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Studies of anisotropic and isotropic Raman line shape yield

information about the rotational motion (rotational correlation func-

tion) and non-reorientational (vibrational) lifetimes.

The rotational motion of carbOri disulfide has been studied

previously by the techniques of Raman spectroscopy (6, 43), Rayleigh

scattering (43, 46) and direct measurement (47). This work was

undertaken because the vl vibrational mode is low enough in energy

so that several excited states are occupied, and because of anhar-

monicity the vl consists of numerous components. In addition,

there are several isotopic components. These various components

may complicate and invalidate previous calculations of correlation

functions which neglect them. We analyzed the isotropic spectrum and

found ten such components in the
V1

band and considered these in

analyzing the anisotropic spectrum. Our results, which are not fully

understood, indicate a nearly Lorentzian band shape for each



component--i. e. , simple exponential decay of the correlation

function--but with shorter time constants than previous literature

values.

The Raman spectra of the 2v2 region, which is in Fermi

resonance with vl' and the Raman forbidden v2 mode were also

studied. These regions also indicate isotopic and hot band contribu-

tions.

Standard expressions of polarization ratios, which are required

to be known accurately for correct correlation function calculations,

are given for strict 90° scattering in the limit of vanishing collection

aperture. The effects of finite collection aperture were investigated,

compared to existing literature and studied experimentally for the vl

mode of CC14. The experimental verification of the predicted finite

aperture effects was inconclusive, presumably due to an inadequate

knowledge of the behavior of the polaroid analyzer to oblique radiation

and a non-point scattering source.
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VIBRATIONAL AND REORIENTATIONAL LIFETIMES IN
LIQUIDS DETERMINED BY RAMAN SPECTROSCOPY

I. THEORY

An ideal spectrum might be described as being composed of

isolated, discrete, Dirac-like contours. For vibrational spectros-

copy these Dirac-like contours are the ideal result of the basic

vibrational equation

1Ek (vk+ 2 )hv

If no errors were made in measurement, absolute intensities, exact

separation of energy levels, transition probabilities and other nor-

mally reported spectroscopic information could be obtained from this

ideal spectrum. However, such a result is never obtained. Instru-

mental distortion, intermolecular perturbations due to coulombic and

other interactions, rotations, diffusion and anharmonicity all con-

tribute to give an actual spectrum composed of broadened and often

overlapping distributions. In condensed phases, the broadening due

to intermolecular forces completely dominates the other sources of

line width, i. e. , "natural" line width due to finite lifetimes of excited

states against decay by radiation or Doppler broadening, both of which

are orders of magnitude smaller than "collision" line widths. The

problem, therefore, stated in its simplest form, is the extraction of
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the desired information from the actual data.

This discussion will indicate that rather than embarking upon

the traditional quest of higher resolution and minimization of the dis-

tribution broadening, one can obtain useful additional information

from the experiment as a result of these non-ideal effects. There

are, however, limits upon this additional information which are

clearly defined for a given experiment and these limits will be

emphasized in the development.

In this section, the information contained in the observed

spectrum, the analyses required to extract this information and the

limits associated with the methods will be developed.

The pioneering work by R. G. Gordon (1) extended the applica-

tion of time correlation analysis to infrared and Raman vibrational

spectroscopy. Time correlation analysis of the vibrational band

shape allows quantitative information concerning the vibrational life-

time and molecular reorientation to be extracted. Hence, additional

information concerning molecular dynamics can be obtained from a

standard vibrational spectrum. The time correlation analysis of

vibrational bands closely follows the original work by Gordon (1) and

the excellent presentation made by McQuarrie (2). The development

of the basic Raman intensity formulation is taken largely from

Molecular Vibrations (3).
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Raman Intensities

The Raman effect may be thought of as arising from the induced

dipole of a molecule caused by the incident radiation's electric vector.

If certain conditions outlined below are met, the polarizability of the

molecule may be considered rather than the induced dipole. These

conditions are (3, p. 50); the Raman frequency shifts must be small

compared to both the frequency difference vE - vo' where E

is the lowest electronic absorption frequency and v
0

the frequency

of the incident radiation. These requirements are normally met in

Raman spectroscopy and they are fulfilled in all experimental studies

reported here.

A system of molecules in an electric field will have an induced

electric dipole

p. = aE (1-2)

where p. is the induced dipole, a is the polarizability of a

molecule and E is the strength of the electric field.

The electric field has a time dependence of

E = E
0

cos 2Tryt

Therefore the induced dipole has a time dependence of

4(0 = aE
0

cos 2Tryt

(1-3)

(1-4)
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The polarizability also has a time dependence due to the

molecular motions (vibrations and rotations) of the molecule.

a (t) = ao + ak cos 2Trvkt (1-5)
Lk

v
k

is the frequency of vibrational mode k and a
k

is a measure

of the change in polarizability due to vibration. Substituting Equation

1-5 into Equation 1-4 gives for a single mode

[LW .= a 0E0
1

cos 2Trvt + a E
0

cos 2Trvt cos 2Try
k

t

1-1(t) = a 0E0 cos 2Trvt

+ a
1
E

0
/2[cos 2Tr(v+vk)t+cos 2Tr(v-vk)t]

An induced oscillating dipole can act as a classical dipole

radiator, the mean rate of total radiation being

where

I
16Tr4v4 2

3c 3
N. 0

(1-6)

(1-7)

(1-8)

v is the frequence of oscillation and emitted light, c the

velocity of light and p.0 the amplitude in

N- = I-Lo cos 2Trvt (1-9)



In a general molecule, the relationship between the induced

dipole and the electric vector of the incident radiation is given by

P. X "XXEX aXYEY aXZEZ

E +a E E
Y YX X YY Y YZ Z

aZXEX aZYEY aZZEZ

The polarizability components a FF'

5

(1-10)

are independent of the corn-

ponents of the electric vector, but dependent upon the orientation of

the molecule with respect to a fixed set of axes (X, Y, Z). The above

is usually written in matrix notation as

= aE (1-11)
11..

To express the intensity of the scattered radiation in terms of

the polarizability components reference is made to Figure 1-1 (3,

p. 45). The designation of the space fixed axes is arbitrary but the

convention shown in Figure 1-1 will be retained. In this picture, the

incident radiation always travels in the Y direction and the scat-

tered radiation is observed along the X axis (90° viewing).

If the incident radiation is plane polarized with its electric

vector parallel to the axis of observation, the scattered radiation is

designated I T(obs. I I). If the incident radiation is plane polarized

with its electric vector 90° to the axis of observation, the scattered
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Incident
X-polarized
light /

X

IT (obs.II)

Direction of observation
(spectrometer entrance)

Incident
Z -polarized
light

I

(obs_L)

IT (obs._.L)

X Direction of observation
(spectrometer entrance)

Figure 1-1. Schematic representation of experimental conditions
defining IT (obs.II ), IT (obs._L) and III (obs....L) (3, p.45).
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radiation is designated IT(obsi...); the portion of scattered radiation

whose electric vector is polarized parallel to the incident electric

vector is designated I (obs. ±).

The intensities, described in terms of the polarizability com-

ponents are

23 4
2 2 2

IT
Tr

(obs.11 )
v

(a yx+az)()E0

3 4
I T(obs._j_ )

21T

3v
(a 2 +a 2

)E
2

c
YZ ZZ

273 v
4

t.,2
I (obs._L)

3 aZZ"0
c

Electromagnetic theory gives the relation of

I =
c E0

0 87 0

(1-12)

(1-13)

(1-14)

(1-15)

which when substituted into Equations 1-12, 1-13, and 1-14 gives

1641)
"0 Y.n,

4
2 2

I
T

(obs. H ) a T-FaZX)
c

16n4
4v4

I T(obs. ) I (a
2

a
2

)

c
0 YZ ZZ

I (obs.d.) 1674v
4

I a
2

c4
0 ZZ

(1-16)

(1-17)

(1-18)



The above expressions are classical and pertain to a single

radiator and must be modified for a quantum mechanical description

of a system of freely rotating molecules. The conversion to a quan.-

turn description is made by replacing
1102

by 41Fin
n
I 2 (3, p. 49)

where

1-Intriff = J 41riIIµ4n,dT

In a system of freely rotating molecules whose individual

8

(1-19)

scattering is given by Equations 1-16, 1-17, 1-18 only the number

Nn originally in state n can undergo the transition °int, u.)

In addition, the orientational degeneracy described by the quantum

number M must be accounted for. The total intensity will there-

fore depend upon a summation over all final quantum numbers M'

and an averaging over all gn degenerate initial states character-

ized by the quantum number M".

Thus the intensities will be proportional to expressions of the

form

The tensor

Nn
gn II

2FFI >M"Mr1 (1-20)

(a )mum, will have a corresponding set of princi-

pal axes and principal values, oriented relative to a preferred



direction in space for each pair of magnetic quantum numbers. How-

ever, the intensity, our physically observable quantity, must be

independent of the direction chosen as the preferred direction. Thus

it is legitimate to average over all orientations of this direction rela-

tive to the observor's fixed axes. Since it is permissible to change

the order of the averaging and the summation, the averaging over all

orientations for the quantum numbers M" and M' can be con-

ducted, followed by the summation. This procedure is equivalent to

averaging over all directions of the principal axes in the classical

sense because for each pair of magnetic quantum numbers M" and

M' the principal axes are defined only relative to the preferred

direction of quantization.

The quantum mechanical results, corresponding to the previous

classical equations are

6 4Tr
41,4 Nnit 2

I (obs.II ) P
2

c
4 gn I

0 15 mlfmt

9

(1-21)

64Tr4 v n4 N"
I (obs I-) I ( (a )2+ (3-1-

4 gn 0 \ WM' 45 Z )
c mum?

J.
i

(obs. ) =
64.74v4

Nn
I

4 g 0 WM')
2

+
5

c n
M "M' mItml

(1-22)

(1-23)



where

and

(a.)m"mt

2 1 2
= 2 [(a )

1\.4
-(a )

i "1\4' j

i< j

10

(1-24)

(1-25)

is a principal value of the tensor (a)
MHM

, whose corn-

ponents are computed in terms of the nonrotating axes.

(a )
= a dT

M"M' "nM"

is often referred to as the spherical part of the

(1-26)

polarizability and p as the anisotropy.

The intensity of a Raman transition thus depends directly upon

the fourth power of the scattered radiation, the number of molecules

making the transition, the incident radiation intensity and the time

dependent molecular parameters described by a
NVAA'

zand 13mm

The frequency of the scattered radiation is correctly described

by the quantity (v0+1)) or (v0 -v) for the anti-Stokes and Stokes

lines, respectively. Therefore there is a fourth power dependence

on the frequency of the incident radiation as well as its intensity.

Historically, a quantity denoted as the depolarization ratio has

long been used as a guide for the determination of the symmetry of a
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given mode. If the incident radiation is plane polarized the depolari-

zation ratio is

Pi

I
T

(obs.

III (obs. )

ml lm I

2

N4"I\4'

45 (a )

M
2

Wm I - m
M " M' I

ml Im

(1-27)

(1-28)

and if the incident radiation is unpolarized (natural) the depolarization

ratio is

n

n

1
I
T

(obs.±)-I
II

(obs.1)+
2

I
T

(obs.II )

1
I (obs._L)+ -2 I T(obs.11 )

2

IN/1"N41

NIHN41

2
45 (a

1\4
)2+

"N41

N4"1\41
MtTMT

(1-29)

(1-30)

For simplicity of notation, the summation will be omitted in

subsequent equations.

Two other quantities which will be expressed in the next section

in terms of the time correlation function are
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Ianisotropic = I (obs. = IT(obs. _L) Ill (obs. .L) (1-31)

which is directly proportional to in our previous equations, and

Iisotro = I
II

(obs.
4

- Ii(obs.±) (1-32)
p is

which is directly proportional to 2
T .

Time Correlation Analysis of Raman Bands

In the previous analysis, the scattered "intensities" are in fact

the integrated intensities over the Raman lines assumed to be suffi-

ciently narrow so that the factors v4 which appear in Equation 1-16,

etc. may be taken as constant over the line width. Such expressions

give, moreover, the intensity per unit solid angle for right angle

scattering, and, when divided by Io, become essentially the cross -

section for scattering, dcr/d0. In the present section, following

Gordon (1), we address the question of line shape, and will analyze
2the differential cross-sections, d cridwdO, for arbitrary scattering

angles.

It will be shown that an observed Raman vibrational band is the

Fourier transform of the appropriate time correlation function

describing the molecular processes occurring. Conversely, the

Fourier transform of a given observed band describes the time
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dependent behavior of the correlation function without prior assump-

tion of its form. Of primary significance is the development of the

relationship between the time correlation function and the vibrational

lifetime and rotational motion.

A description of Fourier analysis and the specific requirements

and techniques required is presented in Appendix I.

The quantum mechanical expression for the differential scatter-

ing cross section over a frequency range do.) and solid angle dO

is

f

<i 0 s
If>1

2
ce-E. 5(wwfi) (1-33)

The wavelength of scattered radiation is 2Tr : pi is the fraction of

scattering molecules in the initial state i; E 0 and s are

unit vectors in the direction of the incident and scattered radiation,

respectively; a is the polar izability tensor; and cofi (E f -E.) /S.

The polarizability tensor is

a 2e2 <01.ilv><vd..K1 0>
Ey -EU

where r r. and the sum is over all electron coordinates.J

(1-34)

Using the Fourier representation of the delta function and the

fact that (2, p. 473),



iE t
e li >= e

-E ftit iHot
<f le = <fle

and eliminating the summation by the closure relationship gives

14

(1-35)

(1-36)

co
jx.4 d cr 1 S 80.a(0). s)( e0.a(t).E s)>

dcodC2
e --ic)tdt (1-37)

_oo

The above is simply the Heisenberg relationship of the scatter-

ing cross section.

For an isotropic system, such as a gas or liquid (all experimen-

tal results are for liquids), Equation 1-37 may be averaged over all

equivalent directions E
0 and E S.

80.a s O. s)

3 3 3 3

js E° -cl'ij(°)aki(t)
i =1 j =1 k=1 1=1

(1-38)

0 sDesignating the spherical average of c. jEjs,0 t as < >sphere

gives

3 3 3

4 d2
cr 1

dwdQ 2Tr
<8 ko

si >sphere
i=1 j=1 k=1 1=1

X <a
ij

(0)aki (t)> e -iwtdt (1-39)
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For scattered radiation designated as the parallel case the

spherical average is

1<E. E. E E > = (6..6 +6. 6 +6. ) (1-40)ijki sphere 15 ij Id ik jt 6.

The results of the perpendicular case are

<
E

_L = --I (46 6 -6 6 -6 ) (1-41)
a Y 6 sphere 30 aP y6 ay 136 a6 py

Substitution of these forms into Equation 1-39 gives

and

4 d
( )

_
7

S
15

1 1

2
_oo

j

.. (0 )a..(t)+2a. .(0)a. .(t)> e -iwtdtu 33 13 13

(1-42)

4 da_
oo

1 1

(dwdC2) 3 .. (0)a..(t) -a.. (0)a..(t)>e -iwtdt
21T .)-oo 15 ij IL jj

(1-43)

which become in terms of the polar izability tensor

4

and

2

(
d

) =
1 <2 Tr a(0)a(t)+[Tr a(0)][Tr a(t)] >e-iwt dt

dwdC2 if 307 ,S109 tr.

(1-44)

2
4 d cr

( ) =
1 .1'

Go

<3 Tr a(0)a(t)-[Tr a(0)][Tr a(t)]>e-iwtdt
dwdC2 ± 607 -oo (1-45)
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Expressing the polarizability tensor as the sum of a spherical

part and an anisotropic part as

a = + (3 (1-46)

where I is a unit matrix, and

1
=

3
(a

1
+a

2
+a3) (1-47)

Tr p = 0 (1 -48)

allows Equations 1-44 and 1-45 to be written as

and

4 d
2 oo1 S(dwdll =

2Tr
<15-c7(0)-o7(t)+2 Tr ..(0)P(t)>eiwtdt

d
2 co

4(
1 1

( )

S
± 2Tr 10= <Tr P(0)13(t)>e-iwtdt0

00

The isotropic and anisotropic scattering cross sections,

analogous to Equations 1-32 and 1-31, respectively, are

and

d
2

pol. d26 4 d
2

)
dwo1S-2 dwd0 11 3 dwdS2)1..

d2o 2
depol.

10( d °-
d(462 6.062 ±

(1-49)

(1-50)

(1-51)

(1-52)



Therefore,

and

d
2cr oo

1 S <U(0)Zi(t)>e-icotdt
dcodi2 2-11- _co

2 oo

4
d cr

d e p ol . 1 <Tr 13(0)-13(t)>e
-iwtdt

dcodC2 2n ,r_co
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(1-53)

(1-54)

If there is no change in the vibrational state of the molecule,

the polarized component corresponds to Rayleigh scattering and the

depolarized component to rotational Raman scattering. If the vibra-

tional state is changed, the polarized component corresponds to a

polarized Q-branch while the depolarized component is the aniso-

tropic portion of the band.

It is usual to define a normalized intensity distribution I(w).

Using the anisotropic distribution as an example, the normalized

intensity distribution is defined as

4 d
2

cr.

( 62 j_)

1(w)
c1(0

24( d cr
) cho

dcodC.2

(1-55)

A normalized correlation function is also defined so that its

value at time equal to zero is unity.

C(t) - <Tr 45(0)-11.(t)>
<Tr p(o).vco>

(1-56)



The normalized intensity distribution and the normalized cor-

relation function are Fourier transform pairs, represented by

and

co
I(w) 1 S

2-rr
_co

co

C(t) = Imeiwtat
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(1-57)

(1-58)

The isotropic distribution, I isotropic = III -3 is the

Fourier transform of the isotropic correlation function

<c7(0)71(t)>
isotropic <Fr(0)7(0)>

(1-59)

which describes the polarized, orientation independent vibrational

state. The anisotropic spectrum, Imo, is the Fourier transform

of a product of correlation functions; one contains the vibrational

state information and the other the rotational information which is

independent of the normal coordinates. Thus a Raman band may be

thought of as a superposition of two spectra--one isotropic and one

anisotropic.

The information pertaining to the time behavior of the vibra-

tional state may be extracted by the Fourier transform of
4

I isotropic
Information pertaining to the rotational motion must, however,

be extracted by the method proposed by Sykora (4) of



_L
(w)eiWtdw

C(t)anisotropic e(t).Isotropic
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(1 -60)

The Fourier transform of the experimentally observed II spec-

trum contains both information concerning the rotational motion and

the vibrational lifetime. In many cases, /a(t).isotropic

over the time region for which '(t) is of interest.anisotropic

Therefore Equation 1-54 is often used and is approximately correct.

For a totally symmetric vibration in a linear or symmetric

top molecule, the anisotropic part of the polarizability leads to a

simple form for the normalized correlation function. If the vibration

is totally symmetric

is near unity

PI
. = constanto14. 0 .); .

1 3 ij
(1-61)

where is the ith component of a unit vector fixed along the

symmetry axis of the molecule. Therefore,

Or

Tr 13(0)(3(t) =

i=1 j=1

Tr p(o)p(t) =

1 1
4.1 (0)p..3 (0)

3
5..][µi(5..][µi(t)µ.(t)t) -

3
5

i3
.] (1-62)

13 3

1

11
1
.(0)14 .(0)1-1

1
.(t)P- j(t) 3 ] (1-63)



The normalized correlation function, Equation 1-60, is then

expressed

3

*(t) = 1 <3 4.(0)11.(0)N..(t)11.(t)-1>anisotropic 2 j j
i=1 j=1

20

(1-64)

However 4(0) and p.(t) commute in the classical limit so that

/6(t) = P [p.(0).p.(t)]>
2C(t)anisotropic

where P 2(x) is a Legendre polynomial

1
P 2(x) = 2 (3x

2
-1)

(1-65)

(1 66)

and p. is a unit vector along the symmetry axis of the molecule.

The depolarized component of a Raman band can therefore be

Fourier transformed to give the time correlation function of the rota-

tion of the molecule in terms of P2[µ(0)µ(1)].

Analogous development for infrared bands gives the result (1)

where

C(t)IR,aniso <P [1-1-(0).0tn>t .ropic 1

P
1
(x) = x

(1-67)

( 1 68)

Thus a time correlation analysis of a vibrational band that is

both infrared and Raman allowed determines different measures of

molecular rotation.



21

Limits of Analysis

Thus far, it has been shown that information pertaining to both

the vibrational lifetime and the reorientational motion may be obtained

from time correlation analyses of a Raman vibrational band. How-

ever, there are several implicit assumptions in this development

which must be recognized.

It has been assumed that there is no correlation between

vibrational coordinates of adjacent molecules. It also has been

assumed that there is no coupling between the vibrational and rota-

tional motion (Coriolis effect) so that the vibrational and rotational

wave functions are separable. The development has been for a single,

isolated Raman band unperturbed by instrumental distortion and band

overlap of adjacent transitions. The Fourier transform is an integral

over an infinite interval, a condition impossible to achieve in practice.

Further, there is a limit upon the time scale over which the Fourier

analysis of a Raman vibrational band is valid due to the uncertainty

principle. A discussion of these implicit assumptions and limits and

their significance follows.

It has been shown (4,5, 6) that, if the anisotropic correlation

function is determined in the manner described in this section, the

method is not sensitive to other broadening mechanisms such as

intra- and intermolecular vibrational energy transfer, adiabatic
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vibrational frequency (4) shifts and translational diffusion (4).

The isotropic portion, pertaining to the vibrational lifetime,

offers a direct method of examining certain intra- and intermolecular

vibrational energy transfer mechanisms. Griffiths (7) has shown this

dramatically for the case of intermolecular vibrational energy trans

fer between benzene and deuterated benzene. As will be shown later,

the studies reported here pertaining to carbon disulfide also offer

evidence of a vibrational energy transfer of either an intra- or inter-

molecular nature.

Sykora (4) has also discussed the applicability of the reorienta-

tional correlation function for systems which undergo internal rota-

tions. The systems described and the conclusions presented are

taken from this reference.

If the observed band is of a long-range torsional motion then

the vibration-rotation interaction is usually strong and the results are

not reliable. If the band is a heterogeneous mixture of several bands,

each belonging to a different conformer then the results are not valid

unless the transition polarizability tensors are nearly the same.

However, if a band can be assigned to a given conformer, the results

are valid for that conformer. For systems where the band can be

characterized as a localized vibration of a rigid molecular fragment,

the reorientational function refers to the motion of the fragment.
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If the assumption of the separability of vibrational and reorien-

tational motion is not valid, then the separation of the spectrum into

isotropic and anisotropic components is not valid. In addition it

should be noted that in systems where vibrational broadening of the

band is the dominant broadening mechanism, loss of information of

the reorientational motion is a necessary consequence. This is so as

has previously been shown in Equation 1-60. At the time that

6t), goes to zero the anisotropic correlation functionisotropic
becomes undefined, placing a limit on the anisotropic time correla-

tion span that is valid.

The finite resolution of the spectrometer places a limit upon the

time scale for which the correlation function is valid. The actual

observed spectrum represents the convolution of the true intensity

distribution with the instrument function. Appendix I gives the details

of the convolution theorem. The true time correlation function of the

spectrum is obtained from

where

^true Cs'exP(t)
true(t) S(t)

C (t) = S(t)
(1-69)

(t) is the Fourier Transform of the spectrometer function.

As in the previous discussion, Ctrue (t) becomes undefined when

#.(t) goes to zero, placing bounds on the time scale which may be

studied. The actual numerical limits will be discussed later with
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respect to the experimental results.

The above illustrates that at a given finite resolution there

exists a limit upon the times which may be studied. This is simply a

classical analogy to the Heisenberg uncertainty principle of quantum

mechanics. If the energy is expressed as

E hv = hw/2-rr (1-70)

the uncertainty in the energy is

AE = hew/2Tr (1-71)

The uncertainty in time, At, is given by

2
At

TrN (1-72)
0

where N is the number of cycles in the wave. Therefore,

LE et = h (1-73)

which clearly satisfies the quantum mechanical uncertainty principle

of

eEet
2

(1-74)

The fact that a single, isolated transition seldom occurs, but

rather a spectrum of overlapping bands due to adjacent transitions
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does not preclude satisfactory analysis of the time correlation func-

tion. It must be recognized, however, that if band overlap occurs it

becomes considerably more difficult to separate the correlation func-

tions belonging to each individual transition. One approach as to a

method of allowing separation of the individual time behavior of over-

lapping transitions is presented in the section entitled "State Spectra".

The time correlation function is explicitly defined as the integral

Fourier transform of the intensity distribution over an infinite inter-

val. The infinite interval is, of course, impossible in practice for

reasons of overlapping transitions and inability to distinguish the

intensity from the baseline far from the band center. In addition the

exact integral solution would require the form of the intensity dis-

tribution to be known. In practice it is sufficient to perform a numeri-

cal integration of the observed intensity distribution over a finite

interval. The finite numerical Fourier transform and the conditions

required for its validity are presented in Appendix I.

It has been shown in this section that information concerning the

time dependence of the molecular vibrational lifetime and reorienta-

tional motion may be obtained from the Raman vibrational spectrum if

careful attention is given to the limits of the analyses.
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II. STATE SPECTRA

The numerical evaluation of the vibrational lifetime of a given

vibrational state and of the molecular reorientation is normally con-

ducted in the time domain by using a Fourier transform of the

experimentally obtained vibrational band in frequency space. How-

ever, interpretation of the result in the time domain is no more cer-

tain than that done in the original spectrum. If the true vibrational

band shape of a given transition is perturbed by instrumental distor-

tions, isotopic bands, hot bands and overlapping band shapes, these

perturbations are also mapped into the time domain. If these com-

plications are not recognized and accounted for, then interpretation

in either a frequency or a time frame will be in error. To alleviate

these difficulties a method of analysis is presented which allows

recognition of these perturbing effects and thus to methods of cor-

recting for these effects either in the frequency or the time domain.

A "state spectrum" is defined as a spectrum composed of known

vibrational transitions in a given region whose vibrational energies

are either known accurately or may he calculated. and whose relative

intensities may be calculated from considerations of the isotopic

abundances, Boltzmann factors and harmonic oscillator theory, in

the limit of negligible line width.



Consider now the calculation of such "state spectra" for the

species of interest.

Carbon Disulfide

27

Carbon disulfide is a linear triatomic molecule and a liquid at

room temperature. Its relative molecular simplicity, its physical

state at normal laboratory conditions and its prior study in the vapor

phase by high resolution infrared (8) and Raman (9) spectroscopy led

to its selection as a species of interest and study.

Carbon disulfide, being a linear triatomic species, has three

fundamental modes of vibration as shown in Figure 2-1. The sym-

metric stretch is denoted v1; the bending mode is denoted v2 and

is doubly degenerate; the asymmetric stretch is denoted v3.3

The spectroscopic notation used to describe a given vibrational

state is given as viv2v3; v1, v2 and v3 are the quantum num-

bers of the symmetric stretch, bending mode and asymmetric stretch,

respectively. The superscript, 1, on v2 is the vibrational

angular momentum quantum number of the degenerate bending mode

and can take the values,

= v2 , v2 -2, v2 -4, . . . , I or 0 (2-1)

depending on whether v2 is even or odd.
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v
1

v
2

2-la

2-lb

v3 4-------> <n..._,
z_ lc

S C s

Figure 2-1. Normal vibrational modes for carbon disulfide.
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Isotopic Species

Natural abundances of stable isotopes were used in the determi-

nation of the significant isotopic species and their abundance.

The natural abundances of the stable isotopes of carbon and

sulfur are (10); 12C = 98. 89%,
13C = 1. 11%, 32S = 95. 0%,

3433S = 0. 76%, S = 4.22%, 365 = 0. 014%.

The abundance of any given isotopic species of carbon disulfide

is given by the following equation.

Abundance of species = (Spatial degeneracy)

X (Percent abundance of carbon isotope)

X (Percent abundance of first sulfur isotope)

x (Percent abundance of second sulfur isotope)

(2-2)

Analysis of the various isotopic molecular species indicates

that only four species have an abundance equal to or greater than one

percent (1.00%), the level chosen as being of practical significance.

These four species and their pertinent data are given in Table 2-1.
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Table 2-1. Isotopic species of carbon disulfide.

Isotopic
Species

Spatial
Degeneracy

Natural
Abundance

Relative
Abundance

12
C3252. 1 89. 248% 1.0000

120325335 2 1.428% 0.0160

12
C

32
S

34S
2 7. 929% 0.0888

13 32
S2

1 1.002% 0.00112

Vibrational Energy Levels: Energy of Linear
Triatomic Species

In the absence of perturbation such as Fermi resonance, the

vibrational energy of a linear triatomic species is given in wavenum-

ber units as

Ev =

3

i= 1

d.
v.+ -11w +

2 i

k > i i=1

3
d.

(v.+ )(v 12
k 2
-k ) +

'22

(2-3)

where v. is the vibrational quantum number of mode i, d. is the

degeneracy of mode Xik is the anharmonicity constant between

modes i and k, and is the value of the angular momentum

quantum number of the doubly degenerate bending mode, 1,2. For

energy levels involved in Fermi resonance, the positions of the

unperturbed levels may still be calculated by this method.
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Calculation of the various energy levels of interest is therefore

relatively simple if the anharmonicity constants are accurately

known and Fermi resonance is included. Smith and Overend (8) have

carefully obtained and analyzed high resolution gas phase infrared

data for carbon disulfide and determined the various anharmonicity

constants. Suzuki (11) has recalculated these using additional spec-

troscopic data. Those values determined by Smith and Overend (8)

and presented in their Table IX were utilized in the calculations of the

vibrational energy levels of carbon disulfide. There are no signifi-

cant changes in the values determined by Suzuki (11) in comparison

to those reported by Smith and Overend (8).

Fermi Resonance

Fermi resonance occurs in polyatomic molecules when

vibrational levels have nearly equal energies in the harmonic approxi-

mation. Higher order terms in the potential energy may produce a

mixing or coupling of normal vibrational states and usually results in

vibrational states separated by a greater energy than predicted from

zero order frequencies.

The treatment of the vibrational energy levels affected by

Fermi resonance is concisely presented by Herzberg (12, pp. 215-

217) and the following closely parallels that presentation.



The magnitude of perturbation depends on the value of the

matrix element Hik of the perturbation function H.

0 0*
Hik = d-r

32

(2-4)

The perturbation function H is normally attributed to the anhar-
0

monic terms of the potential energy function, while
0 and tik

are the zero order harmonic oscillator wave functions of the two

interacting levels. A consequence of this formulation is that the

0 must be of the same symmetry if the integral is non-vanishing

because Hik must be totally symmetric. Therefore only vibra-

tional states of the same symmetry species can perturb one another

or be involved in Fermi resonance.

The treatment of Fermi resonance is not restricted to two

interacting vibrational energy levels, but may involve three or more

interacting levels and the general term of Fermi multiplet refers to

two or more interacting levels.

The energies of the Fermi multiplets were calculated from the

secular determinants:

E
0

1
-E

H21

Hnl

H
12

0
E 2-E

Hn2

H.in

H2n

. E0 -E

= 0 (2-5)



in which E0
n

represents the unperturbed energies, E is the

perturbed energy and the Hik terms are given by

Hik = g122 dT122 1 2k

33

(2-6)

where g 122
is a constant in the potential energy and the tli's are

harmonic oscillator wave functions. Maki and Decius (13) have

evaluated these Hik terms and their results are presented for both

Fermi doublets and triplets below: For doublets of the type v1 and

2v2,

H
viv2v3; v1-1, v2+2, v3

3/2
-h g122 1/2, 2

/2 3/2 1/2 vl L(v2+2) _1
2 1/2

" vl v2 (2-7)

b 1/2 2 2 1/2

2
3 /2 vl r(v2+2)

(2-8)

For triplets of the type 2v1, v1 +2v2, 4v
2

there are two nonvanishing

off-diagonal elements which are identical to Equation 2-8 with

H = 0 (2-9)
v1v2v3; v1-2, v2+4, v3

Equations 2-7, 2-8 and 2-9 are correct in the form given and

cgs dimensional units. In order to utilize the results of Smith and

Overend (8) which have units of wavenumbers in the potential energy
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function and dimensionless normal coordinates, the form given by

Maki and Decius (13) must be compared to that of Smith and Overend

(8). Equation 2-8 becomes equivalent to that given by Smith and

Overend (8) when the term "b" from Equation 2-8 is equated to the

k122 term of Smith and Overend (8). The dimensionality of such an

equivalence is correct. Therefore the equation may be written

-k
122 v1/2 [(v +2)2 2

]
1/2 (2-10)3/2 1 2

viv2v3;v1-1, v2+2, v3 2

where k
122

has a value for carbon disulfide of 43.21 cm-1 (8).

Equation 2-9 is, of course, unchanged.

D. J. Gordon (14, p. 26) has reported the Fermi multiplet states

for a linear triatomic species and those that are applicable to this

presentation are given in Table 2-2. The fewer multiplet states con-

sidered for isotopic species other than 12C32S2 reflects both the

isotopic abundance of the species presented in Table 2-1 and the

Boltzmann population of energy states which will be discussed in a

later section.

Calculation of Anharmonicity Constants for 12
C

32
S33S

Smith and Overend (8) did not report anharmonicity constants

for the isotopic species 12
C

32
S

33S. Herzberg (12, pp. 227-231) has
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Table 2-2. Fermi multiplet states.

Initial State Multiplet States

12 32
S2

12
C

32
S

33S

12
C

32
S
34S

0000 10 00, 02 00

1 1 1010 111 03 0

0220 1220, 0420

0200 12 00, 0400, 20 00

1110 21
1 1 10, 13 0, 0510

0000 1000, 02 00

0000 10 00, 02 00

1 1 1010 111 03 0

0220 1220, 0420

0200 12 00, 0400, 2000

0000 1000, 0200
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described the general method used to determine unknown frequencies

and anharmonicity constants of isotopic species and the following

description utilizes those methods presented.

Let X ij

Let w and

be the anharmonicity constant sought for
12C325335.

w be the corresponding frequencies in wavenumber

units for states i and j. Let X.. be a known value and w, and

w. be known values. The relationship between known and unknown
3

anharmonicity values can then be expressed as,

or

However, the frequencies

?:(
W W *

11

X W 0.)

w
1

= X
1 1

1 j ij W.W.
1

and w are not known from

(2-11)

(2-12)

observation or from reported calculations for the isotopic species
120325335.

In order to calculate the frequencies of the isotopic species
12 C325335 a linear interpolation was made between the harmonic

frequencies of the 12C3252 and
12C325345 isotopic species as

(2-13)
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Table 2-3 presents these calculated frequencies and the calcu-

lated anharmonicity constants for 12
C

32
S

33S in comparison to those

given by Smith and Overend (8) for the other reported isotopic species.

Table 2-3. Reported and calculated harmonic frequencies and
anharmonicities.

*
12

C32S2
12

C
32

S
33S 12

C
32

S
34S 12

C
34

S2

w
I

671.95 666.98 662.00 661.95

w
2

398.96 398.42 398.02 398.03

w
3

1558.69 1556.87 1555.05 1555.09

X 11
-0.890 -0.877 -0.871 -0.864

X 12
-1.759 -1.744 -1.730 -1.734

X 13
-7.379 -7.316 -7.237 -7.243

X22
0.661 0.659 0.664 0.664

X 23
-6.535 -6.519 -6.534 -6.533

X33
-6.535 -6.520 -6.512 -6.513

g22
-0.579 -- -0.578 -0.5776

All values reported in units of wavenumbers, cm-I.
Values reported by Smith and Overend (8); values reported for
12C32S33S were calculated.

As a check on the correctness of the method, x11 for

12 32 34
C S S was calculated and compared to the value reported by

Smith and Overend (8). The results are:
-1

X11 calculated = -0.864 cm-1; x11 reported (8) = -0.871 cm

percent error = 0. 80 %. Because the largest error using this method
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would be in the frequency oil calculated, the above error should be

a reasonable error limit on the calculations performed. Also, a sub-

sequent calculation of the 0-). was made using Smith and Overend's

harmonic force constants, k.., and the values found for wl and

(A)

3
by solution of the 2 x 2 secular determinant for the E modes

agreed to within 0.1 cm 1 with the values shown in Table 2-3.

The calculation of the zero order vibrational energies was done

using Equation 2-3 and the parameters given in Table 2-3. Secular

determinants of the form given by Equation 2-5 were used to deter-

mine the final energies for vibrational states involved in Fermi

resonance.

Table 2-4 lists the secular determinants used in the determina-

tion of the final vibrational energies for those states involved in

Fermi resonance. The value of the off-diagonal elements in these

secular determinants was found using Equations 2-9 and 2-10 and the

value of k122 in the potential energy function of carbon disulfide

reported by Smith and Over end (8) (43.21 cm 1).

Table 2-5 lists the various vibrational energy states calculated

for the four isotopic species of carbon disulfide, their zero point

vibrational energy and their final energy which includes any perturba-

tion arising from Fermi resonance.
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Table 2-4. Secular determinants of vibrational states involved in
Fermi resonance.

Ia
12 32

C S
2

(a) 1000, 0200

E0
0

10

10
0

0
10

0
E

0,02 0

00,02

0

0

02

EO -E
0202

0
0

= 0

-k122 /N12

(b) 20 00, 1200, 0400

EO -E
2000

H
0 020 0,12 0

H
2000, 04

0
0

0 020 0, 0400
=

=

H
2000,1200

EO -E
1200

H
1200, 0400

0

-k122

H
2000,0400

H
12

0 0,040
0

EO -E
0400

0

(c) 1220, 040

k122N/2
0 012 0, 04 0

E0 -
12

2
0

E
H1220 ,0420

E0
H1220,0420 0420

-E

-k122N/3/2
1220, 0420

= 0
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Table 2-4. Continued.

(d) 1110, 0310

12 32 33
II. C S S

(a) 1000, 0200

E0 -E H
11°0 11

1 0,03 1
0

0
H E -E

1 1 111 0,03 0 03 0

= -k122
1 111 0,03 0

= 0

(e) 210, 13 0, 05 0
0E2110-E H

1 1
H

1 121 0,13 0 21 0,05 0
E 0

H -E H
1 1 1 1 121 0,13 0 13 0 13 0,05 0

H E0
H -E

1 1 1 1 121 0,05 0 13 0,05 0 05 0

= 0
1 121 0,05 0

= -k 2
1 1 122

N/

21 0,13 0
=

1
13 0,0510

k122q3

0

0
__.1- -E H

0 0 010 0 10 0,02 0
0

H E -E
0 0 010 0,02 0 02 0

= -k122N-2-
0 010 0,02 0

= 0
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Table 2-4. Continued.

12 32 34
III. C S S

(a) 1000, 0200

(b) 1110, 0310

13
IV. c

32
s

2

(a) 1000, 02 00

EO
010 0

-E H
10

0 0,02 0
0

E0
H1000,02000 02 00

-E

= -k
122

Arr
0 010 0,02 0

O
E H

111110-E 1 10,03 0
0

H E -E
1 1

011
1 0,03 0 0310

-E

= k122
1 111 0,03 0

E0 -
010 0

E H1000,
02

0
0

EO
H1000,0200 0200

-E

= -k
122

RI2
0 010 0,02 0

= 0

= 0

= 0
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Table 2-5. Calculated vibrational energies.

Isotopic Energy Unperturbed Final

Species Level Energy Energy

12
C
32

S
2

0000 1507.093 1507.093

0110 1903.31 1903.31

1000 2171.814 2165.001

0220 2299.691 2299.691

0200 2302.007 2308.821

1110 2566.272 2553.590

0310 2700.868 2713.546

2000 2834.756 2820.351

1220 2960.895 2943.039

1200 2963.210 2953.748

0420 3099.893 3117.748

0400 3102.209 3126.076

2110 3227.455 3200.946
1310 3360.312 3352.926
0510 3503.714 3537.609

12
C
32

S
33

S 0000 1503.194 1503.194

0110 1901.036 1901.036

1000 2163.018 2156.381

0220 2294.731 2294.731

0200 2297.043 2305.208

12
C
32

S
34

S 0000 1499.422 1499.422

0110 1894.724 1894.724
1000 2154.332 2147.877

0220 2290.198 2290.198

0200 2292.518 2298.965
1110 2547.904 2535.830

0310 2690.468 2702.542

2000 2807.499 2793.917

12 2 0 2941.648 2924.573
1200 2943.960 2934.727
0420 3088.598 3105.673

0400 3090.910 3113.725

13 32 0C 00 0 1468.552 1468.552
2

0110 1853.788 1853.788

1000 2133.453 2125.134
0220 2234.966 2234.966

0200 2237.282 2245.599

*All energies expressed as wavenumbers, cm-I.



43

Raman Allowed Vibrational Transitions

12
C32S2 and 13C32S2 have point group symmetries of Dooh.

Since the symmetry species of the polarizability are E+ + II + ,

g g g

transitions from the ground state to excited states of any of these

three species are allowed. In addition, one must consider transitions

originating from excited states. If such initial states are totally
+ 0 0symmetric (Z), as is the case for 10 0 or 20 0, the same selec-
g

tion rule with respect to final states applies. Two other initial state

symmetries must be considered, namely II (0110) and A (0220).

The possible final states are then

II X (E++1i
+A ) = II + E+ + E_ +A + II + 't' and

u g g g u u u u u u

A X (Z
+

+11 -1-,6 ) = A + II + 1. + E+ + E- +F respectively.
g g g g g g g g g g

However, almost all the intensity of transition arises from Ql, so

that in fact one needs only the E+ part of the polarizability, with

the consequence that all final states should have the same symmetry

as the initial state. In fact, strictly from group theory considerations

alone, only the g-u transitions are Raman-forbidden.
12The isotopic species C

32
S

33S and 12C32S34S have strict point

group symmetries of Coo
v

; and again the only transitions with

measurable intensity are those for which no change in symmetry

species occurs.



The Raman spectrum of carbon disulfide has two main vibra-

tional band groupings; those whose energies are near that of the

mode (00 0 0-10 0 0), and those whose energies are near that of the

1

44

2v
2

mode (000 0-02 0 0). The transitions reported in Table 2-6

represent those symmetry allowed Raman vibrational transitions

grouped according to their transition energies. Naturally, an infrared

experiment does not yield any of these transition frequencies directly,

but Smith and Overend (8) report a number of levels from their own

work or other literature sources, many of which are obtained by

elementary combination of two allowed infrared transitions. For

example, the energy of the 1000 state is obtained by subtracting the

frequency of the (1000-0001) transition from that of (0000-0001),

both being infrared allowed. Consideration of possible initial states

was based primarily on the Boltzmann population factors discussed

in the next section.

A line numbering code is introduced at this point for ease of

identification of the transitions in the displayed state spectra found

later in the results. In all regions, the transitions are numbered

consecutively starting with the highest wavenumber transition.

Transitions whose predicted intensities are too weak for considera-

tion are omitted in this numbering code.



Table 2-6. Raman allowed vibrational transitions.

Calculated Deduced
Line Isotopic Initial Final Transition Observed From IR

Number Species State State Energy Raman (9) Observations (8)

v
1

Region
0000 (E )

g

01 10 (II
u

)

1000 (E+)
g

111 0 (IIu)

657.91

650. 28

657. 98

650. 24

658. 01

650. 49

0
12

C
32

52

4

2 1000 (E+) 2000 (E+) 655.35 655.49
g g

8 0220 (t ) 1220 (A ) 643. 35 643. 64
g g

0220 (A ) 1200 (E+) 654. 06
g g

0200 (E+) 1220 (A ) 634. 22
g g

7 0200 (E +
) 1200 (E+) 644.93 645. 02

g g

6 1110 (II )
u

2110 (II )
u

647. 36 648. 01

3
120325335 0000 (E) 10 00 (E) 653. 19 652. 99

5
12

C
32

S
34S

00 00 (E) 10 00 (E) 648.46 648.37 648.37

9 0110 (II) 1110 (II) 641. 11 641. 29 641.29

1
12

C
32

S2
+

0000 (E ) 1000 (E+) 656. 58 657.24
g g



Table 2-6. Continued.

Calculated Deduced
Line Isotopic Initial Final Transition Observed From IR

Number Species State State Energy Raman (9) Observations (8)

2v
2

Region

12 32
C 0000 (E+g

g
) 0220 (A )

8 0000 (E +) 0200 (E+)
g g

5 0110 (II ) 0310 (II )
u u

1000 (E+) 1220 (A
g g

11 1000 (E+) 1200 (E +)
g g

1 0220 (A ) 0420 (,6
g g

(.a
2

)020 0400 (E+)
g g

0420 (,6 )0200 (E+)
g g
+0200 (E )2 0400 (E+)
g g

10 1100 (II u) 1310 (11u

0 0310 (II ) 0510 Wu
u

792.60

801.73

810.24

778.04

788.75

818. 06

826. 38

808.93

817.26

799.34

824.06

792.52

802. 11 801.85

811. 12

819. 18

818. 15



Table 2-6. Continued.

Calculated Deduced
Line Isotopic Initial Final Trans ition Observed From IR

Number Species State State Energy Raman (9) Observations

12
C

32
S

33S 0000 (E) 0220 (A) 791.54

7 0000 (E) 0200 (E) 802.01

12
C

32
S

34S 0000 (E) 0220 (A) 790.78

9 0000 (E) -0200 (E) 799.54

6 0110 (II) 0310 (II) 807.82

3 0220 (A) 0420 (A) 815.48

0220 (A) 0400 (E) 823.53

02 00 (E) 0420 (A) 806.71

4 02 00 (E) 04 00 (E) 814.76

13
C

32
S2 0000 (E+) 0220 (A g) 766. 41

12 0000 (E+)
g

0200 (E+)
g

777. 05

(8)
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Boltzmann Population of Vibrational Energy Levels

Any molecular species that has energy states near the ground

state energy will have a portion of the total number of that species in

these low lying excited states simply on the consideration of thermal

excitation. There are no low lying excited electronic levels in carbon

disulfide and the rotational fine structure is lost in liquids, thus only

the thermal population of excited vibrational energy states need be

considered.

For any given isotopic species of carbon disulfide, the relative

populations of the various excited vibrational energy states, with

respect to the ground vibrational state may be calculated by the

standard Boltzmann equation of

or

N g
exp(-hvikT)

N0
g00

N. g.
1 exp( -1. 4388Ew/T)

N0 g0

(2-14)

(2-15)

Ni and N
0

are the numbers of molecules in the excited and

ground state, respectively; g. and go
are the degeneracy factors

for the excited and ground state, respectively; ,6(,) is the energy

difference in wavenumbers of the two states; T is the absolute

temperature; and the constant 1.4388 is the combination of
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constants, he /k, that allows the formula to be used in units of

wavenumbers. The degeneracy of a given vibrational state is given by

gi = (v2 +1) (2-16)

For the symmetric and asymmetric stretching modes there is no

ambiguity in the use of Equation 2-16 to determine the degeneracy of

the vibrational state. The bending mode, however, has an angular

momentum quantum number associated with it, and the total degen-

eracy of the mode must be correctly partitioned among the various

angular momentum quantum states. If v2 = 0, then / = 0 and

g = 1; if v2 = 1, = 1 and g = 2, if v2 = 2, = 0, 2 and
v2 v2

g = 1, g = 2. Note that the total degeneracy still satisfies Equa-
v2 v2

tion 2-16.

The calculated vibrational transition energies, Lco, reported

in Table 2-6 were used to determine the Boltzmann population factors.

The temperature was assumed to be 300°K as all data were

recorded at room temperature, but without temperature monitoring of

the sample itself. The magnitude of the temperature effect on the

Boltzmann distribution is discussed in a later section.

Vibrational energy states having Boltzmann populations of less

than one percent (1. 00%) relative to the ground vibrational state of

each isotopic species were omitted from consideration. The
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maximum magnitude of the energy difference, ,O.u.), that allowed an

excited vibrational state to be considered was determined as follows.

Equation 2-15, which is valid for the determination of the

Boltzmann population of any given vibrational state, is rewritten in

logarithmic form as

or

Ni gi
In = In + (-1.4388Aw/T)

N0 g0

N
300 gi

N.
Lin ln1.4388

g0
NO

The degeneracy ratio of g. /g
0

will have values of

gi 1,2
g0

depending upon the degeneracy of the excited state since

(2-16)

(2-17)

(2-18)

g0 1

(2-19)

The arbitrary limit of Ni/No = 0.01 was imposed, leading to the

following values of Lwmax.

For
-1

gi /go = 1; 6wmax = 960. 21 cm

= 1104.74 cm-1
gi/g0 2; 6wmax

(2-20a)

(2-20b)
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Thus, for any given isotopic species of carbon disulfide,

vibrational energies exceeding the appropriate Awmax value were

not considered.

Equation 2-15, in conjunction with Equations 2-20a, b, allowed

the relative Boltzmann populations to be calculated for each isotopic

species of carbon disulfide. The goal required a comparison of the

relative populations with respect to the most abundant isotopic

species, 12 32
C 52, thus the isotopic abundance of each species also

had to be considered.

Those transitions which are equal to or greater than one per-

cent (1.00%) of the ground state of 12
C32S2 were determined by

(Boltzmann Population Factor)(Isotopic Abundance) > 0.01 (2-21)

which required that for a given isotopic species,

(Boltzmann Population Factor) > 0.01 /(Isotopic Abundance) (2-22)

For each isotopic species only those vibrational states having

the following Boltzmann populations need be considered.

For

12 32
C S2' Boltzmann Factor > 0.01 (2-23a)

12
C

32
S

33 Boltzmann Factor > 0.62 (2 -23b)

12 32 34
C S S; Boltzmann Factor > 0.11 (2-23c)

13
C

32
S2, Boltzmann Factor > 0.89 (2 -23d)
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The results of these calculations are presented in Table 2-7.

Some additional states are listed which did not meet this requirement

for later consideration of the inherent intensity.

Table 2-7. Boltzmann population of vibrational states.

Isotopic Vibrational Boltzmann Population Relative
Species State to Isotopic Ground State

12 32
S2

12C 32533S

12C 32
S

34S

13
C

32
S2

0110 0.2992

1000 0. 0426

0220 0. 0447

0200 0. 0214

1110 O. 0132

0310 O. 0061

None None

0110 0.3005

0220 O. 0451

0200 O. 0216

None None

Estimate of Temperature Effects on Boltzmann Factors

Because the actual sample temperature was not monitored

during the experiment, there is some uncertainty in the accuracy of

the Boltzmann factors presented in Table 2-7. A brief investigation

was therefore made as to the effect of temperature upon the calcu-

lated Boltzmann factors. As all data were obtained at room tempera-

ture and it might be expected that some sample heating from the laser
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beam would occur, the nominal temperature of 300°K was chosen as a

reasonable and representative sample temperature. Table 2-8 pre-

sents the results of utilizing various temperatures in the determina-

tion of the Boltzmann factors. As may be seen, the effect over a

reasonable temperature range is not large, being of the order of three

percent (3. 00%) deviation. Because the sample temperature was not

known accurately, the Boltzmann population of a given vibrational

level has an inherent uncertainty as indicated in Table 2-8.

Inherent Intensity of Transition

Harmonic Oscillator Model

Although calculation of absolute Raman intensities appears to be

both a formidable and usually unsatisfactory task, the relative

intensities of Raman vibrational modes may be obtained by a rela-

tively simple procedure. The complication of Fermi resonance and

its effects on the determination of relative Raman vibrational intensi-

ties is discussed in a later section.

Assuming the Raman effect to be due to an induced dipole

radiator allows the oscillating dipole to be expressed as (Eq. 1-7),

gt) = a0E0 cos 2rrvt + cr1E0/2[cos 2ir(v+vk)t + cos 27(v- vk)t] (2-24)



54

Table 2-8. Temperature effect on Boltzmann populations.

Boltzmann Population
Isotopic Vibrational Temperature, Factor Relative to
Species State °K Isotopic Ground State

12
C

32
S2 0110 290 0.2801

295 0. 2896
300 0. 2992
305 0. 3085
310 O. 3180
315 0. 3274
320 0. 3368

0200 290 0.0187
295 O. 0200
300 O. 0214
305 0. 0228
310 0. 0242
315 0. 0257
320 0. 0272

0220 290 0. 0392
395 O. 0419
300 0. 0447
305 0. 0476
310 O. 0505
315 0. 0535
320 0. 0567

1000 290 0. 0382
295 0. 0404
300 0. 0426
305 0. 0449
310 0. 0472
315 0 . 0495

O. 0519

1110 290 O. 0111
295 O. 0121
300 O. 0132
305 O. 0144
310 O. 0155
315 O. 0168
320 O. 0181
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Table 2-8. Continued.

Boltzmann Population
Isotopic Vibrational Temperature, Factor Relative to
Species State °K Isotopic Ground State

12C 32S2 0310 290 0.0053
295 0. 0056
300 0. 0061
305 0. 0068
310 0. 0074
315 0. 0081
320 0. 0088

12
C

32
S

33S

12C32S34S 0110 290 0. 2814
295 0. 2909
300 0. 3005
305 0. 3099
310 0. 3193
315 0. 3288
320 0. 3382

13
C

32
S2



For molecules undergoing small vibrations the polarizability

may also be expanded in terms of the normal coordinates as

a. = 0
+

k

aa.
)Q + higher termsaok k

The time dependent oscillating dipole then becomes

0
P-(t) = E 0(a i

cos 2Trvt+

k

aa.

ac2k k

1X [
2

cos 2Tr(v+v
k 2

)t + 1 cos 2Tr(v-vk)t]

56

(2-25)

(2-26)

where Qk is the amplitude of the kth normal coordinate. The

induced electric dipole oscillates at incident frequency v giving

rise to Rayleigh scattering as well as the Raman frequencies of

(v+vk) and (v-vk). The frequencies

lines while those of (v+vk)

(v-vk) are called the Stokes

are designated the anti-Stokes lines.

The above development is restricted to the fundamental vibra-

tional modes of the molecule. The higher terms of the normal

coordinate expansion of the polarizability, Equation 2-25, have forms

such as

a
2 a

i 2

2
)Qk

aQk
(2-27)



which give rise to overtone transitions, and

a2a

aQk aQ )(2k

57

(2-28)

which describe overtone transitions.

In general, the polarizability of a molecule will vary as its

orientation with respect to the external field varies. Therefore the

polarizability is generally a 2nd rank tensor whose nine components

are

11X zaXXEX +aXYEY aXZE Z

µY
E + a E + a E

Y YX X YY Y YZ Z

11Z aZXE X
+ aZYEY aZZEZ

which when written in normal matrix notation becomes

(1-10)

= aE (1-11)

Each component of the Raman vibrational polar izability tensor is

really a derivative with respect to the vibrational normal coordinates.

Just as the intensity of an oscillating dipole is proportional to

the square of the electric dipole (3), Raman intensities are propor-

tional to the squares of polarizability elements. If the vibrational

transition is expressed as



aa.
<vlaivi> <vI(aQ )QIv'>

k
k
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(2-29)

where v and v' represent the initial and final states, respec-

tively and (8ai/aQk) is a constant, the R. H. S. of Equation 2-29

becomes,

aa.
KviQklvl>aQk

The intensity is proportional to

I<viQkivi>12

(2-30)

(2-31)

If the vibrational motion is assumed to be harmonic, then the

transition elements defined in (2-31) involve the Hermite orthogonal

functions. These are of the form

1 2

vk> 1Pvk(Qk)

"Yk Qk
Nvke Hvk (N1

/2Q

where N
vk

is the normalization factor of

and

1 \
Trvk

2
vk(v !))

47.2 vk /1-1

1/2

(2-32)

(2-33)

(2-34)
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H
vk

(y
/z

k Qk) is the Hermite polynomial of degree vk in the normal

coordinate

In this approach, the intensity of a given vibrational intensity

will be proportional to the square of terms such as (3, p. 290)

v+1 1/2
Qv, v+1 = [ 2N

Q
v ]1/2

v, v-1 2y

= [(v+1)(v+2)]112
Qv, v+2 2y

(2-35)

(2-36)

(2-37)

Fundamental and fundamental-like Raman vibrational transitions

have intensities proportional to the square of Equation 2-35.

, v+1 ,
]I cc tr 2y (2-38)

while overtone transitions have intensities proportional to the square

of Equation 2-37.

1

I c)c L(v+1)(v+2)] (2-39)

where y is described by Equation 2-34.

Although most transitions of interest in this discussion have

intensities whose relative strengths may be described by Equations

2-38 or 2-39 there is a particular transition that is not described by
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the above- the vibrational transition where the angular momentum

quantum number changes by A/ = ± 2, such as the (0220-1200)

transition.
0Using the (0220-12 0) transition as an example, it is noted that

the initial state symmetry is A and the final state symmetry is
g

E. Therefore the polarizability operator must be

A = A X E+
g g g

(2-40)

from basic group theory.

In a Dooh molecule the polarizability components which have

A type symmetry are a
XX

- a
YY

and axY (3, p. 330). These,
g

as is known, only contribute to the depolarized or anisotropic spec-

trum, not to the isotropic spe ctrum. The task is to find an expansion

of the polarizability operator of the correct symmetry, A . This

can not simply be (8a/8Q1)Q1 because Q1 is totally symmetric,

E+. The lowest order contributor is of the form
g

where

3aa 2
)Q±Q1

aQ aQ

Q+= pc
igo p(cos go + i since) = Qx + iQY

go
Q = pc -i p(cos - i sin yo) = Q

X
iQ

(2-41)

(2-42)

(2-43)



QX
and Q are the Cartesian bending normal coordinates. This

follows because

2 ±2iyo
Q± e

which constitutes a zs pair. It is noted that such transitions
g

(A/ = ±2), although allowed by symmetry, would be very much

61

(2-44)

weaker than the ordinary fundamental-like transition of (02 0 0-12 0
0).

Therefore, Raman vibrational transitions involving a change of

the angular momentum quantum number by A = ±2 are expected

to be much weaker than those where Ai = 0 and their relative

intensities can not be adequately described, but in general can be

omitted.

The comparison of the relative inherent intensities of the Raman

vibrational modes can be expressed as

+1)

v.+1

i
-yi v.(viI 2

I. v.+1 v(v+1)
J [.__L ] 1 J

2-y.
J

for fundamental and fundamental-like transitions, and

(2-45)



1

2
[(vk +1)(vk +2)]

I
k

4y
k

hv.[(v
k +1)(v

k +2)]

v.+1
8Tr

2v
k

(v
i
+ 1 )r

L 2y. -I

i
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(2-46)

for comparison of overtone transitions to fundamentals. Note that,

based on the harmonic oscillator model, overtones and combinations

would be expected to have negligible intensity with respect to funda-

mental transitions. Relative intensities of overtone transitions are

described by

I
k

4Y
k

12
{(vk+1)(vk+2)]

1

2
[(vI +1)(v +2)]

4.y1

v22 kvk +1 )(vk +2 )]

vk2 [ (v, +I )(Nil +2)]
(2-47)

Equations 2-45 and 2-47 allow the relative intensities of the

same types of Raman vibrational modes to be determined based on the

vibrational quantum numbers of the transition and the frequencies of

the vibrational modes.

Table 2-9 lists those transitions of carbon disulfide reported

in Table 2-6 and their relative intensities within each region. The

0 0 0 0 12 32(00 0-10 0) and (00 0-02 0) transitions of C S2 were chosen as

the reference transitions because of the isotopic abundance of

12C32
S2.



Table 2-9. Relative inherent intensity of transition.

Isotopic Initial Final Relative Inherent Intensity
Species State State Within the Region

v
1

Region

00000 100012
C

3252

0110 1110

1000 2000

0220 1220

0220 1200

0200 1220

0200 1200

1110 2110

0310 1310

12
C

32
S

33S 0000 1000

12
C

32
S

345 0000 1000

0110 1110

1000 2000

0220 1220

0220 1200

0200 1220

0200 1200

1332S2 0 0
C S

2
00 0 10 0

2v
2

Region

126325
2

0000 0220

0000 0200

0110 0310

1000 1220

1. 0000

1. 0117

2. 0078

1. 0226

omit; A/ =±2

omit; A/ =±2

1. 0201

Z. 0326

1. 0290

1. 0072

1. 0146

1. 0262

2. 0367

1. 0371

omit; A/ =±2

omit; Al =±2

1. 0348

1. 0020

omit; A/ =±2

1. 0000

2. 9373

omit; A/ =±2

63
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Table 2-9. Continued

Isotopic
Species

Initial
State

Final
State

Relative Inherent Intensity
Within the Region

1000

0220

12
0

0

0420

1. 0332

5. 7628

0220 0400 omit; Li =±2

0200 0420 omit; Li =±2

0200 0400 5. 7741

11
1

0 13
1

0 3. 0180

0310 0510 9. 4654

12
C

32
S

33S
00 00 0220 omit; al =±2

0000 0200 O. 9993

12
C

32
S

34S
00 00 0222 omit; Li =±2

0000 0200 1. 0055

0110 0310 2. 9549

0220 0420 5.7994

0220 0400 omit; LI=±2

0200 0420 omit; Li =±2

0200 0400 5.8096

omit; L1 =±2

1. 0645



65

Intensities of Fermi Multiplets

The eigenvalues of the mixed states involved in a Fermi

multiplet are represented as mixtures of the unperturbed eigenfunc-

tions. The secular determinant for the determination of the energies

of vibrational states that are components of a Fermi multiplet has

been presented in Equation 2-5. The energy values that satisfy the

secular determinant are required to determine the correct mixing

coefficients of the unperturbed eigenfunctions.

A Fermi doublet has a vibrational energy secular determinant

of

whose solutions are

1E = (E.
2

The mixing coefficients

(E.

and

H

E. -E Hik

0
Hik Ek-E

0 1 I__+E ) [41H.
k 2

Hik'

may be

0 -E)c
1

+ H
ik

c
2

ik
c

1 k
+ (Eo-E)c

2

= 0

12 ,_0 _02]±(E )

described by

0

0

1/2

(2-48)

(2-49)

(2-50)

(2-51)
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Each root of the secular determinant will satisfy the above
0 0

equations. The values of E. (or Ek), E and Hik are sub-

stituted into Equation 2-50 (or 2-51) and one of the mixing coefficients

found relative to the other. Introducing the normalization require-

ment of

r 2 211/2
1-cl+c2-1 1

(2-52)

allows a normalized numerical value to be given to each coefficient.

For a Fermi doublet the above procedure reduces to

where

and

r A +81 11 /2,

1 L 2,6

r -6 11 /2
c

2
= 2A

6 = the difference in energy of the unperturbed energy

(2-53)

(2-54)

levels (2-55)

A = [41Hik12+6211
/2

The correct wavefunctions of the Fermi doublet are then

represented as
0 0

ck`lik

0 0

ci4jk

(2-56)

(2-57)

(2-58)
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0
where ip

0 and LIJ

k
represent the unperturbed states.

If these two bands occur from a common unperturbed energy

level, such as the ground state, their intensities can be calculated as

The terms (0( i)

I. cc [c.(01i)-c
k

(01k)]
2 (2-59)

Ik cc [ck(01i)-1-ck(0 I k)]2 (2-60)

and (01k) represent the complete transition

matrix elements of <00 001 al i> and <000 Ojalk>, respectively,

for carbon disulfide. Equations 2-59 and 2-60 are examples where

the initial, unperturbed state was assumed to be the ground state;

similar notation is used if the initial state is not the ground state.

The main consideration is the recognition that the terms in parenthe-

ses represent the transition matrix elements, not an intensity.

To calculate the corrected intensities I. and Ik' the

values of c., c
k

, (01i) and (01k) must be known. The values of

c. and ck may be calculated as shown in Equations 2-53 and 2-54;

it is the evaluation of the transition matrix elements that precludes

absolute evaluation of I. and If If the simplifying assumption is

made that only those transitions where Ls v1 = 1 have appreciable

inherent intensity, then an approximate evaluation of Equations 2-59

and 2-60 may be made. The transition element for a transition where

ANTI. = 1 may be evaluated as shown in Equation 2-35.
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Table 2-10 lists the mixing coefficients for the Fermi doublets

considered.

Table 2-10. Mixing coefficients of Fermi doublets.

Fermi Doublet c
1

c
2

120 325

12
C

32
S

33S

12
C

32
S

34S

13 03252

10
00,02 0

0

11
1 0,03 1

0

1220,0420

10
00,02 0

0

10
0 0,020

0

11
1 0,03 1

0

10
00,02 0

0

O. 9760

0.9596

0.9475

O. 9772

0. 9784

0.9892

0. 9648

0.2178

0.2815

0.3197

0.2123

0.2067

0.1466

0.2629

The calculation of the mixing coefficients for a Fermi triplet is

analogous to that described for the Fermi doublet, but considerably

more tedious because no simplifying expressions such as Equations

2-53 and 2-54 exist.

Due to this increased complexity of calculation the determina-

tion of the mixing coefficients of the Fermi triplets required will be

shown. In addition, it is found that the actual transitions of interest

involve not only the final vibrational states of the Fermi triplets but

also initial states which are themselves perturbed states. Therefore

the total analysis of these intensity parameters will be shown for

completeness and clarity.
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The three Fermi triplets of interest originate from the isotopic

species of 12C32S2 and 12C325345 and involve the following vibra-

tional states; (2000, 1200, 0400) and (2110, 1310, 0510). Complete

0 0 0 12 32
analyses for the (20 0, 12 , 04 0) states of C52 are shown but only

the final results for the other triplets.

The three simultaneous equations of the (2000, 1200, 0400) states

are

(E0
-E)c

1 0 0
+ H c2 + 0= 0

000
00-20 0 20 0, 12 0

-E)c
2 0 0

+ HH
0 0

c
1

+ (E0
0 020 0, 12 0 00 0-12 0 12 0, 04

0 + H -E)c3 =0
1200, 040

c
0

2
+ (E

0 000 0-04 0

c
3

0

0

(2-61)

(2-62)

(2-63)

The coefficients c1 and c3 may be expressed in terms of c
2

from Equations 2-61 and 2-63, respectively, as

and

-H
2000, 1200

cl
(E0 -E)

c
2

0 000 0-20 0

-H
1200, 0400

c3
c

2
(E0(E -E)

0 000 0-04 0

The normalization requirement is

(2-64)

(2-65)



2000,1200
\
12 2 2 H1200,0400 2

c + c + c2
-E) 2 2

(EO
0 0

-E)
00° 00-200 / 00 0-04 0 /

1/2

= 1
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(2-66)

The vibrational energy secular determinant has three roots,

each root being identified with a particular vibrational state. These

are: E = 1313.258 cm 1 (20
0 1

(2000); E = 1446.655 cm (1200); and

E = 1618.983 cm 1
0(040). Each root must be substituted into Equa-

tion 2-66 and the set of mixing coefficients determined for that root.

Analogous calculations were performed for the triplet states of

(2110,1310,0510). The results of these calculations are presented in

Table 2-11. These coefficients must be utilized in the determination

of the proper intensity parameters.

The intensity of a transition between an initial and final state

is proportional to

where

I <i I I f>12

if> =

0'
>

11

1

if
0'

and c.., and cff, are the proper mixing coefficients of the

(2-67)

(2-68)

(2-69)
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unperturbed states of which the initial and final states are comprised.

Table 2-11. Mixing coefficients of Fermi triplets.

Final
State c. 2000) c 2(12%) c3(04°0)

12 32
S2

2000 0.9465 0.3155 0.0684

1200 -0.3183 0.8766 0.3608

0400 -0.0539 0.3633 -0.9301

c
1
(2110) c2(1310) c 3(0510)

2110 0.9130 0.3961 0.0979

1310 -0.3999 0.8210 0.4075

0510 -0.0333 0.4112 -0.9079

c1(2000) c2(12°0) c3(04°0)

120325345

2000 0.9522 0.2993 0.0616

1200 -0.3016 0.8879 0.3474

0400 -0.0493 0.3494 -0.9357

The transition may then be expressed as

<i° I c?lt II a I fo' > (2-70)

but c, and cff , are constants, allowing the above to be rewritten

as



ff <i
01

lalf
01c. C >I

fu

The final intensity is proportional to

if
Oc 12

c;;;Tc ,<i i

>1
ff
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(2-71)

(2-72)

Therefore the Fermi intensity parameters for transitions

between states, both of which are members of Fermi multiplets may

be calculated if the mixing coefficients for both states are known.

The Fermi resonance intensity parameters are listed in Tables

2-12 and 2-13 for the v
1

region and 2v2 region of carbon disul-

fide, respectively. Those transitions where L1 = ±.2 are omitted

on the basis of their expected very weak inherent intensity. The

transition matrix element notation used is that described for Equa-

tions 2-59 and 2-60.

The main difficulty in the application of (2-72) is that the

numerous transition matrix elements of the polarizability,

Ofi Or
<i Icelf are not known. In principle, they might be extracted

from the data, but only a few cases are known in the literature in

which this has been done, e.g. NCO (15, 16), and such investigations

required isotopic enrichment which has not been used in the present

work.



Table 2-12. Fermi intensity parameters; v1 region.

Line Isotopic Initial Final
Number Species State State

12 32 0
0 C S 0000 10 00

2
1 1

4 01 0 11 0

2 1000 2000

8 0220 1220 0)1

7 02 °00
12

0
0

6 1110 2110

3
12

C
32

S
33S

00 00 10 00

5
12

C
32

S
34S

0000 10 00

9 01 10 1110
13 32 1

1 C S 10
o

00000

Fermi Resonance Intensity

10.9760(000011000)-0.2178(000010200)12

10.9596(01 1 0111 1 0)-0.2815(01 1 010310)12

1[0.9760][0.9465](100012000)+[0.9760][0.3155](100011200)

+[0.9760][0.0684](1000104°0)40.2178][0.9465](020012000)

-[0.2178][0.3155](020011200)40.2178][0.0684](020010400)12
2 210.9475(022011220)-0.3197(0220104

I -[0.2178][0.3183](100012000)+[0.2178][0.8766](100011200)

+[0.2178][0.3608](100010400)40.9760][0.3183](020012000)

+[0.9760][0.8766](020011200)+[0.9760][0.3608](0200(0400)12

I [0.9596][0.9130](111012110)+[0.9596][0.3961](111011310)

+[0. 9596][0.0979](111010510)-[0.2815][0.9130](031012110)

40.2815110.3960031011310)-0. 2815][0.0979](031010510)1 2

, , ,10.9772(000011000)-0.2123(0000102%)1 2

10.9784(000011000)-0.2067(000010200)12

10.9892(01 1 0111 1 0)-0.1466(011010310)12

10.9648(00°0110°0)-0.2629(00°0102°0)12



Table 2-13. Fermi intensity parameters; 2v2 region.

Line
Number

Isotopic
Species

Initial
State

Final
State

8

5

11

1

2

1 0

0

12 32
C 5

2
00 00

0110
0

0220

0200

1110

0310

02%

0310
1200

0420

0400

1310

0510

Fermi Resonance Intensity

2178(00%110°0)+0. 9760(000010200)12

10.2815(011011110)+0.9596(011010310)12

1[0. 9760][0. 3155](100012000)+[0. 9760][0. 8766](100011200)

+[0. 9760][0. 3633](100010400)40. 21781[0. 3155](020012000)

-[0. 21781[0.8766](020011200)40. 2178][0. 3633](020010400)12

10. 3197(022011220)+0. 9475(022010420)12

140. 2178][0. 0539](100012000)+[0. 2178][0. 3633](100011200)

-[o. 2178][0. 9301](100010400)40. 9760][0. 0539](020012000)

+[0. 9760][0. 3633] (020011200)40. 9760][0. 9301](020010400)12

140. 95961[0. 3999]011012110)+[0. 9596][0.8210](111011310)

+[0. 9596][0. 4075](111010510)+[0. 2815][0. 3999](031012110)

-[0. 28 15][0. 8210](031011310)40. 28151[0. 4075](031010510)12

140. 2815][0. 0333](111012110)+[0. 2815][0. 4112](111011310)

-[0. 28151[0. 9079](111010510)40. 9596][0. 0333](031012110)

+[0. 9596][0. 4112](031011310)-10. 95961[0. 9079](031010510)12



Table 2-13. Continued.

Line
Number

Isotopic Initial
Species State

Final
State

7

9

6

12
C

32
S

33S

12
C

32
S

34S
0000

00
0

0
101 0

0200

0200
103 0

3 0220 0420

4 0200 0400

1 2
13

C
32

S2 00 00 02 00

Fermi Resonance Intensity

110. 2123(00°0110°0)+0. 9772(00°0 102°0)12

10. 2067(00°0110°0)+0. 9784(00001 0200)12

10. 1466(01 1 0111 1 0)+0. 9892(011010310)12

10. 3070(022011220)+0. 9517(022010420)12

1

10. 2629(00001 0 1 ,0_,12110°0)+0. 9648(00 010L u)1

-[0. 2067][0. 0493](100012000)40. 2067][0. 3494](10°0112°0)

-[0. 2067][0. 9357](100010400)40. 9784][0. 04931(020012000)

+[0. 9784][0. 34941(02°0112°0)40. 9784][0. 9357](020010400)12
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Therefore, an approximation is introduced which greatly

simplifies the remaining calculations. According to this approxima-

tion, only the fundamental transition is assumed to have finite inten-

sity in terms of the zero order wave functions. This means that

O' 0' 0
<i l

> is assumed to be non-vanishing only if 1i > and

1f0> are states which differ by unity in the quantum number, v 1.

Because the notation of Tables 2-12 and 2-13 is somewhat

cumbersome, consider the result of the above approximation. The

terms in parentheses represent the transition matrix elements which

0 0 12 32
must be evaluated. Using the (10 0-20 0) transition of C S2 as

an example, there are six transition matrix elements, but only two

are assumed to be non-vanishing in the approximation described

above. These are (100012000) and (02001 120 0). The mixing coeffi-

cients have been determined and the transition matrix elements may

be obtained from Table 2-9 for the vl region where it must be

remembered that the correct transition element is the square root of

the entry in the last column. This gives a final intensity of

I
0 0

cc 1(0.9760)(0.9465)(2.0078)1 /2

10 0-20 0
-(0.2178)(0.3155)(1.0201)1/212 (2-73)

This approximation may be used in exactly the same manner for

the determination of the Fermi resonance intensities in the 2v2

region.
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Tables 2-14 and 2-15 present the final results of this approxi-

mation to the Fermi resonance intensity for the 111 and 2v
2

regions of carbon disulfide, respectively. Note that the isotopic

abundances and Boltzmann factors have not yet been included in these

determinations.

Table 2-14. Fermi intensities
' 1

region.

Line
Number

Isotopic
Species

Initial
State

Final
State

Fermi Resonance
Intensity

0
12

C
32

S2 0000 1000 0.9526

4 0110 1110 0.9208

2 10 00 2000 1.5366

8 0220 1220 0.9180

7 0200 1200 0.5866

6 1110 2110 1.2905

3
12

C
32

S
33S

00 00 1000 0.9618

5
12

C
32

S
34S 00 00 1000 1.0042

9 0110 1110 0.9900

0.9327
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Table 2-15. Fermi intensities; 2v
2

region.

Line Isotopic Initial
Number Species State

Final
State

Fermi Resonance
Intensity

8

5

11

1

2

10

0

7

9

6

3

4

12

12
C

32
S2 0000

0110

1000

0220

0200

1110

0310

12
C

32
S

33S 0000

12 32 34
C S S 0000

0100

0220

0200

13 32
S 2

0000

0200

0310

1200

0420

0400

1310

0510

0200

0200

0310

04 20

0400

0200

0. 0474

O. 0801

0.0593

0. 1045

0. 1166

O. 6107

0. 1497

0.0458

0.0433

0.0218

0. 09 63

0.1111

O. 0693

Normalized Relative Intensities

The total relative intensity of any given vibrational state, in

the absence of Fermi resonance, is given by the intensity factor

I = (Isotopic Abundance of Species) X (Boltzmann Population Factor)

X (Inherent Intensity of Transition) (2-74)

The total relative intensity, including Fermi resonance effects,

is given by
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I = (Isotopic Abundance of Species) X (Boltzmann Population Factor)

X (Fermi Resonance Intensity) (2-75)

Note that in Equation 2-75 the inherent intensity of transition is

included in the Fermi resonance intensity factor.

These relative intensities were normalized with respect to the

(0000-1000) and (0000-0200) transitions of 12
(00 for the v

1
and

2v
2

regions of carbon disulfide, respectively. Tables 2-16 and

2-17 present the final results of these determinations. Only those

transitions having an intensity greater than or equal to one percent

1. 00 %) of the reference mode were retained.

A comparison of the relative intensities in the last two columns

of Tables 2-16 and 2-17 gives a picture of the effect of including

Fermi resonance in the intensity calculations, even though it is

recognized that an approximation has been made. For the
1

region there is remarkably little difference in the relative intensity

values determined by the two methods. This is a direct result of the

fact that qualitatively, all the transitions have approximately the

same value of the mixing coefficient for the fundamental-like transi-

tions, the only ones considered to have a significant intensity contribu-

tion.

In the 2v2 region, several of the transitions give significantly

different values for the two methods. Comparison of these two



Table 2-16. Relative intensity factors;
V1

region.

Relative
Line Isotopic Relative Boltzmann Inherent Relative* Fermi+

Number Species Abundance Transition Factor Intensity Intensity Intensity

0

4

2

8

7

6

3

5

9

1

12
C

32
S2

12
C

32
S

33S

12
C

32
S

34S

13 32
S2

1. 0000

0.0160

0. 0888

0.0112

00
o 0-10 o

0

01
1 0-11 1

0

10
o0-20 o

0

0220-1220

02
2 0-12 o

0

02
o0-1220

0200-1200

11
1 0-21 1

0

00
o0-10 o

0

00 o0-10 o
0

01
1 0-11 1

0

00
o0-10 o

0

1. 0000

O. 2992

0. 0447

0. 0447

0. 0447

O. 0214

0. 0214

O. 0132

1. 0000

1. 0000

0. 3005

1. 0000

1. 0000

1. 0117

2. 0078

1. 0226

omit; A/ = ±2

omit; Ai=

1. 0201

2. 0326

1. 0072

1. 0146

1. 0262

1. 0020

1. 0000

0. 3027

0. 0897

0. 0457

O. 0218

0. 0268

0. 0161

0. 0901

0. 0274

0. 0112

1. 0000

O. 2892

O. 0721

0. 0430

O. 0132

O. 0178

O. 0162

0. 09_16

0. 0277

O. 0109

Calculated according to Equation 2-74.
tCalculated according to Equation 2-75.



Table 2 -17. Relative intensity factors; 2v
2

region.

Relative
Line Isotopic Relative Boltzmann Inherent Relative* Fermi*

Number Species Abundance Transition Factor Intensity Intensity Intensity

12
C

32
S2 1. 0000 0000-0220 1. 0000 omit; A/ =±2

8 00
0 0-02 0

0 1. 0000 1. 0000 1. 0000 1. 0000

5 0110-0310 O. 2992 2. 9373 0. 8788 O. 5055

1000 -1220 0. 0426 omit; o.Q = ±2

11 1000-1200 0. 0426 1. 0332 0. 0440 O. 0532

1 0220-0420 0. 0447 5. 7628 O. 2576 0. 0985

0220-0400 0. 0447 omit; D.Q = ±2

0200-0420 0. 0214 omit; Ai = ±2

2 0200-0400 0. 0214 5. 7741 0. 1236 0. 0526

10 1110-1310 O. 0132 3. 0180 O. 0398 O. 1699

0 0310 -0510 0. 0061 9. 4654 0. 0577 O. 0192

12
C

32
S

33S 0. 0160 0000-0220 1. 0000 omit; A.C=±2

7 0000 -0200 1.0000 0. 9993 O. 0160 O. 0155



Table 2-17. Continued.

Relative
Line Isotopic Relative Boltzmann Inherent Relative* Fermi*

Number Species Abundance Transition Factor Intensity Intensity Intensity

9

6

3

4

12

12
C

32
S

34S

13
C

32
S2

0. 0888

O. 0112

0000-0220

00 00-020
0

01
1 0-03 1

0

0220-0420

0220-0400

0200-0420

02
0 0-040

0

00
0 0-02 2

0

00
0 0-02 0

0

1. 0000

1. 0000

0. 3005

O. 0451

O. 0451

O. 0216

0. 0216

1. 0000

1. 0000

omit; id ±2
1. 0055

2. 9549

5. 7994

omit; A/ = +2

omit; A/ = +2

5.8096

omit; AI = +2

1. 0645

0. 0893

0. 07 88

0. 0232

O. 0111

O. 0119

O. 0811

O. 0122

O. 0081

- -

O. 0045

O. 0164

Calculated according to Equation 2-74.

*Calculated according to Equation 2-75.
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relative intensity values with the experimentally observed 2v
2

region tends to support the relative Fermi intensities as being more

correct. The 2v
2

experimental spectrum is presented in the

chapter discussing the time correlation results.

As an example, the two most intense bands predicted in the

2v
2

region are the (0000-0200) and (0110-0310) transitions of

12 32
C S2. The measured peak heights for these transitions are

approximately in the ratio of the predicted Fermi intensities, not the

relative intensities calculated without Fermi resonance considera-

tions.

Additional evidence of the correctness of the Fermi intensity

factors comes from a qualitative comparison of the peak heights of

the (0000 -1000) and (0000-0200) transitions observed in
12

C
3252.

Using the approximation that only the fundamental-like transitions
0 ocontribute significantly, the (00 0-02 0) transition should have

0 0approximately four percent (4%) of the intensity of the (00 0-10 0)

transition. Taking into account that the spectral band width of the

instrument was greater in the 2v
2

region, the relative intensity of

the (00 00-02 0 0) mode has approximately two percent (2%) or less of

0 0the intensity of the (00 0-10 0) transition.

If the total area under these peaks is considered, the 2v
2

region has a significantly greater FWHH and the total area approxi-

mates even more closely the predicted four percent value. Thus the
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assumption that in the Raman spectra, almost all of the intensity of an

overtone in Fermi resonance with a fundamental mode arises from

the "borrowed?' intensity of the fundamental appears to be valid.

Summary

It has been shown that for a molecular species of limited com-

plexity and a prior knowledge of the anharmonicity constants, a com-

plete analysis of the predicted vibrational transition energies and

relative intensities may be conducted. Approximations and uncer-

tainties exist even in this, one of the simpler cases possible, but they

have been discussed individually where appropriate. It is the result

of these determinations of vibrational transition energies and their

relative intensities that is designated as a "state spectrum".

It will be shown that this "state spectrum" is of considerable

assistance and, in some instances, necessary in the time correlation

analyses of the Raman spectra of carbon disulfide.
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III. FINITE COLLECTION OPTICS: GEOMETRIC FACTORS
IN POLARIZATION MEASUREMENTS

The calculation of the correct anisotropic and isotropic

correlation function values depends upon true and correct experimen-

tal polarized intensities. Any deviation from the expected polariza-

tion behavior will be reflected in the anisotropic and isotropic spectra

and their respective correlation function values. Thus it was felt

that it was desirable to investigate the geometric factors pertaining

to experimental polarization intensity measurements.

The Raman effect may be conveniently viewed as originating

from an induced oscillating electric dipole radiator for the purpose of

this development. This view allows the electric vector of the scat-

tered radiation to be defined exactly, as shown in Figure 3-1.

Many standard theoretical expressions of the intensities,

polarizations and polarization ratios originating from such an oscil-

lating dipole are given for the case where the scattered radiation is

strictly transverse to the incident, exciting beam of radiation (3).

However, actual experimental detection always involves collection of

the scattered radiation over a finite surface area corresponding to

inclusion of radiation over a range of scattering angles. It is this

range of scattering angles which leads to modification of the expres-

sions normally given for the intensities expressed in terms of their
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p: electric dipole

k: radiation propagation direction
0,0

E: electric field vector; L to k and contained
in the plane defined by p and k

Figure 3-1. Schematic representation of the electric vector
of scattered radiation.
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polarization state and more importantly to the polarization ratios of

these intensities.

This chapter discusses in considerable detail the development

of the effects of a finite collection geometry on the measurement of

intensities in terms of their polarization state. As will be shown,

however, and discussed in detail in Appendix III, experimental efforts

to verify finite collection geometry effects did not correlate with the

predictions developed. This discrepancy is believed to arise from

two factors; an inadequate knowledge of the behavior of a polaroid

analyzer to oblique radiation, and a non-point scattering source.

Thus, although the developments of this chapter were not

utilized in the actual treatment of experimental results, it is believed

their inclusion is justified on the basis of indicating the problems of

finite collection geometry and what is believed to be the most com-

plete analyses of these effects.

Figure 3-2 describes a general fixed set of laboratory axes

pertaining to the collection of the scattered radiation. The incident

radiation travels parallel to the Z axis. The scattered radiation

of interest is collected by a finite surface area centered on the Y

axis.

To correctly describe the effects of the finite collection

geometry the scattered radiation's electric vector and its cartesian

coordinates must be described for the cases of an induced oscillating
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Z

Collection
aperture

X

Figure 3-2. Schematic representation of the collection of
scattered radiation.



dipole radiator along the X, Y and Z axes.

where

The intensity of radiation into solid angle dO is

PO

2Tr3 v4 2 2
dI

3
p

0
sin 6d0

89

(3-1)

is the amplitude of a classical dipole and 5 is the angle

between the propagation direction k and the dipole, p. This

intensity may be regarded as arising from a scattered E vector

field of magnitude proportional to p
0

sin 5 and direction which is

normal to the propagation direction and in the plane fixed by p and

k. A unit vector in the direction of E is then given by

11)2j112 (3-2)

where the hats consistently designate unit vectors. Since

1:a( = cos 6 (3 -3)

(i,3-1\02]1 /2 sin 5

or

we have

s in 5 = p $.14 (3 -4)

and it becomes a relatively simple task to find the components of

E = p0 sin 5'e = po[P-(P.M (3 -5)
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for any given direction of p.
/VP

Figure 3-3 shows the angular coordinate system appropriate for

a circular aperture centered on the Y axis. The angle e is the
A

angle between the propagation direction of a ray along k and the Y

axis; the angle cp is the angle between the X axis and the projec-

tion of 1, in the XZ plane, so that

A
k

X
= sin 0 cos cp (3-6)

k = cos 0 (3-7)

Pc = sin 0 sin 9 (3-8)

The three cases for an induced dipole lying along the X, Y

and Z axes are described as follows using Equation 3-5.

Case A.
X = 1, 11/43y = #13z °

EXX
= p

X
[1-sin20 cos

29]

EXY = p
X

[ sin 0 cos 0 cos co]

EXZ = p
X

[-sin20
cos cp sin co]

Case B. Py = 1, Px = pZ = 0

E
YX

p [-sin 0 cos 0 cos (p]
Y

,
EYE, = p

Y
Lin2

01

E
YZ

= p
Y

[-sin 0 cos 0 sin co]
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Z

Y

Figure 3-3. Angular coordinate system for a circular
collection aperture.



Case C. 13Z=
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1, pX =pY =O

EZX
= p

Z
[-sin20 sin co cos co] (3-15)

EZY
= p

Z
[-sin 0 cos 0 sin 9] (3-16)

EZZ = p
Z

[1-sin20 sin 2
cp] (3-17)

Thus, aside from the factor 2-rr
3

v4 ic
3 appearing in Equation

3-1, the differential intensities can be regarded as being given by

dIXX
= E

XX
dS2

dI
XY X

= E2
Y

dS2

dI = E c1S-2
XZ XZ

dI = E dO
YX YX

dI = E
2

dO
YY YY

dI
YZ Y

= E
2

Z
dE2

dIZX = EZXdSl

dI = E
2

(10ZY Z Y

2
dIZZ = E ZZ d&-2

(3-18)

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)

(3-25)

(3-26)

Integration of these nine differential intensity components over

the solid angle of collection will yield the corresponding integrated

intensity components.
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Circular Aperture

For a circular aperture the solid angle of collection is described

d2 = sin OdOdco (3-27)

The results of integrating the squares of the nine electric

vector components over the solid angle of collection with limits of

0 <0 <0
m and 0 < cp < 2Tr are:

IXX = pX
60

2 Tr [64-9 sin40 cos 0m+28 sin 2 Omcos 0m-64 cos° m] (3-28)

I p
2

15
Tr [2+3 sin40mcos Om-sin20mcos 0m-2 cos Om] (3-29)

XY X

Tr
IXZ = p2

60
18-3 sin40mcos 0m-4 sin20mcos 0m-8 cos Om] (3-30)

X

2 Tr
I
YX

p Y 15 [2+3 sin40mcos 0m-sin2 emcos 0m-2 cos Om] (3-31)

2 2Tr
I = p

Y
[8-3 sin40 mcos 0m -4 sin20mcos 0m-8 cos 0m] (3-32)

YY 15

Tr
I
YZ

= pY
15

2 [2+3 sin40mcos 0m-sin 20mcos 0m-2 cos 0 ] (3-33)

2 Tr 4
IZX

= p Z 60
[8-3 sin 0m cos 0m -4 sin 0m cos 0m-8 cos Om] (3-34)

I
ZY

= D2
15

[2+3 sin40 cos 0 -sin20 cos 0m -2 cos 0m]
Z

2 Tr
I ZZ = p Z 60 [64-9 sin4Omcos 0m+28 sin2Omcos 0m-64 cos ]

(3-35)

(3-36)



For convenience and later ease of usage, these intensities are

written in general form as

I.. = p. R..
13 1 13

94

(3-37)

where R.. is designated the geometric factor. To facilitate com-
l.]

putation, all trigonometric terms are expressed as cosines and a

common multiplicative factor is used. This results in the following

expressions for the geometric factors.

R =R =R
1 XY YX YZ ZY

Tr
R1 =

60 (8-20 cos 30+12 cos 50)

R = R = R
2 XZ ZX

n-R2 = 60 (8-15 cos 0+10 cos 30-3 cos 50)

R = R = R
3 XX ZZ

TrR3 = 60 (64-45 cos 0-10 cos 30-9 cos 50)

R = R = 8R = 8R
4 YY XZ ZX

TrR4 = 60 (64-120 cos 0+80 cos30-24 cos 50)

In these expressions, as well as subsequent ones, the angle 0

represents the actual angle 0m.

(3-38)

(3-39)

(3-40)

(3-41)

(3-42)

(3-43)

(3-44)

(3-45)
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To correctly describe the scattered Raman intensity the

geometric factors must be combined with the polarizability tensor.

I(PA)S notation is used to describe these relationships. In I(PA)S

notation: I describes the direction of the incident beam; P desig-

nates the polarization of the incident beam; A denotes the orienta-

tion of the polarization analyzer of the scattered beam; and S

describes the direction of observation of the scattered beam. An

incident beam traveling in the Z direction and assumed to be

linearly polarized in either the X or Y direction has the follow-

ing six possible results when viewed from the Y axis.

Z(XX)Y =a2 R + a2 +a2 RXX XX YX YX ZX ZX

Z(XY)Y =a R +a R +a2 R
XX XY YX YY ZX ZY

Z(XZ)Y =a R +az R
+

RXX XZ YX YZ ZX ZZ

Z(YX)Y =a R +a2 R +az
YY YX XY XX ZY ZX

Z(YY)Y = a2 R +az R +az RYY YY XY XY ZY ZY

Z(YZ)Y = a2 R + a2 R +a RYY YZ XY XZ ZY ZZ

a.. represents a dipole, induced by j -polarized incident

(3-46)

(3-47)

(3-48)

(3-49)

(3-50)

(3-51)

radiation and R.. represents the geometric factor describing the

j-polarized scattered radiation arising from dipole i.



It is also noted that on a molecular basis the polarizability is

often expressed in terms of isotropic and anisotropic components as

and

2 2 4 2
a FF = a + p

3 2
a 2

FF, = 45
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(3-52)

(3-53)

The preceding development describes the intensity of the radia-

tion in terms of its polarization state with the inclusion of what has

been termed the geometric factors.

Prior to proceeding to the analysis of polarization ratios and

the effect of a finite collection geometry on these, it is useful to con-

sider the correctness of these analyses by various criteria.

The first test was the equality of

E = E
2

X
+ E 2

iY
+ E 2

1 i iZ

for the total electric vector of either a

(3-54)

PX, PY or pz dipole

radiator. The expressions for E were determined from Figure

3-3 and Equation 3-5 in terms of the angles e and cp as

E
2

X
= p

2(1-sin 20 cos
2

yo)

E2
= p

2 (sin
20)

Y Y

(3-55)

(3-56)



E2 = p
2 (1-sin20

cos 2y9)

Z Z
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(3-57)

In all cases, the equality of Equation 3-54 was met.

The second test was the test of the additivity of the intensities.

The total intensity arising from each dipole radiator was determined

by integrating Equations 3-55 thru 3-57 over the solid angle of collec-

tion, d2 = sin 8 ded(p. These results are

The test of

Tr
I
T

(EX)
3

) = p (4+sin
20 cos 0-4 cos 0)

I
T Y

(E ) = p2-11. (4-2 sin20 cos 0-4 cos 0)
3

Tr

I T(EZ) = p2 (4+sin 20 cos 0-4 cos 0)

I (E.) = I + I + I
T iX iY iZ

(3-58)

(3-59)

(3-60)

(3-61)

was met in all cases.

The third and final test was the test of total intensity of a dipole

radiator without regard to angular dependence. The result of Equa-

tion 3-61 evaluated at 8 = Tr, is for all dipoles,

TrIT(Ei) = 83 (3-62)

This term, however, has accounted only for the angular dependence.

Thus, for a sphere of radius r,



or

2 2 4

3 2

Tr v

I
T

(E.) = 2Tr
81T

4Trr
2

1 4c r 3

16Tr4v4 2IT(Ei)
3 Pi

3c
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(3-63)

(3-64)

which is the correct expression as seen before in Equation 1-8.

Thus it is believed that the intensity components arising due to a

finite circular collection aperture have been correctly evaluated. The

most significant fact arising from this development is the recognition

that there is a component of the scattered electric vector along the

axis of observation, a result which is prohibited in strict 90° scat-

ter ing.

One of the more important aspects of evaluating Raman spectra

is the determination of polarization ratios. Historically these have

aided in assignment of vibrational bands by symmetry considerations.

In more recent work, correct intensities obtained under different

polarization conditions are required for the determination of the time

correlation function behavior.

A polarization ratio is simply the ratio of intensities obtained

under different polarization conditions. The most widely utilized

polarization ratios have already been given as



and

Pi
45a

2+4p 2
3P

2

6P
2

Pn
45a2 +7(32
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(1-28)

(1-30)

for the cases of linearly polarized incident radiation and unpolarized

incident radiation, respectively. These expressions, however, refer

to strictly 90° scattering.

Expressions of the depolarization ratios for the finite circular

collection aperture are more conveniently expressed in I(PA)S

notation. For isotropic media such as gases and liquids the I(PA)S

expressions of Equations 3-46 thru 3-51 may be rewritten in terms of

the spherical and anisotropic expressions of a and (3. These are:

2
___Z(XX)Y a 2

R
XX

+3R +3RZX ) (3-65)
45

+ (4R
XX YX

2
._Z(YY)Y = a 2

R + (4R
XY XY

+3R
Y

+3R ZY ) (3-66)
45 Y

2
.__Z(XZ)Y = a 2R

+ (4R
XZ XZ +3R

YZ
+3R ZZ ) (3-67)

45

2
__Z(YX)Y = a 2R

+ (4R
YX YX

+3R
XX

+3RZX
) (3-68)

45

2

Z(YY)Y a 2R
YY

+ (4R
YY

+3R
X

+3R ZY
) (3-69)

45 Y

2

Z(YZ)Y a 2R
+ (4R

YZ YZ
__ +3RXZ

+3R ZZ
) (3-70)

45
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Note that because RXY RYX RYZ =R ZY,RXX RZZ and

RXZ
= R ZX

the expressions for Z(YX)Y and Z(YZ)Y are

equivalent.

In order to calculate the intensities and predicted polarization

ratios for a finite collection aperture consideration must be given to

the actual experimental. procedure. Figure 3-4 schematically repre-

sents the experimental technique utilized for the studies reported in

this work.

When a laser is utilized as the source of incident radiation, its

normal polarization state may be rotated by the use of a half-wave

plate. This allows incident radiation of either X or Y polariza-

tion into the sample. The polarization analyzer for the scattered

radiation may be either polaroid sheet or a device such as a Glan-

Thompson prism. The correct expressions for the transmitted

intensities of the polarization analyzer and subsequent polarization

ratios depend upon the type of analyzer used.

Analyzers such as a Glan-Thompson prism are constructed

from materials possessing optical anisotropy and birefringence.

These devices have the property of separating two mutually ortho-

gonal. polarization states if the incident radiation is specifically

oriented with respect to one or more of the optic axes of the crystal.

Analyzers of this type have a high efficiency of separation of the two

mutually orthogonal polarization states with typical ratios of the



Z

Figure 3-4. Schematic representation of the Raman
experiment.
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undesired to desired component of 10-3-10-5. However, because this

type of analyzer is relatively small and requires near-normal inci-

dence on its surface to act efficiently, the semi-angle of divergence,

0, is small, minimizing many of the problems attributable to a finite

collection aperture. The important aspects in the use of this type of

analyzer are: when properly used, the collection aperture is small,

approaching the limit for vanishing aperture, thus minimizing any

component of intensity whose electric vector is along the collection

axis; the analyzer selectively transmits only one polarization state.

Polaroid sheet material is also commonly used as a polarization

analyzer for the scattered radiation. Polaroid, as it is commonly

known, possesses the advantage of being available in large area,

allowing a larger portion of the scattered radiation to be collected

through a larger semi-angle of divergence, 0. The commercial

polaroid which is probably most widely used today is the H-sheet

which is an oriented polyvinyl alcohol sheet impregnated with iodine

(17, p. 229). Polaroid exhibits a positive dichroism, that is it

absorbs light whose electric vector is parallel to the oriented poly-

meric molecules and transmits the two electric vectors perpendicular

to this direction (18).

Thus, when polaroid is used as the polarization analyzer for the

scattered radiation, not only is a larger semi-angle of divergence

normally encountered, but also it should be noted that the polaroid will
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transmit that intensity whose electric vector is parallel to the collec-

tion axis.

This distinction of which polarization states are transmitted by

the polarization analyzer is an important aspect in the treatment of

finite collection aperture effects.

Polaroid also exhibits significant absorption of radiation, even

for those components transmitted by the material. Although no

reference was found pertaining to H-sheet properties, it was found

that the earlier J-sheet material exhibited absorptions in the order

of; electric vector parallel to sheet polymer orientation >> electric

vector perpendicular to sheet polymer orientation > electric vector

normal to the plane of the film (18). Therefore, if H-sheet has

absorption properties similar to that of J-sheet, the intensity com-

ponent whose electric vector is parallel to the collection axis will be

transmitted the most efficiently.

The preceding discussion of the properties of polaroid material

includes those facts and assumptions used in the determination of the

effects the polaroid has on the detected intensity. However, the

knowledge of the exact behavior of polaroid material to oblique

radiation is not known. Baxter (18A) has studied and reported angular

aperture functions of positive dichroic film polarizers, but his work

is not directly applicable to the question being addressed in this sec-

tion.
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The expressions for the polarization ratio therefore depend

upon the experimental arrangement and type of polarization analyzer.

The following cases represent the most commonly determined

polarization ratios.

Case A. No polarization analyzer is used but the incident

radiation may be either X or Y polarized.

There exists only one polarization ratio for this configuration,

expressed as,

or

I
T Y

(E )

Pn I
T

(EX)

I +I +I
ZYXYY Y

Pn I +I +IXX XY XZ

(3-71)

(3-72)

Subsitution of the I.. expressions in terms of the geometric factors,

R.., gives after collection of terms,

Pn

{(R
YX

+R
YY

+R YZ )a2
45+ p

2
[4 (R

YX YY
+R

YZ
)

+ 3(R
XX

+R
XY

+R XZ )+3(R ZX +R +R ZZ )]}ZY

{(RXX
+R

XY
+R

XZ
)a2++ p

2 [4(R
XX

+RXY +RXZ )

+ 3(R
YX

+R
YY

+R
YZ

)+3(R ZX
+R ZY +R ZZ )il

(3-73)

Further substitution of the R.. expressions in terms of the semi-

angle of divergence, 0, gives,
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1[(4-6 cos 0 + 2 cos3 0)a2
45

+ (32(40 -42 cos 0 + 2 cos 3 0)]
Pn = (3-74)

[(4-3 cos 0 cos 3 0)a
2+-1

132(40-39 cos 0 cos
3

0)]
45

In the limit as 0 " 0, the above expression reduces to the

familiar limit of

6132
pn

45a 2+7132

lim 0

(1-30)

Case B. The incident radiation has a fixed X polarization and

an analyzer is used. Because of the properties of the two types of

analyzers considered, the polarization ratio for each must be deter-

mined.

(i) Polaroid Analyzer. The I(PA)S configurations are

Z(XZ)Y and Z(XX)Y with the corresponding polarization ratio of

P a Z(XX)Y
Z(XZ ) (3-75)

The total intensity detected in the finite collection area, after

transmission thru the analyzer for each of these configurations is

and

Z(XZ)Y = I + I
XZ XY

Z(XX)Y = I + I
XX XY

(3-76)

(3-77)



Note that the IXY term appears in both expressions due to the

optical properties of the polaroid.

and

In terms of the geometric factors, R.., these become
'3

Z(XZ)Y = (RXZ +RXY)a2

106

(3-78)

+ 1 132[4(R
XZ

+R
XY

)+3(R
YZ

+R
YY

)+3(RZZ +R ZY )]
45

Z(XX)Y = (R
XX

+R
XY

)a
2

(3-79)

+
45
1 (32[4(R

XX
+R

XY
)+3(R +R

YY
)+3(R ZX+R

Z
)]

YX Y

which in terms of the semi-angle of divergence gives a polarization

ratio of

p a

(16-15 cos 0 10 cos30 + 9 cos 5 0)a 2

1 2+ 45 R (49 6 555 cos 0 + 50 cos30 + 9 cos 50)

(72-45 cos 0 - 30 cos 30 + 3 cos 5 0)a2

1 2+ 45 p (552-585 cos 0 + 30 cos30 + 3 cos 50)

(3-80)

In the limit as 0 0 this rather cumbersome expression

reduces to the familiar limit of

Pa
45a 2+4(32

lim.

3132

(1-28)
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(ii) Glan-Thompson Prism. The I(PA)S configurations are

again given by Z(XZ)Y and Z(XX)Y. However, the detected

intensity is now

and

Z (X Z )Y = I
X Z

Z(XX)Y = I
X X

(3-81)

(3 -82)

because the I
XY

component has been rejected or minimized to a

negligible value. The polarization ratio, expressed in terms of the

geometric factors is

RXZ
a

2
+

45
2

(4RXZ +3R +3R ZZ )
YZ

Pa' R
XX

a2 + 45 p2
(4R

XX
+3R +3R

ZX
)

YX

Substitution gives the final expression in terms of 0 as,

(8-15 cos 0 + 10 cos30 3 cos 50)a 2

+ 1 132(248-195 cos 0 50 cos30 3 cos 50)
45

Pa' 3 4 2
(64-45 cos 0 10 cos 0 9 cos 0)a

1 2 3
+ 13 (304-225 cos 0 70 cos 0 9 cos 0)

45
0)

(3 -83)

(3-84)

In the limit as 0 0, this expression also reduced to the

value of
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3132
Pal (1-29)

45a2+4132

Case C. The polarization analyzer remains fixed so that its

transmission axis is parallel to the laboratory X axis. The inci-

dent radiation is either X or Y polarized giving Z(YX)Y and

Z(XX)Y I(PA)S configurations.

(i) Polaroid Analyzer. For a polaroid analyzer the transmitted

intensities are

and

Z(YX)Y = I + I
YX IYY

Z(XX)Y = I + I
XX XY

In terms of the geometric factors,

Z(YX)Y = (R
YX

+R
YY

)a
2

(3-85)

(3-86)

(3-87)

1
+ p

2
[4(R +R )+3(R XX

+RXY )+3(R ZX +R ZY )]45 YX YY

The expression for Z(XX)Y has previously been given by Equation

3-79.

The polarization ratio of

p
Z(YX)Y

w Z(XX)Y
(3-88)



expressed in terms of the angle 0 becomes,

pw

(72-120 cos 0 + 60 cos30 - 12 cos 5 0)a2

+ 1 132(552-660 cos 0 + 120 cos 30 12 cos50)
45

(72-45 cos 0 30 cos30 + 3 cos 5 0)a 2

1 2 3 5

45
+ 13 (552-585 cos 0 + 30 cos 61 + 3 cos 0)
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(3-89)

In the limit as 0 0, the above also reduces to the value of

Pw
45a 2+4132

lira 0 " 0

332

Note, however, that for a finite aperture,

Z(YX Y Z(XZ)Y
Z(XX)Y Z(XX)Y

(1-28)

(3-90)

These two ratios are often stated as being equivalent but this is only

true for the case of an isotropic medium in the limit of strict 90°

scattering.

(ii) Glan-Thompson Prism. The appropriate transmitted

intensities for a Glan-Thompson Prism are

and

Z(YX)Y = I
YX

Z(XX)Y = I
XX

(3-91)

(3-92)



which give a final polarization ratio of

(8-20 cos 30 + 12 cos 5 0)a2

1
+ (32(248 -180 cos 0 - 80 cos30 + 12 cos 50)

45
Pw 3 5 2(64-45 cos 0 - 10 cos 0 9 cos 0)a

+
15

132(304-225 cos 0 - 70 cos 30 - 9 cos 50)
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(3-93)

which in the limit of 0 0 gives the familiar result of Equation

1-28. Note again, however, that the inequality expressed by Equation

3-90 also is valid for this analyzer.

Other Polarization Ratios

There exist other polarization ratios determined from the

various I(PA)S configurations, but they usually are of little interest

for an isotropic medium. However, there is one additional polariza-

tion ratio that is quite useful experimentally; that is the ratio of

Z(YZ)Y/Z(YX)Y. For both types of analyzers this ratio should be

unity for a finite circular aperture at any semi-angle of divergence,

0. A careful examination of this ratio should allow precise alignment

of the optical and sample devices.

These results have been presented for an isotropic medium,

but the use of the geometric factors is not restricted to this special

case. The use of the geometric factors should be valid for any Raman
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scattering experiment through the use of the format expressed by

Equations 3-28 thru 3-36 and their subsequent usage.

Circular Aperture: Intensities After a
Lens Giving a Parallel Beam

The basic requirement in this development is that the scattered

beam be passed through a suitable lens, producing a parallel beam

prior to being analyzed as to its polarization state.

If the scattered rays are parallel to each other and to the

direction of observation they will impinge upon the polarization

analyzer at normal incidence. The scattered radiation in this paral-

lel beam can have only electric vector components along the X or

Z axes. The magnitude of the electric vector must be the same as

that originally scattered, but now without a Y component.

Previous results may be utilized in part for this development.

Although it is difficult to draw, some reflection gives the following

points: The scattered electric vector must be rotated into the XZ

plane and resolved into X and Z components; the magnitude

of the scattered electric vector must be unchanged; the angles the

scattered electric vector makes with the X and Z axes are

known from previous results; and once the X and Z components

of the electric vector in the XZ plane are known, integration of the
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squares of the electric vector components over the aperture is

performed as before.

Without detailing all the intermediate steps, the appropriate

geometric factors for a parallel beam and a circular aperture are

given below. Primes are used to denote the fact that these represent

the quantities after the lens.

Tr
RI = R'

X 60= (40-60 cos 0 + 20 cos30)
Y

Tr
=RZZ RXX 60

(64-45 cos 0 10 cos 30 9 cos 50)

Tr

RZX = RXZ 60I (16-15 cos 0 10 cos 30 + 9 cos 50)

(3-94)

(3-95)

(3-96)

The various tests for correctness previously described are all

met for these results.

Comparison of these geometric factors to those obtained for a

divergent beam and circular aperture is given below.

R' = RI =R =RXX ZZ XX ZZ

RI = R + RZX ZX ZY

RI = R + RXZ XZ XY

RY'
Z

= RYZ + 4RXZ

RY '
X

= RYX + 4RXZ

(3-97)

(3-98a)

(3 -98b)

(3 -99a)

(3- 99b)
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These geometric factors are combined with the elements of the

polarizability tensor as before. The various polarization ratios are

given in the following discussion. The descriptions of each type are

as previously defined.

Case A.

IT
(E y)

P1n I (E ) I' +I'
'T X )cX XZ

(3-100)

This result is identical, as it should be, to Equation 3-74 and

reduces in the limit of 0 0 to the expression of Equation 1-30.

Case B. Both polaroid and Glan-Thompson analyzers have the

same expression because there is no Y component of intensity.

Z(XZ Y XZ
=Pa Z(XX)Y I'

XX

In terms of the semi-angle of divergence, 0, this becomes

P a (64-45 cos 0 10 cos3
0 9 cos 5 0)a2

1 2 3
+

45
13 (424-405 cos 0 10 cos 30 9 cos 50)

(16-15 cos 0 10 cos
30 + 9 cos 5 0)a 2

1 2 3 5

45+ p (376-375 cos 0 10 cos 0 + 9 cos 0)

(3-101)

(3 -102)

The above reduces to the expression of Equation 1-28 as 0 0.
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Case C. Both polaroid and Glan-Thompson analyzers have the

same expression because there is no Y component of intensity.

or

Pw (64-45 cos 0 10 cos 30 9 cos 50)a 2

, Z(YX)Y YX
P w Z(XX)Y I'

XX

(40-60 cos 0 + 20 cos 3 0)a2

(3-103)

1+ 45 (32(400 -420 cos 0 + 20 cos 3
0)

(3-104)

+ 1 (32(424-405 cos 0 10 cos30 - 9 cos 50)
45

This expression also reduces to Equation 1-28 as 0 1- 0.

Other Polarization Ratios. For a parallel scattered beam the

polarization ratio of Z(YZ)Y/Z(YX)Y is also unity as it was for the

divergent beam.

One additional polarization ratio that is of occasional interest

is the case of an unpolarized source and use of an analyzer for the

scattered radiation. The unpolarized source may be thought of as

being composed of equal quantities of X and Y polarized radia-

tion. This gives for either a polaroid or Glan-Thompson analyzer a

polarization ratio of

I' +I'XZ YZ
I I

U I +
XX

1
YX

(3-105)



which is not identical to the result obtained for

I' (E )
T Y

n I
T (EX)

except in the limit as 0' 0.
In terms of 0,

Pu
(104-105 cos 0 + 10 cos30 9 cos 5 0)a 2

(56-75 cos 0 + 10 cos 30 + 9 cos
5 0)a2

1 2+ 45 p (776-795 cos 0 + 10 cos3 50 + 9 cos 0)

+
5

p
2(824-825 3 5cos 0 + 10 cos 0 9 cos 0)

Simplified Limiting Expressions of Polarization Ratios
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(3-100)

(3-106)

Although the expressions that have been presented are exact in

terms of the semi-angle of divergence, it is useful to express these

for certain limiting cases in terms of a small angle, 0.

Table 3-1 gives these limiting expressions for both a divergent

and a parallel scattered beam for a totally symmetric mode (p
2 = 0).

In these expressions, 0 is small, but still finite. This limiting

case was chosen as an example because the polarization ratio would

be zero in all configurations for vanishing aperture. A depolarized

mode would not be expected to show the effects of a finite aperture as

greatly as would this example.
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Table 3-1. Limiting expressions of polarization ratios.

Polarization
Ratio

Limiting Expression,
j3

2
= 0

Divergent Beam Circular Aperture
I
T

(EY)

1
02P n 2

1 52 2
)

2
)

2

)

0
2

Case A

No Analyzer

Case B

Polaroid Analyzer

Glan-Thompson Analyzer

Case C

Polaroid Analyzer

Glan -Thompson Analyzer

Pn

P a

Pw

I
T

(EX)

Z(XZ)Y
Z(XX)Y

Z(YX)Y

(1- 12pa = 4 0

p
4

(1+
12, =

a 24
0

1 2 3
Pw (1+

1 1pw, = 4 02 (1-
3

Z(XX)Y

Parallel Beam Circular Aperture

Case A

No Analyzer

Case B

Case C

Unpolarized Source

I' (E )
T Y

Pn I' (EX)X 1 02
n 2

Z(XZ)Y 1. 2

4
04)

13 Pa 4 o (1Pa Z(XX)Y

Z(YX)Yp' p' = 1 02(1+ 1
e

2)
w Z(XX)Y w 4 3

I' +I'XZ YZ 1131 P1 02(1- 1 02)
u I' +I' u 2 6XX YX



The development of these limiting expressions assumed that

cos 0 = 1 x; x = 2 02
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(3-107)

In the expansion of the coefficients of a2 in terms of x all terms

of fourth and fifth power were assumed to be negligible and discarded.

In the final expressions only the first two terms of the angle 0 were

retained.

Quasi-Rectangular Aperture

A quasi-rectangular aperture is commonly encountered in

spectroscopy and therefore of interest in the determination of finite

collection geometry effects. Figure 3-5 describes the general col-

lection geometry of such an aperture where the aperture is defined by
IT Tr

the limits of 0 = 2 + A to 0 = A and (p = -E to cp = +E .

For convenience only one quadrant of this aperture is utilized in the

development of the geometric factors. This is permissible on the

basis of the symmetry of the aperture if it is remembered that the

results will all have a common multiplier of four when considering the

total aperture.

As in the case of the circular aperture the cartesian components

of the electric vectors arising from the three possible dipole

orientations are determined, the appropriate intensity components
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Figure 3-5. Schematic representation of quasi-rectangular
aperture collection system.
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calculated over the solid angle of collection and the polarization

ratios determined.

Figure 3-6a describes in polar coordinates the scattering

arrangement arising from a px dipole. The following quantities

are defined for usage:

OA is the scattered ray originating from an induced X dipole.

AB is the electric vector of the scattered ray.

BC is the electric vector projected into the XY-plane.

AC is J to the XY-plane.

AD is I to the X-axis.

OB is px.

/OAB = /OCA = /ACB = /ADC = /ADB = /ODC = /BCD = Tr/2.

The components of the electric vector are found to be,

EXX = pX(1-sin20 sin2cp)

E
X

= p
X

(sin20 sin cp cos cp)
Y

E
X Z

= p
X

(sin 0 cos 0 sin go)

(3-108)

(3-109)

(3-110)

Figure 3-6b represents the situation for a py dipole, where:

OA is the scattered ray originating from an induced Y dipole.

AB is the electric vector of the scattered ray.



BC is the electric vector projected into the XY-plane.

OC is the scattered ray projected into the XY-plane.

AC is the perpendicular from A to the XY-plane.

AD is the perpendicular from A to the Y-axis.

OB is py.

/OAB = /OCA = /CDO = /CDB = /ADO = /ADB = Tr I2.

I DOC = cp

I AOC = (li -0)

The components of the electric vector are,

E
YX

= p
Y

(sin2 0 sin cp cos 9)

2
E

YY
= p

Y
(1-sin2 0 cos cp)

EYZ
= p (sin 0 cos 0 sin (p)

Y

Figure 3-6c represents a p
Z

dipole, where:

120

OA is the scattered ray originating from an induced Z dipole.

AB is the electric vector of the scattered ray.

OC is the projection of the ray and also that of the electric

vector into the XY-plane.

OB is pz.

/ACD = /ADB = /ADO = Tr /2.

/E0C = cp.



(a)

(b)

(c)

Figure 3-6. Polar coordinate system for radiation arising
from; (a) px dipole, (b) py dipole and

(c) pz dipole.
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/AOD = /A0B =

The components of the electric vector are,

E
ZX

= p
Z

(sin 0 cos 0 sin go)

E
ZY

= p
Z

(sin 0 cos 0 cos cp)

E ZZ = p
Z

(sin20)

122

It should be noted that in Equations 3-108 thru 3-116, the angle

0 is a scattering angle with respect to the fixed Z axis.

Squaring the electric vector components and integrating over the

solid angle of dO = sin Odedcp with integration limits of

(z A ) < <
2 2

and 0 < (I) < E gives the following results for the

geometric factors in terms of A and E for one quadrant.

R
1

RXX 120
[(45 sin A + 10 sin3A + 9 sin 5

A)(E )

+ (45 sin A + 10 sin36, 15 sin5 0 )(cos E sin E )

5 3+ (30 sin A 20 sin3A + 6 sin A)(cos E sin E )] (3-117)

1
R2 = RXY = RYX 120

[05 sin ,L - 10 sin3A + 3 sin5A)(E)

+ (15 sin A - 10 sin36, + 3 sin50)(cos E sin E)

3 5 3+ (-30 sin A + 20 sin A 6 sin A)(cos E sinE)]

(3-118)
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R
3

= R XZ = RZX 120
[(20 sin3 12 sin 5

)( )

+(-20 sin3 A + 12 sin
5 A)(cos E sin en (3-119)

1

0
R

4
= R

YY 12
[(45 sin A + 10 sin 3 + 9 sin s)(E)

+ (-75 sin A + 10 sin A + 9 sin5
A)(cos E sin )

+ (30 sin A - 20 sin3A + 6 sin 5
A)(cos

3 E sin E )] (3-120)

R
5

= R
YZ

= RZY 120
= [(20 sin3

A 12 sin5
0)(E)

+ (20 sin3
A 12 sin5 s)(cos E sin En (3-121)

1
R

6
= R ZZ 120

[(120 sin A - 80 sin3A + 24 sin 5
A)(E)] (3-122)

The I(PA)S expressions are obtained by combination of the

polarizability tensor with the geometric factors as before. For an

isotropic medium these expressions are equivalent in form to Equa-

tions 3-65 thru 3-70 remembering, of course, that the geometric

factors differ.

The various validity tests described for the case of a circular

aperture are all satisfied for this case also.

Because of the cumbersome form of the geometric factors for a

rectangular aperture, the limiting values of the individual factors are

determined prior to development of the various polarization ratios.

For small angles E = E , cos E sin e = E and cos 2E
sin E = E .

Thus all terms involving E may be represented as E in the limit



as g9 0. For terms involving A , utilization of Le Hospital's

Rule gives

lira sin A = lim
dA

sin A = lim cos A = 1

A 0 A 0 A 0

and the higher sine terms go to zero in the limit.

The polarization ratios of interest are described below.
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(3-123)

Case A. No polarization analyzer is used but the incident

radiation may be either X or Y polarized. The polarization

ratio is

I (E ) I +I +I
T Y YX YY YZPIT -

n (E ) I +I +I
X XX XY XZ

which in terms of the geometric factors becomes

2

(R
2

+R 4 +R 5)a
2

+ (3R
1
+7R

2
+6R

3
+4R

4
+7R

5
+3R

6
)

45
Pn 2

(R1 +R
2

+R
3

)a2
+ (4R

1
+7R

2
+7R

3
+3R

4
+6R

5
+3R

6
)

45

(3-124)

(3 -125)

In the limit as t and E vanish this becomes the familiar value of

6P
2

Pn
45a2 +7p

2

lim E 0

(1-30)



Case B. The incident radiation has a fixed X polarization

and an analyzer is used. The two types of analyzer, polaroid and

Glan-Thompson prism require that the polarization ratio be deter-

mined for both.

(i) Polaroid Analyzer. The I(PA)S designations are

Z(XZ)Y and Z(XX)Y with a corresponding polarization ratio of

Z(XZ)Y IXZ +I
XY

Pa Z(XX)Y I +IXX XY

Utilizing the geometric factors, this becomes

2

(R
2 +R 3)a

2
+ (4R

2
+4R

3
+3R

4
+6R

5
+3R

6 )45
Pa 2

(R
1

+R 2)a
2

+ (4R
1
+7R

2
+3R

3
+3R

4
+3R

5
)

45

125

(3-126)

(3-127)

(ii) Glan-Thompson Prism. The I(PA)S configurations are

again Z(XZ)Y and Z(XX)Y but the intensity component whose

electric vector is along the Y axis is rejected.

I
X Z

Pal = I
XX

In terms of the geometric factors, this becomes,

(3-128)



126

Pal
R

3
a +

(2
(4R

3
+3R

5
+3R

6 )

(3-129)45

R
1
a2

+
2

(4R
1

+3R
2

+3R
3

)
45

Case C. The polarization analyzer remains fixed such that its

axis of transmission is parallel to the laboratory X axis. The

incident radiation is either X or Y polarized. The I(PA)S

configurations for both types of analyzers are Z(YX)Y and

Z(XX)Y.

(i) Polaroid Analyzer. The transmitted intensities are

Z(YX)Y = I
YX

+ I
YY

and Z(XX)Y = I + I .
XX XY

The polarization

ratio in terms of the geometric factors is

2

(R
2 +R 4)a

2 L.
1

+ (3R +7R
2

+3R
3

+4R
4
+3R

5
)

45
Pw 2

(R
1 +R 2)a

2

45+ (4R +7R
2

+3R
3

+3R 4+3R
5

)
L.

1

(3-130)

(ii) Glan-Thompson Prism. The transmitted intensities are

YX
and I

XX
giving a polarization ratio of

2

R
2

a2+ 2_, (3R
1
+4R

2
+3R

3
)

45
w 2

R
1
a

2
+ (4R

1
+3R

2
+3R

3
)

45

(3-131)
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Other Polarization Ratios. The other polarization ratio which

was of interest experimentally for a circular aperture is that of

Z(YZ)Y/Z(YX)Y. For a rectangular aperture this ratio is,

(i) Polaroid Analyzer

Or

Z(YZ)Y I
YZ

+I
YY

Z(YX)Y I +IYX YY

2

Z(YZ)Y 45(R 4+R 5)a
2+ L- (3R

2
+3R

3
+4R

4
+7R

5
+3R

6
)

Z(YX)Y
-

2
2

(R
2
+R 4)a + (3R

1
+7R

2
+3R

3
+4R 4

+3R
5

)
45

(ii) Glan-Thompson Prism

2

Z(YZ)Y
R

5
a2

+ (3R
3
+4R

5
+3R

6
)

45
Z(YX)Y 2

R a 2
+

1
(3R +4R

2
+3R

3
)

2 45

(3-132)

(3-133)

(3-134)

In the limit of vanishing aperture, all expressions described by

Cases B and C go to the limit of

3[33

lirn. o, E 0 45a2+4132
(1-28)

Note, however, that for a rectangular aperture that the ratio of

Z(YZ)Y/Z(YX)Y does not equal unity for either type of analyzer

des cribed.



128

The case of a parallel beam and a rectangular aperture was not

considered. The method and procedure would be similar to that

derived for the circular aperture.

Analyzer Efficiency

Any physical polarization analyzer has a given efficiency of

transmitting the desired polarization state. For devices such as a

Glan-Thompson prism this efficiency is very high, having a rejection

ratio of 10-3-10-5 (17). A polaroid analyzer is also usually quite

efficient, having a rejection ratio of the order of 10-3-10-4 (19).

Consider briefly, however, how the analyzer efficiency enters into

the results utilizing a finite collection aperture. The example shown

is for a divergent beam and a circular aperture, but the approach is

the same for any given arrangement.

For a beam entering in the Z direction having an initial X

polarization, the scattered intensity components are given in general

form as

2IXX = clXaz + c2Xp

2
I
XY

= c lYa2 + c2Y p

2 2
I
XZ

= c
1Z

a + c2Z 13

(3-135)

(3-136)

(3-137)



The coefficients c.. are determined by 0, the semi-angle of

divergence and have previously been determined.

Physically what the polaroid analyzer allows to pass in its

parallel and perpendicular modes is

III = I + I
XX XY

I = I + I
XZ XY
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(3-138)

(3-139)

In the parallel mode I
XX

is transmitted with efficiency f, I
XZ

with efficiency (1 -f) and XY with efficiency g. In the perpen-

dicular mode I
XZ

is transmitted with efficiency f, I
XX

with

efficiency (1-f) and I
XY

with efficiency

need

g.

For a pure isotropic spectrum, containing no p
2 terms we

where TII and 'II are the actual transmitted intensities.

T = fI + (1-f)I + gI
1 1

xx XZ XY

T = (1-f)I + fI + gI
_L xX XZ XY

For the isotropic spectrum this gives

(3-140)
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T11 nT = {[f-n(1 -f)]c1X [(1-f)-nf]c1Z+[g(1-ri)]c1Y}a2

{[f -n(1 -n] c2x+ [(1-f) -nnc2Z+ [g(1 -n)]c2y}P2

(3-143)

where the pz coefficient must go to zero. Solving for n so that

the coefficient of 132 does equal zero gives

fc2X -f)c 2Z+gc 2Y
n (1 -f)c2x+fc2Z+gc2Y

If the assumption is made that g = f, then

f(c +c MI-0c2Z2X 2Y
n = (1-f)c

2X
+f(c2Z +c 2Y)

(3-144)

(3-145)

If the efficiency f is known, and the c.. terms are determined

then the correct isotropic spectrum may be obtained.

The correct anisotropic spectrum should contain no a2 terms

and is given by

and

Tanis = Tj_ [c
1X

+f(c 1Z +c 1Y -c 1X
)]a2

T -nT
2 11 _L

a -

Substituting

{[f-n( 14)]c1X+[(1-f)-ndc Z+[f(1-n)]clY}

P [c1X+f(c1Z+c1Y-c1X)]

(3-146)

(3-147)

(3-148)



and

gives

m {[ f-r1(1-n]c1X+[(1-f)-n.f]ciz+[f(1-f)]cly}

(T= 1+ )T -2- TTanis m _L m II

Band Overlap
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(3 -149)

(3-150)

The problem of band overlap in the determination of the time

correlation function behavior has already been discussed and the

synthesis of what has been termed a "state spectrum" presented in an

effort to recognize and later correct for this effect. The question of

whether a true isotropic and anisotropic spectrum can be obtained

from the experiment has not yet been determined. This presentation

investigates this question in terms of the finite collection geometry

and analyzer efficiency.

Consider a two band model of differing states so that the terms

a 2 and 132 would not be expected to be identical in the two cases.

Using previous results the scattered intensity of the first transition

may be written as

( 1 ) 2 R2

LXX c1Xa1 + c2X1'1

(1) 2 2Ixy = ciyal + c2y131

(1) 2
I c a + c

2

XZ 1Z 1 2Z
(3

1

(3-151)

(3-152)

(3-153)
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For the second transition, the coefficients c.. are the same, being
ti

determined solely by the finite angle of collection, but a
2 and p2

differ.

1(2) = c a2 + c 132
XX IX 2 2XR2

I c
(2) 2 + c p

2

XY lYa
2 2Y 2

I(2) c a2 + c p
2

XZ 1Z 2 2Z 2

At any point in the region of overlap

El
XX

c
IX 1 2

(a 2
+

2) + c
2X 1 2

032+32)

El
XY

c
I Y

(a
I

2
+a 22 ) + c 012 +1322 )

2El
XZ c

1Z
(a

1

2
+a 22 ) + c2Z (1312 +132)

(3-154)

(3-155)

(3-156)

(3-157)

(3-158)

(3-159)

The appropriate T11 and T expressions for a divergent

beam traversing a polaroid analyzer and a circular aperture are

2 2
T11 = [c

1X
+f(c1X+c1Y-cIZ ).1(a

1 +a 2)

rc2X+f(c2X+c2Y-c2Z)1(1312 +P22 )
(3-160)



T = [c
1X

+f(c
1Z

+c
1Y

-c
1X )](al +a 22 )

[c2X+f(c2Z+c2Y-c2X)](P12 1322 )

The isotropic spectrum is

where
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(3-161)

2
T11 {[f-n(1-dc

1X
+[ f(1-nnclY+[(1-f)-nficiz)}(ai2 +a2)

f(c2X +c 2Y
)+(l-f)c2Z

n (1-f)c2X +f(c 2Z +c2Y )

(3-162)

(3-163)

Importantly we note that this value of n is identical to that

obtained for a single peak, thus band overlap does not disturb the

correct calculation of the isotropic spectrum. Note also that the

expression for the isotropic intensity at a point is simply the sum of

the individual isotropic intensities at that point.

The correct anisotropic spectrum is expressed as

,,, 2 2,
Tanis = -[c IX +f(c

1X
+c lY -c IX Lila

1
+ 2)

(3-164)

but (a
1

2
+a 22 ) can be found from the isotropic spectrum and the terms

in brackets are constants so that there is not a problem in obtaining

pure isotropic and anisotropic spectra even with overlapping bands of

differing character.
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Tabular and Graphic Presentation of Predicted
Polarization Ratios

Not all of the polarization ratios discussed and described in this

section will be detailed or shown in graphic form, but rather only

those that correspond to the actual experimental usage.

Table 3-2 describes the predicted polarization ratio for two

cases of a divergent beam, a circular aperture and a polaroid

analyzer. Table 3-3 presents the results for the case where the

analyzer efficiency is also included.

Table 3-2. Predicted polarization ratios.

0
2

= o a2 = 0

A.

B.

Z(XZ)Y -
I
XZ

+I
XY

Z(XX)Y I +IXX XY

I
T

(E
Y

)

IT (EX)

0°
5°

10°
15°
20°
25°
300

0. 0000
O. 0019
0. 0075
O. 0166
O. 0287
0. 0433
0. 0599

0.7500
0.7512
0.7546
0. 7 603
O. 7679
0.7770
O. 7873

0° 0. 0000 O. 8571
5° 0. 0038 O. 8579

10° O. 0152 0. 8602
15° O. 0343 0. 8640
20° 0. 0609 0. 8693
25° O. 0951 O. 8758
30° O. 1367 0.8835



Table 3-3. Predicted polarization ratios.

Z(XZ)Y
P Z(XX)Y

I +IXZ XY
I +IXX XY

analyzer efficiency = f.

135

0 f= 1. 00 f = O. 99 f = O. 98 f O. 97 f O. 96

A. 132 = 0

B. az = 0

0° 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000
5° 0. 0019 0.0120 0.0223 0.0328 0. 0435

10° 0.0075 0.0175 0.0277 0.0382 0.0488
15° 0. 0166 0. 0265 0. 0366 0. 0470 0. 0576
20° 0. 0287 0. 0385 0. 0485 0. 0587 0. 0692
25° 0. 0433 0. 0530 0. 0629 0. 0730 O. 0832
30° 0. 0599 0. 0694 0. 0791 0. 0891 0. 0992

0° 0.7500 0.7500 0.7500 0.7500 0.7500
5° 0.7512 0.7555 0.7599 0.7643 0.7687

10° 0.7546 0.7590 0.7633 0.7676 0.7720
15° 0.7603 0.7645 0.7687 0.7729 0.7771
20° 0.7679 0.7719 0.7759 0.7799 0.7840
25° 0. 7770 O. 7808 0. 7846 0. 7885 O. 7924
30° 0.7873 0.7909 0.7945 0.7981 0.8018

Figures 3 -7 through 3-10 graphically illustrate the behavior of

the geometric factors for a circular aperture as a function of the

semi-angle of divergence 0. Figures 3 -11 and 3-12 illustrate the

results given in Tables 3-2 and 3-3. Figures 3-13 and 3-14 describe

the predicted results of Z(YX)Y /Z(XX)Y including analyzer

efficiency. Figures 3-15 and 3-16 compare the predicted results of

Z(YX)Y/Z(XX)Y to those of Z(XZ)Y /Z(XX)Y without inclusion of

analyzer efficiency.
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Semi-angle of divergence, 0 (degrees)

Figure 3-7. Geometric factor R1 = Rxy = Ryx = Ryz = Rzy.
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Figure 3-8. Geometric factor R2 = Rxz = Rzx



18. 0

16. 0

138

4. 0

2. 0

5 10 15 20 25 30

Semi-angle of divergence, 0 (degrees)

Figure 3-9. Geometric factor R3 = Rxx --= Rzz.
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Figure 3-10. Geometric factor R4 = Ryy.
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Figure 3-11. Predicted polarization ratio of: p = I_(E
Y

)/I
T

(E
X

)
A: '

2
p = 0, no analyzer.

P (IXZ+IXY)/(IXX+IXY);
2

13 = 0, analyzer efficiency included.
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Figure 3-12. Predicted polarization ratio of: p = IT(Ey)/IT(Ex);

a 2 = 0, no analyzer.
P (IXe/XY)/(rXX+IXY);

a
2 = 0, analyzer efficiency included.
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Figure 3-13. Predicted polarization ratio of p = (Iyx+Iyy) /(Ixx+Ixy);
p

2 = 0, analyzer efficiency included.
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Semi-angle of divergence, 0 (degrees)

Figure 3-14. Predicted polarization ratio of
p = (I

YX
+I

YY
)/IXX

+I
XY

); a
2 = 0, analyzer

efficiency included.
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Z(YX)Y
I

YX
+I
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P Z(XX)Y I +IXX XY

T_L I
X Z

+1
XY

P T I +I
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Z(XZ)Y
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Semi-angle of divergence, 0 (degrees)

Figure 3-15. Comparison of predicted polarization ratios:

p = (I
YX

+I
YY

) /(I
XX

+I
XY

) and

p = (IXZ
+I

XY
) /(I

XX
+I

XY
); p2 = 0.
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As stated previously, these do not completely describe all the

polarization ratios but only those pertinent for a circular aperture,

a divergent beam and a polaroid analyzer.

A comparison of the results of the Z(YX)Y/Z(XX)Y polariza-

tion ratio to those of Z(XZ)Y/Z(XX)Y indicates that although the

limiting value for Z(YX)Y/Z(XX)Y is slightly greater there is less

dependence over the finite aperture on the analyzer efficiency.

Another factor of consideration is that the Z(YX)Y/Z(XX)Y

experiment does not require the use of the instrument's polarization

scrambler for an isotropic medium. The polarization scrambler is

an amorphous quartz wedge (20) which scrambles the polarization of

the radiation entering the Raman spectrometer to preclude bias in the

gratings and detection. The use of this scrambler decreases the

detected intensity by approximately a factor of two.

If the scrambler is not required a higher counting rate is

observed for that radiation which is X polarized so that a better

signal-to-noise ratio is expected. However, in the actual experi-

ments on carbon disulfide, all observations were performed using the

Z(XZ)Y and Z(XX)Y I(PA)S orientations with the scrambler in

place.
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Summary

The development of the appropriate geometric factors for a

finite collection geometry has been described in terms which allow

their usage in either isotropic or anisotropic media, although the

results presented have been for an isotropic medium.

It is believed that this approach is unique in the development of

the effects of a finite collection geometry on the subsequent polariza-

tion measurements although other investigators (Z1 -Z7) have consid-

ered this problem in other forms. Appendix III describes these other

works and their comparison, where applicable, to those results pre-

sented here.

Experimental efforts to verify the predicted behavior are also

presented and discussed in Appendix III. It was found from the results

of these experiments that the observed behavior did not correlate with

the predicted results. This observation is discussed with respect to

its effect on the experimental data obtained for carbon disulfide.

In summary it may be stated that although the predicted results

are believed to be correct for the conditions specified there still

exist major experimental uncertainties such as the behavior of the

polaroid to oblique radiation.
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IV. EXPERIMENTAL

Carbon disulfide and benzene of spectroscopic purity were

obtained from Matheson, Coleman and Bell and used without further

treatment.

The Raman spectra of 100% carbon disulfide and 15 volume

percent (15%) carbon disulfide in benzene were obtained using a

CARY model 82 Raman spectrometer. Pertinent aspects of this

spectrometer are given in Appendix IV.

The excitation source was an Argon-Ion laser tuned to its

514.5 nm line and operated at a constant intensity of 400 mw. The

scattered radiation was collected using the full collection aperture of

the spectrometer.

The sample was contained in a liquid multipass cell which gave

approximately an order of magnitude increase in signal compared to

single pass operation. After initial optimization of the signal, the

sample configuration was not changed.

Polarization data were obtained in both parallel and perpendicu-

lar analyzer configurations by a polaroid analyzer placed over the

collection lens (before entering the spectrometer) with an instrumental

polarization scrambler. Use of the multipass cell precluded use of a

wave plate, but the incident radiation is X polarized and separate

tests indicated that this initial polarization was not changed.
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Instrument conditions were constant for the
1

region at:

0.5 cm-1 constant spectral band width; scan rate of 0.02 cm1 /sec;

counting rates varied from 500 to 50,000 counts per second, depend-

ing upon the orientation of the polarization analyzer and the percent

of carbon disulfide. Count rates were changed where necessary

throughout the scan to allow maximum sensitivity. All count rate

scales were normalized to a common base to preclude errors in

intensity due to non-linear counting rates.

The Raman spectra for the 2v
2

region were recorded under

identical conditions to those above except the spectral band width was

constant at 1.0 cm-1. Data for the v2 mode, which although for-

bidden in the Raman spectra was weakly observed, was obtained at a

spectral band width of 3.0 cm-1 and a scan rate of 0.1 cm1 /sec.

Data were recorded far enough into the wings of the spectra

until no further intensity changes were discernable or until overlap

with other transition regions occurred.

The parallel and perpendicular spectral intensities were

obtained by manual measurement of the intensity at selected wave-

number intervals. Normally this interval was 1.0 cm 1 except in

regions of rapidly increasing or decreasing slope where smaller

increments were required to adequately measure and record the

spectral intensities. In all cases the background was measured with

the spectrometer shutter closed and subtracted if necessary. No
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further corrections for baseline were made at this time in the intensity

measurements.

The anisotropic spectra are those spectra obtained under

perpendicular polarization analysis while the isotropic spectra were

obtained by calculation of

4
I iso = 1H -

3
I (4-1)

on a point by point basis. The accuracy with which a given band may

be determined is dependent upon the two intensity measurements,

III and I
_L

. Appendix IV illustrates for the depolarized band

v
18

(e
2g

) of benzene the statistical accuracy that was obtainable.
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V. RESULTS: DETERMINATION OF VIBRATIONAL
AND REORIENTATIONAL LIFETIMES

Band Shapes and Analyses

The determination of the vibrational and reorientational lifetimes

of carbon disulfide was conducted by two techniques.

The first technique assumes that the spectrum can be success-

fully modeled by a superposition of Lorentzian bands, each band cor-

responding to a given vibrational transition obtained from the state

spectrum. From the band parameters a lifetime may be determined

for that particular transition.

The second method is the numerical Fourier transform of the

actual data. In this method too, however, it was sometimes neces-

sary to assume a vibrational band shape in order to determine

individual intensity contributions in a region of band overlap. Again,

the state spectra were utilized for the determination of individual

vibrational transitions.

Prior to examination of the results obtained, consider the

validity of modeling a given vibrational transition with a Lorentzian

band shape. An observed experimental Lorentzian band shape is a

consequence of exponential behavior of the correlation function since

these are Fourier transform pairs (28, p. 27). Although commonly

assumed, it is not necessary that the correlation function exhibit
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exponential behavior. Several authors have discussed this aspect with

respect to the predicted band shapes (29, 30).

It has been found, however, that in many cases a Lorentzian

band shape, or a Lorentzian band shape convoluted with the appro-

priate spectrometer function, correctly describes the observed

experimental behavior of vibration bands. References 7 and 31-35

are a partial listing where this has been demonstrated. Therefore,

as a first approximation, the assumption of Lorentzian band shapes is

a reasonable one.

In order to model the experimental band a Lorentzian band shape

must be described for the system of usage. The CARY Model 82

Raman spectrometer records the intensity as the number of photons

per second (counts per second). An energy profile is required, not

the counts per second. Conversion to the desired energy profile is

described by the following.

The time rate of flow of radiant energy is the power or radiant

flux. If the radiant flux incident upon a surface is divided by the area

of the surface, the result is the radiant flux density or irradiance (in

the past normally called the intensity). When a phototube device is

used the photon flux is the average number of photons per unit time,

or

Number of photons Area Irradiance
unit time hv (5-1)
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Dimensional analysis of the right hand side gives

2 wattscm
2

R. H. S. = hv (5-2)

R. H. S. = 103 erg 1

sec hv

The number of photons per unit time or the displayed intensity is

inversely proportional to hv , the energy of the photon.

The intensity of the Raman scattered radiation has a fourth

power dependence on the frequency of the scattered radiation (Eq.

1-8) so that in the calculated model, the correct scattering term

(5-3)

should involve v3, not v4, to match the experimentally dis-

played intensity.

Any given symmetric band shape function requires the three

minimum parameters of position, peak height and full-width at half-

height (FWHH). For a single Lorentzian band the intensity distribu-

tion may be expressed in wavenumber units as,

G il 3
17.11.( ) = N. ( -7. )

1 2 2 v(v-v
0

) +G. /

The term (7)-/v )3 is a pseudo-normalization radiation

scattering term where

(5-4)

17/ is the laser frequency. Ni is the peak



height at the band center and Gi is one-half the FWHH of the

band. A system of overlapping bands is represented by

= G0

154

(5-5)

Nhere G
0

is one-half the FWHH of the most intense transition

and is included as a normalization factor so that the intensity is

approximately equal to N0 at the center of the most intense transi-

tion, i = 0.

By use of the results of the state spectrum, both the position

and the peak height were fixed and the G value was adjusted for

each component using the Lorentzian shape function to reproduce the

experimental spectrum. The further complication of instrumental

distortion may be accounted for by convolution with the instrument's

spectral function.

The analyses of fitting the observed spectra with a model

utilized a technique available through the Oregon State University

Computing Center called GROPE (Graphical Representation of

Parametrized Expressions) which allowed both rapid calculation of

band shapes and visual comparison of calculated and experimental

results.

The GROPE program was designed to handle ten individual

components, convolution with the instrument's spectral function and
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normalization. This program is given in Appendix IV.

For the modeling process, it was useful to develop a method of

estimating an initial set of parameters for the G values of the

individual bands to serve as a starting point.

The ratio of the intensities of two given bands, neglecting band

overlap, at their band origins is

I
i

(T7i0)
Ni

G.

) N G.
jJO

(5-6)

If Ii(7i0) and I.(7. ) represent the measured experimental
J JO

intensities at the center frequency of the two respective bands and

N. and N. represent the relative intensity factors calculated from

the state spectra, then at the band origin of the two bands

I )N .
1 10 j

Gj
I.(.v. )N.

Gi
j JO 1

Letting i represent the most intense transition (i = 0) gives

(5-7)

N
0

= 1, and G. may be estimated from the observed spectrum

fairly accurately. Ii(ifio) and ) are measured and the calcu-
j JO

lated G. value serves as a lower limit to begin the trial fitting

process since band overlap will always result in a greater width than

that predicted by Equation 5-7.
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Band Model Results

For a Lorentzian band shape the average correlation time is

related to the width parameter of the band by the simple relationship

of (see Appendix I)

t 1 = 2TrcG = Tr c(FWHH) (5-8)

4The isotropic spectra 3 1_12 give an isotropic, or non-

reorientational, correlation time which is often called the vibrational

lifetime. The anisotropic spectra give a Raman correlation time

which contains both the reorientational and isotropic correlation

times (4, 6), or

-1 -1 -1
trot t t.rot anis iso (5-9)

The modeling system utilized the convolution of the known

spectrometer function with a Lorentzian band and therefore the

spectrometer introduces no unknown errors in these determinations.

If the convolution were not performed, then the instrument function's

correlation time would have to be accounted for.

Isotropic Spectra

Figure 5-1 is the isotropic spectrum of 100% CS2 in the v1

region with the corresponding state spectrum superimposed. The
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Figure 5-1. Isotropic and state spectra of 100% CS2;
v

1
region.
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frequency scale has been lowered 5% of the maximum intensity so that

the wings of the band may be better observed. The individual lines

in the state spectrum have been coded in accordance with Table 2-16

to designate the various transitions. A constant band shift of the band

centers equal to -2.2 cm 1 from those of gas phase CS
2

was found

and was employed in the display of the state spectrum.

Observation and comparison of the isotropic and state spectra

show remarkable agreement between the actual and predicted

features. The most obvious discrepancy occurs for the line at

650.3 cm-1 = 1), whose observed peak height is much less than

predicted. This suggests that in the Lorentzian model, the FWHH

of this line should be significantly greater than the f = 0 lines.

Figure 5-2 represents the best calculated result to date, using

a Lorentzian band shape model. The result incorporates the instru-

mental distortion by the convolution of the spectrum with the instru-

ment function. The spectrometer function is well approximated for

these experimental conditions by a triangular function whose

FWHH = 0.79 cm -1
.

In obtaining the calculated result both the position and relative

intensity were fixed by the use of the calculated state spectrum and

the width parameters varied to obtain the best visual fit. The further

requirement that all transitions of the same I -value have the same

FWHH was imposed, but the value of the FWHH did depend upon
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Figure 5-2. Calculated isotropic spectrum of 100% CS2; V1 region.
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the value of f . The final parameters are listed in Table 5-1.

The width parameter, G, for the f = 0 isotropic transi-

tions reported in Table 5-1 should not be considered as an exact

value. These transitions are quite narrow, but the fact that the G

value of these modes obtained through convolution is less than that of

the spectrometer function, plus the fact that only a qualitative, visual

fit was used, necessarily implies a large uncertainty in the reported

value. It is better to consider this isotropic, i = 0, G value as a

reasonable maximum and the corresponding vibrational lifetime as a

reasonable minimum. The width parameters for the isotropic I = 1

and f = 2 transitions, while also obtained from a qualitative visual

fit, are however, significantly greater than the width of the spectro-

meter function and hence are expected to be more correct.

Analysis of the results indicates that the natural line width of

the / = 0 transitions in the isotropic spectrum of liquid carbon

disulfide is quite narrow in the v
1

region. An observed

G = O. 3 cm 1 or a tvlbr
1217.7 x 10 sec. was found for the

f = 0 transitions. The f = 1 and I = 2 transitions gave observed

width parameters and vibrational lifetimes of: 1 = 1, G = 1.25 cm 1,

4tvi.br= .2 x 10-12 sec.; and 1 =2, G = 4.1 cm -1
,

= 1.3 x 10-12 sec.tvibr

the

Figure 5-3 is the isotropic spectrum of 15% CS
2

in benzene for

1 region with the corresponding state spectrum to the same



Table 5-1. Results of GROPE analyses: v1 region.

Type of
(a) (a) (a)Transition FWHH FWHH FWHHtvibr tvibr trot

(cm-1) (cm1) -1
) (psec. )

Isotropic Spectrum Anisotropic Spectrum
100% CS2 15% CS2 100% CS2

=

I =
=

0,

1,

2,

A.Q

Ai

Al

=

=

=

0

0

0

0. 6

2.5

8.2

17.7(b)

4.2
1.3

0.6

1.7

3.7

17.7 (b)

6.3

2.8

4(c)

16(d)

10

2. 6

0. 7

1.1

(a)FWHH
= 2G.

(b)
tvl. br should be viewed as having a large uncertainty, due to inability to accurately

define the FWHH.
(c)Band assumed to contribute 20% of total intensity.
(d)Band assumed to contribute 80% of total intensity.
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Figure 5-3. Isotropic and state spectra of 15% CS2 in benzene', V1 region.
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frequency scale. The most striking discrepancy between observed

and calculated spectra is again the / = 1 transition at 650.3 cm-1.

The relative peak intensity of this transition has increased greatly in

the 15% CS2 with respect to that of 100% CS2. The apparent increase

in resolution with decreasing solute concentration has been noted

previously and at least one investigation (36) has attempted to quanti-

tatively analyze this intensity variation.

Figure 5-4 represents the calculated result for 15% CS2,

obtained in exactly the same manner as discussed previously. Again

it is noted that the / = 0 transitions have quite narrow band widths

and in fact their value is identical to that found for 100% CS2. The

= 1 and Q = 2 transitions, however, have band widths signifi-

cantly smaller in the 15% CS2, leading to an apparent increase in peak

intensity and resolution. The final results, shown in Table 5-1 are:
-1 -12 -1/ = 0, G = 0.3 cm , tvibr = 17 7 x 10 sec.; i = 1, G = O. 84 cm

= 6.3 x 10 -12
sec.; .Q 1= 2, G = 1.87 cm , tvibr = 2.8 x 10 12 sec.tvibr

One additional comment is appropriate before proceeding to the

anisotropic spectra. The transition located at 644.9 cm-1 is an

= 0 transition, (02 00-12 0 0), and its calculated intensity is always

greater than that observed. It is also the only / = 0 transition

having an upper state that differs only in the value of / from another

upper vibrational state, namely (1220). A plausible explanation of the

discrepancy between observed and calculated behavior is that some
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Figure 5-4. Calculated isotropic spectrum of 15% CS
2

in benzene; v
1

region.
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type of perturbation between these upper states is occurring.

Anisotropic Spectra

The anisotropic spectrum, which corresponds to the experi-

mentally obtained I
_L

polarization spectrum, contains the informa-

tion pertaining to molecular reorientation. Figure 5-5 is the observed

spectrum of 100% CS2 and the final calculated model in the
V1

region. The sharp spike on the most intense line is believed to be due

to either leakage of the analyzer or some rotation of the incident

polarization state caused by the use of the multipass sample cell.

The GROPE program analyses have qualitatively ignored this

sharp spike. The calculation of the correlation function values later

in this chapter will investigate the effects of assumed polarization

leakages of less than one percent (1. 0 %). The most apparent features

are the loss of the distinct structure so evident in the isotropic

spectrum and a much greater intensity in the wings of the band.

The Al = 2 transitions are symmetry allowed in the I
_L

spectrum, but their intensity is expected to be quite low for reasons

which were specified in the development of the state spectra.

Because there are no transitions in this region on the high wave-

number side of the (000 0-100 0) transition of 12C 32S
2' attention was

focussed on the center and high wavenumber portions of the band.
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Figure 5-5. Observed and calculated (two band model) I
_L

spectra of 100% CS 2;v
1

region.
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Figure 5-6 represents the "best" calculated result using a single

Lorentzian band per transition. For this model the same band width

was utilized for each transition. A wider width parameter improves

the fit on the high wavenumber side, but completely obscures the

lower wavenumber features. The fit is recognized as being only

qualitative and may not be the "best" obtainable. It is evident, how-

ever, that this result is not satisfactory in either reproducing the

experimental features in the center portion or in the wings of the

band.

A model utilizing a superposition of two Lorentzian bands for

the f = 0 transitions and a single band for the other transitions was

tried. Memory requirements of the GROPE program did not allow a

two band model for each transition. This result is superimposed on

the observed spectrum, Figure 5-5. This approach gave a better fit

on the high wavenumber side and also reproduces most of the

features present in the center portion. However, it is evident that

this is not a fully acceptable model, but the result was not improved.

The results of this "best" fit to the I spectrum are also

presented in Table 5-1. Although the results for the I
_L

spectrum

are not fully satisfactory, they do emphasize the dangers of proceed-

ing too rapidly to interpretation of the spectra without consideration

of the complications caused by band overlap and other factors.
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Figure 5-6. Calculated (single band model) 1 spectrum of 100% CS
2

V1 region.
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Discussion of GROPE Results

Table 5-1 has presented the tabulated results of the isotropic

spectra of both 15% CS2 in benzene and 100% CS2 and the I
_L

spectrum of 100% CS
2

for the vl region. It is believed that these

results successfully demonstrate the utility of modeling the isotropic

spectrum of a vibrational band complicated by isotopic and hot band

components and overlapping band shapes. The success of this model

leads directly to a determination of the average vibrational lifetimes

of the various components.

It is also believed that both the experimental spectra and the

model indicate the dependence of the widths of the various components

on the value of the vibrational angular momentum quantum number of

the degenerate mode.

The lack of a completely successful model for the II spectra

indicates the complexity of interpretation of molecular reorientation.

Even so, the fact that the two superimposed Lorentzian band model

for the f = 0 transitions fits the high energy side fairly well indi-

cates that the reorientation is not a sample single exponential decay

process for the observed data.

To those who are concerned with the use of a spectral model, it

should be recognized that the Fourier transform of the model will be

identical to that of the experimental data if the model fits the observed
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spectrum to within experimental error. Second, the use of the model

allows separation of overlapping components so that each component

may be analyzed individually. Third, use of the model eliminates

much of the possibility of errors in the evaluation of the time domain

behavior by accounting for all the perturbations before the Fourier

transform of the spectrum is taken.

There are limitations to the modeled system, however. First,

the use of the width parameter to calculate the average lifetime is a

single value result and no information concerning the time behavior

of the correlation function is obtained. This precludes the informa-

tion necessary for an understanding of the molecular dynamics of the

system. Second, the convolution with the spectrometer function is not

without errors, not only in the determination of the spectrometer

function itself, but also the convoluted result (37-40). Griffiths (7),

using observed band widths at several different spectrometer slit

values, suggested extrapolating the observed band width to its value

at zero slit width. This extrapolated band width value is assumed to

be the true or non-instrument-perturbed band width. This method

works in cases where the natural band width is greater than the

spectrometer slits used, or the natural line width of the excitation

line. It can not give an accurate result when the natural band width

is significantly less than either the spectrometer function or laser

natural line width. The limitations of this method were recognized
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and specified by Griffiths (7).

Fourier Analyses

The Fourier analyses of the various spectral bands reported in

this section were performed utilizing the techniques and computational

program described in Appendix I. Some calculations were performed

using a PDP-11 digital computer programmed to calculate the func-

tion described in Appendix I.

Several aspects of the Fourier transform analyses require

comment and evaluation before the results are presented and dis-

cussed.

Spectrometer Function

As discussed in Appendix II, the spectrometer function is

approximated well by a triangular function whose behavior is repre-

sented by Figure II-1. The exact integral transform of this function

for unit area is

S(t) (
sin Tr B /2 ct

)2
Tr B /2 ct (5-10)

where B is the base of the triangular function and B/2 is the

FWHH of the function.
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Correct calculation of the spectral correlation function behavior

requires correction for the spectrometer function at any given time.

The three values of the SBW used in these experiments and

their FWHH values are: v2 region, SBW = 3. 0 cm

(FWHH = 3.365 cm 1); v1 region, SBW = 0.5 cm

-1 -1
(FWHH = 0.79 cm ); and 2v

2
region, SBW = 1. 0 cm

(FWHH = 1. 3 cm 1
). The values of the FWHH at SBW = 1. 0 cm 1

-1

and 3. 0 cm -1 were obtained by extrapolation of Figure II-1. Table

5-2 lists the value of S(t) for each SBW as a function of time.

Times reported were chosen on the basis of the results of the calcu-

lations of the correlation function values for the respective spectral

regions.

Baseline Correction

Fujiyama and Crawford (31) have demonstrated the effects of

changing the baseline on the subsequent correlation function. They

noted (31) that the effect of altering the baseline was to either increase

or decrease the periodic oscillation, or ripple, of the correlation

function with little change on the time behavior if the ripple were

averaged. Similar tests were performed using actual experimental

data for carbon disulfide and the above effects verified for work

reported herein.
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Table 5-2. Spectrometer correlation function values.

Time
(psec. )

S(t) -1SBW = 0. 5 cm
S(t) -1SBW = 1. 0 cm

S(t) -1
SBW = 3. 0 cm

0. 00 1. 0000 1. 0000 1. 0000
0. 05 1. 0000 O. 9999
0. 10 1. 0000 0. 9997
O. 15 0. 9999 0. 9992
O. 20 0. 9999 0. 9998 O. 9987
0. 25 0. 9997 O. 9979
0.30 0. 9996 0.9970
0.35 O. 9994 0. 9959
O. 40 0. 9997 O. 9992 0. 9947
O. 45 O. 9990 0. 9932
0.50 0. 9988 0. 9917
O. 55 0. 9985 0. 9898
0. 60 0. 9993 O. 9982 0. 9880
0. 65 0. 9979 0. 9859
0.70 O. 9976 0. 9837
O. 75 0. 9972 0. 9813
O. 80 0. 9988 0. 9968 0. 9788
0. 85 0. 99 64 0. 97 60
0.90 0.9960 O. 9732
0. 95 0. 9955 O. 9701
1. 00 O. 99 82 0.9950 O. 9670
1. 05 0. 9945 O. 9636
1. 10 0. 9940 O. 9601
1. 15 0. 9934 0. 9565
1. 20 O. 9973 0. 9928 O. 9527
1. 25 0. 9922 0. 9488
1.30 O. 9916 0. 9447
1.35 O. 9909 O. 9405
1.40 0. 99 64 0. 9902 O. 93 61
1.45 0. 9895 O. 93 16
1. 50 0. 9888 0. 9269
1. 55 0. 9881 0. 9221
1. 60 0. 9953 0. 9873 O. 9172
1. 65 0. 9865 O. 9121
1. 70 0.9856 0. 9069
1.75 0. 9848 O. 9016
1. 80 0. 9940 0. 9839 O. 8961
1. 85 0. 9830 0. 8905
1.90 O. 9821 0. 8848
1. 95 O. 9811 O. 8790
2. 00 0. 9926 0. 9802 O. 8731
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Table 5-2. Continued.

Time
(psec. )

S(t)
SBW = 0. 5 cm

S(t) S(t)
1- -1 -1

SBW = 1. 0 cm SBW = 3. 0 cm

2. 20
2. 40
2. 60

O. 9911
0. 9894
0. 9876

0. 9760
0. 9715
0. 9667

2. 80 O. 9856 O. 9614
3. 00 0. 9835 O. 9558
3.20 O. 9812 0. 9499
3. 40 O. 9788 0. 943 6
3. 60 O. 9763 O. 93 69
3. 80 O. 9736 O. 9299
4. 00 0. 9708 0. 9226
4. 20 O. 9679 O. 9149
4. 40 0. 9648 0. 9069
4. 60 O. 9616 0. 8986
4.80 0.9582 0. 8900
5. 00 O. 9547 O. 8812
5.20 0.9511 0. 8720
5. 40 O. 9473 0. 8625
5. 50 0. 9454
5. 60 0. 9435 0. 8528
5. 80 0. 9394 0. 8428
6. 00 0. 9353 O. 8326
6. 20 0. 93 10 0. 8221
6. 40 0. 9267 O. 8114
6. 50 0. 9244
6. 60 0. 9222 0. 8004
6. 80 O. 9175 O. 7893
7. 00 O. 9128 O. 7779
7. 20 0. 9079 0. 7664
7. 40 O. 9029 0. 7546
7. 50 0. 9004
7. 60 0. 8979 0. 7427
7. 80 0. 8927 0. 7306
8. 00 0. 8873 O. 7184
8.50 O. 8736
9. 00 O. 8592
9. 50 0. 8442

10. 00 0. 8286
10.50 O. 8124
11.00 O. 7957
11. 50 0. 7786
12. 00 O. 7610

0. 6554

0. 5902

0. 4585
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Table 5-2. Continued.

Time S(t) S(t) S(t)
-1 -1 -1

(psec. ) SBW = 0. 5 cm SBW = 1. 0 cm SBW = 3. 0 cm

12. 50 0. 7429
13. 00 O. 7246
13. 50 O. 7058
14. 00 0. 6868
14. 50 0. 6675
15. 00 0. 6480
15. 50 0. 6282
16. 00 0. 6084
16. 50 O. 5884
17. 00 0. 5683
17. 50 0. 5483
18. 00 O. 5282
18. 50 O. 5081
19. 00 O. 4881
19. 50 0. 4683
20. 00 0. 4485
22. 50 O. 3530
25. 00 0. 2655
27. 50 O. 1888
30. 00 0. 1250
32. 50 0. 0749
35. 00 O. 0386
37. 50 O. 0152
40. 00 0. 0031
41.70 0. 0002

0.3334

0. 2232

O. 1338

0. 0680

0. 0007
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The question of whether baseline subtraction is justified and the

limits of its validity, if done, have not been considered. The follow-

ing discussion attempts to answer these questions in general terms

and to apply them to the specific cases reported in this work.

The observed intensities transmitted through the polaroid

analyzer are designated T11 and T for the parallel and

perpendicular orientations of the analyzer, respectively. The base-

line in either case is defined as that finite intensity value far into the

wings where no further detectable intensity change occurs. For the

two analyzer configurations, the baselines are designated Bli and

B The resulting intensities if the baseline is subtracted in each

analyzer configuration from the observed transmitted intensities

are designated I
11

and I
_L

.

or

The isotropic spectrum is calculated as

T
11 3

- 4 T = I
11

+ B 4
11 3

- (I±+B )

T - 4 T = III -
4 4

I + (B B )
11 3 _1_ 3 _L I I 3 _L

4If the value of (B11- 3 B1) = 0, then the value of the isotropic

(5-11)

(5-12)

spectrum calculated is identical whether baseline correction is made

or not.
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In general, the isotropic spectra of carbon disulfide go to zero

in the wings of the bands so that there is no ambiguity in the result;

it does not make any difference whether the respective baselines are

subtracted or not. If the isotropic spectrum has a finite intensity
4value far into the wings, this implies that B

11
> 3 B

_1;
there is still

some isotropic intensity. In this case, it is believed that no baseline

corrections are justified, or that the corrections should be B

and
4 Bir_ for the T and T

11

intensities, respectively.

The validity of baseline correction for the observed T

spectrum depends upon theresultant correlation function. If

(B
11 3

- 4 B1) = 0, baseline correction for T is justified if the

resultant correlation function has reduced ripple with respect to the

original data. It was found that when (B
11 3

- 4 BL) = 0, baseline

correction of the observed T1 data of carbon disulfide resulted in

improved (reduced ripple) correlation function behavior with little or

no change in the overall time behavior. Baseline corrections were

made for all experimental data observed in the perpendicular analyzer

configuration except for the
2

region.

Sampling Interval and Valid Time Ranges

The maximum times permitted as determined by the spectro-

meter function are those times for a given SBW where S(t) = 0.

These are: SBW = 0.5 cm-1' tmax = 41.7 x 10-12 sec.;
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SBW = 1. 0 cm-1, t = 25. 6 x 10-12 sec.; and SBW = 3.0 cm -1
,max

t = 9.9 x 10-12 sec.max

A more conservative estimate of the maximum valid times is

obtained from the following relationship which reflects the reciprocity

of frequency and time.

Aco At = 1 (5-13)

The angular frequency, o), may be converted to wavenumber units,

giving a time of

At = (2TrcAi7)-1 (5-14)

where Ar, is the FWHH of the spectrometer function at a given

instrument setting.

Assuming that our knowledge of the spectrometer function is

reasonably accurate, the maximum times computed from it corres-

pond to the first zero in the diffraction equation, sin2x/x
, where

x = TrBcAt = TrA7cAt. This zero occurs at x = Tr or at

At = 1 icA7, i. e. , at a time arr greater than that given by Equation

5-14. Thus while Equation 5-14 is probably too conservative, the

limit of licAv is certainly too liberal, partly because the spectro-

meter function is not known with precision, and partly because when

the Fourier transform of the slit function becomes small, though not
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vanishing, the calculation of C(t) from Equations 5-17 and 5-20 is

poorly determined.

The sampling interval, i. e. , the interval at which the data are

recorded for use in calculating the Fourier transform by means of

numerical integration, also affects the validity of the transform. For

spectra whose correlation function vanishes, C(t) = 0, for all

times greater than some maximum t > t , the sampling theoremmax

asserts that the frequency spectrum is uniquely determined by its

values at the frequencies given by = Trnit where n takesmax

on all integer values. In other words, the data interval on a wave-

number scale is

pv = (27cAo.))-1 (2ctmax) 1 (5-15)

There is no reason to believe that C(t) vanishes as specified

above; however, it is presumed to vanish at least as fast as

exp(-t /1-) for some limiting "relaxation time", T . As we have seen,

the finite instrumental resolution imposes a limiting time above which

C(t) is not well determined. When tmax is fixed by the first zero

of the Fourier transform of a triangular slit function, Equation 5-10,

the AV specified by Equation 5-15 turns out to be one-half the

instrumental resolution.
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The actual experimental sampling interval was Al). = 1. 0 CM-1

in all cases. This value introduces some error in C(t) at all times

and limits the maximum valid times of all the correlation functions to

a tmax < 16.7 psec. (1 psec. = 1 x 10-12 sec. ) in the absence of

any other considerations.

The previous discussion has pointed out the maximum time

range over which the correlation function may be obtained with

validity. However, the accuracy with which the correlation function

may be determined within this range is a function of the data trunca-

tion.

Fujiyama and Crawford (31) also investigated the effects of data

truncation, or the interval over which the data extend from the band

origin, on the resultant correlation function within the time range

where it may be obtained. They (31) demonstrated that the data

should extend approximately eight (8) to ten (10) times the G value

from the band origin for an accurate correlation function to be

obtained. Decreasing this data interval results in oscillation and

perturbation of the correlation function.

The results reported herein utilized data that were obtained as

far into the wings of the band as was experimentally possible. The

Fourier transforms were performed utilizing the full range of data

after baseline corrections were made. i. e. , the data were truncated

at zero intensity.
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The results of the determination of the valid time ranges for

each spectral region and the data interval are given in Table 5-3.

Interpretation of the correlation function must be done with a full

understanding of the effects of the valid time range, the sampling

theorem and data truncation. Appendix I discusses these effects in

more detail.

Determination of True Isotropic and Anisotropic
Correlation Functions

The notation used in this and subsequent sections denotes the
4isotropic spectrum determined from the actual data as - -3 I

and the data observed in the perpendicular analyzer configuration as

Imo. Baseline subtraction was performed on all I
_L

data except for

the v
2

region.

The isotropic spectrum is used to determine the normalized
A exisotropic correlation function, CisoP(t). There are no rotational

effects in this correlation function. The spectrometer function is con-

voluted, however, with this result. The true isotropic correlation

function is found by (from Equation 1-69)

iexP(t)^true
(t)

iso
Lso

C.
S(t) (5-17)

Once the normalized isotropic correlation function is found from the



Table 5-3. Valid time range and data interval.

Isotropic AnisotropicPercentSpectral CS Data Interval (c) (a) (b)t t Data Inter val(c )

2Region tmax (a) tmax (b)
max max

2

1

2v
2

100%

15%

100%

15%

100%

9.90
16.70

16.70

16.70

16.70

1. 58

6.72

6.72

4. 08

4. 08

-85 (G = 34) (d)

13.5 (G = 0.3)(e)

26. 5 (G = 0.3)(e)

41 (G = 3. 5) (d)

47 (G = 5)(d)

9. 90

16.70

16. 70

16.70

16.70

1. 58

6. 72

6. 72

4. 08

4. 08

85 (G = 25) (d)

34. 5 (G = 4)(d)

45. 5 (G -I- 4)(d)

46 (G > 10)(d)

47 (G 2-= 10)(d)

(a) Determined by S(t) = 0 or sampling interval; times reported in picoseconds.
(b) Determined by (2TrcFWHH) ; FWHH determined by the instrument function; times reported in

picoseconds.
(c)Reported in wavenumbers.
(d)Estimated from experimental spectra.
(e)Obtained from GROPE results.
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isotropic data, a point-by-point division by the known value of the

spectrometer's correlation function determines the true, normalized

isotropic correlation function.

The true anisotropic correlation function is determined from the

correlation function of the observed spectrum by (4, 6)

whe re

and

^
xP(t)true (t)anis ''exp(t)

iso

aexp(t)
=

astrueanis

iso (t) S(t)
_L

,6exp
iso

atlsorue,
(t) S(t)

(5-18)

(5 -19)

(5-20)

The true anisotropic correlation function is determined by a

point-by-point division of the value of the correlation function deter-

mined from the experimental II data by the value of the correlation

function determined from the isotropic data. The spectrometer func-

tion does not enter directly into the calculation of the true anisotropic

correlation function.

Use of the Time Correlation Function

The information most easily obtained from a time correlation

function graph is the determination of whether the molecule shows a
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period of free inertial decay and the determination of an average

reorientational or vibrational lifetime.

Free inertial decay is the molecular process occurring over a

given time period where the reorientational motion is that of a free

molecular species without collisions. In a dense medium, such as a

liquid, this time period is quite small. For the time period where

this process is assumed to be valid, the correlation function for a

totally symmetric mode in a linear or symmetric top molecule takes

the form of (41)

kT
Cfr 2I(t) - 1 (I +1)t (5-21)

where I is the moment of inertia, f is the rank of the spherical

harmonic (for the Raman case .e = 2), t is the time and kT is

the product of the Boltzmann constant and the temperature.

The moment of inertia, I, is conveniently expressed in terms

of the rotational constant, B, as

I
h

8Tr
2

cB
(5-22)

The gas phase values for B are (11); B
0

= 0. 10848 cm-1 and
10 0

B -= 0. 108978 cm-1.
0200

Combination of terms and rearrangement gives an expression

for the Raman Cfr(t) of



C (t) 1
247 kTcB

t2fr
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(5-23)

The spectroscopic parameter, B, is known to a high degree

of accuracy and reflects the changing bond lengths in the various

vibrational states. Equation 5-2, however, assumes a rigid rotor

model of the molecule. The effect of different B values is shown in

Table 5-4 which lists the calculated values obtained for both the

(1000) and (0200) states at T = 300°K.

Table 5-4. Inertial decay correlation function
values.

Time
Cfr(t)

(psec. ) (1000) (0200)

0. 00 1. 0000 1. 0000
0. 05 0. 9880 0. 9879
0. 10 O. 9519 O. 9516
0. 15 0. 8917 0. 8912
0. 20 0. 8074 0. 8065
0. 25 0. 6991 0. 6977
0.30 O. 5668 O. 5646
0.35 O. 4103 0. 4074
0. 40 O. 2298 0. 2260
0.45 0. 0252 0. 0205
0. 50

It is seen in the table the inertial decay is quite rapid. It must

be remembered that the short time behavior of the correlation function

was derived for a totally symmetric mode of a linear or symmetric

top molecule. Therefore, even though the
2

mode was observed
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in the Raman spectrum, Equation 5-23 is not applicable to the short

time behavior of its correlation function.

If the anisotropic and isotropic band shapes are Lorentzian,

then the respective correlation functions are exponentials. The slope

of a linear region of the correlation function plotted on semi-

logarithmic paper is therefore related to the average lifetime by

tave -[(2. 303)(Slope)]
-1 (5-24)

tave may be either the reorientational or vibrational average life-

time, depending upon which correlation function is being considered.

If the correlation function has no linear regions when plotted on a

logarithmic scale, the decay process is not exponential over the time

range considered.

Individual Spectral Regions

The discussion of the correlation function behavior in a given

Raman spectral region must include the intensity data utilized, the

limits imposed upon the time range of validity by the factors in the

preceding section, interpretation of the time correlation behavior and

the significance of the results. The individual spectral regions are

discussed separately; general comments and discussion follow the

individual regions presented.



v2 Region

The
o 1

v
2

transition (00 0-01 0) is forbidden in the Raman

spectrum of carbon disulfide for linear centrosymmetric molecules

by basic group theory. However, the mode was observed as a very

weak transition in 100% CS
2

using the multipass cell.

The discussion of the state spectra of carbon disulfide did not

include the v2 region because it is a formally forbidden Raman

187

transition for the linear centrosymmetric species. However, analy-

ses of possible transitions, calculated transition energies and quali-

tative relative intensities are required for discussion of the correlation

function.

Table 5-5 presents possible transitions in the v2 region,

their calculated transition energies (Table 2-5) and predicted relative

intensities based upon consideration of isotopic abundance (Table 2-1),

Boltzmann population factors (Table 2-7) and harmonic oscillator

theory (Equation 2-38).

Several aspects of the results tabulated in Table 5-5 merit

comment. The first of these is the fact that for a given vibrational

transition, the effect of the sulfur isotopes on the transition energy

is greatly reduced for this bending mode in comparison to the effect

noted in the v
1

region. A comparison to the calculated transition
0 1energies of the (00 0-010) transition for the three isotopic species of
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12 32 12 32 33S and 1232
S

34
C S2' C S C S gives verification of this fact.

Table 5-5. Transitions in the
V2

region of CS2.

Isotopic Initial Final Transition Relative
Species State State Energy (cm-1) Intensity

12 32
S2

12 32 33
C S, S

120325345

13 32
S2

00 00

0110

0110

10 00

0220

02 00

00 00

0000

0110

0110

00 00

- 0110

0220

- 0200

- 1110

- 0310

- 0310

- 0110

- 0110

- 0220

- 02 00

- 0110

396. 217

396.381

405. 511

388. 589

413. 855

404. 725

397. 842

395. 302

395. 474

404. 241

385. 236

1. 0000

0. 5984

O. 5984

0. 0426

0. 1341

0. 0642

0.0160

O. 0888

0. 0534

0. 0534

O. 01 12

In addition, transitions whose initial and final states are not

part of a Fermi multiplet have energies nearly equal to the fundamen-

tal (0000 -0110) mode. This is illustrated by the (0110 -0220) transi-

tion of each isotopic species. In comparison, note the marked effect

of the carbon isotope in 13
C3252 on the transition energy of the

(0000-0110) mode.

The third effect noted in the recognition that due to Fermi

resonance, some of the transitions have energies greater than that of
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the fundamental (0000 -0110)0-0110) transition of C
32

S .

Figure 5-7 illustrates the state spectrum superimposed upon

the observed II and isotropic spectra for the
2

region. At the

0
spectral band width utilized (3.0 cm-1), the transitions of (00 0-0110)

1
and (010-0220) for 12

C325
12

C
32S335 and 12

C
32

S
34S would not be

2'

resolved. The next most intense transition is predicted to be that of

1(010-0200) for 12
(01 and it appears on the high energy side. The

isotropic spectrum indicates that most of its structure appears on the

high energy side of the band. The observed II spectrum does not

show any sharp features over the band.

Note that for this Raman spectral region the isotropic spectrum

appears to be at least as broad as the observed perpendicular spec-

trum. This is a marked change from the vl and 2v
2

regions

where the isotropic spectra are sharper and considerably less

broad than the perpendicular spectra.

As noted in Table 5-5 and the isotropic spectrum, most of the

more intense transitions which may be present in the v2 region

occur on the high energy side of the band. Consequently, the low

wavenumber data of this band were utilized to determine the value of

the correlation function.

The fact that several transitions have their band centers near

that of the (0000 -0110) transition of 12
C

32S2 means that the value of

the correlation function will not be that of a single, isolated transition.
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The spectrometer conditions did not allow sufficient resolution to

separate these several modes and no GROPE analyses were per-

formed in this region. These limitations precluded any corrections to

the observed data for band overlap.

Table 5-6 presents the actual data utilized in the calculation of

the correlation function values. No baseline corrections were made

on this data. The intensities are recorded on an arbitrary scale of

50.00 = 2,000 counts per second (cps).

Table 5-7 presents the calculated values of the correlation

function for the and isotropic spectra. It is important to note

that the correlation function values of the observed II data are

greater than those of the isotropic data. This precludes calculation of

the true anisotropic correlation function by use of Equation 5-20.

Certainly the molecule is undergoing rotational motion, but the non-

orientational decay of this particular Raman observed mode is so

rapid that it completely obscures the rotational behavior.

Table 5-7 includes the correlation function values derived from

infrared results reported by Kakimoto and Fujiyama (42). These

authors (42) have also pointed out that there is a vibrational contribu-

tion to the band. They (42) were able to fit the band contour with a

Lorentzian band shape, thereby ensuring exponential correlation

function behavior.
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Table 5-6. Intensity data v2 region. Intensity scale of
50.00 = 2,000 cps.

Data No. Wavenumber Observed, I_L Calculated, I -(4 /3)Ii.

0 395 20.50 16.67
1 394 20.45 16.59
2 393 20.30 16.39
3 392 20.05 16.12
4 391 19.75 15.57
5 390 19.25 14.89
6 389 18.60 14.46
7 388 18.00 14.31
8 387 17.30 13.79
9 386 16.50 13.76

10 385 15.80 13.49
11 384 15.15 13.16
12 383 14.65 12.77
13 382 14.05 12.57
14 381 13.55 11.99
15 380 13.05 11.70
16 379 12.65 11.24
17 378 12.18 11.11
18 377 11.75 10.94
19 376 11.30 10.59
20 375 10.95 10.10
21 374 10.50 9.90
22 373 10.15 9.47
23 372 9.80 9.24
24 371 9.55 8.72
25 370 9.15 8.40
26 369 8.85 8.15
27 368 8.55 7.80
28 367 8.25 7.45
29 366 7.95 7.15
30 365 7.65 6.85
31 364 7.35 6.60
32 363 7.05 6.40
33 362 6.80 6.14
34 261 6.55 5.92
35 360 6.30 5.70
36 359 6.05 5.64
37 358 5.90 5.39
38 357 5.75 5.19
39 356 5.50 5.12
40 355 5.35 4.92
41 354 5.15 4.79
42 353 5.00 4.64
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Table 5-6. Continued.
Data No. Wavenumber Observed, Ij Calculated, III -(4 /3)1i_

43
44

352
351

4.85
4.70

4.43
4.28

45 350 4. 50 4. 20
46 349 4.35 4. 05
47 348 4. 20 3. 95
48 347 4. 10 3. 83
49 346 3.95 3. 73
50 345 3. 80 3. 63
51 344 3. 65 3. 58
52 343 3. 50 3.48
53 342 3.35 3. 48
54 341 3.25 3.37
55 340 3. 15 3.30
56 339 3.00 3.25
57 338 2. 85 3.25
58 337 2. 70 3.25
59 336 2. 65 3. 07
60 335 2.50 3. 02
61 334 2. 45 2. 88
62 333 2.35 2. 87
63 332 2. 25 2. 80
64 331 2.20 2. 67
65 330 2. 10 2. 65
66 329 2. 00 2. 63
67 328 1. 95 2. 55
68 327 1. 90 2.47
69 326 1. 85 2.43
70 325 1. 80 2.35
71 324 1.75 2.27
72 323 1. 70 2. 18
73 322 1. 65 2. 10
74 321 1. 60 2. 02
75 320 1. 55 1. 98
76 319 1. 50 1. 95
77 318 1.45 1. 87
78 317 1.40 1. 83
79 316 1.38 1.76
80 315 1.32 1. 74
81 314 1.30 1. 67
82 313 1. 25 1. 68
83 312 1. 20 1.70
84 311 1. 18 1. 68
85 310 1. 15 1. 67
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Table 5-7. Correlation function values, 100% CS v2 region.gi on.

Time (psec. ) vxp(t)
_L

ia.exp(t)
so

atrue(t)
iso R

O. 00
O. 05
0. 10
0. 15

1. 0000

0. 8451

1. 0000
O. 9501
O. 8148
O. 6321

1. 0000
O. 9502
O. 8150
O. 6326

1. 000

0.20 0.5226 0.4487 0. 4493 O. 932
O. 25 0.3027 O. 3033
0.30 O. 2122 O. 2128 O. 852
0.35 O. 1721 O. 1728
0.40 O. 1865 O. 1614 0. 1623 O. 787
O. 45 O. 1553 O. 1564
O. 50 O. 1374 O. 1385 O. 733
O. 55 0. 1045 O. 1056
0. 60 O. 0971 0. 0653 0. 0661 0. 677
O. 65 0. 0327 O. 0332
0.70 O. 0156 O. 0159 0. 625
0.75 O. 0148 O. 0151
0. 80 0. 0559 0. 0231 0. 023 6 0. 577
O. 85 0. 03 07 O. 03 15
O. 90 O. 0306 0. 0314
0.95 0.0221 O. 0228
1.00 0.0306 0.0102 O. 0105 O. 497
1. 05 O. 0017 O. 0018
1. 10 O. 0010 O. 0010
1. 15 0. 0074 0. 0077
1. 20 O. 0231 O. 0160 O. 0168 0. 423
1. 25 O. 0212 O. 0223
1.30 O. 0197 0. 0209
1.35 O. 0128 O. 0136
1.40 0.0146 0.0048 O. 0051 O. 368
1.45 0. 0008 0. 0009
1.50 O. 0031 O. 0033 O. 336
1.55 O. 0100 O. 0108
1.60 0.0094 0.0173 O. 0189
1. 65 0. 0205 O. 0225
1.70 O. 0178 O. 0196 O. 292
1.75 O. 0108 O. 0120
1. 80 O. 0023 O. 003 5 O. 0039
1. 85
1. 90 0 0012 0 0014 O. 254
1.95 0 0060 0 0068
2.00 0.0034 0 0105 0 0120 O. 237
*Values derived from results of Reference (42).
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Figures 5-8 and 5-9 are graphical representations of the results

reported in Table 5-7. The value of the correlation function of the

spectrometer is included in these representations.

The correlation function of the Raman observed IL spectrum

for the v2 mode (Figure 5-8) shows a quadratic-like behavior over

the first few tenths of a picosecond. A comparison of this short time

behavior to that predicted by Equation 5-23 cannot be made, however,

because
2

is not a symmetric vibration. After this initial curva-

ture there is a region which is reasonably linear out to 1.6 psec. , the

maximum time that the correlation function may be expected to be

accurate. The Raman correlation function decays much more rapidly

than the IR results (42).

Figure 5-9 describes the isotropic correlation function of the

Raman observed v2 mode. The true shape of this correlation func-

tion is obscured by severe ripple in the results. The sampling

interval meets the requirements of the sampling theorem so the two

remaining factors which may have produced this result are the base-

line value and truncation of the data. For reasons specified in an

earlier section, it is believed that baseline adjustment is not justified

for these data. The truncation of the data at too small an interval is

therefore the probable cause of the severe ripple in the correlation

function. Experimental conditions did not permit a greater spectral

interval to be obtained.
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It may be noted, however, that the isotropic correlation function

decays more rapidly than that of the experimentally observed perpen-

dicular spectrum. In the Raman case, the major contribution of the

v2 band width comes from the non-reorientational decay. The iso-

tropic correlation function also seems to have an initial curvature at

short times, although for this graph the appearance of this feature

may be a consequence of the data truncation. It has been previously

shown (3 1) that too small an integration interval yields a correlation

function with ripple and a period of initial curvature very similar in

appearance to quadratic behavior.

In addition to the problems imposed by the truncated data, it

must be remembered that the correlation functions for this mode are

complicated by band overlap in the original spectra. If different

transitions have differing vibrational lifetimes, these will be reflected

in the behavior of the correlation function. The experimental Raman

conditions required to observe the very weak intensity precluded any

corrections for band overlap without a corresponding GROPE result

which was not conducted.

It is useful to compare the results of the correlation functions

determined from the Raman data to those reported (42) for the same

infrared observed mode. The correlation function of the infrared

band was found to be essentially linear out to 2. 0 psec. (42). Unlike

the Raman case, the reorientational and vibrational contributions to a
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given infrared band can not be experimentally separated (1).

Kakimoto and Fujiyama (42) calculated a vibrational band width and

subtracted it from the observed experimental band width to obtain the

rotational contribution. Using this method, they (42) determined an

average rotational relaxation time of approximately 4.00 psec. for

rotation about the perpendicular axis and 2.56 psec. for motion about

the molecular axis.

v
1

Region

The
1

region was the most intense feature observed in the

Raman spectrum of carbon disulfide. The isotropic and state spectra

of both 15% carbon disulfide in benzene and 100% carbon disulfide have

been presented in the section detailing the results of the GROPE

analyses. In addition, the experimentally observed II spectrum of

100% CS
2

has been presented previously.

The state spectrum of the 1)1 region indicates that there are
0 0no transitions on the high wavenumber side of the (00 0-10 0) transi-

tion of 12
C

3252. The high wavenumber data of this transition were

utilized in all calculations of the correlation function values.

Figure 5-10 is the observed I
J_ spectrum of 15% CS2 in

benzene. As in the case of the 100% CS
2

there are no sharp features

in comparison to the isotropic spectrum. The peak centered at

approximately 608 cm-1 is the depolarized v18 (egg) mode of
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benzene. The dashed lines over this region indicate the experimen-

tally obtained data. As can be seen, this peak overlaps the low

wavenumber side of the v
1

envelope. The isotropic spectrum veri-

fies that this benzene peak is depolarized. Because only the high

wavenumber data were utilized in the determination of the correlation

function, the benzene mode does not perturb the results.

Table 5-8 lists the observed intensity data of 15% CS2 in the v1

region. The intensity is recorded on a scale of 1. 000 = 500 cps for

the observed perpendicular spectrum and 1. 000 = 1000 cps for the

isotropic spectrum. The II data have been corrected for a con-

stant baseline of 0.014. No baseline corrections were made in the

determination of the isotropic spectrum.

In an attempt to set limits upon the magnitude of the polarization

leakage believed to exist in the observed 1,1 per pendicular spectra,

corrections were made by the following equation.

Icorr. lobs.
- kIobs.

I I

(5-25)

k represents the extent of polarization leakage. For 15% CS2, a

value of k > 0. 008 was too large, causing a "dip" in the spectrum

at the band center frequency.

Table 5-9 presents the correlation function values determined

from the data of Table 5-8 and for data corrected for representative
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Table 5-8. Intensity data, 15% CS2. v1 region. Intensity scales: I.I.,

1.000 = 500 cps; III -(4 /3)1, 1.000 = 1,000 cps.

Data No. Wave number Observed, I
_L

Calculated, I
II

-(4 /3)1
_I_

0 656.5 0.134 2.551
1 657 0.121 1.670
2 658 0.096 0.126
3 659 0.079 0.043
4 660 0.065 0.017
5 661 0.053 0.013
6 662 0.045 0.010
7 663 0.036 0.009
8 664 0.030 0.008
9 665 0.026 0.006

10 666 0.024 0.004
11 667 0.022 0.003
12 668 0.020 0.002
13 669 O. 019 0. 001
14 670 0.016 0.001
15 671 0.016
16 672 0.015
17 673 0.013
18 674 0.013
19 675 0.012
20 676 0.011
21 677 0.009
22 678 0.007
23 679 0.006
24 680 0.006
25 681 0.005
26 682 0.004
27 683 0.003
28 684 0.003
29 685 0.003
30 686 0.002
31 687 0.002
32 688 0.001
33 689 O. 001
34 690 O. 001
35 691 0.000



Table 5-9. Correlation function values, 15% CS
2"

v
1

region.

Time
(psec. )

^exp
C (t)

_L
ee.
C. (t)iso

A true
tC( )anis

A true
C. (t)iso

A true
C (t)anis
k = 0.002

^true
tC( )anis

k = 0.004

A true
tC( )anis

k = 0.006

0. 0 1. 0000 1. 0000 1. 0000 1. 0000 1. 0000 1. 0000 1. 0000
0.2 0.9338 0.9986 0.9351 0.9987 0.9341 0. 93 29 0. 93 17
0.4 0. 7 699 0. 9945 0. 7742 0.9948 0.7704 0. 7 663 0. 7 621
0. 6 0.5851 0.9879 0. 5923 0.9886 0.5856 0. 57 81 0.5707
0. 8 0. 4445 0. 9793 0. 4539 0.9805 0. 4449 0. 4349 0.4252
1.0 0. 3 651 0. 9692 0.3767 0.9709 0. 3 664 0.3550 0. 3 444
1.2 0. 3 249 0.9580 0. 33 91 0. 9606 0.3282 0.3162 0.3055
1.4 0.2953 0. 9463 0.3121 0.9497 0.3005 0.2883 0.2778
1. 6 0. 2 642 0.9344 0.2827 0. 93 88 0.2707 0. 2580 0.2478
1. 8 0.2332 0. 9224 0.2528 0. 9280 0.2402 0.2273 0. 2173
2.0 0.2050 0. 9105 0.2252 0.9173 0.2121 0. 1990 O. 1889
2.2 O. 1775 0.8986 0. 1975 0. 9067 0. 1840 0. 17 07 0. 1607
2.4 0. 1493 0. 8866 O. 1684 0.8961 0. 1544 0. 1409 0. 13 07
2.6 0. 1238 0. 8743 0. 1416 0.8853 0. 1272 O. 113 6 0. 1031
2. 8 0. 1057 0.8615 0. 1227 0. 8741 0. 1080 0. 0944 0.0836
3.0 0.0949 0.8481 O. 1119 0. 8623 0.0970 0.0837 0.0724
3.2 0.0869 0. 83 41 0. 1042 0. 8501 0.0892 0. 07 60 0. 0643
3.4 0.0775 0.8193 0. 0946 0. 83 70 0. 0796 0. 0666 0.0541
3. 6 0.0670 0. 8039 0. 0833 0. 8234 0.0682 0. 0554 0.0419
3.8 0. 0575 0.7879 0. 073 0 0. 8093 0.0576 0. 04 49 0. 0305
4. 0 0.0501 0.7713 0.0650 0. 7945 0.0495 0. 03 71 0.0215
4.2 0. 0442 0. 7543 0. 0586 0. 7793 0. 0431 0. 0308 0. 0141
4. 4 0. 0395 0. 73 69 0. 053 6 0. 7638 0. 03 80 0. 0258 0. 0080
4. 6 0. 0368 0.7192 0.0512 0. 7479 0. 03 57 0. 0235 0. 0049



Table 5-9. Continued.

'exP(t) so (t)Time s o
(psec. )

true(t)
anis

,,true(t) "true
C (t) Ĉ

 tru e
(t) C

A t r u e
iso anis anis anis

k= 0.002 k= 0.004 k= 0.006

4.8 0.0366
5. 0 0. 0374
5. 5

0.7011 O. 0522
0. 6827 0. 0548
O. 6356

O. 7317 0. 0367 0. 0247 O. 0053
O. 7151 O. 0394 O. 0275 O. 0075
0. 6723

6. 0 0. 5875 O. 6281
6. 5 0. 53 93 0. 5834
7. 0 O. 4913 O. 5382
7. 5 0. 4436 O. 4927
8. 0 O. 3961 0. 4464
8. 5 0. 3494 0. 4000
9. 0 0. 3038 O. 3536
9. 5 O. 2595 O. 3074

10.0 O. 2167 O. 2615
10. 5 0. 1759 O. 2165
11.0 O. 1375 O. 1728
11.5 O. 1016 O. 1305
12. 0 0. 0681 0. 0895
12. 5 O. 0367 0. 0494
13.0 0. 0082 O. 01 13
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values of polarization leakage. The appropriate slit function corre-

lation function is also included in this table.

Figure 5-11 illustrates the results reported in Table 5-9. The

inertial decay curve is also represented.

The anisotropic correlation functions shown in Figure 5-11 have

an initial curvature at times less than 0. 5 psec. , but this initial

curvature is less than that predicted for free inertial motion.

The effect of the polarization leakage corrections is to make the

decay more rapid, but there are no dramatic changes in the behavior

of the correlation function. Some ripple is evident in the results and

the correlation function exhibits a minimum at approximately 4.5 psec.

Although the minimum exhibited occurs within the predicted validity

range given in Table 5-3, it is believed to be an artifact of the Fourier

transform. The correlation function should not be used beyond

4. 0 psec.

A visual "best" line was selected as shown, giving a

tr 1. 2 psec.

Figure 5-12 represents the isotropic correlation function

corrected for instrument distortion. Only the first four picoseconds

are shown with a visual "best" slope. This slope corresponds to a

t vibr = 10.5 psec. The data sampling interval was too great for this

case, and when the value of the true isotropic correlation function is

extended beyond the range shown, it falls off in a smooth curve which
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simply has no physical significance or reality.

In addition, the behavior of the corrected isotropic correlation

function over an extended range may be qualitatively reproduced by a

spectrometer correlation function based on an instrumental slit width

approximately twice that believed to be correct. Although the best

possible care was used in the experimental determination of the

spectrometer function, there still may exist errors in the result.

It may also be impossible to determine a correct correlation

function for a band whose FWHH is less than that of the spectro-

meter function. This is the case for the isotropic spectrum of both

15% CS
2

in benzene and 100% CS
2

in the
1

region.

Table 5-10 lists the intensity data utilized in the calculation of

the correlation functions of 100% CS2 in the vl region. The

intensity data are recorded on a scale of 1.000 = 1,000 cps for both

the isotropic and perpendicular spectra.

Table 5-11 gives the calculated correlation function values

determined from the data of Table 5-10 and the appropriate spectro-

meter correlation function values. In addition, anisotropic correla-

tion function values determined from data obtained through the use of

Equation 5-25 are included. For this case, it was necessary to

restrict the value of k < 0.008 in order not to have a "dip" in the

intensity at the band center frequency.
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Table 5-10. Intensity data, 100% CS2. V1 region. Intensity scale of

1. 000 = 1, 000 cps.

Data No. Wavenumber Observed, Calculated, I - (4 /3 )1

0

1

2

3

4
5

6

7

8

9

10

656.
657
658
659
660
661
662
663
664
665
666

5 0. 63 0
O. 520
O. 416
O. 345
0. 291
O. 247
0. 204
O. 170
0. 146
0. 123
0. 105

21.517
8. 252
0. 802
O. 205
0. 091
0. 040
O. 03 5
0. 019
O. 011
0. 009
O. 011

11 667 O. 091 0. 008
12 668 0. 080 0. 007
13 669 0. 071 0. 006
14 670 0. 063 0. 007
15 671 0.056 0. 008
16 672 O. 050 0. 008
17 673 0. 045 0. 008
18 674 0. 041 0. 008
19 675 O. 038 0. 007
20 676 O. 035 0. 007
21 677 0. 033 0. 003
22 678 O. 03 0 0. 003
23 679 O. 027 0. 004
24 680 0. 025 0. 003
25 681 0. 024 0. 001
26 682 O. 021 0. 001
27 683 O. 020 O. 001
28 684 O. 019
29 685 O. 017
30 686 O. 015
31 687 O. 014
32 688 O. 013
33 689 0.011
34 690 0.010
35 691 0.009
36 692 0.008
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Table 5-10. Continued.

Data No. Wavenumber Observed, I Calculated, I -(4 /3)1
_i_ II _L

37 693 0.007
38 694 0.006
39 695 0.005
40 696 0.005
41 697 0.004
42 698 0.003
43 699 0.003
44 700 0.002
45 701 0.001
46 702 0.000



Table 5-11. Correlation function values, 100% CS2.
1

region.
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Time
(ps ec.)

exp(t)
1_

exp(t)
iso

/atrue(t)
anis

ierue(t)
iso

erue(t)
anis

k=0.002

/etru.e(t)
ants

k=0.004

eru.e(t)
ants

k=0.008

0. 0
0. 2
0. 4

1. 0000
O. 9199
0. 7428

1. 0000
0. 9984
0. 9940

1. 0000
0. 9214
0. 7473

1. 0000
O. 9985
O. 9943

1. 0000
0. 9257
0. 7554

1. 0000
O. 9227
0. 7470

1. 0000
0. 9212
0. 7422

0. 6 O. 5818 O. 9880 O. 5889 O. 9887 O. 5906 0. 5804 0.5728
0. 8 O. 4816 O. 9815 O. 4907 O. 9827 O. 4839 0. 47 67 0. 4674
1. 0 O. 4129 O. 9753 0. 4234 O. 9771 O. 4163 O. 4122 O. 4010
1. 2 O. 3476 0. 9693 O. 3586 O. 97 19 O. 3547 O. 3491 O. 33 52
1.4 0. 2897 O. 9631 O. 3008 O. 9666 0. 2959 0.2860 0.2691
1. 6 O. 2455 O. 9558 O. 2569 0. 9603 O. 2504 O. 23 84 O. 2196
1. 8 O. 2091 0. 9473 0. 2207 O. 9530 O. 2148 0.2055 0. 1862
2. 0 0. 1772 O. 9376 0. 1890 0. 9446 0. 1812 O. 1752 O. 1560
2. 2 O. 1529 0. 9271 0. 1649 0. 93 54 0. 1531 0. 1460 0. 1273
2. 4 0. 1346 O. 9161 0. 1469 O. 9259 0. 13 69 O. 1252 O. 1064
2. 6 O. 1175 O. 9048 0. 1299 O. 9162 O. 1264 O. 1116 O. 0925
2. 8 0. 1025 0. 8932 0. 1148 O. 9063 O. 1105 0.0976 0. 0779
3. 0 O. 0920 0. 8813 0. 1044 O. 8961 O. 0916 0. 0829 0. 0625
3. 2 0. 083 6 O. 8691 0. 09 62 O. 8858 0. 0809 0. 0731 0. 0524
3. 4 0. 0746 0. 8565 O. 0871 O. 8751 0. 07 95 0. 0680 0. 0473
3. 6 0. 0669 0. 8436 0. 0793 O. 8641 0. 07 65 O. 0615 O. 0407
3. 8 O. 0618 0. 83 03 0. 0744 0. 8528 O. 0662 0. 0530 0. 03 16
4. 0 O. 0572 O. 8166 0. 0700 O. 8412 O. 0558 0. 0479 0.0256
4. 2 0. 0527 0. 8025 0. 0657 0. 8291 O. 0527 0. 0470 0. 0242
4. 4 0. 0498 O. 7882 O. 0632 O. 8170 0. 0544 0. 0454 0. 0223
4. 6 O. 0481 O. 7737 0. 0623 0. 8046 0. 0548 O. 0411 O. 0181
4. 8 0. 0456 O. 7591 0. 0601 O. 7922 O. 0515 O. 0379 O. 0154
5. 0 0. 0422 0. 7445 0. 05 67 O. 7798 O. 0459 O. 0372 O. 0154
5. 2 0. 0397 0. 7298 0. 0544 0. 7 673 0. 0407 O. 0352 O. 0137
5. 4 O. 0375 O. 7150 0. 0524 0. 7548 0. 03 89 0.0306 0.0088
5. 6 0. 03 50 0. 6999 0. 0500 O. 7418 0. 0413 0. 0274 0. 0054
5. 8 O. 0330 0. 6847 0. 0482 O. 7289 0. 0429 0. 0279 0. 0058
6. 0 0. 0320 0. 6694 0. 0478 O. 7157 0. 03 84 0. 02 82 0. 00 63
6. 2 0. 03 10 O. 6541 0. 0474 O. 7026 O. 03 12 0.0260 0.0041
6. 4 O. 0295 0. 63 87 0. 0462 0. 6892 0. 03 10 0. 0241 0. 0023
6. 6 0. 0283 0. 6234 0. 0454 0. 6760 O. 0382 0. 0250 0. 0030
6. 8 0. 0274 0. 6082 0. 0451 0. 6629 O. 0418 0. 0255 0. 0031
7. 0 0. 02 62 0. 5929 0. 0442 0. 6495 0. 03 53 0. 0233 0. 0045
7. 2 0. 0249 O. 5776 0. 0431 0. 63 62 0. 0270 O. 0211
7. 4 0. 0242 O. 5622 0. 0430 0. 6227 0. 0279 O. 0217
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Table 5-11. Continued.

Time
(ps ec. )

eexp(t)
J.

eexp(t)
iso

,erue(t)
anis

erue(t)
iso

erue(t)
anis

k=0.002

iatrue(t) /atrit)
anis anis

k=0.004 k=0.008

7. 6 0. 0233 0. 5470 0. 0426 0. 6092 0. 0353 0. 0221
7.8 0.0218 O. 53 19 0.0410 0.5958 O. 03 80 0.0197
8. 0 0.0208 0.5172 0.0402 0.5829 0.0325 0.0176
8. 5 O. 4816 O. 5513
9. 0 0. 4466 0.5198
9. 5 O. 4130 O. 4892

10.0 O. 3812 O. 4 601
10.5 O. 3502 O. 43 11
11.0 O. 3212 O. 4037
11.5 0. 2943 0.3780
12. 0 O. 2690 0.3535
12. 5 O. 2462 O. 33 14
13.0 O. 2261 O. 3120
13.5 0. 2083 O. 2951
14. 0 0. 1929 O. 2809
14.5 0. 1803 0.2701
15. 0 O. 1705 O. 2631
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Figure 5-13 represents the true anisotropic correlation function

value shown in Table 5-11. Superimposed on these data are lines

representative of results obtained by previous investigations (6, 43).

The anisotropic correlation function without polarization leakage

correction is nearly identical to that obtained for 15% CS2 in benzene

over the first four picoseconds (graphic comparison shown in Figure

5-14). However, for this case the effect of correction for polariza-

tion leakage is dramatic. The slopes of the correlation functions

become greater and the linearity increases as the value of the cor-

rection increases.

Such a marked effect tends to support the contention that some

of the difficulty in the interpretation of the anisotropic correlation

functions in the V1 region is due to polarization leakage. Although

the exact extent of the leakage is not known, the range has been

clearly defined. The most linear data, corresponding to a correction

of k = 0.008 was used in the determination of the "best" slope.

This slope gives a time constant of tr = 1.09 psec. which corres-

ponds to a G value in the GROPE terminology of 4.87 cm

(FWHH = 2G).

Figure 5-14 represents the comparison of the anisotropic cor-

relation functions, without polarization corrections, of the 15% CS
2

in benzene and 100% CS2. In addition, the correlation function

behavior corresponding to the two band model GROPE results for

-1
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Figure 5-13. Anisotropic correlation function values of 100% CS2;
V1 region.
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100% CS2 reported in Table 5-1 is shown.

A least squares fit to the anisotropic correlation function values

of 100% CS2, uncorrected for polarization leakage, was made using a

two term exponential decay function of the form

-t/T
1

-t/T
2C(t) = c le + c

2e (5-26)

Equal weights were assigned to all data points. The result, which is

also shown in Figure 5-14, was: cl = 0.989 ± 0.020;

c2 = 0.052 ± 0. 021; Ti = 1. 03 ± 0.04 psec. ; and T2 = 47 ± 157 psec.

This author thanks Dr. J. Wilkerson for the use of this program and

assistance in conducting the test.

The result shown above indicates the relatively large uncer-

tainties in both the amplitude and relaxation time of the slow process.

This result has been anticipated in the demonstration of the sensitivity

of the long time decay to small polarization leakage corrections, not

to mention the spectral resolution limit.

Figure 5-15 depicts the isotropic correlation function of 100%

CS
2

corrected for the spectrometer correlation function. For reasons

which have previously been cited for the 15% CS
2

case, only the first

portion of the isotropic correlation function is believed to be valid.

The slope determined corresponds to a vibrational lifetime of

tvibr = 15.6 psec.
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Figure 5-15. Isotropic correlation function of 100% CS2; v1 region.
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2v2 Region

The 2v
2

region was observed in both 15% CS
2

in benzene and

100% CS2. The transitions in this region are in Fermi resonance with

those of the 1,1 region. It will be shown by comparison of the

observed spectra and the calculated state spectra, whose transition

energies are determined from Table 2-6 and whose relative Fermi

intensities are given in Table 2-17, that nearly all the intensity in this

region is "borrowed" from the I,
1

region.

Figures 5-16 and 5-17 represent the observed perpendicular and

calculated isotropic spectra of 15% CS2 in benzene, respectively. The

perpendicular spectrum is overlapped on the high wavenumber side by

a weak benzene mode (v
-1

11, el
g

) centered at approximately 850cm.

This benzene mode is largely a depolarized mode as can be seen

from the corresponding isotropic spectrum.

Figures 5-18 and 5-19 represent the observed perpendicular and

calculated isotropic spectra of 100% CS2, respectively. Figure 5-19

includes the 2v
2

state spectrum of CS
2

where the most intense

transition has been drawn to the same intensity as that observed in the

isotropic spectrum.

The lines shown in the state spectrum are coded according to

the format given in Table 2-17 with the respective values of the angu-

lar momentum quantum number given. This serves as a convenient
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identification even though width parameters for the various f -values

do not exist from GROPE results as they did in the
1

region.

There are several points of interest in these figures before

proceeding to the discussion of the correlation functions.

Neither the perpendicular spectrum of 15% CS
2

in benzene nor

that of 100% CS
2

show any sharp features. In contrast, the isotropic

spectrum of 100% CS
2

shows several distinct peaks, a feature

reminiscent of the isotropic spectra in the
V1

region. It is inter-

esting to note that the isotropic spectrum of 15% CS
2

in benzene does

not have these distinct features, qualitatively suggesting greater band

widths with respect to those of 100% CS2.

A significant shift in the position of the band maximum also

occurs when comparing the two cases. The peak maximum of the

perpendicular spectrum of 15% CS
2

in benzene, corrected for wave-

length calibration of the spectrometer, is 802.2 cm-1; that of 100%

CS2 is 796.7 cm-1. The 15% CS2 in benzene perpendicular mode is

within the experimental error of both the calculated and observed (9)

gas phase value. For 100% CS
2

the perpendicular and isotropic band

maxima are identical and shifted approximately 5. 0 cm 1 to lower

energy from the gas phase data.

A shift of the band maxima was also observed between the

perpendicular and isotropic spectra of 15% CS
2

in benzene, with the

isotropic spectrum's maximum being shifted 2. 0 cm-1 to lower
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energy. A similar shift of this nature has been noted for PH3 (44) and

CHF
3

(45). The details that cause such a shift are not well under-

stood but it has been suggested (44) that a dependence of the inter-

molecular interaction potential on momentum as well as position may

cause such a shift. This coupling may in turn (45) be linked to a

Fermi resonance interaction.

It should be noted, therefore, that the perpendicular spectrum

of 15% CS
2

in benzene has its band maximum at a position identical

within experimental error to that of the gas phase value. This

behavior is in contrast to the vl region where no shift in the band

maximum was noted as a function of the carbon disulfide concentra-

tion. 100% CS
2

in the 2v
2

region has a band maximum shifted

significantly to lower energy with respect to the gas phase value and

the magnitude of this shift is approximately twice that observed in the

vl region. In addition, whatever mechanism is producing the dif-

ference in band maxima between the perpendicular and isotropic

spectra of 15% CS2 in benzene is apparently not in effect for the 100%

CS2 case.

Some final notes should be made on the comparison of the

isotropic and state spectra of 100% CS2. The state spectrum fre-

quencies match the isotropic spectrum very well; all observed tran-

sitions appear to be shifted by the same amount from the calculated

gas phase value utilized in the state spectrum.
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The qualitative observed intensities also seem in agreement

with the calculated state spectrum. However, in the absence of a

superposition of Lorentzian modeled bands, nothing quantitative about

the width parameters can be said.

Since the relative intensities in this region were calculated on

the assumption that all of the intensity is derived from Fermi bor-

rowing from it is interesting to make a more direct test of this

hypothesis. Such a test may be made by comparison of the principal

line from the v
1

region with the corresponding principal line here.

Although only an order of magnitude estimate can be made, it was

found that the counting rate for the maximum of 2v
2

(after correc-

tion for the differing SBW's) was 4% of that for the ratio of

theoretical N. factors from Tables 2-14 and 2-15 is 4.98%. The

widths (estimated only for 2v2) suggest that the observed N.

ratio would be rather less than 4%, but this comparison does lend

support to the assumption of Fermi borrowing.

Analysis of the state spectrum and the fact that a benzene mode

obscures the high wavenumber side of the perpendicular spectrum of

15% CS
2

in benzene led to selection of the low wavenumber data in the

2v
2

region for the calculation of the appropriate correlation functions.

Table 5-12 lists the intensity data utilized for 15% CS2 in

benzene. No corrections have been made for band overlap, although

the presence of lines 10, 11 and 12 introduce some error. No
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Table 5-12. Intensity data, 15% CS2. 2V2 region. Intensity scale of
50. 00 = 1, 000 cps.

Data No. Wavenumber Observed, I Calculated, I
II

-(4 /3)I
J_ J_

0

1

2

3

4
5

803
802
801
800
799
798

4. 70
4. 60
4.35
4. 05
3. 80
3. 60

44. 84
41.94
37.27
33.34

6 797 3.30 28. 64
7 796 3. 10 23.00
8 795 2. 85 13. 54
9 794 2. 60 11.67

10 793 2. 45 9. 87
11 792 2.30 8. 82
12 791 2. 05 7. 95
13 790 1. 85 7. 17
14 789 1. 60 6. 52
15 788 1. 55 5. 82
16 787 1.35 5.33
17 786 1.30 4. 50
18 785 1. 15 4. 00
19 784 1. 00 3. 60
20 783 O. 90 3.23
21 782 O. 85 2. 80
22 781 O. 80 2. 47
23 780 0.75 2. 18
24 779 O. 70 1.95
25 778 O. 65 1.72
26 777 O. 55 1. 65
27 776 O. 50 1. 62
28 775 0.45 1.48
29 774 O. 40 1.40
30 773 0.35 1.27
31 772 0.30 1.03
32 771 0.30 0.78
33 770 0.25 0.70
34 769 0.25 0. 60
35 768 O. 20 O. 57
36 767 O. 20 0.37
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Table 5-12. Continued.

Data No. Wavenumber Observed, I
_L

Calculated, Ill -(4 /3)1
_L

37 766 0.15 0.33
38 765 0.15 0.28
39 764 0.15 0.18
40 763 0.10 0.20
41 762 0.10 0.10
42 761 0.10 0.05
43 760 0.10 0.00
44 759 0.05
45 758 0.05
46 757 0.00
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baseline corrections were made on either spectra. The intensities

are recorded on a scale of 50.00 = 1,000 cps.

Polarization leakage corrections were not made in the 2v
2

region because the depolarization ratio was greater than that in the

1
region, decreasing the effect of any small corrections.

Table 5-13 lists the values of the calculated correlation func-

tions obtained from the data of Table 5-12. Figures 5-20 and 5-21

represent the time behavior of the true anisotropic and isotropic cor

relation functions reported.

Figure 5-20 has a period of initial curvature up to a time of

approximately 0.4 psec. , but this curvature is less than that pre-

dicted for free inertial decay. There is some ripple over the remain-

ing time period reported, but it is basically a single linear region

beyond 0.4 psec. Using the time range of 0.4-1.0 psec. as a repre-

sentative region gives a time constant of tr = 0.8 psec.

Figure 5-21 is also well-behaved out to at least 2. 0 psec.

Utilizing the range of 0.8-2.4 psec. gives a time constant of

tvibr 1.4 psec.

2v2

Table 5-14 lists the intensity data utilized for 100% CS2 in the

region. No corrections for band overlap were made. Intensities

are recorded on a scale of 50.00 = 1,000 cps. The perpendicular

intensity data have been corrected for a constant baseline of 3.65.
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Table 5-13. Correlation function values, 15% CS2. 2v
2

region.

Time true ^rue
(t)eexp(t) eexp,t, ',

tc( ) c t
(psec. ) _L iso anis iso

O. 00 1. 0000 1. 0000 1. 0000 1. 0000
0.05 0.9917 0.9959 0.9958 0.9959
0. 10 0.9673 0. 9839 0.9831 0.9839
O. 15 0.9282 0.9643 0.9626 0.9644
0.20 0. 8767 0.9381 0. 9345 0. 9383
0.25 0.8156 0.9062 0.9000 0.9065
0.30 0. 7482 0.8699 0.8601 0. 8702
0.35 0.6777 0. 83 06 0.8159 0.8311
0.40 0.6071 0.7895 0.7690 0.7901
0.45 0.5393 0.7479 0.7211 0.7486
0.50 0. 4763 0.7071 0.6736 0.7079
0.55 0.4196 0.6679 0.6282 0.6689
0.60 0.3698 0.6310 0.5861 0.6321
0. 65 0.3271 0.5971 0.5478 0.5984
0.70 0.2911 0.5664 0.5139 0.5678
0.75 0. 2608 0. 5388 0.4840 0. 5403
0.80 0.2353 0.5142 0.4576 0.5159
0.85 0.2135 0.4924 0.4336 0.4942
0.90 0. 1943 0.4729 0.4109 0.4748
0.95 O. 1770 0.4552 O. 3 888 0.4573
1.00 O. 1609 O. 4389 O. 3 666 O. 4411
1. 05 0. 1457 0. 423 6 0.3440 0.4259
1. 10 0. 13 15 0.4089 0.3216 0.4114
1. 15 O. 1181 0.3946 0. 2993 0. 3 972
1.20 0. 1059 0. 3 804 0. 2784 0. 3 832
1. 25 0. 0949 0. 3 664 0. 2590 0.3693
1.30 0.0854 0.3525 0.2423 0.3555
1.35 0.0773 0.3387 0.2282 0.3418
1.40 0.0705 0.3253 0.2167 0. 3 285
1.45 0.0649 0.3123 0.2078 0. 3 156
1.50 0.0601 0.2998 0.2005 0.3032
1.55 0.0559 0.2880 O. 1941 0.2915
1. 60 0. 0520 0.2768 O. 1879 0.2804
1. 65 0. 0481 0.2664 0. 1806 0.2700
1.70 0. 0442 0.2567 O. 1722 0. 2605
1.75 0.0401 0.2477 0. 1619 0.2515
1.80 0. 0359 0. 2392 0. 1501 0.2431
1.85 0. 0319 0. 2313 O. 1379 0. 2353
1.90 0.0282 0.2238 O. 1260 0. 2279
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Table 5-13. Continued.

Time
(psec. )

eexp(t)
_L

eexp(t)
iso C

',true tants )ants
^ Ctrue (t)iso

1.95
2.00
2.20
2.40
2.60
2.80
3.00
3.20
3.40
3.60
3.80
4.00

0.0250
0.0225

0.2165
0.2095
0.1821
0.1548
0.1273
0.0997
0.0740
0.0530
0.0374
0.0246
0.0122
0.0009

0.1155
0.1074

0.2207
0.2137
0.1866
0.1593
0.1317
0.1037
0.0774
0.0558
0.0396
0.0263
0.0131
0.0010
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Figure 5-20. Anisotropic correlation function of 15% CS
2

in benzene;
2 v2 region.
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Table 5-14. Intensity data, 100% CS 2.
2v

2
region. Intensity scale of

50.00 = 1, 000 cps.

Data No. Wavenumber Observed, I Calculated, I -(4/3)1
_L I I _L

0
1

2

797.5
796. 5
795. 5

20. 80
19. 85
18. 60

409.91
372. 87
275.34

3 794.5 17.35 186.51
4 793.5 16. 00 130. 80
5 792. 5 14. 80 88.91
6 791.5 13.55 66.07
7 790.5 12.35 53. 87
8 789.5 11.30 47.07
9 788. 5 10. 25 42. 47

10 787. 5 9.30 39.94
11 786.5 8.50 40.30
12 785.5 7. 65 41.94
13 784. 5 6. 90 42. 14
14 783. 5 6.30 39.74
15 782. 5 5. 50 34. 80
16 781.5 4. 80 26. 94
17 780. 5 4. 10 22. 87
18 779.5 3.65 18.47
19 778.5 3.20 16.37
20 777.5 2. 95 13.70
21 776.5 2. 65 12. 10
22 775.5 2.35 11.20
23 774. 5 2. 10 10.34
24 773.5 1.90 11.40
25 772.5 1. 80 11.74
26 771.5 1.70 12.37
27 770. 5 1. 55 11.07
28 769 1.35 8.34
29 768 1.25 7. 47
30 767 1. 15 6. 10
31 766 O. 95 5. 87
32 765 O. 85 5. 50
33 764 0.70 5. 70
34 763 0. 65 5. 47
35 762 O. 60 4. 83
36 761 O. 55 4.20
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Table 5-14. Continued.

Data No. Wavenumber Observed, I
_L

Calculated, I -(4/3)1
H _L_

37
38
39

760
759
758

O. 50
O. 45
0.40

3.47
3. 53
3. 60

40 757 0.30 3.23
41 756 0. 25 3.30
42 755 0.20 3.37
43 754 0. 15 3.43
44 753 0. 10 3. 20
45 752 0. 05 3. 07
46 751 0. 05 3. 07
47 750 0. 00 3. 13
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No baseline corrections were made on the data used to calculate the

isotropic spectrum.

Figures 5-22 and 5-23 represent the true anisotropic and iso-

tropic correlation function behavior for 100% CS
2

in the 2v
2

region,

respectively, reported in Table 5-15.

Figure 5-22 demonstrates an initial curvature from 0.0-

O. 4 psec. , but the curvature is less than that predicted for free

inertial decay; it is also less than that found for the anisotropic cor-

relation function of 15% CS
2

in benzene over the same time range.

Beyond 0.4 psec. the anisotropic correlation function for 100% CS
2

is

basically linear. Using the time range of 0.5-1.0 psec. as a repre-

sentative region gives a time constant of tr = 0.8 psec. This value

is identical to that found for 15% CS
2

in benzene.

Figure 5-23 has considerable amplitude in the ripple observed

over the time range reported. Based on the results of Table 5-3, the

correlation function may not be valid beyond approximately 4. 0 psec.

Using a time range of 1.6-5.2 psec. , a time constant of

tvlbr a' 2.2 psec. was obtained.

The results obtained in the 2v2 region appear to be much

more straight-forward than those of the
1

region. The same

rotational time constant was obtained for both concentrations of car-

bon disulfide after correction for the isotropic behavior was made.

Determination of a vibrational time constant was not prohibited by the
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Table 5-15. Correlation function values, 100% CS 2.
2v

2
region.

Time
(ps ec. )

eexp(t)
_L

oexp(t)
iso C

A true t( )anis CAtrue (t)iso

O. 00
0.05
O. 10
0. 15
0.20
0.25
0.30
0.35

1. 0000
0.9932
0.9731
0. 9408
0. 8979
0. 8467
0.7895
0.7288

1. 0000
0. 9941
0.9768
0.9496
0.9145
0. 8742
0.8313
0.7885

1. 0000
0.9991
0.9962
0. 9907
0.9818
0. 9685
0. 9497
0.9243

1. 0000
0.9941
0.9768
0. 9497
0.9147
0. 8745
0.8316
0.7890

0.40 0. 6672 0. 7477 0. 8923 0.7483
0.45 0. 6067 0.7106 0. 8538 0.7113
0.50 0. 5491 0. 6777 0.8102 0. 6785
0.55 0.4956 0. 6493 0. 7633 0. 6503
0.60 0.4472 0.6248 0.7157 0.6259
0.65 0.4040 0. 6033 0. 6697 0. 6046
0.70 0. 3 659 0.5838 0. 6268 0.5852
0.75 0.3325 0.5653 0.5882 0. 5669
0. 80 0. 3 032 0.5473 0.5540 0.5491
0.85 0.2771 0.5291 0.5237 0.5310
0.90 0.2535 0.5109 0.4962 0.5130
0.95 0.2318 0.4930 0.4702 0.4952
1.00 0.2116 0.4759 0.4446 0.4783
1.05 0. 1925 0.4600 0.4185 0.4625
1. 10 0. 1744 0. 4460 0.3910 0. 4487
1. 15 0.1573 0.4340 0.3624 0.4369
1.20 0. 1413 0. 4242 0.3331 0.4273
1.25 O. 1267 0.4162 0.3044 0.4195
1.30 0.1134 0.4096 0.2769 0.4131
1.35 O. 1017 0.4038 0.2519 0. 4075
1.40 0.0916 0.3982 0.2300 0.4021
1.45 0.0830 0.3924 0.2115 0.3966
1.50 0. 0757 0.3860 0. 1961 0.3904
1.55 0.0696 0.3790 O. 183 6 0.3836
1.60 0. 0644 0.3716 O. 1733 0.3764
1. 65 0. 0600 0. 3 642 0. 1647 O. 3 692
1.70 O. 0561 O. 3571 O. 1571 0. 3623
1.75 0.0526 0.3509 0. 1499 0.3563
1.80 0. 0495 0.3458 0. 1431 0. 3 515
1. 85 0. 0465 0.3421 0. 1359 0.3480
1. 90 0. 0439 0.3396 0. 1293 0.3458
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Table 5-15. Continued.

Time
(ps ec. )

.exp(t)
_L so

^true
Canis(t)

". Citrue
so (t)

1.95 0.0416 0.3382, O. 1230 0.3447
2.00 0. 0397 0.3374 O. 1177 0. 3442
2.20 0.33.00 0.3381
2. 40 O. 3063 O. 3153
2. 60 0. 2776 0. 2872
2. 80 O. 2482 O. 2582
3. 00 0. 2099 O. 2196
3.20 O. 173 6 0. 1828
3.40 O. 1527 0. 1618
3. 60 O. 1389 0. 1483
3. 80 0. 1247 O. 1341
4. 00 0. 1141 0. 1237
4. 20 O. 1035 0. 1131
4. 40 0. 0900 0. 0992
4. 60 O. 0825 O. 0918
4. 80 O. 0815 O. 0916
5. 00 0. 0750 O. 0851
5. 20 0. 0629 O. 0721
5. 40 0. 0535 O. 0620
5. 60 0. 0448 0. 0525
5. 80 0. 03 52 O. 0418
6. 00 O. 0311 0. 03 74
6.20 0. 0306 0. 0372
6.40 0. 0269 O. 0332
6. 60 0. 0236 0. 0295
6. 80 O. 0240 0. 0304
7. 00 0. 0221 0. 0284
7. 20 O. 0180 0. 023 5
7.40 O. 0177 O. 0235
7. 60 O. 0183 O. 0246
7. 80 O. 0150 0. 0205
8. 00 O. 0117 O. 0163
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behavior of the isotropic correlation function for either concentration

of carbon disulfide. It should be noted, that in the 2v
2

region, the

FWHH of the isotropic peak is significantly greater than that of the

spectrometer function. 100% CS
2

demonstrates both qualitatively and

quantitatively a greater vibrational time constant. Although identical

rotational time constants were obtained for both concentrations of

carbon disulfide, it is apparent from the graphs that the initial motion

is less hindered in the lower concentration.

Table 5-16 tabulates the time constants determined in each

region. General discussion of these results and their significance is

presented in the next section.

Table 5-16. Correlation function time constants.

v2 Region I,
1

Region* 2v
2

Region

100% CS2 15% CS2 100% CS2 15% CS
2

100% CS2

pt( s ec.)ants

t. (psec.)Iso

1.2 1.09

10.5 15. 6

0. 8 0. 8

1.4 2.2

Other determinations of rotational time constants have been reported
ass 1. 5 psec. (6); 1. 76, 2. 1 psec. (43); 2.0 psec. (46); and
1.8 psec. (47).

General Discussion of Results

The Raman perpendicular and calculated isotropic spectra

observed in the v2 region of neat carbon disulfide are very broad,
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indicating very short time constants. Although this mode was

observed in the Raman spectrum and the spectra and correlation

functions presented, the theory discussed in Chapter I of this thesis

does not include the analyses of such a "forbidden" mode.

It is possible that the finite intensity of v
2

in the condensed

phase arises from higher order terms in the polarizability,

p = aF + pF2 (5-27)

i. e., the hyperpolarizability, p . The field F is a sum of two

terms, E E and E.. . Raman activity nearext laser int 2

would then have an intensity proportional to

I2PE int E e xt
(5-28)

provided the intermolecular field contains low frequency components.

Thus the line shape could well represent the frequency spectrum of

the intermolecular field, possibly originating from the molecular

quadrupole moment.

In addition to the lack of an adequate theory for analyses of

forbidden bands, experimental data in the v2 region could not be

obtained much beyond the FWHH on either side of the band maxi-

mum. Hence the Fourier transforms of the data may have large

error.
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The v2 mode has been observed in the infrared and both a

rotational and vibrational time constant reported. The Raman data

shown in Figure 5-8 certainly do not match the reported IR results

(42) and should not be expected to do so both for the reasons specified

above and because, even when a given mode is allowed in both spectra,

the rotational correlation function for the Raman effect decays more

rapidly than the infrared correlation function. In essence, no con-

clusions may be drawn from the Raman analysis of the v2 mode

except that the present theory is inadequate to explain the observed

behavior.

The behavior of the isotropic correlation functions in the V
1

region indicates the serious difficulty presented when the spectro-

meter function FWHH is of the same order or greater than the

isotropic band FWHH. It is believed that neither the GROPE results

nor the correlation functions should be accepted as definitive deter-

minations of the vl
1

vibrational time constant.

The anisotropic correlation functions obtained are reasonably

well represented by a single exponential decay with a time constant of

tr 1 psec. when plausible polarization leakage corrections are

introduced.

Previous investigations of the rotational motion of carbon

disulfide have been reported in the v
1

region for the technique of

Raman spectroscopy (6, 43). Mode independent techniques have also
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been utilized; both Rayleigh scattering (43, 46) and direct picosecond

measurement (47) results have been reported. The results reported,

in picoseconds, are Rayleigh scattering; tr = 1.76 (43), 2. 0 (46);

Raman spectroscopy (v1 region); tr = 2. 1 (43), 1. 5 (6); direct

picosecond measurement; tr = 1. 8 (47).

The above rotational time constants are all greater than those

determined in this work. Qualitatively this indicates a greater width

parameter for the bands reported in this work. This work did attempt

to collect data as far into the wings as was possible; this may be a

partial explanation of why a smaller time constant was obtained. In

addition, differences in the techniques used to obtain the time con-

stant may very well give rise to some of the differences noted. Some

of the items noted for various techniques are cited below.

One Rayleigh scattering investigation (46) found that the spectral

bands of carbon disulfide in carbon tetrachloride were not Lorentzian,

while the second (43) stated that they were after deconvolution of the

spectrometer function. In both cases (43, 46) a single rotational time

constant was reported, based on the linewidth of the Rayleigh line.

Previous Raman investigations (6, 43) obtained a rotational time

constant based on a Lorentzian band width after deconvolution of the

true isotropic and instrument effects. One investigation (6) recog-

nized the problem of underlying structure on the low wavenumber side

of the region and at least qualitatively corrected for it. The
1
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other investigation (43) made no mention of band overlap, but did

state that the intensity in the wings of the Raman band exceeded that

of a Lorentzian band shape.

Analyses of the perpendicular spectrum of neat carbon disulfide

were conducted in this work where corrections for band overlap were

made. The GROPE analysis is one such method. The contributions

to the high wavenumber experimental intensity for the two most

intense neighboring transitions (01 1 0-11 1 0) and (10 0 0-20 0 0) of

12 32
C S2 were calculated assuming Lorentzian band shape and the

widths reported in Table 5-1. These contributions were subtracted

from the observed intensity and a new correlation function calculated.

No significant change in the correlation function was found indicating

that, for this case, band overlap is not a significant source of error.

A Lorentzian band width of 0.5 cm 1 was reported (6) for the

isotropic spectrum of neat carbon disulfide in the vl region. This

result is in fair agreement to the value of 0. 6 cm-1 found for the

GROPE results.

The determination of reorientational lifetimes by picosecond

spectroscopy offers considerable advantages over other spectroscopic

techniques as it is a direct measurement. However, the method is

more complex and requires experimental apparatus often not available

in comparison to the more commonly employed techniques. In addi-

tion, the method is not without the possibility of substantial error
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itself. To this author's knowledge only one such determination for

carbon disulfide has been conducted (47). The results reported (47)

are in good agreement with published results determined by Rayleigh

(43,46) and Raman spectroscopy (6, 43).

The analyses of the isotropic and anisotropic correlation

functions of the 2v
2

mode reported herein are believed to be the

first such studies of this mode. In contrast to the
1

region, the

mode are essentially linear overcorrelation functions for the 2v2

the time ranges reported without a polarization leakage correction.

While vibrational lifetimes of different modes, even of the same

symmetry, may differ, the rotational behavior is expected to be the

same. The results obtained for carbon disulfide are slightly at

variance with this contention. Differences in Raman rotational time

constants derived from different modes, even those of the same sym-

metry, has been noted previously (48-50), however.

The extraction of a single particle rotational time constant

from the depolarized Raman spectral line shape has been based on

three assumptions (1, 29): There is no vibrational-rotational coupling

present; The time dependence of the correlation function associated

with the spherical part of the polarizability tensor is the same as that

associated with the anisotropy; The depolarization ratio is frequency

independent. If the rotational time constants differ for different

modes in the Raman spectra, Wang, et al. (48) state that the cause of
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this behavior is the breakdown of the second assumption; namely that

the time dependence of the correlation function associated with the

spherical part of the polarizability tensor is not the same as that

associated with the anisotropy.

It should also be noted that the 2v2 mode, which is in

resonance with vl, is not a pure transition but contains a

A component. This inclusion of a different symmetry component

may also contribute to the result of differing rotational time constants

for these two modes.

Summary and Conclusions

Band modeled results of selected observed spectra and complete

correlation functions for all observed Raman spectra have been pre-

sented and discussed.

It has been shown that a band modeled system allows analysis

of individual transitions in regions of band overlap, allowing the

extraction of a time constant for each. The correlation functions of

the various spectral regions studied give a dynamical picture of the

non-reorientational and rotational behavior. These correlation func-

tions in this presentation are limited, however, to a single transition.

This work has attempted to define and analyze all aspects of

obtaining valid rotational and vibrational lifetimes by the technique of

Raman spectroscopy. It has been shown that for simple molecules
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possessing a high degree of symmetry, the calculation of a state

spectrum indicating transition energies and relative intensities is an

invaluable aid in the interpretation of the observed spectra and proper

selection of data for utilization in the time domain analyses.

Various experimental difficulties such as finite collection

geometry, spectrometer characteristics and finite Fourier transforms

have been addressed, their effects defined and the limitation of the

results based on these effects presented. In all analyses, careful

attention was given to either eliminating or accounting for all recog-

nized experimental perturbations. Perhaps the most serious of these

remaining in the correlation functions is the existence of band over-

lap. The data selected, based on the utilization of the state spectra,

were chosen to minimize this difficulty. In addition, trial examination

has indicated that band overlap does not significantly perturb the cor-

relation functions obtained.

The rotational and vibrational lifetimes of carbon disulfide,

determined from the Raman spectra, have been presented and dis-

cussed. These results indicate that there still exist severe limita-

tions on the interpretation of molecular motion in condensed systems.

The failure of the theory to adequately describe the observed behavior

of the "forbidden" v2 mode, the anomalous behavior of the iso-

tropic correlation function behavior in the vl region and the differ-

ing rotational time constants for the v
1

and 2v2 modes all
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indicate that there is much yet to be learned.

It is the author's belief that improvement could be made in the

actual experimental data through digital acquisition of the spectra.

This would allow repeated scans and averaging to obtain better signal-

to-noise ratios and hopefully extend the data further into the wings.

The failure to experimentally verify the predicted finite collection

geometry effects should be investigated further as the observed

polarization intensities must be accurate for accurate results to be

obtained. Finally it would be useful to examine this system in various

solvents at varying concentrations. This would allow further study of

the qualitative and quantitative dependence of the transition's band

width on the orbital angular momentum quantum number.

Carbon disulfide is a system simple enough to allow prediction

of recognized perturbations, but complex enough to test both the

theoretical and experimental aspects of time correlation function

analyses. This work has attempted to show the validity of this

approach.
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APPENDIX I: Fourier Analyses

A description of Fourier analyses may be found in almost any

intermediate or advanced level mathematical text (28,51-53). It is

not the purpose of this presentation to offer the theory and proof of

Fourier analyses, but rather to utilize these in the application of

interest - - the numerical Fourier transform of Raman spectra. It is

necessary to present some basic theorems of integral Fourier trans-

forms before proceeding to the numerical Fourier transform. Exam-

ples are presented where it is believed their inclusion is of benefit.

One of the most readable and applicable presentations of Fourier

analysis is the text by Brigham (28) and the following presentation is

taken in large part from this reference.

For convention, time is denoted t and frequency as f; a

lower case symbol will represent a function of time and the Fourier

transform of the time function is represented by the same upper case

symbol as a function of frequency.

The Fourier Transform

The Fourier Integral is defined as

oo

H(f) = J h(t)e-i2Trft dt
_oo



254

In general the Fourier transform is a complex quantity

H(f) = R(f) + jl(f) = 1H(f)leie(f) (I-2)

where R(f) and I(f) are the real and imaginary parts of the

Fourier transform. 1H(01

h(t) and is given by

is the magnitude or Fourier spectrum of

1H(f) I , (R2 (f)+,2(f))1 /2

0(f) is the phase angle of the Fourier transform and is given by

tan 1
[I(f) /R(f)]

The inverse Fourier transform is defined as

(I-3)

(I-4)

co

h(t).1 H(f)ei2Trftdf (1-5)
_oo

The conditions for the existence of the Fourier integral are:

(1) If h(t) is integrable in the sense that

oo

SIh(t)Idt < °0
_co

(1-6)

then its Fourier transform H(f) exists and satisfies the

inverse Fourier transform. This is a sufficient but not

necessary condition for the existence of a Fourier transform.
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(2) If h(t) = p(t)sin(27Tft+a) where f and a are arbitrary

constants; if p(t +k) < P(t) and if for I t I > > 0, the

function h(t) /t is absolutely integrable in the sense of the

first condition, then H(f) exists and satisfies the inverse

Fourier transform.

(3) Although not specifically stated, the functions which

satisfy the first two conditions are assumed to be bounded;

that is they can be represented by a curve of finite length in

any finite time interval. Condition 3 extends this to include

singular or impulse functions.

S°°6(t-t
0

)x(t)dt = x(t
0

)

_00

where x(t) is an arbitrary function that is continuous

at to.
0

Fourier Transform Properties

Linearity. If x(t) and y(t) have Fourier transforms

(I-7)

X(f) and Y(f), then the sum of x(t) + y(t) has the Fourier trans-

form X(f) + Y(f).

Symmetry. If h(t) and H(f) are a Fourier transform pair,

so is H(t) and h(-f).
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Time Scaling. If H(f) is the Fourier transform of h(t),

then the Fourier transform of h(kt) where k is a real constant

greater than zero gives the Fourier transform pair of h(kt) and

Ikl H( f ).

Frequency Scaling. If the inverse Fourier transform of H(f)

is h(t), then for H(kf), k a real constant, the Fourier trans-

form is 1 h( k ). Note that time scale expansion corresponds to
I kl

frequency scale compression and vice versa, with increasing ampli-

tude in the frequency scale to keep the area constant.

Time Shifting. If h(t) is shifted by a constant to, the

Fourier transform pair is h(t-t
0

) and H(f)e -i2Trft
0 Time shifting

results in a change in the phase angle but does not change the magni-

tude of the Fourier transform.

Frequency Shifting. If H(f) is shifted by a constant f0 its

inverse transform is multiplied by ei2Trtfo. This process is com-

monly called modulation.

Even Functions. If h(t) is an even function, then its Fourier

transform is both real and even.

Odd Functions. If h(t) is an odd function then its Fourier

transform is both odd and imaginary.

Waveform Decomposition. An arbitrary function can always be

decomposed into the sum of an odd and an even function.
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Complex Time Functions. The Fourier transform, the inverse

Fourier transform and all the transform properties hold for either

real or complex functions.

Convolution and Correlation

Convolution Integral. The convolution integral is

y(t) = J x(T)h(t-T)dT = x(t)*h(t)
_oo

(I-8)

y(t) is called the convolution of the functions x(t) and h(t). The

convolution integral may be equivalently written as

PooY(t) = J h(T)x(t-T)dT
_oo

which simply means either function can be shifted and folded.

Because the limits of the two functions may not be from

(1-9)

_00

to +00 a general rule for determining the limits of integration is

required. The lower limit is the maximum of the functions' lower

limits and the upper limit of integration is the minimum of the func-

tions' upper limits. The limits of the fixed function do not change,

but the limits of the sliding function change as t changes. It is

therefore possible to have different limits of integration for different

ranges of t.
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Convolution Theorem. This powerful and useful theorem

allows convolution in the time domain by simple multiplication in the

frequency domain. If h(t) and x(t) have Fourier transforms

H(f) and X(f), respectively, then h(t)*x(t) has the Fourier

transform of H(f)- X(f). The converse is also true.

Frequency Convolution Theorem. Convolution in the frequency

domain is equivalent to multiplication in the time domain.

Correlation Integral. The correlation integral is

co

Z(t) =S* x(T)h(t+T)dT (I-10)
_oo

Comparison of the convolution and correlation integrals shows that

they are similar, the correlation integral differing because there is

no folding of one of the integrands. For the special case of either

x(t) or h(t) being an even function, convolution and correlation

are equivalent.

Correlation Theorem. The integral of Equation I-10 has the

Fourier transform of X(f)H (f) where H (f) is the complex

conjugate of H(f). Thus if H(f) is even, H (f) = H(f) and the

result is equivalent to the Fourier Transform of the convolution

integral. If x(t) and h(t) are the same function, the correlation

integral is called the autocorrelation function; if they are different,

the integral is often called the cross-correlation function.
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Waveform Sampling

If the function h(t) is continuous at t = T, then the

sampled waveform at time T is

h(t) = h(t)5(t-T) = h(T)6(t-T) (1-11)

The impulse must be treated in the sense of distribution theory (28,

p. 224). The impulse at time equal to T has the amplitude of the

function at time T. If h(t) is continuous at t = nT for

n = 0,±1,±2,...

rl(t) =

CO

n=-°0

h(nT)6(t-nT) (I-12)

This result is the sampled waveform with sample interval T, or an

infinite sequence of equidistant impulses, each having the amplitude

given by the value of h(t) at the time of the impulse.

The sampled function is equal to the product of the waveform

h(t) and the sequence of pulses A(t). i(t) is called the sampling

function, where A(t) always implies an infinite sequence of impulses

separated by T. The Fourier transform of the sampling function

A(t) is the frequency sampling function o(f).

If the sampling interval is small, the Fourier transform of the

sampled waveform is a periodic function where one period is equal,
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within a constant, to the Fourier transform of the continuous function.

If T is chosen too large, a distortion of the desired Fourier

transform occurs, called aliasing. As the sample interval T is

increased, the equidistant impulses of A(f) become more closely

spaced. Because of the decreased spacing of the frequency impulses,

their convolution with the frequency function H(f) results in over-

lapping. Convolution overlap will occur until the separation of the

impulses of A(f) is increased to T-1 = 2f
c

where fc is the

highest frequency component of the Fourier transform of the continu-

ous function, h(t). Thus if T is chosen to be at most one-half of

the reciprocal of fc, aliasing will not occur and the continuous

waveform can be reconstructed exactly.

Sampling Theorem. The sampling theorem states that if the

Fourier transform of a function h(t) is zero for all frequencies

greater than a certain frequency fc, then the continuous function

can be uniquely determined from a knowledge of its sampled values.

where

00

h(t) = h(nT) 6(t-nT)

n=-00

1
T 2f

c

h(t) = T

00

n=-co

h(nT)
sin 2Trf (t-nT)

c

Tr(t-nT)

(I-13)

(I-14)

(I-15)



The constraints of the theorem are; the Fourier transform of h(t)

must be zero for frequencies greater than fc, and the sample
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1

spacing must be chosen as T 2f to preclude aliasing. The value

1of T is the maximum spacing allowed and is called the
2fc

Nyquist sampling rate.

Frequency Sampling Theorem. If a function h(t) is time-

limited, that is h(t) = 0 for I t I > Tc then its Fourier transform

H(f) can be uniquely determined from equidistant samples of H(f).

00 sin[2TrT (f- n )1

2T H( )

c 2Tc

Tr(f-
n=-00 2T

c

Discrete Fourier Transform

(I-16)

The background and summary of integral Fourier transforms

has now been presented. Utilization of these results requires, in

most cases, their application to real systems by numerical methods.

The discrete Fourier transform is the result of this procedure.

A continuous function h(t) and its Fourier transform H(f)

are chosen and must be modified so that digital computation is pos-

sible.

The function h(t) must be sampled according to the sampling

1theorem. To prevent aliasing the sample interval must be T
2fc



where fc is the highest frequency component. If h(t) is not

band-limited (H(f) 0 for some if! > f )

262

then aliasing will occur

and the sample interval must be decreased to reduce the error.

The Fourier transform pair are still not suitable for digital

computation because they consist of an infinite number of samples.

The function must be truncated to a finite number, N, of points to

be considered.

Truncation introduces the second modification of the original

Fourier transform pair. Its effect is to convolve the aliased fre-

quency transform with the Fourier transform of the truncation func-

tion. The result is the introduction of a ripple or periodicity into the

frequency transform. To reduce this effect, recall that that an

inverse relationship exists between the width of a time function and its

Fourier transform. Hence, to reduce the ripple or periodicity, the

truncation function should be increased in length (width).

Finally the frequency transform must be modified by the

frequency sampling function where the frequency sampling interval is

1 /T0.

The discrete Fourier transform pair is now acceptable for

digital computation since both the time and frequency domains are

represented by discrete values. Both the original function and its

Fourier transform are represented by N samples.
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Note that sampling in the time domain introduced a periodicity

into the frequency domain and vice versa. Therefore the discrete

Fourier transform requires that both the original time function and

frequency function be modified to become periodic functions. N

samples represent one period.

The discrete Fourier transform is given by

HINT)

N-1

k=0

h(kT)e- i21rnk n = 0,±1,±2,... (I-17)

where = implies the approximation to the exact transform.

The discrete Fourier transform is of interest because it

approximates the exact Fourier transform. The validity of the

approximation is a function of the waveform being analyzed. Differ-

ences in the discrete and continuous transforms arise because of the

requirements of sampling and truncation in the discrete transform.

Various waveforms and the validity of the discrete transform are dis

cussed below.

Band-Limited Periodic Waveforms. The truncation interval is

assumed to be exactly one period.

N-1

HINT) T h(kT)e-i2Trnk/N

k=0

(1-18)
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This result is the only one that is exactly what is obtained in the

continuous transform. Equivalence requires that the time function

h(t) be periodic and band-limited. The sampling interval must be

at least twice the largest frequency component of h(t) and the

truncation function must be non-zero over exactly one period (or

integer multiple period) of h(t).

If the truncation interval is not equal to one period, the discrete

transform varies from the continuous transform. The effect is to

create a periodic time function with sharp discontinuities. These

discontinuities result in additional frequency components giving a

frequency function with a local maximum and a series of other peaks,

called sidelobes. This effect is called leakage.

Finite Duration Waveform. If h(t) is time-limited, its

Fourier transform can not be band-limited. Sampling must introduce

aliasing and its magnitude must be reduced to an acceptable level by

the proper choice of T. If N samples represent the finite duration

waveform it is not necessary to truncate the function.

General Periodic Waveforms. If a general periodic waveform is

sampled and truncated at exactly the period the results are the same

as for the finite duration case. If truncation occurs at other than the

period, then leakage occurs.

General Waveforms. Most functions of interest are neither

time-limited nor band-limited. Sampling results in aliasing and



truncation introduces rippling into the frequency domain.

Discrete Convolution and Correlation

The discrete convolution theorem may be written as the

Fourier Transform pair of

N -1

x(jT)h[(k -j)T] and X(
NT
-1-1- )H( NT )
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(1-19)

which simply says that the discrete Fourier transform of the convo-

lution of two periodic sampled functions with period N is equal to

the product of the discrete Fourier transform of the periodic func-

tions.

The discrete correlation transform pair is

N-1

x(jT )h[(k +j )T]

j=0

and X*(1\tif )H*) (1-20)

For both it is necessary to choose the period according to

N = P + Q - 1 (1-21)

where P and Q represent the number of samples of the two

functions.
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Discrete Fourier Transform Properties

Because the discrete Fourier transform is a special case of

the continuous transform, those properties previously described may

be extended to the discrete Fourier transform.

Application to Raman Spectra

Having reviewed Fourier analyses, application must now be

made to the actual Raman spectra.

Any periodic function may be expressed as a Fourier series of

sines and cosines. If the function is even, that is f(x) = f(-x), only

the cosine terms are non-zero; if the function is odd, that is

f(-x) = -f(x), only the sine terms are non-zero. A spectral band,

assumed to be symmetric about its midpoint, is an even function.

The Fourier transform of an even function may be expressed as

00

C(t) = S(7)*I(Z)cos 2TrVctd-17
_00

(1-22)

where C(t) is the Fourier transform of the observed spectral band

recorded as a function of wavenumber, V. 1(V) represents the

intensity and S(7) represents some other function such as the

spectrometer function, or a known analytic function added to prevent

truncation errors in the region far from the spectral band origin.
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In actual spectra, an isolated band is seldom encountered, but

rather an overlap of several bands. Usually, but not always, this

additional structure is present on the low wavenumber side of the

transition of interest. Hence, the Fourier transform will be per-

formed on half of the spectral band. This gives

C(t) = 2.5 S(7)*I(V)cos 2Tri7ctdi%
0

(I-23)

which is approximated by the numerical expression of

kmax

C(t) = Dv + 2
0

I(k 6.7)cos 27(k ..617)ct (I-24)

k=1

where Av is the sampling interval or interval between data, I
0

is the intensity at the band center and I(k is the intensity at the

kth data point. This discrete transform will equal the continuous

transform within the accuracy of rectangular integration if the

sampling interval and truncation meet the previously described con-

ditions.

The maximum sampling interval, 6.77, is determined by

A1-7 = (t -t )-1
2 max min

If the line shape is Lorentzian, then the band can be described by

(I-25)



H(f)
a

2
+47

2f 2
a2

whose Fourier transform is

Or

h(t) = exP(-alt I )
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(1-26)

(1-27)

be the half-width at half-height of the band, so thatLet f
1 /2

1 a2
H(f ) = =

1 /2 2 2 2a +4Tr f
1 /2

a
f =

1 /2 27
a = 2Trf /2

The natural logarithm of Equation 1-27 gives

The slope of this line is

(1-28)

(1-29)

In h(t) = constant - altl (1-30)

lnSlope = d
d(t)

h(t) = -a = -27f 1/2 = -T-

where T is the time constant of the exponential decay.

to be

(I-3 1)

The time constant for the exponential decay is therefore found



-
T = (ZTrf 1/2) = -(Slope)

which if the band is described in units of wavenumbers becomes

T = (2T1A17112C)
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(I-32)

(I-33)

where Ai)
1 /2

= HWHH in cm-1 and c is the velocity of light.

The sampling interval and valid time ranges for the Raman

spectra of interest have been discussed in Chapter V.

Comparison of Discrete and Integral Fourier Transforms

A triangular function adequately describes the CARY Model 82

instrument function at low spectral band width values. For the

experimental condition of SBW = 0.5 cm -1, the FWHH of the

instrument function is 0.79 cm 1. These results are documented in

Appendix II. This function will serve as an example of the discrete

Fourier transform and its comparison to the continuous transform

results.

Let the function be represented as shown below.
S(V)

B

V
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S(%) = 0 if v_v00 > B/2

(1-34)
2

= ---2- [B-21-17-17011 otherwise

For SBW = O . 5 cm1, FWHH = 0.79 cm 1 and B= 1.58 cm 1
.

Using ten intervals spaced 0.079 cm 1 apart for the right hand

side, or 11 data points, the discrete Fourier transform may be cal-

culated by Equation 1-24.

The exact integral transform for unit area is

s in Tr B /2 ctS(t) - ( )2
Tr B /2 ct (1-35)

where the quantity in parentheses is dimensionless.

The results of both the discrete and integral transform are given

in Table I-1. As can be seen by comparison of the results, the larg-

est error over the range calculated is approximately ten parts in

10,000 or 0. 1% which is a negligible error. The discrete Fourier

transform will equal the continuous transform if the sampling and

truncation do not introduce errors.

Consider these errors with respect to the application of the

discrete Fourier transform to the Raman spectra.

Aliasing will occur if the waveform is not properly sampled.

As shown by Equation 1-25, aliasing should not occur if the sampling

interval is properly chosen.



271

Table I-1. Comparison of discrete and integral Fourier
transform; triangular function.

Time
psec.*

Discrete Transform
C(t) /C(0)

Integral Transform
S(t)

o 1.0000 1.0000
0.1000 1.0000 1.0000
0.2000 0.9999 0.9999
0.3000 0.9998 0.9998
0.4000 O. 9997 0.9997
0.5000 O. 9995 0.9995
1.0000 0.9982 0.9982
1.5000 0.9959 0.9959
2.0000 0.9927 0.9926
2.5000 0.9886 0.9885
3.0000 0.9836 0.9835
3.5000 0.9778 0.9776
4.0000 0.9711 0.9708
4.50000 0.9635 0.9632
5.0000 0.9551 0.9547
5.5000 0.9459 0.9454
6.0000 0.9359 0.9353
6.5000 0.9251 0.9244
7.0000 0.9136 0.9128
7.5000 0.9013 0.9004

psec = 1 x 1012 second.

Ripple occur s because the Fourier transform of a spectrum of

N equally spaced data points is a discrete Fourier transform; that

is a continuous function has been truncated by some truncation func-

tion. The effect of this truncation is to introduce a ripple, or

periodicity, into the time transform. To reduce this effect, the

length, or interval of the truncation function must be increased.

Leakage results when a periodic function is truncated at other

than a multiple integer of the period. This results in additional
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components appearing in the time domain. Leakage can never be

eliminated in a discrete Fourier transform, but it can be minimized

by the appropriate selection of a truncation function. One such func-

tion is the Hanning function, which in spectral notation is

where max

1 1 2Tri7
x(--V) = 2 -2 cos

max
0 < 1'7 <

max

is the truncation interval. The magnitude of the

Fourier transform of the Hanning function is

where

1 14 r 1
I X(t) I = -2 Q(t) + LQ(t+ +Q(t-

1

max max

Q(t)
s in(rrt7 )max

Trt

(1-36)

(1-37)

(1-38)

Fujiyama and Crawford (31) have demonstrated the effects of the

truncation interval and baseline on the actual Fourier transforms of

spectra. Qualitatively they found that the data should extend at least

eight times the FWHH to minimize ripple. For data far into the

wings the baseline becomes a problem and they estimated that the

error in measurement of the intensity could not be greater than 50%

of the absolute intensity for good results.

The advent of personal programmable calculators has increased

the ease with which Fourier analyses may be made. Schmidt (54) has
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published one such approach using a programmable calculator.

Analyses reported for carbon disulfide were obtained using a

Hewlett-Packard HP-25 and program (55) presented in Figure I-1.
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kmax

C(t) =
0

+2 / [I(k A v) cos(2Tr 10.17- c t)])
k=1

c = 0.029979 cm/psec

R
0

= (360)(0. 029979)t

R1 = kmax

R2 = Dv

Program Step Program Function

01 f STK
02 STO 3
03 STO 7
04 R/S
05 E+
06
07 R/S
08 x y
09 RCL 0
10 X
11 f COS
12
13 X
14 X
15 E+
16
17 RCL 1

18 x F Y
19 f X = Y
20 GTO 22
21 GTO 07
22 RCL 2
23 RCL 7
24 X
25 GTO 00

Figure 1-1. HP-25 Fourier cosine transform.
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Figure I-1. Continued

Explanations and Instructions for Use.

After the program has been entered, go to RUN mode and

enter the appropriate values into Registers R0, R1 and R2.

The data are to be labeled with an identifying number starting

with zero; kmax is the total number of data points, however, not the

identification number of the last datum.

To obtain C(t) for a given value of t, first enter the commands

of; GTO 00 and R/S. Second, enter the data set by placing each

datum in the display followed by the command R/S. After each datum

is entered the display will show the identification number of the next

data point to be entered. When the number of data points entered

equals kmax, the value of C(t) will be given in the display. To obtain

the value of C(t) for a different t , register Ro must be changed to

the appropriate value and the data set entered again.



275

APPENDIX II: Spectrometer Function

Introduction

For the purpose of this discussion, the spectrometer function is

defined as the net result of all the instrument limiting distortions and

perturbations for a given signal input. In any spectroscopic experi-

ment, but notably those concerning high resolution and low signal-to-

noise ratios, it is a necessity to know if the observed output is

instrument limited. In this context, instrument limited indicates that

the overall spectrometer conditions do not allow observation of a

non-instrument-distorted signal. There exist, of course, other dis-

tortions due primarily to molecular perturbations in the sample but as

these are usually the data sought, it is imperative that the spectro-

meter function be known.

Experimental

The instrument used in these experiments was a CARY Model 82

Laser Raman Spectrometer. A Coherent Radiation Model 52 Argon-

Ion Laser with an excitation signal of 514.5 nanometers and operated

at a constant light intensity of 120 milliwatts was used for the cali-

bration of the spectrometer function. This excitation signal has an

inherent width of approximately one-quarter wavenumber at half-

maximum intensity (56).
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The laser excitation line was scattered by placing a Kim-Wipe

tissue in the beam in the vicinity of the normal sample space. This

procedure allowed the scanning of the excitation line directly by the

spectrometer.

A summary of the experimental conditions and the data obtained

is presented in Table II-1.

It should be noted that for maximum resolution the pen period,

spectral band width (SBW) and scan rate are interrelated. The

manufacturer's guide for high resolution is given by the following

expression (20):

Scan Rate < 2 Pen Period

This condition was met for all trials reported.

Results

SBW

The spectrometer function appears to be approximated well by

a triangular function with deviation apparent at all spectral band

widths in the lower ten percent (10%) of the intensity distribution.

This deviation is a broadening to both higher and lower absolute

wavenumber, although it appears somewhat more noticeably toward

lower absolute wavenumber. Further deviation at spectral band widths

greater than 0. 7 SBW occurs in the form of a rounding of the peak



Table II-1. Spectrometer function and spectral band width.

Spectral
Band Pen Scan Chart Maximum Full Width
Width Sensitivity Period Rate Scale Intensity Half-Height
(cm-1) (cm- 1 /sec) -1 (cm 1)(counts /sec) (sec) (cm /in) (counts /sec)

0.3 5, 000 2 0. 02 5 4, 125 0. 59

O. 4 20, 000 2 O. 02 5 15, 600 O. 69

O. 5 50, 000 2 O. 02 5 30, 250 0. 79

O. 6 50, 000 2 O. 02 5 45, 750 0. 90

0.7 100, 000 2 0. 02 5 71, 000 1. 00

O. 8 100, 000 2 O. 02 5 101, 500 1. 10
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maximum. There does not appear to be any skewing of the main band

contour.

A plot of the full width at half-height (hereafter designated

FWHH) versus the spectral band width setting of the instrument is

given in Figure II- 1. Although there certainly exist errors in the

measurement of the FWHH and the maximum intensity, it is felt

that the values reported are accurate to within ±0. 01 cm 1 for the

FWHH and approximately ±1. 0% of the reported maximum intensi-

ties. Figure 11-2 gives a plot of the maximum intensity versus the

instrument's SBW setting.

Conclusions

Figure II-1 (FWHH vs. SBW) indicates that over the

accessible region of this experiment that the full width at half-height

is a linear function of the spectral band width. Extrapolation to

regions outside this range is not justified without verification. Fig-

ure II-2 (Imax vs. SBW) indicates, as expected, a non-linear

relationship between intensity and spectral band width. Again,

extrapolation beyond this range is not justified.

Mathematically the relationship between the FWHH and the

SBW may be given as,

FWHH = 1. 03 SBW + 0. 275
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)
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Figure II-1. Full width at half height of spectrometer
function vs. spectral band width.
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Figure 11-2. Intensity vs. spectral band width.

0.8 0.9



281

Presumably the finite FWHH of 0.275 cm 1 obtained by

extrapolation corresponds to the sum of the diffraction limit of mono-

chromator resolution and laser line width.

The above analysis pertains to a specific Raman spectrometer

and a given range of conditions which encompass those used in the

experimental studies reported. Any marked change of conditions or

other experimental modifications would require that the spectrometer

function be determined for these new conditions.
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APPENDIX III: Finite Collection Optics: Previous
Investigations, Experimental Tests and Results

Chapter III has discussed in detail the development of the

predicted effects of a finite collection aperture. As was stated, the

development was not the first and several investigators (21-27) have

previously considered this problem. Because it is believed that the

present development of the geometric factors is more general, a dis-

cussion and comparison of results is of considerable importance.

Experimental tests of the polarization ratio behavior as a

function of collection aperture and comparison to predicted results are

of even greater significance. A considerable body of experimental

evidence is summarized and discussed in this appendix. Although it

was found that the experimental behavior did not match predicted

results, the tests describe the actual behavior.

Previous Investigations

Prior results by other investigators are discussed in chrono-

logical order of publication. Before the advent of lasers, which gave

Raman spectroscopy a monochromatic source of high intensity and

small cross-sectional area, one of the major difficulties was the

source. The source had to be large to provide sufficient mono-

chromatic intensity to observe the Raman effect. Consequently one

of the problems was the convergence of the source upon the sample.



This problem is related to that of the divergent collection optics of

present interest.

Bhagavantam (57) reported the results of this convergence

problem and for an unpolarized source and an analyzer gives an

observed depolarization ratio, pt, of

where

pi P+(1-011;

1 - ( )11i
2

2 Q
= s in -z
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when both p and the semi-angle of convergence, S2 are small,

the above reduces to a limiting expression of

Sl
2

P1 = P 2

Equation 111-3 is identical to the result obtained in Chapter III for

a linearly polarized source and no analyzer. In the theoretical limit,

both methods are equivalent.

Bridge and Buckingham (21) considered errors in polarization

ratios due to finite collection optics and appear to have been the first

to consider this problem using a laser as the excitation source.

Although their study (21) involved Rayleigh scattering of gases, the

analysis of the geometrical-optical errors is applicable for all
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light scattering experiments.

The authors (21) point out that classically, light scattering

arises from an induced oscillating dipole radiator. If the molecules

are small, the applied field is assumed to be uniform and the induced

dipoles are considered as point charges. A random distribution of

molecules allows the intensity to be calculated as the sum of the con-

tributions from each molecule because the phase relationships are

uncorrelated between waves scattered from different molecules,

except in the forward direction. A further assumption that non-linear

effects are absent is also made. With those assumptions, the induced

dipole is proportional to the instantaneous electric field acting on the

molecule.

The radiation from an individual dipole is polarized in the plane

defined by the dipole and the direction of propagation with the electric

vector of the scattered ray normal to the ray's direction of propaga-

tion.

In their development (21) they assumed the use of a polarization

analyzer that transmits only one component of the scattered ray's

electric vector. This corresponds to the results derived in Chapter

III for a Glan-Thompson prism. A circular collection aperture was

also assumed.

For linearly polarized incident radiation a depolarization ratio

of



4
3K2 +(5+K2) e4
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(III-4)P

3K2 +(5+K
2)(1- 14 2

)

was obtained.

A small angle approximation was made prior to the integration

of the intensities. K2 in their terminology is the anisotropy and is
2identical in the more commonly designated terms of a and p to

2 132
K

2
9a

a and p2 are defined by Equations 1-24 and 1-25.

For the case where K << 1, Equation 111-4 gives an observed

depolarization ratio of

2 1

Po P0(1+ 74 )

4
+

obs

for small values of O. The definition of 0 is the same as that

given in Chapter III for a circular aperture.

Although the results for K = 0 (2p = 0) were not specified,

Equation 111-4 gives the expression of
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For a depolarized transition the authors (21) did not give a

limiting expression, but again using Equation 111-4, a limiting

depolarization ratio of

1 2
p (1+ 02)
a=0 4 16

may be obtained.

For an unpolarized source, the depolarization ratio for K << 1

and small value of 0, is

1 2

sobs P 4- -4

Equations 111-7 and 111-9 correspond exactly to the appropriate

results reported in Table 3-1 for a parallel beam. In the limit as 0

is very small, this is perhaps a valid approximation. The results of

Chapter III make no simplifying assumptions until the complete results

are calculated exactly. However, these results of Bridge and

Buckingham (21) give support to the analyses of Chapter III.

Penney, et al. (22) were concerned with the determination of

scattering cross-sections and used rotational Raman scattering as

their technique.

They (22) confined their attention to plane polarizations and

chose a coordinate system such that the z-axis was parallel to the

electric vector of the incident radiation and the electric vector of the
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scattered ray was in the xz-plane. They defined an angle qi as the

angle between the incident and scattered electric vectors. The

coordinate system of Figure III-1 is of aid in understanding their

results.

They give,

cos 2LIJ = cos 2 (1-sin20 cos
2

co) (III-10)

where the cross-section is

and

2
LP + TZX sin 'PT

12
TZZ cos

p =
ZX

/0-ZZ

This gives for the cross-section

The cross-section

= cr [(1-p)cos 1

12

z z

(III-1 1)

(III-12)

(III-1 3)

is proportional to the component of the

scattered light having polarization parallel to the incident beam's

polarization and 0- ZX
is proportional to the scattered light whose

polarization is perpendicular to that of the incident beam.

The total scattering cross-section was obtained by summing

Equation III -13 over all scattered light polarizations and integrating



z

A

X
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k --> Y
1

fri( 1
'1(2: Unit vectors denoting directions of

incident and scattered beams,
respectively.

A Ael, e2: Electric field polarizations of incident
and scattered beams, respectively.

OA: Perpendicular to k2 and in the plane
defined by el and k2.

Figure III-1. Schematic representation of scattering
coordinate system used by reference (22).



over all directions, giving

8n-

( 3 )crZZ(1+2P)

2 89

(III-14)

which they (22) state is valid for any rotational Raman scattering

line J J' and the sum over any group of lines.

Errors in polarization ratios were not explicitly discussed, but

the two items of note are: The total cross-section which is propor-

tional to the total intensity is proportional to 87/3; and they (22)

sum over all polarizations, then integrate over all directions. The

total intensity without regard to angular dependence is proportional to

the factor of 87 /3 and this result reported in Equation 3-6 2 was

used as one of the validity tests of Chapter III's results.

The second item is of importance as it must be shown that

Letting

then

all space all space

= I + I + I
X Y Z

(III-1 5)

.5 I
X + IY

+I
Z

=S I
X

+.S1 I
Y

+..STh I
Z

.7--./.51 I. (III-1 6)
a. s. a. s. a.s. a.s. a.s.
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The two methods are equivalent and support the analyses of Chapter

Hess, et al. (23) discussed two methods of determining the

depolarization ratio and the geometric-optic errors associated with

each method. An expression was derived analogous to that reported

by Penney, et al. (22) for the intensity of the scattered ray in the

plane perpendicular to the direction of propagation as

2

I(cp) 45p
(p

s
+(l-p s)cos

2
yo)

313

s

(III-17)

where cp is the angle the ray makes with the collection axis in the

plane.

For the method of leaving the analyzer fixed and using a wave-

plate to determine the incident polarization they (23) arrived at a

depolarization ratio of

1

P (43) P (0) +
2

(l-P2) (III-18)

ps(0) is the depolarization ratio that would be observed for strictly

9 0 scattering.

For the method where the incident polarization is fixed and the

analyzer rotated, they obtained



2
P (42)

1
P (0) + (12 Ps(1-Ps)

In both of these derivations, however, they (23) have assumed

that there is no angular dependence of the scattered radiation other

than in the plane normal to the direction of incident radiation. This

assumption is correct only if the scattered ray is confined to a plane

defined by the direction of incident radiation and axis of collection,

or a mechanical stop is used which allows only radiation in the plane

normal to the direction of propagation and containing the collection

axis to be collected.

Scherer and Bailey (24) discussed the divergence errors in

Raman depolarization measurements for a rectangular aperture. In

their development (24) it was assumed that no corrections for laser

beam convergence were necessary, that all intensity measurements

utilized an instrumental polarization scrambler and their sample cell

was a capillary with the excitation beam traversing the long axis in

a vertical position. In addition, the effects of monochromator char-

acteristics (f number), image magnification, sample cell geometry,

index of refraction and positioning of the beam within the capillary

were discussed with respect to polarization measurements.

Using standard I(PA)S notation, two polarization ratios were

considered,



and

P n IZ(X, X+Z)Y

Z(Y, X +Z)Y

P s I 7(XX)Y

IZ(XZ)Y
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(III-20)

(III-2 1)

where their (24) coordinate system has been transformed to that given

in Chapter III for ease of comparison.

Recognizing the problem of non-right-angle scattering,

and IZ(X, X+Z)Y
are said to contain terms arisingIZ(Y,X+Z)Y

from that intensity which would be observed along the X- and Z-axes

due either to an X- or Y-polarized excitation beam. At this point,

the scattered ray has not been described by its cartesian components.

For the specific cases of I z(y, x+y+Z)zt and

IZ(X,X+Y+Z)Y, where the primes denote observation over an

aperture centered about the unprimed axis, the expressions of

and

= AI + BI Z(Y, X)Z + CI
Z(Y,X+Y+Z)YI Z(YY)X Z(YZ)Y

= AI Z(XY)X
+ BIZ(XX)Y + CI

/Z(X,X+Y+Z)YT Z(XZ)Y

(III-22)

(III-23)

were derived. The quantities of A, B and C are defined as



A = ..c (1-sin 2 ()cos 2
co)sin Oded(p

aperture

B
aperture

C =J sin 30
dOthp

apertur e

(1-sin20 sin2
co )sin
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(III-24)

Oded (111-25)

The depolarization ratio of pn then becomes

where

and

(Xptrue+A)IZ(Y, X+Y+Z)Y1
P =n IZ(X, X +Y +Z)Y' (B+Yp

true)
n

(III-26)

(III-27)

2X=B+C-A (111-28)

2Y=A+C-B (111-29)

true
Pn

45a2+713
(III-3 0)

Evaluation of Equation 111-27 gives a result identical to that

expressed by Equation 3 -125. This correspondence gives further

support to the correctness of the geometric factors derived in Chapter

III for a rectangular aperture.

When an analyzer is used, the authors (24) state that I Z(XZ)Y

contains termsis unaffected by angular deviation but that I Z(XX)Y



2 94

from I Z(XY)X.
The divergence error is analyzed by assuming, as

was done in Chapter III, that any polarized light emitted from the

volume element can be decomposed into its Cartesian components.

Using an analyzer, they derive a depolarization ratio of

obs C true
Ps p

B s
(III-3 1)

In terms of the geometric factors and coordinate system of Chapter

III this is equivalent to

where

obs
RXZ+RYZ+RZZ true

Ps = PsR +R +R
XX YX ZX

true 3213

Ps
45a2+4132

(III-3 2)

(III -33)

This result differs for either type of analyzer from the results of

Equations 3-1 2 7 and 3-129.

The origin of this discrepancy appears to be that Scherer and

Bailey (24) have not considered the contributions due to the off-

diagonal terms of the polarizability tensor in combination with the

geometric factors. The difference is not in the calculation of the

geometric factors, but rather how they are used.
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Allemand (25) contributed nothing new to the problem of

analyzing the geometric-optic errors and his results are identical to

those reported by Hess, et al. (23).

Dawson (26) considered the problem of a finite circular collec-

tion aperture and its effects or measured depolarization ratios. The

three polarization measurements considered are discussed below.

2ez +Ba +Ca 2

(1) YZ YY YX
Pobs = ( e

Y Ala2 +Ba2 +CaZ
YY YZ YX

(III-3 4)

for a Y-polarized incident beam, observation along the X-axis and an

analyzer oriented in either the Z- or Y-direction. This system of

axes has permuted the X- and Y-axes used in Chapter III, but the

author's (26) convention was retained.

s(2) = (
e y

)

A 'a
2 +Ba 2 +Ca2

YX XZ XX
obs e

Y A'4
Y

+Ba2
Z

+Ca2

XY

for an analyzer fixed in the Y-direction and the incident beam

polarized in either the X- or Y-direction.

2
Aa 2

+Aa +2Ca2
(3) XY XZ XX

Pobs 2

Y
+Aa

Y
AaYZ+2Ca

X
2

Y

(III -3 5)

(III-3 6)
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in which no analyzer was used, but the incident beam was either X-

or Y-polarized.

The e. terms represent the monochromator efficiency for a

given polarization state and may be omitted if an instrumental

polarization scrambler is utilized.

The A' terms of Equations 111-34 and 111-3 5 represent the

fact that any analyzer absorbs some of the radiation.

The B term represented that radiation that should not have

been passed by the analyzer and was assumed to be negligible. This

assumption was based in part on the fact that the analyzer was placed

after the collection lens where the beam should strike the analyzer at

near normal incidence. The term was omitted where no analyzer

was utilized.

Utilizing these assumptions the polarization ratios could be

expressed as

(1+ )p(1)
(1) A ideal

Pobs C (1)
1+ A ideal

C (2)

=
(2)

71. + ideal
Pobs

1+ C (2)
pA ideal

(III-3 7)

(III- 38)



(3)
Pobs

(3) 2C 1

pi.
+ (

deal A l+p(1)ideal
(1)

1+
2C

(
ideal

A (1)l+p.Ideal

2 97

(III-3 9)

If pideal 0, then for all divergence angles, the observed

depolarization ratio is equal to zero and there would be no observed

departure from the theoretical value.

The values of A and C were given without explanation or

derivation as

34 4 cos 0
A = 2Tr (

3
- cos 0 -

3

4 2 s
3

0
C 2Tr ( 7 - cos e + )

(III-40)

(III-41)

The angle 0 is the semi-angle of divergence, and has the same

definition as that given in Chapter III.

Although the form of Equations 111-34, 35, 36 was similar to the

approach of Chapter III, it was necessary to know how the particular

expressions for A and C were obtained. There was no corres-

pondence of A and C to the geometric factors given in Chapter III.

It was found, however, that (within a difference of the coefficient

involving Tr) the expressions given for A and C could be
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obtained by integration of the appropriate electric vector component

over the aperture.

If A and C do represent an integrated electric vector

component, not an intensity, it is believed that the analyses are incor-

rect. Without more definitive explanation as to their origin and use,

which was not present in the text (26), this work must be viewed with

skepticism as to its validity.

Proffitt and Porto (27) were concerned primarily in the

development of a fast electro-optical method of measuring the

depolarization ratio as a function of frequency. A brief description of

predicted aperture effects was also included.

For a circular aperture and a Glan-Thompson prism they (27)

presented without discussion the following results. For the case

where the incident polarization is fixed and the analyzer is rotated,

p+pF(0)
Pmeas l+pF(0) (III-42)

For the case where the analyzer is fixed and the incident polarization

is rotated,

p+F(0)
Pmeas l+pF(0)

The quantities of F(0) and p are given as

(III-43)



F(0) = 2-3 cos 0 + cos 3
0

and

4-3 cos 0 - cos 3
0

a2
IXY XY

P = I 2
XX a

XX
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(III-44)

(III-45)

p has been described in terms of the convention used in Chapter III.

The F(0) expression corresponds in the terminology of

Chapter III to

F(0) -
I (E )
T X

1

T
(E )

2 Y (III-46)

Note that the term F(0) defined by Equation 111-44 is identical to the

ratio of C /A, where C and A are defined by Equations 111-41

and 111-40, respectively.

The authors (27) do not discuss how these results were obtained

or their predicted effects. No further analysis of this work (27) was

made.

The presentation of these other works (21 -27, 57) has been an

attempt to critically analyze the correctness of the results of Chapter

III. As was pointed out, there are both areas of support and differ-

ence.
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The largest area of support comes for the case where no

analyzer is used and the incident polarization is changed (21, 24, 57).

The assumptions made as to the type of analyzer and its behavior

seem to give rise to many of the uncertainties in other comparisons

although the results of the Bridge and Buckingham (21) did correspond

to those derived in Chapter III for a circular aperture and parallel

beam.

Experimental Tests

The experimental tests of the effects of a finite collection

aperture on observed polarization ratios were conducted to determine

both the actual behavior and for comparison to the various theoretical

pr edictions.

The CARY Model 82 Raman spectrometer has a rectangular

acceptance aperture (19) even though its collection lens is circular.

The total vertical acceptance angle for an excitation line of 488.0 nm

is 48. 5° and the total horizontal acceptance angle is 43.9°. The total

acceptance angles are functions of wavelength. The smaller hori-

zontal acceptance angle has values of: 488 nm, 43.9°; 632.8 nm,

36.8'; and 847.3 nm, 23.5°. A plot of these results is given in

Figure 111-2.

To assure circular collection geometry, which was the

experimental method chosen, the semi-angle of divergence must be
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Figure 111-2. CARY Model 82 Raman spectrometer. Horizontal acceptance
angle as function of wavelength.
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equal to or less than one-half of the total horizontal acceptance angle

over the wavelength region of interest.

A set of circular apertures were constructed from thin card-

board material which did not transmit light. These apertures were

placed over the face of the polaroid analyzer. The schematic arrange-

ment of the experiment is given in Figure 111-3.

Careful measurement of the distance from the back-lighted

slit image (which is the laser focal point in the sample compartment)

to the collection aperture and the radii of the apertures allowed cal-

culation of the actual semi-angle of divergence, 0. These are:

r = 0.18 in. , 0 = 4.88 °; r = 0.38 in., 0 = 10.21'; r = 0.58 in.,

= 15.37 °; r = 0.80 in. , 0 = 20. 76 °; r = 1.00 in. , 0 = 25.36';

r 1.25 in. , 0 = 31.50°.

The maximum allowable Stokes Raman shift for an aperture of

r = 0.80 in. was determined from Figure 111-2 for both 488.0 nm

and 514. 5 nrn excitation lines. These are: 488. 0 nm,

Amax = 1 , 6 9 5 cm
1

; 514.5 nm, Amax = 639 c m ' . Maximum shifts

that retain circular symmetry for other apertures or excitation lines

are determined in a similar fashion.

A considerable body of experimental results was accumulated

in the attempts to obtain the experimental behavior of the polarization

ratios as a function of aperture. Much of this was not of sufficient

accuracy or the experimental techniques were not sufficiently
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1 Assumed scattering point source.
2 Semi-angle of divergence, 0.
3 Radius of circular collection aperture.
4 Aperture.
5 Polarization analyzer (sheet Polaroid).
6 Surface of instrument panel.
7 Collection and focusing lens.
8 Entrance slit.
9 Focal point of collection and focusing lens.

Figure 111-3. Schematic representation of finite aperture
polarization ratio tests.
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reproducible to be utilized. In particular, any polarization measure-

ments made with a capillary sample cell were not accurate enough for

use. The results reported utilized the best experimental techniques

possible and represent the most accurate measurements obtained.

The sample chosen for these tests was spectroscopic purity

carbon tetrachloride which was used without further treatment.

The sample cell was a rectangular fluorescence cell having four

clear side windows and a clear base. The excitation beam passed

through the sample once and was centered in the cell. Very careful

alignment was made to assure that the incident beam was normal to

the cell base and coincident with the back-lighted slit image.

The laser was operated in the constant intensity mode at either

488.0 nm or 514.5 rim. The beam passed through an appropriate

waveplate so that either X- or Y-polarized radiation was obtained for

both excitation lines.

Fine adjustments were made in both Z(XZ)Y and Z(XX)Y

configurations for the totally symmetric v
1

mode for proper wave-

plate orientation and sample configuration. Similar procedures were

used in the Z(YX)Y configuration for Y-polarized incident radiation.

The polaroid analyzer orientation was checked and fine adjust-

ments made in the Z(XZ)Y configuration for the
1

mode.

Exact 90° rotation was measured and marked to obtain the Z(XX)Y

configuration.



at a

305

The spectrometer was operated under high resolution conditions

SBW = 5. 0 cm-1. (See Appendix V for spectrometer character

istics. ) This SBW was sufficiently broad so as to completely

eliminate the isotopic fine structure of the vl mode. The loss of

this isotopic fine structure, due to band overlap, should not cause

problems in the determination of polarization measurements because

it has been shown (58) that each isotopic component has the same

polarization behavior.

Intensities were measured at band maxima and any "baseline"

subtracted. Counting rate scales were calibrated to assure no errors

due to non-linearity of the count rate. The instrumental polarization

scrambler was used in all tests.

Data were recorded for both the theoretically totally polarized

vl mode and the depolarized I)
2

mode. The vl mode was

observed using both 488.0 nm and 514.5 nm excitation wavelengths

while the v
2

mode was studied at 488. 0 nm excitation. Data were

obtained for the complete set of circular apertures previously

described, even though it was recognized that at radii greater than

0. 80 in. the true aperture is no longer circular.

The results of these tests are reported in Tables III-1 and 111-2

for the I/
1

and
2

modes, respectively. Multiple entries repre-

sent tests performed on different days with complete realignment and

represent the reproducibility of the data.



Table HI-1. Observed polarization ratios; 1)1 mode, CC14.

Aperture Z(XZ)Y Z(YX)Y I
T

(E
Y

) Z(YZ)Y
Radius (in. ) Z(XX)Y Z(XX)Y I

T
(EX) Z(YX)Y

0.18 2.36 x 103 2.49 x 102 2.81 x 10 -2

(4.56 x 10_3)
-

3.39 x 10 -2

0.38 2.93 x 103
(5.41 x 10

-3)
2.61 x 10 2 3.20 x 10 -2

3.63 x 10 2

-3 2 4. 16 x 10 20.58 3.12 x 10 3. 10 x 10

(4.36 x 10 ) 4.49 x 10 -2

0.80 2.87 x 10 -3 3.34 x 10 2 5. 03 x 102
(4. 00 x 10 5.38 x 10 -2

0. 26

0. 29

0. 31

O. 32

0.37

0. 39

0. 52

0. 45

1.00 3.47 x 10 -3 3. 46 x 10-2 5. 54 x 10-2 0. 66
*

6. x 10 2(4.21 x 10
3

) 0.65

1. 25+ -3 2 22.75 x 10 3.39 x 10 5.73 x 10 0. 68

(4.25 x 10
3

)
*

Data obtained using 514. 5 nm excitation wavelength.
+Exceeds monochromator horizontal acceptance angle.
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Table 111-2. Observed polarization ratios; v2 mode, CC14.

)(EY
Aperture Z(XZ)Y Z(YX)Y I

T Z(YZ)Y
Radius (in. ) Z(XX)Y Z(XX)Y I

T
(EX) Z(YX)Y

0.18 0.69 0.85 0.88 0.93
0.38 0.71 0.80 0.88 0.95
0.58 0.87 0.98 0.90 0.96
0.80 0.72 0.79 0.91 1.06
1.00+ 0.73 0.80 0.86 0.94
1.25+ - 0.95

+Exceeds monochromator horizontal acceptance angle.

A comparison of the results for Z(XZ)Y /Z(XX)Y of the
1

mode using either 488.0 nm or 514.5 nm excitation indicates that a

somewhat lower value was obtained using 488.0 nm. excitation. The

difference is small and factors other than the wavelength may have

given this result.

It was found in all cases that Z(YZ)Y I Z(YX)Y. These

quantities were predicted equal for a circular aperture in Chapter III.

If the waveplate is not exactly positioned so that only Y-polarized inci-

dent radiation is obtained, then in both configurations some radiation

arising from an X-polarized component would be observed. The

largest X-polarized intensity component would be derived from the

Z(XX)Y configuration. However, its effect would be greatest at

small apertures, resulting in an observed Z(YZ)Y/Z(YX)Y ratio

less than unity, but increasing as the aperture increased. This trend

is observed for the
1

mode. The effect of some X-polarized
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incident radiation would be reduced for a depolarized mode because

3
IXZ 4

I
XX

. This trend was also observed.

Conversely, if the X-alignment is not exact, the effects of some

Y-polarized incident radiation are not expected to be as noticeable.

Only for the nominal configuration of Z(XZ)Y where

Z(YZ)Y > Z(XZ)Y would this effect be noticeable. Based on this con-

sideration alone, the observed ratio of Z(XZ)Y/Z(XX)Y should be

greater than predicted.

These same arguments predict that the ratios of

Z(YX)Y/Z(XX)Y and I
T

(EY)/IT
(EX) should be larger than

expected if the waveplate orientation is not exact.

Table III-1 indicates that the results for Z(YX)Y/Z(XX)Y and

I
T

(EY)/I
T

(EX) are larger than Z(XZ)Y/Z(XX)Y by approximately

an order of magnitude. Although predicted to be greater by the

results of Chapter III, some of this increase is probably due to

inexact waveplate positioning.

The results of Table III-2 have too much scatter to be of value.

The instrumental polarization scrambler was tested and these

results are given in Appendix V. It was concluded that no significant

errors were attributable to the scrambler.

The total detected intensity in any given I(PA)S configuration

should be directly proportional to the area of the circular aperture.

The area is proportional to the square of the radius and hence to the
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square of the semi-angle of divergence. The detected intensity of the

Z(XX)Y configuration for the
1

mode is plotted as a function of

02 in Figure 111-4.

The maximum aperture considered in Figure 111-4 was that of

r = 1.00 in. The plot is not linear, as predicted, although it is nearly

so for the lower half of the plot. At apertures greater than 0 ==- 10°

there is an intensity loss over that which was expected. The polariza-

tion ratio determinations will be unchanged, however, if the fraction

lost is constant for any trial. A second trial was conducted, with

similar results, for the detected intensity of IT (EY) as a function of

aperture. This behavior is not believed to be a source of error in the

determination of the polarization measurements.

The effect of the slit width on the measured polarization ratios

has been considered by others (59). Its effect may preclude the most

accurate determinations of these ratios by the experimental method

used, but should not preclude observation of the collection aperture

effects.

The results obtained in Chapter III and all previous investiga-

tions of collection aperture effects (21 -27, 57) assumed a point scat-

tering source. This assumption is not completely valid as will be

shown in the following discussion.

The laser is focused in the sample at a point coincident with the

midpoint of the back-lighted slit image. The back-lighted slit image
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has a vertical height of 5 mm and width which is dependent upon the

spectral band width of the spectrometer (20). However the excitation

beam is of sufficiently small cross-sectional area that scattering may

occur throughout its path in the sample, particularly in the volume

element defined by the slit image. The effect of this finite scattering

volume was not considered and in fact may not have an analytic solu-

tion due to the varying cross-sectional area of the beam throughout

this region. This factor may be the major source of the differences

noted between observed and predicted behavior.

Figure 111-5 gives the comparison of observed and predicted

behavior for the polarization ratio of Z(XZ)Y/Z(XX)Y of the
1

mode. There is no evident dependence of p upon O. This result

is in agreement with the behavior predicted either in reference (21)

or in references (26, 27), provided the true p value is taken to be

finite and of the order of 0.003. The curves shown in Figure 111-5

correspond to Equation 111-6 from reference (21) or to Equations

111-37 or 111-42 from reference (26) or (27) in the limit of small O.

It should be emphasized that the data are in conspicuous dis-

agreement with the formula listed in Table 3-1 for the polaroid

analyzer; presumably this is a consequence of the treatment of the

Y polarized component of the scattered electric field.

The observed values of the polarization ratios have been cor-

rected for the index of refraction of carbon tetrachloride. This
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correction is of importance because the scattered ray is going from a

more dense to a less dense medium as it leaves the sample cell.

Consequently the actual scattering semi-angle of divergence observed

is less than the nominal aperture. For carbon tetrachloride the

nominal and actual scattering angles are: 4.88° (3.33°); 10.21°

(6.96°); 15.37° (10.44°); 20.76° (14.02°); 25.36° (17.02°); 31.50°

(20.92'). The corrected angles are in parentheses.

Figure 111-6 represents the case where the analyzer has been

eliminated; for this experimental arrangement the finite aperture cor-

rection calculated in Chapter III is in agreement with results of (26,

57) but is an additional term to be added to the actual or true polari-

zation ratio value. The observed I
T

(E
Y T(E X

) ratio is slightly

greater than predicted by Chapter III. Although there was a trend

toward a higher observed polarization ratio as the collection aperture

increased, the results are not definitive enough to use as a basis for

comparison of the predicted results.

The fact remains that the uncertainties in the actual behavior of

the polaroid analyzer to oblique radiation, and unknown spectrometer

effects such as the finite scattering volume preclude definitive inter-

pretation of the results.

In conclusion it may be said that the experimental behavior

seems to support the predictions of (21, 26, 27) for the ratio of

Z(XZ)Y/Z(XX)Y and small finite P. and is at least in approximate
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agreement with this work and other authors (26) for cases where no

analyzer is utilized.

The Z(XZ)Y/Z(XX)Y ratio was both the lowest predicted and

observed polarization ratio. The Z(XZ)Y/Z(XX)Y ratio was found

to be approximately constant at all apertures, hence there is no

benefit to masking the aperture to preclude collection aperture effects.

The observed polarization ratio of Z(XZ)Y/Z(XX)Y is approxi-

mately equal to or slightly less than the lowest reported literature

values (58, 60) indicating that the methods of measurement are accu-

rate.

The analyses of the carbon disulfide spectra were conducted

utilizing the Z(XZ)Y and Z(XX)Y intensities which have been

shown to be the most accurate. Therefore, there should be little

error in those analyses due to the collection aperture.



316

APPENDIX IV: GROPE Program

GROPE (Graphical Representation of Parametrized Expressions)

was developed by the Oregon State University Computer Center and

Physics Department through the support of the National Science

Foundation (Grant GJ 28453). Its use and instruction are available

through the O.S. U.: GROPE User's Manual (January 1972), 0. S. U.

Computer Center, Oregon State University, Corvallis, Oregon 97331.

The following GROPE program was utilized in those analyses

reported for this technique.

GROPE Program

I0(W) = NO * GO /((W-WO) A 2 + GOA 2)

I1(W) = N1 *G1/((W-W1)A 2 + G1 A2)

12(W) = N2 *G2/((W-W2)A 2 + G2 A 2)

I3(W) = N3 * G3 /((W -W3 ) A + G3 A 2)

I4(W) = N4 * G4 /((W -W4)A 2 + G4A 2)

I5(W) = N5 * G5 /((W-W5)A 2 + GSA 2)

16(W) = N6 * G6/((W-W6)A 2 + G6A 2)

I7(W) = N7 * G7 /((W -W7 ) A 2 + G7 A 2)

I8(W) = N8 * G8/((W-W8)A 2 + G8A 2)

19(W) = N9 * G9 /((W-W9) A 2 + G9 A 2)

I(W) = GO * (10+11+12+13+14+15+16+18+19)
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IN(W) = (I*(L-W)/L)A 3 /I(WO)

S(W, X) = 0 IF ABS(W-X) > = B/2; (2/BA 2) * (B-2*ABS(W-X))

U(W, X) = S(W, X) IN

US(X) = INT (U, X-B/2, X+B/2, 8)

T(W) = (2 /BA 2) * (B-2*ABS(W-A))

H(W) = T * IN

M(X) = INT(H, A-B/2, A+B/2, V)

JSN(X) = US /M

This program calculates a normalized spectrum where the

parameters N and W are determined from the state spectra.

B is defined by the spectrometer function at a given SBW setting,

L is the laser frequency in cm-1, A is 657.9 cm-1 for the vl

region and V is the number of segments to be calculated by

Simpson's rule. The width parameters, G, are adjusted until

visual agreement between calculated and observed results is obtained.
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APPENDIX V: Spectrometer Characteristics

The use of any spectrometer to observe and record spectra

requires that the operating characteristics and limitations of the

spectrometer be known. Appendix II has presented one major limita-

tion, that of resolution, due to the spectrometer function. This pre-

sentation gives an analysis of other characteristics; that of lost

counts, scan rate, pen period and scrambler efficiency. In addition,

the statistical analysis of the observed depolarization ratio across a

given spectral band is presented as a measure of the accuracy and

reproducibility of the experimental results.

The operator's manual (20) for the CARY Model 82 Raman

spectrometer gives most of the general operating instructions and

characteristics of the spectrometer. These will not be repeated

except where they are directly applicable to the studies reported.

Lost Counts

The counts lost are due to the response time of the phototube

detector. The instrument manual (20) states that the lost counts are

define d by

Fraction Lost = F = 1 e-nt (V-1)

where n is the count rate in counts per second (cps) and t is the
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system resolving time in seconds. For a count rate of 105 cps the

fraction lost is < 1% of the true counts (20). This error is small

enough not to perturb the experimental results and no experimental

tests were performed on this factor.

Scan Rate

For high resolution spectra the scan rate is defined as (20)

Scan Rate < Spectral Band Width (SBW)
. Pen Period (V-2)

The accuracy of the scan rate and chart display were tested by

noting that

Real Time Chart Display sec.
Chart Display Scan Rate in.

(V-3)

For various scan rates and chart displays as given in Table

V-1, the time per inch was checked using a stopwatch to measure the

real time interval between calibrated display units. Within the

accuracy of the measurement the results were exact. The scan rate

of the spectrometer and the display are accurate.
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Table V-1. Scan rate and chart display.

Scan Rate

(cm
-1 /sec. )

Chart Display Real Time /Chart Unit

(cm
-1 /in. ) (sec. /in. )

0.05
0.05
0.10
0.10
0.10

5.0
10.0
5.0

10.0
20.0

100.0
200.0
50.0

100.0
200.0

Pen Period

No definition of the pen period was stated in the instrument

manual, so tests to determine the behavior of the pen period were

conducted.

A sample of benzene contained in a fluorescence cell having four

clear walls and clear base was carefully aligned in the sample com-

partment for optimum conditions: single pass of the laser excitation

beam, exiting the sample cell at the top; laser beam centered in the

cell; alignment of beam and back-lighted slit image coincident; and

fine adjustments made to optimize signal.

A circular aperture of radius 0.80 in. was placed over the col-

lection lens to assure circular collection geometry (see Appendix III).

Instrument conditions were: SBW = 30 cm-1;

Count Rate = 1.5 x 50,000 cps; Z(XX)Y I(PA)S configuration;

constant wavenumber setting of 608 cm-1, which is the peak of the

v18 mode of benzene; Polarization scrambler in place; laser



321

operated at 514. 5 nm at a constant intensity of 400 mW; Scan rate was

a nominal 5 cm 1 /sec with chart display of 5 cm1/in. and calibrated

with a stopwatch to a real time interval of 1 sec /in.

The pen period was varied at one, two, five and ten sec. and

the response of the pen to rapidly opening and closing of the instru-

ment shutter, which blocks all radiation from entering, was recorded

several times.

Measurement of the charts was obtained by manually reading the

intensity at equal intervals as specified for each trial. For the

experiments where the shutter was originally open, the time t = 0

corresponds to the point the pen started its downward travel. The

intensities were observed until the pen passed the chart paper zero

mark. All intensities were normalized to the initial intensity with the

shutter open.

Experiments that started with the shutter closed were treated

in a similar fashion and also normalized with respect to the stable

shutter open intensity achieved. These normalized intensities were

then subtracted from unity so that the two cases could be compared

directly. Within the error of the measurements, no difference in

behavior was noted for the two cases. Thus the pen period behavior

is the same for either upward or downward travel.

For pen periods of one, two and five seconds, there was an

overshoot of less than 1% of the stable shutter intensity which
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required approximately a time equal to the pen period to return to a

stable final value.

The average results of these tests are plotted in Figure V-1

through V-4. A common definition of period is the time required to

reach a value of 1 /e of the initial value. It is obvious from the

graphs that the change is more rapid than exponential in all cases.

The observed behavior did not lead to any obvious mathematical rela-

tionships, although it was noted that the change was 95% complete at

a time approximately equal to one-half of the given pen period.

The scatter of the data for pen periods of one and two seconds

is believed to be more a result of the inaccuracy of the measurements

rather than a real effect.

Polarization Scrambler Efficiency

An article by L.A. Rahn et al. (61) describes the function and

potential problems of polarization scramblers. Although communica-

tion with the instrument manufacturer resulted in their stating that

the polarization scrambler was efficient to a shift of 5,000-6,000cm1,

it was decided to conduct a cursory investigation of the polarization

scrambler 's behavior as a function of collection aperture.

A small neon emission lamp was used as the light source for

all experiments. The lamp was operated at AC line voltage and may

have been subject to intensity fluctuation if the line voltage varied.
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Figure V-1. Pen period behavior; T = 1 sec.
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Figure V-2. Pen period behavior; T = 2 sec.
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The lamp emission was also assumed to be completely depolarized,

an assumption which may not be absolutely valid, but the polarization

should be constant.

The spectrometer operating conditions were; SBW = 1 cm-1,

pen period = 1 sec. , scan rate = 0. 05 cm 1/sec.
, and chart

display = 5 cm1/in. The neon emission at 18510 cm-1 was scanned

as the test band; this line is 918 cm-1 from the 514.5 nm laser line.

The lamp was positioned in a horizontal configuration and

aligned with the back-lighted slit image. The normal Polaroid

analyzer allowed intensities to be recorded in both parallel and

perpendicular configurations.

The collection aperture was masked by thin opaque circular

aperatures placed over the Polaroid analyzer. The polarization

scrambler, which is internal, could be placed either in or out of the

beam after it entered the spectrometer.

Intensities were recorded at the peak maximum of the emission

line at all apertures in both parallel and perpendicular modes with and

without the use of the scrambler at least twice. The results of these

tests are given in Table V-2.

As discussed in Appendix III, the full collection aperture,

corresponding to r = 1.25 in. , is not circular, but rectangular.

The aperture must have r < 0. 80 in. to assure circular collection

geometry for the apertures utilized. The results for r = 1.00 in.
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represent an undefined collection geometry and only the 1i_ /IIi

ratio with the scrambler in place was recorded.

Table V-2. Polarization scrambler tests.
Scrambler In Scrambler

Aperture Scrambler Out In Out
Radius (in. ) II -Mode ±-Mode Ii_ilil I_LIIII

1.25 0. 550 3. 492 1. 03 0. 16
1. 00 1. 02
O. 80 O. 446 3.545 1. 07 O. 13

O. 58 O. 528 3.515 1. 06 O. 16
0.38 O. 536 3.546 1. 06 O. 15

O. 18 O. 513 3.692 1. 08 O. 15

Within the accuracy of the measurements, the depolarization

ratios are constant both for the use of and omission of the polarization

scrambler as a function of the aperture. The assumption that the

source was completely depolarized may be the reason that the

ratio was not observed to be unity when the scrambler was in use.

Depolarization Ratio Across a Band

The depolarization ratio, normally reported as has

long been used as a qualitative test of the symmetry of a given mode.

The reporting of these depolarization ratios has usually considered

either the ratios of the peak maxima or the ratios of the total inte-

grated intensities. For a single band, either method is unambiguous,

but the methods are not necessarily equivalent (62). When band
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overlap occurs, the results in either case are not true depolarization

ratios, unless the symmetry of each band is the same. Some authors

(27, 60) have considered this problem with respect to obtaining the

depolarization ratio as a function of frequency across a band. Others

(63) have designed schemes for accurate measurement of scattering

cross sections. Recent attention has been given to the effect of the

instrument slit width on measured depolarization ratios (59).

The purpose of this presentation is not to directly analyze these

various techniques, but rather to determine a measure of the experi-

mental accuracy in the determination of the depolarization ratio across

a single band. This accuracy is of considerable importance in the

calculation of the isotropic spectra of interest.

The band chosen was the
18

band of liquid benzene which is

isolated by at least 80 cm -1 from any other reported band (12, p. 364)

and is a depolarized band whose depolarization ratio should be

li /rI
I

3 /4. This band was chosen in part because it should be a

single isolated band and in part because it is present in the

region of the 15% CS
2

in benzene.

A sample of benzene was placed in a fluorescence cell and

aligned as previously described in the section discussing the pen

period tests. Spectrometer conditions were; SBW = 4 cm-1, pen

period = 2 sec. , scan rate = 0. 1 cm 1 /sec. , chart display = 5

cm 1 /sec. , count rate = 1 x 5, 000 cps, polarization scrambler in

1
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place, circular aperture of r = 0.80 in., and a laser excitation beam

of 514.5 nm and 500 mW constant light flux.

A baseline was determined at 480-490 cm 1 for both the

parallel and perpendicular configurations of the Polaroid and the band

scanned from 580-640 cm-1 in each configuration. Intensities were

measured manually for both configurations at 0.5 cm -1 intervals and

the respective baselines subtracted for each.

The depolarization ratio, I± /III was calculated at each

point and an initial average determined. Those few data points that

varied by > ±0. 05 from this initial average were rejected as

obviously erroneous and a final average and standard deviation calcu-

lated. Four separate trials were recorded and will be discussed.

Trial A. The and III intensities were recorded in

sequence under the conditions specified with no detectable drift in the

reference meter. The depolarization ratio across the band was cal-

culated to be: I
-1-

/I
II

= 0.7419 ± 0.0171.

Trial B. The laser was shut down and later restarted and

operated at the given conditions. No sample configuration changes

were made. No detectable drift of the reference meter was observed

during the recording of the spectra. The depolarization ratio was

determined as: II /II
I

= 0.7349 ± 0.0155.

Trial C. A reproducibility test of the 11 spectra recorded

in Trial B was made. There was a small, but detectable drift in the
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reference meter noted for this trial in comparison to its value in

Trial B. The I data obtained in Trial B were utilized. The

depolarization ratio of 11 /III = 0.7573 ± 0.0184 was obtained.

Trial D. An spectrum was recorded after the reference

meter was reset to its value in Trial B. No drift was detected during

the scan. The polarization ratio was calculated using this new

data and III from Trial B. A value of I _Lill
I

= 0.7389 ± 0.0187

was obtained.

A comparison of the results of Trials A and B given a test of

the reproducibility of different experiments. Trials B and C indicate

the effect of reference meter drift, and Trials B and D test the

validity of adjusting the reference meter during long scans.

The agreement between Trials A and B is within the standard

deviation of the results and hence separate experiments are repro-

ducible. Trials B and C indicate that if the reference meter drifts

from one scan to another, significant deviation in the results occur.

However, comparison of Trials B and D signify that if the reference

meter is constant, even if it requires adjustment, reproducible results

are obtained.

Conclusions reached by these tests indicate that reproducible

results are obtained under constant, equal operating conditions, but

the polarization ratio is probably accurate to no better than ±0. 02.

The theoretical depolarization ratio is slightly greater than the
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observed value, but within its standard deviation. The effect of a

finite collection geometry for a depolarized band at this aperture is

not great and is approximately equal to the positive standard devia-

tion of the results, therefore there is little justification for correc-

tion.

These tests were performed using the best procedures known to

the author and therefore represent the best possible results available

in the other analyses reported.


