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The rotational far-infrared spectra of HCl in argon at densities between 100 and 480 amagat and T = 162.5 K are pre- 
sented. The observed density dependence of the width of the different rotational lines is non-linear and differs for high- and 
low-frequency lines. An Enskog correction to the collision frequency i11 the dense gas fails to account for the density depen- 
dence of the high rotational lines. It is argued that the many-body character of the relaxation mechanism should be taken 
into account. Comparison with the results of MD calculations on argon indicates that such an approach may explain the ob- 
served density dependence. 

1. Introduction 

Measurements of rotzitional absorption Iines broad- 
ened by foreign gases are of interest because, generaily 
speaking, the line-shape is quite sensitive to the aniso- 
tropic part of the intermolecular potential. A system 
that has beea studied extensively, both experimental- 
ly [I-l l] and theoretically [14-171 is the system 
HCl-Ar. In a detailed article Neilsen and Gordon [ 161 
calculated the cross sections for a number of relaxation 
phenomena, including rotational line-broadening, 2s a 
function of the adjustable parameters in the HCl-Ar 
potential. Since these calculations are based on the as- 
sumption that the HCl molecule is perturbed by one 
AI atom at a time, it may be expected that the results 
will be valid for low densities. In this density region, 
the overall agreement between theory and experiment 
is indeed encouraging, although recent measurements 
by van Aalst et al. [9,1 I] at densities below IO amagat 
seem to indicate that the potential chosen tends to un- 
derestimate elastic contributions to the rotational re- 
laxation. 

It may be interesting to explore the mechanism re- 
sponsible for rotational line-broadening in the higher 
density region, where these calculations need no longer 
apply. A particularly fortunate circums+nce is that-the 
HCI-Ar system has been shown to be one of the few 
systems exhibiting residual rotational fine-structure at 

liquid densities [5,8,12,13] _ This enables one to meas- 
ure isolated HCI rotational lines up to densities well 
above the critical density, thus offering a unique op- 
portunity to probe the anisotropic potential experi- 
enced by an KC1 molecule in dense fluid argon. 

2. Experimental 

The measurements of the Hg-Ar far-infrared rota- 
tional spectrum were performed on a Beckmann-R.I.I.C. 
FS-720 Michelson interferometer. The resolution was 
0.3 cm-l in the high frequency region (100-250 cm-‘) 
and 1.2 cm-I for all lower frequencies: no apodization 
was applied. The compressed argon-HCI mixture was 
held in a 15 cm, stainless steel variable temperature 
cell. Pure silicon windows, 30 mm diameter, 10 mm 
thickness were used. Temperature could be controlled 
within 0.01 K, pressure within 0.1 bar. A He cooled 
Texas Instrumtnts Ge-bolometer, operating at 4.2 IS 
was used as a detector. Measurements were performed 
at T = 162.5 K and densities of 100,200,300,400 
and 480 amagat. Every measurement consisted of 20 
to 80 interferograms (depending on the specual region 
involved). For every density, four such measurements 
were perfornikd at different HCl concentrations; as the 
HCl concentration was always less than 1: 1000, no 
deviations from Beer’s law were observed. Low density 
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Fig. 1 show_ the far-infrared spectra of I-XI in Ar 
at a temperature ofJ62.S K and densities of 100,200,~ 
300,100 and 480 amgal, Wherw at 100 ama@ 0Ilry 
the first rotational line is too broad to be disjoined, 
at higher densities the secon@ and third line can succes- 
sively no longer be identified. All other lines are how- 
ever distingWhable up +.o 480 amagat; and the higher 
lines are eve= r elatively well isolateci. This should be 
kept in mind whm, in the following section, we ana- 
lyze the spectra in terms of a sum of broadened lines. 
In order to determine the widths md shifts of the dii- 
ferent rotational lines, it was assumed that the spectra 
could be represented in the following way: 

Fi& 1. Rotatic& absorption spectra of HCl in AI st densities 

of (from upper tc lower drawing> lil0, :!OO. 300,400 and 480 
rmgat and T = 162.3 K. Tine abskbance is in’azbitrary units; 
the zero of tibsorbakce of cach‘spzctrum plotted, is shicted &I 
such a way that the dif’fer~r%t Spectra do not overlap. 

where Pj iS the st@istical wei&t Of the ith Iine, Cb?j its 
central frequemy, and lTi its half-wide at haif height. 
The half-width and central frequenc$ of ezch fine were 
wried independently to obtain a least squares fit with 
the expeiimental da&. Where necessary, a correction 
to compensate for the isotope splitting of the H3QIi 
and Hg7Cl rotational lines was applied. Fig. 2 shows 
the haff-width at half height of the fus$ ten rotational 
-lir,es of HCl in Ar, as a fun&&n of density. For the 
Lines with initial J larger than 4, the deperxdenct: of 
line-width on density is seen to level off at higher den- 
sities, for the lower lines the increase of line-width 
with density is however faster than linear. To make 
this behaviour better visible, fig. 3 shows the ratio of 
half-width to densi&, as a function of density. If the 
relation between line-width and density were a linear 
one, the points for every rotational transition wo&d 
lie on a horizontal line. This is clearly not the case and, 
moreover, the behaviour of high and Iow Iines is marked- 

Fig. 2. The half-width of the first ten rotitional limes of &Cl 
in Arasafunctionofthe Ax density,atT= $62.5 K.Each 
-lhe is indicated by the inithl Xof the rotational transition. _. 
Do& correspond to the experimenti points 
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ly different; Table 1 .gives the half-wiclths~of the fust 
ten rotational lines of EICI in‘ Ar, together with the esti- 
mated error. The error was estimated from the spread _ 

- in tie line&d&s derived from different-measurements; 
if only one measurement .was used, no error is indicated. 

4. Discus&on 

& order to discuss these data, it is useful to rt%all 
some relevant experimental and theoretical dati. In 
the Neilsen and Gordon paper [16] it is stated that, if 
the impact approximstion is valid in the density regime 
under consideration, the rotationaI spectrum of HCt in 
Ar is almost exclusiveIy determined by diagonal ele- 
ments of the sigma-matrix for rotationaI line-broaden- 
ing, and that hence the spectrum can be analyzed in 
terms of low-density widths and shifts. Any deviation 
from this behaviour is to b~,ascribed to contributions 
that cannot be accounted for within the impact approx- 
imatior?. A non-linear relation between line-width and 
density is, in itself, no indication that the impact ap 
proximation fails. It would indeed be an obvious hy- 
pothesis to assume that the density dependence of the 
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,Xxl 500. relaxation phenomenon studied scales with the Enskog 
AMAGAT 

Fig. 3. The ratio between the haif-width of the first ten rota- 
tionaI lines of HCI and the AI density, as a function of the 
density, at T = 162.5 K. Each line is indicated by the initial 
Jof the rotational transition. Dots correspond to the experi- 
ment2I points. 

collision frequency. Such an effect has been observed 
in NMR relaxation experiments on H2 [IS] , where the 
density dependence of the longit~*dinal relaxation time 
TI could accurately be accounted for, using an Enskog 
expression for the collision frequency in the dense gas. 

Table 1 
Half-width of the fust ten rotational lines of HCI in argon 

Initial J Au112 (cm”‘) 

p = 100 amagat p = 200 amagat p = 300 ama& P = 400 amagat p = 480 amagat 

J = 0 9.15 + 1.22 

J=l 5.89 t 0.18 

J=2 3.57 +- 0.19 

J=3 3.41 +- 0.11 
J=4 2.66 r 0.1 

J=.S 2.09 t 0.22 

J=6 I.65 i 0.16 
J=7 !.2l f 0.19 
J=8 0.87 i_ 0.06 
J=9 0.57 

14.1 * 2.4 

12.312 0.66 

7.26 +-O-49 

6.42. 

5.3 

4.07 -0.27 

2.67 + 0.22 

1.92 +- 0.13 

1.38 + 0.29 

0.67 

15.0 
16-4 

9.3 

9.2 *OS 

7.51 *0.24 

5.67 -r 0.37 

3.91 * 0.24 

2.46 ir 0.36 

I.54 r0.32 

0.62 

20.0 fr 0.6 
10.0 

10.8 + 0.2 

9.74 * 0.8 

2.13 to.17 

4.65 9- 0.37 

ii.86 c 0.57 

1.72 i 0.24 

as1 

20.1 c 1.8 
12.2 

12.47 -+ 0.6 

12.0 c 1.8 

8.01 2 0.24 

5.58 k 013 

3.23 f 0.16 
1.88 co.17 

0.85 
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Fig. 4. me half-width of the rotational absorption line J = 
6 -, 7 of HCI in Ar, as a function of the Ar density, at T = 
162.5 K (dots), compared with the relation between ha& 
width and density that would result if the half-width were 
linear in the density (- ), and if the half-width were propor- 
tional to the Enskog collision frequency (---). 

Fig. 4 shows a comparison of the experimentally deter- 
mined half-width of the HCl rotational transition J = 
6 + 7 uemx Ar density, with the dependence one would 
obtain (a) if the half-width were linear in the density, 
up to the tiighest densities used in the experiments, and 
(b) if the half-width would scale as the Enskog collision 
frequency (corresponding to a hard-sphere radius of 
3.41 A). The density dependence of the experimental 
points cannot be accounted for by either relation. 

To describe the observed density dependence, dif- 
ferent theoretical approaches present themselves. One 
might, for instance, try to use a collision model, retain- 
ing the known, low-density cross sections, and put all 
observed density dependence in the collision frequen- 
cy: The fact that high- and low-frequency lines show 
a different density dependence, would then require the 
introduction of different, J-dependent, collision fre- 
quencies. This J-dependence of the collision frequen- 
cies could of course qualitatively be understood by 
realising that the cross sections for the different transi- 

12 

tions are also very different, and increase from 17 a2 
fortheJ=7+8lineto 115 A2 forthelineJ=O+l 
[I l] . It seems, however, difficult to proceed along the 
lines of a collision model because there is no direct way 
to translate the cross-section dependent collision fre- 
quencies into the dynamical behaviour of the argon. 
Furthermore, the cross sections of the low rotational 
lines are so Iargc in comparison-with the interatomic 
distances in dense Ar, that one becomes reluctant to 
build a model based on the impact approximation. 

Rather one should return to the original problem 
of the time evolution of a molecule, perturbed by a 
time-dependent, anisotropic potential, and see wheth- 
er, at higher densities other approximate approaches 
-:em feasible. An approach which aims to describe the 
rotational line-broadening as being partly due to the 
frequent occurrence of Wicky”, binary collisions is 
bound to run into trouble at higher densities. Indeed, 
measurements of the average coordination number of 
Ar at different densities [21] show that, at a density 
of 300 amagat, an argon atom is on the average sur- 
rounded by about 4 others. It is better to start with 
the perturbation experienced by an HCI molecule, due 
to all surrounding Ar atoms simultaneously. In this 
picture, line-broadening is caused by the anisotropic 
potential felt by an HCI molecule, without recourse 
to individual collisions. As-the HCl-Ar anisotropic po- 
tential is reasonably well-known [ 16,171, the experi- 
ments furnish infcrmation about the time-dependent 
local anisotropies of the Ar host fluid around an HCl 

molecule. Provided the density is not too low and the 
perturbing potential not too large, there is a rather di- 
rect relation [19] between line-broadening and the 
power spectrum of the perturbing potential. Using this 
language, the fact that different rotational lines behave 
differently, implies that one may indeed obtain infor- 
mation about the density dependence of different fre- 
quency components of the local anisotropies in the 
dense fluid argon. In particular, assuming that line- 
broadening at these densities is still determined by 
those parts of the anisotropic potential that transform 
as the L = 1 and L = 2 spherical harmonics [ 16] , one ob- 
tains information about time-dependent local aniso- 
tropies of just those symmetries. 

Information about the time dependence of local 
anisotropies is presently very scarce. Recently, how- 
ever, a molecular dynamics study on Iocal anisotropies 
in argon has been made by the authors [ZO] . In these 
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calculations the density dependence of the power spec- 
trum of the anisotropic parts of the potential that 
transform as the first and second spherical harmonics 
has been calculated. The temperature and densities 
used in these computer experiments correspond close- 
ly to ttrose used in the HCI-Ar measurements. For 
computational reasons, the isotropic potdntid chosen 
in these calculations was the Ar-Ar Lennard-Jones po- 
tential: the anisotropic part transforming as the~first 
(second) spherical harmonic was assumed to be propor- 
tional to PI(cos 0) (P,(cos 0)) times tbe isotropic part. 
Such a potential describes the HCl-Ar interaction only 
qualitatively, but reproduces its essentials. Tee results 
of these calculations indicate that two opposing effects 
determine the density dependence of the power spec- 
trum of the anisotropic potential experienced by a 
probe molecule: on the one hand the effect that at 
higher densities the surrounding fluid is more uniform- 
]y distributed around the probe, gives rise to a slower 
than linear density dependence of the zero-frequency 
part of the power spectrum, on the other hand the on- 
set of colleciive motions tends to enhance in particular 
the frequency components of the perturbing potential 
that can couple wit& collective modes in the fluid. This 
effect, which would cause a faster than linear density 
dependence of the rotational relaxation, is strongest 
for transitions close to the maximum of the frequency 
distribution in liquid argon (around 60 cm-‘), the 
former effect wouId affect all transitions. 

The above considerations, which are based on a 
simplified description of rotational relaxation, are in 
qualitative agreement with experiment. 
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