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INTRODUCTION

The trihulides of the fifth group of elements of the
periodic table are of the XY, pyramidal type, the base of the
pyramld being formed of the three halogen atoms arrsnged
as an equilateral triangle and the apex of the pyramid being
an atom of nitrogen*, phosphorus, arsenic, antimony or
biamuth. Ior this type of molecule there are four digtinct
vibrational fundamental frequencies, and for the halogens
having mass greater than that of fluorine and with the peak
atom of the mass of phosphorus or greater, all of these fre-
quencies will lie at wavelengths longer than 20 microns.

The five molecules treated in this lnvestigation are
phiosphorus trichloride, phosphorus tribromide, antimony
trichloride, antimony tribromide uand arsenic trichloride.

Of these five molecules, four have been previously studied
by means of Raman spectroscopy, the exception being SbBrb.
The only infrared lnvestigation was the examination of the
189 em "% vibration of PCls by O'Loane (1) who used rest-
strahlen btechniques. 3eaveral of the lighter molecules of
this family have been studied in recent years () (), their
fundamental frequencies falling into the wave length region

shorter thun 25 microns. Some of the analytic methods used

% The niltrogen compounds tend to be explosive.

(1) Je O'Loane, J. Chem. Phys., 21, 669 (1953)
(2) Ve Ke Wilson, J. Chem. ths., dO 1716 (1952)
(5) H. Gutowsky, J. Chem. Phys. 20, 1054 (1652)
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in interpretlng these spectra are also employed in this study.
The recent acqulsition of a reflection grating ruled
with 550 lines per inch made possible the extension of the
range of The Ohio State University far infrared spectrometer
so that it can be used between 20 and 140 microns; this
fact, coupled with some modifications of the instrument which
permitted liquid und solid samples to be rather easily intro-
duced into the light path made it possible to measure the far

infrared spectra of these substances.



HISTORY

The trihalides of the nitrogen column of the periodic
table are pyram.dal in shape (point group va) and are thus
similar to ammonla, phosphine and arsine in thelr gross
spectral features. The pyramidal XY, type of molecule is the
simplest nonlinear, nonplanar molecule and has thus bocen well
investigated both experimentally and theoretically during
the pust threc decades. In addition to the literature which
deals with the pure rotational spectra of XY, symmetric
top molecules there exists a large body of papers dealing
with their vibrational frequencies. Dennison (4) and
Lechner (5) did early theoretical work on the XY, normal mode
problem and attempted a comparison with the then known am-
monia vibration bands. Noward and Wilson (6) approached the
probhlem using a rather more accurate potential function
while Rosenthal (7) worked it out using the most general har-
monic potential functlon consistent with the symmetry of the
molecule; namely a six constant function, but one wherein the
slx constants were not easily visualized in terms of direct-
ly apparent physical forces in the molecule such as those

ngsoclated with bending and stretchinge.

(4) D. ¥. Dennison, philosophical Magazine, 1, 165 (1926)
(5) F. Lechner, Wiener Ber. 141, 663 (1932)
(6) J. Howard and E. Wilson, J. Chem. Phys. z, 650 (1954)
(7) J. Rosenthal, Fhys. Rev. 47, w35 (1935)



The question of interaction between the rotation and
internal angular momentum was attacked piecemeal by several
investigators and has becen treated comprehensively by
Shaffer (8) who applied the quantum mechanical perturbation
theory to account for anharmoniclbies and vibration-rotation
interaction. Recently there has been another flurry of theor-
etical activity, mainly concerned with analysis of the
pyramidal hydrides of the nitrogen group of the periodic
table. In the present report the treatment will follow that
of Howard and Wilson for the most purt.

It can be shown quite simply from group theory that
molecules of this structure have u#ll of their vibrautional
fundamentals both infrared and Ruman auctive (10); consequent-
ly there was u consliderabls nunber of Hemun spectra obbtaincd
from these molecules, especilally during the early years of
thut branch of spectroscopy. Reports of these Raman inves-
tigutions are listed by Kohlrausch (11) and Herzberg (12)
and wsrs liberally used in this undertaking, both as guides
to approximate line locations and as alds in assignmente.

Brockway (13) made an electron diffraction study of

(8) W. L. Shaffer, J. Chem. Puys. 9, 607 (1941)

(9) L. Burnelle, J. Chem. Phys. 1.8, 1500 (1950)

(10) J. walter, H. Eyring, and G. Kimball, Quantum Chemistry,
New York, 1944

(11) X. We . Kohlrausch, Der Smekal-Raman-Effekt, brgin-
zungsband, 1951-1957, Berlin, 1938.

(1z2) G. Herzberg, Molecular Spectra and Molecular Structure
1T Infrared and Raman Spectru of Polyatomic lMolecules,
New Ylrk, 19405.

(13) L. 0. Prockway, Rev. Liod. Phys. 8, €31 (1936)




several of these molecules, ottaining bond distances and
angles. Recently very accurate values of tlhie bond angles
have been obtained from microwave measurements reported by
Gordy and coworkers (14). The angles used in the treatment
of the data obtained in the present investigation are taken

from these microwave results except for SbBry for which

Brockway's electron diffraction data are the best available.

(14) W. Gordy, W. Smith, and R. Trambarulo, liicrowave Spec-
troscopy, VWew York, 1953,




EXPERIMENTAL FPROCEDUHE

Instrumentation

The spectrograph used for obtaining the data is that
constructed at The Ohio State University (15). In the two
years since it was previously described, however, some
changes in design rave be=n made which bear reporting in
some detail.

It was suggested by rrofessor Lly E. Bell of this Iz b-
oratory that the cause of a plague of instability troubles
in the signal output might lie in the fact that the Golay
detector was supported in such a fashion as to be within the
evacuated portion of the spectrograph when data were being
taken. As a result, 1f the gus chamber of the detector
leaked at ull the pressure of the working gas in the detector
(usually xenon) might eventually drop sufficiently to change
the sensitivity. To correct this, the arrangement shown in
Figure 1 was designed and constructed.

This scheme leaves the detector in the atmosphere
with, however, only a centimeter path length for the rad-
iation in the open air. The one or two oi the strongest

water vapor lines remaining in the spectrum (as a result of

(15) R. a. Oetjen, W. H. llaynie, W. M. Ward, R. L. Hansler,
. E. Schauwecher and E. E. Bell, J.0.3.a. 42, 559 (1952)
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the few millimeters pressure of atmospheric water) are
completely removed by sending a stream of commercial dry
nitrogen through a small tube.

Figure 1 shows the arrangement; the radiation from the
exit slit of the spectrmeter enters from the left and is
reflected from the plane mirror to the ellipsoldal mirror
at the bottom from whence 1t is focused on the sensitive
element of the Golay detector slightly above the small poly-
ethylene window.

Two other rather importunt improvements were made with
a view towards greater stability. 1t waus observed that the
rotatatle table upon which the reststrahlen filtering crystals
were mounted had a rather large amount of mechanical play.
This table can be rotated to any of four positicns by a motor
controlled from the outside and there ls a considserable gear
train necessary to link the motor and the table. AaAlthough
the arc of free play was no more than a degree or 8o it wus
sufficlent to throw the image of the source far enough from
1ts proper position on the entrance s8lit to make several
percent difference in the energy falling on the detector.

The [ault was remedied by installing a detent mechanism
on the reststrahlen table. A sprin, locaded ball besaring is
forced into one of four shallow conical holes on the under
gide of the reststrahlen table and so holds the table in one
precisely reproducible position for each of the four rest-

strahlen positions. The original electrical arresting



apparatus was necessarily also retained. This is a micro-
switch, the lever of which rides against a cam mounted on the
shaft which supports the table; thus when the table reaches
approximately the correct positlion the driving motor stops,
and the detent mechanism brings the table into position.

It was thought probable tiat another source of instabil-
ity might lie in brightness fluctuations of the Golay exciter
lamps This lump is fed from an automownile storaze battery so
that one would expect any rapid voltags variations to be
slight, but on the other hand the signal output 1s extremely
sensitive to the intensity of the exciter lamp, a one per-
cent change in lamp potential producing a ten percent change
in signal. In order to maintain a more accurate control over

ne lamp voltage the circuilt shown in Figure £ was arranged.

At the start of & spectrometer run, a meter readlng
1s made and then further readings -~ and adjustments if
needed ~-- are made at regulur intervals during the course
of the run. The scheme presupposes stabllity on the purt of
the dry cells (B), but this is not unreasonabls inusmuch as
they are actually used only during the very brief interval
when the testing swltch (S) is closed.

All of these modifications have worked quite well in
practice and the instrument 1s now stable to within ¥ percent.

A combination of two factors has extended the wave-
length range of the spectrometer. A Golay detector with a

diamond window has be:zn received, on loan from the Huval
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Research Laboratories. Heretofore a quartz-windowed detec-
tor was used which put an upper limit on the frequency range
of the spectrometer of about Z20 cm -1 asa consequence of
the opacity of quartz to higher frequency radiation. The
diamond-windowed detector, however, seems t o have no marked
sbsorptions down to 13 microns wavelength (670 cm"l).

Also we have received from the University of Michigan

a diffraction grating, ruled with 553 lines per inch and
blazed at ahbout $0 microns. Tnls :rating was installed in
the instrument and calibrated using the theoretical water
vapor lines of Randall, Dennilson, Ginsburg and Webszsr (16)
and Benedict (17). Table I below gives an indicetion of the
accuracy at present obtainable wlth the instrument. The
column headed freguency glves the spectral location. The
Reproducibility indicates the magnitude of the frequency
difference which occurs between two measures of the same
absorption line. This error arises from improper syn-
chronization bhetween the strip chart and the grating drive
Veeder counter and from the two percent or so of noise which
ls present during spectral runs made with the instrument
parameters commonly used. There 1s also a gradual and rather
small ( 0.1 em ~%* 1in most regions) shift in the central

image position. By

(16) H. M. Rendall, I. M. Dennison, Nathan Ginsburg and
Louis R. Weber, rhys. Rev. 52, 160 (1937)
(17) w. S. Benedict, private communication, 1950.
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checking the central image position periodically this can,
however, be eliminated as a source of error. The Calibration
Accuracy gives the magnitude of the difference between the
frequencies of the theoretically predicted water vapor lines
and the calibration curve plotted from a mean grating con-
stant. The method of calibration was to measure the angle
through which the grating turned (on the assumption that
counter readings were linear with angle) in going from the
central image to varicus well defined water vapor lines.

From these an effective grating constant was calcula ted

from the equation

T (cm')= K csc ©

and on the basis of 15 trheoretically predicted lines scat-
tered throughout the spectral range a mean grating constant
was calculated., This constent was then used to construct

the calibratlion table for the instrument.

TABLE I
I'requency Reprocduc i bility Calibration
Accuracy
100 cm=+ 0.02 cm™?t 0.01 cm~?t
200 0.08 0.02
300 0.05 0.09
400 0.10 0.12
500 0.16 0.15

The sharp chunge between 200 cm "1 and 500 em -1 is caused by

the change in grating used for obtaining spectra in the
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region, below 2<0 cm -1 the 180 line per inch grating being
used and above thls frequency the 550 line per inch grating.

Finally there was constructed a sodium chloride choppeéer
which can be used interchangeably with the previously ex-
isting potassium bromide chopper. Sodium chloride is trans-
parent from the visible spectral region out as lar as about
18 microns in the thicknesses used for chopper blades. At
wavelengths longer than 18 microns it becomes quite opaque
and consequently it is now posaible to obtain a workable
signal for radiation from this wave length on out to longer
wavelengths.

Thus the instrument 1s now capable of dellvering re-
liable data over the spectral region between €0 and 500 cm -1
withh the accuracles indicated in Table I above,

A further change was made in the instrument in prepara-
tion for running several materials including those which
form the substance of this report. A hole was cut through
the boiler plate tanks surrounding tne spectrometer; the
hole being placed so that its center was directly above a
line Jjoining the entrance slit and the center of the spher-
ical mirror immediately rreceding the entrance slit. Through
this hole 1t is possible to lower a cylindrical brass pot
in the fashion shown in Figure ». The c¢ylinder has poly-
ethylene windows on either slide of it and a flat plate
gilver soldered to the top. Thus, when the pot is lowerad

into position an O-ring under the top plate assures an air
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tight seal against the spectrometer tank and the windows
are asligned with the radiation path.

The disadvantage of this is that it necessitates two
additional windows as well as ribbing across the windows
(since there is an area of six square inches of 0.010 inch
polyethylene window across the window). Thus there is a
light loss of thirty percent or thereabouts. Welghed agains?t
this, however, iz the tremendous temporal advantage to having
a small chamber, sepurate from the rest of the spectrometer,
which can be evacuated in two minutes and through which a
convenient portion of the radiation path 1s accessible from
the outside.

Besides 1ts convenience for introducing solid samples
and the liquid cell (prssently to be described) into the
radiation path, the pot itself has a dlameter of six inches

and so can be used as a gas cell.

Samples

The materials covered in this report are five: the
trichlorides of phosphorus, antimony and arsenic and the tri=-
bromidas of phosphorus and of antimony. The pertinent phys-~

ical constants are given in Table II below (18) (19):

(18) Handbook of Chemistry and Physies, Cleveland, Ohio, 1949.
(19) International Critical Tables, New York, 1943.
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TABLE II
Melting Boiling Vapor
Point Point Pressure
(room temp.)

PCl.  -91% 75.5°¢C 25.0 cm Eg
AsCl3 -18 130.2 2.6
PBryz -40 172.9 6.4
SbCl5 73.4 223
SbBI’:5 96.6 250

All of these samples were obtained commercially
(Mallinckrodt C.P.) and the liquids wae used without further
purificatlion while the solids were purified by dissolving
them in CS;. Both antimony trichloride and antimony tri-
bromide are very soluble in carbon disulfide while the im-
purities (mainly SbOCl from reaction with water) are much

less soOe.

Gells

A fairly simple technique was devised for obtaining
the spectra of the solids SbClz and SbBrz. A good grade of
comsercial paraffin was first melted in a beaker, the vol=-
ume used being perhaps 20 cms. Such paraffin has no sharp
melting point, but at the temperature at which it is reduced

to a watery consistency it is something above 100°C and thus

well sbove the melting points of the two solids considered.

To tle molten parafiin was added a small sample of purified
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SbBr, or SbCls, which would thercupon melt and dissolve. It
is important that these solid trihalides be purified in the
manner indicated above, otherwise when this mixing is carried
out a considerable residue will be left and the entire melt
will become tinged with red, causing general spectral ab-
sorptions.

The melt is next poured onto a confined surface of
mercury which has been previously heated so that solidifica-
tion will not vake place upon contact. After cooling, the
paraflfin-plus-gample disc is removed and can then be placed
in the light path and the spectrum run.

The parafiin toechnique was used out of necessity. The
trihalides are very nearly insoluble in all the common non=-
polar solvents (polar solvents are opaque at these frequen=-
cies) and with present window materlials it is not possible
to run the cell at a high enough temperature to melt the
SbClz or SbBry., Powders simply scatter all of the radiation.

The problem of designing a liguid cell for use in this
spectral region was solved reasonably well although there is
need for improvement. The general requirememts for such a
cell are no different from those for a near infrared liquid
coll. Here it is absolutely necessary that the cell can be
relied upon to remain tightly sealed for conslderable periods
in a vacuum. This neceszity arises from the difficulty in
completely removing water vapor from the light path. Com~-

mercially dry gzases (such as dry nitrogen) show water vapor
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absorptions for path lengths of more than a few inches and,
while dessicants such as P50 will eventually dry a chamber
of no more than a few cubic feet in volume, the time required
is usually several hours. Thus it seemed most expedient to
devise a cell which could be placed in the evacuable pot,

the drying process being reduced in this fashion to a matter
of a few minutes.

The main difficulty in the construction of the liquid
cell is that there are so few satisfactory window materials
in the far infrared. The most transparent substances are
long chain hydrocarbons such as paraffin, mineral oil and the
classic window material, polvethylene. We use the latter
throughout and 1t 1s quite satisfadory in the way of trans-
parency and strength and (for the most part) inertness; qual-
ities whicih make it admirable for gas cells; but it has the
drawback of being flexible. The area of the bLeam at the
point where the samples were introduced is about 23" by 17
and the vapor pressures of the liquids ranged up to 1/6
atmosphere at room temperature (Table TI). This large a
pressure, even with polyethylene 0.035" thick, would cause
bulging of the polyethylene window so that the liquid level
would be lowered-gnd part of the radiation beam would pass
through the empty cell when the cell was placed in a vacuum.

It would have been possible to arrange a cell with a
sufficiently large reservoir capacity to prevent such an ex~

treme drop in liquid lsvel; indeed something of this sort
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was acbually tried but the bulging caused defocusing to an
extent that made the method impracticable.

Another difficulty was that of getbting a suitable
spacer between the windows. It had to seal tightly enough
to the polyethylene to prevent any lesking at the vapor
pressures of the liquids and in addition it had to be at
least as inert as (and preferably more so than) polyethylene.
Polyethylene itself wag used as a spacer for the AsCly, cell;
however, 1t i1s necessary to use a wax to form a seal between
the polyethylene surfaces, since the substance will not seul
tlghtly to itself. The arrangement finally settled upon is
shown in Figure 4 in the exploded drawing of the cell com-
pronents. The outside sections are coarse wire screenwith a
wire diameter of 1/32" and a screen spacing of 1/4". 'The
spucer was cut from 0.048" Koroseal an: presented a cross-
gectionul window area of 1" x 2" which is slightly smaller
than the beam size at this point. However, the Golay detec~
tor as presently arranged has a sensitive area which encom-
passes only about a third of the total radiation incident on
the detector nose. Hence the cell iz large enough to include
all of the usable beam. The wire screen has a geometric
opaclty of 30% and the actual opacity is very close to this.
By carefully aligning the screens whenever the cell was
asgembled the light loss with two windows was very little
more than with a single window.

The windows themselves were of 0.035" polyethylene and
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were sufficiently rigid that when used with the grating
reinforcers neither severe defocusing nor troublesome drop
in the liquid level occurred when the cell was introduced
into the pot and the pot evacuated. It should be remarked
that polyethylene, while chemically inert with respect to
these liquids, did show a tendency to absorb them and the cell
would, over a period of several hours, lose a good fraction
of its contents from the liquid soaking through the poly-
ethylene window and evaporating to the outside. Almost all
of the data runs were of an hour's duratlon or less so that
in this investigation the effect was not overly bothersome.
It does mean that one 1s constantly pumping a little of the
trihalide wvapor throuwgh the vacuum pumps, a process which
causes very rapld disintegraticn of the rump oil.

To actually form the cell the components shown in
Figure 4 were clamped together 1n the arrangement shown in
Figure 5. At the time of assembly a hypodermic needle 1is
left inserted hetween the components as shown in the sketch.
The ligquid is introduced intc the cell through this needle
after which the needle 1s withdrawn and the front clamping
plate drawn up tight. It iz of considerable importance that
the needles be thoroughly rinsed afterwards with ethyl al-
cohol, otherwise chemical action will destroy the needles
after two or three usings.

The cell assembly shown in Figure 5 has the purpose of

not only holding the cell components tightly together and
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placing them properly in the beam, but also allowing the sam-
ples to be run at different temperatures. The rods holding
the lower copper cell clamping assembly to the upper brass
fitting are hollow stainless steel tubes, silver soldered
both to the copper block and to the brass cylinders abioves

A cross sectional view of the constructlon is shown in Figure
6. The cylindrical brass extensions at the top are made

with a view to having the thermal puth between the copper
block and the spectrometer tanks as long as can be conven-
iently arranged. By circulating liquid of the desired temper-
ature through the tubing the copper block, and hence the sam-
ple, can very quickly be brought to the same temperature.

The principal restricting factors in all this are the prop-
ertics of polyethylene at extreme temperatures. Above 100°C
it becomes soft and loses strength rapidly with increasing
temperature; for low temperatures, however, the situation is
a good deal more satisfactory. Iven when immersed in liguid
nitrogen (-196°C), polyethylene remains somewhat pliable and
is not seriously‘weakened.

A small hole was drilled into the clamping plute as
indicated in *the figure, and into this was inserted a copper=
constanan junction. The thermocouple leads were taken out
throu;l: the electrical leadthrough also shown in IFigure 6,
and the other junction placed in melting ice. A fairly
rough calibration made with iso-octane, liquid nitrogen, and

a salt-ice-water mixture zgave enocugh points to be able to
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establish a curve sufficiently good to determine the cell
temperature to within 10°C. This could be much lmpro ved
with a more carefully measured calibration.

No spectral measurements of subsztances at low temper-~
atures have as yet been made with the system except for a
spectrum mude between 50 and 70 microns with the empty cell
at the temperature of liquid nitrogen. This was done to
determine whether the polyethylene would undergo any phase
transitlions which would affect its transparency for far infra-
red radiation at low temperatures. «Wo changes in transpar-

ency were observed.
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Group Theory

This family of molecules, llke ammonia, belongs to the
point group Cs,, whilch is to say it has a threefold (vertical)
axis of rotationul symmetry and three vertical reflectlon
planes. Figure 7 shows the covering operations possible
with this type of molecule.

The group elements are

8 = identity

C3 = rotation by 120° about z axis

C;= rotation by 240° ubout z axis

T » reflection In xz plane

J = reflection in a plane containing the

symmetry axis and making an angle of
60° with the x-axis,

[1)
J = reflection in a plane containing the

symme try axls and muking an angle of
1200 with the x-axis.

If we now define the product of two of the group
elements to be the single operation which has the sume
result as that produced by one of the group operutions
followed by another of the operators, then we can arrunge =a
multiplication table in which the column headings are those
operations carried out first and the row headings those

carried out second. The operutor at the intersection of the

row and column is the operator which is equivulent to the
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two operations‘carried out in succession. This is shown in

Table I1I:

wle & o C; &€ C3

(ON * G—vu G-v G_V Csz C 3 8

The "classes” of elements comnosing a group are de-
fined as thoge elements Xi which are transformed among
themselves by the transformation Xi=y‘lxjy where Y is any
selement of the group, the group multiplication operation was
defined above and the element standing to the right rep-
resents the first operation to be carried out. For this
group we find that the elements are formed into the classes

{E}’ {Cs, C: }, {d‘v O, crv"}
It can be shown that to every group there is ua simply

isomorphic group of matrices and since the Cyy is u group
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formed by geometric operations we can construct the elements

of its isomorphic matrix group simply by writing out the

transformation matrices for the covering operations. For

example from the planar rotation matrix
r~

cos ¢ ~Sin 0‘1
C({;"" sing cos ¢ o

o O |
o /
we obtain the C  and CZ matrices. The three reflection
matrices can elther be obtained by considering what happens
to each of the coordinates under the reflection operations
or more formally by using the rotation matrices and the

multiplication table. The matrices isomorphic to the va

group are then

.
I o o) -+ —g o)
t={e 1+ o G| -4 o
P~
L N3 J i o ©
2 | 2 2 a =l O -1 o
(: = _3E§' L o v
3 =2 "= o o I
o o
[ -L ..\[3—_', -}
2 %o L7E 7
o, =¥ L o o,:|-% = ©
. 2 S o |
o 0o { y
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which will then give the Cg, multiplication table under the
operation of matrix multiplication.

Now 1t may happen that the matrices isomorphic to a
group can be “rsduced”, which is to say they can be put into
a form wherein each matrix is composed of a number of sub-

matrices arranged along its diagonal. Thus

Dm[x] O

D[Xﬂ - | D™ (x;)

where Xj is the jth element of the group and each submatrix
Di(Xj) is also isomorphic to the group element Xse
This reduction, if possible, is performed by means of

a similarity transformation, that is Gt

D G, where G is
an orthogonal mutrix. It is a property of such a similarity
transformaticn that 1t leaves the sum of the diagonal

elements invariant, for

5 -1 )
Trace ( G™*D @ ) = E E E Gy Digm Gy 2804 since
. m \

G is orthogonal Z Gt G;‘\ - sm‘ where s\ml’? itv:\
and we have that Tpace ( G™% D @) is equal to Urace D.
Horeover, since elements of the same c¢lass ars ob-
tained from each other by similurity transformations, it
follows that =1l matrices isomorpiric to elements constituting

a class are characterized by having the same trace,

If, then, we take a matrix grov p simply isomorphic to
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our geometric group and reduce it compl:tely -- that is,
untll the submatrices on the diugonals of ow resulting
matrices cunnot all be further reduced by a similarity trans-
formation -- we shall have obtuined some (but not necessarily
all) of the irreducible representations of the group. The

following orthogonality relation can be shown (20) to hold

betwesn the irreducible representations

(i (w)
ZD [X}D 1\[?-—.8 xSy Sua

wherpe Xy i3 the corresponding group element, the superscript

Indicates which of the irreducible representations is meant,
and the subsceripts indicate row and column of the irreduc-
ible representation. The d, is the dimension, i.e., the
number of rows or columns of the squure matrices which are
the mth irreduclble representation, and the symbol g is the
number of elements in the group.

Also, 1f there are s classes in the gzroup, there will
be s different irreducible representations and the sum of
the squares of the dimensions will equal the order of the

group, that is
d% *d:ﬁ +d§ * ces st dg Eg

It 1s a happy fact that the results available from

group theory for spectroscopy can be obtained without a

(20) Walter, Eyring, and Kimball, op. cit.
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knowledge of the irreducible representations themselves but
from their traces, or characters, to use the more usual ter-
minology in group theory. Putting the quuntities with which

we are dealing in the form of an array we have

. e, &y - - - Es
[)! ?6?‘ “;g) L. . 7cg\
DP|x® x™. . .. W

) * : .
()
D™l x! X f\ L ()

s

(R
where the jﬁ;‘is the character of matrix isomorphlic to the
elements of the mth class (denoted byzzn) and belonging to

the ith irreducible representation {(denoted by row heading
($3]

D ).

One can, by using a method outlined in (21), derive the
group characters from a knowledge only of the multiplication
table of the group. For the C._ group this results in the

table below which is just a special case of the array above:

TABLE 1V
€ 2Cg 5a,
Aq 1 1 1
E 2 -1 0

(21) H. liargenau and G. Murphy, The liathematics of Fhysics
and Chemistry, Few York, 1944
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The column headings give a typical member of the class
and the number of elementa in the class. The row headings
give all of the irreducible representations for the Cgzy
group where we have replaced the D(m) of the previous
general array with the usual spectroscopic notation; non-
degenerate (i.e., 1 x 1) representations are denoted by A
and doubly degenerate (2 x 2) ones by E. The subscripts on
the A's indicate thelr symmetry with respect to reflections
in the vertical planes.

The thorough treatment of the application of group
theory to the quantum mechanical prediction of spectru is
somewhat lengthy but quite straightforward. In its barest
esgsentialg the theory rests on the fact that a coordinate
transformation operator, such 238 the group elements we huve
been considering, act upon the Schrgdinger eigenfunctions in
such a fashion as to produce irreducible representations of
the group. The meaning of this will be seen a little more
clearly in the followlng; let us express some one of our
covering operations by R and allow it to operate on the
Schrodinger equation for the ith energy level, thus R(HW-E;\)
= Os Tor a conservative system the Lamiltonian is a funce
tional expression of the total energy and so cannot be
dependent on the coordinate description of the system, whence
R and H must commute. Since E is a constant we have then
HRY.- E{RY; = 0, that is, the functions obtained by operuting

on the eigenfunctions of the Hamiltonian with a covering
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operator are also eigenfunctions of the Hamiltonian and beyond
that also correspond to the same energy levels. For the non-
degenerate case, since our eigenfunctisns must be normalized
we have that R\K ::\K, and indeed, this operution does pro-
duce all of the irreducibk representations contained in
Table IV for the two 1 x 1 irreduciJle representations, A;

and A,

If we are dealing with a degenerate eigenvalue the
gituubtion is more involved. Lere we have that the operator
X, produces « linear combination of the degenerate eigen-

functions

. f
K2 BRI s

R=1{

B
wherein \fi is the jth function of the ith eigenvalue and
(w)
the [)3h Y}(;]are the expansion coefficients which =nlso, when

collected into a matrix, form one of the irreducible rep-
resentations of the group. iIn this case we have assumed it
to form the mth one.

The eigenfunctions are said to form a basis for the
group and for the case of a molecule with only harmonic

forces the eigenfunctions have the form (22):

(22) Walter, Eyring, and Kimball, op. cit.
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1 THy e (1 T] TTHv“(cjca-,u}
)y &

where L. is the degeneracy of the jth energy level and

cy = %%]y?‘ The Q's are the normal coordinates going with
euch classical normal mode of vibration of freguency (in
the case of degeneracy there wlill be more than one normal
coordinate for each frequency; this is indicated by the
second subscript on the Q's for the degenerage vibrations).

The H,{(cQ) are the hermite polynomials as functions of the

various coordinates c¢;Q; and chj°<.

We next need a result proved in (23) (page 187) that a
product of characters can be written as a sum of the charac=
ters of the irreducible representations. Thus, from Table
IV abvove we see that if we write out the characters of the

Irreducible representations for all the group operations we

huve, for example:

(28) WValter, Eyring, and Kimball, op. cit.
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g Cs 3 o R
A 2 -1 -1 0 0 0]
E 2 -1 -1 0 0 0
EE 4 1 1 0 0 0

or EE = A ¢ A ¢+ E and other products may be worked out in a
similur fashlon.

In order to find the forms of the vibrations permitted
by the symmetry of the molecule it is necessary to find the
character of the vibrational representation. This is (24)
the trace of that matrix which transforms the vibrational
coordinates under one of the group operators. To find this
character we must first consider the matrix which transforms
afbitrary displacements of the atoms in the molecule under
the various covering operations which form the group. This
matrix we term the displacement matrix and its trace the
displacement character. In our XY, case we would have, for
example, a column vector of the form (6x1, $y1, 521, Bxy,
vz, 82, SXS’ 5750 8245 8%45 $7y 524) wherein a.le dog=-
cribes an instantaneous displacement of the ith particle in
the x (space fixed) direction during the motion of the mol-
ecule. The only atoms in the molecule which will contribute
to this trace are those which the covering operation will

not interchange with other atoms in the molecule. 1In a C;j

(24) liimeograpried notes of Professor W. H. Shaffer, The
Ohio State University, 1948.
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rotation about the symmetry axis, for example, the motion
of the three base mtoms, which all move on to equivalent
positions, will be represented by only off dlagonal elements
in the transformation matrix. The peak atom, on the other
hand, will have its displacement vector transformed by a
3 x & matrix lying on the diagonal of the complete displace-
ment transformation matrix. Quantitatively the identity
opefator will have the trace 12 and the rotation operators
1 + 2 cos 120°, To obtain the trace of the reflection
operator we can consider the simple case in which the ver-
tical reflection plane contalns one of the horizontal axes,
say the x axis. Then, if we lubel the atoms #1 for the peak
X atom and #<2, #35, and #4 for the three Y atoms we shall
have: bzyizl,5x1¢8xl,$zz+$zz,5x2+5x2;but 5Yr*'531
and 53’2—"8372 and the trace is 2. Thus, using rD' as the
diszplacement character (we reserve the D symbol for irreduc-

ible representations):

8 2.C'3 30-v

E;IZ O <

and this can be reduced to a sum of irreducible representu-

tions either by an inspired inspection or by an orthogonality
relation derivable from the one between the components of
the Iirreducible representations given on Page 31 above. The

relation between the characters is:
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S
() (3) = number of elements
E y, Ao Xm qm"'sg.j q"‘ in mth class
W= 3=order of group

and since any character can be expanded from the irreducible

characters (<5) in the form

S )
%% Z.Qix\'(“

o2\
we can obtain the coefficlents a, by the usual method for

expansion in orthogonal functions. In any event the dis-

placement character when expanded is

[:; =.E;fﬁ‘.+ F§2 +4E

which is not, at yet, the vibrational character in that we
still have included the translations and rotations of the
whole molecule. The procedure for eliminating these charac-
ters is indicated in tne following paragraphs (x6).

From the coordinute transformation matrices we ob-
tained on Page 20 above we see that (since the column vectors
upon which the matrices act are in the usual form (x, y, 2))
2z transforms8 as Al and that the coordinate palr (x, ¥)
transforms together as K. This suffices to dispose of the
characters for pure translation which is merely a vector
displacement (x, y, 2Z)e

For the rotational characters, we must consider how an

axlal vector such as the angular momentum transforms under

(25) Walter, Eyring, and Kimball, op. cit.
(¢6) cf. Walter, Eyring, Kimball, op. cit., and Shaffer,
mireographed notes.
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the group operations. This can be done by finding the
trangformation coefficients for each of the components of

the infinitesimal rotation vector Ry =y §2 - z §y and
forming these coefficients into the transformation matrices
going with each of the covering operations. When thls is done

we find that the vector (Rx’ Ry’ Rz) transforms undsr our

group operations as C O—V -
I O O) \cos 120° -sini1zo® O} | —cos 2x60° -sin2x60° o

o\ © sin 120° cosltze® 0| | -sin 2x60° Cos 2x60° O

O O | o (o) | O o) !

-

68veing the angle that the intersection of the vertical
reflection plane and the xy plane makes with the x-axis.

We are now equipped to give the character table showing
the characters of the rotations and coordinates and products
- of coordinates (the latter from the matrices which trans-
form "vectors" of the type ( x° = y<, Xy) etc. according to
the group operations) going with each of the irreducible

representations:

TABLE V
T 2C3 3oy
zz, x° - yz b4 Aq 1 1 1
Ry, Ay -1
xC- & xy} (x,y)}l‘i 2 -1 0]
Xz  yz (RX,Ry) r 1y 0 .
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From this we see that the character for pure transla-
tion and rotation is ‘::r = Al %+ Ap + ZE; and since F“, =
341 + Ay ¥ 4E, we have remaining for the pure vibration
character r:.e‘-i- 2A71 + 2E. That is, we shall have six
fundamental vibrations (as expected for a four atom non-
linear molecule), but of these two arec doubly degenerute,
thus only four distinct vibrations appear.

To find the optically active transitions we must
remember that they only occur in direct absorption and
emission when the transition value of the dipole moment is
different from zero, or from the conservation of charge, if
we have j\P‘:'x.\Pvc“f =0 where the x is one of the body
fixed coordinates x, y, or z. The Raman spectrum appears
when integrals of the formf\Pv*. x%q)v dT dirrer rrom
zero. iliow, 1f the integrals do have non-zerc values, then
the integrands must be invariant under all of the group
operations, that is they must have claracters which include
the totally symmetric A, representation. Since we are main-
ly concerned with the vibrational fundamentals we Tirst

consider integrals of the type f\Po x\Po,o,o,o,o,o dt.

,0,1,0,0,0
l'rom Fage 35 we see that the ground state harmonic eigen-
functions are completely symmetric. Ior the first vibration-
ally excited state the exponential factor, having the trans-
formation properties of a number, will be completely symmetric

while the first Iermite polynomlal has the symmetry of the

normal coordinate whicli it contains, a fact which is obvious
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when one considers that Hy (x) = 2x. To check on the pos-
8ibility or impossibility of a particular transition being
optically active one has t o multiply together the characters
of the three functions forming the Iintegrand of the expec-
tation value integral., 1If the resulting character can be
expressed as some sum of the characters of the irreducible
representations which includes the totally symmetric represen-
tation Ay, then the transition is possible. This, of course,
says nothing about the Intensity nor does the fact that an
abgorption is alloﬁed by group theoretical predictions as-
sure that it will actually occur. Eowever, 1if we ignore
rotation-vibration Iinteraction, the reverse situation is a
certainty; a line forbidden by group theory will not appear.

To calculate the allowed transitions for overtones and
combination bands the same procedure is used only now it 1s
necessary to know the characters of the excited vibrational
levels. We know already the characters of the wave functions
for v = 0 and v = 1, and so those for larzer v's can be

found from the followlng (=27):

YR (KR et e agomoraen
XV(R)‘-';_—[XV_.(R)X(R)+X,(R")]$or f-2

(27) L. Tisza, 4. Physik, 82, 48 (1933
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IX \R)= %{ZK(RYX'V“(R - iixv-z(m['X(R{)z
vV

where xv (R)is the character of the vth simple harmonic
osclllator wave function under the operation R -- or rather,
under the class of operations of which the group element R
is a member. A lso')co(Rb. 1 and for desenerate levels the
value of v is the sum of the v's going with each eigenfunc-

tion of the energy level, that 1s, v = E \4X

=\
From the formulue above, the theorem on the expansion

of any characters in terms of the characters of the irreduc-
ible representations and the fact that we know the charac-
tars for the two lowest v values we can construct the table

following for the XY, eigenfunctions.

TARLE VI
@Quantum Number
Coordinate to
which eigen- 0 1 2 s} 4 5
function belongzs.
Qb )}  Ubp

The XYS molecule exhibits the rather peculiar property

of allowing (insofar as can be predicted by group theory)
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every conceivable transition in both the Raman and the
infrared. 1t was this circumstance, coupled with the rela-
tive simplicity of the molecule, which prompted the early

Raman investigations on these substances.

Normal Vibratlons

From the foregoing it can be seen that a fundamental
difficulty arises immediately in any attempt to interpret
the observed spectrum of the XYb in that two of the vibra-
tional fundamentals are doubly degenerate. Thnls means that
four of the six generalized force constants degenerate into
two pairs of equal constants. What one usually wants, how-
ever, 1s some rather more easily visualized valence force
constants. If the molecule is described in terms of bond
lengths or bond angles, the transformation to normal coordine-
ates will be by some linear transformation as g‘;,:Z;ikxk’
where the xj are displacements of straightforward ggture,
such as an increase in bond length or a change in a bond
angle. It 1s gensrally with respect to displacements such
as this that force constants are given. Since the normal
coordinates are linearly related to the displacements the
potential and kinetic energleg are quadratic functions (to
the harmonic approximation) of these non-dezenerate coor-
dinates (that is, normal coordinates going with non-degenerate

vibrations) are only transformed into themselveg or into
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their negatives by any of the covering operations which form
the group. The degenerate normal coordinates will be
transformed among themselves by the same matrices which
transformed the degenerate vibrational eigenfunctions (28).
When the potential energy is expressed in terms of these
normal coordinates, i1t will be found that no cross terms
exist between coordinates of different symmetry species for
if there were cross products 1t would mean that they would
change sign under some of the covering operations and this
would make the potential energy of the molecule dependent on
how the system is viewed. Thus the harmonic potential func-
tion for the XYb molecule will be, when expressed in normal

coordinates (2¢):
= C Z T
2V = g, +ZC.,_E‘Ez+uzzgz+c33l‘§§a+§32b

* 2|53, 8y, + sobun) *Cy L B * S )

and so conbtain six independent force constants. 3ince we
have but four distinct fundamental frequencies we are forced
either to use more equations by measuring isotopic shifts
or else to ignore certain of the potential constants.

The latter procedure was that used by Dennison (30)
who assumed that the restoring forces were only those direc-

ted along the interatomic bonds and thus used a potential

(28) Walter, Eyring, and Kimball, op. cit.

(290) T. Y. Wu, Vibration Spectra and Structure of Polyatomic
Molecules, Pelting, China, 193¢.

(30) Dennison, op._ cit.
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constant of the form

2 (A

2V = Q\{Q‘Z+Q|3+QTJ+QZ{Q23+ QZZ"( + ngq]
where in the Qij ls the change in the length of the i~j bond,
the X atom being #1 and the three Y atoms #2, #3, and #4.

Lechner also assumed a two nonstant potential of the
tom 2\ {- 2 z 2 2} ¢z 2 2

=0, Q11+Q\3"'th TR [823*‘ qu"' 934
wlth the Qij as above and the scithe change in the angle
Yy = X - Yj- Po is the equilibrium X-Y distance.

Each of these potential functions gives, when the
appropriate secular equation i1s solved, a gquadratic in the
square of the frequency. Since there are but two force
constants, the four fundamental frequencies are sufficient
to determine them twice. Each of these two constant treat-
ments gives the same expression for the angle between the
X=-Y bond and the symmetry axis of the pyramid (the anglep )e

It 1s (31):

|
T, T, 3Im+M

(31) Herzberg, op. cit.

Coslfgz
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where W}is the ith fundamental frequency and the masses in
the XYs molecule are Mms. Figure 8 shows the form of the
classical normal vibrations for the XY, molecule and the
notations used here for the various frequencies.

another, more involved, treatment of the XYg vibration
problem wasg that of Howard and Wilson (32), who considered
a four constant potential function. In this they took

account of cross terms between coordinate and angle changes

as well as simply changes themselves, thus:

2\ = Q\[sz*' th * le‘i] +2aq {Q11Q13+Ql3 QN +Q"‘Q‘:X
+<x,roz[8:3 + Szzq + S;q]'*‘“.' Yo [523 Saq SNSB'H'*Szang

where the Qij and the agjsu% as indicated above in the poten=-
tial function of Lechner. This potential glves (63) the

following two quadratics for the four separate frequencies

w2\~ {(aw« 2a N+ (%, +2a}) LC} w +(agzal) (%, +2)T=0

2
im’-k"-— {%_' (oo ){c 1) + (o~ o )Q\«)}m\i—(a.— a! \(o&‘-—d.‘\QB\ =0

(32) J. Howard and E. Wilson, op. cit.
(33) c¢f. Herzberg, op. cit.



NORMAL VIBRATIONS OF THE XY;
MOLEGULE
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where A‘i =q1\’7-c"-q'{‘ (T in em™t)
N = jhn-c * - 3m -
M OSTAY ¥ =22+ b=4costn. Q

3m _.
C-= -';\-Scn"p +1 W -.-.“.3-2% Siw"@—|]siv\7‘(3 +2
3
3 s
Q-= 3 - 3sep D :[—&‘“—- ]SW\IP +2

In order to obtaln the potential constants from the fre-

quencies the above quadratics must be turned inside out and
this ylelds two quadrutics in two linear combinations of
two of the force constants and these may then be solved to

give the constants themselves. Thus

(w20 ]2 ¥ = (%, + 2 AR m+ w2 A N =0

) i rA
[« -«]"2Q Dw-{o«.—«:]zqom[xg-x‘\»[cﬂ]xs\mi..o
Finally one must solve for the other two force constants, but

this is easily done, for

\ wmEXN, N\
Q,+20a, = 2 oG

(o020 )0,%

e Bl
" (x-%4)aD

Howard and wilson applied this to some early Raman data. The

method gives certalnly very reasonable results when used

with the present infrared measurements -- although it was
necessary to change some of the earlier assignments in SbCl.
and some of the derived force constants (especially’the cross
terms) are greatly different from the ones obtained from
Raman data.

Rosanthal, in a series of parers, treated the molecules
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on the basis of the most general six constant potential
functions (54). If we aguln assume the pesk atom to be #1
end the three Y atoms to he #2, #v, and #4, the potential

function considers changes 1n bond lengths and is

2V= Q{sz*' 0:23 + Q:q] +Za:1Q|le3+ua3Q.q + Qm le\
+ “z\.Q:*s*' Qs *‘,Q;w]*’za'z [_Q 23Ry + Qe Qs +Q23Q3“]

+2“3\0.,03..+ﬂ.3[)z.;*ﬂ...YL;\“*«\“n\“u"ﬂ-}"lvm;m"“n\“: “.l\

This sgain yilelds a quadratic in the frequencies but one
containing all the six possible constants geometrlcally
permitted for a harmonic potential function and thus is of
no use unless we have isotopic molecules to work with; in
which case g number of very interesting relationships can
be derived.

It happens that of the five atoms with which we are
dealing three are doubly isotopic. The relative abundance of
the chlorine isotopes are &:1, and the two isotopes of
bromine and antimony appear in nearly equal amounts. That
this will lead to a considerable number of isotopic molecu-
lar hybrids is apparent from the following. Consider the
atomic masses as ,i"', m and m', the molecule being mmb. Tf
we denote by P(M), r(M'), P(m) and P(m'), the fraction of

each 1sotope appearing, we shall have these abundances for

(34) J. Rosenthal, op. cit.
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the molecules:

TABLE VII

Mog;  P() (P(m))® Mimg;  P(Mt)(P(m))°

Mmgm' 3 3P(M)P(m')(P(m))2 M'mom! ; PN )P(m') (P(m))®
Mmmé 3 3B (M) (P(m'))ZP (m) M mmb SP(M')(P(m'))gP(m)

Mmg 3 P(1) (E(m?))° M'my; P (1) (P(m))°

Whence, as will be gseen for SbBry especlally, we can have a
large number of various kinds of hybrid molecules. These

hybrids are not of the XY5

potential energies are concerned -- since we assume that the

type at all except insofar as the

force constants do not change when an isotopic substitution
is mde. This situation too was considered by Rosenthal and
Salant (35) on the basis of the most general six-constant
potential function. If one considers @,,9,,U3 and Ty to
be the four fundamental frequencies for the Nime molecule and
if we take M and m to be the changes in mass upon goling
to another isotope (where 8_’; and é;ﬁ"—\ << | ) we shall have

the following relaticns amongst the frequency shifts:

For him, W
., to i, (m +6&m)

parallel frequencies; ES'_ + 8o, - % +|] S

—
-

Al T2 2(3m +5w)

(55) J. Rosenthul and E. Salant, op. cit.
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perpend jcular frequencies;

$93  Sqy_ _ §wm %2 Sos  §q
YR e T3 ?—“"T“S—“’-i" t]

wheve b=+ 2™ (ot2 I AN
w otp awd = M +3wa

It should be noted that the symmetry which 1s lost in hybrid-
izing the molecule removses the degeneracy in the two perpen-
dicular frequencies 30 that, while 0'3 =Q“s. and Q’H:W& R

80, % 80 and 89, $8q.

For the case that the X atom is replaced, we have

S0, L 8% (& -)sm

Tt §¢3  4q, (H-DEm

and —_ % -
2(M+3M) T3 Ty 26(M +$M)

this substitution lsaving the symmetry as before.

I'or the case of the isotopic moleculs Mmé there is an
exact (i.e., not dependent on §m << m) relationship between
the orizinral and displaced frequencies, 1t is:

T, 2= AAAY B K R z— b v
T, W', T3 Gy - how'p

¥ote that this latter expression can slso be used to cal=-

¢
wheve T} =TT+

culate the shift for a replacement M to M + $M and indeed

these two last expressions are equivalent if one assumes
M

§I~T to be very small and Sm + M X om + d'e The four con-

stant Howard and Wilson potential function gives the same

expression for the frequency product ratios as does Rosenthal's.
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The actual magnitude of the frequency shifts for
isotopic substitutlons which leave the va symmetry cannot
be obtained without knowing the potentlal constants involved.
We can calculate these shifts on the basis of the Howard-
Wilson potential function frequency expressions in the

following manner;

If we put
= '
A=a,+2a, Q=a,-a,
E;=<ww+-204: @ = XK

then we have for the roots of the secular equations (ses

Page 46):
AN +BLC + Q]+ BQW
A+, = - Azt A= —
A A, = ABLY A3A s 23240
wmi

If now we take the variation of the expressions and solve
them simultuneously between the two expressions for the same
type oi frequency, we shall obtain expressions for the ab=-

solute magnitude of the isotopic frequency shifts, thus:

6X, ==, =  MUASN +BLSC]  ABLEY
‘“\(A‘—%z\ VV\"(X'—)\;’\

or returning to the original notation and writing the fre-

guencies 1n reciprocal centimeters.
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S = 3m o, (AN +BLSC)T, 2ABW $%F
2
8w2ciwm (g q,‘_-] [Sﬂ’zc‘m] {a, -0‘-,_]0"

% (>
R 2@8c+aQswlf;  2agqsD

82 [6*-q2] Buidwm]? lof~a ) 03

The value of the displacement of the other fundamental
frequency in each of the puirs being given by the sume
expression with the subscripts reversed -~ thus replace 1 by
2 and ¢ by 1, and o by 4 and 4 by 8. These are valld only
for isotopic replacements which do not disturb the symmetry
as L —» L + 8§ or for all three Y atoms of mass m being re-
placed by three atoms of m +§m,

If we form sums of these expressions similar to those
on Page 51, we aguin obtain those given there (to the ap-
proximution M ® ¥ « §M) while for the isotopic displacement
of the frequencies with the substitution Jxmo—' N(m + §m) ., 5 We

get

s__ 8T, - $¢3 B0y Swn |

T % -
Finally, making use of the first of these expressions and
the Rosenthal formula for the Mm, to M(m +§ m)m, replacement

we can get an expression for the substitution Mm —e M(m+§m) m.
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) 0—2 3m w
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The same procedure gives for the perpendicular bands,

56'3 < 2

-+ L‘Lz_ w o\t
3 0‘% 6W\ b

X7 2

q. - == +



55

EXPuURIMENTAL RESULTS

(1) Phosphorus Trichloride

The PCl, used was Mallinckrodt C.P. obtained commer-
cially and no attempt was made to purify it further. It 1s
a clear liquid with an extremely pungent odor. It is also
a violent polson, lurgely becasuse it will react with water
to produce HC1l and prob’ the latter especially, like most
phosphorus compounds, beinz extremely dangerous.

Kohlrausch (v6) gives the Raman determined frequencies
as:

TABLE VIII

T, = 510 cm"l

T = 57 em™t
O3 = 480 em™ 1

Ty= 190 cm~L

with no estimate of probable accuracy.

Brockway (87), on the basis of electron diffraction
megsurements, glves an X-Y distance of Z.00 A and an X~Y=X
angle of 101° (B= 64°)., The best microwave measurements

(v8) yield {3 = 62°18', however, and this smaller value will

(%6) Kohlrausch, op. cit., p. 144.
(37) Brockway, op. cit.
(38) Gordy, Smith, and Trambarulo, op. cit.
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be used in the calculations contained in this report.

The cell was filled as previously described, =ll of
the manipulations being carried out under a hood. This pre=-
caution, us well as such others as the wearing of gloves and
gogrles, 1is absolutely necessary. The vapor presssure of
the liquid 1is 15 cm of Hg and the air in a closed room will
become lmpossible to breathe a few minutes afte:- a bottle of
it is opened to the air. After the cell was filled, 1t was
immediately tsken to the spectrometer, the windows of the
coll were sluiced off with methyl alcohol, and the cell was
placed in the evacuable clamber which was then exhausted.

It 1s necessary to exercise extreme caution in filling the
cell since any of the PCl;j which happens to slop onto the
outside of the cell windows will soon spread out and pro-
duce a preciplitate which scatters the radiatlon rather
badly. The alcohol removes this, but after tlie clesaning

the cell should be put into a vacuum as quickly as possible.
If the cell is left in the air for any more than a few min-
utes, enough of the PClb will soak through the polyethylene
window to react with the water vapor in the air to produce
the same precipitate. The PCl;j will eventually attack the
Koroseal spacer and cause it to harden uand crack and so
lesak. This Koroseal reaction usually requires several hours,
however, und so 1is not of much consequence.

The procedure used in measurin; the spectru of this and

of the other liquids was to run the spectrometer through
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the wavelength region under investigation, first with the
cell empty and then with the cell filled with the liquid.
This comparison with the empty cell was made partly to form
an estimate of the relative intensities of the different
frequencles and partly to assure accuracy in locating the
line ©position, since the intensity of the radiation back-
ground changes quite rapidly with frequency in some of the
regionse.

In making assigpnments it was assumed initially that the
Raman investigators were correct. Moreover, by comparison
with the other XY5 molecules having fundamentals in the near
infrared, 1t can be seen that the following rules will be gen~
erally applicable( (49):
1) Frequencywise (in the notation of Figure 8): Q"4<<Tz.<(r3
2) The intensity of 0";5 is greater than that of oy
3) Also, 01 is usually larger than G%.

4) G, and g, are both bending modes and 1t is quite

reasonable to expect them to have the lowest fre-

gquencies.

The spectrum obtained is shown in Figure 9, the path
lengths being, nezlecting a probable residual ten-percent
bulzing of the cell windows, l.2 millimeters for all of the

runs except the supplementary measurement on the(Ti absorp~

tion. This was obtained using a thicker spacer composed of

(bg) Ma K,o WilSOn, __P. Cit.
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Koroseal and 0.010" polyethylene clamped together and thus
represents a path length of approximately 1.5 mm. millimeters.

The assignments are Immedlately obtained from the rules
of thumb indicated above and agree wlith the Raman assign-
ments as well as slving quite acceptable force constants.

The principal factor limiting the accuracy of locations
off the line centers was the fact that the absorptions when
measured with the substance in tliis phase are gquite broad,
none of them having half-widths of under five or six cm-l.
The errors inherent in the instrument itself have already
been discussed in the section of this report dealing with
experimental techniques, and these introduce much less un-
certainty than that caused by the broud width of the line.

The measured vibrational fundamentals, then, to the

accuracy possihle, are

S, = 507.4 ¥ 0.5 em™t
T, = 260.1 % 0.z om™t
Ty= 495.5 % 0.5 cn™
Q= 189.0 ¥ 0.5 em™t

The constants usel in the reduction of the data are
given in the following table along with the force constants
of the four constant poténtial function given in the
Theoretical Section. The angle P is that indicated above
and the distance ro ls the X-Y distance in the molecule,

obtained from the microwave determinati:n of the 1B wvalue of
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the molecule (40).

TABRLE IX
g = 6°151 ay = 21.72 x 10% dynes/cm
MP = 50,98 am a] = 0.933 x 104 dynes/cm
Mgy = $4.98 amu (75%) dl = 5.195 x lO4 dynes/cm
My, = 56.98 amu (25%) R} = 0.672 x 104 dynes/cm
lanu= 1.6604 x 107 % gys.
¢ = 2,998 x 1019 cm/sec
Yo - 2.045 x 10 e

No difficulty was experilienced in calculating the
constants and, as an arithmetical check, the frequencies
were recalculated from the force constants. The frequencies
were all with 0.1% of their observed values.

From the percentages of the naturally occurring iso=-
topes of phosphorus and chlorine yiven 1n the above table,
the percentages of the various hybrids of PCl, which will be

3
present in a random mixture are:

potca2® 42.1%
PfiClS 0137 42.1%
P Cl 013 14.0%
151c1§7 1.6%

(40) Gordy, op. cit.
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From this it 1s evident that the two molecules which will
contribute most significantly to the absorptions are the

purebred P>1C12° ana the hybrid ple15%e®”,

Using the atomic masses gilven above in Table IX, we
obtain the sum relationships of the lsotopic frequency
shifts asdiscussed in the Theoretical Section.

For the parallel bands

13 4 §0,
+
5014 260.|

==0.0114%

and for the perpendicular bands

603 say

+ =~
qq3's lt‘i.o - 0.0‘36

Sog ST
+
493.s 139.0

=—0, 01185

Values which can be satlsfied by the shifts

60-‘ = —20;5 Cm-l

80}_ = "‘105 Cm-l
803 = -2.0 cm~?
30y = -1.5 em

and these are well within the displacements compatible with

the line shapes in Figure 9.



62

(2) Arsenic Trichloride

AsSCl, 1s quite similar to PCl,_ chemically and the

3 S
methods used in obtaining i1ts spectrum are also much like
those employed with the phosphorus halide. Commercially
obtained Mallinckrodt C.F. AsCla was used in the liguid

cell described above. The only major difference was that it
was necessary to use a thinner liquid sample so that in
place of the Koroseal spacer a 0.010" spacer of polyethylene
was used. This was smeared with Silicone Vacuum Wax in or-
der to make a liguid-tight seal. The precautions about
cleaning the outside of the cell are also to be observed
here as well as the safety measures, although the lower
vapor pressure of this liquid (2.6 mm Hg) makes it a good

deal easier to work withe.

Kohlrausch ;ives the Raman frequencies as

TABLE X

V) 410 cm~t

02 = 195 cm
9 = 870 cm
Qy= 159 cm
wlth no estimats of probable accuracy.
BProckway's electron diffraction measurements are 2.16 A
for the X-Y distance and 105° for the X-Y-X angle ( P=6ﬂ3.
The microwave data give 61°011 for{3 and this value will be

used in the calculations.
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Figure 10 shows the experimental results obtained for
Ascls. The absorptions for the Uy and Ty vibrations were
obtained with the 0.010" (0.4 mm) spacer and also with the
Koroseal spacer. The T, and O3 vibrations were measured
using the cell with the Koroseal spacer and the supplementary
03 run was made by soaking polyethylene overnight in AsCl,
and then measuring the spectrum of the soasked sheet. This
latter method was followed for the U3 absorption because its
strength was such as to make difrficult good frequency deter-
minations in any liguid thickness possible with this cell.

The measured vibrational fundamentals are

14+

T = 411.8

g, = 195.6

'
o
o
&

1+
O
.
o
a
=

1

|-

Oy 38647

1+

Oy= 155.3
and the following table gives the constants used in the
calculations as well as the calculated force constants.
There were no difficulties encountered in the calculation of
the force constants and an arithmetical recheck showed them
to fit the data to within the probable error. The value of

r. is teken from the microwave data reported in Gordy (41).

(41) Gordy, Smith, and Trambarulo, op. cit.
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TABIE XI
A = 61°01! a; = 21.44 x 10% dynes/cm
MAS = 74.95 amu ai = 1.87 x 104 dynes/cm
Mg, = 54.98 amu (75%) o, = 2.18 x 10% dynes/cm
ML, = 36.98 am (25%) A} = 0.26 x 10% dynes/cm

r - 2.161 x 10-8em

The percentages of the various molecular hybrids will

be just as for PCls, that is
A57501g5 42,1%
as"%015%c1%"  4z.ag
As75015501g7 14.0%
As7501§7 1.6%

and only the two most abundant molecule s will be considered

here. Using the atomic masses given above, we find, for the

parallel bands o $
\ 02
~.+ -
T o, -0.013

and'for the perpendiculur bands

oo

3 1
+ L‘L = —-0.,017
3 Ty

%0 S0,

~ —=2 = - 0,013
s Te

Valees which can be satisfiled by the shifts
80, = -2.0 cwm™! 87, = —1.S cwm~!

Sq§~=-2.o cwa! Ty 2 =13 cwt
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which, again, are in agreement with the line shapes (Figure

10),

(5) Phosphorus Tribromide

This is the most difiicult to handle of the substances
investigated. It fumes violently when exposed to air, and
attacks all of the common waxes so that it 1s impossible
to store it for any length of time after once opening the
glass sealed bottle in which it is obtained commercially.
Its vapor pressure is 6.4 cm Hg, and it was handled in
exactly the same fashion aa the PClb treated above.

The Raman frequencies from Kohlrausch are

TABIE XII
Q= 380 cm
T, = 162 cm™t
U3 = 400 om

oy = 116 cm~t

and the only value for the angle discovered in the liter-
ature was that of Pauling (42), who gives 100° for the Br-
P-Br angle, or p = 62°12', This value, nowever, leads to
immediate difficulties in that we obtain imaginary force

constants.

(42) L. Pauling, op. cite
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As may be seen from the theoretical section above, 1t
must be that, using the Howard and Wilson potential func-

tion, in order to have real force constants
‘7\1*7‘1]2> 4NC

ANy 77
or upon substitution and reduction
(h|— Rz) M
6w ENEY > SiV\P Cos(ﬁ
LAk ¥

It is assumed that in Flgune 11,0‘-1 and 0—;’) must lie so c¢lose
together that they cannot be resolved as separate lines.
The spectra in Figure 1l are from runs made with the l.z

millimeter cell except for the supplementary run from 5&0

-1 _
cm to 400 cm l, which was made using the above-mentioned
method of soaking the polyethylene in the liquid P’Brb.

1

Also a search was made from 40 cm™ " to 460 cm-l to attempt

to locate @, separate fromG,. As a consequence of the fact
that Wl is overlain by 0'5, the position of 0"1 is in doubt
by some 10 cm"l; this presumes that the intensity of O3 is
much lurger than that of @, , which is the case for the

other molecules studied. The measured vibrational frequen-

cles are, thersfore

= %92 ¥ 5 em~d

T, = 161.5 * 0.5 em™t
U3 = 392.2 * 0.5 em™1
Ty= 115.7 * 0.7 om™t

Using the relationships given above we can derive the re-

strictions on the bond angle corresponding to the extreme
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values assumed forﬂ‘l. These turn out to be

387 cm~1 2495112 B% 65091
397 cm~l  26°0913 @7 63051

The angle picked to use was 640, both because 1t corres-
ponds to(Tl = 592 em=1 and because it bears the same ratio
to the electron diffraction data as do the microwave to
electron diffraction determinations for SbClb and AsCl,.
The constants and resuvlts for this molecule are summarized

below.

TABLE XIII
B = 64° 8, = 18.27 x 10% dynes/cm
M, = 30.98 amu al = 0.342 x 104 dynes/cm
Mp, = 78.95 amu (50%) o = 2.398 x 10% dynes/cm
ML, = 80.93 amu (50%) & = 0.695 x 10% aynes/om
r, =2.24 x 1078 en

From the isotope abundance we see that the molecular

hybrids willl be present in the following percentages

Pi’JlBr%9 12.5%
plpr! 5ot 37 5%
PSlBr79Brgl 37.5%
PslBrgl 12. 59

The largest shifts will probably be produced by the complete
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bromine substitution and these displacements in frequency

can be calculuted from the formulae given above; theya re
-1
%0, = -0.90 cm

8ad, = ~-1.88 om™

80.3 :""‘O . 40 Cm-:L

day= -1.57 em~t

which a re quite in accordance with Figure 1l.

(4) Antimony Trichloride

This is a solid melting at 75.400 and was prepuared
for observation by the method described in the experimental
section above. The molten SbClb was always dissolved to
saturation in the paraffin and the solid sheets of paraffin-
plus—SbCl;5 whose speclirawere measured had thicknesses of
about 1 mm or slightly more.

The previously obtained Raman frequencies are

TABIE XIV

4
1]

560 cm

165 cm

A1
H

-1
-1
93 = 520 cm™t
: -1
U"‘: 14 cm
and the infrared spectrum obtained is shown in Figure EL
All of these runs werc made with paraffin-sample sheets of

about 1 mm except for the extrad ; measurement which was
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with a sample of 2.5 mm thickneas. The infrared frequencies

and assignments assumed are

0.7 em™*

t+

4
]

576.5
164.0 ¥ 0.5 ¢cm
C.5 cm

a
"

A
n
-+

356.1

I+

T, = 128.1 % 0.5 om™t

The microwave data give a Cl-Sb-Cl angle of 99.50 and the

constants assumed and calculated for this molecule are

given in the following table.

TABLE AV

@ = 61°48! a 20,96 x 104 dynes/cm

1

Mgp= 120.88 amu (56%) af 1.551x 10% dynes/cm

M

34.98 amu (44%) o 1.64 x 10% dynes/cm

c = 1

Ml = 56,98 amu (75%) &Y 0.303 x 104 dynes/cm

r_ = 2.325 x 10~8cm

These atomic masses will give quite a lurge number of
hybrid molecules although not all of them will be present to

any appreciable extent.

ple1,,85 03.54  SpYP0c1SS 18. 57
Sb12101§50157 25.50  sbrooc1oPc1®” 18. 5%
spte16195¢157 7.8%  spl¥3015501%7 6.4
sp1e10127 0.9%  spr0ad7 0.7%

From this it can be seen tha®t the only symmetric substitu-

tion of any consequence will be t.'he‘Sbl:’“'l--v-E‘>‘olz"5 change.

This produces the relatively negligible frequency shifts
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§G, = -0.595 om™*
$0, = -0.570 cm™t
Sa;= -0.772 cm
%0 = ~0.098 cm
However, the substitution of the chlorines produces con-

siderably larger displacements. The principal hybrids are

. ., l--’? v 2
the Sbldlclg%rﬂ and Sb °"01:2501°7, and for these we obtain
90, L7
;ﬁ+%—,.:" = =~0.014
893 8% . 5.018
%Y
0%
+8% - -0.013
s T

values which are satisfied by

8¢, = -1.5 cm
%0, = -1.9 cm
50;: -5.0 Cm"l

8¢g= -0.5 cm~t
and which are, to a certain extent, compatible with the
appcarance of the<T3 absorption in Figure 12. It will be

noticed that at about 350 crn':L there is evidence of a secon-

dary absorption. This 1s displaced from the main absorp-

1

tion by about 5.0 cm™+ and so could well be explained on the

basis of the indicated frequency shifts. The long sloping
absorption on the low frequency side of the U3 minimum is

gimilar in form to the 0"3 absorption of SbBr, to be described

S
in the next section. UWelther of these seem to be explainable
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in terms of properties of the isolated molecule.
It is interesting to note the asize of the shifts for
the complete substitution of the chlorines even though the

congentration of these is too small to be observablee.

o0, = -8.64 cm™t
80, = -3.44 em™t
%93 = -7.52 o™t
¥y = -3.32 cm™t

(5) Antimony Tribromide

This substance has not heretofore been observed either
by Raman or Infrared methods. The best wvalue for the bond
angle is the value 96° for the Br-3b-Br angle which is
quoted by Pauling on the basis of electron diffraction measure-
ments. The materlal was prepared for observation in the same
fashion as SbCls, except that the extra precaution of two
dissolutions and recoveries from CSZ waa followed in this
case; this rcpresented an attempt to iyet as pure a sample
as possible because tlhie spectrum shows some puzzling features
which were first attributed to poszible impurities.

The spectrum obtained is shown in Figure 13. The
two lwwest frequencies are unequivocal enough but the

gquestion of how to assign the absorption between 220 cm-l

-1
and 250 cm T has not been satisfactorily answered. The

broad absorption has a number of separate minima and these
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persist, both in relative intensity and in position as the
concentration of the SbBrS in the paraffin 1s changed.

All observed absorption minima are given in the

following table.

TABLE KAVI
248.4 om -
237.0 cm’i
G:’GS 231.6 cm:l
226.0 cm

222.5 cm™1

T, = 108.5 % 0.5 em™"

Ty = 90.8 * 0,5 em™t
As can be seen from Figure 13, the 248.4 cm'1 absorption
is the most prominent in the broad absorption region.

The initlial attempt at an explanation of the very

wide absorption band was on the assumption of isotopic
frequency shifts, and, indeed, this molecule shows a greater
number of hybrids than any of the others examined. The per-
centages of isotopes naturally present and the bond angle

and Sb-Rr distance are

B = 62° Y, = 2.55 x 1078 cm
Mgy, = 120.88 (56%) mp. = 78.9 (50%)
My, = 122.88 (44%) my, = 80.9 (50%)

which yield the percentages of molecules shown below:



su12lprld
ShllerggBrBl
sbi2lpr798r81
spi2lpr 8l

and the calculated sums of frequency shifts are,

formulae above

™

7.0 sp125pplY 5. 5%
21.0% sb12%8rl%r®  16.5%
21.0% spi%%pr798r8l 16,57

7.0% sp120prS1 5. 5%

from the

$p1215,70 _, splelp,8l
5T,
=+ 3% . _o.0i
. q‘.,_
303 s
— 2 A ~-0019
A =

sbl2lprl9 —» splelprl9Br8l

SN 3
< = *-0.00b
g~
33 b 2% 3G sq
J5 G ¥
sb 21 pr Y — splelpr Op et
3% LA = ~0.01tl
q] 5, = .
-
%+ﬁ=—o 012 80—5_,. 8%
I ' oy -—G'E:‘-AO.OB
Sbmlgrgg - Sbl%urgg
oy + 892 _
T - =-0.006
>
293 n
—~+ 23 __0.00%
) Ty
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using the Pauling value of 61° for the angle . The dif-

ference between the sum for two substitutions such as

121Br%9-#-8b121Brg9Br81 and SblZSBrEQ 125Brg9BrBl

small and need not be considered. The assumption which

5b —» 5Sh is

would seem to come the nearest to explaining the absorption

in the 250 ecm™+

region would be that 1t represents the total
spread of frequencies between the lowest possible frequency
of qg and the highest frequency of 01. However, even if
three-quarters of the frequency shift for any one specles is
assumed to occur in the 01 and GE vibrations, this allows a
frequency range of only 14 cm'l, which would be strongly ab-
sorbed. It is true of course that when prepared in this
fasnhion, the substances show bands that are quite broad, but
even wilith this it 1s hard to se= how the necessary range of
50 em™% can be produced.

Table AVIII gives the constants calculuated on the basis

of extreme assumptions regarding the assignments.

TABLE AVII

Assignments Assumed Force constants x 10~
(frequencies in cm~t) (dvnes/cm)

(cm'l) (cm'l) (cm"l) (cm"l) Qa, Q:: o, d‘*

248.4 108. 8 243.4 90.8 16.36 0.8 l.58 0.10
22e S 108.9 B2 90.8 13.58 0.54 1.55 0.11
248.4 10€.5 22%ed ©90.8 14.75 1.89 l.54 0.10
2240 108.5 248.4 90.8 15.51 -0.852 l.54 0.11
207.0 108.5 248.4 90.8 16.25 0.22 1.55 0.11
248.4 108.5 25740 90.8 15.87 1l.52 1.53 0.11

-
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The last two make use of a 2357 cm~t minimum which

appears in I'igure 13 as the smaller absorption, just to

1

the lower frequency side of the main 248 em™~ absorption.
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SUMMARY AND CONCLUSIONS

The spectra of five pyramidal trihalides were
obtained and, except for SbBrs, the four fundamental fre-
quencies were located witi: reasonable accuracy. Using a
four constant harmonic potential function devised by Howard
and Wilson force constants were calculated on the basis of
the observed frequencies. In Table XVIII the force constants
thus calculated are given, aiong with the bond angles
ass umed in making the calculations. The extreme values

possible for 3bBr, are given.

)

TARIE XVIII

Substance Bond Angle Force Constants (dynis/cm)

!

B a.x10"% a.:>r;1C)"4”0(1 x10~4 e x10™%
PClg 62%171 21,72 0.95  5.16  0.67
AsCl, 61° 21.44 1.87 2.18 0.26
SbC1 610501 20.96  1.55 1.64  0.30
<

PET, 65° 18.27  0.54 2.40 0.69
13,4  0.22  1.55  0.10

T & O » L .
SbBry 62 16.8  1.69 1.55 0.11

The questions of anharmoniclities and vibration-rota-
tion interactions cannot be answered on the basis of data
obtained from molecules in a condensed state. The frequency
shifts resulting from anharmonicity would be very small.

For a molecule such as waber these shifts are all le ss than
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five percent and in P‘Cl:5 we deal with atoms of much greater
mass and force constants of a third of the magnitude. This
means that the oscillations will be of rather small amplitude
and hence, that the effect of the anharmonic constants will
not be importante.

Rotation-vibration interactions could not, in our
present stage of instrimentatiom, be studied even if the
spectra were obtained with the substances in the gaseous
phase. The most favorable of tine molecules, PCla, has a B
value of 0.088 em™' (44), which means that the spacing of
the rotational lines would be 0.716 cm-l, which is too small
for resolution with the spectrozgraph. The bhand envelopes
could be measured and for PCl., since the P and R Branch
maxima would be separated by 12 em™L.

The most valuable result of getting the far infrared
spectrum of these suhstances in the gsaseous phase would be
the determination of the effect of condensation on the
vibrational frequencies. Iielsen and Ward (43) attempted
a study of the frequency shifts accompanyin. change of
agpregation for several molecules including PClb. They used
Raman techniques to make thils investigation, hiowever, and it
should be possible to improve conslderably on their accuracy

with the Infraredinstrument now at our disposal. ITowever,

(43) J. ¥ielsen and Ward, J. Chem. Phys. 10, 81 (1942)
(44) Gordy, Smith, and Trambarvlo, op. cit.
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in order to carry out this measurement some improvements in
cell design will have to be worked out. During the course of
the przsent investigation, two attempts were mads at measur-
ing gaseous PClﬁ, it beilng the only one of these substances
having a high enough vapor pressure to be used with the cell
lengths now available to us. In the first case the cell
window was polyethylene and in the second case Teflon. In
both instances it was found that the plastics absorbed the
trihalide to such an extent that, after exhausting the cell
of the PC:L:5 vapor, the "empty cell' zave the same spectrum
as it had with 20 em preasure of the vapor present.

The solution to this 1is to have a multiple path cell
(so that low pressure vapors could be run) with windows of
crystal quartz. In order to keep the window size as small
as possible, the windows would have to De placed near the
entrance slit of the spectrometer.

Finally, the question of the SbBrb absorption should
be further investigated. The author attempted to find a
non=-polar solvent for SbClb, strb, and BiClb, with no
success w hatever. iHowever, a possible approach would be
to evaporate a thin layer of Sbﬁrb onto a shect of polyethy-
lene and obtain the spectrum of the solid. This would
indicate immediately whether the appearance of the band is
due to the SbBr-;5 actually being in the solid state when the

paraffin sclution technique is used.
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