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Introduction

The intermolecular potential is a quantity of central interest in the
study of statistical mechanics. The fitting of second virial
coefficients, gastransport data and the results of more recent
molecular beam studies are generally accepted as giving resonable
accurate and precise interatomic potential data. Studies of the line-
widths of pure rotational spectra in the gasphase, when used in
conjunction with a suitable model, also provide intermolecular
potential data. A marked advantage of this method, in contrast to
those mentioned above, is the very much greater sensitivity to the
anisotropy of the interaction potential. The far infrared rotational
linewidth is a function of the interactions between the molecules in
the gas essentially because molecules collide with each other and
disturb their relative motion. Consequently the lifetime of the
molecular states is of finite duration and the resulting linewidth is
sensitive to the details of the microscopic collision process.
The theoretical interpretation of the connection of linewidths and
intermolecular potential is not, however, straightforward and many
theoretical descriptions have been put forward. In the low pressure
regime the different collision models are satisfactory in describing
the rotational linewidths and shifts within the accepted experimental
errors, for simple systems.
In many respects the HC1 molecule represents a classic example of a
dipole system in rotational spectroscopy. Its large dipole moment and
large rotational constant greatly enhance the ease with which
measurements can be made mainly because the lines are strong and
well separated. A dipole and an atom represent a relatively simple
physical system and a good many calculations have been performed for
such systems. In this work the primary aim is to extend such studies
to more complicated and chemically important systems in such a way
that a reasonably clear comparison with the rather well investigated
more simple systems of a dipole and an atom remains feasible. With the
above considerations in mind the HC1-methane system has been
investigated for the following reasons: -,
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1) There remain difficulties in the detailed description of the atom-
diatom interaction pontential and thus it seemed reasonable that a
system be chosen which did not require too much of an extention of
those approximations which are generally accepted, as otherwise,
any possible contact with other work would then be lost;

2) The perturbing molecule should not be dipolar since in that case
the determination of the linewfdths of the perturbed molecule is
greatly complicated;

3) In the overall description of the physical, system under study a
clear comparison with other relevant experimental data should be
possible in order to gain insight into the possibility of
identifying those features which are indicative of novel
phenomena, and those which are of more routine nature.

Considerations 1) and 3) suggest the use of HC1 as a probe molecule. A
great deal of work has been done on the HC1 system both experimentally
and theoretically and a lot of comparative material is available.
Consideration 2) restricts the choise of perturbers to non dipolar
species and while homonuclear diatoms fullfill this criterion it is
preferable that the perturber have spherical, or at least pseudo-
spherical, symmetry. Linear homonuclear diatomic molecules have
quadrupole moments while methane has an octupole moment and the

r

multipolar interaction in the case of methane will be considerably
lower than that of the quadrupolar molecules, hence it might be
expected that the methane system would be more directly comparable
with the noble gases. A second point is that methane has a (far infra-
redinactive) rotational spectrum which is determined by a rotational
constant which is practically half of the rotational constant of HC1,
hence every "second" rotational transition of methane almost coincides
with a HC1 rotational transition. This coincidentical feature has the
interesting consequence that between two colliding molecules resonant
collisions are possible i.e. collisions where there is a transfer of
rotational energy without changing the total sum of the rotational
energies of the pair.
In order to extract as much experimental data as possible for
comparison purposes we performed line broadening measurements for the
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mixtures HC1-CH, and HCl-CD^. The results of these experiments are
reported in chapter I.
In chapter II we discuss briefly current theoretical models for the
systems studied. In order to identify specific effects we have tried
to find a generalisation for linewidth cross-sections for the HC1-
noble gas systems. This is done in the spirit of the well known
corresponding state treatment in statistical mechanics in an attempt
to find, in terms of reduced variables, a generalised intermolecular
potential for these systems.
In chapter III extensive calculations on the HCl-Ar and HCl-Kr
intermolecular potentials, as derived from linewidth measurements, are

e

reported in an attempt to extract a more exact potential for these
systems. The results are compared with other recent results from the
literature. These other potentials were obtained by a number of
different methods and are based on in general inversion of other
physico-chemical quantities. The results obtained suggested the use of
a generalised set of scaled values for the cross-sections of the HC1-
noble gas systems. In this work we have determined an HCl-Ar potential
and have attempted to scale this potential to describe generalized HC1-
noble gas integrations.
Chapter IV describes the use of a semi-empirical method for the
evaluation of the experimental data. In chapter V this empirical method
has been used in a comparison between the HC1-noble gas experiments and
the present experiments on HC1-methane. This chapter discusses the
possibility of splitting the observed data into a "noble gas" part and
a "extra" part due to the intermolecular interactions which result from
the coupling of the HC1 rotations with the internal degrees of freedom
of the methane molecules.
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Chapter I

Experimental

I.I Instrumental

The measurements described in this thesis were performed using a ]
Research and Industrial Instruments Company RIIC FS720 interferometer
utilizing a Golay far infrared detector with a diamond window. j
Although this apparatus is capable of a maximum resolving power of
0.1 cm a resolution of between 0.15 and 0.3 cm7 was found to be
satisfactory for the purpose of the present study. In order to cover
the necessary spectral region (15 cm to 130 cm ) measurements were
performed with different "mylar" beamsplitters using gauges of 400,
200 and 50 (100, 50 and 12.5 ym). The sampling interval was 16 ym for
all measurements.
In the configuration used one measurement of a double sided interferogram
took about 4 hours hence, in order to make the most efficient use
of the available time, the interferometer was modified to include an
automatic controller. The idea of the controller is very simple. A
series of measurements were initiated at a certain point of the
translation of the moving mirror on one side of the maximum of the
interferogram (at zero path) and the mirror scanned to the other side
taking a sample every 16 ym. After every sample trigger pulse the
output of the detector was recorded on a magnetic tape and an electronic
counter accumulated the number of points. It was possible to fix the
maximum number of points and when that designated maximum number was
reached the controller generated an "end of file" pulse which was
written onto the magnetic tape. This "end of file" mark is useful for
identifying separate interferograms when rereading the tape. On
completion of a single scan the tape data file was closed in the above
fashion and the direction of the motor drive was reversed and the
counter was reset. In this way a second measurement of a double sided
interferogram samples exactly the same mirror path but in the opposite
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direction. With the automatisation described above it was possible to
measure continuously for up to a few days. In the course of our
investigations a number of technical problems arose and this
modification of the interferometer made it possible to make optimal
use of the available time. The taperecorder used for collecting the
data was a 7 track Kennedy 1600 incremental taperecorder with a
density of 200 bytes per inch.

1.2 The light source

A very well known problem in the far infrared spectroscopy is the very
small intensity of the commercially available sources in this spectral
region. Apart from this intensity problem the inherent instability of
the light source is a restrictive factor in a great many cases.
Because of the long duration of one measurement (approximately four
hours) and the necessity to minimize the intensity fluctuations during
a series of measurements several stability tests have been performed.
In order to find out which commercial light source gave the best
overall results tests were carried out with three different types of
lamps: 1) the Philips HPK 125 watt mercury arc lamp

2) the Osram Hg/10 spektrallampe (1.0 A, 50 V)
3) the Philips iodine quartz lamp type 71581 (24 V, 150 W)

Comparison runs of about 15 double sided interferograms were recorded
with a resolution of 1.2 cm . The interferograms were recorded with
the cell pumped vacuum in the interferometer and a 50 gauge beam-
splitter. In fig. 1 the spectra obtained this way are displayed. An

2
apodisation function of the cos type was used in the inversion
procedure. In this figure the intensities are normalized to unity. The
dip in the spectra around 70 cm is due to absorption of the beam-
splitter material. As can be seen directly the iodine lamp has a
significantly worse signal intensity on the low frequency side while
the two mercury lamps show very similar behaviour. The intensity ratio
can not be given exactly because it is a function of the current.
Roughly, however, it can be said that the intensity of the mercury
sources in the present configuration are practically the same while
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Fig.I Spectral distribution of three different sources.
Philips mercury lamp —
Osram mercury lamp — — —
Philips iodine lamp ******

that of the iodine source is about half that of the mercury lamps.
The stabili^especially of the HPK 125 lamps,was very dependent on
the individual lamp. Large differences in quality within one series of
lamps delivered by the manufacturer were found. The stability of the
iodine lamp is really quite good but the lifetime is short making it
practically impossible to measure backgrounds and spectra runs with
the same source. Since no concrete advantage was found for the Osram
above the Philips mercury source we used the well known HPK 125 lamp.
The noise of this lamp was reduced by building a DC current stabilizer
with an output current normally held at 0.85 A. In this way it was
possible to obtain an optimal output. It is, however, important to
note that the source noise remains a continuing problem in this area
and was, in great part, responsible for the inherent statistical
errors in the raw data.

K •
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In the experiments the fol lowing commercial gases were used:

••Hydrogen Chloride (Technical Matheson gas products)

with the following specifications given by the manufacturer

puri ty 99.6%

0.4 W5o hydrocarbon

0.01 W/o moisture

0.01 W% carbondioxide

0.1 W% inert material

(W% means weight percentage)

13
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1.3 The cell

A brass cell was machined and fitted with two 5 mm thick edged
windows of pure silicon in an indium fitting. An advantage of this

' kind of packing is that the fittings remain flexible at very low
temperatures. The light path of the cell was 5 cm. The cell was

•v, mounted at the cold tip of a nitrogen cryostat and in order to control p;
'*•• the temperature a platinum resistor was used as a temperature sensor 'lj.
<•' and this was coupled to a control unit which regulated the supply of U-'i

liquid nitrogen to the cryostat by means of a magnetic valve. A &
copper-constantan thermocouple was mounted in the cell and the | •
reference thermocouple was placed in a vessel with liquid nitrogen. I
This thermocouple served as a temperature monitor during the
measurements. The temperature was constant to within one or two
Kelvin. In order to minimize moisture condensation on the cell ;'••••
windows the cell was surrounded by a cylindrical vacuum chamber with f

2 mm thick white polyethylene windows. Inside the vacuumchamber a f-
pressure of between 10" and 10" torr could be maintained. This
chamber was mounted vacuum tight in the sample compartiment of the

jreinterferometer. Gases were introduced into the cell by brass pressure
piping and parts of this piping consisted of a stainless steel tube
in order to prevent heat loss. The pressure inside the cell was
measured with a calibrated manometer.

1.4 Gases f|



—Methane N55 from AGA . ,1
with the following specifications

CH4 99.9995%
(L .5 ppm
H20 2.0 ppm
N2 2.0 ppm I
H2 0.1 ppm
CnHm 0.1 ppm i-
C02 0.1 ppm (j

The CD- Md 114 supplied by MSD Sharp and Dohm had an atom purity of '|
99% D. Given the high costs and the very long delivery time of |
commercial CD-, we synthesized a second quantity of 5 liters (STP)
using the following Grignard reaction:

CD-I + Mg -—-—*• CD-Mgl + D,0 > CD-t + ••• t
3 y ether 3 3 2 41 .*

After several distillations high purity CD^ was obtained. The D
content of the CD. was 95%, as can be seen from the mass spectrum in
fig. 2 ,;'
A trace amount of etber remains as an impurity which was, however,
quantitatively not detectable. The gases were dried by passing them
thrcugl; a copper spiral immersed in an alcohol-C02 mixture at 195K.
No water absorption was found in the spectra. In order to obtain the
particle density the recent tables of V. Zagozuchenko and A. Zhuravter 4
* ' were used. The density in the remainder of this work will be |
expressed in amagat units. The density in amagat units is the density
divided by the density at STP which is 0.7174 kg/is3 (or 22363 cc/mol). •<
For CD^ the same tables were used as for CH^ because no CD^ data are 4
available. This is permissible because, in the low pressure region, i
CH^ behaves practically like a noble gas and the only difference in §|
practise with CD- is the mass. The different quantum effects between
the two isotopes (responsible e.g. for other population factors of
the rotational levels) are not important here and can be neglected.
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1.5 Data processing

r-,

We will not deal here with the general theory of interferometry since

a number of excellent texts are available^ '. The spectra were

obtained by Fourier transformation of the interferograms. In most

cases the resolution was 0.15 cm (for some broad lines we used a

resolution of 0.3 c m ) which means a Fourier transform with 4096 (or

2048) points. Depending on the signal to noise ratio 6 to 20 double

sided interferograms were recorded and were symmetrized with respect

to zero path difference. The left and right halves of the interfero-

grams were averaged and the offset signal was substracted. In some

cases an apodisation function of the type cos was used to reduce the

noise level. In order to improve the signal to noise ratio the

following computational procedure was applied. Each interferogram and

the averaged one were Fourier transformed and in the spectral region

of interest the spectrum calculated from the single interferogram was

compared with the averaged spectrum. The variance was then used to

determine an appropriate weighting factor for each interferogram. The

interferograms were then averaged with the appropriate weighting

factors taken into account. This procedure yields an improved spectrum

with respect to the spectral region for which the weighting factors

I . .
1 i

1

. T

r"

tLr'-

mass 12 20
Fig.2 Mass spectrum of synthesized CD^,taken at 70 EV.
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were calculated. At each temperature background spectra were recorded.
Comparison of pure CH. and CD. spectra with spectra of a vacuum cell
shows that no detectable absorption results from the pure gases at the
densities used. For calculating the final spectrum at a given
temperature and density the background of an intermediate pressure was
used for all densities. Given the very large differences in the
intensity between the various rotational transitions, it was necessary
to use different densities of HC1. In the case of the 1 line, for

rdinstance, higher concentrations of HC1 were used than for the 3 line.
In any case the density ratio HC1/CH- is approximately 1/500 to 1/000.
Because of the low concentrations HC1 and the existence of a very clear
equilibrium of HC1 gas with HC1 adsorption on the brass cell wall
(which is a function of the CH^ pressure) no exact density data for the
HC1 can be given.

In order to translate the information stored in the spectral line in
the form of well defined parameters we made the assumption that the
spectral lines had a Van Vleck-Weiskopf line form:

•1'

a(v) = kvtanh(Bhcv/2) I p,{r./{(v - v, - A-) + m
•j_g J J J J J

v. + A . ) 2
 + r

2}} 1-1

were v. is the unperturbed central frequency of the spectra line in
cm" ; A. is the pressure induced shift of that frequency and is
defined such that shifts to higher frequencies are positive; r. is the
line halfwidth at half height in cm"1; k is a constant of
proportionality; c is the velocity of light; B equals 1/kT where k is
the.Boltzmann constant and T is the temperature; P. is the statistical
weightof the line and may be expressed in terms of the Boltzmann
factors that determine the population of the energy levels with
angular momentum j and j + 1.

l)2/2I)cosh(BH2(j 1-2

16
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— Fig.3 Spectrum of HC1-CDA at 140K with a density of 5.9 amagat.
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Where

X = I (j + l)exp(-BH2(j + l)2/2I)cosh(Btf2(j + 1)/2I)

where tf is Planck's constant and I the the moment of inert ia.
The adjustable parameters v. and A. where determined by numerical
f i t t i ng by minimizing the following function, F:

i-i

1

maxs i "
rain

1-3

where I is the intensity and a is the expression for the absorbance
given in eq. 1-1- For the above minimization procedure we used the
"Cernlibrary" computer routine wminsq".

The advantage of performing a least square f i t directly on the raw
experimental data, instead of the more conventional f i t t i ng of

a(v-;r. ;A.) to the measured absorbance, is that the measured absorbance
j j j

depends nonlinearly on the experimental noise hence directly f i t t i n g
such data may give rise to systematic errors in r.. Since al l the lines
were well separated we can just i f iab ly f i t each l ine independently.In the
f i t t i n g routine the fact that the HC1 used is a mixture of two isotopes
is taken into account.
Effectively we f i t ted the data to a sum of two lines given by:

io1 + Jot" 1-4

in which a1 is the lineshape for the H Cl isotope and a" for the

(3)
H37C1 isotope.

In the calculations of v. we used the expression'

v. = 2B(J + 1) - 4D(j + I ) 3 1-5

where the following values were used taken from the microwave data of
Delucia et a l ^

18
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H35C1 H37C1

Rotational constant B
Distortion constant D

10.4408 cm"
5.233 10~4cnf

10.42509 cm
5.267 lo

"1

In f i g . 3 a typical example of a spectrum is displayed and in f i g . 4
a typical spectral l i ne , together with a f i t ted van Vleck-Weiskopf
l ine, is given.

j

I
K'.vY'

TsT 101 -25* 101.3S' 102.651 iOJ3s' 104.05* 104.7S1 105.4j' 10*.is'

FREQUENCY IN CM-1

Fig.4 J=4 -»• j=5 transition at 300K and 8 amagat .with f i t ted
van Vleck-Weiskopf l ine.

1.6 Calculating the cross sections

In order to calculate the cross-sections for linebroadening we assume
that in the low density region there are only binary collisions
between HC1 and the methane molecules. With this assumption we can use
the relation

a(T)j = l\/pv 1-6

19
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i n which r̂  is the half width at hal f height in cm , p i s the par t ic le
_J i

density, v = (SkT/ir y)2 is the relative velocity of the colliding
molecules and O(T). the cross-section in A . We know that at zero

J

pressure the spectral line widths are zero if there is no self

broadening effect. Because we do not find any self broadening we can

use a simple least square fit to find Q(T)..

We first calculate the quantity y. defined by:

in which p« is the density in amagat units and y. the broadening ii
_i i-l **

cm amagats .i The standard deviation in this case is givei

in

amagat 1 e s t a n d de c given

by:

s2 = s2/ I PA
i Ai

n
in which s2 = l/(n - 1) I (r. - p. y.)'

where n is the number of points. The cross-section is then given by

the relation:

OP), = (Y+^h- c 1-8
J O

where c is a temperature dependent parameter. The values for c are:

HC1-CH4
HC1-CH4

HC1-CD4

HCl-CD.

Temperature (K)

300

140

300

140

1

1

1

c

.930

.36

.001

.47

103

103

103

103

In table I experimental values for r. are compiled and table I I gives
values for y. and the cross-sections (J(T)..

20
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Table I . I Experimental values of the linewidths

CH4 - HC1 300K 140K

. - • • • !

Initial J

0

1

2

3

4

5

Density Width
(amagats) (cm"1)

8.0

14.8

28.7

8.0
14.8

28.7

8.0

14.8

28.7

8.0

14.8

28.7

8.0

14.8

28.7

8.0

14.8

28.7

.842/.76/.86

1.86/1.87

3.62

.87/1.10

1.46/1.55

3.18/2.95

.62

1.30

2.57

.55

1.07

1.85

.53

1.06

2.26

.50

.86

2.38

Density Width
(amagats) (cm"1)

2.9

5.0

6.0

2.9

5.2

6.0

8.1

10.4

12.7

5.2

8.1

12.7

5.2

8.1

12.7

5.2

8.1

12.7

5.2

8.1

12.7

.33

.44

.71

.26

.43

.50

.66/.59

.92

1.02

.35

.54

.83

.32

.47

.71

.31

.46

.68

.27

.38

.72

21
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CD4 - HCl 300K 140K

Initial J

0

1

2

3

4

5

Density Width
(amagats) (cm-1)

2.7

4.4

1.8

3.5

4.4

5.3

1.8

3.7

5.3

1.8
3.7

5.3

1.8

3.7

5.3

1.8

3.7

5.3

.34

.51

.17

.40

.43

.66

.18

.36

.56

.15

.27

.37

.20

.28

.27

.15

.25

.21

Density' Width
(amagats) (cm"1)

3.8

5.9

3.8

5.9

10.4

3.8

5.9

10.4

3.8

5.9

10.4

3.8

5.9

10.4

5.9

10.4

.36

.61

.29/.35

.47/.46

.69/.79

.28

.44

.72

.27

.34

.53

.24

.41

.49

.31

.38

iiiiiiiiiiiiiiiiiiimiiiiiiMiiiiiiiiti'
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Table I . I I Values for y,- and t n e cross sections
J

Initial J

300K
CH4 - HC1

140K
CH4 - HC1

300K
CD4 - HC1

140K
CD4 - HC1

J .1

(cm l

0

1

2

3

4

5

amagat" )

.1230

.1067

.0885

.0663

.0766

.0768

.0912

.0818

.0659

.0571

.0550

.0537

.1186

.1127

.1027

.0717

.0632

.0531

.10085

.07395

.0706

.0538

.0530

.0404

"<• A

a.(T)
°2
(A2)

0

1

2

3

4

5

114.4 ± 5.6

99.2 ± 2.8

82.3 ± 1.9

61.6 ± 2.1

71.2 ± 2.5

71.4 ± 6.9

124.0 ± 5.0

111.2 ± 2.7

89.7 ± 1.0

77.7 ± 2.5

74.8 ± 2.0

73.1 ± 4.1

118.7 ± 4.5

112.8 ± 7.1

102.8 ± 2.7

71.8 ± 2.5

63.3 ±12.6

51.4 ±10.9

148.0 ± 6.0

109.0 ± 4.2

103.8 ± 2.2

76.4 ± 4.0

77.9 ± 10.0

59.4 ± 10.0

If we take a linear dependency between pressure and density (ideal gas)

we obtain:

Y(300K) = .883 YKkg/cmVW^OOK) = .913 \(atnf W ^
Y(140K) = 1.92 y{{\Lq/c/)~lcnrl\WW) = 1.98 f(atnf W
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Chapter II

Linebroadening models

II. 1 Introduction

In this chapter some aspects of linebroadening theory r.re developed.
Within the scope of this work, a complete review of the many different
theories would not be appropriate. Our main aim is to examine those
theoretical contributions which are closely related to our
experimental work. A precise description of the manner in which the
rotational lines of a dipole molecule are perturbed by dynamic
interaction with a tetrahedral molecule is rather involved. It is
always possible, of course, to carry out long and cumbersome computer
calculations but this approach yields no assurance that our under-
standing of the basic underlying physical processes will be increased.
For our purposes two approaches are useful. First, an approach is used
in which all the interactions between the molecules are completely
defined and calculated and the experimental results may be compared
with the calculated values in order to check the assumptions made in
the calculations. This, for instance, was done by Isnard et ai.' ' in
an impact theory approach to the calculations of the interactions
between a dipole and a tetrahedral molecule. A second way is a more
phenomenological approach in which we compare our measurements with
HC1-noble gas systems in order to get a feeling for the physical
differences in the effects between a sphere and a "pseudo" sphere used
as perturber of pure rotational transitions.

II.2 Anderson,Tsao, Curnutte (ATC) theory

In the description of molecular collisions, impact theories play a
predominant role. General reviews of the impact theories have been
given, for example, by Gordon, Klemperer and Steinfeld^6^,
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and Birnbaunr '. The basis of the impact theory was developed by =,
Anderson' ' and refined by Tsao and Curnutte^ '.
The essence of the ATC theory is that the collisions between the
molecules in the gas are considered to be bimolecular. The
approximations are made that there is no correlation between
collisions and that the time between two collisions is very much '
larger than the duration of a single collision. This last ?
approximation is known as the impact approximation. In this theory :

the very complicated processes which occur during the collision are
not taken into account. As a consequence no pressure induced '.!
phenomena can be described. (An extensive bibliography of that type |
of effects has been given by Rich and McKellar^ '). I
In ATC theory besides the assumptions that the collisions are :•
bimolecular and the collision time is very short, two further
assumptions are also made. The translational motion of the molecules
is considered to be classical and the spectral lines under
investigation are assumed to be well resolved.In this theory an ;
expression has been developed for the spectral line broadening which *
is a function of the intermolecular potential between the two ;
molecules and of the impact parameter b. This impact parameter b i s j
defined as the distance of closed approach in a collision, when there f
is no interaction. The expression for the cross-section of the '
collision is given by:

00

O = I 2-nb S(b)db II-l
o-'

while the cross section <J is related to the line with at half height
r, by

<*= r/pv . H-2

where p is the partical number density and v the averaged relative
velocity of the two colliding molecules.
S(b) is a complicated function of the intermolecular potential and
may be regarded as a measure of the effectiveness of a collision in

2 5



disturbing the molecular radiation.
In the calculations the trajectories of the perturbing molecules are
assumed to be straight and are treated classically (the so called
straight path approximation), while the effect of the collisions in
the internal coordinates is described quantum mechanically using
second order perturbation theory.
The function S(b) is expanded as' '

S(b) = SQ(b) 4-S^b) + S2(b) + .... >•,.

S (b) is zero and S^b) is pure imaginary and contributes only to the '••)
shift but not to the half width of the lines. Consequently through
second order, only S2(b) contributes to the halfwidth. The short-
comings of this development are well known and described in the
reviews mentioned above. Particularly at short interparticle ;
distances the actual trajectories are most certainly bent by the
intermolecular potential and a straight path is a bad approximation. f
At small b values, where the interaction potential is very strong,
S2(b) goes to infinity and is not a valid approximation to S(b). A )
collision is totally effective in interrupting the radiation when > I
S(b) = l.So|S(b)| may not exceed unity no matter how strong the ,. •
collisions are. Anderson^ ' suggested several methods of extra-
polation in this region.
The most common approach is to cut off the perturbation calculation
at bQ where S2(bQ) = 1 and to set S2(b) = 1 in the region (kb<bQ.
This procedure is known as the "Anderson cutoff". The shortcoming of
this approach, however, is that the contributions with b<b are very ;
important, so many investigators have made suggestions for other ;
extrapolations. The final halfwidth of the lines, however, does 'i
depend strongly on the choice of the cutoff procedure. |
Gordon* ' developed a theory of pressure broadening which avoids |j
both the perturbation expansion and the straight line approximation. i
In the most extensive version* ' the trajectories of the perturbing |j$
molecules are calculated classically while the angular momentum is
treated quantum mechanically. Because realistic curved trajectories
are used, fewer difficulties arise for small impact parameters and
26



even the important short distance effects can be traced. A meior
problem, however, is that the ccnfuter programs are very long and
require large amounts of computer time, even for simple systems. The
general results of this approach will be discussed later while in
chapter III a simplified approach is used and discussed.

V-'..

i

II.3 The intermolecular potential

In every line broadening theory, it is essential to have a well
defined expression for the intermolecular potential. In the ATC
theories usually the long range multipole expansion is used. This
expansion was developed by Buckingham^ ' in terms of cartesian
coordinates. In the final expression for S2(b) this expression has to
be rewritten in spherical harmonics. In the original work of Tsao and
Curnutte' ' the various terms of the intermolecular potential yield
contributions to S2(b) which are purely additive only if the
expansion of the multipole terms in spherical harmonics does not
contain products of spherical harmonics of the same order. Robert et
al.^ ' have also shown that products of the same order contribute to
S«(b) and S2(b) is therefore no longer a simple sum of the
individual contributions. A scheme is elaborated containing all
contributions up to the quadrupole interactions for the case of HC1-
perburbed by a noble gas^ '. The expression of Buckingham used in
this theory is built up of three parts representing:
1) The electrostatic interaction. This is the interaction due to the

field produced by the permanent moments of the molecules;
2) The induction interaction. This is the interaction resulting from

the distortion of the electronic clouds of the molecules by the
field of the permanent moments. Both the electrostatic and the
induction contributions are determined by properties of the
free molecules;

3) The dispersion energy is the result of the interaction between
the instantaneous electric moments. This energy may be
approximately related to the polarizabilities, describing the
distorsion of the free molecules by external fields. Therefore

'•X
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Buckingham concludes that detailed knowledge of molecular charge

; distribution and polarizabilities is essential for understanding

' the intermolecular forces.

It has to be noted that the formulae of Buckingham (ref. 14 eq. 48)

for the dispersion energy (which is used in the ATC theory) is not

exact. This is important because all the calculations (for instance

.;; in the work of Galatry and coworkers) show that the contribution of

\ the dispersion energy is large. The excitation energies, occurring in

a double sum over all excited states in the dispersion term, are

•'; approximated by one averaged excitation energy (the Unsold

approximation). This is done because this way the double sum can be

•••' uncoupled and one can then treat the polarizabilities of molecules

K. one and two separately, which makes the computation much easier. For

§ the averaged excitation energy the first ionisation potential is

1 normally taken. Wormer et al / ' recently developed a closed
;? expression for multipole interactions directly in terms of the ;

\ spherical harmonics. In their derivation they conclude that in the

second order perturbation term of the interaction energy (the

-r induction and dispersion terms) the moments of molecule one and two

I are coupled. Therefore, the second order energy cannot correctly be

described in a classical interpretation of two independent mutually

interacting induced electrical moments.

Concerning the second approximation ,namely taking the ionisation

potential as the mean excitation energy,theoretical calculations

have shown that this procedure is rather arbitrary^ '.

The breakdown of the multipole expansion at short distance, where

the electronic clouds tend to overlap with each other, means that '

the short range forces (small b) cannot be described in a formalism ;

using a multipole expansion. As a consequence, in all theories which :

use such an expansion one needs either a cutoff approximation or some }

I other artificial boundary condition. The overlap and exchange forces 1

H are indeed very important as, for instance, is shown in calculations I

; for the induced spectrum of t^-He' '. (For larger atoms one expects j§

-; that because the polarizability is much greater the long range effects |

% are more important; however on the other hand the exchange and |

4 penetration effects will be important at a larger distance.) The I
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effects of a strong collision i.e. a collision that is so strong «j

that the perturbing molecule reflects on the repulsive wall of the fc

potential clearly cannot be correctly described using a long range |;

•:,-' formalism. The second approach used by Neil sen and Gordon^ ' uses a j|,

;: complete potential consisting of a long range attractive part and a jp

r short range repulsive part. Starting with a simple isotropic potential they

"v write the complete potential as a product of the isotropic part with a

series of Legendre polynomials in order to obtain an angle dependent | (

.-'• potential. Doing this a set of adjustable parameters is introduced. An

essential difference with the above method is that in ATC theories,

one starts with a potential and then calculates linewidths. If the

results do not coincide, higher terms in the multipole expansion are

taken into account or one concludes that the values of the multipoles

or polarizabilities are not correct. The last conclusion is not very

astonishing in view of the fact that it is extremely difficult to

obtain exact values for higher order multipole terms. More often than

not these values play the role of adjustable parameters. In the

treatment of Neil sen and Gordon the adjustable parameters do not have

a physical significance and are therefore easier to handle. We

discuss this treatment of expanding the intermolecular potential also

in chapter III. p

II.4 The work of Isnard

Up until now very little work has been done on systems of a dipole

and an octupole molecule. Various authors have performed ATC

calculations on methane lines disturbed by, for instance, N2, 0n or

noble gases ̂  ' but they never tackled the problem in which methane is

the perturber. Isnard, Robert and Galatry' ' developed a full scheme

for the case of a dipole in interaction with a tetrahedral molecule.

In the same way as Robert^ ' they first calculate the interaction

potential in terms of cartesian coordinates according to the formulae

of Buckingham up to the hexadecapole interactions and second order

polarizabilities. They then rewrite their expressions in terms of

2 9
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spherical harmonics and start ATC calculations. In order to test, for
tetrahedral molecules, the theories of Giraud, Robert and Gal atry' '
concerning the presence of a vibrational dependency of the rotational
linewidthSs Isnard et al.' ' performed ATC calculations for the cases
of HCl-CF^ and HCl-SiF^ and compare their results with the
experimental data of Rank et al.' ' and Piollet^ '. Because a full
ATC calculation for a tetrahedral molecule is extremely long, Isnard

was forced to introduce a number of further approximations(23) Here
the fact is exploited that the rotational constant of the perturber
is very much smaller than the rotational constant of the radiating
molecule. In such cases the rotational motion of the perturber may be
approximated by a classical rotator.
For CF4 (B = 0.189 cm"

1) and SiF4 (B = 0.140 cm"
1) in comparison with

HC1 (B = 10.44 cm" ) the condition for the approximations is
fulfilled. Given the cutoff procedure used, only the first 6 lines of
the HC1-CF4 system and the first 9 lines of the HCl-SiF4 systems could
be calculated. The calculated values do agree rather well with the
experimental data. The conclusion of this investigation shows that
there is a relatively important multipole effect, mainly due to the
octupole-quadrupole interaction. The calculations show that the
contribution to the interruption function S^[b) for b = bQ of the
electrostatic interaction is the largest, while dispersion is
responsible for a contribution of up to 255L There is no reason to
suspect that these conclusions would not hold within the framework of
the above theories for other systems consisting of a linear dipole
molecule and a tetrahedral molecule. In view of the small difference
between the rotational constant of methane (B = 5.24 c m ) and that of
HC1, the simplified ATC method of Isnard is, unfortunately, not
suitable for our purposes.

JA."
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II.5 Neilsen and Gordon's method

An other and more realistic approach in tackling the problem of unknown
intermolecular potentials in regard to line broadening calculations is

(12)the semi-classical treatment developed by Neilsen and Gordonv '.
In this work semi-classical theory is used to find a relation between
the sigma matrix and the intermolecular potential. This sigma matrix
represents the transfer of "intensity" from one line to another by a
collision. The translational motion of the system is treated
classically in terms of the intermolecular distance and the angle
between the original and the current direction of the intermolecular
axis. In the case of a diatom-atom collision the rotational motion of
the diatom is treated quantum mechanically and is characterized by the
rotational angular momentum vector J and its projection m along the
intermolecular axis.

A further assumption is made by taking the relative translational
motion to be independent of the rotational motion. This implies that
neither energy nor angular momentum are conserved but it turns out in
practice that this poses no particular problems. Within this
approximation one can compute the relative translational motion of
the collision pair from the isotropic part of the intermolecular
potential using classical mechanics. This way of calculating
realistically curved trajectories gives better physical insight in
the dynamics of the problem as compared with the straight path
approximation of the ATC theory. Van Aalst has given a full
derivation of the relevant formulae' '.

''

yl

i

The temperature dependent optical cross-section 0(T) is obtained by
averaging the sigma matrix over impact parameter and energy. It has
the following form:

00.00

O(T) = If (b,E) f(E,T) E dE II-3I
o o
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where E*f(E,T) is the Boltzmann distribution function for
f°°

translational energy with the normalisation | f(E,T)E dE = 1.
07

One of the most important aspects of the Neil sen and Gordons way of
approach is that a realistic complete potential is used and hence the
short range (repulsive) effects on the linewidth could be studied
explicitly.
Neil sen and Gordon used extensive calculations in an attempt to
describe the system HC1-argon. In the course of their calculations
several important conclusions could be drawn concerning the influence
of the potential on the widths of rotational transition lines. We
mention here some of their conclusions because they are of general
importance and also because they cogently argue against the use of a
solely multipolar expansion when describing the potential energy
between two molecules
• In contrast to weak collisions, strong collisions pass rapidly
through the attractive region of the potential and large values of
the anisotropic potential at the repulsive wall are reached;

• It can be seen that weak collisions sweep out the largest angles
during the collision process and may be expected to be more
effective at producing reorientations than transitions;

• Low j states are affected by strong and weak collisions whilst in
the case of high j states only strong collisions have sufficiently
varying potentials to produce a transition;

• An important conclusion is also that a straight line approximation
will not be valid for most of the collisions of interest. This is a
direct consequence of the short range of the attractive potential
(r'6 and r" 7).

The straight line path can give reasonable results but only for much
longer range potentials e.g. dipole-dipole interactions. The method of
Neil sen and Gordon is, however, very time consuming and therefore
expensive in terms of computer time.
Smith, Giraud and Cooper^ > have proposed a simplification of this
method. After several approximations they obtain an analytical
expression, which is relatively easy to use. Because the use of
Neil sens method is cumbersome, we have used this simplified method in
chapter III in an attempt to fit a potential for the HCl-Ar system on
3 2
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the basis of experimental data. This is done in order to investigate
the possibility of reducing data. This is necessary because a
complete calculation using these methods for the HC1-methane system
is too complicated. As we argued above an ATC calculation on the HC1-
CH- system is unlikely to produce meaningful results, the only way of
rationalizing the behaviour of this system is to make a comparison
with the most sophisticated available description of HC1-noble gas
systems.
At this stage, however, it is important to note that the results of
Smith et al. do agree with the results of Neil sen for the higher J
states. The potential used by Neil sen, called 52 (a modified
Buckingham type), was fitted numerically to a Lennard Jones shape and
it should be noted that such a procedure is very sensitive to the
steep repulsive part. As a matter of fact the LJ potential which was
used has the same well depth and the same form for the attractive part
but the repulsive parts do not coincide thus making the apparent good
agreement (especially for the higher J states) a doubtful achievement.

3 3
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Chapter III

Determination of potential energy
surfaces for Ar-HCl and Kr-HCl
from linebroadening data

III.l Introduction

The broadening of pure rotational transitions of molecules by
perturbing gases is determined by the anisotropy of intermolecular
potentials. For this reason the study of rotational line broadening
provides us with information about the angle dependent part of the
intermolecular interactions. Over the past two decades a conside-
rable amount of theoretical work has been done to obtain
quantitative relations between the parameters characterizing a given
intermolecular potential and the corresponding cross sections for
line broadening.

In this chapter we shall apply the results of these efforts and
consider the information about the potential which can be obtained
in an actual case. In the following we will be concerned with the
broadening of rotational transitions of a linear molecule due to
interaction with spherical particles. The angle dependent inter-
molecular interaction between a linear and spherical molecule may,
quite generally be expressed by the following expansion:

V(r,0 ) -EyrJP^cose), 111-1
1=0

where r is the length of the vector joining the centers of mass of
the two molecules, e the angle between this vector and the axis of
the linear molecule, and P^ theHtheLegendre polynomial.
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In many instances the anisotropic intermolecular potential V(r,6)
is assumed to be expandable in a multipole seriesv ;. Relations
between the cross sections for line broadening and the multipole

I moments are computed through use of a suitable model * '.
One objection that may be raised against the use of a multipole

? series to describe the intermolecular potential is that this series
^ is known to converge poorly' ', especially for small r. This means

that many multipole moments are needed to characterize the attrac-
,,; tive part of the intermolecular potential at short r. In the region

where the molecular charge distributions start to overlap, the
':'*- multipole series fails completely. In other words, the multipole

series is probably not the most economic way to parametrize the
intermolecular potential in the range that is relevant for line
broadening.
Another empirical parametrization of the intermolecular potential
has been used by Neilsen and Gordon' ' in their extensive semi-
classical trajectory calculations on the HCl-Ar system. These
authors assume that all I, V0(r) may be written as

S S L LV^(r) = a^V^r) + a^V^r) where S and L stands for short and long range,
respectively. The short range part is assumed to have an exponential
r dependence, whereas the long range part is assumed to fall off as
l/rn, with n chosen such that it is in agreement with the dependence
of the leading multipole terms at large r (e.g.n = 7 for £= 1, n = 6 for

S Li= 2).The constants a^ and a. are adjustable parameters. In their
I]: paper, Neilsen and Gordon determined a set of parameters that give an

optimal fit with the specific experimental data. However, the Neilsen
and Gordon calculations are very time consuming and therefore ill

, suited to be used in a numerical minimization routine. Over the past
few years, new experimental information on the rotational line
broadening of HC1 by Ar and Kr has been obtained^24'28). In order to
interpret this information in terms of potential! parameters we wish
to use a numerical routine to minimize the weighted mean square
difference between experimental and computed linewidths. In doing so,
one is obviously forced to compromise between costs and accuracy.

r The Neilsen and Gordon procedure, although it seems to be the best
7 model available, would be prohibitively expensive, whereas fast
i 35
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simple models for line broadening, like for instance the Anderson
model using the straight path approximation' ', are not very
reliable for the HC1-noble gas systems. Recently, Smith, Giraud,
and Cooper (SGC)' ' have published an approximate method to compute
rotational linewidths, which seems to work well for the HCl-Ar
system. Using this method which is much less time consuming than the
Neil sen and Gordon calculation, they obtain results for the line
broadening of HC1 by Ar that agree well with the Neilsen and Gordon
results, except for the lowest rotational transitions. In the
following we will describe how, using the SGC method, we obtained
parameters for the HCl-Ar anisotropic potential surface that are
compatible with the new experimental data in Refs. 24 and 28. In the
next section some features of the SGC method that have a direct
bearing on the computational procedure are discussed; however, for
details the reader is referred to Ref. 25. Section III deals with
the actual numerical procedure. The results of the calculations are
discussed in Sec. IV.

i.

III.2 Relation between linewidth
and intermolecular potential

The halfwidth at halfheight (HWHH) of a pressure broadened rotatio-
nal transition is related to the cross section through the following
relation:

= (2UC)-1 v O.(T)p HI-2

where (Av,/?). is the HWHH of the rotational transition j -»• j
expressed in cm , vrel is the average relative velocity of rotor
and perturber molecules, OAT) is the temperature dependent cross

J |

section for line broadening of the j •*• j transition and p is the
number density of the perturber gas. The range of validity of the
assumptions underlying this expression is discussed in some detail
in Ref. 13. The temperature dependent cross section <7.(T) is
related to the cross section for line broadening at fixed relative
kinetic energy Q ( E ) . , by:
36



Oj(T) = (kT)"2 J Oj(E) E exp(-E/kT) dE III-3

'I

When the translational degrees of freedom are treated classically
G.(E) is actually an integrand of scattering matrices over all

impact parameters b,

oo

X.(E) = J 2irb a.{E,b) db , III-4

O(E,b) may be expressed in terms of the classical path S matrices
corresponding to relative kinetic energy E and impact parameter b,
(10,13,25)

In Ref. 25 an approximate expression for the S matrix is developed.
One of the main approximations is the fact that it is assumed that
the increments ^ U k ' J k - i ) are small compared to j k themselves,
where j is the rotational quantum number. This approximation makes
the method unsuitable for calculation of the first and second
rotational transition. The anisotropic intermolecular potential
is contained in the integrals,

V£{r(t)}cos(u)6t)dt = III-5

where 6 numbers a series of analytical expressions developed in
Ref. 25. V^(a)6) is the cosine transform of the strength of the JUh
term in the Legendre polynomial expansion of the intermolecular
potential computed along a classical trajectory with given E and b;
t=0 corresponds to the moment of closest approach. As the computa-
tion of the classical trajectories is actually the most time
consuming step in the whole computation, it is obviously profitable
to parametrize the intermolecular potential in such a way that the
trajectory calculations and the cosine transform need not to be
redone for eyery new set of potential parameters. To this end we
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choose the intermolecular potential to be of the following form:

V(r,0) = Vo(r)
1=0

jVhr)}P!,(cos0) .
; • / , :

III-6

The isotropic potential V0(r) is kept fixed. As the classical paths
are calculated with V0(r), this implies that the classical trajec-
tories have to be computed only once. Although keeping V0(r) fixed
will certainly limit the flexibility of the fitting procedure, this
need not be a serious drawback as V0(r) has been determined (at
least in the HCl-Ar case) from other experiments^13'29'30^.
The linear parametrization of the anisotropic part of the potential
has the advantage that a cosine transform has to be performed only
once to yield

V*{r(t)}cos(w6t)dt ,

V^{r(t)}cos(w6t)dt ,

for any choise of a^ and aj:

III-7

! 1

Va(to6) is given by III-8

With this parametrization of the intermolecular potential, O.(E,b)
may be computed efficiently for any choice of the set {a?.ah.
The cross section O<(T) is obtained by numerical integration of
Eq. III-3. As O(E,b) is essentially zero for b > 4a (as appears
in the calculations in Ref. 13 where a is the Lennard-Jones
diameter), the integration over b can be performed using a Gauss-
Legendre quadrature^31^ to compute m
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To this end O"(E,b) is computed for 40 different trajectories:
4 different E's (128 K, 354 K, 691 K and 1300 K) and 10 different
b's for every E (0.77 A, 1.76 A, 2.71 A, 3.61 A. 4.42 A, 5.15 A,
5.74 A, 6.21 A, 6.55 A, 6.74 A).

By suitable change of variables the integral, Eq. II1-3 can also
be cast in a form that is suitable for numerical interpretation
using the Gauss-Lengedre quadrature,

1
(J(T) = f <T(E) dy with y = (-1 - E/kT)exp(-E/kT) + 1 . III-9

It should however be noted that the Gauss-Legendre quadrature
requires the value of the integral computed at a number of fixed
values of the parameter y (for n = 4» as in our case, y = 0.6943,
0.33001, 0.66999, 0.93057, corresponding to the four energies
mentioned above for T = 300 K). This relation is, however, dependent
on the temperature T. This would imply that the compute <X(T) at
different T's one would have to do a new set of trajectory calcu-
lations with different E's. This complication may be eliminated in
the following way. Suppose O"(E) has been computed at the set of
values of the energy that corresponds to a given choice of the
temperature T. Then the cross sections at a different temperature T
may be written as

O-(T') = (T/T 1) 2 / <7(E) exp(E/kT - E/kT')dy , 111-10

i.e. , CF(T') may be obtained by quadrature of the function
(T2/T|2) (7(E) exp (E/kT - E/kT1), evaluated at the same values for
the energy as were required for the computation of CT(T). This
method will work provided that T1 is of the same order of magnitude
as T. Test calculations show that the method is correct for
T1 £ T, within less than 0.5%.
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I1I.3Determination of potential parameters

In the previous section we discussed the parametrization of the
intermolecular potential,

Vo(r,0) = Vo(r) I
G — A

III-6

In this section we describe how anisotropic potential parameters
were obtained from rotational line broadening data on the HCl-Ar
and HCl-Kr system. For the HCl-Ar system, Farrar and Lee^ ' inter-
preted molecular beam scattering data in terms of an isotropic
potential. Holmgren, Waldman, and KTemperer* ' obtained an
isotropic potential for HCl-Ar through a least squares fit of
molecular beam electric resonance data on the HCl-Ar dimer. This
isotropic potential turns out to be very similar to the one obtained
oy Farrar and Lee. In our calculations of the line broadening of
HC1 by Ar we assumed that the true isotropic potential was ade-
quately described by the expression given by Holmgren et al. with
e0 = 132 cm"

1,

V0(r) =eo{6/(ao - 6)exp{ao(l - r/r^^,

»6,
-ao/(ao - III-ll

r •„ = 3.883 A and a0 = 14.5, where e0 is the minimum well depth
III 111 9 0

a n a < rm,-n
in I n

tne distance at this point for the isotropic part of the
potential. [We used the Holmgren, Waldman, and Klemperer (HWK) V0(r)
rather than the Farrar and Lee expression, for reasons of computa-
tional convenience.] The isotropic part of the potential was kept
the same in all calculationsi only the anisotropic part of the
potential was varied.

I
I

p

1
III
Pi
m
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For the Kr-HCl system, no such accurate isotropic potentials are
available at present. For this reason we assumed that the isotropic
Kr-HCl potential could be adequately described by a Lennard-Jones
(12-6) potential

V.(r) = 4e{(o/r)12 - (a/r)6} HI-12

using the Lorentz-Berthulot combination rules:

*HC1-Kr = (eHCl

'HCl-Kr

* = "1= 166.1 cm

+ 0Kr)/2 = 3.46 A .

The values for e and a were taken from Ref. 32. This procedure is
known to be accurate to about 5% for the Ar-HCl case. Howeyer, in
order to test to what extent approximations in the isotropic
potential affected the anisotropic parts of the potential, we also
did a fit of the Ar-HCl data, using the approximate Ar-HCl L.J.
(12-6) isotropic potential obtained from the combination rules

leHCl-Ar = 140'4 and CTHC1-Ar = 3'39

For both systems, the long and short range parts of the anisotropic

potential were assumed to be proportional to the attractive and

repulsive parts of the isotropic potential, i .e.

V*(r) ^ 4e(o/r)12 = V?(r) ,

4e(a/r)6+m = VA(r)(a/r)m

in the Lennard-Jones case, and

v|(r) a, 6eo/(ao - 6)exp{ao(l -

- £ o a o / { a o - (6 Jr)
6™

111-13

= vf(r)

V^><w/r>m
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whenever the HWK isotropic potential was used. For the sake of
consistency with the long range behavior of the multipole expansion
of the anisotropic intermolecular potential, m in Eq. III-13a and
III-13b was chosen to be 1 for I = 1 and 0 for l = 2.

It should be noted that the separation of the isotropic potential
into attractive and repulsive parts is not unique, and other separa-
tions have been found to be advantageous in a different case' '.
The present separation is, however, the one that requires the least
amount of computing time in fitting the linewidths. Using the above
separation of the isotropic intermolecular potential, the total
intermolecular potential may now be written as

V(r,0) = V?(r){l + PxR P^cosG) + P2R P2(cos0) + }

+ Vo(r){l + P1A(d/r)P1(cos0)

+ P2A P2(cosG) + } , 111-14

with d = a in the Lennard-Jones case and d = rm^n in the other
case. The multiplicative parameters P,R and P-.A may be expected to
be of order 1. Multiplicative parametrization of anisotropic inter-

(34)molecular potentials has recently been criticized by Le Roy et alv '
because such a parametrization was found to give rise to rather
pronounced statistical correlations between the different potential
parameters. Nevertheless, we did use multiplicative parametrization
because other methods would have required more computing time. It
should be added that for the small number of independent parameters
we used in the actual fitting procedure, no strong correlation
between the parameters was found.

Neilsen and Gordon observed that in their calculations of the
collisional line broadening of HC1 by Ar, the contribution of the
I - 3 term in the anisotropic interaction to the line broadening
was negligible. For this reason we started our determination of the
potential parameters assuming all terms in V(r,8) with l ^ 3 to be
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f-..

identical to zero. We made this assumption not because there is

any physical reason to assume these higher terms to be zero, but

rather to see wether a satisfactory fit of experimental data could

be obtained with the I = 1 and l = 2 terms only. The actual computa-

tion consisted of minimizing the weighted sum of squared differences

between the computed and experimental line broadening crosssections,

N
F = 1/N I W { <T (exo) - CT(calc)}2 , 111-15

a=l a

where a numbers the measured transitions at the different tempera-
tures used in the experiments of Ref. 24 and 28. The weight factors

2
are equal to 1/(estimated experimental error in OTa) .

Table III.I Potential parameters

Potentials determinded by
fitting procedure in this
chapter

Ar-HCl

Al»

J>tA 0.61 ±0.10

Pfi 0.55 ±0.08

Pifi 0.39 ±0.04

PjR 0.22 ±0.08

Cotem"1) 132.0

win.0* * * ooo

a0 14.5

€j 91.1

Jmin,l 3-75

a, 14.5

e2 79.3

*-»m,z 3-60
a2 14.5

A2»

0.63 ±0.12

0.55 ±0.09

0.37*0.02

0.37 ±0.09

140.39

3.805
. . .

84.6

3.65
. . .

51.4

3.80
. . .

Kr-HCl

K

0.54±0.17

0.41±0.14

0.29 ±0.06

0.15 ±0.14

165.95

3.90
• * •

99.89

3.65
. . .

93.0

3.50
. . .

Proposed potentials to
the literature: e,ref.
HWK2, ref.30.

Ar-HCl

e

0.32

0.51

0.24

0.78

140.39

3.805

13.5

28.3

4.0

13.5

14.82

4.45

13.5

HWK1

1

1

1

1

131.2

3.804

17.9

52.6

4.123

9.75

23.5

4.123

8.5

HWK2

1

1

1

1

132.0

3.883

14.5

19.0

3.866

12.4

43.4

4.189

14.1

be found in
13 , HWK1 and

Kr-HCl

multipole multipole

0.26 0.29

0.063 0.064

• lllllllllllllllllllllllllllllllllllllllltlllllllllllllllllllllllllllllllllllllllBIIIIIIIIIIIIIIIIIIIIIIIII

a)A modified Buckingham type potential
b)A Lennard-Jones type potential, e. is the well depth;£=0,isotropic part;
Jt=I,P, part;A =2, P2 part all for^esO

0 r . pis the distance for e •, and
a. a constant in the case of a modified fBackingham type potential.

n
f" -YJ

it
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Errors introduced into the computation through the approximate
nature of the SGC model are hard to assess. As mentioned already,
the calculations by Smith, Giraud, and Cooper* ' indicate that the
model does not give accurate results for the lowest two rotational
transitions (J = 0 -*• 1) and (J = 1 •*• 2), so we excluded the cross
sections for these transitions from the fitting procedure. In
minimizing F the parameters P^A, P^R, P2A, and P2R were varied
independently. The minimization routine that we used was taken from
the Cern Computer 7500 Interim Program Library. From this library we
used the so called "Minuit" minimization procedurev ', in particu-
lar the routines "simplex" and "migrad". To test for possible local
minima in F, several runs with different initial values of the
parameters were performed. The set of parameters that gives the best
fit with the experimental data is independent of initial conditions
and is tabulated in Table I. Parabolic error estimates, taking
possible statistical correlations between the potential parameters
into accountv ' are also shown in Table I. Computed line broadening
cross sections for the best fit potentials are displayed in Figs. 1
and 2, together with the experimental cross sections, the values are
tabulated in Tables II and III. In these figures, the estimated
experimental errorbars are indicated. Clearly, the data are fitted
within experimental accuracy; inclusion of higher I terms in the
intemolecular potential is therefore not warranted. Also shown in
Fig. 1 are the computed Ar-HCl line broadening cross sections
obtained by optimizing the fit to the experimental data, using the
Lennard-Jones form [Eqs. 13a and 14] for the Ar-HCl isotropic poten-
tial. In the following we refer to this latter best fit potential
as A2, the best fit potential with the HWK isotropic part will be
referred to as Al and the potential that fitted the Kr-HCl data best
will be called K. The fitruns were done on the CDC 6400 computer of
the Zeeman laboratory in Amsterdam and took between 5000 and 9000 sec.
The other calculations were done on the CDC cyber 73-28 and 173-8
of the academical computer centre (SARA).

I
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Table III.II Cross sections for Ar-HCl as calculated in this chapter.
iiiiiiiiiiiiiiUHiniiiiiiiHiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiinmiiiiiiiiiiiiiiiiiiiniiiiiii

initialJ

r=300°K

2
3
4
5
6
7
8
9

T=175°K

2
3
4
5
6
7
8
9

T = 162.5°K
2
3
4
5
6
7
8
9

7=125-0
2
3
4
5
6
7
8
9

Experimental

45.52 ±2.44*
32.02 ±3.71
29.30 ±5.85
29.14*6.20

54.58*4.38*
46.00*4.60
43.42db4.60
27.60±4.60

29.8±4.5b

23.1 ±4.3
17.1±1.8
11.6±4.3

60.69*3.29"
53.61*3.97
39.69*2.48
35.42*2.51

A l

45.96
37.15
34.68
30.43
25.48
20.69
16.49
12.99

55.16
44.05
38.85
32.23
25.54
19.72
15.08
11.56

56.63
45.08
39.47
32.53
25.63
19.70
15.02
11.52

61.77
48.60
41.58
33.60
26.04
19.79
15.04
11.58

A2

44.96
35.16
32.29
28.62
24.39
20.21
16.52
13.36

54.60
43.43
38.11
32.02
25.91
20.51
16.11
12.69

56.23
44.74
39.04
32.60
26.25
20.71
16.23
12.78

62.17
49.44
42.36
34.78
27.63
21.62
16.92
13.39

e

53.97
45.75
38.67
32.34
26.45
21.02
16.28
12.39

60.45
50.04
41.06
32.21
24.02
17.24
12.06
8.34

61.38
50.68
41.40
32.15
23.65
16.72
11.53
7.88

64.53
52.88
41.49
31.80
22.29
14.96
9.84
6.48

HWK1

35.87
23.31
14.59
8.91
5.40
3.28
2.04
1.33

37.28
21.03
11.26
6.08
3.47
2.14
1.45
1.06

37.48
20.75
10.89
5.81
3.31
2.07
1.42
1.05

38.13
19.84
9.82
5.11
2.97
1.95
1.41
1.09

HWK2

53.16
32.94
19.99
12.36
7.00
5.49
4.02
3.13

60.00
34.20
19.73
12.43
8.65
6.50
5.14
4.20

60.93
34.42
19.83
12.59
8.86
6.72
5.34
4.37

64.03
35.20
20.36
13.34
9.71
7.35
6.06
5.00

i
I

TableII1.III Cross sections for Kr-HCl, as calculated in this chapter.

InitialJ Experimental9 K InitialJ
r=300"K

2
3
4
5
6
7
8
9

61.56*3.16
38.53*1.92
36.85*6.73
33.09*7.10

61.07
39.96
34.97
30.21
25.13
20.42
16.40
13.11

r=
2
3
4
5
6
7
8
9

Experimental1

71.58*8.93 76.21
56.24*4.80 51.56
49.05*4.80 2.77
29.99*4.80 35.20

28.24
22.40
17.79
14.27

• ••IIIIIIBlim.llllllllllllltllllMIIIIIIIIIIIIIBHIIMIIMIIIIIIIHIMIIIIIIIIIIIIIIIlllllllllM

a)ref.24, b)ref.28 .
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50

2 3 4 5 6 7 8 9

T=162.5K

2 3 4 5 6 7 8 9

T=125K

8 9 8 9

Fig.l Cross sections at different temperatures for HCl-Ar. The
experimental points are indicated with errorbars.The calculated
ones as follows XA1, 0A2, « e , DHUK1, A HWK2 .

III.4 Discussion of the results

Figures 3 and 4 give an impression of the overall accuracy with
which the Ar-HCl and Kr-HCl intermolecular potential surfaces have
been obtained through the fitting procedure described in the
previous section. Displayed is the r dependence of V(r,e) at 6 = 0.
The drawn lines are thr bast fit potentials, the width of the
shaded area is a measure of the overall uncertainty in this poten-
tial. The width of the shaded area was obtained by combining all
the errors given in Table I in such a way that they reinforce one

4 6
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a(T)

754

50

25

75

50

25

2 3 4
initial J —

5 6 7 8 9 2 3 5 6 7 8 9

Fig.2 Cross sections at different temperatures for HCl-Kr.The
experimental points are indicated with errorbars.The calculated
potential K with x .

another. Although this error estimate is probably somewhat

pessimistic (assuming all errors statistically independent, the

upper and lower bounds correspond to 4 standard deviation limits),

one is forced to conclude that the overall accuracy is disappointing.

It should be noted that this lack of accuracy in determining the

potential surface is not likely to be very model dependent. Rather

it is a reflection of the fact that, at present, line broadening

data are just not accurate enough to really pin down the inter-

molecular potential surface. Yet, in spite of this lack of accuracy,

it is nevertheless possible to reach a number of significant

conclusions, by comparing the best fit potentials Al, A2 and K with

a number of potentials that have been proposed in literature. First,

however, we will discuss the effect of the choice of the isotropic

potential parameters that yield the best fit. This effect is

interesting for two reasons. First of all, as has been mentioned

before, we had to use an approximate isotropic potential for the

Kr-HCl system. It is clearly important to know whether the effec-

tive anisotropic potential surface that corresponds to the best fit

for a given approximate isotropic potential may or may not be

expected to differ greatly from the "true" anisotropic potential
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Fig.3 HCl-Ar potential for 0=0° .
Best f i t s as calculated in this
chapter Al - - - - with error>%> ;
A2 with error '///// compared
with a multipole expanson—* •

-200

Fig.4 HCl-Kr potential for.6=0°.
Best f i t potential K with
error ^ compared with multipole
expansion*—•—.
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surface. Secondly, a number of the anisotropic potentials as for
the Ar-HCl system that have been described in the literature*13*29'30)
were obtained assuming a somewhat different Ar-HCl isotropic
potential from the one used in the present work. Consequently,
comparing these anisotropic potentials with the present ones is,
in principle, not fully consistent. It is therefore essential to
know whether a meaningful comparison between anisotropic potentials
corresponding to different isotropic potentials can still be made.
In the previous section we described how best fit anisotropic
potential surfaces for the HCl-Ar system were obtained, starting
from two different isotropic potentials. In one case (potential Al)
the supposedly accurate isotropic potential given by Holmgren et al.
(30) was used, in the other case (potential A2) we used a Lennard-
Jones isotropic potential, obtained through use of the combination
rules [Eq. 12] as in the Kr-HCl case. Figure 3 shows the r dependence
for e = 0 of potential A2. In the same figure, the r dependence of
potential Al is shown. It is observed that the two best fit potenti-
als are somewhat different, though within each others maximum error
limits. To show the effect of the choice of the isotropic potential
on the purely anisotropic part of the potential, the £ = 1 and
% = 2 parts of potentials Al and A2 have been displayed separately
in Fig. 5. In both figures, the shaded area is enclosed by the
maximum error estimates in the I = 1 and I = 2 parts of the poten-
tials. It is observed that both the I = 1 and Z = 2 parts fall within
the shaded area, although the difference between the two I = 2 parts
is considerable. Figure 4 suggests the order of magnitude of the
error that one may expect to be introducing in the Kr-HCl anisotropic
potential, by using the combination rules to generate the Kr-HCl
isotropic potential. Figure 6 shows the & = 1 and I = 2 parts for the
Kr-HCl case..From Figs. 5 and 6 we can also obtain an estimate of the
error in the position of the minimum of the I = 1 and A = 2
anisotropic potentials. The upper (lower) limit of the shaded area
is formed by the potential curve representing the estimated bounds
to the repulsive and attractive part of the a = 1,2 potentials.
Consequently, the positions of the minima of the upper and lower

„-',;

1 -:'

49



r

curves provide us with estimates of the upper and lower bounds to

r •_ for the I = 1,2 potentials. Similarly, the upper and lower

bounds for r . of V(r,6) for 9 = 0 can be read directly from Fig. 3.

Fig.5 P, and P, parts
of the Calculated HC1-
Ar potentials.
Best f i t s as calculat-
ed in this work,
A l * with error \ \ \ \
A2O with error////
compared with:
e •
HWK1 O,
HWK2A
and multipole

50

-100

6

B

I
r'rW
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Fig.6 Pi and P2 parts of the
best f it potential for HCl-Kr
as calculated in this work.
K with error/#/
compared with a multipole ex-
pansion

fC-

Table I I I . I V Values of the well depth arid the distance at
that point with 9 = 0°for the full potentials and the Pi and P2
parts, with the calculated upper and lower bounds.Note that these
calculated extremes can exit the physical region.

A l A2 K

rik
£(cm-')

n

e 2

3.70

357.2

3.50

147.7

3.25

143.0

3.80

291.3

3.75

91.1

3.60

79.3

3.90

238.7

3.90

56.3

3.80

51.6

3.65

349.5

3.40

163.2

3.60

76.3

3.75

273.5

3.65

84.6

3.80

51.4

3.90

215.0

3.95

40.8

4 .0

37.4

3.55

538.0

3.15

357.0

2.10

2000.

3.75

336.1

3.65

99.9

3.50

93.0

3.95

217.0

4.1?

27.6

4.05

30.3
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These estimated upper and lower bounds for the position of the minima,
together with the upper and lower bounds of the well depths, are given
in table IV. It is remarkable that deeper minima in all cases coincide
with smaller distances at which this minimum occurs, even although all
parameters {PjR,PJ\} are statistically independent.

In the introduction it was mentioned that a multipole expansion could
not be expected to give an adequate description of the short-range
behavior of the anisotropic potential. We are now in a position to
test this assertion directly.

Buckingham' 'has given the following expression for the leading terms
in a multipole expansion of the anisotropic interaction between a
linear and a spherical molecule:

-6 nV(r,O) = - (2C6i + C6D)r

x {36/5 Cc.(e,/y,) + 6/5 Ccn(An +

- P2(cos0){2 C6i

-7

-6 111-16

with C6i and C 6 Q = 3/2 (U1U2/(U J a ^ . The values of
the constants for molecule 1 (HC1) and molecule 2 (Ar, Kr)are given
in table V. In figs.5 and 6 the £ = 1 and I = 2 parts of the multi-
pole series are compared with the corresponding parts of the best
fit potentials. As can be seen the multipole series differs significant-
ly from the best fit potentials, even at larger distances, where
the attractive parts of the potentials Al, A2, and K are dominant.
Apparently, a pressure broadening experiment probes the HC1-noble
gas intermolecular potential in a region over which the first few
multipole terms are not sufficient to give an adequate description
of the intermolecular potential.
It is instructive to compare the best fit Ar-HCl and Kr-HCl potentials,
A2 and K, respectively. (We prefer to compare K with A2, because the
isotropic parts of these two potentials were generated according to
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the same prescription.) From table I one can see that the anisotropic
potential parameters for the two systems are of the same order or
magnitude, the Kr-HCl parameters being, however, smaller in all cases.
Taking the error estimates into account, one notes that the difference
between the PJ\ or P.R parameters for both systems is not significant.
The difference between the sets of PJ\ and PgR parameters(in particular
the latter) is somewhat larger and one is therefore tempted to con-
clude that the anisotropic parts of the HC1-noble gas potentials do
not seem to scale as the isotropic potentials.If the multipole
expansion(eq.l6)described the attractive part of the potential ade-
quately, one would expect the values for P^A and P2A in table I.
Clearly, the "experimental" PjA and P2A coefficients differ both in
magnitude and in their trend with the noble gas partners,from the multi
pole prediction. This is an extra indication that the first few terms
of the multipole series have little relevance for the attractive part
of the HCl-noble gas potential in the region under consideration.

y-l

•i

Over the last few years, anisotropic potential surfaces for the Ar-HCl
have been proposed by a number of authors, on the basis of different
pieces of experimental information. Neilsen and Gordon^ ' compared
the results of semiclassical trajectory calculations with the following

Table III.V Molecular constants.

adO"25 cm3) ( o , , - a j / 3 a MUO"18 esu«cm) 6(10^6 eeu'cm2) Ajc, (10"* cm) cm) t/(eV)

HC1 26.3*
Ar 16.4*
Kr 24.8*

0.037* 1.1806° 3.74" 0.364' 0.057" 12.84'
15.76
14.0

HCl-Ar C6J = 1. OO8UO-20 esu2 A5) Cea= 73.24(10-20 esuz A5)

HCl-Kr CH = 1.524 (lO"20 esu2 A5) C64 =104.48(10-20 esu2 A5)

llllllilllllglllliilllllillilllilllllllllillllllllllllllllllllllllllllllllllllllllllllllltlllllllllllll

a)ref . 32.
bJBridge and Buckingham; Proc.R.Soc. A 295, 334 (1966)
c)E.W.Kaiser; J.Chem.Phys. 53 ,1686 (197ffy
d)F.de Leeuw and A.DymanusfJ.Rbl .Spectrosc.48, 427 (1973)
e)D.Robert,C.Giradet, and L.Galatry;Chem.Phys.Lett.3,102(1969)
f)Landolt-B6rnstein,Zahlenwerte und Functionen 3,36U(195I); 1,211(1950)
gJH.B.Levine and G.Birnbaum;J.Chem.Phys. 55_, 29T4 (1971)
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experimental data: the pressure broadening of the 5 lowest HC1
nal dipole transitions at room temperaturev ',the pressure induced
shift of the 3 = 0 + 1 rotational dipole transition at room temper-
ature^ ' and the pressure dependence of the longitudinal relaxation
time of the HCl-proton between 304K and 42310°*'. The isotropic
Ar-HCl potential that was used in Ref.13 was a modified Buckingham
version of eq.14. Although Neilsen and Gordon observe that a full
numerical optimization of the anisotropic potential parameters would
be prohibitively expensive, they did study the variation of the
computed cross-sections with the anisotropic potential parameters for
a number of points in parameter space. Using the information thus
obtained Neilsen and Gordon were able to estimate the anisotropic
potential parameters that would yield an optimum fit with the
experimental data mentioned above.The parameters characterizing this
potential(potential "e" of ref.13) are given in table 1. Using this
Neilsen and Gordon fully optimized potential in the SGC model,we
generated cross-sections for the line broadening that agree very
well with the more recent experimental low temperature data, though,
surprisingly enough, somewhat worse with the older room temperature
data (fig.1,table II). Comparing the £ = 1,2 parts of potential "e"
with the corresponding parts of our best fit potential Al (fig.5)
one observes a large difference.Potential e is invariably shallower
than Al, and has moreover its minimum at larger r. Although some
discrepancy was to be expected because e and Al have different iso-
tropic parts, the difference between Al and e 1? certainly much larger
than the difference between Al and A2(the latter of which has an
isotropic part rather similar to e). Molecular beam electric resonance
spectroscopy on Ar-HCl van der Waals molecules' ' has yielded new
and accurate experimental data that provide a sensitive test for the
Ar-HCl anisotropic potential.Using a close-coupling method,Dunker
and Gordon1 ' have computed a number of ground state and excited
state properties of the Ar-HCl complex, using Neil sen-Gordon fully
optimized potential e.The properties of the dimer, predicted with
this potential surface, turn out to be in striking disagreement,
with the experimental results of ref.40.Recently,Hoimgreg Waldman and

I

I
I
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Klemperer' ' have developed a very efficient approximate method to
compute the ground state properties of the van der Waals dimers.
Using this method, they have analyzed the available electric resonance
data on the dimers of Ar with H35C1, H37C1, D35C1, and D37C1.
From a numerical nonlinear least squares minimization , these authors
obtained two distinct anisotropic potential surfaces that both repro-
duce the electric resonance data to within experimental accuracy.
The parameters characterizing these two potential surfaces (hereafter
referred to as HWK1 and HWK2) are given in table I. Using the SGC
model, we generated the Ar-HCl rotational line broadening cross-
sections for the HWK1 and HWK2 potentials. As can be seen from fig. 1
(table II) the agreement with the experimental cross-sections is
equally poor for both potentials. The Jl = 1 and I = 2 parts of the
HWK1 and HWK2 potential are compared with the corresponding parts of
potential Al in fig. 5. One observes that the HWK1 and HWK2 surfaces
differ considerably from Al. In this case a direct comparison of the
anisotropic parts is permittable because the isotropic part of our
potential Al is equal to the isotropic part of the HWK2 potential. It
should be noted that the ground state properties of van der Waals
molecules depend almost exclusively on the shape of the anisotropic
potential surface around its absolute minimum. Rotational line
broadening, on the other hand, is also sensitive to the short range
repulsive, and the long range attractive parts of the potential. It
is therefore not surprising that the potentials HVJK1 and HWK2 fail to
predict the line broadening correctly. It is, however, disconcerting
to find that the potentials Al and A2 differ so much from both the
HWK1 and HWK2 potentials in the region of the potential minimum. In
particular, it is almost certain that both Al and A2, with absolute
mimima around 3.8A, will fail to predict the correct ground state
equilibrium distance of Ar and HC1 in the dimer (close to 4.0A).
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Il l .5 Conclusions

h

The main conclusion that must be drawn from the results of the
previous section is that in spite of the large amount of available
experimental information on the Ar-HCl system, none of the
anisotropic potential surfaces discussed above can make a strong claim
to be close to the "true" Ar-HCl anisotropic potential surface. The
Neil sen-Gordon fully optimized potential e while in fair agreement
with line broadening data, does not predict the dimer properties
correctly. The Holmgren-Waldman and Klemperer potential HWK1 and HWK2
which do describe the ground state properties of the dimer correctly,
are found to predict unrealistic line broadening cross-sections. The
new optimized potential Al, obtained in the present work yields the
correct line broadening cross-sections, but is bound to predict the
wrong equilibrium distance of the van der Waals molecule. Finally, the
multipole series, which should describe the long range behaviour of
the intermolecular potential, disagrees with all of the above
inisotropic potentials in the region of interest. The Kr-HCl potential
surface determined in the present work (potential K) disagrees equally
badly with the corresponding multipole expression, but no other
"experimental" potentials are, at present, available for comparison.
For this reason, we will restrict the remainder of the discussion to
the Ar-HCl system.

At this stage, there are obviously two questions that we should
attempt to answer. First of all, what are the possible causes for the
large discrepancies between the different experimental potential
surfaces? And secondly, in what way may one hope to pin down the Ar-
HCl anisotropic interaction more accurately? One possible cause for
the difference between potential Al and the other experimental
potentials might be the approximate nature of the SGC model. Smith,
Giraud and Cooper* 5' have tested the model by comparing the results
it yields for one particular potential surface, i.e. the Neilsen-
Gordon potential "52"(42) with the results that Neilsen and Gordon
obtain for this potential in full semiclassical trajectory

calculation. For all but the lowest two rotational transitions, the
5 6
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agreement is found to be good. It is of course dangerous to extra-
polate this agreement to any other anisotropic potential. However, the
fact that we obtain fairly good agreement with experimental linewidth
when using the (very different) Neil sen-Gordon fully optimized
potential eseems to indicate that the SGC model agrees with the
Neil sen and Gordon results over a wide range in parameter space. A
more likely cause for the discrepancy between the different
potentials, is the neglect of higher order Legendre polynominal terms
in the intermolecular potential. Although only % = 1 and a = 2 terms
suffice to fit line broadening data or dimer properties separately, it
may well be that more terms are needed to describe all pieces of
experimental information simultaneously. Theoretical calculations on
the Ar-HCl anisotropic potential surface^ ' seem to point in this
direction.

It is clear that much could be learned from an attempt to fit the
presently available line broadening (and related) cross-sections and
the dimer data simultaneously. However, more experimental information
on the Ar-HCl system is available that deserves being taken into
account. There is for instance the discrepancy between the well depth
of the isotropic Ar-HCl potential, as determined by Farrar and Lee^ '
and Holmgren et al^30^. (E m i n = -132 cm"

1) and the enthalpy of
formation of Ar-HCl dimers as estimated from the temperature dependence
of the infrared absorption of these dimers. (AH = 1.1 - 1.5 kcal/mole =
385 - 524 cm"1) ( 4 4~ 4 6). in this context it is interesting to note
that the depth of the absolute minimum of potential Al obtained in the
present work is close to 290 cm with a lower bound close to 360
cm" . Boom et a r ' have observed peaks in the low temperature, low
density, far infrared spectrum of Ar-HCl mixtures, which these
authors ascribe to transitions between different excited states of the
Ar-HCl dimer. Whereas the molecular beam electric resonance data of
refs. 29 and 30 provide information on the shape of the potential
surface close to its minimum, the far infrared spectra of ref. 46
should contain information about a larger part of the potential well.
Thus far, the infrared spectra of the dimers have not been interpreted
quantitatively. However, using a simple anharmonic oscillator model,

5 7

?'••••

v'\>

II



V

one has recently been able' ' to explain the main features of the far
infrared spectra of the dimers. The results obtained, turn out to be
consistent with the strong angle dependence of potential Al, but not
with the much shallower potentials HWK1, HWK2 and e. Direct
computation of the far infrared spectrum of Ar-HCl dimers at finite
temperatures from knowledge of the anisotropic potential surface is
feasible in principle. The actual calculations may, however, be quite
time consuming because of the large number of states that are populated
at the temperatures of the infrared experiments. This problem would be
greatly reduced if selective spectroscopy on the internal degrees of
freedom of Ar-HCl dimers could be performed (e.g., through excitation
of dimers in a molecular beam with a tunable infrared laser). As yet,
no such experiments have been performed.

B
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Chapter IV

Comparing noble gas-HCl systems
IV.l Introduction

In thermodynamics the phenomenological rule known as the law, or
(rto\

principle, of corresponding statesv ' asserts that all substances
obey the same equat'on of state in terms of reduced variables (e.g.
p/p i t > ) . This law is correct and widely used for simple gases but
holds less well for more complicated molecules. It is well known that
the shape of the molecules (cigar like, sphere etc.) is very
important in determining their thermodynamic properties and only
substances containing molecules of the same general shape might be
expected to have similar bulk properties, Kamerlingh Onnes termed
this, the principle of mechanical equivalence. It was shown* ' that
the reduced equation of state is the same for substances composed of
molecules interacting via additive forces and having a two parameter
pair potential of the type V(r) = ef(r) where r is the distance
between the molecules and e is the minimum of the potential energy
well. Over the years this law has provided a rationale for such
diverse phenomena as second and third order virial coefficients,
transport properties and cold neutron scattering of liquids' '. The
law is very useful in correlating thermodynamic and transport
property measurements and for extrapolating properties into regions
where no experimental data exist. This fact tempted us to investigate
the possibility that the linewidth, which is also dependent on the
intermolecular forces, might be described in terms of reduced
quantities. In our investigations we see from the experimental data
for line broadening of HC1 by noble gases and by methane that the
values of the cross-sections are roughly of the same magnitude. This
fact indicates that a reduction of data is perhaps possible. If this
is the case the relationship between linewidths and the molecular
potential would make it possible to talk about a specific reduced
potential for HC1 broadened by molecules of like shape. However,

5 9



derivations from single scaling behaviour may be indicative of
qualitative differences in the intermolecular potentials.
In particular* the dependence of linewidths on the intermolecular
potential is of a different nature than,, say, virial coefficients or
viscosities. The linewidth is a function of the complete potential
while the transport properties or virial coefficients depend
primarily on the shape of the potential at large separation.
This dependence on the potential at large separations is a
consequence of their being weighted averages of angles of deflection
of colliding molecules^ '. The angle dependence or anisotropy of the
potential is important in all models for line broadening. However, it
is important to realize that the corresponding state treatment implies
essentially an isotropic intermolecular potential, while on the other
hand, linewidths are highly sensitive to the anisotropic parts of the
potential particularly at short distances.
Nevertheless since few of the possible alternatives present much
promise it was decided to investigate the usefulness and range of the
scaling hypthesis in this case.

IV. 2 Noble gases

In this section we investigate the possibility of scaling pair
potentials between two noble gases and systems of the type HC1-X where
X is a noble gas. In the case of pure noble gases very much more
experimental data are available than is available for noble gas plus
polyatomic systems. A review of the intermolecular forces between
noble gas molecules is given by Maitland and Smith^ ' and Buclo '
gives an exelient review of elastic molecular beam scattering in which
he discusses not only this powerful method for determining potentials
but also makes extensive comparisons between the different
experimental data. The theoretical description of the elastic
scattering of two colliding molecules or atoms is well understood
when the interaction is spherically symmetric. Molecular beam
scattering (at high energies) represents the most direct experimental
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method currently available in the determination of the intermolecular
potential. It is therefore useful to compare different beam
measurements in an attempt to gain better insight into the possibility
of scaling potentials. In the case of elastic molecular beam
experiments we deal only with the isotropic potential. Extension to
the anisotropic part is a difficult problem, with which we deal
later.

In all the beam measurements reported so far an isotropic potential
is extracted from the data. If we look closely at the shape of these
potentials we see that one of the main features is the striking
difference between mixtures of noble gases and pure noble gases.
Farrar, Schafer and Lee' ' for example show that if f(r) = VQ(r)/e
is plotted against R = r/rm where VQ(r) is the isotropic part of the
potential, e is the well depth and rm is the distance at the well
minimum then, for pure gases, the curves so obtained coincide for all
noble gases. In a later publication Barker, Watts and Lee' '
developed Kr-Kr and Xe-Xe potentials and again it was shown that the
reduced potentials of these gases were in excellent agreement.
This scaling is no longer found in a mixed noble gas system. For such
mixtures the general shape of the potential is quite different, while
the reduced depth of He-Ar, He-Kr, and He-Xe were found to be
essentially identical within the uncertainty of the fits' '. The
same phenomenon has been reported for mixtures of Ne-Ar, Ne-Kr, Ne-Xe
(55) and Ar-Kr, Ar-Xe^56K With the assumption that the shape of the
potential is the same for all combinations one can establish simple
combining rules for the potential parameters (e and a in the Lennard
Jones case where a is the LJ diameter). In doing so it is not very
surprising that Chen et al.' ' concluded that the similar well depth
for He with the other noble gases suggests that the commonly used
geometrical combination rule for the well depth of a pair of unlike
atoms or molecules is not.always realistic.
This rule has the following form:

1

,1 IV-1
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This same conclusion is also drawn in refs. 50 and 55.
Eq. 1 gives for the noble gas mixtures under investigation a much
higher value for the depth (a deeper well) than the values obtained
from the experiment. Chen therefore proposed that in cases where the
potential well differs only in shape a third parameter in addition to
e and r (or a) is necessary to make a comparison in reduced units
possible. They suggest a parameter describing the curvature at the
minimum of the bowl.
In the literature many other combination rules have been proposed.
Some of them are very sophisticated but none gives results that are in
full agreement with the experiments. The empirical combination rule:

IV-2

gives the best general results for mixed noble gas pairs.
We can therefore say that at this moment it is highly questionable if
there is a simple universally valid combination rule for the well
depth. On the other hand most experimental results do show rather good
agreement with the combination rule for the diameter

a13
(a.. + a..v " J3

IV-3

Given these limitations on the fundamental applicability of the
combining rules even in the case of the isotropic part of the
potential for unlike pairs of noble gas atoms i t is doubtful if the
isotropic parts of atom-diatom systems scale. Given this well-known
shortcomings of the combining rules for spherical potentials i t is
perhaps even more unlikely that simple combining rules for anisotropic
potentials would be found to work.
Apart from the HCl-Ar measurements of Farrar and Lee^ ' , no
molecular beam experiments of HC1-noble gas systems are available
hence we have to test the possibility of scaling potentials and
linewidths by an essentially empiric procedure.

•V-
•'-* i -

62

^



IV.3 Noble gas - HC1 systems

In comparing different HC1-noble gas data there are two possible

approaches. In the first* due originally to van Aalst (24) a semi-
empirical method for interpreting measurements on the systems HCl-Ar,

HCl-Kr and HCl-Xe is extended to the present systems.

The second has been discussed in chapter III,

The empirical method is useful in that it provides a rational

qualitative picture while the model calculations give more insight

into the possibility of the existence of a universal potential shape

for the different systems. In both methods values for e and a for the

mixtures are necessary and we give in table I these values for the

systems in question. In this table e is given twice; one value was

calculated in eq. 1 and the other value using eq. 2. We shall use

both values in order to ascertain which gives better agreement with

the experiments. To obtain the values of e and a for mixtures we took

the values for t ^ pure substances given in ref. 32 (p.1110). For HCl-

Ar we used the value of e = 202 K (in the case of eq. 1). This value

was used by Neil sen and Gordon' ' and also in chapter III in this

work. It is very close to the molecular beam value of 192 K obtained

by Farrar and Lee^ '. In the table y is the reduced mass of the pair

and t is a characteristic time the significance of which is

discussed later in this chapter.
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T a b l e I V I Molecular parameters for the pairs
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Ne-HCl

Ar-HCl

Kr-HCl

Xe-HCl

3.03

3.39

3.46

3.68

e eq.l(K)

112

202

239

274

e eq.2(K)

64

179

220

264

u t(10

13

19.1

25.4

28.6

-12sec)

0.80

0.81

0.88

0.93
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It is very important to note that although we use two different
combination rules the possibility of discriminating between the two
is limited by the fact that one needs exact knowledge of the potential
parameters of the pure species. It is remarkable in this sense that
for a very well-known and extensively investigated system such as
argon a whole range of values for the well depth exists, ranging
from 119.8 K to 153 10 '. For argon, however, the most recent
experiments, notably the molecular beam work, show that the most
likelj value is around 140 K. For HC1, however, we have practically
no reliable data and the value given in ref. 32 is old and was
obtained from viscosity data.

Pm

a) semi empirical method

We shall give here a short derivation of the method developed by van
Aalst^ '. The equations of motion for the trajectories of colliding
particles with a relative initial speed v, an impact parameter b, a
reduced mass y and an isotropic potential V (r) are given b

2 ' "2 ' 2'2 V0(r)Jyr2e2

ybv = ]ir e IV-4

t-- .'!'-•

where r is the intermolecular distance and 0 is its angle of
inclination to the positive X axis (9 goes from 0 to 2ir).
In ref. 24 (thesis) the importance of the deflection angle x in
determining the line broadening cross-section is discussed
extensively. The deflection angle x is defined as the angle between
the relative velocity vectors of the two colliding particles before
and after the collision.
For collisions that have trajectories characterized by the same value
of reduced energy and impact parameter, the deflection angle x and
the reduced distance of closest approach have the same value,
although the trajectories are not identical.
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In the case of a Lennard Jones potential, the reduced quantities used
are defined as follows;

r-= r/a , b*= b/o, vj(r') = VQ(r)/e, T* = kT/e, V*
2 = |yV2/e IV-5

where a and e are the Lennard Jones diameter and well depth
respectively.

The equations of motion in these reduced quantities have the following
form:

E* = r*£ + E VV * 2 , *

IV-6

The term (ya llzy has the dimension of time and determined the time
scale of the collision (t in table I).
The time scale r* and 9 determine the effects of the anisotropic
interaction in the time dependent perturbation, which in turn
determined the contribution to the cross-sections.
Because these time factors are not very different (L*C- pt in the case
of xenon) van Aalst concludes that a straight forward omparison of
the anisotropic part of the potential, as a function of r* and 6, of
the different measurements can be made by considering the cross-
sections with the same values of E and b. We obtain therefore:

*2
a'(E)= IV-7

with

a'(E) = a(E)/ T O
2

In order to make a comparison of the cross-sections possible as a
function of temperature instead of energy we have first to consider
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the relation between O(E) and G(T).
As already mentioned (eq. 111*3) we have, in the case of a Boltzmann
velocity distribution function, the following relation:

0(T) -
.-2 exp(-E/T) E a (E)dE IV-8

If we now make the approximation that all the collisions have the same
value of the relative initial speed v, namely v = v = (8kT/inj)* we get

for E = Jyv 2 or E = (4/TT)T .

The inversion of eq. 8 gives:

<J(E) = 10bEa/ l"(2 + a), rv-9

where f is the gamma function where we have adopted a functional T
dependence of the cross-sections of the form

G(T) = 10bTa IV-10

With the assumption that the initial velocity is v and E = (4/TT)T eq.
9 gives:

<J(T) = <T(E = (4/ir)T) a)/(4/Tr)J
IV-11

The factor I" (2 + a)/(4/ir)a is close to 1 for 0.6<a<0.
In order to find the values for a and b with the assumed temperature
dependence given by eq. 10, the experimental data for HCl-Ar line
broadening were smoothed by using the empirical relation

= O(Q.T)(j ,-.7
IV-12

where j is the rotational quantum number.
With, these values the smoothed data were least squares fitted to an
equation of the form log O(T) = a log T + b.

6 6
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These values are tabulated in ref. 24 (thesis) table 2.S .
Because the values of "a" turned out to be quite small eq. 11 reduces
to

0(T) = 0(E-(4/ir)T)

Now the reduced cross-sections at the same reduced temperature
T* = kT/e can be compared. Finally we have

" = C7*(T*)2 =

or

O(T) 1 = Q( T * ) 2 . oj/c| IV-13

With this relation we can compare the different experimental results.
In ref. 24 (thesis) only the results of the first rotational line of
HC1 broadened by argon, krypton and xenon is given where the argon and
krypton systems are scaled to the xenon systems. It turned out that
the reduced values for the cross-sections for this specific case
differ by only about 5%.
We will du it here the other way around. We take the experimental
values for the Ne-HCl, Kr-HCl and Xe-HCl systems and calculate the
values for the Ar-HCl systems scaled to the systems in question. This
approach is used because in the determination of the values for a and
bin the HCl-Ar case more data were available than in the other cases .
In first instance we use the geometrical combination rule of eq. 1 and
find from eq. 13

°(30°)neon " °-80

°<300Won • iM

°<300>xenon = * • » °<220>argon

The values thus obtained are given in table II together with the

6 7



experimental data of Scott (Ne-HCl)^ ' and van Aalst (Ar-, Kr-,
Xe-HCl)' '. The data are also displayed in figs. 1, 2 and 3 where on
the ordinate the experimental values are given and on the absissa the
calculated values. If there is an agreement between experiment and
calculation the points should be positioned on the bisectrix of the
two axes.
Apart from the HCl-Kr case we can see that the agreement is rather
poor. Using this method we have also calculated the cross-sections
using the emperical combination rule of eq. 2.
Doing this we obtain

0(300)
neon

= 0.80 Q(947)
argon

O(300>krypton

a(3oo)xenon
= 1.18 a(230)

argon

The values of the cross-sections, obtained this way, are also given in
table II and are displayed in figs. 4, 5 and 6.
A striking feature is the marked resemblance in the HCl-neon case. The
HClrKr picture does not differ very much from the former, while the
HCl-Xe agreement remains poor.
It is clear that eq. 2 gives a better overall result in this semi-
empirical method. However, because of the uncertainly in the HC1
parameters we do not think that eq. 2 holds in general.
the discrepancy in the HCl-Xe case is, within the framework of this
method, understandable in view of the larger value of the time factor
111" which makes the comparison between the different systems not
completely rigorous. £;=.
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Fig.1 Experimental cross-sections of neon versus scaled ones,using eq.l m

Fig.2 Experimental cross-sections of krypton versus scaled ones,using eq.l
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Fig.3 Experimental cross-sections of xenon versus scaled ones,using eq'. l .

Fig.4 Experimental cross-sections of neon versus scaled ones,using eq.2
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Fig.5 Experimental cross-sections of krypton versus scaled ones,using eq.2 .
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Fig.6 Experimental cross-sections of xenon versus scaled ones, using eq.2 .
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b)semi classical calculations

In chapter III we have calculated, using an approximate semi-classical
method (25) a potential for the HCl-Ar system, by fitting adjustable
anisotropy parameters to the experimental data of van Aalst' K
It was shown in fig. III-3 that the shape of the best fit Lennard
Jones potential A2 coincides with the best fit Modified Buckingham
potential Al within the experimental error. In the remainder of this
chapter we shall therefore use the Lennard Jones form for convenience.
The potential has the following form:

V(r,0) = 4e {

-4e

,12P2R.P2(cos9)}(cr/r)

v P2A. P2{cosQ)}(o/r)6
3 I V _ 1 4

I
.• (•:.

'Hi
Hi

where a is the Lennard Jones diameter of the pair and P(cos0) the
first or second Legendre polynomial.
We wish to use potential A2 for all the noble gas mixtures and we
assume that the potentials of the different mixtures scale in a simple
way; just as we assumed for the isotropic part of the potential in
first approximation. We have then simply to change the values for e
and a. In the calculation of the trajectories we change also the value
of the reduced mass y of the colliding pair. A simple test can be made
by reducing the calculated potentials A2 for the argon case and the
calculated potential K for the krypton case.
Because of the use of the combination rules for e and a the plot of
Visotropic /eisotropic against r/a coincide identically. The
trajectories depend solely on the isotropic part of the potential
(the only difference that still exist is the mass).
If we want to reduce the full potentials, the only variables are still
e and a because theanisotropic part is written as an expansion of the
isotropic one and the adjustable parameters are fixed in the fitting
procedure.
We have plotted in fig. 7 V(r)/e against r/a where e is the total
well depth of the potential. We see that the agreement between the
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two curves is better at longer distances and is not very good at the
minimum or at shorter distances. Although the error in the HCl-Kr
potential is rather big, this picture is already an indication that a
reduction of the calculated potential will not lead to completely
correct results.

1.5

8 .9 tO 1.1 12

Fig.7 Reduced potentials for
argon and krypton.
A2
1/ 0 ^ ^ MM ^ ^ <^» •••

In our first attempt we used potential A2 and took the values for e
and a obtained by eqs. 1 and 3 and given in table I. With this new
potential we calculate the cross-^sections of the different systems as
described in chapter III. The results of these calculations for
T = 300 K are given in table II. Again we give plots of the
experimental values versus the calculated ones. One has to bear in
mind that the calculations are not appropriate for the lower J states,
so the values of the transitions j = 0 — j = 1 and j = 1 — j = 2
are not given. It is clear from these figures (8, 9 and 10) that the
calculated and experimental values are not in good agreement. An
interesting feature is that in the HCl-Ne case the calculated values
are smaller than the experimental ones, while in the other case the
reverse is true. This trend possibly suggests that the procedure used
underestimates the mass effect of the perturber.

8
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Fig.8 Experimental cross-sections of neon versus calculated ones.
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Fig.9 Experimental cross-sections of krypton versus calculated ones.
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Fig.10 Experimental cross-sections of xenon versus calculated ones.

100

Fig.11 Experimental cross-sections of krypton versus calculated ones,
using eq.2 .
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In order to investigate the applicability of the other combination
rule, we also calculated the widths of HCl-Kr using eq. 2 for the
well depth given a value of 220 K instead of 239 K. The results are
again given in table II and are displayed in fig, 11. Here the plot
for e = 220 K. gives better agreement than that for 239 K. As already
discussed in the former section this does not necessarily mean that
220 K is a significant better value for the isotropic well depth.
The discrepancy between the calculated and experimental data are still
rather big in the different attempts.
A second feature is that the third line matches better than the higher
ones in the krypton and the xenon cases. This fact in combination with
1) the idea developed by Neil sen and Gordon that the lower lines are

more affected by the long range attractive part of the inter-
molecular potential whilst the higher lines are determined more
by strong collisions (or in other words by the steep repulsive
wall of the potential) and

2) that we have seen in fig. 7 that the potentials A2 and K differ
more at short distance ,

and because the discrepancis arise at short distances, leads us to the
conclusion that scaling in this fashion produces problems in the
calculations of the higher j transitions.
Theoretically there is no evidence that the long range attractive
part of the potential for the two different HC1-noble gas pairs is
different in form and that scaling is impossible. This can be clearly
illustrated if we look at the expansion of the long range part in
terms of multipoles. The fact that the equation of state can be scaled

is a result of this feature as was already mentioned in the
introduction of this chapter.
For the short range part, however, there exist no analytical
expression for the potential and the system can no longer be described
in terms of two separate bodies. Simple scaling of this part of the
potential istherefore very cumbersome, if not impossible. The result
of this fact is reflected in the discrepancy between experiments and
theoretical values for the higher j transitions.
This fact is also an indication that the anisotropic potentials of
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TableIV.II

Values of experimental.scaled and calculated cross sections
at 300K. A prime indicates that combination rule eq.2 is used

NEON

KRYPTON

XENON

initial!
0

Qexp QA2 O*(300) <J*(300)

0
1
2
3
4
5
6
7
8

initiall0 1
0
1
2
3
4
5

initiall
0 1

21
19
17
14
12
9
8

119
72
61
38
36
33

.7

.5

.5

.4

.3

.6

.5

Gexp

.5
,6
.5
.9
.1

+7
+9
+3
+2
T6
+2

Qexp

10
8
8
8
7
7
6

.0

.7

.2

.0

.7

.6

.8

.5
,5
.5
.8
.0
.0

55
36
28
23
21
18

OPS

64.
53,
48,
41,

.9

.7

.0

.1

C7A2

.1

.7

.5

.9

.2

.4

Q!A2

59,
49.
43,
36,

43.
30.
23.
20.
17.
12.

>

,2
.1
.1
;3

CJ*(300)

l
0
8
1
6
5

<J*(300)

99
63
49
40
34
30

.4

.5

.1

.7

.7

.0

(300)

a*(300)

95.
61,
47,
39,
33
29

.6

.9

.3

.0

.6

.7

0 132.3 +7.2 119.2 117.3
1 104.8 +19.4 75.8 75.2
2 93.6 +4.8 99.3 58.2 57.2
3 56.6 +1.5 83.1 47.6 47.0
4 46.8+3.8 72.4 40.8 40.3
5 43.8 +7.6 60.5 36.6 35.6

HC1-noble gas systems have not a similar shape and that the
assumption that the potentials can be scaled so that we can generate
correct linewidths is also false. This conclusion supports the remarks

/cg\
of Novick et a l . v ' who point out that the differences in angular
potential of inert gas-HCl species, manifest in their molecular beam
experiments, are considerably more dramatic than the differences in
bond lengths or strengths.
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IV. 4 Conclusions i

The calculations using the semi-classical method of Smith, Giraud and
Cooper^25) show that simple scaling of the intermolecular potential of
of the HC1 -noble gas systems is not sufficiently rigorous to obtain ,'}
reasonable correct linewidths. One reason for this is that the
potential is written as an expansion of the isotropic part and there-
fore only the Lennard Jones diameter and the well depth are considered
in the scaling procedure. The problems arise at short distances where ]I?
no analytical expression of the potential exists (for the anisotropic h
part). These is also no convincing argument that the anisotropic part
of the intermolecular potential would scale in the same way as the
isotropic part. The differences in anisotropy are clearly bigger than
is sometimes suggested^ '. Therefore we must conclude that we can not
use this method in comparing the HC1-noble gas line broadening data |
with the line-broadening data obtained from measurements of more i
complicated systems such as HC1-methane. The empirical method clearly :

;<i
gives better results in the comparison of the mutual HC1-noble gas e
systems. The reason for this is that a lot of yet unknown factors are iV
hidden in the empirical relationship describing the temperature ^
dependence of the HCl-Ar rotational lines.

Since we wish to make a comparison between HC1-noble gas systems on
the one hand and HC1-methane systems on the other, the use of the semi-
empirical method is preferable. Despite its lack of rigour this \i
experimental method is useful since it may reveal qualitative trends, P

I
<r-i
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Chapter V

The HC1-methane system

V.1 Introduction

In this chapter we discuss the HC1-methane system. A comparison will
be made between our experimental data, reported in chapter I and the
HC1-noble gas data. With methane as perturbing molecule we deal, in
contrast to noble gas perturbers, with a molecule with internal
degrees of freedom. These internal degrees of freedom may influence
the collision process and consequently they may contribute to the
linewidths and the cross-sections. In order to make the discussion on
our measurements easier, our experimental data are displayed in figs.
1 and 2. First we will outline briefly a phenomenological description
of the HC1-methane system. We then compare the results of the
experiments with noble gas data using the semi-emperical method
discussed in the previous chapter. This comparison leads us to
various interesting discrepancies which may be interpreted in terms
of extra effects due to the internal degrees of freedom of the
methane molecule.

Y2 The methane system

• • • " !

Methane is a spherical top molecule with the symmetry of the point
group Tj. Consequently methane has no dipole or quadrupole moment and
its first electrical moment is an octupole. It is, however, possible
that a very small dipole moment (5,38 10 D) arises due to
centrifugal distorsion and under special circumstances it is possible
to measure this dipole moment directly. This was done by Rosenberg et
al / ' using for the first time far infrared spectroscopy to
determine the pure rotational spectrum of CH., A cell with an extremely
long light path was necessary (140 meters). In our experimental
arrangement, however, the pure rotational transitions due to this

-11
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extremely small dipole moment are not visible at all and therefore of
no importance in the description of our data. We can thus describe our
measured absorption peaks purely in terms of broadened HC1 rotational
1i nes.
In table I values are presented of the rotational constant Band the
distorsion constant D of CH* together with all other relevant
molecular constants of the molecule. As no comprehensive tables of
molecular values are to be found in the literaure and the same
molecular constant is sometimes measured with different methods, the
method used is also given as far as is known. Also in this table the
constants for CD- are given when available. For the relevant HC1 data
we refer to table III-V.
The spherical top rotational levels have a 2j + 1 fold space
degeneracy^ '. This degeneracy corresponds to the fact that j may have
2j + 1 orientations with respect to a direction fixed in space. A
_econd factor 2j + 1 arises because j may have 2j + 1 orientations
with respect to a fixed direction in the molecule. Thus the

p
statistical weight of a level with a given j is in general (2j + 1) .
If, however, the spins of the identical nuclei are small, the factor
2j + 1 from the degeneracy with respect to a fixed axis in the
molecule is no longer correct. The statistical weight of the spin
functions must then be taken into account. Wilson' ' has studied
the group theoretical aspects of this problem in detail. For CH. and
CD. it turns out that three types or species of rotational levels are
present:A, E and F. According to Wilson the nuclear spin functions of
the protons of CH- obey the following relation in order to have their
proper symmetry

¥s = 5A + E + 3F V-l

For CD^ on the other hand the relation of the nuclear spin functions
is:

¥s = 15A + 6E + 18F V-2

As Wilson showed the spin wavefunction of CH. is 16 fold degenerated
while the spin wavefunctions of CD4 has a 81 fold degeneracy. This
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Table V.I

Molecular constants method ref

CH,

CD,

m

e/k

B

D

I
a

W

a

u

B

I

U

1.332 10'23

3.758 10'8

148.6

5.24059

1.086 10"4

5.342 10"40

2.593 10"24

5.38 10"6

2.5 10 3 4

2.22
3.5
2.71
2.3
3.

4.8 10"42

4.55

13.04

2.65

10.57 10" 4 0

13.30

2.4 10"34

gm

cm

K

cm"1

cm"1

gm cm

cm

D

esu cm

esu cm

EV

cm"

gm cm

EV

esu cm

Near infrared spectroscopy

Near infrared spectroscopy

= h/8Tr2cB

Dielectric measurements

Stark shifts in molecular beam

FIR coll. induced absorption
FIR coll. induced absorption
Second virial coff.
IEHT scheme for wavefunctions
ATC theory
Dielectric measurements

FIR coll. induced absorption
ATC theory

Near infrared spectroscopy
= h/8rr2cB

Mass spectroscopy

FIR coll. induced absorption

a

a

b

b

c

d

e
f
g

h

cf
i

j

k

1

e

a) Svehla NASA techn.rept. R132, US Government printing off. Wash.
DC 1962

b) W. Barnes, J. Susskind, P. Hunt and E. Plyler, J.Chem.Phys. 56,
5160 (1972) ~

c) T. Bose, J, Sochanski and R, Cole, J.Chem.Phys. 57, 3592 (1972)
d) I. Ozier, Phys.Rev.Lett. 27, 1329 (1971) ~~~
e) G. Birnbaum and A. Rosenberg, Phys.Lett. 27A, 272 (1968)
f) G. Birnbaum and E.R. Cohen, J.Chem.Phys. 1677 3807 (1975)
g) K.Datta and Y. Singh, J.Chem.Phys. 55, 353T (1971)
h) T. Swissler and R. Rein, Chem.Phys.Lett. 15, 617 (1972)
i) P. Isnard, D. Robert and L, Galatry, J.MoTTPhys. 31, 1789 (1976)
j) Landblt-Bcrnstein, band I teil 3, 359 (1951)
k) Kef.3
1) F. Lossing, A, Teckner and W. Bryce, J.Chem.Phys. 19, 1254 (1951);

J.Chem.Phys. 20, 537 (1952) ~~
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emerged from the fact that the E species are twofold degenerate and
the F species threefold. It is very important to note that the
existence of three different species means that transitions between
two different species are not allowed. Only transitions of the type
A -*• A, E -> E Oi- F •+ F are possible thus severely restricting the
number of transitions between different rotational levels; especially
for the low levels.
The complete wavefunction defined as the product of the spin, the
rotational, the vibrational and the electronic wavefunctions must be
either completely symmetric or antisymmetric when interchanging
members of a set identical particles (i,e. the protons in the
molecule). In order to get good functions we need linear combinations
of the degenerate functions ¥ and ¥ mentioned above,assuming that
the vibrational and electronic wavefunctions are in their ground state.
This assumption holds in the case of our experiments. Since protons
obey Pauli's principle CH^ has antisymmetrical wavefunctions (spin H =
|) and CD. has symmetrical wavefunctions (spin D = 1).
Wilson has elaborated a scheme of weights for the rotational levels of
CH. and CD-. Using this scheme we get tables for the weight factors g
for the different rotational levels. These factors for CH. and CD- are
given in table II and III. In order to gain insight into the thermal
distribution of the rotational levels the exact population factors for
all the rotational states must be elaborated. Fox' ' developed, from
quantum mechanical calculations, an expression for the rotational
partition function of tetrahedral molecules, which has the following form:

0 = 1/12(2IC + I )
4 Ti2(Bhc/kT)'3/2 exp(Bhc/4kT) V-3

where I g is the spin of the molecule, i .e. I = § for CH. and I g = 1
for CD ,̂ B is the rotational constant and the other constants have
their common meaning. The very small influence of the distorsion
factor D is not taken into account. The population factors of a given
rotational level are now given by:

V-4exp(-Bj(j + l)hc/kT)

where g is the spin weight factor.
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Table V . I I W e i 9 n t factors g for the three species of CH4

IMIMIIIMIMIMMIII IlillllllllMIII IIIIIIIIIIII Illlll

J
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14
15

A
5

0

0

5

5

0

10

5

5

10

10

5

15

10

10

15

E
0

0

2

0

2

2

2

2

4

2

4

4

4

4
6
4

F
0

3

3

6

6

9

9

12

12

15

15

18

18

21

21
24

Total
5

3

5

11

13

11

21

19

21

27

29

27

37

35

37

43

Illlllllllllllllllllllllllltllllllllllllllllllllllllll

Using this equation we arrive at the population distribution of the
rotational levels at a given temperature T. The factors have been
calculated for the two temperatures at which the experiments were
carried out (140K and 300K) and are shown in tables IV and V. The
distributions are displayed in figs. 3 and 4. In view of the fact that
the rotational constant of CH. is practically half of the rotational
constant of HC1 we expect the possibility of resonant collisions i.e.
collisions where the rotational energy is conserved. One molecule
goes up from a lower to a higher state absorbing a certain quantity
of energy, while the second molecule falls to a lower state releasing
eactly the same energy. We shall now take a closer look at this
problem.
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T a b l e V . H I Weight factors g for the three species of CD̂
iiiiiiiiiiiiiiitiiiiitiiiiiiiiiiiiiiiiiiiiiiiimiimiiiiiiiiiimiiiiiiiiiiiiiiiiiii

J
0
1

2

3

4
5

6

7

8

9

10

11

12

13
14

15

16

17

18

19

20

A
15

0

0

15

15

0

30

15
15

30

30

15

45

30

30

45

45

30

60

45

45

E
0

0

12

0

12

12

12

12

24

12

24

24

24

24

36

24

36

36

36

36

48

F
0

18

18

36
36

54
54
72
72
90

90

108

108

126

126

144

144

162

162

180

180

Tot,al
15

18

30

51

63

66

96

99

111

132

144

147

177

180

192

213

225

228

258
261

273

IIIIIIIIIMIIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

\

pi
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Tab leV . IV Population factors in % for the CĤ  levels
nmmuiiiiiiiiiiiiiiiiiiiiiiMiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

J

0

1

2

3

4

5

6

7

8

9

10

11

12

A

140K

2.61

0.0

0.0
9.57

8.0

0.0

7.06

1.92

0.92

0.78

0.29

0.05
-

300K

.84

0.0

0.0

4.34

4.56

0.0

7.58

3.08

2.33

3.31
2.22

0.70

1.25

E
140K

0.0

0.0

3.78

0.0

3.20

2.28

1.41

0.77

0.73

0.16

0.12

0.04
-

300K

0.0

0.0

1.44

0.0

1.82

1.73

1.52

1.23

1.87

0.62

0.89

0.56
-

F
140K

0.0

4.22

5.67

11.48

9.60

10.27

6.36

4.60

2.20

1.17

0.44

0.18
-

300K

0.0

1.43

2.16

5.2

5.47

7.80

6.82

7.38

5.60

4.97

3.33

2.51

1.49

Total
140K

2.61

4.22

9.45

21.05

20.80

12.55

14.83

7.29

3.85

2.11

0.85

0.27
-

300K

.84

1.43

3.16

9.54

11.85

9.53
15.92

11.69

9.80

8.95

6.44

3.77

2.74

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • I
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TableV.V Population factors in % for the CD4 levels
iiotiiiiiiimimiiiiiiiiitiikiiiiiiiiMMiiiiiiiiiiiiiiiiiMMiiiiiiiiiiiiiiii

J

0

1

2

3

4

5

6

7

8

9

10
11

12

13

14

15

16

17

18

19

20

A

140K

0.55

0.0

0.0

2.83

2.92

0.0

4.64

1.83

1.34

1.83

1.17
0.35

0.60
0.21

0.11

0.08

0.03
-

-

-
-

300K

0.18

0.0

0.0

1.10

1.25

0.0

2.73

1.32

1.22

2.17

1.86

0.77

1.85

0.96

0.72

0.79

0.56

0.26

0.34

0.17

0.11

E

140K

0.0

0.0

1.90

0.0

2.34

2.18

1.85

1.46

2.14

0.73

0.94

0.57

0.32

0.17

0.13

0.04

0.02
-

-

-
-

300K

0.0

0.0

0.66

0.0

1.00

1.10

1.09

1.05

1.95

0.88

1.49

1.23

0.99

0.77

0.86

0.42

0.45

0.31

0.21

0.13

0.11

F

140K

0.0

1.91

2.85

6.78

7.01

9.79

8.35

8.64

6.43

5.50

3.52

2.54

1.44

0.89

0.45

0.24

0.10
-

-
-

-

300K

0.0

0.63
1.00

2.58

3.00

4.84

4.91

6.33

5.85

6.50

5.57

5.54

4.44

4.02

3.02

2.52

1.79

1.39

0.93

0.67

0.42

Total

140K

0.55
1.91

4.75

9.61

12.27

11.97

14.84

12.06

9.91
8.06

5.63

3.46

2.36

1.27

0.69

0.36

0.15
-

-

-

-

300K

0.18

0.63

1.66

3.68

5.25

5.94

8.73

8.70

9.02

9.54

8.92

7.54

7.27
5.74

4.61

3.73

2.79

1.95

1.48

0.97

0.64

,VJ

i

tn

m

I
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The rotational energy levels of CĤ  are given by the following
expression* '

2 2
E(j) = Bj(j + 1) - Dj (j + 1) y_5

from which we can derive directly the expressions for the frequencies

of the rotational transitions with Aj = 1, Aj = 2 and Aj = 3

Aj = 1

v* _ M = 2B(j + 1) - 4D(j + I ) 3

Aj = 2

= 2B(2j + 3) - 4D(j + l ) 3 ( j + 2) :

Aj = 3

= 6B(j + 2) - 4D(j + l ) 3 ( j + 2) 3( j + 3) 3

These frequencies for CH« and CD^ are given in tables VI and VII
respectively. The rotational frequencies of HC1 for Aj = 1 are
included to make comparison easier. The tables show clearly that
methane transitions with Aj = 1 and Aj = 3 are close to the
frequencies of the HC1 rotational lines. It is therefore possible that
resonant collisions occur in this case.

As an example, the transition JH£, = 3 •> JMQ-J = 4 is resonant with the
transition j r u = 6 -*• j r u = 5
It is then plausible that this type of "extra" mechanism in the
collision process (compared with the collisions with noble gases) will
lead to an extra contribution to the cross-sections. It is very
difficult to obtain even qualitaf «ly an estimate for the efficiency
of the different collisions and i^ccnanisms. However, despite this
difficulty in describing exactly the collision process it is usually
possible to rationalize the observed behaviour in terms of the
density of states.
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V.3 Evidence of resonant collisions

In spite of the complications mentioned above we can easily
demonstrate the existence of resonant collisions. Let us suppose that
in our experiments the internal degrees of freedom are not important.
In that case the cross-section can be written as

Q(T) = f exp(|iav2/kT)v3 Q(v) d v / f exp(-|yv2/kT)v3 dv V-7

where y is the reduced mass and v the relative velocity of the pair.
As a first approximation we can assume that the HC1-CH. and the HC1-
CD^ potential is the same (they are practically the same spheres)
neglecting quantum effects. Therefore the following equation holds

V-8

The only system dependent factor remains then is the factor y/T
from which it follows

V-9

f 0 r yHCl-CH4
/T =

In our case we then get

" a<1-16T>HCl-CD4
 o r

and for the temperatures of our measurements th is turns out to be:

a<300>HCl-CH4 = a<348>HCl-CD4
 O r

O r <*140>HCl-CD4 =

I

Even without experimental data for a l l these temperatures a

preliminary analysis of the available experimental data shows clearly
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that the above relations do not hold (see figs, 1 and 2).
Concluding, we see that the description of our system without terms
containing internal degrees of freedom is not correct.
In the second step of our proof we assume that the cross-sections are
solely determined by internal degrees of freedom. In that case we

have:

"(T) = f P(w)
0

dai V-10

where w is the rotational frequency of the methane molecule and P(to)
the rotational frequency distribution. For the sake of simplicity we
treat the system in the following discussion as classical.
The classical rotational frequency distribution for tetrahedral
molecules is given by McClung^ ' and has the following form:

= o>2 exp(-w2 l/2kT)(kT/I)~3/2(2/ir)^ V-ll

where I is the moment of inertia.
Following the same line of arguments as given above, the only system
dependent factor here is I/T where I P U = |I r n from which it follows

V-12

From the experimental data we can see (also here) directly that this
relation is not correct either and that we can not describe the data
as purely determined by internal degrees of freedom.

The conlusion of this paragraph must be that we are faced with a
combined effect of elastic and inelastic broadening mechanisms.lt
does not seem possible to postulate a clear criterion for deciding
the weights of the different contributions. To get a more general
insight in the system we can only try to extract empirically
several features.
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Y4 Comparison with the Ar-HCl system

A first assumption can be made by treating the experimental cross-

sections as a sum of an elastic and an inelastic effect where the

inelastic effect is considered as a sum of a resonant and a non-

resonant part. This leads to the second assumption namely that we

consider the HCl-methane cross-sections as consisting of an elastic

and a nonresonant part (behaving just like the HC1-noble gas systems)

and a second (extra) inelastic part that contains only the specific

contributions due to resonant collisions. In other words this second

part reflects the coupling of the HC1 transitions with the internal-

rotational-degrees of freedom of the perturbing molecule. In this way

we split the cross^sections in a "noble gas" part and an extra

inelastic "resonant" part.

The following step in our investigations must'then be the comparison

of the HCl-methane measurements with a generalised noble gas system. '

As was discussed in the preceding chapter, it is very difficult to

define a general noble gas system. It was shown, however, that the

semi-empirical method of scaling HC1-noble gas systems is fairly

good. The qualitative agreement in this way justifies this method when

comparing noble gas and other speudo-spherical gas pevturbers. Instaad

of comparing our system with a generalized system we can now compare

it with the smoothed HCl-Ar data.

We scale the argon data to the temperature of the methane measurements

in the same way as is described in the preceding chapter. In first

approximation we consider now the scaled values so obtained as the

pure noble gas contribution to the HCl-methane cross-sections. The

difference between the scaled values and the actual data can then be

regarded as being the contribution of the extra inelastic-resonant

effect.

Taking the values of table I and the geometrical combination rule for

e we find the following potential parameters for the HC1-CH. pair

a = 3.57 A and e = 225 K

•!-•

•if;
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As potential parameters for CD. are not available and CH- and CD.
behave in the low pressure region like a noble gas (as discussed in
chapter I) we shall use the same values for both collision pairs.
With the values calculated above for a and e we obtain the following
relations for the scaled argon values using eq. IV-2

0(300) = 1.11 a ( 2 7 0 ) A r

<J(140) = 1.11 <J(126)Ar

Now we can define a value A being the difference between the measured
cross^sections minus the scaled cross-sections of the HCl^-Ar pair. In
figs. 5 and 6 the value for A for different transitions are displayed.
These figures clearly show that the first line does not have an extra
contribution but that the other lines have a very large A i.e. a
deviation of up to about 50% of the actual value.
In the case of CH^ we see that a plateau region is reached with a
possible tendency to rise at higher frequencies. In the CD. case,
interestingly enough a clear maximum is reached at 300K and for the
high transitions a downward trend is detected. To get a general
qualitative insight into the possible origins of this behaviour we
shall first look at the possibility of resonant collisions and the
matching of the energy differences between the HC1 transitions and the
methane transitions. In tables VI and VII the frequencies have been
given for the Aj = 1, Aj = 2 and Aj = 3 transitions of CH^ and CD^
together with the A.j = 1 rotational transitions of HC1.
As we can see easily, the matching between the Aj = 1 and Aj = 3
transitions of the methane with the HC1 transitions is fairly good,
while the Aj = 2 transitions of methane do not match at all with the
HC1 transitions. In order to display this feature more clearly we give
in fig. 7 a schematic diagram for the Aj = 1 and Aj = 3 transitions of
CH4 and CD^ and the Aj = 1 transition of HC1. This figure provides a
good summary of the possible resonancies. In the case of CH^ Aj = 1
transitions we see that the energy differences between these
transitions and the HC1 Aj = 1 transitions are very small and we can
therefore assume that an energy transfer caused by simultaneious
transitions is very possible.

96



For CD^ Aj = 1 the coincidence between the transitions is less exact
and we can see that the matching becomes worse between the 3 •> 4
untill the 7 ^ 8 HC1 transitions. At higher frequencies the
transitions again come closer to each other. In the case of Aj = 3
there is not very much difference between the two perturbers.

Aj=3

CH4 Aj = 3

HCI Aj=1

CD4 Aj= 3

50 100 150 200

A i=1

CH4 Aj=1

HCI Aj=1

CD4 Aj=1

50 100 150 200

¥.'•

t "'ii

Fig.7 Schematic diagram of the Aj = 1 and Aj = 3 transitions of
CH. and CD. compared with the Aj = 1 transitions of HCI.

If we look with this knowledge to the pictures of A again, we see that
despite the not so good matching in the HCI-CD, case, the general trend
tn A is not very much different. It is only at the two highest
measured transitions that A levels off. This feature is consistent
with the fact that the mismatch is bigger for these two transitions
when compared with the HC1-CH4 case. A decisive judgement about the
importance of an exact matching for resonant collisions could be given
if the 6 •»• 7 to the 9 -»• 10 HCI transitions would have been measured since in
this case the mismatch with the CD^ transitions is large from about
60 cm untill 170 cm" and becomes again very small in for instance
the 9 -»• 10 HCI transition at 207 cm"1. So, if exact matching is a .
prerequesite for resonant collisions a graph of A should have a dip
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T a b l e V . V I Frequencies of the CĤ  rotational transitions in cm

Initial j

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Aj =

10.

20.

31.

41.

52.

62.

73.

83.

94.

104
114

125

135

145

155

165

176

186

196

206

1

48

96

43

90

35

80

22

63

01

.38

.72

.02

.30

.45

.75

.92

.05

.13

.16

.15

Aj =

31.

52.

73.

94.

115.

136.

156.

177.

198.

219.

2

44

39

34

25

15

01

85

64

39

09

Aj •

62

94

125

157

188

219

= 3

.87

.29

.68

.04

.36

.64

llllllllllliMlllillllllMMlMIHMMM'MMMMOMSIMI

with a minimum at the 7 -> 8 HC1 transition. Because the necessary

experimental data are not available a conclusion can not yet been

drawn. The overall resemblance, however, between CH4 and CD^ suggests

that an exact matching is not a necessary precondition and that

resonant collisions occur also if the energy differences between the

transitions of the two molecules are not precisely the same. Besides

this general description, the strikingly low value for A for the

first line remains. Because the matching of the transitions is good in

this case the explanation of this somewhat surprising feature must be found

inamoredetailed analysis of the system. First of all it is important

to remember that the broadening of the first lines in systems with
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Table V.VII Frequencies of the CD4 rotational transitions in cm
-1

Initial j

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Aj = 1 Aj = 2 Aj

5.3
10.6
15.9
21.2
26.5
31.8
37.1
42.4
47.7
53.0
58.
63.
68.
74.2
79.5
84.8
90.1
95.4
100.7
106.0
111.3
116.6
121.9
127.2
132.5
137.8
143.1
148.4
153.7
159.0
164.
169.
174.
180.
185.
190.8
196.1
201.4

,3
.6
.9
.2
.5

15.9
26.5
37.1
47.7
58.3
68.9

.5

.1

.7

79
90
100
111.3
121.9
132
143
153
164
174.9
185.
196,
206.7

31.8
47.7
63.6
79.5
95.4
111.3
127.2
143.1
159.0
174,9
190.8
206.7

I,'/

HC1 transitions in cm"
ItllllllllllllMIIIIIIIIIIIIIIIIIJIIIII

Initial j
0

1

2

3

4

5

6

7

8

9

Aj = 1
20.88

41.75

62.59

83.39

104.14

124.83

145.45

165.96

186.38

206.69

••IIMMIIIIIIIIIIIIIImllllMIIIIIIIIII
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noble gas perturbers is relatively large compared to the other lines.
The explanation for this fact is given by Neilsen* ' who points out
that for low j states those collisions which perturb the molecule
without changing j (the so called grazing collisions) make a large
contribution to the cross-sections and this is in contrast to the
situation for the higher j states.
He concludes that the effect of collisions with large impact
parameters and low energy is in large part responsible for an
anomalously large width and shift for the lowest rotational line.
This means that because the linewidth is already very large due to
many collisions with a large impact parameter, the relative
contribution of resonant collisions is less. Because resonant
collisions are collisions where energy is transfered between one
molecule and another such a process is a typical short distance effect
where strong collisions are effective , So the low value of A for the
first line can be considered as a combined effect of two mechanisms.
However, in view of the experimental errors and the approximations
made in the scaling procedure it would be premature at this stage to
draw hard conclusions from this feature.

A second line of argument can be made by considering the relative
population of the different levels. Because collisions where an energy
transfer occurs happen more often with levels which have a high
population the effect is dependent of the occupation numbers of the
levels in question. The higher the population of a certain methane
level the higher will be the contribution of the resonant effect to the
ultimate cross-section. Looking more closely at the Aj = 1 transitions
of methane it can be seen that the population of the levels for CH. at
300K is still about 5% up to the 11th level. For CD4 at 300K this is
the case up to the 14th level. In other words, the density of
rotational states at 300K for CH^ (at say j = ll<-> j-= 12) at 125 cm
is comparable to that for CD^ at 80 cm"1 (at say j = 14 ++ j = 15).
These considerations rationalize the behaviour of A at 300K for the
two perturbing gases. In the case of CH^ at higher frequencies there is
still a reasonable probability for resonant collisions whereas for CD^
this probability levels off more strongly. The relative contribution

to the cross-sections will therefore be lower at higher frequencies in
100
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the latter case thus rationalizing the maximum in A in the HC1-CD.
case.
The experimental error is such that it is unfortunately not sensible to
consider other resonant channels.
At 140K the interpretation is less clear cut. Firstly it is important
to note that the temperature dependence of A is very weak. It can be
seen that the population distribution falls off rather rapidly but
despite this fact A for CH^ is still approximately linear with a slight
tendency to rise at higher frequencies. This is an indication that the
mismatch may be rather large and that other resonant channels should be
taken into account (particularly methane transitions with Aj = 3),
However, in doing so it is difficult to elucidate the different paths
and mechanisms. In only certain very particular cases something more
definite can be said.

The 5th level, for example, of CH* at 140K is more populated than at
300K hence the j = 5 -»• j = 2 transition at 125 cm will be stronger
at low temperature. This transition is resonant with the j = 5 -»• J = 6
transition of HC1 and this extra low temperature effect will
compensate and apparently cancel the effect of the Aj = 1, j = 12 +
j = 11 resonant contribution, which effect will be less at low
temperature (because of the lower population of the 12th level).
For CD. for instance the 9th level is much more populated at 300K
than at 140K and the transition j = 9 •*• j = 6 at 127 cm"1

contributes much less at low temperature. Due to this fact the
resonant contribution to the cross-section of the 6th HC1 line will
decrease at low temperature.

The above considerations suggest that it is possible to describe in a
qualitative way the general behaviour of the quantity A ,because A
gives some insight into the existence of resonant collisions and has
a temperature dependence which is consistent with the various
population factors.
Clearly the work described here represents but the first attempts to
apply far infrared methods in this area. For example our simple
description in terms of population factors is in need of refinement
in that, for example, we have no well defined criterion for the
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efficiency factors, or overlap integrals, for the resonant collision pi
process. In the case of CD^ especially, the levels are close together
and the essentially quantal nature of the resonance collisions
process becomes obscured in that a "semi-continuum" model might be

^ more appropriate in that case. On the other hand if there is a large
mismatch in the rotational levels of each species then it would not

v~. be expected, on quite general grounds, that resonant collisions would |
play an important role in line broadening. At the moment such detailed |j

<v knowledge is not available. Though the fact that an extra contribution |i
~. to the cross^sections can be detected experimentally further W;

theoretical and experimental studies in this area might show promise. I]
As pointed out by Gray^ ' in his attempt to explain the alternation f'
of the linewidths in the Raman spectrum of HC1-DC1 mixtures, i
unravelling the various resonant collision pathways even when the
levels match closely and are well separated is very difficult. \':.



Conclusions

rt

The aim of this thesis was to describe rotational line broadening of
HC1 with tetrahedral molecules and to compare the results obtained with
the large body of existing data for the HCl-noble gas systems. We
therefore performed far infrared measurements of mixtures of HC1-CH.
and HC1-CD- at two temperatures and at different pressures.
The interferometric measurements had an error of maximum about 10%
which is in the same order as that of other experiments of this type.
In order to compare our measurements with the different noble gas data
available in a fairly fundamental way, we determined the intermolecular
potential for HCl-Ar. Extensive calculations using a semi-classical
description of the line broadening mechanism have shown that within
experimental errors there remains some doubt as to the exact shape of
the potential. Furthermore", a comparison between other potentials
found in the literature and those obtained in the present work suggests
that in spite of the large amount of available experimental information
on the HCl-Ar system none of the yet known anisotropic potential
surfaces can be considered as highly accurate.

In comparing the HCl-Ar data with the other HCl-noble gas data it was
shown that it is not possible to scale anisotropic potentials in a
simple way, so that it is not possible to obtain a scaled generalised
potential for the HCl-noble gas systems. Especially in the short range
part the anisotropy of the potentials is very much different.
We conclude that it is very well possible that starting with a sound
theoretical model, linewidths within the experimental error can be
generated. However, this approach is incapable of providing a
generalised scheme by which we can make predictions about other systems.
These considerations exclude the possibility of comparing the HC1-
methane and the HC1-argon systems in a completely satisfactory fashion,
hence we have considered it more useful to adopt a scheme whereby a
phenomenological treatment based on the well known theorem of
corresponding states is used. Using this method it was possible to
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estimate the extra effect due to the coupling with the internal
degrees of freedom. This effect can be described in general in terms
of resonant collisions and densities of states.
Given the present state of the art in far infrared spectroscopy small
differences in cross-sections may be subject to rather large
experimental errors. Under these considerations it would be unwise to
speculate further on the origins of these effects.

In order to gain more insight into the qualitative description of the
intermolecular interaction between a dipole and a tetrahedral moelecule,
new measurements on the same type of systems should be performed.

! '•
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Samenvatting

í;

De verbreding van rôtatielijnen, door botsing met andere moleculen, is
een uitdrukking van de intermoleculaire wisselwerkingskrachten.De mole-
culen in een gasmengsel botsen met elkaar en verstoren daardoor hun rela-
tieve beweging.Hierdoor wordt de levensduur van de moleculaire toestanden
beinvloed die op haar beurt haar uitdrukking vindt in de lijnbreedte.
Het verband tussen lijnbreedte en intermoleculaire wisselwerking,uit te
drukken in de intermoleculaire potentiaal, is echter niet eenvoudig.
Er bestaan verschillende theoretiese modellen die binnen de experimenïl-
telefout simpele systemen redelijk kunnen beschrijven.Met name voor een-
voudige systemen is er veel experimenteel en theoreties werk voorhanden,
Vooral van mengsels waarbij HC1 het molecuul is waar naar gekeken wordt.
HC1 is een eenvoudig molecuul met een groot dipool moment, de rotatie
lijnen zijn sterk en door de eveneens grote rotatie konstante van het
molecuul ook goed gescheiden.Hierdoor is de bepaling van lijnbreedten,
verschuivingen en lijnvormen relatief eenvoudig.
Door bijpersing van een stoorder en verandering van de temperatuur
kunnen op proefondervindelijke wijze relaties tussen de druk,de tempera-
tuur en de stoorder aan de ene kant en de lijnbreedten van de HC1
rotatieovergangen aan de andere kant gevonden worden.De gemeten lijn-
breedten blijken in het gebied van lage druk rechtevenredig te zijn
met de druk.In dit lage druk gebied kunnen we dan een drukonafhankelijke
maat voor de verbreding van een rotatielijn definiëren : de zogenaamde
werkzame doorsnede.In dit proefschrift zijn het deze werkzame doorsneden
die als operationele grootheden worden gebruikt.

De experimentele werkzame doorsneden kunnen vergeleken worden met theo-
retiese model berekeningen»waaruit dan de bruikbaarheid van een model
kan worden getoetst.Central e grootheid bij alle modellen is de inter-
moleculaire potentiaal,de vorm daarvan bepaalt de grootte van een speci-
fiek effect.Het is nu ook mogelijk uitgaande van een bepaald model,de
intermoleculaire potentiaal zo te schrijven dat er variabele parameters
in voorkomen die bepaald kunnen worden aan de hand van de gevonden werk-
zame doorsneden.Op deze wijze bepaalt het experiment binnen een theore-
ties model de potentiaal.
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Het blijkt nu dat de potentialen verkregen uit verschillende theoretiese

model berekeningen aan verschillende type fysiese verschijnselen

niet gelijk zijn.Dit terwijl er tussen een botsend paar moleculen slechts

één potentiaal is.Een bepaald experiment peeft dus, bij de huidige stand

van de theorie,slechts deel informatie.Het is daarom nog steeds van het

grootste belang,om niet alleen van een systeem zoveel mogelijk verschil-

lende metingen te verkrijgen, maar ook om op systematiese wijze verwante

systemen te onderzoeken om zo via een totaal overzicht van de fysiese

verschijnselen een sluitende beschrijving van de intermoleculaire wissel-

werking te kunnen geven.In het geval van rotatie lijnverbreding wordt

als storend deeltje vaak een edel gas atoom gebruikt.De stoorder is spek-

troskopies inaktief in het infrarood gebied,zodat het effect van de

lijnverbreding ongestoord te zien is.Daarbij is de wisselwerking simpel

omdat edel gas atomen geen permanente elektriese momenten hebben.In het

gebied van de ver infrarood Spektroskopie is zeer veel materiaal aan-

wezig van metingen aan HC1-edelgas mengsels bij verschillende temperaturen,

Ons doel bij het hier beschreven onderzoek was om de stap te wagen naar

een gecompliceerdere stoorder om te kijken in hoeverre wij de effecten

in dit geval kunnen vergelijken met de mengels met edel gassen.Eventuele

afwijkingen geven dan informatie over het effect van die wisselwerking

die het gevolg is van de extra kenmerken van het ingewikkelder molecuul

ten opzichte van het edel gas atoom.

Wij kozen voor deze stap verder het methaan molecuul.Dit molecuul is

prakties bolvormig en heeft als eerste moment slechts een octupool

moment.De rotatie overgangen zijn uit symmetrieoverwegingen infra rood

inaktief.Met methaan als stoorder hebben we dus een geval dat de waar-

genomen lijn slechts van de HC1 afkomstig is .Door de relatieve simpel-

heid van het molecuul is de hoop gewettigd dat een beschrijving gegeven

kan worden zonder al te veel af te wijken van de reeds bekende resultaten

en modellen van edel gas mengels.

In hoofdstuk I worden de metingen aan de systemen HC1-CH. en HC1-CD.

beschreven.In hoofdstuk II wordt ingegaan op de belangrijkste lijnen

van de theorie over de lijnverbreding en de beperktheden die daar in-

herent aan zijn.In hoofdstuk III is een poging gewaagd, gebruikmakende

van een recente modelberekeningsmethode, om uitgaande van de experimen -
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telewerkzame doorsneden van HCl-Ar en HCl-Kr een potentiaal voor
deze botsingsparen te bepalen.Dit om mogelijk in een volgende fase deze
potentialen als referentie gegevens te gebruiken voor ingewikkelder
mengsels.Nemen we echter alle experimentele fouten mee in de berekening
dan blijkt dat binnen de gebruikte methode, op andere wijze bepaalde
potentialen niet de juiste werkzame doorsnede terug'geven .De konklusie
is dan ook dat geen van de verkregen potentialen de aanspraak kan maken
de enige echte te zijn.Onze potentiaal beschrijft echter wel binnen
het model de lijnbreedten correct.In hoofdstuk IV wordt nagegaan in hoe-
verre de in het vorige hoofdstuk verkregen potentiaal voor HCl-Ar kan
dienen als basis voor de beschrijving van lijnbreedten van mengsels
van HC1 met andere edelgassen.

Aangezien therodynamiese grootheden van gelijkvormige moleculen te
schalen zijn, is hier onderzocht in hoeverre dat ook voor lijnbreed-
ten opgaat.Lijnbreedten wijken echter in zo verre af van thermodyna-
miese grootheden dat zij niet alleen van het bolvormige deel van de
potentiaal afhangen,maar ook van het hoekafhankelijke deel.
Het blijkt dat de berekende potentialen helaas niet op eenvoudige wijze
dusdanig geschaald kunnen worden dat de berekende resultaten voor de
andere mengsels overeenkomen met het experiment.Dit negatieve resultaat
heeft als konsekwentie dat de lijn om HC1-methaan te beschrijven via
een modelberekening voorlopig is afgesneden.
In hoofdstuk V wordt daarom gebruik gemaakt van een empiriese beschrijving
die redelijk voldoet voor de HCl-edelgas mengsels.Door op deze wijze
HC1-methaan te vergelijken met HCl-Ar is het mogelijk een maat voor de
extra bijdrage van het methaan molecuul te definiëren.
Omdat de rotatieovergangen van methaan om en om samenvallen met de HC1
rotatieovergangen,kunnen we spreken van resonante botsingen.Botsingen
waarbij het ene molecuul tijdens de botsing van een lager naar een ligger
rotatie nivo gaat terwijl het andere molecuul juist van een hoger naar
een lager gaat»terwijl de totale rotatieenergie ongewijzigd bijft.
Het blijkt nu dat met name de populatie van een bepaald methaan nivo
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bepalend is voor de grote van het extra effect.Door nauwkeurige
vergelijking kunnen enige kwalitatieve kenmerken worden beschreven.

I
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