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Raman scattering activities have been derived for the case where the system has uniaxial order imposed 
on it, but the molecular or factor group's axis of symmetry is perpendicular to the uniaxial direction. The 
symmetry axis has random ordering about the uniaxial direction around which orientation averaging is 
done. The expressions for the scattering activities in the molecular co-ordinate system are related to a 
fixed laboratory co-ordinate system. This is carried out for the three orthogonal orientations of the 
sample in right-angle and back-scattering geometries. 
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INTRODUCTION 

In Raman scattering the ability to select subsets of 
the polarizability components by carrying out 
polarization experiments is modified by the degree to 
which a system is ordered. In principle for a perfect crystal 
all six of the independent polarizabilities may be available 
while for a liquid there are only two independent 
parameters. These invariants are called the spherical or 
isotropic part of the polarizability, ~, and the anisotropy, 
fl~. In the case to be investigated in this paper one axis is 
fixed in a unique direction and the other orthogonal axes 
are randomly positioned in the plane perpendicular to the 
fixed axis. In this case there are four independent 
parameters. The derivation of these independent terms 
and their separation in the various polarized Raman 
experiments is the subject of this paper. These results can 
be used in conjunction with polarized Raman 
measurements to assign the symmetry of the normal 
modes observed. 

Previously, Snyder 2 presented the results for the case 
where the symmetry axis was parallel to the orientation 
axis in a uniaxially-oriented system or where it was 
randomly located in a fixed plane. These results have been 
applied to a number of different polymers, e.g., isotactic 
polypropylene s, polyethylene 4, polytet rafluoroethylene 5, 
and the helical model of an alternating copolymer of 
ethylene-tetrafluoroethylene 6. In several cases Snyder's 
results have been rederived and applied to very specific 
cases of the general type presented in this work 7,s. These 
results are very useful but not all encompassing. In 
particular there are a number of polymer systems that 
have their unique symmetry axis perpendicular to the 
chain backbone and therefore perpendicular to the 
orientation axis in a uniaxially-drawn filament or 
film 6'9'I°'11. As processing conditions for uniaxially- 
oriented polyvinyl alcohol, polyvinylidene fluoride (fl 
form), and syndiotactic polypropylene, for example, are 

improved, polarized Raman measurements will become 
possible thereby requiring the use of this group theoretical 
framework for analysis. 

In addition the results of this work will find 
applicability in the study of molecules embedded in 
uniaxially-drawn host polymer films where frequently the 
guest molecule has its unique symmetry axis 
perpendicular to the orientation axis 12 and in the analysis 
of the local vibrational modes of a pendant side group 
oriented normal to the polymer backbone ~3'14. 

EXPERIMENTAL 

The notation outlined in Wilson, Decius, and Cross I and 
in Snyder's work 2 will be followed in this paper in the 
interest of continuity. Therefore, the space-fixed co- 
ordinates are designated (XYZ)  and the molecule-fixed 
co-ordinates are designated (xyz). These axes are shown in 
Figure 1 with the three possible orientations of a uniaxial 
sample relative to the laboratory co-ordinate system. In 
all cases the z-axis corresponds to a unique molecular 
symmetry axis as determined by its being the highest- 
order rotation axis, or a rotation axis perpendicular to a 
reflection plane. Indeterminate cases follow the assign- 
ments in Wilson et al. 1 in the point group tables. The x- 
axis is arbitrarily chosen to be parallel to the orientation 
direction. The y- and z-axes are then free to be randomly 
positioned in a plane perpendicular to the x-axis. 

The experimental geometry is shown in Figure 2. The 
laser beam is travelling in the positive X direction with an 
incident polarization parallel to either Yor Z. The Raman 
scattered light is collected in the positive Z direction and 
analysed for Y and X polarizations in the right-angle 
scattering experiment (RAS). In the back-scattering 
experiment (BS) the signal is collected in a negative X 
direction and the analyser (polarizer) positioned parallel 
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Figure I The laboratory-fixed co-ordinates are shown on the 
left (X, Y, Z). The sample co-ordinates (x, y, z) are attached to 
the uniaxially-oriented sample with x parallel to the uniaxial- 
orientation direction. The three orthogonal orientations of the 
sample in the laboratory co-ordinate system are shown and 
defined as: (A) xllY; (B) xllX; and (C) xiIZ 

Ez 
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Figure 2 The experimental geometry in the laboratory-fixed co- 
ordinate system is shown. The laser travels in the X direction with 
polarizations Ey or E z. In right-angle scattering (RAS) the 
scattered Raman signal is collected along Z and analysed for 
polarizations E v and E x. In back scattering (BS) the signal is 
collected in the - X  direction and analysed for polarizations Ey 
and E z 

to either the Yor Z direction. The sample orientations are 
A: x parallel to Y; B: x parallel to X; and C: x parallel 
to Z. 

For arbitrary directions F and F' in the laboratory co- 
ordinate system (with the incident polarization in the F 
direction and the scattered radiation analysed in the F' 
direction) the intensity of the scattered Roman signal will 
be proportional to CtV2V ,. Therefore, the polarizability 
elements in the molecular co-ordinate system must be 
related to the laboratory co-ordinate system to analyse 
the normal mode symmetries (microscopic) observed in 
the experiment (macroscopic). To relate the polarizability 
elements (art,) in the laboratory fixed co-ordinates to 
those (egg) in the molecule-fixed co-ordinates, a 
transformation can be derived. These two co-ordinate 
systems can be related by: 

F=q>g (1) 

where the tensor • is formed from the direction cosines 
between the two co-ordinate systems. The polarizabilities 
are then related by the expression: 

at[F] =Oat[g]O r (2) 

As the relation between the two systems is not fixed in a 

uniaxially-oriented material, but varies about a shared 
axis, orientation averaging must also be done in the plane 
perpendicular to the unique axis. The final result for an 
individual component in the space-fixed frame is: 

( ( E  ) 2 )  
x \ g g '  / / 

The matrices • for the three orientations are given in 
Table 1. The rows of these matrices are indexed by the 
laboratory co-ordinates while the columns are indexed by 
the molecule-fixed co-ordinates. The calculated results for 
the squared, orientation-averaged polarizabilities (~2rr) 
in terms of the molecule-fixed polanzabilities are given in 
Table 2. The terms A1-A, , are defined in Table 2 to 
facilitate their separation into irreducible representations 
in the various point groups. These can be explicitly 
expressed in terms of the molecule-fixed polarizabilities 
as" 

Ax = ~ x  (4) 

A2 ._ l(~yy_ 2 1 2 ~xx) +~y= (5) 
2 2 2 1 2 A 3 = ~%, + ~ t , y ~  + ~==) + ~y= (6) 

1 2 A,  = g(=,~ + ~t2x) (7) 

RESULTS AND DISCUSSION 

General results 

The results of this analysis can be used in conjunction 
with the observed Raman spectra to elucidate molecular 

Table I Transformation matrices ¢ between the space and molecular 
co-ordinates used in the three orientations A, B, and C 

Orientation A: x II Y, 6 is the angle between z and Z 

(i co,0o ,o0/ 
sin 0 cos O/ 

Orientation B: x II X, 8 is the angle between z and Z 

o o )  
cos 0 --sin 0 
sin # cos e 

Orientation C: x II Z, e is the angle between y and Y 

o _,i°OoCO, O _;°o) 

Table 2 (~2FF') in terms of the molecular polarizabilities a,b 

1 
AI  = 4  [r +$]2 

1 
A 2 =~-~ [r 2+s 2+4p  2+16n 2 + 4 s p - 4 r p - 2 r s ]  

1 
(a2FF ') A3=~_~[3r2+ 3 s 2 + 1 2 p 2 + 1 6 n 2 + 4 r p _ d r $ _ 4 s p  ] 

1 
A 4 = ~ [12 + m  2] 

Orientation A Orientation B Orientation C 

A 3 A 4 A 2 A]  A 4 A 4 A 3 A 2 A 4 
A4 AI  A4 A4 A3 A2 A2 A3 A4 
A2 A4 A3 A4 A2 A3 A4 A4 AI  

a See Figure I for the orientation geometries 
b~2_~2 ~2_~2 .2_~2 ~2-^.2 .2_ • - ~ x y , " "  - ~ x z , "  -~yz,~" - ~ z z , "  - (Clxx +c~yy )2, 

s2 = (aXX _ aVy)2 
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structure. This is carried out by considering relative band 
intensities either within a single spectrum or among 
several different spectra and comparing to the predicted 
symmetry species expected (from Tables 4-8) for a 
particular molecular model structure and scattering 
geometry• In many instances this type of structure 
analysis has proven useful 6 in identifying the correct 
structure from among a number of proposed models• 

It is convenient, therefore, to have tabulated results 
that can be utilized simply by matching the experimental 
co-ordinate systems. These are provided in this paper for 
all the point groups that can have a unique axis. This 
excludes the point groups C1, Ci, T, Td, Th, O, O h, G, and 
G h. The remaining point groups listed in Wilson et al.' can 
be divided into five sets. The irreducible representations 
can be generalized as A for the totally symmetric 
representation and 7i for the ith non-totally symmetric 
representation. This development follows Snyder 2 and 
the specific partitioning can be found in Table 3 which is 
included for completeness• 

The results for the case where the orientation axis is 
perpendicular to the symmetry axis are presented in 
Tables 4-8. Results for both the fight-angle and back- 
scattering geometries are given. In the left-hand columns 
the irreducible representation and the polarization of the 
incident laser beam are indicated• Listed in the top rows of 
the tables are the scattering geometries (A, B, or C) and the 
direction of polarization of the analysed radiation• 

Resonance Raman results can be derived in a similar 
manner to that described previously with the additional 
complication of retaining the off-diagonal terms 
separately• This is due to the nonequivalence of the off- 
diagonal polarizabilities which result from preferred 
orientations of the transition moments of the molecular 
system• An application of this is given by Margulies and 
Stockburger 12 in their work on oriented diphenyl- 
polyenes. 

Table 4 GI :  {Cs, C2, C2h} 
A: C~xx, C~yy, C~zz, ~xy 
"y: C~y z, O~Z X 

G 1RAS A C 

Y X Y 

A Y 

Z 

'7 Y 

Z 

X 

1 12 A1 
2 

1 
B1 - / 2  

2 

1 
- m  2 0 
2 

1 2 1 n2 - m  
2 2 

112 
2 

1 2 - /  
2 

1 
- - m  2 
2 
1 
- - m  2 
2 

B 

Y X 

C1 B1 

1 2 B1 - /  
2 

1 1 n2 _ n2 
2 2 

1 1 n2 _ m2 
2 2 

C1 

1 2 - - /  
2 

1 2 
m n  
2 

1 2 
m m  
2 

G]  BS 

A Y 

Z 

3, Y 

Z 

Y 

A1 

1 12 
2 

A 

Z 

1 / 2  
2 

C1 

1 
- - m  2 
2 

1 2 1 m2 - n  
2 2 

C1 

B1 

B 

Z 

B1 

C1 

1 2 1 - -n  - -n  2 
2 2 
1 1 
--  n 2 _ n 2 
2 2 

C1 

3_: 
2 

1 
- - n  2 
2 

1 2 
m m  
2 

Z 

1 _ / 2  
2 

A~ 

1 
- - m  2 
2 

0 

1 
A1 = -- (r + s) 2 

4 
1 

B1 = - -  [r 2 + s  2 + 4 p  2 - 2 r s - 4 r p - 4 s p ]  
32 

1 
C1 = - -  [3r 2 + 3 s  2+ 12p 2 + 4 r p - 6 r $ - 4 s p ]  

32 

Table 3 Classification of  point  groups according to their  Raman activities 

G 1 Cs C2 C2h 

A A'  A Ag 
3' A" B Bg 

G3 

A 
3,1 
3,2 

G3 

A 

3,1 
3,2 

G4 

A 

3,1 
3'2 
3'3 

G2 C3 D3 C3 v D3d $6 

A A A1 Az Alg Ag 
3, E E E Eg Eg 

C4 Cs C6 Ds D6 Csv C6v C3h C4h Csh C6h 

A A A A t A 1 A] A t A' Ag A' Ag 
B E 2 E 2 E 2 E 2 E 2 E 2 E' Bg E~ E2g 
E E 1 E z E 1 E 1 E 1 E 1 E" Eg E~' Etg 

D3h Dsh D6h D4d Dsd D6 d $4 S8 C~v Dooh 

A~ A j  Alg A l Alg A 1 A A A 1 Zg 
E' E~ E2g E 2 E2g E 2 B E 2 E 2 Z~g 
E" E~' Elg E 3 Elg E s E E 3 E l Hg 

D 4 C4v D4h D2d G s D 2 C2v D 2h 

A 1 A 1 A lg  A 1 A 
B1 BI Big B1 3'1 
B2 B2 B2g B2 3"2 
E E Eg E 3,3 

A Az Ag 
B1 A2 Big 
B2 Bt B2g 
B3 B2 B3g 
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Ethylene-tetrafluoroethylene (E- TFE) alternatin9 
copolymer 

As has been alluded to previously, a set of polarized 
Raman experiments can be designed to select out modes 
belonging to each of the Raman active symmetry species 
through a knowledge of the chain orientation with respect 
to the filament axis, the factor group symmetry and the 
Raman scattering activities. In the case of an alternating 
E-TFE copolymer conformational energy calculations 15 
on isolated chain and crystal lattice structures indicated 
that either a 3/2 helix or a planar zig-zag structure was 
possible. In a 3/2 helix the factor group of the line group is 
isomorphic to the Ca point group the unique axis of 
which is parallel to the orientation direction of a 
uniaxially-oriented sample. In this case mode assignments 
to Raman active symmetry species are possible by specific 
choice of the input polarization and analyser directions 
using the theoretical framework for partially-oriented 
systems derived by Snyder 2. 

In a planar conformation for E-TFE, the factor group 
is isomorphic to the C2h point group and the unique axis 
(C2) is perpendicular to the plane of the molecule and, 
therefore, perpendicular to the chain axis of uniaxial- 
orientation direction. For this case the orientation 
averages derived in this paper must be used and upon 
consulting Table 4 for the RAS case in orientation A they 
can be written: 

Experiment A o B~ 

X(rY)Z A1 0 
X(YX)Z }I 2 ½m 2 

x ( z r ) z  ½1 ~ ½m ~ 

x(zx)z B1 ½n 2 

Table  5 G2: {C3, 03, C3v , O3d, S6} 
A : O~xx + ~ y y  
3': (Olxx -- Otyy, O~Xy), (~yZ, °:XZ) 

32 RAS A B C 

X Y X Y X Y 

1 
4 Y 0 - - r  2 0 E2  A 2  E 2  

4 
Z A2 0 0 A2 0 0 

y Y B2 D2 B2 F2 C2 F2 
Z C2 B2 B2 C2 B2 B2 

~2 BS A B C 

Y Z Y Z Y Z 

1 
4 Y - r 2 0 E2 A 2  E2 0 

4 
1 

Z 0 E2 A 2  E2 0 -- r 2 
4 

)' Y D2 B2 F2 C2 F2 B2 
Z B2 F2 C2 F2 B2 D2 

Table 6 G3: {(24, Cs, C6, D s, D 6, Cs v, C6v, C3h, C4h, Csh,  C6h, 
D3h,  Ds l f ,  D 6 h , D 4 d ,  Dsd ,  D6d ,  S4 ,Ss ,  Coov, Do=h } 

A : C~xx + O~yy, (Xzz 
" ) ' 1 :  OtXX "-  Otyy, O:xy 

")'2: (ayz, a x z )  

G 3 RAS A B C 

X Y X Y X Y 

I 
A Y 0 - r 2 0 D3 A 3  D3 

4 
Z A 3  0 0 A 3  0 0 

1 1 
7z Y - / 2  C3 - / 2  E3 B3 E3 

2 2 
1 _1 1 /2 B3 1 /2 _ 12 Z B3 2 12 2 2 2 

1 1 1 2 1 2 1 
Y2 Y ~ m  2 0 ~-rn 2 g n  g n  ~ n  2 

1 1 1 1 1 2 Z - -n  2 m 2 ~-m 2 l o 2  m 2 
2 2 2 2 --m2 

C G 3 BS A 

Y Z 

1 
A Y - r  2 0 

4 

Z 0 D3 

1 
7z Y C3 - 1 2  

2 
1 

Z - / 2 E3 
2 

1 
72 Y 0 -- m 2 

2 
1 1 

Z - -m  2 - -n  2 
2 2 

1 
A 3  = - -  [ r  2 - 4rp + 4p 2 ] 

32 
1 

B3 = - -  [s 2 - 2rs + 4sp] 
32 
1 

C3 = - [s 2 + 2rs] 
4 

1 
[3r 2 + 4rp + 12p 2] D3 = 3-2 

1 
E3 = - -  [3s 2 -- 6rs - 4sp ] 

32 

Y 

B 

Z 

D3 A3 

A3 D3 

E3 B3 

B3 E3 

ln2 1 2 

1 _ n  2 1__n2 
2 2 

Y Z 

D3 

0 

E3 

1/2 
2 

1 
- -  r 2 
4 

1 _ / 2  
2 

C3 

1 2 1 n2 - -m 
2 2 

1 m2  0 

1 1 
A2 = ~ ( r  2 - 4 r p + 4 p 2 ) ,  B 2 = ~ ( 1 2 + m  2) 

1 1 ( 3 r 2 + 4 r p + 1 2 0 2  ) C2 = ~-~ (s 2 -- 2rs + 4sp + 16n 2) E2 = 3-"2 

1 1 
D2 = -- (s 2 + 2rs) F2 = - -  (3s 2 -- 6rs -- 4sp + 16n 2) 

4 32 

where the scattering notation is of the form A (BC)D where 
A and D are the propagation directions of the incident (A) 
and scattered (D) radiation, while B and C refer to the 
direction of polarization of the incident (B) and analysed 
(C) radiation, respectively. 

Comparison of these predictions for a planar zig-zag 
structure with those obtained for a 3/2 helix in 
conjunction with specially selected Raman polarization 
measurements have been the subject of a detailed study. 6 

Polyethylene (PE) 
It should suffice to note that PE is an example where a 

168 POLYMER, 1984, Vol 25, February 



Raman scattering in partial-oriented systems." N. E. Schlotter and J. F. Rabolt 

Table 7 G4: { D 4 ,  C4v, D4h, D2d } 
A : O~xx + O~yy, O~zz 
"I l : °~xx  - -  e~yy 
")'2: °~xy 
')'3: (°tyZ, OtXZ) 

G 4 RAS 

A Y 

Z 

"71 Y 
Z 

72 Y 

Z 

73 Y 

Z 

X 

0 

A 4  

0 
B 4  

2 

1 2 
- - m  
2 

- - n  2 

A 

Y X 

1 
- -  r 2 0 
4 
0 0 

C4  0 
0 0 

1 
0 -I 2 

2 

1 / 2  1 2 - - /  
2 2 

1 
0 - - m  2 

2 
1 1 
_ m  2 _ m  2 
2 2 

Y X 

A 4  

0 

E4 B4 
B4 0 

0 0 

0 

1 n2 
2 

1 n2 
2 

D4 

A4  

1 
- / 2  
2 

1 2 - -n  
2 

1 2 
- - m  
2 

Table8 Gs: { D  2. C2v" O2h } 
A:  C~xx, C~yy, C~zz 
T 1 : °txy 
T2: O~xz 
"Y3: CXyz 

D4 

0 

E4 
0 

0 

1 2 - I  
2 

1 2 
- - n  
2 
1 2 
- - m  
2 

35 RAS A B C 

X Y X Y X Y 

4 Y 0 B 5  0 C5 A5 C5 

Z A 5  0 0 A 5  0 0 

1 1 2 
7] Y - - /2  0 - /  0 0 0 

2 2 
1 1 2 1 1 

Z 0 - / 2  - /  0 - 1 2  - I  2 
2 2 2 2 

1 1 
72 Y -- m2 0 -- m 2 0 0 0 

2 2 

1 1 2 1 1 2 
Z 0 - - r n  2 - - m  0 - - m  2 - - m  

2 2 2 2 

1 2 1 1 
Y3 Y 0 0 0 - -n  - -n  2 - -n  2 

2 2 2 
1 1 

Z - n  2 0 0 --n 2 0 0 
2 2 

G s BS A B C 

Y Z Y Z Y Z 

4 Y B5 0 C5 A 5  C5 0 

Z 0 C5 A 5 C5 0 B5 

1 1 
- -  / 2 0 0 0 - -  / 2 71 Y 0 2 2 

1 1 / 2  
Z - / 2  0 0 0 0 

2 2 

1 1 
- -  m 2 0 0 0 - -  m 2 72 Y 0 2 2 

1 1 2 
Z - - m  2 0 0 0 - - m  0 

2 2 

1 2 1 1 n2 - - n  - - n  2 0 Y3 Y 0 0 ~ 2 2 

1 1 1 
Z 0 -- n 2 -- n 2 - n 2 0 0 

2 2 2 

G 4 BS 

4 Y 

Z 

71 Y 

Z 

Y2 Y 

Z 

73 Y 

Z 

1 2 
- - r  
4 

C4 

0 

0 

!/2 
2 

Z 

0 

D4 

0 

E4 

1 / 2  
2 

1 
0 - - m  2 

2 

l m  2 1 - - n 2  
2 2 

D4 

A 4  

E4 

B4 

A4  

D4 

B4 

E4 

0 0 

0 0 

1 2 1 --n - - n  2 
2 2 
1 1 
- -n  2 _n 2 
2 2 

D4 

0 

E4 

0 

Z 

0 

1 
- -  r2  
4 

0 

C4 

1 2 o ~/ 
1 
- / 2  0 
2 

1 2 1 n2 - - m  
2 2 

1 / T / 2  0 
2 

1 
A 4 = - -  [r 2 - 4 r p + 4 r p  2] 

32 
1 

B 4 = - -  [s 2 - 2 r s + 4 s p ]  
32 
1 

C 4 = - -  [s 2 + 2 r s ]  
4 

1 
D 4 = - -  [3r 2 + 4 r p + 1 2 , o  2] 

32 
1 

E4 = - -  [3s 2 -- 6rs - 4sp] 
32 

unique axis cannot be unequivocally assigned due to the 
high symmetry exhibited in all three orthogonal 
directions. An ambiguity then results because a choice of 
this unique axis (of the D2h point group) parallel to the 
direction of chain alignment in a uniaxial-oriented system 
requires group theoretical analysis using Snyder's tables. 
However, an equivalent choice of unique axis 
perpendicular to the direction of unaxial orientation 
requires use of the orientation averages listed in Table 8. 
Different symmetry assignments result from either choice 
of the unique axis. For polyethylene the modes assigned to 

1 
A 5 = - -  [ ( r - s )  2 - 4 ( r - s ) p + 4 p  2] 

32 
1 

B5 = - (r + s) 2 
4 
1 

C5 = ~  [ 3 ( r - s )  2 + 4 ( r - s ) p + 1 2 p  2] 
32 

Blg(B3o) when the unique axis is parallel to the chain 
become B3g(BIo ) modes when the unique axis is 
perpendicular to the chain direction. To compare mode 
assignments for PE, equivalent geometries must be used 
or considerable confusion may result as also noted in the 
infrared assignments of the low-frequency lattice modes 
by Jones et al. 1° 

CONCLUSIONS 

With the advent of sophisticated polymer processing 
technology the availability of partially-oriented materials 
has increased significantly. Structural characterization by 
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polar ized  R a m a n  measurements  is poss ible  when these 
mater ia l s  are  t r anspa ren t  and  a g roup  theoret ica l  
f r amework  for analysis  of the observed  bands  is in place. 
Unt i l  recently, only  one pa r t i cu la r  case 6 in which the 
unique symmet ry  axis of the molecule  is pe rpend icu la r  to 
the or ien ta t ion  d i rec t ion  has  been cons idered  in detail .  
The results of this work  in con junc t ion  with tha t  of 
Snyder  2 now al lows rout ine  analysis  in cases where this 
unique axis is ei ther  para l le l  or  pe rpend icu la r  to the 
d i rec t ion  of  the uniaxia l  or ienta t ion .  In  add i t ion ,  
invest igat ion of  the o r i en ta t iona l  re la t ion of  large pendan t  
side groups  to a par t ia l ly  or ien ted  po lymer  b a c k b o n e  may  
now also be considered.  
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