15 383958.404 -0.116 
20 3 18 19 3 17 384442.421 0.055 
20 3 17 19 3 16 384472.962 0.010 
20 2 19 19 2 18 384384.857 <0.000 
20 2 18 19 2 17 385658.673 0.025 
20 1 19 19 1 18 389351.528 0.051 
21 1 21 20 I 20 398422.559 0.042 
21 6 16 20 6 15 401753.975 -0.018 
21 6 15 20 6 14 401753.975 -0.018 
21 5 17 20 5 16 402496.851 -0.079 
21 5 16 20 5 15 402496.851 -0.081 
21 0 21 20 0 20 402517.589 0.087 
21 4 18 20 4 17 403111.411 0.171 
21 4 17 20 4 16 403111.411 -0.216 
21 3 18 20 3 17 403662.662 0.031 
21 2 20 20 2 19 403526.013 0.038 
21 2 19 20 2 18 404995.414 0.052 
21 1 20 20 1 19 408720.814 0.077 
27 1 27 26 1 26 511505.068 0.030 
27 0 27 26 0 26 515861.700 0.055 
27 4 24 26 4 23 517879.283 0.304 
27 4 23 26 4 22 517880.972 -0.274 
27 3 25 26 3 24 518562.876 0.011 
27 3 24 26 3 23 518699.834 0.123 
27 2 26 26 2 25 518114.474 0.056 
27 2 25 26 2 24 521134.489 0.016 
27 1 26 26 1 25 524598.873 0.015 
28 1 28 27 1 27 530303.113 -0.061 
28 6 23 27 6 22 535137.239 -0.017 
28 6 22 27 6 21 535137.239 -0.017 
28 5 24 27 5 23 536133.889 0.126 
28 5 23 27 5 22 536133.889 0.099 
28 0 28 27 0 27 534652.812 -0.055 
28 4 25 27 4 24 536978.853 0.028 
28 4 24 27 4 23 536981.539 -0.213 
28 3 26 27 3 25 537690.795 -0.022 
28 3 25 27 3 24 537854.739 -0.021 
28 2 27 27 2 26 537164.464 -0.018 
28 2 26 27 2 25 540506.042 -0.007 
28 1 27 27 1 26 543847.941 -0.098 

a) In MHz. 
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Table S2. Spectroscopic Constants for NaMDa (X'AQ 
Constant NaM); (MHz) 

A 195058(8) 
B 9881.5860 (58) 
C 9385.9150 (52) 
Dj 0.0163322 (24) 

Djk 1.151691 (88) 
di -0.0009734 (22) 
d2 -0.0003490 (35) 

0.0000370(13) 
HKJ -0.000726(40} 
h2 1.34(33)xlO-^ 
hs 4.21(78)xl0-^ 

LJK 1.02(63)X10-'^ 
LJJK -2.02(55)X10-' 
Pkj -3.10(18)X10" 
PjjK -1.7(1.1)xl0 

rmsoffit 0.071 

•9 
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APPENDIX E 

THE PURE ROTATIONAL SPECTRUM OF NaC IN ITS STATE: 
OBSERVATION AND INTERPRETATION 

P. M. Sheridan, L. M. Ziurys, S. A. Beaton, S. M. Kermode, and J. M. Brown, J. Chem. 
Phys. 116, 5544 - 5550 (2002). 
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The pure rotational spectrum of NaC in its X state: Observation 
and interpretation 

p. M. Sheridan, J. Xin, and L. M. Ziurys Dcparimeai ofChnmairy. Depanmem a/Asimimmy and Sim'imi Ofaenvmiy, Unmrmy of Arizona. Tm-sem. .-Inroraa B572J'00fi5 
Sara A. Beaton,"' Stephen M. Kermode, and John M. Brown Physical and Jlitximical Cliemuitn' Laborutory. South Parks Road, Oxfmd, OXJ 3QZ Umted Kingdom 
! Received 26 October 2001: accepted 15 January 2002) 

The roiationaJ spectrum of the NaC radical in the i; = 0 level of its Jf'S" state has been recorded 
using milliraeter/submillimeter-wave absorption spectroscopy. This work is the first spectroscopic 
observation of this species. The molecule was generated under dc discharge conditions by the 
reaction of sodium vapor with methane: the vapor was generated in a Broida oven. Thirteen 
rotational transitions were measured in the frequency range from 231 (A'=9.—8) to 539 GHz 
(//=21'-20). The quanct fine structure was panially resolved for cach transition. The rotational 
transition frequencies were modeled with an efTective Hamiltonian. ambiguity in the fitting 
procedure produced two alternative values of the spin-spin coupling |onstant X. one large and the 
other small in magnitude. A simple theoretical estimate of this paramper, based on atomic orbitals 
on the C" atom, suggests that the latter lit is the correct solution to the 'problem. The same ambiguity 
occurs in the fit of the rotational spectrum of KC in its X*'!' state published earlier (.Xin and 
Ziurys, J. Chem. Phys. 110, 4797 (1999)]. The revised, preferred fit of the data is given in this paper. 
O 2002 American Insriiuw of Physics. [DOI: 10.1063/1.1457441] 

I. INTRODUCTION 

There are several reasons for the recent interest in the 
study of the metal monocarbidcs. Amongst these are the need 
to know more about the metal-carbon bond,' its relevance to 
organic reagents" and catalytic processes." the presence of 
such compounds in the circumstellar envelope of late-type 
stars."* and the possible use of these compounds as high en
ergy density fuels.' An increasing amount of information on 
metal carbides is now available from electronic spectro
scopy""'" and more recently, from rotational spectro
scopy."^" The species are generated by a variety of experi
mental techniques, including the use of high temperature ov
ens or by laser ablation methods in the presence of a suitable 
precursor. 

In a recent paper." we reported the first detection of the 
KC radical in its X*1' state by millimeter-wave spectros
copy. The molecule was formed using a Broida oven as a 
source of potassium vapor, which was then reacted with 
CHj. The measurements of rotational transition frequencies 
between 344 and 515 GHz were used to determine the pa
rameters of an effective Hamiltonian for a molecule in a ''1 " 
state. The present paper repons an analogous study of the 
NaC free radical. This species is of particular interest be
cause other sodium-con taming molecules have been detected 
in carbon-rich stars." " It is also informative to compare the 
metal-carbon bond in NaC with that in NaCH and 
NaCHj In the course of the data analysis, an ambiguity 
In the -fitting procedure was discovered Two equally good 

^'Presem address: Nonci Ncfwoiks. Foundasion Park. 3 Roxborougb Way. 
Maidenhead. Beriishire. England. SL6 3UD. 

fits were obtained but with diflcrcnt \alucs lor the param
eters, particularly the spin-spin parameter X. Tlic reasons for 
prefeiring one fit to the other have been investigated: a the
oretical estimate of the value for X points to a stronger pref
erence for the fit with the smaller X-value. The same ambi
guity arises for the treatment of the earlier spectral data for 
KC." Consequently, a rcanalysis of the fit is required. These 
results are also reported in this paper. 

II. EXPERIMENT 

The pure rotational spcctrum of NaC was recorded using 
one of the quasi-optical millimeter-wave spectrometers of 
the Ziurys group (see Ref. 221. Phase-locked Gunn oscilla
tors and Schottky diode multipliers arc used in combination 
10 produce radiation in the 65- 540 GHz range. The 
millimeter-waves are launched from a scalar feedhom and 
passed through a polarizing grid. Teflon lenses arc used to 
collimate the radiation through the double pass reaction cell, 
a 0,5 m long steel vacuum chamber. A rooftop reflector is 
located at the rear of the cell, which rotates the polarization 
of the incident radiation by 90*^. The radiation Is directed, 
afler the second pass through the ceil, into an InSb bolometer 
cooled to liquid helium temperatures. The signal is 
frequency-modulated at 25 kHz and recorded as a second 
derivative spectrum using a lock-in amplifier. 

NaC was synthesized from the reaction of sodium vapor 
with methane gas in a dc discharge. The sodium vapor was 
created by using a Broida-type oven attached lo the reaction 
chamber. Approximately 20-30 mTorr of methane and 
10-15 mTorr of argon were flowed into the reaction chamber 
from underneath the oven, thus entraining the metal vapor. A 

0021-9605/2002/116(13)/5544/7/S19.00 5544 © 2002 Amefscsn Institute of Physics 
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NaC(X^"): N = 11—10 NaC(XV): N = 18 —17 

J » 17^ • J •18.5-*-173 

®  1 S . i 1 S . S  

461J19 «€1.92S 4&1.S3S 481.945 461^ 431.965 

Frequency (GHz) 

JB12.5-S—11J 

J « § j  4  A  

283.725 382.727 2B2.729 2S2.731 282.733 282 733 

Frequency {GHz) 

nC.!. A specsmm of She N<^ 18*-17 rosaional transiEion of KsC. The Sne 
slmccure dus U] the gmond eiectronic ssase is clearly visible. The 
niiddie componeni has a higher inienslEV because iK is composeii of the 7 
» n.3«- I6J and J" I3J*-17.5 fine smjcsure lines which aie neaxiy col-
Sapsed In frequency. This e0ecE results so a pseudo-tiiples smjcEore. The 
speciruni tepsesenis one scan. 60 MH2 in widih and appmKimasely I min is 
duration. 

dc discharge was then applied 10 ihis gas mixture using an 
electrode located 5 cm above the oven. A current of 0.5-0.7 
A at a voltage of 200 V were the optimal discharge condi
tions; however, it was also found that a lower current of 0.02 
A at 200 V also produced the radical. The NaCH radical, and 
to a lesser extent NaCH,. were produced under the same 
conditions. 

Final measurements of the rotational lines were made by 
taking an even number of 5 MHz scans, alternately increas
ing and decreasing in frequency. Up to 32 such scans were 
required for data measured below 300 GHz. Each line profile 
was fit with a Gaussian curve to establish the center fre
quency. Lincwidths ranged from 600 to 1500 kHz with an 
experimental accuracy estimated at i 100 kHz. 

III. RESULTS 

Limited theoretical investigations of the alkali carbides 
have predicted that these species possess a ''I" ground elec
tronic state.^'^ Our recent high-resolution study of KC 
(Ref. 17) confirmed the results of these theoretical treat
ments, as indicated by the distinct quartet structure observed 
in the millinieier-wave spectrum of this radical. In order to 
probe electronic structure of the lighter alkali carbides fur
ther. sodium metal was reacted with methane, under condi
tions similar to those which produced KC. in the hope of 
producing NaC. An intensive search in frequency space (over 
a range of about 25 GHz) for the produas of the above 
reaction, however, yielded a repeating triplet feature, which 
was found to be unrelated to NaCH Closer in
spection of the middle component of this set showed that the 
intensity of this line was approximately twice that of the 
outer two features. Figure 1 shows this characteristic pattern, 
which was determined to be the ,V= IS— 17 rotational tran
sition of NaC. It can be seen that the J= 17.5'- 16.5 and J 

FIG. 2. The spccsnmj of NaC obtained at lower frequency: the .¥•= 11 
10 transition is shown. Ag^. fine sducnire splioings are present The 

Hiiddle feature, however, has an unusually broad linewidth. which can be 
decmnposed into two sepaiale coztsponents corresponding to the 7" 10.5 
•-9.5 and 11.5^ 10.5 fine smicRire lines. This ssicctrunj was obmned 
by siferaging 32 scans, each 12 MHz in width and 1 roin in duratiim. 

= 18.5— 17.5 fine structure components arc collapsed into a 
single unresolvable line, in the measurements of subsequent 
rotational transitions, these two middle fine stmcturc compo
nents could no! be resolved. At lower frequencies, these 
blended components began 10 split apart such thai two 
Gaussian-type curves could be lit to the line profile. This 
effect is illustrated in Fig. 2. which shows the .V=ll—10 
tianshion of NaC. The broadening ol" this line suggests that 
the two middle fine structure components could be fully re
solved at even lower .V. Attempts 10 measure the transitions 
at frequencies lower than 231 GHz In order to observe the 
completch resolved fine structun; proved unsuccessful due 
to the transient nature of NaC. 

In addition 10 the fine structure, a I'unher splitting of the 
lines IS expected if hypertine interactions due 10 the nuclear 
spin of the sodium atom. 1-3/2. are significant. No hyper-
fine splitting was obser\'cd. consistent with the idea thai the 
unpaired electrons are localized pnmarilv on the carbon 
atom. 

The measured rotational frequencies of NaC are given in 
Table I. In total, thineen transitions..each consisting of four 
fine structure components (not always resolved), were re
corded. The two central components arc totally blended for 
most of the transitions observed. Only at lower .V was this 
feature deconvolved into two separate lines, albeit the com
ponents are still somewhat overlapped. 

W. DETERMINATION OF MOLECULAR PARAMETERS 
FOR A "S STATE 

A. The effective Hamiltonian 

The observed transition frequencies of NaC were mod
eled by the following effective Hamiltonian. which was 
found to be adequate to fit the very accuratc rotational data: 

+ R.J + + //jr+fT^''. Ill 
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TABLE L Measmsd st»arsonal transiiion frequences for NaC 

.v r  r  ®'oba 

9 7J S 6.5 231 391.590 -0.161 
9 Si 8 7.5 23! 395.612 -0^94 
9 S S.5 231 394.132 -0.J86 
9 10^ 8 9.5 231 398.113 -0.063 

iO 8.5 9 7.5 257 06S.23S 0.227 
10 9.5 9 8.5 257 069.032 -0.17! 
10 IQi 9 9.5 257 067.962 -0J46 
10 11.5 9 10.5 257 071.942 -0.007 

ii 9.5 !0 SJ 282 726.850 0.106 
11 10.5 10 9.5 282 731.046 QJ13 

SI 11.5 10 10.5 282 730.280 0.081 
n 1^5 10 113 282 734.087 0,064 
12 10.5 H 9.5 308 375.S16 0.123 
12 11.5 11 10.5 308 380.042 0.143 
12 S2J 11 IIJ 308 379.448 0.012 
12 13J 11 12  ̂ m 383.293 0.04S 
13 lij 12 10.5 334 010.762 0.068 
13 12.5 12 IIJ 334 014.769 -OJJll 
13 13.5 12 12J 334 014.769 0.018 
13 14J 12 13.5 334 018.450 -0.005 
14 IZS 13 IIJ 359 630.610 0.042 
14 l3Ji 13 123 359 634.508 -0^47 
U 14.5 13 I3J 359 634.508 -0255 
14 15.5 13 14.5 359 638.489 -0.005 
15 13-5 14 12.5 385 234.150 0.009 
15 14.5 14 13.5 385 23S.527 0.050 
15 15.5 14 14.5 385 238.527 0.167 
IS 16.5 14 15.5 385 242.225 0.026 
16 14.5 !5 13J 410 820.261 -0.019 
16 15 J 15 14.5 410 324.690 0.101 
16 16.5 15 15.5 410 824.690 0.094 
16 17.5 15 16.5 410 828J74 -0.035 
17 15.5 16 14.5 436 387.729 0.028 
17 16.5 16 15.5 436 392.177 0.068 
17 17.5 16 16.5 436392.177 0.061 
17 18.5 16 17.5 436 395.937 -OXHQ 
18 16J 17 15J 461 935.271 -0.079 
18 17.5 17 16.5 461 939.8S0 0.064 
18 ISJ 17 i7j 461 939.880 0.057 
IS 19.5 17 18.5 461 943.685 0.004 
19 17.5 IS 56.5 487 461.934 -0.088 
19 18.5 IS 17.5 487 466J70 0.034 
19 19.5 18 18.5 487 466-570 0.027 
19 20.5 18 19.5 487470.432 0.016 
20 18.5 19 17J 512 966.432 -0.116 
20 19.5 !9 512 971.121 0.014 
20 20.5 19 19.5 512 971.121 0.006 
20 21.5 19 20.5 512 975.018 0.022 
21 19.5 20 18,5 538 447.665 -0.097 
21 20J 20 19.5 538 452.413 0.049 
21 2L5 20 20.5 538452.413 -0.042 
21 22.5 20 21.5 538 456.295 0.03S • 

'In MHz. 
^Esuniaied cxpcriroental anccnamty is iOO kHi. 

where 

(2) 

H^=-D{N^f + HW-)\ (3) 

i/„=(2/3)xr3S!-S-) + (2/3)XD{35?-s2)N\ M) 

Ar,= r(N-s)+rB(N-s)N^ 

Sheridan el al. 

//if'-c io/v^)rir'(L'.N)- rts.s.s). (6) 
The contributions in Eqs. (2)-(5S inclusive are the famil

iar terms involving the rotational kinetic energy, the spin-
spin dipolar coupling, the spin-roiation interaaioa and the 
centriftigai distortion correction terms.The term in Eq. (6) 
is the higher-orda spin-rotation interaction expressed in 
spherical tensor notation.^' It only arises for molecules in 
states of quartet or higher multiplicity. 

• When the Hamiltonian in Eq. (I) was fitted to the ex
perimental data for NaC, two different but essentially 
equivalent solutions to the least-squares problem were dis
covered The two fits were of the same quality as measured 
by the standard deviation of the fit but the parameters ob
tained, particularly the spin-spin parameter k, had different 
values. 

B. Origin of thj ambiguity in the fit of the rotational 
spectrum of a ̂ olecule in a *1 state 

In order to appreciate how the ambiguity of the rota
tional energy level scheme arises, let us consider a simplified 
version of the effective Hamiltonian containing the rotational 
kinetic energy, the spin-spin coupling, and the spin-rotation 
interaction only, from Eqs. (2), (4), and (5). The energy level 
scheme for NaC conforms reasonably closely to Hund's case 
(b) coupling. In this situation, the energies of the four spin 
components for each rotational level (> I) are given by 

F, :HN) = BmN+ l)-2X/V/(2.V+3)-I2X'(;V+ I) 

X( A'+ 3)/[2B(2.V+ 3 r'] + 3 yS'12, (7) 

Fj 1) + 2X( A?+3)/(2.V + 3) 

-l2X^WW+2)/[2B(2,V + 3)'] 

+  y ( N - i ) a ,  ( 8 )  

F y  : F ( N )  - B.V(//+ n + 2X( JV- 2)/(2.V- 1) 

+  \ 2 X ' ( N -  1 ) l N + \ ) / [ 2 B ( 2 N -  1) ' ]  

-yiN+4)/2. (9) 

f 4 B A ' { A ' +  I ) - 2 X ( , V +  l ) / ( 2 . V -  n  

-H2X*MA'-2V[2fi(2.V-l)'] 

- 3 y i N + \ ) / 2 ,  (10) 

where, as usual, J=yV-i- i- fonhe F, componcnt,y=.V-l-T for 
the Fj component, and so on. These expressions are derived 
from the matrix elements in a Hund's case |b) basis set 
given, for example, by Cheung, Hanson, and Merer"" the 
effects of the matrix elements off-diagonal in JV by 2 have 
been treated by second order perturbation theory. The contri
butions involving the spin-spin parameter X can be re
arranged to give the following simplified expressions, 

F|:F(AO = BM,V+l)-X-3[(X-a)2-fi2]/ 

[25(2//+3)3 + 3rW2, (111 

(5) F2:F(N)=^BmN-i-l) + \-3[(\-BY-B'-]i . 

and [25(2iV+3)]+r(A^-3)/2. 112) 



143 

J. Chem. Phys.. Vd, 11S. No. 13. 1 April 2Cffl2 

TABLE 11. Calcubied mmsinon frequencies and line strenmhs of the 
suruciure componems of she iS->-17 n^msonal iransition of NaC'm BIS 

X*l' state. 

,V=i8wj7 X=W.6MH2 A«25667.^MH2 

J y® ' Line ^rengih Line stren^ 

19.5-1S.5 46) 943.7 19.46 461 943.6 19.46 
lS.5-i7J 461 940.0 iS.40 461 939.9 18.41 
17.5-10-5 46] 939.7 17.40 461 939.S 17.40 
16-5-15J 46! 935J 16.46 461 9353 16.45 
18.5-I8J 462 000.7 0.83X10"' 513 203.3 Q.75X !£}-' 
17.5-!?^ 461 9\22 0.11 461 920.2 0.11 
I6.5-16J 45 i 734.-1 0.83X10-' 410 528.4 0.94X10-' 
17.5-18.5 46! 972.9 0.12X10"" 513 IS2.6 0.25X10*" 
16J-17.5 m 706.9 0.13X10"^ •S1050S.8 0J2X 10-" 

•^'alues m MHz. 

[ 2 B ( 2 N - l) ] - y i N +4)n. (13) 

f^;HA0 = SA'(A^+n-X + 3[(X-S)2-B2]/ 

[2S(2.V-I)]-3y(Af+l)/2. (14) 

These expressions neglecs small lerras of the order of 
X^MBN-. The transitions detected in NaC all obey the selec
tion rule AJ=AA' since these art much the strongest for the 
intermediate N values observed. For this type of transition, 
the constant term iX in the energy level expressions cancels 
out when the difference in the energies is computed. The 
transition frequencies thus depend only weakly on the spin-
spin parameter X through the third term in Eqs. (11)-(14) 
which is inversely proportional to N. The coefficient of this 
contribution, which is what is determined in the least-squares 
fit of the data, depends on the quantity (X—B)^. We can thus 
see that there are two solutions to the modeling problem, 
depending on whether (k-B) is positive or negative. Since 
the rotational constant B, which must be positive, is deter
mined from the coefficient of N(N+l) in Eqs. (I!)-(I4I, 
the burden of the sign ambiguity is transferred to the param
eter X. Other aspects of the ambiguities in the determination 
of the parameters for a molecule in a "'I ' state are discussed 
in the Appendix. 
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The ambiguous nature of the solution to the fitting prob
lem for molecules in "'S sutes which follow Hund's case (b) 
coupling could be resolved by detection of the satellite lines 

with AJ^ iA'. These lines are separated from the main lines 
by an amount on the order of X [see Eqs. (II!-(14)]. How
ever ihey will be veiy much weaker. In Table U. we report 
the calculated transition frequencies and line strengths for 
tbe fiiie structure transitions associated with the rotational 
transition Af= I8»-17 of NaC in its state. Attempts 
were made to detect the AJ= 0 transitions wperimentally at 
these predicted frequencies but without success. Since they 

are expected to be more than two orders of magnitude 
weakis- than the main lines, this is not altogether surprising. 

C. Results of the ieast-square fits 

Tbe measurements and assignments of rotational transi

tions in NaC given in Table 1 were used to determine the 
parameters of the effective Hamiitonian given in Eq. (I). 
Each measurement was weighted as the inverse square of the 
estimated experimentai uncertainty (100 kHz). For those 

transitions with N greater than 12. for which the two central 
components, F; and Fj, are not resolved, the observed fea

ture was fitted to the average of the two calculated transition 
frequencies. There are 43 independent measurements in
cluded in the fit. The sextic centrifugal distortion parameter 
// in Eq. (3) was not determined significantly in the fits and 
was therefore constrained to zero. The fit converged to two 

separate minima of roughly the same quality. The results of 

the two fits are given in Table 111. where the two sets of 
parameters are listed. Fit A gives a small value for X and fit 
B a large value. The standard deviations for these fits relative 
to the estimated experimental uncertainty are 1.017 for fit A 
and 1.056 for fit B, that is nearly the same though slightly 
better for fit A. The residuals obtained for fit A arc listed with 
the frequencies in Table I; for the reasons given in the Dis
cussion, we believe this to be the correct solution to the 
fitting problem. The pattern of residuals lor fit B is broadly 
similar. 

TABLE SI. Values for ihe roialional sjld 6jic-strw:lms: psramOCTS delemjined for NaC in the i? «0 level of its 

Fii A . Fii B 

Parameter Wue® Correlauon \^lue" Coneialion 

B 12 863.133 8(45)* 8.218 12 863.134 7(451 8.205 
D 0.048 57623(71) 7.986 0.048 576 8(74) S.043 
X 64.6(931 4.410 25 667.4(871 3.%5 
Jli, 0.004 )6(159) l.OSS 0.006 46(1681 1.13" 
y 2.770(76) 3.889 1949(751 3.620 
7s -0.412(401 1.774 -0J92(39I 1..M7 
Rd. suL dev. J.017 1.056 

®Va)ue5 BD MHz. 
''Coneialion paiamelcr = where ^ is she mamx of the coirehiion coefBcienls. 
Tlie numbers in psiTOihescs coircspond io chi^ standard devisiions of Uie ieasi squares SL 
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V. DISCUSSION 

Lines in ihe rotation spectrum of the NaC molecule in lis 
ground *1~ state have been observed and fined satisfaciorily 
with an effective Hamikonisn lo deteraiine the appropriate 
molecular parameisrs. It . is found that the two differem sets 
of parameters fit the data equally well. 

A. Identification of the preferred parameter set 

We have shown earlier that two solutions to the fitting 
problem are indeed expected from the form of the rotational 
energy lewis for a molecule in a ""X" state given in Eqs. 
tl !)-(I4). If the transitions with were detectable, it 
would be easy to identify the correct solution: unfortunately 
this is not the case for NaC at the present time. In the ab
sence of this information, we have made an estimate of the 
spin-spin parameter X to help us decide between the solu
tions I the most obvious difference between the fits is that one 
has a small value and the other a large value for this param
eter). 

As is well known, the spin-spin parameter can be 
described to a good accuracy by a first- and second-order 
term. 

X = (15) 

In order to estimate the values for X'" and X'^', we 
consider the contributions from the ground and low-lying 
states of NaC. These states are the A"*! " state from the cnr* 
configuration, the a "11 from the tr-n- configuration and the 

c'S', and states from the a-ir^ configuration. 
The first-order contribution X'" is the expectation value of 
the direct dipole -dipoie operator for the A"*-" state. Ac
cording to Lefebvre-Brion and Field,'"* the value for X'" for 
a molecule in a ''S " state coming from a cir configuration 
is zero in a LCAO approximation. Since we expect NaC to 
be ionic in character, the molecular orbitals are well approxi
mated by atomic orbitals on the C" atom and the LCAO 
approximation is a good one. 

The other contribution to X arises from second-order 
mixing of the JC'I' state with excited electronic states by 
spin-orbit coupling. Of the various low-lying states de
scribed above, only the a 'Fl and c "S* states are involved 
because of the selection rules obeyed by the spin-orbit cou
pling operator. A simple calculation based on a representa
tion of the IT and cr molecular orbitals by 2p orbitals on the 
C" atom-'' gives the result 

X«-'= (16) 

where j is the atomic spin-orbit coupling parameter for an 
electron in a 2p orbital on the C~ atom. (The value of j for 
C is 27.5 cm"'. The value for C is not known but is ex
pected to be slightly smaller.) Since both the o 'H and c^l" 
states correlate with a state in the atomic limit, we 
lake-"= 

f£:n-£.«--) = (£:i.-£->i-)=IOO(K) cm"'. (17) 

Substitution into Eq. (16) gives X'-'=0.006 cm"' or 190 
MHz. 

The conclusion of this estimate for the efTective spin-
spin parameter X is that we expect its value lo be very small. 

TABLE IV. S^kjes for die rosadomS and fine-stmcRjrt: paramcjcrs deter
mined for '\.C in ihc r = 0 level ol ils .V 'X " ftajc in Uic revised fit. 

Pararacter Value' Conelalion A-;' 

B S619i%5l64l'' J%.S 
D 0.021780 7(991 ISI?..' 
iO'H O.SiaSI 579..5 
k 175.51311 66.2 
Xo 0.00144(321 1.0 
7 5.047(2111 217.: 
10'yo -0.64(601 Tl.: 
Js -0.0521231 13.3 
ReL std. dev. 0.359 

•Values in MHi. 
''Conebuon paiaroeier «•, = t A" ~v is (he mams of (he conelaiion 
coef&iems. 
The numbers in parendieses correspond lo ihree Flandard deiiaiioiis of ihe 
leasi squares fil. 

Consequently, the least squares til of the rotational frequen
cies of NaC which gives the small value for X (64.6 MHz, fit 
A) is to be preferred over fit B which gives a large value for 
X (25.67 GHz). Adminedly. this choice is based on a rather 
crude estimate for X but it is supported by the value for X 
determined for CH in its o ''S state which is also rather 
small [2.786 GHz (Ref. 3l)j. A high quality ah initio calcu
lation is really needed to support the assignment. 

B. Revised fit of the rotational spectrum of KC in its 
state 

The work described in this paper was preceded by the 
observation and analysis of the corresponding rotational 
spectrum of KC in its A"*!" state.'' However, only one of 

the two possible solutions to the fitting problem was discov
ered at that time, namely, the one corresponding to the large 
value for X 117.03 GHz in that casei. Because of their ionic 
character, both NaC and KC are expected lo have similar 
electronic structures, close to that of ihe C" ion. Thus ail the 
arguments advanced in suppon of the small X fit of NaC 
apply equally well to KC. We have therefore taken the op
portunity to refit the routional frequencies of KC to obtain 
the alternative preferred fit. The results are given in Table IV: 

the residuals obtained in this fit are broadly similar to those 
obtained earlier. 

A comparison of the false fit (B) for NaC with the cor-
responding one for KC reveals another aspect which lends 
support to the preference for the fits with the small values for 
X. The large value of X for NaC (25.667 GHz) is bigger than 
the value for KC (17.033 GHz). This result is opposite to the 
one expected from the larger atomic spin-orbii coupling pa
rameters for K (38 cm"') than for Na 111.5 cm"'l.-™ Since 
the second-order spin-orbit mixing is proponional to the 
square of the effective coupling constant, it is expected to be 
larger for KC than NaC. This behavior is nicely illustrated by 
the spin-rotation parameters for the two molecules; the 
value of y for KC (5.047 MHz) is larger than that for NaC 
(2.770 MHz), despite the smaller £-\aluc. 



J. Ch®m. Phys.. Vol. 115, No. 13,1 April 2002 

TABLE V. VtbrasksnaJ m-eraged bond lengtte for atkalj ineial csatkies. 

Molecute GfouBd stale T-fl/A 

•««p- 2232 275 8039)-

'KC 2J27W342f92)' 

The figures in psrenUteses jcpieseni she esisnaied uncmainfy 11<?1 in the 
bond iengihs. in iioiss of ihe lasi quosed decsm&i piiace. The nuiabas. whkh 
are cakuiatsi fmiQ she sumdmi enor in ihe rouQonal ccsisiant Sq, over-
esuroate ihe physical significance of nwsdossi. 

C. Bond lengths for NaC and KC in their ground states 

The primajy piece of information from a rotational spec-
trum of a diatomic molecule is the rotational constant and 
hence its bond length. The value for the zero-poii* bond 
lengths, /"o. for NaC and KC in their if"'!" states are given 
in Table V. The value for KC is hardly changed from the 
value quoted eariier" of 2 J13 A; this is because the value 
for Bt, is determined by the leading term on the right-hand 
sides of Eqs. (11)-(14). The value for NaC is 2.232 A. The 
values in Table FV can be compared with the ionic radius of 
C~ (2.6 A).^'* This radius is considerably larger than that of 
NaC or fcC. Such a difference suggests that, although these 
two molecules are markedly ionic, they have not abandoned 
covalent behavior completely. 

It is also interesting to compare the Na-C bond lengths 
in NaCH; and NaCH with that of NaC. Their values are 
r^=2299 A and rfi^=2207 A for sodium monomethyl 
and sodium methylidyne. respectively.^' Clearly, the car
bon atom in NaCHj is sp^ hybridized, while the hybridiza
tion in NaCH is sp. A simple picture of the bonding in NaC 
would suggest sp hybridization at the carbon atom. The fact 
that the NaC bond length lies somewhere between the values 
for molecules which show sp and sp^ hybridization suggests 
that the true situation in NaC may be sp" hybridized with 
H > 1 .  

VI. CONCLUSION 

Spectroscopic data have been obtained for the sodium 
carbide radical for the first time. The data are in agreement 
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with theoretical expectations that the ground electronic state 
is "*1". Analysis of the rotational spectrum shows that some 
uncertainty can arise in the determination of the spin-spin 
parameter in •*! states. Although NaC is likely to be ionic. 
given (he eleciroi! affinity of sodium relative to carbon, the 
derived bond length indicates some co%'alem character and 
perhaps even sp^ hybridization of the unpaired electron or-
bitals. 
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APPENDIX; AMBIGUITIES IN THE ROTATIONAL 
ANALYSIS OF "2 STATES; HUND'S CASE 
(a) COUPLING 

We have discussed the ambiguity in the fitting procedure 
of pise rotational transitions of a molecule in a '*1 state, near 
the Hund's case (b) limit in Sec. fVB. The origin of this 
ambiguity can perhaps be more fully appreciated by consid
ering the general description of the energ>' levels, particu
larly when the molecule conforms most closely to a Hund's 
case ta) coupling scheme. As before, let us confine our at
tention to the Hamiltonian which includes ihe rotational ki
netic energy, the spin-spin and spin-rotation coupling only. 

We construct the matrix represcniation of this Hamil
tonian in a parity-conserving basis set. 

|,;,|n|:±> = ! !/v'2){|A';5S;yn,W> 

(AD 

where the upper and lower sign choices correspond to states 
of positive and negative parity respectively and .v is even for 
a •*! * state and odd for a •*!" state. The full matri.x for a 
molecule in a state can be diagonalized into 2X2 blocks 
for each value of J as follows; 

14;-> - 14;-) 
14;±) S[^y+i)2-l]-^2X-4y -(5-iy)N/3[r^-(-i)2-1]"^ 

\J\\i) B[(J+^y + i}-2\--iy^i-l)''2{B-\y)(J+^). 

where p  =  J - i+s .  In this matrix, the upper and lower sign 
choices give the states of positive and negative parity, is-
spectively, for a molecule in a '*S' state. The two levels with 

1/2 form a special case: their energies are given by the 
lower, diagonal element of the matrix. The two eigenvalues 
of the matrix are given by 

£- =5[(./-h 1)2 + I ] - f yT ( - - \ y )U+ r) 

+ 2 r2:( - 1 iy)(J+ y)}-

+ l2fS-ir)-{(J-i-i)=-l}]'\ (A2) 
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In this equation the i sign choice in from of the square 
root gives the two eigenvalues; the — sign choice in front of 
the phase factor {- I)'' indicates the states of 2: parity. The 

i-independent tenn inside the square root of Eq. (A2) is 

(4X-4fl + 27)^ and, provided this term is iaige compared 

with it makes a dominant contribution to the 

energy. !l can be seen in this case that the patiera of energy 

levels depends on the magnitude of the quantity (4X-4fi 
+ 2y) but not its sign. There are two nearly identical solu
tions 10 the modeling problem depending on whether (4X 
—4B + 2y) is positive or negative. Since the rotational con
stant B, which must be positive, is determined from the co
efficient of [(J+1/2)^+! ] in the leading term of Eq. (A2), 

the burden of the sign ambiguity is transferred to the param
eter K. It should be recognized also that in magnitude. 

It should be appreciated that, although two different sets 
of parameters can give the same eigenvalues in Eq. (A2), the 
corresponding eigenfunctions will be distinct. The correct 
choice of parametera can therefore be obtained from mea
surements of quantities which depend on the form of the 
eigenfunctions such as spectral line intensities or magnetic 

moments. The easiest way to solve this ambiguity is to es
tablish the position of the J= 1/2 levels relative to those with 
higher y because their energies depend directly on the sign of 

Unfortunately this solution to the problem is not always 

available in practice. The nature of the ambiguity described 
here is exactly the same as that encountered for molecules in 
'n states when the rotational eigenvalues depend quadrati-
cally on the quantity — 

When X is comparable with B  in magnitude or even 
smaller, the ambiguous nature of the solutions in Eq. (A3) 
disappears. Thus we are more likely to encounter this ambi
guity problem for molecules which conform to Hund's case 
(a) coupling" than to Hund's case lb). As we know, both 
NaC and KC in their X''S" states show Hund's case (b) 
behavior. The ambiguity of the energy level scheme dis
cussed in the Appendix is therefore not really appropriate to 
them. The energy levels schemes for the two possible values 
of X obtained in the fits of the NaC land KC) data are dis
tinctly different from each other. The inability to distinguish 
between these two values arises because only a limited type 
of rotational transition has been detected. The transitions 
which would reveal the correct value of X are too weak to be 
observed. 
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ABSTRACT 

The pure roiational spectra of CrO {X ^rir) and CrN (A '  "T") have been recorded using miliimeier/sub-
miliimeter-wave spectroscopy in the frequency range 248-636 GHz. These radicals were created by the reac
tion of chromium vapor, produced in a Broida-type oven, with N;0 or NHj under DC discharge conditions. 
For. CrO, 12 roiational transitions were recorded, in which up to five spin-orbit components were observed— 
the first measurement of the pure rotational spectrum of a molecule in a electronic state. Nine rotational 
transitions were recorded for CrN; here all four spin components were measured in every transition. The data 
obtained for both radicals were analyzed using an appropriate effective Hamiltonian. The resulting spectro
scopic parameters of these species were determined to high precision, including those related to fine structure 
and lambda doubling. This work will enable radioastronomical searches/for CrN and CrO to be carried out. 
CrO has already been observed in the optical spectra of stellar atmospheiies. 
SuWmAeorfm/.r ISM: molecules— line; identification — methods; laboratoiy — molecular data ' 

I. INTRODUCnON 

Several small molecules containing metals (in the chem
ist's sensel have been detected to date toward the circumsiel-
lar envelopes of late-type stars, in particular carbon-rich 
objects. For example. NaCl and AINC have been identified 
in the expanding shell of the AGB star IRC -1-10216 (Cerni-
charo & Guelin 1987; Ziurys et al. 2002), and NaCN and 
MgNC have been observed in the envelope of the post-AGB 
object CRL 26S8 (Highberger et al. 2001). These species 
have all been identified in these sources on the basis of their 
pure rotational spectrum, observed using millimeter-wave 
telescopes. Crucial to these detections have been laboratory 
measurements, in particular those at high spectral resolu
tion (e,g„ Robinson. Apponi, & Ziurys 1997). 

Given the observation of sodium-, magnesium-, alumi
num-, and even potassium-bearing molecules in circumstel-
lar gas, it is possible to contemplate species containing other 
metals. One such mcial is chromium, which is thought to be 
primarily produced in explosive silicon burning in superno-
vae (Woosley & Weaver 1995). Nonetheless, it has a rela
tively large cosmic abundance compared to some of the 
other early iron group metals. For example, titanium has an 
abundance Ti/H ~ 8.5 x 10"*, while the Cr/H ratio is 
4.8 y 10-' (Savage & Sembach 1996). The solar abundance 
of chromium is therefore only about a factor of J less than 
that of sodium and aluminum. Indeed, CrO is a known con
tributor to the electronic spectra found in stellar atmos
pheres (e.g,, Davis 1947). However, thus far, chromium-
bearing molecules have not been observed in circumstellar 
gas primarily because there has been a dearth of high-reso
lution laboratory data for such small, astrophysically rele
vant species. Although several possible chromium 
compounds have been investigated via their electronic tran
sitions at optical wavelengths (Barnes, Hajigeorgiou. & 
Merer 1993; Balfour, Qian. & Zhou 1997), these studies 
have not had sufficient resolution to determiine spectro
scopic constants that can reproduce millimeter/submilli-

meter transition frequencies with the necessary accuracy 
for astronomical searches (<l MHz). Therefore, inter
stellar studies of Cr-bearing molecules have been extremely 
limited. 

Two molecules of astrophysical interest are CrO and 
CrN, Both species have been the subject of several previous 
spectroscopic investigations. For example. Merer and co
workers measured the -H'-X n̂. -A-X' -n. and 'n-,V ̂ 11 
electronic transitions of CrO with rotational resolution 
(Hocking et al. 1980; Cheung, Zyrnicki, & Merer 1984; 
Barnes etal. 1993). Their studies also involved further devel
opment of the specific Hamiltonians necessary to describe 
these quintet electronic states. In addition, the permanent 
electric dipole moment of CrO was measured using optical 
stark spectroscopy (Steimle et al. 1989). The CrN radical 
was first investigated by ab initio and density functional 
theory (DFT) methods, which predicted a ground elec
tronic state (Harrison 1996; Andrews. Bare, & Chertihin 
1997). This prediction was confirmed by the measurement 
of the A •'n-X *T,- transition using laser-induced fluores
cence (LIF) spectroscopy (Balfour et al. 1997). Further
more. the permanent electric dipole moment was measured, 
as well as fine and hyperfine parameters using data obtained 
by pump/probe microwave-optical double-resonance 
(PPMODR) techniques (Steimle, Robinson, & Good ridge 
1999; Namiki & Steimle 1999). 

In this paper we report the first measurements of the pure 
rotational spectrum of both CrO and CrN in their respective 
X -rir and X "'E" ground electronic states. The purpose of 
this work was to directly record rotational transitions of 
these radicals for astronomical identification at millimeter.' 
submillimeter wavelengths. The molecules were studied 
using direct-absorption methods in the frequency range 
248-636 GHz. For both species, fine-structure splittings 
were resolved, and in the case of CrO, lambda-doubling 
interactions as well. These data have been analyzed to pro
duce a revised set of spectroscopic parameten for these mol
ecules. Here we present our results. 
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2. EXPERIMENTAL 

The pure rotational spectra of CrO and CrN were mea
sured using one of the millimeter,'submillimeier-wave spec
trometers of the Ziurys group (Ziurys et al. 1994). The 
instrument consists of a set of phase-locked Gunn oscilla
tors and Schottky diode multipliers that produce radiation 
over the frequency range 65-650 GHz. a double-walled, 
water-cooled, steel reaction chamber containing a Broida-
type oven, and an InSb bolometer detector cooled to 
approximately 4 K. The radiation is launched from the 
source as a Gaussian beam, directed into the reaction cell 
Nia a set of offset ellipsoidal mirrors, and passed into the 
reaction chamber through a polystyrene window. At the 
rear of the cell, a rooftop reflector rotates the plane of polar
ization of the radiation by 90' and propagates it back 
through the cell and optics into the detector. Phase-sensitive 
detection is employed using FM source modulation. 

CrO was produced by the reaction of chromium metal 
vapor with N3O. The vapor was created in a high-terapera-
turc Broida-type oven, packed with alumina and zirconia 
insulation to achieve the necessary high temperatures. 
Approximately 10-15 mtorf each of NiO and argon, the 
carrier gas used to entrain the metal vapor, were introduced 
into the reaction chamber through the bottom of the oven. 
A DC discharge was not required to produce CrO; however, 
use of a discharge enhanced the synthesis of the molecule 
(0.01 A at 200 Y). CrN was created by an identical method, 
except that NHj was substituted for NiO and a discharge 
was required with higher current (0.7 A). 

For both molecules, rotational transitions were recorded 
over the frequency ranse 248-6.^6 GHz. Line widths raneed 
from 600 kHz at 248 GHz to 1700 kHz at 636 GHz. Final 
frequency measurements were obtained by fitting Gaussian 
curves to the line profiles. These profiles consist of averages 
of one to six scan pairs. 5 MHz in coverage, with an equal 
number increasing and decreasing in frequency. 

3. RESULTS 

The transition frequencies measured for CrO are pre
sented in Table 1; in ail. 12 rotational were recorded. The 
ground stale of CrO is '11^ and therefore the spectra are 
complicated by the presence of i. • S coupling, which splits 
every rotational transition into five spin-orbit components, 
labeled by the quantum number fJ. This quantum number is 
the sum of the projection of the electron orbital angular 
momentum along the internuclear axis. .\. and the projec
tion of the electron spin angular momentum. S. i.e.. 
n = -1- S. as is appropriate for a Hund's case (a) coupling 
scheme. Since l.\| = 1 and S = 2 m a -Tl state. Q takes on 
the values -1,0,1.2, and 3; hence, five sublevels are created. 
In addition, there can be further splittings in every fJ com
ponent due to lambda-doubling interactions, which are 
potentially present in every degenerate electronic stale. This 
effect can split each U level into doublets, which are labeled 
by the parity notation e and 

•As shown in Table 1, both spin-orbit and lambda-dou-
bling interactions were observed in the data recorded for 
CrO. In six of the 12 rotational transitions, all five spin-orbit 
components were obser\'ed and their frequencies measured. 
(Poor signal-to-noise ratio in the spectra or saps in the mul
tiplier coverage prevented observation of all five sublevels in 
every transition.) Lambda-doubling interactions were also 

resolved in all spin-orbit components c.xcepi for the i'J — 
sublevel. (The e and/parity labels were assigned assuming 
that the dominant perturber is the .4 -I!" state; Baus-
chlicher. Nelin. & Bagus i9S5.) For the !! = 0 sublevel. the 
splitting was the largest (500-700 MHz) and was found to 
increase with increasing / quantum number. For the !J = 1. 
2. and 3 components the lambda doubling successively 
decreased in magnitude, although for the individual suble
vels there was an increase in the splitting with J. The oppo
site effect was observed for she Q = — 1 sublevel. where the 
separation decreased with J. such that it u-as only a fe%v 
MHzat they - 19 — 18 transition. . 

Figure 1 shows a stick spectrum of the y = 16 — 15 rota
tional transition, which covers the range ---185-517 GHz. 
The experimentally obsen'ed intensities are also shown in 
the diagram, as are the lambda-doubling splittings. The 
total splitting of the '.I sublevels in frequency space in this 
transition is rather large—-almost 32 GHz. which is about 
twice the rotational constant. However, the splitting 
between the components is fairly regular. The spin-orbit 
component lying lowest in frequency corresponds to the one 
that is lowest in energy,!! = -l.Aboui 9 GHz higher in fre
quency is the f! = 0 sublevel. followed by <1-1.2, and 3. 
Because each successive spin-orbit component lies higher in 
energy by -^^3 cm"', the intensity slowly decreases for 
f! > 0. (The f! = 3 line is stronger than the fi = 1 and 2 fea
tures only because there is no lambda doubling; thus, this 
line gains a factor of 2 in intensity.) 

Figure 2 displays representative spectra of CrO near 486 
GHz. Here the f! = -1 sublevel of the J = 16 — 15 transi
tion is shown, along with the f! = 3 component of the 
J = 15 — 14 transition. The effects of lambda doubling are 
evident in the f! = -1 line, which is split into doublets. In 
the n = 3 feature, such effects are negligible and it appears 
as a single line, increasing its intensity relative to the other 
component. 

Table 2 presents the measured transition frequencies for 
CrN in its ground '•S" electronic state. Data for nine rota
tional transitions were recorded over the frequency range 
294-636 GHz. The speara are complicated because of the 

Q = 0 

FrBquencyfGWz) 

FIG. 1.—Slkk ipeclrum ol'lhe ./ - 16 — 15 transiiion oi'CrO. .-Ml five 
spin-orbil components are shown with Ihcir approjjmaie measured insen-
sisics. Thei! regular bui wide GHz) spacioe apparent. The 0. - U 
and 1 spin-orbit components are split by lajtibtla-type doubling into two 
well-separated lines, while this effect is smaller in the .Q = - 1 and 2 compo
nents. The fl = ? spin-orbit component appears as the strongest I'eature 
since the lanilxta doublets are collapsed into a single line 
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T.-\B1.E ; 
MEASURED ROTATIONAL TRANSITION FREQUENCICS TOR 

CfOi-V-no^ 

i +1 — y fl Partly 

8-7 0 • r :47.5S7.?24 0.035 
0 f 24H.O)»?.65I -0.024 

.• :51162.958 -U.0B9 
1 f 251.gJl.23'' -0.084 

255.710.397 -0.028 f :55.701.467 0.015 
«' 259.1^4.975 -0.008 

? f :59.}84.0"?5 0.020 
9--S - ] <• 27?.:31.59() -0.001 

-1 f :7?.!81.?01 -0.007 
r 278.534.967 0.012 
/• 279.009.559 -0.031 

1 f 283.659.746 0.030 
1 / 2S3.274.706 -0.025 

<' 287.649.794 -0.021 
/ 2S7.637.182 -0.002 e 291.551.121 -0.032 f 291.551.121 0.020 

10-9 -1 f .K)3.607.735 0.0(M 
-J . f . 303.556.262 -0.006 

m482.214 o.o.\-f .-*09.995.245 -0.011 
1 f 315.148.286 0.015 
1 f 314.733.448 -0.031 

11-io -1 33.v9SS.891 <0-0(K) 
-1 f 333.937.4$'9 0.011 

340.428.S50 0.026 f 340.976.285 -0.006 
1 .•U6.627.973 0.0.^2 
1 / .•U6.186.991 -0.022 

f 351.502.035 O.OIQ f 351.479.606 -0.036 
3 r 356^48.848 -0.069 f 356.248.848 0.070 \2-n -1 1' 364.375.388 -0.007 

-] f 364.325.292 -0.018 
f 371.374.703 -0.015 f 371.952..^ O.OCW 

1 I- 37S.097.986 -0.007 
I- 383.412.907 -0.100 
/• 383.384.496 0.009 
r 388.578.080^ -0.129 y f 388.578.080*' 0-083 

-1 r 394.767.534 0.014 
-1 / 394.720.047 -0.030 

r 402.319.707 0.038 
/• 402.923.057 0.004 

1 (• 409.557.772 0.043 
] /• 409.076.184 O.OOi! 

f 415.312.743 0.013 
/• 415.277.240 0.044 
r 420.892.769'' -0,180 
/ 420.892.769^ 0.132 

14-13 1 V 441.006.513 0.024 
I f 440.510.592 -0.064 

r 447.200.388 O.OSl f 447.156.920 0.028 
r 453.191.756^ -0.279 
/• 4.S3.191.765^ 0.165 

15—14 -I 455.569.497 -0.005 
-1 f 455.531.352 0.020 

0 «• 464.205.82S -0.003 
0 464.847.262 <0.000 
1 <- 472-443.662 0.013 

TABLE 1—Conii/iueei 
J + I -; 9. Parity 

15-14 1 / 471.937.663 0.042 
2 I' 479.074.839 -0.033 

- 1 / 479.022."66 0.04! 
3 485.474.018^ -0.413 
3 / 485.474.018'^ 0.202 

16-15 -1 »• 48?.9-^9.W4 -0.022 
-1 485.948.120 0.003 

0 t' 495.146.531 0.012 
0 f 495.800.196 0.016 
1 I- 503.868.636 0.0!'' 
1 f .503.356.50i 0.024 
2 510.935.551 -0.024 
2 ./ 510.873.877 O.OCW 
3 <• 517.738.574'^ -0..501 
3 517.738.574'> 0.329 

17-16 j -1 f 516.396.106 0.042 
-1 f 516.372.421 -0.005 1 0 4' 526.085.209 -0.009 

1 0 / 526.746.600 -O.OIQ 1 1 <* 535.28(f.8.'»0 ^ -0.015 
I f 534.766.663 0.037 
1 <• 541781.63' 0.054 
2 ,/• .^17(19..V>4 0.025 

18-17 2 e 574.612.008 -0.072 
2 J 574.528.989 0.031 

19-18 -1 f 577.247..^75 -0.024 
-1 f 577.243.515 0.025 

0 V .587.955.228 -0.086 
0 f 5S8.6l9. n Q  0.037 
1 598.0e4.947 -0.062 
1 f 597.55S.428 0.(W9 
2 f 606.426.2-'9 0.014 
-1 6(»6,331.3!3 -0.0"5 

-In MHz. 
Not iacludetj in fii. 

presence of three unpaired electrons in this molecule. The 
resultant spin angular momentum couples with the molecu
lar frame rotation, indicated by quantum number N. to pro
duce fine structure, labeled by J. where J = .V + S. Four 
fine-structure components are therefore generated per rota
tional level, and all four were recorded in every transition. 
The separation between the fine-structure components was 
found to decrease with increasing N. such that the total sep
aration is ~6 GHz in the ,V = 8 »- 7 rotational transition, 
decreasing to ~l.5GHzin the .V = 17 — 16lincs. 

In Figure 3 a typical spectrum for CrN is shown, illustrat
ing the fine-structure splittings. Here all four spin compo
nents of the A' = 13 — 12 rotational transition near 484-
487 GHz are displayed, necessitating a frequency gap in the 
spectrum. The fine-structure lines are not evenly spaced, 
and the Z ~ 3/2 component (/ = 14.5 — 13.5) lies lower in 
frequency than that corresponding to = i iJ — 
13.3 — 12.5). These two components actually shift relative 
to each other as a function ofN. 

A diagram illustrating the shift of the fine-structure com
ponents is presented in Figure 4. Here stick figures of the 
A' = 9 S. 12 — 11. and 17 — 16 transitions arc shown. 
For the A' = 9 •- 8 transition, the £ = 3/2 component lies 
almost 0.5 GHz lower in frequency relative to the I = I line, 
but the separation successively narrows such that at the 
N — M — 16 transition, it actually lies at higher frequency. 
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a s 3  
n = 1 

J = 15—14 

J = 16-^15 

4 

485.5 <85.7 4B5i 485.S 468.0 

Frequency {GHz) 

Fic. 2.—Speclrtaa showing the 0 = -1 component of the ^ - 16 !5 
iransiiion and she Q = 3 line in the J = 15 — 14 iransnion of CrO l-V-Hr). 
measured in the laboralon- near 486 GHz. The lanibda doubling is seen in 
ihe Q - -1 spin-orbit component, which is split into two separate features. 
The lambda-type doubling in the n ~ 3 component is not resolved and 
therefore appears as a single line. This spectrum is a composite of six scans, 
each 100 MHz in frequenc>'co\'erage. and acquired in 1 minute. 

The other components are moving closer to each other as 
well, such that at ven' high A", a nicely spaced quartet would 
be expected per transition, similar to KC (Xin & Ziurys 
1999). The change from an irregular qtiartet to a regular one 
occurs because of a term in the energy eigenvalues roughly 
proportional to X-/N. which becomes progressively less 
important as A' increases (see Sheridan et a!. 2002 for 
details). At this point, the constant governing the separation 
of the spin components is 7. the spin-rotation parameter. 

4. ANALYSIS 

The data for the A' state of CrO were analyzed using 
an effective Hamthontan in a case (a) basis, which consists 
of fi%e basic interactions; 

Weft = "rot -t- //(O i • (1 ) 

The first term deals with molecular frame rotation, the next 
three with spin-orbit, spin-spin, and spin-rotation cou
plings, and the final term with lambda doubling. Centrifugal 
distortion conections are iticluded in each interaction. 
Standard forms of H^, H^. and H,, can be found else
where ( Brown et al. 1979: Barnes et al. 1993). The spin-orbit 
Hamilionian also involves the coupling between this term 
and the spin-spin interaaion (Brown et al. 1981). character
ized by the constant T). i.e.. 

= nL,S,{s\ - • C) 

The lambda-doubling Hamiltonian. which includes centri
fugal distortion, takes on the form (Barnes et al. 1993) 

q]{Sz. Sz) ^ \{p 2g){J^S^ -f J^S„} 
+ "T /l) -h ^ (o -i- /? -h g]iy{SZ + ,5"! ) • R~ 

(3)  

TABLE : 
MEASURED ROTATIONAL TKANMTJON FREQUEN^L^ TOR 

-iUlOS 
:97.596.3"5 -0.011 
301.753.358 -0.010 
500.509.g32 -O.OiW 
332.9K2.177 0.025 
.'35.2.18.9P7 0.WJ6 
?3F.5?7.?95 0.005 
.V'T.7.VV576 0.024 
?T1.150.475 O.OOS 
3:2.810.113 '0.010 
.^'5.5'3.S?3 0.008 
.•'4.9Jv3.I39 -O.OOSi 
409.057.722 0.001 
4i0.32?.221 O.Oni 
411655.303 0.001 
411249.292 -f>.0(W 
446.79S.240 -0.030 
447.805.158 0.011 
449.79S.189 0.019 
449.525.296 <0.(K)0 
4i4.426.4.50 -0.(Ki: 
4i:5.24J<.70-i 0.(X17 
4S(..980.M0 0.024 
486.806.095 -0.03.^ 
521.974.902 <0.0(K» 
5216W.W9 -0.(K)9 
.S24.}i!8.13" 0.013 
524.087.936 -0.011 
.^96.»^t)6.399 -O.OK) 
59'.422.959 -O.CKlf' 
598.641.015 -0.0(0 
59S.642.99I O.OCi^ 
634.310.973 0.019 
634.770.366 0.015 
635.i«74.043 O.IK)? 
635.911.493 -0.025 

In Miiz. 

Three constants {o, p, and </) are thus required to describe 
lambda doubling in states. 

For CrN, the Hamiltonian used to analyze the data con
sists of rotational, spin-rotation, and spin-spin terms (Nelis. 
Broun. & Evenson 1990): 

/fgjT = //roi + Wss + • l4_) 

Included in the spin-rotation coupling is the third-order cor
rection to this interaction, which in a case ib) basis is best 
expressed in tensor form: 

.T'(S.S.5l . (5) 

This term is thought to be necessary to describe the spin-
rotation coupling in states wiih quartet multiplicity or 
higher (Hougen 1962). 

Using these respective Hamihonians. the two data sets 
were analyzed using a least-squares fitting routine. The 
spectroscopic parameters determined from these fits are 
given in Tables 3 (CrO) and A (CrN). As the tables show, all 

6.5-5.5 
7.5-6.5 
S.5-7.5 
9.5-8.5 

9~S 7.5—6.5 
S,5-"5 
9.5-S.5 
10.5-9.5 

10- 9 b\5-7.5 
9.5-S.5 
10.5-9.5 

11.5-10.5 
11-1 0 9.5-ii.5 

, iO.5-9.5 
! 11.5-10.5 
I 12.5-n.5 

12-11... i 10.5-9.5 
I 11.5-10.5 

12.5-11.5 
13.5-12.5 

13-1 2 n.5-10.5 
12.5-11.5 
13.5-12.5 
34.5-13.5 

14-1 3 115-11.5 
13.5-12.5 
14.5-1.\5 
15.5-14.5 

16-1 5 14.5-13.5 
15.5-14.5 
16.5-15.5 
17.5-16.5 

17-1 6 15.5-14.5 
16.5-15.5 
17,5-16.5 
1S,5-17.5 
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333.5 33S.0 338.5 338.0 

N 

Js 11 

—T./— 
u 

S ' 

JsIS 

13J 

N = 9-e-8 
-1/2 1=1/2 

I.-3/2 S. = 3I2 

484.3 4g4.g Uts 4SB2 4SS.9 487.3 

Frequency (GHz) 

FIG. 3.—Laboraton- specsrum of ihe A' fe 13—12 roiasional iransition 
of CrN (.Y*T~} near 484^87 GHz. There is a freq!ienc>' gap in the dasa of 
1.4 GHz. Hen; all four fine-siruclure componenu. indicaied by quantum 
number J. are visible. (Their relative iniensmes are not all the same onh-
because of rariations in productioa efficiency.) The line corresponding to 
S = 3/21J = 14.5 — 1.1.5) lies loiver in frequency rehlive lolheE = s fea. 
ture U « 13.5 — 12.5). The spectrum is a composite of 16 scans, each 100 
MHz in frequency width, and recorded in I minute. 

constants used in the analysis are well determined, and the 
rms values of the fits are 39 (CrO) and 23 kHz (CrN). 

In the case of CrO. the spectroscopic constants estab
lished from optical LIF data are included in Table 3 for 
comparison. These parameters were taken from Barnes et 
al. (1993), who studied the A' ^A-X -H systems using LIF 
and combined their result with Fourier transform infrared 
emission spectra. As shown, the millimeter-wave constants 
established in this work are in good agreement with those of 
Barnes et al. (1993) but improve the accuracy of the rota
tional. lambda-doubling, and some of the fine-structure val
ues. There are some differences as well. For example, in the 
current study, the centrifugal distortion terms (/p and rjp 
were not found to improve the overall rms of the fit and were 
therefore not included in the final analysis. On the other 
hand, the higher order spin-spin interaction term. 6. was 
found to be necessary for a good fit. It should also be noted 
that the constants t and .4c are highly correlated with each 
other, and consequently it is difficult to establish their values 
accurately in the analysis (Brown et al. 1979). Finally, rota
tional transitions with J > 10 originating in the fi = 3 spin-
orbit components were not incluiled in the least-squares fit. 
Lambda doubling was not resolved in this component, and 
at high J, where this effect was substantial in other fl suble-
vels. large residuals were generated (~500 kHz) for these 
features. Despite the exclusion of these transitions. 84 
individual lines were included in the final analysis. 

For CrN, the millimeter-wave constants determined in 
this study are in agreement with the LIF/PPMODR values, 
which are given in Table 4 (Namiki & Stcimle 1999). There 
appears to be a factor of 2 difference and a sign change in 
the value of the spin-rotation interaction parameter 7,, 
between the two fits, however. On the other hand, the analy
sis done in this work employs three spin-rotation parame
ters (7, 7'^. and 7,), while the previous study only used 7 and 
7j. Moreover, the data set from the previous work is not 

-1/2 

1--3/2 1=3/2 
1 = 1/2 

445.8 447.3 448.8 4S0.3 

N = 17-e-16 
-1/2 

X--3« 1= 1/2 
1 = 3/2 

632.8 634.3 635.8 637.3 

Frequency (GHz) 

FIG. 4.—Stick spccsra of three separate rotational transitions of CrN. 
illusirating the progression of the hne-siructure splittings. In the lop panel, 
the spin components of the jV = 9 — g rotational tmnsition ha\e a total 
separation of over 6 GHz. with the Z ~ 3/2 line lying low-er in frequency 
than its E = I counterpart. In the .V = 12 — U transition, the fine-struc
ture lines are distributed over only 3 GHz and the ^ 3/2 and H = i spin 
components lie closer in frequenc,v. Finall.v. in the - 17 — 16 tiansition. 
the W-siructure quartet has collapaMl to a total separation of 1.6 GHz. 
Now the 5; = I component is lower in frequency than the 51 « 3/2 line. 

nearly as extensive. Some variations are therefore expected. 
In addition, the matrix elements for the third-order spin-
rotation term have some subtle differences, depending on 
the basis set. as discussed by .Adam et al. (1994). Here those 
of Nelis et al. (1990) were used, in a case (b) basis. Namiki & 
Steimle (1999) modified those of Adam et al. (1994). which 
utilized a case (al basis set. (The theory and interpretation 
behind the 7, term arc not well developed because it is 
required only for high spin states, of which there are few 
examples studied at high resolution.) 

5. DISCUSSION 

The primary result of this investigation is that x'ery accu
rate rotational rest frequencies have been directlv measured 
for CrO and CrN in their ground electronic states in the sub-
millimeter region. (The complicated ground states exhibited 
by these two radicals make direct measurements desirable.) 
The spectroscopic constants of both these radicals have 
additionally beet) refined. Moreover, this work is the first 
time B molecule in a -n ground state has been studied by 
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TABLE 4 
R CrO J.Y-n,) ROTATIONAL CONSTAMTS DETERMINED TOR CrK > 

No. 2. 2002 

TABLE ? 
ROT ATJONAL CONSTANTS DETERMIWEO 

Pars-iroeier MiJIimeser Wave" Opiicai'' 

B 15722.0298(15) 15722.0(3; 
D 0.0218464{46) 0.0219(!) 

3i5{213) 36.V12) 
-4.4<3.6) -3.60(24) 

A 1894m4(^) 1895690(20) 
(« + /> + «?) 998.3(8.S) 959(6) 

206.55(46) 209(1) 
q -1.03(13) -1.3(1) 

P H ) t i  " •  -0.071(21) -0.093(12) 
-0.00254<17) 0.0024(12) 

HD 0.00011(8) 
A 34407(361) 34683(15) 

-0.052(13) 0.066<i2) 
-2302.0(9.4) -2240(0) 

'?£» -0.27(4) 
H 4.67(94) 
nns 0.039 42 

" ID MHZ: errors are 3 0 AND apph to las: quoted digits. 
^ From Barnes et al. 1993: values originaHy quoied in 

cm"'terrors are 3 a. 

pure rotational spectroscopy. Thus, it serves as a test of 
angular momentum coupling theory. 

Both CrN and CrO exhibit high spin states, which arise 
from unusual electron configurations. The primary valence 
electron configuration of the ground state of CrN is 
8o^3r!^9<?' 16- (Balfour et al. 1997) and of the ground state of 
CrO is 8cr^3ff''9er' 1 (Barnes et al. 1993). In these config
urations. the 8(7 and 3jr are bonding molecular orbitals 
formed primarily from the 3//^ and id, atomic orbitals on 
chromium and the 2p„ and 2p^ atomic orbitals from oxygen 
or nitrogen, with the 4*- and lOcf as the corresponding 
antibonding ones. The 9cr and 16 molecular orbitals arise 
predominately from the 4j and idf atomic orbitals of chro
mium. respectively, and they both are almost completely 
non bonding. 

If the Al orbital is actually antibonding. addition of an 
electron to this site should increase the bond length of CrO 
relative to CrN. Indeed, this increase does occur. From the 
millimeter-wave data, the ro bond lengths of the CrN and 
CrO radicals were determined to be 1.5652 and 1.6213 A. 
respectively, resulting in a bond lengtheBing of0.0561 A for 
the oxide compound. Such an increase appears to generally 
occur for 3d transition metal oxides relative to the nitrides, 
independent of the filling of orbitals. For example. VN has a 

Parjajiieser MiiSimeicr Waw" PPMODR/Opiioil-'-'' 

187019521.13) 
0.0155Sn5l 

-0.225(22) 
78281.32(21) 

" in MHi: errors are 5 <7. 
From Namiki & SteimSe 1999; merged 6i of PPMODR and 

LiF data, excludiiig byperfine semis. 

bond length 1.566 A (Balfour et al. 1993). while that of 
VO is 1.592 AiMerer 1989). A very similar difference is also 
seen in FeN ^lersus FeO (P. M. Sheridan. T. Hirano. & L. 
M. Ziurys 2(k)2. in preparation; Allen. Ziurys. & Brown 
1996) and TiN versus TiO (Namiki et al. 1998). This general 
result most likely occurs because the 2fl atomic orbitals of 
nitrogen are nearly 24.(XX) cm"' higher in energy than those 
of oxygen. Thus, there is a smaller energy gap between the 
nitrogen orbitals and the 3rf atomic orbitals of the metal, 
which enables a stronger bond to form in the nitride as 
compared to the corresponding oxide. 

Chromium oxide is most likely to be found in O-rich cir-
cumsteilar envelopes such as OH 231.8. Searching for rota
tional lines in the n = -1 component, which lies lowest in 
energy and exhibits small lambda doubling, is likely the best 
approach. CrN, on the other hand, may be detectable in 
shells of carbon-rich stars, including IRC +10216 or CRL 
2688. Metal cyanide species have already been observed in 
these objects, and a nitride compound may also be feasible, 
given the presence of SiN in IRC +10216 (Turner 1992). 
Observation of the four spin components within a single 
rotational transition should be sufficient evidence for identi
fication of this radical, given the large frequency separation 
of these lines. Both CrO and CrN also have relatively large 
dipole moments as well (3.88 D. Steimle el al. 1989:2.31 D. 
Steimle et al. 1999), which furthers the possibility of detec
tion in interstellar/circumstellar gas. 

This research was supported by NSF grant AST-98-
20576 and NASA grant NAG 5-1033. The authors wish to 
thank John Brown for use of his Hamiltonian code. 

B 18702.9055(14) 
B 0.03IS54.1(32) 
7 209.261147) 
••B 0J)0029H64) 

0.1328(85) 
A 78281.97(58) 
Ac -(1.2i744(.'i6) 
rms... 0.023 
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Further studies of 3d transition metal cyanides: The pure rotational 
spectrum of NiCN (X^A/) 

p. M. Sheridan and L. M. Ziurys®' 
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The puis rational specmim of the NiCN radical (X^A,-) has been recorded using miUiroeter/ 
stib-mm diiect absoq>tion techmques in the range 360-S5O GHz. Transitions arising liom four 
nickel isotopomers and were observed in the ground vilsraiionai 
state, as well as lines originating in the vj bending and v | stretching modes. In the vibrational 
ground state, transitions from both spin-orbit components (0 = 1 and I) were identified: in the 
n = I ladder, significant lambda-doubling was observed. Multiple vibronic components woe found 
for each bending quantum recorded, a result of Renner-Teller interactions. These cmnponenis were 
only oteerved in the lower spin-oibit ladda (CI = |), however, suggesting that spin-orbit coupling 
dominates the vibronic effects. Hje ground-state data wets analyzed with a case U! Hamilionian, 
generating rotational, spin-twbit, and lambda-doubling constants for ''NiCN and *®NiCN. The 
vibrationaily excited lines were modeled with effective rotational paiametm, except where a case 
(c) or case lb) coupling scheme could be meaningiiilly used From the ground-state rotational 

parameteis, rg, r,, and stractures were derived as well. NiCN appears to be a covalemly 
bonded molecule with similar properties to NiH. O 2003 American Insmute of Phnics. 
[DOI: 10.1063/1.1557471] 

I. INTRODUCTION 

Molecules containing transition metals bonded to the 
cyanide moiety are encountered in many aspects of chemical 
research. For example, nickel-iron cyanide salts such as 
Kfl.gNi| i[Fe(CN)6]*4.5H20 have been used in the develop
ment of molecule-based ferromagnets with high Curie 
temperatures.' These materials have potential applications 
for information stmage, color imaging, catalysis, and even 
bioprocessing. Cyanide-bridged trinuclear complexes con
taining iron, nickel, copper, and zinc have been investigated 
for high electrical conducuvity, as well as their photophysi-
cal properties.^ The absorption of the CN group on transition 
metal surfaces is also of interest from aspects of chemisisp-
tion mechanisms and toxin removal.' On a more fundamental 
level, CuCN itself is a known reagent used widely in organic 
synthesis in the formation of caibon-carfoon and silicon-
carbon bonds.'*"' 

The interest in transition metal-cyanide compounds has 
lead theoreticians to compute the structures of some of these 
species, both as monomers and on surfaces.'-' Boldeyiev, Li, 
and Wang,' for example, found that CuCN is linear and, is 
more stable than CuNC by 10.7 kcal/mol. In the case of a 
nickel surface, calculations have sbown that the CN group 
prefers to attach itself to the metal via the carbon atom, 
therefore producii® MCN clusters.''* In contrast, known 
metal-cyanide complexes have either a T-shaped structure, 
such as NaCN and KCN,'®'" or a linear isocyanide geom
etry, as in the case of the alkaline-earth metals (MgNC. 
CaNC'^'^) and aluminum, gallium, and indium." The tran-

"Tekphm: I.52(W2I-6S25; Fas: 1-520-62I I532; Beoraik mil: 
lziuTys^asj!m«B.«lu 

sition from the T-shaped structure, which is very ionic 
(M*CN"), to the isocyanide form occurs as the bonding in 

the molecule becomes more covalent. The most covalent 
geometry is predicted to result in the linear MCN fonn. Until 
very recently, monomeric metal cyanides have not been ex-
perimenially observ'ed. 

Because of their intrinsic chemical significance, mol

ecules composed of transition metals bonded to the CN 
ligand ate obvious spectroscopic targets, particularly the mo
nomeric fonns. Surprisingly, little spectroscopic data exists 
for these species. The first traiisition metal cyanide complex 
investigated in the gas phase has been FeNC (X'Af)." UF 
spectra were recorded for this radical which was found to 
exhibit the linear isocyanide geometry. This study was fol
lowed by pure rotational measurements of CuCN(Z'S*X 
and ZnCNlX^S"*), done by the Ziurys group,-"*'' in which 

the ground-state structure for both molecules was established 
to he the linear cyanide form. Recently, Kingston. Merer, and 
Varbetg^' have succeeded in recording a wide range of elec-
trwiic transitions for NiCN, using LIF technitjues. These au
thors found that the linear cyanide geometry is favored en
ergetically for this radical as well. Their work also identified 
the ground electronic state as , and determined rotational 
constants for the fl = f spin-orbit component In additim, 

Ihey observed perturbations in the vibrational stnicturE of 

NiCN arising from both Fenni resonance and Rennet-Teller 
coupling. 

In order to extend our studies of the structural and bond
ing properties of transition metal cyanides, we have recorded 
the pure rotational spectrum of NiCN in itsX^4, state. Ro
tational transitions originating from both spin-orbit compo
nents of the ground state have been observed for the main 

0021-960M003/118(14VS37aiQ®20.00 S370 © 2003 American Inslilute of PhysioE 
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isoioporoer, -'NiCN, as well as '^iCN. In addition, spectra 
arising from '^NiCN, "NiCN, and '"Ni'^CN have been mea
sured. These isoiopic substitutions have confirmed the linear 
cyanide structure ofNiCN, as established by Kingston ei al. 
Vibrational satellite lines originating from the first three 
quanta of the bending mode have additionally been recorded, 
which exhibit Renner-Teller splittings. Here we present 
these results and their spectroscopic analysis, as well as a 
discussion of structural and bonding trends for transition 
metal cyanides. 

II. EXPERIMENT 

The pure rotational spectrum of NiCN was mea
sured using one of the millimcter/submiilimeter wave spec
trometers of the Ziurys group, details of which are given 
elsewhere." Briefly, the instrument consists of a radiation 
source, a reaction chamber for molecular synthesis, and a 
detector. Phase-locked Gunn oscillators and Schottky diode 
multipliers are used as radiation sources in the frequency 
range 65-650 GHz. Offset ellipsoidal mirrors are employed 
to propagate the radiation from the source through the reac
tion chamber, a double-pass system, and to the detector, an 
InSb bolometer. The reaction cell is water cooled and con
tains a Broida-type oven. The source is frequency modulated 
at 25 kHz and detected at 2 / using a lock-in amplifier. 

The NiCN radical was created by the reaction of nickel 
vapor, produced in a high-temperature Broida-type oven, 
with cyanogen gas. Approximately 3-5 mtoir of pure (CN)2 
was introduced into the reaction chamber from underneath 
the oven, serving as the carrier gas as well as the precursor. 
Typical carrier gases such as argon were not found to be 
necessary. A dc discharge was also not needed for the 
synthesis. While producing NiCN, no chemiluminescence 
from the reaction was observed. Rotational spectra of all 
isotopomers were recorded in the natural elemental abun
dances (-'*Ni:'®Ni:"Ni:"Ni=68.l:26.2;3.6:0.9 and "C/"C 
= 89:1"). 

Final measurements of the rotational transitions were ob
tained by averaging scans in pairs, with one increasing in 
frequency and the other in decreasing frequency, each cov
ering a total of 5 MHz. For '"NiCN and '®NiCN, one such 
pair was sufficient: however, the other isotopomers and rota
tional transitions originating in excited vibrational states re
quired averages of two to four scan pairs. Typical linewidths 
ranged from 1000-1300 kHz over the frequency interval 
360-550 GHz. 

HI. RESULTS 

The search for the pure rotational spectrum of NiCN 
was based on the recent optical work of Kingston, 

Varberg, and Merer.^' In their study, rotationally resolved 
electronic transitions involving the 0 = f spin-orbit compo
nent of the ground state (y = 0) and various vibrationally 
excited levels were observed for ''NiCN and '"NiCN. 
Hence, estimates of the rotational constants of many vibronic 
components were available. On the other hand, parameters 
for the other spin-orbit level of the ground vibrational state, 
fl = 5, as well as for other vibronic states, were not. Conse-

3d transition metal cyanides S371 

quently a broadband, continuous frequency search (~30 
GHz or >6 B) was conducted in an attempt to identify other 
such sublevels. Because of the presence of Fermi resonance 
and Reimer-Teller interactions, a simple vibrational satellite 
pattern was not expected, as, for example, in the case of 
ZnCN and CuCN.""''' 

A funher complication arises because the rotational en

ergy levels in NiCN may be split by A-doubling. This inter
action, however, is expected to be small in A states, as it 
involves operators to fourth order.*' Funhermore, the 

A-doubling energy term occurs only in off-diagonal matrix 
elements for the n = f comporjent. whereas for the fl = f 

spin-orbit level there is a direct diagonal contribution. 
Therefore, the rotation^ levels of the fJ = j component are 
expected to exhibit a greater, albeit small, splitting relative to 
the n = f sublevel. The optical data of Kingston el al. 
showed no evidence of .^-doubling in the fi = | ladder, no 
information wis available for the = j component. 

Regular mupings of lines were fonunately recognizable 
at intervals of —2 GHz in frequency space from the -'NiCN 
ground state (0 = j) features, which duplicate themselves in 

the ''Ni isotopomer. The features steadily decreased in inten

sity with frequency separation from the ground state. This 
pattern was assigned to the vibrational satellite progression 
of the bending mode in the n = j component with U3= I, 2, 
and 3. The v-,=-1 and 2 sets consist of three and four sepa
rate features, respectively—a result of Renner-Teller cou
pling (see Sec. V). For the i;i= I level, the first two lines 
observed were of equal intensity with a small frequency 
separation (~ 1 MHz), while the third was a single feature 
with a signal strength about a factor of 2 greater. The doublet 
was assigned to the 'fli., vibronic component and the singlet 
to the sublevel. These assignments were verified by the 
optical study."" The strongest feature for the set was 
identified as the "F,-3 vibronic component, as supported by 
the optical measurements. The remaining three features were 
likely to arise from the other two vibronic states. "1 

Because no lambda-doubling was observed for the 
ground state, 0 = j lines, the - A..., vibronic state transitions 
should consist of a single feature. The optical study of King
ston e! alP also indicated that this state undergoes Fermi 
resonance interactions with the u, = I sm:tch, which also has 

^^iri symmetry. Fermi resonance results in a partial mixing 
of rotational constants of the two states concerned, and there
fore such coupling should shift the "At 2 vibronic state line to 
lower fcquency relative to the T, 3 and I features. Lines 
arising from the state, in contrast, should consist of 
doublets because of spin-rotation interactions. Conse
quently, the feature shifted lowest in frequency was assigned 
to the -A;5 level, and the remaining two to the state. 
The latter two lines, however, must arise from successive N 
levels, as will be discussed later."' Finally, for the «j">3 
state, the and ''t>T2 vibronic levels were identified. 
The two -n substates were not found, however. The vibronic 
sublevels A.,j, I, (J),., (y, = 3), and //,,,2, had not been 
previously observed. 

One additional doublet was found approximately I GHz 
higher in frequency from the line arising from the n = f 
sublevel, which was also seen in the ''®Ni isotopomer. These 
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SOck Spectnjm of NiCN {X%): J = 64.5-*- 53.5 

v-nfi>8i 

v.rwF 1 

m 471 473 475 
Frequency (GHz) 

FIG. i. A sock ^>ectnuB of ibe J54^^55.5 rotacionai Eraasksca of 
^iCN and ®NCN in ibc range 464 -479 GHz. The mosi imense 
tine. locsKed aesr 471 GHz, ahses fiom tbs 0 f cos^Kmeoi of 

^ICN. Use A-^^iets of (he f subievel lie ^jproximBSeiy I GHz 
higher sa frequency, bu! are iower is isieos^. The viin^mal seidlite pro-

gmssios of the bending motte |) is spaced by ai»m 2 GHz to 
higher ficquency. Various vibraaic comportents of She U 2, sod 3 slaies 
are shown, t^ied by . The Uks of ibs 'flv: a?c spUt by P^^ype 
dtwbiisg, which is cxaggeraied on chis scak. Ilie two ^so-rotation com* 
ponests of ihe 'X strsie (ir3<»2) arise from adjacent roiafional levels, N 
'"540--53 azid 55*-54. The Vi* 1 stmtch lies to lower frequency of the 
gjound smte liae. A wmtiar pacsrs is observed for ^iCN but shifted to 
lower frajoency. 

features were assigned to the n = f spin-orbit component, 
split by lambda-doubling. In our past studies of radicals with 
spin-orbit coupling (FeC, FeF, FeCl, roiational 
lines arising irom all fl ladders were found in every case, 
and NiCN should be no exception. The spin-orbit energy 
separation for NiCN is certainly comparable. Furthermore, 
given the spin-orbit splitting of ~830 cm"' estimated by 
Kingston ei al}' for NiCN, the doublets were not likely to be 
located far in frequency from the n= 4 line, using the ap
proximate relationship, Bi\ = B(\ +2B1/AA)." No lines 
arising from the vibronic states of the n = f ladder were 
observed, however. 

Another search was conducted for the first quantum of 
the heavy-aiom stretch, 11] = 1, which lies 501.8 cn>~' above 
the ground slate, comparable in energy to the Uj = 2 level.^^ 
Fermi resonance should shift the u, = 1 feature to somewhat 
higher firequency, rriToring the opposite effect in the Vj 
= 2(A<,,) line. A fsiiure with about the expected intensity 
was finally found approximately 2 GHz to lower frequency 
of the -®NiCN(n = f,y = 0) line, with a corresponding "^i 
counterpart. These lines were assigned to the tJ j = 1 substate, 
which has 'A.;, vibronic symmetry, as mentioned. 

A stick spectrum of the J=54.5<-53.5 rotational transi
tions of the •'Ni and ""Ni isotopomen of NiCN near 464 -

479 GHz is shown in Fig. 1, with approximate relative in
tensities. The strongest feature arises from the f) = | spin-
orbit component of -'NiCN. as expected. The .A-doublets of 
the £1 = J subievel are located approximately 1 GHz higher 
in frequency, labeled A 3.2 • Th^ remaining lines belong to the 

02" 1, 2, and 3 vibrational progression, whose components 

are labeled by their vibronic symmetrj-. A';.. The '437.-2 and 

states of the 1)2= 1 level lie ~2 GHz to higher fre

quency of the 11 = I line: the small /"-type splitting of the 

^nj.7 state (~l MHz) is exaggerated. Approximately 2 GHz 
to higher fi^quenqy from these features are the ". *As.-j, 

and the -Xj.-j states. The level is split by large spin-

rotation interactions (~8 GHz) such that the two liiies shown 

are from adjacent rotational transitions; in this case A'=54 

«-53 and Af=55«-54. The highest-frequency features are 

and vibronic components of the V2 = 3 state. 

An almost identical pattern of lines is repeated for the 

""NiCN isotopomer, as also shown. 

The rotational transition frequencies measured for 

-"NiCN and *^iCN in their ground vibrational states are 

presented in Table I. Over the frequency range 365-535 

GHz, 19 rotational transitions were recorded for the main 

isotopomer, '"^iCN; for "NiCN, a total of 17 were mea

sured. Both the = f and i spin-orbii components were 

observed in almost every transition. The latter set consists of 

A-doublets, with a splitting of approximately 800 MHz. Par

ity assignments of the A-doublets of the fl = j subievel were 

made based on those for NiH, which has a similar electronic 

structure." 

in Table 11, rotational transitions of the '"NiCN. "NiCN. 

and Ni"CN isotopomers (fl = f) in their ground vibrational 

states are presented. Due to their weaker signals, transitions 

arising from the fi = 5 ladder were not observed. Between 14 

and 18 lines were measured in the frequency range 360-550 

GHz for each isotopomer. 

The data corresponding to the vibrationaily excited lines 

measured for NiCN and its nickel isotopomers. as illustrated 

in Fig. I, are complied in three tables available on EPAPS." 

As mentioned, rotational transitions arising from several of 

the vibronic states of the bending mode were recorded for 

"NiCN, '"NiCN, and '^NiCN. as well as the linst quantum 

of the heavy atom stretch, u, >• 1. for the ''Ni and "Ni iso

topomers. For both '^"NiCN and "NiCN. spectra arising from 

the U3=l ('Oj.-i, "'I't.i), i''j = 2 ('r,,, and ^^1,7) 

and u I = 1 states were measured. For '"NiCN, transitions in 

the U2 = 3 and level were recorded as well. 

Finally, measurements of "NiCN lines originating in the y 2 

= I (^113/2 and ^4)7,7) components were made. Between 

10-16 rotational transitions were measured in every vibronic 

state. For the t/j - I: state, P-type doublets were re

corded for every transition I see EPA PS, Table ID. as well as 

the spin-rotation components in the l-2 = 2: ^S|2 stale, as 

shown in EPAPS. Table 111. 

A representative spectrum of both spin-orbit compo

nents of the J=44.5<-43.5 rotational transition of ''NiCN is 

shown in Fig. 2. The strongest feature arises from the fl 

= I ladder, while the other two weaicer lines are the lambda-

doublets of the n = J spin-orbit component. There are two 

frequency gaps in this spectrum of about 700 and 800 MHz, 
respectively, the latter being the approximate separation of 
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TABLE I. Mcasuicd rocaEional transitions for NiCN 

^"NiCN "NiCN "NiCN 

J-i-! -i n Parity ^oba J^\-J il Pajity '"cak 

423-•4L5 sn / 367 603.305 -0.059 364 103.702 -0.054 3/2 e 454 638.540 -0.153 450425.926 -0.149 

5/2 e 367 603.305 -0.026 364 103.702 -0.025 533-515 5/2 I 462 415.492 0.015 458 016.03! 0.032 

3/2 / 369 030,342 0.293 5/2 € 462 415.492 0.029 453016.0S1 0.046 

3/2 e 36S 205.369 0.064 3/2 / 464 078.605 -0.132 459 557.056 -O.OSS 
43.5-•42.5 5/2 f 376 230.807 -Q.045 372 649.261 -OJ}34 3/2 € 463 275.251 -0.125 45S 982.899 -0.062 

5/2 e 376 230.807 -0.012 372 649.261 -0.005 54.5-53.5 5/2 f • 471 024.160 0.023 466 543.096 -0.002 

3/2 f 377 682.521 0.076 373 999.605 0.119 sa € 471 024.160 0.033 466543.096 O.OOS 

3/2 e 375 853J52 0.144 373 360J15 0.093 3/2 , / 472 704.482 -0.206 46S 099JS6 -0.068 
44.5-•43.5 5/2 / 384 856.769 -0.036 381 193.283 -0.044 3/2 £ 471 910.668 -0.087 467 538.461 -0.113 

5/2 e 384 856.769 -0.004 381 193-283 -0.015 553-54.5 5/2 / 479 630.903 0-030 475 068.241 -0.016 

3/2 f 386 332.619 0.006 382 565.636 0.077 5/2 € 479 630.903 0.035 475 068.241 -fl.OU 

3/2 e 385 500.8S8 0.160 381 927.649 0.087 3/2 f 481 327.736 -0.151 476 639.066 -0.048 
45.5- 44.5 5,-2 f 393 481.153 -0.035 389 735.788 -0.028 3/2 e 480 544.756 -0.058 476092.921 0.030 

5/2 e 393 481.153 -0.003 389 735.788 <0.000 56.5-55.5 5/2 f 488 235.663 0.013 483 591314 0.021 
3/2 f 394 980.510 -0.018 391 129.489 0.043 5/2 € 488 235.663 0.011 483 591314 0.021 
3/2 e 394 147.143 0.125 390493.932 0.069 3/2 f 489948.280 -0.144 485 176.043 -0.038 

46.5-•45.5 in f 402 103.934 -0.031 398 276.696 -0.033 3/2 e 489 177.550 0.011 4S4 645.855 -0.025 
5/2 e 402 103.934 <0.000 398 276.696 -0.005 573-56.5 5/2 / 496 838.450 0.017 492 112.825 0.054 
3/2 f 403 626.124 -0.041 399 691.127 0.011 5/2 e 496 838.450 0.009 492 112.825 0.(M9 
3/2 e 402 792.252 0.024 399 059.118 0.030 3/2 f 498 566.010 -0.086 493 710.248 -0.077 

47.5-46.5 5/2 f 410 725.072 -0.029 406 816.017 -0.013 3/7 <? 497 80S.930 0.019 493 197.456 -0.045 
5/2 e 410725.072 0.001 406 816.017 0.014 5151-573 5/2 / 505 439.190 0.003 500 632.056 0.001 
3/2 f 412 269.515 0.021 408 250.523 -0.008 5/2 € 505 439.190 -0.013 500 632.056 -0.010 
3/2 e 411436.320 0.004 407 623.174 -0.025 3/2 f 507 1S0.950 0.045 501 241.989 0.159 

48.5-47.5 5/2 f 419 344.544 -0.017 3.'2 e 506 43S.920 0.017 501 747.739 0.043 
5/2 e 419 344.544 0.012 593—583 5/2 f 514 037.870 -0.006 509 149.297 -0.015 

50-5-49.5 5/2 f 436 578.398 0.089 5/2 e 5M037.S70 -0.030 509 149.297 -0.033 
5/2 e 436 578J98 0.113 3/2 f 515 792.980 0.162 510 770.764 0.161 
3/2 f 438 185.290 0.029 in e 515 067.490 0.016 510 296.594 0.208 
3/2 e 437 361.276 -0.194 603 - 59.5 5/2 f 522 634.470 0.006 517 664.494 • -0.013 

51.5-50.5 5/2 f 445 192.524 -0.004 440 956.514 0.091 5/2 e 522 634.470 -0.027 517 664.494 • -0.038 
5/2 e 445 192.524 0.018 440 956.514 o.no 3/2 f 524 402.120 0.302 519 296.680 • -0.003 
3/2 f 446S1S.910 -0.055 442 464.667 -0.107 3/2 e 523 694.620 0.054 
3/2 e 446 000.525 -0.193 441 867.806 -0.127 613-603 5/2 f 531 228.877 -0.041 526 1 77.570 • -0.034 

52.5-51.5 5/2 f 453 804.934 0.005 449487.154 o.oos 5/2 e 531 22S.S77 -O.OS4 526 177370 --0.06S 
5/2 e 453 804.934 0.023 449487.154 0.025 3/2 e 532 320.300 0.201 
3/2 f 455 450.069 -0.073 451012.114 -0.1J9 

'In MHz. 

the n = i lambda doublets. The relative intensities of these 
spin-orbit components are consistent with iheir energy sepa
ration of ~S30 

Figure 3 presents a spectrum of the n=f spin-orbit 
componenis of the J=43.5«—42.5 transition for the '"NiCN 
and ^*Ni"CN isotopomeis. The line corresponding to 
"Ni"CN is quite weak relative to the main isotopomer, and 
therefore this section of the spectrum is shovm as an in^et. 
The relative intensities of these lines are consistent with the 
'^C/"C natural abundance ratio of ~90.^'' 

IV. ANALYSIS 

The roiationai spectra for the ground vibrational state 
of NiCN were analyzed using the following effective 
Hamilionian.'--^--'' 

where the three terms concern the molecular frame rotation, 
spin-orbit coupling, and lambda-doubling. The form of the 
spin-orbit Hamiltonian can be found in Ref. 35, which in

cludes its centrifugal distortion corrections. The lambda-
doubling Hamiltonian involves the constants and . as 
defined in a case (a) basis,'* as well as several higher-order 
centrifugal distortion terms. 

^LD~^LD'^''^LD' 

where 

^LD= +yl)-i/2^i(yi5. ̂ Jls.) (3) 

and 

Kd" - +yi5_)-R']. 

-\IAp^h[U\S, + Jis- l-R-*] -

-i/4piJ(yis.+yis_)-R']. 

-i/4pi^(yi5.+y^.5-)-R'],. (4) 

The quantum number R here describes the rotational angular 
momentum, where the total angular momentum is defined as 
J = R-t-L + S. 
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TABLE n. Measured roiarional trajisidons for NiCK ssoioponim (X 11 = f. y = 0.® 

®NBCN "NiCN 

®'obs ®'cale ^cstr 

42.5-4L5 364 062-363 -0.021 

43.5^42.5 369 289.S49 -0.049 366 132.736 0.00? 372(506.776 -0.015 

43.5 377 757.081 -0.005 374 527.702 O.OCM 381 149.701 0.022 
45.5-^44.3 386 222.737 -0.021 382 921.121 -0.053 389 691.059 0.044 

463-45.5 394 686.898 0.018 391 313.115 -0.011 398 230.734 -0.028 
47.S-.46.5 403 149390 -0.028 399 703.455 -0.064 

483-47.5 411610.341 0.003 408 092355 0.035 
3U-50.5 440904.381 -0.067 

52.5-51.5 445 437.186 0.033 449433.953 0.022 
53.5—52.5 453 S89322 0.051 450 01U70 <0.000 457 961.578 -0.003 

54.5-533 462 339.994 OJ328 458 389.792 -0.022 466487.422 0.05S 

55.5-54.5 470 788^15 0.011 466 766399 0.067 475 011.270 0.026 
56.5—553 479 235290 -0.062 475 141.491 0.102 483 533.187 <0.000 

573-563 487 680226 0.052 483 514.408 0.0551 492 053.191 0.034 

583-573 496 123.121 0.0S3 500571.088 -0.032 
593-583 504 563.882 -0.027 500 254,435 -Q.Q30f 509 087.043 0.002 
60.5—593 513 002.685 -01^68 508 621.579 0.Q3i 517 600.825 -0.060 
613—603 521 439348 0.012 516 986.473 -0.127 526112.627 0.01! 
623—613 529 874.186 -0.03S 534 622.130 -0.071 
633 - 623 543 129.680 0.077 

'In MHz. 

The -"NICN and '"NiCN data sets were separately ana
lyzed using this Hamilionian in a nonlinear least squares 
fitting routine. ID both cases, the spin-orbit coupling con
stant was fixed to the value of -12441 000 MHz.'' Four 
centrifugal correction terms to the lambda-doubling tenn 
were found necessary for both analyses. (Centrifugal distor
tion corrections to were found not to improve the nns of 
the fit.) Such higher-order terms are not unusual for lambda-
doubling in slates where il > I. In the T ̂<t> state of CoH, for 
example. <?o, and gi were necessary to fit the optical 
specmim."' For the remaining isotopomers "NiCN, ^NiCN, 
and "'"Ni'^CN, rotational parameters for the n = f spin-orbit 
level were detennined. 

The resulting spectroscopic constants for the isoto
pomers of NiCN in its ground vibrational state are presented 
in Table III. As shown in the table, all parameters are well 
determined, even the higher-order terms, and the nns of each 
fit is <99 kHz—below the estimated experimental error of 
1:100 kHz. Also given in the table are roiationai parameters 
obtained from Kingston e/ alP for -"NiCN and ''NiCN for 
the fl = f ladder. The millimeter-wave and optica! constants 
are in good agreement. 

Each vibromc state of •"NiCN, ''NiCN. and '"NiCN 
was fit separately. For the 1)3 = 1 vibronic levels ('Hiij and 

'<t>7./2), the transitions were analyzed using the following 
case (c) energy level expression:""' 

Table ni. Spcciroscopic pararaeici? of NiCN y = 0.® 

Miliimcicr-wave Oplical® 

Parameter ®®NiCN '^iCN ®*NjCN •^NiCN "S'iCN 

B 4336.1464(17) 4294.8378(14) 
D 0.001 503 86(281 0.00147643(24) 

4330.0569(16) 4288.7898(17) 4250.0835(17) 4213.7076(181 42883416)161 4330.004(90) 4258.846(126) 

^N-3'2 0.00147034(27) 0.001 443 98(28) 0.(KH 41948(27) 0.001396 58(30) 0.001454 59(25) 0.001 50iS) 0.001 53(121 
A -1244 1000^ -12441000^ 
AQ -53381(17) -53109(14) 
AF! 0.000032 1512SJ 0.000031 12(24) 
PA 0.4090(87) 0347(11) 

PAD -0.000144 607) -0.0001319(94) 

PAH 320(30)X10"''' 3.07(37)X10"* 

PAL -4.19(56)X10~" -428(69)Xi0''^ 

PAP 234(41)X10"''* 235(50^X10"'* 
0.000083 3(76) 0.000074 1(70) 

saos 0.099 0.075 0.041 0.057 0.041 

•In MHz; errors are 2tr end to the last quo&ed decimal places. 
^From Ref. 22. Values 23% originally quoied in cm"'. 
'Held fixed Isee the test}. 
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NiCN (X^A:) 0 = 5/2 

n = 3/2 

364.647 354.362 365.496 385^11 
Frequency (GHz) 

386.326 356.340 

FIG. 2. A represeniaave specmno of ^*NiCN(Jir^A,) showing boih the O 

BI and I ^in-orbh con^nenB of the 44^4-43.5 naiadonaJ craa-
sttioQ Dear 385 GHz. Two frequenqr gi^s of —lOQ MHz each are present in 

this spectrum. The H ^ | feature b more iDiense, coasisient with the m< 

vened ground eiectronic stase. The » y ^m>-orbit component is s;^t into 
two lines with stmiiar inteasiiies by kmbda-dcmbling. This spectrum is s 
composite of three iOO MHz scans, esch **•! ia doraiioiL 

l )-£)j'(y+ l)^ + Wy'(J+I V' 

:tqaU-\l2)U+\n)(J^m). (S) 
The last lenii in this equation describes /"-Sype doubling, 
which was only needed for the vibronic stale. Spin-
rotation coupling had to be considered for the *S vibronic 
level, which was consequently fit using the standard case (b) 
Hamiltonian in integer quantities of N. As mentioned, the 
t w o - s p i n - r o t a t i o n  c o m p o n e n t s  p e r  t r a n s i t i o n  (N+l'-li) 
were separated by almost IB. Such large spin-rotation pa
rameters are commonly present in "S vibronic states." The 

NiCN (X'A,): O - 5/2 

"Ni"CN 

372.60 372.S2 37622 
Frequency (GHz) 

376.24 

FIG. 3. A specmuB showing she 0 = f spsn-oibk camponenis of she J 
= 43.5*—42.5 roialionsJ transiEion of ^®NiCN and ®®Ni'^CN, measurwj near 
376 GHz in she nasmml abundance of aazbon. Each socsion is a|iproxiniaiely 
30 MH2 jn widEh, wish a fesHjuency gap of abous 3.5 GHz. The '"Ni^^CN 
feature is soo weak so be observed on she same scaie as ^®NiCN. Thus, an 
snlai^ed view is shown in she inset, which consists of an average of foar, 5 
MHz scasis, each wish a dnradon of sbous 30 s. The main specsnsn is 
composed of data saken &om two, 100 MHz scans, each lasting — 1 min. 

remaining vibronic components of the t'; = 2 and 3 levels 
were analyzed with effective rotational constants. The results 
of these analyses are given in Table iV. along with rotational 
parameters derived from the optical studies, when available. 
Again, there is excellent agreement between the data sets. 

V. DISCUSSION 

A. The structure of NiCN 

Because a sufficient number of Isotopomers of NiCN 
have been studied, several structures can be obtained for this 
molecule. Unfortunately, both spin-orbit components were 
observed for only the '"NiCN and "NiCN species. There
fore. only an /"o geometry can be calculated for this molecule 
based on the rotational constants in the "A, ground state. The 
resulting bond lengths are r^.ic= 1.8281(6) .A and 
= 1.1580(8) A, las shown in Table V, However, rotational 
spectra of five ^topomers in the f) = j ladder were mea

sured; thus, rii, r,, and r'J' structures based on these data 
can also be denv^. The r„ geometries were established by 
doing a nonlinear least-squares fit to the moments of inertia 
for the specific isotopomers. while the /•, structure was de
rived using Kiaitchman's equations.''" The ' geometry was 
determined using the method of Watson."' which partially 
corrects for zero-point vibrations. (The calculation of an 
structure could not be done because the nitrogen atom was 
not isotopically substituted.) These geometries are presented 
in Table V. As shown, the resulting bond lengths agree to 
within 0.003 A for the Ni-C bond, the shortest value (I .S263 

A) being that obtained by the r'J' method. The C-N bond 
distances vary by only 0.007 again, the shonest bond 
length is the value (rc^.= 1.152 .\). The (fl = j) 
structure also agrees with that obtained by Kingston et al. to 
within 0.0001 A: their values were derived from the '"NiCN 
and '"NiC'"N isotopomers only. 

Also included in Table V are the structures for CuCN, 
ZnCN, and GaCN. (For gallium, the more stable isomer is 
actually GaNC, but for comparison the cyanide is more ap
propriate.) From nickel through gallium, the metal-carbon 
bond length steadily increases, although not uniformly. For 
example, the Cu-C and Ni-C bond lengths are quite similar, 
differing by only ~0.01 A. This result is e.\pccied because 
the electronic configurations differ by only one r.onbonding S 
electron. The metal-carbon bond lengths for these two mol
ecules thus reflect their atomic radii-''" In contrast, the M-C 
bond length difference between CuCN and ZnCN is signifi
cantly larger, in fact, nearly 0.11 A. .A,s suggested by ah initio 
calculations,' the change in configuration from CuCN to 
ZnCN involves the addition of an extra electron into an an-
tibonding 5(t molecular orbital. Hence, the lengthening of 
the metal—carbon bond is expected. Similarly, an increase of 
~0.il A is observed between the Zn-C and Ga-C bond 
lengths, which can be explained by the addition of a second 
electron into this Sa orbital. There is little difference be
tween roost of the C-N bond lengths, which are ver\' close to 
that in HCN {r^~ 1.1532 A).'" The exception here is ZnCN, 
which has rcN= 1.1417 A, anomalously shon.*' 

The relative strengths of the metal-carbon bond can be 
estimated from the conesponding stretching !T-'cjencies. The 
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TABLE rv. SpecETOscopk panuneicre for vibronic siaies of NsCN 

P. M. Shendan and L. M. Ziurys 

Jt'I PanmicJcr 

MiUiraeicr-wavc Opijcar' 

Jt'I PanmicJcr •'NiCN ^iCN ^•NsCK •^K-iCN '"NXX 

lOJOl %.N B 435I-9?61(631 4310.4932(631 4271.5825(79) 4351.434n89 ) 4309.963(174) 
D 0.001 777 2(23) 0.001 741 0123) 0.001 706 9(261 
H 9.40(27>xi0'^ 8.93{26)XI0'^ S.45l2S>X 

9 0.000 2100(55) 0.000 204 1(61) 0.000 202 7(54) 
fins 0.043 0.049 0.044 

<010) -43,^ B 4351.9809t89) 4310.495(12) 4271.5828(83) -i35i-:st-l2! 
D 0.001 300 7(33) 0.001282 9(49) 0.001 265 3(29) 
H -9J5{40)x iO'^ -8.74(62)X 10'^ -8J2( 34)X 10"' 

TOS 0.031 0.017 0.069 
<0201 -ie.- B 4373.857M61 4331.457(371 

D 0.002 529(15) 0.002 473(11) 
H 3.10{i5)X10'* 2.95{12)X10'' 
rms 0.034 0.053 

10201 B 4374.JS38<23I 4332.4777(19) 
D 0.00! 614 2H49) 0.00! 58632(37) 
y 87I2J7<44) 8629.18(36) 

YO -0.006 944(62) -0.006 784(48) 
nas 0.054 0.050 

10201 3 4374JS87I25) 4332.6793(27) 4374.09041 433236133) 
D 0.001 61894(47) 0.001 591 4H53) 
HBS 0.056 0.037 

(030) B 4396.798U5) 
D 0.001 788(25) 
H 1J2<62)X10"'' 
L - 1.97(551X 10"'* 

(030) 
rms 0.032 

(030) B 4397.16951181 
0 0.001 694 48(31) 
nns 0.039 

UOO) -.i.,; B 431949407) 4278.085(37) 
D 0.002713(H) 0.002 651(11) 
H 4.66(12>X10'^ 4.48( 12)X 10~* 
rms 0.078 0.090 

*ln MHz. ctrors are ia and apply io ihe lass qumed decira&i places. 
^From Ref. 22. Values art oiiginaliy quoted in cm~'. 
Til wi(h 3 case (fa) Hamilionian with miecer quanitun numbers. 

frequency of the Ni-C stretch, a>|, has been measured by 
Kingston ei at. to be 301.8 As an independent test, 
<j)i can also be approximated using the Kiatzer 
relationship,'" if the CN ligand is treated as a unit. For 
'"NiCN, <U| was calculated to be 491 cm"'. The value com
puted for CuCN, using the same assumptions, was 478 
cm"'.^" These stretching frequencies are much larger than 
those estimated forZnCN and GaCN, which ait 418 and 348 
cm"respectively. This comparison implies that the 
metal-carbon bond in NiCN, a free radical, is similar to that 
of CuCN, a ciosed-shell molecule. The extra electron in the 
diffuse S nonbonding molecular orbital in CuCN does not 
apparently influence ihe metal-carbon bond to any signifi
cant degree. 

Rotational transitions within the first three quanta of the 
bending mode were observed; consequently, the vibration-
rotation constant, OT . be estimated for NiCN, using the 

expression = 02(1)2+I), where B^ = B^-\t2(ai 
+ 03). Using the values of for the 

and states (y2 = 0, !, 2, and 3), a least-squares 

analysis results in 5,.=4307.4626(12) MHz and aj 
= -22.3746(5) MHz. The value obtained for a- is consis
tent with those calculated for CuCN and ZnCN. which are 
-26.7125(4) MHz and -31.5974(6) MHz, respectively.^"'^' 

Hence, o, scales approximately with mass for all three spe
cies. indicating these metal cyanides are fairh rigid and not 
subject to quasilinear behavior. 

B. Renner-Teller interactions in NICN 

The pure rotational spectra measured here clearly indi
cate that for NiCN. the spin-orbit splitting is significantly 
larger than the Renner-Teller coupling, i.e., (The 
Renner parameter c is really defined only for 11 stales.'"''"''") 
The identification of almost all Renner-Teller components 
for the three quanta of the bend originating from the 0 = f 
ladder, but none in the other spin-orbit component (fl 
= f), is good evidence for this extreme case, in the rotational 
spectra, the splitting between the vibronic components is 
small, as well, indicating weak Renner-Teller coupling. 
These findings are in agreement with the optical studv of 
NiCN. 

An energy level diagram illustrating the relative contri
butions of Renner-Teller and spin-orbit couplings is pre
sented in Fig. 4. Only levels for f2 = I, 2. and 3 are shown 
for simplicity. Detected levels are indicated by solid lines 
and those not observed by dashed lines. As shown. Renner-
Teller coupling effectively generates "duplicate" vibronic 
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TABLE V. Bond lengths for srassisbn mtaal cyasndR. 

Molecule Scructose f M-C r c-N 

NBCN li28I(6) I.I5S0(S) 
1.8293(1) 1.1590(2) 

% 

^3 
>•1" 

1J292 1.1534 

% 

^3 
>•1" 

1.826M9) 1.152(1) 

CuCN^ 
% 

^3 
>•1" 

1.832 31(7) 
1.832 S4(4) 
U358 

1.1576(1) 
1.15669(3) 
1.1573 

ZnOT 
r. 

1.9545 
1.9525 
1.9496 

i.J4$4 
1.1434 
1.1417 

GaCN^ 2.0616(4) 
2.059 

1.1580(6) 
1.160 

2.058 1.160 

^Cakulflied fnna O - 2 only, 
^fersice 20. 
^Reference 21. 
^Reference 14. 

levels for the n = f and n = f spin-oibil components. The 
energy separation of the two Sine structure levels (~S30 
era* ) is quite large compared to the vibronic state separa
tions. Consequently, the O = j set of vibronic levels is too 
weak in intensity to be detected, given the experimental con
ditions. 

When A is large compared to the Renner parameter, 
"spin uncoupling" is thought to occur. The two spin-orbit 
ladders in this case might be better analyzed as separate elec
tronic states in a case (c) basis. Although our case (a) mod
eling of NiCN seems perfectly adequate (a rms of fit —99 
kHz for 54 fitted spectral features), the lambda-doubling 
splitting in the n = J ladder did require several higher-order 
centrifugal distortion constants. Such higher-order terms 
were also likely necessitated by the perturbing effect of a 
nearby '113,j excited electronic state, as found by Kingston 
et aL In fact, these authors suggest the substate to be 
-12% J 3 in character. 

Another effect of spin uncoupling is to generate very 
large spin-rotation parameters in "2 vibronic states."' Large 
s p i n - r o t a t i o n  s p l i t t i n g s  h a v e  b e e n  o b s e r v e d  i n  t h e  d j "  I ,  

l e v e l s  o f  N C O  f o r  e x a m p l e .  T h e  ' 1 ( u j  
- 2 )  vibronic state of NiCN also exhibits a large y  (8712 
MHz), which is nearly 25 (8748 MHz). This data set could 
also be fit almost equally as well with half-integer rotational 
quantum numbers in a case (c) basis. 

Pure rotational data can be used to deduce various mani
festations of the Renner-Teller effect, such as anharmonic 
potential constants.'''" For H electronic states, such effects 
for rotational spectra have been worked out in detail by 
Hougen.'" Unfonunately, the analogous treatment has not 
been carried out for A electronic states, although more gen
eral theoretical considerations have been developed by sev
eral authors,''-^'"'" including recent work by Peric and 
Peyerimhoff.'° Because, to our knowledge, this work is the 
first pure rotational study of the vibronic levels in a 'A elec
tronic state, iheit has been no experimental motivation to 
carry out such derivations. 

Approximate energies of the 1  and A (i;; = 2) vibronic 
states can be estimated from the Renner parameters c and a, 

X 

Kr. 

3d transition raelal cyankjss S377 

% 

T 
2 

2 1 

%r. 

AEgo-830cin"' 

Vibrational Manifold for NiCN (X Aj) 

FIG. 4. AB energy level diagram of the vibraiionaJ msnifoid for NiCTN. The 
vSsionic coc^>asents of she first three quania of che bending mode, which 
ase generated by Renner-Teller isiciacuons. are shown in bosh spin-orbit 
components. The separation of the two spin-oibit ladders is roughly 830 
a&~', 85 indicated. The solid lines represent vibronic levels measured is thb 
waA. whiie the dashed ones were not observed. The *^5-2 vibronic level of 

2 mode is shifted in energy by Fenoi resonance, as indicated by the 

emm. As shown, only the vibronic components of f) = f were observed in 
this work, indicating that the spin-oibit istetsciions axe greaser than 
Renner-Teller couplings. (Tlie approximate energies of the vibronic com
ponents are largely based on the work of Kingston ei al.) 

however, as described by Peric and PeyerimhofT."'" Using 
expressions from these authors for the case where A>aut2. 
cojj (juj is the bending frequency i, c and a can be calculated 
from the energies measured for the !-'2 = 1, imd Oj.-j 
vibronic levels from Kingston a al. 1244.9641 and 243.6398 
cm"', respectively). The values determmed are c = 0.0333 
a n d  o  =  0 . 0 0 2 2 8 ,  w h i c h  y i e l d  £ ( ' ! £ )  =  4 7 6 . 5  c m " £ ( ^ A )  
= 475.9 cm" and £(^r) = 485.4 cm" The energy for the 
r state compares well with that deduccd from the dispersed 
fluorescence spectra of NiCN, which is —475 cm"'.^' As 
these numbers show, Renner-Teller coupling in NiCN does 
not significantly separate the t;2 = 2 vibronic levels. Any ad
ditional shifting of energies must be a result of Fermi reso
nance. 

C. Lambda-doubling in NiCN 

The theory of lambda-doubling has been studied in some 
detail for A electronic states, where it requires a treatment by 
fourth-order perturbation theory.-" In general, this interaction 
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is not expected to be as large as in 11 states. Nonetheless, 
lambda-doubling has been observed in ^A, 'A, and "A 
states.'""'^'"^ 

In "A states, lambda-doubling has been investigated, to 
our knowledge, in only two molecules: and NiCN. 
Lambda-doubling was observed in both spin-orbit compo
nents for the hydride, in contrast to the cyanide. In NiH, the 
splitting in the n = J ladder was quite large, in fact, on the 
order of many gigaheru in the lower rotational levels, conc-
sponding to Pi= 188.614 MHz. In NiCN, the py parameter 
is much smaller. 0.4090 MHz, which generates splittings of 
the order 800 MHz in the transitions studied here. The 
constants also vary by several orders of magnitude between 
the two molecules. The large difference in lambda-doubling 
parameters between NiH and NiCN is expected since this 
interaction is mass dependent. 

Lambda-doubling constants can be used to obtain infor
mation about the excited electronic states, which perturb the 
ground state and give rise to this phenomenon. If one as
sumes that the splitting arises iixim perturbations of unique 
1 and n excited states (i.e., the "pure precession" model), 
then the lambda-doubling constant can be related to the 
energy differences between these states via the following 
expression."^'" 

9bB'A 

Here B is the rotational constant of the ground state, A is the 
spin-orbit parameter, and Ex and Ejj sie the energies of the 
closest perturbing excited and Tl states, respectively. 
The constant , derived in a case (b) basis, can be related 
to Pi and via the relationship 

For NiCN, the energy of the nearest -S state has not yet 
been measured. (The lowest-lying Aj/2 stale has been ob
served optically ar»d '''0® Assuming 

that pi~-pa (i.e., is negligible), the energy 
difference for NiCN can be calculated using Eq. (6). (We use 
the ^Aj, spin-orbit component because this sublevel alone 
was used to derive p^.) This energy was calculated to be 
A£~4.5 cm" ', suggesting that there is a low-lying excited 

state in the vicinity of the fl = f ground state spin-orbit 
component. 

This approximation, however, is an oversimplification. 
As described by Kingston et ai, there are many low-lying 
excited electronic states, so the notion of "unique pcrturb-
ers" cannot be accurate. Moreover, there is thought to be 
significant mixing of the 'ij, sub-state with a nearby Tls.-
state. Perhaps a "supermultiplet" model is more appropriate 
for NiCN. as has been used to describe NiH.""* On the other 
hand, applying the same expression to NiH, where the en
ergy differences of nearby 1 and A excited slates have been 
measured,"'^"^' a calculation of the p^ parameter yields 221 
MHz. This value is in relatively good agreement with the 
measured number, p^ = 190 MHz. 

D. Evidence for covalent bonding 

Another interesting question concerning NiCN is the na
ture of the nickel-cyanide bond. .Although the cyanide moi

ety can exist as CN", as is found in NaCN and KCN,'"'" 
there is evidence that the Ni'CN" configuraiion is not par
ticularly significant for this molecule. The electronic ground 
state of NiCN is "A. for example, which is the same as for 
NiH. Given the small electronegativity dift'crencc between 
nickel and hydrogen (0.0291, the bonding is likely to be quite 
covalent in the hydride. In contrast, two ionic nickel-bearing 
compounds, NiF and NiCl. both have -fl ground electronic 
states.^'^ The electronegaiivity diflerence between nickel 
and fluorine is 2.07—an order of magnitude larger than in 
NiH. It can thus be inferred thai the metaJ-Ugand bond in 
NiCN resembles NiH more closely than the ionic species 
NiF and NiCl. arguing for a significant covalent character in 
this molecule. 

Additional evidence for covalent bonding in NiCN arises 
from the spin-orbit constant. Using the energy levels of the 

ground state!of Ni*,'' the spin-orbit constant is calcu
lated to be -6018 cm"'. The spin-orbit constant of NiCN is 
—415 cm"', simificantly lower than that of the Ni". In fact, 
it is closer to TO value for a nickel atom: -330 cm"'." 
Hence, in NiCN, the nickel behaves more like the neutral 
atom than the ion, again supporting a covalent picture of the 
Ni-ligand bond. 

Perhaps the best argument for covalency arises from the 
linear cyanide structure of NiCN itself. This geometry, which 
is also observed in the zinc and copper analogs.^"'"' can be 
explained by considering the metal atomic orbitals involved 
in bonding. The Ni-C bond occurs through a cr-type molecu
lar orbital formed from the metal 4.5 orbital and 5a molecu
lar orbital of CN. The 5a orbital has slightly more nitrogen 
character, and, hence, at first glance, the metal should bond 
to the N atom. However, nickel also possesses a nearly full 
3</-electron subshell. 3(/*. The 3d subs hell is still relatively 
close in energy to both the 4.t level for this atom and the 
unoccupied r antibonding molecular orbital of CN, which is 
mora carbon in character. Thus, nickcl 3i/ electron density 
can back-bond into the empty r molecular orbitals of CN, 
which consequently results in the preference of a Ni-C 
bond. The presence of back-bonding is usually associated 
with covalent bonding as well. 

VI. CONCLUSION 

Measurement of the pure rotational spectrum of NiCN in 
its 'A, ground electronic state has enabled the identification 
of both spin-orbit components of this molecule, as well as 
new vibronic levels. It has also confirmed the linear cyanide 
structure of this radical, as indicated by optical studies, in the 
higher lying spin-orbit sublevel (11 = f), significant lambda-
doubling interactions were observed, as has also been found 
in NiH (X^A;), These finoings suggest a low-lying excited 
^2 state. Several quanta of the V2 bending mode were ob
served in the data, which follow a regular pattern and suggest 
that NiCN is a fairly rigid species, even though it is a radical. 
Many vibronic components of the f 3 bend were also identi
fied. but only those arising from the lower spin-orbit com
ponent, n = f Renner-Teller coupling is therefore consider
ably smaller relative to the spin-orbit splitting, ."vmong 
vibronic levels investigated was the "1,; (i.'; = 2) subsiate. 
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which exhibits large spin-rotation splitting {y2B) due to 
spin-iancoupimg effecis. The linear cyanide stnicture for 
NiCN, the value of its spin-orbit constant, and its ground 
electronic state all indicate that the bondiijg in this radical is 
predominantly covalent. 
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EPAPS Table 1. Measured Rotational Transitions of Vibronic Stales ofNiCN (X'Aj)'' 

'"NiCN '^iCN "NiCN 

(Vl,V2,V3) Kp J+1 <-J Vcfe Vobs-Vcalc Vote Vobs-Vcalc Vobs-Vcaic 

(010) 07a 42 5 <-41.5 369511.212 0.011 365990.942 0026 
43.5 <r 42.5 378185.355 0.013 374582,552 0.008 371203.304 -0.028 
44.5 <r 43.5 386858.016 -0.017 383172.723 -0.024 379716.218 0.052 
45.5 44 5 395529 236 <0.000 391761.493 0,007 388227,536 -0.024 
46.5 <r 45 5 404198.908 -0.005 400348.698 -0.029 396737,445 -0.034 
47.5 <r 46.5 405245.904 0.019 
50.5 <• 49.5 438861.590 0.002 1 
51.5 4-50.5 447523.043 -0.010 443261.100 -0.010 439263,654 0.013 
52.5 <- 51.5 456182.744 -0.013 45183,8.555 <0.000 447763,932 0.008 
53.5 <r 52.5 464840.659 <0.000 460414.249 0.017 
54.5 <r 53.5 473496.724 0.004 468988.099 -0.002 464759.240 0.004 
55.5 <r 54.5 482150.897 -0 001 477560.134 0.013 473254.201 0.014 
56.5 <r 55.5 490803.130 -0.022 486130.263 0.009 • 481747.337 0.056 
57.5 <- 56.5 499453.430 -0.009 494698.469 0.011 490238.357 -0.123 
58.5 57.5 508101.828 0,110 503264.667 -0.025 498727.802 0.059 
59.5 <- 58.5 516747.918 -0.029 507215.121 0.091 
60.5 59.5 525392.046 -0.035 515700 107 -0.192 
61.5 <- 60.5 524183.541 0.030 
62.5 61.5 532664.677 0.055 

(020) 51.5 <r 50.5 449192.863 0.037 444853.305 0.086 
52.5 <r 51.5 457865.234 -0.036 453442.336 -0.031 
53.5 <r 52.5 466535.064 -0.001 462028.778 -0.134 
54.5 <r 53.5 475202.141 -0.040 470612.858 0,035 
55.5 4r 54.5 483866.644 0.052 479194.080 0,007 
56 5 <r 55.5 492528.241 -0.028 487772.651 0,017 
57.5 4r 56.5 501187 170 -0.017 496348.493 0,013 
58.5 <- 57.5 509843.376 0.054 504921.620 0.033 
59.5 <r 58.5 518496.647 -0.003 513491.909 -0.022 
60.5 <- 59.5 527147.131 -0.019 522059.511 0.022 
61.5 60 5 530624.216 -0.025 

(020) Fv,^ 42.5 <-41.5 371325.920 -0.004 367789.027 -0.050 
43.5 <r 42.5 380038.790 0.011 376419,105 -0.019 
44.5 <- 43.5 388749.955 0.012 385047,501 -0.008 
45.5 <- 44.5 397459,418 0.039 393674.248 0.053 
46 5 <- 45.5 406167.071 0.025 402299.179 0.036 
50.5 <- 49.5 440979.217 -0.044 436780.858 0.065 
51.5 <r 50.5 449677.396 -0.110 445396,443 -0.036 
52.5 <r 51.5 458373.672 -0.079 454010.168 -0.030 
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EPAPS Table 1. Cont'd. 
TS "^iCN ~si-'NiCN NiCN 

(vi.vz.vj) Kp J+1 <•] Vobs Votjg-Vcalc Vote Vote-VcaJc 

53.5 <- 52,5 467067.989 0.034 462621,902 -0.010 
54.5 <-53.5 475760.189 0.108 471231,552 -0.030 
55,5 <-54,5 484450 123 0,034 479839.199 0.028 
56.5 <-55.5 493137,917 -0.024 

42.5 <-41.5 373187,244 0.054 
43.5 <-42.5 381941,911 -0.051 
44.5 <-43.5 390694,905 -0.009 II 
45.5 <-44.5 399445.991 -0.010 / ' li 
51.5 <-50.5 451910.773 0,011 ll 
53.5 <- 52.5 469381.978 0,041 
54.5 <- 53.5 478114.078 -0,013 
55.5 <-54.5 486843.878 -0,004 
56.5 <- 55.5 495571.238 -0,016 
57.5 <- 56.5 504296.139 -0,009 
59.5 <- 58.5 521738,255 -0,007 
60.5 <- 59.5 530455,369 0,013 

42.5 <-41.5 373239,057 -0,042 
43.5 <-42.5 381995,804 -0,035 
44.5 <-43.5 390750,852 0,042 
45.5 <-44.5 399503,953 -0,019 
46.5 <- 45.5 408255,289 0,006 
50.5 <- 49.5 443241,239 0,028 
51.5 <- 50.5 451982,690 0,030 
52.5 <- 51.5 460721 934 -0,081 
53,5 <- 52,5 469459,275 0,040 
54,5 <- 53,5 478194,327 0,048 
55,5 <- 54,5 486927,149 0,042 
56.5 <- 55.5 495657.641 -0,037 
57.5 <- 56.5 504385,989 0,038 
58.5 <- 57.5 513111,882 -0,003 
59.5 <- 58.5 521835,432 -0,009 
60.5 <- 59.5 530556,525 -0,052 

51.5 <- 50.5 443527,127 0,049 439291.606 0.139 
52.5 <- 51.5 452088.316 0,055 447771.446 0.019 
53.5 <- 52.5 456248.675 -0.149 
54 5 <- 53.5 469202 627 -0,154 464723.538 -0.101 
55.5 <- 54.5 477756.015 -0.069 473195 794 -0 062 
56 5 <- 55.5 486306,707 -0,022 481665.450 -0 011 

V„bs Vote-Vcalc 

(020) Tm 

(030) <l>7a 

(030) H, 

(100) As;: 
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EPAPS Table 1. Cont'd. 

'"NiCN •^iCN 
(V).V2,V3) Kp J+1 <-J Vdbs Vobs-Vcsic Vofcg-Vcalc 

(100) A,., 57.5 <• 56 5 494854.744 0.040 490132,536 0 097 
58.5 <r 57.5 503400.100 0.102 498596.846 0.067 
59.5 <r 58.5 511942 686 0.085 507058.569 0.095 
60.5 4r 59.5 520482.503 -0.006 515517.519 0.006 
61.5 ^ 60.5 529019.635 -0.080 523973.794 -0.100 

•NiCN 

Vote Vobs'Vcalc 

a) InMHz 



EPAPS Table 2. Measured Rotational Transitions of the v; = 1: Vibronic State of NiCN (X'Ai) 

•"^iCN ""NICN "NiCN 

J+1 <r J Parity v,^ Vota-Vcalc Vobs Vobs-VoUc Vobs~Vealc 

43.5 <-42.5 f 378044.708 -0.024 374447.190 -0.023 
e 378045.891 -0 033 374448.289 -0.083 

44.5 ^43.5 f 386708.415 -0.003 383028.666 -0.057 
e 386709.684 0.018 383029 937 0.002 

45.5 4-44.5 f 395370.311 0.006 391608.550 0.083 
e 395371.630 0.021 391609.776 0.042, 

46.5 <-45.5 f 404030.365 0.008 400186.457 0.047 396580.924 0.097 
e 404031.758 0.039 400187/770 0.037 396582.164 0022 

47.5 <-46 5 f 
e 

/ 

/ 
405079.892 
405081.270 

-0.056 
-0.050 

50.5 <-49 5 f 
e 

438651.515 
438653.125 

0.006 
0.009 

51.5 ^50.5 f 447301.846 -0.014 443047.863 -0.036 
e 447303.547 0.016 443049.580 0.058 

52.5 <- 51.5 f 455950.130 -0.037 451614.296 -0.017 447547.302 -0.005 
e 455951.914 0.010 451616.022 0.022 447548.973 -0.010 

53.5 <-52.5 f 464596.389 -0.009 460178.708 0.020 456034.928 0.031 
e 464598.178 -0.023 460180.376 -0.064 456036.598 -0.039 

54.5 <- 53.5 f 473240.535 0.017 468740.914 -0.076 464520.443 -0.007 
e 473242.347 -0.043 468742.833 0.024 464522.240 -0.016 

55.5 <- 54 5 f 481882.477 -0.019 477301.200 O.OIl 473003.885 -0.049 
e 481884.405 -0.032 477303.044 -0.031 473005.791 -0,016 

56.5 <-55.5 f 490522.296 -0.003 485859.263 0.012 481485.284 -0.032 
e 490524.283 -0.027 485861.184 -0.021 481487.271 . 0.014 

57.5 <- 56.5 f 499159.882 -0.013 494415.146 0.001 489964.587 0.020 
e 499162.150 0.172 494417.137 -0.032 489966.639 0.062 

58.5 <-57.5 f 507795.251 -0.001 502968.790 -0.050 498441.645 -0.009 
e 507797.386 -0.022 502971.053 0.118 498443.724 -0.011 

59.5 <- 58.5 f 516428.391 0.052 511520 334 0.030 506916.575 0.029 
e 516430.554 -0.015 511522.460 -0.011 506918.794 0.095 

60,5 <-59.5 f 525059.140 0.015 520069.544 0.,037 515389.235 0.020 
e 525061.361 -0.070 520071.720 -0.027 515391.436 -0.004 

61.5 <- 60 5 f 528616.429 0.011 523859.585 -0.043 
e 528618.704 -0.030 523861.928 < 0.000 

62,5 <-61.5 f 
e 

532327.774 
532330073 

0.017 
-0.060 

a) ta MHz 



EPAPS Table 3. Measured Rotational Transitions of the vj = 2; ^EiaVibronic State of NiCN (X^Aj) *' 

»NiCN 
N+1 <-N J+1 4-J Vo|js"VcaJc Vota V<^-Vca!c 

42 4r 41 42.5 <r 41.5 371290.957 -0.069 367754.767 -0,032 

43 <r 42 42.5 4- 41.5 371329.692 0.027 367792.969 0.009 

43 4- 42 43.5 <r 42.5 380003.484 -0.038 376384 485 -0.023 

44 4- 43 43.5 4- 42.5 380042.323 0.037 376422.730 -0.052 

44 <r 43 44.5 4- 43.5 388714.360 0.029 385012.481 -0.078 
45 <r 44 44.5 4- 43.5 388753.240 0.016 385051.009 0.060 
45 4r 44 45.5 4- 44.5 397423.441 0.026 393638.942 0,027 
46 4- 45 45.5 4- 44.5 397462.455 0.015 393677 401 -0.022 

46 4- 45 46.5 4- 45.5 406130.811 0.076 402263.576 0.039 
47 4- 46 46.5 4- 45.5 406169.813 •p.081 402302.163 -0.003 
50 4- 49 50.5 4- 49.5 440941.624 0.026 436743.972 0.543 
51 4- 50 50.5 4- 49.5 440981.235 -0.088 436783.011 -0,057 

51 4- 50 51.5 4- 50.5 449639.567 0.051 445359 374 0,062 

52 4- 51 51.5 4- 50.5 449679.368 -0.022 445398.614 0,028 
52 4- 51 52.5 4- 51.5 458335.366 -0.071 453972.830 0.097 
53 52 52.5 4- 51.5 458375.452 -0.011 454012.188 0.044 

53 4- 52 53.5 4- 52,5 467029.293 -0,030 462584.184 0,030 
54 4- 53 53.5 4- 52.5 467069.610 0.107 462623.714 0,010 
54 4- 53 54.5 4- 53.5 471193.473 -0,065 
55 4- 54 54.5 4- 53.5 471233.234 0.005 
55 4- 54 55.5 4- 54.5 479800.741 -0,103 

56 4- 55 55.5 4- 54.5 479840.656 -0,025 
a) In MHz. 
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ROTATIONAL REST FREQUENCIES FOR FeN (X^Ai) AND REVISED 
SPECTROSCOPIC CONSTANTS FOR FeC (X^AO 

P. M. Sheridan, L. M. Ziurys, and T. Hirano, Astrophys. J. Letters 593, L141 - LI44 
(2003). 
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ABSTRACT 
The pure rotational spectrum of FeN in its X ^A, ground state has been nsconled using millinieter-wave direct 

absorption techniques in the range 198-525 GHz. New measuremasts have also been carried out  for FeC (X'A,), 
in particular of the 0 = 1 fine-structure compomast and the "FeC isotopomer. These molecules were created by 
the reaction of iron vapor with either CH^ (FeQ or N, (FeN) in a DC discharge. Ei^t rotational transitions were 
recorded for FeN in its lowest-lying spin component, Q = 5/2, and mtitMe transirions were measured for FeC 
in all three of its spin-orbit ladders, as well as for ^*FeC (Jl = 3). These data have been analyzed, and precise 
spectroscopic constants for both radicals have been deteraoined. The Sm stnictuTE in FeC was found to e^Tjit 
an irregular pattern, indicating that higher order spin-oiirit perturbations are occurring in this molecule. Although 
only one spin component was observed for FeN, the bond length established from the 0 = 5/2 data is consistoit 
with a '& ground state, as indicated by theoiy. Fe-bearing species are relevant to many astrophysical topics, 
including asttijcbemistry, dust grains composition, nucleosyottesis, aod mass loss from asymptotic giant branch 

Subject headings: aslrochemistry — ISM: molecules — line: identification — methods: laboratory — 
molecular data — stars: AGB and post-AGB 

1. INTRODUCnON 

Iron is known to play an important role in a variety of as
trophysical environments. For instance, this element is central 
to nucleosynthesis. Not only is "Fe the most stable naturally 
occurring nucleus, and hence the end product of silicon burn
ing, but it is thought to be preferentiaBy made by Type la 
supeiBovae (e.g., Hughes et al. 2003). Therefore, the interstellar 
Fe abundance is thought to be a direct indicator of the Type 
la occurrence rate. Iron is also important for interstellar grains 
(e.g^ Zinner 1998). Calcium-aluminum-rich inclusions in me
teorites contain iron, for example. 

Because iron is central to many astrophysical themes, it is 
ureful to study this element in molecular fonn. Various alu
minum, magnesium, and sodium-bearing molecules have in fact 
ateady been detected in circumstellar envelopes of asymptotic 
giant branch (AGB) and post-AGB stars (e.g., Highberger et 

2001). These species have provided a means of evaluating 
irotope ratios such as "Mg : : "Mg (Guelin et al. 1995), 
yielding observatioml consBainte of AGB nucleosynthesis. 
Measurements of isotope ratios such as "FeA'Fe would dearly 
be of interest. 

Two iron-containing molecules that might be of use for such 
invesngations are FeC and FeN. Originally observed in the 
labraatory by laser-induced fluorescence (IIF) methods (Bal
four et al. 1995), the pure rotational specmim of FeC in its X 
A, ground electronic state was subsequently recorded by Allra, 

Pesch, & Ziurys (19%). However, both these studies tiKasured 
only two of the three possible fine-structure components in this 
radical (0 = 3 and Q = 2). More recent studies using near-
inftared laser diode spectroscopy by Leung et al. (2001) and 
Fujitake et al. (2001) have resulted in the identification of a 
nearby 'A state, as well as the 0 = 1 component in the ^A 

' Mcrek FcUow. 

ground state. Both sets of authors foutjd unequal energy spac-
ings between the three spin ladders in the ground state, sug
gesting that the 0 = 2 level was perturbed by the excited 'A 
state. This perturbation made it more difficult to locate the 
Q = I component in the previous investigations. 

For FeN, laboratory data thus far have been confined to one 
study: LIF spectroscopy by Aiuchi & Shibuya (2000). Various 
electronic transitions were recorded in this work, which all 
originated from an electronic ground state that had the quantum 
number Q = 5/2. TTiese authews therefore concluded that the 
ground state teim was either 'A or *11 but could not distinguish 
between fliem. Previous ab initio calculations by Fielder & 
Iwata (J997) had suggested four possibilities for the ground 
stale of FeN: 'A, H, and "E'. 

In this Lettei, we present measurements of the pure rotational 
spectra of FeN in its lowest energy spin component, 0 = 
5/2. Although the 0 = 3/2 spin ladder was not observed, this 
work is consistent with the ground state of FeN being 
Spectra of FeC in its 0 = 1 spin level have also been recorde4 
which has enabled a complete set of spectroscopic parameters 
for this radical in its X'̂  state to be determin^. In addition, 
new measurements of the ''Fe isotopomer in the 0 = 3 ladder 
have been obtained. 

2. EXPERIMENTAL 

The measurements were conducted using the high-temper
ature miUimeter/suhmillimeter direct absorption spectrometer 
of the Ziurys group. This inslroment is similar to that described 
in Ziurys et ai (1994), excqjt the optics scheme employs offset 
ellipsoidal miirors as focusing elements, along with a path-
length modulator for improved baseline stability. Also, the re
action chamber has a double-walled construction for maximum 
cooling. 

Both FeC and FeN were synthesized by the reaaion of iron 

L141 
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TABLE J 
M£A5Uiie> ROTATIONAI TaANSimw FsEouENaaa (m MHz) 

o r  F t N  < X  ' A )  A N D  F e C  ( X  % )  
J J+ 1 Q ®«Ssi êSm ~ 

FeN SJ 2  ̂ 193763.24  ̂ 0.047 
5J 6J 2J 234890,643 -0.039 
Si 9J 2J 54323S.822 -0J)19 

IQJ IS 379335.603 0.035 
iOJ Jli IS 415426.173 -0.014 
lU 12J 15 451506.840 0.010 
12J I3i 15 487576J98 -0.032 
13J I4i IS 523634.739 0.020 

^eC 5 6 3 240862.951 -0.004 
5 6 2 242020332 0.004 
5 6 242480360 0i)13 
6 7 3 280989.165 -0.002 
€ 2 282338.846 0.006 6 7 282875360 -0.002 
7 g 3 321107058 OiK»9 
7 8 2 322648.966 Oi»18 
7 8 323261.883 -0.012 
§ 9 3 361216.048 OJ009 
8 9 2 362949.422 -OJ027 
S 9 I 363638.720 -OJ015 
9 10 3 401314372 -OJOM 
9 10 2 403239.152 <Qsm 
9 10 404004.677 0.006 

10 !1 3 mmjm -OJ012 
20 11 2 443516.843 -OiK13 
10 11 444358J26 0.034 
U 12 3 481475.045 0.002 
U 12 2 483781334 -0.001 
11 12 484698.957 -OiJ27 
12 n 3 521535.053 0.004 
12 13 2 524031.424 0.006 
12 13 525024.944 0.005 

"FeC 6 7 3 282810.8S4 -0.057 
8 9 3 363557.572 0.009 
9 10 3 403915.631 0i»60 12 13 3 524914.234 -0i)21 

' Son» of gb£ 0 s 2 end 3 dais fca FeC were tekcn &om AUea a el. !996. 

vspoi; creaisd in a high-temperature Broida-type oven, with an 
appropriate precursor mixture in the presence of a DC dis
charge. To produce FeC, approximately l&-!5 mton of CH, 
was mixed with 20 mtoir of argoB and then added through the 
bonom of the oven to eDttain the metal v^ioc. The complete 
mixture was then discharged, using a cunrEot of 0.7-1.0 A st 
200 V. A similar productiGO method was employed is our 
previous study of FeC by Allen et al. (19%), except helium 
was substituted for aijon. To synthesize FeN, about 15-20 
mtoiT of pure N; was used for reactiaii under siniilar dis
charge condidoes. 

Searches for the 0 = 1 ladder of FeC and the 0 = 5/2 ctsn-
ponent of FeN were based on predictioDS using rotationaJ con
stants from Leung a al. (2001), Fujitake et al. (2001), md 
Aiudji & Shibuya (2000). In ije course of recording the 
Q = 1 data, it was realized that the frequencies were ideoticai 
to lines previously attributed to the 0 = 3 ladder of "FeC by 
Allen el al. (1996). Hiey had been misassigned because of the 
irregular splitting of the 0 components. In feet, Fujitake a al. 
had obtained F̂eC data in the ground stale and menticsned that 
the rotational constant was extremely close to that of the 
0 = 1 component of "FeC. A renewed seareh for the ^FeC 
lines (0 = 3) was consequently conducted, and in the process 
additional transitions of "FeC in the fl = 3 and 2 ladders were 
recorded. Final measurements were established from averages 
of one to as many as 45 scan pairs, with each pair consisting 

n = 3 ®®FeC (X%) J = 9-^10 

n = 2 

smpertuitied 
I 

'^FeC 

f 
s 

\
 II G

 

400.S 
T 

401.S 
I r 

402.5 403.5 m.s 

^FeCCn= 1) 

(0~3)  

403.91 403.es 
Frequency (GHz) 

404.01 

Hg. 1.—Stick ispscmm oftheJ = 9-»lQ rotatunal tmnsluon of FeC is 
iS5 '̂&,grouDd slaac Boar<9412 GHz(fqp/xinef)sndaEcpnsentAQvelaborasory 
specmsa of sevoal of sIksc ieannts Dear 404 GHz {bmom pmeli. The stick 
Stfwaumi shows she thm spixt aaspoucDis of FeC Ebat congnise sfais Braaisisiaai, 
labeled by qaBmnm smmhEf Q. T^se fesimes do SUA show a regular sr̂ lel 
pattern; ste 0 2 Use is B|̂ iai«DSly pertorbed and Uiefefove shifted so highex 
fssqamcy. The posnion of ibs ̂ Fe ismapcmei b afae 0 = 3 ladder is also 

siKnvn. Tbe measured a îectmm (boaofn panel) displays she Q s 1 spia com-
piaieiii of ̂ eC on  ̂ and a macb jeasoie arising foim *TeC 
{Q = 3) OD she ieH, observed in she nasaral iron abundanoe. Hiis sfiecfflmi 
was aeslsd fioro two 100 MHz sons, each 1 ininaeB in duratiogi. 

of one scan in increasing and another in decreasing frequency ova a 5 MHz range. Tbe averages were then fitted to Ganssias 
profiles in order to detennine the center frequency. Over the 
measurement range of 190-530 GHz, the line widths vaned 
from 600 to 1300 kHz. 

3. RESUITS AND ANALYSIS 

Eight rotational transitions were recorded for FeC in its 
0 = 1 spin-oibit compoomt and an idsnticai number for FeN 
in its 0 s 5/2 level. These measurements are pissented in 
Tabic 1, as well as the tiansitioD frequencies for the Q s: 3 
and 2 fine-stnactro components of F^, about half of wWch 
are newly measured. (The remainder is from Allen et al. 1996; 
the latter values are listed because they were included in the 
data fit) It should be noted that the ttee Q components are 
not evenly separated in frequency. Also listed in the table are 
four transitions recorded for the S = 3 lad&r of tbe '̂ Fe iso-
topomer of iron carbide. 

Figure ! displajre a stick figure of the J = 9 10 transition 
of FeC near 402 GHz (lop panels, and the actual measured 
spectrum of the "FeC (0 = 1) and the '''FeC (Q = 3) lines 
(bottom paael). In tbe top panel, the actual position of the 
0 = 2 componant is shown, as well as its "unpemobed" lo-
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FeN {X\)a-&Z 

J = 9.5-»10.6 

—I 1— 1 j 1— 
379.32 379.34 378.36 378.38 379/«0 

Frequency (GHz) 

Be. 2.—Spccmim of ibe Q ~ S/2 con ĵosenB of she J !0J TOis-
eional maisiticsi of FeN (X'A,), obsmwd in abe Isbomis? Dear 379 GHz. Use 
FeK signab sxt moch wesker ahan those of FeC (cf. Fig. 1), mdicaling a mofe 
dil&cul! mojeoiJar syis&esis. These dsaa comprise s sm  ̂ 300 MHz seas 
obaasned in 1 miisQae. 

cation, which is midway between the other two 0 compODeots. 
This shif) is is part due to isoconiigiirationai seccmi-ordsr spin-
orbit coupling, caused by tbe a 'A^ excited stats (Leung et ai. 
2001; Fujitake et al. 2001). This state, which lies more than 
3000 cm"' higher in energy, perturbs tbe 0 = 2 level in tbe 
ground state and effectively lowers its energy by ~30 cm''. 
This energy shiA manifests itself in tbe pise lotatioDal spectrum 
as asymmetric splittings between tbe Q componeate. As iBus-
tratsd in Ibe lower panel of Figure 1, the "FeC feature (oa iSe 
1^) is much less intense than the '̂ eC, Q = 1 liBe (on Ihe 
right), following Ae natural iron isotope ratio of 
"Fe: ̂ ^Fe = 91.7:5.8. It is also interesting to note that the 
Q = I component in FeC does not exhibit lambda-doubling. 

The observed signds for FeN in the main iron issrtope are 
relatively weak, as shown in Figjire 2. Here the observed spsc-
tnim of the J = -> lO.S rotational transition of tins radica] 
in its Q = 5/2 ladder is presented. Despite tbe fact that this 
con^onent has the lowest energy of the {^-structure manifold 
for FeN, it is not nearly as intense as the line in tbe 0 = 1 

ladder of FeC. This difference reflecte Ibe relative difficulty in 
synthesizing tbe nitride relative to the cariiide. 

The "^FeC data was analyzed using the following ease (a) 
HazBilicmian: 

= (1) 

Thus, rotational motion and spin-oibil and spin-spin inleric-
tions were included in the data fit. Spectroscopie parameters 
detmnined Iran this analysis are presented in Table 2, along 
with previous constants fitmi Allen et al. (1996) and Fujitake 
et al. (2001). As tbe table shows, ibs new parameters are all 
well determined. The large erms <» .d, tbe spin-orbit canstant, 
and X, tbe spin-spin cmstant, are expected as direct measure
ment of the fine-stroctiire energies is not achievable by purs 
rotational spectroscopy. The differences between tbe caaett 
values and tbo% of Alien et al. result tan the addition of Ite 
new 0 = 1 dita. Tbe spin-orbit constant derived fami this 
analysis (A W -4^69,000 MHz = -165.7 cm"') is very 
close to the eduilibrium value of A, = -178.7 ran"' from Fu
jitake et al. (2001). Some differences are also a|:^aient between 
the millimeter-wave constants and those of Fujitake et al. be
cause these authm fixed tbe spin-spin parameter to zoo. In 
cmtiast, tbe millimeter-wave FeC data could not be fitted with
out X. 

Spectroscopic constants determined for "FeC (0 = 3) and 
FeN (Q se 5/2) are presented in Table 2 as well. Because in 
both cases one single fine-strncture ladd® was observe4 only 
B and D were established. These constants agree well with 
those derived from optical/IR data. 

4. DISCUSSION 

This study has resulted in tbe first con^lete set of rotational 
constants for FeC with the accuracy required fw astronomical 
searches; a revised bond length of /; = 1J931 A has been 
determined as well. It has also provided revised frequencies 
md constants for "FeC in its lowest fine-structure level. Rest 
frequencies have addSticmally been measured for FeN. 

As discussed by Balfour et al. (1993), equal splittings of the 
fine-structure con^onents in a state occur in the absence of 
higher order spin-orbit coupling and direct spin-spin interac
tions. Tbe parameter X contains contributions from both effects. 

TABLE 2 

SPECTBCBCOWC PjiiuMEuats fos RN AND FeC 

Fsss SSiuto 
IsQtcpe pBTssuaer (MH2) (MHz) 

FeN a"A,): 0 « 5/2 S 18.07136S3 (76) I8,07U(1J)' J> 0i)3$l44 (24) 0.0363(37) 
mta of & 0Xt30 

^FeCOr'A) B 20,152.7619 (14) 20,173.4036(19)' D 0.0496334 (56) 0i)500739 (80)^ A -4,9694»0 (39 )̂ -5358^0) (3300)* Ap 9J5 (30) 4.66652 (61 f, 3.64221(55r 
X U85.000 (43 )̂ 

Xj, ISJ2 (LO) -3.0642 (m 
rama of & aoi5 

"FeCa"4): 0 = 3 B 20^05388 (11) 20.203J (2.4)* D 0i)49049 (42) 0.04902 
SBIS of & 0.043 

NOTE. Emm are 3 a&d apply to ihe iasi QUOI^ decsmsi pbces. 
 ̂ From opdcaJ measuieiBesU of Ahicbi & Shibuys 2CM>0; ohginal vaiues si on**'. 
 ̂ FrosD Aika c! al 1996; jseasoremeals of 0 s 3 and 7 spm-crtai conqKaiems oaly. 
' Fran Dear-sn&md measaremotts of FoJitakE a al 2 î; cnigina] values ia tsa'K A m ehk me Is 
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Because ti» pure spiB-spiu mteraclion is roughly proponiooal 
to I/Z, wlsere Z is ihe atomic numbei, ihe higba orto spin-
orbit perturbations will likely dominats in a heavia- molecule 
s«icli as FeC. TTse main ccmtribuw* to this onkr inter
action in FeC is the a 'A stale, which perturbs the 0 = 2 level 
only. If this interaction is bdeed the primary cause of unequal 
fine-structure splittings in FeC, then X shotild reflect this per-
turbation. In tte case, fee 'A-'A enagy difference can be 
calculated using the following expression, based on first-order 
pmurbatiwj lbecs7 (Balfour et al. 1993): 

A£ = 4X-I-
A'A' - 4V 

2X 
(2) 

Using tiie values for A and X from Table 2, the 'A-'A energy 
separation was found to be AE =• 1368 an"'. The actual energy 
diffeience is 3465 cm"' (Leung et al. 2001). This discrepancy 
suggests thai additional excited states ais potuitnng the gromd 
state; the state, which is calculated to lie 15,3(K) cm"' higher 
in energy (Shim & Gingerich 1999), is a likely candidate. Tbe 

and states are also other possil^ties. 
Tbe energy shift of the perturbed 0 = 2 level can be esti

mated frcsm the rotational constants md Ad< the centrifugal 
distortion correction to the spin-orfait constant, using the fol
lowing expressions (Fujitake et al. 2001): 

iui + &E •• 

AJ-AE-. 

2{B+A^Y 
B(0 = 3)-2Ao-B' 

-2(B-A^y 
Bm =l) + 2Ai,-B' (3) 

—318.6 cm"', OI A — -1393 cm"'. The aaual value of &E 
is 30 cm"'. The calculated and measured niimtos are certainly 
in reasonabie agreement, lending additional crsdibility to tlw 
analysis. 

Ottw A states exhibit lambda-doubling in several of their 
spin-oibit components. For example, this interaclirai is appanast 
in the G != —1/2, 1/2, and 3/2 ladders in the X "A, states of 
both FeF and FeCl (Allai & Ziurys 1997; Allen, Li, & Ziurys 
1997). NiCN and NiH exhibit lambda-doubling in the fl = 
3/2 Isdifer of theirX'A states (Sheridan & Ziurys 2003; Nelis 
et si. 1991). In contrast, lambda-doubling is not present in FeC 
even in tbe 0 = 1 Isddei; where the matrix elonents fin- this 
interaction emst in as a diagonal term (Brown, Cheung, & 
Msfsr 1987). Lambda-doubling is caused by perturbations by 
nearby excited electronic states, in particular '11, 'H '£, and 
t terms for '& ground states. As suggested by ab initio cal
culations (Sl^ & Gingerich 1999; Tzeli & Mavridis 2002X 
sud: state in the FeC manifold, but with tbe exceptiim 
of a stiik, lie qtiite Mgh in ene^ (i.e.^ >15,000 cm"'). 
Because th^piagnitude of the iambda-dtwbling interaction is 
inversely |m>portional to tbe energy diifraraces between tbe 
ground and perturbing excited states, the eiTect of these hi^-
lying levels is mitigated. Based on the measured line wid&s, 
an upper limit of 10 kHz can be estimated for tbe main A-
doubliog ccsistant, in FeC. 

T. Hiraao (2003, in prq>arstioD) has done additional ab initio 
calculatiois for FeN, which indicate a ^A, ground state with a 
bond length of i; = U784 A; for the *11 state,was calculated 
to be 1.5944 A. The braid length measured here, based on tbe 
0 = 5/2 component, is i; = 1.5802 A. If other spin-orbit lad
ders were included, the Ixmd length would be even shortei; 
consistent with the 'A lemj and not with a "11 state. 

Using the millimeter-wave constants in Tabie 2 and S-valites 
for the individual 0 ladders, derived from the data in Table 1, 
Ihe ersergy shift is estimated to be A£ •=« 36 cm"', f» AjS = 

This wort is supptmed through NSF grant AST-0204913 
md also through a fellowship fitna Merck Research 
Laboratories. 
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APPENDIX I 

THE PURE ROTATIONAL SPECTRUM OF TiF (X^#r): 3d TRANSITION METAL 
FLUORIDES REVISITED 

P. M. Sheridan, S. K. McLamarrah, and L. M. Ziurys, J. Chem. Phys. accepted. 
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Abstract 

The pure rotational spectrum of TiF in its (v = 0) ground state has been measured 

using millimeter/sub-millimeter wave direct absorption techniques in the range 140 - 530 GHz. 

In ten out of the twelve rotational transitions recorded, all four spin-orbit components were 

observed, confirming the ""Or ground state assignment. .Additional small splittings were resolved 

in several of the spin components in lower J transitions, which appear to arise from magnetic 

hyperfme interactions of the '^F nucleus. In contrast, no evidence for A-doubling was seen in the 

data. The rotational transitions of TiF were analyzed using a case (a) Hamiltonian, resulting in 

the determination of rotational and fine structure constants, as well as hyperfme parameters for 

the fluorine nucleus. The data were readily fit in a case (a) basis, indicating strong first order 

s p i n - o r b i t  c o u p l i n g  a n d  m i n i m a l  s e c o n d - o r d e r  e f f e c t s ,  a s  a l s o  e v i d e n c e d  b y  t h e  s m a l l  v a l u e  o f  X ,  

the spin-spin parameter. Moreover, only one higher order term, rj, the spin-orbit/spin-spin 

interaction term, was needed in the analysis, again suggesting limited perturbations in the ground 

state. The relative values of the a, b, and c hyperfme constants indicate that the three unpaired 

electrons in this radical lie in orbitals primarily located on the titanium atom and support the 

molecular orbital picture of TiF with a a's'yt' single electron configuration. The bond length of 

TiF (1.8342 A) is significantly longer than that of TiO, suggesting that there are differences in 

the bonding between 3d transition metal fluorides and oxides. 

2 
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1. Introduction 

Titanium is encountered in a wide variety of research areas. For example, because of its 

low density and exceptional corrosion resistance, the metal and its alloys are used in the 

construction of aircraft and marine vehicle equipment [1], Metal oxides containing titanium 

have shown high dielectric and ferroelectric properties and thus appear to be useful in the design 

of microelectronic devices [2,3]. Titanium compounds are also employed as Ziegler-Natta type 

1 
catalysts; cyclopentadienyl titanium species, for example, are usm to polymerize olefins such as 

stNTene and ethylene [4], while bis(phenoxyimine)-titanium based molecules are currently being 

investigated for their unique regioselectivity in polymerization insertion reactions [5]. From an 

astronomical aspect, gas-phase titanium bearing species such as TiO and TiH have been 

identified in the spectra of cool M-type stars [6,7], while titanium carbide crystals have been 

found in meteorites [8] and perhaps even in circumstellar gas [9]. 

Small titanium containing molecules are additionally of interest for gas phase 

spectroscopy. From their spectra, electronic and geometric properties of these species can be 

elucidated, leading to a better understanding of the macroscopic characteristics of larger Ti-

bearing compounds. Titanium has a 4s^ 3d^ valence electron configuration, however, such that 

Ti-bearing molecules usually have an extensive manifold of closely spaced electronic states 

which can perturb each other. Furthermore, high values of electron orbital and spin angular 

momenta often occur in such species. Despite these complexities, several titanium radicals have 

been studied to date via near-infrared and optical spectroscopy. For example, the b'n -

X'"A transition of TiS, the ""f - X''<l3 band of TiH, and the - X^O system of TiF^ have been 

investigated [10-12]; TiF (G''0 - X''<t)) and TiCH (^O - X^Z) have been studied as well [13, 14]. 

Millimeter-wave and PPMODR work have also been conducted, but thus far have been limited 

3 



to TiO (X"'A). TiN (X^I), and TiCl (X''(D) [15,16]. Hyperfine structure was observed in TiN, 

giving some insight into the bonding in titanium compounds. 

One titanium radical of interest is TiF, partly because high resolution data on the 3d 

transition metal fluorides, in general, arc limited. While electronic spectra of these species have 

been recorded [17-19], they are certainly not as well characterized as their oxide counterparts 

[20]. For example, pure rotational spectra exist only for ScF, CrF, FeF, NiF, and CuF [21-25]; in 

fact, only in the past year has the first high-resolution optical study of VF been conducted [17]. 

While these molecules are expected to exhibit highly ionic bonds, some, such as FeF [23], show 

signs of covalent character. 

TiF has been the subject of relatively few spectroscopic investigations. It was first 

observed in absorption using flash heating techniques by Diebner and Kay in 1969, who assigned 

the ground state as *1.' [26]. Additional studies conducted by Chantalic, Deschamps, and 

Pannetier [27] again indicated a "Z" ground state. Shenyavskaya and Dubov in 1985 conducted 

further optical work, resulting in the reassignment of the electronic ground term as [28]. Very 

recently, Ram et al. have observed the spectrum of TiF in emission by Fourier transform 

techniques and by laser excitation spectroscopy, performing the first rotational analysis [13]. In 

their work, the ground state of TiF was once again reassigned, this time as '*<!>. Their assignment 

was partly based on theoretical work by Harrison [29], and in analogy to TiH (X^O) [11], 

Subsequent calculations by Bold>Tev and Simons [30] for TiF again suggested a ground state. 

Conclusive experimental evidence for this assignment, however, has not been obtained to date. 

Here we present the first measurement of the pure rotational spectrum of the TiF radical 

using millimeter/sub-mm direct absorption methods. Multiple rotational transitions were 

recorded for the main titanium isotopomer, ^^TiF, each consisting of four fine structure 
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components, which definitively establish the ground state of the molecule as X'*<I>r. In addition, 

magnetic hyperfme splittings, resulting from the "F nucleus, have been observed. These data 

have been modeled using a Hund's case (a) effective Hamiltonian, leading to the determination 

of rotational, fine structure, and hyperfme parameters. In this paper we present these results, 

interpret the constants and discuss their implications for bonding in 3d transition metal flourides. 

II. Experimental ll 
II 

The pure rotational spectrum of TiF was measured using one of the quasi-optical 

millimeter/sub-millimeter wave direct absorption spectrometers of the Ziurys group. The major 

features of this instrument are outlined in Ziurys et al. [31], except that offset ellipsoidal mirrors 

are used as the focusing elements in this case, resulting in a different optics path. Also, a path-

length modulator is employed to improve baseline stability. The reaction chamber has a robust 

doubled-walled construction, which enables the melting of transition metals in a Broida-type 

oven attached to the cell. 

The synthesis of TiF was particularly difficult because of the high melting point and 

reactivity of titanium. Several modifications to the oven were necessary in order to successfully 

vaporize this metal. First of all. crucibles constructed of boron nitride had to be used instead of 

the usual alumina t>pe; liquid titanium was found to react destructively with alumina. Secondly, 

the oven electrodes, normally made of .steel or a steel alloy, had to be constructed out of 

molybdenum in order to withstand the oven temperatures. Also, zirconia felt had to be placed 

around the lop of the crucible in order to prevent liquid titanium from boiling over and onto the 

heating element. To create TiF, titanium vapor was first produced by the oven from heating a 

solid metal rod. It was then reacted with 3-5 mtorr of SFa, which was introduced into the 

5 



182 

reaction chamber from underneath the oven. Neither a carrier gas nor a d.c. discharge was 

necessary for molecular synthesis. Although titanium has several isotopes, only data for the 

main isotope. "^Ti, were recorded. 

Final measurements of the rotational transitions were made from an average of one scan 

in increasing frequency, and the other in decreasing frequency, covering the same 5 MHz range. 

For the lowest frequency measurements, an average of two such scan pairs was found necessary 

to achieve adequate signal-to-noise ratios. In order to obtain the center frequency of each 

transition, Gaussian curves were fit to the line profiles. Typical linewidths ranged from 360 kHz 

at 142 GHz to 1,230 kHz at 523 GHz. 

III. Results 

The ground state of TiF was initially assumed to be "O, for the purpose of our initial 

spectroscopic search. In this state, spin-orbit coupling results in four fine structure levels per 

rotational transition, labeled by quantum number Q. Furthermore, these levels may be split 

again due to A-doubling. Although this interaction is thought to be negligible for molecules with 

high orbital angular momentum, lambda-doubling has been observed in pure rotational spectra of 

CoH (X^<t>i) and in the ground state of CoF, as deduced from studies of the transition 

[32,33]. Also, magnetic hyperfine coupling due to the "F nucleus (I = Vi) may be present, as 

observed in FeF in its X^A, state [23]. 

Searches for the rotational spectrum of TiF were aided by the optical work of Ram et al. 

[13], in which effective rotational constants of each fine structure component had been 

determined. Individual spin components were therefore readily located by scanning only a few 

hundred MHz, confirming the ground state assignment. Initially, the higher J transitions were 

6 
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studied. Here the two higher Q ladders (Q = 7/2 and 9/2) were found to consist of closely-

spaced doublets; their separation varied from approximately 2 MHz in the Q = 7/2 ladder to 3 

MHz in the Q = 9/2 component. Furthermore, this splitting decreased in magnitude with 

increasing J, ruling out lambda-doubling interactions as their origin. In addition, transitions in 

the Q = 5/2 sub-level appeared somewhat broader than expected, although the Q = 3/2 signals 

lyperfine interactions of 

The pure rotational data recorded for TiF are presented in Table I. As the table shows, 

twelve rotational transitions were measured in the frequency range 140 - 530 GHz. For ten of 

these transitions, all four fine structure components were observed with the relative intensities 

decreasing as the Q value increased, definitively establishing the ground state of TiF as The 

spin components also appeared to be regularly spaced as well, suggesting the spin-orbit coupling 

dominates the fine structure. In the higher J transitions, the fluorine hyperfine splittings were 

only observable in the Q = 9/2 and 7/2 ladders, although the Q = 5/2 lines were unusually broad. 

As J decreased, the splitting increased such that it was eventually resolved in the Q = 5/2 ladder 

at the J = 18.5 *- 17.5 transition and in the Q = 3/2 ladder at the J = 13.5 *- 12.5 transition. 

Representative spectra of TiF are shown in Figures 1 and 2. In Figure 1, a spectrum of 

the Q = 3/2 spin component of the J = 21.5 <- 20.5 transition near 469.7 GHz is presented. The 

spectrum consists of a single feature, as the hf structure is collapsed in this ladder at this high J 

value. In Figure 2, the Q = 9/2 spin-orbit component of the J = 20.5 19.5 transition near 

456.5 GHz is shown. Here the hf doublet is clearly visible, indicated by the respective F 

quantum numbers. In both figures there are a few unidentified features marked by asterisks. 

1 

the "F nucleus, which would be expected to decrease with increasing J. 
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The regularity of the spacing of the fine structure lines in TiF is illustrated in Figure 3, 

which shows a stick figure of three widely separated transitions: J = 9.5 4- 8.5, J = 16.5 4- 15.5, 

and J = 23.5 <r 22.5. Approximate experimental intensities are displayed. Hyperfine structure is 

too small to be visible on this scale and thus is not shown. In all three spectra, the spin-orbit 

components are fairly evenly spaced, indicating that TiF closely follows a case (a) coupling 

scheme. The overall splitting of the fine structure components increases with J, as expected. 

The relative intensities of the spin components are consistent with the regular designation of the 

' i 
ground state. 

IV. Analysis 

The pure rotational data for TiF were analyzed using a Hund's case (a) effective I 
Hamiltonian of the form [23,34,35]: ; 

K = + H.„ + H'i' + H,, (1). 

The first three terms describe molecular rotation, first order spin-orbit coupling, and spin-spin 

coupling respectively. The fourth expression in Eq. (1) contains the interaction characterized by 

the parameter rj. This constant concerns the coupling of the spin-orbit and spin-spin interactions 

[35]: 

3S' -]' 
S -• (2). 

The fifth term, H, includes the Frosch and Foley hyperfine constants a, b and c, which take 

into account both 1 • L and 1 • S interactions. 
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The TiF data were fit using this Hamiltonian in a least squares analysis in two stages. 

Initially, the centroids of each hyperfme doublet in all four spin orbit components of the higher 

frequency transitions were analyzed to establish preliminary values of the rotational, spin-orbit, 

and spin-spin constants. In the process, it was found necessary to fix the spin-orbit constant, A, 

in order to achieve a satisfactory fit. (The value found by Ram el al. [13] for the spacing 

between the Q = 3/2 and 5/2 components was used.) The inability to fit A is not surprising since 

TiF closely follows a case (a) coupling scheme. Once these con^ants were established, hyperfine 

interactions were then included in the analysis. Large residuals were obtained for rotational 

transitions higher than J = 19.5 18.5 in the LI = 5/2 spin-orbit component, because these lines 

had unresolved hyperfine splittings. In the final fit, these data were not included, as indicated in 

Table I. 

The spectroscopic parameters determined for TiF are presented in Table II. The value of 

the rms of the millimeter-wave fit is 102 kHz, indicating the data were modeled adequately by 

the Hamiltonian in Eq. (1). In the process of the analysis, various higher order terms such as /s, 

the third order spin-rotation term [36], and b„ the third order Fermi contact hyperfine constant 

[37], were included, but found not to improve the fit. Centrifugal distortion corrections to A, fj, 

and b were also not required. Hence, a limited number of spectroscopic parameters were needed 

for the final fit, in particular for the fine structure, where A, AD, AH, A and rj were only used. 

Also presented in Table II are the constants derived from the optical study of TiF [13]. 

The two sets of constants are in fairly good agreement, although the values of A o differ by about 

an order of magnitude. This discrepancy is expected because the optical study utilized Ap and 

the spin-rotation constant, /, whereas Ao, A and r/ were used in the millimeter wave fit with no 

9 
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spin-rotation parameter. AD and ^are usually highly correlated parameters [39]; thus the value of 

AD will vary with that of 7. 

V. Discussion 

A. A ''<1> ground state for TiF 

The measurement of the millimeter-wave spectrum of TiF has confirmed the ground 

electronic state, as suggested by Ram et al. [13] and Boldyrev and Simons [30]. No additional 

features beyond the four identified were observed in this study, supporting the quartet spin 

multiplicity. Additionally, the half-integer values of the rotational quantum number eliminate 

the possibility of a "Z ground state, which is the next lowest lying term, according to theory [30]. 

(All attempts at fitting the data to a "l Hamiltonian were unsuccessful.) The lack of A-doubling 

interactions in the rotational spectrum also suggests a high value of A. The primary electron 

configuration for TiF is consequently (corc) 80^ Sn" 9o' 15'4it'. 

This study is only the second measurement of the pure rotational spectrum of a molecule 

in a "O ground state (and the third in any O state). The first such species investigated, TiCl 

(X''0,), was also observed by millimeter-wave spectroscopy [16]. Interestingly, both these 

radicals were fit with relatively few (and identical) parameters, excluding hyperfine terms, 

despite the high values of angular momenta concerned. The only higher order constant needed in 

both cases was TI, the spin-orbit/spin-spin interaction, which has a similar value for both TiCl (-

332 MHz) and TiF (-240 MHz). The relatively simple analysis in both cases results from the 

presence of strong first order spin-orbit coupling and the lack of second-order spin-orbit effects. 

Second-order interactions, isoconfigurational or otherwise, result from the perturbations of 

nearby ^F, ^A, ''F, ''(D, and ""a excited states. According to Boldyrev and Simons [30], the 

10 



lowest lying excited state in both TiF (and TiC!) is "S", which would not participate in these 

types of perturbations. The only other state in the energy manifold calculated for TiF is ̂ A, 

which is predicted to be > 2000 cm"' above the ground ^<t> state [30], and hence may be 

sufficiently far away in energy to have little effect. 

Additional evidence for minimal second-order spin-orbit effects is the relatively small 

value of the spin-spin parameter in TiF {X = 3681 MHz). This constant has been shown to 

consist of two contributions: pure spin-spin interactions and second-order spin-orbit coupling, 

I 
namely A = The second-order term is thought to dominate in heavier molecules [38]. 

Contributions to in TiF can occur via perturbations from doublet and quartet r,C>, and A 

states, as mentioned. With the exception of the high lying CO state, there is little definitive 

spectroscopic data providing the energies of these other states, except for the theoretically-

predicted 'A term [30]. Therefore, it is difficult to establish which terms actually contribute to 

The primary second-order spin-orbit perturber in TiCl is assumed to be the C'A state, 

which lies 3300 cm"' in energy above the state. (The A and B states are "Z and "fl.) It has 

the electron configuration 9o'l6'lOo'. It is likely that a "A state also exists in the manifold of 

TiF. The energy of the "A state in titanium flouride in fact can be estimated from the spin-spin 

constant, under the assumption that A « A"", using perturbation theory [39]. If the ^A state is the 

dominant perturber, then 

(3), 

u 



where a is the one electron spin-orbit constant for the antibonding 4n orbital. Evaluation of the 

matrix element leads to ^47r|a/^jl0cr) = y[6C{Ti), assuming that the 4n orbital is chiefly 3d, in 

character and the 1 Oo orbital is primarily 3do, centered on the titanium atom (see ref [20]). 

Alternatively, the Ti* spin-orbit constant may be a more appropriate choice, as suggested by 

recent calculations [40], The value inTi"isC= 117 cm"', which hardly varies from that of 

neutral titanium, which is 123 cm '. Using Eq. (3), Q (Ti") and t^ X value from Table II, the 

energy separation between the X''0 ground state and the "A statJ in TiF is estimated to be AE « 

9300 cm '. This value is considerably larger than the C^A - X^O separation in TiCl, which is 

3300 cm'" [16]. Because TiF is a lighter molecule, the C^A - separation will be larger than 

that in TiCl, but probably not by a factor of three. Other excited electronic states are perhaps 

contributing to to decrease its value. One such state is the isoconfigurational ̂ 4) level, for 

which 

(4). 

Using the A  value for the X^O state, this equation suggests that the state lies ~ 1760 cm"' 

higher in energy above the ground state. Hence, the ^<t> state is probably a major perturber as 

well. 

Although lambda-doubling is thought to be negligible for <i> states, this interaction has in 

fact been observed in CoH and CoF[32,33], In CoH, lambda-doubling splittings on 

the order of > 70 MHz were observed in LMR rotational spectra for the O = 3 spin-orbit 

component. This effect was unexpected, because the lambda-doubling matrix elements for Q = 3 

are diagonal only in q^, which is usually a small number [32,41]. (The 5^ constant is largest in 
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magnitude of the doubling parameters for triplet states). The presence of significant lambda-

doubling in the Q = 3 ladder suggests the presence of a nearby state in CoH. The 

parameter derived from the analysis of the CoH spectra is = 0.01667(24) MHz [32]. 

Because scales approximately as [41], diatomic hydrides may be the extreme case. 

The effects of A-doubling have also been reported for CoF, from Fourier Transform 

spectroscopy of the [10.3] transition [19], Splittings attributable to this interaction 

were found in the Q = 2 and 3 sub-bands for both electronic states. They were analyzed with a 

case (c) Hamihonian, involving the effective A-doubling constant q. In the final fit, 

interestingly, only centrifugal distortion corrections to this parameter were used for the ground 

state, namely and qw. 

In contrast to these cobalt radicals, there was no evidence of lambda-doubling in any spin 

component in Tip, at least up to J = 23.5. In analogy to A states [41], the sub-level that should 

exhibit the largest effect is the Q = 3/2 ladder, where would be the major contributing term. 

Unfortunately, the theory of A-doubling for O states has not been examined in any detail. 

However, using a Van Vleck transformation [41], the parameter can be approximated as 

"•"(Sf 

where B  and A  are the rotational and spin-orbit constants, and (AE)^ are the energy differences 

between the state and excited ''A, "N, and ''Y. states. The obviously small value of must 

arise from significant energy differences between the ground and ^Fl and "A states. (Theory 

predicts the state to be relatively close in energy [30].) 

13 
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B. Interpretation of Hyperfine Parameters 

In this study, the hyperfine splitting was modeled with a, b, and (6+c) Fresh and 

Foley parameters. From these constants, the Fermi contact term bp and spin dipolar constant c 

were calculated. These values are given in Table III. For comparison, hyperfine parameters for 

similar radicals are also listed; the sample is unfortunately limited to FeF [23] and TiN [42]. FeF 

and TiN have X^A and ground states, respectively. 

The nuclear spin orbital constant, a, exhibits the greatest yariations between these 

molecules. For example, a is KS 67 MHz for TiF but virtually zero for FeF. FeF has a 

9O' 15 1 OG' electron configuration as opposed to 9oM6'4n' for TiF, and thus has one 

additional electron in an orbital with angular momentum. (The a orbitals do not contribute to a). 

At first glance, one might expect the a parameter to be larger in FeF than TiF. However, the 

two 71 electrons in FeF have their spins aligned and therefore must have equal but opposite 1 • L 

matrix elements so as to not violate the Pauli principle: A/" ^ • 

Their I • L contributions therefore effectively cancel, in analogy to MnH [43]. The single 

electron in the n orbital in TiF. in contrast, can contribute fully to the nuclcar spin-orbital 

interaction. (The single unpaired electron in the non-bonding 6 orbital in both radicals is far 

enough away from the fluorine nucleus such that it has a negligible effect.) 

The hf constant a is proportional to the inverse, cubed, of the distance r between the 

orbiting electrons and the nucleus possessing the spin 1. Hence, this constant can be used to 

determine the expectation value of ^(l/r^) . For the fluorine atom, (l/r'^ = 5.9 x 10^' m"' or 

8.77 in units of ao"^ [44], which primarily represents the electron-nuclcar separation for a 2p 

electron. The value for TiF is 9.07 x 10^' m'^ or 0.134 ao"^ - over an order of magnitude 

M 



smaller (see Table III), indicating that the unpaired electrons contributing to a in this radical are 

located, on average, much further from the F atom than a simple 2p orbital. The two 

contributing electrons are thought to reside in n and 5 molecular orbitals, located primarily on 

the titanium atom. The small value derived for 1(1/r") supports this assumption. 
n 

Another comparison of interest are the respective Fermi contact terms. This parameter is 

directly proportional to the electron density at the nucleus with the spin, i.e. b,, oc (0)|; thus, 

a molecular orbitals are thought to make the principal contribution to this parameter. For TiF, br 

« 41 MHz, while the value for FeF is 91.7 MHz (see Table III). This factor of two increase 

occurs because FeF has two unpaired a electrons, while TiF has one. TiN also has a single a 

electron, but the smaller value for the nitride compound (br = 18.5 MHz) versus the fluoride in 

this case arises from the smaller magnetic moment of nitrogen relative to fluorine (0.404 vs. 2.63 

Bohr magnetons [44]). In fact, normalizing the Fermi contact terms by these moments, the 

(0) value in TiN is actually larger than in TiF (see Table III). This result can be attributed to 

the shorter bond length in TiN relative to TiF. Consequently, the single o electron, located in the 

non-bonding 9G orbital in both cases, can penetrate the nitrogen nucleus more effectively than 

that of fluorine. 

Because of configuration interaction, elemental fluorine has an atomic Fermi contact term. 

Also (F) = 52 870 MHz [45]. In contrast, bp in TiF is substantially smaller. The percent of 

fluorine character retained on formation of TiF is Ri 0.08%. This result is not surprising; the c 

electron in TiF is located in a non-bonding orbital primarily composed of the titanium 4s orbital, 

in analogy to TiN [45]. The electron density at the fluorine nucleus must be minimal. 
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The final parameter of interest is c, the dipolar constant, which is an anisotropic term. It is 

defined as [46]: 

(6). 
I " r. 

For TiF, the value of c is small and negative (c = -28 MHz), while the constant is positive and 

larger for FeF (c = 51.7 MHz), and virtually zero for TiN, as shown in Table III. Because TiN 

has only one unpaired a electron, there is little to contribute to tl|L anisotropy of the electron 

distribution around the nitrogen nucleus. Hence, the c parametci for TiN is very small. The 

differences in the magnitude of c for TiF and FeF can be interpreted in terms of their proposed 

electron configurations. For TiF the configuration is 9o' 16'47t'; the 9c orbital must be 

nonbonding and composed principally of the titanium 4s atomic orbital, in analogy with TiN 

[45]. The only contributors to c in TiF are the 15 orbital (Sdg orbital from the titanium atom) 

and the An antibonding orbital, composed principally of Ti 3d, and F 2p, atomic orbitals. In the 

case of FeF, where the principal configuration is 9a' 15 1 Oa', there is an additional 47i 

electron as well as one in the 10a antibonding orbital (a combination of the F 2po and Ti 3d<,). 

These two electrons should increase the value of c relative to that in TiF. Indeed, c in FeF is a 

factor of two larger in absolute magnitude. Single electron configurations consequently can 

explain the relative hf parameters for TiF, FeF and TiN, and lend some credence to the molecular 

orbital picture of these species. 

C. Trends in 3d Fluoride Species 

The bonding in alkali and alkaline-earth fluorides, in general, is thought to be largely 

ionic [47]. Transition metal fluorides might be expected to behave similarly. Theoretical 

calculations of TiF predict a +0.82e charge on the titanium atom and a dipole moment of 3 D 
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[30]. A large amount of ionic bonding character, however, may not apply to all of the 3d 

transition metals. As one moves to the right of titanium in the periodic table, the covalent 

character of the metal fluoride bond may be expected to increase, using simple electronegativity 

arguments. In fact, this increased covalency is predicted for FeF, where only 65% of the 

structure is predicted to be ionic [23]. A general comparison of the bonding in 3d transition 

metal fluorides would therefore be of great interest. Unfortunately, no comprehensive review on 

the transition metal fluorides exists, although 3d oxides and sulfides have been studied 

extensively [20,48,49]. 

One metric by which 3d oxides (and sulfides) have been compared is via their 

experimentally-measured bond lengths as a function of metal atom [49]. A so-called "double 

hump" structure is apparent in such a plot for the oxides, as shown in Figure 4. There is an 

increase in bond length from V to Mn, and then another increase from Fe to Cu. This behavior is 

thought to occur bccause the 4ji antibonding orbital does not start to fill until chromium and 

manganese. The M-0 bond thus lengthens despite the orbital contraction that comes with 

increased nuclear charge [49]. This trend is repeated in the second half of the 3d row. 

A plot of the bond lengths for the 3d fluorides, also presented in Figure 4, does not quite 

show the same trends. The most notable difference occurs in the bond lengths, which are 0.2 A 

larger in the fluorides relative to the corresponding oxides, with the exception of copper. This 

behavior suggests that the oxides have more multiple bond character than the fluorides, which 

routinely shortens the bond distances. Other deviations from the oxide trend for the fluorides 

include the increase in bond length at titanium and the lack of an increase at copper. These 

trends diverge because the fluorides have an extra electron relative to the oxides; at the same 

time, with increasing atomic number, the 3d orbitals drop rapidly in energy relative to the 4s, 
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while the energies of the 2p orbitals (O or F) rise [20]. From ScO to TiO, the electron 

configuration changes from a to 06, i.e., the additional electron fills a nonbonding orbital; the 

increase in nuclear charge causes the orbitals to contract and the bond length decreases. From 

ScF to TiF, the configuration changes from to a'6 'nand the n antibonding orbital acquires 

an electron, which subsequently increases the bondlength. The a'S 'n ' configuration in TiF is 

generated because the 3d orbitals have dropped sufficiently in energy at titanium such that the Ait 

orbital is accessible. In addition, the 2p orbitals in fluorine are loj/er in energy relative to 

oxygen, which in turn decreases the An energy faster in the fluorides. In the oxides this orbital 

does not become occupied until CrO (C'S^TC '); VO, unlike TiF, exhibits a o5^ configuration. 

The difference in the trend at copper, on the other hand, is more problematic. 

Presumably the increase in bond distance fcjr CuO results from the addition of another electron 

into the antibonding 4n orbital; core contraction apparently cannot overcome this effect. The 

creation of CuF also adds another electron to this antibonding orbital, but in this case the shell is 

completed to create a 'S state. The filling of the 47t shell, perhaps coupled with stronger orbital 

contraction in the more electronegative fluorides, results only in a slight increase in bond 

distance. 

IV. Conclusion 

Studies of radicals in high spin states serve as tests of theory and angular momentum 

coupling. This investigation of TiF by pure rotational spectroscopy and subsequent spectral 

analysis has demonstrated that this 3d transition metal radical can readily be modeled with a 

simple case (a) Hamiltonian with very few higher order terms. The regularity of the splittings of 

the spin-orbit components indicates that second-order effects are minimal. It is also notable that 
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there is no evidence of lambda-doubling in the spectra, unlike other species in 0 states. Analysis 

of the hyperfme interactions results in parameters that are consistent with a CT'S 'n' 

configuration, where the o and 6 orbitals have primarily non-bonding 3d metal character, and the 

n orbital is antibonding, formed from a linear combination of 3d* and 2p, atomic orbitals. 

Hence, to a first approximation, the molecular orbital picture can explain the bonding in TiF, 

which suggests some degree of covalent behavior. Titanium fluoride was found to have a bond 

length 0.2 A longer than that in TiO, as is found for virtually all sji fluorides relative to their 

oxide counterparts. The bond distance in TiF lengthens because of the addition of an electron to 

the 4n antibonding orbital, which does not begin to fill in the oxides until chromium. Although 

the 3d fluorides have similar periodic trends to the corresponding oxides, there are subtle 

differences which have yet to be fully investigated. 
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J+1«-J F+1 <-F Q ^obs ^obs-calc 

6.5 <- 5.5 6 4-5 1.5 142130.638 -0,101 
7 4-6 1.5 142125.283 0.093 
6 4-5 2.5 143034.798 -0.101 
7 4-6 2.5 143023.571 -0.039 

9.5 <- 8.5 9 4-8 1.5 207703.507 -0.025 
10 4- 9 1.5 207701.270 0.003 
9 4 - 8  2.5 209019.847 0.007 

10 4- 9 2.5 209014.655 -0.074 
9  4 - 8  3.5 210369.579 -0.082 

1 0 4 - 9  3.5 210361.072 -0.082 
9  4 - 8  4.5 2117^9.550 0.073 

10 4- 9 4.5 211757.027 0.065 
10.5 4- 9.5 10 4- 9 1.5 229556.230 -0.012 

11 4- 10 1.5 229554.452 -0.041 
10 4- 9 2.5 231009.810 0.004 

11 4- 10 2.5 231005.651 -0.015 
1 0 4 - 9  3.5 232500.158 -0.095 

11 4-10; 3.5 232493.213 -0.058 
1 0 4 - g  4.5 234045.720 -0.014 

11 <- If) 4.5 234035.453 0.045 
12.5 11.5 12 4- 11 1.5 273252.290 0.074 

13 4- 12 1.5 273251.054 -0.094 
12 4- 11 2.5 274979.759 0.095 
13 4- 12 2.5 274976.791 -0.017 
12 4- 11 3.5 276750.771 0.058 
13 4- 12 3.5 276745.647 -0.101 
12 4- 11 4.5 278586.761 -0.043 
13 4- 12 4.5 278579.477 0.104 

13.5 «- 12.5 13 4- 12 1.5 295094.922 0.080 
14 4- 13 1.5 295093.981 -0.025 
13 4- 12 2.5 296958.889 0.054 
14 4- 13 2.5 296956.403 -0.013 
13 4- 12 3.5 298869.789 0.024 
14 4- 13 3.5 298865.325 -0.162 
13 4- 12 4.5 300850.750 0.060 
14 4- 13 4.5 300844.138 -0.107 

16.5 4- 15.5 16 4- 15 1.5 360597.403 -0.171 
17 4- 16 1.5 360597.403 0.208 
16 4- 15 2.5 362869.367 0.146 
17 4- 16 2.5 362867.599 -0.068 
16 4- 15 3.5 365197.688 0.010 
17 4- 16 3.5 365194.829 0.068 
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Tabic I. cont'd. 

J+1 ^ J F+1 <- F Q Vobs "^obs-caSc 

16.5 <- 15.5 16 <r 15 4.5 367610.742 0.014 
17 <- 16 4.5 367606.330 0.093 

17.5 <- 16.5 17 <r 16 1.5 382422.304 -0.116 
18 4- 17 1.5 382422.304 0.161 
17 <- 16 2.5 384829.420 0.222 
18 <r 17 2.5 384827.632 -0.206 
17 <r 16 4.5 389852.043 -0.164 
18 <r 17 4.5 389848.279 0.123 

18.5 <r 17.5 18 <- 17 1.5 404241.985 -0.077 
19 <- 18 1.5 404241.985 

406183.622 

0.114 
18 <- 17 2.5 

404241.985 

406183.622 0.070 
19 <- 18 2.5 406782.206 -0.149 
18 <r 17 3.5 409388.332 0.035 
19 <- 18 3.5 409385.767 -0.176 
18 <r 17 4.5 412087.036 -0.070 
19 <- 18 4.5 412083.552 0.127 

20.5 «- 19.5 20 <- 19 1.5 447864.621 0.099 
21 <-20 1.5 447864.621 0.157 
20 <- 19 2.5 450673.700'' -0.381 
21 <-20 2.5 450673.700'' 0.559 
20 <- 19 3.5 453553.392 0.183 
21 <-20 3.5 453551.256 -0.005 
20 <- 19 4.5 456535.547 -0.088 
21 <- 20 4.5 456532.474 -0.064 

21.5 <-20.5 21 <- 20 1.5 469666.659 -0.075 
22 <-21 1.5 469666.659 -0.070 
21 <-20 2.5 472609.283 '' -0.321 
22 <-21 2.5 472609.283 '' 0.517 
21 <-20 3.5 475625.367 0.221 
22 <-21 3.5 475623.369 0.009 
21 <-20 4.5 478748.469 -0.036 
22 <-21 4.5 478745.702 0.061 

22.5 «-21.5 22 <-21 1.5 491462.521 -0.009 
23 <-22 1.5 491462.521 -0.050 
22 <-21 2.5 494537.916'' -0.282 
23 <-22 2.5 494537.916*' 0.468 
22 <-21 3.5 497689.716 0.114 
23 <-22 3.5 497687.828 -0.129 
22 <-21 4.5 500953.309 0.032 
23 <-22 4.5 500950.642 0.026 

23.5 <- 22.5 23 <-22 1.5 513251.593 -0.014 
24 <-23 1.5 513251.593 -0.095 
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Table 1. cont'd. 

J+1 F+1 •€- F Q ^obs Vol3s-ca!c 

23.5 <r 22.5 23 <r 22 2.5 516459.256" -0,281 
24<r23 2.5 516459.256" 0.391 
2 3  4- 2 2  3.5 519746.260 0.030 
24 <-23 3.5 519744.630 -0.078 
23 <-22 4.5 523149.537 -0.038 
24 <-23 4.5 523147.015 -0.078 

a) In MHz. 
b) Blended lines, not included in the fit. 
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Table II. Spectroscopic Parameters for TiF (X^Or): v = 0*^ 

Parameter Millimeter-Wave Optical 

B 11040.0976(29) 11037.5(2.4) 

D 0.0140322(38) 0.0121(20) 

A 1018000" 1018000 

AD -3.45663(84) 22.9 

AH 3.22(10) X 10"-' -

Y - 10400(1200) 

A 3681.2(7.0) 

n -240.0(4.0) 

a 67.4(1,1) 
b 50(13) 1 b + c 21.7(5.0) 

rms 0.102 1 
a) In MHz; errors are 3o and apply to the last quoted decimal places. 
b) From ref [13]. Values originally quoted in cm"'. 
c) Held fixed (see text). 
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Table III. Hyperfine Parameters for TiF and Related Species 

Molecule a b c bp 1^(0)'"' 

TiF (X'O,) 67.4(1.1) 50(13) -28(14) 41(14) 0.0101 0.134 

TiN (X^S")" 

-0.45'^ 

18.535(14) 0.166(21) 18.480(9) 0.057261 

FeF (X^Ai)"' -0.45'^ 74.5(3.5) 51.7(3.5) 91.7(3.7) 0.0218 0.00090 
a) In MHz. 
b) In units of a«''. 
c) Ref. 42 
d) Ref. 23 
e) Fixed value. 
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Figure Captions 

Figure 1. Spectrum of the J = 21.5 <— 20.5 rotational transition of TiF (X^O,) in its lowest spin 

component, Q = 3/2, observed near 469.7 GHz. The weaker lines marked by an asterisk are 

unidentified. Hypcrfme splittings, which arise from interactions with the "F nuclear spin, are 

not apparent in these data and only appear at much lower J transitions. This spectrum is a single, 

100 MHz scan obtained in approximately one minute. 

Figure 2. Spectrum of the J = 20.5 <— 19.5 rotational transition m TiF (X''Or) in the O = 9/2 spin 

component recorded near 456 GHz. Here the "F hf interactions are clearly visible, splitting the 

transition into closely-spaced doublets, which are labeled by quantum number F. The weak 

feature marked by an asterisk is unidentified. This spectra is a single 100 MHz scan, lasting one 

minute in duration. j 

Figure 3. A stick diagram illustrating the pi-ogression of the four spin components in TiF, over a 

wide range of frequency. The approximate relative intensities are shown, and each plot covers ~ 

11 GHz. The separation of spin components increases with increasing J - almost a factor of two 

from the J = 9.5 8.5 to the J = 23.5 <- 22.5 transitions. However, all four spin components 

are evenly spaced, even at high J, indicating strong spin-orbit coupling in TiF. 

Figure 4. A graph showing the periodic trends in bond lengths for the 3d transition metal oxides 

vs. the fluorides. The oxides exhibit the characteristic "double hump" structure in this plot, i.e. 

the bond lengths increase from V to Mn and from Fe to Cu, indicating the competition between 

addition of antibonding electrons vs. core contraction. The fluorides show a similar trend, but 

with variations at titanium and copper. The increase in bond length at TiF likely results from the 

addition of an electron to the 4ji antibonding orbital, which does not start to fill in the oxides 

until chromium. 
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Abstract 

The pure rotational spectrum of MnF has been measured in its ground state using 

millimeter/sub-millimeter direct absorption methods. Five and six rotational transitions, 

respectively, were recorded for this radical in its v = 0 and v = 1 states in the range 338-630 

GHz. MnF was created from S¥e and manganese vapor, produced in a Broida-type oven. The 

species exhibited a complex pattern where the fine and '"Mn and "F hyperfine structures are 

intermixed. Rotational, spin-rotation, spin-spin and hyperfine parameters have been 

determined for MnF. These constants have been interpreted in terms of bonding and electronic 

structure in metal fluorides. 

2 



1. Introduction 

The spectra of even small 3d transition metal compounds are usually quite complex. 

The complexity arises from the presence of 3d electrons, which give rise to a multitude of 

closely-spaced electronic states [1]. Determination of the ground electronic term of these 

molecules is consequently quite problematic. For example, the ground state of TiF over the 

years has been assigned as "Z [2]. "A [3], and "<!> [4,5]. The ground state of FeN has still yet to 

2 I be conclusively determined, although it is most likely to be A or n [6], 

I I 
Perhaps some of the most complicated spectra of molecules containing 3d transition 

metals are those with manganese. The element has a 4s^ 3d^ electron configuration, and hence 

a half-filled 3d shell. Therefore, extremely high multiplicities and orbital angular momentum 

values can be generated in manganese compounds, as evidenced by even the simplest of these 

species, MnH [7,8,9]. Measurements of the A'n -> X'Z*' transition of this radical have 

necessitated a detailed analysis, which has been additionally complicated by the presence of the 

two nuclear spins of "Mn (1 = 5/2) and 'H (I = 1/2) [7,8]. The hyperfine interactions in MnH 

have in fact been found to be so substantial that they cause mixing of the seven spin 

components, destroying the "goodness" of the J quantum number [9]. Pure rotational spectra 

have also been recorded for MnO [10] and MnS [11], as well, in their X^S'" ground states. In 

both cases, higher order fine and hyperfine constants were found necessary to fully analyze 

these problematic data sets. In addition, various electronic bands of MnCl have been recorded 

[12]; again, assignment of the transitions has proved to be difficult. 

Another manganese-bearing species of interest is MnF. The earliest spectroscopic 

observation of this radical occurred in 1939, where two band systems were recorded [13]. 

More recent investigations occurred in 1978, when matrix isolation studies resulted in the 
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determination of Ais<, and Adip liyperfme parameters [14], Additional gas-phase work has been 

conducted by Launila, Simard and collaborators (e.g. [15, 16]), who recorded the A^Fl - X'l*. 

- a^Z", d'n - a"l\ and b'll - a^I" transitions using LIF. For these works, MnF was 

created in a supersonic jet using laser ablation techniques. These studies verified the ground 

state of MnF to be X"!.*, and established a rotational constant of 0.35173 cm"'. (A more 

complete set of spectroscopic parameters was determined for the jCYI state.) Ab initio 

c a l c u l a t i o n s  h a v e  n o t  b e e n  c a r r i e d  o u t  f o r  M n F  t o  d a t e .  j  

As part of our interest in investigating molecules in high spin states, as well as studying 

trends in 3d transition metal fluorides, we have recorded the pure rotational spectrum of MnF 

(X'S') in its v - 0 and v = 1 states. Because of the presence of two nuclear spins in this radical, 

as well as six unpaired electrons, the observed spectra were expected to be complicated; this 

situation was exacerbated by the relatively small magnitude of the spin interactions, which 

meant that the hyperfine components associated with each spin state could not be easily 

distinguished. However, the spectral pattern could be sufficiently resolved such that rotational, 

fine structure, and hyperfine constants were obtained. Here we present these data and their 

analysis, and discuss the derived parameters in terms of bonding in manganese compounds and 

in 3d transition metal fluorides. 

2. Experimental 

The pure rotational spectrum of MnF was measured using one of the direct absorption 

millimeter/sub-millimeter-wave spectrometers of the Ziurys lab [17]. Briefly, the instrument 

consists of three basic parts: a radiation source composed of Gunn oscillators and Schottky 

diode multipliers, a high temperature reaction chamber containing a Broida-type oven, and an 

InSb bolometer detector. Offset ellipsoidal mirrors are used as the focusing elements and a 

4 
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pathlength modulator is employed for baseline smoothing. The radiation is FM modulated at ± 

25 kHz and detected at 2/ by a lock-in-amplifier. 

The MnF radical was synthesized by the reaction of Mn vapor, produced in a Broida-

type oven, with approximately 20 mtorr of SPt gas. The reactant gas was added to the reaction 

cell from underneath the oven. Production of the MnF radical was not found to increase upon 

addition of a carrier gas such as Ar or by employing a d.c. discharge; hence, neither was used. 

During the reaction, no chemilumincscence was observed. jj 

I I  i <  
Final frequency measurements of each rotational transition were obtained by averaging 

an even number of scan pairs 5 MHz wide, one taken in increasing and the other in decreasing 

frequency. Gaussian line shapes were then fit to these averages. For the lower frequency 

transitions and those in the v = 1 stale, up to 6 such pairs were found to be necessary to achieve 

an adequate signal-to-noise ratio. Typical line widths ranged from 850 kHz at 338 GHz to 

1,700 kHz at 628 GHz. Many features appeared to be broader, a result of line blending. 

3. Results 

Manganese has a spin of 1| = 5/2, and '®F has a spin of h = 1/2. Consequently, to a first 

approximation, ever)' rotational transition in MnF is split into (2S+l)(21i+l) (212+1) = 

84 separate fine structure/hyperfine components. However, the spin interactions are 

sufficiently small in manganese fluoride such that the hyperfine transitions originating in each 

separate spin component overlap. Hence, one continuous spectrum of numerous congested and 

partially blended transitions results. Such a pattern is not found in either MnO or MnS 

(X^Z'^). In these cases, the spin components are sufficiently spaced in frequency that their 

respective hyperfine panerns are clearly separated. Furthermore, both these molecules only 

have a single nuclear spin. 

5 
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Typical spectra showing the convoluted pattern in MnF in its v = 0 state are presented in 

Figure 1. Here the N = 17 *— 16, 19 <— 18, and 23 *- 22 rotational transitions are displayed. A 

clear fine structure and/or hyperfine pattern are not apparent in these data. The 84 individual 

transitions are compressed into a 100 MHz range, and hence there are many blended lines, 

further confused because of the second derivative line shapes. Several individual features are 

present in these data, however, especially at the extrema of each rotational hypermultiplet. 

(The largest hyperfine splittings are expected for the Fi; J = N+3 and F?: J = N-3 spin 

components [9], which are at the lowest and highest frequency end of a given transition.) Other 

individual transitions are also discernable midway through the morass of lines. Several 

repeating features are traced by dashed lines in the figure in successive spectra. The v =1 data 

are very similar in appearance. 

Transition frequencies established from these spectra are presented in Table 1. As the 

table illustrates, five transitions were measured for MnF in the v = 0 state. Listed here are the 

frequencies of all spectra lines that could be resolved in the complex pattern, a total of 319 

features considering all transitions. Some lines have been identified as a blend of multiple 

components arising from the nuclear spins; hence, the frequency appears more than once in the 

table. In addition, six transitions were measured for MnF in the v = 1 vibrational state. The N 

= 18 <— 17, 19 <— 18, 22 <- 21, 23 <— 22, 24 •«— 23, and 30 <— 29 transitions were recorded, 

which lie in the frequency range 377 - 630 GHz. A total of 241 individual features were 

measured for the v = 1 state. This data set is available on request from the authors. 

4. Analysis 

The MnF data were fit to the following effective Hamiltonian, using a case bpj basis set 

[18]; 

6 
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Hefr " + Hsr + (1) 

The terms in Eq. (1) describe rotational motion, spin-rotation and spin-spin fine structure and 

magnetic hyperfine interactions for the manganese and fluorine nuclei. 

Due to the highly convoluted nature of the fine and hyperfine structure within each 

rotational transition of MnF. the spectral analysis was conducted in several stages. First, five 

clearly resolved features appearing on the high frequency side of the rotational transitions in the 

V = 0 level were fit to obtain preliminary values of B, D, the spin-^pin constant X, the spin-

rotation constant y, and the Mn hyperfine constants, bp and c. From this initial fit, y was found 

to have a positive value and k a negative one, consistent with the signs of those constants 

obtained for MnH [7,8,9], lending some legitimacy to the analysis. Based on these preliminary 

parameters, the complete MnF spectrum was then repredicted. A simulation program was 

helpful in this regard. It was then immediately obvious that "F hyperfine interactions had to be 

included in the analysis. (The strengths of some of the lines were clearly under-predicted and 

obvious doublets in the observed spectra were calculated to be single features.) Employing 

fluorine hf parameters eliminated many of these discrepancies, although it was found necessary 

to fix the dipolar constant of "F to the value given in the matrix studies [14]. The data fit was 

again reiterated several times to "fine tune" the observed line intensities and account for as 

many features in the experimental data as possible. For comparison, simulated spectra were 

generated. 

The final results of the analysis are illustrated in Figure 2. Here the observed spectrum 

of the N = 18 <— 17 transition (v = 0) near 380 GHz is presented in the top panel. In the lower 

panel, the simulated spectrum is shown, which is based on the constants established in the final 

fit, including relative intensities. All strong individual lines in these data are well reproduced 
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by the simulation, as are many of the weaker features. (The simulation accounts for the second 

derivative spectrum and hence enables elimination of "ghost" features.) Interestingly, the best 

fit included transitions with AJ changing by ± 2 and greater, as well as those with AFi = ± 2. 

These unusual transitions account for -10% of the observed lines. They arise from hyperfine 

mixing, which results in the breakdown of J as a good quantum number. Such effects were also 

noticed in MnH [7, 8, 9], another case where the hyperfine interactions were comparable to the 

spin splittings. The v = 1 data set was analyzed in an identical manner. 

The spectroscopic parameters obtained for MnF (v = 0 ani v = 1) are presented in Table 

2. As shown in the table, in the final fit the dipolar hf constant for the "F nucleus had to be 

fixed, as mentioned previously. All other spectroscopic constants are well determined, and the 

rms of the fits are 204 kHz (v = 0) and 244 kHz (v = 1). Curiously, the only spin parameters 
( 
I 

that were needed in the analysis were j, the spin-rotation constant, and X, the spin-spin 

parameter, and AD- Centrifugal distortion corrections to y, as well as higher order terms such as 

6, y S, and BS, were used in the initial analyses but could not be defined. In contrast, y D, y s, 6, 

and bp^ were all found to be necessary to fit MnS [11] and MnO [10] in their states. 

One major difference between MnF and these other manganese compounds is the 

magnitude of the fine structure interactions, which is substantially smaller in the fluoride. For 

example, the spin-spin constant is near 10 GHz in MnS and 17 GHz in MnO, while in MnF it is 

-136.5 MHz - two orders of magnitude smaller. The spin-rotation constant is smaller by a 

factor of 4 in the fluoride relative to the sulfide and oxide as well, which both have y ~ - 71 

MHz [10,11]. Hence, higher order terms may be sufficiently small such that they are not 

needed for MnF. It also may be difficult to determine values of these higher-order constants as 

well, given the congested spectra. It is interesting to note that the electric quadrupole constant 

8 
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eqQ for the '^'ivln nucleus was not defined in the MnF analysis as well; again, this parameter 

was determined for both MnO and MnS. For the latter species, however, lower N rotational 

transitions were recorded, and quadrupole splittings decrease with increasing N. Moreover, 

these spectra were far less congested. 

Also included in Table 2 are the constants determined for MnF from previous work. 

The data set is small: it includes a gas-phase estimate of the rotational constant (v = 0) from 

optical spectra [15], as well as hf parameters from matrix ESR stJdies [14]. The values for the 

I  i  
rotational constant B are in reasonable agreement. The hf parameters bp and c compare 

satisfactorily, as well, for both '®F and '^Mn nuclei (c ("F) was fixed, as mentioned). It is also 

not clear whether the uncertainties of the matrix values quoted from ref. 14 are one or three 

standard deviations. If they are only 1 o, then the gas-phase and matrix isolation constants are 

in complete agreement. If the quoted uncertainties are 3o. then the gas-phase parameters are 

systematically smaller than the matrix values for the '^Mn nucleus. This systematic difference 

was found in MnH, where the Fermi contact term for the ̂ 'Mn nucleus was 11% smaller, based 

on the gas-phase study. This effect was attributed to a large matrix shift. 

5. Discussion 

i) Minimal Fine Structure Interactions in MnF 

In comparison to molecules in equally high spin states such as MnS(^Z^) and MnO 

(^2"^), the spin-spin constant determined for MnF is remarkably small. A similar situation is 

found in MnH (X'l'), where X = -97 MHz [9], comparable to that found for MnF. The small 

value of A. can be understood in terms of second-order contributions to this parameter. The 

magnitude of X is determined by the pure microscopic spin-spin interactions, and a second-

order spin-orbit perturbation [19], i.e. 

9 



A = A" + A"® (2) 

The latter effect is thought to dominate in heavier molecules, and certainly those containing a 

3d transition metal. The spin-orbit contribution arises from perturbations of nearby excited 

states, following the selection rules AS = 0, ± 1; AQ = 0; [19]. Consequently, a 'E" 

state can only interact with 'E" , 'E', "D, and 'n states for this type of coupling. 

Little is quantitatively known about the excited electronic s|ates of MnF, other than the 

A^n state lies 28,000 cm"' higher in energy above the state [j5]. There is some indication 

that the a^Z~ may lie lower in energy than the A state [20], and the b'Fl term as well [16,9]. 

However, no theoretical calculation exists for MnF to verify these energies. The al.* state has 

positive Kronig symmetr}' and hence cannot interact with the X'H* via second-order spin-orbit 

coupling. The b^n term is also eliminated as a possible perturber because it arises from a 3d' 

electron configuration, as opposed to 3d"\ The only remaining perturber is the A^U state. The 

second order spin-orbit interaction for MnF is therefore well approximated by the expression: 

X. -  l (A 'n |H, |x 's- ) f  

E (XT ' ) - E ( A 'n)  

The structure of MnF is likely to be highly ionic. Thus, the X'S and A'O states can be 

approximated as Mn' (3d' 4s') F" (2p') and Mn"^ (3d"'' 4p') F~ (2p'). is a one electron 

operator and diagonal in I. Consequently, at least to first order, the X'S and A'TI states cannot 

connect via this interaction. The numerator in the above expression must be negligible. The 

large energy difference in the denominator (28,000 cm"') also reduces the value of . 

The magnitude of the spin-rotation constant in MnF is also small (y = 16.7152 MHz). 

Again, there are two main contributions to this parameter: microscopic electron spin-nuclear 
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rotation coupling and a second-order spin-orbit effect [19]. The latter interaction involves the 

cross-term Hj(,x Hand follows the selection rule AS = 0; hence, once again, the A'TI state is 

the main perturbcr. As previously discussed, cannot readily connect these two states; they 

have a large energy separation as well. The second-order contribution to y is therefore 

minimal. In comparison, the spin-rotation constant in MnH is significantly larger (y = 909.6 

MHz [9]). This increase reflects the larger rotational constant in tie hydride, which enters into 

y through " " 

ii) Comparison of Hyperfine Parameters 

Trends across the periodic table for 3d metal oxides have been examined in detail [e.g. 

1,21.22], including numerous calculations concerning the bonding and degree of hybridization 

I 
of molecular orbitals. For the fluoride analogs, such studies are far more incomplete. On the 

other hand, such trends can be examined in 3d fluorides by comparison of '^F magnetic hf 

constants, which give insight into the nature of the molecular orbitals of the species. 

Unfortunately, such hf parameters have only been determined for a few of the 3d fluorides; 

these values are given in Table 3 for TiF, FeF and MnF. (Nip is not included in this group 

because only h = [a + (b+c)/2] could be established [23].) 

As shown in Table 3, the Fermi contact term bp for the fluoride nucleus for all three 

species is relatively small, indicating that the unpaired electrons from s atomic orbitals in these 

radicals are primarily located on the metal atom. This result is not surprising because these 

species are predominantly ionic, and hence exhibit an M'F" structure. Thus, there are no 

unpaired electrons present directly on the '^F nucleus in this picture. The differences in the 

magnitudes of the bp parameters in these species, however, can be best rationalized in terms of 

their proposed electron configuration, shown in Table 3. The possible contributing electrons to 
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the Fermi contact interaction are the 9ct and 1 Oo orbitals. The 9a is considered to be primarily 

non-bonding, hence it resides exclusively on the metal atom [21]. The 10a orbital is 

antibonding and likely consists of some combination of fluorine po and metal sdo atomic 

character. It is likely that the electron in the 1 Oo orbital makes the primary contribution to bp in 

MnF and FeF; their constants are closer in magnitude. TiF has no electrons in the 10a orbital; 

consequently, the value of bp in this species is smaller. 

The dipolar constant c in all three species is also small in magnitude. Again, because 

the unpaired electrons are primarily located on the metal atom, their contribution to c is 

negligible. The dipolar constant in FeF is significantly larger than in TiF; this increase likely 

arises because of occupation of the lOo orbital. 

The '^F hf constants can thus be interpreted as resulting from unpaired electrons that are 

primarily located on the 3d metal. Such a picture is also borne out in the values of the Mn hf 

constants. For MnF, bp = 413.65 MHz - a factor of 10 larger than that for the fluorine nucleus. 

In fact, on formation of MnF, 55% of the 4s character is retained, in comparison with Mn''. 

(Also (Mn'") = 770 MHz [24].) This result suggests that MnF is highly ionic, basically Mn^F". 

Large manganese Fermi contact parameters are found for many diatomic manganese 

species. As shown in Table 4, bp falls in the range from 206.5 MHz for MnS [11] to 479.9 

MHz in MnO [10]. The dipolar c constant is correspondingly small. As the table also 

illustrates, bp decreases from MnO to MnS (479.9 MHz to 206.5 MHz), and from MnF to MnCl 

as well (413.6 MHz versus 376 MHz). Such a trend suggests a decrease in ionicity as the 

columns of the periodic table are descended. Based on the bp values, MnH and MnS appear to 

be the most covalent of these compounds. One might expect MnF to be the most ionic, based 
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on electronegativity arguments. In contrast, the bp constants indicate that MnO has the highest 

degree of ionic character, a likely result of the contribution of the Mn^^ 0^' structure. 

Hi) Further Trends in 3d Metal Flourides 

The 3d metal fluorides are thought to be predominantly ionic in character. Certainly 

MnH is less ionic than MnF, based on comparison of bp values. On the other hand, there may 

be a small increase in covalency across the 3d row. For example, Boldyrev and Simons suggest 

that titanium carries only +0.82 charge in Tip [25]. In contrast, P^illy et al. [26] calculate that 

FeF is intermediate in its bonding character; 65% of the structure for iron fluoride is predicted' 

to be ionic; the rest is thought to be covalent. No such calculations exist for MnF, so a direct 

comparison is difficult. 

Some insight into the bonding in MnF can perhaps be gained by considering the trend in 

bond lengths. Of all 3d transition metal fluorides, MnF has the longest bond distance, ro = 

1.839 A (and re = 1.836 A), with Tip having the second longest one (ro = 1.834 [5]). CrP has a 

significantly shorter distance of ro = 1,788 A, as does FeF (1.784 A) [27, 28]. Core contraction 

alone would suggest that the bond distances should steadily decrease across the 3d row [1], 

Clearly they do not. 

Although the fluorides are chiefly ionic compounds, the abrupt increase in bond length 

at MnF can be understood in terms of a molecular orbital picture. The electron configuration in 

CrF is likely to be 9c ' 15* 4n*. Another electron is added to the orbitals in the formation of 

MnF, in this case the lOa antibonding orbital. This addition should increase the bond length, 

as it docs. In FeF, the next electron adds to the 18 orbital, which is completely nonbonding and 

does little to influence the bond distance. Core contraction causes the bond length in FeF to 

shorten. An identical situation is observed in the 3d transition metal oxides [1, 21]. Another 

13 



comparison of note is the bond length in MnF relative to MnO. For the oxide, rc = 1.648 A 

[10], as opposed to 1.839 A. The 0,2 A difference can be explained if MnO has partial Mn^^O^' 

character (MnF can only be Mn^F"); it also can be attributed to a higher bond order in MnO, as 

is found in TiO [29]. Hence, it is likely that some combination of ionic and covaient effects is 

influencing the behavior of these transition metal compounds. 
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Table 1: Measured Rotaiional Transitions for MnF 

N J F, F ^Ob! ''^cibs.caii N' J' F,' F <- N J F, F ^obs 

15 13 10.5 10 338373.656 0.573 16 19 19.5 19 15 18 18.5 IS 338454.072 0.541 
15 13 10.5 11 338373.656 0.097 16 18 18.5 19 15 17 17.5 18 338454,072 -0.223 
15 13 12.5 12 338373.656 -0.296 16 19 19.5 20 15 18 18.5 19 338454.072 -0.219 
15 12 11.5 12 338375.506 0.320 16 18 19.5 20 15 17 18.5 19 338463.046 -0.053 
15 14 11.5 11 33S377.526 -0.141 16 18 19.5 19 15 17 18.5 18 338463.046 0.213 
15 14 11.5 12 338380.387 <0.000 16 19 20.5 21 15 18 19.5 20 338468.192 0.209 
15 13 11.5 12 338382.480 -0.091 16 19 20.5 20 15 18 19.5 19 338468.192 -0.265 
15 12 12.5 12 338384.241 -0.089 16 19 21.5 22 15 18 20.5 21 338469.814 0.141 
15 13 12.5 13 338384.241 -0.152 16 19 21.5 21 15 18 20.5 20 338469.S14 -0.191 
15 15 12.5 12 338390.362 -0.085 17 14 II.5 12 16 13 10.5 11 359484.332 0.083 
15 14 12.5 13 338390.362 -0.195 17 14 12.5 12 16 13 11.5 n 359484.332 -0.139 
15 15 12.5 13 338390.362 -0.198 17 14 13.5 13 16 13 11.5 12 359488.448 -0.276 
15 14 12.5 12 338392.139 -0.305 17 14 \2.jl 13 16 13 12.5 12 359488.448 -0.573 
15 15 13.5 13 338393.543 -0.423 17 15 nh 12 16 14 11.5 11 359493.677 0.339 
15 15 14.5 15 338398.012 0.539 17 15 12ij 13 16 14 11.5 12 359493.677 •-0.1I1 
15 12 13.5 14 338398.012 -0.240 17 15 U!5 14 16 14 13.5 13 35^495.558 -0.422 
15 14 13.5 13 338398.012 -0.520 17 14 13.5 14 16 13 12.5 13 359497.326 0.739 
15 16 13.5 13 338399.826 0.257 17 15 13.5 14 16 14 12.5 13 359502.581 -0.016 
15 12 14.5 15 338399.826 -0.246 17 15 13.5 13 16 14 12.5 12 359502.58! -0.816 
15 16 13.5 14 338401.797 0.091 17 15 14.5 15 16 14 13.5 14 359507.333 0.679 
15 15 13.5 14 338401.797 0.01^ 17 15 15.5 15 16 14 14.5 14 359507.333 0.390 
15 15 15.5 16 338407.381 0.04P 17 16 14.5 15 16 15 13.5 14 359510.267 -0.025 
15 15 15.5 15 338407.381 0.01*! 17 14 14.5 15 16 13 13.5 14 359510.267 0.005 
15 16 14.5 14 338407.381 0.032 17 17 14.5 14 16 16 13.5 13 359510.267 -0.211 
15 16 14.5 15 338416.014 0.317 17 17 14.5 15 16 16 13.5 14 359510.267 -0.358 
15 14 14.5 15 338416.014 -0.348 17 16 14.5 14 16 15 13.5 13 359512.125 0.011 
15 13 14.5 15 338416.014 -0.580 17 16 15.5 16 16 15 14.5 15 359514.540 <0.000 
15 13 15.5 16 338418.732 -0.247 17 17 15.5 15 16 16 14.5 14 359514.540 -0.515 
15 15 16.5 17 338420.007 0.497 17 16 15.5 15 16 15 14.5 14 359517.761 -0.080 
15 17 15.5 15 338420.007 -0.450 17 14 15.5 16 16 13 14.5 15 359517.761 -0.318 
15 15 16.5 16 338421.488 0.360 17 16 16.5 16 16 15 15.5 15 359517.761 -0.533 
15 14 15.5 15 338423.136 -0.578 17 14 15.5 15 16 13 14.5 14 359519.640 0.398 
15 16 15.5 16 338427.754 0.049 17 17 16.5 16 16 16 15.5 15 359519.640 0.043 
15 M 16.5 17 338429.914 0.257 17 18 15.5 15 16 17 14.5 14 359519.640 0.060 
15 13 15.5 15 338429.914 -0.118 17 14 16.5 17 16 13 15.5 16 359519.640 -0.105 
15 14 15.5 16 338429.914 -0.298 17 18 15.5 16 16 17 14.5 15 359522.170 0.336 
15 16 17.5 18 338432.518 0.421 17 17 15.5 16 16 16 14.5 15 359522.170 -0.053 
15 14 16.5 16 338432.518 0.321 17 16 17.5 18 16 15 16.5 17 359526.922 0.154 
15 17 15.5 16 338434.575 0.081 17 16 17.5 17 16 16 16.5 16 359526.922 0.105 
15 IS 16.5 16 338436.982 -0.528 17 18 16.5 16 16 17 15.5 15 359528.645 0.166 
15 17 16.5 16 338438.512 -0.087 17 19 16.5 16 16 18 15.5 15 359530.907 -0.173 
15 15 17.5 17 338439.803 0.274 17 19 16.5 17 16 18 15.5 16 359532.351 0.032 
15 15 17.5 18 338441.894 0.685 17 15 16.5 16 16 14 15.5 15 359532.351 -0.478 
15 16 16.5 17 338441.894 -0.052 17 17 16.5 17 16 16 15.5 16 359533.720 0.128 
15 17 16.5 17 338441.894 -0.343 17 18 16.5 17 16 17 15.5 16 359536.394 0.396 
15 16 18.5 19 338445.119 0.285 17 15 16.5 17 16 14 15.5 16 359536.394 -0.383 
15 16 18.5 18 338445.119 -0.298 17 17 17.5 17 16 17 16.5 16 359538.243 0.190 
15 17 17.5 17 338451.884 0.131 17 19 17.5 18 16 14 16.5 17 359538.243 -0.448 
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Table 1 cont'd. 

N' r F,' F' <- N J F, F N' J' Fi' F N J Fi F ^obKalc 

17 17 18.5 19 16 16 17.5 18 359539.686 0.476 18 17 16.5 16 17 16 15,5 15 380631.583 0.062 
17 15 17.5 17 16 18 16.5 16 359539.686 -0.424 IS 17 17.5 17 17 16 16.5 16 380631.588 -0.019 
17 17 18.5 18 16 16 17.5 17 359541.237 0.497 IS 15 17.5 18 17 14 16.5 17 380634.029 0.220 
17 18 17.5 17 16 15 16.5 16 359544.462 -0.060 18 19 16.5 16 17 18 15.5 15 380634.029 -0.119 
17 17 17.5 18 16 16 16.5 17 359547.914 -0.036 18 19 16.5 17 17 IS 15.5' 16 380636.677 . 0.367 
17 16 18.5 19 16 15 17.5 IS 359550.079 0.39S 18 18 16.5 17 17 17 15.5 16 380636.677 -0.276 
17 18 17.5 18 16 17 16.5 17 359550.079 -0.296 18 17 18.5 19 17 16 17.5 18 380640.S47 0.282 
17 19 17.5 17 16 14 16.5 16 359550.079 -0.483 18 19 18.5 18 17 16 17.5 17 380640.847 0.213 
17 16 18.5 18 16 15 17.5 17 359552.212 0.152 IS 19 17.5 17 17 18 16.5 16 380643.775 -0.045 
17 15 17.5 18 16 18 16.5 17 359554.795 0.010 IS 18 17.5 18 17 17 16.5 17 380648.672 0.189 
17 18 18.5 18 16 17 17.5 17 359556.061 0.019 18 19 17.5 18 17 18 16.5 17 380650.954 0.319 
17 20 18.5 18 16 19 17.5 17 359557.662 0.014 18 16 17.5 18 17 15 16.5 17 380650.954 -0.369 
17 19 18.5 IS 16 18 17.5 17 359559.121 0.312 18 18 19.5 20 17 17 18.5 19 380653.729 0.471 
17 17 19.5 19 16 16 18.5 18 359559.121 -0.475 IS 18 18.5 18 17 17 17.5 17 380653.729 -0.078 
17 IS 18.5 19 16 17 17.5 IS 359561.731 -0.094 18 16 1S.5 18 17 15 17.5 17 380653.729 -0.386 
17 17 19.5 20 16 16 18.5 19 359561.731 0.520 IS 18 19.5 19 17 17 18.5 18 380653.729 -0.981 
17 19 18.5 19 16 18 17.5 IS 359561.731 -0.430 18 17 18.5 18 17 18 17.5 17 380659.740 0.159 
17 18 20.5 21 16 17 19.5 20 359564.975 0.348 18 18 18.5 19 17 17 17.5 18 380662.507 -0.020 
17 18 20.5 20 16 17 19.5 19 359564.975 -0.195 18 17 19.5 20 17 16 18.5 19 380664.554 0.527 
17 20 19.5 19 16 19 18.5 18 359567.795 -0.103, 18 19 18.5 19 17 18 17.5 18 380664.554 -0.352 
17 20 19.5 20 16 19 18.5 19 359569.375 -0.090( 18 19 20.5 20 17 18 19.5 19 380667.641 0.396 
17 19 19.5 19 16 18 18.5 18 359571.526 0.04^ 18 21 18.5 19 17 20 17.5 18 380667.641 0.135 
17 19 19.5 20 16 IS 18.5 19 359573.748 -0.02fe 18 16 18.5 19 17 15 17.5 18 380669.366 -0.078 
17 20 20.5 21 16 19 19.5 20 359573.748 -0.264 18 20 19.5 19 17 19 18.5 18 380673.800 0.442 
17 20 20.5 20 16 19 19.5 19 359573.748 0.499 18 18 20.5 20 17 17 19.5 19 380673.800 -0.208 
17 19 21.5 22 16 IS 20.5 21 359577.322 0.129 18 19 19.5 20 17 18 18J 19 380676.056 -0.028 
17 19 21.5 21 16 18 20.5 20 359577.322 0.210 18 IS 20.5 21 17 17 19.5 20 380676.056 • 0.502 
17 19 20.5 21 16 IS 19.5 20 359582.273 -0.064 18 20 19.5 20 17 19 18.5 19 380676.056 -0.418 
17 19 20.5 20 16 18 19.5 19 359582.273 0.268 18 19 21.5 22 17 18 20.5 21 380679.123 0.338 
17 20 21.5 22 16 19 20.5 21 359587.540 0.256 18 19 21.5 21 17 18 20.5 20 380679.123 -0.169 
17 20 21.5 21 16 19 20.5 20 359587.540 -0.102 18 21 20.5 20 17 20 19.5 19 380681.996 -0.115 
17 20 22.5 23 16 19 21.5 22 359589.543 0.227 18 21 20.5 2i 17 20 19.5 20 380683.565 -0.061 
17 20 22.5 22 16 19 21.5 21 359589.543 -0.054 18 20 20.5 20 17 19 19.5 19 380685.594 0.014 
18 15 12.5 12 1 14 11.5 11 380597.403 -0.176 18 20 20.5 21 17 19 19.5 20 380687.709 0.019 
18 15 12.5 13 1 14 11.5 12 380599.372 0.332 18 21 21.5 22 17 20 20.5 21 380687.709 •0.413 
18 15 13.5 13 1 14 12.5 12 380599.372 -0.309 18 21 21.5 21 17 20 20.5 20 380687.709 0.344 
18 15 14.5 14 1 14 13.5 13 380604.364 -0.073 IS 20 22.5 23 17 19 21.5 22 380691.423 0.125 
18 15 13.5 14 1 14 12.5 13 380604.364 0.087 18 20 22.5 22 17 19 21.5 21 380691.423 0.208 
18 16 13.5 13 1 15 12.5 12 380608.327 0.439 18 20 21.5 22 17 19 20.5 21 380695.920 -0.132 
18 16 13.5 14 1 15 12.5 13 380608.327 0.020 18 20 21.5 21 17 19 20.5 20 380695.920 0251 
IS 16 15.5 15 14 13.5 14 380612.289 0.212 18 21 22.5 23 17 20 21.5 22 380701.247 0.196 
18 15 14.5 15 1 15 14.5 14 380612.289 0.215 18 21 22.5 22 17 20 21.5 21 380701.247 •0.064 
18 IS 15.5 15 1 17 14.5 14 380624.962 0.113 18 21 23.5 24 17 20 22.5 23 380703.528 0.165 
18 18 15.5 16 1 17 14.5 15 380624.962 -0.060 18 21 23.5 23 17 20 22.5 22 380703.528 -0.074 
18 15 15.5 16 1 14 14.5 15 380624.962 -0.072 19 16 13.5 13 18 15 12.5 12 401706.138 -0.117 
18 17 16.5 17 16 15.5 16 380628.089 -0.183 19 16 13.5 14 18 15 12.5 13 401708.306 0.549 
18 17 17.5 18 16 16.5 17 380630.027 0.392 19 16 14.5 14 IS 15 13.5 13 401708.306 -0.495 
18 18 16.5 16 17 15.5 15 380630.027 -0.335 19 16 14.5 15 18 15 13.5: 14 401713.761 0.375 
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Table 1 cont'd. 

N' J' F,' F <- N J F. F ^obs N' J' F,' F <- N J F, F Vo()i.<ak 

19 16 15.5 15 IS 15 14.5 14 401713.761 -0.234 19 20 22.5 23 IS 19 21.5 22 401787,228 0.255 
19 17 14.5 14 IS 16 13.5 13 401716.775 0.362 19 20 22.5 22 IS 19 21.5 21 401787.228 -0.221 
19 17 14.5 15 IS 16 !3.5 14 401716.775 -0.026 19 22 21.5 21 IS 21 20.5 20 401790.289 -0.090 
19 17 16.5 16 18 16 15.5 15 401721.856 0.473 19 22 21.5 22 IS 21 20.5 21 401791.809 -0.032 
19 16 15.5 16 IS 15 14.5 15 401721.856 -0.109 19 21 21.5 21 18 20 20.5 20 401793.727 -0.007 
19 17 15.5 16 18 16 14.5 15 401725.253 -0.023 19 2! 21.5 22 IS 20 20,5 21 401795.878 O.ISI 
19 17 15.5 15 18 16 14.5 14 401725.253 -0.773 19 22 22.5 23 18 21 21.5 22 401795.878 -0.404 
19 16 16.5 16 18 15 15.5 15 401728.945 -0.365 19 22 22.5 22 IS 21 21.5 21 401795.878 0.340 
19 17 16.5 17 18 16 15.5 16 401733.439 0.438 19 21 23.5 24 IS 20 22.5 23 401799.546 0.094 
19 19 16.5 16 18 18 15.5 15 401733.439 0.207 19 21 23.5 23 I S  20 22.5 22 401799.546 0.178 
19 19 16.5 17 18 18 15.5 16 401733.439 0.014 19 21 22.5 23 IS 20 21.5 22 40IS03.717 -0.171 
19 16 16.5 17 18 15 15.5 16 401733.439 -0.320 19 21 22.5 22 IS 20 21.5 21 401803.717 0.264 
19 IS 16.5 16 18 17 15.5 15 401733.439 -0.743 19 22 23.i 24 IS 21 22.5 23 401809.115 0.187 
19 18 17.5 18 18 17 16.5 17 401735.872 -0.169 19 22 23/5 23 IS 21 22.5 22 401809.115 0.008 
19 17 18.5 19 18 17 17.5 18 401737.219 0.259 19 22 24.5 25 IS 21 23.5 24 401811.513 0.040 
19 18 18.5 18 18 17 17.5 17 401739.028 0.060 19 22 24.5 24 IS 2! 23.5 23 401811.513 -0.162 
19 IE 17.5 17 18 17 16.5 16 401739.028 -0.223 23 20 17.5 17 22 19 16.5 16 486074.110- -0.003 
19 19 17.5 17 IS 18 16.5 16 401739.028 -0.553 23 20 17.5 IS 22 19 16.5 17 486076.108 0.540 
19 16 17.5 17 IS 15 16.5 16 401741.624 0.206 23 20 18.5 18 22 19 17.5 17 486078.166 0.047 
19 16 18.5 19 18 15 17.5 18 401741.624 -0.300 23 20 19.5 19 22 19 18.5 18 486084.661 0,024 
19 20 17.5 18 18 19 16.5 17 401744.982 0.180 23 20 19.5 20 22 20 19.5 19 486090.920 0.050 
19 19 17.5 18 18 18 16.5 17 401744,982 -0.678 23 22 20.5 20 22 21 19.5 19 486100.372 0.438 
19 17 17.5 18 18 16 16.5 17 401746.545 -0.526 23 22 22.5 23 22 20 21.5 22 486100.372 0.227 
19 18 19.5 20 18 17 18.5 19 401748.738 0.345 23 23 20.5 20 22 22 19.5 19 486100.372 0.093 
19 20 19.5 19 18 19 18.5 18 401748.738 0.252 23 23 20.5 21 22 22 19.5 20 486100.372 -0.140 
19 20 18.5 18 18 19 17.5 17 401753.346 0.278 23 21 21.5 22 22 20 20.5 21 486100.372 -0.453 
19 21 18.5 18 18 20 17.5 17 401754.726 0.721 23 21 22.5 22 22 20 21.5 21 486102.759 0.532 
19 18 18.5 19 18 20 17.5 18 401754.726 -0.389 23 22 21.5 21 22 21 20.5 20 486104.103 0.246 
19 19 18.5 19 18 18 17.5 18 401757.209 -O.I 10 23 23 21.5 21 22 22 20.5 20 486104.103 -0.971 
19 20 18.5 19 18 19 17.5 18 401759.504 0.321 23 20 21.5 21 22 19 20.5 20 486108.101 0.459 
19 21 18.5 19 18 16 17.5 18 401759.604 -0.293 23 20 22.5 23 22 19 21.5 22 486108.101 -0.060 
19 19 20.5 21 IS 18 19.5 20 401761.615 0.291 23 20 22.5 22 22 19 21.5 21 486108.101 -0.584 
19 21 19.5 19 18 16 1E.5 18 401761.615 -0.524 23 24 21.5 21 22 23 20.5 20 486110.836 0.270 
19 19 19.5 19 18 18 18.5 18 401763.403 0.043 23 22 21.5 22 22 21 20.5 21 486113.310 0.281 
19 18 19.5 19 18 17 18.5 18 401768.673 0.089 23 22 23.5 24 22 22 22.5 23 486113.310 -0.077 
19 20 21.5 22 18 19 20.5 21 401774.343 0.117 23 24 23.5 23 22 23 22.5 22 486113.310 -0.278 
19 17 19.5 19 18 20 18.5 18 401774.343 0.023 23 23 21.5 22 22 22 20.5 21 486113.310 -0.499 
19 18 20.5 20 18 17 19.5 19 401774.343 -0.122 23 23 22.5 22 22 22 21.5 21 486119.042 0.262 
19 22 19.5 20 18 21 18.5 19 401776.034 0.115 23 24 22.5 23 22 21 21.5 22 486122.242 -0.034 
19 17 19.5 20 18 16 18.5 19 401777.987 -0.149 23 24 22.5 22 22 23 21.5 21 486122.242 -0.625 
19 20 20.5 20 18 19 19.5 19 401780.045 0.223 23 25 22.5 22 22 24 21.5 21 486125.208 0.151 
19 22 20.5 20 18 21 19.5 19 401780.045 -0.600 23 23 22.5 23 22 22 21.5 22 486125.208 -0.609 
19 21 20.5 20 18 20 19.5 19 401782.373 0.451 23 23 24.5 25 22 22 23.5 24 486127.727 0.565 
19 19 21.5 21 18 IS 20.5 20 401782.373 -0.061 23 21 22.5 23 22 23 21.5 22 486127.727 0.335 
19 20 20.5 21 18 19 19.5 20 401784.543 0.154 23 25 22.5 23 22 24 21.5 22 486127.727 -0.060 
19 19 21.5 22 18 18 20.5 21 401784.543 0.634 23 21 23.5 23 22 24 22.5 22 486127.727 •0.109 
19 21 20.5 21 18 20 19.5 20 401784.543 -0.294 23 23 24.5 24 22 22 23.5 23 486127.727 -0.596 
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Table 1 conl'd. 

N' J' F,' F' <- N J F, F ^'obs.t:ale N' J' Fi' F <- N J F, F ^obs.«ak 

23 23 23.5 23 22 22 22,5 22 486133.972 0.244 23 23 25.5 26 22 22 24.5 25 486151.662 0.825 
23 25 23.5 23 22 21 22.5 22 4S6137.364 -0.324 23 25 24.5 25 22 24 23.5 24 486151.662 -0.400 
23 23 23.5 24 22 23 22.5 23 486138.997 0.046 23 24 26.5 27 22 23 .25.5 26 486153.699 0.329 
23 22 24.5 25 22 21 23.5 24 486138.997 -0.137 23 24 26.5 26 22 23 25.5 25 486153.699 -0.039 
23 22 24.5 24 22 2.1 23.5 23 486141.172 0.386 23 25 25.5 25 22 24 24.5 24 486160.083 -0.133 
23 25 23.5 24 22 24 22.5 23 486141.172 -0.217 23 25 25.5 26 22 24 24.5 25 486162.287 0.473 
23 24 25.5 25 22 23 24.5 24 486141.172 -0.300 23 26 26.5 27 22 25 25.5 26 486162.287 -0.418 
23 21 23.5 24 22 25 22.5 23 486143.214 0.344 23 26 26.5 26 22 25 25.5 25 486162.287 0.247 
23 22 23.5 23 22 20 22.5 22 486143.214 -0.127 23 25 27.5 28 22 24 26.5 27 486165.869 0.054 
23 26 23.5 23 22 25 22.5 22 486143.214 -0.594 23 25 27.5 27 22 24 26.5 26 486165.869 0.120 
23 26 23.5 24 22 2! 22.5 23 486146.078 -0.445 23 25 26.5 26 22 24 25.5 25 486169.135 0.192 
23 24 24.5 24 22 23 23.5 23 486147.976 -0.191 23 25 26.5 27 22 24 25.5 26 486169.135 -0.362 
23 26 24.5 24 22 25 23.5 23 486147.976 -0.205 23 26 27.5/ 28 22 25 26.5 27 486174.550 -0.067 
23 23 25.5 25 22 22 24.5 24 486149.993 0.367 23 26 27.5 27 22 25 26.5 26 486174.550 -0.031 
23 25 24.5 24 22 24 23.5 23 486149.993 0.273 23 26 28.5 29 22 25 27.5 28 486177.634 -0.127 
23 26 24.5 25 22 25 23.5 24 486149.993 -0.436 23 26 28.5 28 22 25 27.5 27 486177.634 -0.229 
23 24 24.5 25 22 23 23.5 24 486151.662 0.273 

a) In MHz; for the v = 1 data set, please contact the authors. 
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Table 2: Spectroscopic Parameters for MnF (X X )' 

Parameter Millimeter-Wave Optical Matrix ESR 

V = 0 v = 1 

B 10582.60503(47) 10503.42888(38) 

D 0.01383948(60) 0.01383454(31) 

y 16.7152(30) 16.3554(36) 

k -136.511(96) -142.3040(50) 

0.000927(40) 0.0000195(50) 

bp (Mn) 413.615(30) 434.277(30) 

c (Mn) 35.584(30) 25.005(30) 

bF(F) 69.863(29) 72.40(19) 

c(F) 24'" 24'') 

rms 0.204 0.244 

Be 10622.19311(60) 

tte 79.1762(12) 

v = 0 

10545(21)"' 

442(6)"', 443(6)"^' 

72(18)", 48(18)" 

68(6)", 75(6)" 

24(18/". 30(18)" 

a) In MHz; errors are 3o and apply to the last quoted decimal places. 

b) From ref [15]. Values originally quoted in cm"'. 

c) From ref [14], neon matrix is first value, argon matrix is second value. 

d) Held fixed (see text). ' 
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Table 3: '^F H^'perfine Parameters for Transition Metal Fluorides 

Molecule a bp c Configuration Reference 

TiF (X**®,) 67.4(1.1) 41(14) -28(14) 9c'l8'47t' [5] 

MnF (X'-t) -- 69.863(29) 24''^ 9o'16WI0ct' This Work 

FeF (X^Ai) -0.45"^ 91.7(3,7) 51.7(3.5) 9o'l5WlOo' [28] 

a) In MHz; errors are 3a and apply to the last quoted decimal places. 

b) Held fixed (see text). 
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Table 4; Hyperfine Parameters for Manganese Diatomics 

Molecule Ground State bp c Reference 

MnH 279(1) 36.0(2.4) [8] 

MnF 
7^+ 

413.615(30) 35.584(30) This Work 

MnCl 376(11) -102(30) [30] 

MnO 6j;+ 479.861(100) -48.199(178) [10] 
MnS 

6^;+ 206.51(79) -27.8(1.6) [11] 

a) In MHz; errors are 3a and apply to the last quoted decimal places. 

I 
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Figure Captions 

Figure 1: Spectra ofthe N = 17 <- 16, 19 <- 18, and 23 «- 22 rotational transitions of MnF 

(X'l") in its ground vibrational state near 359,401, and 486 GHz, respectively. To a first 

approximation, each transition consists of 84 hyperfine components, arising from the electron 

spin and and "p nuclear spins, condensed into a frequency range of about 100 MHz. 

These components are highly blended such that the fine/hyperfme pattern is not easily 

discemable in these data, although there are many repeating spectral features, which are traced 

by dashed lines across the spectra. Each spectrum is an average of four, one minute integrations 

over a 140 MHz frequency range. 

Figure 2: The observed spectrum of the N = 18 17 transition of MnF (X'T.*) near 380 GHz 

(top panel) and a simulated spectrum of the same transition, based on the constants in Table 2 I 
determined in the fit (lower panel). The simulated spectrum reproduces the features in the actual 

data quite well, verifying the accuracy of the analysis. The measured spectrum is 140 MHz wide 

in frequency, and is an average of four scans, each ~ one minute in duration. 

24 



MnF(XV: v = 0) 

N = 23-^-22 
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Supplemental Table 1. Measored Rotational Transitions for MnF (X'Z": v = 1)" 
N- J Fi' F <- N" J" F," F- ^otos VoU - Vcaic 
18 18 16.5 16 17 17 15.5 15 377779.866 0.498 
18 17 17.5 18 17 16 16.5 17 377779.866 -0.554 
18 15 16.5 16 17 14 15.5 15 377783.493 -0.015 
18 19 16.5 16 17 18 15.5 15 377783.493 -0.262 
18 19 16.5 17 17 18 15.5 16 377786.205 -0.051 
18 18 16.5 17 17 17 15.5 16 377786.205 -0.508 
18 17 18.5 19 17 16 17.5 18 377790.524 -0.412 
18 17 18.5 18 17 17 17.5 17 377790.524 -0.477 
18 19 17.5 17 17 18 16.5 16 377792.911 0.334 
18 18 17.5 18 17 17 16.5 17 377797.681 -0.192 
18 19 17.5 18 17 18 16.5 17 377800.253 0.190 
18 16 17.5 18 17 15 16.5 17 377800.253 -0.563 

18 18 18.5 19 17 17 17.5 181 377811.075 -0.697 
18 17 19.5 20 17 16 18.5 377813.750 -0.141 
18 20 18.5 18 17 15 17.5 It 377813.750 -0.271 
18 19 18.5 19 17 18 17.5 18 377813.750 -0.265 
18 17 19.5 19 17 16 18.5 18 377816.383 0.073 
18 20 18.5 19 17 19 17.5 18 377818.608 0.381 
18 18 20.5 21 17 17 19.5 20 377825.365 0.165 
18 19 19.5 20 17 18 18.5 19 377825.365 0.094 
18 20 19.5 20 17 19 18.5 19 377825.365 -0.245 
18 19 21.5 22 17 18 20.5 21 377828.388 0.169 
18 19 21.5 21 17 18 20.5 20 377828.388 -0.246 
18 20 20.5 20 17 19 19.5 19 377834.321 -0.485 
18 20 20.5 21 17 19 19.5 20 377837.028 0.054 
18 21 21.5 21 17 20 20.5 20 377837.028 0.186 
18 21 21.5 22 17 20 20.5 21 377837.028 -0.384 
18 20 22.5 22 17 19 21.5 21 377840.625 0.057 
18 20 22.5 23 17 19 21.5 22 377840.625 0.089 
18 20 21.5 21 17 19 20.5 20 377845.325 0.204 
18 20 21.5 22 17 19 20.5 21 377845.325 -0.126 
18 21 22.5 22 17 20 21.5 21 377850.490 -0.241 
18 21 22.5 23 17 20 21.5 22 377850.490 0.081 
18 21 23.5 23 17 20 22.5 22 377852.686 -0.022 
18 21 23.5 24 17 20 22.5 23 377852.686 0.239 
19 17 16.5 16 18 16 15.5 15 398712.891 0.288 
19 16 15.5 16 18 15 14.5 15 398712.891 -0.133 
19 18 16.5 17 18 17 15.5 16 398724.467 -0.193 
19 19 16.5 16 18 18 15.5 15 398724.467 -0.512 
19 19 17.5 17 18 18 16.5 16 398730.518 0.213 
19 16 17.5 18 18 15 16.5 17 398732.695 0.235 
19 20 17.5 18 18 19 16.5 17 398736.754 0.341 
19 19 18.5 19 18 18 17.5 18 398748.056 -0.315 
19 21 19.5 20 18 16 18.5 19 398752.724 -0.273 
19 19 20.5 21 18 18 19.5 20 398752.724 -0.278 
19 17 19.5 19 18 16 18.5 18 398754.293 -0.054 
19 19 20.5 20 18 18 19.5 19 398754.293 -0.132 
19 19 19.5 20 18 18 18.5 19 398762.201 0.209 
19 20 21.5 22 18 19 20.5 21 398765.478 -0.103 
19 20 21.5 21 18 19 20.5 20 398766.852 0.108 
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Supplemental Table 1. Cont'd 
r F,' F 4- N" J" F," F" Vote Vobs-VcaJo 
22 19.5 20 18 21 18.5 19 398766.852 -0.329 
17 19.5 20 18 20 18.5 19 398768.852 0.299 
17 19.5 20 18 20 18.5 19 398768.852 0.299 
19 21.5 21 18 18 20.5 20 398773.289 -0.472 
19 21.5 22 18 18 20.5 21 398775.499 0.287 
20 20.5 21 18 19 19.5 20 398775.499 0.294 
21 20.5 21 18 20 19.5 20 398775.499 -0.111 
20 22.5 23 18 19 21.5 22 398778.127 0.058 
20 22.5 22 18 19 21.5 21 398778.127 -0.324 
22 21.5 21 18 21 20.5 20 398781.343 -0.027 
22 21.5 22 18 21 20.5 21 398782.664 -0.116 
21 21.5 21 18 20 20.5 20 398784.763 0.175 
21 21.5 22 18 20 20.5 21 398786.828 0.228 
22 22.5 22 18 21 21.5 21 398786.828 0.183 
22 22.5 23 18 21 21.5 22 398786.828 -0.395 
21 23.5 23 18 20 22.5 22 398790.396 0.031 
21 23.5 24 18 20 22.5 23 398790.3% 0.050 
21 22.5 22 18 20 21.5 21 398794.770 0.257 
21 22.5 23 18 20 21.5 22 398794.770 -0.126 
22 23.5 23 18 21 22.5 22 398799.749 -0.392 
22 23.5 24 18 21 22.5 23 398799.749 -0.156 
22 24.5 24 18 21 23.5 23 398802.363 -0.071 
22 24.5 25 18 21 23.5 24 398802.363 0.152 
21 21.5 21 21 20 20.5 20 461539.390 -0.228 
19 20.5 21 21 18 19.5 20 461543.259 0.216 
22 20.5 20 21 21 19.5 19 461543.259 -0.158 
19 20.5 20 21 18 19.5 19 461543.259 -0.408 
19 21.5 21 21 18 20.5 20 461545.474 0.370 
23 20.5 20 21 22 19.5 19 461545.474 -0.131 
23 20.5 21 21 22 19.5 20 461547.511 -0.171 
22 20.5 21 21 21 19.5 20 461547.511 -0.246 
20 20.5 21 21 19 19.5 20 461549.395 0.558 
22 22.5 23 21 22 21.5 22 461549.395 -0.500 
22 21.5 21 21 21 20.5 20 461552.609 0.618 
23 21.5 21 21 22 20.5 20 461556.942 0.264 
24 21.5 21 21 23 20.5 20 461556.942 0.183 
20 21.5 21 21 19 20.5 20 461559.764 0.383 
22 21.5 22 21 21 20.5 21 461559.764 -0.618 
23 21.5 22 21 22 20.5 21 461562.400 0.395 
24 22.5 22 21 23 21.5 21 461564.529 0.241 
22 23.5 23 21 21 22.5 22 461564.529 0.225 
23 22.5 23 21 21 21.5 22 461573.881 0.451 
24 22.5 23 21 23 21.5 22 461575.955 0.281 
23 24.5 25 21 22 23.5 24 461575.955 0.026 
25 22.5 23 21 24 21.5 22 461577.771 -0.462 
21 22.5 23 21 20 21.5 22 461580.588 0.185 
23 23.5 23 21 22 22.5 22 461582.679 0.390 
25 23.5 23 21 24 22.5 22 461582.679 -0.243 
24 23.5 23 21 23 22.5 22 461584.602 0.588 
22 24.5 24 21 21 23.5 23 461584.602 -0.170 
25 23.5 24 21 24 22.5 23 461584.602 •4).691 
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Supplemental Table 1. Cont'd 
F F,' F ^ N" J" F," pii 

^obs ^ofcs " ^calc 
23 25.5 26 21 22 24.5 25 461588.586 0.094 
23 25.5 25 21 22 24.5 24 461588.586 -0.201 
25 24.5 24 21 24 23.5 23 461592.461 0.410 
25 24.5 25 21 24 23.5 24 461592.461 -0.874 
24 24.5 24 21 23 23.5 23 461595.046 0.100 
24 24.5 25 21 23 23.5 24 461597.187 0.540 
25 25.5 25 21 24 24.5 24 461597.187 0.132 
25 25.5 26 21 24 24.5 25 461597.187 -0.438 

24 26.5 26 21 23 25.5 25 461600.735 0.012 
24 26.5 27 21 23 25.5 26 461600.735 0.015 
24 25.5 25 21 23 24.5 24 461604.352 0.314 
24 25.5 26 21 23 24.5 25 461604.352 -0.182 
25 26.5 26 21 24 25.5 25/ 461609.676 -0.015 
25 26.5 27 21 24 25.5 26 461609.676 0.034 
25 27.5 27 21 24 26.5 4 461612.448 -0.208 
25 27.5 28 21 24 26.5 27 461612.448 -0.069 
20 20.5 20 22 19 19.5 19 482456.176 -0.151 
23 20.5 20 22 22 19.5 19 482458.874 0.056 
22 20.5 20 22 21 19.5 19 482458.874 -0.050 
23 20.5 21 22 22 19.5 20 482458.874 -0.315 
21 22.5 22 22 21 21.5 21 482462.129 0.564 
21 20.5 21 22 20 19.5 20 482462.129 -0.123 
20 21.5 22 22 19 20.5 21 482465.783 0.039 
20 21.5 21 22 19 20.5 20 482465.783 -0.530 
20 22.5 22 22 19 21.5 21 482468.341 0.632 
24 21.5 21 22 23 20.5 20 482468.341 -0.273 
23 21.5 22 22 20 20.5 21 482471.815 -0.067 
23 23.5 24 22 22 22.5 23 482471.815 -0.415 
24 23.5 23 22 23 22.5 22 482471.815 -0.609 
23 22.5 22 22 22 21.5 21 482476.429 0.634 
25 22.5 22 22 20 21.5 21 482482.951 0.390 
23 22.5 23 22 22 21.5 22 482482.951 -0.540 
24 22.5 23 22 23 21.5 22 482485.356 0.309 
23 24.5 25 22 22 23.5 24 482485.356 -0.221 
25 22.5 23 22 24 21.5 22 482485.356 -0.196 
21 23.5 24 22 20 22.5 23 482485.356 -0.227 
22 23.5 23 22 21 22.5 22 482494.971 0.216 
24 23.5 24 22 23 22.5 23 482496.562 0.159 
24 25.5 26 22 23 24.5 25 482498.909 0.363 
25 23.5 24 22 24 22.5 23 482498.909 0.229 
22 24.5 24 22 21 23.5 23 482498.909 -0.303 
24 25.5 25 22 23 24.5 24 482498.909 -0.644 
21 23.5 23 22 20 22.5 22 482500.748 0.563 

26 23.5 24 22 25 22.5 23 482500.748 -0.287 

22 23.5 24 22 21 22.5 23 482503.218 -0.311 
24 24.5 25 22 23 23.5 24 482509.145 0.383 
24 24.5 25 22 23 23.5 24 482509.145 0.383 
25 24.5 25 22 24 23.5 24 482509.145 -0.279 
24 26.5 27 22 23 25.5 26 482511.320 0.174 
24 26.5 26 22 23 25.5 25 482511.320 -0.096 

26 25.5 25 22 25 24.5 24 482515.419 0.601 
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Supplemental Table 1. Cont'd 
J' Fi' F <-- N- J" F," F" ^obs ~ ^calc 
26 25.5 26 22 25 24.5 25 482515.419 -0.643 
25 25.5 26 22 24 24.5 25 482519.861 0.608 
26 26.5 26 22 25 25.5 25 482519.861 0.126 
26 26.5 27 22 25 25.5 26 482519.861 -0.434 
25 27.5 27 22 24 26.5 26 482523.398 0.020 
25 27.5 28 22 24 26.5 27 482523.398 0.022 
25 26.5 26 22 24 25.5 25 482526.811 0.301 
25 26.5 27 22 24 25.5 26 482526.811 -0.221 
26 27.5 27 22 25 26.5 26 482532.196 0.034 
26 27.5 28 22 25 26.5 27 482532.196 0.038 
26 28.5 28 22 25 27.5 27 482535.145 -0.140 
26 28.5 29 22 25 27.5 28 482535.145 -0.022 
21 18.5 18 23 20 17.5 17 503348.864 0.160 
21 19.5 20 23 20 18.5 19 503356.749 -0.056 
22 20.5 20 23 21 19.5 19 503366.984 0.249 
21 20.5 21 23 20 19.5 20 503366.984 -0.195 
23 21.5 21 23 22 20.5 20 503373.715 -0.092 
23 23.5 24 23 21 22.5 23 503373.715 -0.145 
21 21.5 22 23 20 20.5 21 503376.046 0.385 
22 23.5 23 23 21 22.5 22 503376.046 0.149 
23 22.5 22 23 22 21.5 21 503378.221 0.573 
24 22.5 22 23 21 20.5 21 503378.221 -0.190 
21 22.5 23 23 20 21.5 22 503380.644 -0.166 
23 22.5 23 23 22 21.5 22 503386.754 0.223 
23 24.5 25 23 23 23.5 24 503386.754 -0.184 
25 24.5 24 23 24 23.5 23 503386.754 -0.405 
24 22.5 23 23 23 21.5 22 503386.754 -0.525 
24 23.5 23 23 23 22.5 22 503392.427 0.566 
23 23.5 23 23 22 22.5 22 503394.708 -0.239 
25 23.5 23 23 24 22.5 22 503396.381 0.544 
25 23.5 24 23 22 22.5 23 503396.381 0.515 
24 25.5 26 23 23 24.5 25 503400.614 0.151 
25 24.5 25 23 21 23.5 24 503400.614 0.141 
22 23.5 24 23 24 22.5 23 503400.614 0.163 
24 24.5 25 23 24 23.5 24 503411.521 •0.218 
26 24.5 25 23 25 23.5 24 503414.074 0.018 
23 25.5 25 23 22 24.5 24 503414.074 -0.120 
23 24.5 24 23 21 23.5 23 503416.355 0.545 
22 24.5 25 23 26 23.5 24 503416.355 0.177 
27 24.5 25 23 22 23.5 24 503419.037 0.016 
26 25.5 25 23 25 24.5 24 503422.521 0.186 
24 26.5 26 23 23 25.5 25 503422.521 -0.259 
25 27.5 28 23 24 26.5 27 503426.364 0.195 
25 27.5 27 23 24 26.5 26 503426.364 -0.050 
27 26.5 26 23 26 25.5 25 503430.650 0.687 
27 26.5 27 23 26 25.5 26 503430.650 -0.517 
26 26.5 27 23 25 25.5 26 503434.837 0.580 
27 27.5 27 23 26 26.5 26 503434.837 0.042 
27 27.5 28 23 26 26.5 27 503434.837 -0.507 
26 28.5 29 23 25 27.5 28 503438.393 -0.015 
26 28.5 28 23 25 27.5 27 503438.393 -0.015 



Supplemental Table 1. Cont'd 
N* r F,' F 4-- N" J" Fi" F" ^obs ^obs ~ ^calc 
24 26 27.5 27 23 25 26.5 26 503441.553 0.158 
24 26 27.5 28 23 25 26.5 27 503441.553 -0.385 
30 27 27.5 27 29 26 26.5 26 628685.869 -0.093 
30 30 27.5 27 29 29 26.5 26 628685.869 -0.215 
30 29 30.5 31 29 28 29.5 30 628696.333 -0.123 
30 30 30.5 30 29 28 29.5 29 628696.333 -0.470 
30 31 28.5 28 29 30 27.5 27 628696.333 -0.752 
30 29 28.5 29 29 28 27.5 28 628701.209 0.882 
30 30 28.5 29 29 29 27.5 28 628701.209 0.654 
30 29 29.5 29 29 30 28.5 28 628707.420 0.027 
30 30 29.5 29 29 29 28.5 28 628707.420 -0.439 
30 29 29.5 30 29 28 28.5 29 628707.420 -0.477 
30 31 29.5 29 29 28 28.5 28; 628711.059 0.423 
30 30 31.5 32 29 29 30.5 31 628711.059 0.173 
30 28 30.5 31 29 27 29.5 3^ 628711.059 0.124 
30 31 29.5 30 29 30 28.5 29 628713.968 0.079 
30 32 29.5 30 29 31 28.5 29 628713.968 -0.151 
30 32 30.5 31 29 31 29.5 30 628727.665 0.189 
30 30 30.5 31 29 29 29.5 30 628727.665 0.015 
30 33 30.5 30 29 32 29.5 29 628730.725 0.296 
30 30 32.5 32 29 29 31.5 31 628734.708 -0.104 
30 33 31.5 32 29 32 30.5 31 628734.708 -0.452 
30 32 31.5 31 29 31 30.5 30 628734.708 -0.727 
30 32 31.5 32 29 31 30.5 31 628737.203 -0.070 
30 31 33.5 34 29 30 32.5 33 628737.203 -0.224 
30 31 33.5 33 29 30 32.5 32 628737.203 -0.329 
30 33 32.5 32 29 32 31.5 31 628742.517 0.457 
30 33 32.5 33 29 32 31.5 32 628742.517 -0.536 
30 32 32.5 33 29 31 31.5 32 628746.549 0.712 
30 33 33.5 33 29 32 32.5 32 628746.549 0.142 
30 33 33.5 34 29 32 32.5 33 628746.549 -0.319 
30 32 34.5 34 29 31 33.5 33 628749.580 -0.231 
30 32 34.5 35 29 31 33.5 34 628749.580 -0.220 
30 32 33.5 33 29 31 32.5 32 628752.673 0.235 
30 32 33.5 34 29 31 32.5 33 628752.673 -0.369 
30 33 34.5 34 29 32 33.5 33 628758.033 0.051 
30 33 34.5 35 29 32 33.5 34 628758.033 -0.121 
30 33 35.5 35 29 32 34.5 34 628761.281 ~0.4'16 
30 33 35.5 36 29 32 34.5 35 628761.281 -0.386 

a) In MHz. 
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Abstract 

The millimeter/sub-millimeter wave spectrum of the CoCN radical has been 

recorded in the frequency range 350 - 500 GHz using direct absorption techniques. This 

study is the first spectroscopic observation of this molecule in the laboratory. The ground 

state has been assigned as ^<I>i based on the observation of three ground state spin-orbit 

components and in analogy with CoH(X'<t>j), CoF(X^<J>i), and CoCl(X^Oj). Rotational 

transitions arising from the £1 = 4, 3, and 2 spin-orbit components have been recorded, 

with hyperfine splittings arising from the ''Co (I = 7/2) nucleus resolved in each. For 

the main isotope, several additional rotational transitions were observed within the lowest 

bending vibrational components, which exhibited Renner-Teller splittings, and in the first 

quantum of the metal-carbon stretch. The ground state data were fit using a case (ap) 

Hamiltonian and the vibronic components were modeled using an effective expression 

that contains the diagonal portion of the magnetic hyperfine Hamiltonian. In addition, 

transitions arising from the Co"CN isotopomer were recorded as well. Based on the 

isotopic data, an ro structure was calculated, and this radical was found to have a linear 

cyanide geometry, similar to the ZnCN, CuCN, and NiCN. The linear cyanide structure 

suggests that the bonding in CoCN is largely covalent, like nickel, copper, and zinc 

cyanides. The hyperfine parameters determined for CoCN are similar to those measured 

for CoH and CoCl; the latter suggests that CoCN has a greater ionic bonding character 

than these other cyanides. 
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1. Introduction 

Three distinct structures have been observed for metal cyanides. Sodium and 

potassium exhibit a t-shaped geometry in which the metal orbits the cyanide moiety in a 

highly ionic, polytopic bond.[1,2] Lithium, the alkaline-earth, and the group-13 

metals[3-6] are found to possess the linear isocyanide structure due to an increase in the 

covalent bonding character.[7,8] Prior to recent investigations of the transition metal 

cyanides, the linear cyanide geometry had only been encountered as a higher energy 

isomer. [9] 

The first transition metal cyanide to be observed was FeNC.[10] This species was 

found to have the linear isocyanide form, like the previously observed metal cyanides. 

This work was followed by millimeter-wave studies investigations ofZnCN(X^I^ and 

CuCN(X'S") These measurements unambiguously determined that they both possessed 

the linear cyanide structure. [11,12] Laser induced fluorescence studies ofNiCN(X^Ai) 

showed that this radical also exhibited the linear cyanide form,[13] with measurement of 

the pure rotational spectrum confirming this geometry.[14] Unfortunately, the remaining 

transition metal cyanides have received almost no attention, both theoretically and 

experimentally; therefore, their ground state geometric forms are not known. Cobalt 

cyanide occupies a very curious position between NiCN, a cyanide, and FeNC, an 

isocyanide, making its structure of particular interest. 

Spectroscopic investigations of cobalt containing radicals, in general, have been 

limited. For example, only the pure rotational spectrum of CoC (X^IT) has been 

measured to completion. [15] Pure rotational transitions of CoO (X^Aj) have also been 

recorded[16]; however, only in the lowest two spin-orbit components prohibiting a 
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complete case(a) analysis. Laser magnetic resonance (LMR) spectroscopic studies of 

CoH (X^<l)i) have only identified the two lowest spin-orbit components of this molecule 

[17] and pure rotational transitions of CoF(X^<I>i) have been recently recorded only in the 

0 = 4 ground state spin sub-level[18]. In all three cases large hyperfme splittings due to 

''Co (1 = 7/2) were observed. Electronic transitions of CoH(X'<Di), CoF(X'<Di), and 

CoCl(X^<l>i) have also been measured;[ 19-22] however, only for^CoF have all three spin-

orbit components been identified. A large spin-orbit energy sepjkration exists in these 

molecules, making observation of all spin-components difficult, especially under jet-

cooled conditions. For CoCl, cobalt hyperfme splittings have also been measured. 

In this paper, we report the first detection of the CoCN radical. The ground state 

has been assigned as X^Oi, based on the observation of three ground state spin-orbit 

components and in analogy with CoH, CoF, and CoCl. Rotational transitions arising 

from the O = 4, 3, and 2 spin-orbit sub-levels, as well as several vibronic states, were 

recorded, in order to determine the geometry of the molecule, rotational transitions of the 

Co'^CN isotopomer were also measured. An analysis of the spectroscopic data and a 

discussion of the structure and bonding properties of CoCN and other cyanides follow, 

n. Experimental 

Pure rotational transitions of CoCN were recorded using the high temperature 

millimeter-wave spectrometer of the Ziurys group. [23] Briefly, the instrument consists 

of a set phase-locked Gunn oscillators and Schottky-diode multiplier (65 - 650 GHz); a 

double-walled, water-cooled steel reaction chamber containing a Broida-type oven and a 

d.c. discharge electrode; and an InSb bolometer detector. Offset ellipsoidal mirrors are 

used to direct the radiation through the double pass system and a pathlength modulator is 
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utilized for baseline smoothing. The radiation is frequency modulated at 25 kHz and is 

detected at 2/via a lock-in-amplifier. 

The CoCN radical was synthesized by the reaction of cobalt vapor, produced in a 

Broida-type oven, with cyanogen gas. Initially 15-20 mtorr of (CN)^ were passed into 

the reaction chamber from underneath the oven. However, unlike in our previous 

syntheses of transition metal cyanides, more intense signals were observed if the reactant 

gas entered through a steel tube over the top of the Broida oven. In both cases, neither a 

d.c. discharge or a carrier gas such as Ar were found to improve the intensity of the 

rotational transitions. In order to produce Co'^CN, H"CN was substituted for cyanogen. 

H"CN was synthesized in our lab by the slow reaction of an aqueous solution of Na'^CN 

with H2SO4. The H"CN was then distilled^ passed through CaS04 and P2O5 drying traps, 

and collected in a liquid nitrogen cooled trjp. As for the main isotopomer, 10-15 mtorr of 

H'^CN and no carrier gas were added over the top of the oven; however, a d.c. discharge 

of 0 2 A at 200 V was required in order to observe rotational transitions of Co"CN. 

Final transition frequencies of CoCN and Co"CN were obtained by averaging 

two scans, one in decreasing and the other in increasing frequency, each 5 MHz in width. 

For the weaker features, up to five scan pairs were found to be necessary. Each line was 

fit to a Gaussian profile, in order to determine the center frequency. Typical line widths 

ranged from 800 kHz at 350 GHz to 1400 kHz at 500 GHz. 

in. Results 

Because no previous spectroscopic information existed for CoCN, an extensive 

search in frequency space, -30 GHz, was conducted in order to locate pure rotational 

transitions arising from this molecule. During this search a weak octet that was 
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attributed to an open shell molecule containing cobalt (I = 7/2) was observed. Additional 

harmonically related octets were found to require integer quantum numbers, indicating an 

odd spin multiplicity of S > 1. (S = 0 can be effectively ruled out as the only hyperfine 

splitting in this case arises from nuclear quadrupole coupling, which would not result in a 

pattern of eight nearly equally spaced lines. [24]) The B value (~ 4 GHz) obtained for this 

set of octets was found to be similar to those of the other transiti|>n metal cyanides. 

Therefore, these features were attributed to CoCN. In total eigljit groups of harmonically 

related octets were observed. 

Based on similar cobalt radicals, CoH(X^<l>i), CoF(X^<I>i), and CoCl(X^Oi) [19-22] 

the ground state of CoCN was first assumed to be ^^>i. In this term, three fine structure 

components arise, as a result of spin-orbit coupling, per rotational transition, labeled by 

Q, where Q = A + Z. In an inverted state, the Q = 4 spin-orbit sub-level lies lowest in 

energy. Cobalt possess one isotope, ^'Co, with a nuclear spin of I = 7/2. This nuclear 

spin angular momentum can further couple to the rotational angular momentum, J, 

resulting in an octet (J = I + F) for each of the three spin-orbit components within a 

rotational transition. 

The most intense group of eight lines observed for CoCN was assigned as the £1 = 

4 spin-orbit component. In a state, lambda-doubling interactions are possible, 

although expected to be very small in magnitude. The only molecule with a <D ground 

state in which A-doubling has been observed is CoH [17], however the effect was only 

resolvable in the Q = 3 spin-component, not Q = 4. For CoCN, rotational transitions of 

comparable intensity to the Q = 4 sub-level were not found to exist. The absence of 
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lambda-doubling indicates that the ground state of CoCN has a high value of angular 

momentum, which supports a ^3); assignment. 

In addition to the three spin-ortoit components, rotational transitions arising from 

the vibrational energy levels of CoCN are possible. Based on the previous spectroscopic 

studies of ZnCN, CuCN, and NiCN [11,12,14], the bending mode (vj) is sufficiently low 

in energy (~ 200 - 300 cm"') to populate the rotational energy levels within these states, 

and is most likely the case for CoCN. For a linear triatomic molecule in a state, the 

bending vibrational levels are subject to Renner-Teller coupling. [25,26] In this 

phenomenon, the bending vibrational, /, and electron orbital angular momenta couple to 

form K, (/ + A = K) with components labeled by K? (K +1 = P). In a '<!> state, for the vj 

= 1 level, two Renner components result, and 'A, and for the vj = 2 state three arise, 

and ^fl, all within each of the three spin-orbit sub-levels. In addition, rotational 

transitions arising from the metal carbon stretch have also been observed for ZnCN [11] 

and NiCN[14] and therefore may be present in the rotational spectrum of CoCN. 

A set of two octets of similar imensity were observed approximately 2 and 3 GHz 

to higher frequency of the O = 4 spin-orbit component, respectively. In ZnCN, CuCN, 

and NiCN, rotational transitions arising from the va = 1 mode were found to be located at 

a similar frequency spacing from the ground state. [11,12,14] As a result, these octets 

were assigned as the two before mention^ Renner-components of the vj = 1 level of the 

spin-component. The two components do not exhibit any evidence ofP-type 

doubling as was observed in the V2 = 1 vibronic component in NiCN. Again this 

suggests a high value of orbital angular momentum for the ground state. A larger 

hyperfme spacing between the eight components of the lower frequency octet was 
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observed; therefore, it was assigned as the 'Pj vibronic component and the other as the 

level. Two additional weak octets were observed approximately 5-6 GHz higher in 

frequency. These presumably are two of the Renner components of the v%-l vibronic 

level, most likely and ^112. The missing component is most likely the ^€>4, shifted by 

Fermi resonance with the first quantum of the metal-carbon stretch (vi), which has the 

s a m e  P  v a l u e .  j  

Between the Q = 4 spin-orbit component and the vj = 1 /vibronic sub-levels, three 

additional weak octets were observed. The first octet was found to be close in frequency 

to the ground state line, -100 MHz higher in the J = 45 44 rotational transition. The B 

value for this octet was smaller than that for the ground state; however at higher J, the 

small value of the centrifugal distortion constants results in this feature moving to higher 

frequency of the Q = 4 spin-orbit component. Interestingly, the hyperfine splitting in this 

octet is very similar to the ground state. The hyperfine spacing between the eight 

components of the ground state octet and the metal-ligand stretching modes are expected 

be similar, as has been observed for CoCl.[22] As a result, this weak octet was 

tentatively assigned as the vj =1 (^^4) metal-carbon stretch. The appearance of the 

rotational transitions of the stretch to higher frequency than the ground state suggests that 

this state is perturbed. This perturbation is most likely the resuh ofFermi resonance with 

the vj = 2 ('€>4) component of the bending mode. In NiCN, a strong Fermi resonance 

was observed.[13] This interaction results in the in the partial mixing of the rotational 

constants of the two perturbing states. In this case, the va = 2 (^€>4) sub-level is expected 

to be shifted closer in frequency to the ground state. However, most likely because of 

this and the weak nature of the vj = 2 vibronic components it was not observed. 
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Of the two remaining octets, the one located approximately 600 MHz higher in 

frequency than the ground state spin-component was the second most intense line 

observed. For CoH, the energy separation between the = 4 and 3 spin-components has 

been measured.[27] Based on this, the spin-orbit constant, A, was calculated to be -

221.5 cm"' [17], The electronic structure ofNiCN(X^Aj) [13,14] was found to be quite 

similar to NiH(X^Ai) [28], suggesting that the spin-orbit interaction in CoCN might be 

similar to CoH. Assuming this case, the energy separation between the spin-components 

of CoCN is expected to be large - 700 cm"'. Using the approximate relationship (BQ = 

B(1+2BX/AA) )[29], the two additional spin-components should be found close in 

frequency to the ground state octet (Q = 4), as in NiCN. It may be argued that CoCN, 

contrary to NiCN[l 3,14] behaves more liki CoF; however, the A value of CoF is -232 

cm"' [20], which is nearly the same as for CoH. Therefore, this second strongest line was 

assigned as the O = 3 spin-orbit component. The final octet, which is less intense than 

the n = 3 spin-level was assigned as the O = 2 spin-component. 

Figure 1 illustrates a stick spectrum of the observed octets of the J = 45 <- 44 

rotational transition near 379 GHz of CoCN. Each octet is represented as a single feature 

with its approximate relative intensity, labeled as Kp. The strongest line belongs to the Q 

= 4 spin-orbit component; the O = 3 and 2 sub-levels are located approximately 600 MHz 

and 1.2 GHz higher in frequency, respectively. The octet ~ 100 MHz higher in frequency 

of the ground state is the tentatively assigned vi =1 ('O4) stretch. The vj =1 vibronic 

Renner components, j and are shown ~ 2 GHz higher in frequency than the ground 

state line. The vj = 2 vibronic components are also shown, however due to their poor 

intensity the hyperfme structure could not be well resolved in this work. 
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Figure 2 show a laboratory spectrum of the £1 = 4, 3, and 2 spin-components of 

the J = 45 •<- 44 rotational transition in the 378 GHz region. For each sub-level the 

hyperfine splitting due to the "Co nucleus is clearly resolved. All three spin-oibit 

components are shown with a frequency break of- 500 MHz between each. 

The measured rotational transition frequencies for the spin-orbit components of 

the state of CoCN are listed in Table 1. Eleven, five, and ee rotational 

splittings due to the ''Co nucleus were resolved for each rotational transition. 

The measured rotational transitions for the vibronic levels of CoCN can be found 

in EPAPS.[30] For the vj =1 level, nine rotational transitions were recorded in each 

Renner component ('r5 and 'A3). For the vj = 1 ('4><i) metal carbon stretch, three 

rotational transitions were measured in each. In all cases, "Co hyperfine splittings were 

resolved in each rotational transition. 

In order to establish the molecular geometry of cobalt cyanide, measurement of 

rotational transitions arising from at least one additional isotopomer were required. 

Unfortunately, cobalt has only one stable isotope, ''Co; therefore, the only other 

isotopomers that could be observed were either "C or Searches for signals arising 

from these species in natural abundance were unsuccessful; not surprisingly due to the 

low intensity of the rotational transitions observed for the main isotopomer. As a result, 

H"CN was used to synthesize Co"CN. Rotational transitions with nearly the same 

hyperfine splitting as the ground state of the main isotopomer were observed for Co'^CN 

and were assigned as the O = 4 spin-component. A laboratory spectrum of the J = 48 <-

47 rotational transition of Co'^CN is shown in Figure 3. The signal to noise ratio 

transitions were recorded in the Q = 4, 3, and 2 sub-levels respectively. Hyperfine 
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observed for this octet is low; however, eight individual features are clearly present in the 

highlighted region. In total four rotational transitions arising from Co"CN were 

measured for the Q = 4 spin-orbit component and are listed in Table 2. From the 

rotational constant determined for this isotopomer, the structure of CoCN was determined 

to be linear cyanide. 

IV. Analysis 

The pure rotational transitions of CoCN(X'<I>i) were fit to the following effective 

Hamihonian in a case(ae) basis [17,31] 

^eff ~ ^Rot •'"Hso + Hjg + (1) 

which contains rotational, spin-orbit, spin-spin, and magnetic hyperfine terms. The 

results of the least squares fit of Eq. (1) to tjie rotational data arc shown in Table 3. 

Because rotational transitions recorded for^CoCN contained high J values, three 

centrifugal distortion terms, D, H, and L were found to be necessary in the analysis. For 

CoCN, the value of A, the spin-orbit constant, was fixed to that of CoH.[17] Also, the 

spin-spin parameter, X, was fixed to zero. For both constants, centrifugal distortion 

parameters up to second order were found to be necessary. The magnetic hyperfine 

constants, a and b+c were also utilized. Unfortunately, the value of the isolated b 

constant could not be reliably established from this data set. A value for the electric 

quadrupole parameter, eqoQ, was also not determinable. The hso parameter, introduced to 

account for systematic trends in the residuals of the LMR data in the Q = 3 level of CoH 

was also found to be necessary[17]. Assignment of the F quantum numbers was made by 

fitting the rotational data with the quantum numbers for each octet as in Table 1 and in 

reverse order. For the reverse assignment, the rms was > 600 kHz and the value of a was 
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negative. The overall rms of the final fit is 144 kHz, less than the estimated experimental 

accuracy of indicating the data was relatively well modeled by this Hamihonian. 

Rotational transitions arising from the various vibronic components as well as the 

Q = 4, 3, and 2 spin-orbit sub-levels were fit using an effective Hamiltonian. In this 

expression the hyperfine splittings were modeled using the diagonal elements of the 

magnetic hyperfine Hamiltonian[20] as wel' ' on term given as[l7] 

An effective approach could only be employed for the vibronic components, as the 

Renner-Teller effect has not been considered in the same detail for O states as it has been 

for A and H states.[25,26] The large frequency separation (> 1 GHz) observed in the 

Renner-Teller components of the vj = 1 and vj = 2 vibronic levels suggests that this 

interaction is substantial in CoCN, The results of the fits for each sub-level are listed in 

Table 4. In the case of the vibronic components, the value of P was substituted for Q. 

For each component, the rms values are below 100 kHz, indicating that these expressions 

adequately modeled the data. 

V. Discussion 

A. Structure and Bonding 

From the rotational transition data measured for CoCN and its isotopomer 

Co'^CN, this radical was found to possess a linear cyanide structure. As a result, the 

lower energy isomer of CoCN exhibits the same geometry as the 3d transition metal 

cyanides of nickel, copper, and zinc,[l 1-14] rather than the isocyanide form like iron.[10] 

The To bond lengths determined for CoCN are shown in Table 5. Because only 

rotational transitions arising from the Q = 4 spin-orbit component were observed for the 

(2). 

12 



254 

Co"CN isotopomer, a structure based only on this sub-level could be determined. For 

cobalt cyanide, the roQ= 4 metal-carbon bond length is 1.8827(7) A and the CN bond 

length is 1.1313(10) A. The metal-carbon bond length is longer for CoCN than for cither 

NiCN or CuCN. This result is contrary to the CoC To = 1.5612 A bond length, 

which is significantly shorter compared to that ofNiC (X'Z^) ro = 1.6308 A[32]. In 

CuCN and NiCN, the metal-carbon bond lengths are similar; st likely due to the 

configurations. [14] The 'O ground state of CoCN arises from a 6TC configuration, which 

corresponds to removal of a 7C electron from the NiCN electron configuration. This n 

orbital is largely antibonding in character; removal of an electron from it would be 

expected to decrease the metal carbon bond length. This appears to be contrary to the 

experimental observations. However, the Experimentally determined bond lengths for 

CoCN may be misleading since they are based solely on data from the Q = 4 spin-

component for the two isotopomers. The Bq - 4 value should be smaller than the overall 

mechanical B (derived from all three spin-components) of the molecule.{25] A more 

accurate ro structure could be obtained if this B is used, unfortunately it is not available 

for Co'^CN, CoCN possesses the shortest CN bond length of any of the transition metal 

cyanides. Because rotational transitions of only two isotopomers were recorded, r„ rj 

and rj^' structures could not be determined.[33,34] The elongated metal-carbon bond 

length and shortened CN bond length may be the resuh of zero-point perturbations, 

which have been observed in the RO structure of InCN (ro CN = 1.135(11) A as opposed to 

CN = 1.1472 A).[6] These methods have been found to better approximate an 

equilibrium geometry, thereby removing any zero-point anomalies. 

removal of a 6 non-bonding electron between the CuCN and NiCN electron 
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The preference for cobalt to form the linear cyanide structure suggests that the 

metal ligand bond also has a significant covalent character as has been postulated for 

nickel, copper, and zinc cyanides. [11-14] The linear cyanide structure is believed to 

occur for these species as a result of d-7t* back bonding from the metal to the 

ligand. [11,14] The bonding preference to the carbon atom arises because the n* orbitals 

of CN have a slightly greater carbon character. As one moves further to the left on the 

periodic table in the 3d transition metal row, the number of d electrons decreases. 

Evidently cobalt must have sufficient d-electron density to continue this back donating 

behavior and form the cyanide structure. 

The relative strengths of the M-C bonds can also be probed via the Kratzer 

relationship. For NiCN, CuCN, and ZnCN, the metal-carbon stretching frequencies have 

been estimated as 491 cm"', 478 cm"' and 418 cm"' respectively.[11,12,14] For CoCN, 

the value of coi is 426 cm"', which is closest to the value found for ZnCN. The low value 

of coi suggests that the metal carbon bond is much weaker in CoCN than in NiCN and 

CuCN, which is supported further by the lengthened metal-carbon bond compared to the 

other two cyanides. 

B. Cobalt Hyperfine Interactions 

As mentioned previously, the ^<I>i ground state of CoCN arises from a 67t electron 

configuration. The magnetic hyperfine interactions that arise for CoCN include electron 

orbital- nuclear-spin, a, and electron spin - nuclear spin, (b+c). The second interaction 

can be divided into two contributions, the Fermi contact term, bf (bp = b + l/3c) and c, 

the dipolar term. The value of the Fermi contact term depends on the unpaired electron 
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deosity at the nucleus with spin and contributions to the c terai arise from the anisotropic 

unpaired electron distribution at that nucleus. [24] 

In a 5n configuration the magnitude of the bf parameter should be close to zero as 

no unpaired o electrons are present. In fact for CoH this parameter has been measured to 

be only -15.9(86) MHz.[17] Unfortunately because b could not be fit for CoCN, the 

value of bf could not be obtained. As has been discussed for Coji, the majority of the 

magnetic hyperfine coupling will manifest then itself in the a aAd c parameters. For 

CoCN. the value of the a constant was found to be greater than b+c (829.9 vs. -736 MHz) 

as was found for CoH (621.01 vs. -320.08 MHz [17]). For cobalt atom, the value of a 

has been measured as 617 9 MHz for the 3d* 4s' configuration and 702.8 MHz for the 3d' 

4s^ configuration. [3 5] In CoCN, a compares quite similarly to that of cobalt atom. 

A comparison of the hyperfine parameters of CoF, CoCl and CoCN can also be 

made[ 18,20]. Unfortunately, for CoF and CoCl only the 12 = 4 spin-orbit component of 

the ground state has been observed. Because hyperfine splittings were resolved in this 

sub-level a value of ho-4 was obtained. The value of ho-4 for CoF is 974.9(18) GHz 

[18] and for CoCl is 1318(16)GHz,[20]. The value of ho., is 1754.0(5.8) GHz for 

CoCN, which compares more closely to that of CoCl than CoF. This suggests that the 

electronic structure of CoCN(X^<t>i) may have some similarity to CoCl(X'®>j) unlike 

NiCN(X^Ai) [13,14], which is quite different fi'om NiF(X^ni) and NiCl(X'ni) [36,37]. 

This may mean a greater ionic character in the cobalt-cyanide bond than exist for nickel, 

copper, and zinc cyanides. 

15 



VL Conclusion 

The pure rotational spectrum of CoCN has been observed using direct absorption 

millimeter/sub-millimeter wave techniques, which is the first spectroscopic observation 

of this radical by any means. Rotational transitions of CoCN in all three spin-orbit 

components and in the = 4 of the isotopomer, Co"CN, have been recorded. From this 

data, the structure of CoCN has been determined unambiguously to be linear cyanide. 

This geometry is the same as has been observed for nickel, copper, and zinc cyanides, 

suggesting that the cobalt and cyanide bond has significant covalcnt character. Within 

each rotational transition, hyperfine splittings arising from the ''Co (I = 7/2) nucleus were 

observed. The magnetic hyperfine constants determined from the global fit of the 

rotational transitions of CoCN are consistem with a n5 electron configuration and are 

similar to those measured for CoH. The value of the ho = 4 parameter for CoCN is similar 

to that of CoCl suggesting an increased ionic character in CoCN compared to the other 

transition metal cyanides. 
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Table 1. Measured Rotational Transition Frequencies for CoCN (X^«l>i) (O = 4 and 3) 

o r P <(- J" F" ^obs V«te-Vcslc 

4 42 38.5 41 37.5 352544.087 0.050 
4 42 39.5 41 38.5 352540.703 0.030 
4 42 40.5 41 39.5 352537.161 0.026 
4 42 41.5 41 40.5 352533.409 -0.015 
4 42 42.5 41 41.5 352529.544 0.002 
4 42 43.5 41 42.5 352525.470 -0.021 
4 42 44.5 41 43.5 352521.268 -0.004 
4 42 45.5 41 44.5 352516.860 -0.027 
4 44 40.5 43 39.5 369292.944 0.033 
4 44 41.5 43 40.5 369289.854 0.029 
4 44 42.5 43 41.5 369286.496 -0.091 
4 44 43.5 43 42.5 369283.111 -0.089 
4 44 44.5 43 43.5 369279.584 -0.080 
4 44 45.5 43 44.5 369275.907 -0.074 
4 44 46.5 43 45.5 369272.077 -0.074 
4 44 47.5 43 46.5 369268.131 -0.046 
3 44 40.5 43 39.5 369890.716 0.069 
3 44 41.5 43 40.5 369888.309 -0.137 
3 44 42.5 43 41.5 369885.979 -0.118 
3 44 43.5 43 42.5 369883.590 -0.013 
3 44 44.5 43 43.5 369881.158 0.192 
3 44 45.5 43 44.5 369878.432 0.243 
3 44 46.5 43 45.5 369875.608 0.334 
3 44 47.5 43 46.5 369872.734 0.509 
4 45 41.5 44 40.5 377665.296 0.042 
4 45 42.5 44 41.5 377662.352 0.058 
4 45 43.5 44 42.5 377659.172 -0.021 
4 45 44.5 44 43.5 377655.958 0.006 
4 45 45.5 44 44.5 377652.501 -0.071 
4 45 46.5 44 45.5 377649.039 -0.015 
4 45 47.5 44 46.5 377645.354 -0.045 
4 45 48.5 44 47.5 377641.520 -0.089 
3 45 41.5 44 40.5 378264.251 -0.024 
3 45 42.5 44 41.5 378262.089 -0.118 
3 45 43.5 44 42.5 378259.865 -0.136 
3 45 44.5 44 43.5 378257.587 -0.073 
3 45 45.5 44 44.5 378255.167 -0.018 
3 45 46.5 44 45.5 378252.409 -0.170 
3 45 47.5 44 46.5 378249.863 0.019 
3 45 48.5 44 47.5 378247.097 0.113 
2 45 41.5 44 40.5 378792.706 0.125 
2 45 42.5 44 41.5 378790.129 0.161 
2 45 43.5 44 42.5 378787.525 0.267 
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Table 1. Cont'd. 

O P P H J" F" ^obs-^calc 
2 45 44.5 44 43.5 378784.768 0.314 
2 45 45.5 44 44 5 378781.733 0.173 
2 45 46.5 44 45.5 378778.519 -0.061 
2 45 47.5 44 46.5 378775.310 -0.208 
2 45 48.5 44 47.5 378771.813 -0.566 
4 46 42.5 45 41.5 386036.199 0.065 
4 46 43.5 45 42.5 386033.330 0.038 
4 46 44.5 45 43.5 386030.293 -0.026 
4 46 45.5 45 44.5 386027.388 0.174 
4 46 46.5 45 45.5 386023.957 -0.023 
4 46 47.5 45 46.5 386020.713' 0.097 
4 46 48.5 45 47.5 386017.119 -0.006 
4 46 49.5 45 48.5 386013.470 -0.037 
3 46 43.5 45 42.5 386633.546 -0.120 
3 46 44.5 45 43.5 386631.520 -0.075 
3 46 45.5 45 44.5 386629.173 -0.223 
3 46 46.5 45 45.5 386626.782 -0.291 
3 46 47.5 45 |46.5 386624.393 -0.234 
3 46 48.5 45 147.5 386622.010 -0.050 
2 46 42.5 45 41.5 387181.599 -0.381 
2 46 43.5 45 42.5 387179.317 -0.157 
2 46 44.5 45 43.5 387176.997 0.120 
2 46 45.5 45 44.5 387174.311 0.119 
4 47 43.5 46 42.5 394405.513 0.016 
4 47 44 5 46 43.5 394402.848 0.080 
4 47 45.5 46 44.5 394399.913 -0.001 
4 47 46.5 46 45.5 394396.945 0.007 
4 47 47.5 46 46.5 394393.861 0.021 
4 47 48.5 46 47.5 394390.630 0.009 
4 47 49.5 46 48.5 394387.389 0.107 
4 47 50.5 46 49.5 394383.756 -0.068 
3 47 43.5 46 42.5 395004.754 0.176 
3 47 44.5 46 43.5 395002.705 -0.049 
3 47 45.5 46 44.5 395000.745 -0.063 
3 47 46.5 46 45.5 394998.547 -0.197 
3 47 47.5 46 46.5 394996.370 -0.193 
3 47 48.5 46 47.5 394994.111 -0.155 
3 47 49.5 46 48.5 394991.628 -0.229 
3 47 50.5 46 49.5 394989.202 -0.135 
4 48 44.5 47 43.5 402773.318 0.025 
4 48 45.5 47 44.5 402770.665 -0.004 
4 48 46,5 47 45.5 402767.967 0.038 
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Table 1. Cont'd. 

r F' <s— J" p" Vol® Vo»»-Vc»lc 
48 47 5 47 46.5 402765.112 0.039 
4§ 48 5 47 47.5 402762.047 -0.056 
48 49 5 47 48.5 402759.062 0.043 
48 50 5 47 49.5 402755.854 0.031 
48 51 5 47 50.5 402752.541 0.026 
48 44 5 47 43.5 403371.593 0.479 
48 45 5 47 44.5 403369.656 0.256 
48 46 5 47 45.5 403367.760 0.186 
48 47 5 47 46.5 403365.715 0.080 
48 48 5 47 47.5 403363.705 0.118 
48 49 5 47 48.5 403361.399 -0.032 
48 50 5 47 49.5 403359.240 0.071 
48 51 5 47 50.5 403356.816 0.014 
48 44 5 47 43.5 403954.584 -0.259 
48 45 5 47 44.5 403952.289 -0.243 
48 46 5 47 45.5 403950.218 0.078 
48 47 5 47 46.5 403947.697 0.025 
48 48 5 47 47.5 403945.270 0.140 
48 49 5 47 48.5 403942.701 0.184 
48 50 5 47 49.5 403939.963 0.126 
48 51 5 47 50.5 403937.134 0.042 
55 51 5 54 50.5 461299.671 0.056 
55 52 5 54 51.5 461297.528 -0.056 
55 53 5 54 52.5 461295.349 -0.127 
55 54 5 54 53.5 461293.307 0.016 
55 55 5 54 54.5 461290.976 -0.054 
55 56 5 54 55.5 461288.754 0.061 
55 57 5 54 56.5 461286.410 0.128 
55 58 5 54 57.5 461283.775 -0.021 
56 52 5 55 51.5 469652.998 -0.003 
56 53 5 55 52.5 469650.875 -0.162 
56 54 5 55 53.5 469648.942 -0.059 
56 55 5 55 54.5 469646.848 -0.044 
56 56 5 55 55.5 469644.723 0.011 
56 57 5 55 56.5 469642.484 0.025 
56 58 5 55 57.5 469640.237 0.101 
56 59 5 55 58.5 469637.788 0.045 
57 53 5 56 52.5 478004.367 0.016 
57 54 5 56 53.5 478002.351 -0.101 
57 55 5 56 54.5 478000.399 -0.085 
57 56 5 56 55.5 477998.480 0.032 
58 54 5 57 53.5 486353.626 0.012 
58 55 5 57 54.5 486351.688 -0.089 
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Table 1. Cont'd. 
Q J F' J" F" Vote Vota-Vdc 
4 58 56.5 57 55.5 486349.790 -0.084 

4 58 57.5 57 56.5 486347.886 -0.020 
4 58 58.5 57 57.5 486345.889 0.015 
4 58 59.5 57 58.5 486343.821 0.044 
4 58 60.5 57 59.5 486341.688 0.072 
4 58 61.5 57 60.5 486339.441 0.049 
4 59 55.5 58 54.5 494700.833 0.094 
4 59 56.5 58 55.5 494698.801 -0.160 
4 59 57.5 58 56.5 494697.062 , -0.058 
4 59 58.5 58 57.5 494695.208/ -0.009 
4 59 59.5 58 58.5 494693.316/ 0.063 
4 59 60.5 58 59.5 494691.242 0.014 
4 59 61.5 58 60.5 494689.289 0.147 
4 59 62.5 58 61.5 494687.014 0.018 

a) In MHz. 
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Table 2. Measured Rotational Transitions Frequencies for Co"CN (X^Oj) (O = 4) 

r F' 4- r F" Vobs~Vcalc 

45 41.5 44 40.5 373820.243 0.033 
45 42.5 44 41.5 373817.186 -0.020 
45 43.5 44 42.5 373814.177 0.118 
45 46.5 44 45.5 373803.804 0.033 
45 47.5 44 46.5 373799.936 -0.127 

45 48.5 44 47.5 373796.283 0.064 
46 44.5 45 43.5 382100.249 -0.091 
46 45.5 45 44.5 382097.095 -0.094 
46 46.5 45 45.5 382093.825 -0.082 
46 47.5 45 46.5 382090.407 -0.088 
46 48.5 45 47.5 382086.974 0.021 
46 49.5 45 48.5 382083.326 0.043 
47 43.5 46 42.5 390390.843 0.116 
47 48.5 46 47.5 390375.662 0.031 
47 49.5 46 48.5 390372.278 0.034 
47 50.5 46 49.5 390368.833 0.097 
48 44.5 47 43.5 398673.624 0.020 
48 45.5 47 44.5 398670.931 -0.010 
48 46.5 47 45.5 398668.080 -0.080 
48 50,5 47 49.5 398655.919 0.042 
48 51.5 47 50.5 398652.460 -0.061 

a) In MHz. 
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Table 3. Spectroscopic Constants for CoCN (X^Oj) 
Parameter Value (MHz) 

B 4208.661(63) 
D 0.001363(37) 
H -5.18(97) X 10"* 
L 1.90(91) X 10"'^ 
A -6640000 •" 

AD -1.7709(31) 

AH 6.4686(71) X 10-̂  

A,D -1.3785(77) 

0.0002864(18) i 

a 829.9(9.7) 1 
b+c -736(29) / 

HSD 0.348(16) 
rms 0.144 

a) Errors are 3a and apply to last places. 
b) Held fixed, see text. 

I 
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Table 4. Effective Spectroscopic Constants of Individual Components for CoCN and Co"CN (X^Oj)*' 

Parameter 

e
 

O
 

11 >
 

O
 

11 >
 V2 - 1 (^As) V2= 1 ('r,) V, = 1 ('<l>4) Co'-'CN (^04) 

B 4200,652(29) 4211.0379(65) 4215 38(01) 4237.201(81) 4227.4183(17) 4199.62(35) 4157.68(31) 

D 0.000966(!7) 0.0020246(15) 0.0016528(23) 0.000599(45) 0.001638(29) 0.00037(17) 0.00090(14) 

H -5,39(44) X lO ' -2.11(11) X 10 ' -8,0(2.6) X 10-' -5.0(2.2) X 10"" 

L 2.08(41) X lO '^ 1.28(10) X 10"" 

hn 1754,0(5.8) 938.7(7.0) 1065(104) 1451(34) 2702(56) 1807.7(7.0) 1780(12) 

hoD 0.150(50) 0.049(14) 0.085(23) 

rms 0.065 0.077 0.078 0.079 0.093 0.047 0.080 

a) Errors are 3o and apply to last quoted place. 
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Table 5. Bond lengths for Transition Metal Cyanides 
(A) rc-N (A) 

CoCN" ro (D - 4) 1.8827(7) 1.1313(10) 

NiCN'^ To 1.8283(6) 1.1578(8) 

To (£2-5/2) 1.8293(1) 1.1590(2) 

Ts (0-5/2) 1.8292 1.1534 

Tm (Q-5/2) 1,8263(9) 1.152(1) 

CuCN" ro 1.83231(7) 1.1576(1) 

U 1.83284(4) 1.15669(3) 

r am 1.8358 1.1573 

ZnCN"' ro 1.9545 1.1464 

U 1.9525 1.1434 
T ifn 1.9496 1.1417 

a) Calculated from Q = 4 data only. 
b) Reference [14], 
c) Reference [11]. 
d) Reference [12]. 
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Figure Captions 

Figure 1. A stick spectrum of the J = 45 44 rotational transition of CoCN (X^Oi) near 380 

GHz is presented. Each hyperfine octet is represented by a single feature, with its approximate 

relative experimental intensity. The strongest line is the ground state £1 = 4 spin-orbit 

component and second most intense feature is the O = 3 spin-component, both belonging to the 

ground vibrational state. The remaining lines belong to the vibroni^ components of the bending 

vibrational mode and metal - carbon stretch, labeled by (Kp). The first quantum of the stretch, yi 

= 1(^<1>4) is located approximately 100 MHz higher in frequency to the ground state line 

perturbed presumably by Fermi resonance. The two Renner components of the vj =1 vibronic 

level ('A3 and 5) are located approximately 2 and 3 GHz higher respectively in frequency. 

Approximately 5-6 GHz higher in frequency|'from the ground state line, two transitions arising 

from the vj = 2 vibronic level are found. ^ 

Figure 2. A laboratory' spectrum of the Q = 4, 3, and 2 spin-orbit components of the J = 45 <— 

44 rotational transition of CoCN (X'<I>,) near 378 GHz is presented. The strongest feature is the 

Q = 4 spin component followed by the Q = 3 and 2 sub-levels. Two frequency gaps of 

approximately 500 MHz are present in the figure. For each component, the hyperfine splitting 

due to the ''Co (1 = 7/2) nucleus is clearly resolved. The spectrum is compilation of three, 100 

MHz scans, each 1 min in duration. 

Figure 3. A laboratory spectrum of the £1 = 4 spin-orbit component of the J = 48 <- 47 

rotational transition of Co'^CN near 398.6 GHz. Although the intensity of the signal is weak, all 
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eight spin-components are clearly present in the highlighted area. The spectrum is an average of 

two, 100 MHz scans, each 1 min in duration. , . 
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EPAPS Table 1. Measured Rotational Transition Frequencies for Vibronic Components of CoCN (X^O,) 

V2 = 1 (^Fs) V2 = 1 ' V, = 1 (^<D4) 

J' F' 4- J" p., Vobs"caIc ^ohs ^•^obs'calc ^'obs ^•'obs""calc 

44 40.5 43 39.5 371469,333 -0.021 372506,472 -0,057 

44 41.5 43 40.5 371465.710 -0.107 372503,295 -0,079 

44 42.5 43 41.5 371462,050 -0.048 372500,042 -0,011 

44 43 5 43 42.5 372496,636 0,068 

44 44.5 43 43.5 371454,100 -0,018 372492,824 -0.097 

44 45 5 43 44.5 371449 824 -0.038 372489,151 0.038 

44 46.5 43 45.5 371445,460 0,029 

44 47.5 43 46.5 371440,855 0,027 

45 41.5 44 40.5 379884 529 -0,043 380946,792 -0,005 377754.484 -0.002 

45 42.5 44 41.5 379881 044 -0,146 380943,898 0,117 377751,460 0.024 

45 43.5 44 42 5 379877,628 -0.009 380940,570 -0,040 377748,304 0.063 

45 44.5 44 43.5 379873.938 0,022 380937,285 -0,001 377744 884 -0.018 

45 45 5 44 44.5 379869.937 -0,090 380933.851 0,040 377741,431 0,011 

45 46.5 44 45.5 379865.919 -0,055 380930.238 0,054 377737.739 -0,058 

45 47.5 44 46.5 379861.799 0,042 380926.356 -0,054 377734.010 -0,023 

45 48 5 44 47.5 379857.339 -0.039 380922.443 -0,044 377730.133 0,002 
46 42.5 45 41 5 389385.020 0,077 386133.652 -0,005 

46 43.5 45 42.5 388294.815 -0,014 389382.094 0,036 386130.723 -0.006 
46 44.5 45 43.5 388291.428 -0,006 389379.050 0,022 386127.647 -0,019 
46 45,5 45 44.5 388287.937 0,057 389375.889 0,035 386124.477 0,010 
46 46.5 45 45.5 388284.226 0,056 389372.557 0,018 386121.070 -0,066 

46 47.5 45 46,5 388280.277 -0,028 389369.033 -0,050 386117.687 0,016 
46 48.5 45 47.5 388276.256 -0,031 389365.417 -0,070 386114.117 0,041 
46 49.5 45 48,5 388272.111 -0,008 389361.889 0.135 386110.379 0,029 
47 43 5 46 42,5 396709.856 0,064 397820,973 0,089 394511.502 -0,013 
47 44.5 46 43,5 396707,112 0.419 397818,078 -0,043 394508.815 0,112 



47 

47 

47 
47 
47 

47 
48 

48 
48 
48 
48 
48 
48 
48 
55 
55 
55 
55 
55 
55 
55 

55 

56 

56 
56 
56 
56 

EPAPS Table I. Cont'd. 

- V2 = 1 (^r,) V2 = 1 ('r,) Vl = 1 CO,) 

p «- J" F" ^obs Vobs"ca!c *'obs *^obs"calc ^obs ^'obs"calc 

45 5 46 44.5 396703.499 0,054 397815.271 0.047 394505 660 -0,103 

46 5 46 45.5 396700.062 0.013 397812.090 -0.101 394502 652 -0.045 

47.5 46 46.5 396696.528 0.022 397808.941 -0.085 394499 515 0.009 

48.5 46 47.5 396692.758 -0,060 397805.675 -0.054 394496 229 0039 

49.5 46 48.5 396688.974 -0,012 397802.362 0.061 394492 735 -0.017 

50,5 46 49.5 396685.021 0,008 397798.728 -0.015 394489 208 0.017 

44.5 47 43.5 

45 5 47 44.5 

46.5 47 45 5~ -

47.5 47 46.5 

48.5 47 47 5 

49.5 • 47 48.5 — 

50.5 47 49.5 

51.5 47 50.5 

51.5 54 50.5 463934.995 0.066 465219.844 0.065 

52.5 54 51 5 463932.620 -0.067 465217.626 -0.159 

53.5 54 52.5 463930.384 0.031 465215.701 -0,006 

54.5 54 53.5 463927.865 -0.061 465213.456 -0.089 

55.5 54 54.5 463925.420 0.012 465211.140 -0.161 

56.5 54 55.5 463922.831 0.032 465208.865 -0.108 

57.5 54 56.5 463920 135 0.034 465206.661 0.096 

58.5 54 57 5 463917.413 0.099 465204.265 0,190 

52.5 55 51.5 472328.844 -0.020 473632.596 0,051 

53.5 55 52.5 472326.615 -0.091 473630.556 -0,070 

54.5 55 53 5 472324.356 -0.103 473628.575 -0,052 

55.5 55 54 5 472322.127 0.001 473626.551 0,002 

56.5 55 55.5 472319.726 0.020 473624.473 0,081 



EPAPS Table 1. Cont'd. 
V2 = I ('r,) V2 - 1 (Yj) V, = 1 ('<D4) 

J' F' + - J" F" fobs ^obs"CBlc Vobs Vobs"caIc 

56 57.5 55 56.5 472317.211 0.011 473622.142 -0.016 

56 58.5 55 57.5 472314.729 0.119 473619.842 -0.004 

56 59 5 55 58.5 472311.909 -0.026 473617.430 -0.027 

57 53.5 56 52.5 480720.793 0.177 482042.592 0.154 

57 54.5 56 53.5 480718.352 -0.185 482040.633 0.043 

57 55.5 56 54.5 480716.241 -0.133 482038.744 0.078 

57 56.5 56 55.5 480714 123 -0.006 482036.646 -0.022 

57 57.5 56 56.5 480711.862 0.059 482034.554 -0.041 

57 58.5 56 57.5 480709.329 -0.065 482032.435 -0.013 

57 59.5 56 58.5 480706.717 -0.188 482030.217 -0.010 

57 60.5 56 59.5 480704.526 0.189 482027.896 -0.038 

58 54 5 • 57 53.5 489110.342 0.198 

58 55.5 57 54.5 489108.059 -0.082 

58 56.5 57 55.5 489106.023 -0.035 490445.789 0.003 

58 57.5 57 56.5 489103.893 -0.004 490443.822 -0.041 

58 58.5 57 57.5 489101.678 0.020 490441.822 -0.047 

58 59.5 57 58.5 489099.338 -0.004 490439.849 0.044 
58 60.5 57 59.5 489097.034 0.084 490437.804 0.133 

58 61.5 57 60.5 489094.433 -0.049 490435.569 0.101 
59 55.5 58 54.5 

59 56.5 58 55.5 

59 57.5 58 56.5 497493.431 -0.039 

59 58.5 58 57.5 497491.365 -0.024 

59 59.5 58 58.5 497489.273 0.039 

59 60.5 58 595 497487.029 0.023 498844.058 -0.141 
59 61.5 58 60.5 497484.748 0.043 498842.069 -0.079 

59 62.5 58 61.5 497482.211 -0.121 498840.083 0.053 

a). In MHz. 


