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The matrix isolation technique has been used to investigate

a number of systems. The products of low pressure S
2
0

6
F2

passed through a heated nickel tube (100-260°C) and trapped in

argon (14°K) have been examined in the infrared and visible regions.

Through variations in deposition conditions and optical density plots,

the numerous infrared absorptions were assorted, and SO3F,

SO3, HSO3F
and S

2
0

5
F2 have been identified as major absorbing

species. Matrix spectra of the latter three unequivocally confirm

their presence, and reasonable reactions accounting for the pro-

duction of these species are presented. A reassignment of the

fundamental vibrations of monomeric HSO 3F' is also offered.

The infrared absorptions of the SO 3F radical have been observed

for the first time, and the six fundamental vibrations were



determined. These frequencies are in good accord with earlier

values deduced indirectly by King and Warren from hot band transi-

tions in the visible absorption spectrum of the vapor. This same

visible system (2E - X A2) has also been observed here for the

matrix isolated species, and vibronic structure involving the Al

vibrations of the 2E state was clearly resolved.

An investigation was also conducted into possible routes

leading to the formation and matrix isolation of cyclobutadiene.

As part of this project, infrared and Raman spectra of cis-3, 4-

dichlorocyclobutene were recorded and a vibrational study made.

Using quantitative Raman depolarization ratios, infrared vapor

band contours and chlorine isotopic splittings, all 24 fundamental

vibrations have been assigned, with results consistent with a Cs

planar ring structure. A unique Fermi resonance is observed

between the symmetric =C-H stretch and the overtone of the C=C

stretch, which arises from the very low double bond stretching

frequencies in some four-membered rings..

Infrared, far infrared, ultraviolet and electron paramagnetic

resonance spectra of the photolysis products of cx- pyrone, recently

reported to form cyclobutadiene, have been obtained. Contrary

to the reported square triplet structure cited by the previous

infrared investigators, the definitive lack of EPR signals



attributable to cyclobutadiene in the present work suggests a

singlet ground state for this molecule. The ultraviolet results,

which show that any electronic transitions of cyclobutadiene above

220 nm must be very weak if indeed present, are also consistent

with a rectangular single state.
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This garden universe vibrates complete,
Some we get a sound so sweet.
Vibrations reach on up to become light,
And then through gamma, out of sight.
Between the eyes and ears there lie,
The sounds of color, and the light of its eye.
And to hear the sun, what a thing to believe,
But its all around, if we could but perceive.
To know ultraviolet, infrared and X-rays,
Beauty to find in so many ways. . . .

From "In Search of the Lost Chord"

The Moody Blues



SPECTROSCOPIC STUDIES OF MATRIX
ISOLATED MOLECULES:

I. THE FLUOROSULFATE RADICAL
II. CIS-3, 4-DICHLOROCYCLOBUTENE

III. CYCLOBUTADIENE

I. MATRIX ISOLATION SPECTROSCOPY

1. Introduction

Matrix isolation is an experimental technique involving the

trapping of molecular species as essentially isolated systems in an

inert, rigid solid. Subsequent spectroscopic examination of the

isolated species is then conducted, with the chosen matrix material

itself being transparent or otherwise non-interfering in the spectral

region of interest. While the general technique of studying species

suspended in a rigid medium encompasses a wide area of chemical

investigation, most of the work on free radicals and other transient

systems has been conducted with argon or nitrogen matrices (at 4 to

20°K) with the spectroscopic examinations performed primarily in

the infrared region, along with some UV-visible and EPR work also.

Since its conception and subsequent development, mainly through the

pioneering efforts of Pimentel and co-workers, this technique has

proven to be an extremely powerful tool in the investigation of not only

unstable speciesits original intended purposebut also in the study

of stable molecules as well. In the present study this method has
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been used in the investigation of the pyrolysis products of

peroxydisulfurly difluoride, and also as a means of studying possible

routes leading to the formation and trapping of the cyclobutadiene

species. This latter project has involved a study of the photolysis

products of a-pyrone and has also included a vibrational study of

cis-3, 4-dichlorocyclobutene.
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2. Experimental Apparatus, Instrumentation
and Procedures

2-1. Cryogenic Refrigerator

The low temperatures needed for condensation and mainte-

nance of inert gas matrices were attained using an Air Products

Displex cryogenic refrigerator, Model CS-202. This closed-cycle

system uses helium as a refrigerant and is capable of achieving and

maintaining a temperature of 12°K. The unit consists of three com-

ponents: a compressor module, a control panel and a displacer/

expander cooler, the tip of which attains the actual cryogenic tem-

peratures. Flexible metal lines from the cooler head to the com-

pressor are used for the flow of helium. A small heater attached to

the tip allows the maintenance of a temperature above 12°K as does

a helium by-pass valve which, when opened to various amounts,

decreases the cooling efficiency.

Temperatures may be monitored through an equilibrium

hydrogen vapor pressure gauge or by means of a chromel/gold-O. 07%

iron thermocouple. The former is limited to the 12 to 26°K region

and gives the temperature of the cooler tip. The latter, with one

junction attached to the particular sample substrate employed and

the other immersed in an ice water bath, monitors the sample
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temperature directly. Usually a difference no greater than 1°K

was observed between the two.

Thermal insulation of the cooler is provided by a 24 inch

diameter brass vacuum shroud attached to an aluminum block base,

which permits evacuation ( -1O
-5 Torr) of the volume surrounding

the cooled portions of the refrigerator. Vacuum seals with the

cooler are provided by a set of two 0-rings, which allow the rota-

tion of the entire cooler relative to the vacuum shroud-base assem-

bly. Five ports on the sides and bottom of the base allow for visual

and spectroscopic examination of the sample substrates attached to

the cooler tip. Depending on the specific spectroscopic region

under investigation, various window materials may be used to cover

these ports with 0-rings providing the seals. Various attachments

may also be used in place of a window as needed for conducting

specific experiments, such as those involving photolytic or

pyrolytic depositions.

2-2. Spectrophotometers and Matrix Sampling Arrangements

Infrared

All the infrared experiments were performed using a Perkin-

Elmer 180 infrared spectrophotometer. This double beam ratio

recording instrument covers the region from 4200 to 180 cm-1
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with dispersion provided by a set of five gratings. The instrument

housing is continuously purged with dry air flowing at the rate of

2-3 standard cubic feet per minute. All spectra were recorded in

double beam using the slit program-automatic gain control energy

mode. Slit programs of 7 to 7.5, corresponding to a 1-2 cm -1

resolution throughout most of the 4000 to 200 cm-1 region, were

normally employed for routine scans with correspondingly smaller

programs used for high resolution or frequency measurement

recordings. Calibration was performed through occasional checks

of water vapor and CO2 frequencies.

For Low temperature experiments, two types of sampling

arrangements were employed. In earlier work a rectangular

plate CsI window, sandwiched between two metal frames and indium

gaskets (Figure 1), was used as a substrate for matrix or poly-

crystalline sample films. This window assembly was screwed to

the tip of the Displex cooler, which was situated in the 180 sampling

compartment in a manner so as to allow the sample beam to focus

on the CsI plate. The temperatures of the sample films were moni-

tored via a thermocouple junction attached to a lower corner of the

window plate frame. Two CsI windows were used on the cold cell

base ports through which the sample beam passed. With the use of

these three CsI windows, which were usually polished just prior to
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Figure Sample substrates used in the low temperature infrared and
ultraviolet--visible experiments. Top: expanded view of the
CsI window infrared tip assembly. BOttom: sampling faces of
the CsI window and aluminum block infrared tips and the sapp-
hire window ultraviolet-visible tip, showing the app7o,:dmate
spectroscopic sampling area (shaded), drawn to full scale.
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an experiment, 70% of the sample beam energy (at 1000 cm-1)

normally reached the detector. Rotation of the refrigerator relative

to the fixed base allowed the positioning of the CsI window to permit

sample depositions, irradiation of sample (in photolytic experi-

ments) or infrared sampling.

In latter experiments a polished aluminum block cold tip,

together with a reflection arrangement, was used exclusively for

the low temperature infrared work. Samples were deposited onto

one of four faces of the 2"x1"xl" 52 gram hollow block, which was

screwed to the tip of the refrigerator. The latter was situated in

the 180 sample compartment allowing the sample beam to reflect

off the cold tip face and traverse the optical path indicated in Figure

2. As may be observed, the infrared beam in this set-up actually

focuses slightly ahead of the sample surface, hence a larger area

(Figure 1) is examined than with the direct transmittance arrange-

ment. In principle, rotation of the refrigerator through 360° could

permit the use of any of four different sampling faces in one cool-

down, but in practice the complete mobility of the cooler is some-

what limited by the helium hoses and all four faces usually could not

be used independently as deposition on one face resulted in matrices

on the side and back faces as well.
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Perkin-Elmer 180
Sampling Compartment

Monochromator
and Detector
Compartment

Reference Beam

Globar and
Mercury Source
Compartment

CsI Window

Rotatable
Polished
Aluminum
Cold Tip

Base Port
Covers Displex Cell Base

Sample Beam

Figure 2 Schematic diagram (top view) of the reflection optics -

aluminum block cold tip arrangement used for low temperature
infrared sampling on the Perkin-Elmer 180, Drawn to approx-
imately 1/3 scale.
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The reflection system consists of three plane mirrors and a

large collimating mirror (from a Perkin-Elmer 112) all rigidly

mounted on a platform designed to sit in the sample compartment.

This arrangement calls for the use of a single CsI window (through

which the sample beam passes twice) on the base, with 65% of

the sample beam energy (at 1000 cm-1) normally reaching the

detector with window and polished tip in place. Owing to the large

difference in pathlengths of the sample and reference beams for this

configuration, atmospheric absorptions of CO2 and sometimes water

were usually observed. Care was thus taken not to expose the

sample compartment to the atmosphere when the refrigerator was

housed in the instrument, and for cases in which CO2 absorbing

regions were under scrutiny, dry nitrogen was used for purging.

Far Infrared

Just prior to completion of most of the experiments con-

ducted and described herein, the Perkin-Elmer 180 was equipped

with modifications extending its range to the far infrared region.

This included the installation of a mercury lamp source, a pyro-

electric TGS (triglycine sulfate) detector and two more gratings,

thereby allowing scans down to 31.25 cm-1. For matrix sampling

in the far infrared, the same optical reflection system used for the
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mid infrared region was employed, with the use of a polyethylene

window rather than CsI. With the use of both CsI and polyethylene

windows on two adjacent faces of the cell base, the mid and far

infrared regions could both be scanned in a single cool-down through

rotation of the cell base (as opposed to rotation of the refrigerator

see Figure 2).

Raman

Inelastic Raman scattered radiation from various samples

was analyzed using a Cary Model 82 spectrophotometer. Laser

exciting lines of argon ion (5145, 5017, 4965, 4880, 4765, 4727,

4658 and 4579 A) were provided by either a Coherent Radiation

Model 5213 or a Spectra Physics Model 164-03, while krypton ion

lasing lines (6764, 6471, 5682, 5309, 5208, 4825 and 4762 A)

were provided by a Spectra Physics Model 164-01. All the lasers

were mounted on supports attached to the rear or top of the spectro-

meter housing to minimize misallignment difficulties. The particu-

lar exciting beam employed was directed through a filter system

(consisting of an arrangement of three prisms followed by a narrow

slit) to remove numerous plasma discharge lines, prior to passage

through a lens bringing it to focus in the collectionsampling volume.

A loss of approximately 50 to 70% of the lasing line energy usually
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occurred as a result of the filter system and other optics needed to

direct the beam to the sampling area. Most spectra were taken

using the 5145 or 4880 A lines of Ar+ or the 6764 A line of Kr+

due to their greater intensity. The scattered radiation from a 5 mm

high sampling segment emanating in an approximately 50° cone (see

Figure 4) with an axis perpendicular to the exciting beam was

collected and analyzed by the instrument. For liquid samples a

mirror placed behind the collection volume also allowed collection

of the light radiating in a cone opposite the aforementioned one.

Depolarization ratio measurements were obtained by one of two

methods as depicted schematically in Figure 3. In one method a

polarizing filter transmitting either vertical or horizontally polar-

ized radiation was placed directly in front of the collection aplanat

of the instrument. Ratios were obtained by rotation of the filter to

one of these two positions, with a scrambler also positioned in front

of the monochrometer section of the Cary 82. This latter was

necessary as the dispersive efficiency of the gratings is very

dependent on polarization. As depicted in the figure, the laser

radiation is itself polarized with the electric field vector located

in a plane parallel to the collection face. The other method involved

placing a quarter wave plate before the sample to achieve one of two

polarizations, together with a horizontal polaroid filter placed in
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Figure 3, Schematic of the two optical systems used for Raman depolarization measurements.
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front of the collection lens. Ratios were obtained by recordings

taken before and after a 45° rotation of the plate. This latter

method was usually used due to its greater efficiency, as the

scrambler produced a 50% loss of energy.

For the low temperature Raman work the Displex refrigera-

tor (with aluminum block cold tip) was situated horizontally with a

mount, attached to the Cary sampling compartment frames, sup-

porting and clamping down the vacuum shroud. Additional support

for the massive cooler head portion was provided by a belt sus-

pended from above the assembly. A lateral degree of freedom in

the direction of the spectrometer was provided once the cooler was

mounted in place and this, together with the rotation of the tip,

permitted the chosing of a sampling area of the matrix or solid

sample which maximized the Raman Signal. A schematic of the low

temperature Raman sampling system is shown in Figure 4.

Ultraviolet Visible

Ultraviolet-visible absorption spectra from 200 to 800 nm

were recorded on a Cary 15 calibrated with the emission lines of a

mercury lamp. For low temperature matrix experiments the

Displex refrigerator, equipped with a round sapphire plate window

sandwiched between metal frames (Figure 1), was housed in the
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Figure 4. Cross sectional view of the low temperature Raman sampling
system, shown in full scale.
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sampling compartment allowing the beam to focus on this window.

Quartz or pyrex windows were used on the base port covers through

which the sample beam passed. With the three windows in place an

"absorbance" of .18 (66% transmittance) was recorded. Meticu-

lous care was taken to insure that the sample compartment was

completely shielded from exposure to any room light, as the

detectors for the instrument are Located adjacent to this housing.

Electron Paramagnetic Resonance

The low temperature EPR experiments were performed

using a Varian Model E-9 spectrometer. Operating at a frequency

between 8.8 and 9.6 GHz with a maximum power of 200 mW,

magnetic fields from 0.2 to 8000 Gauss could be scanned with

this instrument (3400 Gauss corresponds to a free electron

resonance at 9. 5 GHz). For matrix experiments a 1/8 inch

diameter sapphire/copper rod, mounted perpendicular to the

refrigerator axis (Figure 5), was used as a sample substrate.

The metal portion of this rod was attached to the refrigerator using

a copper holder screwed to the tip. Vacuum insulation for this rod

was provided by a 7-inch long 10 mm diameter quartz tube,

coupled to a brass vacuum shroud via an ultratorr fitting. An

ultratorr coupler between the end of the quartz tube and 1/8 inch
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flexible copper tubing also provided for sample access to the

system. Matrices were formed from condensation of an upward

stream of flowing sample onto the cooled sapphire rod. A tem-

perature gradient of not more than 1°K was observed to occur

between the refrigerator tip and the end of the sapphire rod.

The complete immobility of the refrigerator relative to the

vacuum insulation system is dictated by this sampling arrangement,

and thus a clamp was used to prevent rotation of the refrigerator.

A rigid frame support attached to the E-9 magnet housing provided

a mount for the horizontally situated refrigerator, and allowed the

entire system to be raised or lowered. This latter feature per-

mitted the positioning of the sapphire rod within the resonant cavity

volume. Visual examination of the substrate was obtained through

removal of the sample irradiation grid plate (Figure 5), which also

allowed ultraviolet irradiation of the matrices for photolytic studies.

2-3. Vacuum Systems

A number of different vacuum systems were employed for

synthetic preparations, vacuum purifications, preparation of

sample/inert gas mixtures for matrix sampling, and evacuation of

the cryogenic systems. Most of the first two functions were con-

ducted on a vacuum line comprised of a pyrex manifold with pro-

jecting vertical arms fitted with high vacuum stockcocks and
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terminating in standard taper joints. The ground glass joints were

greased with either Apiezon "N" or Kel-F. Low pressures (down

to -10-5 Torr) were maintained through the use of an oil diffusion

pump (Consolidated Vacuum Corporation PMCS-2C with silicone

oil) coupled to a mechanical roughing pump, with a liquid nitrogen

cold trap situated between the pump and vacuum system. Pressures

were monitored from 1 to 760 Torr on a mercury monometer,

while thermocouple and ionization gauges covered the 1 to 10-7

Torr region. Most of the chemical preparations and purifications

required only the use of the mechanical pump as high vacuums were

not usually needed.

For the preparation of premixed sample/inert gas specimens,

a grease free vacuum line-manifold system with Teflon stopcocks

(Ace Glass Incorporated) employing viton 0-rings was used. All

couplings to external components on this line were achieved through

the use of Cajon Ultratorr fittings. Pressures from 0 to 760 Torr

were monitored on an Acco Helicoid Gauge. with lower pressures

in the 0 to 20 Torr range monitored on a Speedivac type C. G. 3

gauge (Edwards High Vacuum, Ltd.). Thermocouple and ionization

gauges were also used on this line.

For evacuation of the refrigeration systems, liquid nitrogen

trap-diffusion pump-mechanical roughing pump set-ups were also
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used to achieve high vacuums. Pressures (1 to 10-7 Torr) were

monitored on Granville-Phillips thermocouple (260-009) or ion

(274-002P) gauges. A five foot long flexible brass hose was used

between the cold trap and the vacuum shroud of the Displex cooler.

As the corrugated inner surface of this tubing tended to readily

absorb water, it was usually strongly heated (with a heating cord

wrapped around it) under vacuum prior to cool downs.

2-4. Preparation of Pre-mixed Matrix Samples

Two different methods are possible for achieving the forma-

tion of isolated molecular species embedded in a host matrix. The

sample may be pre-mixed with the matrix gas prior to deposition

and condensation of this mixture, or the sample may be co-deposited

with an excess of the matrix gas with the use of two spray-on jets

located adjacent to one another. The former has the advantage of

allowing a matrix of known dilution to be prepared but often this

premixing cannot be performed due to the nature of the system

under investigation.

For cases in which the preparation pre-mixed matrix

samples were feasible, the grease free vacuum line was used, with

three arms of the manifold connected to a bulb, sample tube and

1/8" copper tubing from the matrix gas tank. Following the
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evacuation (-10-5 Torr) of this system, the sample would be

allowed to vaporize into the system and bulb until the desired

pressure (usually a few Torr or less) was achieved. This pres-

sure was usually controlled through the use of a temperature bath

surrounding the sample. The matrix gas would then be allowed

to flow into the system in such a manner that its pressure was

always greater than that in the bulb, until the proper dilution was

attained.
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II. INFRARED AND VISIBLE ABSORPTION SPECTRA OF THE
MATRIX ISOLATED PYROLYSIS PRODUCTS OF

PER OX Y DISU LF UR 'Y L DIF LUOR IDE AN
INFRARED OBSERVATION OF THE

FLUOROSULFATE RADICAL

1. Introduction

Peroxydisulfury1 difluoride, S206F2, was first synthesized

in 1957 by Dudley and Cady (1) who later (1963) reported (2) the

vapor phase equilibrium between this parent species and the

fluorosulfate free radical at temperatures above 100°C. This

equilibrium is of interest not only for its role in the chemistry of

0 0
II IIF S O O S F 2

0

F S O
0

S206F2, much of which involves the intermediate formation of

these radicals, but also because it is only one of the few systems

involving an equilibrium between a molecule and radical at ordinary

temperatures. Similar behavior has been observed for the N204-

NO2 and N
2
F

4
-NF

2
systems, both of which have been extensively

studied.

Two other routes leading to the formation of SO3F have since

been reported (1965) including photolysis of SO
3
F2 (3) and
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ultraviolet irradiation of a mixture of SO
3

and F
2

(4). This Latter

has been attributed to the formation of fluorine atoms and their

subsequent combination with S03.

Following these reported methods of producing the fluoro-

sulfate species, several spectroscopic techniques have been

employed to characterize the properties of this relatively stable

radical. These include three electron spin resonance studies (5-7),

as well as an ultravioletvisiblenear infrared study and two

infrared investigations.

King, Santry and Warren (1969) have performed a detailed

analysis of the electronic absorption spectrum of the radical in the

200 nm to 2600 rim region (8-11). Using a heated quartz cell to

contain the reactive S
2
0

6
F 2-S03F vapors, they observed three

distinct radical absorption systems (Figure 6) and based upon

calculations assigned these transitions as:

1. 1000 - 2000 rim

2. 570 - 1000 rim

3. 360 - 550 nm

2A
1 X 2A2

2E(1) - X 2A2

2E(2)
X

2A2

The third of these systems is responsible for the yellow color of the

radical and is the only transition exhibiting well resolved vibronic

structure. Analysis of this structure yielded values for the vibra-
2tional fundamentals of the E(2) excited electronic state.
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Figure 6. Near infrared and visible absorption systems of the vapor phase fluorosulfate
radical observed by King, Santry and Warren.
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Owing to the extreme reactivity of the radical, these

workers were unable to obtain an infrared spectrum of the vapor

and they also could not observe any visible fluorescence. Hence

tentative assignments were made for the ground electronic state

vibrational fundamentals from features believed to arise from hot

bands in the vibronic struction of the 360 - 550 nm system. These

assignments were based primarily on expected regions of vibrations

for the six normal modes of SO
3F (assuming C

3v
symmetry) from

comparison with modes of related compounds (e. g. , SO
3
F), and

on the similarities in rotational fine structure of these assigned

hot bands to those of the origin band. Many hot band features were

observed however, so that these assignments were not entirely

certain.

Parker (1967) and Oakes (1972) have studied the S2O6F2-

SO
3F system by observing infrared spectra of S

2
0

6
F2nitrogen

mixtures deposited onto a Cs Br window held at 20°K (12, 13). The

mixtures were flowed through a length of nickel tubing heated to

160°C prior to deposition. The experimental procedures and

apparatus employed by these two workers were similar with the

main difference being the method of matrix deposit. Parker

employed a continuous flow spray-on while Oakes used a pulsed

deposition. Both workers observed new absorption peaks for the
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the formation of these latter species. To accomplish these

objectives, infrared, visible and Raman spectra were sought to

characterize the matrix isolated pyrolysis products of S
2
0

6
F2.

The matrix isolation method offers an ideal environment in

which to stabilize and examine the products of S
2

0
6
F2 because of

the extreme reactivity of both parent and radical. In addition,

matrix warm-up experiments allowing diffusion of the reactive

productsleading to recombination and other aggregates, may be

continuously monitored by observing changes in the various spectra

and this can aid in identification. The very sharp infrared absorp-

tion peaks characteristic of isolated species also greatly facilitate

the assortment and identification when several substances are

simultaneously present in the matrix. This is especially true of

cases in which the trapped species all give rise to the transitions

in similar spectral regions, as in the present experiments where a

number of substances incorporating the -SO
2F moiety would be

expected.

As part of this investigation, infrared spectra of some

related sulfur-oxygen-fluorine containing species have also been

taken to aid in identification. Since argon matrix spectra of many

of these have not been reported previously, results are given here

for S
2
0

5
F2, HSO

3F, SO3, SO2 and SF
6

along with the pyrolysis

results.
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2. Experimental

2-1. S
2
0

6
F2 Sample and SO

3F Radical Formation

The sample of peroxydisulfuryl difluoride used throughout

the experiments was provided by Professor David F. Eggers, Jr.

of the University of Washington. Preliminary infrared spectra of

the matrix isolated species showed no impurities as indicated by

comparison with previously reported spectra (1, 12 -14). The

sample was stored in a pyrex tube fitted with a Teflon stopcock

and was kept in liquid nitrogen at all times except during depositions

and when pumping on the sample to remove volatile impurities.

The fluorosulfate radical and other pyrolysis products were

generated by flowing low pressure S
2
0

6
F2 vapor through a length

of heated nickel tubing. This stream was then co-deposited with a

large excess of argon or nitrogen onto cooled aluminum or sapphire

tips held at 14°K.

This method differs from that of the two previous matrix

studies in that only the sample, and not sample plus matrix gas,

was heated prior to condensation thus preventing excess thermal

transfer to the cold tip and insuring good isolation. The use of

aluminum or sapphire sample substrates (which were coated with a

thin film of matrix gas prior to depositing) rather than a CsI
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window also minimized undesirable reactions between the sampling

surface and radical (this had proved to be a problem in the previous

infrared studies).

2-2. Deposition System

Because of the reactivity of the parent S
2
0

6
F2 and

especially of the radical, which readily attacks most substances,

the flow system from the S
2
0

6
F2 sample to the cold tip was con-

structed using inert components whenever possible. A schematic

of the sampleheaterspray-on port train used is shown in Figure

7. The S
2
0

6
F2 sample tube was attached to a pyrex adapter via

a Fischer-Porter solv-seal Teflon joint held together with threaded

plastic couplings. The pyrex adapter was connected to the nickel

heater by means of a .1-, inch monel gyrolock coupling fitted with

Teflon ferrules, and the heater tip entered the side of the cold cell

base through a a inch Cajon Ultratorr fitting. The only 0-rings

directly exposed to the sample were thus the two in the solv-seal

joint. These viton 0-rings were exposed primarily only to the

parent since they were situated before the heater.

The nickel heater used was also provided by Professor

Eggers. It consists of 4 inch nickel tubing wound with nichrome

heating wire with a total heating length of 24 inches. The deposit
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Nickel heater
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Pyrex adapter

Solv seal joint with two viton 0-rings
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Flowmeter
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To matrix gas tank

Figure 7 Schematic of the deposit system used in the pyrolysis
experiments.
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tip was constricted to 1/16 inches in diameter and a copper-

constantan thermocouple embedded near the tip allowed the tempera-

ture to be monitored. A more complete description of the heater

is given by Oakes (13).

2-3. Deposition Conditions

In the formation of the Low temperature inert gas matrices

for subsequent spectroscopic examination, a total of three parame-

ters governing the composition and nature of the matrix could be

independently varied. These were: (1) the vapor pressure of the

S
2
0

6
F2 parent flowing to the heater, (2) the inert gas flow rate and

(3) the nickel heater temperature.

The pressure of S
2
0

6
F2 was controlled by using various

low temperature slush baths in which to immerse the sample tube.

Because of the reactivity of S206F2, no pressure monitoring

gauges were used on the deposit flow system. Instead, a rough

guide to pressures was obtained from an empirical formula for

the vapor pressure of S
2

0
6
F2 as a function of temperature given

by Dudley and Cady (1). This equation, based on their pressure

measurements from 0 to 68°C, would only be valid above the

melting point of -55°C where a pressure of .28 Torr is predicted.

Pressures much lower than this are necessary for matrix deposits
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and slush bath temperatures from -95°C to -75° C were used for

the various deposits. The formula predicts pressures of .4

milliTorr and 17. 2 milliTorr at -95°C and -75°C respectively

the actual pressures were probably lower than these.

The matrix gas flow was regulated by means of an Hoke

needle valve located above a Monostat Corporation "Predictability"

flowmeter with sapphire and stainless steel floats which monitored

the flow rate (see Figure 7). Flow rates between 2.0 and 2.5

scale units with back pressures from 5 to 10 lbs were used for

most deposits.

The nickel heater temperature was controlled by a variac

with leads to the ends of the nichrome heating wire and the tempera-

ture was monitored using the copper-constantan thermocouple. A

variation of ± 2°C was typically observed during the course of

deposition.

The degree of isolation of the parent, radical and other

decomposition productsas reflected in the host-guest ratiowould

be expected to be determined primarily by the vapor pressure of

S
2
0

6
F2 and the inert gas flow rate. A preliminary infrared experi-

ment to optimize these two parameters was performed on the

parent S
2
0

6
F2 with the heater off by maintaining the sample at

-89°C and varying the matrix gas flow rate from 1.0 to 5.0 with a
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back pressure of 5 to 10 lbs. For a flow rate of 5.0 the infrared

spectrum of S
2
0

6
F2 indicated good isolationas reflected by very

narrow absorptionsbut also showed very pronounced scattering,

suggesting a higher matrix ratio than necessary. Flow rates of

2.0 to 2.5 also gave good isolation but much less scattering,

hence matrix gas flows in this range were employed thereafter.

The exact matrix ratio was not determined due to the uncertainty

in the S
2
0

6
F2 initial pressure and in the extent of decomposition

to radical and other products, but in all deposits the trapped species

exhibited sharp infrared absorptions.

The composition of the isolated products is dependent not

only on the matrix ratio but also on the heater temperature. For a

given temperature the percent dissociation of the parent increases

with decreasing pressures, hence lower S
2
0

6
F2 pressures favor

radical production. Low pressures of S 0 F
2 6 2

however, are

limited by practical considerations since these necessarily mean

longer deposit times. The radical production is also favored by

higher temperatures which, however, might also yield other

decomposition or reaction products of the radical parent.

It was found that use of a -85 to -95°C slush bath and a

nickel heater temperature of 150 to 170°C gave spectra with only

weak parent infrared absorptions, and required total deposit times
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of three to five hours to achieve reasonably strong product

absorptions. Hence temperatures in these ranges were used for

most of the experiments.

2-4. Infrared Experiments

The infrared experiments were performed on the Perkin-

Elmer 180 using the reflection apparatus and the corresponding

cold cell base, which housed the Displex refrigerator with aluminum

cold tip. A CsI window and two glass windows were used on three

of the base ports. The Ultratorr-aluminum plate accommodating

the heater assembly was fitted on the fourth port. The nickel heater

deposit tube terminated 1.5 inches from the face of the aluminum

tip and the matrix gas spray-on jet was located along side of it

(Figure 7). All the infrared experiments were performed using

argon (Airco, prepurified) as matrix gas.

A typical infrared pyrolysis experiment proceeded as follows.

With the Displex refrigerator assembly set up in the infrared instru-

ment, the cell and the S
2
0

6
F2 sample (held at 77°K) were evacu-

ated to about 10-4 Torr. A slush bath at -70°C was then placed

around the sample for an hour to pump off any volatile impurities

such as SiF
4. After replacing this bath with a liquid nitrogen one

and closing the sample tube Teflon stopcock, the nickel heater was
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turned on to a temperature of about 250°C for an hour. The valve

between the displex cell and the flexible brass tubing leading to the

diffusion pump was then closed and the heater windings on this

tubing were turned on for a few hours to drive off water and other

surface contaminants. The cell valve was then reopened and when

the pressure fell below 10-4 Torr, the displex refrigerator was

turned on.

A face of the aluminum cold tip was then positioned so as

to maximize the percent transmittance by rotation of the displex

head, and a background scan was taken while the tip was cooling

down. When the displex hydrogen pressure gauge reached 1 lb.

(14°K), a thin protective coat of argon was sprayed on each face of

the tip. The temperature of the nickel heater was then adjusted

using the variac. Deposition proceeded with intermittent survey

scans taken to determine the extent of sample sprayed on. Total

deposit times were usually three to five hours. Warm-up diffusion

experiments were conducted by opening the Displex relief by-pass

valve and keeping the pressure on the ionization gauge below

5 x 10_4 Torr. Temperatures from 30 to 35°K were obtained in

this manner. After each experiment it was usually found necessary

to repolish the aluminum tip and the CsI window, which had

acquired a yellowish film.
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2-5. Infrared Spectra of S
2
0

5
F2, HSO3F, SO3, SO2 and SF

6

The S
2

0
5
F2 sample was provided by Professor Eggers and

was deposited with the same apparatus used for the S
2
0

6
F2 parent.

Pyrex sample bulbs containing HSO3F (Aldrich, spectrograde),

SO3 (Pfaltz and Bauer), SO2 (Matheson) or SF
6

(Matheson)

along with argon in large excess were prepared on a grease free

vacuum line fitted with Teflon stopcocks. The sample bulb stop-

cocks (if Teflon ones were not used) and other ground glass joints

were greased with Kel-F (fluorocarbon) grease. The liquid SO3

and HSO3F samples, held at room temperature, were evaporated

into the sample bulbs which were then pumped out till the desired

sample pressures (< 1 Torr) were achieved. For HSO3F, which

was found to contain HF and SiF
4

impurities, samples were

pumped on briefly prior to vapor transfer into the bulb to remove

these. The SO and SF
6

gases were transferred from the gas

cylinders via tygon tubing into the awaiting evacuated sample bulbs.

Argon was then added to all the bulbs till the desired mixture was

obtained. For all the samples, matrix dilutions of 1000/1 or

greater were prepared. The indicated dilutions however, are only

approximate as the Low pressure readings for these reactive species

were somewhat in question.
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For infrared sampling, the SO2 or SF
6

sample bulb was

attached via Ultratorr couplers and 1/8 inch copper tubing to the

flowmetercopper tubing system (see Figure 7), which previously

served as flow system for the argon in the pyrolysis experiments.

The deposit rate was controlled using the top needle valve. For

the more reactive SO3 and HSO
3F, which were found to attack the

copper system, the sample bulbs were attached to a 4 inch pyrex

tube which entered the side on the displex base port through the

Ultratorr-aluminum plate (Figure 7). A Teflon needle valve type

stopcock (Ace Glass Incorporated) controlled the flow rate. For

these latter samples the deposit rate was indirectly monitored by

the observed rise in pressure when deposition took place.

Deposits of HSO3F were also made using the nickel heater

assembly. A sample of HSO3F in a pyrex tube fitted with a Teflon

stopcock was attached to the heater system via the gyrolock coupler

(Figure 7). Using slush baths to control the vapor pressure, the

acid was deposited along with excess argon.

2-6. Visible Absorption and Raman Experiments

Visible absorption spectra were recorded on the Cary 14

using the cooled sapphire plate substrate. Two soft glass windows

with transmission down to 350 nm were used on the cold cell base
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ports through which the sample beam passed. Argon, nitrogen

(Airco, prepurified) and krypton (Matheson, research grade) were

used as matrix gases.

A number of experiments were also performed on the Cary

82. However, attempts to observe Raman scattering from the

matrix isolated products, or possibly to excite a discrete visible

emission from the fluorosulfate radical using various lines of the

argon and krypton, ion lasers were not successful. At the power

levels of the lasers (> 500 mw at the sample) normally required

to observe Raman scattering from matrix species, it was found

that absorption by the matrix (see Figure 19) prevented any

scattering observations. Visual examination of the sample after

such attempts showed it to be bleached where the laser beam had

passed through the matrix. At lower laser power levels with the

beam unfocused on the sample, only a very broad structureless

fluorescence was seen. Matrix dilution experiments, resulting in

sample matrices that ranged from colorless to dark brown, were

also tried but this did not alleviate the problem.

Similar attempts were also made for the vapor phase radical.

A sample of S
2

0
6
F2 in a sealed quartz tube was heated (using hot air

from a blower) with the appearance of a faint brown color. Various

power Levels of the argon ion lines were passed through this tube but

a discrete fluorescence was not observed.
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3. Results

3- 1. Infrared Spectra

The infrared spectrum of S
2
0

6
F2 parent isolated in argon

at 14°K is shown in Figure 8A while Table 1 lists the correspond-

ing frequencies. A total of 21 infrared pyrolysis experiments were

performed on the parent with nickel heater temperatures ranging

from 100°C to 260°C. For the deposit at 100°C the resulting

spectrum indicated that S
2
0

6
F2 remained largely undissociated

with the appearance of only weak new peaks. At 138°C however,

the new features predominate as may be seen in Figure 8B. Figure

9A shows a spectrum of the same sample after further deposition,

while the absorptions observed on the side and rear faces of the

cold tip resulting after this Latter spray-on are depicted in Figures

9B and 9C respectively. Figure 10A displays the results of a

pyrolysis at 165 °C with the spectra of the same matrix after a

series of warm-ups shown in Figures 10B and 10C. Two other

deposits conducted near 165°C may be seen in Figures 17A and

18A. Finally, Figure 11 shows a deposit at the highest temperature

used, 260 °C.

In examining these product spectra, the amount of undisso-

ciated S
2
0

6
F2 remaining after pyrolysis may be easily gauged by
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noting the intensity of the 751 cm-1 feature. This peak is the

second strongest parent absorption and occurs in a region (600-800

cm-1) that is relatively free of major product absorptions.

Because the parent was almost completely dissociated at 165°C

(Figure 10A) and further increases in nickel heater temperature

seemed to produce product decomposition, the majority of the

deposits were conducted near 160° C. A composite listing of

frequencies for all the absorptions observed in the many deposits

is given in Table 2, with indicated intensities typical of results

obtained at 160°C.

Optical density measurements of some of the absorptions in

the above spectra (and others not shown) were also made. For

this purpose the product feature at 1053 cm-1 served as a con-

venient reference since it always appeared as a very strong

absorption at 160°C, it is well isolated from other strong absorp-

tions, and it does not show any multiplet structure. Plots of

absorbances of some of the product peaks relative to this 1053 cm-1

reference are depicted in Figures 12 through 15. The abscissa in

these plots represents the many different deposits, some of which

are sequential in time as indicated in the key (Table 3) describing

these deposition conditions. Growth curves depicting absolute

absorbances of some selected peaks versus total deposit time are
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shown in Figure 16. Spectra of SO3, HSO3F, S205F2, SO2 and

SF
6

matrix insolated in argon are presented in Figures 17 and 18

with the frequencies of these absorptions listed in Tables 4 through 8.

3-2. Visible Spectra

In addition to the many experiments performed in the

infrared region, visible absorption spectra of the matrix isolated

products in argon and nitrogen were also obtained to: (1) confirm

the presence of the radical and verify that the observed colored

matrices contained no other visible absorbing species, (2) verify

the assignments of the hot band features in the vapor spectrum upon

which the previous SO3F fundamentals were based, (3) obtain the

values for the excited state fundamentals of SO
3F

in various

matrices, and (4) aid in the selection of laser lines that might be

used in the matrix Raman-visible emission experiments.

Typical visible spectra obtained are depicted in Figure 19.

The apparent rise in continuous absorption with decreasing wave-

length is due mainly to scattering by the matrix samples (as evi-

denced by deposits of pure argon and nitrogen). The observed

absorptions appeared only with heated deposits and from a compari-

son with the vapor spectrum (Figure 6), it can be seen that the

absorptions are certainly due to matrix isolated SO3F. No
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absorptions are seen that cannot be attributed to the radical (Tab Le

9) and hence other visible absorbing species may be ruled out.

Also, none of the features occurring below the assigned origin

band in the vapor spectrum (Figure 6) appear here, confirming

their assignment as hot bands.

Further comparison between the vapor and matrix spectra

show a general decrease in frequencies for the latter (A cm-1 300

for argon, 400 for nitrogen). In the vapor, the transitions are

split (by 29 cm-1 Figure 6) and King and Warren (9) have attri-

buted this to a Jahn-Teller/spin orbit splitting of the 2E excited

state. Unfortunately, this splitting was not resolved in the matrix

spectrum because of the breadth of the absorptions (- 100 cm-1

half widths) and hence no conclusions can be drawn regarding

matrix effects on the Jahn-Teller/spin orbit interactions. In

addition, the matrix spectra show strong transitions only to A

vibrational levels of the 2E state, hence values for all the E
1

mode fundamentals of this state could not be obtained.

In addition to argon and nitrogen, a spectrum in a krypton

matrix was also observed. Scattering was found to be very pro-

nounced and the absorptions, which were shifted considerably from

the vapor results ( 700 cm-1 lower), were very broad and over-

lapping, hence little vibronic structure could be observed.



Figure 8. Infrared spectra of matrix isolated S
2
0

6
F2 and the pyrolysis

products of S
2
0

6
F2. The dashed-in portion near 2340 cm-1

seen in this figure and in others to be presented represents a
region where strong atmospheric absorption by CO2 vapor
precluded any spectral observations on the matrix sample.

A. Matrix isolated S
2
0

6
F2 taken after 40 minutes deposit time.

Nickel heater off; sample temperature, -80° C; argon flow,
2. 7; slit program, 7. 5.

B. Matrix isolated pyrolysis products of S
2
0

6
F2 taken after 60

minutes deposit time. Nickel heater temperature, 135-140°C;
sample temperature, -80° C; argon flow, 2. 7; slit program,
7. 5.
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Figure 9. Infrared spectra of the matrix isolated
pyrolysis products of S

2
0

6
F2 observed

on three faces of the cold tip.

A. Spectrum of the front face (face

deposited upon) after a 1 and 1/2 hour
deposit (spectrum of the same matrix
depicted in Figure 8B after further
deposition).

B. Spectrum of the side (left) face after
the above deposit was made on the
front face.

C. Spectrum of the back face after the top
deposit was made on the front face.
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Figure 10. Infrared spectra of the matrix isolated
pyrolysis products of S

2
0

6
F2 before

and after a series of matrix warm-ups.

A. Matrix isolated pyrolysis products of
S

2
0

6
F2 after 4 hours deposit time.

Nickel heater temperature, 163-167°C;
sample temperature, -89°C; argon flow,
2.3; slit program, 7.5. The broad
background from 700 to 1000 cm-1 is
due to ice.

B. Spectrum of the above matrix after a
series of warm-ups to 35°K were
carried out.

C. Spectrum after further warm-ups.
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Figure 11. Infrared spectra of the matrix isolated pyrolysis products of
S

2
0

6
F2 at 260°C.

A. Matrix isolated pyrolysis products of S
2
0

6
F2 taken after a

1 and 1/2 hour deposit. Nickel heater temperature, 258-261°C;
sample temperature, -69 to -72°C; argon flow, 1.8 -2. 1; slit
program, 7.5.

B. Spectrum of the side face of the cold tip after the above deposit
was completed on the front face. Slit program, 7.5.
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Figure 12. Absorbances of the 1177.4, 931.7, 832.8 and 531.2 cm peaks relative to the
1053.0 cm-1 absorption.
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Total Deposit Time (Hours)

Figure 16. Absolute absorbances of the 490.2 and 1053.0 cm
-1

peaks
as a function of total deposit time. Deposit conditions:
Nickel heater temperature, 166-169°C; sample temperature,
-89°C; argon flow, 2.0.
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Figure 17. Infrared spectra of the matrix isolated S
2
0

6
F2

pyrolysis products and of SO3, HSO3F, and

HSO
3F

decomposition products.

A. Pyrolysis products of S
2
0

6
F2 after a 5 hour

deposit. Nickel heater temperature, 167
169°C; sample temperature, -89 to -92°C;
argon flow, 2. 0; slit program, 7. 5.

B. SO3 in argon, 1/1000 dilution, after a 10
minute deposit. Slit program, 7. 5.

C. HSO
3F

in argon, 1/1000 dilution, after a 30
minute deposit. Dashed-in features are
impurities. Slit program, 7. 5.

D. HSO
3F

decomposition products in argon.
This spectrum was taken of a deposit of

HSO
3F

and argon using the heater assembly
(heater off, see experimental) after a 30
minute deposit. Previous runs had shown
much HF to be present in the sample, which
had not been pumped on prior to this particu-
lar deposit. Sample temperature, -30°C;
argon flow, 3. 5; slit program, 8. 5.
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Figure 18. Infrared spectra of the matrix isolated S
2
0

6
F2

pyrolysis products and of S
2

0
5
F2, SO2 and

SF
6.

A. Background prior to depositing pyrolysis
products.

B. Pyrolysis products of S
2
0

6
F2 after a 3 hour

deposit. In this run the cell was not opened to
the atmosphere from the previous run and the
pyrolysis products were pumped off for 1 hour
prior to cool down. Nickel heater temperature,
162 169° C; sample temperature, -77 to -78° C;
argon flow, 2. 5-2. 7; slit program, 7. 5.

C. S
2
0

5
F2 co-deposited with argon after 30 min-

utes deposit. Sample temperature, -80°C;
argon flow, 3. 5; slit program, 7. 5.

D. SO2 in argon, 1/1500 dilution, deposited at a
3. 5 flow rate for 30 minutes. Slit program,
7. 5.

E. SF
6

in argon, 1/10,000 dilution, deposited at
a 3. 5 flow rate for 20 minutes. Slit program,
7. 5.
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Figure 19. Visible absorption spectra of the matrix
isolated pyrolysis products of S 0 F2 6 2
in nitrogen and argon.

A. Nitrogen matrix after a 90 minute deposit.
Nickel heater temperature, 160°C; sample
temperature, -79 to -82°C; nitrogen flow,
2.5. The tail of the absorption seen on the
far left from 350 to 400 nm is due to
absorption by the soft glass windows used
on the cell base ports.

B. Argon matrix after a 60 minute deposit.
Nickel heater temperature, 160°C; sample
temperature, -71 to -72°C; argon flow,
1.3-1.7.
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54

Frequencies (cm
-1
) of the infrared absorptions of 5206F2 in

an argon matrix and comparison with previous infrared work.

Argon Matrix
Present Work

Nitrogen Matrix
Parker Oakes

Assignment
Qureshi et ca. (Oakes)

1501.5 w 1494 1480 SO Antisymmetric Stretch
1494.0 vs 1490

2

1492 s

1474.2 w

1256 sh w 1256 1255 sh SO Symmetric Stretch
12s302 m 1252 1240

2

1248.8 w 1246
1244.0 s 1241

1238.7 m

887 vw 880 878 S-F Stretch
877.3 w 879
873 w

850.2 s 853 850 S-0 Antisymmetric Stretch
843.8 s 852 (S-F Stretch)

848

825 sh vw 825 825 S-0 Symmetric Stretch
8223 w 815 sh

801 sh vw 800 801 sh 0-0 Stretch
793.0 w 795

761 w 758 752 (S-0 Antisymmetric Stretch)
75703 m 757

753.7 s 753

751.3 vs 743

74902 s 741

739.5 w

595,7 w 590 SO Bend (SO Rock)

588.4 w 573
2 2

575.2 w

527 m 527 SO Rock
519.7 m 519

2

484 vw 482 S-F Wag (SO2 Bend)

436 w 435 S-00 Bend (SO2 Bend)
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Table 2 Frequencies and assignments of the infrared absorptions of
the argon matrix isolated pyrolysis products of S206F2 at
160°C.

Frequency
(cm- I)

Intensity Assignment
Pure Species
Frequencyb

3963
3955

38824 vvw-m

Monomeric HF

Perturbed HF

3963
c

3954

3882.5

3776 vw-m H2O 3776
e

3755 w-m 3757

3714 vw-m 3712

3549.3 HSO
3
F 3549.0

2765 vvw SO
3

2v
3

2765.0

2439.3 vvw SO
3

v
1

+ v
3

2438.3

2137 vw CO 2138f
2130 vw

1624.3 w-m H2O 1625
e

1608.4 w-m 1608

1541.7g vw-s 0
2
-SO

3
F Complex?

1510.0
1509.0

S
2
0
5
F
2

1509.6
1508.3

1507.3 1506.8

1501.0
1493.8

Parent S
2
0
6
F
2

1501.5
1494.0

1491.3 vw 1492

1489 vw S
2
0
5
F
2

1488.6

1475.0 HSO
3
F 1474.8

1472.2 vvw-vw HSO
3
F Dimer

1438.8 vw SO
3
F v

2
+ v

5
(1434)

1404.9
1401.0

vw
vw

SO
3

v
3

1404.9
1400.8

1393.7 sh 1392 sh

1389.8 vw-vs 1388.5
1385.7 vs 1385.3
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Frequency
(cm- )

Intensity
a

Assignment
Pure Species
Frequencyb

1376.3
1371.3
1367.7

1362.0

1355.7
1351.7
1348

1267.4h
1264,3

1253.0

1248

1245.5

1244.2

1240,6

1239 sh

2

1185.4
1177.4

1153.0

1103.6

1062.3

1053.0

1045.7j

1023.4

958.0

931.7

904.0

vvw
vw
vw

vvw

vw
vw
vvw

vw
vw

vw

vw

vw

vw

vs

vw

vw

vw-w

SO
3

v
3

SO
3
F v

2
+ v

3
(=1364.0)

SO
2

v
3

S
2
0
5
F
2

Parent S
2
0
6
F
2

S
2
0
5
F
2

S
2
0
5
F
2

and Parent S
2
0
6
F2

HSO
3
F

Parent S
2
0
6
F
2

SO
3
F v

4

HSO
3
F

9

SO
3
F 2v

3
(=1062.4)

SO
3
F v

1

34SO
3
P or Site effect

SiF
4

S03 F v
5

+ v
6

(=967)

Perturbed F
2
?

HSO
3
F Dimer or Rotamer

1375.8
1370.5
1367.5

1355.2
1351.2
1349

1266.6
1263.8

1253.2

1247

1245.0

1243.8 &
1244.0

1240.6

1238.7

1152.8

1023
k

903.7
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(Ytinued)

Frequency
(cm-1)

Intensity
a

Assignment
Pure Species
Frequencyb

894.7 m HSO F 894.7
884.5 vw

3
884.5

881.8
875.8

vw
w

S
2
0
5
F
2

875.5
872 vw 872.4
868.3 w 868.2
862.7 vw 863.0

850.0 w Parent S 0 F 850.2
843.8 w

2 6 2
843.8

837.4 w SO F v

834.3
3 2

832.8 vs

827.7 w S
2
0
5
F
2

827.7

825.7 w ?

821.7 w HSO
3
F 821.7

817.5 1 m S
2
0
5
F
2

817.2

815.7 m HSO
3
F 815.7

807.8 vw ?

803.0 vw S 0 F 802.9
801.3 vw

2 5 2
800.9

751.3 w Parent S 0 F 751.3
740 vw

2 6 2
739.5

663.0 w CO
2

601 vw SO
3
F v

5

592 vw ?

554.8 w HSO
3
F 554.6

546.4 m S
2
0
5
F
2

546.4

545 sh vw HSO F and S 0 F 544.0 &
3 2 5 2

544.6
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Frequency
(cm-1)

Intensitya Assignment
Pure Specips
Frequency°

531.2 m SO
3
F v

3

527.5 s SO
3

v
4

527.3

518 vw HSO
3
F and SO

2
518.4 E
517.6

490.2 m SO
3

v
2

490.2

457 w S
2
0
5
F
2

456 6

427 vw

410 vw HSO
3
F 410.7

384 vw SiF
4

389.3
m

366 vw SO3F v6

283 w HSO
3
F 283.0

262
d

vvw-w Perturbed HF 261.7

s=strong, m=medium, w=weak, v=very, sh=shoulder.

a Typical intensities observed at 160°C. Absorptions showing a
variable intensity are indicated as such.

b Frequencies not footnoted are those obtained in the present work
(see pure species tables).

c HF in argon (.5).

d This absorption seems to occur with decreased intensity or not at all
for high argon flow rates.

e H2O in argon (16).

f Van Leirsburg (17) observed CO in argon at 2148cm
-1

and attributed
the 2138cm-1 feature to small aggregates of CO. Since he also obser-
ved many other frequencies in this vincinity due to CO perturbed by
HF and other species, the 2130cm-1 feature observed here probably
also arise from such and effect.

g Broadens and increases in intensity considerably after warm-ups.

h These two absorption disappear upon warming in both product and pure
S
2
0
5
F
2

spectra.



59

i This weak satellite observed here and in other assigned SO3F (and
other species) structures are assumed to arise from matrix site
effects.

j Optical density measurements indicate this absorption to have an
intensity 1,5% of the 1053.0cm-1 feature (abundance of 34sulfur
relative to 32sulfur =4.22). The SO3F normal coordinate analysis
(18) indicates this mode (vi) to consist almost entirely of a S-03
stretch with very little change in the S-F bond distance. Hence
this motion may be approximated as a SF-0 diatomic for which a
34S shift of 6cm-1 is predicted.

k SiF
4

in argon (19).

A broad absorption appears in this region and grows considerably
after matrix warm-ups (see discussion).

m SiF
4

vapor (20).

Table 3, Deposit conditions for the various matrices representing
the abscissa in the absorbance plots.

Matri
Number

Depo.

Temp.
0

Total
Depo.
Time
Hours

Sample

T emp
° C

Comments

la 137 .5 -80

lb 1.0 Spectrum of this matrix shown in Figure
8B

lc 1.5 II Figure 9A.

ld ,/ Matrix on the side face resulting after
deposit lc was completed. Figure 9B.

2a 159 2.0 -81 Prior to this cool down the heated pro-
ducts were pumped off for 3 hours to con-
dition the nickel heater and see if any
changes in the spectrum resulted.

2b 5.0

3a 165 2.5 -89

3b 4.0 Figure 1°A,



Table 3. (Continued)

Matrix
Number

Deno
-

Temp.
°C

Total
Depo.
Time
Hours

Sample
Temp.

° C

3c

3d

165 4.0 -89

3e

3f

3g

tl

4a 165 1.5 -78

4b 3.0

4c

5 167 .5 -75

6a 167 3.5 -90

6b 5.0

6c It

6d II 1

7 172 1.3 -80

8 235 1.5 -80

6o

Comments

Same matrix as 3b - spectrum taken 20
hours later.

Same matrix as above, thus 3b, 3c and 3d
should all show similar absorbances al-
though the baseline (100% adustmentl was
different for the three spectra. These
three results thus give a measure of the
variation expected due to differences
in baseline.

Previous matrix after a series of warm-
ups. Figure 10B.

After further warm-ups.

The cell was not opened to the atmosphere
from the previous run in this series of
deposits and the heated products were
pumped off for one hour prior to cool down,

Figure 18B,

Matrix after a series of warm-ups.

Figure 18A

Same matrix as above - spectrum taken
16 hours later.

Same matrix as above.
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Table 4 Frequencies (cm
-1
) and assignments of the infrared absorp-

tions of monomeric HSO3F in an argon matrix and comparison
with previous infrared work.

Argon Matrix
Present Work

Vapor
Savoie and Giguere

Fundamental
(Symmetry)

Assignment
Present Work

3549.0

1474.8

1240.6

1152.8

903.7

894.7
884.5

821.7
815.7

554.6

544.0

538

518.4

410.7

vs

vs

s

m

vw-v

vs
vw

s

s

m

w

vw

w

m

3616
3602
3590

1491

1480

1253
1243
1233

1162

1150
1142

955

906
896

887

827
823
812

568

556

556
545

420
409
400

0-H Stretch

SO
2
Ant. Stretch

SO
2
Sym. Stretch

S-O-H Bend

S-OH Stretch
(Assoc. Mole.)

S-F Stretch
(S-OH Stretch)

Overtone
(S-F Stretch)

SO
2
Rock

SO
2

Bend

SO
2
Wag

v
1

v
9

v
2

v
3

v
4

v
s

v
6

v
10

v7

v
11

v
8

(a')

(a")

(a')

(a')

(a')

(a')

(a')

(a")

(a')

(a")

(a')

Associated
Molecule

Dimer or Rotamer

S-OH Stretch

S-F Stretch in
Fermi Resonance
with 2v

2
(=821.4)

SO
2

Bend

SO
2
Rock

SO2 Wag

SO
2
Twist

S-F Wag
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Table 4, (Continued)

Argon Matrix
Present Work

Vapor
Savoie and Giguere

a
Fundamental
(Symmetry)

Assignment
Present Work

400 S-F Wag and Associated
390 Molecule
380

SO
2

Twist

283.0 s 285 0 -H Torsion v (a")

275
12

260

245

a The reassignments of Chackalackal and Stafford are indicated in
parentheses.

Table 5 Frequencies (cm
-1
) of the infrared absorptions of SO3 in an

argon matrix and comparison with previous infrared work.

Argon Matrix
Present Work

Xenon Matrix
Lovejoy et al.

Vapor
(21)

Assignment

2765.0

2438.3

1404.9
1400.8
1392 sh

vw

w

m
m
m

1404
1373

2773

2443

1391

2v
3

vl v3

v
3

1388.5
1385.3 vs
1375,8
1370.5
1367,5

535.3 w 525 529 v
527.3 4

490.2 m 464 495 v
486.2

2

481 br m



Table 6

U.)

Frequencies (cm
-1
) of the infrared absorptions of S205F2 in

an argon matrix and comparison with previous infrared work.

Argon Matrix
Present Work

Nitrogen Matrix
Oakes

Assignment
Oakes

1512.4 sh w 1500 SO Antisymmetric Stretch
1509,5 s 1482

2

1508.3 vs

1506.8
1502 sh vw
1498.4
1493,6
1490 sh vw
1488.6
1486.4
1474

1266.6 m 1260 SO Symmetric Stretch
1263.8 w 1242

2

1247 sh m
1245.0
1243.8
1238.5

875.5 s 878 S-F Stretch
872.4 m 868

871.2
868,2
863.0
861 sh m
845 br vw

829 sh w 815 S-O-S Antisymmetric Stretch
827,7
821.0
817.2 vs

815.0 vs
813.6 sh m
809.8
802.9
800.9

744 vw 738 S-O-S Symmetric Stretch
742.4 vw
740.0
738.7
736.8 vw
733.8 vw
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Table 6, (Continuer')

Argon Matrix Nitrogen Matrix
Present Work Oakes

Assignment
Oakes

557 br m
548 sh
546.4
544.6
541

456.6

555
542

457

SO
2
Rock

SO
2
Bend

Table
7

Frequencies of the
infrared absorptions
of SO2 in an argon
matrix, 1/1500
dilution.

Table 8. Frequencies of the
infrared absorptions
of SF6 in an argon
matrix, 1/10,000
dilution.

Cm
-1

Int. Assignment Cm
-1

Int. Assignment

1355.2
1351.2
1349 sh
1343.7
1341.4
1338.4

1152.3
1147,4

520 sh
517,6

s

s

w
m
m
w

w
m

v
3

v
1

v
2

945.4
944 sh
938.2
927.0
924.8
921.1

612,2

m
m

vs
w
m
w

v
3

v
4



Table 9 Frequencies and assignments of the visible absorptions of SO3F in argon and nitrogen
matrices for the 2E (2) - X 2A2 transition and comparison with previous results.

SO
3
F in Argon SO

3
F in Nitrogen

Assignments

SO
3
F Vapors

Wavelength
nanometers

Int.
Frequency
(cm-1)

A cm-1
Obs. Calc.

Frequency
(cm-1)

A cm-1
Obs. Calc.

Frequency
(cm-1)

A cm-1
Obs.

524.2

510.4

503.2

499.4

493.9 sh

490.5

485.9

483.9

480.2

475.6

472.1

468.7

464,9

vs

s

s

s

w

m

m

w

vw

w

vw

19077

19589

19873

20024

20247

20387

20580

20665

20825

21026

21182

21336

21510

0

512

796

947

1170
d

1310

1503

1588

1748

1949

2105

2259

2433

1308

1536

1592

1743

1971

2104

2255

2406

18986

19497

19806

19952 sh

20317

20517

20777

20947

21290

21432

0

511

820

966

1331

1531

1791

1961

2304

2446

1331

1533

1786

1988

2297

2443

origin

313

212

111

4
1

21 3
1

2

323

2
2

1
1

2
1

1
3
2

1

22 3
1

2

1
2
1

3
1

1

2
3
1

1

19383.1

19898 1

20183.6

20336.0

20497.6

20695.6

20916.6

20980.7

21131.8

21358.4

21494

21638

21797

0

515.0

800.5

952.9

1114.5

1312.5

1533,8

1597.6

1748.7

1975.3

2111

2255

2414
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SO
3
F in Argon SO

3
F in Nitrogen SO

3
F Vapor

a

Wavelength
nanometers

Int.
Frequency
(cm-1)

A cm-'

Obs. Calc.

Frequency
(cm-1)

A cm-1

Obs, Calc,
Assignment`"

Frequency A cm-1
(cm-1) Obs.

458.6 w 21805 2728 2690 21753. 2767 2752

4522 vw 22114 3037 3051 1
1

2
2

3
1

448.9 vw 22277 3200 3202 22247 3261 3263 1
2

2
1

3
1

441.1 vw 22671 3594 3637 3718 1
3

2
1

22686 3700
439.3 vw 22763 3686 3696 3791 2

4
3
1

430.8 vw 23213 4136 4149 23186 4200 4229 1
3

2
1

3
1

424,0 vw 23585 4508 4510 23568 4582 4594 1
2

2
2

3
2

a King and Warren. Only the high frequency component of the Jahn-Teller/spin orbit doublet is
listed for simplicity.

b Computed from the appropriate sum of the 2E2(2) excited state fundamentals
(11, 21, 31

c The numbers identify the fundamental modes of the
2
E,(2) excited state while the superscripts

denote the quantum numbers of each mode. All transitions originate from the ground vibrational
level of SO

3
F in the 2A

2
ground electronic state.

d This weak absorption occurs as a very broad shoulder and thus this value for v
4
is only very

approximate.
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4. Discussion

4-1. Parent S
2
0

6
F2 Infrared Spectrum

Previous infrared spectra of S
2

0
6
F2 in nitrogen matrices

have been obtained by Parker (12) and Oakes (13), and vibrational

assignments for the S
2
0

6
F2 molecule have been given by Qureshi

et al. (14) and Oakes (13). These results are shown in Table 1 for

comparison with the present argon matrix spectrum. While more

fine structure is resolved in the present matrix spectrum, no main

features are seen that have not been reported previously. Besides

the possibility of arising from matrix side effects, these fine

structure multiplets may also be due to resolution of the weakly

coupled (via a peroxy linkage) vibrations of the opposing -SO
2F

groups. In addition, trapping of different rotational conformers

of these two SO2F groups may add to the spectral complexity.

4-2. Infrared Spectra of the Pyrolysis Products of S206F2

As may be seen from the richness of the spectra in Figures 8

through 11, many species other than undissociated parent and the

SO3F radical have clearly been isolated in the product matrices.

The optical density plots (Figures 12-15), in fact, indicate that at

least four major products are present. These relative intensity

plots quantitatively summarize the outcome of some of the
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experiments performed including: (1) variations in deposit

conditions, especially changes in heater temperature, (2) spectral

examination of cold tip faces other than that deposited upon, and

(3) controlled matrix diffusion warm-ups. In addition, information

aiding in the assortment, grouping and identification of the many

product features was also obtained from spectra taken of samples

of S
2
0

6
F2 that had been warmed to room temperature, deposited

with and without heating, and from spectra of related sulfur-oxygen-

fluorine species taken for comparison and verification.

As a guide in the following discussion, which deals with

assortment and identification of the numerous product features,

Figure 20 shows a typical product spectrum with the absorptions

Labeled according to the assignments to be presented.

Non-Product Absorptions

Some of the species observed in the matrices are clearly not

pyrolysis products of S
2
0

6
F2 and these will be briefly mentioned

first. Matrix isolated H2O (3776, 3755, 3714, 1624.3 and 1608. 4

cm-1) and CO -1
2

(663.0 cm) are observed as weak to medium

absorptions in all of the deposits. While the system did not appear

to have anv leaks and the walls of the nickel heater and flexible

brass vacuum line were heated prior to each cool down, depositing



Figure 20. Infrared spectrum of the matrix isolated pyrolysis products of S
2
0

6
F2

with the absorptions labeled with the assignments given in the discussion
(same deposit as depicted in Figure 8B).
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just pure argon for three hours also showed absorptions due to these

two atmospheric species. Hence they probably arose form desorp-

tion from the walls of the cell or from very small undetectable leaks.

In addition, CO (2137, 2130 cm -1) ) s also observed as a very weak

feature in all of the heated deposits.

A number of other species are also readily identified as

they are commonly associated with the decompositions or reactions

of reactive fluorinated substances. Weak absorptions of monomeric

HF (3963, 3955 cm-1) and SiF
4

(1023.4 and 384.5 cm-1) are

observed in all the heated deposits, with the SiF
4

absorptions

appearing more prominently in the higher temperature deposits.

Also observed at high frequency is a variable intensity feature at

3882 cm-1 which correlates strongly with an absorption at 262
-1cm in all the numerous spectra examined. These absorptions

seem to decrease in intensity for the more dilute matrices and they

are also observed in some HSO3F and warmed-up S
2
0

6
F

2
deposits.

In one such HSO
3F deposit in fact, only these two features appear

with an appreciable intensity (Figure 17D), which did not decrease

upon diffusion. These two absorptions are assigned as arising from

a perturbed HF species of some sort, although the nature of the

perturbation is not entirely clear. Previous workers (15,22)

studying HF in argon also observed the high frequency 3882 cm-1
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absorption which they attributed to HF perturbed by "impurities. "

These studies apparently did not involve a simultaneous examination

of the 262 cm-1 region.

High Temperature Deposit SO3

For the deposit at 260°C only SiF4 bands and three other

major absorptions (-1390. 527. 5 and 490.2 cm-1) were observed.

These three also appeared quite strongly at 160°C and are assigned

to SO3. The strongest SO3 absorption consists of a doublet at

1389. 8 and 1385. 7 cm-1 with a number of weaker satellites. The

relative intensity of the doublet members varied with deposit but a

matrix site effect rather than the presence of another species is

indicated from the spectrum of pure SO3 in argon (Figure 1713).

Since SO3 appears so prominently in all the matrices, other

oxides of sulfur were also examined as possible pyrolysis products.

The only other stable oxide of sulfur, SO2, appeared only as a

very minor product, however (see Figure 18). Other unstable

lower oxides such as SO (23, 26) and S
2
0 (25) were also con-

side red but no absorptions for these were observed.

Side and Rear Face Matrices

In previous matrix experiments employing the aluminum cold

tip substrate, it has been observed that depositing on one face also
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gives matrices on the side and rear faces relative to the deposit

face, although of reduced thickness and possibly of altered sample

dilution. Because of the richness of the product spectrum in the

present experiments, this particular property of the apparatus was

employed as a possible means of sorting out the many absorptions.

As seen in Figure 9, simpler, altered spectra are in fact observed

on these other two faces in comparison to the spectrum of the

deposit on the front face. Two observations in particular are

worthy of note for the three spectra depicted in Figure 9. First,

the S
2

0
6
F2 parent absorptions, which are quite prominent on the

front face (as seen by the intensities of the 1501 and 751 cm-1

peaks), do not appear at all in the matrices on the side and rear

faces. Second, some of the peaks (e. g. , 1475.0 and 894.7 cm-1)

observed on the side face actually have a greater intensity than

their counterparts on the deposit face.

These two observations may be readily explained as arising

from the hydrolysis of the undissociated S
2

0
6

F
2

parent by cell

surface water molecules to form HSO3F.
In viewing the deposit

port-cold tip-cell base configurations (see Figure 7), it may be

seen that in order for sample to reach the side and rear faces of

the cold tip, collisions with the cell wall must first, in all proba-

bility, take place. As discussed previously, there are strong
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indications of absorbed water present on the cell surfaces, and

S
2
0

6
F

2
has previously (1) been shown to hydrolyze to give HSO3F.

The absence of S
2
0 F2 in the side and rear matrices thus results

from its forming HSO
3F

before ever reaching these faces, and the

stronger absorptions on the side face would then be those of HSO 3F.

In addition, the SO
3F

radical may also be reacting with surface

water to form HSO3F.

Infrared Spectrum of Matrix Isolated Monomeric HSO 3F

Savoie and Giguere (1964) obtained infrared spectra of

solid, liquid and gaseous HSO3F
(26) and made vibrational assign-

ments for the monomeric acid from spectra of the heated vapor and

an earlier Raman spectrum of the liquid reported by Gillespie and

Robinson (27). Chackalackal and Stafford (1966) also investigated

the heated vapor in the infrared (28), while another Raman

spectrum of the liquid has been reported (1971) by Qureshi et al.

(14). In all of these studies, however, monomer bands were

obscured by the more intense absorptions of associated forms of

the acid and a spectrum of pure unassociated HSO 3F was not

obtained. For purposes of identification and verification in the

present experiments, several spectra of HSO 3F in argon were

taken using both premixed depositions and co-depositions of sample
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and matrix gas. Figure 17C shows the result of one deposit in

which essentially only the monomeric species was isolated. In

some of the other HSO3F deposits, absorptions of associated

forms of the acid were observed, usually comprised of broad

structures flanking the sharp monomer peaks, along with absorp-

tions of SO
3

, SO
2

, HF, SiF
4

and other unidentified species.

From examination of the many HSO
3F

deposits conducted however,

the monomer absorptions were clearly identified and these are

listed in Table 5. As may be seen from Table 2 and Figures 17A

and 17C, monomeric HSO3F is indeed present in the product

matrices and is one of the major absorbing species.

The present matrix spectra reveal two monomer absorptions

(at 538 and 518. 4 cm-1) not observed before (due to strong asso-

ciated molecule absorptions), while 955 and 390 cm-1 features

previously attributed to the monomer were not observed. The two

new absorptions occur in the region expected for deformations of

the -SO20H group and thus are almost certainly fundamentals.

All 12 fundamentals of HSO3F are therefore observed, and a

reassignment is offered in Table 4. The discussion of this will

focus only on changes from the previous assignments. Cs sym-

metry will be assumed as has been shown to be the case for FSO
3F

and CISO
3F (14, 28).
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Savoie and Giguere observed a band centered at 823 cm-1

which they assigned as an overtone, while Chackalackal and

Stafford assigned it as the S-F stretch. The present spectra

reveal two strong features (821. 7 and 815. 7 cm-1) which are

assigned as a Fermi resonant pair v5, 2v
8

(2v
8

921.4 cm-1).

This choice for v
5

(the S-F stretch) is in good agreement with

the corresponding mode (823.8 cm-1) for SO
3F

(see discussion

on the radical assignments).

The five transitions between 600 and 400 cm -1 are reas-

signed as indicated in Table 4. The 410. 7 cm-1 feature is reas-

signed as the S-F wag to be more in line with the analogous mode

for SO
3F (366 cm-1). The remaining four are also reassigned

on the basis of correlations with the SO
3F

vibrations (see Figure

21), but other permutations of these four cannot be excluded. In

any case, the description of these modes is only very approximate;

there is no doubt considerable mixing among those of the same

symmetry.

Spectra of Warmed-Up S20642 SamplesS225F2

While the reactive S
2
0

6
F2 samples were normally kept at

liquid nitrogen temperature to minimize decomposition, spectra of

samples that had been warmed to room temperature, deposited with
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and without heating, were also examined with the aim of possibly

shedding light on the pyrolysis results. In the spectra of warmed-up

parent deposited without heating, many new absorptions not seen for

pure S
2
0

6
F

2
were observed, some of which were very close to,

or overlapping the S
2
0

6
F2 features. In spectra of such samples

deposited with heating, some of these absorptions appeared more

prominently and seemed to arise from a single species. The

pyrolysis product spectra (of pure S
2
0

6
F2) were thus examined

for these peaks and in fact this species, with major absorptions at

1509, 1245, 868, 817 and 546 cm-1, was found to be present as

a minor product. The proximity of its absorptions to parent fea-

tures prompted consideration of candidates with structures similar

to S2 0
6
F2 and thus pyrosulfurly fluoride, S2 0

5
F2 (which contains

an oxide rather than a per oxide linkage), was a prime suspect.

An infrared matrix spectrum of S
2
0

5
F2 in nitrogen has

been reported by Oakes (13) but the absorptions were very broad

with little structure discerned. Since most of the features in

question exhibited multiplet structures, a spectrum of S
2
0

5
F

2
in

argon was obtained (Figure 18C and Table 6) and indeed this did

confirm the presence of this species as a pyrolysis product (Table

2 and Figures 18B and 18C).



77

In addition to the very strong absorptions of S
2

0
5
F2,

spectra of heated deposits of warmed-up S
2
0

6
F2 samples also

showed strong absorptions of HSO3F, SO3, and SO2. Most of

the species identified in the product matrices (of heated pure parent)

were thus also seen in these spectra, although the relative amounts

of these differed markedly. A few product features however, were

not seen in these spectra and these will be discussed later.

The 931. 7 cm-1 Absorption

Along with the strong absorptions of SO3 and HSO3F,

three other features at 1053. 0, 931.7 and 832.8 cm-1 are also

quite prominent in the product spectra. Although the optical density

plots (Figure 12) suggest that all three are correlated in most

experiments, only the 931. 7 cm-1 peak appears to be present in

one of the deposits of warmed-up parent and in some of the HSO
3F

deposits. Since none of the remaining absorptions in the product

spectra seems to correlate with this 931. 7 cm-1 feature, it would

appear that a relatively small system, or one with high symmetry,

is responsible for this peak. Although the identification of the

absorbing species has not been definitely established, several

possibilities are considered below.
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Since the S
2
0

6
F2 parent contains only sulfur, oxygen and

fluorine, simple binary compounds-along with species comprised

of all these elements-are logical prospects as pyrolysis products.

Thus spectra of S3(29), SO(23, 24), S20(25), OF(30), 02F(31-33),

OF
2
(34), 0

2
F2(32, 35), SF(36), SF

4
(37, 39), SSF

2
(38, 40), FSSF(40),

SOF
2
(39, 40), SOF

4
(41), SO

2
F2(12, 42, 43), SO

3
F2(13, 14, 44),

SF 0050
2
F2(45), SF OSF

5
(46), SF

5
00SF

5
(45, 46), and S

3
0 F

5 5 8 2

(47, 48) were examined, but none of these appears to be of the

absorbing species nor are there any indications of their presence. 1

The presence in the system of water (and other atmospheric con-

stituents), silicon, and conceivably even nickel (from the heater)

would also have to be considered, as evidenced by HSO3F and

SiF
4.

Though unlikely, compounds such as NO(49), NO2(50),

N
2

0(51), NF(52), NF
2
(53), NF

3
(54), N

2
F

2
(55), N

2
F

4
(53), N

3
F

(52), NS(56), SiO(56), SiN(56), SiF(56), SiF
2
(19), SiF

3
(57),

NiO(56), NiF
2
(58), FNO(59), FNO

2
(60), FONO

2
(61), NSF(62),

NSF
3
(62), FNSO(63), HOF(64), H

2
SO4(65), and HNF 2(66), were

thus also examined but none of these appears to the responsible

species.

1 The major absorptions of SO
2

F2 all occur in regions where
other products absorb strongly hence its presence cannot be
definitely ruled out, although it does not seem to be present.
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Among the sulfur fluorides, SF
6

seemed to be a possible

candidate but as may be seen from its spectrum (Figure 18E), the

multiplet structure and frequency of the 938.2 cm-1 fundamental

and the absence of the 612.9 cm-1 feature in the product spectrum

clearly eliminate its selection. An analog of this sytem
S2F10'

however, cannot be unequivocally dismissed and hence will be

discussed briefly.

The reported infrared spectrum of S
2
F10 vapor consists

of three major absorptions at 938, 825 and 544 cm-1 with cor-

responding extinction coefficients in the approximate ratio 12:5:1

respectively (67, 68). If one were to assume S
2
F10 to be present

as a product, the 938 cm-1 absorption would then be explained as

matrix shifted to 931. 7 cm-1. A weak unidentified feature at

i825. 7 cm -1 is in fact observed in the product spectra and the weak

544 cm-1 absorption could easily be buried under the 546 cm-1

structures of HSO3F and S2 O5 F2 . A quantity of S
2
F10 was

unfortunately not available for matrix sampling but this species

would not seem to be the best candidate since: (1) the intensity of

the 826 cm-1 S
2

F
10

fundamental should be more prominent relative

to the 931. 7 cm 1 peak and should in fact be a major absorption

in the product spectrum, and (2) on a strictly chemical basis

S
2

F
10

seems highly unlikely since it thermally decomposes at
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150°C to give SF4 and SF
6(69),

both of which are absent in the

product spectra.

The observation that this enigmatic 931. 7 cm-1 feature

appears to be the only significant absorption arising from the

species in question, and its probable appearance in spectra of

warmed-up S206F2 and HSO3F deposits would seem to imply that

a simple structure common to these three systems is involved.

Fluorine seems to be formed as product (see discussion of formation

of products) and could conceivably also be present in the other two

systems. Its fundamental (in the Raman effect) for the vapor is

observed at 892 cm-1(70) hence another possibility, although also

remote is an F2 molecule perturbed to the extent that infrared

activity ensues.

SO
3F

Radical Absorptions

With the identification of SO3, HSO 3F and S2 0
5
F2 and the

unequivocal confirmation of these assignments through comparison

with matrix spectra of the pure substances, almost all of the

absorptions in the product spectrum have been accounted for. The

discussion will now center on the remaining features and fluoro-

sulfate radical.
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In addition to the chemical expectation that this species is

formed when S20
6
F2 is heated, a number of observations clearly

point to its presence in this study. The yellowish-brown color

(along with the more quantitative visible absorption spectrum) of

the product matrices and the increase in intensity of S
2
0

6
F2

absorptions after matrix diffusions leave no doubt as to the presence

of SO3F. Furthermore, it may be concluded that the radical is

present to a fairly large extent as evidenced by a sizable increase

of the S
2
0

6
F2 absorptions on diffusion (Figure 10).

Four major absorptions, at 1177. 4, 1053.0, 832.8 and

531.2 cm-1, remain as yet unidentified in the product spectra.

Relative intensities of these are depicted in Figure 12. As may be

seen, these four features correlate 2 and would seem to arise from

the same species. These absorptions are amongst those showing a

decrease in intensity after matrix warm-ups, and in addition they

are not observed at all on the rear face matrices (one of which is

2 The relatively large variation of the 832.8 cm-1 intensity
stems mainly from the difficulty experienced in determination of the
baseline of this peak, which occurs in a highly populated spectral
region due to a convergence of many S-F stretches. As a compari-
son, an example of the variation observed for peaks not associated
with the 1053.0 cm-1 absorption may be seen in Figures 13-15.
Baseline difficulties were also encountered for the 531.2 cm-1 peak
which overlaps the S03525. 5 cm-1 fundamental, hence measure-
ments were not made for this absorption on all spectra recorded.
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shown in Figure 9C). Furthermore, they are observed only very

weakly or not at all in heated deposits of warmed-up parent samples,

whereas most of the other product absorptions appear quite strongly.

They are therefore assigned to the SO3F radical which, under C3v

symmetry, would have six fundamentals as described in Table 10.

The antisymmetric SO stretch, v4, is expected to occur at the

highest frequency and the medium band at 1177.4 cm-1 seems an

obvious choice. The symmetric counterpart, v
1,

is then placed

at 1053.0 while the weaker SF bond has a stretching frequency

(v2) of 832.8 -1cm The other moderate SO3F
feature at 531.2

is attributed to the symmetric SO
3

deformation v3 by analogy with

the corresponding modes of SO3F (27, 71, 72). Consistent with this

assignment of the al fundamentals, the visible spectrum (Figure 19

and Table 9) shows strong transitions only to the 947, 796 and

512 cm-1 levels for the 2 E(2) state.

Since SO3F has six modes, all infrared active, two transi-

tions remain to be identified. In SO3F, v 5' the degenerate SO3

deformation, is observed at 592 cm -1, hence the analogous mode

of the radical might be expected in the 500 to 700 cm-1 region.

Two very weak unidentified absorptions are seen at 601 and 592

-1 .cm with all other features in this region previously identified.

Due to relative intensity variations of the two, they do not arise



from the same species but their weakness precluded meaningful

optical density measurements. The 601 cm-1 feature definitely

decreased in intensity with matrix warm-up whereas the behavior

of the other peak is obscured by the growth of a parent peak in the

same region. On this basis the former is assigned somewhat

arbitrarily as v
5

of the radical.

The last radical fundamental,
v6'
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the SF wag, is expected

to occur at a fairly low frequency as observed in SO 3F (408 cm-1).

Only two very weak features at 366 and 426 cm-1 remain unidenti-

fied in the 200 to 500 cm-1 region. Correlation with the other

radical absorptions could again not be established due to the weak-

ness of these features, but the assignment of v6 as the 366 cm -1

absorptions allows a very weak feature at 958.0 cm-1 (which seems

to correlate with the other SO 3F peaks) to be explained as a

combination band (v5 + v6 = 967) of the radical. Supporting this

assignment, King and Warren observed an intense transition 369.4
-cm 1 below their origin transition.

The assigned fundamentals for SO3F are summarized in

Table 10, along with the values of previous workers and the

results for SO3F . As may be seen, the present results are in

excellent agreement with those of King and Warren but they differ

considerably from the earlier infrared matrix work in which two



Table 10 Fundamental frequencies (cm
-1
) of matrix isolated SO

3
F and comparison with previous results.

v
1

(a
1
)

v
2

(a
1
)

v
3

(a
1
)

v
4

(e)

v
5

(e)

v
6

(e)

Fundamental

SO3F Ground State (2A2) SO3F Excited State (2E) S03F

IR Matrix
This Work

IR Matrix
Oakes

Vapor
King

Matrix (This Work)a
Argon Nitrogen

Vapor
King

Ramanb
Solution

S-0 Stretch 1053.0 1390
c

1055.5 947 966 952.9 1082

S-F Stretch 832.8 815
d

839.3 796 820 800.5 786

S-0 Deformation 531.2 585 533.5 512 511 515.0 566

S-0 Stretch 1177.4 1550
e

1177.5 1114.5 1287

S-0 Deformation 601 650 604.1 505.7 592

S-F Wag 366 380 369.4 346.9 409

a The E mode fundamentals of the
2
E excited state could not be clearly identified since transitions to

these vibronic levels were much weaker than those to the Al levels.

b Taken of an aqueous solution of the sodium salt (72).

c Identified as SO
3

in the present study.

d Identified as S
2
0
5
F
2

in the present study.

e Possibly due to a complex of SO3F (see discussion).
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of the assignments for SO 3F have been shown by this study to arise

from SO3 and S
2
0

5
F2. The present observed frequencies are very

slightly lower than those for the vapor, consistent with the decrease

generally seen in going from the vapor phase to an argon matrix.

A normal coordinate analysis of the radical, based upon the vapor

phase fundamentals for the ground and 2E state and for SO3F

has previously been reported (18). In view of the close agreement

between the present results and the vapor frequencies, the force

constants deduced in that work are valid for the SO 3F radical.

A complex of SO3F
with some other species also appears

to be present in the product matrices, although the spectral data

do not allow a complete identification of this system. A weak

absorption at 1541.7 cm-1 and possibly another near 817 cm-1

which broaden and grow considerably on diffusion (Figure 10),

are attributed to this complex. These absorptions are only

present when the radical is also present, with the 1541. 7 cm-1

feature showing a slight overnight growth. A radical complex with

a fairly small system may thus be responsible, and since 02

appears to be generated in this study (as will be shown) and has

a fundamental near 1550 cm-1, a 0
2
SO

3
F complex is a possi-

bility, although remote.
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Comparison of SO3F with Other Systems

With unambiguous frequencies for SO3F
in hand, compari-

sons with other similar systems such as SO3F can be made.

The CNDO-MO calculations of King et al. (8) suggest that the

unpaired electron of SO3F resides in a non-bonding orbital localized

on the oxygen nuclei and hence addition of an electron to this orbital

in forming SO3F should not result in any significant change in

bonding. The differences in vibrational frequencies between SO3F

and SO3F (Figure 21) thus probably arise principally from hydro-

gen bonding and ion pairing in the aqueous SO 3F solutions. Con-

sistent with this, a large variation (-50 cm-1) is observed in v4

for SO3F when different cations are used (27, 71, 72).

The CNDO calculations also suggest that the 2E(2) excited

state of the radical results from the excitation of a partially bonding,

delocalized electron to pair with the lone nonbonding one. Hence,

as pointed out by King and Warren (10), a decrease in vibrational

frequencies in going from the ground to the 2E(2) state is expected

as observed (Figure 21).

The perturbation on the SO
3F

frequencies resulting from

addition of hydrogen to one of the oxygens may also be seen in

Figure 21. The large changes in v4 and v
1

reflect the changes in

S-0 bond order, a change very similar to that occurring when



V1+ VI

a" a'

V2 V3 V5,

al a e

a' a'

I I I I I I I I I I

v6

a"

a' a" a'
a'

1600 1400 1200 1000 800

Frequency (cm
-1

)

600 400

Figure 2: Correlation diagram for the fundamentals of SO3F [2E(2)], SO3F [X 2A2], S03F and HSO3F.

Some of the indicated SO3F to HSO3F correlations are not dictated strictly by symmetry
(e.g. the totally symmetric S-0 stretch of SO3F- may correlate with either the S-OH (a')
or the symmetric SO2 (a') symmetric stretch of HSO3F).
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SO3F
dimerizes to form S

2
0

6
F

2
(see Table 1). The SO3

deformations (v
3

and v5) are affected less by the bond order

changes as may be seen.

4-3. Formation of Products

Although it was originally anticipated that SO3F might be the

sole product formed, this is certainly not the case as seen. A

summary of the other species identified in the product matrices

and the possible routes leading to their formation is given in Table

11. These products are listed in approximate order of the amount

present and in addition to these, H2O and CO2 also appeared along

with traces of CO and SO2.
2

The principal source of SO3 appears to be the decomposition

of parent S
2
0

6
F2 to starting materials (Equation 2) at the low

deposition pressures used (-1 milliTorr). At high pressures

( 100 Torr), other workers (2, 9) investigating the S206F2SO3F

equilibrium did not observe such decomposition. This is consistent

with the fact that low pressures would favor decomposition via

reaction (2) rather than (1). At 260°C, where only SO3 and SiF
4

appear appreciably, attack on the pyrex sample tube by the radical

(Equation 3) probably accounted for most of the SO3.
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Table 11. Species identified in the infrared spectra of the
matrix isolated pyrolysis products of S206F2 and
possible routes leading to their formation.

Species Possible Routes of Formation

SO
3
F

S03
a

(1)

(2)

(3)

S206F2 2S0
3
F

S
2
0
6
F
2

--Aw 2S0
3

+ F
2

4S0
3
F + Si02b SiF

4
+ 4S0

3
+ 0

2

HSO
3
F (4a) S

2
0
6
F
2

+ H2O 2HSO
3
F + 1/20

2

(4b) SO
3

+ HFHSO
3
F

(5a) S
2
0
5
F
2

1/202S206F2

(5b) S
2
0
5
F
2

+ H2O 2HSO
3
F

S
2
0
5
F
2

(5a) S
2
0
5
F
2

1/202S206F2

HF (4b) HSO3F '---301""' SO3 + HF

SiF
4

a
(3) 4S0

3
F + Si02

b
SIF4 + 4S0

3
+ 0

2

(6)
b

Si02 + 4HF + 2H20

a Principal products at 260°C.

b From the pyrex sample tube.
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SO3 could also be generated by decomposition of HSO 3F

(Equation 4) since the observation of HF suggests this process

occurs. The HSO3F
itself may arise from hydrolysis of either

S2 0
6
F2 (Equation 4a), S2 0

5
F2 (Equation 5b) or possibly the

radical. As mentioned previously, water absorbed on the cell

surfaces seems to be the likely H2O source, but various attempts

to remove this water by heating the cell base and by not opening

the cell to the atmosphere between runs did not solve the problem.

This absorbed water may also be responsible in part for an induc-

tion period after deposition commences, during which the formation

of SO
3F

is inhibited as shown in Figure 16.

S2 0
6
F2 is known to decompose (1) to S2 0

5
F2 and 02

above 300° C. S
2
0

5
F

2
has also been shown (73) to result from

reactions of S2 0
6
F2 acting as an oxidizer. In view of the lack of

suitable oxidizable species present during deposition, the small

amount of S
2
0

5
F2 probably resulted from the decomposition

(Equation 4a).
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5. Summary and Conclusions

Infrared spectra have been presented_ for matrix isolated

S
2
0

6
F2 and its pyrolysis products. The latter include SO3F, SO3,

S
2

0
5
F

2
and, from hydrolysis by absorbed H

2
0, HSO3F and HF.

Argon matrix spectra of the stable species SO3, HSO
3F

and

S
2
0

5
F

2
allow a positive identification of these as product molecules

and reasonable reactions accounting for their production are pro-

posed. A reassignment of the fundamental vibrations of monomeric

HSO3F is also offered.

The six fundamentals of the SO3F radical have been directly

identified through a process of elimination (i. e. , via unambiguous

assortment and assignment of other observed absorptions) and from

the observed behavior of these radical peaks. Although these

results differ from earlier matrix studies on SO3F,
they are in

good agreement with values deduced from hot band transitions in

the visible spectrum. Visible matrix spectra were also obtained

and values for the Al fundamentals of the

isolated SO F were derived.
3

2E(2) state of matrix

The matrix isolation method has been especially well suited

for these experiments in view of the extreme reactivity of many of

the products. In addition, the utility of the very narrow infrared
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absorptions arising from isolated species has been clearly

demonstrated in this study, wherein the identification of several

closely related molecular systems (i. e. , all incorporating the

-SO
2F

moiety) simultaneously present in matrices has been

achieved.



III. VIBRATIONAL SPECTRA OF
CIS-3, 4-DICHLOROCYCLOBUTENE

1. Introduction

93

As part of a general project investigating possible routes

leading to the formation and trapping of the cyclobutadiene species,

cis-3, 4-dichlorocyclobutene (DCB) was synthesized for use as a

possible photolytic parent and also for use in the formation of

cyclobutadieneirontricarbonyl, another possible precursor. In

anticipation of any transformations of DCB that might occur,

infrared and Raman spectra of several phases of this species were

recorded. Since the vibrations of the simple four membered ring

systems have recently been the topic of considerable interest, a

study of the vibrational spectra of DCB was made.

DCB was first synthesized in 1964 by Avram et al. (74)

and while it has not been the previous subject of a detailed

spectroscopic study, a number of other four membered ring

systems have. Vibrational assignments for the unsubstituted

system, cyclobutene, have been made by Lord and Rea (1957)

based on liquid and vapor infrared and liquid Raman data (75).

Since many of the allowed Raman transitions were not observed

and only semi-quantitative depolarization measurements were

involved, however, these assignments are uncertain and differ
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from those suggested by the normal coordinate analysis (76) of

Sverdlov and Krainov (1961). Other cyclobutene ring systems

studied include hexafluorocyclobutene (77), 1, 2- dihydroxycyclo-

butenedione (78), and 3, 4- dimethylenecyclobutene (79). Chlorinated

four membered rings which have been investigated include chloro-

cyclobutane (80, 81), 2-chlorocyclobutanone (82) and octachloro-

cyclobutane (83). For most of the latter molecules, as with

cyclobutene, the vibrational assignments are not complete and

many of the fundamental frequencies are unassigned or uncertain.

However, because of the presence of a double bond and two heavy

chlorine atoms in DCB, most of its vibrations fall into isolated,

easily characterized regions and a reasonably thorough and reliable

assignment is feasible.

One other factor prompting this investigation was the ques-

tion of the planarity of the carbon skeleton of DCB. In the other

four cyclobutene systems studied, the ring is flat because a non-

planar configuration involves torsion about the double bond. For

DCB however, the cis configuration of the two bulky chlorine atoms

would tend to favor a non-planar ring (the Cl - Cl distance is found

(84) to be 3.20 A whereas twice the Van der Waal's radius of Cl is

3.60 A ). Hence DCB exhibits strong opposing forces regarding

planarity and it was thought that a spectroscopic examination might
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provide some evidence to distinguish between these alternatives.

(An earlier electron diffraction refinement (84) of DCB does not

address this problem since it was based on the a priori assumption

of a planar ring).
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2. Experimental

2-1. Preparation of Cis-3, 4-dichiorocyclobutene

DCB was prepared according to the procedure of Avram et al.

(74) a three step synthesis involving chlorination of cyclooctatetraene,

Dieis-Alder addition of dimethyl acetylene dicarboxylate to this

chlorinated product, and thermal decomposition of this adduct to give

DCB and dimethyl pthalate, as indicated below. The trans chlorinated

Cl

C1

C12

+ CH300C-C
=C-COOCH

3

Cl

COOCH3

COOCH
3
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product is formed above, although to a lesser extent, and results in

the formation of trans-trans-1, 4-dichlorobutadiene which may be

separated from DCB through distillation.

99. 6 grams (.96 moles) of cyclooctatetraene (BASF, used

without further purification) and 180 ml of CC1
4

were added to a

500 ml three necked round bottom flask fitted with a reflux con-

denser with a drying tube. A magnetic stirring bar was used to

stir the solution while dry chlorine (passed through a one foot CaSO
4

packed drying tube) was slowly bubbled through the mixture. The

flask was kept in a 20 to 25°C water bath maintained through occa-

sional addition of ice. The course of the chlorination was followed

by weighing the flask periodically. After three hours the weight

increased by 90 grams (one mole C12 = 71 grams) and the addition

of chlorine was stopped. The yellow solution was stirred for

another half an hour and then shaken with K2CO3 and filtered. The

filtrate was placed, together with 110 grams (. 77 moles) of

dimethyl acetylene dicarboxylate, into a 500 ml round bottom flask

held in a thermal well and refluxed for three hours. The solvent

was then removed using an aspirator and the residue was added to

a 300 ml three necked round bottom flask with one side neck fitted

with a thermometer reaching to the bottom of the flask. A Claisen

head was fitted to the center neck leading to a condenser and vacuum



98

adapter-receiving flask. Using a thermal well, the solution was

slowly heated under a reduced pressure of 60 Torr until the tem-

perature of the liquid was around 230°C. The receiving flask was

immersed in dry ice-acetone to minimize losses. The liquid

collected was fractionally distilled using a 40 cm vigreux column

and 20 grams (. 16 moles) of colorless DCB collected. Overall

Yield, 16%; B. P. 73-75° C at 51-53 Torr, reported B. P. , 75° C at

60 Torr (74); nD25 = 1.4983, reported nD25 = 1.49832 (74). The

infrared spectrum of the liquid sample was identical to that reported

previously (74) and was also carefully checked with that of trans-

trans -1, 4- dichlorobutadiene (74) to insure that none of this product

was present. The sample was stored solidified at -10°C as

storage at higher temperatures resulted in formation of solid

impurities and coloration after a few weeks.

2-2. Infrared Spectra

Infrared spectra were recorded of the vapor, liquid, solid

polycrystalline film, and the matrix isolated species between 4000

and 200 cm-1. Slit programs of 7 to 8 were used for survey scans

and 4 to 7 for high resolution scans and frequency measurements.

The absorptions were measured to 0.1 cm-1 for the sharp peaks

and are believed to accurate to 1 cm-1, while others were rounded

to the nearest integer.
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Liquid spectra were taken of thin films of the sample held

between two CsI plates while a 17 cm gas cell with CsI windows

was used for vapor samples. Vapor spectra were taken at room

temperature (28°C inside the spectrometer sample housing) and

80°C, corresponding to sample pressures of about 2 Torr and 30

Torr respectively. A hot air blower was used to heat the gas cell.

For the low temperature solid and matrix experiments the

CsI window cold tip was used. A sample of DCB at 0°C was

deposited onto the window held at 15°K for 1-2 minutes to give a

film of DCB glass. This glass was then annealed to give a poly-

crystalline film using a heater attached to the CsI window frame.

The temperature of the sample was gradually increased and moni-

tored with a thermocouple. Concurrently, a limited spectral region

was continuously scanned using the cycle mode of the spectrometer

to observe any spectral changes. When a temperature near 135°K

(melting point of DCB 284°K) was reached, the pressure inside the

cell housing increased rapidly and the previously broad structure-

less absorptions became stronger in intensity and sharpened up

considerably, with some features resolving into components. The

thickness of the film, as calculated from the spacings between

adjacent interference fringes, was of the order of 8 micrometers.

For matrix spectra, samples of DCB and argon premixed in

ratios of 1/300 and 1/600 were prepared, and deposited until the
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strongest fundamental showed an absorption of around 90% (about

two hours deposition time required). For the 1/600 sample the

matrix was annealed using a procedure similar to the annealing of

the glass, although little change was observed. Matrix films of

10-35 micrometer thickness were formed for various spectra.

2-3. Raman Spectra

Raman spectra were taken of the liquid and polycrystalline

film and quantitative depolarization measurements were made for

the liquid. The 5145 A Ar+ line was employed at power levels

of 200 to 600 mW at the sample. A constant spectral bandwidth

of 0.5 to 4 cm -1 was used for the various scans and the reported

frequencies are believed to be accurate to 1 cm-1. Spectra of

the liquid were taken of samples contained in a 1 mm capillary

tube, while solid spectra were taken of thick films deposited onto

the aluminum cold tip at 14°K. The first few scans taken after

depositing the solid films had rather broad absorptions indicative

of a glass, but later all the peaks sharpened up considerably with

some resolving into multiplets. This undoubtedly resulted from

localized heating effects of the focused exciting beam causing the

solid to anneal. The film was also annealed by warming to insure

a homogeneous sample. The low frequency lattice features
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observed for the solid were compared with the many plasma lines

of Ar+ to insure that none were due to such emission.
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3. Spectra

Infrared and Raman spectra of the various phases of DCB

are shown in Figures 22 through 29 with the corresponding fre-

quencies listed in Table 12. Survey scans are depicted in Figures

22 through 24, while a high sensitivity Raman scan of the liquid

given in Figure 25 shows some of the numerous weak transitions

to non-fundamental levels. Infrared contours for the vapor bands

may be seen in Figures 26 through 28 while several high resolution

scans showing components of the chlorine isotopic system and other

multiplet splittings are illustrated in Figure 29.



Figure 22. Infrared and Raman spectra of liquid cis-3, 4-dichlorocyclobutene.

Top. Infrared spectrum of a thin film held between two CsI plates. A portion
of the spectrum of a thicker film is also depicted.

Bottom. Raman spectrum of a sample in a 1 mm capillary tube with perpendicular
scans shown below parallel spectra. Laser excitation, 5145A; power at
sample, 350 mW; spectral band width, 2.0 cm-1. Lower scan: sensitivity,
45,000 counts; pen period, 2 seconds; scan speed, 1. 5 cm-l/second.
Upper scan: sensitivity, 8, 500 counts; pen period, 5 seconds; scan speed,
0.4 cm-l/second.
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Figure 23. Infrared and Raman spectra of solid polycrystalline cis-3,4-
dichlorocyclobutene.

Top. Infrared spectrum of a 8 micrometer thick annealed film at 15° K.
Broad feature near 3300 cm 1- is due to ice.

Bottom. Raman spectrum of an annealed film. Laser excitation, 5145 A;
power at sample, 600 mW; spectral band width, 1.7 cm-1;

sensitivity, 10,000 counts; pen period, 5 seconds; scan speed,

0.15 cm-l/second.
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Figure 24. Infrared spectra of vapor and matrix isolated cis-3,4--dichlorocyclobutene.

Top. Vapor, 2 Torr pressure, in a 17 cm long cell at 28° C.

Bottom. Argon matrix, 1/600 dilution at 14°K.
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Figure 25. High sensitivity Raman spectrum of liquid

cis -3,4-dichlorocyclobutene. Perpendicular
scan shown below parallel spectrum. Laser
excitation, 5145 A; power at sample, 300 mW;

-1spectral band width, 3.5 cm ; sensitivity,
950 counts; pen period, 10 seconds; scan speed,
0.15 cm-l/second.
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Figures 26 through 28. Vapor phase infrared band contours observed for
cis-3, 4-dichlorocyclobutene, temperature, 28°C
(unless otherwise indicated).
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Figure 29. High resolution scans of several multiplet structures observed in
the solid polycrystalline and argon matrix spectra of
cis-3, 4-dichlorocyclobutene.
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Table 12. Vibrational frequencies and assignments for cis-3,4-dichlorocyclobutene.

Vapor Liquid Solid Matrix

Sym. Assignment
Infrared Infrared Raman Infrared Raman Infrared

-1
cm Int. Type

a -1
cm Int.

-1
cm Int. Pol. cm

-1
Int. cm

-1
Int.

-1
cm Int.

3955

3141 Q?
3134 Q?

vw

w

?

B?(7)

4000

3950

3850

3790

3675

3590

3127

w

w

vw

vw

vw

vw

w

3995

3850

3594

3217

3129

5b

5b

25
b

10
b

22

?

dp

p

.15

3998 vvw

3953 vvw

3937.5 vvw

3853 vvw

3839 vvw

3778 vvw

3128.5 vvw 3129 42
3147.7
3129

vw
vvw

a"

a'

a"

a"

a'

a"

a'

a"

a'

a'

a'

2v
3

+ v
19

= 4002
c

in resonance
with v

1
+ v

19

"13 v19 3955c

v
1

+ v
19

= 3941
c

v
2

+ v
19

= 3855
c

v
14

+ v
19

= 3840
c

v
2

+ v
20

= 3801

v14 + v20 3787

"10
+ v13 = 3680

v
2

+ v
10

= 3580

v13 + v24 = 3225

2v
3

= 3118
d

in resonance
with vl



Table 12. (Continued)

Vapor Liquid Solid Matrix

Sym.Infrared Infrared Raman Infrared Raman Infrared

-1
cm Int. Type

a -1
cm Int. cm

-1
Int. Pol. cm

-1
Int.

-1
cm Int.

-1
cm Int.

3085 R
3080.2 Q
3074 P

2977 R
2969.4 Q
2961 P

w
w

s

A(11)

A(16)

3080sh

3066

2966

2840

2800

2757

2677

2560

w

w

m

vvw

vvw

vvw

vw

vvw

3106

30736

3069

3035

2972

2837

2798

2755

2675

.5

8

29

.5

33

.5

10
b

5
b

5b

dp

.20

p

.25

dp

dp

P

3081.4

3067.7

2980

2966.0

vw

vw

vw

w

3107

3083

3069

3035

2981

2968

2838

1

45

78

.5

74

47

2

3093
3088.5

3068.4
3063

2986.8

2969.5
29 67.0

vw
vw

vw
vvw

w

w
w

a'

a"

a'

a'

a'

a"

a"

a"

a'

a'

a'

Assignment

v
14

+ v
24

= 3111

v
1

for
13
C=

12
C

v
13

v
1

v
2

for
13
C=

12
C or

impurity

v
2

v
14

v
3

+ v
15

= 2851

v14 v12
2796

v
3

+ v
16

= 2758

v
3

+ v
6

= 2679

v
3

+ v
7

= 2564



Table 12. (Continued)

Vapor Liquid Solid Matrix

Infrared Infrared Raman Infrared Raman Infrared Sym.

-1 -1
cm Int. Types cm Int.

-1
cm Int. Pol.

-1
cm Int.

-1
cm Int. cm

-1
Int.

2527 vvw 2529 8
b

dp a"

2470 vw 2468 55
b

a'

2433 vw 2435 sh 10
b

dp? 2427 vvw a"

a"

2404 vw 2402 30
b

dp? 2404 vvw a"

a'

2357 vw 2353 1S
b

dp a"

2320 vvw 2316 17b p? a'

a"

2284 vvw 2280 5
b

a'

2235 vw 2233 35b 2235 vvw a'

a'

2220 sh vvw 2218 10
b

2218 vvw a

2185 sh vvw 2182 5
b

a"

Assignment

v
4

+ v
15

= 2534

v
3

+ v
8

= 2470

v
4

+ v
16

= 2441

v
3

+ v
19

= 2436

v
6

+ v
15

= 2412

v
4

+ v
s

= 2404

v5 + v
16

= 2361

2v = 2324

v
6

+ v
16

= 2319

v5 + v
6

= 2282

v
15

+ v
17

= 2239

2v
7

= 2240

v
15

+ v
18

= 2218

v 4
v
17

= 2188



Table 12. (Continued)

Vapor Liquid Solid Matrix

AssignmentInfrared Infrared Raman Infrared Raman Infrared Sym.

-1 -1
cm Int. Types cm Int.

-1
cm Int. Pol. cm

-1
Int.

-1
cm Int. cm

-
Int.

2168

2145

2123

2075

2065

2010

1993

1945

1872

1848

vw

vw

vvw

vvw

vvw

vvw

vw

vw

vw

2164

2150sh

2122

2075 sh

2063

2008

1994

1944

1886

1872

1844

15b

15b

7
b

20
b

5
b

5b

15b

30
b

10
b

10b

p

?

p

dp?

p?

dp

dp

p

p

2163

2137

2119

2063

1949

1873

1854

vvw

vvw

vvw

vvw

vvw

vvw

vvw

a'

a'

a'

a'

a"

at

a'

a'

a"

a"

a"

a'

a'

a'

a'

v15
+ v19 =

v
4

+ v
8

=

v
16

+ v
17

=

v v
=

16 18

v
9

+ v
15

=

v
16

+ v
19

=

v
5

+ v
8

=

2v
7

=

v
6

+ v
19

=

v
5

+ v
21

=

v
7

+ v
17

=

v
6

+ v
9

=

v v17 18

v
3

+ v
11

=

=2v
18

=

2169

2153

2146

2125

2074

2076

2073

2010

1997

1952

1952

1902

1873

1876

1852

1860c



Table 12. (Continued)

Vapor Liquid Solid Matrix

Sym. AssignmentInfrared Infrared Raman Infrared Raman Infrared

-1
cm Int. Types cm

-1
Int.

-1
cm Int. Pol. cm

-1
Int.

-1
cm

-1
Int. cm Int.

1820 vvw 1814 25b p a" v7 "20 1826

a' v17 + v19 = 1824

a' 2v
8

= 1822

1793 vvw 1792sh ? a"
v10 + v16 1799

a" v
8

+ v
19

= 1788

a' v
7

+ v9 = 1787

1753 vw 1752 35b P a' 2v
19

= 1754

1720 sh vw 1722 8b p? 1717 sh w 1715 vw a" v
8

+ v
20

= 1732

a' v
3

+ v
12

= 1732

a" v
9

+ v
17

= 1729

a'

a'

v
15

+ v
22

= 1722

v6 + v10
1720

1705 Q w A? 1708vb w 1705 vw a' v
18

+ v
21

= 1716

a" v
9

+ v
18

= 1708

a" v
3

+ v
24

= 1704

1697 8
b

a' v19 + v20 = 1698

1672 vvw 1672 30
b

a' vis + v23 = 1672



Table 12. (Continued)

Vapor Liquid Solid Matrix

Sym. AssignmentInfrared Infrared Raman Infrared Raman Infrared

a
cm-1 Int. Type

-1
cm Int.

-1
cm Int. Pol.

-1
cm Int.

-1
cm Int.

-1
cm Int.

1630 sh vw 1636 30
b

p a' = 16422v
20

1623 40b p a'
v16 v22

1629

or impurity;°

1608 vw a'
v11

v15 = 1609

1559 w 1559 100 .10 1559.3 w 1558 100 1556 vvw a' v

1536 vvw
3

1533 2 .10 1532 vvw 1532 2 a' v
3

13
C=

12
C

1527 vw
1521 vvw a" v

10
+ v

18
= 1526

1511 5
b

p a' v
8

+ v
10

= 1511

1415 vw a" 1421
v10 +

"20

a' v
4

+ v
12

= 1415

a"
v3 v24

1414

1385 vw 1384 20b P a' v17 + v
23

= 1386

a' v
9

+ v
10

= 1382

a' v3, - v12 = 1386



Table 12. (Continued)

Vapor Liquid Solid Matrix

Sym. AssignmentInfrared Infrared Raman Infrared Raman Infrared

-1
cm Int. Types

-1
cm Int.

-1
cm Int. Pol.

-1
cm Int.

-1
cm Int.

-1
cm Int.

1303 R
1297.0 Q
1290 P

1289.7 Q

1247 Q
1240 Q

1206 R
1201.2 Q
1195 P

1170 sh R

1162.2 Q
1153 sh P

m
m
m

w

vs
vs

w
w

w
w
w

A(13)

A(11)

CB

1340 sh

1292

1242

1199

1162

vw

vs

vs

w

m

1355 5
b

1330 sh P?

1292 2 .76

1240 8 .57

1199 2 .74

1162 10 .29

1291.8 s

1283.4 w

1269 vvw

1252 vvw

1237.7 s

1234.3 w
1230.4 s

1192.7 m

1161.3 m

1294

1239
1234
1227

1193

1161

2

12

6

28

9

18

1299 sh w
1296.8 s

1293.8 s

1290.5 sh w

1249.5 vw
1242.8 vs

1204.2 w

1200.0 w

1165.9 m
1163.7 vw
1161.0 w

a'

a'

a'

a"

a'

a"

a'

a'

a"

a'

" "
1356

18 22

v
s

+ v
12

= 1335

v17 + v23 = 1327

v
15

v
8

+ v
23

= 1289

or impurity

v
6

+ v
24

= 1265
c

v19 + v23 = 1253

v
4

v
16

v
5



Table 12. (Continued)

Vapor Liquid Solid Matrix

Infrared Infrared Raman Infrared Raman Infrared Sym. Assignment

cm
-1

Int. Types am
-1

Int. cm
-1

Int. Pol. cm
-1

Int. cm
-1

Int. cm
-1

Int.

1131sh R vw
1125.4 Q m 1123.9 m

B(6.1) 1120 s 1121 12 .28 1119.2 m 1125 28 a' v
61119.3 Q m 1120.5 vw

1114sh P vw

1116 vw a" V12
=

1119
c

12 v17

1030 vw 1025 vvw a" v
10

+ v
22

= 1025
c

1019 vvw a'
v19 v24

1018
c

1005
h

Q? w
BC(7) 1005 w 1006 9 .71 1008.6 w 1007 40

1012.2 w

998h Q? w 1008.0 w
a' v

7

954 R vw
947.3 Q vw A(14) 1,947 sh w 946 3 .75 946.6 vw 948 19 947 vvw a" v

17
1,9401' P vw

1,925 sh m 925e

928 vw

2 dp 930.1 w 928 7 925.4 w
922.5 vw

a" v
18

919 Q 916.5 s 915 5 913.0 s

914 Q s
B(5) 911 s 910 5 .29

910 s 911 6 902.8 vvw
a' v

8

892 R w
884.3 Q w A(14) 877 w 877 2 .75 873.7 m 873 5

878 P w

880.6 m
871.7 vw

a" v
19



Table 12. (Continued)

Vapor Liquid Solid Matrix

Infrared Infrared Raman Infrared Raman Infrared Sym. Assignment

-
cm

1
Int. Types cm

-1
Int. cm

-1
Int. Pol. cm

-1
Int. cm

-1
Int. cm

-1
Int.

843 R
836.5 Q
831 P

782.6 Q
780.8 Q
777.7 Q

m
m

vs
vs

vs

A(12)

BC(4.9)

821

781

736sh

687

s

vs

w

vvw

821

785
e

782

736

688

5

5

35
b

20b

.78

dp

.33

P

p

812.3

803.6

791 sh

784.7

vs

w

vs

vs

817
814

804

791

788

598

26

26

.5

15

10

15

833.8
829.3 w
825.3 w
823 vw

796.0 vw
792.4 vw
787.7 vs

781.7 vs

779.5 sh vw

777.5 vw
775.2 w

a "

a'

a"

a'

a'

a'

a'

a"

v
20

v
22

+ v
23

=

v
21

v9

:19 :24

=12

=
v7 v11

v
=

12 + v22

808°

7733:i

738

688k

605
c

or crystal
splitting



Table 12. (Continued)

Vapor Liquid Solid Matrix

Sym. AssignmentInfrared Infrared Raman Infrared Raman Infrared

-1
cm Int. Types cm

-1
Int. cm

-1
Int. Pol.

-1
cm Int.

-1
cm Int.

-1
cm Int.

617.7 Q
612.0 Q

439 R
434 Q
426 shP

m
m '

m
m A(13)
m

601

'u570 sh

520

495

429

380

317

s

vw

vw

vvw

m

vw

vw

600

1..570 sh

519

496

430

381

317

56

2

40b

.5

7

10

17

.12

p

P

p?

.79

.75

.44

595

593

591 sh

q,580 sh

429.3

426.2

423.7

379.0

317.7

s

s

m

vw

0.91

0.71

0.11

w

m

595sh

593

591 sh

577

428.7

425.8

423.1

381

326.0

321.2

317 sh

35

72

35

3

14

15

3

37

29

17

3

613 sh
611.0 1.41

608.7 1.0Z

606.5 0.21

436.4 m

433.6 m

431.0sh w

383 vvw

321 w

316 w

312 vvw

a'

a'

a'

a'

a'

a'

a"

a"

a'

C4H435C12

v
10

C411435C137C1

C41.1437C12

v22 + v24 574

v23 + v24 = 525

v
11

+ v
12

= 491

v19 v23 497
= 496

v18 v22

C411435C12

v
22

C4H435C137C1

C41-1437C12

v
23

C41-1435C12?

v
11

C411435C137C1?

C0437C12?



Table 12. (Continued)

Vapor Liquid Solid Matrix

AssignmentInfrared Infrared Raman Infrared Raman Infrared Sym.

-1 -1
cm Int. Types cm Int. cm

-1 -1
Int. Pol. cm Int.

-1
cm Int.

-1
cm Int.

175.8 9 C41-1435C12?

173 9 .52 173.5 8 a' v
12

C41-1435C137C1?

172 sh 2 r u 37r1
u.2'

156 4 Lattice vibration

145 5 dp 144 10 a" v
24

93 5

83 9

63 11

55 15 Lattice vibrations

42 9

33 23

25 12

p=polarized, dp=depolarized, s=strong, m=medium, w=weak, v=very, sh=shoulder, b=broad



Table 12. Footnotes

a The PR of QQ branch separation is given in parenthesis following the band type.

b Based on the 2840 cm
-1

combination band having an intensity of 100.

c Calculated from solid (infrared) frequencies.

d Unperturbed vl calculated to be %3092 cm
-1

.

e Perpendicular polarized Raman spectrum frequency.

f An impurity band (polarized) was observed in one of the early Raman spectra at 1624 cm
-1

.

g An impurity band near 1280 cm -1 was observed in the liquid Raman spectrum.

h Observed at 80°C.

i This value estimated since the peak is buried under the side of the 919-914 cm
-1

contour.

j v
8
+ v

12
= 1084 cm

-1
is not observed.

k This band is not observed in the low temperature spectra.

1 Absorbance readingsadjusted considering background scattering and absorption.
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4. Discussion

4-1. Symmetry and Evidence for Planarity

For a non-planar ring, DCB would have no elements of

symmetry and would belong to point ground C1, with Z'
ib = 4a°.

For a planar ring there is a plane of symmetry (perpendicular to

the plane of the ring) and the molecule would have Cs symmetry

with rvib = 12a° + 12a". For either structure all 24 funda-

mentals would be infrared and Raman active but in the latter case

only half of the Raman fundamentals would be polarized. In fact,

twelve of the features assigned as fundamentals appear to be

depolarized (p = 0.75 ± 0.03) and hence there is no evidence

indicating any significant distortion from a planar configuration.

Accordingly the discussion will proceed with the assumption of

Cs symmetry for DCB.

4-2. Infrared Vapor Band Contours

Ordinary DCB is an isotopic mixture of 57.05% C4H4

C
35

C12 , 36. 96% C
4

H
4

37
CI

35CI, and 5.99% C
4

H
4

37 Cl
2

, or an

approximate ratio of 9:6:1 respectively. Using the bond distances

and bond angles as determined by the electron diffraction study (84),

the rotational constants and principal axis system with respect to
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the molecular framework were determined for these isotopic

species. The following values were used for bond distances and

angles: C=C, 1.349 A; C-C, 1. 583 A; =C-C, 1. 505 A.; C-C1,

1.771 A; C-H, 1.093 A; H-C=C, 140. 50; H-C-C=, 166.00;

H-C-C, 117. 20; Cl -C -C =, 166. 0° ; CI-C-C, 117.2 °. The rotational

constants A, B, C were found to be (all in cm-1): 0.10170,

0.07342, 0.04654; 0.10082, 0.07180, 0.04570; and 0.09986,

0.06909, 0.04490 for C4H435C12, C4H437 CI35 CI and C4 H437 C12

respectively. Since the C4 H435C12 isotopic species is the

dominant one and differences in rotational constants for the three

species are small, all further considerations will be made with

respect to this molecule alone. Band broadening and other effects

arising from the presence of the other two species will be men-

tioned later. The principal axis system with respect to C
4

H
4

35
C12

is shown in Figure 30A.

For the asymmetrical DCB top, the dipole moment vector

lies in the symmetry plane. Antisymmetric a' modes lead to a

change in dipole moment perpendicular to the symmetry plane

hence these give rise to type A bands, while a' modes give a

change in dipole moment confined to the symmetry plane and thus

give type B or C bands, or more likely a hybrid of these two

types. The infrared absorption contours for these band types were
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Figure 30. Principal axis system and infrared band
contours for cis -3, 4- dichlorocyclobutene.

A. Principal axis system for C
4

H
4

35 C12.

B. Calculated infrared band contours for DCB.

C. Band contours observed for v15, v6 and v9
transitions.

D. Approximate description of the v15, v6 and

v9 normal modes.
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obtained from the results of work done by Badger and Zumwalt (85)

and Ueda and Shimanouchi (86). The two asymmetry parameters

= (2B-A-C)/(A-C) and p* = (A -C)/B indicate DCB to be a

strongly asymmetrical top (K =-0. 0254 and p* = 0.7513). Badger

and Zumwalt performed calculations for nine rotors with p* = 1/3,

1/2 and 3/4 and K = -1/2, 0 and 1/2, and the p* = 3/4, k = 0 results

were used for DCB. For Ueda and Shimanouchi' s calculations,

results for a rotor with an A :B:C ratio of 1.000:0.692:0.450

were used (1. 000:0722:0. 458 for DCB).

The band contours obtained from these two studies, shown

in Figure 30B, are essentially identical, although Badger and.

Zumwalt' s results do not give explicit Q branches. As may be

seen, type A and C bands both display prominent central Q

branches, with the type C band also having two weak flanking Q

branches. Type B bands have two non-central Q branches with

R and R branch sloping shoulders. The structures of the band

contours may thus be roughly classified as PQR, PQQR and

PQQQR for type A, B and C bands respectively. For hybrid

BC type bands the amount of C character may be inferred from

the intensity of the central Q branch.

The separation between the peaks of the various branches

is also characteristic of the band type and may aid in identifying
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them. For type A and C bands, the method of Seth-Paul and

Dijkstra (87) was used in determining PR separations (see

Appendix) while the QQ separation of type B bands were obtained

from the Badger and Zumwalt work. These values are indicated

in Figure 30B for 300°K.

Examples of several observed vapor bands are shown in

Figure 30C together with figures depicting approximate displace-

ments of the atoms for the appropriate normal modes (Figure 30D).

For those type A hands for which all branches are clearly observed,

P-R separations of 11, 11, 12, 13, 13, 14 and 16 cm-1 were

obtained, in fair agreement with the 12.9 cm-1 predicted value.

For those a' fundamentals exhibiting primarily type B bands,

QQ separations of 5. 5, 6, 6, 7 and 7 cm-1 were observed, to

be compared with the predicted value of 5.4 cm-1. There are

two a' fundamentals having central Q branches indicative of type

C bands. The vapor band at 1162.2 cm -1 has ill-defined shoulders

while the strong band at 871 cm-1 (v9) has three Q branches with

nearly equal intensities at 777.7, 780.8 and 782.6 cm -1 as shown

in Figure 30C. Both bands thus show extensive BC hybridization

and a nearly pure type C band is not observed for DCB.
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4-3. Assignments

With all 24 fundamentals both infrared and Raman active,

selection rules do not aid in assignments and the basis for assigning

frequencies has been: (1) Raman depolarization ratios, (2) infrared

band contours, (3) the position of the bands together with a knowl-

edge of fundamental frequencies of similar modes in other compounds,

(4) the relative intensities of both infrared and Raman bands,

(5) chlorine isotopic shifts, (6) frequency shifts for phase changes,

and (7) indirect information about fundamentals obtained from con-

siderations involving the many overtone, combination and difference

bands. A summary of the expected spectral observations for DCB

is given in Table 13. A deuterated analog of DCB was not studied

due to the non-availability of the appropriate starting material

(octadeute ro- cyclooctatetraene).

Table 13. Summary of the expected spectral observations for
cis-3, 4 -dichlorocyclobutene.

vib = 12a' + 12a"
a' Symmetric Modes: aivp Antisymmetric Modes:

IR and Raman active IR and Raman active

Polarized Raman bands p < 0.75 Depolarized Raman bands p = 0.75
Type B and C IR vapor bands Type A IR vapor bands

Type B PQQR PQR

Av (QQ) = 5.4 cm-1 Av (PR) = 12.9 cm -1

Type C PQQQR
Av (PR) = 19.4 cm-1
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The discussion of the assignments is divided into sections

dealing with vibrations of localized portions of the molecule. The

symmetry of the vibrations has in all cases been determined

unambiguously from depolarization ratios and band types. All

frequencies mentioned are infrared values for the liquid phase

unless otherwise stated and the corresponding Raman frequency

and polarization are given in parentheses. Table 14 provides an

approximate description of the 24 normal modes of DCB along with

the assigned frequencies of the fundamentals, while Figure 31

depicts approximate motions involved for these modes.

C-H Stretches

Four C-H stretching fundamentals (2a' + 2a") are

expected with two being polarized. Four bands are observed at

3127 (3129, p) 3080 sh (3080 sh), 3066 (3069, p) and 2966

(2972, p) cm-1 but three of the Raman bands are unmistakably

polarized. The peak of the 3069 cm-1 Raman band shifts to 3073
1cm in the perpendicularly polarized spectrum, hence the 3080

-1 -1cm band is almost certainly depolarized. The 6 cm difference

in frequency between the IR and Raman peaks for the 2966 cm-1

band is also significant and suggestive of two closely spaced bands.

Supporting these observations, the solid spectra show five well

resolved bands at 3128.5 (3129), 3081.4 (3083), 3067.7 (3069),
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Table 14. Fundamental frequencies (cm
-1
) of cis-3,4-dichlorocyclobutene

and comparison with cyclobutene.

Sym. Fundamental
Approximate Description

of Vibration
Frequencyb

Cyclobutene
c d

1 =C-H stretch 1,3092e 3058 3058

2 C-H stretch 2980

3 C=C stretch 1559 1566 1566

4 C-H in plane* bend 1242

5 =C-H in plane bend 1162 1276 1182

a' 6 =C-C stretch 1120 1182 1113

7 C-C stretch 1005 1113 986

8 C-H out of plane* bend 911

9 =C-H out of plane bend 781 846 846

10 C-Cl stretch 601 - - --

11 C-Cl in plane* bend 317

12 C-Cl out of plane* bend 173

13 =C-H stretch 3080 3126 3045

14 C-H stretch 2966

15 =C-H in plane bend 1292 1288 1288

16 C-H in plane* bend 1199

17 =C-H out of plane bend 946 800 966

a" 18 C-H out of plane* bend 925

19 =C-C stretch 877 1210 886

20 C-Cl stretch 821

21 Ring deformation 791 875 875

22 C-Cl out of plane* bend 429

23 Ring pucker 380 325 325

24 C-Cl in plane* bend 145

a Plane = ring plane, plane* = C-Cl-H plane.

b Liquid infrared frequencies except v2 and v21 which are only resolved
in the solid (and matrix) phase.

c Assignments of Lord and Rea.

d Reassignments based on present results for DCB.

e Calculated from the 3127-3066 cm
-1

Fermi resonant pair (v1 - 2v3).
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Figure 31. Schematic of the vibrations of

cis-3,4-dichlorocylobutene dipicting
approximate motions of atoms for the

24 normal modes.

131 A
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2980.0 (2981) and 2965.9 (2968) cm-1. The two polarized bands

at 3127 and 3066 cm -1 are assigned as a Fermi resonance pair

2v3 where v3 is the C=C stretch and vi is the symmetric

ethylenic =C-H stretch. The unperturbed =C-H stretch is cal-

culated to occur near 3092 cm-1 (see Appendices). The antisym-

metric =C-H stretch v13 is assigned as the depolarized shoulder

at 3080 cm-1 (resolved at 3081.4 cm-1 in the solid). The

unperturbed symmetric = C-H stretch thus occurs slightly higher

than the antis ymmetric stretch, in line with the normal coordinate

calculation for cyclobutene (76).

The two remaining hydrogen stretches of the C-C1-H

group are expected at lower frequencies (< 3000 cm-1) and must

be the solid bands at 2980.0 and 2965.9 cm -1 (which overlap in

the liquid spectra). The former is assigned as the symmetric

C-H stretch (v2) on the basis of its greater Raman intensity.

C-H Bends

There are four bending vibrations for the ethylenic =C-H

hydrogens and four for the hydrogens of the C-Cl-H groups. The

=C-H bends can be described as motions in (and out of) the ring

plane whereas the -C-H bends of the C-C1-H groups will be

termed motions in (and out of) the C-Cl-H planes. It is important

to note that none of these planes coincide with the symmetry plane
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and hence this description is only an approximation chosen to

facilitate comparison with similar molecules. From such analogies

the in plane bends are expected at much higher frequencies

than the out of plane modes.

The antisymmetric in plane bend (v15) is readily

assigned as the strong 1292 (1292, dp) cm -1 feature (observed

as an intense IR band at 1288, 1272 and 1303 cm -1 in cyclobutene,

3, 4-dimethylenecyclobutene and cis dichloroethylene (88) respec-

tively). For the corresponding symmetric mode (v5), either of

the two polarized features at 1242 and 1162 cm-1 are possibilities.

However, the very high IR intensity, band type, and frequency of

the 1242 cm-1 feature favor its assignment as the symmetric in

plane -C-H deformation (v4) (observed as strong infrared bands

at 1288, 1246 and 1225 cm -1 for the single hydrogen deformations

in chlorocyclobutane (80), chlorocyclopentane (89) and

2-chlorocyclobutanone (82) respectively). The nearly pure type

B vapor band (1247.0 and 1240 cm -1
i) is also consistent with

such a bending mode involving a motion nearly parallel to the B

axis (see Figure 30A). The 1162 cm-1 feature is thus chosen as

v5 and its frequency and low intensity compare favorably with the

similar mode in 3,4-dimethylenecyclobutene (1200 cm-1) and

cis dichloroethylene (1179 cm-1). The remaining depolarized
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feature (1199 cm-1) between 1000 and 1300 cm-1

ascribed to the antisymmetric -C-H in plane bend,

is logically

v16.
The

weak infrared intensity of this band relative to v
4

is expected in

view of the cancelling effect of the motions of the two hydrogens.

As might be expected, the split between the =C-H in plane bends

(1292-1162 = 130 cm-1) is much larger than that for the -C-H

bends (1242-1199 = 43 cm-1) because of the greater coupling

across the double bond.

The symmetric out of plane =C-H bend (v9) is expected to

be intense in the IR (90) and to lie below 100 cm-1. The very

strong IR band at 781 (782, p) cm-1 is the obvious choice

(observed at 846, 786 and 697 cm -1 in cyclobutene, cyclopentene

(91) and cis dichloroethylene, respectively) with an hybrid BC

type band (see Figure 30) consistent with the direction of this

deformation relative to the principal axes. The only other

polarized feature from 600 to 1000 cm -1 is the absorption at 911
- 1

cm which is assigned at v8, the symmetric -C-H out of plane

bend. The antisymmetric counterparts of v8 and v9 are to be

chosen from three weak. depolarized features at 946, 925 and 877

cm-1. The 925 cm-1 absorption is overlapped with the 911 cm-1

v8 absorption in the liquid infrared, although it is clearly resolved

in the perpendicular Raman spectrum (and also in the solid and

matrix phases).
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The antisymmetric out of plane =C-H bend (v17) is infrared

inactive in cyclobutene, 3,4-dimethylenecyclobutene and cis

dichloroethylene and, though infrared allowed, is expected to be

very weak for DCB. On this basis the weakest of the three candi-

dates -1(946 cm) is chosen at v17. This choice also gives the

largest splitting between the symmetric and antisymmetric modes

(946-781 = 165 cm-1), in line with a pronounced trend observed

for many similar systems. The calculations for cyclobutene,

for example, predict a 196 cm -1 split and cis dichloroethylene

(876-697 = 179 cm-1), cyclopropene [920-570-350 cm-1 (92)],

and cyclopentene [1102-786 = 316 cm-1 (91)] likewise exhibit

a similarly large difference between the symmetric and antisym-

metric out of plane =C-H bends.

The corresponding split between the -C-H bends, on the

other hand, is expected to be small since coupling is much less

across a C-C than a C=C bond, especially for a C-C bond

weakened with cis chlorine substitution. For this reason, the

assignment of the feature -1 -1(925 cm ) closest to v8 = 911 cm

is favored for the antisymmetric -C-H plane bend (v18). The

analogous modes (involving a single hydrogen) for chlorocyclo-

butane, 2- chlorocyclobutanone and chlorocyclopentane appear at

971, 1000 and 938 cm-1, respectively. The remaining feature
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at 877 cm 1- is then assigned at a =C-C stretch (v19) through a

permutation of assignments v18 and v19 cannot be definitely

excluded.

In Plane Ring Vibrations

Five of the six ring modes involve motion of the carbon

atoms confined, for the most part, to the plane of the ring. These

may be visualized approximately as a C=C stretch (v3 - at), a

-C-C- stretch (v7 - a), symmetric (v6 - a') and antisymmetric

(v19 - a") =C-C stretches and a deformation mode
(v21 2").

The skeletal modes usually span a wide range of the spectrum and,

being characteristic of the system as a whole, are not as localized

as hydrogen modes.

The C=C stretch v3 is readily identified as the very strong

polarized Raman band at 1559 cm-1, very close to the value

observed for cyclobutene, 1566 cm-1. A weak 13C= 12C stretch

with 2% intensity relative to v
3

is also observed at 1533 cm-1,

in good agreement with a calculated value of 1532 cm-1 for a

harmonic HC=CH diatomic system. This particular mode, more

than any other, probably characterizes 1, 2-unsubstituted cyclo-

butene ring systems because of its unusually low frequency and

relative isolation within the moleculethat is, very little coupling
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with the rest of the structure is likely since such interaction would

have to preceed via a bond orthogonal to the bond under considera-

tion.

The other two a° ring modes, v6 and v7, are to be chosen

from the polarized bands between 1200 and 800 cm-1. Before

proceeding however, the symmetry of the 1005 cm-1 absorption

should be discussed briefly. This feature exhibits a rather high

depolarization ratio 3 (0.71 ± 0.02) but is seems clear that it is

polarized. The infrared vapor band, though somewhat weak and

ill-defined, seems to be type B, indicative of a' symmetry. A

very weak polarized feature at 688 cm-1 not observed in the low

temperature spectra is explained as a difference band originating

from the 317 cm -1 a' level (1005 - 317 = 688 cm-1). An a'

symmetry for the 1005 cm-1 level is thus strongly indicated

although the depolarization ratio is high.

Four polarized features at 1162, 1120, 1005 and 911 cm -1

are therefore observed in the C-C stretching region (1200 to 800

cm-1). As discussed above, the 1162 and 911 cm- 1 frequencies

3 This value was thoroughly checked several times using both
methods of determining ratios with factors of 0.69 and 0.72 being
observed. The other depolarized bands, whose symmetries were
amply confirmed through corresponding infrared band types, gave
ratios ranging from 0.73 to 0.79.
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are assigned as hydrogen bends and thus the 1120 and 1005 cm-1

features are chosen as v6 and v7 respectively. The 1120 cm-1

value is clearly to be associated with the symmetry =C-C stretch

because of its band type (almost pure B typesee Figures 30C

and 30D) and because of its high IR intensity. On the other hand,

the antisymmetric =C-C stretch (v19) should involve a relatively

small dipole derivative and this is consistent with the low IR

intensity of the 877 cm-1 feature assigned as this mode. It is

perhaps worth noting that the average of v6 and v19 [(1120 +

877)/2 = 999 cm -1] is very close to the -C-C stretch at 1005

cm-1 and that this splitting of v6 and v19 is undoubtedly due to

interaction through the double bond. In addition, it may be men-

tioned that these stretching assignments (1559, 1120, 1005 and

877 cm-1) are in reasonable agreement with the values calculated

(76) for the analogous modes in cyclobutene (1575, 1148, 1071 and

929 cm-1). The calculation also predicts a value of 747 cm-1

for the ring deformation, which is in accord with the assignment

of a depolarized band at 791 cm-1 for this motion (v21) in DCB.

This 791 cm-1 feature overlaps the strong 781 cm-1 v9 transi-

tion in the liquid but the perpendicular Raman scan shows a shift

from 782 to 785 cm-1 indicative of a high frequency depolarized

component. The two components are clearly resolved in the solid
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(791) and 785 cm-1) and matrix (787.7 and 781 cm-1) spectra.

This assignment seems quite certain since no other depolarized

features are observed between 800 and 450 cm-1.

Ring Puckering and Chlorine Vibrations

In addition to the out of plane ring pucker (a"), six funda-

mentals are expected for the two stretching (a' + a") and four bend-

ing (2a' + 2a") modes of the chlorine atoms. The symmetric chlo-

rine stretch, v10, is easily identified as the very strong, polarized

band at 601 cm 1. The vapor shows a type B band (617.7, 612 cm-1)

with a broad low frequency branch. The chlorine isotopic components

are resolved in both solid (595, 593 and 591 cm -1) and matrix

(611.0, 608.7 and 606. 5 cm-1) spectra, with the appropriate 9:6:1

ratio as may be seen in Figure 29. [In a diatomic C-Cl approxima-

tion, the 35 37 CI shift would be 611. 0 - 606. 8 = 4. 2 cm-1.

This splitting is not resolved in the depolarized feature at 821 cm-1,

which is assigned as the antisymmetric stretch, but there is little

doubt that this is the correct choice in view of its high infrared

intensity. Moreover, this feature, like the symmetric stretch,

shows a much larger vapor to solid frequency decrease than do

any of the other modes (Table 12).

The five features observed below 500 cm-1 at 430 dp,

381 dp, 317 p, 173 p, 145 dp cm-1 remain for the ring pucker
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and chlorine deformation motions. Of these, only the 381 and

145 cm-1 features do not show resolved isotopic splitting in the

solid and matrix phases (Figure 29). However, the 381 cm-1

feature is broader (half width of 4 cm-1) with an unresolved low

frequency shoulder. The 380 cm-1 frequency is thus logically

assigned as the mode involving the least chlorine motion, the ring

puckering vibration (observed at 325 cm 1- in cyclobutene). The

high frequency of this mode in DCB and cyclobutene compared to

other four membered rings [199, 158 and 143 cm-1 for cyclo-

butane (93), chlorocyclobutane and bromocyclobutane (94, 95)

respectively] undoubtedly arises from the torsional strain of the

internal C=C bond produced by a puckered configuration. This

trend continues with a puckering frequency of 506 cm-1 (96)

observed for cyclobutadieneirontricarbonyl., which contains two

internal double bonds.

For the chlorine bending modes, it is expected that the

lowest frequency vibrations will be those in which the heavy chlorine

atoms move directly against each other. On this basis, the sym-

metric bend of the Cl atoms out of the C-Cl-H planes (v12) is

assigned as the polarized band at 173 cm-1 and the antisymmetric

bend in the C-Cl-H planes (v24) is identified as the depolarized

145 cm-1 feature. Though no isotopic structure was resolved
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for v24, the Raman spectrum of the solid revealed components

for v12 at 175. 8, 173. 5 and 172 cm -1
. These frequencies agree

well with values calculated for the limiting case of a pure C1---C1

stretch (175.8, 173.4 and 171.0 cm -1) so it is clear that there

is little carbon motion in this mode. These low frequency modes

also agree well with the somewhat analogous modes for other

systems in which two chlorine atoms are attached to adjacent

carbon atoms. For ortho-dichlorobenzene (97), dichloro maleic

anhydride (98) and cis dichloroethy1ene, the in plane symmetric

chlorine deformations are observed at 203, 188 and 173 cm-1

respectively, while the out of plane antisymmetric deformations

occur at 154 and 127 cm-1 for ortho dichlorobenzene and

dichloro maleic anhydride, respectively.

The two remaining chlorine deformations, the antisymmetric

out of plane bend (v22) and the symmetric in plane bend (v
11

), are

assigned to the 429 (430, dp) cm-1 and 317 (317, p) cm-1

absorptions respectively. Both absorptions show isotopic splitting

in solid and matrix spectra at 429.3 (436.4), 426.2 (433. 6) and

423.7 (431.0) cm -1 and 326.0 (321), 321.2 (316) and 317 (312)

cm-1 for v22 and v11, respectively, with matrix values shown in

parentheses. Limiting values for a pure chlorine motion are

429. 3, 423. 5 and 417.5 cm-1, and 326.0, 321.6 and 317.1 cm-1,
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so chlorine motions dominate these modes also. It may be noted

that the average in plane bending frequency [(429 + 173)/2 = 301

cm-I] is higher than the average out of plane value [(317 +

145)/2 = 231 cm-1], a result in line with observations for singly

chlorinated rings [In/out of plane chlorine bends for chlorocyclo-

pentane, chlorocyclobutane, and 2-chlorocyclobutanone are

reported at 325/268, 365/286 and 307/275 cm-1 respectively].

Overtone, Combination and Difference Bands

In addition to the principal fundamentals more than sixty

other weak features were observed which could all be explained

as binary overtone, combination or difference bands. Semi-

quantitative Raman depolarization measurements (see Figure 25)

were used as a guide in this process, and difference bands were

identified by their absence in the low temperature spectra.

Assignments are indicated in Table 12, with more than one assign-

ment listed for those features with more than one plausible origin.

An examination of the non-fundamentals also proved to be

useful in aiding in the identification and assignment of fundamentals

themselves. Information regarding the symmetry and position of

certain transitions that happen to be obscured by band overlap or

low intensity, for example, was in some cases clarified by
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consideration of the limited number of possibilities that could

conceivably give rise to some specific non-fundamental.

The most conspicuous absorption in the overtone region

(3000 to 1300 cm-1) is a very broad band near 1710 cm-1 (see

Figure 22). This feature is believed to arise from a convergence

of many combination bands as indicated in Table 12. The strongest

non-fundamental, on the other hand, is the 3127 cm-1 overtone of

the C=C stretch 1 -1
, 2 x v3 = 3118 cm(v3 = 1559 cm ), which

gains intensity through Fermi resonance with the symmetric =C-H

stretch, v -1
1

(3066 cm). 2v
3

would probably occur between 3100

and 3110 cm-1 due to anharmonicity "unperturbed" by resonance,

with v
1

occurring near 3092 cm-1 as suggested by intensity cal-

culations for the Fermi resonant pair (see Appendices). This latter

frequency is very near the value of 3100 cm 1 observed for this

mode in 3,4-dimethylenecyclobutene and as the internal C=C

stretch for this system appears near 1662 cm-1, an analogous

resonance is not possible. It should also be mentioned that a

similar Fermi resonance seems to occur in cyclobutene as strong

infrared and Raman features at 3126 cm-1 are observed (75).

Physically this interaction between the symmetric =C-H

stretch and the C=C stretch is not difficult to visualize because

of the natural proximity inherent in these two modes. The lack of
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analogous resonance in other systems with a H-C=C-H moiety

stems from the high frequencies (1600 to 1700 cm -1
) of the C=C

stretch. In ring compounds however, this frequency is lowered

and reaches a minimum for the four membered rings as indicated

below, where the C=C stretching frequencies (cm-1) are shown

CH2

CH2

1623 1649 1611 1566 1656

(75, 99, 100). Since the C=C bond lengths in DCB (1. 329 ±

0. 006 A) and cyclobutene (1. 325 ± 0. 005 A) do not vary markedly

from "ordinary" C=C values of 1. 335 ± O. 005 A (101), it does

not appear that the low frequency is due to a smaller force constant.

Rather, it is likely that the low frequency is due to a reduction of

kinetic coupling between the nearly orthogonal (94°) C=C and

=C-C bonds, as has been discussed by Bellamy (90) and others

(75, 76).

The Fermi resonance also appears to occur for higher corn-

bination levels. A sequence of bands above 3800 cm-1 (3998, 3953,
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3937. 5, 3853 and 3839 cm-lsee Figure 23 and Table 12), for

example, can best be explained as a series of binary combinations

between v19 and the five bands in the C-H stretching region (thus

"displacing" these five transitions). Resonance between the 2v
3

+

v19 and v
1

+ v19 levels is thus indicated.

Solid and Matrix Spectra

The solid and matrix spectra were particularly useful since

overlapping fundamentals and chlorine isotopic components were

readily resolved. Furthermore, examination of both solid and

matrix results made it possible to avoid ambiguities associated

with interpreting each phase individually, such as might occur due

to crystal splitting or matrix site effects. As a case in point,

some of the chlorine isotopic components in the Raman spectrum

of the solid exhibit an anomalous intensity pattern (see Figure 29)

not in line with the expected 9:6:.1 ratio. Infrared scans of the

solid and matrix, however, show these same features with the

correct intensity ratios hence they do indeed appear to be isotopic

components, as one would not expect to see similar structures in

both solid and matrix phases for crystal or site splittings. The

reason for the Raman intensities is unclear although it may arise

from a lattice effect.
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The Raman spectrum of the solid also yielded a number of

low frequency bands which are attributed to translations and libra-

tions of DCB in the unit cell. Since the crystal structure of DCB

is not known, these lattice modes are unassigned but it may be

noted that their number ( 8) implies a crystal structure containing

at least three molecules per unit cell.

4-4. Comparison with Cyclobutene

Table 14 lists the frequencies assigned for the analogous

vibrations of DCB and cyclobutene. Unfortunately, the assignments

of a number of the fundamentals in the latter compound are uncer-

tain because of overlap among the many CH2 bends and because

only a fraction of the fundamentals were observed in the Raman

spectrum. In light of the present work for DCB, it seems likely

that some revisions are necessary for cyclobutene and one such

reassessment which is generally compatible with the observations

for both compounds is offered in the last column of Table 14. As

mentioned above, a C=C, =C-H Fermi resonance also appears to

occur for the unsubstituted cyclobutene. Further Raman work on

cyclobutene would seem desirable to confirm these assignments.
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5. Summary

Complete assignments are presented for the 24 fundamentals

of cis C
4

H
4
C12 and there is no evidence indicating any significant

deviation from a planar ring. Due to the large differences in

masses and force constants occurring in this molecule, most of

the fundamentals fall into characteristic frequency regions. This

greatly aided in the assignments which are believed to be reliable

and likely to be useful in interpreting the spectra of other cyclo-

butene ring systems. In particular, a rather unique Fermi

resonance is observed involving the H,
C=C

,H motions which

is probably characteristic of such rings.
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IV. CYCLOBUTADIENE

1. Introduction

The cyclobutadiene molecule I has been the object of

considerable interest and controversy since the first documented

attempts at its synthesis, early this century, proved unsuccessful

(102). Prior to the advent of molecular orbital theory, it was

assumed that this simplest member of the conjugated cyclic

polyenes [(C2H2)n, n = 2, 3, 4, 11
should be a stable, isolable

molecule like the next member in the series, benzene II. Benzene,

in fact, had exhibited unusual stability with anomalous chemical

behavior quite unexpected for an assumed cyclohexatriene structure.

Cyclobutadiene and cyclooctatetraene (III) were thus naturally

regarded as possibly also having similar intriguing properties.

Following the theoretical work of Huckel on the pi-electronic

structure of planar congugated hydrocarbons in the 1930's (103-104),

it was realized that quite contrary to the unusual stability of the

aromatic benzene system, cyclobutadiene, and also cyclooctate-

traene, should both be quite unstable, being examples of antiaromatic

systems having zero or negative delocatization energies. The

results of Huckel calculations. for cyclobutadiene, benzene and

cyclooctatetraene are indicated below, where the relative
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pi-electron energies are depicted. The complete filling of orbitals

with energies less than a (the energy of an isolated pi-electron)

for benzene gives a large delocalization energy and leads to the

observed stability, while cyclobutadiene and cyclooctatetraene

are both predicted to occur as diradical triplets. The synthesis

of cyclooctatetraene (105) and subsequent investigation of its

structure have indicated a non-planar "tub" configuration (D
2d)

for

this molecule with alternating single and double bonds (106, 107).

While little pi-electron delocalization is thus possible, a bond

switching transformation does occur probably via a planar inter-

mediate as indicated below. The structure of cyclobutadiene
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at present, however, remains to be established unequivocally as

a number of investigators have reported evidence for both square

triplet and rectangular singlet structures. Before reviewing

these investigations, however, some of the results of more recent

theoretical calculations on cyclobutadiene will be mentioned.

While simple molecular orbital theory predicts a square

triplet structure for cyclobutadiene, simple valence bond theory

suggests a rectangular singlet. Refinements beyond these approxi-

mate treatments are thus clearly needed to resolve this discrepancy.

Using a semiempirical SCF-MO method, Dewar and Gleicher

(1965) predicted a rectangular singlet (108) cyclobutadiene, stable

with respect to dissociation into acetylene. Hoy land et al. (1965),

on the other hand, predicted a square singlet structure from their

Pariser-Parr calculations (109). Al linger, Gilardeau, and Chow

used a modification of the Pariser-Parr method with results



151

suggesting a probable triplet square ground state, with a strong

ultraviolet absorption at 363 nm (110). Al linger and Tai (1968),

using a similar method with inclusion of doubly-excited as well as

singly-excited pi-electron configurations, predicted a rectangular

singlet ground state with only forbidden or faintly allowed ultra-

violet transitions above 210 rim (111). Buenker and Peyerimhoff

(1968) performed ab initio SCF-MO and CI calculations which

also indicated a rectangular singlet ground state, although the

molecule was not found to be stable with respect to separation

into two acetylenes (112). Finally, using both refined pi-electron

and all valence electron semiempirical SCF-MO procedures,

Dewar, Kohn, and Trinajstic (1971) did calculations suggesting

a rectagular singlet ground state with a low lying triplet, and

stability with respect to dissociation into acetylene (113). The

refinements to the simple MO and VB approaches do not, thus,

give an unequivocal structure for the ground state of cyclobutadiene

although a rectangular singlet appears to be somewhat favored.

Except for the Hoyland et al. results, however, there seems to be

general agreement that for a square planar structure, the triplet

state is more stable than a singlet state.

The impetus of many of these recent calculations undoubtedly

resulted, in part, from the increasing number of instances in which

cyclobutadiene was reported as a probable intermediate. By the
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early 1960's, numerous reactions had been suspected of involving

cyclobutadiene intermediates (114), although the evidence for

their presence was mostly indirect (e. g. , inferred from the

observation of expected reaction products of cyclobutadiene). The

chemical behavior of these postulated intermediates, for the most

part, suggested a singlet ground state for cyclobutadiene, with

the observation of products expected for a diene rather than a

radical (115-118). Recent interest in cyclobutadiene was also

spurred by the preparation of stable complexes of cyclobutadiene

and its derivatives, and other possible precursors of cyclobutadiene

(119-121).

In 1967 Tyerman et al. reported the formation of cyclo-

butadiene from flash photolysis of cyclobutadiene iron tricarbonyl

IV (CIT), with the irradiation products monitored through mass

spectroscopy (122). These investigators observed an EPR signal

attributed only to Fe(CO)3 when CIT was photolyzed in a matrix

Fe(CO)3

IV

by
+ Fe (CO)3
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at 77°K, hence they suggested a singlet ground state for

cyclobutadiene. Hedaya et al. (1969) reported the formation of

cyclobutadiene from the flash vacuum pyrolysis of photo-a-pyrone

at 800°C, also using a mass spectroscopic technique (123). Their

radical titration experiments, however, indicated a di radical

character for the thermal m/e = 52 peak attributed to cyclo-

butadiene. Cyclobutadiene was also reported to result from the

pyrolysis of CIT at 350° C by Li and McGee (1969) from their

mass spectroscopic study (124), although Hedaya et al. later

questioned this result with their flash vacuum pyrolysis of CIT

indicating the formation of vinyl acetylene, an isomer of cyclo-

butadiene, rather than cyclobutadiene itself (125).

From these mass spectral studies and also from the

theoretical calculations and observed behavior of the postulated

C
4

H
4

intermediates, it is clear that cyclobutadiene is an extremely

reactive short-lived species under normal conditions. The

Tyerman et al. results, in fact, indicate a lifetime of less than

1 millisecond for the presumed cyclobutadiene m/e = 52 signal.

The matrix isolation technique is thus well suited as a means of

trapping and stabilizing this molecule under conditions in which

spectroscopic examinations may then be easily performed. An

investigation into different methods of generating and isolating

cyclobutadiene in an inert gas matrix was therefore undertaken,
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with the aim of using infrared, Raman, ultraviolet-visible and

EPR spectroscopic methods to detect its presence and to elucidate

the structure of this elusive molecule.



2. Attempts to Prepare Cyclobutadiene in a Matrix

2-1. Photolysis of Cis-3,4-Dichlorocyclobutene

Avram et al. (1964) found that dehalogenation of cis -3, 4-

dichlorocyclobutene V (DCB) with sodium amalgam led to the

formation of the syn dimer (VI) of cyclobutadiene (126). They

postulated the intermediate formation of cyclobutadiene, which

V

Na

I VI
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then rapidly dimerized to VI. DCB was thus one of a number of

compounds considered as possible photolytic precursors of I, and

several DCB matrix irradiation experiments were conducted to

investigate this possible route of formation.

DCB was prepared as described in the Experimental,

Chapter III. A 1/300 dilution premixed sample with argon was

made and deposited onto the 14°K CsI window substrate, Infrared

spectra were recorded of the matrix before and after sample
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irradiation with light from either a medium pressure mercury lamp

(Oriel Optics Model C-60-312) or a hydrogen resonance lamp. The

latter consisted of a pyrex tube through which a low pressure

( 0.2 Torr) mixture of 3% hydrogen in helium, excited via

microwave discharge, was continuously flowed. No changes in

the spectra were observed in either case, however. To rule out

the possibility that any photolytic products formed might have

been recombining due to the matrix cage effect, deposits were

also made with concurrent irradiation. No significant changes

occurred for these depositions also, although a broad absorption

near 2750 cm -1, probably due to HCI, appeared when the hydrogen

Lamp was used. As no other changes in the spectrum was seen

though, no evidence for the photolytic formation of I from DCB

was observed.

2-2. Photolysis and Pyrolysis of Cyclobutadieneirontricarbonyl

Since the previously mentioned mass spectral work indicated

the possibility that ultraviolet irradiation or heating of CIT yielded

free cyclobutadiene, these reported routes were investigated using

matrix techniques monitored in the infrared region.

A 5 gram sample of CIT was obtained through Columbia

Chemical Company, Inc. from Professor Rowland Pettit of the

University of Texas. An infrared spectrum of the liquid gave
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results identical to those previously reported (96, 119, 127) hence

CIT was used for all experiments without further purification.

Sample bulbs with CIT and argon, in dilutions ranging from

1/500 to 1/1000, were prepared and matrices were formed by

deposition of these mixtures onto the cooled CsI window substrate.

A number of experiments were performed with both in situ irradia-

tions of the matrix and irradiations while depositing. A medium

pressure mercury lamp fitted with various filters or a hydrogen

resonance lamp was used as an ultraviolet source. Spectra taken

of the sample after such irradiations indicated that the ,only

significant observed changes occurred in the carbonyl stretching

region. A very weak feature at 1932 cm -1 increased in intensity

considerably after using the mercury lamp and reached a maximum

relative to the parent peaks after prolonged irradiation. It was

felt that this growth probably arose from the removal of a single

CO ligand from the Fe (CO)3 moiety, but this was not investigated

further since no changes occurred in the ring vibrational region

below 1600 cm-1 where the appearance of free cyclobutadiene

would be expected to manifest itself. Chapman et al. (1973) and

Allamandola (1974), in similar studies on CIT, have also attributed

the 1932 cm-1 feature to cyclobutadieneirondicarbonyl (128, 129)

A pyrolysis experiment was also carried out using a

resistively heated Knudsen cell oven, through which low pressure



158

CIT was passed prior to co-deposition with excess argon onto the

CsI window. Oven temperature from 300 to 500° C were used.

Spectra recorded after heated depositions again showed only minor

changes in the carbonyl region. The CO absorption at 2140 cm-1

observed only weakly in the thicker deposits of CIT, appeared quite

strongly, along with a broad, flanking low frequency shoulder to

the main carbonyl feature. Removal of a CO ligand or ligands

thus appeared to be the only main process resulting from heating.

In view of the reported mass spectral studies and the results

of the present experiments, it appears that if cyclobutadiene is

indeed formed through photolysis or pyrolysis of CIT, the actual

yield of the free compound is quite small and probably undetectable

through infrared absorption. It may be that a very small fraction

of CIT (< 1%) does in fact form cyclobutadiene, but is only

detectable through observation of the ionized m/e = 52 C
4

H4

fragments. It seems likely however, that cyclobutadiene is not

the primary photoproduct in such a decomposition, and may in

fact have arisen from fragmentation of cyclobutadieneirondicarbonyl,

the more likely primary photoproduct.

2-3. Pyridine and Pyridazine as Possible Precursors

In 1973, Chapman et al. (130) reported the formation of

cyclobutadiene from irradiation of pyridine (VII) matrix isolated



in argon. The cyclobutadiene was presumed to result from

decomposition of Dewar pyridine VIII, which had previously been

reported (131) to arise from photoisomerization of pyridine.

Absorptions at 1245, 655 and 575 cm-1 were attributed to the

hv

VII VIII

hv

I
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+ HCN

cyclobutadiene so formed. Attention was thus focused on pyridine

and related systems as possible precursors. Since the reported

photocleavage of the Dewar pyridine undoubtedly owed much to the

formation of a stable HCN fragment, another logical choice of

precursor might include the pyridazine ring IX, which would

photolyze to cyclobutadiene and nitrogen under an analogous cleavage.

Pyridazine was thus also examined as a possible presursor.

IX

hv

X

ii
hv

I

N
2
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Sample bulbs with pyridine (J. T. Baker), and pyridazine

(97%, Aldrich) in argon (-1/500) were prepared and deposited

onto the CsI window. Irradiations of the matrix in situ and also

while depositing were made for the two samples, using the mercury

lamp with various filters, and hydrogen and nitrogen (,, 0.4 Torr

of 3% N2 in He subject to a microwave discharge) resonance

lamps. The latter consists of a 1800 A line as the principal

output. No changes in either the pyridine or pyridazine infrared

spectrum occurred as a result of irradiations however. The

reason or reasons for the failure to observe any of the reported

transformations is not clear, although it should be mentioned that

the originally reported formation of Dewar pyridine was monitored

through changes in the ultraviolet region, and a limiting concentra-

tion of 14% was observed. A larger change in the extinction

coefficient for the ultraviolet transitions relative to those in the

infrared may thus be, in part, responsible. Chapman et al. also

did not specify any irradiation conditions, nor were any spectra

shown, which proved a further difficulty in reproducing their

results. Further experiments with these precursors were thus

terminated with the investigation turning to the use of another

more promising photolytic parent, a-pyrone.
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3. Infrared, Ultraviolet and Electron Paramagnetic Resonance
Spectra of the Photolysis Products of Matrix

Isolated cx- Pyrone

Since this project investigating possible routes leading to

the isolation of cyclobutadiene in a matrix began in 1971, several

reports have appeared in the literature describing such pathways.

Masamune et al. (1972) reported the photocleavage of compound

XI to give cyclobutadiene and phthalan XII in a matrix at -175°C

(132). A broad ultraviolet absorption near 300 nm (E 100) was

attributed to cyclobutadiene. Lin and Krantz (1972), and Chapman,

XI

hv

2537 A

I XII

McIntosh and Pacansky (1973) reported the formation of cyclo-

butadiene from photocleavage of bicyclo[ 2. 2. O]pyran-2-one XIV,

formed through photoisomerization of a-pyrone XIII in an argon

matrix (133, 134, 130). These transformations were monitored

through infrared spectra and absorptions at 1240, 650 and 570 cm-1,
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+ CO2

VI

which appeared after irradiation of XIV, were attributed to

cyclobutadiene. Further irradiation led to the formation of

acetylene XV, while absorptions of the syn dimer VI were seen

when the matrix was pumped off and redeposited. Lin and Krantz

also reported a weak broad band at 405 nm in the visible region

attributed to I. In further studies, Chapman et al. used various

singly and doubly deuterated a-pyrones to form deuterated

cyclobutadienes (135). The two a-pyrones XVI and XVII, for

example, gave 1, 2- dideuteriocyclobutadiene XX, which then gave

rise to the three acetelyenes (XV, XXI, XXII) on further irradiation.

Since seven infrared active modes for a rectangular (D2h)

C
4
H4 and four for a square (D 4h) structure are predicted from
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D

xv HCE-"CH
xxi D C E-C H

XXII D C EC D

group theory, the authors cited a square triplet ground state for I.

A rectangular ring with isolated double bonds would also mean that

two isomers of a 1, 2- disubstituted system (XXIII and XXIV) are

possible. Since Chapman et al. indicated no evidence for the

presence of two such deuterated isomers (from XVIII and XIX),
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XXIII XXIV

this was taken as further evidence for a D
4h

symmetry. The

indicated square structure of the ring, however, is at odds with

the results of other very recent studies. A number of relatively

stable substituted cyclobutadienes have been prepared in the last

few years, for example, with X-ray analysis of two of these (XXV

and XXVI) clearly indicating a planar rectangular ring structure

(136, 137). EPR signals also have not been observed for any of

these compounds. While it may be argued that these results may

XXV XXVI
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not necessarily give direct information about the unsubstituted

species, it is clear that the controversy regarding the ground state

structure and multiplicity of cyclobutadiene is definitely not

resolved. Further spectroscopic studies on the photolysis products

of a-pyrone are thus needed; in particular, Raman, ultraviolet-

visible and EPR work complementary to the infrared results

should be quite revealing. Results of such an investigation are

presented here.

3-1. Experimental

a-Pyrone was prepared from the decomposition of coumalic

acid XXVII as indicated below (138). A 30 x 10 cm cylindrical

H 02C0

XXVII XIII

C 02

0

quartz sublimation vessel, attached to a 64 x 3 cm quartz tube with

a 24/40 standard taper joint, was used for the reaction. This

assembly was mounted horizontally, with two vacuum take off-

receiving flasks in series attached to the quartz tube and leading
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to a vacuum pump. A 35 x 10 cm cylindrical pyrex cup, wrapped

with nichrome wire and placed around the vessel, was used to

sublimate the sample. A Hevi Duty Electric Company oven, with

a heating length of 33 cm, was used to heat the quartz tube. The

latter was packed loosely with 20 grams of fine copper turnings.

A typical preparation proceeded as follows: 25 grams of

coumalic acid monohydrate (Aldrich) was placed in the sublimation

vessel and the entire system was evaucated to a pressure of 1

Torr. The oven temperature was maintained at N 670°C while

the temperature surrounding the sample vessel was allowed to

rise slowly to 220°C. A heating cord was wrapped around those

portions of the quartz tube outside of the oven while a dry ice/

acetone bath was used to chill the receiving flasks. About 10

grams of crude a-pyrone was collected and distilled using a

vigreaux column, with 5 grams (33%) of purified sample

obtained. The sample was stored solidified at -10°C.

Premixed 5 liter sample bulbs containing a -pyrone and

argon were prepared in ratios varying from 1/1oo to i/l000.

For depositions the mixture was flowed through 1/8 inch flexible

copper tubing with the rate being controlled and monitored by

means of a needle value-flowmeter assembly (as shown

schematically in Figure 7).
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For in situ ultraviolet irradiation of the matrix samples,

an Oriel Optics Model C-60-312 medium pressure mercury lamp

was used. The lamp beam was usually focused so as to concentrate

the light onto the area of the matrix sampled spectroscopically,

and a water filter was used to filter out infrared radiation.

3-2. Results

Infrared and Far Infrared

The photochemical transformations of a-pyrone were first

monitored in the infrared region in order to confirm the previous

reports and to optimize the experimental conditions for further

study. In addition, the far infrared region down to 33 cm-1 was

also examined.

In the initial series of infrared experiments, the CsI

window cold tip substrate was employed. Figure 32A shows a

typical infrared spectrum of a-pyrone isolated in argon (-1/1000)

after an 8 hour deposit using this tip. The absorptions are listed

in Table 15. To convert a-pyrone to the 13-lactone isomer XIV,

Lin and Krantz used mercury lamp irradiation through a solution

of nickel sulfate, while Chapman et al. employed a pyrex (trans-

mittance > ti 290 nm) filter. The latter was used exclusively in

this study and the results of a 12 hour irradiation through pyrex
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Figure 32. Infrared and far infrared spectra of the
photolysis products of a-pyrone in argon.

A. Infrared spectrum of cr- pyrone in argon

1/1000) after a 8 hour deposit, 14°K.
Spectrum taken with the CsI window
substrate tip.

B. Spectrum of the above sample after a 12 hour
irradiation through pyrex.

C. After 4.- hour irradiation without the pyrex
filter.

D. After 2 hours irradiation without the pyrex
filter.

E. Far infrared spectrum of a-prone in argon
(-1/700) after a 3 hour deposit, 14°K.
Spectrum taken with the use of the aluminum
block sample substrate (thus a spectrum of a
different matrix than that depicted in A-D is
shown). The corresponding mid-infrared
absorptions for this sample gave intensities
comparable to those of A.

F. Spectrum of the above sample after a 13 hour
irradiation through pyrex.

G. After i hour irradiation without the pyrex
filter (the corresponding mid-infrared
absorptions gave comparable cyclobutadiene

absorptions to those in C and D).
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Frequencies (cm-1) of the infrared absorptions of
a-pyrone and its photolysis products in an argon matrix.

a Pyrone - Lactone XIV

3102 vw

3076 vw

3050 vw

836.3 br, w

785 br, m
770.8 br, s

601.0 w

2142.8 w
2137.6 m
2132.0 m
2123.0 s
2115 sh, w

883.3 m
869.7 vw

851.5 br, vs
848.0 s
838.0 m

3029 vw 1855.2 s 834.2 m
547.3 w 1847.8 vs

1797.0 vw 1838. w 766.7 m
1785.0 vw 349 w 1834.3 m
1777.2 m 1824.0 s 745 w

1761.0 vs 18 18 sh
1755.5 s 1805 m 725.2 m
1750 br, s 1802 m
1741.7 w 1798.0 w 699 w

1734.8 w 694. 9 m
1722 br, w 1283.3 s
1719 br, w 489 w

1710.0 w 1255.0 w
1250.0 m 423 vw

1641.9 m
1637 br,w 1183.2 m

1552.7 m 1069. 6 s
1062 m

1248.0 m
992 vw

1117.0 m 972.7 m
1110.2 m
1080.0 s 937.7 vw

1059 w 911.3 m
908.2 m

947.0 m

s = strong, m = medium, w = weak, v = very, br = broad,
sh = shoulder.
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may be seen in Figure 32B. Very little parent remains as

evidenced by the weak 1761 cm a-pyrone feature, with almost

complete conversion to the 3- lactone. A small amount of the

ketene XXVIII, another photoproduct of a-pyrone, also appears

to be present with weak absorptions around 1700 cm-1. After

irradiation without the pyrex filter (Figure 32C), the absorptions

hv

XIII XXVIII

attributed to cyclobutadiene at 1240, 652 and 573 cm-1 appeared

along with those of CO
2. Figure 32D depicts a spectrum of the

matrix after 2 hours irradiation without pyrex, showing the

0-lactone to be almost completely destroyed (i.e., note the intensity

of the -lactone 1848 cm -1 absorption). Along with the absorp-

tions of CO2 and cyclobutadiene, strong absorptions of acetylene

( 740 cm-1) are also present.

Since cyclobutadiene photodecomposes to acetylene, the

complete conversion of the 3-lactone to the former does not occur

and consequently the resulting spectrum contains absorptions

besides those of I and CO2. The possibility of selectively
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photocleaving XIV without at the same time destroying the

cyclobutadiene so formed was thus examined, through the use of

various ultraviolet filters on the irradiating lamp. No such filters

achieving this end were found, however, as the formation of

acetylene always accompanied that of I.

For the subsequent Raman studies that were anticipated,

concentrated matrix samples were desired thus the effect of matrix

dilution on the formation of I was also examined. It was observed

that for the very dilute samples (< 1/500) there was a greater

conversion of the f3 - la ctone to I, whereas for more concentrated

matrix ratios (1/50 to 1/300), irradiation of XIII and XIV resulted

in more side products. The latter usually gave rise to broad

absorptions in the carbonyl stretching region and probably arose

from dimeric or polymeric species.

The present infrared results (Figure 32) are identical to

those reported by Chapman et al. Since these workers were

limited to the region above 550 cm-1, far infrared spectra were

also recorded to verify that no other cyclobutadiene absorptions

occur with lower frequencies. For this purpose, the aluminum

block cold tipreflection system was employed with the use of

CsI and a polyethylene windows on adjacent ports of the cold cell

base. Figure 32E shows the far infrared spectrum of a-pyrone

in argon ( 1/700 dilution) after a 3 hour deposit. The
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corresponding infrared scan (not shown) gave intensities

comparable to those of Figure 32A. The scans after irradiation

with and without the pyrex filter are also shown, and as may be

observed, no new absorptions appeared (Figure 32G) for the

products of the 13-lactone.

Raman

Corresponding Raman spectra of the a-pyrone matrix

transformations were sought in order to determine the number of

Raman active fundamentals of C4H4. These efforts met with

experimental difficulties however. A Raman spectrum of the

parent a-pyrone isolated in argon (1/300) is shown in Figure 33A.

The 5145 A line with 500 mW at the sample was used as exciting

source. Numerous attempts to obtain spectra of the i-lactone

isomer, however, yielded only a very strong broad fluorescent

background (Figure 33C) after irradiation through pyrex. Raman

scattering peaks were thus quite difficult to observe (Figure 33B),

and became impossible after about 8 hours of irradiation. Various

other lines of the argon and krypton ion lasers were also tried

but this did not alleviate this problem.



Figure 33. Raman spectrum of a-pyrone in argon before and after irradiation.

A. a-pyrone in argon (-1/300), 14°K. Exciting line, 5145 A ; power at
sample, 500 mW; sensitivity, 4500 counts; spectral band width, 3.0

-1;cm ; scan speed, 0.2 cm /second; pen period, 10 seconds. A small

amount of nitrogen was also added to the premixed sample.

B. Spectrum taken after 5 hours irradiation through pyrex. Sensitivity,

10,000 counts; spectral band width, 4.0 cm-1.

C. Fluorescence background after 12 hours irradiation through pyrex.
Sensitivity, 50,000 counts; spectral band width, 3.0 cm-1.
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Ultraviolet

The observation of electronic transitions for cyclobutadiene

should also be useful in deducing the structure of this molecule.

In particular, a difference in electronic transition selection rules

between a square and rectangular structure might occur, and this

could serve as a basis for distinguishing between these geometries.

The Allinger-Tai calculations, for example, suggest that for a

rectangular singlet, there are only forbidden or very weak ultra-

violet transitions above 210 nm. A rectangular singlet with

isolated double bonds may also be compared to the cyclobutene

molecule, for which a strong ultraviolet system at 177 nm is

observed, but with no strong absorptions above 200 nm (139).

In contrast, calculations by Al linger et al. suggest a strong absorp-

tion at 363 nm for a square triplet ground state.

Conflicting reports exist at present, however, regarding the

electronic absorption spectrum of cyclobutadiene. As mentioned,

Masamune et al., using XI as a precursor, reported an absorption

at 300 nm, while Lin and Krantz reported one at 400 nm for

cyclobutadiene generated from a-pyrone. Ultraviolet-visible

spectra of the a-pyrone photoproducts in argon were thus

re-examined.
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Figure 34B shows the ultraviolet spectrum of a-pyrone in

argon (-1/700) after a 10 minute deposit onto the cooled sapphire

plate window. An absorption band at 285 nm is observed, along

with a portion of another system extending below 200 nm. Partially

resolved vibronic structures of these two systems are observed at

212, 216, 219, 224, 228, 233, 282, 286, 293, 298, 307, 313, 322

and 327 nm. These structures were not observed in the previously

reported (140, 141) spectrum of a-pyrone in ethanol (X max

290 nm, E = 4700) and may arise from transitions to vibronic

levels of a ring expansion mode.

Irradiation of the matrix whose spectrum is depicted in 34B

showed no new absorptions appearing, hence a thicker sample was

examined. Figure 34A shows the parent a-pyrone after a 100

minute deposit. Approximately ten times as much sample is thus

present although the scattering background is also much more pro-

nounced. After a 12 hour irradiation through pyrex, the very

strong 285 nm parent feature has completely disappeared (Figure

34C), with no new absorption above 220 nm appearing. This is in

line with the previously reported spectrum (120) of the -lactone

XIV, in which no ultraviolet absorptions above 210 nm were

observed.

After a 15 minute irradiation of the sample without the

filter, an absorption near 290 nm appeared (34D), then disappeared
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Figure 34. Ultraviolet spectra of the photolysis products

of a-pyrone in argon.

A. a-pyrone in argon (-1/700) after a 100 minute
deposit, 14°K.

B. Same sample as above after a 10 minute deposit

showing the peak of the 285 nm system.

C. Spectrum of the matrix depicted in A after 12

hours irradiation through pyrex.

D. After 1 hour irradiation without the pyrex
filter.

E. After i hour irradiation without the pyrex
filter.

F. After 1 z hours irradiation without the pyrex
filter.
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on further irradiation (34E and F). This absorption does not

appear to be due to cyclobutadiene however. From the infrared

results it was observed that when the 13-lactone was initially

irradiated without the pyrex filter, a small amount of the a-pyrone

always reformed (i.e. , note the 1761 cm-1 a-pyrone feature in

Figures 32A and C), then disappeared on further irradiation.

This 290 nm absorption is thus most likely due to Ci-pyrone, with

the apparent frequency shift probably due to the strong scattering

background of 34D. No absorptions due to cyclobutadiene therefore

appeared in the 220 to 800 nm region.

Electron Paramagnetic Resonance

Figure 35A shows an EPR spectrum taken of a 14 hour

deposit of a-pyrone in argon (- 1:600). The spectrum is identical

to that taken prior to the deposition, with all of the observed

absorptions arising from paramagnetic impurities (e. g. , CO+++

etc.) in the sapphire rod substrate. After a. 15 hour irradiation

of the sample through pyrex, weak absorptions appeared in the free

electron region near 3400 Gauss (Figure 35C). These absorptions

are due, in part, to methyl radicals, which were readily identified

by the 1:3;3:1 intensity pattern and the splitting between peaks

(Figure 36). After irradiation without the pyrex filter, the only

new feature which appeared was a doublet due to hydrogen atoms
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Figure 35. Electron paramagnetic resonance spectra of
the photolysis products of a-pyrone in argon.

A. a-Pyrone in argon (-1/600) after a 14 hour
deposit, 14°K. Microwave frequency,

9. 235 GHz; power, 0.1 mW; receiver gain,
4 x 102; modulation amplitude, 10 Gauss;

modulation frequency, 100 kHz; time con-
stant, 0.3 seconds; scan time, 16 minutes.
All the observed absorptions are due to
impurities in the sapphire rod.

B. Same sample as above taken with a higher

gain. Power, 1.0 mW; modulation amplitude,

25 Gauss; receiver gain, 6.3 x 102; time
constant, 1.0 seconds; scan time, 1 hour.

C. The 3100 to 3600 Gauss region after 15
hours of sample irradiation through the
pyrex filter. The same settings as in A
were used.

D. After 4 hours irradiation without the pyrex
filter. Power, 0.1 mW, receiver gain,
6.3 x 103; modulation amplitude, 10 Gauss;
time constant, 1.0 second; scan time,
2 hours.
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Figure 36. Electron paramagnetic resonance spectrum (3160 to 3440 Gauss) of the
photolysis products of oe-pyrone in argon, after a 15 hour irradiation.
Microwave frequency, 9. 223 GHz; power, 2. 0 mW; receiver gain,
1. 25 x 103; modulation amplitude, 1 Gauss; modulation frequency,
100 kHz; time constant, 0.3 seconds; scan time, 1 hour. Methyl radical
absorptions (3663.3, 3686, 3708.0 and 3731.5 Gauss) are
indicated by arrows.
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(Figure 35D) at 3026 and 3533 Gauss (for a frequency of 9. 233

GHz). Spectra were also taken concurrent with sample irradiation,

but no new absorptions were observed for these scans.

3-3. Discussion

Before discussing the various spectral results, a brief note

should be made regarding the validity of the a-pyrone method used

to generate cyclobutadiene. In a note added in proof to a very

recent review of the cyclobutadiene problem (July, 1974), Maier

has indicated that irradiation of the anhydride XXIX in an argon

matrix resulted in photocleavage to CO, CO2 and cyclobutadiene

(142). Infrared absorptions at 1237, 653 and 573 cm-1 were

observed, in line with the a-pyrone results earlier reported and

XXIX

hv H

I

+ CO + CO2

also obtained in the present study. Little doubt thus remains that I

is indeed formed from a-pyrone.
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With this in mind, the present spectral results will now be

discussed. The most revealing data from the present work con-

cerning the electronic structure of cyclobutadiene must be the lack

of any EPR signals attributable to this species. Aside from

absorptions due to methyl radicals and hydrogen atoms, only

weak signals in the free electron region appeared after irradiation

of the matrix containing a-pyrone. The latter signals probably

arose from an impurity in the sample, but it is clear from their

intensity behavior (i. e. , forming prior to removal of the pyrex

filter and not growing when the filter was removed) that they are

not due to I. It is also unlikely for a triplet diradical to give a

single absorption system in the free electron region. The triplet

diradical state of napthalene, for example, gives two transitions

as indicated below [where the magnetic field is assumed to be

perpendicular to the molecular plane and the indicated transitions

are for a frequency of 9. 7 GHz (143, 144)] The observation

of methyl radicals, which may have been generated from traces

of acetone or a pump oil hydrocarbons, and also of hydrogen atoms

indicates that it is improbable that the presence of a triplet cyclo-

butadiene diradical would go undetected with the experimental

system used. It is therefore most probable that cyclobutadiene

exists in a singlet ground state. The predicted low lying triplet state
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for this molecule was also not attainable through non-radiative

decay from a higher excited state, as no new signals were observed

during irradiation of the sample.

The ultraviolet results, though also negative regarding

observation of absorptions definitely attributable to I, are also

consistent with a singlet state. As indicated previously, theoretical

calculations suggest that only weak forbidden transitions above

210 nm should occur for a rectangular singlet, whereas a square

triplet should give rise to a strong absorption in tnis region. If
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a cyclobutadiene absorption does occur above 210 nm, the present

data indicate that it is indeed very weak. A rough value of the

upper limit to the extinction coefficient may, in fact, be calculated

from these results. It will be assumed that the molar extinction

coefficient for the a-pyrone matrix species is approximately the

same as that for the solution (,, 4700). Since the a-pyrone 285 nm

feature in deposit 34B has an absorbance of . 5, the absorbance

of this feature in 34A is approximately 5 (since there is 10 times

as much sample present). If one assumes that an absorbance of

.05 can be discerned from the scattering background and that

there is complete conversion of the a-pyrone to I, a coefficient

of less than 50 is indicated for this molecule. Since the con-

version is not entirely quantitative however, a upper limit of 100

to 200 is more reasonable. The 300 nm absorption (E 100)

for I reported by Masamune et al. cannot therefore be definitely

ruled out, but in any case the weakness of any cyclobutadiene

electronic transitions above 210 nm favors a rectangular singlet

state.

In view of the EPR and UV results, which imply a rectangu-

lar singlet structure for I, the question arises as to why only

three infrared absorptions, rather than the seven expected for

D
2h

symmetry, are observed. Lin and Krantz and Chapman et al.
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have assigned these three absorptions as 1240, v14; 650, v13

and 570, v4, under D4h symmetry (see Figure 38). For the

singly deuterated cyclobutadiene, Krantz et al. (134, 146) and

Chapman et al. (135) have reported five (1224, 653, 594, 540

and 460 cm -1) and six (1223, 780, 654, 583, 576 and 535 cm -1)

infrared absorptions, respectively. A square monodeuterated ring

(C ) would give 17 IR active modes whereas a rectangle (C)
2v s

gives 18, hence the deuterated results do not clarify the choice

of geometries.

Two possibilities seem plausible in explaining the infrared

observations if a rectangular structure is assumed. Of the seven

IR active modes for D
2h

(Figure 37), two are hydrogen

stretching modes, hence five absorptions should occur below

2000 cm-1. The possibility thus exists that two of these transi-

tions may be either very weak or overlapped by other photoproduct

absorptions (see Figures 32C and D). A possible assignment for

a rectangular structure, for example, could be (see Figure 37):

1240, vio; 650, v9 and 570, v18. The antisymmetric C=C

stretch, v14 would be expected to occur near 1600 cm-1 and

could be too weak to be discerned amongst the other weak features

(Figure 32D) in this region. As observed in cyclobutene and

DCB, the C=C stretches are in fact quite weak. The remaining
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Figure 37. Schematic of the approximate normal mode

motions for a rectangular D
2h

cyclobutadiene

molecule.
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Figure 38. Schematic of the approximate normal mode
motions for a square D

4h
cyclobutadiene

molecule.
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IR active mode, v14, might then be burned under the 740 cm -1

acetylene absorption. It might be noted that for either structure,

the 650 cm-1 absorption appears to be anomalously Low for either

an in plane hydrogen bend or a C-C stretch, both of which

normally occur above 900 cm-1.

The other possible explanation is that of a very rapid bond

switching equilibrium which results in an effective square

ti

geometry for the molecule. Bond switching is observed for

cyclooctatetraene (p. 150), although the rate is rather slow since

a planar intermediate is involved. Since the rectangular cyclo-

butadiene structure experiences less distortion in an anologous

transition, a faster rate might be expected. This could explain

the absence of two 1, 2- dideuteriocyclobutadienes (from XVIII

and XIX), although the failure to observe two structures may also

have been due to other interfering absorptions [spectra were not

depicted for these reported transformations (135)] . While bond

switching thus seems likely for cyclobutadiene, for such a
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process to occur at a rate (at 14°K) leading to an effective square

geometry appears to be less likely. While this process cannot be

definitely ruled out, the first choice (i. e., failure to observe all

seven IR active transitions) is favored.
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4. Summary, Conclusions and Suggestions for Further Study

An investigation has been conducted into methods of

generating and trapping the short-lived cyclobutadiene intermediate

in a low temperature matrix. Previously reported mass spectral

detection of this species led to examination of certain photolytic

and pyrolytic routes which, however, did not yield this molecule

in quantities sufficient for infrared observation. The photolysis

of ct-pyrone, a method that has recently been shown to form

cyclobutadiene, has been monitored through IR, far-IR, UV and

EPR methods. Contrary to the square triplet structure indicated

by the previous infrared work, the present UV and EPR

results suggest a rectangular singlet structure for this molecule.

The observation of fewer infrared absorptions than expected for this

geometry probably arises from weak intensities and/or band overlap

with other absorbing species.

Further studies are certainly warranted on this interesting

molecule. The 650 cm-1 absorption, for example, seems

unusually low to be either an in plane hydrogen bend or a ring

stretch. For DCB and other four membered rings, the in plane

bends all occur above 1100 cm-1, with ring stretches occurring

above 900 cm -1
. The reason for this deviation remains unclear.
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The spectrum of the d
4

ring, which could be generated from

a -pyrone
4'

could shed some light on this problem. Other

methods of generating cyclobutadiene which result in less side

products may also help. The Raman spectrum of cyclobutadiene

remains to be observed and should also further clarify the vibra-

tional assignments. A possible method to achieve such a spectrum

and avoid the fluorescence difficulties encountered here might

include the initial formation of the -lactone in a matrix rather

than its in situ production. This would avoid the long irradiation

times necessary for isomerization and result in less fluorescence.
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APPENDIX I

Calculation of P-R Branch Separations for Type A and C
Bands of Cis -3, 4- Dichlorocyclobutene.

According to the asymmetry parameters and K

C
4

H
4

35
C12 is a highly asymmetrical prolate top with type A

parallel bands and type B and C perpendicular bands. Seth-Paul and

Dijkstra (87) suggest the use of the formula

cv (P-R) = 10 SO) ((gT)//9)2 cm-1

with p + 1 = A/213

B = BC /(B - c)

log10 S((3 ) .721/(P + 4) 1.13

T = Absolute temperature (°K)

for a rotor with p* = 0.7513 and K = -0.0254 to give the P-R

separation for the type A band, while the type C P-R separation

may be obtained by multiplication of this type A value by 3/2.
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APPENDIX II

Fermi Resonance Calculations for v1, 2v
3

of
Cis -3,4-Dichlorocyclobutene

For cases in which two unperturbed vibrational levels of the

same symmetry happen to fall quite close together and there are no

other nearby levels with this symmetry, the secular equation (99)

Eo - E H'
1 12

= 0
Eo - EH''

12 2

gives the first order perturbation correction, with Elo and Eo
2

being the unperturbed4 energies for vibrational levels 1 and 2.

H*12 and H21 are matrix elements of the perturbation H° resulting

from the anharmonic terms in the vibrational potential function,

with ilio and 4,
o
2

being the unperturbed vibrational eigenfunctions
1

of the two levels.

H'H
1

= S ip H Lpo
2

d T
2

4 These "unperturbed" vibrational energies may include
anharmonic corrections which themselves are the result of
perturbation by the same anharmonic terms of the potential
function, as discussed by Herzberg (99), p. 217.
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Solving for the energies gives

E = 1/2(E° + E°2 ) 1/2 [411-1'
12 1

12 + (Eo
2

Eo)2]1/2
1

For DCB, the Fermi resonance components are observed at

3129 and 3069 cm-1 (solid frequencies) giving an average of

3099 cm -1, while twice v3 (1558) gives 3116 cm-1. From the

observed anharmonicity of the C=C stretch for a number of other

systems (including cis and trans dichloroethylene, and dichloro-

ethylene - d2, ethylene, and 3,4-dimethylenecyclobutene), a value

of -10 cm-1 would probably be observed for DCB in the absence

of resonance, giving an "unperturbed" 2v
3

of 3106. An unper-

turbed value of 3092 cm-1 for v
I

would then be indicated as seen

below.

E (cm-1)

A

3129 2v3

3116 2 x v3

3106 Unperturbed 2v3 (e)
2

3099 1/2 (E°1 + E2)

3092 Unperturbed v1 (E7)

3069 vi



Fitting these numbers into the above equation gives:

E = 3099 ± 1/2

E = 3129, 3069.

1-112 = 29. 2 cm-1

(4 1F1'1212 + (14)2)1/2

204

The eigenfunctions of the two Fermi resonance vibrational

levels v1 and 2v
3

become mixed, with the predominant contributions

coming from the two unperturbed eigenfunctions i°(vi) and kli°(2v3)

as indicated below:

where

LI)

1
= a 4°(v 1) b LP° (2v

3)

LP 2

a _

b =

= b 4,°(vi) + a (2v3)

(41H
12

r2 62)1/2
+ 5

1

2(41I-14°12 '
12 6)1/2

(41F-1
12

t 2
+ 52)1/2 - 5

2(41F
2

12 + 52)1/2
1

1

2

5 = E ° - E°
2

= 14 cm-1
1



Solving for a and b gives a = .6167, b = .3833, hence

= .6167 ilii3(vi)

.6167 LP (2v3).

- .3833 LPo
(2v

3)
L.p2 = . 3833 ip° (v1) +

The relative intensities of transitions to the two Fermi

resonance levels in the infrared and Raman may then be obtained

from the above eigenfunctions. The infrared intensities of the

transitions to the two levels 41 and kiJ

2
are given by

, 0, cpv a N. Q(2v )1 akT,°(vi) + bLIJ°(2v3)INJI) i4Pol aQ(v Q(v1) aQ(2v3) 3
1

with a similar expression for I (Li)
2

). If the contribution by the

overtone level 2v
3

is neglected, these become:

7:a:TN 12

I a vi)

I(42) = < 4,00! aLi(v )
Q(vi) b 12

with a ratio

I (tliz)

I (il) a 2

42
= = 0.57

74

205

>12

Analogous expressions for the Raman intensities would lead to an

identical ratio for these. The observed intensity ratio in the Raman
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(solid) spectrum is:

I(4,2)
42-

I(ip ) 78
- 0 . 54

while that in the infrared (absorbance readings) is:

I(4,2) 0.232- = 0.62
I(Liii) 0.376

The difference between these observed ratios and that calculated

arises primarily from the choice of anharmonicity of 2v
3

(10 cm-1

in this case). The fairly close agreement suggests that this

choice was quite close to that actually occurring in DCB.
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APPENDIX III

Miscellaneous Spectra

In the synthesis of DCB, the Die ls-Alder adducts of dimethyl

acetylene dicarboxylate and chlorinated cyclooctatetraene (p. 96)

were purified in one preparation to verify their presence. Since

infrared spectra of these compounds were not reported previously,

they are shown here (Figure 39 on next page). The two adducts,

trans and cis-3,4-dichloro-7,8-dicarbomethoxy-anti-

tricyclo [4.2.2.02.5] decadiene -(7, 9), were recrystallized several

times from methanol until a constant melting point was attained

[89-91°C for the cis isomerreported, 91°C (74), and 123-125°C

for transreported, 127°C (74)] . Spectra of these samples in a

KBr pellet are shown.
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