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The Absorption Spectrum of Chlorine Fluoride

in the Region AA 4650 - 5200

I, Introduction

Fluorine is the strongest oxidizing agent knownl, so its prop-
erties are of very great interest to the chemist, Yel, there is very
little accurate information available as to its thermodynemic constents,
All attempts to obtain the absorption spectrum of flvorine have yielded
only a continuumé, while the bands obteined in emission surely do not
involve the ground states. Hence, it wes decided to investigate the abe
sorption spectrum of chlorine fluoride, itself a very interesting mole=-
cule, in the hope of obtaining more information about fluorine, As all
the halogens except fluorine have a relatively simple band system near
the blue region of the spectrum, there seemed to be an excellent chance
that resolvable structure might be obtained,

In the preparation of chlorine fluoride, chlorine trifluoride is
also obtained, This also was investigated spectroscopically, but nothing

of interest was found,

II, Preparetion of Chlorine Fluoride and
Chlorire Trifluoride
Chlorine fluoride was érepared by the method of Ruff*®, direct
combination of chlorine and fluorine, The method is simple-~chlorine
end fluorine are passed into a reaction vessel at 250°C,, using an ex-
cess of fluorine, so that all the chlorine reacts to give chlorine fluor-
ide and chlorine trifluoride, The produects and the excess fluorine are
then separated by fractional condensation, There are, however, certain
experimental difficulties, The great reactivity of the fluorine and the

even greater recctivity of the chlorine fluoride and chlorine trifluoride



o
require that the apparatus be made entirely from copper and quartz, with

no wax or grease in immediate conbact with the products; and the impur-
ities in the fluorine, carbon and silicon tetrafluverides, are difficult
to remove,

In these expefiments, the fluorine was obtained by the electrol-
ysis of molten potaésium hydrogen flvoride in a generator which was kindly
mede aveileable by Professor Yost, Several different preparations of the
chlorine fluoride were mede, in between which it was necessary to regener-
ete the charge in the generator, replacing the hydrogen fluoride decom-
posed by the electrolysis, It was found that a method much feaster and
cheaper than putting in a new charge or regenerating the old by the method
of Simons® is to distil amhydrous hydrogen fluoride into the melt, An-
hydrous hydroszen fluoride of quite zood purity csn now be obtained con-

mercially, and to carry out the distillation it is necessary only to lead

({D

tube from the tenk to near the bobbtom of the melt, the hydrogen fluoride
being absorbed very rapidly and smoothly, without excessive evolution of
heat, In this nenner a regeneration can be carried out in a few hours
instead of a day or more, Another advantage is that more hydrogen fluor-
ide can be distilled in than corresponds to the formula KHF:, and so a
greuter quantity of fluorine can be obtainsd before regeneration is again
necessary, After treatment in this way, fluorine is obtained within fifw

teen minutes of the start of the cleetrolysis, However, the electrolysis

wes always allowed to proceed for ot least two hours before the start of

b

the reaction, in order to eliminate silicon and oxygen compounds from the
mels,

The apperatus used to prepare the chlorine fluoride is diagramed
in Figure 1, From the fluorine generator A, the gas flows through the

traps B, C, and D into the furnece E, Trap B, of copper, is f£illed with

fused potassium fluoride to remove hydrogen fluoride from the fluorine,
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Traps C and D, of copper with thin-walled monel tubing leads are cooled
to about -75° and ~1306C, respectively, trap C by a dry-ice alcohol bath,
trap D by a iiquid proéane bath, The temperature of the latter, determined
by means of a five~junction copper=-constantin thermocouple, was held in
the range ~140° to -180° by blowing liquid air through a spiral of copper
tubing 1mJurged in the 11qu1d propaene, The reaction vesssel B, a copper
block bored out, with copper tubes silver soldered in place as indicated
in'Figure 1, was heated electrically by a heater wound about it, The Temp=
erature, measursd by a thermometer, was held bebween 250° and 275° during
all preparations,

The chlorine used was comunercial tank chlorine which is believed
to be rsasonably pure, It was bubbled twice through concentrated C,P,
sulfuric acid, passed through a column containing tightly packed zlass
wool, send then led into the reaction vessel through a coppsr tube, The
rate of flow of the chlorine was determined by its rate of bubbling through
one of the sulfuric acid traps,

For ease in disassembling, the reaction vessel outlet was fitted
with a copper standara taper (3;‘7/25), and the next two traps, F and G,
were constructed of fused quartz with similar tapers, Trap F whks cooled
in a dry-ice alecohol bath to about = 5°; trap G was kept at about -150°
in the sane maﬁner as trap D, It was found necessary Lo use a small aﬁ-
ount of lubricant on the tapered joints, UWothing that was tried was vsry
satisfactory, but graphite bound together with apiezon grease and applied
to the slightly wermed taper was found to hold up for a week or so,

The freezing points and boiling points of the subsbances which

need to be considered in this preparation are listed in Table 1,
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Table 1

TR —— A |
llelting point, | Boiling point,
°c °Cc
HF -92 19,4
C1F, -83 13
73/
C10, -59 9,9
‘ 8
| SiF, - -95 ?subl.)
% C1lF -154 § -100 |
. cr, - . 130
; | ;
Fa | -223 _ -1388

|
}
i

It is seen that the impurities present in the fluorine are largely re-
moved in traps A, B, and C, Thus, provided a sufficient excess of fluor-
N

ine is present, the only subsbtances issuing from the reaction vessel are
chlorine trifluoride, chlorine fluoride, and fluorine, The first of
these is condensed in trap F, the second in trap G, end the last is not
condensed,

The fluorine generator current was held at about 10,5 amperes,
which at 100% efficiency corresponds to 4,9 liters of fluorine per hour,
The efficiency of the generator is unknown, but Ruff has reported 60% to

83%, The rate of flow of reactants, the length of the run, and the est=

imated emount of products collected are given in Table 2,

e Table 2 B : .
T [ g
Prep,g Rate Fg flow % Rate Cl; flow Time prod, | Amount of | Amount of |
| 100% eff, | 1, gas/nr, collected, | CIF coll, | ClFs coll,
| 1, gas/hr, | hrs ml, lig ' ool 1iq.i
T 4,9 | 11/2 6 3/4 | 15
5 7 |
! - ! | i o
IT | 4,9 | 2 1/4 | 4 not estimated, but {
| ! | C1F < C1Fg
ARSI AU SR SRR N el S !
o oIIr | 4,9 | 2 3/4 : 4 : 12 i 16
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At the conclusion of a prepsration, the quartz traps were dis=-
assenbled from the apparatus and their outlets closed e#f with sealed
off quartz tepers, The traps containing the chlorine fluoride and the
chlorine trifluoride were kept in ligquid air and dry?ice alcohol beaths,
respectively, until complebion of the experiments,

Before being used, the products were distilled in an all-quartz
syvstem, approximately the first and last 15% of the distillate being dis=-
carded,

It is believed that the purity of the products was reasonably
good, The most likely impurities ia the chlorine fluoride are the carbon
and silicon tetrafluorides, Both of these are present in the fluorine as
it comes from the generator, but should be largely removed in trap D, as
previously mentioned, Also, carbon teitrafluoride could be obtained by the
action of the chlorine fluoride on the lubricant on the tepered joints,
and silicon tetrafluoride could be obtained by the action of the chlorine
fluoride on the quartz, The rate of both these reactions was observed
to be very slow, In any case, no trouble from any unknown absorption was
experienced in photographing the spectrum, Also, the electron diffraction
investigation (discussed in a later section of this thesis) gave no ine-
dication of the presencs of silicon tetrafluoride, which would show up
plainly if present in large amount, more than fifteen percent,

In the course of the spectroscopic investigation, chlorine diox-
ide was found to be present in both the chlorine fluoride and the chlorine
trifluoride, This will be discussed later, Any other impurities which
might have gotten into the chlorine trifluoride have boiling points suf=
ficiently different from the boiling point of the chlorine trifluoride to

be removed by the simple distillation,
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III, The Chlorine Fluoride Specitrun
Experimental Procedure
Deseription of Bands

The absorption spectrum of chlorine fluoride was studied under
both low and high dispersion, The absorption cell, used for all photo-
graphs, was a three meter length of brass tubing, of twelve millimeter
internal diameter, The windows of fused quartz were clamped onto the
ends of the tube using copper gaskets,

The apperatus used to evacuate the cell and to introduce the
chlorine fluoride is shown in Figure 2, Valve A is a special needle
velve, designed primarily for use on the eleciron diffraction machine,

It is so constructed that nothing but copper comes into contact with the
gas, The needle of copper with a spherical end of 3/16" radiué is forced
against a narrow seat about 3/16" in diameter by a strong spring, A
0,006" copper diaphram 1 1/2" in diameter permits a 1/16" motion of the
needle,

The pressure gauge B, also constructed so that nothing but copper
comes in contact with the ges, has a 0,0015" copper diaphram 3 3/4" in
dismeter on which rests a steel nesdle, the upper part of which is visible
through a glass tube, The gauze was used as a null indicator, the air
pressure above the diaphram being adjusted to balance the chlorine fluor-
ide pressure below, The sensitivity of the gauge is low; also the dia-
phram showed considerable hysteresis, but it was adequate for adjusting
the pressure in the cell to within half a centimeter of the desired value,

The valwe C is a commercial stainless steel needle valve, placed
so the packiang gland is on the pump side of the line, It was entirely
satisfactory, save that the packing had to be replaced once, The solid
sodium hydroxide in the trap D, placed there to protect the pump and the

mercury manometer F, was not very satisfactory, as the rate of reaction
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of the solid dry sodium hydroxide with the chlorine fluoride was slow,
The chlorine fluoride that did get through the sodium hydroxide reacted
with the pump oil, This was no doubt rather hard on the pump, but did
keep the chlorine fluorids out of the laboratory, where it could have caused
far more damage,

The entire system was reasonably vacuum tight, considering the
fact that most of the connections were made by standard brass couplings,
hen evacuated to the limit of the rather old mechanical pump used, =&
pressure of about two millimeters, the pressure would rise to perhaps one
and one-half centimeters in an hour, As the exposure times never ran
much longer than this, end as only the moisture in the air could cause
trouble, such a leak was of no consequence,

The experimental procedure was to evacuate the system completely
with the chlorine fluoride cooled in liquid air, Then, wvalve C was closed
and the liquid air removed until the pressure had reached the desired
value, when valve A was closed and the liquid air agein placed around the
chlorine fluoride, The exposures were then teken as quickly as possible,
after which valve E was closed and valve C opened, allowing the chlorine
fluoride to come into contact with the sodium hydroxide in trap D, Then,
after ten or fifteen minutes, valve E wes opened and the system puaped
out, |

The light source used was a fiwve hundred watt projection lamp
focused into the tube by a short focus lense, At the exit end of the cell
e lens and plane mirror served to focus the light on the slit of the low
dispersion prism instrument, while a lens only was needed to focus the
light on the slit of the grating, With unfogged windows, exposure times
of two minutes and thirty minutes were needed on the prism and grating
instruments, respectively, at A 4800, However, the quartz windows were

attacked fairly rapidly; the light by causing dissocietion of the chlor-
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ine fluoride greatly increasing the rate of the reaction, The window at
the exit end of the absorption cell remained in a usable condition for
perhaps ten hours, but the window at the source end became badly fogged
after only two or three hours, During several of the exposures a filter
consisting of a ten centimeter layer of a ten percent solution of potas-
sium ferrocyanide was placed before the cell to cut out radiation of wave
lengths shorter than A 4400, but this had very little if any effect on the
fogzing of the windows,

The low dispersion studies were mede on a Litirow quartz spectro-
graph with Bastman 40 and Bastman 1F plates, The dispersion obtained was
about 64 cm'1 per mm, at /\4000; the slit width was 0,02mm, for most plates,
0,0lmn, for several, An iron spectrum was placed below and above the &b
sorption speetra on each plate, The region AA 3500-7000 was investigated
and in the region AA 3500-4830 a large number of band headsx were obser-
ved, The long weve length heads were weak with an atmosphere pressure of
chlorine fluoride in the cell, but the strength of the &bsorption increased
rapidly on going to shorter wave lengths, so that in the shortest wave
length region examined a fraction of a millimeter pressure was sufficient,
Largely due to the decrease in output of the source at- shorter wave lengths,
the exposures time had to be increased from one-=-half minute at A'6000 to
fifteen minutes at A 3500,

lleasurements were made on one low dispersion plate on which four
speetra had been taken, the first with a chlorine fluoride pressure of
50 cm, and an exposure of 1 minute, the others at 50 cm, and 4 minutes,

3 mn, and 4\minutes, and 0,3 mm, and 13 minutes, respectively, TFifty
eight band heads were measured, With a few exceptions, four measurements

from at least two of the above spectra were made on each band head,

*¥01 pp./3-/6 of this thesis a short description of some of the spectro-
scoplc nomenclature is given.
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Similar measurements were made on thirty-one selected iron lines, The
wave lengths of the iron lines were obtained from the 1,I,T, Wavelength
»Tablesﬁ, The reciprocals of the wave lengths were calculated, the cor=-
rection to vacuum as given by the International Critical Tables7 ap=-
plied, a linear interpolation formula obtained, and a correction curve
plotted in the usual way,

On plotting the positions of the band heads on a wave number scale
it was seen that there were at least four progressions, and the generel
appearance was that of a polyatomic rather than e diatomic molecule, A%
the suggestion of Dr, Eyster, the above bands were compared with the
chlorine dioxide bends in this region, the vibretional structure of which
has been thoroughly investigated by Urey and Johnstong. It was found
that fifty-seven of the fifty-eight bands measured were reported by them,
the meen deviation between their results and the results of this invesit-
igation being about seven wave numbers, The remaining band head, at
21,140 ciql( A4729), wes leter found to be of chlorine fluoride,

As reported by Urey and Johnston, the chiorine dioxide absorp=
tion is very strong in the near ultre-violst but becomes weak as one goes
ihto the blue region of the spectrum, They found it necessary to use
pressures renging from 0,2 to 600 mm, in absorption cells 30 and 60 cm,
in length, As the difference in boiling points of chlorine dioxide and
chlorine fluoride is very large (see Teble 1), it seems impossible that
a large concentration of the former could be present in the latter after
distillation, It seems more likely thet the amount of chlorine dioxide
was very small, probably less than one percent, this percentage being
more than enough to account for the observed absorption, The presence of
chlorine dioxide causes no trouble ia the spectroscopic investigation,
as the bands due to it are easily identified on the high dispersion

plates, but the appearance of the low dispersion bands has been treated
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in some detail here for use later in regard to the investigation of
chlorine fluoridec and chlorine trifluoride by the electron diffraction
method, in which it is not usually possible to deterwmine the presence of
or the effect of impurities,

The high dispersion studies were made in the second order of a
twenty-one foot concave grating, using Bastman 40 plates, The absorption
cell was used exactly as in the low dispersion work, A very large number
of bands were found, most of them with very complicated, only partially
resolved, fine structure, and hence due to chlorine dioxidej also sev-
eral bands obviously resulting from a diatomic molecule of low moment
of inertia were observed, The region about these, )j 3990-~5380, was
then intensively studied, The pressure of gas used varied from 60 to
80 em, It would have been advantageous to use a higher pressure or a
longer path length, but neither weas feasible, IExposure times varied
from one-half to two hours, depending principally on the condition of
the vindows, The slit width used was 0,035 or 0,040 mm,, and the dis-

’ . ; -1 y .
persion obtained was epproximately 5 em = per mm, An iron arc comparison
spectrun wes placed on either side of each chlorine fluoride spectrum,

A beautiful progression of five bands, degraded to the red, wes
found, with sharp heads at 4901, 4868, 4812, 4761 and 4728 K. The £ine
strﬁcture in these hands is clearly resolved, The bands at 4901, 4888
end 4761 £ seem to consist of doublets whose separation incresses as
one goes further eway from the band heads, The bands at A 4812 end

A 4728 consist of single line

9]

heving a spacing uwnifornly increesing
with distence from the origin, but the spacing in the A 4812 bend is
twice thet in the A 4728 bend,

Between the head at A4728 and A 4680 there is a region of broed

diffuse lines in which there asre faintly visible three diffuse band heads

but no corresponding fine structure, Then at about 4662, 4654, 4649 end
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end 4647 £ there sre four more bend heads which pleinly converge to a
limit very near the last mentioned head, The first three of these last
mentioned heeds have pleinly resolved fine structure, but it was pos-
sible to measure the lines of the first two only, A contact print of
the ebove region is given in Figure 3; e microphotometer trace of part
of the region is given in Figure 4,

The region beyond )\4647 was carefully exemined for more diat-
omic bends, but none could be found, A large number of bands of chlor-
ine dioxide were found to the violet of A4600, but their intensity dee
ereases rapidly with incressing wave length, so that ro bends erising
from chlorire dioxide could be detected to the red of A 4620, It can
be definitely said thelt there are no bends of chlorire fluoride in the
region AA4GO0=4647 of intensity at all comparsble to the bands in the
region 4601-4728,

On the long weve side of A4901 the bsnds soon become indistinct,
The intensity of absorption rapidly decrceses and the bands begin to
everlap badly, Beyond A5250 the ebsorpticn lines fade out completely
with the path length and pressure used, Two bands were anslysed in

this region, their heads being at A4907 snd A4987,

o

IV, The Chlorine Fluoride Spectrum
Analysis of the Rotational Structure
The first step in the analysis was to make high-contrast en-
‘largenents of the chlorine fluorine bands and to pick out the obvious

branches, This was very easy in the bands shovn in Figure 3, It can

e

SRR

F
(6

1y be seen that the bands consist of single P and R brenches, which
give the bands at A4868 and 4761 a doublet appesrance snd which overleap
in +the bend at 24812,

After picking out the branches of severel bands, the position

of 21l the lires on the pletes in the vicinity of the bands so trested were
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neasured. leasuresments were made on two plafes, the region A4654 to
A 4900 being measured on one (the plate shown in Figure 3) and the region
A4900 to A5032 on the other. Three settings were made on ecach line
of the abscrption spectrum and the iren arc spectrum.

The accuracy of these measurements varied greatly. On most
strong shary absorption lines and on the the iron arc comparison lines
the maximum difference between any two of the three measurements made
on each line was 0.002cni. corresponding to a probable errcr of less than
C.l cmfl. But very few of the lines measured were both strong and

harg, so that differences between successive neasurements of two and

(0]

three times the above figure were not uncommon. The calculations of the
frequencies from the comparator readings were made in the way described
for the low dispersion plates. The deviation curves were smooth and had
=1

a prabable error less than C.05cm ~. Hence, it is believed that the

, e e . e =1
probable error in measurement of strcng sharp lines is QO.lem 7, of most

o s . -1 ; ; .

of the remaining lines O.2cm —, while for some of the weakest lines (Pr-
o

' bands) and for overlapping lines there maj
i )

incipally from the "isotope'
o -1 : : _—
be errors of C.5 e ~. It might be noted here that the slit width cor-
y =] . ’
responds to Ce.2cw © and that the theoretical resolving power of the
. T : o S— S =1
grating in this region for an infinitely narrow slit is C.llem .

The rotational analysis was now carried out in the usual way.

For convenience in the description tec follcow, the numbering of the bends

QO
(0]

finally decided upon will be used, the reasons for this cholce of

nunbering being given later. The connesction between this numbering and
the wave lengths previously given for certain band heads may be seen by
a glance at Figure 4., It is evident that this beirng the absorption

. - sef, 1
spectrun of & cold gas, thc sewxdsss of bands €< 0, 7« 0, 8« 0, 9< 0,
and 10«0 must be a progression ar¥ising from a cormmon initial stete and
hence there must be a numbering for each of these bands such that the

A, P\, are the same for all btands.
(w) S
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Throughout this paper the standerd spectroscopic nomencleture is
9,109

vsed 7, We will here digress to summarize the more importent definitions

and formulas used in the following discussion,

T=T, +G+F, Te» G > F, (1)
where T is the total energy of the molecule expressed in weve number units,
and Te’ G, and F are the electronie, vibretional, and rotational energies,

is

respectively, of the molecule, Then for e diatomic molecule, G = G(v)
e function of a vibretional quantum number v, gnd F= FV(J) is a function
of a rotational quentwn number J, end also of the value of v, Both FV(J)
and G(v) depend on the electronic state of the molecule, The two states

involved in any given transition, in this cese two electronic levels, are
designated by applying primes to all quantities referring to the upper or
higher energy state, double primes to all quantities referring to the

lower state,

It is in general found that:i=
: i
- EEE 3 iz == 4 = 3 ‘
G(v) =W (v + ) =Wx (v + 3)+ weye(v +2) * serrverseee (2)

Wo )y WE DY Wy,

@) =BVJ(J+1)-DVJ2(J+1)2+ (3)
B0
B, = Bg - QT+ Bt vivvverionnnsenenans
Be > ‘ze
D =Dy + 8 (v+ 2}t ciriivrneiiioinannnnnns (4)
De X &

For the frequencies emitted or absorbed,

Z =7t a1 =7t aT"+G)  -G" 4+ F! - F 5
“e e (v') (V") V"(J') V"(J") vees (5)

where the selection rules ere that av = v! & v" = any integer and
T " _.+ . . . =
AJ =Jt =« J" ==1, or 0 in genersl, but in certein special cases

..l_
AJ = .1 only.
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Thus & given band system arises from the fotality of transitions between
two electronic levels of the molecule, BEach band of the band system cone
sists of all the transitions invelving g single vibrational levels in the
upper and lower electronic states and so can be denoted by two quentum
numbers, v! and ¥", the transition giving rise to an ebsorption bend being
represented by v! «— v", BEach line of a given band then involves & de=-
finite rotational levels in the initial and final states, but beceause of
- the selection rule on J it is more counvenient to give only the quantum
number of the lower stabe together with the value of AJ,

It is usual to consider the rotational structure, resulting from

Ft - Y as superimposes won the vibretional structure, The

V'(J’) .v." J")

letter is described by

= $ (vt J—._ttt_Lz 1ot (vt o+ 2)O
/4 Zé +—u%(v + 2) «%xé(v + )%+ u;ye(v F 23" ¥ sesannin

"'W“ "+’l' "'w"" "+'%‘2+ocoboo000c-oooJ '
[ (v + 2) -t (v + ) (6)
where 'Z; =Tt - T" is the origin of the band system and the values of %
d e e .
given by the equation are the band origins, the positions of lines re-
sulting from an imaginary transition (v! == v") in which F'(J'\= F“( x
/ J'

The rotetionel structure of a band is then given by

V=7 + Pt - P . A set of lines in which £J = J!' = J" = 41
0 vi(JY) v'(J")

is called an R brench, a set in which AJ = 0 a Q branch, and e set in
which AJ = =1 & P branch, As no Q branch was observed in these experime-
ents no more consideration will be given here to the case AJ = 0,

Thus, we can writei=

i

W) Do) TR

Bl

R brenchs=- 29/= Z/b + F

Pbranch:-/=pO+F'(J+l)-F"(J)=P(J) PP &

The quantities obtained by direct measurement of the spectro-

graphic plate are R(J) and P(J). To obtein from these information aboul:
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the rotstional constents of the molecule one caleulates the quantity

N\

‘dzEv(J) BERTOIE D BT R DL
(7) thet

AF ) = e e Py T+ M=)

paps
2 v

It is at once evident from equation

= Rt —F' P - R R 8
(g) v(J + 1) v(d = 1) (J) (J) (50
As the valuves of the ASZF 7) vary quite eppreciably with v, it is

v L

apparent that if the same A_F are obteined by the analysis of several

!
2 v(Jy
different bands, these bands must have one state in common,
Usirg equation (3) but neglecting D, we mey write more explicit
expressions for R and P s
* (J) (J)
Z’ + 2B' + (3B = B")J + (B' - B")J%
)

®()
P)

If B! - B" is appreciably different from zero, it will be observed that

Z, - (8 +3B")J + (31 - B")J%  iieeneees (9)

there exists either e minimum in the values for P(J) or a meximun in the
velues for R(J), the former signifying that B! - B" is grester than zero
and giving a band described as shaded or degraded towsrd the violet, the
latter signifying that B' - B" is less than zero and giving a band des=-
cribed as shaded toward the red, This maximum or minimum is kﬁown as the
- band head and is the most prominent feature on a plete taken with low
dispersion, The distance between the band origin and the band hesad is
small if B - B" is grestly different from zero, as is the case in these
bends, and caen often be neglected in qualitative considerations of vib-
rationallstructure.

It is usual to srrange the band heads or band origins into prog-
ressions, a progression being a group of bands heving a comuzon upper or
lower vibrational level, From equation (6) it is seen that the band or-
igins for a progression having a common lower state (v" const,) must sat-

isfy agd equation:=
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Z=Z"+w (vt +L)-w x (v E) W g (T E)TF seeenees
o e e e e’ ¢©
where Z/; is a constent for a given progression,
e have so far ignored the fect that chlorine has two isotopes,

c1°° and c1%7, so that the spectrum observed actually arises from two

[GN AN 4

molecules, Cl 5F and C137F. The electronic terms T'e and T"e, depend=-
ing on the nuclesr chargés and the electron interactions are practically
identical for the two molecules, but the vibretional and rotationszl en-
ergies, depending on the reduced masses of the molecules, will be dif=
ferent, To distinguish between the two sets of bands and the two sets
of constants obtained therefrom, the usuval convention is followed in ap=-
plying the superscript i to every symbol having to do with the less ab=-
undent molecule, Since the rgtio of ClS7F to ClsSF is 1 to 3, relativ-
ely few bends of the isotopic molecule were found,

To return to the ClF spectrum, it was found that the rotetional
/ines  of seven of the bends in the region studied could be numbered
so as ©to give the seame ‘12F“'s. Since at room tempereture the number of
molecules in states having v" > O decrezses very rapidly es v" increases,
the state these seven bands have in common must be the lower state, The
experimental wvelues for R<J) and P(J) for these bands, called 7 <«— O,
8 «— 0, 9 «— 0, 10 «=— 0, 14 <— 0 and 15 <— 0, are given in Tables
3 to 7 along with the values of Aﬂth(J) = R(J) - P(J>. In Table 8, are
given the valves of ‘QZF"(J) for these bands and their aversge, It is
seen that the agrecment is gquite satisfactory for the middle range of J
values, For small J, say J< 4 the lines involved come very near the
band heads and so are difficult to meassure becsuse of the crowding to-
gether occurring there, Also the intensity becomes low as J approaches
0, For high J the intensity agein approaches zero, so that the last lines
meesured in a branch areﬁ%ccurate. In band & <= O the overlapping of

P and R branches give an additicnal error, which is discussed in some de=-

- tail later,
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Overlepping the & «— O band is enother bend, the 10 <—1

band, having the seme A 2F'( ) as the 10 «— O band, At a slightly
T

v

longer wave length another bend,the 8 <— 1 band, was found having the

sameAzF'( ) as the 8§ =— O band, The 8 «<— 1 band is also like the
J

8 =— O band in heving the lines of the P and R branches overlapping,

On comparing the AZF" for the bands 10 <— 1 and 8 =— 1 it is

(9)

found that they elso agree within experimental error, The values for

P(J), R(T) and AgF’(J) for the bend & <— 1 are given in Table 4

where the AZF'( \ mey be compered with those for the 8 <«=— O band, The

=

10 <— 1 band is similerly treated in Teble €,and in Table 9 the A4 F"

2 (3)

are compared for these two bands,
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6«0 7«0 Bam0 | 94—0 ! 10=—0 & 1¢<—0 I 150 4ve 1%
T . 1 T 3.80 | i | 3.80 2.5333
5.91 5.69 5,36 | 5.620  2.2480
7.65 7,50 7 .36 7.16 7.05 | 7.344 | 2.0982
9420 9.20 9.27 9.28 9.25 9.32 9.29 | 9.258 | 2.0573
11.45 11.13 | 11.32 11.22 11.14 11.09 11.28 |11.232 | 2,0421
13.22 13.41  13.38 13.47 13.24 13.39 13.34 [13.350 | 2.0538
15,35 15.49  15.46 15.25 15.353 15447 15.57 [15.417 | 2.0556
17.45 1¥.58 ' 17.55 17.45 | 17.50 17.89 17.48 |17.558 | 2.0856
19.39 19.41 19.66 | 19,57 | 19.35 19.38 ——- 119.480 | 2.0484
1.63 21.49 21.68 21.52 | 21,52 | 21.89 21.69 |21.602 | 2.0573
25 53 25.81 - 25.77 23,61 | 23.55 | 23.22 --- 23,548  2.0476
25.91 25,71 28,73 25.61 | 25.78 | 25.67 | 25.735 | 2.0588
27 .77 27.93  27.71 27.7£ | 27.70 | (27.54) 27.774 | 2.0573
3C.04 ——— 29.88 20.91 | 29.84 | (29.49) 29.917  2.0623
31.97 31.86 31.98 | d1.93 | 31.99 | (32.09) 31.942 @ 2.0807
--- 133,05 34.28 | 33.89 | 34.08 | (33.97) 134.050 | 2.0636
R 35.93 38.13 | 35.96 36.05 | (35.75) 136.017 | 2.0581
37.91 38.10 38426 38.10 ! 38,02 | (37.88 38.07€  2.0522
139,74 40.18 40,33 | 40.08 40.10 ! (40.50) 140.086 @ 2,0556
42,18 42,08 42,27 | 41.94 42,17 1 (42.92) 42.120  2.0548
44.21 44,10 44.49 | 44,15 | 44,38 | --- 144,266 2.0588
45.95 46.22 48461 | 46,19 | === 146.242 © 2.0552
148,31 48.39 48442 | === | 48.36 _ 148,370 2,0583 |
50 .49 50.19 | 50,75 | 50.09 — 150.320  2.0583
——— 52.47 | 52497 | == 58.26 152.600 | 2.0827
64,25 54,21 |54.82 | 54.38 54 .54 54.440  2.0543
——— 56,17 56,76 | ~-= 56 .34 56.423  2,0517
mmm | mme e 88,70 §8.7C0 | 2.0598
161,27 | 60,64 —== 60,955  2.0662
| 63446 62.61 | 83.22 83,096  2.0887
| 86,00 i ; 66.00 2.0952
1 89.91 , 89.91 2.0868
5 72,36 72,35 2.0973
1 | T4.54 T4.54 2.0997

*In the (8 «—0) band, the T and R branches overlap almost perfectly for
rsmall J, but give band lines for J.
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Table 10

(ee—cy (10 =<
TR ) 470 ‘4£§§;L%§5 8(a)
1
2
3 20804.10
4 £01.61
5 120804.10 798.44 = 5.66 | 1.029
6  B801.61 795.05  6.56 | 1.009
7 798.44 790.88  7.56 | 1.008
8 | 795,05 21116.98
9 | 790.88 781.44 9.44 0.994
10 775.85
111 781.44 769,85 11.59 | 1.008 10C.49
12! 775.86 | 763.34  12.52 | 1.002  21093.88
13| 769.85 | 086,45
14 763.34 | 748.84 14,50 | 1.000
15 | 740.61 | 070.42
16 748,84 | 081.38
17 740.61 051.69
18 | 041.53

{

5} | o0.98 |

N3
/
T ——
Py ARy 2D
T A RNV
| |
| :
|
| |
| 21119.54
i
|
103.93 |
097.59
000.66 | 9.83 0.855
|
074.8C | 11.65 0.863
066.24
056.94 | 13.48 C.870
047.18 | 14.20 0.881
036,51 | 15.18 0.867
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Table 11
i, T
LﬁZF"(J) s
6= | @oc=-0f we. |4 § +(°P/2
0
1
2
3
:
5 | |
6 |13.22 | 13,22 2,054
7 § A
17.00 { N 1 2.000
19.19 | 19.39 19.29 | 2.030
21.03 | — 21.03 | 2.003
s e : (RO = axo con. ——
— 25.69 25.89 2.055
7.02 27 464 | 27 .33 2.024
24 29.51 3 29.38 2.026
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The above bands account for all the strong lines and some of the weaker
oneg in the region studied, but leave unexplained the vast méjority of

wealr lines. However, so far only the molecule C135F has been consider-

ed; the ClJ7F molecule will also give rise to a band systen, identical

=
3:.)F

&) &) .

in appearance with the C1 system and describable in the same manner

but with slightly different constants.
ie consider here the chenge in the rotational constants. The

value for By 1s given byllz-

B‘s h. € 8 s ¢ 0 08 ¢ 050000200 (10)
8ﬂ20/re2
It is convenient to define a quantity (7 g

/a--/?%. eiereeenees (11)

T . ; = 12 .
Then, it is seen that Bg - /QZbe. A more complete treatument™™ in-

.. . (
dicates that =
e bt g

obtain;

[SX]

Ul ophy L. ,c .
A, D =pf De end &7 = P77 . e a0

Cle

lex}
{

3" - ae,i(v + /%) =¢028e -fzae(v + /%)

v [S]

ARV A VEE K- ACRRV,

In the next section of this thesis it is calculated that/57= 0.99035.

i

Hence the second term on the right in the above equation is very small

, . % 2
compared to the first and we can say BV = f9 BV, or

2 I -
AZF () -P AZL(J) xrammanmmmnaks kL

Using the values of /AEFU calculated in this manner as an aid, 1t was
possible to pick out the isotope bands corresponding to iwo of the
bands previously found, namely, the 10-=— O and 3 €—C bands. The
lines belonging tc these isotope bands, labeled (1C «— O)b and

v . . . .
(8 #~— ()7, are listed in Table 10 along with the values of A 2F'(J)
°



28.
In Table 11 the values for ‘42F"(§) ochtained from the two bands are
compared.
Next the vositions of the band origins were determined. It is

seen from Equation 9 that

Ry -1y * gy T 2H + B - BMJI2% ..., (13).

1 : : : 1 t BT - pit
Hence if one picks out an approximate value for B' - B", say B' - BY,
and plots the quantity R + Py = 2(B" = B"J® aguinst J°, one
(-1 " (D
will obtain 2 straight line whose intercept on the ordinate axis is 275
while the slope of the line will give the correction which must be
applied to the approximate value of B' - B" to obtain the true valuc
of B' = B'". The terms involving D have been neglected in the above.
They cause the line obteined to be slightly curved and introduce a
slight correction into the values for B' - B", but do not affect the
extrapolated value of 2 270. As it was only desired here to obtain
29; accurately)the terms in D were ignored.

The results of such calculations are given in Table 12. In the

third column of the table is listedgb’o, the band origin, as found by

extrapolation of y * gy - 2T 5% to J = 0; in the

g = 1
fourth and fifth columns are listed the approximate velue of B' - 3"
used in the calculation and the actual value of 3' -~ 3B" vhen corrected
for the slope of the resulting curve. ihen wmeasured, the value of 27
(band head) is riven for later reference. It is estimated that the
grobable error in ZVB in the bands listed 'is iC.O5cm-1, except for the
15 «— 0 and 1C €— 1 bands znd the isotope bands where the number of
points.available for the extrapolation was very small, so that the

=

probable error is perhaps four times the above figure. 3Similarly, the

. L i =1,
error in B' - B" is estimated to be 0.002 ¢ ~, save for the

(6]

probabl

bends listed above where it is several times larger.
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= Table 12 =———==

B band head i bandzz;igin (a%éu&eAY (i;r;eizcd
B 20396 .45 20395.82 .24 0.233
7 «—C 620.02 619.32 245 243
- 8«0 821 .53 820.37 .26 .258
[ 9 a0 997 .53 996 ,94 .275 .272
10«0 21146 .05 21145 .54 .30 .288
i< 0 _— 445.87 .40 ' 384
115+—C T 479.95 .40 i 407
IR RBRd ol 20047 .04 .25 | .259
10e—1 — 372.07 .29 .287
(8.—-—5)“" S— 808.50 + 35 .248
(10« :)f’ e 134,31 .30 .295
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It hes been mentioned thet in between bands 1C«— C and 14 «—— O
there is a region of broad diffuse lines. Some of these lines come
from the band 14 «— OC,in which the lines are sharp near the head (or
origin) but begin to become diffuse in both branches at about J" = 14,
dowever, it is scen from Table 7 that the perturbation causing this
broadening does not cause any great displacements of line position.
There arc three more band heads in this region which have not been
mentioned yet; those designeted 11 «—— O, 12 <« C, and 13 <«— O.
These can be seen in Figures 3 and 4. In two of the bands, 12« O
and 1% «— 0O, there is not a trace cf ohservable structure, even the
heads being two diffuse to measure on the comparator. The band 1l<— O
has a little structure for as can be seen from Figure 3 and 4, thers
is a branch of very diffuse lines converging to a head. On a four-
fold enlargement these lines have a definite doublet structure, indicat-
ing they consist of smearcd together P and R branch lines. The centers
of these as determined by measurement on the compargtor are given in
Table 13. It is seen that in the band 11 €— C therc is some regu —
larity, but there is considerable perturbation in the wvositions of sev-

zral of the lines.

[0)
[©]

The positions of the band heads of these three diffuse bands were
found from measurements cn a microrhotometer plaste containing traces of
chlorine fluoride s eétrum end of the adjoining iron arc spectrum.

The plate microphctometered having previously been measured on the com—
rarator, the interrolation formula and correction curve then obtained

were vsed to calculate the frequencies from the measurements on the tracc.
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L.

Table 13

1S IS I SRS
Iav]
)
(9]
.
'.._J

N
Do
@]
>
.

wn

7

! 8 187.1 13.3
| 9.1
§ 10 ; 164.7 9.3
; 11 | 155.4

[<8)
=3
[$3]
L)

@

*This numbering is arbitrary.

Table 14

‘Vband head

| 11 <= 21956.5

12— C 338.3

15 «—C 398.4

17 ret— O 507 .8
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Also measured in the sawe way were two hands, 15 €~ 0 and 17-— C,

]

to the high-frequency side of the 15 €—C band. The positions of the

e

)

last five bands ﬁe?ls are given in Table 14. The probable error in
these values is * 2ecm 7, the error coming almost entirely from the pos-
sible ecrror in the choice of the point on the trace to be taken as the
band head. It is of course impossible to find the bhand crigins for these
bands, but it is seen from Table 12 that the seperation of band head

and band orisin iz of the crder of one wave number for the other bands

of the vrogression. dence, within expsrimental srror, the band origin
and band hezd may be taksn as coincident for the bands listzd in Table
14.
V. The Chlorine Fluoride 3Spectrum
inalysis of the Vibrational Structure
Deternination of the Vibrational Constanta.
of the bhand ay
for the band origins

rreviously obtained. It is a2t once apparent from the values of 27;
ond from the rotational that the bands can be arrangzd into
two Y ' zrogressions, one consisting of 12 bands, the other of two
hands. There are 2lso two isotopic bhends which belong to the first ol
these progressions. Then the Deoslandres table for ths bands must be
ag given in Table 15, vhere for the rresent the numbering of the bands

as tentative.
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ional level, it is expected that the lowest level aebserved has v" = 0.
This is found to be the case in almost all studies of ths 2bsorption
spectra of other molecule Since a2 rath long v' ;rogrsssion is ob-

g . ' 13
or chlorine fluoride, the Condon parabola™ must be of the open
type. This in turn requires that if the lowest vibrational level in

the zround state does not give rise to the strong observed v' progres—

(L8]

sions, it must gzive rise to a continuum =2t shorter wave lengths

.

Becsuse of the chlorine dioxide bands, it is im
inuum is absent Howsver, it can he said that there are
ne bands of chlorine fluoride to the short wave length side of A 4850

with intensity as much as one-~tenth the intensity of the 10 «— 0 band.

\

. ; =1  c.
From the arrroximate value of wea ey - G( T 773,40 em ~, it is
\ J

calculated Trom the Boltzman expression that the ratio of the number of

molecules in a ziven level to the number in the next higher level is

-

for low v'

rouzhly forty to one. The intensity of an clectronic hand
is the groduct of two factors, the population of the initial state and

the transition probability between the initial and fimel states. There-

s 0
!

fore, it is necessary that if a level exists corresponding to v" = -1,

the transition probability for the band 10 €— -1 uust be only onc-

four hundredth of the transition probability for the band 10 «— C, This

for adjacent bands in the Deslandres table, es-

(i)

o]
D
[e]
H‘
O]
—
[

5
(&)
w
<

ne vibrational frequency in thzs ground state is fairly

hizh so that the amplitude of oscillation doss not change much with v"

for v" small. ience it may be concluded that although the numbering in
the ground state might possibly be wrang, the chance that such is the

o

case is negligibly small. Additional evidence in favor of the conclusion



[€)]
w
.

o+
=57
0]

o+

the selected numbering in the lower state is correct is obtained
from the potential curves for the chlorine fluoride molecule which
are discussed in a leter section of this thesis.

The bands v' «— 1 are perhags one=fifth as strong a2s the bands
v'€&— C. This indicates that the transition probabilities for the
former bands are eight times as large as the transition probabilities
for the latter bands, a not unreascnable factor. Very wezk lines wesre
it

observed in the region in which bands having v" = 2 would eppear, but

these lines might equally well arise from transitions v'e— 1 with

D

C

With the numbering of the lower state fixed, the isotepic shift

can now be used to determine the absolute nuubering of levels in the
upper state. It is first necessary to fit an equation of the form of
equation 7 to the progression v' = 0. It is clear from the first and
second differences given in Table 15 that no simple quadratic or cubic

in (v' + 1/2) will f£it all the bands of this progression. This is to

be exzected, for the perturbation which destroys the rotational struct—
ure for the bands 114~ O, 12 « 0 and 13 «— 0 surely also affects the
vibrational levels. Such a perturbation usually requires that the levels
2bove the perturbation region be fitted by en equation aporeciably dif-

ferent from the equation fitting the levels below the perturbed region.

ident from Table 15 that only the bands - <« O to 10«— O cen

i
c*
H
w
W
<
’_lo
fa)
7

be fitted by a simple equation.

It is necessary here to write the equations for the vibrational

()
[¢]
c

isotope eff:

L

o #e start with Zguation 7:=

2y WM+ yR) ~ (V1) sy N+ YD L

"’[we“(‘/ . . 1/2) = we"Xe"( V" + 1/2)2 + .-.o.o--oooojo (14:)



It is well known that

e 0 0 00 s 8 ve o8 0 0 008000 (15)

where % is the bond force constant. Hence it is seen that for the

isotopiec molecule, we" = /ﬂ[[/e’ where/ is as defined before;

it cen also be shown that the dervendance of the other vibrational con-

stants on ,ﬂ is: 6(/2.':: > =/ﬂ 260 ¥ and é{/iy 4 =p36(/ v_o The
e e ="e e de e'e

positions of the band ori

given by !

V" = p; -»/we'(v 'y 1) -ﬂgc(/e'xe'f' (' + 1/2’} + pzwe'ye'(v,' +

R AR SV R R AR S VORI [

s (=2 Wy (v yR°

-[(1 N AACAES VRN -/% Wx (v "+ LAF j (1

()

As /ﬂ is usually very nearly equal tc one, the only exceptions being th

molecules containing hydrogzen or deuterium, the approximation mey be

. .
wmade that

{]

(1 =)L +p) = 21 -7)

Equaticn 1

vt e -p>{w'e(v Pe1fs) maw)'x (v + /D)%

then be simplified:-

+ Zc{)‘ey'e(v' # 1/  tennens

- [(,(jc"(v” + 1/2) -2 (,{je"xe”(v" + 1/2) 21'6 -.—.-.?.....(19)

+

gins for the isotopric molecules will then be

Z

sooec0 00

€

f
1-p% = (1= (1474 /2) =21 57) eeeeneniene (19

3

-+
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As bends were found involving only two vibration levels in the

lower electronic state, the values of we"xP"

>

cannot be obtained, but

onlyG"(l) = 6"(0) = We" - Zu)e"xe“. +Je wish to examine the iso-

tope shift in the .rogression ¢ " = 0, so that the quantity desired is
as seen from equation 19, 1/26(}"e = lﬁ(u"ex"e. As @ x_ 1s only apout
~

one percent of We, the approximation cen evidsntly be made that
o o = i - Ho
1/2we 1/2wexe 1/2(5“) G'(y) + Ve &

—_— -
2"/1/2 6"(1) - 6"(027 = 3533 o7OCTﬂ .
1

: ' P - . . -
The error in 7/ -7/ arising from this assumption is at most O.lem .,

e might now calculate f. From a summary by Hehn™~ we have for

19 35 37

the atomic weights:- F*° = 19.0045, C1°° = 34.9803, 0©1°' = 36.9779,

(Aston scale, O’l[5 = 16.,0000) « Thus, in atomic weight units,

_ (34.92803) (19.0045)
é/A
53.9848

= 12,3140, «y; = 12,5529

and g -Z//—% = 0.99045. Substituting the numerical values just ob-
tained in equation 19, we have

7_pi« - 0‘00955{w‘e( Voo 1/2) - 2“/!6;{18([/ . 1/2>f2'. .

sw'y' (v '+ 1%2)3 - 386.70}.
It was found that no quadratic in {l ' + 3/2) would fit the
orogréssion of bands 6 <%= O to 10 « C in a2 satisfactory manner, but that
with the addition of a cubic tern the exverinmentsal data could be fitted

fairly well over a considerasble range of w'ex'e and w'@y'e. As the

(7

£

isotope shift calculated might depend on the choice made, three differ-
ent equations were fitted to the band origins. The isotope shif'ts were
then calculated, using each squation with several choices for the ¢ '

nunbsring. The three equations, the equations for the isotopic shift
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obtained therefrom, and a comparison of the values calculated from the
several equations with the experimental values are given in Table 15.

. ' 4
The isotopic shifts are given not only for the V numbering finally

chosen but also for the cases where the nuuber assigned a given band

"‘
is increased or decreased by one. It is to be noted that the change of

ariable required for such a new choice of ¥' ( V' = F ' =1 in or-
der to incréase the number on cach baad by §ne) must be made in equat-
ion 14, the equation for the band origins, and then a new equation 20
for the isotope shift calculeted; the change of variable cannot be made
directly in equation 20.
kquation 21 is the best quadratic in () ' + %/@) through the

xperimental points, and ecquation 2la is the corresponding equation for
the isotope shift. It is seen that there are deviations from the ex-
perimental values of over a wave number, many times any possible ex-

——

perimental crror. -Zquation 22, with a large negative value for aj'ey'e,
fits the datg very well, but has a negati;e value for au'ex'e. This
last means that the spacing of the vibrational levels for low y!

would be coﬁtrary to the spacing. generally observed., As one purpose of
this equation is to give reasonable extrapolation to P’GL—%/@, a third
equation, equation 23, was afbitrarily gelected as a compromise between
equations 21 and 22. This equation fits the data in a satisfactory men-

' of the same order of magnitude as

ner and also has a value for ' x
is usually found.

It is seen by an inspection of the isotope shifts as given in
Table 16 that all three equations give essentially the same result.
The numbering chosen yields very satisfactory agreement with experiment
for ' = 8, but poor agreement for y' = 10. If the number assigned to

-

each band is increased by one, then satisfactory agreement is obtained
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Table 18

vessnenss (21

- 0.500(V " + 1/3)° (

+ ;/@)2
+ L/é)z

2/ = 18336.11 + 396.80 '+ 1/2) - 12.300( V!
v

7= 18518.48 + 292.604( ¥ ' + 1/2) + 0.304( V! (22)

= 18561.55 +

313 4u4(p/' + 1/8) - 2. 7( V" + ;/é) - v.4“C( V' %), (23)

V' %t | Zhe ; Tl 0522 | Uglegrs

5 | 20395.92 2089550 | 20895.98 50395.78
|7 20519.32 620,24 619.17 £19.32
- 2082037 820.24 820.51 820.44
- 20996.94 | 995.64 996.95 096.71
| 10 | 21145.54 ' 21146.44 21145.52 21145,76

11 E (21255.5) 272,64 263.19 2657
| 12 | (21338.3) 374,24 346.96 352.54 |

13 | (21398.4) 451,24 393.85 405.49

14 | 21445.87 | 503 .64 400,84 421.59

15 21479.95 | 531.44 364.94 398.47
16 | (21499.9) -
17 (21507 .8) | 224.91

>
%

|

AZ/= 0.00955 396, so\v" + ;/é) - 24, eco(b/' & ;/2) -
0.00955 292.604( /' + }/é) + 0.608( ¥' + 1A% - o.s00(V t + 1B)°

385,70

- 386.70

APRPP & 1

LECRCIC B (228.)

0.00955 313.484( V' + }/2) - 4.434( Y o+ %/@) - 0.400(V" + yﬂa

e e S -396 T0 swew ( 2 ')a)
] m £q. 2/ i é} 224  £p.0%a 7
- s B e S o
| V' AY ot | A%l |[P%xp.” 2 c;lc.; AZ g1 1A Vz c”lc AV LAY -AT
:_‘ o TP SS | PRSI | e . al c - eXx U Le Ca . C
| 8 | 11.77 | 11.55 0.22 | 11.68 | C.09 11.”R 0.12 |
| 10 11.23 10.20 E 1.03 9.70 | 1.53 | 9.81 1.42
?_.>H-_—_‘~ — IR TRy - e il E - - i IR o [ & S p—
| If ' is decrcﬂseo by 019 |
| ; |
71T 9.75 2.02 9.87 | 1.90 0.84 1.93
9 1.23 .88 | 2.35 8.43 2,80 8.51 2.72
o s AR e S M S E——
{ If V is increased bv one !
9 11177 | 13.34 -1.57 13.49 | =1.72 13,46 -1.69
11 | 11.23 | 11.52 10.98 (0,14

"u029

+0425

11 09

RV ——————
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for v' = 11 but very poor agreement for v' = 9, If v' is decreased by
one, the agreement is entirely unsstisfactory; similarly if v' is in-
creased by two the sgreement is not satisfactory.
There are two reasons for choosing the v' given rather then v'
incressed by one. First, the numbering chosen does give slirhtly bet-
ter agreement than the alternative given. Second, and more important,

the data on the (8'<—-O)L band @ more complete and are believed to be

(O]

more reliable than the dete on the (10 €— Q)Y hHand., dencs, ths nunbsr—
\ 3

ing giving best agreement with the data on the (8 -—-O)L bend was sel-

lected.
althovgn the
It might be pointed out thatAV' nunbering is uncertain by 1, the

quantities useful in therwodynamic calculations and hence of interest to

the chemist, the dissociation energy DO",CL)e", opg"xe", Be", all re=

late to the lower staite and are independent of the nuwbering in the

upper state.

VI. The Chlorine Fluoride Spectrum
Deterrination of the Rotational Constants.
The rctatlional constents of chlcerine fluoride can now be obtained.
Substituting Zguation 2 in Equation 8 it is found that

wm -
IO

PN
(]

e |
X
N 4

f

vl - 1)

= (43 - 6D3(7 + V?) - 3D.(J + VD)

v v

. . A2F T .
Eence, 3f the values of‘ngF () are known, __Xﬁil. can be calculated
v ( J‘ & Vr-)

D)
and plotted against (J + %/?)“, and e straight line fitted to the poin
(5}
N . ~ " .
Then, the valus of the ordinate at (J + ;/%) = -2/4 gives 4B and the

sloge of the line gives 8Dv' Actually, in these experiments the ex=-



S = 2 . o .
trapolation was made to (J + 1/2)~ = O, GDV being negligible in com—

cerison with 43 .
v

The F" and F! values obtained from the analysis of the
A Foa 4, w{(J) - I
various bands have alreedy been tabula in Tebles 3 through 1l. From

0
G

these, or from the average AﬁzF where several bands heve a common

n
stete, the ZQE QJ} values were calculated.s The results of thes

5 ; . 4 : A2f,
calculated are zlso given in Tebles 3 through 1l. On plotting the Ezfzzg

it was found that the data in general were too scattered and wers not

n;

available for sufficiently hizh values of J to permit the determinat-~

ion of D with any accurecye

Date is availeble for only two levels of the lower state v" = C

— 15 :
and 1. Here, as suggested by Herzberg™ , a theoretical value for Dv
74
=

.

from the equaticn D = “e.  was used in calculeting S, Uhilcééfe"

w2 .- (26)

~

s not known, the error introduced by using u(

b

- in its pls
1) L(o) in its place

is small, as is also the error introduced by neglecting/&g and so as-

0
3

suwning Dv = De’ A preliminary estimate of B_, made by a very rough

rtrapoletion af;ﬂzf"c,) and A . F () yielding Be" = 0,52, we have
’ (s 5 =
pr= He28 2 g 50070
(773)

Using 8D" as the slope, the best straight line through the ex=—
PCrimcntsl.zﬁgF" values wes then drawn. he intercepts on the
A F" . st o A9 ™l 5 A7Te hin v
2 axis were 4B 5 = 2,061, 4B] = 2.036., FPFrom these, making an
& .

estimate of the probable error, we obtein:-

[

C.0005 cm

es)
i

o
°

w
[
(@]
Do
14

5.1 = 0.5090 * 0.0015 cm -
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The rotetional constants in the ground state of ClF arec therefore

+ 0.0010 cm ¥

Be" = 0,5183 3
cxe“ = 0.0062 * 0.0017 cm -

) R e
From these the internuclear distance can be diermined by the use

of equation 10« We find

r "= 1.6255 £ 0.002 10 “em
~
[{ I T PATAA A N AR 1—8

fo = 1.6504 * 0.CC1 10 CIt.

The data for the isotopic bands are too few to permit a very ac—

curate determirvation of BO . However, taking
2 T -6 <
D" = (o "= (0.90 . 1C 7, we obtain from the
o 0
: : 2
experimental data 42 "W = 2.03,
n Ni’ B ~ = =1 2 -
B, = C.5075 %= 0.005 cu ™, in satisfactory agree-

Lhe values

! 9
ot 4 2"y were plotted against (J + %/@) . Let us first consider

= &, tc 1C. These levels are in the region of

large enharmonicity of the potential function, as is evidenced by the

N

equation necessary to £it the band origins, Equation 23. Hence it is

not to be expected that the values for DV will be even avproximately
Z

G

4B . . .
equal to D = —& ___ . The methcd used to obtain D; and BV' wasg to

w ?

AR
2 a straight line

J # %/2

that scemed reasonable and determine a tentative BV and Dv. From these

first drew thrcugh the experimental value for

g
& d, o WA 3 4y 5 oy o8 T orqmd s e O e / -
B ema 3 was calculated and then a D, using Bquation 26 and 606 from

¢

tion 23. The values for Dv were then plctted against V and a smooth

It was found that the sign of D.' was oprosite to the sign for
a

&)
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DV' for v'5¢r8; this arises from the overlepping of the I and R branches

in this band, so that a mean velue was measured on the comparator.
Enough data is available on this band to make guite a good determin-

ation of BB' without assuming a D8 end it is seen that this value agrees

well with the BV's for the other bands
The curve teken appears qguite arbitrary, as an attenpt was made to

weight the various points on a basis of how definitely the ‘12F§J2

J o+ 1/2
values determined the slope of the line through thewm. Using the smoothed

velues of Dv’ the final values of BV were obtzined. These calculations
are summarized in Table 17. In the second and third columns are the

Ual

tentative values of

[e¥]

and Dv selected, in the fourth column the smoothed
velue of DV, and in the fifth column the finel values of Bv' Also listed

are the values of B and D as calculated for v = = ;/?, that is,B_ and
v v o e
1 1

De' From B ', we calculate rBo= 1.22 A. There is no method of es=

({0}

timating the derarture from linearity of the derendence of Bv' on v' + ;/é,
so no estimate can be made as to the accuracy of Be' and re'. In fact,

all that can be said is that the Be' and l'; given represent the ex-
perimental data over the limited range 6 ¢ v'  10. The estimated

. . =1
probable error in the Bv values i§ % 0.001 cm ~, except for v' = 8,

where the error might be larger.

. . .

Taxing D '“ = PD ', it is found that By'" = €.253, 3,1° = 0.218.
From the B! of Table 17 we have P 2138' = 0.250 and/p‘Blé = 0.222,

which is satisfactory agreement.
There is no simple wey cf predicting DV' for the levels with

hnl
' = 14 and 15. Prom the few values of“AZ , available for these

v
- J + 172

bands it is estimated that
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T e e
v! EQBV‘ cm_l 8Dv‘ cm-1 | SDV‘ cm-l ‘ jv' oz © va' calc.
| |tentstive  tentatiye | °°0thed | Tinel velue B
6 1.122 2.10°° 1.7 . 107° 0.280 0.282
7 | 1.076 1.5.107° 2.0 .270 0.268
| 8* | (1.018) (-2.4 . 10'5) ——— (0.254) 04255
e | 0.968 | 2.8 .10 i 3.4 0.243 0.241
10 = 0.899 | 8.8 » 18~ | 5.8 0.224 0.227
| i
| -1/2 1.493 % 1.7 . 107° 0,372
14 | 0530 | 0.132
5 c.as0 - el |

*3ee discussion in text on pg, 45
.

A

D
v calc

= 0.372 = 0.0133(v' + 1/2)
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] -l

F = +- 2
B! = 0.182 ¥ 0,008 cu
B! = 0.112 * 0.005 —

For convenience, these also are listed in Table 17. One sces
that B_' is now very repidly aprroaching zero. This can be explained
classically as resulting from the vibrational energy of the molecule being
very near the dissoclation limit, so that the particle spends a large
part of its tine at large r where the potential energy changes very
slowly with r.

The results of these calculations of BV values are in agreement

with the values for B!

= B" obtained in the determinetion of the band
origins, The values of B' = B" found in this manner, tabulated in
Table 12 are given again in Table 18, where they are compared with the
(] o nt 1 nll 1 s 1 S Ar\p
difference of B' and B" as obtained from the extrapolation of 2 .
J + 372

In view of the probable error previously assigned to the gquantities

ligted, the agreement is entirely satisfactory.

HH
(+
a3
™
w
o’

een mentioned several times vreviously that in the bands
8« C, (8«—0C)" and 8 =1 the I and R branch lires overlap. The re-

asons for and results of this overlapping scribed. Let us

C'l
{0
9
()
o3
M
rs
[41]

calculate the Sc;urat;on of the lines R<J x n) and F(J). From Eguations

o]
@
(&)
=
(_’.
o

Rig p gy = Fgy = '+ (3B - B (J+ny(B'=B") (J4n) Z+(B' 42" J-(3'-B") §°

(2J+n+1) [— '4n(B’ B"ﬂ I

=

If these lines of the P and R branches sxsc

i

27)

~~

4-

L J coincide, 1t is evident

-1 I

that we must have B. Ghen this relationship is aporoximately

satisfied, say

) =nq(2J+1’1+l) tecescssscss (28)-

From thc rotaticnal analysis it is found that B'K%fB" and n = 2 for the
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Table 18

J+1/2)751ues

Band B
5«0 0.515

| 7T<—20C  .515

§ 8«0 «515

| 9e—0 .515
10«0  .515
14«0 .515
15«0 .515
8 <«—1 0,509

. 10e1 .50

L (8e0)“ 503

t (10<0)®  .508 |

3" — 3!
C.235
0245
281
272

29

P

«38
403
«255

+285

[$]

255

oo
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bends mentioned above. It is obvious that this relation cennot hold
exactly for both the bands 8 <— O and 8 <— 1, for they have the same B!
and different B". On examining the photographic plates it wes observed
that the lines of the band 3<— 1 were guite narrow, only slightly
broader than necrmal single lines of the same intensity, but that the
lines of the band 8 <— O were very much broadened, ©f the lines for high
J (J > 30) having a width of about one wave number. This is exactly

what one calculates from the values of B found. /e have

B.! = 0.254 cm *
8

3" = 0,515

C

‘r": ]

B, 0.5C9

It is seen thet 3." is exactly twice B.' within less than experimental
1 o] 3¢

error. For the 8 «<— 0 band we calculate from Equation 28, putting n ==2

end J = 30,
I - P = 3 = = 270U
R(J+2) I(J) 2 K (27 + 3) = 2(-.007)(83) =-0.9
- P is ca ed from & ion 3 witl neglecting th
Iir ®g o+ 1) :(J) is calculated from Lguation 3 without neglecting the
terms involving D' and D", it is found that even if 3' = o - B,
n+ 2

R - P is not egual to zero but is a Pfunction of D} D' and terms
(I +n) (I :

. 3 . . . - .

in J up to J- . This separation is negligible for small J and need not

be considered here, but if it would cause the coinciding lines to be
separeted if the bands could be followed out to J = 40,

It is evident that the gquantity determined by mcasurexent on a

: : = g : . R F
band with overlapping F and R branch lines is actually “(J+n) + “(J) .
2

S

From Zouation 28, we see that for n = 2, R, - P, .\ approaches zero
- . (3 +m) “(3) ™
as J approaches —@/@, and will be very small at J = 0. Hence it is
ex ected thal any guantity involving R(J\ or P(T> which 1is extrapolated
/ <

to J = 0 will give very nearly the true value. However, any guantity
ey J ) <
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determined from the rate of change of the R(Jj or E(J), that is, any
guantity derived from the slope of a curve of z function of R(J> and

P(J) plotted against J is likely to be in great error. Thus it was

Hy

found that the values of B', and B" and Zg cbtained for the bands

nentioned were consistent with the results on the other bands, but the
values for D', obtained from the slopes of curves were meaningless. In
calculating A 2F"o values, where data is available from seven bands, it

is scen from Teble 8 that the Aﬂg?"o obtained from bend 8 <— 0 do not

deviate systematically for low J from the ‘szo" obtained from the other

bands, but that for high J there is a counsiderable deviation. Hence,

the A ZFOH(T) obtained from the band 8 <~ C for J greater than 28 were

ignored in calculating Bq".

v

As a check on the corrcetness of the analysis we might see how well

Badger's rule on the rslation of internuclear distence for frequency

15
holds in this mclecule. The rule states that
g _(011\1/3+d
k / s 209
e o 3.7

4

where for ClF, a molecule composed of one ztom from the first row and

: 1 /5
one atom from the second row of the periodic table, (Ci:)ﬁ// = 0,535
J

and 14 = .94, It has been shown sarlier in this wnaper that
J
.
=L
W 2~773,4C cn We' = 313,5
r VR 1,83 r ' =1.92
e &

from Equation 15, we obtain, introducing apzropriate velues for

the constants end the reduced mass

B o= Aty Cw F o s w
kg” = 0.433 . 10+G dynes cm., "e' = 0,0712 -10°
and hence we calculate
g B s 1,64 g = 2.23
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m., R S ¥ — . P e o A % spa ¢

The agreement is very goed in the ground state. In the sxeited

A ~ & 8 5 ~ % 7 P 2 e
state, the agreement is very poor; but as has been remarked previocusly,

2

1ificance can be given to the valuss of & ' =2nd 3 ' {or re'),

vl = -l/é are the correct one. The large differcnce between r and

s leads one to believe that at lsast one of the extrapolations is
badly off. It would surely be possible to find valucs for oue' and Be'
ant with the spsctroscox
1GCcessa to suow the solution-

for such valuce nave meaning it would be

@]
)
G
O
a
6]
[©]
O
3
<

unigue. As there is nc

>t this.

v - > T ok
was not thought wort

Detormination of the Dissoclation Energy and Potential Curve.

The dissociation energy of a woleculs, a guentity of very great

T~ R WA e rayra R A ATy At an W= A e 3 27
to the cherist, can under fovorable circumstances be dsterained

interest

with very great accurecy spectroscopically. The dissoclation ensrgy Do

ig defined to be the snergy regquired te ssp o two normal atonms

2 molecule in its lowest vibrational level. If a (v'<— 0) rrogression is
obsarvad which permits a reasonsble extrapclation to = convergence limit,
at which the molscule in the excited state dissocistss inteo atoms, it is

g X . FVoome e i A . BV g s - PO R (0, PPN T
scen that if ths energies relative to the normal atoms of the products

In C1F, tLL convergence 1limit ie sasily obtained. Following
AGW5}‘G%V GV sor
proceedurs, fex, the (v'e— Q) rrogression is plotted ageinst v'.

&

A 5lot of the valuss of the A G'v v Y2 ottained from Table 15 against
il =
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is given in Figure §. The experimental points are renresenied by circles,
the size of the larger circles representing the probable error in those

=1
a probable error of C.1l cm ~.

0}
S

points, the smaller circles represcntin

rmny,

The curve drawn for v'< 9 is the onc calculated from Zguation 23. For
9'<'v'<( 12, the gerturbations in the vibrational levels are too large
to rermit any ressonable curve to be drawn, but for v'> 12 a straight

line fits all the points within experimental srror. It is seen that this

<+

line cuts the axis A 3 = 0 2t v' = 15.8. PFrom this it will be concluded

hat the 17 «<— 0 band is the last band of the progression. Allowing for

1

the rather large possible error in the msasursment of the bend head on
the microphotometer trace and for the distance between band origin and

band head, it may be written
= 21,507.8 & 2 cm L.

_ - o S ; )
The positions of the band origins of the Vi< 0 irogression plotted

.

against v' are also given in Figure §. Here the curve was drawn to cor-

-y

respond to Zguation 23 for v'< 10, and to fit the exrerimental points
for v' > 1C.

There eprears to be a very faint narrow region of absorption im-
mediately to the violet, of the 17 « 0 band which might possibly corresp-

‘ that
ond to another band. It is too wealr to say definitely bet it is real, so
the evidence given by the A G plot is teken and this possible band
is neglected. In any case, it is serarated from the 17 € O band by less
than 2 cm_l, the prohable error given for the convergence limit.

We can immediately obtain DO‘ and also Def, the latter being the
dissociation evergy in the upper state measured from the minimum of the
potential curve. Using Equation 23 to obtain the value of Z° extrapol-

ated to v! = —;/% we obtain

D' = 21 507.8 - 18561.6 = 2946 —
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Do‘ = 21507.8 - 18551.6 + %/%(313.5) - %/2(2.2 - g/é («4) = 279C cm
As has been mentioned hefore, the extrapolation to v' = ~)/2 is quite ar-
bitrary, so that the sbove figure might be greatly in error. A reason-
n s q . ~1 0 -1
sble value for the _robable error in D' is 50 cm .
rmn D) . - // / T‘” s & " a - - ) E—— e &
To obtain Do (and D7) it is necessary to know the products of
(&
the dissociation at the convergence limit. No attempt will be made in this
tn sis to discuss the clectronic levels and their dissoclation products,
for that in itself is a2 subject for an entire thesis., The assumption will
be made that chlorine fluoride clectronic states resemble the iodine chlor-

ide states and, less closely, thes chlorine, bromine and iodine states.

. /6 . : .
Mulliken has given a general discussion of the halogen spectra, in which
he concludes that the absorption in the visible region 1s due to a
31T+ ot oy : 3 +
]70 ' transition, with the 77'0 level an cxample of Hund's
; ’ et "
case C coupling. The ' ground state is formed from two normel atoms,
LA & o i £ b 3 + a Papmad £ 5 .
both in the ¢:;/2 state, while the [7; is formed from one normal

atom in the 2: /»au,t and one excited atom in the 2?1/2 state. There

5 3 I% . 3 + . .
also exists s /% statgwhich lies below the f7 " state and which is
3
formed from two norwmal atoms in the 2P7/2 state. The transition | ; 15
o}

* .1 =8 L R ~ 3 T 1 T 2l = 7 t #
gives bands having F, Q and R branches while the transition ly 2?
gives bands having only F and R branches.

In 211 visible and infra-red halogen spectra, the only states of
the halogen atoms which need be considered are the two rzarts o
ground states, all other states ha ving far too high term values. All the
2
halogen atom doublets are inverted ( P,/é lower than ¢ L/?), with sep-
e ; ' =4
sretions I - 7508, DBr - 3885, Cl - 881 and F - 407 cm .

m

The spectra of all interhalogen compounde studic

[0}

(6}

d, are guite sim-

2

17
ilar to the halogen srectra. iHere agein, in ICl,Brown and Gibson find two

S



band systems corresponding t &

O
w
—
()
N
+
©
>
Q.
t+
O
3]
[$)]
|
O
o}
i
3
+

transition, the former having &, 3 and R branches, the latter only =
and f branches. Also there is very good cvidence that the dissociation
37t 5
o . ~ . .
products of the,cxcited state are a2 normal r%/z iodine atom and an ex=-
(o)
. 2 o o . . e =
cited rl/2 chlorine stom. It is observed in the ICl spectrum that the

7
. 3 + ot . R — _
bands in the °[] 5 'Z system become very diffuse for v'=> 4. This

Brown and Gibson ascribe to the intersection of the potential curve of

.

PR

3 + - + e B
the 77 o state by a repulsive O state arising from two normsl }3/9
“~

4.7

atoms. Van Vleck concurs with this explanation of the experimental ob-
servations, both as to the general nature of the states of the halogen
and interhalogen molecules and as to the nature of the rerturbation in

3 + — S E A . .
the ]7 o state. The spectrum of iodine bromide has also been invest-
. o .
igated by Brown, who reports the spectrum to be similar in all particul-

2
: : : : . +
ars including the perturbation of certain levels in the V]? 5 state, to

V)

the iodine chloride spectrum. As in the halogen and iodine chloride
spectra, the two upper statcs have different convergence limits, their

) . e s . " 2oy 2. ) " .
separation in IBr corresponding to the ra/z - 59/2 seraration in bro=-
mine.

It is evident that the chlorine fluoride transition reported in

Vs : 3 + /»\+ o gty .

his thesis resembles closcly the 77 o < & transitions in the halogen
and interhalogen molecules. If a sscond band system had been observed
in CIF' with a convergence limit separated from the observed convergence

2 2
limit by the P3/5 - “P%/@ separation in either chlorine or fluorine,
< <

the

vl

bove assignment could be made with cesrtainty. Although this was not
observed (unfortunately, no serious attempt was made to locate it), the
)

following peints of similarity between the chlorine fluoride states and

spectrun and the halogen states and siectra can be made:i=
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(1) The chlorine fluoride bands have only I and R branches, as do the
3 +
halogen and other interhalogen ]7 & <— '% bands. If one only
~ -t
assumes the ground state of ClF to be 'L’ the lack of a § branch

‘ requires that the upper state be an O state

.

74
: : . 2 + -
In the chlorine fluoride spectrum, as in the ?L < 'Z band

i
138
~

5

spectrum of iodine chloride and iodine bromide there is a per—

turbation of certain of the vibrational levels of the upper state.

—,-.* ) o . 1 o o . 3 + _
(3) In the upper state of chlorine fluoride as in the ]7 = state of

of the halogen and other interhalogen molecules, the energy of

dissociation «f~+% 1s low compared to the energy of dissocciation

of the ground state. There is a corresponding large increase of

r ' over r ".

& e
Since there is no reason to believe chlorine fluoride different from
the other molecules mentioned, there is surely no doubt but that the

: o 5 . 3 + : - . .
chlorine fluoride upper state is a }2 o state, which dissociates in-
2 ‘ 2

~

to one P%/é and one ,/% atom.

It is still necessarv to decide which of the two atoms in chlor=

ine fluoride goes into the 2?//2 state on the

fo
-’

. issociation of the up-
e

per state. It seems reasonable to assume the products are
2 ; ; '

and F( rw/é) for the following two reasons:-

(1) In iodins chloride and iodine bromide the dissociation of the

SrT# . . .
2 20 state gives the lowest possible energy state for the div-

ju)

ided system with one atom excited, namely, I(zP%/é) and Cl or
Br(sz/é). In C1F the energy of the divided system is lowest
- 2 2;
with c1( -%/2) and PF( P¥/2).
(2) The two:5T7'+ states of ClF formed from 2P + 2P will have
o Ve 32

the same symmetry. For large internuclear distance the separation

is the difference in the doublet separations of chlorine and
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: P :
fluorine, 474 cm ~« This is quite small, so that as the atoms
approach one another there will be resonance between the states
) e : N Y 2., w7 2
resulting in first approximation from C1(“P,,.) + F(“P 1/2) and
i gt ;/2
P@/Z)' This resonance will cause a separation of
these states, causing the former (the lower) to be deepened and
the latter to be raised. It has been observed by iulliken that
; : . 3 +
in halogens the dissociation energy of the ]/ " state (where,

f course, this resonance cemmet—exist, there being only oune

OJ.
state) is of the same order of magnitude as the doublet splitting

in the halogen etom. So we find:=-

P c1 Br I
o' = S 3150 2730 6850
2p. « %, = 407 881 3685 7508
2 "2

In chlorine fluoride Do' = 2790, just slightly smaller than in chlor-
ine. If the chlorine fluoride state observed rises from excited chlor-
ine, this Do corresponds to the uprer of the two possible states, for
which the potentiel curve has been raised by its interaction with the
other chlorine fluoride state so decreasing the depth of the minimum.
But fhen, the obser&sd DO is much larger than one would expect from
the above data on the halogens. On the other hand, if the chlorine

fluoride state observed arises from excited fluorine, this Do is for

the lower of the two possible states. Here, neglecting resonance, a

DO' sonmewhat less than 3000 cm = would be expected, while the re-

[

gonance would increase this deoth somewhat. This could easily give a

dissociation energy comparable to the observed one. In iodine chloride,

-

. -1 . B 4 i s e
D' is only 1080 em ~ for the ' ;o state, only one-fourth the expected

value,so the validity of the quentitative comparison just made is



o4,

very doubtful. On the other hand,

iodine

excited chlorine on dissocistion. Hence,
. s - s : as

in chlorine fluoride 1s as deep,or deeper
tain that the upver state involved in the

lower of the two states postulated.

chloride is knom to give
as the depth of the minimum
than expected it seems cer-

observed transitions is the

Having decided on the dissociation nroducts of the upner state as

being 01(2P§/2) + F(2P%/é), the dissociation energy of the grouad

state, measured from the first vibrational level, v" = C, is casily

obtained: -

Do" ,'Z/

[¢]

1

Do" = 21101 % 2 cm

Also of interest is the dissociaticn cuc

as nmeasured from the wminimum of the potentiel curve.
that it is obtained from D " by addin- t

B from
energy. Hence,,Equaticn 2 we have
D'" “E" +
e o
all that is obtained by the analysis of

7
rgy L
& Y

(o]

tm

Ao

§/é W' - 14w "
S5 e e

N

B,  _Be .
g 1dma” © Tifg Fa /o) I r

" of the ground state

It is evident

ne letter lhe zero pcint

Q n n o
+1/\Jwe ye + aoto.j

¢ spectrwa is

G
(1)

. . . "
w " -2 qy}'xc" er terws) . To obtain «  and
< o C
] .. . = 20. Qe @} 2-
w"x, an empirical equation of Birge is used & =[(F ——*
€ e - : ﬁ% 273
Cn calculeting the values of the constent in the cxpression for the
halogens it is found to be aprreciably smaller than 1.4, naucly 0.98
for €l.y 1.0k Zgr Brz, 1.15 for ICl, and 1.16 for I, . As a reason=
4 <
eblc extrapolation for C1F the value C.95 is taken. Taking Cle" and
2 " from the rotational analysis, it is found that uyeﬁ//ﬁié"xe” = 8C.
- ;
3ubstituting in the equation for G(l\_ G
, )

(O) we obtaii

w "z M= 9.9 cm

< <

wn

(S

7 93 . 2 Cili

-

1

2
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ential curves of the chlorine fluoride mecleccule. These ars
' + 3 +
Figure 6. The curves for '3 and ];70 states arc obteined using
the liorse function calculsted from the valuecs of Be,LL)e and De.
. . 05 : . .
The repulsive O state, shews devtred. is arbitrarily drawn as all that
is known for it 1e its horizontal asymptote and the approximate loc=-
. T 3 + ) - e ) .
ation of its intersection with the ].70. curve. The first two vib-
reticnal levels are drawn in the lower state, and the vibrational levels
vl = € and v' = 10 are indicated in the upger state. It is seen by ap-
hat the most intense trans-
itions from v" = C should be to around v' = 5, and from v" = 1 tc about
v! = 3. PFrom the observed spectrum the bands (1C <=—0) and (8¢ 1
are e¢stimated to be the most intense bands of their respective v
progressions. This devistion is not surprising in view of the large
deviations of the upper stote G from the simple quadratic in v + 1/2
PE (v) b q
civen by the llorse potential curves. It is escen that 1f the vibrational
guaentum numbers assigned to the lower state bands sre increased by one

N

this deviation of the expected intensities from the observed intens-

SN

ities would be increased, for the effect of the new numbering would be
tc increase the internuclear distance at which transitions would be

.

most likely to take pl

Y

CEoe

#

s 3 , : . + <

While the postulated perturbation of the 6? ]0 state gives a
guite rcesonable explanation of the diffuseness of the bands ll« O,
12— 0 and 13«0, it does not explain why thc lines of /#e0,

o

shary near the origin, become diffuse for J grester than 14. The
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1

. e S . 21
diffuseness cannct be caused by dissociation by rotestion, for the rot-

1

ational energy levels affected start thirty wsve nuabers below the dis-
soclation limit. On the cther hand, the effect of rotation on the
effective potentisl curve for vibration is such that on the high energy
side of a region of perturbation one expects the levels with low J,

not those with high J, to be .erturbed. o other exglanation has been
found for this observation which is in any way setisfactory. This

completes the discussion of the CIF sypectrum To swmmarize the con-

, \ ' 3 + -t ’
(1} The bsnd system observed results from a I7(3 <« '7 transit-
icn, the upper state belonging to Hund's csse c¢. The uprer
. . e S
state is perturbed by a repulsive C state.

(2) The dissociation products are:=

~t \ - .
17" ground state and the O repulsive state:-

2 2

7.} state:- 01(2P;/%) + F(2P;/2)

(3) The constents for the ground state, detecrmined from the levels

3

D% = 211C1 £ 2 cm 2.615 volts

, -1
D" = 21495 £ 3 cu 2.685 volts

]

B " =0,5183 £ C.0OL cm

Q" = 0.0062 £ 0.002 ca -

Sy Ggo) = 773.4 on *
-] » —
6{]6“ 2 793,2 cm 'L()exp" & 9.9 cn 1
o
r " = 1.6255 £ C.CO2A

r = 1.6304 * G.COlA
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The constants for the excited state below the perturbation region,
determined from the bands (v'e—0C) with 6 & v' € 10, (8« 1),

(1c<1), (8 <r’O>L, end (10 =—O)° are:-

Y o
B = 0.372 cm r = 1.92 em T,
& €
<1
a, = 0.0138 cn
Fer the urogression v'¢e— O,
Z/= 18561.65 + 313.484(v'+;/2) = °.217(V'+l/@)2 - 0.400(v'+ 1/2)3

1]

/ -1 -1 . -1
W' = 313.484 cm ~ , w'x'=2.217 ecn ~, y; ==0.4C00 cn
€ e

18956 cmt

A

(5) The remaining constants for the upper state, determined from the

bands of (4) and also the bends (v'«— C) with 11< v' 17 are:-

-, |
z/ . = 21507.8 ¥ 2 cm
conv. lim.
=1
Do' = 2790 + 50 cm = C.346 volts
lDel = 2046 X 30 cm = C.3685 volts
W ! I8

3li = 0.132 em 7, 815 = C.11l2 cm

VIII. The Chlorine Fluoride Spectrum
Some Applications
It is of interest to compare the constants of the chlorine fluor-
ide molecule with the constents for the other halogen and interhalogen
molecules. In Table 19 are listed the values of the dissociation en-
. n
ETEY, Do", the vibrational constant, C‘éﬁ, the force constant, ke,
and the internuclear distance rg, for the several molecules. Also
given are the molecular weights end the reduced masses in atcmic weight
0 1o |

units. In Figure 7, ke”, 7 and D " are plotted against the molec—

¢
!
o By

ular weight.
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Table 18.
Dt K 10—7 Molecular
“o(velts) e i
dymes cm. /14
————— 38 9.5
2,616 4,59 54,5 12.4
2.481 3.32 L 17.7
5 . 115.5 24,6
1.971 2.45 A08 40.0
2,153 2.38 162.5 27.8
1.818 2.00 207 49.0
1,542 1.74 i 254 63.5
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Some regularity is seen in the values for he’ but the values for
r, appear to be rather erratic. No attempt has been made to determine
possible cxplenations for the obscrved values,

It is seen that all the values for Do" lie fairly near a straight
linc. However, it is probably mocre reasonable to draw a smooth curve
through the points for iodine, bromine, and chlorine, Then, the dev=-
iations from this curve for the interhalogen compounds cam be inter-—
preted in terms of difference in electronegativity of the two halogen
atoms. 3o, in ilodine bromide and bromine chloride, this difference is
small, while in ioéine chloride it is much larger, in agreement with
prediction. However, the point for chlorine fluoride deviates only
slightly from the curve, decidedly not in accordence with former ideaszz.

It has been reported by Ruff and Laass23 that the hest of formation
of chlorine fluoride iz 25.7k cel. per mole. This they determined

from the heats of the reactions of chlorine fluoride, fluorine, and

chlorine with hydrogen. They report:-

CIF + H, = HOl + HF + 58.6 kcal.
1/2F, + 1/2H, = HP + 62,3 keal

/201, + /2K, HCL + 22.0 kcal
~

Hence, 1/2F, + 1/2C1,

C1F + 25.7 kcal.

. 24 .
In & later paper, Ruff and lenze reporting a more accurste deter-

mination of the above heats of reaction calculatd AL = =27.4 keal.
for the formation of chlorine fluoride. 2ince this heat of rcecaction
will be prectically independent of temierature, it may be combined
with the spectroscopic values for the energy of dissociation of
chlorine and chlorine fluoride to obtain the energy of dissoclation
S,

. 2 S
of fluorine, From Herzberg we obtain



C 5 = 201, Do = 57190 cal.
From this researcs,
ClF = Cl + F, Do = 8C307 cal

Combining these last three equations with the proper factors we ob-
tein:-

F2 = gF,; D, = 8.6 keal. (0.37 volts)

This is of a different order of magnitude from all values previously
reported. From the continuum observed in the absorption spectrun of
Pluorine it has been calculated that Do is 2.8 voltszs, or 64.6 kcal.
It is seen from Figure 7 that any reasonable extrapolation of the DO
curve will give a value between 2.5 and 2.9 volts.

The work of Ruff and his colleborators on chlorine fluoride ap-
pears to be well done. Thelr work on the hecat of reaction of hydrogen
and fluorine agrees well with other determinetions. The spectro-
gcopic value for the dissociation energy of chlorine is certeinly cor-
rect, the chlorine spectrum having been thoroughly studied. The dis-
sociaticn energy of chlorine fluoride obtained in this investigation
can at most be high by the doublet separation in chlorine, or low by
the doublet separation in fluorine. These possible corrections are
far too small to account for the discrepancy, being only 2452 and
1.18 kcal., respectively.

It is true that there isiqefinite reason why one shogld be able
to extrapolate from the other halogens to obtein a dissociation en=-
ergy for fluorine; it is also true that one cannot usually make an
entirely definite calculation of the dissociation limit from measure-
ments on a continuum, but it is difficult to believe that either of

these methods could be off by the extent indicated by the difference

between 2.8 volts and 0.37 volts. Hence, the conclusion is reached



8C.

that the value of Ruff for the heat of formation of chlorine fluoride
i8 far too large, the error probably being caused by too low a value
for the heat of the reaction:-

Hz + C1F = HCl + HF,
This conclusion is also reached by an examination of the h?ats of form-
ation of iodine chloride, iodine bromide and ilodine chloride, resp=
ectively 4.C, 1.7 end 0.7 kcel. .er mole.

There secems to be no other way of obtaining a rcasonable value
for the heat of formation of chlorine fluoride. There is no other
chemical evidence available to }érmit a simple determination of this
quantitj. The electronegativity of fluorine was selected by ?auling27
to fit the previous valuss for the heat of formation of chlorine fluor-
ide and the dissociation cenergy of fluorine; the electroﬁegativity
values as presently assigned cannot be used. It perhaps would be pos=
sible to find unique solutions for the electronegativity of fluorine
and the heat of formation of chlorine fluoride consistent with the
data on other fluorine compounds.

If the value for the hsz2t of formation of chlorine fluoride is
calculated using the dissociation energy of fluorine obtained from the
absorption continuum, it is found thet HClF = +0.6 kecal. This too
is certainly incerrect, for chlorine and fluorine form an explosive
nixture.

Hence, it appears that the velue reported by Ruff for the heat of
Pormetion of chlorine fluoride is too hizh by a rather large amount,
and the value given by ﬁartenbergze for the dissociation energy of

<

fluorine is 2lso at lcast slightly too hizh. It can be definitely

]

n

said only that

U
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1 d in this investigation

Fe

ctron diffraction :

=]
)
o)
(4]
M
(U

pparatus us

[O)

Do
[¢9]

has heen desecribed by Brockway . The camera distence was about

11 cm. and the wave length of the electrons, determined in the usual

28 o : : -
wey ~ from transmission photegrapghs of gold foil (ao = 4.070), wes

°
approxinately 0.06A.

5

The chlorine fluoride and chlorine trifluoride samples used were

hese compounds prepared for the spectroscopic investigation

as described in Section II of this thesis. The samples were distilled
my

shortly before use in a guartz eystem and kept in quartz itraps. The

valve described in Scction Il as value A of Figurc 2 was used to con=-

trol the introduction of the gas into the clectron diffraction machine.
Fhotograrhs of chlorine fluoride were taken with the tem)erature
I

of the liquid sample ranging from the temperature of liquid air

<

%]
-105°C; the photographs of chlorine trifluoride were talken with the

temperature of the liquid semple ranzing from -75°C to +12°C. The

boiling points and freezing points of these substances are listed in
Table 1. Immediately before cach set of phOuO”ra.ls was taken a

small amount of the sample wes distilled off in order to remove any

o

highly volatile substancss formed as the result of reaction of the

samnle with the quartz of the trap or the lubricant on the tapers.

]
ot
e
w
o3
lD
}l

lieved that neither samnle contained 2 largce emount o
ity. Both the chlorine fluoride and the chlorine triflucride contzined
some chlerine dioxide, but the amount of this latter zubstance, =s

&

stated earlier in this thesis, is believed to have been present to

the sxtent of one

zraphs of chlorine fluoride have a simple diatomic pattern, indicating

the absence of large amounts of the tetrsfluorides of carbon and



silicon. These latter impurities are surely not prresent in the

o A

chlorine trifluoride because of the very large differences in boil

=

ng

roints.

Chlorine Fluoride,

for which the measured s values corresponding to the maxims and

ninime are riven in Table 20. Two gcts of aessure

e
.o NP W TR AR, o N e PR B -
QL A on nine IO LOZIrZiil. LRE FISasNrcmsnes 9 8gu L wWere

A A 8 T Y P £ A ] w8 ade PO | AT Y o & T oy
1Ic volues of ry; the internuclear distance in chlorine fluor=-

= = ~ N 4 o A . pap ~7 ~ye 2] ] w13 = a - P =
U8, as Swlzlined oy Line cogerved s wilh lhe s values cal-

culated for

cuteriost fe

rglizble. extreme values, one obiains the aversges
siven in Teble .20 for each of the sels of mezsurencnts, or combining

are given in Table 21.
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Table 20
ax ¥in 8, r
Set &
. L ——
5 8443 (1.869)
4 1C.4C (1.558)
4 18,28 (1.853)
5 14,36 1.838
5 18.87 1.839
6 18,18 1.642
8 20.17 1.834
7 i ———
7 - -
Average 1.838 * £.002
Set B
2 2,99 (1.501
2 4.5 (1.698)
3 8,55 (1.870)
3 8.60 1.835
4 10,47 1.645
4 12.62 1.514
5 14.36 1.638
8 18,47 1.619
8 18.30 1.629
6 20,47 1.510
7 22,20 1.627
7 24,23 1.621
8 26,5 (1.61)
8 28,2 S (1.82)

Average = 1.6268 £ 0.009



Table 21

Hax Min a4 1 Gy %/@o
2a 7 .46 «20 20 —-—
o 12.9 19 18 ——
2b 14.8 -2 2 e
oh 17.2 4 4 e
3 21.4 -20 17 {1.029)
3 27 O 20 15 1.007
4 32,5 =20 +14 1.C00
4 38.1 23 14 C.992
5 44,92 -13 (6) ——
5 50.7 15 (B) —
6 57 .4 -20 3 C.094
A 62.5 20 5 0.998
7 B7.7 ~18 8 0.997
7 T8 45 19 3 0.996
8 78.8 -18 2 —
g 83.8 +16 1 ——
Average = 0.998
1* 2.40 30 30
' E¥ 43 .4 -3
' 45,0 -3
g 49,6 2
51.4 4

*Values used in calculating the radial distribution function.
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Pp

2
coefficlients of the radiasl distribution function are listed in the

. £

wer parv ol

O

column heasded ¢, . In the 1

the teble are given the values

Lo

and I assuwaed for the first maximum as used in the radial dist-

3

q
o

ribution function. The fifth minimum and maximum were each rerre-
sented by the two peaks listed in the lower section of the table as

esent the nature of the observed

)
(

it was possible thereby to better rep

my
& L1

D
o
Q
-
Q
<
—
o

features of the photogranhs. ated radial distribution curve,
- o
ReD. of Figure 8, has strongs nreaks a2t r ecual to 1.9 and 2.31 A, and
> H & L % J
small peaks, which may or may not have significance, at 2.69, 3.35

and 3.68 A. The last peak listed cannot have significance for any

&

q

structure having the three fluorine atoms about a central chlorine
atom.

It is obvious that the distances 1.82 and 2.31 must correspond
to e chlorine~fluorine and fluorine-fluorine distances, respectively,
giving a bond ancle of 87°. Reduced theoretical curves were calcul-
ated for symmetrical pyramidal structures with F-Cl-F bond angles of

o 5

[] o =] =0 N .
84~, 85,57, 877, 88,5  end 20 . These are the curves marked & in

Ficure 8. The curves were calculated using the equation

Ity
. 01 . m F % o 1t
L( \ =3 sin iﬁ qlhlm + 7 I sin 75 ¢ 1z,
Y Lo1-7 v F~F 2 ~f :
N c1 /c1
“01

where 47 is the distance betwsen the ith and jth atoms, Zi is the

atomic number of the ith atonh,/i igs the X=-ray scattering factor as

S

- . o ; 10 40 .
calculated by Pauling and Sherman, and g = ol jr sin 99 2
1

(p = scattering angle. *
The spprearance of the photographs is best re resented by the cuve

A=87, with A-85.5 only slightly less satisfactory. The doublet apuear-

ance of the second meximum, represented by measurements 22 and 2b in
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©
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[
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o

A==Symmetrical pyramidal wmodel with indi
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e}
o
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one F=-Cl-F bond angle = 1C5
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Table 21, is definitely not indicated by the curves 4=-20° or A-88,5°
curve. The apvearance of the fifth maximum on the photographs indicates
this feature is broad, with the pezk displaced Lo large g. This ex~
cludes the A=84° structure.

From these and other less obvious deviations of observed and

.

1

calculated curves, it can be said that if chlorine trifluoride has
the symmetricel pyramide/ structure, the F-Cl-F bond angle is 86.5° &
s 0

However, there 1s no simple theoretical reason which requires that
the structure of chlorine trifluoride have the above symmetry. It
night be assumed that one of the two subsidiary peaks in the radial

~

[=}
distribution fuanction, at 2.69 or 3.38A, has meaning. Thus one ob=-

(o]

tains the unsymmetrical pyramidal structure (8) having two F-C1-F
(=] i (<] .

angles of 877, giving a 174  angle between the outer fluorines. In

. Q
both these structures the Cl-F distances are all assumed to be 1.69A
The reduced theoretical curves for these structures, labeled B and C
are given in Figure 7. The second maximum on curve B does not agree
with the photographs, nor does the fifth minimum and maximum on curve
C. However, the deviations are small and it is not possible at pre-
sent to exclude all the non-symmetrical structures which night be ob-
tained by slight modification of models 3 or C.

m

In the last colum of Tabl

0]

21 are given the values for %/60;
as it is egual to one within experimentel efror, the radial distrib-
ution function peaks give fhe correct internuclear distances.

The final result then is:-

If the chlorine trifluoride molecule has = three-fold axis, the

=]
C1-F distance is 1.69 % C.OlA and the F-Cl-F bond angle is 86.5 x1.5°.



69.
If the chlorine trifluoride molecule does not have a three=fold
axis, the mean of the Cl=F distances is 1.69&, and there are at least
two F-F distances of approximately Z.SIK.

e}

It is seen thalt the effect of having three fluorine atoms bonded
to one chlorine atom is to increase the Cl-F distence from 1.83 to
o ° . . bl
1.694, or C.08A, which is a reasonable amount. Thes bond angle, only
o . & % B . .
87, is rather surprising. Lowever, the bond orbitals for this case

have not been studied sufficiently for one to say what is a recason-

able value for the bond angle.
O
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The Absorption Spectra of Liquid HF and of its Aqueous Solution in the Region >\)\8000—11,000

The absorption spectra of liquid HF and of HF in
aqueous solution have been photographed in the region
A8000-11,000 with a dispersion of about 60A per mm.
In the case of the anhydrous HF a copper cell was used,
with windows of MgO (artificial crystal) clamped directly
onto the ends of the tube. The MgO is not attacked by
anhydrous HF and appears to have greater mechanical
strength than glass. ;

The absorption band of anhydrous HF in the liquid
state is very similar to the band of liquid water at \9722
as reported by Badger and Bauer,! though it is somewhat
broader. The position of the band maximum determined at
_several temperatures is given in the following table. The
large probable error indicated arises from the difficulty
in estimating the maximum of a broad band in this region
where the trend in plate sensitivity is large.

TABLE 1. The maxtmum of the band of liquid HF as a
function of lemperature.

$(°C) Amax(A)
19 9940 £75
0 9990
—30 10140
—60 10300
=75 10380

Salant and Kirkpatrick? have found that the third
harmonic band of unassociated HF gas is located at A8790.

From the data just given it is evident that the frequency -

decrease in going from the gas to the liquid is very large

even at the boiling point, namely about 1320 cm™. This &
shift in the HF frequency, which must be due mainly to the ' ¢
formation of hydrogen bonds of the type F—=H---F, is
large in comparison with the shift in OH frequency on the
formation of the O—H- - -O linkage. The third harmonic
OH band of methyl alcohol, for example, is found at
9490 in.the vapor?® and at 10,070 in the liquid,! so that the
frequency shift is about 600 cm™. ;

The large difference in the magnitudes of the frequency
shifts just mentioned is very interesting in view of the
fact that the energies of the hydrogen bonds in associated
HF and CH;OH are so nearly the same, being 6.7 and
6.2 kcal. per mole,* respectively.

The absorption spectrum.of HF in aqueous solution has
also been examined at HF concentrations of 25 and 50
percent and at 0° and at 25°C. In no case does a cursory
examination reveal any significant difference between the
solution band and the A\9722 band of water in either
position or shape.
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Summary

Chlorine fluoride and chlorine trifluoride have been prepared,
their absorption spectra in the region A144SCC - 5500 examined, and
their molecular structures investigated by the electron diffraction
method.,.
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