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ABSTRACT 

High resolution rotational spectra were obtained for a several 

weakly-bound complexes (WBC) and one transition metal organometallic 

molecule, cyclopentadienylnickel nitrosyl (CpNiNO), using pulsed-beam, 

Fourier transform microwave spectroscopy. The weakly-bound complexes 

included the two structural isomers of N20-HF, the planar bent asymmetric 

N20-HCN complex, the planar bent asymmetric N20-HCl complex, and the 

"stacked" H2S-S02 , and HzS-COz complexes. In all of the cases with the 

exclusion of the CpNiNO molecule, additional isotopic measurements were 

obtained to aid in the spectral and structural analyses of the weakly

bound complexes. Analysis of rotational spectra was used to determine 

several spectroscopic constants. For each WBC and CpNiNO rotational 

constants and some quartic distortion parameters were determined. In the 

experimental studies performed on N20-HCN and N20-HCl additional 

quadrupole coupling components were determined from the data analysis. 

Structural analyses were performed on all of the WBC' s. Isotopic 

Kraitchman analysis was used as a comparative guideline in helping to 

select the lowest energy vibrationally-averaged structure. 

High resolution (0.005 cm-1
) infrared spectra for CpNiNO were obtained 

with the Fourier transform spectrometer in the Kitt Peak McMath Solar 

Telescope. Absorption spectra were measured in the 1750-1880 cm- 1 and 

2500-3700-1 regions. A program written by Dr. Clive Jarman, a postdoc in 

Dr. Peter Bernath's laboratory, was used to perform Loomis-Wood analysis 
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of 2 significant patterns in the 2500-3700 cm- 1 range. The series 

determined from the Loomis-Wood analysis are given in the dissertation. 



Chapter 1 

Introduction 

1.1 IMPORTANCE OF WEAKLY-BOUND COMPLEXES 

17 

Literally hundreds of weakly-bound complexes have been studied within 

the past two decades with diverse experimental and theoretical methods 

[1.1-1.4]. The variety of complexes examined has ranged from Tanaka and 

Yoshino's electron absorption spectrum of the simple Ar2 complex [1.5] to 

the more complicated microwave spectrum of the water-formamide (H20--

NH2CHO) complex measured by Lovas, et al [1.6]. Weak bond forces are 

known to be essential to the chemistry of a variety of scientifically 

vital environments, from astronomy, biochemistry, and kinetic mechanisms, 

to surface adsorption phenomena, ozone chemistry, and solvent molecule 

interactions. The strength of the interactions typically depends on the 

distance and orientation of the pertinent bodies involved in the bonding 

process. 

Secondary and tertiary structures of a and P helices in biological 

molecules are dominated by a variety of biochemical interactions. Of 

these interactions, weak forces interacting with the H's and S's on the 

amino acid moieties playa major role in defining the structure of the 

molecules. Prior knowledge of the conformation of biological molecules 

is especially important for the fundamental knowledge of medicinal 

chemistry, where synthetic drugs mimic nature. An excellent example of 

this can be seen in the isolation of endorphins "natural painkillers" by 

Roger Guilleman [1.7] in 1976. Endorphins and morphine were found to 



18 

be opiates with similar "active" sites. The degree to which certain 

weak bond interactions play a role in these molecules is not fully 

understood. Examining, and determining dominating forces in weakly-bound 

structures is important in this type of analysis. 

Current methods employed by the semiconductor industry involve an 

array of chemical vapor deposition (CVD) techniques. Industrial 

applications of these methods extend to the production of high Te 

superconducting films, use of semiconductors in microelectric components, 

and highly crystalline dielectric films [1.8-1.10] Some of these methods 

involve complicated chemical phenomena at gas-surface interfaces. For a 

number of these, an intricate sequence of gas-phase reactions prior to 

deposition is instrumental in specifying the chemical nature of the 

deposit [1.8]. Knowledge of the chemical reactions prior to deposition 

is insufficient to determine the pertinent intermediates in these 

reactions. Gas-phase spectroscopic examinations of the precursors would 

provide evidence for certain chemical intermediates. Once the identities 

of the intermediates are known, models can be constructed for future 

manipulation and optimization of industrial techniques. 

Recently there has been renewed interest in water condensation 

applied to general environmental considerations (i.e. acid rain, and 

cloud formation) [1.11]. Gas-phase experiments on water vapor 

condensation would yield fundamental information relative to these 

environmental problems. Data from the experiments could be used to 

develop a model for the onset and aggregation of H20 clusters. Another 
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environmentally int~resting cluster species is the chlorine monoxide dimer 

(CIOh. It is believed to playa major role in springtime Antarc tic 

stratosphere ozone depletion [1.12]. Characterization of these clusters 

will provide the basis for the mechanistic studies of these 

environmentally dangerous reactions. 

Methods for obtaining alternative fuels to petroleum [1.13] have 

also gained increased attention during the past decade. The U.S. 

Alternative Fuels Act of 1988 was designed to pursue the development of 

new fuel replacements. Methanol and other alcohols and ethers will 

probably be the most likely candidates for future fuel purposes. A 

catalytic process is involved in the conversion of the methane to 

synthesis gas (syngas) from which the methanol is derived. Probably the 

most successful catalytic process will involve the active copper/zinc 

oxide/alumina catalysts. The mechanism of the reaction has been studied, 

but is still not well understood. Some arguments favor an interaction of 

the CO from the syngas with the catalyst. Metal clusters are also 

believed to play an important role catalytically. Gas-phase spectroscopic 

investigations of the intermediates involved in either of these catalytic 

processes would be useful for determining the role of weak bond 

interactions in the catalysis. 

Characterization of weakly-bound complexes' spectra has been 

influential in determining the presence of these weakly-bound clusters. 

This especially true in the case of interstellar media where perturbations 

in monomer subunit spectra can be attributed to these clusters. Yet with 
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the amount of experimental data available, these forces are not been fully 

understood and explainable. With the launching of the Hubble telescope, 

and a "greater eye to the sky" the identification of these complexes has 

become a more imperative task. 

As the volume of the weakly-bound complexes examined with 

spectroscopic techniques increases, we will be rapidly approaching the 

means for determining the fundamental knowledge surrounding this 

phenomena. This groundwork will be instrumental in interpreting the 

variety of chemical reactions and environments involving these complexes. 

1.2 IMPORTANCE OF MICROWAVE SPECTROSCOPY 

In order to determine the forces involved in the variety of weakly

bound complexes formed, a detailed mapping of the intermolecular 

potential is required. The ultimate goals of these analyses are to 

characterize the structural conformations, force constants, and 

dissociation energies. Currently there are several spectroscopic methods 

that have been used to reveal more about the structures and properties of 

van der Waals complexes. These include UV, IR, microwave, radiofrequency, 

and Raman spectroscopy. Infrared spectroscopy is useful in establishing 

the force constants and dissociation energies of these systems; however, 

the most precise structural information can only be derived from 

molecular beam electric resonance (MBER) or pulsed-beam Fourier transform 

microwave (PBFTMW) techniques. Arguments concerning the nature of the 

weak forces are made more viable and stated with more confidence with 
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prior knowledge of the structural parameters. The remainder of this 

dissertation is concerned with the employment of the PBFTMW technique in 

the spectroscopic investigations of weakly-bound complexes. Several 

factors determine whether a system is favorable for microwave 

spectroscopy: the overall dipole moment, adequate vapor pressure, 

temperature, and 7he equili~rium constant. PBFTMW spectroscopy is a high 

re~olution (lO's kHz ~ 3.33 X 10-7 cm-1) rotational spectroscopy technique. 

Lifetimes of ground-state weakly-bound complexes are usually limited 

by the mean-free path between collisions oX. Energy in a collision is 

transferred to the weak bond(s) which causes the complex to vibrationally 

predissociate. These problems are circumvented in the PBFTMW technique 

with the use of a pulsed supersonic jet into an evacuated Fabry-Perot 

cavity to create an essentially collisionless environment for the seeded 

molecular beam. The high nozzle backing pressures and low rotational 

temperatures associated with the experiment create an ideal situation for 

the examination of weakly-bound complexes. The gas-phase chemistry of the 

PBFTMW technique avoids the problems associated with condensed phase 

spectroscopies by eliminating possible ~olvation and lattice interactions. 

Essentially "pure" weak intermolecular forces can be investigated and 

used in a characterization of the pair interaction potential. 

1.3 RESEARCH GOALS 

Research goals primarily were concerned with measuring rotational 

spectra of several different weakly-bound complexes to determine ground 
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state spectroscopic constants and the vibrationally-averaged structure of 

the complex. This information is pertinent to defining the intermolecular 

potential. Spectra were to be obtained using a pulsed-beam, Fourier 

transform microwave (PBFTMW) technique. As previously stated this 

technique is well-suited for determining ground state rotational constants 

and vibrationally-averaged structural parameters. After an initial number 

of measurements were made in order to become familiar with the apparatus, 

research projects were chosen. Choice of the projects was based on 1) 

determining more about the nature of weak bonding, especially hydrogen 

bonding 2) examination of previous weakly-bound complexes (WBC) studied 

by microwave techniques, and 3) future applicability. 

Three different complexes were examined with the monomer subunit 

nitrous oxide (N20): N20-HF, N20-HCN, and N20-HCl. A number of complexes 

have been examined earlier with the N20 subunit using microwave and 

infrared techniques. These complexes have exhibited an array of different 

geometries, and it is not readily apparent why they appear to have 

different structural conformations. In the case of the three N20 complexes 

mentioned above and discussed in the body of this dissertation, it was 

thought that hydrogen bonding of the hydrogen halides and the hydrogen 

cyanide to the nitrous oxide would perhaps be a primary factor in 

determining the vibrationally-averaged structure. After examination of 

the three different complexes, it was found that the complexes appear to 

have some similarities; however, hydrogen bonding does not appear to be 

the dominating factor in the weakly-bound state. Research on these 
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complexes has provided further insight into the nature of the role of 

nitrous oxide in the formation of weakly-bound complexes as well as 

increased knowledge on hydrogen bonding. 

As previously mentioned, weakly-bound complex formation is believed 

to be pertinent to a variety of atmospheric reactions. These include the 

reactions of pollutants with a number of atmospherically abundant 

molecules such as CO2 and H20. Initially the H2S-S02 complex was chosen as 

a model system for the interaction of molecules similar to H2S with S02, 

In the two different complexes of H2S-S02 and H2S-C02 there exists the 

possibility of two hydrogens participating in a hydrogen bonding process. 

If the positions occupied by the hydrogens in the structure of the complex 

were equivalent, one would expect to ~ee a structure with some symmetry, 

and the possibility of tunneling occurring between the two hydrogens. In 

the case of H2S-S02 the structure was determined to have an a-c plane of 

symmetry, with the possibility of two hydrogen bond interactions between 

the hydrogen atoms and the oxygen atoms. No tunneling between the 

,equivalent states was observed. The H2S-C02 structure appears to have a 

similar structure; however, it exhibits tunneling. 

Stark ~odulated microwave spectra of the cyclopentadienylnickel 

nitrosyl (CpNiNO) molecule have been previously measured [1.14-1.15); 

however a quadrupole coupling interaction analysis of the nitrogen atom 

in the molecule was not obtained. The symmetric Csv structure of the 

complex was determined from the previous analyses. This transition metal 

organometallic molecule was selected for examination with the PBFTMW 
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spectrometer because of the 1) symmetric nature of the molecule 

2)relatively easy preparation, and 3)sufficient vapor pressure at room 

temperature to work with in a gas-phase environment. Rotational 

measurements were used to determine a nitrogen quadrupole coupling factor 

in the molecule, and used for comparison with other molecules. 

Low resolution infrared spectra of CpNiNO have been previously 

measured by Feltham and Fately [1.16], Hyams and Lippincott [1.17] and 

Palinia, et al [1.18,1.19]. To date no high resolution infrared spectra 

have been obtained. CpNiNO was chosen as an excellent sample for high 

resolution infrared measurements for all of the factors mentioned in the 

above paragraph. Spectra were measured with the Fourier transform 

spectrometer in the Kitt Peak McMath Solar Telescope. 



Chapter 2 

Pulsed-Beam, Fourier Transform Microwave Spectroscopy 

Experimental and Data Analysis 

2.1 APPARATUS 
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The pulse-beam, Fourier transform microwave spectrometer is similar 

to the original Flygare-Balle instrument [2.1,2.2] except for a nwnber of 

modifications designed to improve signal sensitivity and reliability. 

The late W.H. Flygare and coworkers [2.3,2.4] first applied this technique 

to weakly-bound complexes in May 1979. The spectrometer currently in use 

at the University of Arizona was designed and bui~t in 1983 and 1984 by 

Dr. Stephen G. Kukolich, with the help of Brian Arnold, Don Finch, Sameer 

Srivistava, Roger Bumgarner, and support from the technical facilities of 

the Chemistry Department Machine Shop and the University Physics Machine 

Shop. A simplified block diagram of the spectrometer is shown in Figure 

2-1, with acronyms of the various components given which are pertinent to 

the operation of the spectrometer. 

Currently the spectrometer is operated in the 4-18 GHz range, with 

three different microwave setups, one for each C band (4-8 GHz) , X band 

(8-12 GHz) , and KU band (12-18 GHz). Several of the hardware components 

for the different bands are given in Table 2-1. The different hardware 

setups can be changed on a short time scale of half an hour or less. 

Microwave frequencies in the 7S0-9S0 MHz range are synthesized with a 

programmable Marconi Signal Generator 2022 (FREQ. SYNTH). An integral 
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TABLE 2-1: 

Component 

Stirn. Osc. 
& 

Local Osc. 

Superharmonic 
Mixer 

PIN 1 

PIN 2 

Circulator 

Mixer 2 
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Components of.the pulsed-beam Fourier transform microwave 
spectrometer. 

C-Band 
4-8 GHz 

Avantek 
YIG tuned 
transistor 
oscillator 

HP #934A 

American 
Microwave 
SW-2184-1A 

American 
Microwave 
SW-2184-1A 

Narda 
8018-133 

MITEQ 
M20-2A-0115 

X-band 
8-12 GHz 

Watkins-Johnson 
YIG tuned 

Gunn diode 
oscillator 

HP #934A 

same 

same 

same 

MITEQ 
M2C-2A-0115 

KU-Band 
12-1 GHz 

Watkins-Johnson 
YIG tuned 

Gunn diode 
oscillator 

HP #P932A 

same 

same 

same 

MITEQ 
M2C -2A- 0115 
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harmonic of this microwave frequency is generated with a superharmonic 

mixer (FREQ. MULT.) in the 4-18 GHz range. The stimulating oscillator 

(STIM OSC) is locked to this harmonic in order to generate the appropriate 

microwave frequency vS' A second oscillator, the local oscillator (LOCAL 

OSC), is locked at the frequency of the stimulating oscillator plus or 

minus a 20 MHz offset, Vs ± 20. The oscillators are phase-locked to their 

respective frequencies with Hewlett-Packard 8709 synchronizers. Power 

Designs 6010 power supplies are used to supply the tuning coil current for 

the oscillators. The oscillators for the three different frequency bands 

are phase-locked, powered, and tuned with the same hardware mentioned 

above. A Systron-Donner 6246A counter is used to measure the stimulating 

oscillator frequency. The 60 kHz WWVB transmission from Boulder, CO is 

used to calibrate an HP-I05 crystal oscillator, which suppl ies the 

reference signal for the Systron-Donner counter. The microwave signal is 

pulsed for a duration of ~ 0.1-10 ~sec through an American Microwave pin 

diode switch (PIN 1). A circulator (C) is used to gate the input microwave 

signal in one direction, and the output signal out along a second path. 

The monochromatic radiation Vs is coupled into the tuned Fabry-Perot cavity 

via a quarter wave antenna. This occurs after a short time, Tl (75 ~sec -

3 msec) , following the initial gas pulse. ~fter interaction with the 

seeded molecular beam, a superposition of rotational states is produced 

with a subsequent emission creating a detectable free- induction decay 

(FID) signal at frequency vm • This signal is coupled out the same quarter

wave antenna after time T2 (0.1 - 15 ~sec), to pass through the circulator 
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(C), and a second American Microwave pin diode switch (PIN 2). A 10 db 

portion of this signal is split off with a Merrimac FSCM 12457 directional 

coupler (DIR. CP.), diode detected, preamplified, and displayed on an 

oscilloscope (OSCILLOSCOPE 1) in order to monitor cavity resonances. The 

remaining signal is processed with a coherent double superheterodyne 

detection system, followed by a conversion from analog to digital using 

a transient waveform recorder. The signal is then interfaced with an IBM 

PC for signal averaging. After emission from the cavity the signal is 

mixed (MIXER 2) with the local oscillator frequency producing the absolute 

difference of the stimulating frequency and the molecular emission 

plus/minus the 20 MHz offset (/vs - vm/ ± 20). The resulting signal is 

filtered around 20 MHz, and then passed to a 20 MHz receiver (20 MHz 

RECEIVER) for the second step of the superheterodyne detection. A 20 MHz 

reference signal is produced by mixing (MIXER 1) the signals from the two 

different osci11ators~ which is also passed to the 20 MHz receiver. The 

20 MHz receiver is designed to do phase correction, coherently mix the 

two input signals, and amplify the resulting signal. Finally the resulting 

signal from the third mixer is the absolute difference of the original 

stimulating oscillator frequency and the molecular emission signal, /v s -

vm/. This signal is sent to a Physical Data 522A transient waveform 

recorder (TWR) to be sampled at a 20 MHz digitizing rate with 4096 

channels. Two output signals from the TWR. are sent to a second 

oscilloscope (OSCILLOSCOPE 2) and an IBM PC. The oscilloscope is used to 

monitor single pulses, and the IBM PC is used for signal averaging and 
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data collection. In the signal averaging process alternating stimulating 

microwave pulses and the subsequent detection signals are added and 

subtracted with and without the presence of ' the gas pulses. Therefore, 

background noise is minimized by subtraction of signals taken in the 

absence of molecular emission. Timing sequences and pulse generation 

for the pulse valve, pin diodes, and TWR recorder are produced and 

manipulated with the pulse box. The pulse box was designed by Don Finch, 

an undergraduate electrical engineering student in 1983 and 1984, and is 

well documented in a manual titled "Microwave Spectrometer Pulsed Valve 

Controller" obtainable in the Kukolich laboratory. The pulse box 

schematic and description have been given in detail in R.E. Bumgarner's 

dissertation [2.5]. The pulse valve driver schematic is given in Figure 

2-2. 

2.2 SAMPLE PREPARATION 

Gas samples are mixed in a stainless steel manifold with three 

different stainless steel mixing tanks of various sizes. The manifold 

is outfitted with four stainless steel valves for sample preparation, and 

one valve for sample evacuation. Sample evacuation is aided by wrapping 

heat tape connected to Variacs around the manifold and mixing tanks. 

An inert carrier gas is typically introduced through one of the four 

stainless steel valves. Gases, and other samples can be introduced through 

one o£ the remaining three valves. Approximately 0.5-10% of a single 

component gas is mixed with the inert carrier or buffer gas, which is 
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typically argon or neon. Backing pressures ranged from 0.5 to 2 atm. at 

room temperature and are monitored with a pressure gauge mounted in line 

between the manifold and the pulse valve. Supersonic jets of the gas 

mixture are produced perpendicular to the axis of the evacuated Fabry

Perot cavity at a 0.5 -2 Hz rate via a 1 mm diameter orifice solenoid 

operated valve. In the supercooled jet, random translational kinetic 

energy, and internal energy are converted into directed mass flow. The 

resulting molecular beam has dimer, trimer, and higher order species with 

low rotational temperature that are moving in an essentially collisionless 

environment. The valve is a commercially purchased valve obtained from the 

General Valve Corporation model #9-181-100. Two of these valves were 

mounted in the top flange of the Fabry-Perot cavity, and are accessible 

through different mixing tanks. The manifold and mixing tanks are 

evacuated to a millitorr pressure level with a Welch Scientific Duo 1405B 

mechanical pump with a 20 cfm pumping capacity. 

2.3 FABRY-PEROT CAVITY 

The vacuum chamber is approximately 24" long, and 16" in diameter 

wi th a bandwidth of ::::: 1 MHz. Two polished aluminum mirrors form the 

Fabry-Perot cavity, 12" in diameter with a 24" radii of curvature, which 

were machined by Ron Clayton of the Chemistry Department Machine Shop. 

These mirrors are mounted in the chamber on a triangular arrangement of 

precision ground stainless steel rods. The quarter wave antenna, which 

is the center conductor of a piece of rigid coax, projects through the 
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center of the fixed mirror (FM) , with approximately 1/2" length bent 

parallel to the mirror surface. The position f the fixed mirror can only 

be manually adjusted by entering the cavity. The position of the second 

mirror, the movable mirror (MM), is variable across a 3.5-4.5 cm range 

with the use of a high torque low rpm dc motor attached to the mirror on 

the exterior of the cavity via an adjustable bellows arrangement. 

Pressures in the range of 10-4 to 10-7 torr in the cavity are obtained with 

a 10" Varian HS-lO diffusion pump operated with Dow Corning 704 Silicone 

oil. A Varian 316-10 baffle is positioned between the diffusion pump and 

the cavity. Temperatures in the range of -30 to -20°C are obtained in the 

cooled baffle with a closed cycle freon refrigerator system. This limits 

the pumping speed of the diffusion pump to z 1800-2000 lis. The baffle 

was incorporated into the instrument design in order to minimize the oil 

condensation on the mirrors which could have possibly interfered with the 

high resolution measurements. A Welch Scientific Duo Seal 1397 mecbanical 

pump with a 500 l/min pumping capacity is used to establish the fore 

pressure to the millitorr range for the diffusion pump. The power 

supplied by a 220 V line for the diffusion pump is controlled with a 

self-latching relay. The relay is designed to shut down if there is an 

increase in the fore line pressure greater that 60 millitorr or if the 

temperature on the exterior wall of the diffusion pump exceeds z 60 0 C. 

The above possibilities would indicate either a failure with the backing 

mechanical pump and/or the diffusion pump, or a loss of chilled water 

supply to the diffusion pump. Pressures in the cavity and the fore line 
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are monitored with a NRC Penthervac GPT-450 Vacuum Gauge controller 

attached to a Penning ionization gauge (for the cavity) and a GT-034 

Thermistor Gauge Tube (for the fore line). 

2.4 DATA ACQUISITION 

Sameer Srivistava, a masters student in the ECE department at the 

time of the construction of the spectrometer, and Roger Bumgarner, a 

previous Ph. D. graduate student in Kuko1ich's group, interfaced the 

transient waveform recorder (TWR) with the IBM PC through two parallel 

ports. Two data collection programs were written by Srivistava in the 

Microsoft assembly language and are designed to do the following steps 

during data collection [2.5]: 

1) Clear buffer area (4096 points by 16 bits) 
2) TWR is reset 
3) Program continuously monitors a data ready 

signal from the TWR 
4) After detecting a data ready signal, 8 bit 

digitized data is clocked out of the TWR and 
summed into a 16 bit buffer 

5) Buffer contents are displayed via single 
point writes to a Hercules graphics card 

6) The number of data frames signal averaged 
are counted and displayed 

7) The program returns to step 2 

The cycling of the programs are interrupted by any keyboard interaction 

on the IBM PC. Two programs were written by Srivistava for data 

collection titled G256.EXE and G.EXE. These two programs are renamed 

(believe it or not) during the initial boot-up process of the IBM PC to 

G.EXE and GD.EXE respectively. The program G.EXE (previously G256.EXE) 
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is designed for fast data collection. This program is primarily used for 

searching for transitions with the TWR sampling at a 5 MHz digitizing 

rate, and it displays the first 256 points of the FID. The program 

GO.EXE (previously G.EXE) is a program designed for data acquisition. 

This program is used when the TWR acquires 4096 points at a 20 MHz 

digitizing rate, and it displays the first 720 points on the IBM PC. 

After acquiring the desired amount of data, the data can be saved to a 

floppy disk or hard drive with another program written by Srivistava in 

BASIC called S.EXE. Upon execution of this program, the user is queried 

by the program to answer with an appropriate filename, and the frequency 

of the stimulating oscillator. The saved data can be subsequently Fourier 

transformed from the time domain to the frequency domain using another 

program written by Srivistava. The title of this program is FFT.EXE, and 

it is based on a Fast Fourier Transform, with the bit reversal done in 

assembly language, and the input, output, sines, cosines, done with the 

compiled BASIC driver. This particular program can only transform one 

file at a time, and was modified by Bumgarner, to do batch processing of 

a number of FID's. Quick screen plots of the FlO's can be obtained by 

copying the data file to SFIO (for saved FlO) and executing QPLOT.EXE, 

written by Bumgarner in BASIC. After transformation the Fourier transform 

data can be viewed with the PC via the FTORAW program, which allows for 

definable horizontal and vertical scale factors. Measured transition 

frequencies can be determined by cursor movement to the proper position 

on the screen and then with one keystroke printing the desired frequencies 
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to the p'rinter. This program was also written by Bumgarner in BASIC; 

however, it has been modified by the author of this dissertation and M.A. 

Roehrig. The modified version labels the marked cursor positions with 

sequential numbering, and prints the corresponding number and frequency 

position to the printer with one keystroke. The modified version has been 

renamed MTDRAW.BAS" and the FTDRAW.BAS version still remains intact for 

the members of the research group who would prefer to use it. A hardcopy 

o.f the MTDRAW. BAS is also given in Appendix I. Since the measurable 

signal from the apparatus is the absolute difference between the 

stimulating oscillator frequency and the molecular emission Ivs - vml, 
data files are obtained on the higher and lower frequency sides of the 

transition. Thus center frequencies for transitions are determined from 

statistical analysis of typically six or more data files. 

Hard copies of the FID's and the corr~sponding Fourier transforms 

can be obtained by one of two methods; 1) Using FIDPLOT.BAS and FTPUBL.BAS 

programs on an PC to plot with the Comrex Comscriber or a Hewlett-Packard 

Sweet Pea Plotter, 2) Using FlO.FOR and FFT.FOR on a Kukolich group 

member's MicroVAX account in the Computer Graphics Facility (CGF) which 

is interactive with the PLOT79 software available in the CGF facil:~fies. 
" 

The two programs FIDPLOT.BAS and FTPUBL.BAS were written by Bumgarner in 

BASIC, and they must be used with the latest version of GWBASIC installed 

on the 'PC which is compatible with the current version of DOS being used 

with the system. The two programs FID.FOR and FFT.FOR were written in 

FORTRAN by the author of this dissertation, and hardcopies of the two are 
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given in Appendix I. Hardcop~es of the two programs and the interactive 

PLOT 79 commands can also be found in the PLUTO/PLOT79 user manual in the 

Kukolich laboratory. Input for these two programs, an FlO data file, or 

the corresponding Fourier transform is transferred via KERMIT commands 

on the lOX line of the PC to the desired MicroVAX account. These two 

programs read these input files and then create files that are readable 

input files for the PLOT79 software, which will create graphs of the 

desired data. Hardcopies of this output are obtained with the IMAGEN 

laser printer which typically produces higher quali ty images than the 

Comrex Comscriber Plotter. Figure 2-3 is an exam,Ple of a flO signal 

created with FFT.EXE on the MicroVAX system. 

2.5 DATA ANALYSIS 

Data acquisition and analysis begins with an iterative process of a 

spectrum prediction, frequency scans for predicted transitions, and 

spectrum fitting programs to the measured and tentatively assigned 

transitions (not necessarily in the order given.) Typically a microwave 

spectroscopist will calculate a spectrum prediction based on the 

tentative structure of a complex or molecule; therefore, it is important 

to consider one of four possibilities l)linear, 2)spherical top 

3)symmetric top or 4)asymmetric top. A general rotational Hamiltonian 

would be given as follows: 

Hrot - AJa
2 + BJb

2 + CJc
2 - OJ(J2)2 - D~2Ja2 - DK(Ja

2)2 

+ (additional quartic dist. terms) + (hextic dist. terms) 

(2 -1) 
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where 

and 

J2 .. J 2 + J 2 + J 2 abc 

A, B, and C • rotational constants 

OJ' O~, and OK a quartic distortion terms 

39 

In the case of a linear (B - C) or spherical (A - B - C) complex or 

molecule this simplifies directly to Hrot. - BJ2 - O~4, with the difference 

in energy levels as v - 2B(J+l)-40J (J+l)3. Therefore spacings (as well as 

the measurable transitions) between subsequent energy levels have energies 

~ 2B, 4B, 6B, etc. (See Figure 2-4). In the case of a prolate (A > B ~ 

C) or oblate (A - B > C) symmetric top, the component of the angular 

momentum along the principal z axis is quantized and the quantum number 

K (operator. J a ) is introduced into the energy expression. This produces 

O~a4 for a prolate symmetric top, replacing (A-B) with (B-C) or (A-C) for 

a oblate symmetric top. In Figure 2-5 [2.6], the qualitative behavior of 

the two types of symmetric top energy levels are shown, with the extreme 

left corresponding to the prolate symmetric top limit, and the extreme 

right corresponding to the oblate symmetric top limit. Also given in 

Figure 2-5 [2.6] is the qualitative behavior of the energy levels of an 

asymmetric top (A > B > C) which now can be described with the quantum 

numbers J & rotational angular momentum, ~ (also called K_ 1 ) a projection 

of the rotational angular momentum in the prolate symmetric top basis, and 

Ko (also called ~l) • projection of the rotational angular momentum in the 

oblate symmetric top basis. As can be seen from Figure 2 - 5, the 

asymmetric top energy levels become quite complicated. Several programs 
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are available in the Kukolich laboratory for the calculation of symmetric 

or asymmetric top spectra, and hardcopies of these can be found in 

Bumgarner's dissertation [2.5]. These are as follows: l)SYMTOP.FOR for 

symmetric top molecules 2) AASYM.FOR for asymmetric tops in the A-reduced 

basis of Watson's Hamiltonian in the I r representation [2.7], and 3) 

SASYM.FOR for asymmetric tops in the S-reduced basis of Watson's 

Hamiltonian in the I r representation [2.7]. There is also a SPECF.FOR 

program available on the MicroVAX system for spectra predictions. 

Spectra can also be complicated by a number of hyperfine 

interactions. One of these is the possibility of quadrupole coupling 

interactions from different atoms, for example N or Cl atoms. Several 

programs are also available on the MicroVAX account for calculating 

spectra with quadrupole coupling interactions. These include: 1)ASPX3.FOR 

which calculates frequencies for one J ~ J' transition, with one, two or 

all three dipoles, and one or two quadrupole coupling constants, 2)ICI.FOR 

calculates spectra for transitions with one or two quadrupole coupling 

interactions that have F (vector coupling of the rotational angular 

momentum J and nuclear spin I) values less than or equal to a preset 

maximum F value, and 3) SPIN3 . FOR which calculates spectra with a 

possibility of up to three different quadrupole coupling interactions. 

After initial predictions, and subsequent measurements, the 

preliminary fit analysis to the available data is begun with tentative 

quantum number assignments to the transitions. For the linear, or 

spherical top uncomplicated by further hyperfine interactions, this 
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analys is is a linear leas t squares fi t, which can be done wi th a 

calculator designed to do such, or a spreadsheet such as LOTUS 123. For 

"uncomplicated" symmetric or asymmetric spectra a program titled 

FITSPEC. FOR [2.5] can be used for a nonlinear least squares fit to 

determine rotational and quartic and hextic distortion constants in 

Watson's A-reduced Hamiltonian [2.7] in the I r representation. For linear 

or spherical top spectra complicated by quadrupole coupling interactions, 

the first-order treatment of energy shifts due to this interaction is 

equivalent to mUltiplying -eQq times Casimir's function f(I,J,F), for the 

appropriate value of I and J. Casimir's function is given as (2.6]: 

where 

f(I,J,F) - (3/4)C(C+l)-I(I+l)J(J+l)]/(2I(2I-l)(2J+3)] (2-2) 

C - F(F+l)-I(I+l)-J(J+l) 

The program CASM.FOR was written by the author of this dissertation for 

use on the PC in the lab to calculate Casimir's function given the nuclear 

spin I, and the maximum value of J. A hardcopy of this program is 

included in Appendix I of this dissertation. The mUltiplying factor for 

a symmetric top with quadrupole hyperfine is somewhat different with 

eQq(3K2/(J(J+l»-l]. For an asymmetric top, the expression becomes more 

complicated, where the· matrix elements of the quadrupole coupling 

interaction have the following form: 

<I'J'FIHqII J F> - -O.25eQqJ((2I+l)(2I+3)(I+l»/(I(2I-l»]% 

[(J(J+l)(2J+l»/«2J-l)(2J+3)]% SIXJ{F, I', J', 2, F, I}(_l)J+I'+F (2-3) 
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The prog~ams FCNDP.FOR, FITAl.FOR, and ICSUBM2.FOR were written to fit 

data with one or two quadrupole coupling interactions for an asymmetric 

top with a nonlinear least squares fit. FCNDP.FOR needs to be modified 

to fit the desired number of spectral parameters for each asymmetric 

molecule or complex. Lorentzian or stick plots of experimental or 

theoretical, or both spectra can be obtained with the program PLTSPC.FOR. 

Plots are desirable for the comparison of experimental transition 

frequencies with calculated values. PLTSPC.FOR was written by the author 

of this dissertation, and a hardcopy of this program is given in Appendix 

I. Input for the program is entered in the file PLTSPC.IN. The program 

PLTSPC.FOR was written to create a file titled PLTSPC.DAT for one or two 

spectra that can be drawn with lines or Lorentzian lineshapes. The PLOT79 

software currently available on the MicroVAX system, then uses the 

PLTSPC.DAT input file to generate a graph titled PLTSPC.PLT. An example 

of experimental and theoretical ,spectra generated with PLTSPC. FOR is 

given in Figure 2-6. After a desirable number of transitions have been 

measured, and assigned appropriately, and spectroscopic constants have 

been determined, a structural analysis of the complex or molecule is 

undertaken. 

2.6 STRUCTURE ANALYSIS 

Structures determined for weakly-bound complexes are assumed to be 

the lowest energy vibrationally-averaged structure for the complex. 

Initial assumptions are that the monomer subunits remain rigid in 
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structur!,! during the formation and lifetime of the complex, and the 

structure of the complex essentially does not vary with isotopic 

substitution. Ground vibrational state bond lengths and angles are 

typically used for the monomer subunit structures. Isotopic substitution 

analyses of the complexes are useful in two ways: 1) provide an increased 

number of data parameters to fit with adjustable structural parameters, 

and 2) Kraitchman [2.8, 2.9) analysis of isotopic data is useful as a 

guideline for choosing a vibrationa11y-averaged structure. Kraitchman 

ana1ysi~ assumes that the structure remains rigid with the substitution 

of an isotope. Moments of inertia and masses for the parent complex and 

isotopically substituted complex are userl co calculate absolute center

of-mass coordinates for the isotopically substituted atom. KRAIT. FOR was 

written by the author of this dissertation to calculate the center-of -mas·s 

coordinates in a nonp1anar asymmetric top basis for a single isotopic 

substitution Kraitchman analysis. A hardcopy of this program can be found 

in Appendix I of the dissertation. Again, as with the data analysis, 

structural analysis is based on the type of top being examined. For a 

linear top bimolecular complex, the pertinent structural feature is 

typically the centers-of-mass separation, Rem of the monomer subunits. 

This parameter can be directly determined from knowledge of the complex 

moment-of-inertia, the monomer subunit moment-of- inertias, and the 

reduced mass of the complex as follows: 

(2-4) 
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FIGURE 2-6: Example of spectrum drawn with Lorentzian lineshapes using 
PLTSPC.EXE and PJ.0T79 software available in the CGF racilitit.'S. 
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where 

and 

J1. "'" (M1*M2)/(M1+M2) 

Il and 12 a monomer subunits moment-of-inertia 

Ml and M2 a monomer subunits masses 
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In the separate cases of planar symmetric and asymmetric tops, Rem can also 

be determined in this manner with knowledge of the complex C rotational 

constant (Ieomplex a Icc)' 

A different structural analysis from this is also used to determine 

structural parameters for symmetric and asymmetric tops. Pertinent 

lengths and angles are chosen such to be representative of the complex 

structure. As an example, in the H2S-S02 complex the chosen parameters are 

Rss a distance between the sulfur atoms, 0 a the angle between the Rss bond 

axis and the CZv axis of S02' and ~ a the angle between the Rss bond axis 

and the C2v axis of H2S. These parameters are used as adjustable values 

in a nonlinear least squares fit to the isotopomers' rotational constants 

for a complex. The program FCNDP.FOR can be modified for structural 

analysis, and after compilation, linked with FITAl, and ROTSUB. Fit 

procedures can produce different local minima with different ini tial 

parameter settings. Therefore, it is essential to require that fit 

procedures be done with an array of initial starting parameters. This can 

be achieved by linking the appropriate FCNDP structure program, with 

FITANG, and ROTSUB. FITANG. FOR is a modified version of FITAI. FOR 

designed to step through the fit procedure by varying two angles 

independently. The angles are varied by a user-defined interval through 
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a user-defined range. Output is generated for all fit procedures that 

yield overall standard deviations of the fit less than or equal to a user 

defined limit. 

Quadrupole coupling interaction constants are also employed in a 

second type of structural analysis. Here the eQqaa component of an atom 

in a complex is related to the eQq value of the atom in the "free" monomer 

subunit, and an angle defined as O. The angle 0 is the angle between th~ 

bond axis of the molecule and the a-principal axis of the complex. Theta 

values are evaluated with the following equation. 

eQqaa(complex) "" eQq(Jlfree")(l - 1.5sin20) (2-5) 

It is important to note that this equation is ambiguous with respect to 

sin20 and sin2 (l800-0). By constraining two of the structural parameters 

Rem:and 0 to the values determined with equations 2-4 and 2-5, a third 

structural parameter can be determined by manipulation of the complex 

structure to fit the measured B rotational constant. A program written 

by M.A. Roehrig, DICYCLE.FOR, can be used for this purpose. The program 

requires the rotational constants for the monomer subunits, masses of the 

atoms in the monomer subunits, an Rem value for the complex, ~ set angle 

Q, and a variable angle p. Rotational constants for a complex with the 

structure parameters Rem' Q, and p are calculated as a function of these 

parameters. A best agreement for the rotational constants is found by 

comparison with experimentally determined values. 



CHAPTER 3 

The Rotational Spectra and Centrifugal Distortion Parameters 

For the Bent NNO-DF, and Linear ONN-HF, ONN-DF Complexes 

3.1 INTRODUCTION 
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Recently there has been increased interest by experimentalists and 

theoreticians alike in the possibility of observing mUltiple structural 

isomers in hydrogen bonded complexes. Prior to 1987, no experimental 

evidence for more than one structural isomer of a van der Waals complex 

existed. However, in 1987 Lovejoy and Nesbitt [3.1] reported on their 

direct infrared absorption measurements of a linear or nearly linear 

isomer formed between nitrous oxide and hydrogen fluoride (ONN-HF). The 

first spectroscopic evidence for a van der Waals complex formed between 

N20 and HF was reported on by C.H. Joyner, et al [3.2] using a molecular 

beam electric resonance (MBER) technique to measure rotational spectra of 

the 14N14NO_HF, 14N14NO_DF, 15N15NO_HF, and 15N15NO_DF species. Their results 

indicated a bent isomer formed between the two monomer subunits N20 and HF 

(NNO-HF). However their limited amount of data precluded any significant 

analysis of the centrifugal distortion parameters. At that time, 

evidence of both isomers formed under the same experimental conditions 

did not exist. Research in the Kuko1ich laboratory on the microwave 

spectra of the two isomers was the first such evidence recorded. 

Measurements were obtained for the N20-HF and N20-DF isotopic complexes of 

both isomers [3.3-3.5]. In their original analysis Lovejoy and Nesbitt 

[3.1] were unable to observe the HF stretch of the bent form presumably 
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due to vibrational predissociation broadening of the molecular lines well 

beyond their laser 1inewidth. However in 1988, D.C. Dayton, and R.E. 

Miller [3.6] published their results on the infrared spectrum of the HF 

stretch of the bent isomer obtained with optothermal infrared 

measurements. They measured 1inewidths of ~ 0.024 cm-1 (720 MHz). A year 

later, Lovejoy and Nesbitt [3.7] reported on direct infrared absorption 

measurements of both structural isomers of the N20-HF van der Waals 

complex. 

New microwave measurements in addition to remeasurement of the old 

transitions of the bent isomer NNO-HF were made in order to improve the 

accuracy of the ground state rotational constants, and to determine the 

centrifugal distortion constants. At the time of the research, it was 

hoped that the inclusion of the centrifugal distortion analysis would 

prove useful for future infrared analyses. A simplified model was used 

to determine the bending and stretching force constants for the van der 

Waals bond in the bent isomer. A force constant for the linear isomer was 

determined with a pseudodiatomic model. A comparison is made between the 

two in an attempt to identify the stronger bound species. The following 

chapter discusses the microwave measurements on the bent NNO-DF, and 

linear ONN-HF and ONN-DF isomers with the inclusion of the bent NNC'-HF 

results as pertinent to the analysis. The sections following this 

introduction will first include the analysis of the bent isomer, and then 

the analysis of the linear isomer. 
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3.2 EXPERIMENTAL 

A pulsed-beam, Fourier transform microwave (PBFTMW) spectrometer, 

was used to obtain rotational spectra for the two structural isomers of 

The spectrometer is described in more detail in 

chapter 2 of this dissertation. Spectra were obtained with a gas mixture 

of ~ 0.5% HF(DF) and ~ 1% N20 in approximately 1 atm of inert carrier 

gas, typically Ar or Ne, mixed at room temperatures. Deuteration of the 

manifold and mixing tank was first achieved with ~ 10-15% deuterium 

chloride (DC1). After evacuation of the DC1, the DF and N20 mixtures were 

prepared in the system. Seven new transitions were measured for the bent 

NNO-DF isomer, and four previously measured [3.2]· transitions were 

remeasured for the purpose of this analysis. The new transitions were 

readily located from spectrum predictions using constants determined in 

reference 3.2. The J - 1 ~ 2, 2 ~ 3, 3 ~ 4, and 4 ~ 5 transitions were 

measured within the frequency range of the PBFTMW spectrometer for the 

linear isomers ONN-HF and ONN-DF. Earlier infrared results [3.1] were 

used to predict a spectrum for the ONN-HF isotopomer. The linear 

deuterium isomer transitions were predicted using a rigid rotor model with 

substitution of the deuterium for the hydrogen. Transitions Fredi~~d 

with this method are typically 10's to 100's MHz lower in frequency than 

the experimental results. However, using this prediction with the 

hydrogen·species results provides a frequency range to scan across for 

each of the deuterium species transitions. 
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3.3 DATA ANALYSIS 

Eleven transitions for the NNO-DF bent isomer were measured to an 

experimental accuracy of 60 kHz or better. These transitions along, with 

three low frequency transitions measured by Joyner, et: al [3.2] are 

reported in Table 3-1. All of the observed transitions have subdopp1er 

broadened full width half maximum (FWHM) values of ~ 60 - 80 kHz, and 

TABLE 3-1: Measured and calculated best fit transition frequencies 
(MHz) for the bent isomer, NNO-DF. Indicated errors in 
parentheses are two standard deviations . 

8 

b 

C 

Transition 
J xpxo -J' Kp'Xo' 

321 - 322 
422 -423 
523 -5 24 
000 -101 , 
212 - 303 
111 -2 12 
101 - 202 
110 -211 
111 -202 
212 -3 13 
202 -3 03 
221 - 322 
220 - 321 
211 - 312 

Meas. Freq. 
(MHz) 

12.215(6)8 
36.53(7)8 
84.79(14)8 

5123.l42(13)b 
7683.625(3)C 
9977.755(60)C 

10242.465(6)b 
10532.925(8)C 
13060.354(5)b 
14962.736(6)C 
15354.489(5)b 
15426.049(3l)C 
15435.772(4)C 
15794.216(9)C 

. Calc. Freq. 
(MHz) 

12.209 
36.503 
84.800 

5123.148 
7683.553 
9977 . 759 

10242.585 
10532.868 
13060.426 
14962.581 
15354.631 
15426.079 
15435.840 
15794.060 

Frequencies taken from reference 3.2. 

Meas. -Calc. 
(MHz) 

0.006 
0.027 

-0.010 
-0.006 
0.072 

-0.004 
-0.120 
0.057 

-0.072 
0.155 

-0.142 
-0.030 
-0.068 
0.156 

Frequencies reported in reference 3.2, and remeasured for this work. 
New frequencies measured for this work. 
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some were only partially resolved. This is presumably due to spin-spin 

interactions between the deuterium and hydrogen atoms. and the two 

nitrogen atoms' quadrupole coupling interactions. The 14N quadrupo 1e 

coupling strengths (see Table 3-2) are fairly small. and it is believed 

that exclusion of these parameters from the data analysis is 

insignificant. The 14 transitions given in Table 3-1 were fit with a 

TABLE 3-2: Nitrogen quadrupole coupling constants for the two nitrogen 
atoms in N20. 

a 

Molecule Atom 

terminal 14N 
center 14N 

Taken from reference 3.8. 

Nuclear Spin ... I 

1 
1 

eQq (MHz) 

-0.7767(10) 
-0.2694(18) 

nonlinear least squares analysis using Watson's A-reduced Hamiltonian in 

the I r representation [3.9]. The adjustable parameters used in the fit 

were the A-t.K• B. and C rotational constants. and the four quartic 

distortion parameters t.J. t.JK. oJ. and OK' An analysis to fit the two 

parameters independently produces results with large 

uncertainties in these values due to a correlation coefficient very nearly 

equal to one. Therefore. A-t.K is reported as the significant parameter for 
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this ana,lysis. The fitted spectroscopic constants are reported with 

uncertainties equal to twice the standard deviations. Also given in Table 

3-3 are the inertial defects, ~, along with the values for A, B, and C 

reported in reference 3.2. The value of ~ - 2.10 amu A2 for NNO-DF is 

somewhat larger than inertial defects for typical weakly bound complexes; 

however, it is similar to the ~ value for NNO-HF which is 2.29 amu A2. The 

calculated "best fit" frequencies from these results are given in Table 

3-1 with the observed values. The standard deviation of the overall fit 

to the 14 transitions is 0.120 MHz. Using the constants provided in 

TABLE 3-3: Spectroscopic constants for the bent isomer NNO-DF obtained 
from nonlinear least squares fit to data in Table 3 -1. 
Uncertainties in parentheses are two standard deviations. The 
third column contains constants obtained from reference 3.2. 
~ • (inertial defect) Ic-1b-1a. 

a 

b 

Constant (MHz) This work Joyner, et al [3.2] 

A-~K 25998.4(3) 26004.l(2)a 
B 2701.1(2) 2699.7(1) 
C 2422.3(2) 2423.5(1) 
~J 0.052(3) --- ---
~JK -2.57(1) --- ---
5J 0.010(5) --- ---
15K 0.24(10) --- ---

~(amu A2)b 2.10 1. 90 

Reported as the A rotational constant in reference 3.2. 
Conversion factor: 505379.07 amu A2 MHz. 
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referenc~ 3.2 (see Table 3-3) for the bent NNO-DF produces calculated 

frequencies with residuals ranging from ~ 0.01 - 56.4 MHz. In the present 

work with the inclusion of the centrifugal distortion analysis, the 

deviation between calculated and observed frequencies is improved 

substantially for at least nine of the transitions. 

The four transitions for each of the ONN-HF and ONN-DF· linear 

isomers were measured to an accuracy of ~ 8 kHz. These frequencies are 

given in Table 3-4 along with the calculated "~st fit" frequencies. The 

spectra for both isotopic complexes were complicated by hyperfine 

structure presumably due to the previously mentioned factors: hydrogen 

(deuterium) and fluorine atoms spin-spin interactions, and the two 14N 

quadrupole coupling interactions. A hyperfine analysis was not included 

in the present data analysis since most of the observed transitions showed 

only partially resolved hyperfine structure. Typical FWHM were = 80 kHz 

for the some of the broadened transitions, and the remaining transitions 

were split into multiple components with splittings ~ 100 kHz. For the 

lines that were broadened, the center frequency was reported, and for the 

partially resolved lines, the center frequency of the most intense peak 

was reported. Typically, the center component of the quadrupole hyperfine 

spli ttings correspc:mds to the most intense component. This component 

normally lies very close to the unperturbed rotational transition 

frequency. A detailed analysis of the hyperfine structure would only 

provide an improvement of ~ 20 - 50 kHz in the line center frequencies, 

which would not have a significant effect on the spectroscopic parameters 



TABLE 3-4: 

Transition 
J - JI 

1 - 2 
2 - 3 
3 - 4 
4 - 5 

1 - 2 
2 - 3 
3 - 4 
4 - 5 
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Measured and calculated "best fit" frequencies for the 
linear ONN-HF and ONN-OF complexes. 

Meas. Freq. 
(MHz) 

7313.041 
10969.380 
14625.506 
18281.351 

7235.752 
10853.451 
14470.956 
18088.206 

ONN-HF 

ONN-OF 

Calc. Freq. 
(MHz) 

7313.039 
10969.380 
14625.508 
18281.350 

7235.749 
10853.455 
14470.961 
18088.199 

Meas.-Calc. 
(MHz) 

0.002 
0.000 

-0.002 
0.001 

0.003 
-0.004 
-0.005 
0.007 

determined with the fit. A linear least squares fit to the observed linear 

transitions was used to yield the adjustable parameters B and OJ. These 

values for the ONN-HF and ONN-OF species are given in Table 3-5, along 

with infrared results for the ONN-HF complex taken from reference 3.1. 

3.4 FORCE CONSTANT CALCULATIONS 

Force constants for the bent isomer NNO-OF can be obtained with a 

simplified model for the force field with knowledge of the AJ' AJK , and oJ 

distortion constants. The quartic distortion parameter OK is excluded from 

this analysis, because it is somewhat correlated with the parameter A-AK' 

This analysis is based on the models given by Gordy and Cook [3.10) 



TABLE 3-5: 
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Rotational and centrifugal distortion constants for the ONN
HF and ONN-OF linear isomers, determined by linear least 
squares fit to the data in Table 3-4. The second column 
shows reported constants from reference 3.1. Indicated 
errors are two standard deviations. 

Constant (MHz) ONN-HF Lovejoy, et a1 [3.1] ONN-OF 

1828.2835 (7) 
0.00297 

1828.283(4) 
0.00295 

1808.959(2) 
0.00279 

which follows the earlier work by Kivelson and Wilson [3.11] and Watson 

[3.9]. To simplify the calculation, the contribution from the motion of 

the H (0) atom to the centrifugal distortion will be neglected. A 

comparison of the contribution from the H atom and from the F atom will 

justify using this assumption within the analysis. The centrifugal force 

(fo) about the G axis for the H (0) and F atoms is proportional to the mass 

of the atom (mi) , and the distance of the atom (ri ) to the C axis squared 

(fo ~ miri2). This force can be equated to the restoring force (fr) with 

force constant k, and displacement ori (fr ~ kori ) as follows: 

(3-1) 

Therefore the displacement is 

(3-2) 

So changes in the moment of inertia are 

.1Ii ~ miriori ~ (mi2ri 3 )/k (3- 3) 



58 

Thus the relative contribution of the H atom to the F atom is a ratio of 

the change in the moment of inertia: (mIf2rIf3)/(mF2rF3) :::: 0.0008, which is 

small and negligible. 

The following potential was used to describe the force field for the 

in-plane bending and stretching of the van der Waals bond: 

(3-4) 

where R • Rem' the separation between the centers-of-mass of N20 and HF, 

Ro - the vibrationally-averaged value of Rem for NNO-OF, and ~ a the angle 

between N20 and Rem' The k~ term has not been included in the potential 

because it is significantly smaller than kRR' and results for other 

mole~ules [3.10] indicate that the kR~ term is smaller than both of the 

force constants kRR and k#. Therefore for this analysis kR¢ = 0.0. Out-of

plane vibrations are also excluded from this analysis since the N20 and F 

atom define a plane, such that the primary motion out-of -plane will 

involve the H atom. As mentioned previously the contribution from the H 

atom relative to the F atom is minute, and therefore is neglected in this 

analysis. 

In order to determine the stretching and in-plane bending force 

constants, the centrifugal distortion parameters must be related to the 

force field matrix. Initially the basic form of distortion constants r' 

[3.10] is used to determine the inverse force field elements as follows: 

(3-5) 
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where A and B e rotational constants, Ri and Rj e vibrational 

displacements, and (f-1) ij ... the i ,j element of the inverse force field 

matrix. For a near-prolate asymmetric top in the A representation, the 

distortion constants are related to the r's through the following 

equations. 

/j,.J == -(1/8)(r'bbbb + r' ecce) 

-3/j,.J - (~/4)(r'aacc + r'aabb + r'bbcc) 

OJ"" -(1/16)(r'bbbb - r'cccc) 

(3-6) 

(3-7) 

(3-8) 

Since it was previously assumed that kR~ == 0, then r'bcbc is also equal to 

zero. With the simple force field approximation described earlier, the 

elements of the inverse force field matrix (f-1
)ij will be diagonal with 

the elements f~-l and f#-l. This model reduces the expressions for the 

distortion constants to a system of linear equations in the two force 

field variables. Substituting the original form of the r's into equations 

3-6, 3-7, and 3-8 yields three eq\1ations that relate the distortion 

parameters determined in this work to the inverse force field matrix and 

the derivatives of the rotational constants with respect to the 

displacement of Rem and </J. (The two force constants k~ and k¢¢ are defined 

as interchangeable w~th f~ and f# respectively). These are as follows: 

/j,.J ... (h/4) {f~-l[ (8B/8R)2+(8C/8R)2] 

+ f¢~ -1(1/R2) [(8B/8</J)2+(8C/8</J)2] ) (3-9) 

or /j,.J - C1Rf~-1 + C1¢f¢¢-1 



or 

or 

[AJK + 3AJ ] - (h/2) (fRR -l[ (aA/aR) (aC/aR)+(aA/aR) (aB/aR) 

+(aB/aR) (aC/aR)]+f#-1(1/R2 ) [(aA/a¢) (ac/a¢) 

+(aA/a¢) (aB/a¢)+(aB/a¢) (ac/a¢)] ) (3-10) 

[AJ!( + 3AJ ] - C2Rf RR- l + C2cl)f#-1 

OJ - (h/8) (fRR- l (aB/?JR)2- (ac/aR)2] 

+ f#-1(1/R2) [(aB/a¢)2-(ac/a¢)2]) (3-11) 

oJ - C3RfRR-l+C3t/lf#-1 
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The derivatives were calculated numerically by varying Rem and ¢. A least

squares fit to the experimental values of the distortion constants AJ, AJK, 

and oJ was performed with the adjustable parameters f RR- l and ft/lt/l-l. The 

results of this fit are given in Tables 3-6 and 3-7. The value of ft/lt/l is 

very small which indicates a low in-plane vibrational frequency and a very 

large zero point vibrational amplitude for the HF. In the present analysis 

the AJ distortion constant depends on the inverse force field matrix 

elements through coefficients that are combinations of the derivatives of 

the rotational constants with respect to the vibrational coordinates. From 

these coefficients, one can see that the AJ constant is essentially 

independent of the f#-l coefficient. The value of AK on the other hand, 

is highly dependent upon this parameter. Therefore it can be used to 

calculate a relative value for AK ~ 270 MHz. This value of AK will be 

used as a correction in the value of A to be used in the structural 

analysis (see section 3.5), 



TABLE 3-6: 

Dist. 
Term 

TABLE 3-7: 
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Least squares fit results and coefficients used to determine 
f RR- 1 and f# -1 from the distortion constants t:..J , t:.. JK , and oJ. 
Values in kHz. 

l. 5749 
2.951 
0.05013 

0.004679 
-0.8777 
0.002339 

Meas. 

52.6 
-2412.5 

9.8 

Calc. 

52.7 
-2412.5 

7.3 

Meas . -Calc. 

0.1 
0.0 
2.5 

Force constants for the bent NNO-HF (from reference 3.4) and 
NNO-DF obtained by fitting data indicated in Table 3-6. 

Force Constant 
(mdyne/A) 

NNO-HF NNO-DF 

0.012 
0.000288 

0.015 
0.000336 

A pseudodiatomic model [3.12J is used to calculate a stretching 

frequency and force constant for the van der Waals bond in the linear ONN-

HF and ONN-DF isomers. In this type of analysis the N20 and HF (DF) are 

treated as structureless masses held together by a spring with force 

constant k. The vibrational frequency and force constant are determined 

with knowledge of the B rotational constant, DJ distortion constant, and 
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~ the re~uced mass of the complex with the following equations. 

(3-12) 

(3-13) 

where ~ Ell (MNNO*MHF)/(MNNO+MHF)' Results from this analysis are given in 

Table 3-8. A comparison of the force constants for the linear isomer 

versus the fRR force constant for the bent isomer shows a much larger 

number for the linear isomer. This would indicate that the linear isomer 

is perhaps the more strongly bound of the two structural isomers. 

However, it is important to note that the force constant calculation is 

not equivalent to a binding energy calculation for the structural isomers. 

Also since both force constant models are simplified there are inherent 

errors to allow for in the comparison of the two. 

In an attempt to characterize which isomer was more strongly bound 

experimentally, measurements were made of the rotational transition 

TABLE 3-8: Stretching frequency and force constant for the van der Waals 
bond in the linear isomers ONN-HF and ONN-OF. 

Constant 

II (cm-1) 

k (mdyne/A) 

ONN-HF 

95.7 
0.074 

ONN-OF 

97.2 
0.079 
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signal intensities for the two isomers as a function of backing pressure 

behind the pulsed-nozzle. The J - 2 ~ 3 transition for the linear ONN-HF 

was compared with signal intensities of the 101 -202 bent NNO-HF transition, 

and the J - 3 ~ 4, and 202 -3 03 transition of the DF containing isomers 

were compared over a range of pressures from 0.01-1.0 atm. The signal 

intensities are proportional to the difference of the rotational state 

populations, and the fraction of molecules bound in that particular 

bimolecular complex. For both sets of isotopic data at lower pressures, 

intensities for the bent isomer exceeded the linear isomer intensities by 

approximately a factor of 3. This would seem to indicate that the bent 

isomer is more strongly bound. However, this is only a qualitative test 

since accurate rotational temperatures as a function of nozzle pressure 

are not known. It is assumed that this factor has a similar dependence 

for either isomer. Another factor to consider is experimental error. 

Intep.sity measurements made with the pulsed-beam Fabry-Perot microwave 

spectrometer are relative to the resonance mode of the multimode Fabry

Perot cavity. This is true since the sensitivity of the apparatus can 

change by a factor of 10 or more with different cavity modes. In this 

analysis similar Q and coupling modes were chosen for each of the 

measurements. Signal intensities also vary because of the superheterodyne 

detection system used in the pulse-beam, Fourier transform microwave 

spectrometer. Signal intensities peak at Ivs - vml ~ 250-450 kHz, and have 

smaller amplitudes at deviations that are less than or greater than these 

values. 
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3.5 STRUCTURE ANALYSIS 

For the purposes of this analysis, the monomer subunits N20 and HF 

(OF) were assumed to remain rigid during the formation and lifetime of 

the van der Waals complex. Rotational constants and structures for the 

monomer subunits are given in Table 3-9. In the case of the bent isomer 

structural analysis, rotational constants for the 14N14NO_HF and 14N14NO_DF 

were determined from measurements made in the Kukolich laboratory [3.3, 

3.4], and 15N15NO_HF and 15N15NO_OF rotational constants were taken from 

results reported by the Klemperer laboratory [3.2]. The twelve isotopic 

A, B, and C rotational constants were fit with a nonlinear least squares 

analysis with the structural parameters Rcm, 0, and~. The A rotational 

constant for the four different isotopic species was adjusted to account 

TABLE 3-9: Rotational constants and bond lengths for the monomer 
subunits HF, OF, and N20. 

8 

b 

c 

Molecule Bo (MHz) 

HF 
OF 

NNO 

Taken from reference [3.13]. 
Taken from reference [3.14]. 
Taken from reference [3.15]. 

616365.6 8 

325585.0b 

l256l.63c 

0.925595 
0.923243 
l.132l (N-N) 
l.186l (N-O) 
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for the A-~K difference, by assuming ~K - 270 kHz (as previously discussed 

in the Force Constant Calculation Section 3.4), and adding this value to 

the experimentally determined values. The vibrationally-averaged structure 

of the complex was assumed to be planar, and can be described with Rem a 

the centers-of-mass separation between HF and N20, e a the angle between 

the HF bond axis and Rem' and ~ & the angle between the N20 principal axis 

and Rem' This fit procedure yielded two local minima with overall standard 

deviations of less than 45 MHz. Results for these two structures are 

given i.n Table 3-10. Figure 3-1 shows the two structures with the 

different Rem' e and ~ parameters. Structure I has the lowest standard 

deviation of 14.7 MHz, and Rem - 3.455(8) A, e - -20.1(1.4)°, and ~ = 

46.86(4)°. Results of the structure analysis for Structure I to the 

twelve rotational constants are given in Table 3-11. Single isotopic 

TABLE 3-10: Structural parameters determined from nonlinear least squares 
fit to the twelve 14N14NO_HF, 14N14NO_OF, 15N15NO_HF, and 15N15NO_ 

Structure 

I 
II 

OF rotational constants. Two standard deviations are given 
in parentheses. 

3.455(8) 
3.43(2) 

e 

-20.1(1.4)° 
106.3(9.4)° 

46.86(4)° 
45.9(4)° 

Std. Oev. of 
fit (MHz) 

14.7 
41.3 



S,!-O - HF 

Structure I 
Rrm = 3.-155(8) A 

+--0 = ~6.86{0.04)O 
9 = -20.1(14)° 

Structure II 
R.· m = 3.-13(2) A 
o = ~.5.9(0.2)O --. 
() = 106.3{9.4)O 

FIGURE 3-1: Structures I and II Cor bent N,O-HF determined with 
nonlinear least squares fit. Structure deacribed with the distance 

. Rem between the centers-of-maas of N,O and HFt and the angles 
4J and 9 for N,O and HF relative to Rem respectively. 
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b 

TABLE 3:-11: 

Isotopic 
Species 

14N14NO_HF 

14N14NO_DF 

15N15NO_HF 

15N15NO_DF 
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Structure I results of the least squares fit to the twelve 
rotational constants of the 14N14NO_HF 14N14NO_DF 15N15NO_ , , 
HF, and 15N15NO_DF complexes. 

Rotational 
Constant 

A8 

B 
C 

A 8 

B 
C 

Ab 

B 
C 

Ab 

B 
C 

Measured 
(MHz) 

26592.320 
2720.930 
2438.720 

26268.400 
2701.100 
2422.300 

26043.020 
2646.570 
2377.910 

25726.460 
2626.680 
2360.470 

Calculated 
(MHz) 

26591.623 
2713.2l4 
2462.009 

26266.398 
2681.176 
2432.841 

26043.098 
2640.936 
2397.785 

25728.599 
2608.773 
2368.606 

Residue 
(MHz) 

0.697 
7.716 

-23.289 
2.002 

19.924 
-10.541 

-0.078 
5.634 

-19.875 
-2.139 
17.907 
-8.136 

The A rotational constant has been adj usj:ed to account for the 
correlation with the AK parameter (see sections 3.4 and 3.5). 
The A rotational constant was taken from reference 3.2, and also 
adjusted by the same amount as the present A rotational constants to 
account for the AK correlation. (see above) 

substitution Kraitchman analysis [3.16] was used to determine absolute 

principal axes coordinates for the H using the rotational constants for 

14N14NO_HF and 14N14NO_DF. Calculation for the H atom principal coordinates 

using structural parameters from Structures I and II, shows that 

Structure I is in best agreement with the Kraitchman analysis results. 

These values are given in Table 3-12. Either structure is ambiguous to 

the inversion of the N20 subunit inversion through its respective center-
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of-mass; however with the lSN1SNO_HF and lSN1SNO_DF data this ambiguity is 

eliminated. Therefore Structure I (see Figure 3-2) is believed to rep-

resent the vibrationally-averaged structure for the bent isomer NNO-HF. 

Structure analysis for the linear isomer is straightforward. The 

centers-of-mass separation Rem can be determined by using the measured B 

rotational constant for each isotopic species and relating this to the 

monomer subunit moment of inertias, and the reduced mass of the complex, 

as previously shown in section 2.6 with equation 2-4. Rem values determined 

by this method for the two linear isotopic species are given in Table 3-

13. The linear structure is shown in Figure 3-3 with the distance between 

the F atom of HF and the terminal N atom of N20 given. Previous infrared 

measurements by Lovejoy and Nesbitt [3.1] on the linear isomer established 

that the H atom of HF was hydrogen bonded to the terminal N atom of N20. 

TABLE 3-12: Calculated center-or-mass coordinates for the H atom in the 
N20-HF bent complex. 

8 

Atom 

Kraitchman8 

Structure I 
Structure II 

1.129 
1.501 
2.689 

b (A) 

0.3767 
-0.4897 
-0.5130 

c (A) 

0.3182 
0.0 
0.0 

Only absolute values of the coordinates can be obtained with the 
Kraitchman analysis. 
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() =-20.1(1.4)° 

Rem = 3.455(8)- A 

46.86(0.04)° 

FIGURE 3-2: Vibrationally-averaged structure for bent N20-HF. 



R F .V = 2.98 A' 

FIGURE 3-3: Structure of linear ONN-HF described with the distance 
between the terminal N of N,O and F of UF. 
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TABLE 3-13: 

Complex 

ONN-HF 
ONN-OF 

3.6 DISCUSSION 
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Rem and R(terminal N to F) distances for the linear ONN
HF and ONN-OF isomers. 

4.1369 
4.0874 

R(N-F) (A) 

2.9806 
2.9729 

A number of theoretical calculations [3.17-3.20] have favored the bent 

structural isomer as energetically lower than the linear isomer. Recent 

theoretical calculations by Adamowicz [3.20] using many-body perturbation 

theory with a second order correction for electron correlation, MBPT(2) 

on a 6-3l++G** basis set have favored a bent structure similar to the 

structure determined by Joyner, et a1 [3.2]. Figure 3-4 depicts the 

structure determined for the bent NNO-HF complex from (a) the present 

measurements, (b) measurements by Joyner, et a1 [3.2], and (c) theoretical 

calculations by Adamowicz [3.20]. The values for ~ and Rem in the three 

different structures are essentially on the same order of magnitude with 

each other, where Rem::::: 3.4-3.6 A and ~ ::::: 43-47 D
• However there is a 

deviation in the value of 8 found with the above mentioned method, and 

previous experimental and theoretical results. Variations in the angle of 

8 by ± l5 D would not have significant effects on the other two adjustable 

parameters determined with the structure analysis. A large positive 



(a) 
8 = -20.1( 1.4)0 

(b) 
~C.\\" 

~;V ~O= 46.86(0.04)0 
~~/"--~ 

(c) 

FIGURE 3-4: Comparilon of three structure analyses for N2Q.RF. 
(a)Strudure determined from experimental meuurements made 
in the KukoUch laboratory, 
(b )Strueture determined from expertimental meuurements made 
in the Klemperer laboratory, (lee Reference 3.2) 
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A 
8 = 30.6' 

(c)Theoreticalstructure determined from MBPT(2) calculation by Adamowicz. 
(See reference 3.17) 
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inertial,defect ~ for each of the isotopic bent isomers indicates that 

the in-plane vibrational contributions exceed the out-of-plane vibrational 

contributions for the complex. This is partially attributed to large 

torsional vibrational movements of the H atom of the HF monomer subunit. 

This is also indicative of the fact that the position of the H atom is 

difficult to locate without some degree of uncertainty. Another factor 

that supports this is found in the comparison of the Kraitchman analysis 

results with the least squares structural analysis results. Coordinates 

for the H atom from the Kraitchman analysis are not in good agreement with 

the experimental results; however, they do provide a guideline for 

establishing the vibrationally-averaged structure of the complex. 

Structure I, determined from the least squares analysis is believed 

to represent the vibrationally-averaged structure of the NNO-HF bent 

isomer. Bonding in the NNO-HF isomer appears to involve interactions 

between the H atom and the oxygen lone pairs and possibly the ~-electron 

density in the N-O bond. As indicated earlier this structure is different 

in the positioning of the H atom, than the structure determined from 

previous experimental results [3.2]. 

Force constant analysis of the two different isomers indicate that 

the linear isomer is more strongly bound. However using the pulsed-beam, 

Fourier transform spectrometer to compare signal intensity measurements 

as a function of nozzle backing pressure produces stronger signals for the 

bent isomer. Both of these methods are approximate and more calculations 

and further experimentation would be desirable to provide a more 
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adequate answer to this question. It is known from these measurements and 

recent infrared results [3.7] that spectra can be obtained for both 

isomers under the same experimental conditions. 

The structure of the linear isomer is a little unusual with the 

terminal N of NzO hydrogen bound to the H atom of HF. To date no 

measurements exist for a possible linear isomer with the ° atom hydrogen 

bound to the HF molecule; however, this does not preclude its existence. 

The distance between the H atom of HF and the terminal nitrogen atom of 

NNO is roughly 2 A. This value is typical of weak hydrogen bond lengths 

for a number of van der Waals complexes. 

3.7 CONCLUSION 

Microwave spectra \'lere obtained for two different structural isomers 

of the NzO-HF complex using pulsed-beam Fourier transform microwave 

spectroscopy. Measurements on the bent isomer were used to determine the 

rotational constants (A-~K)' B, and C, and the four quartic distortion 

constants ~J' ~JK' oJ, and oK' Structural analysis of the bent isomer data 

was used to determine values for Rem' 0, and tP. The vibrationally-averaged 

structure has the H atom of HF located over the vicinity ~f the N-O bond. 

This is different from an earlier experimental analysis where the H atom 

is located away from the ° end of NzO. The linear isomer, ONN-HF, data was 

used to determine the rotational constant B, and distortion parameter DJ • 

The linear structure was characterized with the centers-of-mass 

separation, Rem' between the NzO and HF monomer subunits. Previous 
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infrared. results with isotopic analysis indicated that the terminal N of 

N20 was weakly bound to the H of HF. 



Chapter 4 

Microwave Spectra and Structures of the 

NNO-HCN, l~NO-HCN, and NNO-DCN Complexes 

4.1 INTRODUCTION 
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Structures of many weakly-bound complexes have been determined in the 

gas-phase using microwave spectroscopy. In nearly all of these 

measurements, only one structural isomer has been observed, although 

mUltiple isomers have been predicted for some cases. Complexes involving 

N20 or CO2 are unusual in the respect that two structural isomers have been 

observed. The existence of these observable structural isomers provides 

a more stringent test of ab initio calculations, and it is hoped 

experimental and theoretical analyses of these special cases will lead to 

a better understanding of intermolecular forces. This work was initiated 

following the indication of possible multiple structural isomers for N20-

HCN [4.1]. Both a bent NNO-HF isomer [4.2-4.5] and a linear ONN-HF isomer 

[4.4-4.7] have been observed and characterized earlier. 

Complexes formed with the isoelectronic partners CO2 and N20 show a 

number of similarities in types of structures as well as weak bond 

distances. The complexes formed between Ar-C02 [4.8], Ar-N20 [4.9], CO2 -

NH3 [4.10], N20-NH3 [4.11], CO2 -H20 [4.12], and N20-H20 [4.13] all exhibit 

"T" shaped geometries with small deviations in the weak bond distances (:5 

0.10 A). Analysis of optothermal infrared measurements of the homogeneous 

dimers formed between N20 [4.14] and CO2 [4.15] indicated slipped parallel 

geometries with small differences in angles of less than 4°, and a 
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differences in Rem of approximately 0.1 A. Recently, Lovejoy and Nesbitt 

[4.6] measured an infrared spectrum of a linear complex formed between N20-

HF, and this can be compared with the linear structure of CO2 "HF [4.16], 

again with a small change in the hydrogen bond distance on the order of 

0.14 A. However, to date there has been no spectroscopic evidence for a 

bent structure formed between CO2 and HF similar to the N20-HF [4.2-4.5] 

bent isomer. Two structural isomers have also been observed for CO2 -HCN 

[lL17,4.18]. The "T"-shaped isomer [4.17] has the terminal N of HCN bound 

towards the C of CO2 , and the linear isomer [4.18] is hydrogen bonded to 

OCO. Therefore, one might expect to see a "T"-shaped or linear N20-HCN van 

der Waats (vdW) complex. Recently, Beaudet [4.19] and coworkers have 

examined the complexes formed between N20-HF, N20-HC1 and N20-HBr and have 

determined N20-HC1 and N20-HBr to have bent structures. It therefore, 

should be worth searching for mUltiple structural isomers of N20-HCN. 

4.2 EXPERIMENTAL 

Quadrupole coupling components of a and b dipole transitions for the 

NNO-HCN, 15NNO-HCN, and NNO-DCN complexes were measured with a pulsed-beam 

Fourier transform microwave (PBFTMW) technique. The PBFTMW spectrometer 

is described in more detail in Chapter 2 of this dissertation. Spectra 

were obtained with approximately 0.5% HCN (DCN) and 2% NNO (15NNO) in high 

purity Ar (99.995%) or first run Ne (99.95%) buffer gas. Optimal signal

to-noise ratios (SIN) were achieved with backing pressures ranging from 

1. 0-1. 9 atm in Ne and from 0.3-1.1 atm in Ar. The SIN ranged from 3: 1 for 
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a singl~ gas pulse to 2:1 after 50 gas pulses. Deuterium cyanide was 

synthesized under vacuum by the addition of deuterated polyphosphoric acid 

(D3P04) to powdered sodium cyanide (NaCN) or potassium cyanide (KCN). The 

deuterated polyphosphoric acid was obtained by the addition of deuterium 

oxide (02°) to powdered phosphorous pentoxide (P 20S)' Terminal nitrogen-

15 labeled nitrous oxide was purch~sed from MSD Isotopes (#MN2341). 

4.3 DATA ANALYSIS 

All of the measured transitions were complicated by the presence of 

quadrupole coupling interactions due to 14N atoms within the complex. 

Figures 4-1 and 4-2 are examples of a free induction decay (FlO) signal 

showing quadrupole coupling interaction modulation, and the corresponding 

Fourier transform depicting two quadrupole components of the b-dipole 101 -

110 transition for the lsNNO-HCN complex. The largest contribution to this 

quadrupole hyperfine structure is from the N of HCN, with minimal 

contributions from the nitrogens of N20 in comparison. Table 4-1 contains 

values of the quadrupole coupling components for the three different 

nitrogens in the "free" monomer subunits. For the purpose of this 

analysis, only the quadrupole coupling interaction for the N of HCN in the 

complex was fit due to the unresolved hyperfine structure for the 

remaining nitrogens in NzO. The HeN nitrogen hyperfine structure was 

analyzed using the coupled representation with total angular momentum F 

- I +. J. The Hamiltonian was composed of two parts: a distortable rotor 

Hamiltonian (Hrot ) and a quadrupole coupling interaction Hamiltonian (HQ). 



· I . I . . I . . I . . I . . I ~ 
o 8 J6 24 32 40 4U 

Time (/tSec) 

FIGURE 4-1: Free induction decay (FlO) signal of the 15NNO-IICN 
101 - 110 I.ransition Bhowing quadrupole modulat.ion at. 
a stimulating rrequency of 7921.6851 MHz. 

~ 

\0 



434 651' 868.1 
OITS(!t f're(,ucncy (k liz) 

(Stimulating frequency = 7921.6851 Mllz) 

FIGURE 4-2: Fourier transform ofthe FID shown in "'IG. 4-1 del)ictillg two 
quadrupole components of the b-di.,ule 101 - 110 

transition. The x-scale is the offset fre1luellcy in kllz fwm 
the stimulating fre1luellcy. 
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(4-1) 

Hrot was previously defined in Section 2.5 in equation 2-1 and the matrix 

elements for the quadrupole coupling interaction were given in equation 

2-3. The a and b-dipole transition frequencies and corresponding 

assignments are given in Tables 4-2, 4-3, and 4-4 for NNO-HCN, 15NNO-HCN, 

and NNO-DCN respectively. These data were fit with a nonlinear least 

squares fitting routine to determine best fit values for A-DK' B, C, DJ , 

DJK , eQqaa(N of HCN) , and eQqbb(N of HCN). Results of this fit are given 

in Table 4-5. The two constants A and DK could not be determined 

independently due to a high correlation coefficient '(0.999988) between the 

two parameters in the fit; therefore, they are reported at the difference 

TABLE 4-1: Quadrupole coupling constants for 14N and D atoms in the 
monomer subunits HCN, DCN, and NNO. 

" 

a 

b 

Molecule 

HCNa 
,,-' 

DCNa 

NNOb 

Taken from Reference 4.20. 
Taken from Reference 4.21. 

Atom eQq(MHz) 

14N -4.7091(13) 

D 0.1944(22) 
14N 4.7030(12) 

terminal 14N -0.7767(10) 
center 14N -0.2694(18) 
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TABLE 4-2: Measured and calculated frequencies for NNO-HCN. Experimental 
standard deviations are given in parentheses. 

Transition 
J KpKo -J' Kp'Ko' 

000 -101 

212 - 303 

101 -110 

202 -211 

111 - 212 

101 - 202 

110 - 211 

404 -413 

000 -111 

212 -3 13 

202 - 302 

211 - 312 

F - F' 

1 - 0 
1 - 2 
1 - 1 

2 - 3 

2 - 2 

3 - 3 

2 - 3 
2 - 2 

1 - 1 
1 - 2 
2 - 3 
2 - 2 
o - 1 

o - 1 

3 - 3 
5 - 5 

1 - 2 

1 - 2 
3 - 2 
2 - 3 

2 - 3 

3 - 4 

Measured 
(MHz) 

5014.246(10) 
5015.098(.10) 
5015.716(9) 

7967.474(8) 

8124.963(14) 

8773.640(2) 

9416.425(4) 
9416.971(16) 

9993.072(6) 
9993.952(5) 
9994.003(3) 
9994.498(8) 
9994.550(10) 

10643.050 (7) 

11315.351(6) 
11315.581(7) 

12527.181(5) 

14101. 940(9) 
14102.083(2) 
14102.201 (7) 

14900.696(4) 

15940.134(8) 

Meas. -Calc. 
(MHz) 

0.025 
0.010 
0.050 

0.028 

0.035 

-0.048 

-0.080 
-0.062 

-0.023 
0.026 
0.033 

-0.006 
0.010 

0.021 

0~072 
-0.046 

0.017 

0.074 
0.023 
0.035 

-0.067 

-0.073 
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TABLE 4-?: Measured and calculated frequencies for 15NNO-HCN. Experimental 
standard deviations are given in parentheses. 

Transition 
J KpKo -J' Kp'Ko' 

101 -110 

212 -303 

202 -211 

111 -212 

303 - 312 

101 -202 

110 -2 11 

404 -413 

000 -111 

F - F' 

1 - 2 
1 - 1 
2 - 1 

3 - 4 
2 - 3 

2 - 1 
2 - 3 
3 - 3 
2 - 2 
3 - 2 
1 - 2 

2 - 3 
1 - 2 
1 - 1 

2 - 2 

1 - 1 
2 - 3 
o - 1 

2 - 3 
1 - 2 
2 - 2 

5 - 5 

1 - 1 
1 - 2 

Measured 
(MHz) 

7920.625(3) 
7921.239(7) 
7921. 849 (7) 

7959.454(5) 
7960.603(4) 

8566.710(5) 
8567.492(13) 
8567.980(10) 
8568.755(5) 
8569.282(3) 
8569.584(6) 

9284.673(7) 
9285.211 (7) 
9286.292(11) 

9605.123(11) 

9857.820(4) 
9858.674(8) 
9859.246(10) 

10505.494(11) 
10506.117(8) 
10506.787(6) 

11107.376(14) 

12257.506(9) 
12258. 722 (11) 

Meas. -Calc. 
(MHz) 

0.028 
-0.017 
0.030 

-0.016 
0.012 

-0.025 
0.030 

-0.005 
-0.017 
-0.012 
-0.001 

-0.005 
0.016 
0.001 

0.001 

0.008 
0.008 
0.024 

0.004 
-0.024 
-0.012 

0.013 

-0.009 
-0.015 
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TABLE 4-4: Measured and calculated frequencies for NNO-DCN. Experimental 
standard deviations are given in parentheses. 

Transition 
J KpKo -J' Kp'Ko' 

000 -101 

101 -110 

212 -3 03 

202 -2 11 

111 -212 

101- 202 

000 -111 

202 - 302 

F - F' 

1 - 2 

1 - 2 
2 - 2 
1 - 1 

1 - 2 

1 - 2 

1 - 2 

1 - 1 
2 - 3 
o - 1 

1 - 1 
1 - 2 

2 - 3 
3 - 4 

Measured 
(MHz) 

4886.330(11) 

7752.937(14) 
7753.516(8) 
7753.542(8) 

7933.914(4) 

8398.212(6) 

9165.759(8) 

9734.771(22) 
9735.619(7) 
9736.182(9) 

12032.183(9) 
12033.352(4) 

14510.890(6) 
14510.995(6) 

Meas. -Calc. 
(MHz) 

-0.062 

-0.002 
0.012 
0.001 

0.003 

-0.003 

0.007 

0.019 
0.009 
0.018 

-0.003 
-0.001 

-0.010 
-0.006 
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TABLE 4-5: Spectroscopic constants and quadrupole coupling components (N 
of HCN) for the NNO-HCN, 15NNO-HCN, and NNO-DCN complexes 
obtained from least squares fit to data in Tables 4-2, 4-3, 
and 4-4. Values in parentheses are two standard deviations. 
a • standard deviation of the overall fit, and /j, .a (inertial 
defect) Ie - Ib - Ia' 

Constant (MHz) NNO-HCN 15NNO-HCN NNO-DCN 

(A - OK) 10326.12(8) 10089.96(2) 9893.63(4) 
B 2814.21(2) 2779.18(2) 2746.69(2) 
C 2201.03(2) 2168.704(4) 2139.850(16) 

OJ 0.0144(12) 0.0131(10) 0.0129(8) 
DJK 0.071(8) 0.037(4) 0.136(14) 

eQqaa 1.93(12) 1.88(4) 1.88(8) 
eQqbb -4.28(51) -4.08(6) -3.89(18) 

a 0.055 0.020 0.027 
/j, (amu A2) 1.09 1.10 1.10 

Preliminary microwave measurements on NNO-HCN [4.22] were fit with 

Watson's A-reduced Hamiltonian in the I r representation [4.23] neglecting 

quadrupole coupling interactions in the fit. Fourteen a and b-dipole 

transitions were fit to determine A-/j,K' B, C, /j,J' and /j,JK. An eQqaa value 

for the N of HC~ in the complex was obtained by a lin~r least squares fit 

to three quadrupole coupling components of the .000 -101' and 101 - 202 

transitions, but was not used in the least squares fit to the rotational 

transitions. Present spectroscopic results are within the. reported 

standard deviations of these earlier data. The 606 -615 transition reported 

at 16018.382(4) MHz has been omitted from the fit due to the fact that an 

Ar-HCN line has been reported at that frequency. The present microwave. 
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analysis. of NNO-HCN data wi~h the 15NNO-HCN, and NNO-DCN data has been 

significantly improved with the inclusion of the HCN nitrogen quadrupole 

coupling interaction into the spectral fits. The standard deviations of 

the fits were 0.055 MHz, 0.020 MHz, and 0.027 MHz for NNO-~CN, 15NNO-HCN, 

and NNO-DCN respectively. Inertial defects (~, see Table 4-5) ranged from 

1.09-1.10 amu A2, which is typical for weakly-bound complexes. 

4.4 STRUCTURE ANALYSIS 

The structure of the complex appears to be planar, and can be de

scribed with the distance Rem' the angle e between HCN and Rem' and the 

angle ~ between NNO and Rem (See Figure 4-3). The earlier analysis of NNO

HCN microwave data [4.23] indicated an eight-fold ambiguity in structural 

fits. Ambiguities between the structures were substantially reduced with 

analysis of the three isotopic sets of data. Structural parameters were 

determined with two differen~ methods. Monomer rotational constants for 

HCN, DCN, NNO, and 15NNO, given in Table 4-6, were fit to obtain optimized 

bond lengths for the monomer structures of NNO and HCN which are given in 

Table 4-7. These values were used in a nonlinear least squares fit of the 

nine isotopic rotational constants to determine Rem' e, and~. Three pos

sible structure fits were obtained with standard deviations of less than 

25 MHz. Results for Rem' e, and ~ for Structures I-III are given in Table 

4-8. The lowest standard deviation of 7.2 MHz corresponds to Structure 

I with Rem - 3.253(4) A, e - 89(5)°, and ~ - 76.9(0.4)°. Results of the fit 

to the nine rotational constants for Structure I are given in Table 4-9. 



a 
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H 
FIGl'RE 4·3: Structure or the N2Q.RC~ complex dr.wn with principal axis & and b. 

The structure can be described with the distance Rem. the anIle 9 
between Iltm and HeN, and the anIle tP between Rem and ~~O. 
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TABLE 4-6: Rotational constants and masses for the monomers HeN, DeN, 
NNO and lSNNO. 

a 

b 

c 

Molecule 

HeN 
DeN 
NNO 

lSNNO 

Bo (MHz) 

44315.9754(4)8 
36207.4627(2)8 
12561. 6348(2l)b 
l2l37.3l03(22)b 

Taken from Reference 4.24. 
Taken from Reference 4.25. 
Taken from Reference 4.26. 

Mass (amu) 

27.0109C 

28.0l72c 

44.0011 c 

44.998lc 

TABLE 4-7: Structural parameters for the monomer subunits HeN and NNO 
determined by linear least squares fit to the rotational 
constants for HeN, DeN, NNO, and lSNNO. 

Molecule (ABC) 

HeN 
NNO 

1.0615 
1.1135 

l.1570 
1.2036 



TABLE 4-8: 

Structure 

I 

II 

III 

TABLE 4-9: 

Isotopic 
Species 

NNO-HCN 

lsNNO-HCN 

NNO-OCN 

89 

Structural parameters determined from nonlinear least 
squares fit to NNO-HCN, lsNNO-HCN, and NNO-OCN rotational 
constants. Two standard deviations are given in 
parentheses. 

Rem (A) (J Std. Oev. of 
fit (MHz) 

3.253(4) 89(5)° 76.9(0.4)° 7.2 

3.247(10) -112 (3) ° 80(2)° IB.4 

3.262(16) -75(26)° 103(6)° 22.5 

Results of the structure fit for Structure I to determine 
Rem' (J, and ¢ using the rotational constants for the three 
isotopic species of NNO-HCN. The standard deviation for 
the fit was 7.2 MHz. 

Rotational Measured Calculated Residue 
Constant (MHz) (MHz) (MHz) 

A-OK 10326.12 10320.11 6.01 
B 2B14.21 2BIO.71 3.50 
C 2201.029 2209.066 -B.037 

A-OK 10089.96 10095.79 -5.83 
B 2779.18 2772.36 6.82 
c· 2168.704 2175.071 -6.367 

A-OK 9863;64 9892.59 1.054 
B 2746.698 2743.259 3.439 
C 2139.854 2147.694 -7.840 
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Single isotopic substitution Kraitchman analysis was used to 

determine absolute center-of-mass coordinates for .the H of HCN, and the 

terminal N of NNO given in Table 4-10. Center-of-mass coordinates for 

these atoms in Structures I-III were calculated, given in Table 4-11, 

TABLE 4-10: Calculated absolute center-of-mass coordinates for the H of 
HCN and the terminal N of N20 from single isotopic substitution 
Kraitchman analysis. 

Atom 

H 
N 

TABLE 4-11: 

Atom 

Structure 
H 
N 

I 

1 al (A) 

2.093 
l. 513 

l.495 
l.092 

Center-of-mass coordinates for the H of HeN and the 
N of N20 for Structures I-III calculated using Rem' 
values given in Table 4-8. 

a (A) b (A) c (A) 

-2.094 l.485 0.0 
l.583 -1.062 0.0 

Structure II 
H -2.613 -l. 506 0.0 
N 1.441 -l.160 0.0 

Structure III 
H -l. 691 -l.499 0.0 
N 0.927 -l. 210 0.0 

0.076 
0.084 

terminal 
() , and ¢> 
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and compared with the Kraitchman analysis results. The Hand N coordinates 

for Structure I are in best agreement with the Kraitchman analysis 

coordinates. 

In the second type of structure fit, the spectroscopic constants B, 

e, and eQqaa were used to determine structural parameters in the following 

manner. The Icc moment of inertia for the complex can be related to the 

moments of inertia for the monomer subunits, I HCN and INNO' the reduced mass 

of the complex, ~, and the centers-of-mass separation, Rem' From this 

relationship Rem values were determined for the three isotopic species 

suing equation 2-4 given in section 2.6. The angle 8 was determined by 

relating the eQqaa quadrupole coupling constant of the N of HeN in the 

complex to the "free" HeN eQq value using equation 2-5 previously given 

in section 2.6. The angle 8 is defined as the angle between the HeN bond 

axis and the a-axis of the complex. The a-axis of the complex is 

essentially collinear with Rem to within ± 30. The angle ¢ can then be 

determined by constraining the values for Rem and 8, and fitting the 

structure to the obtained B rotational constant values for each isotopic 

species. Values for Rem' 8, and ¢ from this second structural analysis are 

given in Table 4-12. 

4.5 DISCUSSION 

The nonlinear least squares fit to observed rotational constants was 

performed using Rem' 8, and ¢ as the adjustable parameters. This fit 

procedure yielded three local minima with standard deviations of less 
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TABLE 4-12: Structural parameters determined by using the spectroscopic 
constants C, B, and eQqaa' 

Isotopic Rem (A) 8 
Species 

NNO-HCN 3.2609(3) 76(5)° 81(5)° 
15NNO-HCN 3.2655(2) 75(2)° 81(2)° 
NNO-DCN 3.2606(2) 75(3)° 81(3)° 

than 25 MHz. The lowest deviation of 7.2 MHz was obtained with Structure 

I with parameters given in Table 4-8. Analysis of the three structures 

indicates only Structure I allows for a possible interaction between the 

H of HCN and ° of N20. Magnitudes of coordinates in the principal axes 

frame for the H of HCN and the terminal N of NNO were calculated with 

single isotopic substitution Kraitchman analysis. The coordinates for 

these two atoms in Structure I produce the best match to the Kraitchman 

determined coordinates as shown in Tables 4-10 and 4-9. 

Structural parameters Rem' 8, and ¢ determined from the second type of 

structure determination using the quadrupole coupling constant deviate 

slightly from the values determined by the nonlinear least squares fit to 

A, B, and C values. The differences are attributed to two fac tors. 

Possible model errors occur in the structure determination using 

quadrupole coupling, because the projections of the HCN quadrupole 

coupling tensor on the principal axes are affected by both equilibrium 

angles, and variations in these angles due to torsional vibrations. It 
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would be difficult to separate these effects, so an uncertainty of 10° to 

20° is associated with angles obtained from quadrupole coupling strengths. 

Another problem is that the proj ection factor for proj ecting the HeN 

inertial tensor on the principal axes has a different dependence on 0 than 

the quadrupole factor. This, in the presence of vibrational averaging, 

leads to a further source of uncertainty in the appropriate value of the 

angle O. 

4.6 CONCLUSION 

A planar, bent structure for the NNO-HeN complex has been determined 

from microwave spectra obtained for the isotopic species NNO-HeN, 15NNO_ 

HeN, and NNO-DCN. Quadrupole coupling interactions for the N of HeN in 

the three different isotopic species were determined. A comparison of the 

nonlinear least squares fit with Kraitchman analysis results was used to 

eliminate structure ambiguities. The bent NNO-HCN structure is similar 

to the bent van der.Waals complexes NNO-HF, NNO-HC1, and NNO-HBr. 



CHAPTER 5 

Pulsed-Beam, Fourier Transform Microwave Measurements 

of the N20-HCl Complex 

5.1 INTRODUCTION 
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A variety of HF and HCl weakly-bound complexes [5.1] have been 

examined in the past two decades with different microwave and infrared 

techniques. For each of these halogen acids. many of the complexes 

formed show similarities in structure and bonding. typically with longer 

bonding distances for the HCl species. The trend in increased weak bond 

lengths is not unexpected considering the decrease in dipole moment ~ 

0.7 D • and the increase in monomer subunit bond lengths ~ 0.36 A from HF 

to HC1. An array of diverse vibrationally-averaged geometries have been 

determined for the different species. for example linear Ar-HF [5.2]. Ar

HCl [5.3]. Kr-HF [5.4]. Kr-HCl [5.5]. HF-HCN [5.6]. and HC1-HCN [5.7]; "T" 

shaped HF-acetylene [5.8]. HC1-acetylene [5.9]. HF-ethylene [5.l0J. and 

HC1-ethylene [5.11]; and C3v symmetry HF-PH3 [5.12] and HC1-PH [5.13]. 

Comparison of the homogeneous dimers (HF)2 [5.14] and (HCl)2 [5.15] shows 

similarities in the hydrogen bonded bent structures. but the second H 

of (HC1)2 is positioned at an angle further from the center-of-mass of 

the complex than the second H in (HF)2' In the past decade multiple 

structural isomers of the N20-HF [5.l6J van der Waals complex have been 

examined with infrared and microwave techniques. Recently Y.P. Zeng, et 

a1 [5.17] used a pulsed-nozzle tunable diode laser experiment to measure 

an infrared spectrum for the N20-HCl complex. Their analysis indicates 
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complex is bent similar to the bent NNO-HF isomer [5.l6a,d-g); however 

they did not identify the angle of the HCl monomer subunit relative to the 

Rem axis of the complex. Microwave measurements of the N20-HCl van der 

Waals complex, and isotopic species will then be useful in establishing 

the vibrationally-averaged structure of the complex. 

5.2 EXPERIMENTAL 

A total of 36 rotational transitions for the NNO-H35Cl, NNO-H37Cl, 

NNO-D35Cl, and 15NNO_H35Cl complexes were measured using 

Fourier transform microwave (PBFTMW) spectroscopy. 

pulsed-beam 

The PBFTMW 

spectrometer is described in more detail in Chapter 2 of this 

dissertation. Spectra were obtained with approximately 1.0 % H35Cl (H37Cl, 

D35Cl) and 1. 0 % NNO (15NNO) in ::::: 0.4 - 1. 0 atm high purity Ar mixed at 

room temperatures. Deuterium chloride was synthesized by the addition of 

deuterium oxide to acetyl chloride or benzoyl chloride. Terminal 

nitrogen-ls labeled nitrous oxide was purchased from MSD Isotopes 

(#MN2341): 

5.3 DATA ANALYSIS 

Measurements of the rotational transitions for the N20-H35Cl and 

isotopic species were complicated by quadrupole coupling effects from the 

chlorine, the nitrogen atoms of NNO, and the deuterium in the case of 

NNO-D35C1. Table 5-1 contains values of the quadrupole coupling components 

for the chlorine, nitrogen, and deuterium atoms in the "free" monomer 
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TABLE 5-1: Quadrupole coupling constants for the Cl, Nand D atoms 
in the monomer subunits HC1, DC1, and NNO. 

a 

b 

c 

Molecule Atom 

H35Cl a.b 35Cl 

H37Cl a 37Cl 

D35Clb D 
35Cl 

NNOc terminal 14N 
center 14N 

Taken from reference 5.18. 
Taken from reference 5.19. 
Taken from reference 5.20. 

Nuclear Spin eQq(MHz) 
I 

3/2 -67.61881(15) 

3/2 -53.436(95) 

1 0.18736(30) 
3/2 -67.39338(9) 

1 -0.7767(10) 
1 -0.2694(18) 

subunits. For the purpose of this analysis, only the HC1 chlorine 

quadrupole coupling interaction in the complex was considered, since it 

is significantly large enough to produce resolved splittings of the 

transitions. There was only partially resolved hyperfine structure due 

to the remaining nitrogen atoms in N20, and deuterium in the D35Cl. The 

H35Cl (H37Cl, D35Cl) chlorine hyperfine structure was analyzed using the 

coupled representation with total angular momentum F - I + J and I = 3/2. 

The Hamiltonian consisting of a distortable rotor Hamiltonian (Hrot ) and 

a quadrupole coupling interaction Hamiltonian (HQ) (see equation 5-1) was 

used for the analysis as follows: 
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(5-1) 

Hrot was previously given in equation 2-1 of section 2.5, and the matrix 

elements of the quadrupole coupling interaction Hamiltonian were given in 

equation 2-3 of the same section. The a and b-dipole transition 

frequencies and corresponding assignments are given in Tables 5-2, 5-3, 

5-4, and 5-5 for NNO-H3sCl, NNO-H37Cl, NNO-03sCl, and lSNNO_H3SCI 

respectively. The data in Tables 5-2, 5-3, and 5-4 were fit with a 

nonlinear least squares fitting routine to determine best fit values for 

A-OK, B, C, OJ, 0JK' eQqaa(Cl of HC1) , and eQqbb(Cl of HC1). The limited 

nwnber of measured transitions for the lSNNO_H3SCl isotopomer precluded 

fitting all seven parameters with the nonlinear least squares fit. 

Therefore the OJ and 0JK distortion constants were set equal to the values 

determined for the NNO-H3sCl isotopomer, and were used in a fi t to 

determine A-OK' B, C, eQqaa(Cl of HC1), eQqbb(Cl of HC1) for the lSNNO_ 

H3sCl species. The A-OK constant for this particular isotopomer has a very 

large uncertainty attributed to the lack of b-dipole components in the 

lSNNO_H3SCl spectral analysis. This uncertainty precludes any accurate 

calculation of the inertial defect (Aj for the lSNNO-H3SCl speciss. Results 

of the fits for all four isotopomers are given in Table 5-6. The two 

constants A and OK are highly correlated with a correlation coefficient 

very nearly equal to one. An attempt to determine them independently 

produces a large uncertainty in both constants; therefore, only the 

difference A-OK is reported. The standard deviations of the fits to all 

observed components of the rotational transitions were 0.047 MHz, 0.035 
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TABLE 5-2: Measured and calculated frequencies for NNO-HJ5Cl. 

° 

Experimencal scandard deviations are given in 
pauncheses. 

Transition F - F' Measured Meas. -Calc. 
JlCpICo-J'ICP''''' (11Hz) (11Hz) 

101 -202 3/2-3/2 7626.148(7) 0.035 
5/2-7/2 7626.142(13) -0.006 
1/2-1/2 7627.375(7) -0.014 
5/2-5/2 °7628.341(14) -0.012 

110 -211 5/2-7/2 °7913.285(8) -0.102 
3/2-5/2 7914.787(7) 0.021 

4u - 505 5/2-7/2 8664.21i2(8) -0.083 
11/2-13/2 °8666.580(10) 0.010 
7/2-7/2 8670.558(7) 0.043 
7/2-9/2 °8670.653(9) -0.033 
9/2-11/2 8672.936(5) 0.045 

212 - 313 7/2-7/2 11016.922(1) 0.023 
1/2-3/2 11021.406(6) 0.043 
3/2-5/2 11021.698(7) 0.044 
5/2-7/2 °11023.331(8) -0.068 

202- 303 5/2-5/2 11425.743(7) 0.010 
7/2-9/2 11426.429(8) 0.005 

101 -110 3/2-1/2 11771.380(3) 0.004 
3/2-5/2 11776.547(9) -0.028 
5/2-5/2 11777.893(8) -0.062 
5/2-3/2 11784.451(5) -0.004 
1/2-3/2 11785.516(3) -0.043 

211 - 312 7/2-9/2 11866.155(6) 0.025 
1/2-3/2 11867.924(3) -0.021 

202-211 7/2-7/2 12064.238(8) 0.044 
1/2-3/2 12067.382(6) 0.074 
7/2-5/2 12072.092(8) 0.018 

303 -312 5/2-3/2 12499.656(4) 0.083 
3/2-3/2 12500.507(6) -0.012 
7/2-9/2 12502.892(13) -0.053 
9/2-9/2 12503.862(10) -0.028 
7/2-5/2 12507.303(13) 0.001 
5/2-5/2 12507.694(8) -0.048 
7/2-7/2 12511.150(5) 0.036 

312-4" 9/2-11/2 14688.421(11) 0.027 
7/2-9/2 14688.421(11) -0.030 

30:1-40_ 7/2-9/2 °15208.140(15) 0.026 
5/2-7/2 °15208.296(18) -0.049 

9/2-11/2 °15208.474(16) 0.015 
3u -4u 7/2-7/2 15312.310(13) -0.035 
312-41:1 7/2-9/2 15812.754(11) 0.070 

Veiahted averase of two frequencie. determined by veiahtins each 
yalue by the inver.e of the atandard deViation. 



TABLE 5-3: 

Transition 
J KpKO -J' Kp'Ko' 

101 -202 

414 - 505 

202 - 303 

212 -3 13 

101 -1 10 

303 - 312 

303 -404 

313 -414 

99 

Measured and calculated frequencies for NNO-H37C1. 
Experimental standard deviations are given in parentheses. 

F - F' 

5/2-5/2 

7/2-9/2 

5/2-7/2 

5/2-7/2 

5/2-5/2· 

5/2-5/2 

7/2-9/2 
5/2-7/2 
9/2-11/2 
3/2-5/2 

7/2-9/2 

Measured 
(MHz) 

7424.322(5) 

8072.216(14) 

11122.000(4) 

11538. 064( 11) 

"'11802.435(12) 

"'12492.715 (17) 

14804.984(8) 
14805.112(6) 
14805.214(7) 
14805.438(22) 

15375.453(13) 

Meas.-Ca1c. 
(MHz) 

-0.002 

0.001 

-0.015 

0.018 

-0.004 

0.004 

0.047 
-0.001 
-0.039 
0.009 

-0.018 

Weighted average of two frequencies determined by weighing each 
value by the inverse of the standard deviation. 
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TABLE 5-4: 

Transition 
J KpKo -J' Kp'Ko' 

111 - 212 

101- 202 

110 -2 11 

212 -313 

202 - 303 

211 - 312 

202 - 211 

303 - 312 

313 -414 

303 -404 

000 -111 

100 

Measured and calculated frequencies for NNO-035C1. 
Experimental standard deviations are given in parentheses. 

F - F' 

5/2-7/2 

5/2-7/2 
1/2-1/2 
5/2-3/2 

3/2-5/2 
1/2-3/2 

1/2-3/2 
3/2-5/2 

5/2-7/2 
7/2-9/2 

3/2-3/2 
5/2-7/2 
1/2-3/2 
3/2-5/2 

3/2-3/2 

3/2-3/2 

5/2-7/2 
9/2-11/2 
7/2-9/2 

7/2-9/2 

3/2-5/2 

Measured 
(MHz) 

7192.774(7) 

7454.739(6) 
7454.829(8) 
7454.937(8) 

7729.783(6) 
7737.141(5) 

10782.263(12) 
10782.644(10) 

11168.366 (17) 
11168.666(8) 

11581.989(3) 
11589. 091( 5) 
11590.975(15) 
11591.105(14) 

12156.798(9) 

12570.045(9) 

14369.290(9) 
14370.087(8) 
14370.149(6) 

14866.296 (7) 

15344.875(11) 

Meas . -Calc. 
(MHz) 

-0.137 

0.110 
-0.047 
-0.008 

0.100 
-0.035 

0.013 
0.129 

-0.036 
-0.024 

0.100 
0.008 
0.037 

-0.096 

0.403 

-0.247 

0.023 
-0.022 
-0.001 

-0.051 

-0.156 



TABLE 5-5: 

Transition 
J KpKo -J' Kp'Ko' 

110 -211 

202 -303 

211 - 312 

303 -404 

101 

Measured and calculated frequencies for. 15NNO_H35Cl. 
Experimental standard deviations are given in parentheses. 

F - F' 

5/2-7/2 

7/9-9/2 
3/2-5/2 
7/2-7/2 

7/2-9/2 
3/2-5/2 

7/2-9/2 
9/2-11/2 
3/2-5/2 

Measured 
(MHz) 

7806.762(5) 

11255.031(5) 
11255.192(2) 
11255.806(5) 

11706.147(6) 
11708.711(8) 

14979.132(7) 
14979.561(12) 
14979.784(5) 

Meas.-Calc. 
(MHz) 

0.044 

-0.035 
0.033 
-0.004 

-0.043 
0.014 

0.004 
0.007 
-0.007 

MHz, 0.155 MHz, 0.040 MHz for NNO-H35Cl, NNO-H37Cl, NNO-035Cl, and 15NNO_ 

H35Cl respectively. Inertial defects (~, see Table 5-6) ranged from 1.9 -

2.1 amu A2. These values are somewhat larger than the typical inertial 

defects for weakly-bound complexes, but similar to those obtained with the 

bent NNO-HF [5.l6a,d-g] isomer. Infrared spectral measurements for the 

N20-HCl complex were first reported by Y.P. Zeng, eC al [5.17], using a 

pulsed nozzle, tunable diode laser experiment. Their reported ground 

state constants are in excellent agreement with the recent N20-H35Cl 

microwave results, and they are given in Table 5-7 for comparison. 
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TABLE 5-6: Spectroscopic constants and quadrupole coupling components 
(Cl of HC1) for the NNO-H35Cl, NNO-H37C1, NNO-035Cl and 15NNO_ 
H35C1 complexes obtained from least squares fit to data in 
Tables 5-2 through 5-5. Values in parentheses are two 
standard deviations. a • standard deviation of the overall 
fit, and ~ a Ic - Ib - Ia (inertial defect). 

~ 

a 

b 

c 

Constant 
(MHz) 

(A - OK) 
B 
C 
OJ 

OJK 
eQqaa 
eQqbb 

a 
(amu A2)c 

13546.27(4) 
2048.93(2) 
1767.677(8) 

0.0282(2) 
-0.193(2) 
5.52(14) 

-31.52(18) 
0.047 
1.9 

13527.24(8) 13611.7(2) 13936. (81)a 
1990.53(2) 1999.30(4) 2024.17(2) 
1724.00(3) 1730.84(6) 1735.43(6) 

0.01289(6) 0.0316(16) (0.0282)b 
-0.149(6) -0.42(2) (-0.193)b 
3.8(4) 5.2(10) 5.1(6) 

-29.7(9) -36.2(13) -29.2(12) 
0.035 0.155 0.040 
1.9 2.1 

The large uncertainty in the A-OK constants is primarily attributed 
to the lack of b-dipo1e transitions in the spectral analysis. 
Therefore an accurate determination of ~ is not possible. 
Values for OJ and OJK were fixed at the NNO-H35Cl determined values. 
Conversion factor: 505379.07 amu A2 MHz. 
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FIGURE 5-1: Structure oCthe N,O-RCI complex drawn with van der Waals 
radii. The structure can be described with the distance Rem, 
the angle (J between the Rem axis and RCt axis, and 
the angle tP between the Rem axis and NNO bond axis. 
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TABLE 5-7: 
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Comparison of N20-H35C1 ground state constants from separate 
microwave and infrared experiments. 

Constant This work Y.P.Zeng, et al [5.17] 

13546.27(4) 13547.3(26) 

B 2048.93(2) 2048.2(8) 

c 1767.677(8) 1766.8(10) 

Reported as A-DK in the present work. 

5.4 STRUCTURE ANALYSIS 

The structure of the complex can be described with the distance Rem' 

the angle 0 between HC1 and Rem' and the angle ~ between NNO and Rem (See 

Figure 5-1). For the purpose of this analysis, it was assumed that the 

vibrationa11y-averaged structure of the complex is planar. Infrared 

measurements by Y.P. Zeng, et al [5.17], indicated an asymmetric 

structure with the separation between the N20 and HC1 centers-of-mass, 

Rem ~ 3.59 A, and the angle ~ (0 1 in their analysis) between Rem and the NNO 

principal axis z 72-76°. Structural parameters in the present work were 

determined with several methods. The first method involved a weighted 

nonlinear least squares fit to the experimentally measured rotational 

constants. Bond lengths for the monomer subunit N20 were optimized by a 
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optimized by a linear least squares fit to the rotational constants for 

NNO and lsNNO. The bond length for H3sCl was determined directly from its 

reported rotational constant. Monomer subunit rotational constants and 

masses for H3sCl, H37Cl, n3sCl, NNO, and lsNNO are given in Table 5-8. The 

values for the bond lengths of N20 and HCl are given Table 5-9. These 

values were used in a nonlinear least squares fit of the Band C isotopic 

rotational constants to determine Rem' 8, and~. The NNO-H3sCl and NNO

H37Cl rotational constants were weighted three times stronger than the NNO

n3sCl and lsNNO_H3SCl constants. This weighting procedure was chosen 

because the NNO-n3!iCl and lsNNO-H3SCl spectral analyses were performed with 

a limited number or lack of b-dipole transitions, and/or they yielded 

poorer overall standard deviations of the fit. Three possible structure 

fits were obtained with standard deviations of less than 5 MHz. Results 

for Rem' 8, and ~ for Structures I-III are given in Table 5-10. The lowest 

standard deviation obtained was 2.2 MHz which corresponds to Structure 

I with Rem - 3.512(2) A, 8 - 110(9)°, and ~ - 77(2)°. Results of the fit 

to the eight Band C rotational constants for Structure I are given in 

Table 5-11. Single isotopic substitution Kraitchman analysis [5.21] was 

used to determine absolute center-of-mass coordinates for the H, Cl, and 

terminal N atoms of NNO-H35Cl, and these are given in Table 5-12. Center

of-mass coordinates for these atoms in Structures I-III are given in 

Table 5-13, and compared with the Kraitchman analysis results. The Hand 

Cl coordinates for Structure I are in better agreement with the 

Kraitchman analysis coordinates than the Structures II and III results. 
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TABLE 5-8: Rotational constants and masses for the monomers H35Cl, H37Cl, 
035Cl, NNO and 15NNO. 

8 

b 

c 

Molecule 

H35Cl 
H37Cl 
035Cl 

NNO 
15NNO 

Bo (MHz) 

312989.297(20)8 
312519.121(20)8 
161656.238(14)8 

12561. 6348(21)b 
12137.3103(22)b 

Taken from reference 5.22. 
Taken from reference 5.23. 
Taken from reference 5.24. 

Mass (amu) 

35.9767C 

37.9637c 

36.9830c 

44.0011 c 

44.998P 

TABLE 5-9: Structural parameters for the monomer subunits HCl and NNO. 

8 

b 

Molecule 

H35C18 

H37C18 

035C18 

NNob 

Taken from reference 5.22. 

R (A) 

1.28387 
1.28386 
1. 28124 
1.1135 (RNN) 

1.2036 (RNO ) 

Parameters determined by linear least squares fit to the NNO and 
15NNO rotational constants. 
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TABLE 5-10: Structural parameters determined from nonlinear least squares 
fit to the NNO-H35C1, NNO-H37C1, NNO-035C1, and 15NNO_H35Cl Band 
C rotational constants. 

Structure 

I 

II 

III 

TABLE 5-11: 

Rotational 
Constant 

NNO-H35C1 
B 
C 

NNO-H37C1 
B 
C 

NNO-035C1 
B 
C 

15NNO_H35C1 
B 
C 

3.512(2) 

3.511(2) 

3.514(4) 

8 

110(9)° 

113(9)° 

108(17)° 

77(2)° 

-77(2)° 

-103(3)° 

Std. Oev. of 
fit (MHz) 

2.2 

2.6 

4.8 

Results of the structure fit for Structure I to determine 
Rem' 8, and ~ using the eight Band C rotational constants 
for the four isotopomers of NNO-HC1. The standard 
deviation for the fit was 2.2 MHz. 

Meas. (MHz) Calc. (MHz) Residue (MHz) 

2048.93 2048.97 -0.04 
1767.68 1767.58 -0.10 

1990.53 1991.19 -0.66 
1724.00 1724.25 -0.25 

1999.30 2002.19 -2.89 
1730.85 1726.11 4.73 

2024.17 2019.78 4.38 
1735.43 1738.92 -3.49 
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TABLE 5-12: Calculated absolute center-of-mass coordinates for the H, Cl 
and terminal N atoms of N20-HCl from single isotopic 
substitution Kraitchman analysis. 

Atom 

H 
Cl 
N 

/a/ (A) 

2.459 
1. 924 
1.9l8 

0.270 
0.126 
1. 324 

/ c / (A) 

0.335 
0.110 
0.819 

TABLE 5-13: Calculated center-of-mass coordinates for the H, Cl, and 
terminal N atoms of N20-HCl for Structures I-III calculated 
using Rem' 0, and ~ values given in Table X. 

Atom a (A) b (A) c (A) 

Structure I 
H 2.409 1.065 0.0 
Cl 1.916 -0.120 0.0 
N -1. 901 -1. 087 0.0 

Structure II 
H 2.372 1.244 0.0 
Cl 1.9l7 0.043 0.0 
N -1. 895 1.097 0.0 

Structure III -. 
H 2.370 1.082 0.0 
C1 1.9l9 -0.120 0.0 
N -1.257 1.229 0.0 

.,.' 
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Structur~ I Rem' e, and ~ parameters were used to calculate spectra for 

the lSNNO_H3SCl complex with a) the oxygen atom of lSNNO bent towards the 

HCl (as shown in Figure 5-1), and b) the lSN atom of lSNNO bent towards the 

HCl (inversion through the N20 center-of-mass). The calculation with the 

oxygen atom of lSNNO bent towards HCl with the structure as shown in Figure 

5-1 yields the best agreement with the measured transitions for lSNNO_ 

H35Cl. Based on this agreement it is believed that Structure I represents 

the proper orientation of the N20 monomer subunit. 

In the second type of structure fit, the spectroscopic constants B, 

C, and eQqaa were used to determine structural parameters in the following 

manner. The Iee moment of inertia for the complex can be related to the 

moments of inertia for the monomer subuni ts, I HC1 and I NNO ' the reduced mass 

of the complex, ~, and the centers-of-mass separation, Rem. From this 

relationship Rem values were determined using equation 2-4 given in section 

2-6. The angle 0 was determined by relating the eQqaa quadrupole coupling 

constant of the CI of HCI in the complex to the "free" HCl eQq value using 

equation 2-5 given previously in section 2-6. The angle e is defined as 

the angle between the HCI bond axis and the a-axis of the complex. Values 

of the angle e obtained with this calculation are ~ 5Bo; however, equation 

2-5 is ambiguous with respect to sin2e and sin2 (lBOO-e). Therefore, it is 

assumed that the angle e is actually the obtuse value in accordance with 

the first mentioned structural analysis. This yields a value for e 

approximately equal to 122°. The angle e is actually evaluated with 

respect to the Rem axis of the complex, but the a-axis of the complex is 
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essentia~ly collinear with Rem to within ± 3°. The angle ~ can then be 

determined by constraining the values for Rem and (J, and fitting the 

structure to the measured B isotopic rotational constants. Values for Rem' 

(J, and ~ from this second structural analysis are given in Table 5-14. 

TABLE 5-14: Structural parameters determined by using the spectroscopic 
constants C, B, and eQqaa(Cl in the complex). 

a 

Isotopic Rem (A) (Ja 

Species 

NNO-H35Cl 3.5114(2) 121(3)° 77(2)° 
NNO-H37Cl 3.5114(2) 122(13)° 77(8)° 
NNO-035Cl 3.5176(2) 122(24)° 74(14)° 

15NNO_H35Cl 3.5217(3) 122(15)° 81(10)° 

o values determined from quadrupole coupling analysis are reported 
as the obtuse angles. 

5.5 DISCUSSION 

The standard deviation of the overall fit to the N20-D35Cl data is 

fairly large compared to the standard deviations of the other three 

isotopic data fits. Presumably the combination of three additional 

quadrupole coupling interactions from the deuterium, and nitrogen atoms 

in addition to the Cl component account to some degree for this larger 

deviation. Also, in the case of the deuterium analysis, a limited number 

of b-dipole transitions were measured and fit. Another factor to consider 

would be the differences in the inertial defect, A between the N20-D35Cl 
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and that.of the N20-H35Cl. A larger positive inertial defect for N20-035Cl 

suggests that the in-plane vibrational contributiqn exceeds the out-of

plane vibrational contribution. A nonlinear least squares fit to just 

the 18 a-dipole components (excluding the following b-dipole frequencies: 

12156.798(9), 12570.045(9), and 15344.875(11» produces a standard 

deviation of 0.074 MHz, A-OK - 13583(128) MHz, and t:. - 2.00 amu A2. 

(Spectroscopic constants determined from this fit are given in Table 5-

15.) These values for the standard deviation and inertial defect are in 

better agreement with the values obtained from the other two isotopic 

analyses. The remaining constants B, C, OJ, O~, eQqaa(CI), and eQqbb(CI) 

are within the standard deviations of the constants determined from the 

original fit to all 21 components. Therefore the largest uncertainty is 

in the A-OK value, and this is attributed to a cumulative effects of the 

above mentioned factors. 

The least squares fit to the observed Band C isotopic rotational 

constants was performed using Rem' 8, and ¢ as the adjustable parameters. 

This structure analysis yielded two local minima wi th standard 

deviations of the overall fit equal to 2.6 MHz and 3.5 MHz. A convergence 

limit of s 5 MHz, and different initial values for Rem' 8, and ¢ were used 

with the fit procedure to establish the three local minima. Absolute 

principal axes coordinates for the H, CI, and terminal N atoms of N20-HCl 

were calculated with the standard single isotopic substitution Kraitchman 

equations [5.24]. The coordinates for these three atoms in Structure I 

produce the best match to the Kraitchman determined coordinates as shown 
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TABLE 5- ~5: Spectroscopic constants for N20-D35C1 determined from a second 
nonlinear least squares fit to only the 18 a-dipole components 
given in Table 5-4. Listed uncertainties are two standard 
deviations. 

Constant (MHz) 

A-DK 13583(128) 
B 1999.31'(2) 
C 1730.85(3) 
DJ 0.0315(14) 

DJK -0.42(3) 
eQqaa 5.3(5) 
eQqbb -35.8(5) 
O'FIT 0.074 

D. (amu A2)" 2.0 

" Conversion factor: 505379.07 amu A2 MHz 

in Tables 5-12 and 5-13. Rem and ~ values for Structure I are also in 

agreement with the values previously reported by Zeng, et al [5.17]. 

Values for the structural parameters Rem' 0, and ~ determined from the 

second type of structure. analysis deviate slightly from the values 

determined by the nonlinear least squares fit to Band C values. The 

largest difference occurs in the values of 0' obtained from the two 

analyses. Both type analyses provide evidence for the ~ angle. as = 76° and 

Rem = 3.51 A. Deviations in the parameters are attributed to several 

factors. The proj ection of the HCl quadrupole coupling tensor on the 

principal axes is affected by both equilibrium angles, and averaging 
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effects on these angles due to torsional vibrations. It would be 

difficult to separately determine the contribution of each of these 

effects, so an uncertainty of 10 0 to 20 0 is associated with the 8 angle 

obtained from quadrupole coupling strengths. Another problem is that the 

projection factor for the HCl inertial tensor on the principal axes has 

a different dependence on 8 than the quadrupole projection factor. This, 

in the presence of vibrational averaging, leads to a further source of 

uncertainty in the value of the angle 8. The final analysis also supports 

a structure with the HCl subunit at an obtuse angle relative to the Rem 

axis. 

Theoretical calculations by Adamowicz [5.25] using second- order level 

Moller-Plesset perturbation theory (MP2) [5.26] were used to determine 

energetically stable conformations of the N20-HCl complex. From the 

optimization procedure used three conformations were determined to 

represent minima on the potential energy surface (see Figure 5-2). 

Structural parameters, rotational constants, and energies for the three 

different structural isomers are given in Table 5-16. The lowest energy 

conformation corresponds to a linear or nearly linear complex with the H 

of HCl weakly bound to the N atom of the NNO (see Structure III in Figure 

5-2). This would be similar to the linear isomer of the ONN-HF complex. 

The second lowest energy conformation is also a linear or nearly linear 

isomer (see Structure I in Figure 5-2) with the H of HCl weakly bound to 

the ° end of N20. Finally the highest energy conformation is a bent 

complex (see Structure II in Figure 5-2) similar to the one determined 
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TABLE 5-16: Theoretical results for energetically stable conformations of 
the N20-HCl complex determined with the MP2 method. 

8 

A 
B 
C 

MP2 

I 

:::: 4.51 

Conformations 
II8 

Structure 
:::: 3.46 

:::: 76° 
:::: 75° 

Rotational Constants (GHz) 
3989.7 
1.1270 
1.1266 

12.483 
2.1235 
1. 8148 

Total Energy (hartrees) 
-644.447232 -644.446656 

III 

:::: 4.70 

1678.4 
1.0580 
1. 0573 

-644.448186 

Approximate structure parameters 8 and ~ are only given for Structure 
II which is similar to the experimentally observed structure. 

from the experimental microwave analysis. Structures determined from the 

theoretical analysis correspond to equilibrium structures; whereas, the 

structure determined from the experimental analysis is a vibrationally-

averaged geometry. Because of this fact one does not expect the 

structural parameters to correspond exactly. Comparison of the 

experimental structural parameters with the theoretical values for the 

bent structure (Structure II) exhibit relatively good agreement in the 

values of ~ and reasonably good agreement for the value of Rem:::: 3.5 A; 

however, th~ values of 8 do not agree as well. Again this is attributed 
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to the factor mentioned prev~ously that there is a difference between the 

experimentally determined and theoretically determined structures. 

Structure I parameters are believed to correspond to the 

vibrationally-averaged structure. The N20-HCl complex is bent similar to 

the N20-HF [5 .16a, d- g] , N20-HCN [5.25], and N20-HBr [5.17] bent structures. 

To date there is no microwa~e evidence for linear structures.of N20-HCN, 

N20-HC1, or NzO-HBr. For the purpose .of the following discussion, 8 will 

be defined as the angle between the Rem axis and the HX (X • F, Cl, Br, or 

CN), and ~ as the angle between the NNO bond axis and the Rem axis. However 

the 8 angle for NzO-HBr has not been accurately .determined, so only a 

comparison between the HC1, HF, and HCN angles can be examined. The NNO

HF [5.l6d,e] angles which would correspond to 8 and ~ described in the 

present paper are 8 ~ -20 0 and ~ ~ 47°. Although N20-HF, N20-HCN, and N20-

HCl are all nonlinear complexes, there are some obvious differences. The 

bonding in N20-HF appears to involve only interactions of oxygen lone pairs 

and possibly 1r-electron density in the N-O bond with the H of HF. The N20-

HCN structure however, appears to allow for similar interactions of the 

H atom with oxygen and N-O bond electrons, as well as possible 11". 

interactions between C-N bonds and N-O or N-N bonds. The NzO-HCl 

structure is quite different however, since the Cl atom appears to be 

involved in interactions with the 1r-electron density in the N-O bond , and 

the H atom is tilted away from the N20 subunit. Comparison of the angle 

between NNO and Rem in each of the complexes shows the smallest angle ~ 

47 0 occurs in NNO-HF [5.l6d,e], increasing to 77(2)° in NNO-HC1, ~ 75-
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82° in N~O-HBr [5.17], and 76.9(0.4)° in NNO-HCN [5.20]. The angle for 

HF relative to Rem in the bent NNO-HF isomer is ~ _20° when the structure 

is defined similar to NNO-HCl and NNO-HCN. This places the H of HF over 

the center Nand ° of N20. In N20-HCN, the hydrogen is more localized over 

the ° of NNO with the angle between HeN and Rem equal to 89(5)·. In NNO

HCl the hydrogen atom is tilted away from the nitrous oxide subunit on the 

side of the oxygen, with 8 - 109(11)°. 

5.6 CONCLUSION 

A planar, bent structure for the NNO-HCl complex has been determined 

from microwave spectra obtained for the isotopic species NNO-H35Cl, NNO

H37Cl, NNO-D35Cl, and 15NNO_H35Cl. This structure is rather unusual in the 

respect that the Cl atom is closer to the N20 subunit than the H atom. 

Quadrupole coupling interactions for the Cl atom of HCl in the complex 

were determined. A comparison of the nonlinear least squares fit with 

Kraitchman analysis results was used to help select the preferred 

structure. The bent NNO-HCl structure is similar to the bent van der 

Waals complexes NNO-HF, NNO-HCN, and NNO-HBr with respect to the N20 

subunit. Ab initio calculations indicate three energetically stable 

conformations for the N20-HCl complex; one similar to the experimentally 

determined structure. 



Chapter 6 

Microwave Spectra and Structures of the H2S-S02• 

HDS-S02• and D2S-S02 Complexes 

6.1 INTRODUCTION 
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It is believed that' complex formation is influential in a number of 

reaction pathways of scientific interest. One of these postulated 

reactions is the interac tion of sulfates wi th water molecules under 

atmospheric conditions to form acid rain. Therefore it was desirable to 

examine the interaction of H20 with S02 to determine the possibility of 

complex formation in the gas-phase. However. water tends to readily form 

homogeneous clusters within a supersonic jet, and at the time of this 

analysis these clusters were not fully characterized. In order to 

simplify this procedure, it was decided to examine the complex formation 

between the two molecules H2S and S02 as a model for the water-sulfur 

dioxide complex. This project was initiated with R. E. Bumgarner in the 

Spring of 1987, and is reported in part in his dissertation [6.1]. and 

several publications from our research group [6.2-6.4]. 

Prior to experimental work, early structure calculations for the 

complex predicted hydrogen bonding to occur between the hydrogens of H2S 

and the oxygens of S02 in a planar or nonplanar configuration. Typically 

in a number of van der Waals complexes with hydrogen(s) on the monomer 

subunits, hydrogen bonding is a dominant force in determining the 

structure of the complex. The bond lengths for weak hydrogen bonds are 

on the order of 1.8 - 2.7 A. 
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6.2 EXPERIMENTAL 

A total of 24, 9, and 11 rotational transitions were measured for 

the HzS-SOz, HDS-S02 , and D2S-S02 species respectively. These values are 

given in Tables 6-1, 6-2, and 6-3. Measurements of the microwave 

transitions were obtained with the pulsed-beam, Fourier transform 

microwave spectrometer. The smaller number of rotational transitions 

measured for the deuterium studies are in part due to the deuteration 

ratio in the spectrometer, and the quadrupole coupling interaction due to 

the deuterium. Typically, the gas-handling system of the spectrometer 

cannot not be completed deuterated for deuterium isotopic substitution 

research. Apparently the maximum deuterium to hydrogen ratio obtainable, 

evaluated by comparing signa1-to-noise ratios for the two different 

species, is on the order of 3-to-1. This decreases part of the intensity 

of the measurable lines with the pulsed-beam, Fourier transform microwave 

spectrometer. Quadrupole coupling interaction of the deuterium also 

splits the transitions i~to components, thereby decreasing the intensity 

of the transition. The major contributing factor to the lack of deuterium 

measurements in this case would be the deuterium-to-hydrogen ratio within 

the experimental apparatus. The complexes were produced with a supersonic 

mixture of 1% HzS (HDS, or D2S) , and 1% S02 in approximately 1 atm of 

argon. Deuterium sulfide was synthesized by action of 10% deuterated 

sulfuric acid on ferrous sulfide. The evolved deuterium sulfide was dried 

by vacuum distillation. 



TABLE 6-~: 

Transition 
JKpKe -J I Kp'Ke' 

111 - 212 
101 - 202 
212 -3 13 
202 - 303 
221 - 322 
000 -110 
211 - 312 
313 -414 
303 -404 
322-423 
331- 432 

330 -431 
321 -422 
615 -707 
312 -413 

101 - 211 
414 -5 15 
404 - 505 
423 - 524 
432 - 533 
431 -532 
422 - 523 
413 -514 
202 -312 
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Measured and calculated best fit frequencies for H2S-S02 . 

The standard deviation for the fit was 2.5 kHz. 

Measured 
(MHz) 

6377.201 
6595.316 
9562.159 
9878.956 
9899.342 

10209.380 
10232.047 
12742.863 
13145.913 
13194.334 
13206.634 
13207.143 
13249.078 
13366.447 
13635.512 
13732.809 
15918.093 
16391.050 
16485.229 
16512.041 
16513.807 
16594.083 
17032.540 
17369.548 

Observed 
(MHz) 

6377.200 
6595.316 
9562.158 
9878.957 
9899.344 

10209.380 
10232.046 
12742.862 
13145.915 
13194.336 
13206.635 
13207.140 
13249.076 
13366.448 
13635.512 
13732.813 
15918.091 
16391.046 
16485.229 
16512.041 
16513.807 
16594.087 
17032.540 
17369.543 

Meas. -Obs. 
(kHz) 

1 
0 
1 

-1 
-2 
0 
1 
1 

-2 
-2 
-1 
3 
2 

-1 
0 

-4 
2 
4 
0 
0 
0 

-4 
0 
5 



TABLE 6-?: 

Transition 
JKpKo-J' Kp'Ko' 

101 -202 
413 - 505 
212 - 313 
202 -303 
000 -1 10 
211 - 312 
303 -404 
322 -423 
321 -422 

TABLE 6-3: 

Transition 
JKpKo-J' Kp'Ko' 

413 -505 
212 -313 
202 -303 
221 -322 
220 -321 
000 -110 
211 -312 
514 -606 
313 -414 
303 -404 
322 -423 
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Measured and calculated best fit frequencies for HOS-S02. 
The standard deviation for the fit was 26 kHz. 

Measured Observed Meas. -Obs. 
(MHz) (MHz) (kHz) 

6509.811 6509.803 8 
8421. 260 8421.258 2 
9441.409 9441.414 -5 
9750.920 9750.924 -4 
9967.535 9967.532 3 

10096.227 10096.217 lO 
12975.624 12975.635 -11 
13023.494 13023.459 35 
13077.368 13077.402 -34 

Measured and calculated best fit frequencies for 02S-S02' 
The standard deviation for the fit was 42 kHz. 

Measured 
(MHz) 

8430.091 
9324.423 
9627.637 
9647.830 
9669.219 
9732.754 
9966.349 

10951.151 
12426.064 
12811.520 
12859.096 

Observed 
(MHz) 

8430.144 
9324.414 
9627.613 
9647.803 
9669.214 
9732.768 
9966.325 

10951.112 
12426.068 
12811. 557 
12859.146 

Meas. -Obs. 
(kHz) 

-53 
9 

24 
27 

5 
-14 
24 
39 
-4 

-37 
-50 
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6.3 DATA ANALYSIS 

Measured transitions were fit with Watson's A-reduced Hamiltonian 

in the I r representation (6.5] for a near prolate asymmetric top. Three 

rotational constants, A, B, and C, and five quartic distortion parameters, 

AJ , AJK' AK' oJ, and oK were fit to the H2S-S02 data with an overall standard 

deviation of the fit equal to 2.5 kHz. The limited number of singly and 

doubly deuterated measurements precluded fitting the data with all of the 

above eight constants. Instead the HOS-S02, and D2S-S02 data were fit with 

A, B, C, AJ , AJK. The three different sets of constants are given in Table 

6-4. Quadrupole coupling interactions from the deuterium typically 

broadened the transitions for the HOS-S02, and 02S-S02 species on the order 

of 10-20 kHz; however, none of the components were completely resolved. 

Therefore, quadrupole coupling interactions for these two analyses were 

TABLE 6-4: Spectroscopic constants for the H2S-S02, HOS-S02 , and 02S
S02 complexes. Values were determined using Watson's A
reduced Hamiltonian in the I r representation. Two 
experimental standard deviations are given in parentheses. 

Constant (MHz) H2S-S02 HOS-S02 

A 
B 
C 
AJ 
AJK 
AK 
oJ 
OK 

aFIT 
A (amu A2) 

8447.3(2) 
1762 . 004 ( 7) 
1538.483(7) 
0.00504(2) 
0.06546(9) 
-0.323(240) 
0.00063(1) 
0.038(3) 

0.0025 
-18.2 

8229.7(6) 
1737.99(1) 
1519.69(2) 
0.0044(4) 
0.0060(2) 

0.026 
-19.6 

8017.6(6) 
1715.24(2) 
1501.24(2) 
0.0038(4) 
0.0051(2) 

0.042 
- 21. 0 
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neglecte~ in the data analysis application. In the H2S-S02 analysis the 

two parameters A and ~K are highly correlated with a correlation 

coefficient nearly equal to one. This implies that determining the two 

parameters separately produces a large uncertainity in their values. 

Therefore, the uncertainity in the A rotational constant for the 

deuterated species is reported as twice the magnitude of the ~K for the 

hydrogen species. 

6.4 STRUCTURE ANALYSIS 

Structures of the monomer subunits were assumed to remain rigid 

during the lifetime of the complex. Deuterated hydrogen sulfide was 

assumed to have- the same vibrationally-averaged structure as hydrogen 

sulfide. The vibrationally-averaged values for bond distances and bond 

angles of H2S and S02 are given in Table 6-5. The complex structure was 

defined with the following parameters, Rss a the distance between the two 

different sulfurs, 8 a the angle between the C2v axis of S02 and ~he Rss 

axis, and ~ - the angle between the C2v axis of H2S and the Rss axis (see 

TABLE 6-5: Vibrationally-averaged structural parameters for H2S and 
S02. Values are taken from reference 6.6. 

Parameter 

Rs-x (A) 
Angle LXSX 

1.344 
92.2° 

1.434 
119.4° 
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Figure 6~1). The analysis of the earlier work [6.4] determined structure 

parameters through a nonlinear least squares fit to the A, B+C and B-C 

rotational constants of the three isotopics complexes. A local minima for 

a "stacked" structure with a plane of symmetry through the C2v axes of the 

monomer subunits was determined with the following parameters, Rss = 

3.67(3) A, 0 - 69(4)°, and ~ - 67(9)°. Overall standard deviation of this 

fit was 8.73 MHz. However, in a recent paper on H20-S02 , Matsumura, 

Lovas, and Suenram [6.7] reanalyzed data on H2S-S02 . They obtained para

meters that still supported a stacked structure with a plane of symmmetry 

with Rss - 3.534 A, 0 - 99°, and ~ - 55°. Recently a new structure analy

sis with a different fit program was performed in the Kuko1ich laboratory. 

A nonlinear least squares fit to the nine isotopic A, B, and C rotational 

constants indicates four possible structures with standard deviations of 

less than 16 MHz. Table 6-6 contains the Rss , 0, and ~ values for each 

of these four structures. Structure I has the lowest standard deviation 

of the fit equal to 2.71 MHz, with Rss - 3.450(8) A, 0 - 103(1)°, and ~ = 

71(3)°, and these values are in better agreement with the values obtained 

by Matsumara, et a1 [6.7]. Fit results for Structure I to the nine 

isotopic rotational constants are given in Table 6-7. Structure II of the 

new analysis produced values closer to the original structure analysis 

with Rss - 3.674(4) A, 0- 66(2)°, and ~ - 76(6)° and a standard deviation 

of 4.38 MHz. Assuming Structure I is the lowes t in energy for the 

vibrationa1ly-averaged structure, the Rss value is somewhat shorter than 

two van der Waals radii for the su1fers, which is ~ 3.6 A. In this 
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FIGURE 6-1: Structure or the B25-S02 complex described with the diRance Rssl 
and the ansles (I and fl. 
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TABLE 6-6: 

Structure 

I 
I! 
II! 
IV 

TABLE 6-7: 

Rotational 
Constant 

H2S-S02 
A 
B 
C 

HDS-S02 
A 
B 
C 

D2S-S02 
A 
B 
C 

126 

Rss I () I and tP values for the four possible structures 
determined from the nonlinear least squares fit to the nine 
rotational constants. Listed uncertainities in parentheses 
are two standard deviations. 

3.450(8) 
3.674(4) 
3.39(6) 
3.40(6) 

() 

103(1)° 
66(2)° 

107(3)° 
108(4)° 

71(3) ° 
76(6)° 

89(32)° 
86(29)° 

Standard 
Deviation 

of fit (MHz) 

2.71 
4.38 
13.5 
15.1 

Measured and calculated "best fit" values for the nine 
isotopic rotational constants A, B, and C, obtained with 
the least squares fit for Structure I. The standard 
deviation of the fit was 2.71 MHz. 

Measured 
(MHz) 

8447.3 
1762.0 
1538.5 

8229.7 
1738.0 
1519.7 

8017.6 
1715.2 
1501.2 

Calculated 
(MHz) 

8446.5 
1765.9 
1539.8 

8228.7 
1739.0 
1518.0 

8019.4 
1713.5 
1497.2 

Meas.-Calc. 
(MHz) 

0.8 
-3.9 
-1. 3 

1.0 
-1.0 
1.7 

-1. 8 
1.7 
4.0 
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structure the distance between hydrogens and oxygens is on the order of 

3.3 A, which is somewhat longer than the typical weak hydrogen bond found 

in van der Waals complexes. There are actually four structures of this 

type that would produce the same set of rotational constants. These four 

structures are found by inverting either H2S or S02 through their 

respective center-of-mass. However isotopic analysis of the complex can 

help to eliminate several of the possibilities, as in this analysis. Two 

of the four structures are eliminated by single, H2S-S02 -+ HOS-S02 and HOS

S02 -+ 02S-S02, and double isotopic substitution, H2S-S02 -+ 02S-S02, 

Kraitchman analyses [6.8,6.9] to determine the absolute H coordinates in 

the principal axes frame of the complex. The standard [6.8] single

substitution equations were used for the hydrogen to single deuterium, and 

single deuterium to double deuterium analyses. In the case of the double

substitution Kraitchman analysis the following equations were used with 

respect to a complex with an a-c plane of symmetry, and an atom (j) not 

in the a-c plane: 

Iaas 
"" Iaa + 2lilllb/ + 1-'2C/ 

Ibb S "" Ibb + 1-'2(a/ + c/) 

(6-3) 

(6-1) 

(6-2) 

where Ixxs 
EI isotopic complex moment of inertia , Llm = mD - mH' 1-'2 = 

(2Ll~)/(2Llm + ~), and ~ a mass of the parent molecule. These values 

were compared with the values obtained with the four different structures, 

and these data are presented in Table 6-8. In comparison to the center

of-mass coordinates obtained from the Kraitchman analysis, Structure I 
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TABLE 6-8: Calculated center-of-mass coordinates for the HiS of H2S in 
the H2S-S02 complex. 

Type lal (A) Ibl (A) I c I (A) 

Kraitchman Analysis 
H2S ..... HDS l. 79 0.93 0.86 
HDS ..... D2S l. 78 0.96 0.85 
H2S ..... D2S l. 79 0.94 0.87 

Nonlinear Least Square Fit 
Structure I l. 94 0.97 0.82 
Structure II 2.02 0.96 0.81 

Structure III 2.19 0.96 0.90 
Structure IV 2.14 0.97 0.89 

matches up the best with the coordinates for the HiS of H2S. If the H2S 

was inverted through its center-of-mass in Structure I, the distance of 

the H to the center-of-mass of the complex would increase, and would not 

match up to the Kraitchman analysis. Therefore the Kraitchman analysis 

supports the ~ angle as being an acute angle. Inverting S02 through it's 

respective center-of-'mass would also produce the same rotational cons-

tants; however, this would greatly increase the distance between the 

oxygens and the hydrogens of the complex. Therefore, the favored struc-

ture is with the oxygens and the hydrogens tilted in the directions 

described by Structure I without inversion through monomer subunit 

centers-of-mass. 
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6.5 DISCUSSION 

Structure analysis by means of a nonlinear least squares fit to the 

rotational constants will determine several local minima dependent on the 

initial parameter values. This makes it necessary to do structure 

evaluations over an array of initial starting conditions to determine the 

lowest point(s) of convergence for the structure fits. Isotopic analysis 

coupled with Kraitchman calculations aid in selecting the best possible 

or most likely structures. In the spectroscopic study of H2S-S02. four 

possible ,local minima with standard deviations of the fit less than 16 MHz 

were determined with a nonlinear least squares fit. Single and double 

isotopic deuterium Kraitchman analyses eliminated three of the possible 

structures. However. the single structure is doubly ambiguous to the 

inversion of the S02 monomer subunit. The structure with the shortest 

distance between the hydrogens and oxygens is favored. This "stacked" 

structure with a plane of symmetry through the C2v axes of the monomer 

subunits would allow for a dipole-dipole interaction between the H2S and 

S02 as the maj or force in the formation of the complex. As mentioned 

earlier the distance between the hydrogens and oxygens is on the order of 

3.3 A, which is longer than a typical hydrogen bond. This suggests that 

hydrogen bonding is not a dominant factor in the binding of the complex 

as originally presumed. In order to provide further evidence for the 

complex structure as Structure I, a sulfur-34 and/or oxygen-18 analysis 

would be desirable in order to establish the relative positions of these 

atoms more accurately within the complex. Without question the sulfur-34 
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would be.more financially feasible than the oxygen-18 study. A sulfur-34 

analysis on either the H2S or S02 or both would establish the position of 

one sulfur relative to the other. By evaluating the structure in terms 

of the distance between the monomer subunits center-of-masses, Rem' and the 

angles of the monomer subunits relative to this axis, 8, and ~, the 

ambigiuty regarding inversion of the monomer subunits can be more readily 

discriminated. Inversion of the S02 would cause the distance between the 

sulfurs to increase in the case of Structure I. Therefore the 34S analysis 

would either favor a shorter or longer distance between the two sulfurs 

of the complex. 

The only known (to the author) theoretical calculation on the H2S

S02 structure to date was performed by Dr. Ludwik Adamowicz [6.10] using 

many-body perturbation theory with a second order correction for electron 

correlation (MBPT2) on a 6-3l+G** basis set. According to Adamowicz's 

calculations a minimum in the potential occurs with the following 

structural parameters, Rss - 3.688 A, 8 - 62.1°, and ~ - 61.7°. These 

parameters fall very close to the values of Structure II determined 

through the nonlinear least squares fit (see Table 6-6). This might 

suggest that theoretical calculations find different local minima in 

terms of initial starting parameters. 

Since the completion of this work in 1987, two other complexes with 

similar structures have been examined, H20-S02 [6.7], and H2S-C02 [6.11]. 

Their structures as well as the H20-C02 [6.12] structure are similar in 

nature to that of the H2S-S02 structure. The water-sulfur dioxide complex 
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structur~ can also be described as a "stacked" structure with a plane of 

symmetry through the C2v axes of the water and sulfur dioxide subunits. 

The distance between the sulfur of S02 and the oxygen of H20 (Rso) is ~ 3 

A. ·If the angle 0 is used in the same context as for this work, and the 

angle ~ is used to describe the angle between the' Rso axis and the C2v axis 

of the water molecule, one obtains the values 0 ~ 113.7° and ~ ~ 110.3°. 

The H20-C02 complex has a T-shaped, planar structure with the hydrogens 

pointing away from the CO2, and a separation between the carbon of CO2 and 

oxygen of water of ~ 2.8 A. Finally, the H2S-C02 structure has been found 

to have a plane of symmetry through the C2v axis of ,H2S and the CO2 monomer 

subunit, with a separatio~ between the sulfur and carbons atoms of 3.5 A. 

The structure determined for the hydrogen sulfide-sulfur dioxide complex 

is consistent with these three other structures in terms of the plane of 

symmetry in the a-c principal axes system. 

~ As previously mentioned in the introduction of this chapter, the H2S

S02 weakly-bound complex was chosen as a model precursor to the H20-S02 

project. Initial measurements were made in the Kukolich research group 

by R. E. Bumgarner, J. C. Shea, and the author of this text on this 

particular project. However as just mentioned in the preceeding 

paragraph, as well as in the experimental section of this chapter, the 

work on the H20- S02 complex was published by Matsumura, et ai, [6.7] prior 

to the completion of the project in the Kukolich laboratory. 
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6.6 CONCLUSION 

A nonplanar. "stacked" symmetric structure for the H2S-S02 complex has 

been determined by analysis of H2S-S02• HDS-S02• and D2S-S02 rotational 

spectra. Single and double isotopic deuterium substitution analyses 

eliminated ambiguities in the H2S placement in the complex. Additional 

isotopic analysis is required to eliminate the ambiguity of the S02 

center-of-mass inversion. 



CHAPTER 7 

Microwave Spectrum of the H2S-C02 van der Waals Complex 

7.1 INTRODUCTION 
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Weak bond interactions are significant in a number of interesting 

scientific problems, such as the interaction of enzymes with proteins, 

solvent molecule interactions in adhesives and coatings, and weakly-bound 

complexes in interstellar medium. Numerous van der Waals complexes have 

been examined with a variety of spectroscopic techniques [7.1-7.2] in an 

effort to characterize some of these interactions. Excitation of covalent 

bonds in molecules within van der Waals complexes has been used to examine 

the effects of orientation [7.3], three body interactions [7.4], and mul

tiple reaction channels [7.5] by Wittig and coworkers. Excitation of the 

HBr molecule in the CO2-HBr complex [7.6] is a specific example of one of 

the complexes examined by Wittig and coworkers. The HBr covalent bond in 

the CO2 -HBr complex was vibrationally excited with a tunable diode laser 

at ~ - 193 nm, and the subsequent reaction of the translationally excited 

H atom with the CO2 monomer subunit was studied. 

hI! = 193 nm 

BrH --- CO2 ~ Br --- H --- CO2 ~ Br + OH + CO (7-1) 

Characterization of the potential energy surface for the same reaction was 

obtained by Scherer et a1 [7.7] by measuring the appearance rate of the 

product OH using the van der Waals precursor HI-C02 , Therefore increased 

knowledge of a variety of potential energy surfaces is aided by the 



examination of a number of van der Waals complexes. 
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The H2S-C02 van der 

Waals complex was used as a precursor in a bimolecular reaction experiment 

[7.4] by Wittig and coworkers. Microwave spectroscopy analysis of the H2S

CO2 complex should be useful in intrepreting the data obtained by them. 

This work was initially started by the author of this dissertation in 

the spring semester of 1988. In June of 1988 the Kuko1ich laboratory was 

informed that Jane K. Rice of the Naval Research Laboratory was performing 

similar measurements using the pulsed-beam, Fourier transform, microwave 

spectrometer available at the National Institute of Standards and Tech

nology (NIST), Gaithersburg, MD. At that time, a collaborative effort 

began between the research at the University of Arizona and NIST [7.8]. 

Isotopic HDS-C02 , D2S-C02 measurements, data analysis, and structural 

analysis were performed by the Rice and coworkers at NIST [7.8], and the 

reader is referred to this reference for a discussion of these. Exper

imental measurements made at the University of Arizona will be discussed, 

with a brief description of the structure analysis. 

7.2 EXPERIMENTAL 

~~tational transitions for the H2S-C02 complex were measured using 

a pulsed-beam, Fourier transform microwave spectrometer at the University 

of Arizona, which has been described in more detail in Chapter 2 of this 

dissertation. Data were obtained with a mixture of approximately 1 % H2S 

and 2 % CO2 in inert carrier gas Ar mixed at room temperatures. Supersonic 

expansions were achieved with backing pressures from 0.7 - 1.0 atm. 
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7.3 STRUCTURE ANALYSIS 

The monomer subunit structures of H2S and CO2 with Reo - 1.1621 A, RSH 

1.3361 A, and LHSH - 92.18° were assumed to remain rigid during the 

lifetime of the complex. The structure can be described with the centers

of-mass distance Rem' and the angle ¢ between the C2v axis of H2S and the 

Rem axis. Only a and c dipole measurements were obtained for the com

plex. This indicates that the C2v axis of H2S lies in the a-c plane of the 

complex. Three structural analyses were performed for the H2S-C02 complex. 

The first analysis started with ¢ as an acute angle, to determine ¢ and 

Rem values for each of the isotopic species by fitting the la' I b, and Ie 

moments of inertia. These results are given in Table 7-1. The second 

analysis was identical to this except the value of ¢ was initially obtuse, 

and these results are given in Table 7-2. Finally in the third analysis 

all three sets of isotopic data were used for a) a fit to the Band C 

rotational constants, and b) a fit to the seco~d moments of inertia Paa 

and Pbb , where Paa - (1/2)(Ib + Ie - Ia) and Pbb = (1/2)(Ia + Ie -Ib). The 

A rotational constant is excluded from the first part due to the large 

uncertainty in the value, and correlation with the tunneling terms in 

the data analysis. These results are given it Table 7-3. The largest 

deviation between the three structural analysis occurs in the value of ¢. 

In the first analysis, ¢ ranges from 34° to 54°, and from 141° to 127 0 in 

the second analysis. In the third analysis with the structural fit to all 

the isotopic data, a value of ¢ equal to ~ 87-88 0 was obtained. Single 

isotopic Kraitchman analysis [7.9] for the H2S-C02 ~ HDS-CO and 
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Structural analysis results to each isotopic species starting 
with an acute value for ¢ 

Parameter HDS-C02 

34.4(3)° 
3.491(2) 

0.04 

42.1(18)° 
3.471(5) 

0.14 

54.1(25)° 
3.464(10) 

0.19 

TABLE 7-2: Structural analysis results to each isotopic species starting 
with an obtuse value for ¢ 

Parameter 

140.6(3)° 
3.491(2) 

0.04· 

HDS-C02 

138.6(23)° 
3.508(5) 

0.17 

127.1(25)° 
3.522.(8) 

0.19 

HDS-C02 ~ D2S-C02 was used to calculate absolute H atom coordinates in the 

structure, as well as double-substitution calculations [7.10] (see 

equations 6-1, 6-2, 6-3 in Chapter 6 of this dissertation) for the H2S-

CO2 ~ D2S-C02 . The coordinates in the principal axes frame for the H atoms 

are given in Table 7-4. These coordinates are in best agreement with the 

hydrogen atom coordinates obtained using the structure results from the 
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TABLE 7-3: Structural analysis results to the three isotopic sets of 
data. 

Parameter 

88(11)° 
3.494(34) 

0.62 

Paa • Pbb 

87.4(2.0)° 
3.522(8) 

0.11 

Table 7-4: Absolute principal axes coordinates determined for the H 
atoms from single and double isotopic Kraitchman analysis. 

Isotopic 
Species 

H2S - CO2'''HDS -CO2 
HDS - CO2'''D2S -CO2 
H2S - CO2'''D2S -CO2 

2.024 
1.969 
2.013 

0.867 
0.953 
0.910 

0.677 
0.946 
0.855· 

third structure analysis. This is believed to be the vibrational1y-

averaged structure of the H2S-C02 complex (see Figure 7-1); however, the 

effect of multidimensional tunneling on structural analysis is not known. 
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FIGURE 7·1: Structure ofthe B25-C02 complex. Structure it 
described with the dittance Rsc and tbe anile ~ and 
tbe C2. ui.t or H2S and Rsc. 
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7.4 DISCUSSION 

Two other van der Waals complexes have been examined with structures 

similar to the H2S-C02 complex, the H20-C02 complex [7.11], and the H2S

S02 complex [7.12, 7.13, see also Chapter 6 of this dissertation]. As 

previously mentioned in Chapter 6, the H2S-S02 structure is a "stacked" 

nonp1anar structure with the H2S C2v axis at an acute angle to Rem' and the 

S02 C2v axis at an obtuse angle to Rem' The water-carbon dioxide complex 

has a planar T-shaped structure with the ° atom of H20 bound towards the 

C atom of CO2, and the H atoms pointing away from the CO2 subunit. It is 

believed that the weak bonding interactions in these complexes involve 

the out-of-p1ane lone-pair orbital on the S atom. The structure 

established for the H2S-C02 complex is consistent with these van der Waals 

complexes structures. 

7.5 CONCLUSION 

Rotational spectra for the H2S-C02, HDS-C02, and D2S-C02 van der Waals 

complexes were measured with pulsed-beam, Fourier transform microwave 

techniques at the University of Arizona, Tucson, Arizona, and NIST, 

Gaithersburg, MD. Structural analysis of the three isotopic sets of data 

indicates at nonp1anar "T" shaped structure with the H2S monomer subunit 

out-of-p1ane of the CO2 subunit and the S atom at :::: 87°. Single and double 

isotopic substitution Kraitchman analyses were used as a comparison for 

structural analysis. The structure for H2S-C02 is consistent with similar 

structures for the H20-C02 and H2S-S02 complexes. 



CHAPTER 8 

Nitrogen Quadrupole Coupling in Cyclopentadienlynickel Nitrosyl 

8.1 INTRODUCTION 
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Since the discovery and characterization of the "sandwich- type" 

molecule ferrocene, there has been considerable interest in the ~-bonded 

.organometallic transition metal complexes. A number of these symmetrical 

compounds have been synthesized and examined under different conditions 

[8.1]. Transition-metal complexes have been suggested to possibly play 

important roles in the reactions of olefins, acetylenes, and related 

compounds. For example, the Friedel-Crafts acylation of ferrocene occurs 

~ 3 x 106 times faster than with benzene [8.1]. Therefore characterization 

of the organometallic transition metal complexes 

examining their role in future synthesis. 

is important to 

The first ferrocene derivative examined by gas-phase microwave 

spectroscopy [8.2,8.3] was cylcopentadienylnickel nitrosyl, (CpNiNO, (~s-

CsHs)NiNO). The Csv symmetric-top structure of CpNiNO was determined from 

isotopic measurements in 1970 by A.P. Cox, ec a1 [8.3] and C. Roberts 

[8.4]. (See Figure 8-1 for structure). 100 kHz Stark modulation 

experiments were used in the earlier microwave analyses to determine a 

fairly small rotational constant ~ 1259 MHz for the isotope Cps8NiNO from 

high J value transitions. Quadrupole coupling due to the nitrogen was not 

reported in their work. In the present work, spectra were analyzed to 

determined the B rotational constant, two distortion parameters DJ and DJK , 

and an eQqaa value for the N atom in the molecule. All of the measured 
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FIGURE 8-1: Structure or cyclopentadienylnickel nitrosyl (Cp5IJNiNO). 
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transitions were split into well-resolved components by the nitrogen 

quadrupole coupling interaction for components with K-O through K-4. 

Determination of the nitrogen quadrupole coupling strength provides 

additional information on the bonding nature of this molecule. 

8.2 EXPERIMENTAL 

Dr. John Rund of the University of Arizona prepared the CpNiNO sample 

as described by Piper, Cottbn, and Wilkinson [8.5]. Nitric oxide (NO) was 

bubbled through a solution of nickelocene (Cp2Ni) in pentane to produce the 

Cp58NiNO sample. CpNiNO has sufficient vapor pressure at room 

temperature, 25°C, to allow for gas-phase spectroscopy. Gas mixtures were 

composed of 1-3% Cp58NiNO mixed in approximately 0.4 - I atm inert carrier 

gas Ar. Rotational transitions in the 5 - 13 GHz range were measured 

using pulsed-beam Fourier transform microwave spectroscopy. A more 

detailed analysis of the spectrometer has been presented in Chapter 2 of 

this dissertation. Transitions due to other isotopes of CpNiNO were also 

observed, but were not analyzed for the following work. 

8.3 DATA ANALYSIS 

Frequencies for 32 quadrupole coupling components of the J - 1 ~ 2, 

2 -to 3, 3 -to 4, and 4 -to 5 transitions are given in Table 8-1 with the 

corresponding assignments of rotational angular momentum J, total angular 

momentum F, and projection of the rotational angular momentum on the 

principal axis K. Values for F are determined with the coupling scheme 
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T.\BLE 8·1: Measured and calculated rrequencies from best fit for Cp58NiNO. 

. -\~: p::-:ent Obs. Freq. Calc. Freq . De .... 
J F·J TK (~lHz) ( ~fHz) (~tJlz ) 

1 '2.'2 2 0 5036 i34(8) 5036.i30 0004 
1 1·2 '2 1 5036. i80( 4) 5036.i80 0.000 
1 0·2 1 0 503a. iSO( 4 ) 5036.791 ·0.011 
1 1· '2 1 1 50313 .086( 7) 5037.084 0.002 
1 1·'2 '2 0 503i.086(7) 5037.095 ·0.000 
1 1·2 3 0 503i.120(4) 5037.121 ·0.001 
1 2·2 3 1 5037.158(5) 5037.158 0.000 
1 0·2 1 1 503; .53i(i) 5037.5·10 ·0.003 
1 1·2 1 0 5037. i02( 4) 503;.703 ·0.001 
2 3·3 3 0 7555.240(4) 7555.246 ·0.006 
2 2·3 3 2 7555.272(4) 7555.268 0.004 
2 3·3 3 1 7555.349(5 ) 7555.350 ·0.001 
2 2·3 3 1 7555.547(3) 7555.545 0.002 
2 1·3 2 0 7555.655(3) 7555.577 0.007 
2 3·3 4 0 7555.655(3) 7555.652 0.003 
2 3·3 4 1 7555.655(3) 7555.654 0.001 
'2 3·3 4 2 7555.655(3) 7555.659 ·0.004 
2 1·322 7555.879(2) 7555.877 0.002 
3 3·4 4 3 10073.715(2 ) 10073.706 0.009 
3 4·4 4 0 10073.762(3) 10073.769 ·0.009 
3 :J·4 -I 2 10073.972(6) 10073.966 0.006 
3 4·4 5 3 10074.075(1) 10074.068 0.007 
3 3·4 4 1 10074.125(2) 10074.122 0.003 
3 4·4 5 2 10074.125(2) 10074.132 ·0.007 
3 2·4 30 100;4.142(2) 10074.148 ·0.006 
3 2·4 3 1 10074.152(2) 10074.155 ·0.003 
3 4·4 5 1 10074.176(2) 10014.110 0.006 
3 :1·4 4 0 10014.176(2) 10074.174 0.002 
:3 4/.,r 3 2 1007".I;C(~) 10074.174 0.002 
3 4·" 5 0 10074.182(2) 10074.183 ·0.001 
-I 4·5 5 3 12592.324(2) 12592.323 0.001 
4 5·564 12592.34S(~) 12592.356 .0.008 
4 4·5 5 2 12592.545('" ) 12592.53" 0.011 

4 3·5 " 3 12592 .545( 4 ) 12592.556 ·0.011 
4 3·.54 2 12592.639( 4) 12592.630 0.009 
4 :1·5 4 1 12592.674(1) 12592.614 0.000 
4 ·5··5 6 1 12592.684(4) 12592.887 ·0.003 
4 3·540 12592.684( 4) 12592.689 ·0.005 
4 5·5 6 0 12592. 712( 4) 12592.709 0.003 
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F - I +- J, where I - 1 for the nitrogen nuclear spin. Experimental 

standard deviations for the measured transitions were ~ 8 kHz. A typical 

Fourier transform spectrum for Cp58NiNO is shown in Figu~e 8-2. More data 

was obtained on the J - 1 -to 2, and 2 -to 3 transitions due to better 

resolved hyperfine structure. Resolution for these two transitions was 

on the average ~ 12 kHz. The observed transitions were fit with a prolate 

symmetric top Hamiltonian with centrifugal distortion parameters OJ and 

0JK' and a quadrupole coupling interaction eQqaa directed along the a 

principal axis of the molecule. The corresponding calculated frequencie~ 

are given by equation 8-1, 

v(J ,F ,K -to J' ,F' ,K) ... 2B(J+l) - 4DJ (J+l)3 - 2DJKK2(J+l) 

+ eQqaa[«(3K2)/«J+l)(J+2»)-1) 

*Y(I,J' ,F') - «(3K2)/J(J+l»-1) 

*Y(I,J,F») (8-1) 

where Y(I,J,F) • Casimir's function as follows [8.6): 

and 

Y(I,J,F) - (3/4C(C+l)-I(I+l)J(J+l»/ 

(2I(2I-l)(2J-l)(2J+3» 

C - F(F+l)-I(I+l)-J(J+l) 

(8-2) 

A nonlinear least squares fit to the data was used to determine the B 

rotational constant, the two distortion parameters DJ and 0JK' and the 

nitrogen quadrupole coupling strength eQqaa. These values are given in 

Table 8-2. Deviations between the measured transitions and the calculated 

"best fit" transitions were ~ 11 kHz. As mentioned earlier in this 
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FIGURE 8-2: Fourier transform spectrum of J = 1 - 2 transition 
for CpU NiNO. The x-axis is the offset frequency in kHz 
from the stimulating frequency of 5037.4834 MHz. 
Peak A: F = 0 - 1. K = 1 
Peak B: F = 1 - 1. K = 0 
Peak C: F = 2 - 3. K = 1 
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Spectroscopic constants for Cp58NiNO obtained with nonlinear 
least squares fit to the obsarved transitions given in Table 
8-1. Values in parentheses are two standard deviations. 

Parameter Value 

1259.2743(8) MHz 
0.08(2) kHz 
2.70(6) kHz 

-l. 216 ( 11) MHz 

section the experimental uncertainties in the measured transitions were 

all :S 8 kHz. Therefore inclusion of additional parameters such as 

quadrupole distortion, or spin-rotation interaction strengths into the 

least squares fit would not provide significant improvements over the 

current results: This is true considering the experimental uncertainty 

in the measured transitions are all :S 11 kHz. The B rotational constant 

and DJ and D~ distortion parameters are in good agreement with earlier 

resul ts [B. 3] . 

B.4 DISCUSSION 

The free NO radical value of the nitrogen quadrupole coupling 

strength eQq - -1.86 MHz [B.7], which does not include the off-diagonal 

term in total electronic angular momentum states discussed by Lin and 
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Mizushim~ [8.8]. The determined nitrogen quadrupole coupling constant for 

CpsBNiNO, eQqaa - 1.216(11) MHz is smaller than the free NO radical value, 

as well as those observed for most other nitrogen-containing compounds. 

Thus the NO binding to Ni in the complex significantly lowers the nitrogen 

quadrupole coupling strength. Another example of this can be seen in the 

quadrupole coupling constant for the center N of N20, where the eQq value 

has been reduced to -0.269 MHz [8.9]. Alternatively the 14N quadrupole 

coupling in the free N2 molecule is eQq - -2.52 MHz [8.10]. Using the 

Townes-Dailey model [8.10], the quadrupole coupling constant can be 

determined in terms of the occupation numbers nx, ny, and nz in the atomic 

orbitals Px' Py, and pz with equation (8-3). 

(8-3) 

Placing one electron in each of the Px and Py orbitals, and 1.25 electron 

in the pz orbital (llx - ny - 1.0, nz - 1.5) for each atom, an eQq value 

equal to -2.5 MHz is calculated for N2. This calculation is in good 

agreement with a semiempirical calculation for N2 [8.11]. In the case of 

the free NO molecule, the llx and ny occupation numbers presumably increase 

with the addition of one more electron due to the increased occupation of 

the ~-orbitals. The reduced value of eQq(NO) - -1.86 MHz would indicate 

an increase of llx and ny from 1.0 to 1.06. For the CpNiNO complex, there 

is a further reduction of the nitrogen quadrupole coupling strength to -

1.216(11) MHz. Since this is a strongly bound complex, the nitrogen 
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should h~ve larger occupation numbers for the Px' Py, and pz orbitals. 

However, since there is a decrease in the value of eQq, there appears to 

be a greater increase in the nxand ny values relative to the nz value. 

This would imply increased ~-type bonding associ~ted with the Px and Py 

orbitals to the Ni rather than a-type bonding associated with the Pz 

orbital. 

For linear and symmetric molecules such as CpNiNO with the NO group 

on the principal symmetry axis, the ~x and ~y orbitals are equivalent (or 

in the case of the N atom, the Px and Py orbitals). Therefore quadrupole 

coupling components along the two identical axes are equivalent, and can 

be characterized with a single number. In unsymmetrical molecules con

taining NO groups, the picture is quantitatively and qualitatively dif

ferent. In CH3NO [8.12], eQqaa - 0.5 MHz, eQqbb - -6.02 MHz, and eQqcc = 

5.52 MHz, and in (NO)2 [8.13] eQqaa - -4.066 MHz, eQqbb - --2.242 MHz, and 

eQqcc - 6.307 MHz. In each case the c-axis component of the quadrupole 

coupling is a large positive value perpendicular to the principal axis of 

the molecule, and the in-plane b-component is large and negative. There

fore the ~x and ~y orbital energies and orbital occupation numbers in 

these linear and symmetric systems are quite different. If the Townes

Daily model is applied to these systems, the orbital occupation of the 

nitrogen p orbital perpendicular to the X-NO symmetry plane is smaller 

than the occupation number of the in-plane p orbitals. Therefore, the 

l~N quadrupole coupling strength is very sensitive to the bonding environ

ment and the X-NO angle. Nitrogen quadrupole analysis is probably the 
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best cas~ where the Townes-Daily relationship between p-orbital occupation 

and quadrupole coupling strengths works well. 

Since the publication of this work [B.14], within the past year it 

has become known to the Kukolich research group that a similar type of 

analysis was carried out by A.P. Cox, et al [B.15] in the same year as the 

Kukolich group work. The Kukolich research group's manuscript was re

ceived and recorded earlier in the year than Cox's. They measured quad

rupole coupling components for only the J - 2 ~ 3, and J - 3 ~ 4 tran

sitions using pulsed-nozzle, Fourier transform spectroscopy. Their B, 

DJ , DJK, and eQqaa values were determined from a least squares fit to these 

measured transitions in addition to the J - 14 ~ 15, and J 15 ~ 16 

measurements made earlier in the 100 kHz Stark modulation work [3]. The 

Stark measurements were weighted ::::: 50 times less precise than their 

Fourier transform measurements. The values for their four constants are 

given in Table B-3 and are in excellent agreement with the values deter

mined from our experimentation. Their analysis intrepretated the bond 

order of the Ni-N to be 1.B in agreement with the double bond description 

of the Pauling model [B.16]. 

B.s CONCLUSION 

A nitrogen quadrupole coupling strength, eQqaa, the B rotational 

constant, and DJ and DJK distortion constants, were determined for CpNiNO 

by analysis of the high-resolution microwave spectrum. Analysis of the 
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quadrupole coupling constant indicates stronger rr-type bonding of the 

N atom to the Ni atom rather than a-type bonding. 

TABLE 8-3: Values of spectroscopic constants obtained from A.P. Cox et 
al [8.15]. 

Parameter Value 

1259.27418(151) MHz 
0.061(4) kHz 
2 . 671 (21) kHz 

-l. 2058 ( 86) MHz 
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Low resolution vibrational spectra of cyclopentadienylnickel nitrosyl 

(CpNiNO) have been previously investigated by Feltham, et a1 [9.1], J. 

Hyams, et a1 [9.2], and G. Paliani, and coworkers [9.3, 9.4]. The 

symmetric Csv structure [9.5-9.7] of the molecule makes it an ideal model 

for examining vibrational spectra of monocyclopentadienyl lI'-complexes with 

transition metals. The H atoms of the structure were determined to be 

situated in the plane of the Cp ring from electron diffraction studies. 

[9.8] To date no high resolution infrared work has been published on 

CpNiNO. 

9.2 EXPERIMENTAL 

The CpNiNO sample was prepared by Dr. John Rund at the University of 

Arizona following the method described by Piper, et a1 [9.9]. The CpNiNO 

sample has sufficient vapor pressure at room temperatures to allow for 

gas-phase spectroscopy. High resolution infrared spectra were obtained at 

the Kitt Peak National McMath Solar Observatory using the Fourier 

transform spectrometer designed by J. Brault and coworkers [9.10]. The 

CpNiNO sample was introduced into a 1.5 meter static glass cell at low 

pressures. Absorption spectra were recorded in the 1750-1880 cm- 1 and 

2500-3700 cm-1 regions with CaF optics, a Nerst Glower source, and InSb 
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detectors. The measured data was Fourier transformed by the support staff 

in the Kitt Peak offices in Tucson assigned to the McMath Solar 

telescope. Data reduction is done via the UNIX system located in the 

offices on Cherry Street, Tucson, AZ., available for use by special 

request only. An Abbreviated Kitt Peak UNIX Manual was written by the 

author of this dissertation to help with the data reduction process. A 

copy of this manual is given in Appendix I. Loomis-Wood data analysis was 

done in Dr. Peter Bernath's laboratory with a program written by Dr. Clive 

Jarman. 

9.3 SPECTRAL ANALYSIS 

A portion of a typical scan for the CpNiNO sample in the 3040-3058 

cm-1 region is shown in Figure 9-1. The 33 fundamental modes of CpNiNO can 

be described with their symmetry and activity [9.3] as follows: 6 A1-IR, 

Raman polarized, 1 A2 -inactive, 7 E1-IR, Raman depolarized, and 6 E2-Raman 

depolarized. G. Pa1iani and coworkers [9.3] made spectral assignments for 

these fundamentals based on infrared and Raman data and previous work 

[9.1,9.2] for vapor and liquid phase analyses. These assigments are given 

in Table 9-1; however, it should be noted that these were taken from 

liquid phase data, not vapor phase. From this table, one can see that in 

the regions of 1750-1880 cm-1 and 2500-3700 cm-1 three fundamental bands 

are active in the IR: the Al symmetric C-H stretch (vl' 3115 cm-1) , the El 

C-H stretch (va, 3105 cm- 1) , and the Al N-O stretch (v2' 1809 cm- 1). 

Paliani and coworkers [9.3] also reported vapor phase data for two of 

these fundamentals: vl at 3118 cm-1 , and v2 at 1836 cm-1 • Feltham and 
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~--~----------------------
3040 cm- l 3048 cm- 1 

·-.~"';·-rm'" 

~ .. -
3050 em-I 3058 cm-1 

CpNiNO 

FIGURE 9-1: Sample portion of the CpNiNO infrared spectrum. 
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TABLE 9-1: Assignment of fundamental vibrations for CpNiNO taken from 
G. Paliani, et a1 [9.3]. All assignments were based on 
liquid IR and Raman spectra. 

a 

b 

c 

Symmetry & 
ActivityB 

A1(IR,R) 

A2 (inactive) 
·E1(IR,R) 

E2 (R) 

Fundamentalb 

IIi 

1 
2 
3 
4 
5 
6 
7 

·8 
9 

10 
11 
12 
13. 
14 
15 
16 
17 
lS 
19 
20 

Description 

Sym. C-H stretch 
N-O stretch 
Sym. ring breath 
Sym. C-H bend (II) 
Ni-N stretch 
Ring-Ni stretch 
C-H bend (.L) 
C-H stretch 
C-C stretch 
C-H bend (II) 
C-H bend (.L) 
Ni-N-O bend 
Ring-Ni tilt 
Ring-Ni-N bend 
C-H stretch 
C-C stretch 
C-H bend (II) 
C-H bend (.L) 
Ring distort. (.L) 
Ring distort. (II) 

IR • infrared active, and R a Raman active. 

Assignment 
cm-1 

3115 
1809 
1112 

799 
649 
322 

1240c 

3105 
1425 
1054 
1005 
484 
290 

92 
3098 
1343 
1102 

964 
840 
565 

(II) and (.L) refer to vibrations parallel and perpendicular to the Cs 
symmetry axis. 
Observed in the solid state [9.4]. 
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Fately [~.l] reported, the vapor phase V1 symmetric C-H stretch at 3111 cm-

1, the va C-H stretch at 3058 cm- l , and very strong features in the vapor 

phase near the Vz N-O stretch region at 1841, 1848, and 1850 cm- l . In 

addition to the two fundamentals reported in the 2500-3700 cm- l region, 

Paliani, ec 81 [9.3] reported on two overtone bands measured at 2680 cm 

1, and 3648 cm-1 corresponding to the 2v16 and 2vz bands respectively. In 

the present infrared analysis medium to weak features are noted to be 

centered near 3116.6 and 3055.6 cm- l , and a stronger features centered near 

2914.3 cm- l . The first two are presumably due to the two fundamental bands 

v1 and va respectively. The third feature is unassigned but possibly could 

be due to a combination of Vz and v3' o~ the first overtone of the Vg 

fundamental band. Features in the 1750-1880 cm-l region are not as 

distinguishable, and will be neglected in this analysis. 

Loomis-Wood type diagrams [9.11] were used to find spectral series 

in the data using the program written by Dr. Clive Jarman in Dr. Peter 

Bernath's laboratory. For this type of analysis, in the case of a 

symmetric top, the spectrum is sliced into ::= 2B (2A, 2C) interval 

segments. The program displays the segments according to the chosen 

interval, and also colors them respectively (blue-strongest ~ red-weakest) 

to imply intensity measurements. Linear patterns, horizontal. vertical. 

or diagonal, are chosen based on matching or similar reoccurance intervals 

and intensity colors. After selection of a chosen number of segments, the 

program calculates a polynomial (vm - Co + clm + czmz + C3m3 + ... ) to fit 

the spectrum, with coefficients related to the center frequency. 
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rotational constants, and ceptrifugal distortion parameters. The chosen 

number of segments is then redisplayed in a vertical series, along with 

the remaining data scattered about the series. Subsequent points can be 

added or subtracted by analysis of the new pattern, and recalculation of 

the polynomial coefficients. After analysis of several patterns, the 

quantum number assignments can be more readily determined, and a center 

frequency evaluated from the polynomial series. Loomis -Wood series 

analyzed from the 2500-3700 cm~l region are given in Tables 9-2 through 9-

7. The ground state rotational constant B and distortion constants OJ and 

OJK have been previously determined from mi.crowave m~asurements [9.12] (see 

also Chapter 8 of this dissertation) with the following values B =-

1259.2743(8) MHz, OJ - 0.08(2) kHz, and OJK - 2.70(6) kHz. 

The vl C-H symmetric stretch at ~ 3115 cm- l is a ~ type band with the 

following selection rules AK - ±l, and ~J-O, ±l [9.13]. The Q branches 

of the ~ band are the most prominent feature relative to the P and R 

branch structures. Spacing between adjacent Q branches follows according 

to equation 9-1 [9.13]. 

where 

and 

and 

vaSubband - va + (Av' - Bv ') ± 2(Av' -Bv')K 

+ [(Av'-Bv ')-(Av"-Bv")]K2 (9-1) 

Av' and Bv' • excited state rotational constants, 

Av" and Bv" • ground state rotational constants, 

+ of the ± is for AK-+l, and - is for AK--l. 

From equation 9-1, it can be seen that the spacing between adjacent Q 

branches is ~ 2(Av'·Bv') which is approximately 2Av' if Av'»Bv'. 



157 

9.4 CONCLUSION 

High resolution infrared spectra for cyclopentadieny1nickel nitrosyl 

were obtained with the Fourier transform spectrometer at Kitt Peak. Two 

of the features seen in the spectra are attributed to fundamental bands 

of the molecule. A third feature is believed to be a combination or 

overtone band. Loomis-Wood plots were used to d~termine spectral series. 

Infrared spectral assignments for the CpNiNO spectra are incomplete, and 

require further analysis beyopd the scope of this dissertation. 
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TABLE 9-2: Loomis-Wood analysis of infrared spectrum of CpNiNO. 

Coefficient Constant (cm- 1) S td . Dev. ( cm -1) 

C1 2. 924399E+03 5.86E-02 
Cz 5.S1SE-Ol 3.42E-04 
C3 -1. 97E-04 2.89E-06 
C4 -4.71lj·E-06 3.40E-09 
Cs -4.787S3E-08 3.08E-13 
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':' :m. ':80b :998. ':SCI • JI)I):~ 
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TABLE 9-3: Loomis-Wood analysis of infrared spectrum of CpNiNO. 

Coefficient Constant (cm- 1 ) Std. Dev. (cm-1 ) 

Cl 2.886112E+03 5.61E-02 
c2 5.72E-Ol 1.61E-03 
cJ -6.7E-OS 6.98E-06 
c4 -l. 433E-06 2.80E-09 
Cs l.06766E-08 l.OSE-13 

:9S :~L: :eS--:~L: 
:38:. ;,m9 :39: .. ')'~v • .Jf};~l :on~. :S:'! :q~:, :9'65 ','lO::' 
:99:.:7T --~. ----.=-•. ~ .: , ;,~I)I}:)IJ =q,)~. - ,~q, :o1~. HqB7 -, ')01 ~z 
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TABLE 9-4: Loomis-Wood analysis of infrared spectrum of CpNiNO. 

Coefficient 

" ODS CALC 
0 3085.26882 3084.96430 
2 308S.S3245 308S.~m8 

6 3086.62421 3086.61106 
8 .3087.15985 3087.15946 
9 3087.41884 3087.43356 

10 3087.68801 3087.70760 
11 3087.96162 3087.98158 
IS 3088.52320 3088.52933 
15 3089.08005 3089.07683 
16 3089.35549 3089.35048 . -II 3089.62986 3089.62407 
18 3089.90303 3089.89759 
19 3090.17775 3090.17105 
20 3090.44883 3090.44444 
21 3090.72444 3090.71777 
22 3090.99744 3090.99104 
23 3091.27230 3091.26424 
24 3091.54231 3091.53737 
25 3091.81689 3091.81044 
26 3092.08541 3092.08345 
27 3092.36311 3092.35639 
28 3092.63081 3092.62926 
29 3092.91050 3092.90207 
30 3093.17481 3093.17482 
31 3093.45685 3093.44750 
32 3093.71629 3093.72012 
33 3093.99793 3093.99267 
34 3094.26104 3094.26516 
35 3094.54084 3094.53759 

Constant (cm-1) 

ODS-CALC 
.304521 
.018971 
.01315 
.00039 

-.01472 
-.01959 
-.01996 
-.00613 

.00322 

.00501 

.00579 

.00544 

.00670 

.00439 

.00667 

.00640 

.00807 

.00494 

.00645 

.00203 

.00678 

.00155 

.00843 
-.00001 

.00934 
-.00383 

.00526 

3.08496E+03 
2.7SE-Ol 

-3.23E-OS 

36 3094.80143 
37 3095.08154 
38 3095.34997 
~9 3095.62077 
40 3095.89365 
41 3096.15689 

. 42 3096.44083 
44 3096.97782 
46 3097.52385 
47 3097.80250 
50 3098.61679 
51 3098.891'20 
52 3099.16310 
54 3099.70853 
56 3100.24633 
57 3100.51677 
58 3100.78267 
61 3101.59968 
62 3101.86361 
63 3102.11909 
64 3102.39086 
65 3102.66762 
66 3102.95225 
67 3103.22259 
68 3103.51033 
69 3103.78610 

S td . Dev. ( cm -1) 

3094.80995 
3095.08224 
3095.35447 
3095.62664 
3095.89874 
3096.17077 
3096.44274 
3096.98649 
3097.52998 
3097.80163 
3098.61619 
3098.88758 
3099.15891 
3099.70136 
3100.24356 
3100.51"5b 
3100.78550 
3101.59792 
3101.86860 
3102.13922 
3102.40977 
3102.68025 
3102.95067 
3103.22103 
3103.49132 
3103.76155 

3.S2E-Ol 
1. 22E-03 
1.97E-07 

-.00852 
-.00070 
-.00450 
-.00586 
-.00509 
-.01388 
-.00192 
-.00867 
-.00613 

.00087 

.00060 

.00362 

.00420 

.00717 

.00277 

.00221 
-.00283 

.00176 
-.00499 
-.02013 
-.01891 
-.01263 

.00158 

.00156 
.01901 
.02455 

-.00412 STAIDARD IEVI.TIOM OF FIT = 9.151990-03 
.00325 

160 



TABLE 9-S: Loomis-Wood an~lysis of infrared spectrum of CpNiNO. 

Coefficient 

11 aas 
3092.31313 
1(,9:.56294 
30Q2.85676 
30:;:.124;6 
:';);3 .. 35b9Q 

'" 3093.66426 . 
3093.92687 

.,. 3094.20410 
:3 3094.47556 

3094.74002 
, , 3095.00Q52 .;.; 

11 3095.28552 
.~ 

309~.54348 :.!. 
1-u 3095.81982 

"1 ~ 3096.07629 ,-.::t 3096.34941 
t~ 3096.61439 . - 3096.88158 ' . 
:a 3097.14883 

. 11 3097.41508 
:.) 3097.67760 

Constant (cm-1) 

3.0923E+03 
2.7E-Ol 

-1. 4E-04 

CALC OBS-CALC 
10:;2,3!~~O I ~~C!:3 

3Im.Se:45 " ........ 
,i.:l.lIJoj':f 

=.,m.8S331 .' .t
'
0345 

3093.1:388 .00088 
309:.39417 -.007!S 
309.3.66417 .00009 
3093.93389 -.00701 
3094.20331 .00079 
3094.47245 .00311 
3094.74130 -.00128 
3095.00987 -.00035 
3095.27815 .00737 
3095.54614 -.00266 
3095.81385 .00597 
3096.08126 -.00498 
3096.34840 .00102 
3096.61524 -.00085 
3096.88180 -.00022 
3097.14807 .00076 
3097.41405 .00103 
3097.67975 -.00215 

STANDARD DEY[AT[OH OF F[T : 3.59792D-03 

S td . Dev. ( cm -1) 

3.S6E-Ol 
l. 91E-02 
4.46E-OS 
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TABLE 9-6: Loomis-Wood analysis of infrared spectrum of CpNiNO. 

-
Coefficient 

" -16 
-15 
-14 
-13 
-12 
-11 
-10 
-9 
-8 
-7 
-6 
-5 
-4 
-3 
-1 
0 
2 
3 
4 
5 
6 
7 
B 

10 

Constant (cm-1) 

DeS 
3105.98383 
3106.17897 
311)6.46079 
3106.75646 
3107.03740 
3107.33126 
3107.61380 
3107.90521 
3108.18843 
3108.47917 
3108.76108 
3109.04944 
3109.33258 
3109.62486 
3110.22149 
3110.49475 
3111.07178 
3111.35273 
3111.63394 
3111.92167 
3112.20160 
3112.48789 
3112.76826 
3113.33363 

3.11049E+03 
2.86E-01 

-1.lE-04 

CALC DeS-CALC 
3105.S8304 .00079 
3106.17260 .00637 
3106.46195 -.00116 
3106.75108 .00538 
3107.03999 -.00259 
~107.32868 .00258 
jI07.6171S -.00335 
3107.90541 -.00020 
j108.19345 -.00502 
3108.48126 -.00209 
3108.76886 -.00778 
3109.05625 -.00680 
3109.34341 -.01083 
3109.63035 -.00549 
3110.20359 .01790 
3110.48988 .00487 
311 1.06180 .00998 
3111.34744 .00529 
3111.63285 .00109 
3111. 91805 .00362 
3112.20303 -.00143 
3112.48779 .00010 
3112.77234 -.00408 
3113.34077 -.00714 

STANDARD DEVIATION Of FIT = 6.37BI1D-03 

Std. Dev. (cm- 1) 

8.98E-02 
1. 32E-03 
1.S1E-OS 
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TABLE 9-7: Loomis-Wood analysis of infrared spectrum of CpNiNO. 

Coefficient 

~ OBS CALC 
-i5 3104.14525 3104.20180 
-13 3104.72707 3104.77034 
-12 3105.02529 3105.05462 
-9 3105.98383 3105.90743 
-9 3106.17897 3106.19171 
-7 3106.46079 3106.47598 
-6 3106.75646 3106.76025 
-5 3107.03740 3107.04453 
-4 3107.331'26 3107.32S80 
-.3 3107.61380 3107.61307 
-2 3107.90521 3107.89734 
-I 3108.18843 3108.18162 

I) 3108.47917 3108.46589 
1 3108.76108 3108.75016 
2 3109.04944 3109.03444 
'l' 3109.33258 3109.31871 .J 

4 3109.62486 3109.60298 
6 ~II0.18897 3110.17153 
a 3110.76193 3110.74007 

10 3111.32570 3111.30862 
13 3112.17477 3112.16144 
15 3112.74208 3112.72998 
17 3113.31124 3113.29853 
18 3113.59728 3113.58280 
19 3113.88024 3113.86701 

Constant (cm- l ) 

3.10846E+03 
2.8427E-Ol 

OBS-CALC 20 3114.16479 
-.05655 21 3114.45331 
-.04327 .,., 3114.73528 .... 
-.02933 23 3115.02342 
-.02360 26 3115.87369 
-.01274 ZB 3116.43863 
-.01519 29 3116.72796 
-.00379 32 3117.57518 
-.00713 34 3118.1~346 

.00246 35 3118.42142 

.00073 36 3118.60645 

.00787 37 3118.99805 

.00681 39 3119.56886 

.01328 40 3119.85538 

.01092 42 3120.41293 

.01500 43 3120.70339 

.01387 45 3121.25497 

.02188 46 3121.53872 

.01744 47 3121.81476 

.02186 49 3122.36987 

.01708 51 3122.92428 

.01333 52 3123.19682 

.01210 

Std. Dev. (cm- l ) 

3.77E-02 
S.31E-OS 

3114.15135 .01344 
3114.43562 .01769 
3114.71989 .01539 
3115.00416 .01926 
3115.85698 .01671 
3116.42553 .01310 
3116.70980 .01816 
3117.56262 .01256 
3118.13117 .00229 
3118.41544 .00598 
3118.69971 -.09326 
3118.98398 .01407 
3119.55253 .01633 
3119.83680 .01~8 

3120.40535 .OO7~ 

3120.68962 .01377 
3121.25817 -.00320 
3121.54244 -.00372 
3121.82671 -.01195 
3122.39526 -.02539 
3122.96380 -.039S~ 

3123.24808 -.05126 

.01271 STANDARD DEVIATION OF FIT = 2.39817D-02 

.01448 

.01317 
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High resolution rotational spectra for several weakly-bound complexes 

(WBC) were measured using a pulsed-beam, Fourier transform microwave 

(PBFTMW) spectrometer. Rotational measurements were also made on the 

transition metal organometallic molecule cyclopentadienylnickel nitrosyl 

(CpNiNO). PBFTMW spectroscopy has proved to be a viable technique for 

examining WBC's in an essentially collisionless environment free of 

solvent and lattice interactions. Spectral analyses were used to determine 

the ground state rotational constants and several quartic distortion 

parameters for each of the WBC's as well as for CpNiNO. For all of the 

WBC's structural analyses were performed to determine accurate structural 

parameters of the complex. 

Weakly-bound complexes containing the nitrous oxide monomer subunit 

have exhibited a variety of geometries from "T" shaped to parallel. 

Measurements were made on the WBC' s N20-HF, N20-HCN, and N20-HCl and a 

comparison of structures was performed. Measurements on the H2S - S02 

complex were obtained as a model for the examination of the H20- S02 

complex. Initial measurements were made on the H20-S02 complex, but 

publication of this data was submitted by a different research group 

[10.1] . Microwave measurements on the H2S-C02 were completed by 

collaborative effort with J.K. Rice, et al [10.2], and were used as a 

comparison for the H2S-S02 structure. 

'. 
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Microwave measurements made in the Kuko1ich laboratory on the two 

structural isomers of N20-HF were the first recorded microwave measurements 

of mUltiple structural isomers for a WBC. Since then several other WBC's 

have been characterized as having more than one structural isomer. Two 

of the WBC's that fall into this category are CO2 -HCN [10.3, 10.4] and 

(HCN)3 [10.5, 10.6]. 

Structural analysis made in the Kuko1ich laboratory on the bent 

structural isomer NNO-HF deviates from previous microwave structua1 

analysis [10.7] in the positioning of the H atom. Additional isotopic 

measurements would provide further evidence for one or the other 

structure. These could possibly include measurements made with the 

following isotopic species: 15NNO-HF and 15NNO-DF. Unfortunately, 

terminal nitrogen-15 labeled nitrous oxide measurements are only feasible 

if the structure is known with some relative certainity (z 90%). However 

the additional hydrogen and deuterium data would help in determining the 

position of the H atom with more certainty. In.frared sp~ctroscopic 

evidence for possible multiple structure isomers of N20-HCN were first 

reported in 1989 [10.8]. Microwave measurements were only obtained for one 

bent structural isomer of N20-HCN. An attempt in the Kuko1ich laboratory 

was made to measure rotational transitions for a linear isomer based on 

preliminary ground state constants determined from infrared measurements, 

but none were ever recorded. This is well documented in the logbooks of 

the PBFTMW spectrometer. . Searches beyond the frequency range already 

scanned might find the transitions corresponding to a linear structure. 
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Addition~l attempts might in~lude using Ne inert carrier gas instead of 

Ar, since Ar-N20 and Ar-HCN lines complicate the spectral searches. 

Microwave measurements on the N20-HCl complex have been obtained for 

only one structural isomer which is bent similar to the N20-HF isomer. 

At this time only a small attempt has been made in the Kukolich laboratory 

to search for transitions of other structural isomers, and it is believed 

by the author of this dissertation that further attempts should be tried. 

Frequency ranges scanned in these attempts are also well documented in the 

PBFTMW spectrometer logbooks. 

Comparison of the three different N20 WBC's examined in this 

dissertation shows that the N20-HCN structure has the most rigidity, and 

the bent N20-HF the least rigidity in terms of the inertial defects of the 

complexes. Weak bond distances are the shortest in the bent N20-HF 

structure and the longest in the N20-HCN structure. This result is not 

surprising considering the differences in the dipole moments of the three 

monomer subunits starting with the strongest dipole moment in HF, then 

HC1, to HCN with the weakest dipole moment. All three of the weakly

bound structures are similar in the respect that they are bent, but differ 

in the positioning of the H atom. It would be informative to make a 

comparison between these three WBC' s and the complex formed between N20 and 

HBr, and N20 and HI. It has been previously seen that the hydrogen halide 

monomer subunits and the HCN monomer subunit typically have similar weak 

binding geometries [10.9] in a variety of complexes. 
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The- H2S-S02 and H2S-C02 WBC's are unique in that they exhibit a 

"stacked" vibrationally-averaged geometry. The duplicate atoms on each 

of the monomer subunits bind in such a fashion to produce a symmetric 

plane in the weakly-bound structure in the a-c plane. Spectra obtained 

for the H2S-S02 complexes were the first to exhibit a structure of this 

kind. As mentioned previously additional isotopic analysis of the H2S

S02 complex is desirable to aid in resolving the structure ambiguity with 

respect to the S02 monomer subunit. 

High resolution microwave measurements on CpNiNO were used to 

determine ground state rotational and distortion constants. In addition 

to these, a determination of the N quadrupole coupling component along the 

a principal axis was performed for the first time. High resolution 

infrared absorption spectra of CpNiNO show at least two distinctive 

regions presumably due to the 111 and 118 fundamental bands. Analysis of the 

111 band indicates a ~ band with Q branch structure. The remaining infrared 

data analysis is incomplete at the time of the completion of the 

dissertation. 

10.2 Future Directions 

In terms of experimentation, a number of modifications to the PBFTMW 

spectrometer are desirable if the funds become available. Several of 

these modifications were previously discussed in Roger Bumgarners 

dissertation [10.10] and the reader is referred to this for a more 

detailed discussion. These include using mass flow controllers to produce 
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more con~istent mixtures of samples in inert carrier gas with experimental 

repetition. Recently at the Ohio State 45th Symposium on Molecular 

Spectroscopy T. Emi1sson of H.S. Gutowsky's [10.11] research group 

discussed their experimental gas-handling system using mass-flow 

controllers. At the same conference W. Stahl [10.12] discussed the 

automation of a pulsed-beam Fourier-transform microwave spectrometer 

similar to the one currently in use at the University of Arizona. The 

tuning of their cavity and frequency scan are both computer controlled. 

Automation is desirable in order to reduce the scan time required to 

measure transitions. With the Fabry-Perot resonator having cavity Q's of 

approximately 104
, bandwidths are approximately 1 MHz at 10 GHz. Currently 

transitions are measured by stepping through frequency ranges with 

stepsizes on the order of 250-350 kHz, which allows for 10-40 MHz to be 

scanned in an hour. Therefore in the effort of searching for rotational 

transitions which can be separated by GHz's, a considerable amount of 

time is spent covering frequency space, and tuning the Fabry· Perot 

resonator. 

Another desirable modification is the use of a hot source for less 

volatile components. Dr. S.G. Kukolich has already designed such a 

source, and it has undergone some testing in the laboratory. This author 

did not use the source with any of the experimentation discussed in the 

. dissertation. However, this author believes that the hot source will be 

used in future projects with success after some minor modifications and 

experimentation. 
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In terms of data collection and subsequent Fourier transform, it would 

be desirable to update the system in a couple of ways. With the present 

system, the computer occassionally "skips" or misinterprets an incoming 

signal. This causes the data collection program to halt thereby causing 

the user to start over or decide to save the data "as is". The data 

collection program needs to be rewritten to include subsequent addition 

of previous data scans to new scans either after user interruption or 

system interruption. Usually after a number of data files are stored to 

floppy disks, they are Fourier transformed in a batch process at a later 

time. It would be more convenient if the data saving program was written 

to take the data, Fourier transform it immediately and save it in the 

Fourier transformed form. It is believed that if a hard drive was 

available on the IBM PC, which is currently interfaced with the 

spectrometer, this would be feasible. An alternative method would be to 

have the data transferred to the MicroVAX system for the Fourier transform 

process where the work could be submitted to queue processes. 
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APPENDIX I: PROGRAMS 

All programs written by the author of this dissertation were written 

in FORTRAN, unless they were modifications of an existing program written 

in another language. The program MTDRAW.BAS was originally written in 

BASIC in the FTDRAW.BAS program, and was modified by the author of this 

dissertation as described earlier. Each program in this Appendix will be 

described briefly in terms of its purpose and use, and then it will be 

followed by the hardcopy of the code. The following pages include a brief 

description and listing of the programs given in this appendix: 

MTDRAW.BAS, FID.FOR, FFT.FOR, CASM.FOR, PLTSPC.FOR, and KRAIT. FOR. Also 

contained in this appendix is the Abbreviated Kitt Peak UNIX Manual used 

in the data reduction analysis on the UNIX system at the Kitt Peak offices 

on Cherry Street, Tucson, AZ. 

MTDRAW.BAS 

The original code for this program was written in BASIC by Roger E. 

Bumgarner, and it was titled FTDRAW.BAS. A hardcopy of that version of 

the program can be found in his dissertation, along with a useful 

description. The original version remains intact on the MITEC PC hard 

drive for the other personnel in the laboratory to use, if so desired. 

The current modifications to the program include the ability to number 

transitions on the screen display, as well as print the corresponding 

number and frequency of the transition to the printer in one keystroke. 
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MTDRAW.BAS PAGE 1/8 

1 . PROGRAM TO DRAW THE FOURIER TRANSFORM ON THE SCREEN . USES 
2 . GRAPH-X S~~ROUTISES AND ACCESSES THE 8087. HENCE, THE LINK ~ST 
3 I INCLUDE THESE. BY: ROGER BUMGARNER JUNE, '85 (I'M PROUD OF THIS ONE) 
4 I MODIFIED 1-3-86 TO DISPLAY ACTUAL FREQS. RATHER THAN OFFSETS R.B. 
S I MODIFIED 1-6-86 TO CORRECT FOR TIME BASE ERROR IN TWR R.B. 
6 I MODIFIED 1-10-86 TO OUTPUT FILE NAME TO PRINTER AND TO PRINT 
7 I INTENSITIES WITH FREQUENCIES R.B. 
8 I 8087 ACCESS Tt~NED OFF WITH REM ON LINE 141 
9 ' MODIFIED 6-23-89 TO DISPLAY NUMBER COUNT TO LINE PRINTER & SCREEN 
10' BY M.A. ROEHRIG & D.J. PAULEY 
15 ON ERROR GOTO 13000 
17 ON KEY(l) GOSUB 10000: ' F(l) ALLOWS FOR INPUT FROM A NEW DATA FILE 
20 ON KEY(2) GOSUB 2000: 'F(2) ENTERS CURSOR MODE 
30 ON KEY(3) GOSUB 3000: 'F(3) SETS CURSOR TO SLOW SPEED 
40 ON KEY(4) GOSUB 3600: 'F(4) " " "FAST" 
45 ON KEY(5) GOSL~ 6000: 'F(5) PRINTS FILENAME TO PRINTER 
50 ON KEY(6) GOSUB 12000: ' F(6) ALLOWS FOR PROGRAM E~IT 
iO ON KEY(7) GOSUB 3800: 'F(7) PRI~tS CURRENT CURSOR POSITION 
80 ON KEY(8) GOSUB 4000: 'F(8) PRINTS FREQ. TO PRINTER 
90 ON KEY(9) GOSUB 4200: 'F(9) RETURNS TO SCREEN MODE 
100 ON KEY(10) GOSUB 4400:' F(lD) REDRAWS SCREEN ALLOWING FOR C~~GES 
110 ON KEY(11) GOSUB 4600:' MOVE CURSOR UP 
120 ON KEY(12) GOSUB 4800:' " "LEFT 
130 ON KEY ( 13) GOSUB 5000:' " "RIGHT 
140 ON KEY ( 14) GOSUB 5200:' " "DOWN 
141 ' CALI. BAS87 
142 BLACK%-0:WHITE%-1:XO%-2:ZERO%-0:ONE%-1 
144 XX%-719:YA%-310:YB%-305:YC'-315:YD%-325:YE%-340 
150 DIM Y(3,719),Z(3) 
160 Z(1)-0:Z(2)-0:Z(3)-0 
162 BEEP 
163 VRES%-O 
165 INPUT "INPUT FILENAME (DEFAULTS TO .FFT): ",INFILES 
167 DOTCHKS-RIGHTS(INFILES,4) 
168 DOTCHKS-LEFTS(DOTCHKS,l) 
169 IF DOTCHKS <> "." THEN EXTS-". FFT" ELSE EXTS-'''' 
180 INFILES-INFILES+EXTS 
190 OPEN INFILES FOR INPUT AS t1 
195 REM THROW AWAY FILE HEADER 
200 FOR I'-l TO 10 
210 INPUTt1,T 
220 NEXT n 
222 INPUT t1, NSHOTS,SFREQt 



224 FOR I%-l TO 8 
226 INPUT ~l,T 
228 NEXT n 
230 FOR I%-1 TO 719 

MTDRAW.BAS PAGE 2/8 

240 INPUT'1,JUNK,Y(1,I%),Y(2,I%),Y(3,I%) 
250 IF ABS(Y(1,I%»>Z(1) THEN Z(1)-ABS (Y(l,I%» 
255 IF ABS(Y(2,I%»>Z(2) THEN Z(2)-ABS (Y(2,I%» 
258 IF Y(3,I%»Z(3) THEN Z(3)-Y(3,I%) 
260 NEXT n 
280 CLS 
281 LOCATE 1,1 
282 SEEP 
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283 INPUT"WHAT RESOLUTION DO YOU WANT (1-FULL,2-DOUBLE,ETC.)? II ,R 
284 INPUT"WHAT PART DO YOU WISH TO SEE (1-IMAG.,2-REAL,3-INTENS.)? " 
285 IF 0%(-0 OR 0%>3 THEN 0%-3 
286 INPUT"WHAT VERTICAL RESOLUTION DO YOU WANT? " , VRES% 
287 IF VRES%-O THEN VRES%-l 
289 CLS 
290 KEY(l) ON 
300 KEY(2) ON 
305 KEY(6) ON 
310 KEY(10) ON 
312 CALL GMODE 
313 CALL CLRSCR 
314 CALL GPAGE(ONE%) 
315 CALL CLRSCR 
317 CALL LEVEL(WHITE%) 
320 CALL MOVE(ZERO%,ZERO%) 
330 IF 0%-3 THEN K%-INT(280-VRES%*«Y(3,l)*280/Z(3»»+30 
332 IF K%(30 THEN K%-30 
335 IF 0%<>3 THEN K%-INT(280*(Y(0%,1)+Z(0%»/(2*Z(0%»+1)+3 
340 CALL MOVE(ZERO%,K%> 
342 IF R-O THEN R-l 
345 L%-719/R 
350 FOR I-l TO L% 
360 IF 0%-3 THEN K%-INT(280-VRES%*«Y(3,I)*280/Z(3»»+30 
362 IF K%(30 THEN K%-30 
365 IF 0%<>3 THEN K%-INT(280*(Y(0%,I)+Z(0%»/(2*Z(0%»+l)+3 
367 M%-R*I 
370 CALL DLINE(M%, K%) .,-4' 
380 NEXT I ~ 
390 REM AXIS LABLE 
400 TF%-239 
410 MESS-" KHZ (SAMPLED @ 20 MHZ)": CALL TEXTS (TF%, YE%, MESS) 
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412 NUMSHS-STRS(NSHOTS) 
414 MESS- ., NUMBER OF SHOTS - " ... NUMSHS 
416 TF\-SOO 
418 CALL TEXTB(TF\,YE\,MESS) 
420 REM DRAW AXIS 
425 CALL MOVE(ZERO\,YA\) 
430 CALL DLINE(XX\,YA\) 
440 REM DRAW TICK MARKS AND SCALE ANNOTATION 
450 FOR 1%-0 TO 700 STEP 80 
455 CALL MOVE ( I\, YB\) 
460 CALL DLINE(I%,YC%) 
470 J%-I\-30 
475 IF J%<O THEN J%-l 
480 CALL MOVE(J%,YD%) 
490 NUMS-STRS(I%*4.8543693_/R) 
493 NUMS-LEFTS(NUMS,6) 
495 CALL TEXTB(J\,YD%,NUMS) 
500 NEXT n 
510 TX%-400:TY%-12 
520 MESS-"HIT F6 TO EXIT,F1 FOR NEW INPUT":CALL TEXTB(TX%,TY%,MESS) 
530 TY%-24 
540 MESS-"HIT F2 TO ENTER CURSOR MODE":CALL TEXTB(TX%,TY%,MESS) 
550 TY%-36 
560 MESS-"HIT FlO TO REDRAW":CALL TEXTB(TX\,TY%,MESS) 
565 CALL DISP(ONE%) 
570 1-1 
580 GOTO 570 
1990 ' 
1992 ' 
1994 ' *********************************************************** 
1996 ' SUBROUTINE HANDLING " CURSOR MODE " 
1998 KNT_-O 
2000 KEY(3) ON 
2010 KEY(4) ON 
2020 KEY(5) ON 
2040 KEY(7) ON 
2050 KEY(8) ON 
2060 KEY(9) ON 
2065 KEY(10) OFF 
2070 KEY ( 11) ON 
2080 KEY(12) ON 
2090 KEY(13) ON 
2100 KE¥(14) ON 
2110 TX\-400:TY\-24 
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2120 MESS-"CtrRSOR MODE ENTERED ":CALL TEXTB(TX%,TY%,MESS) 
2130 Tn-36 
2140 MESS-"HIT F9 TO RETURN TO SCREEN MODE":CALL TEXTB(TX%,Tn,MESS) 
2150 TY%-48 
2160 MESS-"F3-F4 CHANGE CURSOR SPEEDS ":CALL TEXTB(TX% ,TY% ,MESS) 
2170 U-1 
2180 X%-2 
2190 n-2 
2194 XP%-X%+2:XM%-X%-2:YM%-Y%-2 
2198 CALL MOVE(XM%,Y%) 
2200 CALL DLINE (XP%,Y%) 
2205 CALL MOVE(X%,Y%) 
2210 CALL DLINE(X%,YM%) 
2215 ' FOLLOWING IS A LOOP THE PROGRAM RUNS IN WHICH UPDATES THE FREO. 
2216 ' COUNTER. THIS LOOP IS INTERUPTED BY THE CURSOR MOVMENT KEYS. 
2220 I-l . 
2221 '*******DISPLAY RUNNING FREO IN LOWER LEFT CORNER 
2222 TIH_-SFREO.-«X%*4.8543693_/R)/1000.) 
2223 TIHS-STRS(TIH_):TIHS-LEFTS(TIHS,10) 
2224 CALL TEXTB(ONE%,YE%,TIHS) 
2225 THRL%-100 
2226 TIL_-SFREO.+«X%*4.8543693¥/R)/1000.) 
2227 TILS-STRS(TIL¥):TILS-LEFTS(TILS,10) 
2228 CALL TEXTB(THRL\,YE%,TILS) 
2230 IF I-1 GOTO 2220 
2235 ' END OF LOOP 
2240 RETURN 
2242 ' 
2243 ' 
2244 ' ********************************************** 
2245 ' SPEED CHANGING OF CURSOR SECTION FOLLOWS 
3000 U-1 
3002 RETURN 
3600 U-16 
3602 RETURN 
3796 ' 
3797 ' 
3798 '************************************************ 
3799 ' SUBROUTINE TO MARK FREO OF CURSOR pas. ON SCREEN 
3800 PX\-X\-20 
3805 IF PX\<1 THEN PX\-1 
3810 PY%-Y%-24 
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3816 IF PY~<lO THES PY~·lO 
3820 TILS-LEFTS(TILS,lO) 
3825 TIHS-LEFTS(TIHS,lO) 
3830 CALL TEXTB(PX%,PY%,TILS) 
3835 PY'-PY%+12 
3837 CALL TEXTB(PX%,PY%,TIHS) 
3840 RETURN 
3856 ' 
38S7 ' 
3858 ' ************************************************** 
3860 'SUBROUTINE TO PRINT POSITION OF CURSOR TO LINE PRINTER 
4000 INTEN - (310 - Y%)/2.8 
4002 KNT'-KNT'+l 
4005 LPRINT USING "U~). UUU. UU U~U. UU 

KNT',TIL"TIH',INTEN 
4007 KNTS-STRS(KNT') 
4008 CALL TEXTB(X%,Y%,KNTS) 
4010 RETURN 
4200 KEY(3) OFF 
4210 KEY(4) OFF 
4220 KEY(S) OFF 
4240 KEY (7 ) OFF 
4250 KEY(8) OFF 
4260 KEY(9) OFF 
4265 KEY(10) ON 
4270 KEY(ll) OFF 
4280 KEY(12) OFF 
4290 KEY(13) OFF 
4300 KEY(14) OFF 
4301 CALL LEVEL(BLACK\) 
4302 CALL MOVE(XM',Y\):CALL OLINE(XP',Y') 
4304 CALL MOVE(X',Y\):CALL OLlNE(X\,YM\) 
4305 CALL LEVEL(WHITE\) 
4306 TX\-400 
4311 TY\-36 

'U.U"; 
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4312 MESS-"HIT FlO TO REDRAW 
4313 TY\-24 

":CALL TEXTB(TX\,TY\,MESS) 

4314 MESS-"HIT F2 TO ENTER CURSOR MOOE":CALL TEXTB(TX\,TY\,MESS) 
4315 TY\-48 
4320 MESS-" 
4322 REM LOCATE 25,2 
4324 REM PRINT" " . , 

":CALL TEXTB(TX\,TY\,MESS) 



4330 I"2 
4340 GOTO 2230 
4350 RETURN 
4396 ' 
4397 ' 
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4398 ' SL~ROUTINE FOR REDRAWING SCREEN - RETURNS TO TEXT MODE THEN 
4399 ' GOES TO 280 TO ASK FOR NEW DRAWING PARAMETERS 
4400 CALL TMODE:GOTO 280· 
4594 ' 
4595 ' 
4596 ' ••••••••••••••••••••••••••••••••••• ** •• ***.*** •• 
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4597 ' SUBROUTINES TO MOVE CURSOR ALL WORK BY DRAWING OVER OLD CL~SOR 
4598 " IN BLACK AND REDRAWING NEW CURSOR DISPLACED BY L% 
4599 REM MOVE CURSOR UP 
4600 CALL LEVEL(BLACK\) 
4601 XM\-X\-2:XP\-X\+2:YM\-Y\-2 
4602 CALL MOVE(XM\,Y\):CALL DLINE(XP\,Y\> 
4603 CALL MOVE ( X\, Y\) : CALL DLINEP:', YM-,) 
4604 Y\-Y\-L\: YM'-Y\-2 
4605 CALL LEVEL(WHITE\) 
4606 CALL MOVE(XM\,Y\):CALL DLINE(XP',Y'> 
4608 CALL MOVE(X%,Y\>:CALL DLINE(X\,YM\> 
4610 RETURN 
4799 REM MOVE CURSOR LEFT 
4800 CALL LEVEL(BLACK\) 
4801 XP'-X%+2:XM\-X'-2:YM'-Y\-2 
4802 CALL MOVE(X\,Y\):CALL DLlNE(X\,YM\> 
4803 CALL MOVE(XP\,Y\):CALL DLINE(XM',Y\> 
4804 X\-X\-L\:XP'-X'+2:XM'-X'-2 
4805 CALL LEVEL(WHITE') 
4806 CALL MOVE(XP\,Y\):CALL DLINE(XM\,y\) 
4808 CALL MOVE(X\,Y\):CALL DLINE(X\,YM\) 
4810 RETURN 
4999 REM MOVE CURSOR RIGHT 
5000 CALL LEVEL(BLACK\> 
5001 XM\-X\-2:XP\-X\+2:YM\-Y\-2 
5002 CALL MOVE(X\,,\):CALL DLINE(X\,YM\) 
5003 CALL MOVE(XM',Y\):CALL DLINE(XP\,Y\) 
5004 X\-XhL':XM'-X'-2:XP\-X%+2 . 
5005 CALL LEVEL(WHITE\> 
5006 CALL MOVE(XM',Y\):CALL DLINE(XP\,Y\) 
5008 CALL MOVE(X\,Y\>:CALL DLINE(X\,YM\> 
5010 RE~URN 
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5199 REM MOVE CURSOR DOWN 
5200 CALL LEVEL(8LACK\) 
5201 XP%-X%.2:XM%-X%-2:YM%-Y%-2 
5202 CALL MOVE(XP%,Y%):CALL DLINE(XM%,Y%) 
5203 CALL MOVE(X%,YM%):CALL DLINE(X%,Y%) 
5204 1%-Y%+L%:YM%-Y%-2 
5205 CALL LEVEL(WHITE%) 
5206 CALL MOVE(XM%,Y%):CALL DLINE(XP%,Y%) 
5208 :ALL MOVE(X%,Y%):CALL DLINE(X%,YM%) 
5210 RETURN 
5996 ' 
5997 ' 
5998 ' ***************** ••• *.** •• ** •••• **. 
5999 ' SUBROUTINE TO PRINT FILE NAME TO PRINTER 
6000 LPRINT 
6002 LPRINT 
6004 LPRINT 
6006 LPRINT "PEAKS OBSERVED IN FFT OF FILE "iINFILES 
6007 LPRINT "STIM FREQ - "iSFREQt 
6008 LPRINT 
6010 LPRINT" ABOVE BELOW INTENSITY" 
6012 LPRINT 
6020 RETURN 
9996 ' 
9997 ' 
9998 ' ********************* •• *******.** 
9999 ' SUBROUTINE TO ALL FOR A NEW INPUT FILE 
10000 CALL OISP(ZEROt):CALL TMOOE 
10005 KNT»-O 
10010 CLOSE 
10020 REM RETURN FOR NEW INPUT 
10040 RETURN 160 
11996 I 

11997 I 

11998 I *********************************** 
11999 I SUBROUTINE TO EXIT PROGRAM CHECKS INTENTION FIRST 
12000 MESS-" SURE YOU WANT TO QUIT, Y OR N (RET)? " 
12001 TENt-10 
12010 CALL TEXTB(ONEt,TENt,MESS) 
12020 INPUT ANSS 
12030 IF ANSS-"Y" GOTO 12100 
12040 IF ANSS-"y" GOTO 12100 
12045 I ANSWER WAS NOT YES SO ERASE MESSAGE AND RETURN 

177 



HTDRAW.BAS PAGE 8/8 

12050 !-!ESS-" 
12060 CALL TEXTB(ONE%,TEN%,MESS) 
12090 RETURN 
12099 ' EXITING PROGRAM BELOW 
12100 CAlL DISP(ZERO%):CALL TMODE 
12105 ON ERROR GOTO 0 
12110 ' EXIT PROGRAM 
12120 END 
12995 ' 
12996 I 

12997 '*************************************** 
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12998 ' ERROR CHECKING SUBROUTINE CHECKS FOR FILE NOT FOUND AND 
12999 ' AlLOWS FOR ANOTHER CHANCE IF THAT IS ERROR ELSE EXITS 
13000 IF ERR<)S3 THEN RESUME 12100 
13010 PRINT " FILE NOT FOUND TRY AGAIN OR HIT CTRL-BRK TO QUIT " 
13020 RESUME 160 
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FlO. FOR 

FlO. FOR was written by the author of this dissertation in FORTRAN on 

the MicroVAX system. This program generates output that is interactive 

input for the PLOT79 software available on the MicroVAX system. The 

purpose of the program was to create hardcopies of the experimentally 

measured FlO signals. 

An FlO input file must be transferred with Kermit commands via the 

lOX line to the MicroVAX system. The input file needs to be titled FIO.IN. 

To use fIO.FOR on the MicroVAX system, type "RUN FlO". An output file 

titled FID.OAT will be generated. This is a workable input file for 

PLOT79 software. The command "GRAPH FlO. OAT" will invoke the PLOT79 

software to read FIO.OAT, and create a plot titled FIO.PLT, and a program 

run- time and error listing titled FlO. LST . The command "PLOT FlO. PLT" 

will display the plot, but can only be used with a 4010 Tektronix 

emulating screen or window. The command "TEK FIO.PLT" or "THICK FIO.PLT" 

will both produce hardcopies of the plot on the IMAGEN laser printer in 

the CGF facilities. The latter command produces a plot with thicker drawn 

lines. After the creation of a plot, deletion of the FIO.LST and FlO. OAT 

files is desirable in order to save space on the account. These two files 

can be easily regenerated with the aforementioned commands. 
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::C:C:CC:CCCCCCCCCCCCCC:CCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
c C 
C PROGRAM FIO.FOR Program written to plot a FIO C 
C of a chosen file using PLOT79 commands C 
C Input occurs through "FlO. IN", and output is C 
C written to "FIO. OAT" . C 
C GRAPH FlO. OAT command will create the C 
C the graph frO. PLT C 
C PLOT FIO.PLT command will plot to a 4010 C 
C tektronix emulating screen C 
C TEK rIO.PLT command will send plot to C 
C Imagen printer. C 
C THICK FIO.PLT command will produce a plot C 
C with thicker lines at the Imagen printer C 
C PLEASE NOTE! !!: After plotting desired plot· C 
C delete the following files FID.DAT, FIO.LST C 
C Written by Deanne J.Pauley DECEMBER 12, 1989 C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CHARACTER*79 TITLE, XLABEL, YLABEL 
CHARACTER*l LABEL 
DIMENSION X(4096), Y(4096) 
OPEN (10, FILE-'FIO.IN', STATUS-'OLD') 
OPEN (6, FILE-'FIO.DAT' ,STATUS-'NEW') 

COMMENT COMMENT COMMENT COMMENT COMMENT COMMENT C 
C C 
C INITIALIZATION OF MATRICES C 
C C 
COMMENT COMMENT COMMENT COMMENT COMMENT COMMENT C 

DO 10 I-l,4096,1 
X(I)-O.O 
Y(I)-O.O 

10 CONTINUE 

C INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT C 
C C 
C Input filename: FID. IN C 
C Reads in 4096 pts., followed by the number of C 
C shots taken, and the stimulating oscillator C 
C frequency. C 
C C 
C INPUT INPUT INPUT' INPUT INPUT INPUT INPUT INPUT C 
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~ID.FOR PAGE 2/3 

HRITE(-,*) 'DO YOU Wk~T A TITLE, X-AXIS LABEL, & Y-~XIS LABEL 
~ (Y-YES, N-NO)?' 

READ(5,95) LABEL 
WRITE(-,-) LABEL, , WAS CHOSEN' 
BEGINF-O.O 
ENDF-4096.0-20.0 
DELX-ABS(ENDF-BEGI~F)/4095.0 
WRITE(6,100) 
DO 40 1-1,4096,1 

XPOS-BEGINF+«I-1)-DELX) 
X(I)-XPOS 
RE:AD(10,*) Y(I) 
WRITE(6,200)I,X(I),I,Y(I) 

40 CONTINUE 
READ(10,*) NSHOT, SFREQ 

C OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 C 
C C 
C The next 4-5 lines of output sent.to FID.DAT are C 
C commands recognized by PLOT79, and they define para- C 
C of the plot. C 
C BOX-FALSE - tells PLOT79 to not plot the 2nd outer box C 
C LSTYLE(l)-l, SIZEMK-0.5, - tells PLOT79 that the line C 
C style for curve 1 is equal to 1, a solid line; C 
C and the size of the mark should be scaled by 0.5 C 
C XMIN - ~, XMAX-', - sets minimum and maximum C 
C frequency to be plotted C 
C SEND -tells PLOT79 that plot parameter commands are C 
C finished, and then the title, the x axis label, and C 
C y-axix label follow this command C 
C C 
C OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 C 

WRlTE(6,JOO) 
WRITE(6,400) 
WRITE(6,450) BEGINF,ENDF 
WRITE(6,SOO) 
IF (LABEL .EQ. 'Y') THEN 

TITLE-'STIM. OSC. FREQ. (MHZ) - ' 
XLABEL-'MICROSECONOS' 
YLABEL-'RELATIVE INTENSITY' 
WRITE(6,600) TITLE,SFREQ,NSHOT 
WRITE(6,700) XLABEL 
WRITE(6,800) YLABEL 
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ELSEIF (LABEL .EQ. 'N') THEN 
TITLE-' , 
XLABEL-' 
'lLABEL-' 
WRITE(6,900) TITLE, XLABEL, ¥LABEL 

ENDIF 
9.5 FORMAT (Al) 

100 FOR.~T (lX,' SDATA' ) 
200 FORMAT (lX,' X( , , I4, , ,1) -' , Fll. 4, 

+' ,Y(' ,I4,' ,1)-' ,Fl1.4) 
300 FORMAT (lX,' BOX - FALSE') 
400 FORMAT (lX, 'LSTYLE(l) - 1, SIZEMK - 0.5, ') 
450 FO~AT (lX,'XMIN'- ',Fll.4,', XMAX - ',Fll.4, 

1', ') 
500 FORMAT (lX,' SEND' ) 
600 FORMAT (lX,A27,F10.4,' NO. of SHOTS - ',I4) 
700 FORMAT (lX,A79) 
800 FORMAT (lX,A79) 
900 FORMAT (3(lX,A79,/» 

END 
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FFT.FOR 

This program was written in FORTRAN by the author on the MicroVAX 

system. This program is similar to FID.FOR in the fact that it generates 

an output file that is interactive with the PLOT79 software currently 

available in the CGF system. The purpose of the program is to generate 

hardcopies of the Fourier transformed measured rotational transitions. 

A previously Fourier transformed file is transferred to the MicroVAX 

system via the IDX line on Procomm with interactive Kermit commands. 

This file needs to be ti tled FFT. IN. "RUN FFT" invokes the FFT. FOR 

program to read FFT. IN, and query the user about a number of desired 

parameters: x and y axis titles, horizontal resolution, and vertical 

resolution. The program generates a file titled FFT.DAT. This file can 

then be subsequently read by the PLOT79 software with "GRAPH FFT.DAT", 

to create a plot FFT.PLT and program run-time and error listing FFT.LST. 

Hardcopies are obtained with the commands "TEK FFT.PLT" or "THICK 

FFT.PLT", the latter which produces thicker lines on the hardcopy. The 

plot can also be viewed on a 4010 Tektronix emulating screen with the 

command "PLOT FFT.PLT". After creation of the plot, the FFT.DAT and FFT. 

LST files should be deleted in order to save disk quota. 



FFT.FOR PAGE 1/4 

~-::::c:c:ccCCCCCCCCCCCCCCCCcCCccCCCCCCCCCCCcCCCCCCCCCC 
: C 
C PROGRAM FFT.FOR Program written to plot Fourier C 
C transform of a chosen file using PLOT79 C 
C Input occurs through "FFT.I~II, and output is C 
C written to "FFT.DAT". C 
C GRAPH FFT.DAT command will create the C 
C the graph FFT. PLT C 
C PLOT FFT.PLT command will plot to a 4010 C 
C tektronix emulating screen C 
C TEK FFT.PLT command will send plot to C 
C Imagen printer. C 
C THICK FFT.PLT command will produce a plot C 
C with thicker lines at the Imagen printer C 
C PLEASE NOTE!!!: After plotting desired plot C 
C delete the following files FFT.DAT, FFT.LST C 
C Written by Deanne J.Pauley DECEMBER 12, 1989 C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CHARACTER*79 TITtE, XLABEL, ¥LABEL 
CHARACTER*64 JUNKl 
CHARACTER*l LABEL 
DIMENSION G(3,720), X(720), Z(3) 
OPEN (10, FILE-'FFT.I~', STATUS-'OLD') 
OPEN (6, FILE-' FFT. DAT' ,STATUS-'NEW') 

COMMENT COMMENT COMMENT CO~£NT COMMENT COMMENT C 
C C 
C INITIALIZATION OF MATRICES C 
C C 
COMMENT COMMENT COMMENT COMMENT COMMENT COMMENT C 

Z(l)-O.O 
Z(2)-O.O 
Z(3)-O.O 
DO 10 I-l,nO,l 

X(I)-O.O 
G(l,I)-O.O 
G(2,I)-O.O 
G(3,I)-O.O 

10 CONTINUE 

C INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT C 
C C 
C Input filename: FFT. IN C 
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c 1st ~ine: Jt~Kl - reads title arl ignores it 
e 2nd line: NSHOT, SFREQ - number of shots taken 
e and stimulating oscillator frequency 

e 
e 
e 
e 
e 
e 
e 
e 
C 
C 

e 3rd line: skips 
e 4th line: JUNKl - reads column titles and 
e ignores them. 
e 5th line: skips 
e 6th line: J, G(l,l), G(2,1), G(3,1) reads 
e harmonic, sine, cosine, and intensity 
e 
e 
e 
e 
e 
e 

725th line: J, G(1,720), G(2,720), G(3,720) 

C 
C 
C 
C 

INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT C 

READ(10,90) JUNK1 
WRITE(*,*) , ENTER # OF SHOTS, AND STIM. FREQ. (MHZ)' 
READ(lO,*) NSHOT, SFREQ 
READ(10,*) 
READ(10,90) JUNK1 
READ(10,*) 
DO 30 I-l,720,l 

READ(10,*)J,G(1,I),G(2,I),G(3,I) 
IF (ASS(G(l,I» .GT. Z(l» 

+ Z(l)-ASS(G(l,I» 
IF (ASS (G ( 2, I » . GT . Z ( 2) ) 

+ Z(2)-ASS(G(2,I» 
IF (G(3,I) .GT. Z(3» 

+ Z(3)-G(3,I) 
30 CONTINUE 

WRITE(*,*)' LARGEST INTENSITY -', Z(3) 
WRITE(*,*), Y-SCALE OF PLOT IS FROM 0.0 TO 1.0, AND 

+ THIS IS SCALED BY THE LARGEST INTENSITY (LG). IF YOU WANT 
+ TO CREATE A PLOT WITH THE TOP PEAK AT < 1.0, YOU NEED TO 
+ ENTER AN AnJUSTMENT FACTOR (ADFAC), FOR EXAMPLE 
+ LG/(LG+ADFAC) 
+ PLEASE ENTER FACTOR' 

READ(*,*)ADFAC 
IF (ADFAC .LT. 0.0) ADFAC-O.O 
WRITE(*,*), HORIZONTAL SCALE? (l-FULL, 2-HALF, ETC.)' 
READ(S,*)IRES 
IF (IRES .LT. 1) 

+ IRES-l 
WRITE(·,*) 'HORIZONTAL SCALE - , IRES 
WRITE(*,*), DO YOU WISH TO SEE 1-IMAG., 2-REAL, 3-INTENS.)?' 
READ(S,*)M 
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:-!o'"3 

rF (X .GT. 3) 
~-3 

FFT.FOR PAGE 3/4 

WRITE(-,-) '~~ER', M, , WAS CHOSEN' 
WRITEC-,-) 'DO YOU WANT A TITLE, X-AXIS LABEL, & Y-AXIS LABEL 

~ CY-YES, N-NO)?' 
READ(5,95) LABEL 
WRITE(-,-) LABEL, , WAS CHOSEN' 
BEGINF-O.O 
ENDF-720.0-(4.8543693/REAL(IRES» 
L-(720/IRES) 
DELX-ABS(ENDF-BEGINF)/REAL(L-l) 
WRITE(6,100) 
DO 40 I-l,L,l 

XPOS-BEGINF·«I-l)-DELX) 
X(I)-XPOS 
IF (M .EO. 3) 

• RK-(G(3,I)/(Z(3)~ADFAC» 
IF CRK .LT. 0.0) 

+ RK-O.O 
IF (M .NE. 3) 

+ RK-«G(M,I)+Z(M»/C2*Z(M»+1)+3 
WRITE(6,200)I,X(I),I,RK 

40 CONTINUE 

C OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 

C 
The next 4-5 lines of output sent to FFT.DAT are C 
commands recognized by PLOT79, and they define para- C 
of the plot. C 
BOX-FALSE - tells PLOT79 to not plot the 2nd outer box C 
LSTYLE(l)-l, SIZEMK-0.5, - tells PLOT79 that the line C 

style for curve 1 is equal to 1, a solid line; C 
and the size of the mark should be scaled by 0.5 C 

XMIN - f, XMAX-., - sets minimum and maximum C 
frequency to be plotted C 

SEND -tells PLOT79 that plot parameter commands are C 
finished, and then the title, the x axis label, and C 
y-axix label follow this command C 

C OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT 
C 

PLOT79 OUTPUT PLOT79 C 
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fjlUTE \00) 

FFT.FOR PAGE 4/4 

WRITE l50) 8EGI~F,E~F 
WRITE(o,500) 
IF (LABEL .EQ. 'Y') THEN 

TITLE-'STIM. OSC. FREQ. (MHZ) - ' 
XLABEL-'OFFSET FREQUENCY (kHZ)' 
YLABEL-'RELATlVE INTENSITY' 
WRITE(6,600) TITLE,SFREQ,NSHOT 
WRITE(6,700) XLABEL 
WRITE(6,800) YLABEL 

ELSEIF (LABEL .EQ. 'y') THEN 
TITLE-'STIM. OSC. FREQ. (MHZ) -
XLABEL-'OFFSET FREQUENCY (kHZ)' 
¥LABEL-'RELATIVE INTENSITY' 
WRITE(6,600) TITLE,SFREQ,NSHOT 
WRITE(6,700) XLABEL 
WRITE(6,800) YLABEL 

ELSEIF (LABEL .EQ. 'N') THEN 
TITLE-' , 
XLABEL-' 
¥LABEL-' 
WRITE(6,900) TITLE, XLABEL, ¥LABEL 

ELSEIF (LABEL .EQ. 'n') THEN 
TITLE-' , 
XLABEL-' 
¥LABEL-' 
WRITE(6,900) TITLE, XLABEL, ¥LABEL 

ENDIF 
90 FORMAT (A64) 
95 FORMAT (Al) 

100 FORMAT (lX,' SDATA' ) 
200 FORMAT (lX,'X(' ,I4, ',l)-',F11.4, 

-+-' , Y ( , , I4, , , 1 ) -' , F7 . 5 ) 
300 FORMAT (lX, 'BOX - FALSE') 
400 FORMAT (lX,'LSTYLE(l) - 1, SIZEMK - 0.5,') 
450 FORMAT (lX,'XMIN - ',Fll.4, " XMAX - ',F11.4, 

1', t) 
500 FORMAT (lX, 'SEND') 
600 FORMAT (lX,A27,F10.4,' NO. of SHOTS - ',I4) 
700 FORMAT (1X,A79) ",.~. 
800 FORMAT (lX,A79) " 
900 FORMAT (3(lX,A79,/» 

END 

187 



188 

CASH. FOR 

CASM.FOR was written in Fortran for use on the PC, but it can also 

be transferred to the MicroVAX system via the IDX lines and Kermit 

commands. CASM.FOR will calculate Casimir's function for a single nuclear 

spin I, up to a maximum J value. The value of the nuclear spin I and 

maximum J value need to be entered in units of 1/2 , i.e. if the nuclear 

spin I - 3/2 and the desired maximum J value is 5, then the numbers 3, and 

10 need to be entered into the program respectively. Casimir's equation 

is given in Chapter 2 of this dissertation. I would be desirable to 

modify this program to show differences in energy levels based on the 6J, 

6K, and 6F selection rules, and the intensity of each corresponding 

transition. 
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CASH. FOR PAGE 1/2 

SCEBL'G 
SSTCRAGE:2 
SNOFLOATCALLS 
SLARGE 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
C C 
C THE FOLLOWING PROGRAM WAS WRITTEN TO CALCULATE CASIMIR'S FUNCTION C 
C GIVEN I, THE NUCLEAR SPIN, AND THE MAXIMUM VALUE OF J. C 
C BOTH I AND J NEED TO BE GIVEN IN UNITS OF 1/2 FOR THE INPUT C 
C WRITTEN APRIL 1988, DEANNE J. PAULEY C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

C 
C 
C 
C 
C 
C 
C 
C 
C 

IMPLICIT REAL*8(A-E,G-H,0-Z) 
IMPLICIT INTEGER(F) 
CHARACTER*79 TITLE1,TITLE2,TITLE3 
OPEN(S,FILE·'CASM.IN',STATUS·'OLD') 
OPEN(6,FILE·'CASM.OUT',STATUS·'NEW') 
WRITE(*,*)' THIS IS A PROGRAM DESIGNED TO CALC.' 
WRITE(*,*), CASIMIRS FCN., GIVEN THE NUCLEAR' 
WRITE ( * , * ) , SP IN, I, AND THE MAXIMUM J VALUE. ' 
WRITE(*,*), , . 

INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT 

LINE 1: TITLE 1, UP TO 79 CHARACTERS LONG 
LINE 2: TITLE 2, UP TO 79 CHARACTERS LONG 
LINE 3: TITLE 3, UP TO 79 CHARACTERS LONG 
LINE 4: VALUE OF NUCLEAR SP IN I IN UNITS OF 1/2 
LINE S: MAXIMUM VALUE OF J IN UNITS OF 1/2 

INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT 

INPUT C 
C 
C 
C 
C 
C 
C 
C 

INPUT C 

WRITE(*,*), ENTER TITLE OF OUTPUT, 3 LINES ENCLOSED IN QUOTES' 
READ(S,*) TITLE1 
READ(S,*) TITLE2 
READ(S,*) TITLEJ 
WRITE(6,10) TITLE1,T!TLE2,TITLE3 

10 FORMAT(//,A79,/,A79" ,A79,/) 
WRITE(*,*), ENTER THE VALUE OF I IN UNITS OF 1/2' 
READ(S,*) I 
PI-DBLE(I)/2.0DO 
WRITE(6,20) PI 

20 FORMAT(lX,'NUCLEAR SPIN: I • ',F4.1) 
WRITE ( * , *) I ENTER THE MAX. VALUE OF J IN UNITS OF 1/2' 
~(S,*) J 
PJ-DBLE(J)/2.0DO 



C 

CASH. FOR PAGE 2/2 

WRITE(6,30) PJ 
:0 FORMAT(lX,'MAXIMUM VALUE OF J - ',F4.1,11) 

WRITE(6,40) 
40 FORMAT(4X,'J',12X,'F',llX,'CASIMIRS FCN. ',II) 

C CALC. VALUES OF F AND CASIMIR'S FCN. 
C 

DO 70 JI-O,J,2 
XJ-DBLE(JI)/2.0DO 
FL-IABS(JI-I) 
FU-IABS(JI+I) 
DO 60 FI-FL,FU,2 

XF-DBLE(FI)/2.ODO 
C-XF*(XF+l.ODO)-PI*(PI+l.ODO)-XJ*(XJ+l.ODO) 
TOP-0.75DO*C*(C+l.ODO)-PI*(PI+1.ODO)*XJ*(XJ+1.ODO) 
DEM-2.ODO*PI*(2.ODO*PI-1.ODO)*(2.ODO*XJ-1.ODO)* 

1 (2.0DO*XJ+3.0DO) 
CASMF-TOP /OEM 
WRITE ( 6,50) XJ, XF, CASMF 

50 FORMAT(2X,F4.1,8X,F5.1,9X,F10.6) 
60 CONTINUE 

WRITE(6,*), 
70 CONTINUE 

STOP 
END 
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PLTSPG.FOR 

PLTSPC. FOR was written in Fortran on the MicroVAX system, and is 

designed to be interactive with the PLOT79 software currently on the 

system (similar to the FID.FOR and FFT.FOR programs). The program is 

designed to graph 1 or 2 curves either with Lorentzian lineshapes or as 

stick spectra. Input is through the PLTSPC.IN file, and the programming 

listing includes a detail description of the desired input. These include 

axes titles, as well as a graph title, number of curves, FWHM values for 

Lorentzian lineshapes, frequencies and intensities. "RUN PLTSPC" will 

create a file titled PLTSPC .DAT. "GRAPH .PLTSPC. DAT" will create a plot 

titled PLTSPC.PLT and a program run-time and error listing titled 

PLTSPC.LST. "PLOT PLTSPC.PLT" will display the plot on a 4010 Tektronix 

emulating screen. "TEK PLTSPC.PLT" or "THICK PLTSPC.PLT" can be used to 

produce hardcopies of the plot at the Imagen laser printer. In order to 

save quota space, it is desirable to delete the PLTSPC.DAT and PLTSPC.LST 

files after the completion of a plot. These two files can be easily 

regenerated with the aforementioned commands. PS.COM is a command file 

that will run PLTSPC.FOR and execute the PLOT79 GRAPH command. 



PLTSPC.FOR PAGE 1/5 

::::::c:c:cc:cccc:ccccccccccccccccccccccccccccccccccc 
c C 
C PROGRAM PLTSPC.FOR: Program written to plot 1-2 C 
C . simulated spectra with a superposition of C 
C Lorenztian 1ineshapes or as stick spectra C 
C Input is supplied through the input file C 
C "PLTSPC.IN" Output is written to "PLTSPC.DAT" C 
C to be plotted with MICROVAX PLOT79 commands. C 
C GRAPH PLTSPC.DAT command will create the C 
C the graph PLTSPC. PLT C 
C PLOT PLTSPC.PLT command will plot to C 
C a tektronix emulating screen C 
C TEK PLTSPC.PLT command will send plot to C 
C Imagen printer. C 
C THICK PL!SPC.PLT command will produce a plot C 
C with thicker lines at the Imagen printer C 
C PLEASE NOTE!!!: After plotting desired plot C 
C delete the following files PLTSPC.DAT, C 
C PLTSPC.LST,and PLTSPC.LOG. C 
C Written by Deanne J.Pauley 8/15/89 C 
C C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CHARACTER*79 TITLE, XLABEL, YLABEL 
DIMENSION FREO(3000), RINT(3000), X(4002), Y(4002), 

+ FREOP(3000),RINTP(3000), FO(3000),RT(3000) 
OPEN (5, FILE-' (DPAULEY.PLOT79]PLTSPC.IN' , STATUS-'OLD') 
OPEN (6, FILE-' (DPAULEY.PLOT79]PLTSPC.DAT',STATUS·'NEW') 

COMMENT COMMENT COMMENT COMMENT COMMENT COMMENT C 
C C 
C INITIALIZATION OF MATRICES C 
C C 
COMMENT COMMENT COMMENT COMMENT COMMENT COMMENT C 

DO 10 I-l,4002,1 
X(I)-O.O 
Y(I)-O.O 

10 CONTINUE 
DO 20 I-l,3000,1 

FREO(I)"'O.O 
RINT(I)-O.O 
FREOP(I)-O.O 
RINTP(I)-O.O 
FO(I)-O.O 
RT(I)-O.O 

20 CONTINUE 
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c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PLTSPC.FOR PAGE 2/5 

r~p~T I~PL~ I~PUT I~PUT INPUT I~PUT I~PUT INPUT 

Input is entered into file "PLTSPC.IN" 
Line 1: TITLE-79 alphanumeric characters 
Line 2: XLABEL-79 alphanumeric characters 
Line 3: YLABEL-79 alphanumeric characters 
Line 4: BEGINF-real free format in MHz 
Line 5: ENDF-real free format in MHz 
Line 6: NUMX-integer, _ of subciivislons in 

x-axis to be plotted between BEGINF 
and ENDF 

CLine 7: 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CLine 8: 
C 
C 
C 
C 
C 
C 

Line 9: 
Line 10: 

NCRV-integer, _ of curves, 1 or 2 
NONE-integer, Lorentzian lineshape 
or stick (2) 

(1) C 
C 
C 
C 

FWHM-real free format in MHz 
NLINES-integer free format 
FREQ(l),RINT(l)-real free format 
frequency given in MHz, and intensity 
on a scale from 0 to 100 
FREQ(2),RINT(2) 

Line 11: 

CLine 12: 
C 
C 
C. • 
CLine (12+NLINES): FREQ(NLINE), RINT(NLINE) 
C 
C 
C 

THE FOLLOWING LINES OF INPUT ARE ONLY NECES
SARY IF A SECOND CURVE IS TO BE PLOTTED! 

C 
CLine 
C 
C Next 
C Next 
C 
C Next 
C 

(13+NLINES): NTWO-integer, Lorentzian line 
1ineshape (1) or stick (2) 

line: FWHMP-real free format FWHM in MHz 
line: NLINEP-integer, no. of lines in 

in curve 2 to be plotted 
NLINEP lines: FREQP(I), RINTP(I) 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C INPUT INPUT INPUT INPUT INPUT INPUT INPUT INPUT C 

WRITE(*,*) , ENTER TITLE OF PLOT, UP TO 79 
+CHARACTERS: ' 

READ(S,*) TITLE 
WRITE(*,*) , ENTER TITLE OF X AXIS:' 
READ(S,*) XLABEL 
WRITE(*,*) , ENTER TITLE OF Y AXIS:' 
READ(S,·) YLABEL 
WRITE(*,*) , ENTER PLOT BEGINNING FREQ. IN MHz' 
READ(S,*) BEGINF 
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~~ITE(",·) , ENTER PLOT E~~ING FREQ. IN ~~z' 
READ(S,") ENDF 
WRITE(",") I ENTER NL~ER OF X SUBDIVISIONS' 
READ(S,")NUMX 
WRITE(*,") , PLOT 1 OR 2 CL~VES?' 
READ(S,") NCRV 
WRITE(",") , DO YOU WANT LORENTZ IAN (1) OR STICK (2)' 
WRITE(",") , LINESHAPES FOR Cu~VE ONE?' 
READ(S,") NONE 
IF (NONE .EQ. 1) THEN 

WRITE(",") , ENTER FULL WIDTH HALF MAXIMUM IN MHz' 
WRITE(",·) , (Assumed to be the same FWHM for all lines)' 

ENDIF 
READ(S,") FWHM 
HWHM-FWHM/2.0 
WRITE(*,·) , ENTER NO. OF LINES FOR CL~VE l' 
READ(S,") NLINES 
WRITE(",*) , GIVE THE FREQUENCY OF EACH LINE IN MHz,' 
WRITE(",") , FOLLOWED BY THE INTENSITY OF THE LINE' 
DO 30 I-1,NLINES,l 

READ(S,") FREQ(I), RINT(I) 
30 CONTINUE 

NTWO-O 
IF (NCRV .EQ. 2) THEN 

WRITE(*,*) , DO YOU WANT LORENTZIAN (1) OR STICK(2), 
WRITE(*,") , LINESHAPES FOR CURVE TWO?' 
READ(S,") NTWO 
IF (NTWO .EQ. 1) THEN 

WRITE(*,*) , ENTER FWHM FOR LINES IN Cu~VE 2' 
ENDIF 
READ(S,*) FWHMP 
HWHMP-FWHMP /2.0 
WRITE(*,*) , ENTER NO. OF LINES FOR CURVE 2' 
READ(S,*) NLINEP 
WRITE(*,") , GIVE THE FREQ. IN MHz, FOLLOWED' 
WRITE(*,*) , BY THE INTENSITY OF EACH LINE' 
DO 3S I-l,NLINEP,l 

READ(S,*) FREQP(I), RINTP(I) 
3S CONTINUE 

ENDIF 
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~ :L'!Pl"T ·:r.:TP(JT OUTPUT OUTPUT OUTPUT OUTPUT OUTPUT OUT C 
~ C 
C 
C 
C 
C 
C 
C 

Calculation of 4000 x and y coordinates which are C 
subsequently written to the output file PLTSPC.DAT C 
with the format: X(i,j)-~, Y(i,j)-t. i refers to C 
which of the 4000 points, and j refers to curve 1 or C 
curve 2 C 

C Ot.:TPUT OUTPUT OUTPUT OUTPUT OUTPUT OUTPUT OUTPUT OUT 
C 
C 

WRITE(6,100) 
DELX-ABS(ENDF-BEGINF)/3999.0 
DO 90 ICNT-l,NCRV,1 

IF (ICNT .EO. 1) THEN 
HALF-HWHM 
DO 36 I-l,NLINES,1 

RT(I)-RINT(I) 
FO( I)-FREO( I) 

36 CONTINUE 
NNUM-NONE 
NL-NLINES 
ILINE-1 

ELSEIF (ICNT .EO. 2) THEN 
HALF-HWHMP 
DO 37 I-1,NLINEP 

RT(I)-RINTP(I) 
FO(I)-FREOP(I) 

37 CONTINUE 
NNUM-NTWO 
NL-NLINEP 
ILINE-2 
DO 38 I-1,4002 

X(I)-O.O 
Y(I)-O.O 

38 CONTINUE 
ENDIF 
DO 50 I-1,4000,1 

XPOS-BEGINF+«I-1)*DELX) 
X(I)-XPOS 
IF (NNUM .EO. 1) THEN 

DO 40 J-1,NL,1 
Y(I)-Y(I)+RT(J)/ 

+ ««FO(J)-XPOS)/HALF)**2)+1.0) 
40 CONTINUE . 

ELSEIF (NNUM .EO. 2) THEN 
DO 45 J-1,NL,l 

NSPOT-INT«FO(J)-BEGINF)/OELX) 
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IF (I .EO. ~SPOT) THEN 
'f(I)-RT(J) 

ENDIF 
45 CONTINL~ 

ENDIF 
WRITE(6,200) I,ILINE,X(I),I,ILINE, 'f(I) 

50 CONTINUE 
90 CONTINUE 

C OUTPL7 PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 C 

The next 4-5 lines of output sent to PLTSPC.DAT are 
commands recognized by PLOT79, and they define para
of the plot. 
BOX-FALSE - tells PLOT79 to not plot the 2nd outer box 
LSTYLE(l)-l, SIZEMK-0.5, - tells PLOT79 that the line 

style for curve 1 is equal to 1, a solid line; 
and the size of the mark should be scaled by 0.5 

LSTYLE(2)-2, SIZEMK-0.5 
XMIN - ~, XMAX-', NXSUB-', - sets minimum and maximum 

frequency to be plotted, and the._ of subdivisions 
SEND -tells PLOT79 that plot parameter commands are 
finished, and then the title, the x axis label, and 
y-axlx label follow this command 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C OUTPUT PLOT79 OUTPUT PLOT79 OUTPUT PLOT79 

C 
OUTPUT PLOT79 C 

WRITE(6,300) 
WRITE(6,400) 
WRITE(6,420) 
IF (NCRV .EO. 2) THEN 

WRITE(6,430) 
ENDIF 
WRITE(6,450) BEGINF,ENDF,NUMX 
WRITE(6,500) 
WRITE(6,600) TITLE, XLABEL, 'iLABEL 

100 FORMAT (lX,' SDATA' ) 
200 FORMAT (lX, 'X(' ,I4,',', Il,' )-' ,Fll.4, 

+' ,Y(' ,I4,',' ,Il,' )-' ,Fl1.4) 
300 FORMAT (lX,'BOX - FALSE') 
400 FORMAT (lX,'LSTYLE(l) - 1, SIZEMK - 0.5,') 
420 FORMAT (lX,'HSCALE-0.600, VSCALE-0.600, ') 
430 FORMAT (lX,'LSTYLE(2) - 2, SIZEMK - 0.5,') 
450 FORMAT (lX,'XMIN - ',Fll.4,', XMAX· ',Fll.4, 

1', NXSUB - ',I4,',') 
500 FORMAT (lX,'SEND') 
600 FORMAT (3(lX,A79,/» 

END 
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KRAIT. FOR 

KRAIT.FOR was written in Fortran with use of the PC, but it can be 

transferred for use to the MicroVAX system. The program was written to 

calculate absolute values for the coordinates in the center-of-mass frame 

for an atom in a single isotopic substitution analysis for a nonplanar 

asymmetric top. Input is through the KRAIT.IN file, and it is described 

in more detail in the program listing. Knowledge of the rotational 

constants and masses for the parent complex and isotopically substituted 

complex are required to run the program. Output is generated to a file 

titled KRAIT. OUT. 



SSTCRAGE:2 
SNOFLOATCAU.S 

KRAIT. FOR PAGE 1/3 

198 

C **************************************************************** 
C THE FOLLOWING PROGRAM WILL CALCULATE CENTER-OF-MASS COORDINATES 
C IN ANGSTROMS FOR A GIVEN ATOM IN A MOLECULE USING KRAITCHMAN 
C EQUATIONS FOR SINGLE ISOTOPIC SUBSTITUTION. 
C THE FOLLOWING INFORMATION MUST SE PROVIDED AS INPUT FOR THE 
C PROGRAM: THREE LINES OF TITLE, UP TO 79 CHARACTERS EACH, 
C A, B, AND C ROTATIONAL CONSTANTS (MHZ), AND MASS (amu) 
C OF THE PARENT MOLECULE IN THE FIRST LINE; A,S, AND C ROT. CONST. 
C AND MASS OF THE ISOTOPIC SPECIES IN THE SECOND LINE. 
C WRITTEN BY DEANNE J. PAULEY 6/1/87 AT THE UNIVERSITY OF ARIZONA. 
C **************************************************************** 

IMPLICIT REAL*8(A-Z) 
CHARACTER*79 TITLE1, TITLE2, TITLE3 
OPEN(5,FlLE-'KRAIT.IN',STATUS-'OLD') 
OPEN(6,FlLE-'KRAIT.OUT',STATUS-'NEW') 
WRITE ( * , *)' ENTER THE TITLE, 3 LINES, 79 CHARACTERS EACH :' 
READ(5,*) TITLE1,TITLE2,TITLE3 
WRITE( 6, * )TITLE1", TITLE2, TITLE3 
WRITE(*,*)' ENTER THE A, B, AND C ROTATIONAL CONSTANTS (MHZ),' 
WRITE ( * , * )' AND THE MASS (amu) OF THE PARENT MOLECULE. ' 
READ(5,*) Al,Bl,Cl,Ml 
WR~TE(*,3) 

3 FORMAT(/ II) 
WRITE(*,*)' ENTER THE A, S, AND C ROTATIONAL CONSTANTS (MHZ),', 
WRlTE(*,*), AND THE MASS (amu) OF THE ISOTOPIC MOLECULE.' 
READ(5,*) A2,B2,C2,M2 
NUM - 5.053790631005 

C ************CALCULATING MOMENTS OF INERTIA***********-*********
IAl - NUM/Al 
ISl - NUM/Bl 
ICl - NUM/Cl 
IA2 - NUM/A2 
IB2 - NtlM/B2 
IC2 - NUM/C2 
MDIF - OABS(M2 - Ml) 
MU - (MDIF*Ml)/(MDIF + Ml) 
IMU - 1.ODO/(2.0DO*MU) 

C ********************************************************* 
C CALCULATION OF RAY'S ASYMMETRY PARAMETER FOR THE OETER-
C MINATION OF NEAR PROLATE OR NEAR OBLATE BASIS. 
C ********************************************************* 

KAPPA - (2.000*81 - Al - Cl)/(Al - Cl) 
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IF (KAPPA .1.:. O)!HEN 
IXl - IS1 
I'll - ICl 
IZl - IAl 
IX2 - IS2 
IY2 - IC2 
IZ2 - IA2 
OPT - 1. ODO 

ELSE 
IXl - IAl 
I'll - ISl 
IZ1 - ICl 
IX2 - IA2 
I'l2 - IS2 
IZ2 - IC2 
OPT - 2.0DO 

ENDIF 
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C ****CALCULATING ABSOLUTE DIFFERENCES OF MOMENTS OF INERTIA***** 
DELX - DABS(IX2 ~ IX1) 
DEL'l - DABS(I'l2 - I'll) 
DELZ - DABS(IZ2 - IZl) 

C ***************CAI~tnATING THE X CooRDINATE*****************'·' 
Xl - DEL'l + DELZ - DELX 
X2 - 1.0DO + «DELX + DEL'l - DELZ)/(2.0DO*(IXl - IZl») 
X3 - 1.0DO + «DELX + DELZ - DEL'l)/(2.0DO*(IXl - I'll») 
X - DSQRT(DABS(IMU*Xl*X2*X3» 

C ***************CALCULATING THE 'l CooRDINATE************'******* 
'll - DELX + DELZ - DEL'l 
'l2 - 1.0DO + «DEL'l + DELX - DELZ)/(2.0DO*(I'll - IZl») 
'l3 - 1.0DO + «DEL'l + DELZ - DELX)/(2.0DO*(I'l1 - IX1») 
'l - DSQRT(DABS(IMU*'l1*'l2*'l3» 

C ***************CALCULATING THE Z CooRDINATE*********w********** 
Zl - DELX + DEL'l - DELZ 
Z2 • 1.0DO + «DELZ + DELX - DEL'l)/(2.0DO*(IZ1 - I'll») 
Z3 • 1.ODO + «DELZ + DEL'l - DELX)/(2.0DO*(IZl - IXl») 
Z - DSQRT(DABS(IMU*Zl*Z2*Z3» 

C *************CALCULATING THE DISTANCE R ********************** 
R • DSQRT«IMU)*(DELX + DEL'l + DELZ» 

C *******ASSIGNMENT OF COORDINATES ACCORDING TO BASIS************ 
IF (OPT .EQ. 1.ODO) THEN 

A • Z 
B • X 
C • 'l 

ELSE 



E:SE 
A • X 
8 - Y 
C - Z 

ENDIF 

KRAIT. FOR PAGE 3/3 

C ········*············.·.OUTPUT •• • ••••••••••••••••• •••••• ••••••• 

200 

WRlrE(6,·)'_~ __ ••••• _ ••••••••••• _ •••••••••••••••••••••••• _~ ••••• _' 
WRITE(6,5) 

5 FORMAT(//,3X,' ROTATIONAL CONSTANTS OF THE PARENT MOLECULE'/) 
WRITE(6,10) 

10 FORMAT(11X,'A',18X,'B',18X,'C') 
WRITE(6,lS) Al,Bl,Cl 

15 FORMAT(3(2X,F14.6,' MHz')//) 
WRITE(6,·)' •••••••••••••••••••••••••••••••••••••••••••• t.~ ••••••• , 
WRITE(6,*), ~~ ~~~~~' 
WRITE(6,20) ~ ~ ~ 

20 FORMAT(//,3X,' ROTATIONAL CONSTANTS OF ISOTOPIC MOLECULE'/) 
WRITE(6,2S) 

25 FORMAT(llX,'A',18X,'B',18X,'C') 
WRITE(6,30) A2,82,C2 

30 FORMAT(3(2X,F14.6,' MHz')//) 
WRITE(6,*)'~~~~~~~~~~~~~~~@@@@~~~~~~@@@@@ 
WRITE(6,*)'SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS' 
WRITE(6,3S) 

35 FORMAT(//,6X,'Parent Mass',8X,'Isotopic mass') 
WRITE(6,40) Ml,M2 

40 FORMAT(2(2X,F14.7,' amu')//) 
WRITE(6,*)'SSSSSSSSSSSS$SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS' 
WRITE(6,*)'&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&' 
WRITE(6,4S) 

45 FORMAT(//,' CENTER OF MASS COOORDINATES FOR THE SUBSTITUTED') 
WRITE(6,SO) 

50 FORMAT(' ATOM IN ANGSTROMS'/) 
WRITE(6,70) 

70 FORMAT(9X,'A',15X,'B',lSX,'C') 
WRITE(6,80) A,B,C 

80 FORMAT(3(2X,Fl3.6)//) 
WRITE(6,*)'&&&&&,&,&&&&&&&&&&&&,&&&&&&&&&&&&&&&&&&&&,&&&&,&&&&&&' 
WRITE(6,*)'++++++++++++++++++++++++++++++++++++++++++++++++++++~, 
WRITE(6, 90) 

90 FORMAT(//,' DISTANCE OF ISOTOPICALLY SUBSTITUTED MASS TO C.O.M.') 
WRITE(6,100) R 

100 FORMAT(2X,'R - ',F13.6,' ANGSTROMS',//) 
WRITE(6,*)'+~+~++++~~+++++~~~~~~++++++++++++++++++++++++++++++++' 

E~ 
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ABBREVIATED KITT PEAK UNIX MANUAL 

The abbreviated Kitt Peak UNIX manual is very brief, and by all means 

does not contain all the pertinent information for operations on a UNIX 

system. The manual was written to help in the data reduction process of 

infrared data using the UNIX system available by request at the Kitt Peak 

offices on Cherry Street, Tucson, AZ. 
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~~cate ~a~e ~r:,9S :esl~nate~ 

.~.' Class ~ Ca~'~~3 lacel!ed 
l1':l ~r' :nt(l. 
Ftace ta~e on ~lt~er jrl~e. 

Chread ~a~e ~n~ou9n tape M~a~ 
as cer ~Irectlens. ~l~d onto 
sec'~nd spool. 

.-. : EM~ IN I.~ "1ANUAL 

;EMO'J!NG TAFE '=;;0'" ·:'F:: ;)1=: :E 
1. ~~ess ON-~!~E. ~~c :~-::~e 

:I~ht ~Ill shut-Ctt. 
... F't'less GEW:ND. 

c"ess loU':';;. :·~ad hqnc ... 111 ",'.II'n ·~n. "no tape d"~',e WIll :ocate ::e·;~i'1n:,··~ 

O' ~ne fl ie. 
-. Press IN-~i~E. an-lIne llgnt ~Iil turn or •• s well as the ;E~D Ilqn~. 
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M~'e sure wR!7E Ilgn~ dces n:~ come ~n. ~ olas~lC rln9 on the cape ~pocl wI:1 
~:lew ene ~~~e t: :e ~eaa w~lte ':a~mat. ~emoval ~f the plastIC ~Ing IS ~eac 

.'~r'mat ':In 1:- •. 

~~~-CN F~OCEDURE 

:. ~yrn-an termInals. ana pRess re~~~~ 'abbrevIated to F) 
'Tne fol!owlng ~rderll~ed ~C"d5 are t~e compu~er terminal ~eS~C~S95' 

ENTER ':;'A5S: :; F. 
,30 R 
~c!"'oe R. 
FASSWORD: ••••••••• R 
~he ccmputer termInal Will ~aw o~ovlde ~rompts wIth a number InSlje ~he 
':lu'ectl:mal :r,ar'acter's '.e.g. 1. :, I. and t~e:, WIll be abb/'e,lated It 

p~esent wor~lng ~lrectorY - I~alcates whiCh dlrector~ .ou are In 
·:'.I/'/'en t I ... 

tme::kukellch ':f thiS IS not the dlr. ,eu are In yeu Will need to Change to 
to ~hlS ~lI'ecto/'y.· 

~ cd !tmp:/kukolICh R~ changas to the ~mp:!~ukallcn dIrectory' 
~ allocate ~tO ~R. for tape drive mt0. ot~erwlse ~eplace '~tO' with mtl 
.>~EDIN <R) 'Read In command 'or drl~e mtO. replace wIth REDINK' fer mtl. 

Command must ~e I~ caPItal letters.' 
CCC:POP 011 format. FTS Data Taee ••. 
WHICH FILE ON TAPE (IN;E~lL 
:SUPPING DOES 'IIOT WORIt.' FOR UNPACk.ED DATA) (hlanumber) R: ThIS number' ,1IUSt 
De an Integer that correspends to one of the flIes on the tape. 
NUMBER OF THE FIRST RECORD (INT::GER): 1 R> 
NYMBER OF THE LAST RECORD (INTEGER): (number of last reco/'d In file) F .. 
NAME OF THE qUTF'UT FILE: (fn1l 'R~ 'fr,l=filename IH. for e;:ample H:CQ.: 

'computer relids dlita. takes allttle wnile.' 
sklPelng 
;Iqee In9 

nrec= 1. nl'o11= 



KITT PEAK MANUAL PAGE 2/7 

~nce comp~te~ nas ~1~ls~e~ ~ead:r~ In ~ata. i=F !o~ ~ouid ilIa ~~ 
~ead 1" another ~!le. cr ~ou are done wO~tln~ IOU 3HCLLD ~9Wl"d ~ne 
ta~e on tne C~IV9 ~lt~ t~e 'ollcwlna. 

# me ~ew ~ wIll rewInd taQe :n :~pe drl.e ~t0' 
" ,n! -t ,:1e. ','mt9 ,'ew 1".. Nlil ,'eWlnd tape or. tape on,e ,ntl 

fG ,"'A~ E =!.0:5 USING DE!:::iMP Fr::OGF:AM 
# dec~m~ R. Command:o enter decomp mCde. must be In small letters' 

Once In ~ecomQ mode ~ou wIll ~ave a D: pr:mpt' 
0: cpen dataln ,":"p Fi Must .:e:jl~nate t~Q ~I:e ~,Ji.o "'Ish to ~a~e I=l':lt 

lr~f'.J f~·o.n. 
,computer response. 

0: ~ead 'record #. ~r ",a.en~mber' ~.. E.,. If y:u WIsh t: p'eld 
WI!l type 'read b • or read t~9 wa~en~mber l~0~ • 
"ead ~51:").' T';e :1eclil1al Pt. IS ~,npep'atl,e! 

'computer ~espanse) 
D:plot R, '~lots Indicated record or wa.enumcer :n screen. 

. ""-

D:tlndllnes # R. I=a numcer w: dec,mal pt. In the range from ~.~0 t.: :.~~. 
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Command wII! glle a lIst of a!l ::nes ~~~~d C~ ~-e =a~tl:~:;~ 

p'ecol'd ",Ith this :~ :f t:-,e Ina: .• ~nte"'slt:. a~.:i ~c:,e. 
~: .:;: Po:', Cursor mode WIth Flashlrg square. CJ. two curSJrs no~acl~ 

wlth ar"rcw , e~s. 
IN CURSOR I'IDDE 

~Q magnIfy the plot In a Jr y jlrectl0ns. 'Irst mo~e cursers to des~red 
POSItIon, and then do the fo!::wlng, 

C]~ ~~G {BY XPOS AS :ENTER (number! ,R. 'Numcer must ~~:lude ~eclmal Pt. 
E.9. 1.5. cr : .. Ot" .:5 

:J:, MAG '( BY ',POS AS '::ENTER '''~mcerl ;;':ame format as above command 
~~s ~ WIll ~~lnt the wavenumcer ~~lue !slgmal of the IndIcated tranSItion, 

dlrgct:, on ~lot to the rIght of the mar~ed tranSItIon. 
[J: Will prInt the IntensIty, wavenumcers, etc. In uppe~-r19ht of screen 
C]·aHI~T'" 'F'lots the next lowe" record. I.e. If :'ou a,'e Cut'l'entl:l vlew1ng 

"eco~d .. :~, thIS command will plot recol'd .:4. 
C]cSHIFT> 'Plot; the next hIgher record' 
CJ· CTR!.> r 'Will I'eplot the rec:o~d lust plotted on •• "esh screfil. 
CJ~R~ WIll take you out of cursor mode back 1nto dec:omp ~ode 

0: end <R\ 'Out of decomp mode. back Into UNIX CarIna use~ mode' 

.1t~cleo1r ~R) 'Will clear sc~een In user mode' 
,">hlsto~y ~R> 'Show commandS prevl0usl, used In use~ moda' 
<It>ls -5 CR> 'Give. list lis) with 51:8 I-51 of all fIles' 
:I>df <R> 'Show 5Po1ce In each dIrectory' 
~It>mt rew <R) 'To rewlnd tape on tape drive mtO' 
'.">IIIt -f Idev/rmt9 rew <R:' 'To I'ewlnd tape on drive mU' 
It)mt offl (R) 'To tall computar to take tape off-lina. ' 
<"~by. 'To logoff Unix system, can also type 'logout', 
'BREAK) 'ThIS must follow the bye 01' logout command.' 
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·0 ~A~E AN ATLAS 
ro nake an atlas ~h1le sltt!ng at tne t~r~l~~1 tj=e the fol.=w1nq commands. 
BEWARE: The UNIX system w111 ~espond after ea:n command. ~omet1mes It ~s a lon9 
,'esponse tl,ne. 

It deccmp R:
O:lnfo neoa -1 

EX~MFLE' 

-I=absor=tlon. +1=emlss10n 

O:open dataln (f~ II (nuonst,'t 
0: ,'ead (,'ecordlt) 
0: In fo delw 
Current ~alue of delw ••••••• 
O:cpen dataout\fn:) R: 

IntO neoa -1 
numend) R, c;:Iel' dataln d l!ICO. 1 Q I 

"ead ::S 
Info delw 

'Record val~e of del~ In notecoo~ 
o=en dataout atjisCO.lb 

1(,Q 

O:other "Itltle of atlas)" R> 
O:other atlas Ismln. smax. dlSpf) 
O:close dataout ,R: 

R> 
otner "CO dlscharqe 19~0-:400 :m-l" 
other atlas ISbO. :400. 0.4 
close dataout 

O:and .,R> end 

'numstrt=number of the first record In the file. 
numend=number of the last record In the file. 
smln.=mlnlmum value in'wavenumbers wI deCimal Pt •• 
smax=ma,: 1mum value 1n wavenumbers wI dec 1mal pt •• and 
dlSpf.=dlspersl0n factor. approximately equal to (delw '1alue)*(SO)' 

'It>atlas (fn2) : atp!ot>(fn3) tR> atlas atdlsCO.lb : atplot rasdlsCO.lb 
'This command produces the atlas In the fcreground. and will reqUire time 
for the computer to respond, otherwise a b~ckground command can be used as 
follows. ' 

,It:·sh -c "atlas (fn2) 2>(fn4) : atplot>(fn3) :"(fn5)" & "R> 
'e.g. sh -c "atlas atdlsCO.lb 2>errl : at=!ot)raSdlsCO.16 ~;'err:" ~' 

'The computer will Inform you when the back9round Job is done. ' 
·· .. >lp,.. -Pve,..siltec -v -s -c (fn3) ':R) Ip,.. -Pvel"satec -v -S -c rasdlsCO.lb 

'This commilnd sends the altas to the Vel"Siltec prlnte,.. to be printed off. and 
It is done in the fo,..egl"ound. To run the commilnd In the bacl:9,..ound type 
the follOWIng. The computel" wIll inform you when the Job is done.' 

~')sh -c "lpr -PVel"Siltec -v -s -c (fn3)" • (R> 
~.It>lpq -Pversatec ,R> 'This command questlons the queue of the Jobs sent to the 

Ve,..siltec p,..inter. and Indicates which Jobs are active or 
InactIve •. 

~">lprll -Pvel"satllc (jobltuser) <R> 'E.q. Iprm -Pversatec ::~7choe =, Will remove 
01" stop thIS Job ~t the vers~tec printer. ' 

TO PRODUCE AN ATLAS AT A LATER TIME •• ! ••••••• , 

'~ust go into decomp mod. to obtaIn curl"ent value of delw for a file. thiS w111 
be used to calcul.te the value of the dlSpel"SIOn facto~!' 

<'>decomp 
D:op." diltain (fn!> (numstl"t numend) (R> 
O:read (recol"dl) <R> 
O:lnfo del ... <R> 
Current villu. of delw ,.,.,. 'Record value of d.lw' 
Olend (R> 
<I> 
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Use tne screen salter 01 I.lsuall:el ~~ :reate ana ealt fLies 

'II VI !c:nll R; Note: t"'lS lS a nli.., ':llename abbt'evla~ea as cat'dname 111 
~nc:e you are In the edlt mode. thlire IS ~nl~ a flas"ln~ cursor. Before 
an~thlng :ar. oe wrltten to a new tile. yOU must ty~e 0 

Contents o~ tne fl1e lc:nl1: 
o 'Use to open new file only' 
ln~o neoa -1 ~r·l 

open data1n I~nl) 

~pen aataout (fn2> 
otMer "(t1tle of atLas)" 
otner atlas Ism1n. smax. d1Spf.) 
close aataqut 

. II 'v 1 a tdec.' . R', 
~ 

Info neoa -1 
open data1n d1SCO.l0 
open dataout atdlsCO.l~ 
other "CO dlscnarge 1960-:400 cm-l" 
other atlas 1860. :400. 0.4 
cl·:se dataout 
end 
<E3C~ 

end 
ESC> 

ZZ 'Must be 1n capital letters. EXits screen ed1tor, and saves file' 

IN SCREEN EDITINB 'VI' I'IODE: 
o 'Opens new file. or adds text to a new 11ne below the cursor. ' 
r 'In the SCt'een editor. allows you to r'eplace one cnaracter. ,nust ',ESC:' to 

'3et out of t'eplace mode.' 
R 'Allows you to t'.place more than one character in the screen editor, must 

~ESC> to get out of tnls replace mode. 
dd 'Will delete a line In a hIe, again use <ESC: ' 
u 'Removes one character at the position of the cursor. ~ESC>' 

'Removes one character before the position of the cursor, ':ESC>, 
'Allows for Insertion Characters, ~ESC~' 

u 'Undoes the last edit command.' 
-,,' 'The right arrow key used at the end of a text llne. Will allow the 

1nsertlon of a naw text lin. r1ght below it •. 
ZZ 'In capital lettars, use to leave sc~een editor' 

<.:' vi Icn2) <R> 
o 'for a naw file only' 
set batch; open cards (cn!); cards 
<ESC> 
ZZ 

< I}vi (cn3) <R> 
o 
sh -c "decomp«cn2)}(fn6) 2)(fn7)" ~ 

-:I>vi stdinp ·:R> 
o 
set batch; open cards atdeck: cards 
'~ESC> 
ZZ 

sh -c "atlas (fn2) 2>(fn4) : atplot)(fn3) ::>lfnS)" & 
<ESC> 
ZZ 

'Example of cardn .. e 13' 
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.. d :atel.::lbl F
.::I 
sn -c ddecomp stdlnp outl ::err:" , 
sn -c "atlas atdlsC~.l~ :: errl ; atplot rasdlsCD.l~ ::err:" & 
ESC, 

ZZ 

It at ',~Ime) (date) (cn:: 1 ',F\.~ 'TlHS command will p'un od the atlas at a later 
time on a 91'1en date. it,e Urne 15 on a :4 hour cloc~. I.e. Q:t't:, pm = 18. 
the date IS given With the ~onth flrse followed by the day. I.e. ~av 70. 
e.g. at 19 mOl:' ::1 lateJob. or' you can e::clude tMe montM and cay ane "un 
the JOb later thole jay. e.g. at 18:J~ latelob lat ~:4~pm run late)ob)' 

TO MA~E ~ LINELIST 
.:decomp 'R> 

BEWARE: In decamp ~ode. c~mputer Will t,ave a response to every command 31/en 
and for some ,'esponse time IS long. 

'1al Dllnio neoa .1 
lib) 0: Info neoa -1 

'for emission spectra. default IS for emiSSion. 
'for absor'ptlon spec-tr'a.' 

(21 O:open dataln (fn1l '.R> 
I::) O:open punch (In8) R> 
(4) ~Iopen dataout ifn9) (R: 
(5) O:startape :R> 
161 O:length 4096 ,R> 
(7) Oll'ef 1 I.:R> 
(81 O:delw 11)(11)1). ":R> 
(9) O:data 1 4096 1. :,R> 

( 1 () I 
<11> 
( 1:) 

O:save 1 <R> 
O:recall 1 <R)' 
0: 11nelist (smln scale nmstrt numend) ',R> 

(13) 0: end <R> 

open dataln dlsC~.16 
open punch LLdlsCO.lb 
open dataout stu+ll 
star'l;ape 
length 41)q6 
ref 1 1. 
delw 1(11)(11'. 

data 1 4096 1. 
save 1 
recall 
llnellse 0.05 1.0e-1)8 9 67 
end 

'smln.=the minimum line strength to be included. calculated as follows: 
smin-(abs. max.)*(scale)*(min. Int.) where min. Int. = the minimum Intensity 
of the lines to be included in the linelist. 
Smln should be an average value calc. uSing several records •• 

scale.scaling factor. roughly = I/(abs. max.) again an average value. 
nmstrt-record number of the first Input record, 
numltnd-rfE'C'rd number of the last input record.' 

:tt>vpr (InS) <R> vpr LLdISCO.16 
'ThiS command sends the lin~list to the versatec printer to be run 

In the foreground, otherWise to run it in the background type the 
following. You Will be Informed when the lOb is done. ' 

'tt)sh -c "vpr (In8)" & <,R> sh -c "vpr LLdisCO.16" & 
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:;~:~CE ~ _:NE_!ST ~T ~ ~~TE~ TIME .......•... 
.... 5e tre 5c,'een eClCO" n (vlsuall:e' te create al"'d edIt +11615. 
~ote~ See sectIon "Ta P~ODUCE A AT~AS AT A LATER TIME" ~o fInd some 
useful commandS for the screen edItor, 

It .. I '<:n 4 ) R" VI l1ncard 
:; Use ~nly fer openIng a new +Ile' 

T:,P6llr' commands .1al cr (lb! followed Se su,'e ~o 

exclude the 0: oecomp prompt. ' 
Info ~eoa·1 'or emISSIon' 
~pen aataln (fn1' 

Llnellst 'smln scale nmstrt numendJ 
end 

ESC 
ZZ 

',It'll IcnS) ·,R, 
o for openln~ new fIle only' 
open cards Icn4): cards 
ESC, 

ZZ 

It: vI (cnb) 'R> 
o 'for openIng new fIle only' . 

Info neoa -1 
open dataln dISCO. 1b 

111"'ellst O.OS 1.061-08 = 67 
end 
ESC~ 

ZZ 

.1 stdcap'd 
o 
open e.rds Ilncard; cards 
,ESC> 
;:Z 

VI late.lob: 
o 
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sh -c "decomp(enS»(fn10) :>(fn11)" & 
.ESC;' 

sh -e "decomp'stdearo,>out: 2:' 61,"'4" .!. 
<ESC> 

z;: ZZ 

It.-at (time) (datel (en61 at :1 may ~r) lateJob: 
'The computer 15 told to run the commands In late.lob: at 9:00pm on May 31)' 

MISCELLANEOUS COMMANDS~ 
. It>eat Ifn.),R> 'CONCATENATE -hows on screen contents of hIe, or how far along 

you are. ' 
'It.>eat (fna>.»(fnb) (R> 'Command appends the contents of file a to the end 

of file b.' 
<.>cat OLIt4 ........ <R> 'Th 15 WIll show sets of commands used in the decomp mode, tc 

find the It's use the 'Is' command to find file names.' 
<I>cd (dIrectory) (R> 'Change dIrectory to named directory, for example, 

cd Itmp2/kukolich.' 
< •. I>chfn <R) 'Change finCJar - Allows you to change your computer Identification. 

(Check spellIng on thIS command.)' 
.It>cp (dirh) (dlrtb) <R> 'Copies contents of directory a to dire b., can a1:;o 

1t.><.CTRL> d 
.:. It"'.CTRL,,' x 
· .. It:>date <,R> 

use for file copies. ' 
Changes terminal from all caps or all small lettars to both' 
'Stops foreground program eKecutlon. ' 

Will give the 24-hour clock tIme and the date •. 
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• df R' Indlcate~ amount ~f dlSk flle 
_ 'ln~er R> Dlsplat In'o. on the varlOU 
It'hlstory 'R" 'Wll1 lndlcate past commanc 
It ~1!: (Joe It) 'R> 'Ter-ml:1ates a bac~;g/'o~1 
• k ~:: -q (Job It) 'Over'/'ld lng command to 
It Is ,R,' 'A 11stlng of the fl1es.· 
.)ls -1 Rj A 11stlng of fl1es WI save 
•. 1s -s R' 'A 11sting of illes wi Sl~e 
1I.'mkcll' (dlr-) 'Make~ a new dlrector'Y' 
.:,1\'01 (tna) (fnb) ":R> 'Renames (moves) cor 
lI.mv (fn.) (dlr-) 'R> 'Moves contents of 

e. g. mv .:11 sec 
(.ops ~R? 'Indlcates status of programs y 
.:ps -~ R> 'Pr-oduces Job II of a program 
.pwd R'· 'Request for present wor~lng d 
.,"m Ifnll) ':R> 'Removal of file from du' 
.ltcrm Ifnll). (R) 'Removal of files wlth t 
II.' touch • ,:R> 'Updates all hle sa'llng d 

Kltt Peak per-sonne I 101111 
temporary disk space. Use 

'lI)users ~R> 'Dlsplays current users of 5 

'lI~who am l~R> 'If you ~et cutoff w/o prc 
lt 101111 produce a number 

.>stop/id=Pidll <R~ 

TO WRITE A FILE TO MAGNETIC TAPE ON THE UNI' 
The plastlc rlng must be on the flrst t 
the READ light on.' 

'.'allocate mtO <R) 'OR' 
',.~dd If=(fnll) of=/d.v/r-mtl2 obs=~:OO cb 

'Repilic. rtlU2 With rtlU3 if uSlng 

'To check if tape wr-iting was successful 

ace /'ema~nlng. 
~ser~ of tne system.' 
'~sed 1 n user mode. ' 
program wlth the glven job II • 

.11. ' 

Ite. ' 
,tao ' 

]nts of flle a to fl1e b.' 
ie to lndlcated dlrectory. 
!6 Itmp2/kukollcn 

r'e runnlng ln the backgr'ound' 

gctory' 
tory. ' 

sam. ~lven strlng of characters. ' 
:s to current date. Do thlS so tnat 
t wipe out flles stored l~ the large 
nlS every two wee~s or' more. 
;tem. ' 
!rly log~ing off type thlS command. and 
, then type the followlng command. ' 

AX SYSTEM: 
~ spool, and tape drlve must have 

!llocate mtl <1\> 
90 conv=block ',R;' 
lpe dr-i 'ole mt 1 ' 

typel' 
~t~mt rew <R> 'OR' 
~I>dd lf~!devlrmt12 of=(fn.) ibs=~:OO ct 

'AGAIN, ,.eplllce rtlU2 with rtlU31 

~t -f Idev/rmt9 raw ~R> 
:80 <,R> 

'To finlsh' 
(,t>mt r .... <R> 'OR' 
':I>mt off 1 <R> 
<t>allocat. -d IDtO <R> 'OR' 
< •. ~by. <R> 'Or type. logout' 
'.BREAK> 

uSln9 tape drive mtl.' 

mt -f Idev/rmt9 rew ~R> 

allocate -d mt 1 <R> 
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