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I. INTRODUCTION
A. Characterization of Vaporization Reactions
Vaporization phenomena represent an important class of
chemical reactions.

Such reactions are fundamentally connected

with any measurement of a vapor pressure.

Studies of evapora

tion and sublimation may lead to the determination of required
thermodynamic data, or to the preparation of new materials.
Knowledge of these processes are essential to many industrial
and technological applications, as in the transistor elec
tronics field.

Of equal importance is the knowledge that

vaporization studies may inpart to theories of the nature of
solids and gaseous molecules.
Observation of sublimation and vaporization reactions of
inorganic materials often requires high-temperature experi
ments.

Tungsten evaporates at room temperature, yet an ex

perimentalist would have a truly difficult task observing the
W vapor species in equilibrium with the metal.

From existing

thermodyn amic data one can only calculate that the vapor pres
sure of W(g) at 298°K is 9.70 x 10~^^^atm (1).

Even at 3000°K

—8
the W(g) vapor pressure is only 9.05 x 10" atm.
Of course, "high-temperature" is a relative concept in a
working sense.

In attempting to classify high-temperature

chemistry as a distinct discipline, several loose definitions
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have been given.

Brewer and Searcy have stated, (2a, p. 259)

"The term 'high temperature chemistry' as used in this paper
will refer to the chemistry of systems at sufficiently high
temperatures so that the oxidation states, compounds, and
general chemical behavior differ appreciably from those at
room temperature."

Searcy has expressed further, (2b, p. 51)

"High temperature chemistry is here defined, therefore, as
any temperature at which entropy differences play a signifi
cant role in determining the reaction equilibria of interest."
Complete characterization of a vaporization reaction will
generally involve several parts.

Initial investigations will

be designed to determine the phases involved and the possible
congruency of the reaction.

Knowledge of these facts, in

conjunction with the phase rule, have important bearing in any
subsequent determination of thermodynamic data.

Further

studies are involved in the discovery of the vapor molecules
taking part in the reaction.

One should ultimately be able

to write the principal net reaction, or reactions, for the
vaporization process observed.

Finally, one may proceed to

determine the thermodynamics of the reactions, and to measure,
perhaps, the kinetics of the reactions.
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High-temperature vaporization studies have yielded many
interesting results for the chemist to ponder.

One of the

most surprising results, at least in the early history of
high-temperature chemistry, was the discovery that the equi1ibrium vapor over condensed phases often contained a number
of complex molecules.

Brewer and Lofgren(2c), in a classic

study, showed that a trimer molecule, CugClg, was the princi
pal vapor species in equilibrium with condensed CuCl.

The ad

vent of the use of mass spectrometers in high-temperature in
vestigations brought to light the existence of many other in
teresting gaseous species.

For example, Chupka et al. (3)

have studied the vapor in equilibrium with BeO(s) at 1900°2400°K.

In addition to Be(g) and 0(g), the vapor phase in

cludes the species (BeO)^, n = 1, 2, ..., 6, with the trimer
and tetramer constituting a major portion of the total vapor.
Similar research with other systems has vastly increased the
number of complex inorganic molecules for chemists to consider.
Although mass spectrometric and other methods can be
used to determine the stoichiometry of high-temperature mole
cules, they can usually only hint at the molecular structures.
Structural data such as bond distances, bond angles, and vi
brational frequencies are necessary for statistical thermo
dynamic calculations of free energy functions used in Third
Law treatments of equilibrium constant data.

Thus, the knowl

edge of structural data must come from the use of other tech
niques, such as infrared spectroscopy, electron diffraction.
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or microwave spectroscopy.
Of special concern to the theory of the chemical bonding
of complex molecules, and also of further significance to free
energy function calculations, is the nature of the electronic
structure of the high-temperature molecules.

Results in this

area are generally based upon ultraviolet-visible or electron
spin resonance spectroscopic studies.

For high-temperature

molecules, although interest is focused upon the character
of the electronic ground state, low-lying excited states are
also important due to the Boltzmann population of these states.
B. Spectroscopy of High-Temperature Species
Having mentioned the importance of spectroscopic investi
gations for high-temperature chemistry, it is worthwhile to
briefly discuss some of the techniques and special problems
involved in obtaining spectroscopic results for high-tempera
ture molecules.

Attaining the high temperature necessary to

observe the vapor species is usually not a problem.

Use of

electric discharges, arcs, flames, and electrodeless dis
charges, such as are commonly used in emission spectroscopy,
will produce high-temperature species by nature.

Furnaces

such as the classic King furnace enable absorption or thermal
emission to be studied at temperatures up to 3000°K.
What is often a problem when using these techniques is
the identification of the species responsible for the spectrum
observed.

This problem can result from a chemical reaction of
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the molecule of interest, i.e., the species believed to be the
originator of the spectrum, with either the sample container,
the residual atmosphere, or both.
An example best serves to illustrate the difficulty en
tailed.

When A1 is heated in a graphite tube furnace (the

King furnace) at 2000°C, under an argon atmosphere, an emis
sion spectrum characteristic of a diatomic molecule is ob
served in the visible and near-infrared spectral regions.
Zeeman (4) attributed the spectrum to an AlC(g) species on the
basis that the spectrum was unobserved when a zirconia liner
was used to contain the A1 within the graphite tube.

Ginter

et al. (5), noting that the vibrational frequency assigned to
AlC(g) from Zeeman's study was out of line with those known
for AlO(g) and AlF(g), reinvestigated the spectrum.

They

found that above 1100°C, Al(l) reacts with zirconia to form
^bey also could not obtain Zeeman's spectrum by
heating ^^2^3'

Through careful rotational analysis involving

consideration of intensity alterations, they finally were able
to attribute the spectrum to the AlgCg) molecule, rather than
AlC(g).
In addition, Innes (6) has noted a comparison of the above
optical spectroscopic study of the Al-C system with the hightemperature mass spectrometric study of the same system by
Chupka et al. (7).

Although in the mass spectrometric investi

gation vapor molecule AlgClgCg) was found to be present with
a partial pressure ten times greater than that of any other
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molecule, including AlgCg), the optical studies had failed to
provide a spectrum attributable to the complex species.

It

remains uncertain why some of the complex high-temperature
molecules go undetected by ultraviolet-visible studies; how
ever, the problem may be that the electronic transitions
looked for lie outside the spectral ranges studied.
Infrared spectroscopic investigations of high-temperature
vapors are generally performed using the furnace technique.
Klemperer and Rice (8) used this method to observe the absorp
tion spectra of the lithium halides.
ficulties were encountered.

Again some typical dif

Although the diatomic monomer

vibrational frequencies were determined, their work failed to
yield any absorption bands which could be assigned to polymeric
species.

Their conclusion that such polymers were unstable

with respect to dissociation to the monomers was in direct
opposition to the results of molecular beam (9) and mass spectrometric (10) experiments which indicated substantial amounts
of dimer molecules in the lithium halide equilibrium vapor.
The above discrepancy involved a problem in spectroscopic
work that has already been briefly mentioned.

Often molecular

transitions are unobserved for the simple reason that they lie
in a frequency region not accessible to a particular experi
ment.

By extending the infrared observations down to 220 cm"^,

Klemperer and Norris (11) eventually found absorption bands
in the lithium halide vapor attributable to dimer LigXg
species.
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When the difficulties pertaining to the spectral observa
tion of the molecule of interest have been overcome, there
remains the usually most idifficult task of unraveling the
spectral data and making assignments.

For spectra of high-

temperature vapors this is sometimes an impossible job.

The

complex nature of the spectra is due in part to the fact that
the species observed are high-temperature molecules.

As such,

highly excited rotational and vibrational states are populated,
and a myriad of molecular transitions are recorded.

For ex

ample, the rotational temperature of species generated in arcs
may be as high as 4700°K (12).

Thus severe problems are

caused by the overlapping of band systems, making the analysis
very complicated.
A case history is again instructive.

Boron-containing

flames emit intense green light; though known for many years
and studied under high resolution, the emission spectrum was
to complex to unravel.
be BgOgCg).

The emitter was, at first, thought to

Johns (13) subsequently observed the same spec

trum in absorption following the flash photolysis of a room
temperature mixture of BClg(g) and 02(g).

The resulting spec

trum was interpretable, and shown to consist of two systems
belonging to the linear symmetrical B02(g) molecule.
Infrared spectroscopic investigations of high-temperature
vapors relate the same type of difficulties.

Absorption bands

are usually very broad, and the presence of "hot" bands and
significant vibration-rotation interaction further complicate
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the spectrum.
To circumvent some of the difficulties discussed above
for spectral studies of high-temperature molecules, new tools
and techniques are in order.

The matrix isolation method has

provided such a technique that is becoming increasingly fa
vored by high-temperature chemists.
C. Matrix Isolation Spectroscopy
Development of the technique of matrix isolation spec
troscopy can be traced back to the experiments of Pimentel
and coworkers in 1954 (14,15).

The idea was to produce amounts

of reactive species sufficient for spectroscopic observation
by trapping the species in an inert material at low tempera
ture.

Large ratios of matrix material to reactive species,

and low temperatures to prevent diffusion, effectively create
a condition of isolation whereby the species is stabilized.
The technique has been further developed, and at present
chemical reactions can be initiated and followed in matrices.
Jacox and Milligan (16) have discussed the formation and reac
tions of free radicals, e.g., CH2 and NH, in low temperature
solids.
In 1961, Linevsky (17) made the first attempt to trap the
high-temperature vapors effusing from a Khudsen cell within a
low temperature matrix.

Linevsky was able to isolate monomeric

LiF in solid Ar, Kr, Xe, and
spectrum.

, and to observe its infrared

In a later study (18), he was also able to observe
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the spectrum of dimeric Li^Fg in the rare-gas solids.
Linevsky's experiments have opened the door for high-tempera
ture chemists to make siiriilar spectroscopic studies of the
vapor species involved in vaporization reactions.
The advantages of the matrix isolation method for the
study of high-tempe rature molecules were immediately apparent.
Container problems are diminished because the spectral samples
are prepared from molecular beams effusing from Knudsen-type
cells.

For species at low vapor concentration, samples can

usually be deposited for the length of time necessary to ob
tain sufficient amounts of the species for spectral observa
tion.

However, the most rewarding feature is the resulting

simplification in the spectrum obtained.
As obtained, the spectrum is that of a pseudo-gas phase.
The vapor generated at high temperature is trapped and iso
lated in the low temperature inert-solid.
consequences of this environment.

There are several

The molecule cannot, in

general, rotate as in the gas phase because it is constrained
by the surroundings.

This eliminates the rotational envelope

for vibrational transitions in the infrared spectra; the ob
served band-widths are much narrower than their gas phase
counterparts.

One result of the narrowing is that absorption

bands badly overlapped in the gas phase spectrum are often
clearly resolved in the matrix spectrum.

Isotopic substitu

tion experiments can be studied with relative ease.
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Due to the low temperature of the matrix, typically 4°20°K, problems associated with the Boltzmann population of
excited vibrational or electronic states are greatly dimin
ished.

Absorption features due to transitions from the ex

cited states are eliminated.

In ultraviolet-visible spectra,

absorption transitions are only from the electronic ground
state, with accompanying simplification of the vibrational
band structure.

For a diatomic molecule one should

observe

systems involving a single v'-progression, with v" = 0.
The clarifying nature of matrix isolation experiments is
exemplified by the work of Weltner and McLeod (19) on ZrO.
The prominence of several triplet systems in the emission
spectra of ZrO(g) had led to the belief that the electronic
ground state of the molecule was a 3A, as was known for the
similar species, TiO(g).

However, the absorption spectra of

ZrO in Ne at 4°K (19) did not exhibit any systems that cor
responded to the gas phase triplet systems, but did show some
systems corresponding to known singlet systems.

Other matrix

evidence, as the agreement between the infrared frequency of
ZrO in Ne and the AG^y2 value of the A singlet systems, sup
ported the assignment of the ground state as ^2^ rather than
3A.
Perhaps the area in which the matrix isolation of hightemperature species has been applied most is in infrared
spectroscopic investigations.

Here the problems of interest

are the geometry and fundamental vibrational frequencies of
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the many complex vapor molecules.

It is in this area that the

work reported in this thesis lies.
The matrix isolation technique is not without its own
set of problems.

The extent of these difficulties, where

recognized, will be discussed in later sections.
D. Incentives for Investigations in the
Thallium Halogen and Thallium Oxygen Systems
i.- Tl-X systems
The vaporization reactions of the thallous halides have
been extensively studied by Cubicciotti (20,21,22) and Keneshea
and Cubicciotti (23,24).

Their results include the identifi

cation of the vapor species, the measurement of vapor pres
sures, and the determination of the reaction thermodynamics.
The research revealed that the dimer molecule, TI2X2, composes
a significant fraction of the equilibrium vapor.

For thallous

fluoride the dimer is 80% of the vapor over the solid phase
(24).

The remaining halides have dimer concentrations of 5%

or less over the solids at their melting points.
The existence of dimer molecules in the equilibrium vapor
of metal halide systems is almost the rule rather than the ex
ception.

Alkali metal halides, alkaline-earth dihalides,

transition metal dihalides, and Group III-A metal trihalides
all exhibit dimer species in the vapor (25).

Although there

are systems such as the aluminum trihalides where the vapor
phase is mostly dimeric, dimer concentrations are generally
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less than 50% of total vapor.

The reasons for the unex

pectedly high concentration of TlgFgCg) over thallous fluoride
are of interest.

It seemed probable that some insight into

the stability of this dimer would be gained from a determina
tion of the structure of the dimer molecule.
Metal halides are usually thought of as cases of mole
cules with ionic bonds.

The ionic model has been employed ex

tensively to calculate dissociation energies and molecular
geometries (25).

Berkowitz (26,27) has used an ionic force

field to calculate the vibrational frequencies of the alkali
metal halide dimers.

The results of these types of calcula

tions have often achieved close agreement with experiment.
By analogous considerations one is lead to believe that the
thallous halide molecules ought to behave in a manner similar
to the alkali halide species.

In particular one might expect

the TlgXg molecules to have the planar-rhombic (D2h^ symmetry
that the alkali halide dimers have been shown to possess.
Cubicciotti (20) and Keneshea and Cubicciotti (23) dis
cussed the similarities and differences between the thallium
and alkali halides.

On the basis of thermodynamic data, and

further based upon the expectations of the ionic model, these
authors presented arguments for a linear symmetric (D^^ geom
etry for TlgClgCg) and Tl2F2(g).

They chose to dispute the

ionic model.
The thallous halides were chosen as systems to investi
gate here with the purpose of providing spectroscopic evidence
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for consideration of the geometry of the thallous halide
dimers.

The results obtained indicate support for a linear

geometry of the TI2X2 molecules.
2-

Tl-0 system
The principal thallium-oxygen vapor species is the TlgO

(g) molecule.

Cubicciotti (28) and Cubicciotti and Keneshea

(29) have investigated the thermodynamics of vaporization of
the thallium oxides.

However, no structural data exist for

the triatomic molecule.
Spectroscopic studies of MgO vapors have been few in num
ber.

The infrared spectrum of LigO indicates a linear molec

ular symmetry (30), whereas that of Al^O supports a bent strue
ture (31).
Spectroscopic investigation of TlgO has been undertaken
to determine the symmetry of the molecule, and to compare the
structure and force field of Tl^O to related species.

The re

sults obtained show that the molecule is significantly bent,
in support of proposed metal-metal interaction in the species.
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II. EXPERIMENTAL TECHNIQUE
A. Apparatus
1_. Liquid helium cryostat
A cryostat capable of cooling an optical window to liquid
helium temperatures was designed and constructed.
design is shown in Figure 1.
the double-Dewar type:

The cryostat

The refrigeration system is of

the inner Dewar holding liquid He is

surrounded by an outer Dewar filled with liquid N2.
A copper block, into which the matrix-deposit ion window
is tightly clamped, is silver-soldered to the tail of the
liquid He reservoir via a stainless steel cylinder.

In the

original design, the steel cylinder was to act as a thermal
insulator in order to achieve window temperatures somewhat
above 4°K, and to facilitate window warm-up when desired.

The

cylinder alone was too good an insulator, and two copper strips
were added to obtain sufficient thermal connection.

Indium

gaskets were used between the copper block and the deposition
window to promote thermal contact between the window and the
block.
A nominal measure of the window temperature is determined
with a gold (2.1% cobalt)-copper thermocouple attached to the
copper block.

Measured window temperatures during matrix

deposition were always near 10°K.

The matrix-sample tempera

ture is uncertain due to the numerous thermal gradients pres
ent; however, these temperatures were probably less than 20°K.
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Figure 1.

Diagram of liquid helium cryostat
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It is often desirable to allow diffusion of the molecules
in the matrix.

For this purpose the matrix temperature could

be increased by applying electrical current to a constantan
wire heater affixed to the copper block.

GE varnish was used

to seal about 60 cm of 32 B and S constantan to the block.
The heater and thermocouple wires passed into the vacuum
of the cryostat through a Teflon-packed Conax thermocouple
gland.
A photograph of the cryostat that exposes the tail assem
bly with the window and copper block is shown in Figure 2.
The tail assembly is thermally protected by a copper radi
ation shield that is cooled to 77°K.

Holes cut into the shield

enabled access to the deposition window by the sample molec
ular beam and matrix gas, or by the spectrophotometer source
light.

Figure 3 shows a photograph of the cryostat with the

radiation shield in place.
The lower outside-section of the cryostat contains vacuum
fittings for the outer optical windows and a flange for attach
ment of the furnace assembly.

An 0-ring seal allows the tail

section of the upper cryostat assembly to rotate about the
lower assembly.

In this manner the matrix window can be posi

tioned to face various directions.
_2.

Molecular beam furnace
High-temperature vapor molecules were generated by heating

solid samples within Knudsen effusion cells.

After having been
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Figure 2.

Photograph of cryostat with tail assembly exposed
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Figure 3.

Photograph of cryostat with tail assembly enclosed
by radiation shield
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collimated to a molecular beam, the vapor was allowed to con
dense simultaneously with flowing matrix-gas upon the cold
window.
Various Knudsen cells were used.

Graphite cells were

usually employed for heating the thallous halides.

Figure 4

shows a drawing of the type of cell fabricated for these ex
periments.

For experiments on the Tl-F system, tungsten cells

with a platinum inner-cup were also used.

The dimensions of

the W cells were similar to the graphite cells except that the
orifice diameter was 0.060 in.

Only effusion cells constructed

from 15 mil platinum sheet were used for experiments on the
thallous oxide samples.

These cells were 11/16 in. long, 5/16

in. diameter, and contained a 1/16 in. diameter orifice.
The sample containers were heated by radiation from a
resistance heater coil.

The halides were heated using a 0.022

in. diameter Mo wire coil; the oxide and a few TIF samples
were heated by a 0.032 in. diameter Pt wire resistance element.
Electrical power to the heater was taken from a 120 volt line
source, and controlled by two autotransformers wired in series.
The vaporization temperature was manually controlled using the
autotransformers.

When the desired sample temperature was

reached it would not change during the experiment by more than
5°C under the usual circumstances.

Sample temperatures were

measured by a chrome1-alumel thermocouple in contact with the
base of the effusion cell.
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The Knudsen cell was supported by three 0.050 in. diameter
tungsten rods stemming from a lavite electrical and thermal
insulating disk.

The lavite disk was affixed to a Lexan

thermoplastic (insulating) base-flange.

Swage1ok vacuum fit

tings were used to bring a pair of water-cooled-copper current
leads to the heater.

Figure 5 is a photograph of the Knudsen

cell and heater coil mounted on the Lexan flange.
Radiation heat shields surround the crucible and heater
to prevent excessive heat loss, especially to the cold window.
For the experiments on TlgO, the shields were made of Ta and
Pt.

Thallous fluoride vapors react readily with Ta to form

TaF^(g), and hence Cu shields, with the Pt cylindrical shield,
were used for the experiments on TIF and on the other halides
as well.

The radiation shields were also secured by tungsten

rods from the lavite disk.
The vapor was collimated before reaching the cold window
by a water-cooled copper disk with a 1/2 in. diameter hole in
the center.

The water cooling leads passed through Swage1ok

fittings in the Lexan flange into the evacuated region.
Figure 6 shows a photograph of the inner furnace-assembly
with the heat shields and collimating disk in place.
The outer furnace-assembly consists of a water-cooled
stainless steel casing that is flanged to the cryostat.

A

vacuum connection in the side of the casing allowed the place
ment of a hot cathode vacuum ionization gauge used to measure
the residual pressure in the vacuum system.
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Figure 5.

photograph of inner furnace assembly exposing
Knudsen cell and heater coil

23

Figure 6.

Photograph, of furnace assembly with radiation shields
and collimator in place
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A photograph of the cryostat with the entire furnace
assembly attached is shown in Figure 7.
2"

Matrix-gas flow system
In the course of this research, two different methods

were used to deliver a suitable flow of matrix-gas to the cold
window.
Common to both methods was the use of twin jets to spray
the window with the gas.

Two 1/16 in. o.d. stainless steel

tubes were aligned opposite each other, directed 60° to the
window surface; the tubes exits were 1 in. from the window.
Twin jets were used to promote a uniform matrix deposit.

The

steel tubes were soldered to an insert flange that fit between
the furnace-casing and cryostat flanges.

Matrix gas was sup

plied to the insert flange via 1/8 in. soft copper tubing.

A

1/4 in. Veeco vacuum valve enabled a disconnect between the
gas supply-reservoir and the cryostat.

The Veeco valve and

copper inlet tubing are visible in Figure 7.
The gas flow system used in earlier experiments was simple
in design.

The flow was controlled and measured with a cali

brated Matheson needle valve and low-flow flowmeter combina
tion.
tem.
stant.

However, problems were often encountered using this sys
Flow rates were difficult to reproduce and to hold con
Communication with Matheson engineers eventually re

vealed that the flowmeter was not designed for measuring gasflow into vacuum.

Thus, the calibration curve could not be

ARCasi
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Figure 7.

Photograph of cryostat and furnace attachment
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trusted to indicate the amount of matrix gas used in a run.
Reversing the flowmeter and needle valve connections to the
system, i.e., allowing gas to flow through the meter first,
and then through the valve, helped to overcome the flow con
trol problems; however, it was felt that the flowmeter could
not be relied upon to indicate the flow rate.
A system that enabled an accurate calculation of the
amount of matrix gas let into the cryostat was designed and
used.
8.

A schematic diagram of this system is shown

in Figure

The inert gas was stored in a pyrex bulb of known volume.

Gas flow was controlled by a Granville-Phillips leak valve.
Pressure in the system was measured with a Wallace-Tiernan
precision manometer; recording the pressure drop permitted
calculation of the flow rate and the amount of gas deposited
on the cold window.
In the course of this research, high purity argon,
krypton, and nitrogen were used as inert matrix materials.
The Ar was supplied by Air Products, the Kr was the Linde re
search grade obtained from J. T. Baker Chemical Co., and the
Ng was contained in a sealed one liter flask supplied by Airco.
4.

Infrared spectrophotometer
The infrared absorption spectra of the matrix isolated

samples were recorded over the spectral region 33-4000 cm~^.
A Beckman IR-11 far infrared instrument was used to scan the
range 33-800 cm~^.

It is in this region that the absorption
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Figure 8.

Schematic diagram of matrix-gas flow system
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bands belonging to the thalliiim halides and oxides are located.
The region 600-4000 cm'^ was scanned using a Beckman IR-7 in
strument.

This region was inspected primarily to check on

impurities that may have been present in the samples.
Under the usual operating conditions for these experi
ments, the slit widths in the IR-11 were set for three times
the "standard" slit program of the instruments.

These condi

tions yield spectral slit widths of about 5 cm"^, giving ef
fective band widths (resolution) in the range 2-4 cm~^.

Oc

casionally, absorption features in the spectra were recorded
under a higher resolution, about 1 cm"^, by using narrower
slits.
Unless otherwise stated, the accuracy of the measured
frequencies are -1 cm~^, which is the stated accuracy of the
instrument.

The repeatability of the IR-11 is 0.5 cm"^.

Some

absorption frequencies are quoted with higher accuracy than 1
cm"^.

The higher accuracy results from repeated measurements

of the absorption band in the single-beam mode, and calibrat
ing the frequency from atmospheric COg (32) and H^O (33,34)
bands.

A variation of this external calibration was also used;

the absorption was measured in the double-beam mode, and then
the chart was calibrated by recording a single-beam atmospheric
spectrum with the cryostat removed from the instrument.
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B. Procedure
Preparation of matrix sample
To begin an experimental run a Knudsen cell was loaded
with the thallium compound to be vaporized.
were used as sample starting materials.

Various solids

Each will be dis

cussed separately in the chapter on Results.

With the sample

in place, the cryostat and furnace assem.bly were evacuated.
Using a 2 in. diameter oil diffusion pump, and a mechan
ical fore-pump, a vacuum of about 4 x 10"^ torr could be
achieved after pumping fo.r 15 hours.

With longer pumping

periods the residual pressure would reach 2 x 10"^ torr.
the vacuum reached 10

—4

When

torr, or lower, the sample would gen

erally be heated to 80°-110°C for several hours in order to
outgas the system.

Most sample materials did not outgas

appreciably; a few oxide samples did.
Before the transfer of liquid He to the inner Dewar could
be made, the cryostat was precooled to 77°K by filling both
Dewars with liquid Ng.

A period of at least one-half hour

was required for the Cu block to cool to 77°K.

During this

period the residual pressure would drop to about 1 x 10~^ torr.
With the Cu-block temperature at 77°K, liquid He could be
transferred to the cryostat after removing the liquid
the inner Dewar.

from

During the transfer the cold-window tempera

ture decreased rapidly, and at the completion of the transfer
the window temperature was near 10°K.

Due to the presence of
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liquid He, the vacuum was maintained by cryo-pumping (the
valves to the diffusion pump were closed) with the residual
pressure measured at 1 x 10~^ torr.
In order to begin the matrix deposition, the cold window
was rotated to face the molecular-beam axis of the furnace
assembly.

The matrix gas was allowed to flow into the cryostat

just before the window was rotated.

Gas flow to the window

was continued for several minutes before allowing the thallium
compounds to vaporize in order to provide only an inert-gas
solid substrate for the high-temperature species.
Matrix-gas flow rates for these experiments were on the
order of 1 x 10"^ mole/mi:.i.

The residual pressure in the

cryostat measured by the ionization gauge depended on the
matrix gas used, but was about 1 x 10"^ torr for most of the
runs.
After the short initial-deposition period, the Knudsen
cell temperature was increased to the desired level.

Vaporiz

ation temperatures generally corresponded to sample vapor
pressures on the order of 0.010 - 0.035 torr.
tion periods ranged from 1 to 2 hours.

Matrix deposi

The time allowed would

depend upon the matrix conditions desired.

In order to bring

out weak spectral features, samples were deposited for longer
periods.
There were limitations involved in the levels of vaporiz
ation temperatures and deposition times.

If a minor vapor

constituent were the species of spectral interest, e.g.,
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TlgClgCg) in the Tl-Cl study, the vaporization temperature
was increased such that the increased partial pressure of this
species would result in larger amounts of the species deposited
in the matrix.

However, the total vapor pressure imposed a

limit to how high the vaporization temperature could be in
creased.

This limit resulted from considerations of the mean

free path of the vapor molecules and requirements of molecular
flow from the Knudsen cell to the deposition window.

Some

times, longer deposition periods could be used to acquire suf
ficient amounts of the minor species in the matrix for observa
tion.

The problem here is that increased amounts of matrix

material on the cold window cause increased scattering of the
spectrometer source light.

Heavy source scattering resulted

in severe deterioration in the optical quality of the matrix.
The termination of the deposition process was the reverse
of the beginning.

Electrical power to the furnace was switched

off, permitting the Knudsen cell to cool.

Matrix gas was

allowed to continue flowing until the crucible temperature
reached about 100°C.
Sample concentration
Because the experiment involved matrix isolation, the
question of the concentration of the high-temperature species
in the inert solid is an important one.

This concentration

is usually expressed as the molar ratio of matrix material to
"reactive" species, M/R.
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Unfortunately, the experimentalist must face a number of
uncertainties when attempting to calculate a M/R for the type
of matrices considered here.

Although an accurate number can

be calculated for the amount of matrix gas let into the
cryostat, it is difficult to determine the actual amount con
densing on the cold window.

The approximation made is that

all the inert gas flowing to the window is deposited.
To calculate the amount of high-temperature vapor reach
ing the window, further assumptions have to be made.

First,

it is assumed that the flow of vapor through the Knudsen cell
orifice is molecular.

Thus, the rate of effusion can be cal

culated from considerations of kinetic theory.

The expression

for the rate of effusion is given by the Knudsen equation
(35):
1 /o

^
where

a (2 m^kT)-^/^
tt

(1)

is the partial pressure of species n^ over the con

densed phase at temperature T; a is the area of the effusion
orifice; k is the Boltzmann constant; and m^ is the mass of
species n^.

Equation 1 is valid for molecular flow through

an ideally thin orifice.

A correction factor is necessary to

account for molecular collisions with the wall of a non-ideal
orifice.

For the purpose of the calculations here, this cor

rection is neglected.
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Not all of the molecules effusing through the Knudsen
cell orifice condense upon the cold window.

One must consider

the angular distribution of the effusing vapor.

If the target

and cell orifice are circular, parallel, and coaxial, and if
the radius of the target is large compared with the radius of
the orifice, the target will receive the fraction (35)
X =

A
d

A

(2)

+ r

of the total effusate, where r is the target radius, and d is
the orifice to target distance.

For these experiments, as a

first approximation, all the vapor striking the collimator
hole can be considered to reach the deposition window.

The

distance from the cell orifice to the collimator was 2.5 cm,
and the radius of the collimator hole was 0.635 cm.

Thus one

calculates that about 6% of the total effusate passes through
the collimator.

As a second approximation only one-half of

the vapor leaving the collimator can be expected to condense
on the cold window.

This is because there is secondary col-

limation of the vapor by the radiation shield surrounding the
window, and also there is some scatter of the high-temperature
vapor by the matrix-gas stream near the window.

Hence, for

the purpose of calculating M/R ratios, a 3% fraction of the
total effusate was assumed to condense in the matrix.

The 3%

figure was checked by weighing the deposition window after com
pletion of an experimental run, and was found to be roughly
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correct.
M/R ratios for the experiments reported in this research
3
•
2
4
are on the order of 10 , ranging from 8 x 10 to 1 x 10 .
Despite the large uncertainty that is present in a particular
M/R value, the calculations should give accurate numbers for
the relative concentrations of different matrix samples.
2"

Recording of infrared spectra
When the matrix deposit had been prepared, the sample was

ready for spectroscopic investigation.

Prior to placing the

cryostat in the sample compartment of the spectrophotometer,
the deposition window was rotated 90° so as to be in alignment
with the outer cryostat windows and the optical path of the
spectrometer source.
Cesium iodide was used as the window material for experi
ments in the 200-4000 cm"^ spectral region. "When the Csl optics
were used, the optical quality of the matrix sample was usually
very good.

Low instrument amplifier gain was required, which

permitted the recording of high signal-to-noise ratio spectra.
Spectra were normally recorded in the double-beam mode.
To observe the far-infrared spectrum of a matrix sample,
polycrystalline Si was used as the deposition target.

Al

though the light transmission of Si in the far-infrared is low
(20%-40%), the window covers the range 33-600 cm~^.

With Si

as the inner window material, high density polyethylene was
used for the outer windows.

Due to the low transmission of the

35

Si, higher amplifier gains than required for the Csl optics
were necessary to record the far-infrared spectra.

A lower

signal-to-noise ratio for these spectra was evident.

When the

far-infrared spectra were recorded in the double-beam mode,
extensive background due to "upward" atmospheric-HgO bands
appeared.

For this reason the spectra were usually recorded

in the single-beam mode where the background was less evident.
C. Difficulties
A problem in discussing experimental difficulties is the
decision as to what troubles faced during the course of this
research truly belong to such a discussion.

Many difficulties

were due to faults in the design and the procedure of certain
experiments that, when realized, were generally easy to elim
inate.

Problems with achieving liquid He temperatures at the

cold window, and with delivering suitable matrix-gas flow to
the window are examples of the type of difficulty that under
mined early experiments.
The difficulties that remained throughout the course of
this research are in two areas.
fusion experiments.

The first deals with the dif

Although the means used to warm the matrix

temperature was somewhat crude, the method permitted the in
tended wanning.

But the heavy thallium salts did not diffuse

readily, even at 30°-35°K in Ar for example.

Extended periods

of warming the matrix sample was always accompanied by loss in
the optical quality of the matrix.

Due to increased scatter
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ing of the spectrometer source the amplifier gain would have
to be increased, resulting in a high noise level for the spec
tral background.

Another difficulty was that when matrix

temperatures were reached such that diffusion could readily
occur, the rate of diffusion was usually rapid and could not
be controlled as desired.
The second area of experimental difficulty had to do with
spectral observations in the far-infrared.

The problems here

were caused by the low transmission of the Si window, and by
background atmospheric water bands.

The low transmission of

the Si was not a problem for observing sample absorption bands
of medium intensity or higher.

However, weak spectral fea

tures would remain lost in the noise or background (none were
identified in these experiments).

Although efforts were made

to continually flush the spectrometer with dry air during the
experiments, it was a fact that some spectral runs (the major
ity) showed extensive water background, while others exhibited
only minor water interference.

Comparison of sample matrix

spectra with blank matrix spectra enabled identification of
the background bands.

But the presence of a heavy background

in most spectra made the search for weak sample absorption
features very difficult.
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III. RESULTS
A. Thallous Halides
Tl-F system
For preliminary experiments on the Tl-F system, a TlF(s)
sample prepared in this laboratory was used.

Thallium, ob

tained from Leytess Metal and Chemical Co. with a purity of
99.999%, as stated by the supplier, was allowed to react with
48% aqueous HF by heating the reagents in a Pt crucible.

Evap

orating the resulting solution to dryness, at 100°C, gave an
off-white solid.

The crude product was heated further until

molten, then poured into a graphite sublimation tube.

Vacuum

sublimation, at 300°C, was employed as a purification measure.
However, fine particles of graphite were introduced to the
sample when the sublimate was scraped from the condenser.
These impurities were removed after dissolving the TIF in water,
filtering, and evaporating the filtrate to dryness to obtain
the white crystals of thallous fluoride.
X-Ray investigation of the TlF(s) sample by the DebyeScherrer powder diffraction technique revealed the presence
of several weak lines which could not be attributed to thallous
fluoride, based upon a comparison with the ASTM powder data
card (36) for the compound.

Gravimetric analysis of the sam-
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pie for T1 by the chromate method (37a) (attempting to remove
fluoride ion interference by adding boric acid and concentrated
sulfuric acid to the solid, and fuming the solution) yielded
the value 89.5 - 0.5% T1 compared with 91.5% T1 theoretical
for TIF.

These results suggested the presence of an oxy-

fluoride or oxide impurity.
Most of the experiments with TIF made use of a sample
supplied by D. F. Goldsmith Chemical and Metal Corp.

The

purity of this material was indicated by the supplier as 99.9%.
Concern developed over the presence of the same weak lines in
the Debye-Scherrer diffraction pattern of the commercial salt
as were present in the patterns from the laboratory prepared
sample.

However, recent work by Barlow and Meredith (37b) on

the crystal structure of TlF(s) suggests that the weak lines
are not due to impurities, and that a revision in the ASTM
index may be necessary.
Infrared spectra obtained through use of either sample
material were similar.
Early experiments revealed the ease with which Tl-F vapors
attack Ta and SiOg.

The reaction products were transported

to the cold window and resulted in unwanted matrix spectra.
For example, two prominent absorption bands believed to be due
to such impurities were often found at 385 and 1023 cm~^ in
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solid Ar; the two IR active fundamentals of SiF^ vapor occur
at 391 and 1031 cm"^ (38).

Thus, restrictions were necessary

regarding furnace component materials.

Copper and platinum

were found to be suitably inert to the fluoride vapors over
the temperature range involved.

These materials were used to

fabricate radiation shields for the Knudsen cell for the TIF
runs, and for the other halide runs as well.
To form a matrix sample, TlF(s) was allowed to vaporize
at a temperature within the range 270° to 325°C, corresponding
to a total vapor pressure range of 0.003 to 0.045 torr.

The

fluoride vapor species were deposited in either Ar or Kr
matrices.
A typical infrared spectrum for the Tl-F vapors in an Ar
matrix is shown in Figure 9.

The observed frequencies for the

absorption bands and the molecular assignments are listed in
Table 1.

Over the entire spectral range, 33 to 4000 cm~^, only

three prominent absorption features were always found:

fea

ture A centered at 441 cm"^, feature B at 316 cm"^, and fea
ture C at 256 cm~^.

For dilute matrix samples, obtained with

vaporization temperatures near 275°C, these three bands were
usually the only absorption bands exhibited in the 200-600 cm"^
range.

More concentrated samples, deposited at the higher

vaporization temperatures, resulted in the appearance of a
number of weaker bands in this spectral range, as shown in
Figure 9.
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Table 1.

Summary of observed absorption bands and assign
ments for spectra of thallous fluoride deposited in
argon matrices at 10°K

Frequency (cm~^)

Molecular assignment

256

TlgFg

262

Higher polymers of TIF

269

Higher polymers of TIF

296

Higher polymers of TIF

304

Higher polymers of TIF

316

TlgFg

368

(?)

383

SiF^

402

Reaction product impurity

441

TIF

447

TIF, "matrix effect"

463

Reaction product impurity

482

Reaction product impurity

615

Window impurity (?)

660

COg

Spectra scanned over the 600-4000 cm~^ region featured
bands due primarily to COg and H2O in the matrix.

The COg

bands, at 660 and 2350 cm"^ in Ar, were always weak in in
tensity.

The intensity of the HgO bands, with frequencies

similar to those found by Redington and Milligan (39), was
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sometimes surprising.

Thallous fluoride is not hygroscopic,

and the matrix gases were believed to have been dry.

A pos

sible H^O source was the lavite disk present in the furnace
assembly.

Lavite is a porous mineral which could absorb H2O

when exposed to the atmosphere, then release it when heated
by the furnace radiation.
Many spectra were recorded scanning the far-infrared,
from 35 to 200 cm"^, using the Si-polyethylene optics.

Experi

mental difficulties in this region have been discussed.

The

only absorption bands found which were attributable to pur
posely desposited material and not to atmospheric H2O in the
background, were at 70 cm"^ in Ar, and at 62.5 cm""^ in Kr.
However, spectra of blank matrices, consisting only of the
inert-gas solid, showed that these bands belonged to background
and not to any Tl-F species.

The absorptions are believed to

involve lattice vibrational modes of solid Ar or Kr.
Because it was possible that a sample band weak in in
tensity might escape detection in the far-infrared under nor
mal matrix deposition conditions, highly concentrated matrices
were formed in attempts to observe such a weak band.

The re

sulting spectra showed extremely intense absorption bands at
the three positions found using Csl optics, but still no
evidence was found for a sample band within the 35-200 cm"^
region.
Spectra of the Tl-F vapors in solid Kr were recorded
using the Si-polyethylene optics only.

In general the Kr
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matrix spectra were similar to the Ar spectra.

Feature A was

centered at 440 cm~^ in Kr, and feature C was at 258 cm~^.

A

Si window band at 315 cm"^ masked feature B in Kr; however,
a considerable increase in intensity for the 315 cm~^ band over
that in a blank spectrum gave strong evidence for the exist
ence of feature B in the sample spectrum.

A departure from

that exhibited by Ar matrix spectra was the general absence
of numerous weaker bands in the Kr spectra.

A weak band at

383 cm~^ was the only one found; it is possible that other
very weak bands may have been lost in the higher background
noise of Si-polyethylene recordings.
A detailed inspection of the band shapes of the three
prominent features is of interest.

The half-intensity band

width for each feature was usually 4-5 cm~^.

Feature A was

always accompanied by a shoulder band at 447 cm"^ in the Ar
spectra; however, in Kr matrices there was no evidence for
such band splitting.

The additional feature for Ar matrices

is likely an example of the "matrix splitting effect" (40),
most often thought to be due to multiple-site trapping of the
active species in the inert-solid.

Feature B was generally

shown as a single band, free from any shoulder bands.

Occa

sionally a weak band at 304 cm"^ would show at the base of
feature B; this occurred only for concentrated matrix deposits.
On the other hand, feature C was always accompanied by two
shoulders on the high frequency side, for both Ar and Kr ma
trices.

These two shoulder bands will be discussed further in
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the section devoted to the results of diffusion experiments.
It should be mentioned that isotopic splitting of the bands
203
205
due to the two stable thallium isotopes (
Tl,
Tl) is too
small to be resolved in tjtie spectra.
The purpose of allowing diffusion within the matrices to
occur was to aid in the assignments of the absorption bands
to various molecular species.
process have been discussed.

Difficulties with the diffusion
Although the difficulties made

the diffusion experiments somewhat crude, the results were
fairly successful for the Tl-F studies, more so than for any
other system investigated in this research.
The results of a typical diffusion experiment are shown
in Figure 10.

The spectrum is of the same matrix sample as

that for Figure 9.

As diffusion was allowed to occur, each

of the three predominant features decreased in intensity.
However, feature A, at 441 cm"", always decreased at a faster
rate than features B or C.

Also apparent was the elimination

of the shoulder of A at 447 cm"^ with diffusion, or perhaps
one should say with matrix annealing.

In an approximate meas

ure, the intensity ratio of features B and C remained constant
after diffusion.

A difficulty in an accurate determination of

this ratio was that there occurred an absolute intensity in
crease of the two shoulders of feature C, at 262 and 269 cm ^,
along with the growth of features at 296 and 304 cm"^.

With

regard to the diffusion characteristics of the weak bands in
—1

the initial spectrum, all but the feature at 368 cm"

decreased

f
en

480

Figure 10.
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Infrared spectrum of TlF in argon after allowing diffusion to occur
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in intensity at a slower rate than feature A.

The band at

368 cm"^ fell to almost zero intensity immediately after dif
fusion-

The intensity ratio of the two bands at 463 and 482

cra"^ remained constant after diffusion.
It should be mentioned that the entire spectral range was
not examined after allowing diffusion in the matrix.

Diffusion

was very difficult to achieve for matrix samples deposited on
the Si cold window, and the increased noise in the far-infra
red from matrix scattering made spectral observations almost
impossible.

Again, however, the purpose of the diffusion

experiments was to investigate the intensity changes in the
initially intense bands in the spectrum, and not to record all
the new features growing into the spectrum.
Features A, B, and C are the intense absorption bands
observed, and are assigned to the Tl-F vapor molecules in
equilibrium with the condensed phase.

The diffusion experi

ments readily permit the assignment of feature A to the monomeric species, TIF.

One would expect the monomer to diffuse

faster than polymers.

One would also expect the monomer band

to lie at higher frequency than polymer bands.
and C are both assigned to the dimer, TlgFg.

Features B

The dimer is

the predominant vapor molecule over the solid, and the dif
fusion results indicate both features belong to the same
species.
The weaker bands in the spectrum are more difficult to
assign.

The absorption at 383 cm~^, and a companion at 1023
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cm~^, is assigned to SiF^ in the matrix.

The SiF^ is thought

to have formed from reaction of the Tl-F vapors with the
silicate material in the lavite disk supporting the Knudsen
cell assembly.

The bands at 262, 269, 296, and 304 cm"^ all

increase in intensity upon diffusion, and are readily assigned
to higher polymers of the fluoride.

Small amounts of trimer

and tetramer are known to exist in the vapor over the solid
(41).

The weak absorption at 615 cm"^ is assigned to an im

purity either on the Csl window or in the matrix gas.
can be said regarding the other weak features.

Little

The species

responsible for the band at 368 cm~^ is apparently relatively
small and reactive, as the feature loses intensity rapidly
upon diffusion.

On the other hand, slow diffusion rates char

acterize the species belonging to the bands at 402, 464, and
482 cm~^, and these may be due to polymeric aggregates, or
to products of reactions of the thallous fluorides with furnace
component materials.
The observation and assignment of two infrared absorption
bands as belonging to Tl2^2
geometry of the molecule.

implications about the

Consider three possible structure-

types for the dimer, as shown in Figure 11.

(By no means are

these the only possible dimer structures conceivable; however,
they are the most plausible.)

From the point group symmetry

of a molecule, the number of normal vibrational modes of
various symmetry types, i.e., the number belonging to the dif
ferent irreducible representations of the point group, can be

Tl

X

Tl ,

^vlb®lu'*"®2u'*"®3u

' Tl

/ ^vib

m D

GOh

Tl
^vlb'^Sg + SS+TTg + Tru

Figure 11.

Possible geometries of TlgXg dimer molecules;

point group symmetries

and irreducible representations of vibrational normal coordinates

g
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deduced using standard groxp theoretical methods (42).
results of such an analysis, expressed as

The

are included

in Figure 11 under each of the three point groups considered.
The important question here concerns the number of infra
red-active vibrational modes for the different structuretypes.

Each of the geometries considered has a center of

symmetry as an element of the point group to which it belongs.
As such, the "exclusion rule" applies to each structure, and
only fundamentals of modes belonging to ungerade, or u, repre
sentations can be infrared-active (43).

Fundamentals of modes

belonging to the gerade, or g, representations are Ramanactive.
Thus, the 02^ and

structures both have three normal

modes that are infrared-active.

On the other hand, the linear

structure has only two infrared-active normal vibrational
modes.
The observation of only two infrared bands in the matrix
spectra assignable to the TI2F2 dlmer is consistent with a
linear symmetrical geometry for the molecule.
—•

Tl-Cl system
Two different samples were employed in the investigation

of the Tl-Cl system.

Solid TlCl was prepared in the labora

tory from T1 and aqueous HCl.

The metal was dissolved in di

lute HNOg by warming; when concentrated HCl was added to the
solution, a white precipitate of TlCl was obtained.

The prod
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uct was filtered, washed, and recrystallized in water.

The

salt was dried in air, then placed in a vacuum desiccator for
further drying (TlCl(s) is not hygroscopic).

A Debye-Scherrer

pattern of the crystalline sample revealed diffraction lines
due only to cubic thallous chloride (44).

The other sample

used was obtained from Alfa Inorganics, Inc. as an ultrapure
grade of TlCl(s).

The infrared spectra obtained from both

samples were similar.
During matrix deposition the graphite Knudsen cell was
maintained at 300°-365°C to give Tl-Cl vapor pressures in the
range 0.010-0.120 torr.

The chloride vapor species were

trapped in either Ar or Kr matrices.
Examination of the infrared spectra in both Ar and Kr
matrices at vaporization temperatures near 300°C shows only a
single absorption feature, other than background, in the entire
35-4000 cm"^ spectral region.

Figure 12 shows the band re

corded in Kr; the feature is a doublet with components at
248.9 - 0.5 and 254.8 - 0.5 cm~^.

In Ar the band is also a

doublet, at 255.5 - 0.5 and 261.2 - 0.5 cm~^.
This absorption, which is very intense, is readily as
signed to monomeric TlCl trapped in the matrix.

The doublet

character arises from the chlorine isotopes; the higher fre
quency band is due to Tl^^Cl, the lower to Tl^^Cl.
isotopic structure is unresolved.)

(Thallium

The intensity ratio of

the two peaks is just that required by the chlorine isotopic
composition.

Also, the calculated isotopic frequency ratio
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is 0.9767 (using 204.37 as the atomic weight for Tl) compared
to the observed 0.9778 in Ar, and 0.9868 in Kr.
Infrared spectra of more concentrated matrices, involving
vaporization temperatures near 350°C, exhibit additional ab
sorption features.

Figure 13 shows a spectrum recorded in Kr,

with observed frequencies listed in Table 2.
Table 2.

Summary of observed absorption bands and assignments
for spectra of thallous chloride deposited in krypton
at lOOK

Frequency (cm~^)

Molecular assignments

168
184

TI2CI2
.

TI2CI2
37

248.9*

TI

254.8

Tl^^Cl

272

Si window band

315

Si window band

350^

Tl-Cl polymer (?)

ci

^248.9 cm~^ band observed as a shoulder on 254.8 cm~^
band in Figure 13 due to lower resolution used.
^Not shown in Figure 13.

The two features with intensity maxima at 167.5 - 0.5 and
183.8 - 0.5 cm~^ are assigned to the dimer species, TI2CI2.
Dimer bands should be split into three components due to the
chlorine isotopic pairs

and

the
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I

I

I

r

1—I—I—I—I—r~T

in

Co

J

320

L_J

300

1

I

280

I

Liil

260

I

240

J

220

I

I

200

I

I

J

160

L

FREQUENCY, cm-l

Figure 13.

Infrared spectrum of TlCl in krypton matrix at 10 K:
0.12/imol TlgClg, and M/R^ 1.6 x 10^

7.5

mol TlCl,
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intensity distribution should correspond to 9:5:1 respectively.
Although the two features do

exhibit splitting on the low

frequency side of the bands, it cannot be stated with cer
tainty that the expected isotopic structure has been observed.
When studied carefully the structure seems apparent, but low
resolution, high noise, and atmospheric H2O interference pre
vent any definite assignments.

In Ar matrices the two dimer

bands appear at 171.3 - 0.5 and 188.6 - 0.5 cm
The larger chloride species diffused in the matrix with
more difficulty than their fluoride counterparts, and such ex
periments were not easily made.

It was ascertained, however,

that the two dimer features increased intensity with respect
to the monomer band after diffusion.

It was not possible to

follow accurately the intensity ratio of the dimer bands
themselves after diffusion.

Qualitatively, the ratio appeared

to remain constant.
The fairly large nianber of weaker bands observed in the
fluoride spectra were not correlated in the chloride spectra.
A weak band did show at 350 cm~^ in Kr and 355 cm~^ in Ar.
The band increased in intensity following diffusion, and can
probably be assigned to a higher polymer of the chloride, or
to some matrix reaction product.
As careful observation failed to detect another infrared
absorption assignable to the dimer molecule, the chloride re
sults are similar to the fluoride results for such species.
Thus, a linear symmetrical

geometry for TI2CI2 is con-
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sistent with the observed infrared spectrum.
2.

Tl-Br system
The TlBr(s) used was ultrapure grade supplied by Alfa In

organics, Inc.

Argon matrix deposits were investigated by

allowing the solid to vaporize at 307°G, corresponding to a
vapor pressure of 0.007 torr.

The Si-polyethylene optics

were used to observe the 33-600 cm"^ spectral region.
A single sample absorption feature was shown in the infra
red spectra at 178.5 cm~^; a spectrum is reproduced in Figure
14.

The band is assigned to monomeric TlBr isolated in the Ar.

Low resolution prevented observation of the bromine isotope
splitting in the spectra.
Diffusion experiments were not attempted.
4.

Tl-I system
The Tll(s) was the c.p. grade obtained from Fisher Sci

entific Co.

Argon matrix samples were formed while maintaining

the graphite Knudsen cell at 270°-320°C to give iodide vapor
pressures in the range 0.001-0.010 torr (45).
Spectra were recorded only in the far-infrared.

A lone

sample band at 143.0 cm~^ was observed, as shown in Figure 15.
The absorption is readily assigned to diatomic Tll trapped in
the Ar.
Diffusion experiments were not attempted for this system.
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Infrared spectrum of TlBr in argon matrix at 10 K
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Infrared spectrum of Tll in argon matrix at
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B. ThaiLous Oxide
The substance TlgOCs) was difficult to obtain in a rea
sonably pure state.

Thallous oxide reacts rapidly with HgO,

COg, and Og in the atmosphere.

For this reason all manipula

tions with the oxide were performed in a dry box continually
flushed with Ar.
Initial TlgO experiments made use of a material supplied
by K and K Laboratories, Inc; the purity was stated by the
supplier as 99.5%.

X-Ray diffraction investigation of the

sample showed that it contained some

phase.

Since

the partial pressure of TlgOCg) over the two phase mixture of
Tl20(s) and

appreciably lower than the vapor pres

sure of pure Tl20(s) (29), the amount of TlgO deposited in
the matrix samples was also much lower than expected, and the
spectra showed only very weak sample absorption features.
It was decided to prépare a higher purity sample in this
laboratory.

The method used was to react Og directly with Tl.

A weighed amount of metal was placed in a zirconia crucible,
which, in turn, was put into a Vycor reaction tube.

It was

further necessary to fit the Vycor tube with a Pt inner liner
to protect the Vycor from reactive TlgO vapor.

After heating

the Tl above its melting point, in vacuo, a fixed amount of
OgCg) was allowed to enter the system.

The reaction

Tl(l) + J OgCg) = TlgOCs)
was followed by observing the decrease in the Og pressure in
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the system.

At 470°C the reaction proceeded very slowly.

The cause is believed due to the formation of an insoluble
oxide layer over the molten Tl, thus allowing the reaction to
occur only through diffusion of the O2 in the oxide.

When the

temperature was raised above the melting point of TlgO, to
near 650°C, the reaction rate increased considerably.

After

the reaction was believed to have achieved near-completion,
the Vycor tube was evacuated, and the contents of the zirconia
crucible were examined in the dry box.
A Debye-Scherrer X-ray pattern of the black product in
the crucible was obtained, the powder sample being placed in
a sealed glass capillary.

The diffraction pattern obtained

was very complex, and further analysis of the pattern was not
attempted.

There are two sets of powder diffraction data for

TlgOCs) in the literature.

Cubicciotti (46) has recently

published data that is in disagreement with the earlier re
sults (47).

The powder pattern obtained here was similar to

Cubicciotti's results, but did contain numerous additional
lines.

The diffraction pattern did not match the earlier

literature data, nor did it match the pattern obtained from
the K and K Laboratories sample.
Some consternation developed over all the disagreement
regarding the X-ray characterization of Tl20(s).

It was

thought that all was not known about the Tl-0 condensed phase
system.

A timely literature publication proved such to be

the case.

Toumoux et al. (48) reported the identification of

60

a new phase in the system, corresponding to the composition
Tl^Og.

They also published X-ray powder diffraction data for

the new phase that is in close agreement with the data of the
Tl-0 product obtained here.
A portion of the sample, now identified as Tl^O^Cs), was
sublimed under dynamic vacuum at 500°C.

The starting material

vaporized from the ZrOg crucible while the sublimate condensed
on the Pt liner of the Vycor tube.

After collecting the con

densate (handled only in the dry box), it was X-ray examined
by the Debye-Scherrer technique.

The diffraction pattern ob

tained was in good agreement with the data published by
Cubicciotti for Tl20(s).
Matrix isolated TlgO samples were investigated extensively
in Ar, Kr, and N2 deposits.

Most experiments used the sub

limed Tl20(s) as starting material, but some runs were made
starting with the T1^02(s) sample.

Solids were vaporized in

the 430°-500°C range, corresponding to oxide vapor pressures
in the range 0.003-0.032 torr.

When using the T1^02(s) sam

ple, the Tl20(g) partial pressure was assumed to be that of
the vapor pressure of Tl20(s).

Infrared spectra obtained

through use of the two different samples were similar.
Two spectra of TI2O in Ar are shown in Figure 16.

The

spectrum of a dilute matrix sample. Figure 16 (top), shows only
a pair of absorption features:

a CO2 band at 660 cm~^, and a

643.3 - 0.5 cm"^ band that is assigned to the asymmetric
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stretching mode,

of isolated TL2O.

Spectra of more con

centrated samples, as in Figure 16 (bottom), exhibit numerous
additional features.

Table 3 lists the absorption frequencies

observed for typical Ar matrix deposits.
Two methods were used to assign the different absorption
features to various species in the matrix.
experiments were made.

First, diffusion

As in the case of the halide runs,

diffusion was not easily achieved, presumably due to the large
size of the molecules in the matrix.

Furthermore, diffusion

was not easily controlled; when the matrix was finally warmed
to a temperature where diffusion could occur,

re cooling to

10°K was slow, and rapid diffusion and sample deterioration
resulted.

This slow

re cooling rate was not a problem with

the halide experiments.

A possible cause for the problem in

the case of the oxides was that heat was given up to the matrix
by reaction of the TlgO with HgO in the matrix.

Nevertheless,

some clarifications were possible after allowing diffusion to
occur.

For example, the 643.3 cm~^ band was observed to lose
-1

intensity quickly while other bands, as at 509 cm" , remained
at near constant intensity.

The diffusion characteristics of

the other features in the spectra are also given in Table 3.
The assignment of the very intense band at 643.3 cm"^ to
TI2O is easily made.

Consideration must next be given to the

question of the existence of additional absorptions in the
spectrum that are also assignable to TI2O.

Five possible

candidates are the medium intensity bands at 611, 571 , 509,
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Table 3.

Observed absorptions for deposition of T1«^^0 in Ar
matrix at 10°K

Frequency (cin~^)

Diffusion^

258^

I

276

I

304

I

335

I

362^

D

383

R

447

D

482

R

509

R

532

I

571

D

612

R

643

D

660

R

369^

I

472^

I

I denotes an increase upon matrix warming, D a decrease,
and R indicates that the intensity remained approximately con
stant.
, ^Thns feature usually exhibited shoulders at 262 and 252
cm" .
c

-1
The band at 362 cm
was not always observed, even for
concentrated matrices.
'^Band observed only after diffusion or in highly con
centrated matrices.
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383, and 335 cra"^.

All but one of these candidates lose

further consideration when diffusion is observed.

The 571

cm ^ feature is the only absorption that does not remain or
increase in intensity with diffusion; instead this feature
decreases very rapidly.
The second method ussd as an aid in making spectral
assignments was to observe matrix spectra of oxide samples
TO
enriched with the
0 isotope. For this purpose, a solid Tl0 sample was prepared in a manner as described previously,
except that the oxygen employed was 53.7%
plied by Miles Laboratires, Inc.).
terials were obtained:

18
0-enriched (sup

Again two different ma

an initially prepared Tl^O^Cs), and

a sublimed product found to be TlgOCs).

Monomeric TI2O ab-

sorptions are expected to show as doublets in the

X8
0-en

riched spectra; dimeric T1^02 bands should show as a triplet
structure.
An

18

•

•

Figure 17.

18
The asymmetric stretching band of Tl^ 0, expected

to be very intense, is found at 609.3 - 0.5 cm~^.
quency ratio of the
1.0558-

•

0-enriched spectrum of TlgO in Ar is reproduced in

The fre

isotopic components is observed to be

The expected 1:1 intensity ratio for a 50%

riched sample was not observed.

18
0-en

A small leak to the atmos

phere in the sample preparation line was later found and be
lieved to be the cause for the drop in enrichment to about 25%

80

60

i 40

680

640

600

560

520

480

440

400

360

340

300

260

FREQUENCY, cm"'

Figure 17.

Infrared spectrum of Tlg^^O and Tlg^^O in argon matrix at 10°K
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A search for an isotopic companion to the 571 cm"^ tiand
reveals the presence of a weak band at 545 cm~^.

The latter

absorption is somewhat overshadowed by the broad feature at
532 cm~^.

With diffusion the 532 cm~^ band grows in intensity

while the 571 and 545 cm"^ bands decrease rapidly.

Thus, the

absorptions at 571 and 545 cm~^ can be assigned to Tlg^^O and
Tig

18
0, respectively.

These two features are further assigned

to the symmetric stretching mode of the triatomic molecule.
Small amounts of the dimer, Tl^OgCg) have been shown to
exist over TlgOCs) at the vaporization temperatures used here
(28), and absorption bands due to this species would likely be
observed in the infrared spectra.
richment of the

The loss in isotopic en-

18
0 sample was unfortunate in regard to iden

tification of any Tl^Og bands.

The 1:2:1 intensity ratio for

the isotopic components of a dimer band for a 50%
would generally be easily observed.

18
0 sample

However, with the 25% en

richment for the sample used here, the intensity ratio for the
isotopic components becomes 9:6:1.

This isotopic splitting is

more difficult to observe when the dimer bands have only weak
to moderate intensity in the spectrum.
Isotopic splitting is observed for the 509 and 383 cm""^
18
features in the
0 spectra. Absorptions accompanying 509
cm~^ are found at 499 and 487 cm~^.

However, low resolution

and some overlap by the broad feature of 483 cm~^ prevent an
accurate intensity ratio measurement for these isotopic com
ponents.

Thus, certain assignment of the 509 cm"^ band to
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11^2 is also prevented.

A band accompanying the 383 cm"^
—1

absorption is located at 375 cm"

in the

18

0 spectra.

Due to

the weak intensity of thèse two components, it is uncertain
whether the feature is a doublet, or that a third triplet
component is lost in the background noise of the spectrum.
Some support for the assig;nment of the features at 509
and 383 cm~^ to Tl^Og comes from the diffusion experiments
in which both features persisted after matrix warming.

It

was also observed that the intensity ratio for these two bands
remained approximately constant for several different experi
mental runs.
Little can be said for the remaining bands in the spec
trum.

Most all of them either increased or remained constant

in intensity after diffusion.

They are probably due to higher

polymeric oxide species, or to products of reaction of TlgO
with surrounding furnace materials.
The Ar spectra discussed so far have covered the 200-700
cm"^ spectral range.

Scanning the 700-4000 cm"^ region re

vealed only bands due to matrix isolated H2O.

Far-infrared

scans were recorded using the Si-polyethylene optics.

Although

concentrated matrix samples were observed, no absorptions
appeared in the 33-200 cm"^ region that could be assigned to a
Tl-0 species.
Spectra of Tlg^^O in Kr are shown in Figure 18.
tral features are similar to those in Ar.

The spec

Most noticeable is

a frequency shift to the red relative to the Ar frequencies.
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The intense asymmetric stretching mode of Tl^O is located at
634.6 - 0.3 cm~^; the weaker symmetric stretch is observed at
560.4 - 0.4 cm"^.

A characteristic of the

band in Kr, not

found in Ar, was the asymmetric band shape of the feature.
This caused some difficulties in the measurement of the band
center.

The frequency quoted represents measurements taken

at the bottom of the band, i.e., at maximum intensity.

Fre

quency measurements at half-intensity gave the value 634.0
cm~^ as the band center.
Table 4 lists the frequencies observed for other absorp
tions found in Kr.

The diffusion characteristics of the bands

were also similar to those in Ar and are included in Table 4.
Spectra of

18
0-enriched samples in Kr, as shown in Figure

19, revealed the doublet character expected for the symmetric
and asymmetric stretching bands of TlgO.
Tl2^^0 is observed at 600.3 - 0.3 cm~^;
- 0.4 cm"^.
In the

The

The

absorption of

is located at 535.7

ratio observed in Kr is 1.0570.

18

—1

0 spectra, isotopic components of the 503 cm"

feature are observed at 494 and 481 cm"^.

As in the Ar spec

tra, the lowest frequency component is overlapped by a broad
absorption, a feature located at 475 cm~^ in Kr.

For the

same spectra, the 380 cm~^ band was observed at weak intensity,
and any isotopic splitting was difficult to determine over the
spectral noise.

There are indications of a very weak band at

371 cm"^ that could be an isotopic component of the 380 cm~^
band.

Similar to the Ar spectra results, the two features at
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Table 4.

Observed absorptions for deposition of Tl^^^O in
Kr matrix at 10°K

Frequency (cm~^)

Diffus ion^'^

254

R

276

R

304

R

334

R

360

D

380

R

429

R

443

R

475

R

503

R

535

I

561

D

586

R

634

D

657

R

^See footnote a, Table 3.
^Diffusion observed to occur less readily in Kr than in
Ar.

503 and 380 cta"^ are assigned to the Tl^Og species.
Other observed absorptions did not exhibit isotopic strueture in the

18
0 spectra.

Far-infrared experiments were also made with Kr matrix
samples.

Since the weak

band showed more intensity in Kr

than in Ar, there was hope that any weak far-IR bands might
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exhibit increased intensity in Kr.

Such was not the case.

Although concentrated sample deposits were examined, no farIR absorptions were observed that belonged to any Tl-0 species.
It was desired to measure the
Tig

L8

O as accurately as possible.

trim of an
trix.

ratio of

and

For this purpose, the spec-

18
0-enriched sample was also recorded in a N2 ma

The spectrum observed is shown in Figure 20.

Two dif

ferent instruments were used to measure the asymmetric stretch
ing band positions.
Repeated scans of the same matrix deposit with the IR-11
resulted in the measured frequencies of 622.0 cm~^ for
588.7 cm~^ for

.

, and

The observed ratio for this set of data is

1.056g.
A number of scans with the same sample as that for the
IR-11 data were then taken with the IR-7.

The IR-7 Csl optical

interchange was employed for these measurements, permitting
spectral observations down to 400 cm~^.

The signal-to-noise

ratio in the IR-7 was vastly improved over that in the IR-11;
the resolution obtained with the IR-7 (spectral slit-widths
about 1 cm~^) was also improved over that for the IR-11-

Spec

tra scanned in the single-beam mode provided sharp bands of
atmospheric COg and H2O for calibration of the TlgO frequencies.
The results gave
cm"^.

at 623.2 - 0.3 cm~^ and

at 590.9 - 0.3

The observed ratio for this set of data is 1.054-,.
Because of the dilute concentration of the TlgO in the

^2 matrix, the symmetric stretching mode absorptions were not
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Figure 20.

Infrared spectrum of

and

18, in nitrogen matrix at 10°K
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observed.

The other features that were observed are Listed

in Table 5.
Table 5.

Observed absorption of dilute sample of Tl^^^'^^0
in Ng at 10
^

Frequency (cm~^)

332
477
484
497*
503
590.9b, 588.7^
623.2^, 622.0^
655*
661

^Observed as shoulders.
^Frequency observed with IR-7.
^Frequency observed with IR-11.
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IV. DISCUSSION
A. Thallous Haïides
_I.

Tlx monomers
The matrix-isolâtion infrared spectra of the Tlx monomers

have provided measured values for the vibrational frequencies
of the diatomic species.

Due to the interactions of the

trapped molecules with the surrounding inert-gas solid, the
matrix frequencies are only approximations to the gas phase
frequencies.

A detailed and quantitative study of matrix per

turbations has thus far been lacking.

As a general rule, the

magnitude of the frequency shift follows from considerations
of dipole-induced dipole interactions between the trapped
species and the inert-solid (17, 49).
Investigations of the electronic band spectra of the Tlx
(g) molecules have provided an additional source of data for
the vibrational constants of these species.

Comparision of

the matrix data with the band spectra data gives an indication
of the magnitude and direction of the matrix solvent-shift.
Table 6 shows the results of such a comparison.

For these

molecules the vibrational frequency in argon is 7 - 1% less
than the gas phase frequency.
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Table 6.

Comparison of matrix and gas phase vibrational fre
quency data

Vibrational frequency^
Species

^
matrix ir

gas
^ Reference of
uv-visible band spectrum

Relative
frequency shift

TIF

441

473

(50)

6.8%

TlCl

261

232

(51)

7.7%

TlBr

179

191

(52)

6.7%

Til

143

^

^Frequencies given in cm~^.
^This work, argon matrix data.
^ ^e "
^See text following.

Two investigations (53, 54) of the electronic spectrum of
Til vapor have yielded values of the ground state vibrational
constants, but these values have not been concordant.

In the

most extensive study, Rao (54) observed transitions in both
emission and absorption but was unable to make an unambiguous
vibrational assignment since several pairs of values of
' fit the data equally well.

and

Based on a comparison with the

vibrational constants of the other thallous halides, Rao pre
ferred the values w " ^ 120 cm~^ and w '= 90 cm~^. On the
e
e
other hand, Calder and Ruedenberg (55), using an empirical cor
relation, have suggested that the ground state vibrational fre
quency

= 156 -2 cm""^ is the only one in accord with the
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spectroscopic constants of the other diatomics in the periodic
group 3A-7A.
Assuming that the relative frequency shift of Tll in Ar
is the same as that of the other thallous halides, the gas
phase vibrational frequency is estimated to be 154 -3 cm~^.
This frequency is in agreement with the prediction of Calder
and Ruedenberg.
2"

TIqXq

dimers

To begin the discussion of the thallous halide dimer mole
cules it is worthwhile to review the arguments presented by
Keneshea and Cubicciotti (23,24) for a linear molecular sym
metry.

As a result of their experiments, these authors were

able to make a determination of the entropy of the Tl2F2(g)
molecule at 1000°K.

The experimental entropy was then com

pared to that calculated for a square-planar molecule by sta
tistical methods.

After assuming a Tl-F distance equal to

2.3&, the authors further assumed a set of vibrational fre
quencies based on an analogy with the frequencies calculated
for the planar-rhombic alkali halide dimers by Berkowitz (26,
27).

The result of Keneshea and Cubicciott's calculation was

that the square-planar

^ eu. lower than 2°^^.

The

authors argued that the result indicated that the dimer was
"more open than square-planar", and they suggested that the
structure might be linear.

78

Since Keneshea and Cabicciotti chose a set of vibrational
frequencies based only on an analogy with Berkowitz's calcula
tions, it was decided to check their assumptions by actually
performing the ionic calculation for the

Mo^^cule.

The procedure for the ionic calculation of the vibrational
frequencies of planar-rhombic

systems has been outlined

in detail by Berkowitz (26,27).

The expression for the poten

tial energy is given by:

V = -[4e^/(a^ +

+ e^/2a + e^/2b

+ e

[lAa^ - 2a/(a^+ b^)^/?]

+ e

[lAb^ - 2b/(a^ +

+ 4A exp [-(a^ +

- C__/64b^ - C++/64aG,

P ] - 4C^y(a^ + b^)^

(3)

where £ is the electronic charge; a is half the distance be
tween the

ions in

; b is half the X~ ion separation;

is the polarizability of M^;
and

is the polarizability of X~;

are the electric field intensities at the cations

and anions, respectively; A and P are the repulsion constants;
, C

, and

actions.

are van der Waals constants for ionic inter

For the claculation performed here, the values used
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for the ionic polarizabilities were:
Qp. = l.loR^ (57).

The constants A and p were evaluated for

TIF and assumed to hold for Tl2^2'
—8

0.232 X 10~

cm.

^ ~ 2.527 x 10~® erg, P=

The van der Waals constants were estimated

in the manner given by Mayer (58):
20.0 X 10"60
'

~ 2.90X^ (56), and

and

= 23.4 x 10"^^, C

=

= 20.6 x 10"^°.
++

Bond distances and angles for planar-rhombic TlgFg were
determined by minimization of the potential function with re
spect to the parameters a and

When the molecular structure

was determined, the frequencies of the three infrared-active
vibrational modes were calculated.

The results of the ionic

calculation are shown in Table 7.
Table 7.

Results of ionic calculation for planar-rhombic TLgFg

TIF
F-Tl-F
bond distance (A) angle (deg)

2.27

Vibrational frequency (cm~^)
B^^ B^^

79

207

The calculated results are interesting.

397

349

Assume that the

infrared spectrum observed for TlgFg is that of a planarrhombic molecule, with 02^ symmetry.

The B^^ and B^^ vibra

tional modes involve in-plane stretching vibrations and would
be expected to produce more intense absorptions than the B^^^
out-of-plane bending mode.

The two observed TI2F2 bands at

316 and 256 cm~^ would thus be assigned to the two stretching
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modes; the caLcuLation suggests that the higher frequency band
would belong to the 82^ mode.

A comparison of the calculated

frequencies with the two observed frequencies assigned on the
basis of ^2h. Molecular symmetry suggests that the
ought to be observed in the vicinity of 120 cm~^.

frequency
Berkowitz's

calculations (27), including all six fundamental vibrational
modes, further suggests the following approximation can be
made for the three remaining frequencies of TlgFg:

(1)

g

\u'

'
"Blu'

Bi _ - ^B
"2U

Thus, combining experimental results and the results of
ionic theory, it would be hoped that a more accurate set of
vibrational frequencies were on hand to calculate the absolute
entropy of a TTgFg species having planar-rhombic geometry.
When the calculation is made using the bond distances, angles,
and vibrational frequencies obtained above, the calculated
S°ooo equals 106.9 eu. compared with 110.9 eu observed experi
mentally (24).

Considering the numerous approximations in

volved in obtaining the calculated entropy value, it is doubt
ful that the 4 eu discrepancy between calculated and observed
values can provide any basis for ruling out the possibility of
planar-rhombic geometry for TI2F2.
In fact, some further considerations suggest the possible
appropriateness of the

molecular symmetry.

White et al.

(30) have examined the consequences of a normal coordinate
analysis of MgXg systems having the planar-rhombic structure.
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The latter authors have shown that, on the basis of some rea
sonable assumptions for force constant matrix elements, the
X-M-X bond angle, a, could be related to the ratio of the two
stretching frequencies as follows:
/V
= cot (a/2)
®2u ®3u

(4)

Using the D^,-T1„F„ assignments,
^ ^

~ 316 cm"^ and
^2u

=
3u

256 cm~^, the F-Tl-F angle is calculated to be 78°.

This is

in excellent agreement with the 79° angle determined by the
ionic calculation.

At this point the planar-rhombic geometry

for TI2F2 appears very reasonable.
However, there is one important flaw that is awaiting con
sideration.

The ionic-model calculation indicated that the

out-of-plane bending mode ought to be observed near 120 cm"^.
Extensive examination of TIF matrix samples in the far-infrared
failed to observe such an absorption feature.
question presents itself.

A difficult

Is the infrared-active

mode

only weakly absorbing and, hence, unobserved over the back
ground in the spectrum?
The answer to the question cannot be given with rigid
certainty.

The species LlgFg

planar-rhombic, 02^ symmetry.
studies of

(58) and Li202

l'Î2®2

believed to possess

Far-infrared matrix isolation
have indicated that the

out-of-plane bending absorption exhibits intensity on the
same order of magnitude as the in-plane stretching vibrations.
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Assuming similar intensity considerations apply to Tl2^2'
the

mode would not be expected to show only weak intensity

in absorption.
Since very concentrated matrix samples, which exhibited
strongly intense absorptions for the two bands assigned to
^^2^2'

to produce a far-infrared band assignable to

TI2F2, the results of the spectral investigations are consistent
with the approach involving the existence of only two infraredactive dimer bands.

The further result of this approach is

the conclusion regarding the linear symmetrical geometry of
the TlgFg molecule.
It is of interest to determine whether a value of the
absolute entropy calculated on the basis of a linear geometry
is consistent with the experimentally determined entropy of
^^2^2'

make the statistical calculation, structural param

eters such as bond distances and vibrational frequencies are
required.
As indicated in Figure 11, the two observed infrared bands
of linear symmetric

belong to the

ing mode, 1/^, and the doubly-degenerate
mode, v^.

The two

asymmetric stretch
asymmetric bending

symmetric stretching modes,

and the doubly-degenerate Ttg symmetric bending mode,
not infrared-active.

and f/g,
are

Since the three symmetric modes were not

observed in this study, the frequencies

and

can only

be estimated for the purpose of making the entropy calculation.
A reasonable basis for making such estimates would be to com
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pare the vibrational data observed for "^^2^2 ^^^h that ob
served for Hg2X2, X = Cl, Br, I.

X-ray structural investiga

tions of the mercurous halide solids indicate a linear sym
metrical Hg2X2 molecular unit.

Durig et al. (60) have recently

made extensive Raman and infrared studies of the Hg^Xg species,
and have measured all five fundamental vibrational frequencies.
Frequency ratios calculated from the data of Durig et al. are
presented in Table 8.
Table 8.

Frequency ratios observed for

X =
"i/'a
oc

m
c

Vl,/Ua

^2^2 species^

Cl

Br

1.12

1.20

1.40

0.676

0.739

0.819

0.392

0.520

0.633

I

^Data obtained from Reference (60).

First it is as sumed that
and

observed at 316 cm~^ in Ar

observed at 256 cm~^ in Ar are close approximations to

the gas phase TI2F2 frequencies.

The linear dimer would

possess no permanent dipole; thus, matrix perturbations would
not be expected to be as large as for the monomer species.
Then, assuming similar frequency ratios for '^^2^2
the Hg2X2 series, the following estimates are made:

those for

84

(1)

^ I,

(2)

- 0.6, y2 -192 cm"^

(3)

320 cm-1

0.3,

^ 78 cm"^.

Using the set of observed and estimated vibrational fre
quencies given above, the vibrational contribution to the total
absolute entropy of TlgFg(g) at 1000°K is calculated to be
32.2 eu.
To calculate the translational and rotational entropy con
tributions, a set of bond distances must be estimated.

The ob

served Tl-F distance for the monomer species is 2.1& (50); for
the dimer a Tl-F distance of 2.4& is estimated.
distance is estimated to be 2.6%.

The Tl-Tl

Fortunately, the calcula

tion is rather insensitive to changes in the assumed bond dis
tances on the order of -0.3^.

Using the distances given, the

translational and rotational contribution to the total entropy
at 1000°K is calculated to be 72.3 eu.
Qualitative molecular orbital bonding considerations for
the dimer (to be discussed) indicate that the electronic
ground state of TI2F2 would be a triplet state.

As such, there

would be an electronic contribution to the total entropy of
R In 3 = 2.2 eu.
The sum total of the various contributions to the absolute
entropy of ^^^2^2

1000°K is 106.7 eu; this compares with the

experimental value of 110.9 eu.

A 4.2 eu discrepancy is rea

sonable in view of the approximations necessary to make the
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calculation.

The infrared data observed and assigned to a

linear symmetric TI2molecule are consistent with the ex
perimental thermodynamic entropy for the molecule.
The postulated linear dimer structure contains a metalmetal bend.

Keneshea and Cubicciotti (23) reported a sub

stantial ion current due to Tig in the mass spectrum of the
Tl-F vapors, and argued that the appearance of this ion was
furthermore suggestive of a Tl-Tl bond in the dimer parent
molecule.

In a subsequent photoionization study of the thal-

lous halide vapors, Berkowitz and Walter (61) reported that
they observed the Tl^ peak to be only 1/200 of the sum of
TI2F2 and TlgF*; these authors argued that such a weak ion
peak could be attributed to a rearrangement process, and did
"not constitute proof that a linear F-Tl-Tl-F structure is
the best description of the dimer".

Cubicciotti (41) has re

peated the mass spectral study of the Tl-F vapors and dis
putes the results of Berkowitz and Walter.

Whereas the latter

authors observed the Tig ion intensity at only 0.85% of the
TlgF* peak in the photoionization experiments, Cubicciotti ob
served the Tig fragment at 12% of the major dimer peak, TlgF^^
Mass spectrometric investigations of the alkali chlorides
(62), which have dimers with the planar-rhombic structure, re
sulted in the appearance of Mg ions with only very weak in
tensity, or too weak to be observed.

The results reported by

Cubicciotti for the Tl-F vapors support the indications of a
metal-metal bonded TlgFg molecule.
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Similar considerations to those discussed for TlgFg apply
to the chloride dimer, TigCIg.

Cubicciotti (20) postulated a

linear geometry for Tl^Clg based on the same type arguments as
Keneshea and Cubicciotti (23) used to discuss the structure of
TlgFg.
Due to the 5% dimer concentration in the chloride vapor,
the TlgClg matrix infrared absorptions were not observed with
the same strong intensity as the TlgFg bands.

However, the re

sults of the Tl-Cl studies are consistent with the scheme in
volving only two infrared-active TlgClg vibrational modes, and
are in support of a linear molecular geometry of the dimer.
Cubicciotti's thermodynamic investigation (20) resulted
in a determination of the absolute entropy of TlgClgCg) at
1000°K of 125.2 eu.

A statistical thermodynamic calculation

of the entropy of TlgClg would be of interest to determine
whether the postulated linear dimer structure is consistent
with experimental thermodynamic data.
The higher frequency TlgClg infrared absorption is assigned
to the asymmetric stretching mode,

and the lower frequency

absorption is assigned to the asymmetric bending mode,

It

is assumed that the Ar matrix frequencies are close approxima
tions to the gas phase frequencies.

The estimations of the

three symmetric-mode frequencies are made in the same manner
as for TlgFg:

frequency ratios observed for the five funda

mental modes of HggClg are assumed to hold for TlgClg.

Thus,

the following set of vibrational frequency data is estimated:
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(2)
(3)

^ 171 cm-

^ 189 cm"

(1)

"l

208 cm"^
"

J^2/'^3 = 0.7, ^2 ~ 132 cm"^

(4)

- 0.4,

\ -

68 cm"^

Using the above set of data, the vibrational contribution
to the absolute entropy of Tl2Cl2(g) at 1000°K is 37.0 eu.
A Tl-Tl bond distance of 2.6^, and a Tl-Gl distance of
2.7& are assumed for the purpose of calculating the translational and rotational contribution to the dimer entropy; the
result is a contribution of 73.3 eu.

As for the fluoride

dimer, the electronic ground state of TlgClg is considered to
be a triplet state; the electronic entropy contribution is
2.2 eu.
The sum total of the different contributions give a cal
culated dimer entropy at 1000°K of 112.5 eu.

The calculated

value is 12.7 eu short of the experimental value given by
Cubicciotti.

In spite of the numerous approximations made,

the discrepancy of near 13 eu was considered beyond tha range
of reasonableness, and some legitimate concern developed over
the spectral assignments made.
A comparison of the dimer dissociation reaction entropies
for a series of alkali halide systems, i.e., the AS!^ for the
reaction
MgXg(g) = 2MX(g),
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reveals that the dissociation entropies are almost constant
for the series (25).

The plausibility arguments explaining

this observation involve a balance between the decrease in
entropy due to loss in transiational and rotational degrees of
freedom with the increase in entropy corresponding to increases
in the vibrational contributions (63).

In contrast to the

trend for the alkali halides, the TI2X2 dissociation entropies,
at 1000°K, tabulated by Keneshea and Cubicciotti (24) range
from 27.2 eu for the fluoride to 2 eu for the bromide.

The

plausibility arguments given for the alkali halide systems
would seem to apply similarly for the thallous halides, re
gardless of a difference in dimer geometry.

An error in the

dissociation entropy for the chloride system could bring into
better agreement the calculated and observed values of
^lOOOfTlgClg'
Indeed, a recent publication by Komshilova and Polyachenok
(64) reports another investigation into the thermodynamics of
vaporization of thallous chloride.

The latter authors report

a dissociation entropy, at 1100°K, of 30.2 eu; this compares
with the value 18.3 eu for ^S°qqq given by Cubicciotti (20).
A ^S°QQQ - 30 eu for the chloride reaction would be more in
line with the ^S°

qqq

=27.2 eu for the fluoride reaction, based

on the previous discussion.
Using the data published by Komshilova and Polyachenok,
the absolute entropy of TlgClgCg) at 1100°K is determined as
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115.2 eu.

A statistical calculation using the previously

estimated structural parameters for Tl^Clg gives S°^qq
114.5 eu.

=

The agreement between the calculated value and the

more recent experimental value is probably better than should
be hoped for.

Again, the linear ditaer structure and the ob

served infrared data of TlgClg are consistent with experimental
thermodynamic data for the molecule.
A qualitative MO bonding scheme can be proposed for the
linear TI2X2 dimers.

Keneshea and Cubicciotti (23) have sug

gested a scheme involving sp hybrid orbitals on the T1 atoms.
The s and three p atomic T1 orbitals are hybridized to give a
pair of

digonal sp orbitals and two remaining p orbitals.

One sp hybrid of each T1 is used to form a o bonding-MO between
the T1 and halogen, and the other to form a a bonding-MO be
tween the two T1 atoms.

The two p orbitals remaining on each

T1 can then be used to form a pair of degenerate it MO's between
the T1 atoms.
tem.

A TI2X2 molecule is a 20 valence-electron sys

In Keneshea and Cubicciotti's bonding scheme, the six

valence electrons contributed by the T1 atoms are distributed
to the molecular obitals as follows:

two electrons are used

in the two Tl-X o bonding orbitals, two are used in the Tl-Tl
a bond, and two are assigned to the two
T1 atoms.

orbitals between the

Since the two electrons assigned to the tt MO's would

only half-fill the lower-energy

bonding orbital, the applica

tion of Hund's rules would predict that the two n electrons
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have parallel spins and that a triplet electronic ground state
results.
Gimarc (65) has investigated the shapes of the BAAB molec
ular series by a general approach involving extended Huckel MO
calculations.

The method uses 16 atomic orbitals, one s and

three p orbitals on each of the four atoms, to form 16 molec
ular orbitals.

When this approach is considered for the TI2X2

species the result is similar to the simpler scheme suggested
by Keneshea and Cubicciotti.
a

The highest occupied MO is still

bonding orbital containing only two electrons.

Within

the general framework of the method, Gimarc's calculations
furthennore indicate that 20-valence-electron BAAB systems
have a lower total energy for a linear geometry, as opposed to
a cis or trans shape.

The author remarks that no examples of

stable 20-electron BAAB molecules are known, and that such a
linear diradical would likely "be highly reactive in any en
vironment in which it might be formed."

The stable 20-electron

TI2X2 dimers do present a plausible example.
The high stability of TlgF^ is presumably due to the elec
tron withdrawing effect of the highly electronegative F atoms
in the molecule.

The highest occupied molecular orbital has a

nodal surface that passes through the center of the molecule.
The result is a decrease in the electron density in the center
of the molecule, and an increase in the electron density
towards the halogen atoms.

Fluorine atoms are more able to

accept this increased electron density than chlorine atoms,
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and so on.

Gimarc (65) and Keneshea and Cubicciotti (23) have

presented similar arguments.
Another approach used to predict the geometries of mole
cules is the method depending on the second-order Jahn-Teller
effect (66).

This approach involves symmetry arguments where

in the symmetries of the highest occupied and lowest unoccupied
molecular orbitals,

and

, determine the type of nuclear

distortions that occur most readily.

Pearson (67) has applied

the symmetry rules to a general series of ^2^2 molecules.
Similar arguments can be applied to the Tl^Xg dimers.
The qualitative MO scheme for the linear TlgXg molecules
has been discussed; the order of the MO's is
...(7T^)^ (%g)° ...
The irreducible representation of the direct product of the
highest occupied and lowest unoccupied MO is of
+ 2 ^ + 2 ^ symmetry.

~

Now, the irreducible representation of

the vibrational normal mode that will bend the linear molecule
to a cis or trans shape is n or n respectively. As a result
—~
u
g
of the triple product integrals that appear in the second-order
Jahn-Teller theory, the symmetry rules state that the direct
product of

and

must contain the same representation as

the normal mode that carries the initial geometry to a more
stable structure.

As observed above, this is not the case for

the TlgXg species, and the linear geometry is stabilized with
respect to going over into a more stable cis or trans geometry.

S 2

Of course, it must be remembered that only a plausible, qual
itative MO scheme has been assumed for the purpose of this
d is eus s ion.
Pearson (67) has made an interesting comparison.

Semi-

empirical MO calculations for linear N2F2 result in the MO
sequence (for valence electrons only).
(10g)(lqy)(2Gg)(l%^^(l )(2%^)(2%g)(2o^) ...
%g

Using the N2F2 MO sequence for the dimers of the alkali halides,
which are 16-electron systems, stable, linear, triplet mole
cules would be predicted.

However, the difference between

N2F2 and the alkali halide dimers is that the p orbitals on
the alkali metals are too high in energy to enter the bonding
considerations with any significance:

Pearson suggests that a

more reasonable MO configuration for the alkali halide dimers
would be

With this M) scheme the irreducible representation

is of

IT o = IT symmetry, and the molecule would distort to a more
g g
g
stable trans structure.

The limit of the trans distortion pro

duces the planar-rhombic geometry known for many alkali halide
dimers.
The difference between the alkali halide dimers and the
thallous halide dimers must involve a consideration of the role
of the p orbitals on Tl, which are of low enough energy to

r
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enter into the bonding scheme of the TI2X2 molecules.
"It is also somewhat unusual that no 20-electron molecules
are known, though they are predicted to be (linear) triplet
state molecules.

Examples would be ^2^2

sults of this research suggest that Tl2^2

^2^2'"

The re

TI2CI2 might

constitute known examples of such 20-electron molecules.
B. Thallous Oxide
An investigation of the vaporization of thallous oxide,
which included high-temperature mass spectrometric studies of
the equilibrium vapor, has indicated that the vapor consists
predominantly of Tl20(g), with small amounts of T1^02(g) also
present (28).

The main features of the Tl-0 matrix infrared

spectra are expected to belong to the TI2O species.
As a triatomic molecule, the number of possible point
group symmetries of TlgO is limited to four:

Cg,

^2^, or

The first two point groups refer respectively to a bent
or linear asymmetric atomic arrangement, i.e., Tl-Tl-0.

The

last two belong respectively to the bent or linear symmetric
structures.

Thermodynamic arguments may be used to rule out

any further consideration of the asymmetric geometries.
Cubicciotti (28,68b) has determined a value for the enthalpy
of atomization of Tl20(g) at 298°K of 142.2 kcal/mole.

The

diatomic molecule TlO(g) has never been observed experimentally.
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Estimates of the dissociation energy of TIO range from near 0
kcal/moLe to much less than 75 kcal/mole (69, 70).

If the Tl-

O bond energy in a Tl-Tl-0 molecule were on the order of 75
kcal/mole, this would imply a Tl-Tl bond energy on the order
of 70 kcal/mole.

The dissociation energy of Tl^ is estimated

to be less than 21 kcal/mole (69), and the enthalpy of dimer
dissociation of the proposed F-Tl-Tl-F molecule is on the order
of 30 kcal/mole (24).

Thus, it is unlikely that the Tl-Tl

bond energy in a Tl-Tl-0 structure could be as large as 70
kcal/mole.

A reasonable conclusion is that the TlgO geometry

is symmetrical.

For most symmetric triatomic molecules, the

asymmetric-stretching vibrational mode exhibits more intensity
and lies at higher frequency in the optical spectra than the
symmetric-stretching and bending modes.

Thus, regardless of

whether a linear or bent geometry describes TlgO, the intense
absorption feature located near 630 cm~^ in the oxide matrixspectra can be assigned to the Tl-0 asymmetric stretch.

Con

sideration of both selection rules and the isotopic shifts of
the vibrational frequencies can give evidence for the bent or
linear structure.
The normal coordinates of linear,
types given by
mode,

= Z* +

, is infrared-inactive.

Tl^O have symmetry

The symmetrie-stretching
On the other hand, nonlinear,

^2v ^^2^ has normal mode symmetries given by

= 2A^ + Bg;

in this case all three fundamental vibrations are infraredactive.

Indeed, an additional absorption feature in the
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stretching region, near 565 cm~^, was observed in the matrix
infrared spectra of TI2O that could be assigned to the triatomic molecule.

Diffusion experiments, and later isotopic

substitution experiments, supported the assignment.

Observa

tion and assignment of the symmetric-stretching band of TI2O
in the infrared spectra is immediate evidence for. a bent
geometry.
Vibrational analysis of triatomic XY^ molecules with
or

symmetries results in a relation for the harmonic (zero-

order) asymmetric-stretching frequency
- COS

where

and

a)]F23

(5)

are the reciprocal masses of atoms y and x,

a is the Y-X-Y bond angle, and
constant.

given by (71):

is the symmetry force

Assuming the force constants of TlgO are independent

of the atomic masses, equation 5 can be used to obtain a rela
tion for the TlgO bond angle in terms of the ratio of the
asymmetric-stretching frequencies of the isotopic molecules
Tlg^^O and Tlg^^O:

)2 = [//(Tl) + p(lGo)(l - cos g)]
[/i(Tl) + 4(lGo)(l - cos a)]
where

refers to the Tlg^^O.

Equation 6 is an exact rela

tion for the bond angle a only when the harmonic frequencies
of the two isotopic species are used.

As is often the case,
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harmonie data are lacking and the observed anharmonic data
must be employed as an approximation to the zero-order fre
quencies.

It is hoped that the anharmonic corrections are

small, and that the bond angle calculated from the observed
frequencies represents a good approximation to the true value.
Allavena et al. (72) have recently examined the consequences
of the neglect of anharmonicity corrections, and have shown
that for tha case of central atom isotopic substitution (the
case involved here) the calculated bond angle represents a
lower limit to the apex angle.

A further assumption must be

made due to the use of matrix data instead of gas-phase vibra
tional frequencies.

The assumption is that the frequencies

for both isotopic molecules shift by nearly the same amount,
thus having little affect on the frequency ratio.

Studies

indicate that this approximation is generally a good one (72).
Table 9 lists the asymmetrie-stretching frequency ratios
observed for Tl2^^0 and Tlg^^O; also included are the calcu
lated Tl-O-Tl bond angles.
Table 9.

Observed frequency ratios for Tlg^^O and Tl^^^O, and
calculated bond angles
Tl^O in

a

Ar

Kr

N/

N2^

1.115
89°

1.117
104°

1.112
77°

1.116
95°

^Data recorded with IR-7.
^Data recorded with IR-11.
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Starting with an estimated uncertainty in the frequency mea
surements of 0.5 cm"^, a propagation of errors analysis was
carried through for the Ar matrix data bond angle calculation.
o
^
The results indicated that
= 1.115 - 0.003, and that
a = 89 - 18°.

The average calculated bond angle is 91°; the

results can best be stated as that the bond angle of TTgO
determined by the experiments reported here is 90 - 15°.
During the course of this investigation, a short communi
cation appeared in the literature reporting similar matrix
isolation experiments on TlgO.

Hinchchliffe and Ogden (73)
1 fi
"I O
observed the infrared spectrum of Tig 0 and Tig 0 in a Ng
matrix.

The results of their investigation are compared with

those obtained in this study in Table 10.
Table 10.

Comparison of experimental results of two indepen
dent investigations of TlgO in nitrogen matrices

a

^3
Reference (73)

625.3

591.2

125° ^

This work^

623.2

590.9

77°

^IR-7 data.
^Recalculation of results reported in Reference (73).
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It is difficult to reconcile the differences in the two
TlgO matrix infrared studies.

Although Hinchchliffe and Ogden

reported few details of their work, they stated an uncertainty
in the measured frequencies of 0.1 cm~^.

The

isotopic fre

quencies obtained in this work were calibrated by recording
the spectrum in the single-beam mode, and interpolating from
nearby COg and H2O bands; the uncertainties are believed to
be 0.3-0.4 cm"^.

The v^CTlg^^O) frequency measurements deter

mined by the two investigations are in substantial agreement.
A substantial disagreement in the VgCTlg^^O) frequencies re
sults in the difference of the reported bond angles.

Support

for the lower bond angle determined in this work comes from
the general agreement of the apex angle calculated from several
sets of data involving different matrix materials.
Consideration has been given to the consequences of a re
versal in the spectral assignments.

Assuming the weaker in

tensity, lower frequency isotopic pair of TlgO bands to be
and

results in a calculated bond angle of 50°, using the

Ar matrix data.

Such an apex angle is judged too acute to

have physical significance, and the results can be rejected.
This supports the assignment of the lower frequency features
observed near 565 cm~^ to

the symmetric-stretching fre

quency.
Careful and extensive investigations of TI2O matrix sam
ples in the far-infrared region failed to observe

the "bend

ing" frequency, even though this vibrational mode is infrared-
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active.

The

frequency is not expected to lie below the 33

cirv"^ limit of the spectrometer, and, thus, other explanations
are sought to understand the situation.

It needs to be remem

bered that low absorption coefficients for infrared-active
vibrational modes could result in absorption features too
weak to be observed.

In later discussion, reasons for a prob

able low absorption coefficient for the "bending" mode of TlgO
will be given.
A recent publication has, in fact, reported an assignment
of ^2 for TlgO.

Shevel'kov et al. (74) observed the infrared

spectrum, from 200 to 4000 cm~^, of the heated vapors over
TlgOg.

In the temperature range 550°-950°C they observed an

intense absorption band at 620 cm~^ that was assigned to
TlgO.

of

At 800°C, two additional, weaker bands were observed:

a feature at 480 cm~^ assigned to v^, and another at 890 cm~^
assigned to a

combination band.

frequency permitted the assignment of Vg
on the frequency assigned to

Knowledge of the
130 cm~^, based

+ 2vp.

The Vg assignment of Shevel'kov et al. is in agreement
with the matrix infrared assignments made in this study.
is disagreement over the
tions.

There

assignments in the two investiga

The absorption feature assigned to

by Shevel'kov

et al. has a frequency close to that of an intense band (near
500 cm~^) observed in this work and assigned to Tl^Og dimer.
Inspection of the spectrum published by the latter authors re
veals that the 620 and 480 cm"^ bands are rather broad fea-
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tures (half widths - 30 cm"^), and it is likely that the weak
intensity features near 565 cm"^ assigned to

in this study

would be difficult to observe over the background.

This points

to the advantages in matrix isolation work.

+ 2^2 com

The

bination was not observed in the matrix spectra.
It is of interest to calculate force constants of TlgO
from a normal coordinate treatment of the observed frequencies.
Anharmonic corrections to the measured frequencies are ex
pected "to be small and are neglected.

The general quadratic

valence potential function for triatomic molecules is given by
2V = f^(Ar^ + Ar^) + 2f^^ Ar^ Ar^ + f^Aa^

+ 2 f ( A r ^ +Ar 2 ) Aa

( 7 )

where Ar^, Arg, and A a are the displacements from the equi
librium Tl-0 bond lengths and Tl-O-Tl apex angle respectively,
and f^, f^p, f^ and f^^ are the general valence force con
stants.
Knowledge of the harmonic frequencies:
Tlg^^O, and v^, v^,

v^,

Vg of

of Tlg^^O, permit the calculation of

the apex angle and the four force constants of the triatomic
molecule.

The apex angle can be obtained from

given by equation 6.

and v^, as

The equations relating the harmonic fre

quencies to the force constants, in terms of symmetry coordi
nates, are given by (71)
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>3 =

= FggLuCTl) + ^(0)(1 - cos a)]

(8)

>^>2 = (4%2c2)3w2 = 2[/i^(Tl) + 2/i(Tl)^(O)](Fj^^F22 (9)
= 471^0^(w^ + W^) =

;/ (Tl) +

uCOKl

+ ZFggL^CTl) + #(0)(1 - cos a)] -

I'J'l

+

COS a)]

/i(0) sin a F^^g

(10)
where Fj^j^ =

, F^^ =

^33 =

-f^^, r is the Tl-0 bond length, and a is the Tl-O-Tl apex
angle.

Allavena et al. (72) have given a convenient set of

equations for calculating the general valence force constants
from the six frequencies obtained in the case of central atom
isotopic substitution.
Before a set of force constants can be calculated for
TlgO, a complete set of isotopic frequencies is required.

The

matrix infrared spectra of Tlg^^O and Tl^^O have provided four
of the six required frequencies: v^, vg, v^, and v^.

As

was not observed, some approximations have to be made.

One

could estimate a value for the bending force constant, f^, and
then calculate a ^2 frequency.
mate

However, one could also esti

from the start, without first estimating f^.

The vg

frequency could be varied to observe the resulting effect on
the calculated force constants.

A first order approximation
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for

is available from the investigation of Shevel'kov et al.

where a frequency of 130 cm~^ was assigned to the bending mode.
When a value for

is chosen, the frequency

can be cal

culated from the product rule (71)

^1^2 _ ^(Tl) + 2 /i(Tl)K^^O)
—r-rr
rs
^(Tl) + 2 MCTiyuC^O)

(.11;

The force constant calculations were completed for both
the Ar and Kr set of isotopic frequencies.
listed in Table 11.

The results are

A striking feature of the results is the

magnitude
of the "interaction" force constants,
°
' frr and f ra
In particular, the magnitude of f^^ is seen to be comparable
to that of f^.

This is most surprising and will be discussed

again in a later section.
Table 11.

Results of TlgO force constant calculations
Kr matrix®

VgCcm"^)
100
130
160

fr'

^rr

4.76
4.84
5.01

1.88
1.95
2.14

f
1.43
1.78
1.99

ra

-2.08
-2.29
-2.45

f
r
5.05

Ar matrix^
f
f
rr
a
1.43

®a=104°, v^=560.4 cm"^, v^^535.7 cm"^,

1.56

^^=63k.6

f
ra
-1.28

cm"^,

•^2=600.4 cm"^.
\=89°, v^=571 cm^, Y^=545 cm~^, v^=643.3 cm"^, v^=609.3
cm

-1
^Force constants given in mdyn/R.
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The principal Tl-0 stretching constant,

does not vary

significantly with the changes in molecular parameters in
volved.

An alteration in the apex angle does influence the

f^^ constant; however, significant changes in the "bending"
frequency used in the calcul ation does not affect the magni
tude of this constant very much.

As expected, the

fre

quency has primary influence on the "bend" and "bend-stretch
interaction" constants.
The magnitude of f^ permits a reasonable estimation of
the Tl-0 bond distance to be made by the application of the
appropriate Laurie-Herschbach relation (75)
r = 2 . 4 7 - 0.87 log f^

"

(12)

The value obtained for r(Tl-O) is almost independent of which
f^ value from Table 11 is chosen for the calculation; the re
sult is a Tl-0 bond distance estimated at 1.86S.
With estimates of the Tl-O-Tl apex angle (90°) and the
Tl-0 distance (1.86&) on hand, a simple calculation gives the
appropriate Tl-Tl bond distance:
r(Tl-Tl) = 2r(Tl-0) sin j
the result is a Tl-Tl distance of 2.63^_

(13)
The single bond co-

valent radius of T1 is on the order of 1.5&; thus a 2.6& Tl-Tl
distance is highly suggestive of metal-metal interaction in the
TLgO molecule.
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A TlgO molecule containing a significant metal-metal bond
would explain the unusually large magnitude of the "interac
tion" force constants calculated on the basis of internal
coordinates that neglect terminal atom interaction in XY^
species.

The set of valence force constants can be trans

formed to a set of general quadratic central force constants
that form the potential function
2V = a^]^CAr^ + Ar^) + 2a^2^i Ar^ + a^^Ar^

+2a^g(Ar^rg + ArgAr^)

(14)

where Ar^, Ar2, and Ar^ are the displacements in the two Tl-0
and Tl-Tl equilibrium bond lengths respectively, and the a^j
are the central force constants.

Table 12 lists the results

of the transformations of the Ar-data valence force constant
set to the central force constant set.

Comparison can be

made of the Tl-Tl "stretching" constant, a^^, with the force
constant of diatomic Tig.

Ginter et al. (76) have reported

a vibrational spacing 136 cm"^ for a system of emission bands
attributed to TlgCs).

Assuming 136 cm~^ to be the ground

state vibrational frequency of Tig, a diatomic force constant
of 1.11 mdyn/^ is calculated for the Tl-Tl stretching mode.
This compares favorably with the a^g force constant, 0.99
mdyn/£, and supports the proposed metal-metal bonding in TlgO.
The force constant agreement between Tig and TlgO is an indiea-
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tion of the similarity in the vibrational frequencies used to
calculate the force constants:

v^CTl^O) ^ 130 cm"^, and

v(Tl^) ^ 136 cm"^.
Table 12.

Central force constants calculated for TI2O

Valence potential
,
function^
f °
f
f
f
r
rr
a
ra
5.05

1.43

1.56

-1.28

Central potential
function
^11

^12

^33

5.05

1.43

0.99

^13
-1.02

^Ar matrix data; see Table 11.
^Force constants given in rndyn/^.

A significant metal-metal bond in TlgO would also explain
the low absorption coefficient apparently observed for the v^"bending" mode of the molecule.

The "bending" mode could in

reality be more of a metal-metal stretching mode.

As a homo-

nuclear diatomic, Tig would not absorb in the infrared.

Metal-

metal bonded TlgO would "Look" quite similar to TI2 for infra
red radiation, and, hence, the low absorption coefficient for
the "bending" mode might be expected.
A statistical calculation of the absolute entropy of TlgO
(g) would reveal if the proposed spectral assignments and molec
ular structure are consistent with the existing experimental
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thermodynamic data for the molecule.

Cubicciotti (28) has

determined a value for the entropy of vaporization of TlgO
at 700°K of 35.3 eu.

Cubicciotti and Eding (77) have given

the entropy increments of Tl20(s) above 298°K; the absolute
entropy of Tl20(s) at 298°K has been reported to be 30 eu (78).
Using the above data, the experimental entropy of Tl20(g) at
700°K is 82.4 eu.

From the matrix infrared results, the gas

phase vibrational frequencies are estimated to be:
580 cm~^, and 130 cm"*^.

650 cm~^,

The Tl-0 distance and Tl-O-Tl apex

angle are estimated to be 1.9Â and 90°, respectively.

When

these molecular parameters are used, the calculated absolute
entropy of TlgOCg) at 700°K is 85.4 eu.

The agreement be

tween the calculated and experimental entropy support the re
sults of the matrix infrared study.
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V. SUGGESTIONS FOR FUTURE RESEARCH
The experimental results of this study are consistent
with the concept of metal-metal bonding within

the thallous

halide dimer and the thallous oxide monomer molecules.

Sug

gestions for future research involve further investigations
of this concept.
Infrared studies of the TI2X2 species have suggested the
proposed metal-metal bonding.

However, as often is the case,

the normal modes consisting mostly of metal-metal stretching
vibrations are not infrared-active.

On the other hand, metal-

metal stretching modes generally are Raman-active.

It would

be of interest to attempt a matrix isolation Raman spectros
copic study of ^12^2'

the author's knowledge, matrix

isolation Raman experiments have yet to be reported in the
literature.

Although the experimental difficulties for such

investigations could be prohibitive, the recent developments
of highly sensitive laser-Raman spectrometers would be an aid
in the procedure.

A successful Raman study of TlgFg would

provide data to support, or not, a Tl-Tl bond within the mole
cule.

In particular, an intense Raman band might be expected

in the "Tl-Tl stretching region" of

130 cm~^.

Another approach to the measurement of the Tl-Tl stretch
ing frequency has been suggested by J. H. Espenson.^

There is

^Espenson, J. H., Department of Chemistry, Iowa State Uni
versity of Science and Technology, Ames, Iowa. Private com
munication. 1970.
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the possibility that a mixed-halide dimer molecule, e.g.,
F-Tl-Tl-Cl, could be formed in the vapor and trapped in a ma
trix.

The lower symmetry of such a species would "allow"

infrared absorption by the predominantly metal-metal stretch
ing mode.
Semi-empirical molecular orbital calculations could be
used as a further test of the stability of the linear dimer
configuration.
A matrix infrared study of the TI2S vapor molecule would
be most interesting.

Hopefully, isotopic substitution of the

S atom in the molecule would lead to an estimate for the apex
angle.

Comparison of the sulfide data with the oxide data

might provide evidence to conjecture about the type of bonding
involved in such species.
Finally, a more complete study of the T1^02 dimer is in
order.

It would seem that metal-metal bonding must play a

significant role in the structure of this molecule.
est is the symmetry of the Tl^ core.

Of inter
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