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Fig. 4.11 Shows the occurrence of the anomaly given 90

by the equations (4.8) and (4.9).



CHAPTER 1

INTRODUCTION

The study of intermolecular forces by spectroscopic methods
has been a fruitful field for many years. Such investigations when
carried out with compressed gases, where the density and temperature
can be easily and independently varied, are of special interest.
There are of course a great variety of spectroscopic methods which
can be used; these can be classified in a general way as emission,
absorption and scatteiring procedures.

This thesis is concerned primarily with the density dependent
effects of intermolecular forces upon the vibrational Raman spectra
of simple gases. The gases chosen for this particular study were
N2, 02 and CO.
As is well known, Raman scattering (1, 2) arises in gases as a
result of the change of the polarizability tensor, caused by either
rotation or vibration of the molecule. The anisotropic part of the
po]arizabi]ity tensor is responsible for the rotational and rotation-
vibrational Raman scattering while variations in the isotropic part
cause vibrational Raman scattering. The isotropic Raman scattering
is highly polarized and occurs in the purely vibrational transitions
(Q-branch) of the rotation-vibration Raman band of a totally symmetric
vibration mode.

The selection rules (1, 2) (av = +1, ad = 0, *2) for the Raman
spectrum of a vibrational transition allows for three branches namely,
S-branch (aJ = 2), O-branch (Ad = -2) and Q-branch (ad = 0). The S

and 0 branches are very much weaker since their lines are not

superimposed. They form a series somewhat similar to the R and P



branches of the infrared bands except that the line separations
(2) are about twice as large. A Raman vibration-rotation band for
N, is represented in Fig. (1.2), which shows resolved 0 and S
branches but an unresolved Q-branch.

A Raman Q-branch is a series of closely spaced lines corresponding
to the complete (populated) set'of rotational states of the molecule.
For the O -+ 1 vibrational transition the difference between the rotation
constants B0 and B], responsible for the separation between the'Q—1ines
of a free molecule is very small; consequently all the lines of the
Q-branch are very close. Fig. (1.1) shows a theoretically calculated
spectrum of the Q-branch for dilute gaseous nitrogen at 77K. When
the molecule is subjected to collisions in a compressed gas the
individual Tines of the branch broaden; however, when they overlap
completely, as they do for most molecules at relatively low pressure,
the phenomenon of "frequency degeneracy" (to be explained in chap. 2)
occurs and the broadening ceases (3). It is for this reason that the
Q-branch of N2, 02 and CO in the course of this work is observed as
one unresolved band over all pressures used. The only molecules for
which the Q-branches are readily resolved into individual lines upto

fairly high pressures are H2, D, and HD. A well resolved Raman Q-branch

2

spectrum for H, is shown in Fig. (1.3) at a density of 200 Amagat.

2
Since the effect of vibrational perturbation is superimposed
on the Raman Q-branch, it is, in principle, an ideal one to study
the action of intermolecular forces on molecular vibrations. The
isotropic Q-lines are broadened and shifted in frequency due to
molecular collisions. The theoretical investigation of collision

broadening and shifting of the Raman spectra was done by Van

Kranendonk and co-workers (3-6) using the so-called impact collision



FIGURE 1.1
A resolved theoretical spectrum of the Raman Q-branch for dilute
gaseous nitrogen at 77K.

(Reprinted from Ref. (21)).

FIGURE 1.2
The Raman Vibration-rotation band for N?, which shows resolved 0
and S branches but unresolved Q-branch.

(Reprinted from J. Opt. Soc. Am., 58, 311 (1968)).

FIGURE 1.3

A resolved Raman Q-branch spectrum for H2 at a density of 200
Amagat.
(Reprinted from Ref. (10)).
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approximation. The theory showed to a first approximation that the
shifts in the Q-branch are produced only by perturbations of the
vibrational motions of the molecules. Gray and Van Kranendonk (6)

have shown that the anisotropic forces which broaden the vibrational
1lines do not contribute to the shifting. A somewhat different approach
was proposed by Gordon (7, 8) but explicit calculations were not
performed. Extensive experimenté] study has also been done. The work
of the molecular physics group at the University of Toronto is of
particular interest (9-17).

The Raman frequency shift measurements of the Q-lines of the
hydrogen molecule has been well studied by May et al. (9, 10). These
results were interpreted on the basis of a statistical model, with
the basic assumption-that the shifts are due entirely to vibrational
perturbations. Their model shows that a systematic shift in the
phase of the vibrational motion which leads to a shift in theAvibrational
frequency is caused by the isotropic intermolecular forces. Experimental
results on the Raman frequency shift for Hys N, and HD moleculies (9-17)
have been interpreted quite well by this model.

With respect to the vibrational Raman spectra in particular,
there is another effect due to collisions which is the optical
analogue of the motional narrowing in NMR (18). This effect was
first observed by May (19) for CO and later by Varghese (12) for N, .

It was shown by Stryland et al.(20) that the width of the Q-branch

of N2 decreases with increasing pressure. The band profile was found
to be highly asymmetrical at low pressures, while very nearly
symmetrical at high pressures. Observations of Scotto (21) and
Clements and Stoicheff (22) have also shown that the band-width is

further reduced in the liquid state and is much narrower than one



would expect from the splitting that arises from vibration-rotation
interactions. |

A partial explanation of the effect was given by Fiutak & Van
Kranendonk (3), who refer to it as a "frequency degeneracy" phenomenon.
The first theoretical exp1anétiqn‘ of the "motional narrowing"” of
the Raman Q-branch was given by Alekseyev & Sobelman (23, 24). They
have determined the density depehdence of N-branch profile from
independently broadened components at low densities, to overlapping,
and then to narrowing of the band at high densities. Very recently
Temkin & Burshtein (25) have also given a theoretical treatment of
motional narrowing which is in agreement wifh the similar work of
Brueck (26).

Experimentally, motional narrowing has been observed by May et al.

(27), Wang & Wright (28) for N, and CO molecules, by LeDuff (29) for

2

N, dissolved in SF., by LeDuff & Holzer (30) and by Altmann et al.(31)

2 6’
for H2, 02’ HF and N2 molecules dissolved in inert liquids. A qualitative
agreement has been found between the theory and the experimental results.
It has been quantitatively analyzed by May and Co-workers (14-16) for
compressed HD where the Q-branch components are well resolved over a
wide range of densities. A theoretical calculation for Q-branch of
HD has been presented recently by Bonamy et al.(43). Recent obser-
vations by Clouter and co-workers (32-33) for pure liquid Ny s 02 and
CO as well as the theoretical work of Brueck (26) indicate that
motional narrowing may be the dominant effect over most of the liquid
range. However, at the highest 1liquid densities, near the triple

point, a different broadening mechanism comes into play. This effect

which is referred to as "vibrational dephasing" has been investigated



in some detail by Laubereau and co-workers (34-36), but since it is
not particularly relevant to the present work no furthef e1aborat{on |
will be given. A more detailed resume of the theory associated with
the vibrational frequency shift and motional narrowing is presented

in Chapter 2. Chapter 3 gives a detailed description of the apparatus
and the experimental techniques - used. In Chapter 4 new data for

the Raman Q-branch near the critical point of Nz, 02 and CO molecules
has been presented.

The main result of this work is the observation of previously
unreported anomalies in the density dependence of both the frequency
shift and width of the Q-branches under these (near-critical) conditions.
A similar anomaly in intensity of the vy band of CO2 in pressure
induced absorption has been reported by Mannik and Stryland (37).

A qualitative interpretation of the anomaly given in Chapter 4 indicates
that such measurements may be of great value as a probe of the

critical phenomenon.



CHAPTER 2

THEORY

Since Raman scattering (1, 2) arises from the polarizability
of a molecule one can see in a semi-classical way how collisions
influence the spectrum. The polarizability tensor can be decomposed
into a spherically symmetric component and an anisotropic component.

The anisotropic component is a #unction of the phase of rotation and

of the orientation of the angular momentum of the molecule. Thus

either rotationally inelastic collisions cr collisions which change

the orientation of the angular momentum (or phase of rotation of a
molecule) will broaden and shift the rotational Raman lines. Similarly,.
vibrationally inelastic collisions or collisions which shift the phase
of the vibrational motion will broaden and shift the vibrational

Raman lines.

There is also an indirect effect due to the rotation-vibration
interaction which leads to the motional narrowing phenomenon. Molecules
with different quantum number J will have slightly different vibrational
frequencies, and rotationally inelastic collisions will cause the
molecules to hop from one vibrational frequency (in the same vibrational
level, due to very long 1 - 0 relaxation time) to another. As the
collision frequency increases the individual components of the Q-branch
start overlapping, and in the region where the rotation-vibration
interaction is comparable to the collision frequency the overlapping
is complete and motional narrowing starts. In the following two
sections, the Raman frequency shift and motional narrowing are dealt

with separately.



2.1 Frequency Shift due to tne Isotropic Intermolecular Forces

In a practical sense the perturbation of the vibrational
frequencies of molecules is the most important.of the spectral
effects of the intermolecular forces. May et al.(9, 10) and Welsh
et al.(11) have measured the frequency shift of the individual
Q-branch components of compressed hydrogen molecules. Their
interpretation was based on the principle that the frequency shifts
associated with isotropic Raman scattering arise entirely from
perturbations of the vibrational motion by isotropic interactions.
It has in fact been shown by Gray & Van Kranendonk (6) that the
anisotropic forces do not contribute to the shifting.

It was determined that the observed shift of a given Q-branch
component (e.g. of HZ) could be expressed in a virial type expansion

in powers of the density (9, 10, 38), .

\)(J)p - \)(J) =a. o +bp + ... (2])

J JP

where, v(J) is the Raman frequency of a free molecule in rotaticnal
state J, ay and bJ are J-dependent and temperature dependent constants.

The co-efficient a, has been found to be of the form,
ay = a; + a_ (mJ/m)

where, a, and a_ are constants and mJ/m is the relative population

of the initial rotational state J. The first term in equation

(2.1) arises from binary interactions (9, 10), whereas the second
term gives the contribution due to triple interactions which includes
the contributions from the non-additive intermolecular forces

(38, 39).
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(a) The Linear Coefficient, a
The coefficient a that describes the frequency shift due to
binary interactions can be determined by assuming that the molecule
is an anharmonic oscillator with an internuclear potential of

the form;

U= f(r-re)2 + g(r—re)3 + j(;—re)4 +..... (2.2)

The isotropic intermolecular potential of a pair of molecules

1 and 2 distant R12 apart can be written as,

Vip(Ryp) = Vg, + (aVy,/ary ) (ry-ry) + (1/2)(azvlz/ari)e(rl"h)z

2
+....+ (3 Vlz/arlarz)e(rl-re)(rz—re)

f....+ (avlz/arz)e(rz-re) S R (2.3)

where ry and r, are internuclear distances of the two molecules.
In the calculation of the shift due to the isotropic forces, for
binary interactions (apart from a 'couph‘ng’I effect to be discussed
later) one can write for the potential energy of the perturbed

molecule 1 with the help of equations (2.2) and (2.3):

U, = f(rl-re)2 + g(rl-re)3 + j(rl-re)4 + v;(rl-re)
+ (V;/Z)(rl-re)z Foonn. (2.4)

[}
where,_V1 = 6V12/6r1, etc.
The perturbation of the frequency of a Q-transition of molecule
1 by the second molecule due to istropic intermolecular force is

found to be

v, = C1V1 + c2V1 (2.5)




11

where, C] and 02 can be calculated from the known constants of
the free molecule. Expressing the intermolecular potential in

the Lennard-Jones form

12

6
Rz -

V ]2’

= A/ B/R

12

and differentiating V with respect to r, one gets after substituting

in equation (2.5),
av; = (CqAy + CAT)/RIZ 2 (C.B, + C,8,)/RS (2.62)
Vi 1™ 7 2™ 2 11 7 2712 -02
or one can write

- 12 6
Avg = Krep/Rlz - Katt/Ry2 (2.6)

Thus Av; can be represented by the difference of two terms due
to the repulsive and attractive forces and characterized by the

parameters, K and Ka

rep tt’

The mean value of the total shift is obtained by summing the
Av; over all perturbing molecules, multiplying the result by the
molecular distribution function and integrating over all configuration
space. This amounts to weighting equation (2.6) with the pair
correlation function g(R]Z) and‘integrating over the variable R]Z'

An important assumption is made here that g(R]Z) can be expanded

as a power series in the density that takes the form,
a(Ry,) = g (R.,) + Log (R,) + LZ%P%g (R.,) + (2.7)
12 0'"12 1'™12 P9y Ryl T eeen e

After going through the procedure mentioned above one finds that

a; can be expressed as



12
a; = KrepI] - Katelo (2.8)
where, I1 and I2 are temperature dependent integrals given by,

I = szR]g exp(-V(R;,)/KT) {exp(—V(R13)/kT)41}

. , 2
. {exp(—V(R23)/kT)—]} QwR]ZdR12dx]3dy13dz13, (2.9)

with g=12 and q=6 for I] and 12, respectively.
For the calculation of the small 'coupling' term a.»

the potential energy used is;
Ui = Fry-r )2 + f(r,-r )2 + (Vll ) (ry-r ) (r,-r ) + (2.10)
12 1 e 2 e 12 1 e 2 e o ’

If the L-J potential is assumed for the interaction as was done
for a;» after applying the same statistical procedure as that for

ass the mean shift due to coupling can be obtained as
avg =(u/8F)A I, = By, I ) (my/m)

and a, =(me/8f){A - By,I,}

1211 - Byl
where, I] and I2 are the same temperature dependent intebra1s as

above.

(b) The quadratic coefficient, b
The coefficient b describes the contribution to the shift
from the triple interactions including the non-additive contribution

and can be expressed as,

- 12 (1) 2 2
b = Lav(Ry,) 577 (Ry,) 47 R,dR;, + L7 (av(R{RRy) - av(Ry5)
- (0) 2 52 p2
av(Ry3)1  f377 (RR,R;) 167 Ry, Ry dRy, dRyo (2.11)
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where, L is Loschmidt's number; and the quantities Av(R]RZR ) and

3
Av(R]z) = Av(R]RZ), denote the vibrational frequency shift in a
cluster of three and two molecules respectively. The function
fﬁk) (R] ..... Rh) is given by

A =k§0 fﬁk) (pL)*k ’
whére, Yh is the configurational probability density; for h=2 it
is the same as the pair distribution function g(R]Z) mentioned
above. The first term in the expression for b in equation (2.11)
is due to the density dependence of the pair distribution function.
The second term gives the contribution from the non-additive part
of the shift in a cluster of three molecules.

The non-additive intermolecular potential, Vna(R1R2R3) in
a triple interaction is defined by

V(R]R2R3) = V(R]Rz) + V(R]R3) + V(R2R3) - Vna(R]R2R3)

As a model the theoretical expression taken for Vna is (40)

V__(R,R,R,) = 2h(R.R,R,)

na( 17273 1723

where 2 =(3/2) (E]+E2+E3) E]E2E3a]a2a3/(E]+E2) (E2+E3) (E3+E])

- 3
and h(R]R2R3) = (3c056]cosezcose3+1)/(R]2R13R23)
In the above expressions, & and o denote the ionization energy and mean
polarizability of molecule,i and 6,> 68, and 6, are the internal
angles of the triangle formed by the three molecules.
Representing the additive intermolecular potential by a L-J

model, one finds that
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b =K (I3+I

rep 5) - Katt(I4_16) * Koal7

] "
where, K and Katt are the same as for a; and Kna = Clz + C22 , while

rep

C1 and 02 have the same meaning as it is in the case of a, and the
dash denotes differentiation with respect to the internuclear dis-
tance in the central molecule. I3 ...I7 are temperature dependent
integrals similar to I1 and 12 (10,39).

It is worth noting that in the present work, the linear term

is by far the most important. For interest sake, the magnitudes

3

at 85K are -9.76 X 10~

of a. and bj for H cm'I/Amagat and 6.28

J 2

x 10° cm'I/Amagat respectively, for J=1 (10). The repulsive part
of aj is found to be strongly temperature dependent while the

attractive part remains practically constant.

2.2 Motional Narrowing

It was Alekseyev and Sobelman (23,24) who first gave the
theoretical explanation of motional narrowing treating the collisions
between the molecules as binary and instantaneous with a simple
two level model. Very recently Temkin & Burshtein (25) have developed
a theoretical treatment of the motional narrowing of the Raman
Q-branch in the strong-collision approximation.

When Jl-J transitions occur because of inelastic rotational
collisions, a change in the free molecule Q-transition frequency

takes place. If the collisions are strang enough, then the prob-

Note: Section 2.1(b) has been outlined only in brief since it is
not necessary for subsequent analysis.



ability of changing the frequency coincides with equilibrium

Boltzmann distribution ¢(J), given by
¢(J) = 8(23+1) exp {-BJ(J+1)}

where, 8 = h2/2IKT
T, is the temperature and I is the moment of inertia of the

molecule. The spectrum can be given by
G(v) = (1/n) Refon(t)exp(-iv(t+2h/2kT))dt = F(v)exp(hv/2kT)

where, dQ(t) is the correlation function of the polarizability

tensor, and F(v) was found to be,

F(v) =(dQ(o)/mvg) I ((exp(-2)) E;(Z)/1+iy(exp(-2)) E;(2)}
where, 5o = fQO;(J)dJ = o T/(h?/21K)

Z= v/CQ - iy, and v = 1/5q1,,

and 3 is the relaxation time of the rotational angular momentum
and vQ is the frequency of the individual Q-branch components in
the free molecule 1limit, given by vq © aeJ(J+1).

Now consider the two limiting cases of densities namely the

very low density case (y»0) and the high density case (y >> 1).

In the Tow density 1imit F(v) reduces to the intensity distribution

of a free classical rotator. While in the high density limit

the half width of the isotropic band is given by

r= (Gb)z g

15



and the peak frequency of the band shifts from vQ by an amount
(vQ - CQ), where vQ is the peak vibrational frequency of the Q-band

for the free molecule. Considering the case of gases
_ -1
TJ = (pko)

where, v = average thermal velocity

a; = cross-section for the scattering with change of
rotational state

and p = gas density.

The full-width at half maximum (FWHM), r, is given by
— ".lr. 2
r = Z(QOJV) 1(ae/Be)(kT/h)} .

Hence, we see that the width of the isotropic band decreases
inversely as the density increases. This is what is called

the "motional narrowing" effect. It has been observed for
gaseous N2, CO and HD (13-17, 27, 28) and for liquid N2, O2 and
co (21, 32, 33).

Apart from motional narrowing, at very high densities the
band may show some pure vibrational broadening. It has been
reported for liquid 0, and N2(32). At very high densities (e.qg.
1liquid) where motionai narrowing is complete the Raman line-width
may be due to the "vibrational dephasing" as claimed by Laubereau
& co-workers (34-36) for liquid N2. However, it is the motional
narrowing mechanism which is of greatest importance in the present
case; therefore, no further elaboration of vibrational dephasing

will be given.
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CHAPTER 3

APPARATUS AND EXPERIMENTAL TECHNIQUE

The overall arrangement of the apparatus used in this research
js shown schematically in Fig. (3.1). Briefly, light from a
single mode Ar-ion laser was fo§used at the centre of a temperature
controlled cell containing the sample. The Raman scattered 1light
at 90 degrees was analyzed by a piezoelectrically scanned Fabry-Perot
interferometer (Burleigh Model RC-~10). Photon counting techniques
were used, with cooled ITT FW 130 photomultiplier tube (PMT) as
the basic detectar followed by an amplifier/discriminator (Princeton
Applied Research Model SSR 1120) and a Fabry-Perot Data Acquisition
and Stabilization System (Burleigh Model DAS-1). The apparatus
and experimental techniques used will be described in some more

detail under following headings:

1. Laser

2. Inteferometer

3. Photomultiplier Tube and Detection System
4. Data Acquisition and Stabilization System

5. Scattering Cell and Temperature Control

6. Cryostat

3.1 Laser
The incident 1ight source used for the Raman line-width
and frequency shift measurements, was an Ar-ion laser (Model

165-08 Spectra Physics). Basically, it consists of a high current



FIGURE 3.1

Block diagram of the overall experimental set-up.
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SFR = C/2nd ~ (in Hz)

where, C is the velocity of 1light in vacuum. In these experiments
several different SFR's were used by changing the mirror spacing.
The instrumental width defined as the line-width (full width at

half maximum) of a monochromatic light, is given by;

’

Av = SFR/F

where, F is finesse. Consequently, we see that the finésse is
the fundamental measure of the interferometer¥ resolving power.
The finesse is determined and limited, mainly by (1) mirror
reflectivity of less than unity, (2) lack of parallelism and |
flatness of the mirror surfaces and (3) diffraction loses dué to
finite aperture of the interferometer. Contributions (1) and (2)
are usually dominant. In this experiment A/200, 2-inch plates
with 98% reflectivity were used such that contribution (1) and (2)
are approximately equal and the total finesse is given by
2 - §F;2 (Fi's are the individual contributions). An over all
finess; of F = 60-70 was attained throughout these experiments.

Further detailed description of the F-P interferometer can be

found in the M.Sc thesis of I.E. Morgan (41).

2.3 Photomultiplier Tube and Detection System

The light passing through the Fabry-Perot interferometer
was focused with a lens (L3) of focal length 78.3 cm onto a
pinhole (A3) placed in front of a photon detector. The detector

used was a sensitive, low dark count, photomultiplier tube (PMT)

22



(ITT FW 130, Electro Optical Products Div. ITT). The low dark
count was mainly due to the small photo-cathode area ( 0.25 cm
diameter). The tube was mounted in a thermoelectrically cooled,
RF - shielded chamber (Model TE 104 RF, Products for Research).
Consequently, controlling the temperature of the cathode to (-20
iO.S)OC further reduced the dark count to a value of about 1 count
per second. |
A lens of focal length 7 cm was installed in the front end
of the RF chamber to focus the Tight, coming through the pinhole
(A3), on the small cathode area. The signal from the phototube
was amplified and pulse-shaped by an amplifier/discriminator (AD)
(Model SSR 1120, Princeton Applied Research) which was placed close
to the phototube to prevent the attenuation of weak signal and
stray pick-up 1in the leads. The amplified signal from the AD
was fed to the scalar of the DAS-1 system in the form of 1 volt

pulses (each pulse corresponding to a detected photon).

3.4 Data Acquisition and Stabilization System

Basically, the DAS-1 (Burleigh Instruments Inc.) provides
for a digital voltage sweep to scan the Fabry-Perot, automatic
correction for thermal drift of the mirror spacing and frequency
drift of the source, automatic finesse optimization of the Fabry-
Perot, and a 1024 channel multichannel analyzer (MCA) to accumulate
and manipulate the data. The instrument was designed for recording
weak spectra and hence repetitive scanning of the Fabry-Perot

interferometer is employed.

A ramp voltage supplied by the DAS-1 is used to drive the
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scattering site. This thermometer was calibrated (Cryogenic
Calibrations, Pitchott, England) according to the International
Practical Temperature Scale (1968) to a claimed accuracy of +8mK.
The temperature measurements were made on a null detector (Medistor
Model A75A) before and after each spectrum.

The gas in1ét tube was exte;na11y connected to the sample
gas supply as well as to a series of three Bourdon tube gauges
which permitted accurate (0.2% to 0.5%) measurements of pressure
in three stages (0-60 psi, 0-300 psi and 0-1000 psi) over the
range from 1 to 50 bars. A pressure fuse of the rupture-disc
type was installed to prevent accidental pressure build-up in

excess of 70 bars.

3.6 Cryostat

The scattering cell was suspended in the tail section of a va-
riable temperatufe cryostat (Andonién Associates, Model IV-4-0500)
(Fig. 3.4) by way of a vacuum 0-ring seal whose flexibility permitted
some vertical and rotational adjustments for alignment purposes.
The gas inlet tube was surrounded by an annular exchange gas
chamber, G, and was insulated from it by a vacuum space (H).

The exchange gas chamber was closed at the end by relatively large
bfass ring, which served as a heat sink for the system. The gas
exchange chamber was surrounded by concentric liquid nitrogen
coolant reservoir. The thermal contact between the liquid coolant
(J) and the exchange gas was attained by a common wall. The
outer reservoir (F) which was not used in the present experiment

was replaced by an aluminum radiation shield.








































































































































































































































