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Polarized and depolarized rotational Raman spectra of gaseous H~S have been measured at room
temperature and different pressures, together with the Q branch of the v~ band used as an internal

standard. Isotropic and anisotropic spectra are found to be affected by "collision"-induced effects
which are not completely explainable in terms of the first-order dipole —induced-dipole (DID) mech-
anism. Integrated intensities, depolarization ratios, and spectral shapes are compared with theoreti-
cal predictions in order to discriminate between the different scattering mechanisms, which are ac-
counted for in the framework of the multipolar and higher-order polarizability series expansion.
Higher-order polarizabilities are considered for induced effects only, the laser power being fairly
low. At the density considered, the anisotropic integrated intensity is due to ordinary rotational and
induced contributions, the first-order DID one accounting for most of the measured intensity. Oth-
er induced contributions appear in the frequency range 100—450 cm, the DID scattering being
confined to low frequency. Their origin can be understood by analyzing the measured isotropic
spectra. The rotational induced contribution involving the dipole-quadrupole polarizability tensor
{aA contribution) is mainly responsible for the broad isotropic spectrum extending up to 450 cm
whereas an induced contribution involving the first hyperpolarizability is negligible. It has been pos-
sible to estimate A I23 ~ +A &23 3 —3 A . At the highest frequencies (300—450 cm '), the depolariza-
tion ratios and the comparison between experimental and theoretical aA spectra indicate the pres-
ence of other induced contributions which are likely due to the gradient of the quadrupolar field and
to higher-order multipolar polarizabilities. The point-scatterer approximation of the multipolar
series expansion is shown to reproduce the main spectral features. At low frequency, i.e., below 150
cm ', a sharp peak is found to be superimposed on the aA isotropic spectrum. The peak is likely
due to higher-order DID effects, and to induced contributions involving second hyperpolarizability
and long-range dispersion forces. Its origin is very similar to that of the isotropic spectrum of noble

gases.

I. INTRODUCTION

In recent years many efforts have been devoted to the
study of light scattering from fluids. To reproduce a
given experimental spectrum, it would be necessary to
know the scattering mechanisms and microscopic dynam-
ics of the fluid which depend on the interaction potentials.
Both the scattering mechanisms and interaction potentials
are related to the electronic wave functions of the parti-
cles, so that some modeling is generally used for both.

In nable-gas fluids the central interaction patential is
accurately determined as a function of interatomic dis-
tance. As regards the scattering processes, the first-order
dipole —induced-dipole (DID) mechanism between point
scatterers' has been found ta explain surprisingly well the
depolarized spectra ' owing to some cancellation between
higher-order DID and overlap contributions. ' So it has
been possible to reproduce the depolarized spectra satis-
factorily ' and to investigate the relations between spec-
tral shapes and microscopic dynamics at the liquid densi-
ty. ' In fluids of linear molecules, quite reliable interac-
tion potentials are available, and comparisons between real
and simulated experiments have shown that induced ef-
fects are explained quite well by the DID mechanism be-
tween point polarizable particles in the case of small dia-
tomics.

For fluids consisting of globular molecules, namely oc-
tahedral and tetrahedral molecules, depolarized

spectrashow a rather sharp peak and very broad wings. " ' The
central peak has been attributed to the usual DID mecha-
nism between isotropic point scatterers, whereas the broad
spectrum reflects the molecular nature of the fluid. '3

Stuckart et al. 's have proposed that peripheral atoms
rather than molecular centers interact via the first-order
DID mechanism. This oversimplified model has been cri-
ticized by Buckingham and Tabiz since it does not repro-
duce the multipolar polarizabilities of the isolated mole-
cule. '3 Recently, the passibility of applying a diffuse po-
larizability model to hiIIh-density fluids of globular mole-
cules has been revised' ' on the basis of the atomic in-
teractin site model of Silberstein' and Applequist
er al. 2' 2 In this form the model has also been applied to
the scattering from dense fluids of elongated molecules
with some success. In the gas phase, the use of dif-
fuse polarizability models is expected to be less crucial
than in the liquid phase, owing to the greater mean inter-
molecular distance. Indeed, if overlap and fraine distor-
tion contributions can be neglected, the molecular nature
of the scatterers can be accounted for by polarizabilities of
higher order and the long-range multipolar expansion
around the molecular center. Recently, several compar-
isons between computed and measured low-density spectra
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of globular molecules' ' have encouraged the interpre-
tation of the spectra in terms of dipole-multipole polariza-
bilities. Besides, the study of the forbidden bands of CS2,
CO2, and ethane fiuids2 has shown that the induced
scattering can be explained through the dipole-multipole
scattering mechanism, the contributions of the higher-
order polarizabilities being negligible. Obviously, the
long-range expansion approach is useful if the multipolar
and higher polarizability series are quite rapidly conver-
gent; otherwise, an effective polarizability model is com-
pulsory in practice.

In this work we are dealing with rotational Raman
spectra of gaseous H2S, which for many aspects are less
simple than the induced spectra of globular and linear
molecules previously discussed. Indeed, the H2S molecule
has an exceptionally small optical anisotropy and a large
isotropic polarizability, 2'2 so that both allowed and in-
duced spectra are significant even at low density.
The low-frequency part of the anisotropic spectra is dom-
inated by the DID contribution which completely ob-
scures the allowed one. ' At higher frequencies the ro-
tational lines are clearly observable but an induced non-
DID spectrum is present even at a few bars. The study
of such non-DID contributions can be more easily per-
formed by analyzing the isotropic spectra which are en-

tirely due to induced phenomena. Following this ap-
proach two of us have measured isotropic spectra of
liquid H2S and D2S (Ref. 36) and suggested that induced
rotational phenomena involving the dipole-quadrupole po-
larizability and the first hyperpolarizability could be re-
sponsible for the observed experimental findings.

The contributions to light scattering due to multipole-
multipole interactions and to polarizabilities of various or-
der have been discussed extensively in the works of Buck-
ingham, Buckingham et al. ,

' ' and Kielich. A
formal theory has been subsequently developed by Samson
et al. "' Here we consider terms involving the polarizabil-
ity a, the dipole-quadrupole polarizability A, and the
first two hyperpolarizabilities P and y. For the estimate
of induced effects the polarizability tensor of an H2S mol-
ecule is assumed to be isotropic since induced contribu-
tions from the anisotropic part are expected to be very
small in both isotropic and anisotropic spectra. Carte-
sian components of the dipole p and quadrupole 8 mo-
ments of the ith molecule are given by

Pa =Pa'+a ' Ea+ —,Aa PyEPy+ 2~~~ P y
(i) 0(i) (i) & (i) t & I2(i)

+ 6 yapy/pEy&s+(i)

8 p=o" p+" y Py.+„(i) „0(i) (i) (2)

where E and E' are the electric field and its gradient at
the ith molecule, respectively. A pair of molecules i and j
at the distance R; =R —R; has an additional "induced"
polarizability given by 38»»

The purpose of this work is to investigate the micro-
scopic mechanisms giving rise to the polarized and depo-
larized light scattering from gaseous H2S. This goal will

be pursued by comparing experimental and theoretical in-

tegrated intensities, depolarization ratios, and line shapes.

II. BASIC THEORY

11 ]+J~ —2cz (&(j)T' +(P(&~ +o(J)T +P J) +0(i)T )+ ( (y(J) ~(j)E J +y(j) ~(i)EIJ))

+ $ [~~ys(cz ~ p ys (z & p ys )+Tpys((z & ~ys cz & ~ys )] 9 &~ qyTvy~A p ~+ (3)

where T'"'
~ (R,j)=[1/(4neo)]V~, V~ (1/R,j). The first term of Eq. (3) represents the well-known first-order DID

contribution, the second and third terms refer to the nonlinear response of a molecule to the field originating from anoth-
er molecule, the fourth one to the contributions from the induced quadrupolar field and gradient of the dipolar field,
while the last one is due to the field gradient of the induced quadrupole. If Eq. (3) is transformed to spherical representa-
tion, the expressions of the different contributions to the pair polarizability become
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where &" (Q) stands for the rotation Wigner function
and Q; and Q,

&
are sets of Eulerian angles specifying the

orientations with respect to the laboratory frame of the
/th molecule and the separation vector R,&.

43 The
(1112m im2

~

lm ) are Clebsch-Gordan coefficients and the
W(li/21314 /5/6) are Racah coefficients. For a generic
tensor 8 of rank n, the different irreducible components
of rank J„are specified by the Stone notation 8 iq . . . q .

As regards Aiq, q, which appears in Eqs. (7) and (8), it

can be chosen as spherical component of either A /1 „or
A„n/i, owing to the symmetry properties af T'3' and T' '

tensors. The irreducible nth rank tensor T has been writ-
ten in terms of the corresponding Wigner rotation func-
tion, namely,

T(n)(R) " ~n (Q)g —(n+1) (9)
4m'eo

where C„equals v 6, 3v 10, and 6v 70 for n=2, 3,4,
respectively. For our purposes, only the rank zero (1010}
component of y has to be considered in Eq. (5). The
nonzero Cartesian and spherical components of y„P, y,
and A of the H2S molecule and their literature values are
reported in Appendix A.

At low densities, only two-body contributions are signi-
ficant and for a system of N particles contained in a
volume V, the correlation functions of the zz component
af the total induced polarizability can be written as~

C(&)(i) @ ( 11(1,2+2, ()(t)ll(1,2+2, 1)(0)}
(10)

where the values of 4x are —,
'

and —', for I('=0 and K=2,
respectively.

For comparing theoretical and experimental results rel-
ative intensities will be calculated from

Cvv'(0)

—(a )
N

1

I

ion laser having 3 W of power at 514.5 nm has been
focused into a stainless-steel cell with fused quartz win-

dows and Teflon gaskets. The 90' scattered light is
analyzed by a Coderg T800 manochromator and detected
by a low-noise cooled photomultiplier whose signal is pro-
cessed by a single-photan counter and digitaHy recorded.
Two samples of commercial H2S gas (SIAD and
Matheson), both of high purity (99.5%},have been used.

Spectra have been recorded at the pressure of 10, 11,
and 16 bar at 296 K and at the pressure of 18 bar at 303
K. The temperature was kept within +1 K while the er-
ror af the pressure reading was about 2%. Density values
have been deduced from PVT data of Ref. 46.

To obtain accurate depolarization ratios and isotropic
spectra, errors due to the apparatus response are mini-
mized by measuring palarized and depolarized spectra in
VV and HV scattering geometry, respectively, i.e., by
analyzing only the vertical component of the scattered
light and by rotating the polarization of the incident laser
beam from the vertical direction to that parallel ta the
scattering plane by means of the polarization rotator
Spectra Physics (model 310-21). Further, the collecting
optics has a transfer ratio of about 1:1 and the very small
solid angle (1.1)&10 3 sr) of the reception cone leads to a
leakage of the selected component into the unselected one
lower than 3X10 3. Usually, the investigated spectral
range was 10—450 cm ' of the Stokes side. The anti-
Stokes side was evaluated following the detailed balance.
In general, the resolving power was 7 cm ' and the data
have be(ni recorded at fixed wavelengths every 2 cm
The polarized Q branch of the vi band has been measured
before and after all spectral measurements.

Raw data are corrected for the overall apparatus
response and for the trivial frequency factor of the Ra-
man cross section. These corrections and the measure-
ment of the intensity of the symmetric stretching Q band
(whose linear density dependence and Raman cross sec-
tion are known) allow to extract absolute or relative in-
tensities.

In the present work only relative intensities defined by

where ((z', ) =(da/dq, ) (q( }=0.0225+0.0010 cm is
the square of the isotropic polarizability derivative for the
v~ symmetric stretching mode.

~band
~band

V)
~Q branch

(12)

III. EXPERIMENTAL AND RESULTS

A fairly conventional experimental apparatus has been
used. An incident beam of a 171 Spectra Physics argon

will be considered and compared with analogous theoreti-
cal expressions.

Figure 1 shows the depolarized HV spectra of gaseous
H2S together with the computed stick spectrum broadened
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O
ly 1X10, 3 X 10, and 6X 10 at 10, 16, and 18 bar,
respectively, the error being at least 50%. That high un-

certainty is due to both the zero-frequency interpolation
for eliminating stray light and the Rayleigh-Brillouin sig-
nal, and to the smallness of the isotropic scattering with
respect to the anisotropic one (see Fig. 3).

-2- IV. SPECTRAL INTENSITIES
AND DEPOLARIZATION RATIOS

kh

C

J5
Cl

Throughout this section orientational correlations be-
tween different molecules and correlations between orien-
tations and translations are assumed to be negligible. Fur-
ther, to evaluate the final formulas, the molecular proper-
ties of the H2S molecule, reported in Table III (Appendix
A) will be used.

'I OO gOO BOO g (+m-&)

A. The broad isotropic spectrum

aaI '

The integrated intensity of the isotropic spectrum can
be calculated from Eqs. (6), (7), (8), and (11). Equation
(5), involving the second hyperpolarizability, gives contri-
butions mainly at low frequency and will be discussed
later. For the pP and aA scattering mechanisms we have

0 2 2,131- 1 p(p ) P &R- ) (15)
(4m eo) 27 (a1)

I 80 Pa 2 2 8
2 (~123,1+~123,3)(R1,2 ) i

(4nec)2 63 (a', )2

FIG. 4. Isotropic spectra of fluid H2S at thermodynamic
states as in Fig. 3, in the same order. The dashed lines represent
a manual extrapolation separating the broad spectrum from the
low-frequency peak.

features, also present in the spectra of the liquid, s have
been separated by means of a flat extrapolation as shown
in Fig. 4. The intensity of the broad spectrum (Kb' s)
increases linearly with the density owing to the two-body
character of induced effects at low densities. That is
shown in Fig. 5, where we have also reported Kb s at 5
bar which has been evaluated from spectra that are rela-
tively noisy but suitable for evaluating integrated intensi-
ties. The peak intensity (&~1,) amounts to approximate-

s (,gI~ ya tie&es/m&)
1 2

where p is the number density and p= g,p, . The
averages (R 1,2 ) are given by

(R12 )=
2 JR12dR1 2fg(R12, Q1,Q2)dQidQ2.

(8n)

(17)

No model for the anisotropic part of the intermolecular
potential of H2S is available. Therefore the isotropic
6—12 I.ennard-Jones intermolecular potential with param-
eters elks =300 K and cr =3 49 A (R.ef. 50) has
been used. The classical low-density averages

(&u ) 4mf Ri egp[x=—U(R[g)tlkgT]R(pdR, , g (18)

yield 0.19 A-3, 1.1X10-2 A-5 69X 10-4 A-7, and
4.6X10 A for n=6, 8, 10, and 12, respectively. '

The relative intensity of the )MP contribution is about 2 or-
ders of magnitude smaller than the measurement (see
Table I), and is practically negligible.

TABLE I. Relative intensities of the different induced isotro-
pic contributions at p=3X 10~ particles/m compared with the
experimental data.

0

2OO aOO sea
s (m~i/ m)

ZOO

pP aA AAb

Theoretical' 3X10 ' 4&10 ' 9X10 6x10 '

FIG. 5. Normalized intensity [Eq. (11)]of the broad isotropic
spectra vs density. The solid line represents a manual "fit" of
the data.

Experimental d ——7.5g 10

'Relative intensities are calculated from Eq. (11).
7=3 components only.

k
—1~10
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The contribution of the aA mechanism cannot be ap-
praised with the same accuracy, because the components
of the A tensor of the H2S molecule are unknown. We
estimate the order of magnitude of A by using the site in-
teraction model of Applequist et al. ' The resulting
values of the components A 123 +1 and A 123 +3 range from2 2

0.56 to 0.80 and from —0.88 to —1.32 A, respec-
tively, for different choices of the site polarizabilities as
discussed in Appendix A. Mean values A123 +1 ——0.67 A

o 4and A $23 +3 —1.07 A yield an intensity quite consistent
with the experimental findings (see Table I}.

With regard to the intensity of the AA term [Eq. (8)]
we note that all spherical components /=1,2,3 contribute,
but their intensities are very small. Nevertheless, the con-
tribution of the 1=3 AA component term could be signi-
ficant at very high frequency as discussed in Sec. IVC.
We conclude that the aA mechanism accounts for the iso-
tropic intensity of the broad spectrum; and 3 A is the
value of A 123 1+A123 3 matching with the experimental
findings. The study of depolarization ratios and line
shapes will support that conclusion.

S. Anisotropic spectral intensities

From Eqs. (4), (7},and (11)we get
4

DiDI = 1 6 Pa
(4neo)2 5 (a'1)

2P& 24
IHy 2, 2 [ 35 A 121,1+ 21 A 122, 1

(4n eo) (a i)2

(19)

+ 35 (A 123, 1+A 123,3 }](R 1,2 ~

aI'2 ——~ aoN o(0;)+a2[& 2(0;)+& 2(Q;)],

(21)

where ao ———,
' (a +a~ ) —a and a2 ———,

' (a~ —a ). The
integrated depolarized rotational intensity is

IHy~ (a()+3a2)= ~ 52.
15 15

The value of 5 is found to be dependent on the investigat-
ed frequency range or, more properly, on the distortion of
the nuclear configuration. A weighted average value of

(20)

The anisotropic polarizability of the H2S molecule can be
written as

0.6)& 10 ' cm has recently been estimated.
In Table II the reduced intensities IHy of the different

contributions and experimental data are reported. The
"experimental" DID intensity has been estimated from
the low-frequency exponential trend of depolariztxi spec-
tra. Experimental and theoretical results agree quite well
and confirm that the DID mechanism is dominant and
accounts for most of the total intensity even at few bars of
pressure. The contribution of aA is small with respect
to the rotational one, so that the integrated experimental
intensities are not very useful for an estimate of the
extra-DID-induced components. A line-shape analysis,
such as that performed in Refs. 17 and 54 for gaseous
CH4, appears to be difficult in the present case, since the
presence of impurities and the quoted frequency depen-
dence of 5 complicate the separation of extra-DID con-
tributions from DID and rotational ones.

C. Depolarization ratio

Further information about the nature of the induced ef-
fects can be obtained from the frequency dependence of
the depolarization ratio R (v) shown in Fig. 3. The oscil-
lations over the decreasing profile correspond to the fre-
quencies of the rotational transitions3 which, being com-
pletely depolarized, provide a local increase of the depo-
larization ratio. To understand the decreasing trend of
R (v) both the VV and HVpolarizability correlation func-
tions of the induced effects have been analyzed. Only the
component A123 contributes to the isotropic spectrum,
while the other contributions, due to A 121 and A 122
are completely depolarized. The spectra involving these
tensors cover a smaller frequency range; consequently, we
expect that R (v) decreases monotonically to a limit
represented by the high-frequency depolarization ratio of
the aA 123 spectrum. This limit can be estimated with the
hypothesis of uncorrelated orientations previously men-
tioned. From Eqs. (7) and (10) one obtains

p2 & [50, (t)]

X g (A123 IPt) (&~ ~ [501(t)]), (23)

where 50 specifies the zero time relative orientation and

gx takes the values —„and „, for K=O and 2, respec-
tively, in agreement with the results of Refs. 13 and 15.
Equation (23) leads to a depolarization ratio

R g(v)=3I yy'( v)/ 4[I y(yv)+Iyy)(v)]= —„

TABI.E D. Depolarjzed experimental and theoretical relative intensities [Eqs. {12) and (11)] at
p =3 X 10 particles/m'.

Experimental
Theoretical

DID

0.53'
0.58 1g10-' 1y10-' 2x10-'

Rotational

2~10 2

Total

0 56'
0.60

'The quoted error is about 10k, mainly due to zero-frequency extrapolation.
The two values of a reported in Ref. S3 yield an uncertainty of 12%.
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independent of frequency.
The experimental value is about 0.4 at 450 cm ' and

has been found to be nearly constant around 0.35 in the
range 600—650 cm '. Such a value is a bit larger than
the theoretical prediction. This fact could be explained by
considering the role of the AA contribution due to the
A iz3 ~ spherical component. The spectra of such a term
extend at very high frequencies since they involve double
rotational transitions. '3' From Eqs. (8) and (10) one has

p (&0,0[M), , ,())j
)

AA C(&)(t )

Such a feature has ban found in spectra of liquid HzS,
too. It can be related neither to the aA mechanism
whose spectrum is nearly fiat at low frequency (see Sec.
V}, nor to the pP mechanism whose intensity is too small
to be responsible for W~z (see Table I}. Between the
DID terms only the ones beyond first-order contribute to
the isotropic spectruin as in the case of noble gases (see
Appendix A). Indeed, the very small permanent polariza-
bility anisotropy makes the first-order DID contribution
completely negligible.

To reproduce the isotropic spectra of the noble ases
the isotropic pair polarizability is usually modeled by 37

X y (A')2'3 )'(&' [5Q,(t)])

where ftt takes the values, ",,', and, 'z7'5'7', for K=O and 2,
respectively, in agreement with the calculations of Ref.
13. That leads to a constant Rzz(v} =0.658. Therefore,
the AA contribution rises R (v) at high frequency in qual-
itative agreement with the experimental findings.

D. The isotropic low-frequency scattering

A strong increase of intensity with decreasing frequen-
cies is observed at low frequency in all spectra of Fig. 4.

I

( 'j) 4Q 3

6 + 'VEdiSP ~

4meoR;J 9

(25)

where the exponential represents the electronic overlap
contribution and A'J' takes into account the DID long-
range expansion of Eq. (A8} and dispersion forces contri-
bution. In principle, in the case of H3S, electrical fields
due to the molecular permanent multipoles have to be
considered, too. Owing to the strong H2S dipole moment,
only the dipolar electrical field is considered in the pair
polarizability:

4e + 7'Edl —+ [ 9(V'}'rl~oo(Qi}+~oo(Q }+2]I—~
where P is a function accounting for electronic overlap contributions at short range. The first term is "fluctuating"
with the intermolecular distance, whereas the dipolar term involves molecular orientational "fluctuations" too. However,
the intensity contributions of the second one are relatively small at both the low- and high-frequency ends of the isotro-
pic spectrum, and will be neglected together with the contributions from W since an estimate of 9' is not available at the
present. If Ed2;,~ is estimated classically by using the 6—12 Lennard-Jones isotropic intermolecular potential of Table
III, the following reduced intensity results:

6
'2

I )SO 1 p ~R ]2 ) ~3 20 e(t

(41' } 2(a') (27)

The value of I ~~ reported in Table I is of the same order of magnitude as the experimental Jr gz. It is reasonable to
conclude that the W~ can be ascribed to the same translational phenomena which generate isotropic light scattering in
monatomic fluids. That is also confirmed by the similarity of the low-frequency isotropic spectra of liquid H3S and
DS36

V. SPECTRAL LINE SHAPE

The theoretical isotropic spectrum of the aA contribution at low density is given by

40p o."I'"(v)~
2 (R

& 3 ) gg„exp
63 (4~e'o}'

2

g~»„WP„8 v—
B p

(E, E,)—
G3(v) .

hc
(28)

The derivation of Eq. (28) is discussed in Appendix B. In
general, G„(v) is a unit area function related to transla-
tional dynamics and proportional to the Fourier
transform of the correlation function of
No, o(Qi 2)lR ~ 2

'. Low-density line shapes in the cases

n=2, 3,4 have been recently reported for an effective
spherical intermolecular potential. ' lt appears that the
n=3 and 2 spectra differ significantly, the n=2 spectra
being about 50%%uo larger and less enhanced at low frequen-
cy. We have found that the empirical line shape
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TABLE III. Molecular properties of the H2S molecule.

Bond length'

1.35 18 A

Molecular parameters

Bond angle'

92.13'
LJ (6- 12) parameters

e/k= 300 K, o =3.49 A

Molecu 1ar

p ro pe rt ies

Symmetry

properties

Non zero

Cartesian components'

Nonzero

spherical components"

Dipole moment p

1Cm=2998X10" esu

Polarizability a

C m J =8 988 y 10 5 cm

a~p —aptz

p,y =0.974 &( 10 " esu

axx ——3.753 X 10 ' cm'

a „=3.736 &( 10 cm'

a~ =3.82 1 X 10 ' cm'

1
1"1, + 1

=
Vy Py

1
1210,0 g &aa

3 a
1

a12, +2 2 (a —ayy ) =a2

12 1 2, 0 ( 3 )
'"[12xx —

2 ( 12 +12yy ) ]
=&2/3a0

Quadrupole

polarizability A

1 C m' J ' =8.988 &( 10" cm4

Apy =Ay p

A~p y
——Ap

A ~ q
——0

Axx, y ~ Ayy, y ~ A xy, x 3 A ay, z

1A)2)+)=(2Ayyy —Ay —A~y)
30

+3( A„y„+A~, )

A122+1 y ~ (Agy +A y A y A y )

1
A123 +1 (3Ayyy+A y 4A y

120

+2 Axy, x 8Asy, z )

1
A 123, + 3 ~ ( Ayy y

—A xx y
—2A xy x )

First

hyperpolarizabihty P
1 C'm' J '=2.694X 10" esu

Symmetry

in all

suffixes P= QPy = —2.7X 10 " esu

1
P101,+1= P

& 6

P123, + 1
= (13 5Py )—3

1 20
1

P123,+3= (Pyyy 3Py—
V 8

hyperpolarizability y
1 C m~ J '=8.078 X 10 ~ esu

Symmetry

in all

suffixes

g YZZY j QPP)tP f fgggg

Pxxyy s Pmyy a Pxxgg

1

T X) ~PP
ap

=5.19)( 10 esu~

5
p ~gp= 3 p)

'Reference 67.
Reference 50.

'Tensor components refer to the III' representation ( Y axis along the dipole moment, Z axis out of plane, right-handed frame).
d Reference 68.
'Reference 34.
fReference 69.
~Reference 70.
"Following the Stone notation (Ref. 42) and the Pano Racah "s phase convention.

G3(v) =8 1 —0.5 exp exp (29)

used elsewhere to simulate collision-induced profiles of
linear molecules reproduces quite well the shape of
G3(v) of Ref. 16. That line shape has been used to convo-

lute the aA stick spectrum of H2S . The translational
broadening parameter 6 has been set to 25 cm ' in agree-
ment with the width of G2 ( v) estimated from the aniso-
tropic DID spectrum (exponential slope of 15 cm ' at 1 1

bar). Figure 6 shows some broadened aA spectra corre-
sponding to different choices of A, 23, and A, 23 3 togeth-
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0

200 g (cm-')

A
'p {ce ')

FIG. 6. Quasi stick nA spectrum (linear scale) of the H2S
molecule, calculated with A 1/3 3/A 123 1

——1.5. The upper
curves represent the broadened stick spectrum (logarithmic
scale) calculated for the following different values of A 1231 and
A1$33 ( ) and ( ~ ) refer to A1$33/A1231 equal to 1 and
—1, respectively; ( ———) is due to Alq31 only and ( —.—~ —.)
to A1~33 only.

er with a quasi stick spectrum. It is worth noting that the
strong peak structure of the quasi stick spectrum is com-
pletely obscured by the translational broadening. Figure 7
compares the experimental H3S spectrum at 18 bar with
the theoretical one calculated with A t33 3&I tz3 i ——1.5,
a ratio close to model predictions (see Table IV). The
theoretical line shape reproduces the experiment in the
range 150—300 cm '. Obviously, the disagreement at low
frequency can be attributed to the rough separation of the
experimental data into a broad spectrum and a low-
frequency peak. Beyond 300 cm ' there is a considerable
excess of experimental intensity, and part of it might be
ascribed to a smaller value of

~

& i33 3/A i23 i ~

(see Fig.
6).

In the depolarized spectra of globular molecules, '

the scattering from double AA transitions and dipole oc-
topole polarizability is necessary to explain the intensity
excess at high frequency. In our case the presence of
high-frequency contributions has been brought to light by

FIG. 7. The experimental broad spectrum ( ) at 18 bar
and 303 K, compared with theoretical aA spectrum ( ) cal-
culated with A 123 3/A 123 1

——1.5. Manual extrapolation
{———) as in Fig. 4.

the analysis of the depolarization ratios. However, before
considering other scattering mechanisms, it would be
necessary to know a more reliable interaction potential
and understand the limit of the hypothesis of uncorrelated
molecular orientations in the case of a strongly dipolar
fluid such as H3S.

VI. SUMMARY AND CONCLUSIONS

In the present work different scattering mechanisms
have been analyzed in order to interpret the measured iso-
tropic and anisotropic spectra of gaseous H2S. The aniso-
tropic integrated intensity is almost entirely due to the
first-order DID mechanism, the allowed and other in-
duced contributions being small. Nevertheless, the extra
DID terms have non-negligible effects on the high-
frequency spectral wings, the DID scattering and most of
the rotational spectrum being confined to frequencies
below 200 cm

The comparison between experimental and theoretical
intensities of the isotropic scattering, which is due to in-
duced phenomena beyond first-order DID, has permitted
the identification of the main scattering mechanisms. For
many aspects, the isotropic spectrum is found to be simi-
lar to the depolarized spectra of globular molecules (CH4
in particular). Indeed, the contribution due to the first

TABLE IV. Atomic site polarizabiliges and values of the components of tensor A for H20 and HqS
molecules.

a

0.135' 0.465'
0.172
0.11

0.147
0.27

0.52
1.17

820
0.14
0.13

A1Z1, 1

0.46
0.77

A 122, 1

0.04
0.16

A 123, 1

0.17
0.32

—0.36
—0.89

0.135
0.11
0.065

2.7
2.85
3.2

0.27
0.22
0.18

0.70
0.58
0.48

1.66
1.34
1.09

H2S
—0.01
—0.03
—0.04

1.06
0.84
0.67

—2x�1-'
—04X�-'

0.14

0.80
0.67
0.56

—1.32
—1.07
—0.88

a1 is the site polarizability of hydrogen.
AH data of this row are the results of ab initio calculations of Ref. 59. The A components are in A

units.
0

Site polarizabilities from Ref. 21, in A units.
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hyperpolarizability and the dipole moment is found to be

negligible, whereas the ones due to the isotropic and
dipole-quadrupole polarizabilities can explain the ob-
served broad spectrum. It has been possible to estimate
A i 23 i +2 323 3 3 A, but the presence of other induced
contributions in the far wings prevents evaluation of each
component separately.

The low-frequency part (v & 100 cm ') of the isotropic
spectrum is dominated by excess scattering intensities ex-
plainable in terms of pure translational contributions (a
noble-gas-like spectrum), namely, second-order DID and
dispersion forces. To our knowledge, this is the first ex-
perimental study of such an isotropic translational spec-
trum in molecular fluids, while the isotropic spectra of
noble gases have been investigated extensively by Fromm-
hold, Proffitt, and co-workers. ' Its relatively easy mea-
surement is due to some favorable circumstances found in

H2S. %ith respect to noble gases the H2S molecule has

larger a and y values, and its molecular anisotropy of the
polarizability is so small that the first-order DID contri-
bution is absolutely negligible. In principle, we expect
that strong isotropic translational spectra might be ob-
served in globular and linear molecules. But in these cases
highly polarizable molecules (e.g.„CC14, neopentane, and
CS2) have high moments of inertia so that the induced ro-
tational and translational spectra occur in nearly the same
frequency range and may be difficult to separate.

In conclusion, the leading mechanisms giving rise to
polarized and depolarized light scattering from gaseous
H2S have been understood, notwithstanding the simple
model of the interaction potential that had to be used.
The main features of the isotropic induced spectrum can
be taken into account on the basis of the usual point-
scatterer approximation and no diffuse polarizability
model seems to be necessary, at least at low density. The
high-frequency tail of the spectrum reflects the molecular
nature of the scatterers and their rotational dynamics
probed via multipolar polarizabilities, whereas the low-
frequency peak is related to translational motions as for
anisotropic spectra of globular molecules. Previous mea-
surements at the liquid density showed a central peak
and a broad spectrum and can be interpreted on the basis
of the present scheme, although a complete analysis re-
quires further theoretical investigations.

Finally, we want to point out that a similar situation is
expected for gaseous HzO at high temperature owing to
the similarity in structure and polarizability between H20
and H2S molecules.
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APPENDIX A: MODEL ESTIMATE OF THE
DIPOLE-QUADRUPOLE POLARIZABILITY

The H2S molecule belongs to the C2„point group, and
the tensors P, A and y have three, four, and six indepen-

dent components, respectively. ' In Table III all the
molecular properties of H2S, of interest in this work, are
reported in esu units together with conversion factors to
SI. Nonzero spherical components have been derived
from Cartesian components.

To get an estimate of the A components which are un-

known at all, we have used the model proposed by Apple-
quist et al. : ' each atom of a molecule is regarded as an
isotropic polarizable point which interacts with all the
others via the dipolar field. The induced dipole on the ith
atom is given by

p(=ai Ei+ QTtgVJ
J+1

(Al)

where the sum runs over the N atoms of the molecule,
T=(1/r )[3(rr)/r —I] is the dipole tensor, and E is the
external field on the ith atom with polarizability a;.
Equation (Al) can formally be rewritten as

QDv pj =E;, (A2)

where

D"=a '5J —T"(1—5") .IJ I lJ IJ lJ

By solving Eq. (A2) for)M, ;, one has

Pi = g BiJEJ . (A4)

The knowledge of the 3NX3N matrix 8 leads to the
evaluation of the molecular polarizability a by assuming
the external field to be constant over molecular size:

a=+8;, . (AS)

For a homonuclear diatomic the polarizability com-
ponents can be written as

2Qa r0

r 0 —2Q'a

2cxa r 0
3

Qg=
ro+aa

(A6)

(A7)

where a, is the atomic site polarizability. Consequently,
a pair of interacting atoms have isotropic a (r) and aniso-
tropic b (r) fluctuating polarizabilities

3
1a (r) = —,(a~~+2ai) —2a, =

r —cxa r —2cxa

6o.,r
b (r) =a~( —ai ——

r —a, r —2a,6 3 2

(A8)

(A9)

If a dipole p, is induced in the ith site, the induced quad-
rupole is

Higher-order-induced multipoles can be derived from the
model. The quadrupole moment of a system of charges
qk is defined as

(A10)
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The eigenvalues problem

(83)
From Eq. (A4) one has

eaP ——AaP yEy

—X. 2 I'X V
,'ay

+„(i) 'y 8

has been resolved by using the Watson's A-reduction
Hamiltonian ' in I' coordinate representation with
centrifugal corrections up to tenth order. The intensities
of the rotational Raman transitions, due to the zz com-
ponent of the polarizability tensor a are proportional to
the square of the matrix elements

r() J,ay
(A12)

[(2J+1)(2J'+1)]'"
8

The values of A tt „can be calculated from the sites posi-
tions and atomic site's polarizabilities contained in the
tensor B. As a preliminary test, we have applied the
model to the H20 molecule whose A components are
known from ttb initio calculations. Applequist et (21. '

have determined atom polarizabilities by fitting the
molecular isotropic polarizability of a large number of
molecules. UsinIl the site polarizabilities aH and ao of
the 0 —H bond2 the order of magnitude of the A com-
ponents is reproduced satisfactorily (see Table IV}. The
model does not reproduce the molecular polarizability an-
isotropy which is better accounted for by some improved
versions. The site polarizabilities aH and as of the
H—S bond are not known. Three reasonable values of aH
and as fitting the isotropic polarizability are used in order
to estimate the A components of H2S molecule (see Table
IV). As in the case of H20, the anisotropic polarizability
is poorly reproduced.

APPENDIX 8: ISOTROPIC SPECTRUM EVALUATION

To calculate the Ratnan rotational transitions of an
asymmetric rotor in the ground state, the rotational quan-
tum state

I
r & has been developed on the basis of the sym-

metric rotor eigenfunctions

I
r&=

I
J&~&= gc»(J&)

I
J&M&,

k

x g c»c» &,~M, » I a)2,
KK'

(84)

X g CKCK'(~M, K I
~'-m.p«) I

~M', » &

KK'

where a12 is given by Eq. (21). Rotational Rayleigh
spectra of the H2S molecule have been studied in Ref. 52
and the other allowed bands in Ref. 65. In the present
case, the pair polarizability of Eq. (7) is involved in the
scattering mechanism. If dynamic orientational variables
are assumed to be uncorrelated and rotational states to be
independent of the intermolecular distance R;j the matrix
element of "II(('(t (t

j"results:

(g I

aAII(ij+ji)
I
g( &

~ y(ij)m ~ g ( ~(i)m, p pr(j)m, p)ii' ~ 123p rr' + rr'
4' 6'0

v" ' =(t' 'I ( —1) & (0"}8
I

t'' '&

~(i)mp (r(i)
I

~3 (fl )
I

r~ (i)
&

where
I Q;j&= I t;j& lr; &

I rj& is the quantum state of the
pair, I r, & being the rotational state of the ith molecule.
From Eq. (82) we obtain

m, p [(2J+ 1)(2J'+ 1)]'
P, P

8

where '
' 1/2

I
JKM&= (82) By exploiting the properties of the Wigner functions,

(86)

r

J 34 Jr4 J 3Q Jr+ J 3 J J 3 J
&~M,» I ~-m.p I

~MK&= f &, M,K~ m, p~M»df1=8, ~'( 1)» M-Ep-K M ---I
one has

r J' 3 J
W„', =[(2J+1)(2J'+1))'~( —1) M ~, g CKCK. ( 1)»

If translations are evaluated classically, the following expression for the polarizability correlation function results:

63 (4 }2 g4 ( )g4 (0} ~ ~ 123,p r, r'T
J

where ( &,„stands for thermodynamical averages and

(87)

(88)

(89)
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2

2 J' 3 J
g~„„W&. = g~„,,gC'C'( —I) Z, Z
p p Klt"

By Fourier transforming Eq. (89) one has

(810)

2 2
aayiso( )

~ P +
&R

—s
&

(4trep)

2

g ~»„w~
p

(E„E,—)
hc

&o o[5Q(t)]
63(v) o:F s', ,o)st pto) )-

Z = gg„exp

where F denotes the Fourier transform, v is the frequency in cm, g„ is the spin degeneracy of the state
~

r ), and 8
stands for the convolution operator. It must be noted that no transitions are obtained at zero frequency in the case of
asymmetric rotors (see Fig. 6) in contrast to spherical tops, ' whose energy levels EJtrM are independent of E (and M).
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