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The design and construction of two new sample injection systems

or nozzles, for use with the Oregon State electron diffraction appara-

tus are discussed. One of these nozzles was intended for use with

volatile samples the vapors of which were to be heated or cooled over

the range -196 to 540°C; it is currently in regular use. The other

nozzle, equipped with a sample volatilizing oven, was intended for

use with relatively involatile materials, that is, materials having

vapor pressures of only a few torr in the range 150 to 1200°C. Only

a prototype of this nozzle was constructed.

The structures and particularly the torsional properties of the

molecules diboron tetrafluoride, diboron tetrabromide, biacetyl (2,3-

butanedione), and oxalyl chloride (ethanedioyl dichloride) have been



investigated, For B2F4 nozzle-tip temperatures of -50, 22, and 150°C

were used. In contrast to B2Cl4 which is staggered in the gas phase,

the B2F4 molecule has a coplanar equilibrium conformation (symmetry

D
2h

). The effect of temperature change on the amplitude of torsional

motion is commensurate with a description of this motion as slightly

hindered internal rotation. The average value for the rotational

barrier V
o

is 0.418 (156) kcal/mol based on an assumed hindering

potential of the form 2V = V
o
(1-cos 2). An estimate of the funda-

mental torsional frequency gives 20(4) cm-1.

For 132Br4 nozzle-tip temperatures of 23, 90, 150 and 305°C were

used. The molecule is like B2C14 in that it has a staggered equilib-

rium conformation (symmetry D2d). The average of the rotational bar-

rier for the four temperatures based on the assumed potential function

for hindered rotation V = V
o
(1 - cos 2(P) is V

o
= 3.07(.33) kcal/mol.

higher than that for B2F4 or B2C14. The estimated value for the tor-

sional frequency is 18(4) cm 1,

An earlier electron diffraction investigation of biacetyl at a

nozzle-tip temperature of 228°C revealed only a trans conformer, in

contrast to certain similar conjugated systems which have substantial

amounts of gauche rotameric forms as well. New experiments at 525°C

have been carried out with the same result: there is no evidence for

the presence of any but the trans conformer.

The structure and conformational properties of oxalyl chloride

were studied by reanalyzing the data from experiments at 0, 80, and

190°C obtained from an older investigation together with new data

taken from experiments at 405 and 525°C in terms of a more sophisti-

cated model, The experiment at 525°C resulted in essentially complete



decomposition into, apparently, phosgene and carbon monoxide. In

agreement with the former study, all evidence still indicates the gas

to be a mixture of trans and gauche conformers. Making the approxi-

mation that the difference between the trans (torsion angle q) = 0°)

and gauche conformers lies only in the torsion angle about the C-C

bond, the average gauche torsion angle over all four temperatures is

0 = 93.5(8.2)°. The conformational analysis was based on an assumed
3

rotational potential function of the form 2V =
1

- cos i0).
i=1

The average values of the three potential constants were found to be

= 1.94(31), V2 = ,-0.53(.24), and T73 = 0.70(12) kcal/mol. Equilib-

rium constants were evaluated from the temperature dependence of the

composition with the energy difference AE° = E° - Et = 1.72(a=0.29)

kcal/mol and entropy difference AS° = Sg
t

° - S° = 1.8(a=0.8) cal/deg

begin subsequently obtained.
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GASEOUS ELECTRON-DIFFRACTION INVESTIGATIONS.

I. DEVELOPMENT OF HIGH-TEMPERATURE NOZZLES. II. MOLECULAR STRUCTURE

AND BARRIER TO INTERNAL ROTATION OF DIBORON TETRAFLUORIDE AND DIBORON

TETRABROMIDE. III. MOLECULAR STRUCTURE AND COMPOSITION OF 2,3-BUTANE-

DIONE AND OXALYL CHLORIDE AT HIGH TEMPERATURE.

INTRODUCTION

The majority of research described in this thesis is concerned

with the determination of the molecular structure, thermodynamic

properties, and conformational composition of gaseous compounds

using electron diffraction techniques. The conformeric species

investigated differ by displacement of a single internal rotation

coordinate subject to a hindering potential for that motion. Such

systems exemplify conformational equilibria, and from a knowledge

of the composition at various temperatures, the thermodynamic prop-

erties may be deduced. It is also possible to characterize the inter-

nal rotation potential function provided simple classical approxi-

mations are employed.

Since the rotameric composition is temperature dependent, it is

desirable to make observations of this temperature dependence over as

large a temperature range as possible in order to minimize errors in

the deduced quantities. Prior to the work reported here, studies on

easily volatilized samples (vapor pressures of 5-15 torr at near-to-room

temperatures) were limited to the approximate range -50 to 230°C due
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to limitations imposed by the construction of the sample injection

nozzle. Consequently part of this thesis deals with the construction

of a new sample injection nozzle capable of being maintained at

temperatures in the range -196 to 540°C. This new nozzle is utilized

in three of the four molecular investigations presented here.

The four molecules that have been investigated are diboron

tetrafluoride, diboron tetrabromide, biacetyl, and oxalyl chloride.

The two boron compounds have special interest arising from their

possible equilibrium conformations (planar or staggered) and the

implications the conformations hold for the type of bonding. The

barriers to internal rotation (which are by symmetry necessarily

simple) hold similar implications. These structures and that of

B2C14 determined earlier' in this laboratory comprise a series which

was expected to augment considerably our understanding of tricoordinate

boron compounds. The biacetyl work was stimulated by the remarkable

fact that gaseous samples at 228°C apparently exist essentially only

as aplanar (neglecting hydrogen atoms) trans conformer.
2

One would

expect the presence of at least two conformers such as are known to

exist in oxalyl fluoride and in other isoelectronic molecules. The

new nozzle afforded the possibility of searching for a second

conformer at a much higher sample temperature. The oxalyl chloride

work was undertaken to improve the accuracy of results from an

earlier study.
3 The molecule is known to exist in two conformations

and a rough potential function for internal rotation together with

other molecular properties were deduced. Tests of a new model thought
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to represent the torsional properties somewhat better than the original

model became possible due to improvements in laboratory procedures and

the new nozzle that permitted experiments to be done at higher

temperatures.

One other area addressed in this work is the creation of a sample

injection nozzle that in addition to heating a gaseous sample to a

high temperature is also able to volatilize materials requiring high

temperatures (greater than 150°C) to attain sufficient vapor pressure

for sampling. The device was to have a separately heated sample oven

and nozzle tip with an operating range between 150 and 1200°C. A

prototype was constructed and tested. However, the tests indicated

the need for design corrections which could not be made within the

time allotted for completion of this thesis. A description of the

device along with suggestions helpful to future development are

given here.

The organization of this thesis is different from those previously

submitted from this laboratory. The first section is on the design

and construction of sample injection nozzles , and the next four sections

contain manuscripts of structure investigations. The first three

(B2F4, B2Br4, and biacetyl) have been published4'5'6, but the

last manuscript (oxalyl chloride) may be revised slightly

before submission for publication. Supplementary material referenced

in each manuscript is found at the end of each with the lengthy

tables of experimental intensity data and calculated backgrounds

omitted; these tables are available in the laboratory archives or in
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the microfilm versions of the publications. Four appendices are also

included. They augment or explicate the material in the body of the

thesis. Appendix A contains information on ancillary equipment for

the nozzles. Appendix B is a summary of information necessary to

understand electron diffraction experiments. (In the past this

material has been contained in the body of the thesis but is now so

well documented that it is no longer believed appropriate there.)

Appendix C deals with some operational definitions of interatomic

distances, and Appendix D discusses the computer methods for calcula-

ting rms and perpendicular amplitudes of vibration and centrifugal

distortions. All sections and appendices are individually

referenced.
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GASEOUS SAMPLE INJECTION NOZZLES

Two sample injection nozzles for use at elevated temperatures

have been designed and constructed. The first nozzle, designated as

the high temperature nozzle, was to be operated at temperatures from

150°C to about 1200°C, and the second nozzle designated as the

intermediate temperature nozzle, was to be operated at temperatures

from -196°C to 540°C.

The High-Temperature Nozzle

In the case of the high temperature nozzle, the design was based

on schemes developed in the U.S.S.R. by Mr. A. Ivanov
1

. Ivanov's

nozzle, shown in Figure 1, consisted of a heated nozzle tip or gas exit

orifice and heated oven. The method of heating was radiative using

radiant energy produced by an incandescent tungsten filament contained

within a compartment. The compartment was an integral part of both the

nozzle tip and sample oven with the nozzle tip located closest to it.

Heat transfer to the nozzle tip and oven occurred by thermal conduction

through the walls of the device. Maximum temperatures achieved with

this device were from about 750°C to 850°C. Advantages of this design

are its simplicity which allows it to be constructed from a larger number

of different materials to suit the chemistry of the sample compounds,

the location of the heating source insuring the nozzle tip is always
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C. Water cooled base G. Nozzle tip J. Current rods

D. Ceramic insulators

Figure 1. Ivanov's nozzle design
(2X magnification)
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hotter than the sample oven preventing plugging of the orifice by

condensed sample, and the enclosed small heating filament which mini-

mizes light emission and has relatively low current requirements

alleviating the problem of magnetic distortion of the incident and

scattered electrons.

It was estimated that a nozzle-oven capable of operating above

1000°C could be built using longer multiple heating filaments arranged

for more efficient utilization of the radiant energy. A prototype was

built the features of which are given in Figures 2-4.

The nozzle tip, sample oven, heater compartment, backplate, and

flange screws are all constructed of UCAR grade ATJ, high density,

machinable graphite. This material was chosen for several reasons. It

is a relatively good thermal conductor and remains structurally rigid

up to the sublimation temperature of about 3652°C
2

. It also has a

relatively low coefficient of thermal expansion. Graphite's major

drawbacks are that at high temperatures it is a good reducing agent,

and it forms carbides with refractory metals that may be used as nozzle

construction material. Consequently compounds to be studied with a

nozzle utilizing graphite must be chosen with care.

The vacuum tight seals at the flange between the sample oven and

heating compartment and at the threads between the nozzle tip and the

sample oven were to be made from Union Carbide Grafoil gasket mate-

rial and tape respectively. According to company literature Grafoil is

a graphite material which sublimes above 3300°C and is very well suited

for making pressure or vacuum seals under high temperature conditions.
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Figure 2. High temperature nozzle cross section
(2X magnification)
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0 0
em.

0
Graphite flange screws

Os Graphite tackplate retainer
screws

Backplate

Heating compartment heater

Heating compartment

*---- Grafoil gasket

I

Sample oven

Ceramic insulator

Ceramic enclosure

Toroidal nozzle tip heater

Nozzle tip

Figure 3. Disassembled high temperature nozzle
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Coolant tubes

Flange

Electrical feedthrough

Coaxial power lead

Water cooled nozzle support

Mounting plate adapter

Mounting plate

Tantalum support rod

High temperature nozzle

Figure 4. High temperature nozzle and support assembly
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In the case of the threaded seal, .125 mm thick Grafoil tape was to be

wrapped around the threads on the nozzle tip and then screwed into the

sample oven along with the nozzle tip. Unfortunately the Grafoil tape

was not pliable enough to allow the seal to be made in this way.

The nozzle tip-oven assembly contains four ceramic components:

the enclosure for the nozzle-tip heating element made from Coors AD-

99 alumina ceramic, the electrical insulator made of Coors mullite, and

the two heater filament supports made from Coors AD-998 alumina. These

ceramics have melting points at 1725°C, 1700°C and 1950°C respectively

according to manufacturer's claims. The assembly is supported from

the water cooled aluminum mounting plate by three tantalum support rods

(MP. 2996°C)2. The mounting plate is mounted on an adapter for the

nozzle support developed earlier at 0.S.U. by L.L. Eddy
3
, but modified

to incorporate four electrical feedthroughs in the flange, and an

improved water inlet passage.

The last part of the nozzle system that was to be fabricated after

successful testing of the rest of the system was a cylindrical copper

light shield that was also to attach to the mounting plate and have

that diameter. At the nozzle-tip end it was to be conically tapered

down into a small aperture that would allow the nozzle tip to slightly

protude. The taper angle would be such that the light shield would

not interfere with scattered electrons. The shield was also to support

the final collimating aperture for the incident electron beam.

The bore of the nozzle tip is 1.59 mm in diameter except for the

last centimeter which has a diameter of 0.330 mm insuring thermal
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equilibrium is established within the last centimeter of flow according

to the criteria of K. W. Hedberg
4

. The nozzle tip is threaded into the

sample oven to facilitate cleaning, interchanging of nozzle tips con-

structed of different materials, and heating element installation. A

thermocouple was also to be installed in a cavity near the exit orifice

to monitor nozzle tip-temperature and provide feedback to a temperature

controller.

The nozzle tip is supplied with an electrically independent

tantalum heating element allowing the nozzle tip to be heated to a

higher temperature than the sample oven. Since the heating element is

located so close to the incoming electron beam, great care was taken in

the element design. The geometric configuration used is a counter-

wound toroidal solenoid. Toroidally wound coils tend to contain the

produced magnetic field within the volume of the torus defined by the

windings. Even so, there would still be a magnetic field produced by

the net current flow around the torus which is compensated for by counter

winding. Adjacent coils on the torus have current flowing through

them in the opposite sense relative to one another. About 41 cm of

0.254 mm diameter tantalum wire is required to make the torus, the

arrangement of which has been tested using a Bell model 610 gaussmeter

capable of measuring magnetic fields to about 5.0 milligauss. A torus

heating element was wound on the ceramic support using Nichrome wire so

tests could be run in the atmosphere. The Hall detector used with the

gaussmeter was placed in numerous positions and orientations about the

heating element which had a current of 2.5 amps D.C. flowing through it.



Magnetic fields were detected in only two locations. One was at the

center of the torus measuring about ten milligauss over the background

and the other was near the straight power input leads with a field of

35 milligauss. In order to minimize the magnetic field produced at the

input leads, the majority of their length has been made coaxial. The

coaxial leads are constructed from 3.16 mm O.D. thin wall copper tubing.

Inside the tubes are placed 2.38mm O.D. Coor alumina Fish Spine Beads® ,

and passing through the center bore of the beads is the center conductor

made of 1.0 =diameter copper wire. Where sharp bends or flexure is

needed the outer copper tubing is replaced with cylindrical wire braid.

It is necessary to construct the coaxial leads in this way so that they

can withstand the high temperatures to which they might be exposed.

The sample compartment is also equipped with its own heating

element contained within the heater compartment. The tantalum element

is wound on its ceramic support and is to heat the walls of the heating

compartment which in turn heat the sample while isolating it from direct

exposure to the heating element. Thermal energy from the heating

compartment must heat the sample before it is lost by radiation and

conduction from the walls of the oven. This arrangement allows some

thermal control of sample flow into the nozzle tip. The geometry of the

heating oven heating element was again chosen to minimize magnetic

fields produced from the current. Two concentric solenoids in series

were used with one solenoid wound on the outer wall of the ceramic

support, and the other wound with a diameter allowing it to be placed

within the bore of the support. The solenoids are wound in the

opposite sense to one another requiring about 36 cm of 0.254 mm diameter
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tantalum wire. Power is supplied to the element through two electrical

feedthroughs in the backplate.

The feedthroughs are constructed from single Fish Spine Beads

(I.D. 1.70 mm 0.D. 4.17 mm). Copper wire slotted on the element side

is tightly fitted into bore of the bead. The beads are then glued into

their holes in the backplate using alundum with Sauereisen Liquid

Thinner No. 14 as binder. The heating element leads are pressed into

the slots of the copper wire while clamps from the coaxial power input

leads fasten to the copper wire on the exterior side of the backplate.

Heating tests were carried out on the heating compartment in the

electron diffraction apparatus using a Leeds and Northrup optical

pyrometer for temperature measurements. A.C. power was supplied by a

2.8 kilowatt maximum output autotransformer. When the filament reached

the melting point of the ceramic support, the filament failed due to

molten ceramic flowing around the tantalum wire. The temperature of

the heating compartment at this point was about 800°C utilizing about

200 watts of input power indicating that filament temperatures in excess

of 1900°C are needed and that alumina ceramic filament supports are

not acceptable.

The not unexpected failure of the ceramic was to be corrected by

replacing with Zr02, zirconia ceramic, or MgO, magnesia, ceramic with

melting points of 2660°C and 2600°C respectively according to

manufacturer. Since the radiant energy from the filament is approxi-

mately proportional to the absolute temperature to the fourth power,

the amount of energy radiated at 1900°C was only 29% of the energy
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that would be radiated at 2700°C. Unfortunately the time, expenses and

difficulty of obtaining new ceramic filament supports considered in

conjunction with the time that had already been expended made it impos-

sible to continue development of the nozzle.

From the work done it is reasonable to conclude that with the

proper modifications to the heating element ceramics and the nozzle-tip

to sample-oven seal, the operation of the high temperature nozzle within

the intended temperature range is quite feasible. However, much greater

heating efficiency could be attained with the use of a thermal transfer

medium such as an inert gas. This would require the filament compart-

ments to be vacuum tight with gas inlets and outlets resulting in

increased design complexity. The tran;fer medium could be made to flow

through the compartments at a very slow rate and could initially be

preheated using an external heat source as is done with the intermediate

temperature nozzle or it could be sealed in the compartments at low

pressure. This arrangement allows heat transfer from the filaments

to the walls by the gas in addition to the radiative heating. The

result of this should be a smaller temperature difference between the

filaments and compartment walls probably allowing alumina ceramic to.

continue to be used.

One problem, always present with any high temperature nozzle design

relying on some form of resistive heating is that of eliminating or

shielding the magnetic field produced from the scattered or impinging

electrons. A solution to this problem is to chop the electron beam and

nozzle heating power synchronously 180 degrees out of phase. Such a



17

system requires a means of chopping the beam such as a mechanical

chopper wheel or an electrostatic deflection grid, a signal generating

device operating in conjunction with the chopper, and signal amplifier

which would be used to control the gate on either an SCR or triac

power switch depending on whether D.C. or A.C. power is used. The

chopping frequency would have to be high enough so there would be no

appreciable cooling of the nozzle between power pulses. This

arrangement would, however, cause an increase in experimental exposure

times and increase the instantaneous power demand by the heaters.

The idea, although not new, is simple and with present technology

should be relatively simple to execute. Such a system would greatly

ease the task of doing high temperature electron diffraction.

The Intermediate-Temperature Nozzle

The basic design idea for the intermediate-temperature nozzle

was an extension of the idea used by Dr. Hedberg in designing the

original nozzle used on the OSU apparatus. With this nozzle design

the nozzle-tip temperature could be regulated by flowing hot or cold

gases over the inner surfaces of the nozzle that are normally

exposed to the atmosphere. The temperature range (-50°C to 230°C

(of Dr. Hedberg's nozzle) was limited by a vacuum seal 0-ring near

the nozzle tip and by unwanted heating or cooling of the nozzle

positioning mechanisms. The intermediate temperature nozzle which

subsequently has been built is designed to utilize the advantages

of gas temperature control while eliminating vacuum and mechanical
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difficulties when used with the positioning mechanisms developed in

conjunction with Eddy's work3. The structure of the intermediate

temperature nozzle is indicated in Figures 5 and 6. (In Figure 5,

for the sake of clarity, the orientation cf the gas and water inlet

and outlet tubes has been changed.) The parts of the nozzle shown

in the cross section are very close to scale.

The majority of the intermediate temperature nozzle is constructed

from stainless steel. Those parts of the nozzle to come into contact

with the chemical sample are constructed from Inconel or Monel. The

sample tube utilizes Inconel thick wall tubing (I.D. = 1.40 mm, 0.D. =

3.18 mm) with an Inconel sleeve (0.D. = 6.35 mm) fitted at the inlet

so a Monel Swagelok ID for sample bulb connection can be attached. The

nozzle tip is also constructed of Inconel the last centimeter of which

was bored to a diameter of 0.381 mm using electron discharge machining

(E.D.M.) techniques. The exit orifice was then swaged down to a 0.254

mm diameter. All permanent assemblies of nozzle pieces such as the

joining of the nozzle-tip sample-tube sleeve and of the nozzle tip and

outer tube were accomplished by Heliarc welding.

Approximately 2.5 mm from the exit orifice of the nozzle tip a

small hole was drilled for use as a thermocouple well. A Chromel-

Alumel thermocouple (0.254 mm diameter wire) was installed to monitor

nozzle-tip temperature. The thermocouple leads are sheathed with small

alumina double bore tube and Fish Spine Beads. It was found that the

first centimeter of the thermocouple leads could not be sheathed due to
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beam alignment problems caused by the ceramic picking up charge from

stray electrons scattered off the collimating aperture and nozzle tip.

The collimating aperture used is a commercial electron microscope

aperture made of molybdenium (0.D. = 6.35 mm, I.D. = 1.27 mm, thickness

= 0.12 mm). The aperture mounting assembly slips over the outer tube

and is held in place by a clamp ring. A positioning collar which also

clamps to the outer tube is used so the correct position of the mounting

assembly can always be found.

In back of the positioning collar is the aluminum mounting block

on which a thermocouple plug and a stray-electron shield are mounted.

See Figure 7. Between the mounting block and outer tube a split cylinder

of thermal insulating ceramic is placed. The ceramic, which is the

machinable variety, is a fired natural stone aluminum silicate. Both

the mounting block and insulation are clamped to the outer tube by the

clamping action of the mounting block itself. Normally a rather small

cylindrical aluminum spacer is placed between the top of the mounting

block and the stray electron shield (I.D. = 2.50 cm by 2.54 cm high).

This spacer had to be replaced with a much more massive (400 g)

stainless steel one in order to damp out an unforeseen resonance

vibration between the main roughing vacuum pump and the nozzle. It

was also found necessary to supply the electron shield with a ground

wire due to the ceramic insulator.

At the rear of the nozzle heating gas leaks are prevented by using

Grafoil gaskets at the flange surfaces between the halves of the split

inlet flange, and around the sample inlet tube where it passes through



Figure 7. Intermediate temperature nozzle inside
diffraction chamber



Figure 8. Intermediate temperature nozzle,
flameless torch, exhaust gas heat
exchanger and positioner mounted
externally on diffraction chamber



the split inlet flange. One-half cf the split inlet flange contains

both the inlet and exhaust passages for the heating (cooling) gas.

A stainless. steel tube connected to the inlet passage conveys the

gas from the heating source, a modified GTE Sylvania Flameless Torch®,

to the thermal gas tube which in turn carries the gas down the length of

the nozzle where it exits just in back of the nozzle tip. The gas

uniformly heats the nozzle tip and then flows back up the length of the

nozzle while at the same time heating the sample tube. The gas then

exits the nozzle through the stainless steel thermal gas exhaust tube

into a water-cooled heat exchanger that reduces the temperature of the

gas to a safe level. See Figure 8. The mounting flange would also

become hot causing unwanted heating of the positioning mechanisms and

destruction of the 0-ring seal if it was not for the constant cooling of

its internal water jacket. For low temperature experiments the nozzle

works the same way with the exception of replacing the modified torch

with a cold gas source and possibly running warm water through the

flange water jacket.

Although the nozzle is now being successfully used, initially a

problem concerning the measurement of the distance between nozzle tip

and the photographic plate arose due to the expansion and concentration

characteristics of the nozzle with temperature and pressure stress on the

positioning mechanisms. Normally the distance measurement is made with

the diffraction apparatus pressurized at one atmosphere and the nozzle

at room temperature. In the case of this new nozzle, the nozzle-tip

position is different under these conditions than under experimental
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conditions. It was therefore necessary to determine by observation a

correction curve for the nozzle-tip vertical position versus temperature

and a vertical correction distance for the tip position when the appara-

tus is evacuated. A new measuring system now allows measurements to be

made under actual experimental conditions.

More detail on the modified flameless torch and a description of

the torch's power supply are given in Appendix A.
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THE EFFECT OF TEMPERATURE ON THE STRUCTURE OF GASEOUS MOLECULES.
III. MOLECULAR STRUCTURE AND BARRIER TO INTERNAL ROTATION FOR

DIBORON TETRAFLUORIDE, B2F4

Introduction

It is well known that the diboron tetrahalide molecules consist of

two BX2 groups joined by a B-B bond. Detailed structure determinations

of crystalline B2F4 and B2C14
2

and gaseous B2C114
3
have shown that the

arrangement of the four atoms comprising the BBX2 sets is a coplanar

one, and that the B-X bond lengths and the XBX bond angles differ only

slightly from those in the corresponding boron trihalides. In addition

to these structural similarities, however, there is a curious structural

difference: In crystalline B2F4 and B2C14 the BX2 groups are eclipsed

(molecular symmetry D2h) whereas in gaseous B2C14 they are staggered

(symmetry D2d).

The eclipsed conformation of crystalline B2C14 seems clearly to be

the result of packing forces on an otherwise staggered molecule with a

low barrier (1.8 kcal/mo1)3'4 to internal rotation. Since the staggered

and eclipsed conformations themselves imply rather different intra-

molecular properties, the gas-phase structure of B2F4 becomes an

important question. Spectroscopic data have been gathered for B2F4 in

both the gas
5-7 and solid

5,7 phases as well as in matrix isolation
8
, but

unfortunately the interpretations disagree in respect to the conformation

of the molecule. A similar disagreement exists in the results of

theoretical calculations
9-11
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Some years ago, two of us undertook a gaseous electron-diffraction

study of B2F1,. Although that work was never completed, most of the

structural details had become clear including the molecular conformation

(D
2h

) and the fact that the rotational barrier was much lower than

in B2C14). Recently, we decided to reanalyze our data. More powerful

procedures developed in the interim promised a more accurate estimate

of the parameter values and of the rotational barrier height. Our

results are described herein.

Experimental Section

Diffraction experiments. Samples of B2F4 were prepared and purified

by procedures described previously.
5 About thirty diffraction photographs

were made in the Oregon State apparatus with an r3-sector at three

nominally different
13

nozzle-tip temperatures using 8 x 10 in. and 5 x 7

in. Kodak projector slide (medium contrast) plates developed for ten

minutes in D-19 developer diluted 1:1. Exposures were made for 0.5 to

0.4 minutes with pressures in the apparatus from 2.1 x 10-6 to 5.0 x

10-6 torr at nozzle-to-plate distances of 74.836 to 74.880 cm (long

camera) and 30.004 to 30.020 cm (middle camera). Undiffracted beam

0

currents were 0.06 to 0.30 pa with wavelengths from 0.05689 A to 0.05768

A (as calibrated from CO2 diffraction patterns: ra(CO) = 1.1646 A,

0

r
a
(00) = 2.3244 A). In the beginning many of the developed plates were

found to have been ruined by yellow stains, a phenomenon which has occur-

red in this laboratory on only two other occasions - both, incidentally,

also involving boron compounds.
14

The problem was largely overcome by
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rinsing the plates in water just before development. Twelve plates were

selected for the structure analysis.

Reduction of data and radial distribution curves.. The procedures

for obtaining the scattered intensity distribution s4IT have been

described.
15

Those procedures were followed except for the case of

one plate, made at the intermediate distance in the 22°C experiment,

which could not be rotated .during microdensitometry because of blemishes.

For it seven diametrical scans in different directions were averaged to

provide data comparable to those from the other plates. Experimental

backgrounds were calculated
16

and subtracted to provide molecular

intensity data in the form represented by

sI
m
(s) = .

13 1 J
IV

ij ij
sin s(r K. s2).

1 ij
i0j

(1)

The range of the data was 1.00 < s < 32.5. Curves of the total scat-

tered intensities, the final backgrounds, and the molecular intensities

are shown in Figures 1-3; the data for these curves are available as

Supplementary Material.

Radial distribution curves were calculated from composite intensity

curves according to

max
2

rD(r) = F As / I'(s)exp(-Bs
2
)sin(rs)

s=o

0

with It(s) = sI
m
(s)ZB rb F

-1 and B = 0.0025 A2. The modified

(2)

scatteringamplitudesA.I.rere obtained
15

from tables.
17

For the experi-
1

mental RD-curves data for the unobserved or uncertain regions < 1.00



30

B2F4 500C

LONG
EXPERIMENTAL

CAMERA

AWI , ...
pr A v.Ao,I, . MIDDLE

IP, P/I CAMERA

r 1

A- A,
THEORETICAL

vr T V

DIFFERENCE

10 20 30 S

Figure 1. Intensity curves from experiments at -50°C. The

experimental curves are s
4
I
Total

shown superposed

on the final backgrounds. The theoretical

intensity curve is sIm for the model of Table I.

The difference curves are the experimental minus

theoretical.



31

B2F4

LONG
CAMERA

il/y
AA i -

22°C

EXPERIMENTAL

..----

,.....- ..er

o-
MIDDLE

CAMERA

THEORETICAL

All1 A..
'111/ v

Ilir

DIFFERENCE

10 20 30 S

Figure 2. Intensity curves from experiments at 22°C.



32

B2F4

LONG
CAMERA

401. 10,?I

AA 1.

15000

EXPERIMENTAL

,..."- -1"-

Al''.... MIDDLE
CAMERA

THEORETICAL
III A Ah.-.. v ler v

DIFFERENCE

-

10 20 30 S

Figure 3. Intensity curves from experiments at 150°C.
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were taken from theoretical intensity curves. The final RD-curves are

shown in Figure 4.

Structure Analysis

The equilibrium coplanar structure of gaseous B2F4 known from the

older work is clearly evident from the radial distribution curves: The

two peaks at 3.1 A and 3.8 X corresponding to the cis and trans FF

0
distances would have been a single peak at about 3.4 A in a staggered

conformation.

Refinements of the structures were carried out by least squares

based on intensity curves
18

in the form of eq. 1 adopting the harmonic

vibrationapproximationILj =exp(-12.s2/2) and K=0. A single theoret-
i

ical intensity curve was adjusted simultaneously, using a unit weight

matrix, to all individual sets of data obtained at one temperature.

The geometrical parameters were taken as the two bond distances and the

BBF bond angle. The amplitude parameters, Zii, were those associated

with the four torsion-insensitive distances and a fifth, discussed below,

of somewhat more complicated character associated with the torsion

sensitive ones.

The potential barrier was also treated as a parameter. Because it

is so obviously small, the classical approximation for the probability

distribution of rotational angle,

P(0) = exp(-V(O/RT)/Q (3)

where 2V(0 = V
o
(1 - cos 20, is appropriate. We approximated the torsion

sensitive distance distribution by calculating r23(0 and ri3(0 at
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angle increments 4 = 10° throughout the range 0° < (1) < 90°, weighting

each according to P(4)), and associating with each a "frame" vibrational

amplitude. These frame amplitudes were refined as a group, i.e., the

differences between them were kept constant. The trial values for them

were obtained by interpolation of values calculated 19 for rotamers

corresponding to CP = 0°, 45° and 90° from a valence-force field taken

from the literature.
20

Results and Discussion

The final results are given in Table I. The interatomic distances

of the same type are reasonably consistent, although those from the

room-temperature experiment appear to be slightly larger than those

from the other two experiments. We do not regard the differences as

significant. The theoretical intensity curves and radial distribution

curves for the three models defined by Table I are shown in Figure 1-4.

Table II is the correlation matrix for the room temperature results.

The other correlation matrices are similar and will appear in the

microfilm edition of the journal.

The boron-fluorine distance in B2F4 is 0.05 - 0.06 A shorter than

the sum of the covalent single bond radii corrected for electronegravity

difference,
21

and the boron-boron distance is some 0.11 A longer.

Considerable double bond character is thus implied for the B-F link

suggesting contribution from structure types I and II which, as far

as the BF2 groups are concerned, are the same as those invoked
22

to

account for the short bonds (1.3156 ± 0.0044 .)23 in BF3. These



Table I. Structural Results for B2F4a

-50° 22°C 150°C

r
a

r
a

r
a

B-F 1.314 (2)

B-B 1.719 (4)

BF 2.652 (4)

F1-.F2 2.245 (3)

F1-.13 3.817 (10)

F2F3 3.087 (10) 0.1266

0.0393 (20)

0.0569 (89)

0.0659 (36)

0.0494 (28)

0.0628

L BBF

/_FBF

V
0

Rc

121.4 (1)

117.3 (2)

0.482 (130)

0.072

b

(93)

1.317 (2) 0.0459 (23)

1.720 (4) 0.0499 (87)

2.656 (4) 0.0735 (4o)

2.247 (3) 0.0561 (31)

3.823 (10) 0.0652

3.093 (10) 0.1403

121.4 (1)

117.2 (2)

0.353 (161)

0.059

(109)

1.314 (1)

1.718 (4)

2.651 (4)

2.245 (3)

3.816 (11)

3.086 (11)

0.0425 (21)

0.0541 (76)

0.0822 (44)

0.0569 (3o)

0.0808

0.1725

121.4 (1)

117.3 (2)

0.322 (279)

0.065

b

(142)

a
Distances (r) and amplitudes (1) in angstroms, angles in degrees, V

o
in kcal/mol.

Parenthesized values are 2o.

b
Refined as a group with constant difference.

si.obsd,
ks) - sI.

calcd
(s).

Ezw.A.2/Ew.(si.obsd(s))2j1/2
where A.

1 1 1 1 1 1



Table II. Correlation matrix for final model at 22°C (x 103)a

r
B-B rB-F LFBF

/B
-B B-F 1130.-F F(1)F(2)

/
F(2)F(3) V

b
°LS 1.20 .29 69.4 3.00 .49 .93 .79 3.56 5.7o

1000 -482 500 32 -63 -79 -10 -72 -3o

1000 -562 -67 -3 47 -37 -49 -6o

1000 lo 46 -27 19 -4 0

1000 95 47 215 ho 17

1000 309 368 89 -5

1000 125 4 -35

1000 85 19

1000 682

1000

a
Distances and amplitudes in angstroms, angle in degrees, barrier in kcal/mol.

b
From least squares refinement.
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structures also account qualitatively for the long B-B bond through

the repulsions arising from the unfavorable charge distribution on the

boron atoms (surely much reduced by charge transfer to the electro-

negative fluorine atoms), and the equilibrium coplanarity of the mole-

cule arising from electron delocalization in the conjugated it- system of

bonds. We note in passing the striking similarities between the

structures of B2F4 and the isoelectronic molecule N204
24

which has

short N=0 bonds, a remarkably long N-N bond, and is coplanar.

The coplanar structure of B2F4 in the gas contrasts with the

staggered conformation of B2C14. We regard this difference as a

consequence of a delicate balancing of conjugation favoring the coplanar

form and steric effects favoring the staggered. Conjugation should

clearly be more important in B2F4 as suggested by its short B-F links

0 0

than in B2C14 where the BC1 bond at 1.750 (0.0106) A is 0.03 A longer

than the sum of the covalent single-bond radii corrected for electro-

negativity difference. On the other hand, steric repulsion between

pairs of cis fluorine atoms in B2F4 should be less than between

chlorine atoms in a coplanar form of gaseous B2Cl4 derived from the

measured staggered form by changing only the torsion angle because

these distances are respectively greater than and less than the sum of

the van der Waals radii.
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The remarkable temperature dependence of the rotation-sensitive

distances, evident in the differing shapes of the radial distribution

0

curves in the region 3.1 - 3.8 A, is compatible only with a low rota-

tional barrier. The weighted average of the three values in Table I

is 0.418 (2u = 0.156) kcal/mol, which we take as the best value. If

one assumes that the two-fold cosine form of the hindering potential

can be approximated by the quadratic form V = V002, one may estimate

the fundamental torsional frequency from the relation w = (27c)-1 X

(ypi) 1/2
where ko = 2V

o
and p1 is the reduced moment of inertia of

the BF
2

groups. The result is w = 20 cm 1 (2a = 4). From this value

and the low barrier one predicts at least seven bound states and high

excited state populations even above the barrier. It is not suprising

that there is no experimental information about the torsional mode

from spectroscopy.
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Table III. Correlation matrix for final model of 150°C (x 103)a

r
B-B /

B-B
Z
B-F F(2)F(3)rB-F LFBF B..-F F(1)F(2)

a
LS

1.33 .25 63.8 2.58 .41 1.02 .68 4.62 98.5

1000 -305 359 25 -11 -47 15 -126 -90

1000 -499 -123 1 2 -15 -35 -45

1000 36 39 -54 4 20 13

1000 47 6o 137 19 14

1000 258 421 82 14

1000 157 -53 -56

1000 54 14

1000 661

1000

aDistances and amplitudes in angstroms, angle in degrees, barrier in kcal/mol.

b
From least squares refinement.



Table IV. Correlation matrix for final model at -50°C (x 103)a

r
B-B

r
B-F LFBF B-B B-F B-F /

F(1)F(2) F(2)F(3) V
o

a
b
LS

1.16

1000

.26

-416

1000

62.6

500

-540

1000

3.04

54

-118

51

1000

.42

52

1

62

-39

.85

-32

-12

-52

36

.69

76

-21

22

102

3.00

-78

-29

1

114

45.9

-63

-38

7

3

1000 217

1000

371

103

1000

92

-6

54

1000

-27

-47

-14

692

1000

a
Distances and amplitudes in angstroms, angle in degrees, barrier in kcal/mol.

b
From least squares refinement.
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THE EFFECT OF TEMPERATURE ON THE STRUCTURE OF GASEOUS
MOLECULES. IV. MOLECULAR STRUCTURE AND BARRIER

TO INTERNAL ROTATION FOR DIBORON TETRABROMIDE, B2Br4.

Introduction

Previous gaseous electron-diffraction investigations in this

laboratory on B2F4
1

and B2Cly
2
have yielded values both for the struc-

tural parameters of the molecules and for the barriers hindering

internal rotation. BaFt was found to be a slightly hindered rotor with

a potential barrier of about 0.42 kcal/mol and to have a potential

minimum when the BX2 groups are eclipsed (symmetry D2h). B2C14,

however, was found to have a potential minimum in the staggered

conformation (symmetry D2d) and a considerably higher barrier of about

1.85 kcal/mol.

Our continuing interest in the diboron tetrahalides has led us to

a similar investigation of B2Brk. The molecule was known to be struc-

turally similar to the others, ie two BX2 groups joined by a B-B bond.

Moreover, interpretations of spectroscopic data
3

strongly suggested

the equilibrium conformation to be staggered (D2d symmetry) in all

three phases and thus to have a higher barrier to internal rotation

than either B2Cl4 (staggered in the gas2'4'5 and liquid,4-6 eclipsed

in the solid4'7) or B2F4(eclipsed in all three phasesi'8'9). Our

particular interest was in the magnitude of the barrier, which we

felt could be measured to good accuracy by electron diffraction, and

in the geometrical details of the structure for comparison with

82C14 and B2F4. The description of our results follows.
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Experimental

Samples of B2Br4 were prepared and purified for us by Dr. David

Kohler and Professor David Ritter of the University of Washington

using known procedures.
10

Decomposition of 132Br4 into BBr3 and a

blackish solid of unknown composition was observed by these investi-

gators to occur at a rate of about 28% per hour at 38°C in the gas

phase at five torr. To minimize this decomposition our samples were

stored in liquid nitrogen baths between experiments.

In some early diffraction experiments the ground glass joints

between the sample bulbs (equipped with Teflon vacuum stopcocks) and

the injection nozzle were sealed with a silicone base grease. This

proved unacceptable due to reaction at the seal producing, apparently,

SiBr
4
as a contaminant. The grease was replaced with a single wrap

of 0.08 mm thick Teflon tape and the joint externally packed with

Dux-Seal. For one set of experiments at high temperature (305°C) the

glass joint was replaced with a Monel Swagelok fitting having a Nylon

front ferrule and used in conjunction with a newly designed nozzle.
11

During all diffraction experiments the sample bulbs were maintained

at temperatures between 7.0°C and 11.5°C. A slow discoloration of the

sample suggestive of some decomposition was noted, but no evidence of

impurity was found in the diffraction data.

Diffraction photographs were made in the Oregon State apparatus

with an r3-sector at four different nozzle-tip temperatures (23, 90,

150 and 305°C) using 8 x 10 in. Kodak projector slide plates (medium

contrast) developed for ten minutes in D-19 developer diluted 1:1.
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Exposures were made for 30 -210 s with pressures in the apparatus of 1.3

x 10-6 to 1.7 x 10-6 torr at nozzle-to-plate distances of 75.017-75.161

cm (long camera) and 30.011-30.151 cm (middle camera). Undiffracted

0

beam currents were 0.31-0.44 p.a with wavelengths of 0.05658-0.05726 A

calibrated in separate experiments from diffraction patterns of CO2

0

(ra(C=0)= 1.1646 A, ra(00) = 2.3244 A). Remarkably, as in B2F4
1

and BeB2H8
12

, many of the plates were ruined by stains and streaks if

developed immediately after exposure. As before, the problem was

avoided by allowing the undeveloped plates to stand in contact with

the atmosphere for about 24 hours followed by rinsing in water imme-

diately before development. Three plates from each camera distance

at each temperature (24 in all) were used in the structure analysis.

Reduction of Data and Radial
Distribution Curves

Procedures for obtaining the scattered intensity distribution

s4I
T
have been described.

13
Backgrounds were calculated

14
and

subtracted from the data from each plate to give intensity data in

the form represented by

lAj 1 j 1j 1 j ij

0

The range of the data was 2.00 < s < 31.75 A for each temperature.

(1)

Curves of the total scattered intensities, the final backgrounds, and

the theoretical molecular intensities are shown in Figure 1 for the

23°C experiments. The corresponding figures for the other three
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temperatures and all the data for these curves are available as

supplementary material.

Radial distribution curves were calculated from composite intensity

curves according to

max
rD(r) =

2
As P(s)exp(-Bs2)sin(rs)

7
S=0

in which I'(s) = sIm(s)ZBZBrA;1A;1 and B = 0.0025 A2. The modified

scattering amplitudes A_ were obtained
13

from tables
15

. For the

experimental radial distribution curves, data for the unobserved or

0

uncertain region s < 2.00 A1 were taken from theoretical intensity

curves.

(2)

The final radial distribution curves are shown in Figure 2. The

0

presence of only a single peak at about 4.3 A corresponding to the

torsion sensitive BrBr distance reveals immediately that the

molecule has a staggered conformation: an eclipsed conformation would

0 0

be reflected in two peaks at about 3.6 A and 4.9 A arising from cis and

trans Br..Br distances.

Structure Analysis

Structure refinements were carried out by least-squares based on

intensity curves
16

in the form of eq 1 by simultaneously adjusting a

single theoretical curve to the six sets of data from each temperature.

A unit weight matrix and the harmonic-vibration approximation with

K := 0 and
i

V..
j

exp(-Z s2/2) were assumed. The geometrical parameters

were taken to be the two bond distances and the Br-B-Br bond angle.
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The vibrational amplitude parameters (Vs) were three of the four for

the torsion-insensitive distances; could not be independently

refined and was given values calculated from an approximate force field.

The potential barrier was also treated as a parameter by taking

account of its effect on the torsion-sensitive distance distribution

through the least-squares procedure. We adopted the low barrier

classical approximation for the probability distribution of rotational

angle,

P(0) = exp(-V(0)/RT)/Q, (3)

and assumed the potential function to be 2V(0) = Vo(1 - cos 20) with

= 0 in the staggered conformation. The continuous torsion-sensitive

distance distribution was approximated by calculating distances

rBrBr (0) at angle increments A0 =100 over the range 0° < 0 < 90°,

weighting each according to P(0), and assigning each an amplitude of

vibration calculated without cognizance of torsional motion ("frame"

amplitude). The number of distinct distances generated by this

scheme included the four torsional-independent ones and 19 weighted,

torsion-sensitive ones arising from the chosen angle interval. The

r
a
-values of these distances used in eq 1 were generated from the

geometrically consistent ra set according to

ra = ra + K - 12/r
a

= r - 12/r
a
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using experimental /-values in the cases of the three refinable

amplitudes and calculated values for -7113-B, for the frame lcorresponding

to the 19 torsion-sensitive distances, and for the perpendicular

amplitudes K, all obtained as described in the next section. Because

the values of K for the torsion-independent distances differed slightly

for the different fixed conformations, the values calculated for

0 = 20°, which were good approximations (to within 2%) to the weighted

averages, were adopted.

Since BzBr4 is known to decompose into BBr3 (and heavier, less

volatile products), tests for the possible presence of BBr3 in the

sample were felt to be necessary. This was done by introducing it as

a second component of known structure
17

and refining the composition of

the mixture as a parameter. The results showed no detectable BBr3

at any of the experimental temperatures
18

and accordingly contamination

of the gas samples by this material was assumed to be negligible and

ignored in the remaining work.

Normal Coordinate Calculations

The perpendicular amplitudes and the amplitudes of vibration

which could not be obtained from the diffraction experiment and which

were needed in our model of B2Br4 were calculated from an approximate

force field adjusted to fit the observed wave numbers
3

. The calculated

quantities were needed at each of the four temperatures for each of

the ten torsionally rigid, hypothetical conformers used to generate

the approximation to the torsion-sensitive distance distribution.

They were obtained by interpolation from smooth curves drawn through
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values calculated for just five rotamers (4) = 0, 20, 45, 70 and 90°).

The calculations assumed the same force field for each conformer.

Complete tabulations of the calculated frame amplitudes, perpendicular

amplitudes, symmetry coordinates and symmetrized force constants are

available as supplementary material.

Results and Discussion

Structure and Conformation

The results of the final least-squares refinements are given in

Table I and the correlation matrix for the 23°C experiment in Table II;

the other correlation matrices appear in the supplementary material.

The interatomic distances (with due regard for the listed uncertainties)

are consistent at all temperatures, but it must be admitted that the

values for the 90°C case generally tend to be slightly smaller than

those for the corresponding distances at the other temperatures. If

these differences indeed reflect an error in the size of the molecule

caused, say, by an error in wavelength or camera-length measurement,

one expects the error to have no effect on the angle and amplitude

parameters or on the value of the barrier V
o

. This is seen to be so.

We note also in passing that despite the agreement of the parameter

values at the highest temperature with those at the lower, the quality

of the fit as measured by the value of R is distinctly worse. This

quantitative evidence is qualitatively recognizable in one of the

intensity difference curves from the intermediate camera distance:



Table I. Structural Results for B2Brita.

23°C 90°C 150°C 305°C

r
a r

a
r
a

r
a

B-B 1.689(16) .05521D 1.665(16) .0558b 1.688(20) .0566b 1.702(33) .05950

B-Br 1.902(4) .0526(61) 1.899(3) .0589(58) 1.900(3) .0616(56) 1.902(5) .0676(75)

BBr 3.098(12) 0.948(110) 3.072(14) .1123(110) 3.090(18) .1369(144) 3.098(29) .1h69(259)

Br-Br 3.293(4) 0.744(36) 3.284(4) .0828(39) 3.282(4) .0979(41) 3.279(6) .1024(57)

Br...-Br4=0) 4.247(22) .1563c 4.217(22) .1730c 4.235(25) .1866c 4.236(14) .2178c

LBrBBr
d

120.7(3) 120.7(3) 120.6(3) 120.8(5)

V 3.30(85) 2.98(63) 2.97(54) 3.18(73)

R
e

0.153 0.146 0.139 0.209

a
Distances and amplitudes in angstroms, angles in degrees, and barriers in kcal/mol. b

Calculated amplitude.

c
Calculated frame amplitude.

d
Angles are a-space angles.

obsd(s) CalCd(s).

eR = (rEw.e.YEw sI?bsd(s))2'1/2 where
L 1 11 i 1



Table II. Coirelation Matrix for Final Model at 23°C .(x102)a

r
B-B

r
B- r LBrBBr /

B-Br BBr BrBr V

La

b
S

0.55 0.1]. 12.2 0.20 0.37 0.07 14.5

100 -41 53 -42 -11 -37 22

100 -9h h I+ 5
i

100 -8 -12 -10 1

100 3 li 5 25

100 311 -2

100 -28

100

a
Distances and amplitudes in angstroms, angle in degrees, and barrier in kcal/mole,

b
From least squares refinement.
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this curve is rather more noisy than any other irrespective of tem-

perature or camera distance.

The values for the B-Br bond length and terminal BrBr distance in

B2Br4 are little different from the corresponding ones in BBr3 (ra(B-Br)

0 0

= 1.892 ± 0.005 A, ra(BrBr) = 3.281 ± 0.005 A, as calculated from

eq 4 from the published rg values
18

). A similar situation is found for

B2C14 and BC13, and for B2F4 and BF3, and suggests the bonding at the

boron atom is nearly identical in the tri- and tetrahalides.

Table III summarizes structural details of the molecules B2F4,

B2C14, and B2Br4. We have discussed
1

'

2
structures of the tetrafluoride

and tetrachloride in terms of effects implied by structures such as

F F
+

F
+

F
+

B_ BB B

\F //

I II

competing with steric repulsions arising between vicinally situated

bonds or halogen atoms. Those arguments may be extended to include

B2Br4. They are, essentially, that the conjugation implied by the

above diagrams favors molecular planarity whereas the steric effects

favor a staggered conformation. Specifically, familiar arguments

predict I and II to be most important for the fluoride and least so

for the bromide. On the other hand, repulsive forces in planar forms

of the molecules are estimated to be least for the fluoride and
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Table III. Structural Parameter Values for B2P4, B2C14, and B2Br4.

B2 F4 B2 Cl 4
B2 Br 4

Expt'l temp., °C +22 -22 +23

Molecular symmetry D2h D2d D2d.

Distances, ra,
0
A

B-X 1.317(2)

B-B 1.720(4)

BX 2.656(4)

XX 2.247(3)

,
3.093(10)

X.X
13.823(10)

Angles, degrees

XBX 117.2(2)

XBB 121.4(1)

Rotational barrier, kcal/mol 0.42(16)

Reference 1

1.750(11) 1.902(4)

1.702(69) 1.689(16)

3.000(49) 3.098(12)

3.011(8) 3.293(4)

4.087(40) 4.247(22)

118.7(7) 120.7(3)

120.6(4) 119.7(2)

1.85(7) 3.07(33)

2 This work
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greatest for the bromide based on the differences between hypothetical

or actual cis XX distances and the sum of the van der Waals radii:

0 0

cis minus vdW equals +0.39 A for B2F4, -0.11 A for B2C14, and -0.33 A

for B2Brk. In a qualitative sense one may view the result of the two

effects as a near-balancing in the case of planar B2F4 where the barrier

to rotation is relatively small, a significant domination of repulsion

in staggered B2C14 with its greater barrier, and a very pronounced

domination of repulsion in staggered B2Br4 with its still greater

barrier.

The above considerations may also be invoked to account for the

B-X and B-B bond lengths. The B-X distances are observed to be

0

substantially less (0.05-0.06 A) in B2F4 and slightly greater (0.01-

0

0.03 A) in B2C14 and B2Br4 than the covalent radius sum corrected for

electronegativity difference
19

; these differences agree qualitatively

with the greater importance of structures I and II in the case of the

fluoride. The B-B distances (Table III) are interesting because they

differ in a way contrary to expectation based on conjugation effects

which, other things being equal, should shorten this distance in the

fluoride relative to those in the other molecules. Assuming the

observed trend B-B
F

> B-B
Cl

> B-B
Br

is indeed real (the large uncer-

tainties engender some skepticism), the trend may be attributed to an

effect which overwhelms the effect of conjugation, namely coulomb

repulsions between the boron atoms which bear residual charges arising

from the ionic character of the B-X bonds. We note first that

conjugation shortening of the B-B bonds cannot be expected to exceed a
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few thousandths of an angstrom even in E2F4. The reason is that in

reasonable model compounds such as oxalyl chloride and glyoxal,
21

with essentially pure carbonyl double bonds in contrast to the 18-21

percent partial double bond character estimated
22a

for the B-F links

in B2FL,, the conjugation shortening of the central bonds is only

0

about 0.015 A. On the other hand, the ionic character of the B-F,

B-C1, and B-Br bonds is estimated
22b

to be 63, 22, and 15 percent,

respectively, and although some back transfer of the charges implied

by these numbers through double bond formation is likely, the remaining

charges would seem to be more than sufficient to counteract the weak

effects of conjugation. All in all the observed variations in the

B-B bond lengths among the three tetrahalides cannot be regarded as

unusual.

Vibrational Amplitudes, Shrinkages,
and Force Field

The observed and calculated amplitudes (Table I and IV) for
1B-Br

and
-Br..Br

are generally in very good agreement at all temperatures,

but the observed value for 133Br appears to be uniformly larger than

the calculated one by almost exactly the uncertainties in the

measurements. This systematic effect is puzzling but hardly worrisome,

and in any event can have no effect on the molecular properties of

most interest. The shrinkages (TableIV) have appreciable magnitudes,

and because they involve distances of high weight, play an important

role in the quality of fit to the data. The agreement between

calculated and observed intensities was found to be much worse when

the shrinkages were ignored.



Table IV. B2Br4. Calculated Amplitudes and r
a-shrinkages

a,b

23°C 90°C 150°C 305°C

Shkgc Z K Shkgc 1 K Shkgc Z K Shkgc

B-B 0.0551 0.0055 --- 0.0558 0.0063 --- 0.0566 0.0070 --- 0.0595 0.0090

B-Br 0.0527 0.0111 --- 0.0546 0.0134 --- 0.0565 0.0154 --- 0.0618 0.0021 ---

BBr 0.0848 0.0057 0.008 0.0915 0.0069 0.009 0.0972 0.0080 0.014 0.1111 0.0107 0.018

Br- Br 0.0739 0.0044 0.013 0.0812 0.0054 0.017 0.0871 0.0063 0.019 0.1011 0.0087 0.029

Br-Brd 0.1563 0.0014 0.021 0.1730 0.0017 0.026 0.1866 0.0020 0.031 0.2178 0.0027 0.041

a
Values in angstroms.

b
Amplitudes (Z) and perpendicular amplitudes (K) from force field. See supplementary material.

c
The difference between distances calculated from the r

a bond lengths and bond angles of Table I and themeasured values.

dFrame amplitudes for rotamer with LBr2B,BBr2 equal to 90°.
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The non-unique quadratic force field from which our calculated

and K's were derived has no special virtue, but it appears to be

as reasonable as any other giving a fit to the fundamental vibrational

wave numbers. It was obtained by the symmetrization of a set of

bond-stretching, angle-bending, and out-of-plane-bending constants

taken from similar molecules and adjusting the symmetrized set to

minimize,as much as possible, the values of certain off-diagonal

constants. The values used are not much different from the original

set and thus may be assumed to be consistent with stretching and

bending constants for similar bonds and bond angles. A matter for

concern is the possible sensitivity of the calculated and K's to

the force field. The conventionalviewis that they are not very

sensitive, a view we have verified in tests of several cases including

B2Br4. We conclude that the experimental results we are reporting

would not be changed significantly with any plausible change in the

force field.

Rotational Barrier, Torsional
Amplitude and Torsional Frequency

Our method for determining Vo as a part of our least-squares

procedure is based upon a separation of internal rotation from other

vibrational modes and requires that one estimate the effect of these

other modes on the torsion-sensitive distances. This was done by

calculation of the frame amplitudes of vibration as described in an

earlier section, and raises the question of the effect of error in

these frame amplitudes on the value deduced for the barrier. We

tested the matter by carrying out refinements of Vo with the frame
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amplitudes for the torsion-sensitive distances arbitrarily increased

and decreased by ten percent from the calculated values; these changes

represent a reasonable guess of possible error based on experience.

The values of V
o

are given in Table V with uncertainties that include

the uncertainty in fit (OF) and the uncertainty in the frame amplitudes

(61) calculated according to 2a = 2(42 + 6Z)2. The individual values

are pleasingly consistent and correspond to an average (weighted

inversely as the square of the uncertainties) of 3.07 (20 = 0.33) kcal

mo11. The barrier is thus considerably larger than in B2C14 (1.85 ±

0.07 kcal mo11) and in B2F4(0.42 ± 0.16 kcal mo11).

The radial distribution curves offer striking evidence for the

0

effect of temperature on the torsional amplitude: the peak at 4.2 A

arising from the torsion-sensitive BrBr distance has, at the lowest

temperature, distinctly gaussian character which changes to a much

broader, rounded form at the highest. This change is completely

consistent with our assumed form for the rotational potential,

2V = V
o
(1 - cosap). With a high barrier as in B2Br4 the torsional

amplitude is relatively small at low temperatures and the potential is

approximately described by only the quadratic term Voe in the series

expansion; eq 3 then predicts an essentially gaussian distribution of

torsional angle and torsion-sensitive distances. At high temperatures

other terms in the expanded form of the potential play an important

role. The rms torsional amplitude calculated from eq 3 using the Vo's

of Table I have values 19.9, 24.5, 27.1, and 31.2°; the value

at the lowest temperature using the harmonic approximation is 17.8.



Table V. Uncertainties in V
o
Estimated from Least-Squares Fit and Dependence of V

o
on 1BrBr.

0100 90°C 150 °C 3o5 °C

V o V
0

G
F V

o
ob V

o F

0.1263 2.806 0.142 0.1430 2.650 0.137 0.1566 2.722 0.142 0.1878 3.036 0.262

0.1563c 3.302 0.206 0.1730c 2.98h 0.1811 0.1866° 2.970 0.185 0.2178c 3.185 0.333

0.1863 h.243 0.358 0.2030 3.527 0.275 0.2166 3.358 0.258 0.2478 3.436 0.432

ad 0.A711 0.253 0.198 0.1h5

e
20 0.85 0.63 0.54 0.73

eZ in angstroms.
'

V
o

, a, and d in kilocalories per mole.

b
Uncertainty in V

o
from least-squares refinements.

e
Frame values calculated from force field.

d
Average value of the change in V

o
for 10% change in /

Br. ..Br'

"Estimated uncertainty in V
0 calculated according to 2o

V

2(u 2 4. 612 y2
'
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An estimate of the torsional wave number may be made from the

formula w = (27c)1(k
()
/p

I
)1/2 where k = 2V

o
and n

I
is the reduced

moment of inertia of the BBr2 groups around the B-B bond. The result

is 18 cm 1 (2c7 = 4 am-1), too low to have been seen in measurements of

the Raman spectra3 down to 30 cm 1.

Predictions about B2I4

A possible preparation of B
2
I
4
has recently been reported

23
. The

structural work on the three lower diboron tetrahalides provides a

clear picture of trends in the bond distances and bond angles and

allows one to predict the properties of the very unstable iodine

compound with considerable confidence. Thus, the molecular symmetry

is expected to be D2d as in the chloride and bromide, and the barrier

to internal rotation about 4.4 kcal mol1. The B-B bond length should

0 0

be about 1.69 A and the B-I about 2.10 A. We believe the I-B-I bond

angle will be slightly larger than in the chloride and bromide: at

123° this angle together with the predicted B-I bond length corresponds

to geminal II distance which is less than the sum of the van der

Walls radii by the same amount as is found for the chloride and

bromide.
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Supplementary material available. Tables of total intensities

and final backgrounds at all temperatures; of correlation matrices at

90, 150, and 305°C; and of frame amplitudes, perpendicular amplitudes,

summetry coordinates, and symmetrized force constants. Curves of

intensity data at 90, 150, and 305°C. Diagram of molecule and internal

coordinates.
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Figure 3. Intensity data at 90°C.
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Table VI. Correlation Matrices (x102) for 90, 150, and 305°C Models.

r
B-B

r
B-Br

LBrBBr
B-Br BBr Br"Br v

o

aLS
b

0.59 0.10 11.2 0.19 0.35 0.08 13.0
100 -20 37 -53 -6 -42 17

100 -92 -3 3 -2 1

100 -3 -13 -6 -1

100 3 52 -24

90 °C 100 30 0

100 -24
100

b
a
LS 0.72

100
0.10 11.1 0.18 0.47 0.08 13.1

1 12 -57 -16 -43 18

100 -90 -12 -3 -7 4

100 8 -23 -4 -4

100 7 53 -22
150°C 100 38 -2

100 -21
100

b
aLS

1.1 0.15 17.9 0.25 0.89 0.14 23.6

100 14 4 -56 -25 -34 18

100 -81 -18 -8 -6 8

100 8 39 -16 -7
100 20 52 -20

305°C 100 54 -2

100 -13
100

aDistances and amplitudes to angstroms, angle in degrees, and barrier
in kilocalories per mole.

b
From least - squares refinement.
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Table VII. B2Br4. Calculated Frame Amplitudes, 1a

Temp. c!)b B-B B-Br BBr BrBr BrBr
syn

BrBr
anti

0 .0551 .0527 .0848 .0739 .1563 .1563

20 .0551 .0527 .0847 .0739 .1691 .1384
23°C

45 .0551 .0527 .0846 .0739 .1767 .1120

70 .0551 .0526 .0845 .0739 .1777 .0891

90 .0551 .0526 .0845 .0739 .1773 .0819

0 .0558 .0546 .0915 .0812 .1730 .1730

20 .0558 .0546 .0915 .0812 .1872 .1531

11523

90°C
45 .0558 .0546 .0914 .0812 .1957 .1237

70 .0558 .0545 .0913 .0812 .1968 .0981

90 .0558 .0545 .0913 .0812 .1964 .0901

0 .0566 .0565 .0972 .0871 .1866 .1866

20 .0566 .0565 .9072 .0871 .2019 .1650

150°C
45 .0566 .0565 .0972 .0871 .2110 .1332

70 .0566 .0565 .0971 .0871 .2122 .1056

90 .0566 .0565 .0971 .0871 .2118 .0968

0 .0595 .0618 .1111 .1011 .2178 .2178

20 .0595 .0618 .1111 .1011 .2357 .1925

305°C
45 .0595 .0618 .1111 .1011 .2464 .1553

70 .0505 .0618 .1111 .1011 .2477 .1228

90 .0595 .0618 .1111 .1011 .2472 .1125

a
Values in angstroms.

b
Torsion angle 4= 0 is staggered)
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Table VIII. B2Bry. Calculated Perpendicular Amplitudes, Ka

Temp. B-B B-Br BBr Br"Br BrBr
syn

BrBr
anti

0 .00552 .01106 .00573 .00444 .00141 .00141

20 00569 .01096 .00573 .00443 .00131 .00134
23°C

45 00628 .01063 .00571 .00433 .00104 .00105

70 00695 .01026 .00572 .00416 .00073 .00080

90 00717 .02013 .00572 .00409 .00063 .00073

0 .00629 .01335 .00691 .00545 .00173 .00173

20 00650 .01324 .00690 .00543 .00164 .00160
90°C

45 .00723 .01283 .00688 .00532 .00128 .00127

70 .00804 .01236 .00689 .00510 .00089 .00097

90 .00831 .01096 .00689 .00501 .00076 .00089

0 .00701 .01540 .00796 .00634 .00200 .00200

20 .00725 .01526 .00795 .00632 .00190 .00186
150°C

45 .00810 .01479 .00793 .00619 .00149 .00147

70 .00903 .01424 .00793 .00593 .00103 .00113

90 .00937 .01496 .00794 .00583 .00088 .00104

0 .00898 .02075 .01071 .00865 .00273 .00273

20 .00932 .02057 .01070 .00862 .00259 .00253

305 °C

45 .01048 .01991 .01066 .00844 .00202 .00200

70 .01178 .01917 .01066 .00809 .00139 .00154

90 .01221 .01892 .01068 .00795 .00118 .00141

8Values in angstoms.

b
Torsion angle (4)=0) is staggered).



Figure 6. Diagram showing internal coordinates. T
1
and T

2
are

respectively the torsion angles defined by the chains
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Table IX. B2Bry. Symmetry Coordinates and Observed Wave Numbers

Symmetry Coordinates Symmetry Species Observed Wave Numbers
a
/cm

-1

S = 1/2(Ari + Ar2 + Ar3 + Art.) A v = 1076
1 1 1

S = AR A v = 245
2

1 2

S3 = --1(26u, + 24a2 A01 - A03 - A03 A84) A v = 106
213 1 3

Sy = YATI + AT2) B v = (15 - 20)b
1 LI

S5 = 1/2(Ar1 + Ar2 - Ar3 - Ary) B v = 593
2 5

1
Afi2 + AO3 + A04)S6 = (2AU, - 24Ct1 -A131 - B v = 175

2/3 2 6

Spa = 1/2(Ar1 - Ar2 + Ar3 - Ar4)

E v = 792
S = 1/2(Ari - Ar2 Ar3 + Ark) 7

7b

S = 1(Ay + Ay2)
ea /72-

E V = 289

S3
b

1
= + Ay2)

S 9a = YA131 - A02 + A03 - Afi4)

E

Ssb = 1/2("1 A32 "3 4- "4)

V = 65
9

a
Reference 3. Values calculated from the force field (Table X) differ from the observed by less than
one wave number.

b
Estimated.
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Table X. Symmetry Force Constants for B2Br4a

A
1

B
1

B2

E

F = F
11 r

F = F,
22 n

F = F
33 03

F = F
44 T

F
ss

= F
r

F = F
66

a-13

F = F
77 r

F = F
b

88 y

F = F
99 6

3.159

0.0)43

2.507

2.1714

0.500

3.089

0.100

0.729

-0.020

0.128

0

-0.100

0.700

0.100

-0.025

0.487

0_a
Stretches in aJA bends in aJ-rad2, stretch -bends in aJA Irad-1.

b
The out-of-plane bend constant refects an internal coordinate
displacement Ay defined in terms of the commonly used one (See E. B.
Wilson, J. C. Decius, and P. C. Cross, Molecular Vibrations, McGraw
Hill Book Co., New York, N. Y., 1955, Ch. 4), say 4, according to
Ay = AOsinLBrBBr.
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AN ELECTRON-DIFFRACTION INVESTIGATION OF THE MOLECULAR
STRUCTURE OF GASEOUS 2,3-BUTANEDIONE

(BIACETYL) AT 228°C AND 525°C.

Introduction

An early electron-diffraction investigation' of gaseous 2,3-

butanedione (biacetyl) at room temperature as well as spectroscopic

studies
2-5

of the gaseous, liquid, and solid material gave evidence of

the presence of only one conformer, the trans form of molecular symme-

try C25a shown in Figure 1. This result is surprising in as much as

oxalyl chloride
6a

and bromide
6b

with the same type of conjugated chain

have substantial amounts of a gauche form of symmetry C2 as well as

the lower energy trans conformer. A recent electron diffraction

study7 was carried out at 228°C with the hope that the elevated

temperature would generate enough of a second form for detection, but

again only the trans form was found.

We have recently designed a nozzle for diffraction experiments

which permits heating sample gases to very high temperatures, and we

decided to look again for evidence of internal rotation in biacetyl.

We report here the results of a study at a nozzle-tip temperature of

525°C. Because the model for this study is somewhat more elaborate

than that used before, we have also reanalyzed the earlier data for

comparison. In neither case have we found any evidence for the

presence of a second form.



H5,1-16

H4 C3

Figure 1. Diagram of the molecule.

H,0
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Experimental Section

Diffraction Experiments. The 2,3-butanedione sample (99.5 wt. %

pure) was obtained from the Aldrich Chemical Company. A glass sample

bulb was attached to the nozzle via a Monel Swagelok fitting having a

Nylon front ferrule, and the bulb temperature was maintained at

temperatures between 0°C and 9°C during the diffraction experiments.

Diffraction photographs were made in the Oregon State apparatus

with an r3-sector at a temperature of 525°C using 8 x 10 inch Kodak

projector slide plates (medium contrast) developed for ten minutes in

D-19 developer diluted 1:1. Exposures were made for 35-210 seconds

with pressures in the apparatus of 5.0 x 106 to 1.2 x 105 torr at

nozzle -to -plate distances of 75.146 cm '(long camera) and 30.115 cm

(middle camera). Undiffracted beam currents were 0.40-0.43 ua with

0

wavelengths from 0.05667 - 0.05678 A calibrated in separate experiments

0

from CO2 diffraction patterns (ra(CO) = 1.1646 A, ra(00) = 2.3244 A).

Six plates were selected for structure analysis.

The conditions for the 228°C experiments have been reported7.

In our reanalysis, only long camera and middle camera data were used

for more direct comparison with the higher temperature results.

Experimental Intensity Curves. The scattered intensity

distributions s4I
T
were obtained by procedures previously described.

8

Experimental backgrounds were calculated
9 and subtracted yielding

molecular intensity data in the form given by

sI = k A.A.r-1 cos In. - nji Vij sin s(r. - K..s2). (1)
j ij ij



0_
The data range was from 2.5 < s < 31.25 A I. Curves of the total

scattered intensity, the final backgrounds, and the molecular inten-

sities for the 525°C data are shown in Figure 2. The same curves for

the 228°C data are shown in Figure 4 in the supplementary material

(see the last paragraph of the text regarding acquisition of supple-

mentary material).

Structure Analysis

Radial Distribution Curves. Radial distribution curves were

calculated from composite intensity curves made as described
8
using

the relation
max

rD(r) =
2

As ' I'(s) exp (-Bs2) sin (rs)
7

S=0

82

(2)

0

with I'(s) = sIm(s)ZcZ0Ac1A 01 , B = 0.0025 A , and Ai = s2Ifil. The

If.I used in the radial distribution and later in the intensity

calculations, as well as the Ili for the intensity calculations, were

obtained
8

from tables.
10

Experimental intensity data in the unobserved

0_
region (s < 2.5 A 1) were obtained from theoretical curves.

The final experimental radial distribution curves for biacetyl at

the two temperatures are shown in Figure 3. Their differences, though

evident on close inspection, are not great and are clearly due for the

most part to the different effects of thermal vibration. Thus, the

torsion-sensitive distance C9.02, 0208, and C3C9 give rise to
0

peaks at about 2.8, 3.4, and 4.0 A, respectively, which are broader at

525°C than at 228°C, but not obviously different in area. One may



83

I'11°

4),,,,,,,

4A If'

(COCH3)2

LONG

CAMERA

MIDDLE

525° C

EXPERIMENTAL

CAMERA

THEORETICAL

Alk AML

I v 74,

Mr mummy

DIFFERENCE.
...._

10 20 30 S

Figure 2. Intensity curves from experiments at 525°C. The

experimental curves are s
4
IT shown superposed on the

final backgrounds. The theoretical intensity curve is

sI
m
for the model in Table I. The difference curves

are experimental minus theoretical sIm.
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Figure 3. Radial distribution curves. The experimental curves

are calculated from composites of the molecular intensities.

The theoretical curves correspond to the models of Table I.

The difference curves are experimental minus theoretical.
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conclude that there is no obvious difference in composition and hence,

in view of the old results, no clear evidence for a second conformer.

Models and Refinement Results. A convenient set of parameters

defining the size and shape of a biacetyl molecule assumed to have

C
2h

symmetry is listed as the first seven items in Table 1. A suitable

model for the biacetyl system assumed to comprise molecules of this

trans form and others of C2 symmetry differing from it only by

rotation about the conjugated single bond may be constructed by

expanding the list of seven trans parameters to include a composition

variable and a gauche angle parameter. As it turned out, none of our

tests for the presence of a rotational conformer different from the

trans were successful in showing more than insignificant amounts.

Accordingly, we discuss the remaining features of our model only as

they apply to the trans form.

If one excludes all HH interactions except those within the

methyl group, the trans form of biacetyl has 18 different internuclear

distances (listed in the lower section of Table I) which generate

this number of vibrational amplitude parameters. Independent

refinement of all these amplitudes is, of course, impossible and the

less important ones were given assumed values or lumped together for

refinement as a group. In each case, the assumed values were assigned

after consideration of calculations (described in a later section)

based on a harmonic force field giving a good fit to the vibrational

frequencies. These assigned values were equal to or, when better

fits were found to result, greater by 5-20 percent than the calculated

ones. The eight amplitude parameters refined are evident from Table I.



Table I. Structure Results for 2,3-Butanedionea

Parameter 228 °C (this work) 525 °C (this work) 228°C (Ref. 7)

r
a

ra L Z r L

C=0 1.215 1.210(2) 0.0388(26) 1.216 1.209(2) 0.0471(28) 1.214(2) 0.0387(20)

<c-C> 1.524 1.520(2) 1.522 1.519(2) 1.520(3)

A(C-C)41 -0.014 -0.015(21) -0.028 -0.031(26) 0.020(15)

C-41 1.108 1.057(4) 0.0751(64) 1.101 1.022(4) 0.0719(62) 1.114(7) (0.0770)

LCCO 119.5(6) 118.7(8) 120.3(7)

LCCC 116.6(2) 117.1(4) 116.3(5)

LOCH 109.6(12) 110.4(13) .108.1(16)

de 24.1(30 30.5(69) 24.0(56)

LCCCIl [180.0) [180.01 1180.01

Dependent Distances

C1-C7 1.531 1.530(14) 0.0596\(28) 1.540 1.540(18) 0.07221(371 1.507(10) [0.0563]

C, -C3 1.517 1.515(7) 0.0571Y 1.512 1.509(8) 0.06871 1.527(6) (0.0563]

C1.00
03.02

2.373
2.411

2.373(7)
2.410(5)

0.0674
0.0634) (17)

2.372
2.407

2.370(15)
2.40602)

0.0847N(50
0.0808/

2.365(7)
2.418(7)

0.06001(h7)
0.0600

c0. 2.591 2.591(8) 0.0797(53) 2.601 2.601(12) 0.1048(85) 2.577(8) 0.0805(78)

C., 11 2.144 2.118(13) 0.1128(107) 2.138 2.096(13) 0.1094(99) 2.152(21) 0.1041(156)

14,115 1.806 1.724(15) [0.1295) 1.790 1.661(16) [0.1350] 1.835(20) [0.1000]

0284 2.560 2.545(23) 0.18001 2.571 2.543(26) [0.2000] 2.541(35) [0.1500]

02-Hs 3.066 3.078(14) [0.]800) 3.072 3.057(15) [0.2000) 3.111(22) [0.1500

C7-11,
c785

3.501
2.836

3.480(17)
2.831(22)

[0.1300)
10.2100]

3.419

2.847

3.465(22)
2.840(26)

[0.1400]
[0.2500)

3.502(19)
2.823(26)

[0.1500)
[0.1500)

c,...c9r 3.958 3.960(6) 0.0894(164) 3.962 3.964(8) 0.1201(284) 3.917(20) 0.0872(280)

01 - 08 f 3.443 3.442(6) 0.0786(72) 3.432 3.432(16) 0.1)00(147) 3.421(15) 0.0783(114)

02 c, r 2.816 2.821(8) 0.1256(108) 2.807 2.822(21) 0.2162(327) 2.851(24) 0.1374(192)

0014, 3.867 3.857(9) 0.1550) 3.843 3.827(22) 10.1800] 3.926(19) [0.1500)

0.H, 2.765 2.791(16) [0.33001 2.758 2.797(29) [0.4100] 2.825(36) [0.1500)

C.-(1,, 4.715 4.706(17) 0.148\03) [1.790 4.694(19) 0.144\0) 4.702(28) [0.1500)

C.v.- H5

g
R

4.253 4.250(20)

0.067

0.197J 4.26i 4.253(23)

0.066

0.2081 4.203(42)

0.088

(0.15001

aDistances and amplitudes in angstroms, angles in degrees. Quantities in parenthese are 2o, those in square brackets were assumed or are

close to those calculated from harmonic force field, and those in curly brackets were refined as a group.

bUncertainties on ra-values are the same as for the ra.

c<s...c> 12r(CI-C3) r(Ci-C7)1/3.

d
A(C-C) = r(CI-C3) r(CI-C7).

erns amplitude of torsional vibration.

(Frame amplitude.

gR (Ew.A.2/1.9.(sCbsd(s))2C5 Ai = ,Ti"h'd(s) Sri lc).



Table II. Correlation Matrices (x100) for Final Models

Distances, Angles Amplitudes

C=0 <CC> A(CC) CH LCCO LCCC LCCH C1 C7 C=0 C108 CRCs C3 C9 02 OR 02 C9

a
0
LS

0.034 0.035 0.73 0.13 21.0 7.9 43.0 117.0 0.20 0.052 0.073 0.094 0.15 0.57 0.23 0.34
100 8 32 17 14 11 -10 7 -72 21 -49 -38 -7 0 -3 4

100 20 8 12 10 -14 h -20 -10 -32 -18 -5 -5 -6 -9
100 15 88 -54 -63 -44 -47 37 -56 -76 31 6 18 49

100 14 -13 -5 -8 20 25 19 25 1 -2 -6 6
100 -58 -54 -44 -35 27 -47 -50 32 4 15 48

100 8 33 12 -8 27 54 -2 -4 -10 -23
100 15 17 -37 19 32 -39 -3 -14 -32

100 13 -17 19 34 -16 -18 -39 -61
100 5 83 55 -1 4 6 -11

100 20 -12 13 10 20 24

228°C 100 64 -5 6 7 -16
loo -2 -3 -9 -30

100 4 8 48

100 3 11

100 17
100

a Las
0.040 0.046 0.93 0.12 30.0 13.0 48.o 244.0 0.19 0.083 0.071 0.14 0.26 0.99 0.50 1.1

.

100 -11 23 12 1 6 -5 -8 -72 23 -54 -23 -5 0 6 0

100 -19 8 5 34 5 15 14 -21 10 23 4 4 -4 12

100 7 39 -61 -70 -38 -41 8o -52 -66 -3 10 33 -7
100 1 -7 0 -9 -9 -16 -6 -16 -1 2 2 7

100 -21 32 11 15 30 -21 26 -6 -12 -13 5

100 16 4 15 -46 26 56 20 0 -7 47

100 31 16 -62 22 28 -24 -13 -29 -20

100 20 -26 25 36 -29 -10 -71 -56
100 -26 86 38 1 0 -11 -8

100 -79 -47 -6 11 27 -14

100 46 -1 -1 -15 -12
525°C 100 25 -13 31 23

100 7 22 55
100 -4 4

100 34

100

a Standard deviations from least squares. Distances and amplitudes in angstroms, angles in degrees.
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To these was added a ninth: 8, the rms amplitude of the torsional

motion. It was handled by dividing each torsion-sensitive distance

into nine components determined by torsion angle values of 0, ±1/26, ±6,

. . ±28 degrees, assigning each a "frame" amplitude (calculated from

the force field as described in the next section), and weighting each

according to P((p) = QI exp (-e/282). In principle, the methyl group

torsions could be handled in similar fashion; however, it seemed

unlikely that useful information could be gotten under the high-

temperature conditions of our experiments. Our model projects the

effect of methyl-group torsion into the torsion-sensitive HX

amplitudes.

In our earlier study of biacetyl, we took no account of "shrinkage,"

the difference between a distance calculated from bond lengths and bond

angles, and that value decreased (usually) by the effects of molecular

vibration. Shrinkage is greater at higher temperatures and we decided

to take account of it here. The connection between the geometrically

consistent r
a

set and the r
a
set appropriate to eq 1 is given by

11

ra = ra + K - Z2/r
a

. (3)

We used values for the perpendicular amplitudes (K) calculated from

the force field and amplitudes (Z) either from our experiments or when

such were not available, as calculated. Because some of the values of

K and Z are sensitive to torsion angle, they were calculated at the in-

tervals ±1/26. Our method of handling the torsion-sensitive distances led

to each being represented by five terms (the distances generated by
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negative and positive values of 6 are identical). The values of Z were

used as calculated, but a weighted average value of the K's was used

for each pseudaconformer.
12

The refinements were carried out by least-squares based on

intensity curves
13

adjusting a single theoretical intensity curve to

the seven sets of 228°C data or the six sets of 525°C data simulta-

neously using a unit weight matrix. The harmonic vibration abproxi-

mationVij =exp(-Z2.s2/2) and K
ij

= 0 was made. Although pyrolysis

experiments
14,15 on biacetyl suggest the material to be stable at the

temperatures of our experiments, it seemed important to verify the matter.

Accordingly, we carried out tests in which likely possible thermal

decomposition products such as carbon monoxide and acetone were

introduced as a part of the model. The refinements gave no evidence of

the presence of decomposition products; the fit between model and

experiment was always improved as the mole fraction of biacetyl tended

toward unity. The final refinements were done assuming no decomposi-

tion. They are summarized in Table I. The correlation matrices are

given as Table II.

Normal Coordinate Calculations. The amplitudes and perpendicular

amplitudes used in the formulation of our model as described above were

calculated
16

using an approximate symmetrized C 2h
harmonic force field

adjusted to reproduce the observed
2
wave numbers of the normal species

with good accuracy. Values of K and Z for each pseudoconformer used

to represent the distribution of torsion angle (interval 1/26) were based

on the same force field and were calculated excluding the heavy-atom

torsional mode to give the desired "frame" quantities.
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The agreement between the observed wave numbers and those calcu-

lated from our simple force field is, in the worst case, within a few

wave numbers. The force field itself seems reasonable in that the

symmetry constants correspond quite closely in value to those initially

obtained from plausible values of the bond-stretching, angle-bending,

out-of-plane bending, and torsional internal constants; it has no other

special virtue. Tables in the supplementary material define the symmetry

coordinates, list the force constants, and demonstrate the agreement

between observed and calculated wave numbers. Other tables give the

calculated K and Z values.

Discussion

The structures of biacetyl at the two temperatures are in good

agreement and the comparison needs no general discussion. The experi-

mental vibrational amplitudes at each temperature also agree well (to

within ten percent) with the values calculated from the force field,

except for the frame amplitude Z(02" C9) which is larger by about 25

percent. The comparison of our 228°C structure results with those

obtained earlier from the same data is less pleasing, however, and is

a dramatic illustration of the dependence of parameter values on the

sets of assumptions which form the backbones of the models. In this

case, the earlier and present models differ in absence and presence of

shrinkage corrections and in the values assumed for certain unrefinable

amplitudes of vibration. We believe our model to be better than the

earlier one, but it must be admitted that the earlier result for the
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relative lengths of the carbon-methyl bond and the conjugated single

bond (C1-C3 > C1 -C7) is at first sight in accord with one's intuition.

Accordingly, we have studied the behavior of the parameter L(C-C) =

r13 - r17 carefully, particularly with respect to the difference

between the values of the associated vibrational amplitudes 113 and 117

to which experience indicates it could be quite sensitive. Inter-

estingly, it was found that when allowed to refine, negative values

of i(C -C) tended to result regardless of the relative magnitude of 113

and ZI7 so long as the difference IZI3 - 1171 was not unreasonably

large. For example, in a refinement providing as good a fit for the

228°C experiment as that given in Table I, the result L(C-C) =

0 0

-0.025(24) A was obtained with 113 - 117 = 0.0014 A. On the other

hand, refinements of both the high- and low-temperature structures

0

carried out with the assumption i(C -C) = +0.01 A gave fits only

marginally poorer than those obtained with L(C-C) refined. We conclude

that, although our results favor the view of the conjugated single bond

as longer than the bond to the methyl group, the data do not permit

an unequivocal statement to that effect.

The result for the relative lengths of the trans types of carbon-

carbon single bond (r17 > r13) favored by our interpretations of the

data merits some discussion of its plausibility. The notion that the

bond joining the acetyl groups might be shorter than the bonds to the

methyl groups derives in large part from comparison of the lengths of

the single bonds in conjugated polyenes such asbutadiene(r(C-C) =

0

1.46 A) with those of non-conjugated carbon-carbon bonds (r(C-C) =

0

1.54 A). However, the lengths of bonds linking two carbonyl groups
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are much more like those of nonconjugated hydrocarbon bonds than

conjugated ones as the r-
a
values for oxalyl chloride at 190°C

6a ° 6b
(1.547 A), oXaly1 bromide at 211°C (1.536 A), oxalyl fluoride at

0 0

217°C (1.539 A),
17

and oxalic acid at 160°C (1.548 A)
18

show. The

lack of conjugation implied by these bond lengths, at least by compari-

son with the butadienes, is also in accord with the obServation that

the oxalyl halides (unlike the butadienes) are found to exist as

readily interconvertible rotational conformers. On the other hand,

carbon-carbon bonds to methyl groups adjacent to double bonds are

0 °
known to be short, as in acetone (1.515 A),'9 acetaldehyde (1.517 A),

20

0, 21
propylene (1.502 A), and others. Our results for the carbon-carbon

bonds in biacetyl are completely consistent with the picture provided

by these comparisons.

The length of the central bond in biacetyl compared with those from

the similar compounds cited above suggests little, if any, conjugation

stabilization of the planar form; additional evidence to this effect is

seen in the low values of 48 cm 1 3 and 56 cm-12reported for the

torsional wave numbers. The absence of detectable amounts of a second

conformer such as the gauche form found In the gaseous oxalyl halides

thus becomes an interesting question. The answer is not clear, but it

seems likely to involve CH3...0 attractive forces acting in concert with

re alsions between like groups. For example, electronegativity differ-

ences lead to predictions of small residual positive charges on the

hydrogen atoms and negative charges on the oxygens and stabilization

of the trans form. Atom-atom steric effects might perhaps be imagined
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to favor a staggered conformation, but bond-bond repulsions should be

greatest for a cis and least for the trans form if the double bonds

are regarded as formed from the shared edges of a tetrahedral carbon

atom as was proposed for the oxalyl halides.6

The rms amplitudes of the torsional motion permit an estimate of

the torsional frequency. Application of the formulas w = (2irc) -1
(k /p

I
)-
k

and V = V*(1)2/4 with k, = V*/2 = RT/S2 and where p is the reduced

moment of inertia for the torsional motion has been described.6 The

results for biacetyl are 52.6(2a = 7.4)cmI at 228°C and 52.4(2a =

11. 9cmI at 525°C in excellent agreement with the spectroscopic value

reported at 48 cmI3 and 56 cm 1 2
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Figure 4. Intensity curves and backgrounds for 228°C experiments.



Table III. Symmetry Coordinates for 2,3-flutanedione

Symmetry Coordinates" Symmetry Coordinates'

A
u

A
N. Si = (1/ ,-)A(r34 + r4,10

S2 = '44µ3r5+ r36 r9,11 r9,I2)

S3 (1/1/T!)4(r12 + r74)

S4 = Ar17

S, = (1//)A(r13 + r79)

8
u
SI7 = (1/7)M-r4, +

816 .W-r3 5 r36 +

r,,)
r9 II + r9,12)

519 = (1 i2)A(r12 r79)

820 = 1/4A(r11 r79)

S21 = (1/2/2)A(-26134 + R135 + 6136

S6 . (1/2/)4(26134 - 6135 6136 + 2679,10 679.11 679,12) 679,11 - 679.12)

S7 = (1/212)A(2a536 - 0435 - "436 + ;-'0111,9,12 "11,9,11

" 10+9,12)

56 (1/2J)A[K(a 536 + 0435 + "436 + 0111.9,17 + 010,9,1;

+ 2879,10

022 = 2)A( -20536 + "425 + 0436 + 2011,9.12

- 010.9.11 01019,12)

S23 = (1/2/I)AIK( -CI 536 043 5 0436 + 0I1,9,12

+ 010,12) - (5194 4- 6195 6136 + 879.10 679,11 + 019.9,11 + 010,9112) + (6134 + 5135

+ 679,12)] + 6136 - 679,10 - 679,11 679,12)]

S9 (1/2/2)A(20217 - 0213 - 0312 + 20174 - 0979 - 0179) 524 ( 1/2/7')A( -202 17 + 0713 + 0317 + 20176 - 0679

X30 = d-,-1.A(1,12I3 0317 + 0679 0179) 8179)

82 5 = 1/2A(-0211 + 0317 + 0679 0179)

SI] = 1/2A(r35- r36 + 19,11

812 = 1/24(6136 6135 + 679,11 679,12)

S13 = 1/2A(0435 a436 + 010.9,11 010,9,12)

014 = (1/T)A(11 (327) +(7(349))

515 . (1/6)A(T4917 + 15317 + 16317 + 12134 + 17135 + 12116

+ 1179,10 + 1179,11 + 1179,12 + 1079.10 + 1979,11

+ 1(179,12)

816 = A(12178 + 13179)

Hwe
26 = + r36 + r9.11 r9,12)

827 = .11(-0136 + 6135 + 679,11 679,12)

820 = %1s(-11435 0436 + 010,9,11 010,9,12)

529 = (1 /l)A(11)927) '17(189))

030 = (1/6)A(14317 + 15317 + 16317 + 12134

+ 1213 5 + 12 136 - 1179,10 - 1179.11

- 7179.17 - 1079,10 1079.11

1979,12)

aDistances: r; angle bends: a,13,0; out-of-plane bends: y; torsions: T. Numbering identification from Figure 1. K = 1.0292203
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TableIV.SymmetryForce0onstsm,,sF..for 2,3-Butanedione

Species
. .

1,J Value''`' Species ij
a

Value

A
g

1,1
2,2

4.894
4.864

B
u

17,17
18,18

4.919
4.908

3,3 9.008 19,19 10.001
4,4 3.710 20,20 4.275

5,5 4.327 21,21 0.720
6,6 0.718 22,22 0.472
7,7 0.475 23,23 0.563
8,8 0.533 24,24 0.982

9,9 1.095 25,25 1.071
10,10 1.224 19,20 -C.370
3,4 0.160 19,23 -0.130

3,9 0.180 19,25 -0.100
3,10 0.140 20,24 0.090
4,5 0.140 20,25 -0.090
4,9 0.110
4,10 -0.140 B 26,26 4.713
5,8 -0.070 g 27,27 1.013

5,9 -0.210 28,28 0.551
5,10 -0.070 29,29 0.470d
9,10 0.100 30,30 0.036

A
u

11,11 4.725
12,12 0.569
13,13 0.500
14,14 0.363d
15,15 0.040
16,16 0.048

aThe corresponding combinations cf internal force constants may be
constructed from the formula F = VfVt where the orthornormal matrix
V transforming internal to symmetry coordinate may be deduced from
Table V.

b
Unlisted values were assumed to be zero.

0 0

-Stretches in a.1..A. 2, bends in aJ.rad2, stretch-bends in a.TA 'rad1.

d
The out-of-plane bending constant reflects a definition of the
coordinate Ay in terms of the usual one, say A6, as follows.

41(327) = al(327)sin 6312.



Table V. Agreement of Observed and Calculated Wave Numbersa.

Assignment wobs wobswcalc

A C-H str. 3016 1
g C-H str. 2928 -1

C=0 str. 1720 -1

CH3 def. 1424 -1

CH3 def. 1364 -1

CH3 rock 1275 -2

C-C str. 1005 4

C-CH3 str. 685 0

COCH3 bend 537 0

COCH3 rock 369 0

A C-H str.
u

CH3 def.
2978
1424

0

-2

CH3 rock 910 1

COCH3 oop. 348 10

CH3 tor. 200 0

COCH3 tor. 57 o

B C-H str.
u

3437 0

C-H str. 2944 0

C=0 str. 1715 0

CH3 def. 1424 0

CH3 def. 1358 -2

C-CH3 str. 1114 -3

CH3 rock 949 0

COCH3 bend 538 -12

COCH3 rock 252 14

B C-H str. 2978 0
g

CH3 def. 1431 -3

CH3 rock 1275 3

COCH3 oop. 6o8 o

CH3 tor. (200)-

100

aObserved values from ref 2, calculated from force field of
Table IV.

b
Calculated value: this mode was not observed.



Table VI. Calculated Values for Perpendicular Amplitudes (K) and Amplitudes of Vibration (/) for
2,3-Butanedione.

Distance

0
K/A

0
1/A

228°C 525°C
trans e=12.0° e=24.00 trans e=14.1° e=28.3°

torsion insensitive
C=0 0.0059 0.0088 0.0401 0.0424
C-B 0.0564 0.0841 0.0780 0.0782
c1 -c7 0.0027 0.0037 0.0542 0.0609
c1 -c3 0.0045 0.0066 0.0518 0.0574
c1c8 0.0027 0.0041 0.0721 0.0845
C9.02 0.0028 0.0042 0.0681 0.0806
CIC9 0.0023 0.0034 0.0784 0.0935
CIBy 0.0324 0.0480 0.1128 0.1233

H 5 0.0913 0.1404 0.1288 0.1342
02119 0.0281 0.0438 0.1504 0.1738
02H5 0.0183 0.0280 0.1487 0.1756
C7Hy 0.0205 0.0316 0.1121 0.1242
C71-15

torsion sensitive

0.0182 0.0281 0.1971 0.2380

C9-C9 0.0007 0.0010 0.0843 0.0870 0.0941 0.1010 0.1060 0.1187
02-0, 0.0012 0.0019 0.0733 0.0768 0.0857 0.0868 0.0929 0.1074
02-C9 0.0010 0.0014 0.1253 0.1244 0.1212 0.1547 0.1531 0.1473
08Hy 0.0162 0.0246 0.1402 0.1448 0.1542 0.1645 0.1724 0.1858
08...H5 0.0130 0.0196 0.2925 0.2830 0.2634 0.3639 0.3479 0.3165
09---H5 0.0111 0.0162 0.2925 0.2920 0.2881 0.3639 0.3629 0.3562
C9---H9 0.0129 0.0198 0.1318 0.1382 0.1532 0.1504 0.1633 0.1900
C9---H5 0.0119 0.0181 0.1804 0.1840 0.1963 0.2147 0.2165 0.2224
C9116 0.0128 0.0201 0.1804 0.1816 0.1846 0.2147 0.2167 0.2218

acl) is the torsion around bond CI-C7.
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CONFORMATIONAL ANALYSIS. VIII. A REINVESTIGATION OF THE MOLECULAR
STRUCTURE AND HINDERING POTENTIAL TO INTERNAL ROTATION OF GASEOUS

OXALYL CHLORIDE.

Introduction

A number of experimental and interpretive spectroscopic studies 1-12

as well as X-rays13 and electron diffraction14,15 structural investi-

gations of oxalyl chloride (ethanedioyl dichloride) have been reported

in the literature. The majority of the solid phase results

were interpreted to indicate the presence of only the planar trans

conformer of symmetry C2h (the crystal structure admits the possibility

of the molecule being slightly non-planar, but concurrently cen-

trosymmetric). With the exception of an early electron diffraction

investigation
(14)

and a few gas and liquid phase spectroscopic

studies
2

'

4
'

11
favoring only the trans conformation, the bulk of the

information was interpreted
1,3,5,6,8-10

to indicate the presence of a

second conformer. This second conformer was generally believed to be

cis (symmetry C2v) having energy greater than the trans by about 2-3

kcal/moll'5. However, a former electron-diffraction study15 from this

laboratory found the second rotamer to be gauche (symmetry C2) with a

torsion angle (LC1CCC1) of about 124° relative to the trans rotamer at

a torsion angle of 0°. The energy difference,
t

-E0, was found to be

equal to 1.38(6 =0.35) kcal/mol and the barrier to internal rotation

equal to 2.00(0.42) kcal/mol. A more recent ab initio molecular

orbital calculation
16

has supported the conclusion that the second

rotamer is gauche and gave values of 2.8 and 3.6 kcal/mol for the
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energy difference and barrier. The present investigation was under-

taken primarily to gain more information about the internal rotation

potential governing the trans-gauche isomerism. The earlier dif-

fraction work on oxalyl chloride as well as the results of studies on

other molecules suggested that additional data obtained at higher

temperatures would be valuable for this purpose. This article is an

account of the reanalysis of the structure, the torsional potential,

and the thermodynamic properties of the oxalyl chloride system. A

more general model, which is believed to represent more realistically

the dynamics of internal rotation than did the original model, and

which includes corrections for vibrational averaging omitted from the

original model, has been used.

Experimental Section

Conditions

The oxalyl chloride sample was obtained from the Aldrich Chemical

Company and further purified by distillation. Pyrex sample bulbs were

attached to the nozzle by a Monel Swagelok fitted with a Nylon front

ferrule, and during the expeirments the sample bulb was maintained at

temperatures between-11°C and -13°C. Experiments were carried out at

nozzle-tip temperatures of 405°C and 525°C.

Diffraction photographs were made on the Oregon State apparatus

with an r
3-sector using 8 x 10 inch Kodak projector slide plates

(medium contrast) and developed for 10 minutes in D-19 developer

diluted 1:1. Exposures were made for 30 to 195 seconds with pressures

in the apparatus from 1.7 x 10
-5 to 4.0 x 10-5 torr at nozzle-to-
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plate distances of 75.080 to 75.148 cm (long camera) and 30.116 to

30.125 cm (middle camera). The undiffracted electron beam currents

were 0.40 to 0.43 pA, and the electron wave lengths 0.05666 to

0

0.05807 A calibrated in separate diffraction experiments on CO
2
(r
a
(CO) =

0 0

1.1646 A, ra(00) = 2.3244 A). Seven plates from each of the two nozzle

temperatures were selected for data analysis.

The conditions for the 0°, 80°, and 190°C experiments have already

been reportedly. Data from six plates (0°C), seven plates (80°C),

and seven plates (190°C) were used in the reanalysis.

Reduction of Data

The experimental scattered intensity distributions s4I were

obtained using previously described procedures
17

. Subtraction of

calculated backgrounds
18

from the data for each plate yields intensity

in the form given by

sI (s) = k A.A.r71 coslq. - IV.. sin s(r - s
2
).

(1)

m 1 j 1j 1 i ij ij 1j

0

The range of data was from 2.00 < s < 30.00 - 32.00 A 1 (the maximum

s-value varied a little from temperature to temperature due to noise

at the end of the data). Plots of the total scattered intensity

imposed on the final calculated backgrounds, the theoretical molecular

intensity, and differences are shown in Figure 1 for the 405°C data.

The same plots for the 0°C, 80°C, 190°C and 525°C data are given in
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Figure 1. Intensity curves from experiments at 405°C. The

experimental curves are s
4
IT shown superposed on the

final backgrounds. The theoretical intensity curve

is sI
m
for the model in Table I. The difference

curves are experimental minus theoretical.
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Figures 4-7 in the supplementary material along with the tables of

the experimental intensity data and calculated backgrounds for all the

temperatures. The supplementary material may be obtained according

to information given in the last paragraph of this text.

Structure Analysis

Radial Distribution Curves

Using reported methods
17

the radial distribution curves were

generated from the composite intensity curves according to the relation

max

rD(r) = f As1 I'(s) exp(-Bs2)sin rs
s=0

(2)

in which I(;) = sIm(s)ZcZciAc1A-C1' B = 0.0025, and Ai = s2Ifil.

Values of the If.1 and n. used in eq 1 or eq 2 were obtainedll from

tables
(19)

. Theoretical intensity data were used in place of
0_

experimental intensity data in the unobservable region s < 2.00 A 1.

The final radial distribution curves for all five temperatures are

shown in Figure 2.

The radial distribution curves for the three lowest temperatures

have corresponding peaks in the region ra < 2.75 Awhich differ by

their amplitudes of vibration. In the region of the long torsion-

0

sensitive distances (above 2.75 A) the peaks differ by their

vibrational amplitudes and alterations in the distance distribution

due to the molecular population shift from the trans conformation

0 0 0

(1.a(0...0) = 3.46 A, ia(C1.-.C1) = 4.31 A, T.a(0C1) = 2.92 A,
0 0

t
=0°) toward the gauche (T.

a
(0-0) = 3.16 A.,I7

a
(C1-..C1) = 3.64 A,
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Figure 2. Radial distribution curves. The experimental curves

are calculated from composites of molecular intensities

shown in Figure 1 and Figures 4-7 in the supplementary

material. The theoretical curves correspond to the

models in Table I. The difference curves are

experimental minus theoretical.
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o

r
a
(0CI) = 3.45 A, 9g= 93.50). At 405 °C in addition to the above

effects there is a marked loss of area under the torsion-sensitive

0

peaks as well as a change in area and slope of the 2.60 A peak. These

additional changes are due to the partial thermal decomposition of

oxalyi chloride into phosgene and carbon monoxide eliminating some

C1-05, and torsion-sensitive distances while generating new

ClCi and 0.C1 distances corresponding to phosgene. At 525°C the

radial distribution curve is essentially that cf equimolar quantities

of carbon monoxide and phosgene resulting from the complete thermal

decomposition of oxalyl chloride.

Structural Models

Convenient sets of parameters refinable by least-squares were

chosen allowing the size, shape, rotameric distribution, and relative

amounts of different molecular species to be determined. For oxalyl

chloride the torsion-insensitive set of parameters were the three bond

lengths, two bond angles ,LC CO and LCC1), and an amplitude of vibration

for each of the torsion-insensitive distances. The torsion-sensitive

part of the structure was assumed to reflect a torsional potential of

the form

2V = VI(1-cce4)+V2(l-cos2;t)+V3(1-cos3(.5). (3)

The torsion-sensitive distance distribution was anproximated by calcu-

lating the distances 02...C16, 02..C16 and C16015 at torsion angle
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increments m = 10° over the range 0 °< < 180°, weighting each of

the resulting 57 distance values by

P4) = exp(- V(p) /RT) /Q, (4)

and associating with each value a frame vibrational amplitude. The

frame amplitudes were arranged into three sets by distance type

(02C16, 0206, or C13C16) and each set refined as a group, i.e.,

the differences between values in a set were kept constant. Initial

values for these frame amplitudes were obtained by interpolation from

values calculated at (I) = 0°, 45°, 90°, 123°, 135°, and 180° (the

calculation is discussed below). These group frame amplitues and the

three potential constants (eq 3) comprised the set of parameters

descriptive of the torsion-sensitive part of the structure. In addition

a composition parameter was included in the analysis of the data which

provided a measure of decomposition of oxalyl chloride into carbon

monoxide and phosgene according to the equation

(C0c1)2 C12C0 + co. (4)

In order to take account of the possible presence of the decomposition

products, their structures, which would otherwise have to be refined

together with that of oxalyl chloride, were taken from the

literature

At 525°C the decomposition of oxalyl chloride was apparently

complete, and it seemed likely that phosgene itself also might have

been partially decomposed into carbon monoxide and chlorine. For the
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analysis of the data at this temperature the parameters chosen were the

two phosgene bond lengths, the Cl-C-C1 angle, the amplitudes of

vibration associated with the four different distances, and a decom-

position parameter reflecting the decomposition according to

C12C0 = C12 + CO. (5)

The bond lengths and amplitudes of vibration of CO and Cl were taken

from the literature
21,22

Geometrical Corrections

In the previous OSU study of oxalyl chloride no corrections were

made for the differences between distances calculated from bond lengths

and bond angles and their values altered (usually to smaller values;

the difference is termed "shrinkage") by the effects of molecular

vibrations and by the effect of molecular rotation (usually to larger

values by centrifugal distortion). Both effects increase in signifi-

cance at high temperatures, and since some of the centrifugal distor-

tions (Ar
c

) for distances involving chlorine were as great or greater

than the perpendicular amplitude values K, corrections were made for

both. The relation between geometrically consistant ra-distances and

r
a
-distances defined by eg 1 is given by

ra = ra + K' - 12/r
a

K' = K + Ar
c

.

Values for K and Ar
c
were calculated from a harmonic force field.

Amplitudes came from exprimental results when available or were
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calculated from the force field as in the case of the torsion-sensitive

distances. For the torsion-sensitive distances weighted averages of

K' over the torsion angular range were used although the angular

dependence of K and Arc is generally slight.

Normal Coordinate Analysis

The calculated values of amplitudes, perpendicular amplitudes,

and centrifugal distortions were generated by a computer program
23

using approximate symmetrized harmonic force fields for oxalyl

chloride (C
2h

) and phosgene (C
2v

). The force fields were adjusted to

reproduce the observed
5,24

wave numbers of the normal species. The

calculated values used for the torsion-sensitive distance distribution

for oxalyl chloride were based on the trans C2h force field with the

exclusion of the torsional mode yielding the frame quantities.

The agreement between the calculated and observed wave numbers is

perfect for oxalyl chloride and within two wave numbers for phosgene.

The simple force fields used are not unique, but do seem to be

reasonable insofar as the symmetry constants have values very near

to the initial values obtained from reasonable bond-stretching, angle-

bending, out-of-plane bending, and torsion internal constants. Tables

VI through XII in the supplementary material define the symmetry

coordinates, give the force constants, show the calculated and observed

wave numbers,. and list the calculated Z, K, Ar
c

and torsion-insensitive

K' values.
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Refinements

The refinements were carried out by least-squares on intensity

curves
25

by adjusting a single theoretical curve to each of six sets

of 0°C data or to each of seven sets of 80, 190, 405 and 525°C data

simultaneously. Since most of the long distance information is

contained in the data from low scattering angles, the long camera

data were weighted three times that of the middle camera. A unit

weight matrix was used in refinements based on the 525°C data. For

all temperatures the harmonic approximation was used setting

V.. = exp(-Zlj . s2/2) and K. = 0.
lj

Since thermal decomposition evidently occurred in the 405

and 525°C experiments, test refinements were carried out on the three

highest temperature data sets in which likely thermal decomposition

products were included in the model. According to a kinetics study

the homogeneous gas-phase thermal decomposition of oxalyl chloride

in the temperature range 260 to 300°C produces phosgene, CO and C12.

In our test refinements no evidence for decomposition products was

found in the 190°C data, and it was assumed accordingly that no

decomposition occurred at the lower temperatures either. Analysis

of the 405°C data showed, in addition to oxalyl chloride, phosgene and

CO in the 1:1 ratio suggested by eq 4. For the 525°C experiment in which

the decomposition wac essentially complete, the model permitted

refinement of the phosgene structure and the variation of the amounts

of CO and C12, the latter a product of the possible decomposition of

phosgene (eq 5). Test refinements led to the value 2.5 (1.0) for the

mole percentage of C12 present, 43.2 (2.0) for CO, and 54.3(1.8) for
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phosgene. These numbers are inconsistant with the stoichiemotry of

eq 4 and 5 which require the difference between the amounts of CO and

phosgene be equal to the amount of C12. Without doubt one reason for

the inconsistency lies in the similarity between the CO distance and

the carbonyl distance in phosgene which leads to high correlation.

At any rate, because of the uncertainty connected with this

inconsistency and because this model in any case gives insignificantly

different structural parameter values for phosgene than did the model

in which the amounts of CO, C12, and phosgene were assumed determined

by stoichiometry of eqs 4 and 5 the latter are reported here.

Results and Discussion

Molecular Structure

For the oxalyl chloride molecule in the trans conformation the

final least-squares structural refinement results are given in Table I,

and the results for phosgene at 525°C are in Table II. The atomic

numbering for oxalyl chloride is shown in Figure 3, and that for

phosgene in Figure 8 in the supplementary material. The correlation

matrix for the 405°C data is given in Table III, and the ones for the

other temperatures are contained in the supplementary material. With

consideration given to the uncertainties, the interatomic distances for

oxalyl chloride are constant among the four temperatures. The

distances for the 405°C data are generally longer than those of the

lower three temperatures. It seems likely that this much higher



Table I. Structural Results' for Oxalyl Chloride

Parameter

0 °C 80°C 190 °C 405°c
r
a

b
ra,L 7 ra 7

a
ra, rab ra,k

C1=02
c.,-c.

c,-c13
c,..05
c,c16
02c13
02-ci6c
020 ,,c
cl,....c1,'

LOCO
LCCC1
lt,

V2

1r3

Decomp
0=0
C=0
cci
0C1
c1c1
LC1C01
Re

1.184
1.545
1.749
2.414
2.724
2.602
2.921
3.47i
4.308

1.180(2)
1.544(5)
1-747(2)
2.413(5)
2.723(5)

2.601(4)
2.922(11)
3.471(12)
4.308(11)
124.2(2)
111.6(2)
1.94(68)
-.28(48)
.67(21)
WI

.067

.0318(26)

.0575(78)

.0471(28)

.0602(55)
.0617(59)

.0539(40)

.0793(92)

.0715(227)

.0578(80)

1.1.83

1.539
1.748

2.407
2.718
2.599
2.911

3.463
4.300

1.178(2)
1.538(6)
1.746(2)

2.406(6)
2.717(6)
2.598(4)
2.913(6)
3.462(15)
4.300(14)
124.1(2)
111.5(3)
1.72(49)
-.23(40)

.84(24)
WI

.088

.0313(28)

.0634(89)

.0478(29)

.0621(58)

.0648(80)

.0519(48)
.1092(179)
.0573(227)
.0717(121)

1.184
1.544
1.747
2.406
2.729
2.603
2.914
3.457
4.313

1.178(2)

1.543(6)
1.146(2)
2.403(6)
2.728(7)
2.601(4)
2.916(1.1)

3.456(11)
4.313(10)

N1.;(23)

f.t23=/
.76(22)

.067

.0350(28)

.0625(87)

.0540(12)

.0625(59)

.0806(7)

.0592(48)

.1177(266)
.0648(363)
.0735(160)

1.194
1.539
1.751
2.408

2.731
2.600
2.931
3.467
4.325

1.132
1.192
1.745
2.800
2.894

1.185(42) .0357(43)
1.535(50) .0467(117)
1.747(46) .0601(43)
2.404(46) .0738(111)
2.734(48)
2.598(47) .0669(72)
2.933(9) .1

3.465(10) .0857(814)
4.324(11) .0876(348)
123.7(5)

1)
[1.133

[1.133
[.0340j
[.0375]

[1.743
[2.599 I:=1
[2.894
[112.2

[.0915)

.05.1

'Distances and amplitudes are in amigstroms, angles in degrees, mid potential constants in kcal/mol Quantities in parentheses are 20, thosein square brackets were assumed values based on values found in the literature, and those in curly brackets are simply assumed values.
b
Uncertainties for r

a-values are the same as for ra'

cFrame amplitudes for the trans ck.0 conformer.

d
Decomposition is the fraction of a mole of (C001)2 that is lost.

e [EwiAt2/Ewi(siiobsd())2]
where obsd() calod(s).

1



Figure 3. Diagram of the trans-oxalyl chloride molecule.
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Table II.
,

Structural Results
a

for Phosgene.

525°C

Parameter rab r
ct,

CEO 1.132 [1.133] [.0343]

C1 =02 1.192 1.187(11) .0366(37)

C1 -C13 1.743 1.740(13) .0658(33)

02..C13 2.597 2.596(12) .0792(40)

C13C14 2.888 2.888(13) .0988(51)

LC1CC1 112.2

Cl2Facc 0.00

R
d

.116

aDistances and amplitudes are in angstroms, angles in degrees, and
potential constants in kcal/mol. QuanUities in parentheses are 2C, and
those in square brackets were assumed value base on values found in

the literature.

b
Uncertainties for r

a
-values are the same as for r

a
.

cDecomposition factor which is the fraction of a mole of C12 produced
or phosgene lost when phosgene thermally decomposes.

2/Ew.rsi.obsd(s))2,1/2
j where A.

si.obsd(s) si.calcd(s).

1 1 i 1` 1 1 1 1



Table 111. Correlation Matrix (x100) for the Final. Model at 405°C.

Distances and Angles Composition Factors Amplitudes

C1-Cy CI-02 C1 -C13 CYCIO2 CYCIC13 VI V2 V3 decomp CI=02 CI -C4 CI-C15 C1-05 02..C15 Ci..C15 02...05 C15...C15 02.-C15

0 0.32 0.09 0.09 12.36 14.97 29.99 22.97 11.11 3.59 0.14 0.41 0.12 0.39 0.24 0.47 2.88 1.22 1.62
100 -32.2 29.7 -17.9 -45.o 1.3 0.1 -8.1 -51.5 -11.0 30.6 -49.4 11.7 -14.7 19.4 -1.8 12.5 -29.0

100 - 1.5 13.6 39.1 16.8 -29.8 -9.3 71.5 -20.3 -41.8 27.1 -35.3 -21.9 -39.9 8.7 23.8 7.0
100 -6.9 -19.8 -6.0 5.7 -10.5 -56.8 25.0 39.2 -20.7 31..1 15.9 33.3 4.0 3.4 -14.3

100 -40.2 -22.7 34.5 11.o 41.2 -35.9 -23.1 -18.o -15.3 -0.2 -24.0 -31.4 -9.5 25.2
100 20.0 -26.6 -4.3 32.5 7.4 -21.7 39.1 -31.4 -42.5 -48.9 22.3 -9.0 14.4

100 -77.2 20.4 13.2 -1.5 -8.2 6.1 -3.1 -12.6 -17.4 65.8 43.7 -17.4
too -11.2 -21.? -4.6 13.0 -19.0 1.0 10.1 18.7 -54.6 -9.1 38.0

100 1.4 -8.6 -2.5 -6.6 -2.4 -5.9 -4.7 -11.3 30.1 12.8
100 -41.7 -58.8 25.9 -56.3 -32.0 -57.2 4.2 -26.6 28.7

100 43.6 29.9 44.3 40.7 34.6 5.8 4.5 -19.1
100 -23.6 34.1 17.9 34.7 0.4 12.4 -12.9

405 °C too -2.1 -5.9 4.h -13.0 -2.7
,(

100

0 62.8
80.0

1.9

7.4
15.9
-1.0

-19.2
22.3

100 5.0 h.o 25.9
100 32.1 6.1

10o -11.3
100

aStandard deviation from least-squares. Distances and amplitudes in angstroms, angles in degrees, potential constants in kcal/mol , and decomp is
unit less.
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temperature affects the distances in this way because of the

enharmonic nature of molecular vibrations. The values of the rotational

potential constants are also consistent for the three lowest tempera-

tures, but at 405°C, V2 and V3 are anomalous . This may reflect a

greater difficulty with their determination due to the partial thermal

decomposition at this temperature and subsequent loss of scattering

intensity from the torsion-sensitive distances. The refined amplitudes

generally agree well with their calculated values. The average

difference is 8%, and in the worst case the difference is 18%.

The present structural results may be compared with those con-

tained in Table IV for the previous two-conformer model
15

(two distinct

conformers differing only by the torsion angle). The torsion-

insensitive distances are in good agreement except for ra(CI-C4) which

in the present investigation is found to be markedly longer. There

are also large differences between the two studies in the torsion-

sensitive distances with the older results having ra(0C1) longer

and r
a
(C1C1) and r

a
(0-0) shorter. These differences probably

reflect size compensations in lieu of corrections for shrinkage and

centrifugal distortions in the earlier model. Similar effects have

been observed for biacetyl
27

and oxalyl fluoride
28

. In the present

study the average value of the gauche torsion angle, 5g = 93.50(8.2)29,

is found from the potential function using weighted average values of

the potential constants (.171 = 1.94(.31), 172 = -.53(.24), V3 = .70(.12).

This result is quite reasonable from steric hindrance considerations

based on the van der Walls radii
30

for the atoms defining the



Table IV. Previous Two Conformer Model Structural Results a,b,c for Oxalyl Chloride.

0°C 80 °C 190°C

r
a

r
a r

a
Zd

c=0
C -C

c-c1
c10 5
cc16
02c13
02.-C16
02 o s
C13 C16
02c16'
02.-0 e
ci 3.. 'US'

LCCO
LCCC1

4r

al
% trans

1.182(2)
1.534(5)
1.744(2)

2.405(5)
2.716(5)
2.598(4)
2.955(6)
3.445(6)
4.254(7)

3.672(35)
3.001(28)

1243.219(

3.197(70)

111.7(2)
125.0(5.8)
22.1(3.3)
67.6(8.4)

.0380(25)

.0482(26)

.0532'

.0606-

.0656 (40)

.0606

.0961(105)

.0585(142)

.0716(96)

.2508 1

.1808 ?(156)

.1808

1.181(2)
1.524(5)

32.73958()

2.710(6)

2.595(4)

2.933(6)
3.449(6)
4.272(7)

3.682(53)
2.982(39)

3.158(102)
12h.4(3)
111.8(3)
128.1(9.0)
16.2(5.0)
51.3(10.0)

.0350(27)

.0479)(26)

.0529

.0583

.0633)(40)

.05831

.1175(182)

.0506(181)

.0764(131)

.3108

.2408 (838)

.2408

1.180(2)
1.526(5)
1.745(2)
2.397(6)
2.713(6)
2.596(4)
2.945(7)

3.438(7)
4.260(8)
3.646(30)

3.006(24)
3.239(57)

11-111...;133)

121.5(4.6)
20.5(6.1)
42.4(10.2 )

.0422(27)

.0506\(28)

.0556/-

.0662)

.0712 \(46)

. 0662 I

.1283(231)
. 0665(289)

.0811(189)

.2878

.2178)(816)

.2178

fig 0.103 0.129 0.116
VI 1.01(.22)
V7 .85(.19)

V3 .98(.43)

a
See ref. 15.

b
Distances and amplitudes in angstroms, angles in degrees, and potential constants in kcal/mol.
Quantities in parentheses are 20.

cUnprimed items refer to trans conformer distances while primed items refer to the torsion-sensitive
gauche conformer distances.

d
Bracketed quantities were refined as a group with constant differences.

el, is the average torsion angle between the trans (4 O) and gauche form.

f
d is the root-mean-square amplitude of tor3iouni vibration for the trans conformer.

RR = (Ew obsd(s) si.calcd(s).A (Fa.°1'sd(s))2ill where A
ii

2/Ew
i
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long torsion-sensitive distances. At this torsion angle there is no

overlap of van der Walls radii for oxygen or chlorine but there is

overlap for the ClC1 pair when (5 = 123.6(3.4) as in the older two-

conformer model. Test refinements have been conducted in which

shrinkage corrections were added to the two-conformer model; the

weighted average value of (f)g drops to 106.0(3.4) in agreement with the

notion that geometric corrections have an influence on (!) .

At 525°C the interatomic distances for phosgene are in very good

agreement with those from an earlier electron diffraction study
31

. The

amplitudes vary at most 7% from the calculated ones.

Entropy and Energy Differences

Assuming the first maximum in the potential function, which is

located between the first (trans) and second (gauche) minima, marks

the boundary between the two conformeric forms, the relative amounts

of each conformer (N
t
and Ng) can be determined by integrating the

Boltzmann population corresponding to these two regions. Using the

relation

in Kx = (-6--1
R
°)1

T R
+ 03° + In 2) (9)

in which K
x

is Ng /Nt and In 2 is the entropy term arising from the

statistical weights of the gauche and trans conformer, the values

AE° = 1.72 (ars = 0.29) kcal/mol and iS °= 1.8 (aLS 0.8 eu) were

obtained by a least-squares fit
25

using K
x
values from the four

lowest temperatures. Each value of In Kx was weighted by the
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reciprocal of its uncertainty
32

. Table V lists the Ng, Nt, and K
x

values used for each temperature. Within the uncertainties these

new values agree with the values LE° = 1.38 (a = .35 kcal/mol) and

AS° = 2.3 (a = 1.0 eu) obtained previously
15

. For LE° the new value

is in closer agreement with spectroscopically derived values (LE° =

2.2 ± .2 kcal/mol5 and 2.8 kcal/mol
1
)for the liquid phase while the

value of LS° is in poorer agreement with the value 3 eu
5 calculated

from the fundamental vibration frequencies.

Torsional Frequency Calculation

From a knowledge of the internal rotation potential function and

the assumption of the quadratic approximation for the torsional mode

of vibration, it is possible to obtain approximate wave number values

for the torsional modes for both the trans and gauche conformers.

The usual formula ) = (2n )1 (k/p )2 is used in which p is the

V*
-rapproximate moment of inertia, k

trans 2
= kv-=v1+4v2,v3), and

fd2V(4))\
k
gauche

1v trans is found to be 39 ± 5 cm while
'4)=93.5.

'gauche
is on the order of 31 cm 1. The spectroscopically observed

value for I
tr an s

is 55 cm' with which the result from the previous

electron-diffraction study agreed exactly. A broad band at 40 cm 1 has

been observed spectroscopically5 in the solid phase but has been attri-

buted to molecular association. The torsional mode for the gauche

conformation has not been observed spectroscopically although the

previous electron diffraction study found it to be about 30 cm-1 also.



122

Table V. Trans Gauche Rotational Isomer Compositions.

Composition
Factors

Temperature

273°K 353°K 463°K 678°K

N
a,c

g

N
t

In K
b,c

x

18.0(8.4)

82.0(8.4)

-1.518(.520)

30.5(4.8)

69.5(4.8)

-0.822(.174)

40.5(7.6)

59.5(7.6)

-9.386(.231)

66.9(25.0)

33.1(25.0)

0.702(1.230)

aNg is fraction of gauche molecules and N
t

is the function of trans
molecules.

b
K
x

is N
g
/N

t
.

cThe method of making uncertainty estimates is given in footnote 32.
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Conclusions

From a comparison of results for the two structural models that

we have used in studying oxalyl chloride, it is evident some of the

determined parameters are very dependent on the assumptions embodied

in the models. Although the skeletal geometry parameters for the

trans conformer are fairly consistent between the two models, the

potentialfunctionparameters"7.differ, and therefore potential

function dependent quantities such as cp describing the gauche

conformer also differ. In the case of the two conformer model three

independent least-squares parameters (the percentage of trans

conformer, the root-mean-square amplitude of torsional vibration of

the trans conformer, and the gauche torsion angle) were used to

determine the equilibrium constants, related thermodynamic quantities

(AE° and AS°), the trans torsional mode frequency, and ultimately

V1, 172, and V3 based on the assumed form of the rotational potential

function. The present study starts by assuming the same form of the

potentialfunction(eq3)isagoodapproximation,andthelLare

determined by least squares as an integral part of the structural

model. Equilibrium and vibrational information are then determined

basedonthevaluesoftherefinedV..Although this latter approach

is pleasing from a classical rotational dynamics point of view, it

is less flexible since the three variable parameters are constrained

by the assumed functional relation between them. In fact the

assumption of a three-term potential function determining the torsional
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molecular distribution may be critized. More terms might be necessary.

When the potential function for each temperature is plotted, there is

an apparent decrease in the value of the function with increasing

temperature, V = V(0,T). Similar results have also been obtained in

the cases of difluoroethane and oxalyl fluoride
28

leading to the

conclusion that the torsional molecular distribution is dependent on

a free energy function, G(0), rather than V(0) = E(p) = H(0)p`, alone.

This being the case the determined potential energy functions become

free energy functions, and a TS(0) term musi, be considered if a

realistic approximation to V(0) is to be found. Characterization of

an angle dependent entropy term is currently being considered.

Although substantial differences exist in the two models that

have been used in the structure analyses, the main structural

features of oxalyl chloride still persist. There is still a trans and

a gauche conformer, but the value of 0g is somewhat lower than

originally thought. How well electron diffraction techniques can be

utilized in characterizing a good approximate internal rotation

potential functions for this type of molecular system is still not

clear.
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total intensity, final backgrounds symmetry coordinates, symmetry

force constants, observed and calculated wave numbers, calculated

amplitudes and centrifugal distortions as indicated in the text are
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Figure 8. Diagram of the phosgene molecule.



Table VI. Symmetry Coordinatesa for Oxalyl Chloride and Phosgene.

Oxalyl Chloridea Phosgeneb

A sj _1(r1,2 + r0,, s) Al
SI = (r1,3 + ri,v)

/T)

S, = ri,, Sz = r1,2

1 / 1 tryS3 = (r1,3 + r4,6) 83 = -2,1,3 az,i,e)

t
Sy =

1
1, ,:(4,192 20,1,4/5 0,291,3 0,5,496)

All 0
1

u 6 = (Y2,3,. -1-1,1,6 6)

t

= -2- Cry,I,4, 5 T3,1s416)

Bu
Se = r,,05
S9 = 1 (r1,3 - rg,e)

Sie = 1 (2 0,4,1,2 20,1,4,2 0,4,1,1 + al,.,s az,1,3 + 0,5,e,6)
2/

S11 =
2

t

ka4,193 0,1,4,6 0,2,1,3 + 0,5,4,6)

g,
b12 = (Y2,3,4 I1s5.6)

B1
04 = Y2,3,4

B, 1
S5 = (r1,3 r1,..)

t

S6 =
1

0a211,3 0,2,1,4)T

a
Distance stretches: r; angle bends: a ; out-of-plane bends: y ; torsions: T.

b
Numbering identification from Figure 3 for (C0C1)2 and Figure 8 for COC12.



Table VII. Symmetry Force Constants Fia'b for Oxalyl Chloride and Phosgene.

A
g 1

Oxalyl 2

Chloride 3

A-Block 4

5A
u 6

7

B
u 8

Oxa1y1 9

Chloride 10

B-Block 11

12

2 3 4 5 6 7

10.065
0.100 3.789
0.050 0.500 3.854
0.050 0.150 -0.500 0.915
0.050 -0.150 -0.100 0.050 1.140
0.0 0.o 0.0 0.0 0.o 0.521 c
0.0 0.0 0.0 0.0 0.0 0.0 0.074

8 9 10 12

12.099
0.0 2.901
0.0 -0.300 1.263
0.0 0.250 0.150 1.048
0.0 0.0 0.0 0.0 0.231e

1 2 3 5 6

Phosgene
Blocks

Al
1

2

3

3.790
1.090

-0.570
14.230
0.960 3.000

B1 4 0.666 c
B2

2.660
6 0.510 1.000

aCombinations of internal force constants may be constructed for the P., according to the equation
F = V f Vt where the orthonormal matrix V that transforms internal to Symmetry coordinates may be
found from Table VI.

0 0_b
Stretches in a.J.A2, bends in ajrad-2, and bend stretches in a..T.rad-1 A 1.

eThe definition of the out-of-plane bending coordinate Ay is a modification to that commonly used (see
E. B. Wilson, J. C. Decius, and P. C. Cross, Molecular Vibrations, McGraw Hill Book Co. New York, N.Y.,
1955 Ch. 4), say for AO, then Ay = AOsin(LC1C0).
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Table VIII. Agreement of Observed and Calculated Wave Numbers for
Oxalyl Chloride and Phosgene.

Assignment

Oxalyl Chloride
_a _b
v
obs-vcalc

_a
v
obs

C=0
C-C
C-Cl
C1C0
C1C0

sym. str.
str.

str.

sym. bend
sym. rock

1762
1093
620
427

287

0

0

0

0

0

A
u

C1C0 sym. oopb. 391 0

C1C0 tor. 55 0

B
g

C1C0 asym. str. 442 0

B
u

C=0
C-Cl

asym. str.
asym. str.

1769
756

0
0

C1C0 asym. bend 493 0
C1C0 asym. rock 220 0

Phosgene

Al C=0 str. 1830 0

C-Cl sym. str. 574 0
C1CC1 bend 303 2

B1 C-Cl asym. str. 849 2

OCC1 bend 445 0

B2 C1CC1 oopb. 586 0

aOxalyl chloride wave numbers are found in ref. 5 and phosgene wave
numbers in ref. 24.

b
Difference rounded to the nearest wave number.



Table IX. Calculated Frame Amplitudes of Vibration Valuesa.

b
C1=02 C1-Cy C1 -C13

Oxalyl Chloride

CI-C16 02-05 C15...C15 016...0201..05 C15-02

0°C

80°C

190°C

405°C

0
45
90
123
135
180

0

45

90
123
135
180

0

45

90
123
135
180

0
45

go
123
135
180

0.0381
0.0381
0.0381
0.0381
0.0381
0.038]

0.0382
0.0383
0.0383
0.0382
0.0382
0.0382

0.0385
0.0385
0.0385
0.0385
0.0385
0.0385

0.0396
0.0396
0.0397
0.0396
0.0396
0.0396

0.014
0.0514
0.0514
0.0514
0.0513
0.0513

0.0524
0.0524
0.0524
0.0524
0.0524
0.0524

0.0542
0.0542
0.0542
0.0542
0.0542
0.0542

0.0588
0.0588
0.0588
0.0588
0.0588
0.0588

0.005
0.0495
0.0495
0.0493
0.0492
0.0491

0.0512
0.0512
0.0512
0.0511
0.0510
0.0509

0.0541
0.0541
0.0541
0.0540
0.0540
0.0540

0.0605
0.0695
0.0605
0.0605
0.0605
0.0695

0.0588
0.0591
0.0595
0.0595
0.0595
0.0595

0.0616
0.0617
0.0621
0.0621
0.0621
0.0621

0.0659
0.0660
0.0662
0.0662
0.0662
0.0662

0.0747
0.0747
0.0748
0.0748
0.0748
0.0748

0.0566
0.0566
0.0566
0.0566
0.0566
0.0566

0.0600
0.0600
0.0600
0.0600
0.0600
0.0600

0.0652
0.0652
0.0652
0.0652
0.0652
0.0652

0.0753
0.0753

0.0753
0.0753
0.0753
0.0753

0.0665
0.0667
0.0666
0.0661
0.0658
0.0654

0.0714
0.0714
0.0714
0.0711
0.0709
0.0706

0.0782
0.0782
0.0181
0.0789
0.0777
0.0778

0.0910
0.0910
0.0910
0.0909
0.0908
0.0909

0.0608
0.0677
0.0816
0.0886
0.0900
0.0910

0.0640
0.0722
0.0886
0.0967
0.0983
0.0994

0.0689
0.0789
0.0982
0.1077
0.1095
0.1107

0.0789
0.0915
0.1156
0.1273
0.1295
0.1310

0.0614
0.0643
0.0731.

0.0892
0.0950
9.1157

0.0670
0.0706
0.0812
0.0998
0.1064
0.1300

0.0746
0.0790
0.0916
0.1131
0.1207
0.1477

0.0882
0.0938
0.1096
0.1358
0.1449
0.1776

0.0944
0.0983
0.0947
0.0817
0.0762
0.0632

0.1043
0.1090
0.1051
0.0899
0.0835
0.0681

0.1172
0.1228
0.1.1.83

0.1007
0.0932
0.0749

0.1397
0.1467
0.1413
0.1196
0.1104
0.0876

Phosgene

C1=02 CI-C15 02C13 C13.))C1y

405 °C 0.0374 0.0624 0.0736 0.0915

525°C 0.0380 0.0660 0.0786 0.0984

a
Amplitudes in angstroms.

b
Angle 4) is the torsion angle about the C1-Cy bond in degrees where 0=0 corresponds to the trans conformation.



Table X. Calculated Frame Perpendicular Amplitude Valuesa.

Oxalyl Chloride

C2=02 C1-C4 C1-C12 C105 C12-02 C1..C15 C12C15 C1205

0°C

80°C

190°C

405°C

0

45

90
123
135
180

0

45

90
123

135
i8o

0

45

90
123
135
180

0
45

90
123
135
180

0.0045
0.0051
0.0058
0.0059
0.0059
0.0056

0.0051
0.0059
0.0069
0.0070
0.0070
o.0066

0.0061
0.0072
0.0084
0.0086
0.0085
0.0082

0.0083
0.0097
6.0116
0.0119
0.0118
0.0112

0.0033
0.0028
0.0023
0.0022
0.0021
0.0021

0.0037
0.0031
0.0025
0.0023
0.0023
0.0022

0.0043
0.0036
0.0028
0.0026
0.0026
0.0024

0.0057
0.0047
0.0036

0.0032
0.0032
0.0030

0.0026
0.0025
0.0025
0.0027
0.0028
0.0032

0.0030
0.0030
0.0030
0.0033
0.0034
0.0038

0.0037
0.0037
0.0037
0.0040
0.0042
0.0047

0.0051
0.0051
0.0050
0.0056
0.0058
0.0066

0.0020
0.0022
0.0027
0.0028
0.0028
0.0025

0.0023
0.0026
0.0033
0.0034
0.0034
0.0030

0.0027
0.0031
0.0040
0.0042
0.0042
0.0037

0.0037
0.0043
0.0056
0.0059
0.0059
0.0052

0.0014
0.0015
0.0015
0.0016
0.0016
0.0017

0.0017
0.0018
0.0019
0.0019
0.0020
0.0021

0.0021
0.0023
0.0024
0.0024
0.0025
0.0027

0.0030
0.0033
0.0034
0.0035
0.0035
0.0038

0.0014
0.0013
0.0013
0.0015
0.0016
0.0018

0.0016
0.0015
0.0015
0.0018
0.0019
0.0022

0.0019
0.0019
0.0019
0.0022
0.0023
0.0027

0.0027
0.0026
0.0026
0.0030
0.0032
0.0038

0.0009
0.0014
0.0018
0.0016
0.0014
o.0006

0.0011
0.0017
0.0022
0.0019
0.0017
0.0007

0.0014
0.0021
0.0028
0.0024
0.0021
0.0008

0.0019
0.0030
0.0040
0.0033
0.0029
0.0011

0.0001
0.0002
0.0003
0.0004
0.0004
0.0003

0.0001
0.0002
0.0004
0.0005
0.0005
0.0004

0.0002
0.0002
0.0004
o.0006
0.0006
0.0005

0.0002
0.0003
0.0006
0.0008
0.0009
0.0006

0.0005
0.0006
0.0007
0.0007
0.0007
0.0005

0.0006
0.0007
0.0008
0.0008
0.0008
0.0006

0.0008
0.0008
0.0010
0.0010
0.0010
0.0008

0.0010
0.0011
0.0014
0.0015
0.0014
0.0011

C1=02

Phosgene

02..013 C12..C14C1 -C13

405°C 0.0052 0.0030 0.0013 0.0003

525 °C 0.0058 0.0034 0.0015 0.0003

a
Perpendicular amplitude values in angstroms.

b
Angle (P is the torsion angle about the C1-C4 bond in degrees where =0° corresponds to the trans conformation.



Table XI. Calculated Frame Centrifugal Distortion Valuesa.

CO2I= C1-C. C1 -C13

Oxalyl Chloride

CI"C15 02-05 C12-C15 C15...05C1-05 C15-02

o 0.0001 0.0005 0.0004 0.0006 0.0002 0.0008 0.0008 0.0011 0.0011
45 0.0001 0.0004 0.0004 0.0005 0.0003 0.0008 0.0006 0.0012 0.0011
90 0.0001 0.0004 0.0004 0.0004 0.0003 0.0009 0.0002 0.0014 0.0011

0°C
123 0.0001 0.0004 0.0003 0.0004 0.0002 0.0011 -0.0001 0.0020 0.0012

135 0.0001 0.0005 0.0003 0.0003 0.0002 0.0011 -0.0001 0.0022 0.0012
180 0.0001 0.0005 0.0003 0.0003 0.0001 0.0013 -0.0002 0.0031 0.0012

0 0.0001 0.0006 0.0005 0.0008 0.0003 0.0010 0.0010 0.0015 0.0014
45 0.0001 0.0006 0.0005 0.0007 0.0003 0.0011 0.0008 0.0016 0.0014

90 0.0001 0.0005 0.0005 0.0005 0.0004 0.0012 0.0002 0.0019 0.0015
80 °C

123 0.0001 0.0006 0.0004 0.0005 0.0003 0.0014 -0.0001 0.0025 0.0015

135 0.0001 0.0006 0.0004 0.0004 0.0002 0.0014 -0.0001 0.0028 0.0015
180 0.0001 0.0007 0.0004 0.0004 0.0001 0.0017 -0.0002 0.0040 0.0015

0 0.0002 0.0008 0.0006 0.0011 0.0004 0.0013 0.0013 0.0019 0.0018

45 0.0002 0.0007 0.0006 0.0009 0.0004 0.0014 0.0010 0.0020 0.0018
90 0.0002 0.0007 0.0006 0.0007 0.0005 0.0016 0.0003 0.0024 0.0020

190°C
123 0.0002 0.0007 0.0006 0.0006 0.0004 0.0018 -0.0001 0.0033 0.0020

135 0.0002 0.0008 0.0005 0.0006 0.0003 0.0019 -0.0002 0.0037 0.0020
180 0.0002 0.0009 0.0005 0.0005 0.0002 0.0022 -0.0003 0.0053 0.0020

0 0.0003 0.0011 0.0009 0.0016 0.0005 0.0020 0.0019 0.0028 0.0027
45 0.0003 0.0011 0.0009 0.0014 0.0006 0.0021 0.0014 0.0030 0.0027
90 0.0003 0.0010 0.0009 0.0010 0.0007 0.0023 0.0005 0.0036 0.0028

405°C
123 0.0003 0.0011 0.0008 0.0009 0.0005 0.0026 -0.0001 0.0048 0.0030

135 0.0003 0.0011 0.0008 0.0009 0.0005 0.0027 -0.0002 0.0054 0.0030
180 0.0003 0.0012 0.0007 0.0007 0.0002 0.0033 -0.0004 0.0077 0.0029

Phosgene

CI=02 CI-C15 02..C15 C15..C14

405°C 0.0002 0.0016 0.0017 0.0027

525 °C 0.0002 0.0019 0.0019 0.0032

aCentrifugal contributions of thermally averaged distances are in angstroms.

b
Angle 4) is the torsion angle about C1-Cy bond in degrees where 4)=0° corresponds to the trans conformation.



Table XII. Weighted Average Valuesa of Calculated Frame Perpen-
dicular Amplitude Values + Calculated Frame Centrifugal
Distortion Values for Torsion-Insensitive Oxalyl Chloride
Distances.

Temp. °C C1=02 CI-C4 C1 -C13 C1"05 C13-05 CI" C16

0 0.0051 0.0033 0.0030 0.0028 0.0017 0.0022

80 0.0061 0.0037 0.0035 0.0034 0.0021 0.0027

190 0.0075 0.0042 0.0044 0.0042 0.0027 0.0035

405 0.0106 0.0054 0.0061 0.0060 0.0039 0.0050

aValues in angstroms.



Table XIII. Correlation Matrix (x100) for the Final Model at 0 °C

Distances and Angles
Potential
Constants Amplitudes

C1-C, C1-02 C1 -C13 C,C102 C4C1C13 V1 V2 V3 C1,02 C1-Co C1-C13 01..06 02C13 CiC16 02...05 C13...C16 02...C16

oLsa o.18 0.05 0.05 7.02 7.19 23.94 16.90 7.29 0.08 0.26 0.07 0.18 0.12 0.19 0.80 0.27 0.30

100 12.7 1.4 -30.1 -34.6 24.5 -28.2 7.6 -3.0 12.2 -29.9 2.8 -25.1 5.6 5.1 -23.6 -33.9

100 -22.4 -25.5 28.8 10.4 -12.7 1.6 -4.2 -20.4 -4.7 70.8 -2.5 8.0 0.7 -5.9 -16.6

100 38.1 -27.2 6.7 -(,.9 -o.8 7.6 10.9 -3.2 22.1 6.5 11.5 2.7 -2.7 -5.6

100 -58.9 -11.8 20.0 6.0 -15.8 13.5 -22.3 5.4 21.6 -0.3 -10.3 26.2 46.7

100 3.6 -6.8 -1.2 15.2 -16.2 36.2 -15.2 -30.4 -35.1 3.4 4.3 -20 1

100 -95.5 73.3 -2.2 4.1 -8.1 -15.6 -6.1 58.5 17.6 -10.4

100 -81.4 0.0 -2.9 6.2 -2.1 13.0 1.6 -59.4 -6.7 24.1

100 -7.4 4.3 -9.1 -6.0 -9.8 -6.6 53.7 25.4 11.5

100 11.5 29.7 4.4 5.4 6.0 2.8 -1.3 -11.8

100 -18.3 -0.9 -21.0 -16.1 0.6 4.1 -0.8

0°C 100 -4.3 15.0 5.3 3.2 -0.11 -5.3

100 40.3 42.7 -2.8 -7.3 -10.3

100 76.0 2.7 3.2 27.3

100 6.4 -6.8 18.0

100 23.2 -9.4

100 44.6

100

a
Standard deviation from least-squares process. Distances and amplitudes in angstroms, angles in degrees, and potential constants in kcal/mol.



Table XIV. Correlation Matrix (X 100) for the Final Model at flo'c.

Potential

Distances and Angles Constants Amplitudes

CI -C4 C1=02 C1-C13 C4C102 C5C1(113 VI V2 V3 C1=02 C1 -C. C1-013 C1.°05 02..1113 C1*.C16 02°.°05 C13*.*C16 02.**C16

a a 0.22 0.05 0.05 7.95 8.94 11.44 th.oy
LS

8.5o o.00 0.-m 0.08 0.19 0.15 0.27 0.8o 0.42 0.61

100 10.8 5.2 -25.3 -25.2 24.8 -31.4 -14.3 -3.6 11.8 -26.3 6.0 -38.8 -14.2 1.2 -25.2 -33.5

100 -18.5 -17.5 30.0 11.7 -14.2 -7.4 -3.6 -18.3 -3.0 8.2 -12.4 -6.7 -o.6 -0.6 -17.3

100 35.8 -16.0 11.0 -13.0 -6.0 8.9 10.8 -1.2 19.3 -6.3 -2.0 2.8 -5.6 -13.1

100 -53.3 -16.9 33.6 10.4 -15.4 16.6 -23.6 -0.8 16.4 1.7 -6.7 22.5 32.7

100 13.8 -18.1 -4.5 16.8 -14.2 32.5 -17.5 -40.0 -46.3 6.1 -4.5 -23.4

100 -84.1,

100

26.9

-38.o

1.5

-7.o

4.11

-1.7

-11.1

-1.0

2.4

-9.9

-25.3

23.6

-19.2

17.5

40.1

-30.5

10.1

14.6

-25.6

48.7

100 -8.6 4.2 -7.6 -5.8 9.3 9.1 19.1 32.9 21.8

100 8.5 33.2 3.1 1.5 -0.6 3.1 -3.8 -1.6.3

80 °c 100 -18.4 0.9 -18.3 -13.8 -0.7 4.6 -1.1

loo -4.8 13.1 3.4 5.8 -3.3 -9.6

100 26.5 29.2 -6.7 -9.2 -13.2

100 82.7 -1.4 12.8 46.3

100 1.5 9.3 49.8

100 21.4 -5.8

100 45.9

100

a
Standard deviation from least-square process. Distances and amplitudes in angstroms, angles in degrees, and potential constants in 11111 81/m01.



Table XV. Correlation Matrix (X 100) for the Final Model at 190°C.

Distances and Angles
Potential
Constants Amplitudes

CI-C6 C1 =02 C4-013 04P402 0404013 VI V2 V3 C]=02 C1-C6 CI-C13 Ci..06 02*.C13 C1C16 02...06 012...016 02...016

cli..Sa
0.20 0.05 0.05 7.85 10.00 22.59 16.81 7.85 0.07 0.30 0.08 0.19 0.15 0.34 1.28 0.55 0.92
too 14.6 -1.0 -20.6 -14.9 15.7 -21.6 -8.9 -6.1

7.5 -22.2 -5.4 -31.0 -6.3 1.8 -21.5 -12.6
100 -23.3 -19.4 31.3 11.7 -15.6 -7.4 -2.3 -20.2 -3.1 5.5 -15.6 -8.8 3.1 -5.8 -18.3

100 30.9 -9.9 10.9 -15.4 -3.9 8.2 -7.1 3.8 78.0 -3.9 -2.3 9.7 -4.9 -15.5
loo -49.5 -22.7 35.4 -2.6 -19.4 8.5 -28.8 -0.8 11.2 -12.0 -21.3 11-1 11.8

100 73.14 -78.4 0.2 18.8 -10.3 31.9 -13.7 57.3 -52.1 16.0 -1.0 -30.7
loo -89.2 5n.4 5.9 3.0 1.8 -1.1 20.7 -16.9 55.9 21.0 -23.6

100 -47.6 -12.7 0.9 -8.0 -5.0 23.9 20.8 -48.6 2.9 414.7

100 -7.5 5.2 -8.1 -2.9 8.3 12.1 29.1 37.5 25.1

100 10.8 32.7 7.7 -2.6 -6.6 6.0 -4.5 -22.7
100 -6.3 -1.1 -15.8 -11.9 2.9 7.8 -2.6

190°C 100 -2.2 6.4 -3.5 5.2 -6.9 -16.5

100 34.4 32.7 -5.1 -7.1 -3.4

100 79.2 1.4 11.6 52.5

100 3.2 9.6 65.6

100 29.6 -1.0

100 36.8

100

aStandard deviation from least-squares. Distances mid amplitudes in angstroms, angles in degrees, and potential constants in kcal/mol.
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Table XVI. Correlation Matrix (X 100) fo the Final Model at 525°C.

Distances Angle Decomp Amplitudes

01=02 01-C13 C130014 012Fac 01=02 01-013 013-02 013-014

a
LS

0.10 0.05 8.71 0.29 0.12 0.07 0.08 0.11

100 -36.0 56.7 40.1 23.1 25.5 20.5 -4.6

loo -37.4 -15.0 -11.2 -13.4 -2.0 -11.2

100 23.6 16.1 18.1 25.7 8.1

100 2.3 -7.9 1.8 -10.4

525 °C 100 37.6 22.4 6.0

100 24.5 7.9

100 3.9

100

a
Standard deviation from the least-squares process. Distances and
amplitudes in angstroms, angles in degrees, and Cl2Fac unitless.
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APPENDIX A

The Modified Flameless Torch
and Power Supply

Modified Torch
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The modified GTE Sylvania Flameless Torch used to heat the nozzle

is a three exchange phase electric gas, heater capable of heating air

to temperatures in excess of 800°C. The structure of the modified

torch is indicated in Figures A-1 and A-2.

Three modifications were made to the torch. The first was the

flanging of the front of the torch so different torch tips could be

attached. The flanged torch tip used with the intermediate temperature

nozzle bolts to the front flange while a gas tight seal between the two

surfaces is made with a Grafoil gasket. The gas outlet of the tip

has welded to it a 6.35 mm stainless steel bulkhead Swagelok gas

fitting which connects to the thermal gas inlet tube of the nozzle.

The thermocouple orifice is also fitted with a bulkhead gas fitting

that was supplied as original equipment. The fitting accepts an 5.08 mm

diameter tubular thermocouple well which contains a chromel-alumel

thermocouple for monitoring outlet gas temperature. Unwanted heat

loss at the torch tip is eliminated by inserting the cylindrical front

ceramic insulator. Both the front and rear ceramic insulators are

made of the same machinable ceramic as used on the intermediate

temperature nozzle.



Gas outlet
Stainless steel
flanged torch tip

Thermocouple orifice
Front ceramic insulator
Front grafoil gasket
Front flange

Ceramic heater
filament support

Quartz heater inner wall

Stainless steel
heater wall

Second stainless steel
cylinder wall

First stainless steel
cylinder wall

Heater electrodes

Steel support ring
Heater ceramic insulator

Rear flange

Rear grafoil gasket
Rear ceramic insulator
Aluminum flange ring
Brass power electrodes

Gas inlet

Figure A-1. Flameless torch cross section

(2/3 magnification)
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Flange ring

Gas inlet

Rear ceramic insulator

Power electrodes

Rear Grafoil gasket

Heating element

Heater wall (heater body)

First cylinder wall
(torch body)

Front Grafoil gasket

Flanged torch tip
Thermocouple inlet

Gas outlet

Figure A-2. Flameless torch disassembled
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The second modification was the flanging of the rear of the torch

due to unwanted gas leaks. Again the seal is made at the flange

surfaces by a Grafoil gasket between the rear flange and rear ceramic

insulator. The insulator is held in place by the clamping action of the

flange ring. The power electrodes, which clamp to the heater electrodes,

and the gas inlet which is fitted with a 6.35 mm Cajon Ultra-Tory®

bulkhead connector both pass through the rear ceramic insulator.

The last modification was simply the addition of a perforated

metal cylinder surrounding the length of the torch. Normally the

first cylinder wall is kept cool by the in-flowing gas, but the flow

rate used for electron diffraction experiments (275 to 350 std cc/sec)

is an order of magnitude lower than the torch's capability thus allowing

portions of the first cylinder wall to become dangerously hot.

Filtered compressed air is admitted through the gas inlet in the

rear ceramic insulator. It then passes through four holes in the steel

support ring and travels down the length of the torch between the first

and second cylinder walls while picking up heat from the second wall.

At the front of the torch the gas turns and flows back up the length

of the torch between the second cylinder wall and heater wall this

time picking up more heat from the heater wall. At the rear of the

torch the gas enters the heater through four holes in the heater wall

and travels down the length of the heater in a direct contact with the

filaments. The heated gas then exits the torch through the torch tip.

Power is provided by a temperature controlled power supply

capable of delivering 2.8 kilowatts to the torch heater which is also
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rated at 2.8 kilowatts. With a gas flow rate of about 300 sccs and

about 700 watts of power, the nozzle-tip temperature has been raised

above 600 °C. The thermocouple mounted in the torch tip supplies the

feedback for the temperature control unit in the power supply.

Temperature Controlled Power Supply

The A.C. power supply used to operate the modified torch can be

divided into four functional sections: the autotransformer (0-140V

A.C., 2.8 kilowatt max. output), the 40 kilowatt triac power control,

the triac gate pulse delay circuits, and a Love Instrument Corporation

single set-point,non-proportioning. temperature controller. See Figures

A-3 and A-4.

The maximum amount of power available is determined by the auto-

transformer setting, but the amount of power delivered to the torch is

determined by the conduction state of the triac which is wired in series

with the autotransformer output. The triac conducts only from the time

a pulse arrives at the triac gate to when the power signal passes back

through zero. How much power delivered depends on the phase relation

of each half cycle of the power signal and the gate pulse. If a gate

pulse arrives at the beginning of each half cycle, essentially the

full power available from the autotransformer will be passed. When

the gate pulse arrives later in relation to the beginning of each half

cycle, less power is passed or no power at all if the pulse arrives

at the end of the half cycle.



Slave relay

100ft

O

Controller relay

0.47pf

0-50101

Diac

( Torch )
1,21S1

Triac 35a
115v

15a

meter (:),

Autotransformer
20a 0-140v

Neon
lamp
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20a fuse

i(

Off-on
switch

Neutral Hot

side side

Figure A-3. Electrical diagram for the
temperature controlled power
supply
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Figure A-4. Temperature controlled
power supply and strip
chart recorder
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There are two R-C gate pulse delay circuits available for use.

One consists of a fixed resistor and fixed capacitor while the other

consists of potentiometer and the same fixed capacitor. The first

circuit of fixed R-C time constant produces a pulse at very near the

beginning of each half cycle resulting in essentially a full power

condition. The second circuit of variable R-C time constant allows

variable amounts of power transmission depending on the setting of

the potentiometer. The diac on the output of these two circuits is

used to sharpen the leading edge of the gate pulses. Which of the two

gate pulse delay circuits is used depends on the temperature controller.

If the measured temperature is below the set point of the controller, the

no-delay circuit is used, and if the set point is reached, the variable

delay circuit is selected by the switching of the controller relay

which in turn switches the slave relay. The variable gate pulse delay

circuit is usually set so the power to the torch is cut in half rather

than being totally cut off. This alleviates thermal cycling stress

on the torch filament and helps prevent temperature oscillation of the

nozzle tip. Monitoring and controlling the torch exit gas temperature

eliminates nozzle-tip temperature oscillation making possible the use

of a less expensive non-proportioning controller.

Both the nozzle-tip temperature and torch-gas temperature are

recorded on a Linear Instrumental Corporation dual cross-over pen,

400 series strip chart recorder.



APPENDIX B

Molecular Structure Determination by the
Method of Gaseous Electron Diffraction

3_54

Since the pertinent scattering and diffraction theory necessary

for the analysis of experimental data was not an object of investigation,

only the applicable results will be discussed along with the general

experimental procedure. The detailed theory of electron diffraction

is well known, and accounts of it can be found in other works
1-6

The experiment is designed to produce the intersection of a high-

energy beam of electrons (-45 keV) and a stream of gas molecules in

high-vacuum chamber (105 to 105 torr). The electrons are scattered

by charged nuclei (and to a much lesser extent by planetary electrons),

and because the scattering atoms exist in regular arrangements (molecu-

lar structure), some diffraction results. The diffraction pattern

generated from the atoms of the randomly oriented molecules consists

of diffuse rings that are radially symmetric about the path of the

impinging beam. The diffraction pattern is recorded on photographic

plates placed at one of three possible distances from the scattering

center (long camera, 70 cm; middle camera, 30 cm; short camera, 12 cm)

and oriented perpendicular to the path of the impinging beam. A sche-

matic representation of the experimental arrangement is given in

Figure B-1 while a more detailed drawing of the apparatus is given in

Figure B-2. Interposed between the incoming diffracted electrons and

the photographic plate is a spirally cut metal shutter or sector. The

sector is positioned a few millimeters above and in a plane parallel

to that of the photographic plate. The center of the sector is
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Electron beam

Magnetic lens

Electrostatic
deflectors

Cold trap

Nozzle

Sample
Reservoir

Beam stop

Sector

Photographic
plate

Plate cassette

To vacuum
pumps

Figure B-1. Electron diffraction experimental
arrangement
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a. Electron beam
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e. Electrostatic
deflectors

f. Stray electron
shield

g. Nozzle
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i. Faraday cup

j. Alignment
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k. Beam stop

1. Sector

m. Photographic
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n. Vacuum pump

Figure B-2. Diffraction chamber

port
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concentric with the center of the diffraction pattern. Also a cup or

beam stop is located at the center of the sector to capture and ground

out the unscattered portion of the electron beam. The angular opening

(a) of the sector follows the relation Ci = cd3, d being the radial

coordinate measured from the center of the sector and c a constant.

During an experiment the sector is rotated many times about its center

in order to even out the exposure across the photographic plate. Since

the scattered electron intensity normally drops off faster than d3,

absence of the sector leads to over-exposure at low scattering angles

and under-exposure at high scattering angles.

Data recorded on the photographic plates are recovered in digital

form by diametrically scanning the developed plates on a modified

Joyce-Loebl microdensitometer7 while simultaneously rotating them at

120 rpm about the center of the diffraction pattern rings. The

digitalized data are punched on paper tape at intervals corresponding

to 0.3514 mm on the plate. The data on the paper tape is read into

the O.S.U. computer and used in the "data reduction" program written

by Lise Hedberg.

The program performs the following operations:

1. It converts each data point, being in the form of counts

per second, to photographic density.

2. It applies a correction to the photographic density of each

point to correct for non-linear response of the photographic

emulsion to electron exposure. The correction is termed

"blackness" and is found by experimental means.
8
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3. It locates the center of the diffraction pattern by a least-

squares method of minimizing the square of the differences

between first derivates of equivalent points in each half

of the scan.

4. It calculates the relativistically corrected wavelength for

the electron beam according to:

A = h [2eVm (1+.-±I-7)] -11
o 2m

o

e is the charge of an electron.

(B-1)

h is Planck's constant.

V is the accelerating potential.

m
o
is the rest mass of an electron.

c is the speed of light.

An s-value for each data point is then calculated, and the

data are interpolated at 0.25 increments of the quantity s,

47T
s = sin e, (B-2)

where 2e is the scattering angle.

5. It applies corrections for the geometry of the apparatus,

for irregularities in the edge of the sector, and multiplies

each data point by s4.

(I (s))s4 = [I (s)(a(s)cos328)-1]s4 (B-3)
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I
T

(s) is the total corrected scattered intensity. I (s) is

the total scattered intensity impinging the photographic

plate.

a(s) is the sector correction function.

cos3 20 is the geometric correction function which corrects

for the photographic plate being flat rather than spherical

or everywhere equidistant from the scattering center.

6. It averages each half of the scan together.

I
T

is considered to be comprised of four components of scattering

intensity (from this point on the functional notation for the s

dependence of scattering intensity will be omitted).

I
T

= (I
m

)

exp
+ IA + II + IE (B-4)

(I
m

)

exp
is the experimental, molecular, diffracted, elastic

intensity that contains all the information of molecular

structure.

I
A

is the undiffracted, atomic, elastic scattered intensity.

I
I
is the undiffracted, atomic, inelastic scattered intensity.

I
E
is the extraneous intensity arising from scattering from

parts of the apparatus such as apertures.

Theoretical expressions for IA and I/ are given by

IA = K E A? s-4
.

(B-5)
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I
I

= K 1 Z. S. s-4.
. 1
1
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(3-6)

A. is a modified scattering amplitude for the ith atom.
1

A.1 isequaltos21f.1 (s) 1 where If.1 (s)1 is the calculated scatter-

ing amplitude 9 ,

Si is the calculated incoherent scattering amplitude
10,11

K is a scaling constant due to the scattered electron intensities

not being measured on an absolute scale.

Normally, the last three terms of eq. B-4 are grouped together into one

term, IB, the background intensity.

IB = IA + II + IE

I
T

= (I
m

)

e
+ I

B

(3-7)

(B-8)

On multiplying eq. B-8 by s4, combining eq. B-3 with it, and making

the substitutions,

and

I
m

= sk(I
m exp

B = s4I
B'

one obtains the relation

(B-9)

(B-10)

Im
= s4 aI (cos320)1-B. (B-11)

p
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Necessarily, the undesired background (B) must be deduced

from the experimental data because it contains the unknown apparatus

component TheThe background is calculated and subtracted from the

intensity data by another program written by Lise Hedberg

1. The program fits the background using IA plus II and a

polynomial usually chosen third or fourth degree in s or

alternatively only a polynomial, usually of seventh or eighth

degree in s. For data at low s-values the former is used, and

the latter is used at high s-values.

2. If no structural information is known about the molecule, the

background is positioned by a least-squares process that

leaves equal areas under the fluctuations of the molecular

scattering intensity above and below the background base line.

3. If structural information is known and a rough, approximate

theoretical expression for Im can be calculated, this calcu-

lated curve is entered into the program, scaled, and subtracted

from s4I,T. The least-squares process of background positioning

is then applied to the difference.

4. The properly scaled background is then subtracted from ski
T

leaving Im on a flat baseline.

During the course of a molecular structure determination, the background

is usually calculated and subtracted several times as more is learned

of the structure. As I
m

is approached by the theoretically calculated

intensity the background improves.
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The theoretical expression (I
m

)

th
describing (I

m
)

exp
is given

in equation (B-12).

A.A.
(I
m

)

th
= K

s5r..

-L-L- exp(-Z.1j s2 /2)COS(L-14.)Sinr(r..K..S2)S1 (B-12)

rij is the interatomic distance between atoms i and j in the

molecule.

Zij is the root-mean-square amplitude of harmonic vibration

between atoms i and j in the molecule.

On.. is the phase shift factor difference between atoms i and j
1J

(Lnii = li-nj).

Ku is a vibrational anharmonicity constant for vibrations between

atoms i and j.

All other symbols have been defined earlier.

Since the K. are not known except for the simplest molecules and

their effect is small, they are usually set equal to zero. Hence with

the substitution

I
th

s4(I
m

)

th
(B-13)

ea (B-12) can be rewritten as

A.A.
sI

th
= K 3--"lexp(-Zs2/2)cos(Ari) sin s

ij j
rij

ij
(B-14)

The structure of a molecule is said to be determined when [s(Im - Ith)]2

is as close to zero as possible. This is accomplished by determining

the appropriate values of rij and
ij

used in eq. (B-14). The
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determination is aided through least-squares refinements 13-15 of a set

of geometric basis parameters, usually bond distances, bond angles,

torsion angles, and rms amplitudes. Other parameters may also be

refined such as potential constants concerning internal rotation and

ring distortions, or if more than one molecular species or conformer is

present, mole fractions. In addition error estimates for the various

parameters are calculated using least-squares results

standard deviation) according to the equations below:

tar = 2[2(a
LS

)2 + (0.0005 r.)-9 1-
13

rij

2a = 2[2(a
LS

)2 + (0.02 L..)212
lij

22a
ang

= 2[2(a
LS

)

ang
12

(aLs, the

(B-15)

(B-16)

(B-17)

The factor 2 takes into account possible correlations between

observations, and the coefficients (0.0005 and 0.02) follow from

estimates of systematic error.

Plotted intensity data or intensity curves are the superposition

of damped sinusoidal components with each component being characteristic

of a particular
3

rid and concommitant Z1... It is difficult to

visuallyrelatethevariousrij andL.2.j to the intensity curve, a

condition which necessitates the transformation of the intensity

data into a form that is easily related to the structural parameters.

This is accomplished by a Fourier transformation from intensity,
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I(s), to radial probability, rIP(r). A computer program written

by Lise Hedberg performs the transformation of intensity data as

follows:

1. The experimental intensity data for different photographic

plates of the same camera height are appropriately scaled

and averaged together.

2. The average curves for different camera heights are then

scaled and connected together resulting in continuous data

from s , the minimum value of s, to s , the maximum
min max

value of s.

3. Since s
min

is usually equal to about 2.0 due to interference

by the beam stop, an "inner peak", data from s=0.0 to s=2.0

is added on. If no theoretical intensity data are available,

the inner peak is guessed. Otherwise, theoretical data are

scaled and used.

4. The intensity data which at this point may be either

experimental or theoretical are multiplied by two factors

Z ZAAandexp(-bs2).HereLis the atomic number
locipq

of the ith atom, and b is a damping factor based on data

length (exp(-bs2) = 0.1 at s
smax).

The former factor

is used for ease of interpretation of the transformed curves

or radial distribution curves (RD-curves), and the latter

damps out errors due to the data not being infinite.

5. Finally the RD-curves are calculated.



The Fourier transformation

co

r
1 P(r) = f sI sin(rs)ds

0
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(3-18)

in which I may stand for either Im or Ith is modified to facilitate

interpretation and numerical computation.

smax
r-1P(r) =-7 I I' exp(-bs2)sin(rs)As

5=0
(B-19)

Here I' = (Z
r
Z
q
/A

r
A
q
)sI. If certain simplifying assumptions are made

on Ith, namely that A. =
ij

= 0, and s
max

is infinite, then

Z.Z.

sI = -1- exp(-1.s2/2)sin r, s,
r..ij ij

(B-20)

and if sI exp(-bs2) is substituted into ea. B-18 in place of sI, on

integration, one obtains

Z.Z.
r-lp(r) 1 1 _11 +2b)-1/2 exp(-(r-r.)2/(212. +14b)). (3-21)

rij lj

rIP(r) may be interpreted as approximately the sum of Gaussians. The

Gaussian terms in the sum, provided they are not composites of more

than one interatomic distance, are centered about rij and have

areas proportional to n...Z.Z./r..
13

in which n. is the number of
lj 1 j lj



166

times the distance r occurs in the molecule. The spread or breadth
ij

ofeachpeakisdependentonbandlUsing the properties of
1J

Gaussiancurves,theapproximatevalueofthe1ij ..Thr a peak may be

found from the relation

0.5 = exp(-Ar2/(212 +410)) (13-22 )

in which ir1 is half the peak width at half height. Because of these
2

properties, the RD-curve is invaluable in determining initial values

of structural parameters used in the least-squares refinement of Ith

not to mention its use in monitering the results of such refinements.
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APPENDIX C

Operational Definitions of Interatomic Distances

The purpose of this appendix is to give the definitions of the

different interatomic distances utilized in the analysis of the electron

diffraction data. Thorough discussions of the various interatomic

distances used in the structure analyses of free molecules has been

published in other works

The definitions of interest are of the interatomic distances r
a

,

rg, and ra. In order to define these three distances, r
e
must also

be defined. r
e
is the distance between equilibrium internuclear posi-

tions. More specifically re-values are for hypothetical internuclear

distances occurring at the minimum in the potential energy hypersurface,

a point at which all molecular vibrations would cease. The re-structure

of a polyatomic molecule can be determined if the potential energy

hypersurface is known as a function of molecule-fixed nuclear

coordinates.

Realistically, molecules always vibrate, and during the course of

molecular vibrations the interatomic distances vary. The average

value obtained for a particular internuclear distance is dependent on

the way the average is taken. Consider the instantaneous vibrational

displacements of two nuclei as indicated in Figure C-1. r
a
is the

distance between the average positions of the nuclei. Here average

means the average over all vibrations in thermal equilibrium. If the

average nuclear positions are (<xl>,<yi>,<zi>) for atom 1 and



AX1

AZ2

Figure C-1. Instantaneous vibrational
displacement of two nuclei.



(<x2,<y2,<z2+re>) for atom 2, then

ra = [(<x2>-<xl>)2 + (<Y2>-<Y1>)2 + (<z2+r
e
>-<zi>)2]1/2

<pz> <Lx>2+<py>2+<A2>2
= r (1 + 2

e
---- + )2

r
e r

2

e

and with the application of the binomial expansion

<Lx>2+<py>2
ra = re + <Az> +

2r
e
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(c-a.)

<Ax>, <Ay>,and <Az> are non-zero due to anharmonic effects, but the

value of the third term in eq C-1 is very much smaller than

of the other two. Consequently ra is usually approximated by

r =r
e

+ <Lz>.
a

(C-2)

An important feature of roc-distances for a molecule is that they are

geometrically consistent.

r (0) is the average value of the internuclear distance or the

center of-"mass" of the probability distribution function for the

internuclear distance defined by

cc

f r-n+1
P(r)dr

r (n) =

rnp(r)cir
0

(0-3)

in which r is the instantaneous internuclear distance shown in Figure

C-1, P(r) is the probability function, and n=0. r (0) is commonly

symbolized by rg Crg = <r>). Considering the instantaneous positions



of atoms 1 and 2 given by (xi, yi, zi) and (x2, y2, z2+re), the

instantaneous internuclear distance (r) is given by

r = Rx2 -x1)2 + (Y2 -Y1)2+ ((z2+re )-z1)211/2

= r e
(1 + 2 Az2+4y2+Az2

re 2

) 2.
r
e

Applying the binomial expansion one obtains

r r
e
+ Az +

g 2r
e

Ax2+Ay2

and on averaging over all r

r = <r> = r
e
+ <Az> + K

g

in which the perpendicular amplitude of vibration is

K -
<Ax2>+<Ay2>

2r
e
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(C-5)

The r - distance is defined by the electron-diffraction expression
a

for molecular scattering intensity ( ) eq B-12, in which r., is

r
a

for the atomic pair. With the correct anharmonicity term in eq B-12,

r
a
is equal to r (1) = <r1>1 defined in eq C-3 and hence an expression

for r
a

can easily be obtained.

1
=

1 2Az Lx2+Ay2+Az2 ) 2
(1

r r
e

re
re

Using the binomial expansion we obtain



i
2+ay +az2 2

N

= (1 -
Az
T - (

Ax
) +

3 4Az2
r r 2r 2

e e e
8 r

e

and on averaging

<Az> <Ax2> + <A-2> <4z2>
<l/r> = (1 - - ( ) y).

r
e

2r
e

2

If the binomial expansion is applied again to find <1/r>-1

r
a

is obtained;

r
a
= <1/r>-1 = +

<AZ>
+ <Ax2> <AY2> <Az2>

r 2r
e

2 r
e
2 Ie

ra = re + <Az> + K - 12/r
e

Here L2 = <(r-r
e
)2> = <Az2> is used.

Comments Pertaining to Experi-
mental Results
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( c-6

The rg and r
a
structural geometries are subject to inconsistencies

or "shrinkage" effects. For instance, in the case of CO2 the r
g,a

(0 -0) distance is slightly smaller than the sum of twice the r
g,a

(C=0)

bond length due to the effect of the angle bending mode on the average

positions of the oxygen atoms. "Shrinkage" here is the difference

between the 0-0 distance calculated from the C=0 bond lengths and the

observed experimentally. As the temperature of the molecule of interest

increases, vibrational effects and hence shrinkage effects increase in

importance. In the case of B2Br4, especially for the higher temperature

experiments, reasonably good theoretical intensity curves could not be

obtained without correcting for shrinkage effects.
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For the B2Br4, (C0C1)2 and (COCH3)2 investigations shrinkage

effect corrections were introduced by doing least-squares refinements

on the geometrically consistant ra parameters and then transforming

the r
a
-values to r

a
and r -values through the use of eq C-2,

C-5, and C-6 which utilized calculated K-values and mixtures of

calculated and refined amplitudes.

12

r
a

= r -
g r

r = ra + K
g

a

Since r
e

is rarely known, Z2/r
e

is replaced by Z2/r
a

. The difference

between r
e

and r
a

of only a few thousanths of an angstrom leads to no

significant error. It should also be noted that the expression (C-2)

for r
a

should contain a correction term for centrifugal distortion

(Ar
c
). The magnitude of such a term except possibly at high tempera-

tures is generally small compared to that of K, but in the case of

(C0C1)2 centrifugal distortion was found large enough to warrant being

corrected for. The work on B2Br4 might have also benefited from the

inclusion Ar
c
-values, but they were not available at the time.

The means by which calculated K-values, Z-values, and rc-values are

obtained are discussed in Appendix D.

In the case of B2F4 only an approximate ra structural geometry was

obtained in so much as geometric consistency was forced on the ra-values

by the method of their calculation within the least-squares program.

The error in the distances from not properly accounting for shrinkages

was equal to or less than the experimental uncertainty.
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APPENDIX D

Calculative Methods for the Root-Mean-Square
Amplitudes of Vibration Perpendicular

Amplitudes of Vibration and
Centrifugal Distortions

In this appendix some of the functions of a computer program,

ASMY20
1
, will be discussed. This program is a very powerful and

versatile means of determining symmetrized harmonic vibrational

force fields from a knowledge of the molecular structure and from

experimental values for the frequencies of vibration, isotopic fre-

quency shifts, rms amplitudes of vibration (Z-values), perpendicular

amplitudes (K-values), centrifugal distortions (Arc-values)

and Coriolis constants. Conversely, if the molecular geometry and

force field are known, the frequencies of vibration, etc. may be

calculated by the program. Here the program was used to determine

reasonable vibrational force fields using assigned frequencies and

molecular geometries; the assigned frequencies were taken from the

literature, and the molecular structures were either taken from the

literature or determined at the OSU laboratory. With these force

fields the program was then used to calculate Z-values, K-values,

and Ar
c
-values which were to be used in structural models for the

molecules of interest. This discussion will be limited to those

functions of the program used in the work of this thesis, and since
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the solution to the molecular vibration problem is well documented
2,3

a detailed discussion of it will not be given.

The program starts by constructing the B-matrix using stored

expressions for the B-matrix elements derived by the s-vector method

of Wilson and input-supplied Cartesian coordinates for each atom

taken relative to a convenient molecule-fixed Cartesian axis set.

The B-matrix is the transformation matrix from Cartesian displacement

coordinates to internal displacement coordinates.

R=Bx

R is the matrix of internal displacement coordinates, and x is the

Cartesian displacment coordinate matrix. The internal displacement

coordinates that give rise to translation and to rotation of the

molecule are not included, making B non-square.

An input-supplied U-matrix is next used to symmetrize the B-matrix.

The U-matrix is the transformation matrix from internal displacement

coordinates to symmetrized displacement coordinates, and in this work

it was constructed so that redundant symmetrized displacement coor-

dinates did not occur. It is also constructed so that the transformed

results are blocked by symmetry species.

s= U R

S is the matrix of symmetrized displacement coordinates, and

B = U B

with B being the symmetrized B-matrix.

Using the B-matrix and the inverse of the input-supplied mass matrix
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M, the symmetrized G-matrix is calculated.

G = B M-1 Bt

The G-matrix is then separated into its individual symmetry blocks.

At this point either symmetrized or unsymmetrized force constants

may be read by the program. In the latter case the F-matrix is

symmetrized according to

F =
t

F U,

and its symmetry blocks separated. In either case values of force

constants obtained from the literature and known to reproduce the

observed frequencies may be read in. The program will then proceed

to the calculation of the frequencies and other quantities of interest

such as Zvalues, K-values, and Ar
c
-values. Conversely, values read

in may be estimated values of force constants (usually just the

diagonal elements of the F-matrix) that are beginning points for

methods (such as least-squares) of finding a force field that repro-

duces the observed frequencies.

Once the G and F-matrices are constructed the eigenvalue problem

for the frequencies is solved and eigenvectors found using the rela-

tions

GFL=L

IG F - E Xv1 = 0.

E is the identity matrix,and A\.) is one of the elements of the diagonal
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Ao-matrix,(v= 47t2C2\72; v is the wave number- and c is the speed of

light). L, the matrix of eigenvectors, is the transformation matrix

from normal disblacement (Q) to symmetrized internal displacement

coordinates.

S = L Q

Since all the matrices have been arranged into block form, the problem

is solved block by block, but before further calculations are performed

the separate L-matrix blocks are combined to give the complete matrix.

The program now makes a coordinate transformation from the initial

molecule-fixed Cartesian axis set to the principal axes. This is done

to facilitate some of the further calculations of such quantities

as centrifugal distortion corrections and Coriolis constants. This

transformation is accomplished by first translating the center of the

coordinate system to the center of mass of the molecule and then

solving the eigenvalue problem for the principal moments.

IV =V A
P P P

II- E X 1=0

I is the moment matrix relative to the axis originating at the center

of mass.

I x m xt;

X is the coordinate matrix for the atoms in the center of mass axis

set; A is the eigenvalue matrix containing the principal moments of
A
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inertia X ; and Vp is the eigenvector matrix which transforms the

original Cartesian displacement coordinates to displacement coordi-

nates relative to the principal moment axes. These new displacement

coordinates are contained in the X -matrix.
p

V X = X
p p

The B-matrix is subsequently transformed to the principal axis

coordinates system yielding Bp.

V B = B
p p

Next the AL-matrix which is the transformation matrix from normal

coordinates to Cartesian displacement coordinates is found.

x = AL Q

A being the analog of the inverse 8-matrix.

x = A R

The AL-matrix is obtained from the following two expressions

AL = Ni'
Bt (Lt)-i

(Lt) -1 = F L

and since it is found using Bp, it gives transformation results rela-

tive to principal axes. The program now has the matrices necessary

x = AL Q



180

to calculate the 1, K, and Ar
c
-values. If a known force field was

entered, these calculated values are the final results. If, however,

the object is to determine an appropriate force field, these calculated

values are considered first approximations. The calculations of Z-

values, K-values and Ar
c
-values will now be discussed in some detail.

The mathematical formulation of the Z and K-value calculation

follows the approach given to Stolevik, Seip and Cyvin, and that for

the Ar
c

follows the approach used by Toyama, Oka, and Morino. In

Appendix C eq C-4 was found from use of the binomial expansion.

r = r
e

+ +
2r

e

which on rearranging gives

Ax2+Ay2
Ar = r - r

e
= Az +

2r
e

Expanding Pr in a Taylor power series gives

3N
ar

3N 3N are

r-r
e ax. xi 1/2

= ax.3x. xixj
+

./ /
1=1 1 i=1 j=1 1 j

(D-1)

(D-2)

Here the xi are elements of the X -matrix. Keeping only the first two

terms of the power series, a correspondence between the terms in eq

D-1 and D-2 may be observed. Considering the definitions of Z
2

and

K in Appendix C, their values may be derived from the first and second

, k

terms of eq D-2 respectively. The Z-values (Z.=<(r-r
e
)->=<6r->-) are

calculated using the approximation for Ar of



3N
Ar =

y 3r
x.

3x 1
1=1 i

with the xi found from

x = AL Q.
p

If the elements of the AL-matrix are (al)
ik

and those of Q, QV then

3N-6 3N
3r

9,=1 i=1 i

Q
Z

1r = (al)

Squaring and taking the average of Cr

3N-63N-6 3N 3N

<L\r2> =11 G G 3x. 3x
3r ar (al)ii (al)ki <Qk Qz>

jZ=1 k=1 i=lj=1 1

is obtained, and since the{yare orthogonal the expression for

<Ar2> simplifies to

with

3N-6
<A1,2> 12 = ,y2

9.=1

2

3N

Yz = I

3N
3r 3r

3x. 3x.
(al) (al)

Zj
i=j j=1 1 j

<Q2> is found by taking the statistically weighted average of the
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(D-3)

(D-4)

expectation values of Q
2
for all the vibrational states resulting in

the well-known expression

<Q2> - h

8ff=cv
coth (D-5)
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in which h is Planck's constant, k is the Boltzman constant, and T is

ar
the absolute temperature. The partial derivatives 75E. for each particu-

i

lar distance, for instance between atom a and atom b, are found by

taking the partial derivatives of expressions such as

r2ab (xa xb)2 (Ya Yb)2 (za zb)2*

The K-values are found by making the same types of substi-

tutions but including the second term in eq D-2. When the average

is taken, the first term drops out due to <Qt>=0 if the harmonic

approximation is employed.

3N-63N-6 3N 3N

<Ar>=1/2 ZE ax ax (a1)312, (al)kj 4QLQI'k>.

jZ=1 k=1 i=lj=1

are

Again simplifying using the orthogonality of {Qt}

where

3N-6
q4kr> = K = p

2,=1

<Q2>

3N 3N 3r2

P 1/2 I 3x.ax
(al)

12
(al)

j2
i=1 j=1 j

(D-6)

with the partial derivatives and <Q2> being found as indicated above.

By means of eq D-4, D-5, D-6 and the elements of the AL-matrix, ASYM20

is able to calculate the Z and K-values.

In order to calculate the Grc-values, which correct for the

changes in the average positions of the atoms in a molecule due to

the centrifugal forces generated by the rotation, ASYM20 uses eq D-3
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in conjunction with an expression for the rotationally induced average

changes in the normal coordinates (Q
Z
>
rot

)

3N-6
Ar

c
=

1

y
rot

3N
r

Yz
3x

= 7 (al)iR
3

1=1 i

The expression for <Q
2
>
rot

has been obtained 5
from first order

perturbation theory applied to the vibration-rotation Hamiltonian

using an average rotational energy found from the application of the

law of equipartition of energy.

kT a,b,c N
<Yrot-4--Aim.(al)x 0xit x 1

x i=1

1 1

x
=

I
e

I
e

yy zz

(D-7)

I
e

YY z
and I

e
are the equilibrium (e) moments about the y and z axes

which are the principal moments a,b, or c other than x. x
i

are the

Cartesian coordinates relative to the principal axis x, and (al) x are
ij

elements of the AL-matrix in the principal axis frame. The <Q >
rot

are

non-zero for the totally symmetric vibrational motions only 5
there-

fore leaving the symmetry of the molecule undisturbed by its rotation.

In the actual calculation, the equilibrium atomic coordinates

are generally unknown so approximate quantities coming from the
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diffraction data are substituted. In matrix form equation D-7 becomes

Q>
rot

= kT A-1 M AL a X .

Finally, the methods used by ASYM20 to find a final force field

must be indicated. The first method is best utilized when a fairly

good starting diagonal force field is known or when the number of

unknown force constants is greater than or nearly equal to the number

of observed data points. Using the starting force constant values,

(0)-1 and L-1 are found, and a new force constant matrix Fo is found

from

F
o

= (Lt)1 A
o

in which A
o

is the diagonal matrix of observed frequencies. If F
o

is now used to recalculate the frequencies, the observed values are

exactly reproduced. Fo contains diagonal elements slightly changed

from the starting values and some off diagonal elements. When this

method is employed, as many off diagonal elements as possible are set

to zero while still maintaining a near perfect match of the calculated

frequencies to the observed. This requires cycling through the program

several times, and manually making the necessary changes to the new

F
o
matrix each time.

The second method is least-squares. The least-squares process

used has been thoroughly discussed by Hedberg and Iwasaki
6

. The

solution to the set of normal equations generated with each cycle of

least-squares needs to be set forth in the context of the vibrational

problem.
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= [(R)tP (R)] 1(JZ)t P(e6)

The elements of the 64-matrix are the small changes in the

parameters, such as force constants, needed in order for the calcu-

lated values such as frequencies to more closely match the observed

data values. The J-matrix is the Jacobian matrix whose elements

represent changes in the calculated values relative to the changes

in the parameters, and the P-matrix is a weight matrix often set

equal to E. The 08- matrix contains the differences between the

observed data values and either the initial values or the values

calculated in the previous iteration if the program is cycling.

Finally the Z-matrix is a sorting or selecting matrix that picks out

the parameters that are to be refined.

Fn = Fo + ZA0

Here F
n

is the matrix of new force constant values, and F
0

is the

matrix of force constant from the preceding cycle (or the starting

values).

The partial derivatives forming the elements of the J-matrix

are found by ASYM20 by implemented methods given by Califano
7

. For

elements of the J-matrix involving the frequencies, the diagonal

elements are given by

A

V (L) ky
(L) ky3F

kg,
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and off the diagonal elements by

axv

2 tv
aFk2,

in which the (L) are the elements of the 1-matrix obtained from
kv

starting values or calculated values of force constants from the

preceding iteration. Since_the frequencies are usually in wave

number units, a conversion is necessary:

3X
v

aF 3F 3Xv

the
ax

are found from the expressions for the A
y'

X
v

=

K corrects for the common units used for the force constants and

G-matrix elements such as mdyne/A and amu-1.
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