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The three principal refractive indices of a film of poly(ethylene terephthalate), prepared by drawing 
an amorphous melt-extruded sheet at constant width between rollers whose speeds were set to give a 
nominal draw ratio of 3.5: 1, were found to be 1.645, 1.573 and 1.541. Thirty-six measurements of 
the scattered intensity for the 1616 cm -1 Raman line were made for various combinations of orienta- 
tions of the electric vectors of the incident and scattered light with respect to the sample and six absor- 
bances were determined for each of the 1017 and 875 cm -1 infra-red peaks with the polarization vector 
of the radiation in different orientations with respect to the sample. From the Raman measurements 

r r r r r . 
five parameters P200, P220, P400, P420, and P440 which characterize the distribution of orientations of 
the benzene rings were deduced. Values of P200 and P220, in good agreement with the Raman values, 
were also deduced from the infra-red measurements, and a further two parameters, P202 and P222 were 
deduced from infra-red and Raman results combined. The four quantities P200, r P220, P202 and P~t22 
are shown to be consistent with the refractive index measurements using either of two alternative 
models for the chain conformation. The results indicate that there is slight preferential orientation of 
the chain axes out of the plane of the film, an unexpected result, but that there is also some preferential 
orientation of the planes of the benzene rings towards the plane of the film, in agreement with earlier 
X-ray measurements on similar films. 

INTRODUCTION 

Several techniques are used for the characterization of mole- 
cular orientation in polymers of low crystallinity. Among 
the more important of these are broad-line n.m.r. 1'2, pola- 
rized fluorescence 3'4, Raman s-  7 and infra-red 8 spectroscopies, 
and all these methods have been applied successfully to 
uniaxially-drawn polymers. Although the extension to 
biaxially oriented films was attempted by n.m.r. 1, it was 
clear that this technique possesses severe limitations, inclu- 
ding the necessity to have a precise knowledge of any 
changes in molecular conformation which take place during 
drawing. The fluorescence method usually requires either 
the modification of the polymer chains to make them 
fluorescent or the addition to the polymer of fluorescent 
probe molecules, so that this method gives information 
somewhat indirectly about orientation of ordinary polymer 
chains. It thus appears that the most complete characteriza- 
tion of biaxially-drawn systems of low crystallinity requires 
measurements by vibrational spectroscopy. 

In principle, Raman spectroscopy can provide more in- 
formation than infra-red spectroscopy about molecular 
orientation, but infra-red data may be used as a check on 
and supplement to the Raman data and may sometimes 
more readily give information about conformational changes. 
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These two techniques have therefore been developed to 
study changes in molecular orientation and conformation in 
a system which is of both fundamental and technological 
interest, biaxially-oriented poly(ethylene terephthalate) 
(PET) sheet. The present paper is, however, concerned only 
with molecular orientation. 

Before the experimental work is considered, the theore- 
tical aspects of the study of orientation by infra-red and 
Raman spectroscopy will be discussed, with emphasis on 
the application to polymer systems with biaxial symmetry. 
The measurement of refractive indices can provide useful 
additional information about molecular orientation, and 
the theory of the relationship between the refractive indices 
and the molecular orientation for biaxial symmetry will also 
be considered. 

THEORY 

Orientation distribution functions 
It will be assumed for the purposes of discussing the 

refractive indices, the infra-red absorption or the Raman 
scattering, that the oriented polymer may be considered to 
be composed of non-interacting, anisotropic structural units. 
The nature of the effective structural units depends upon 
which technique is used in investigating the polymer. If a 
coordinate system is defined in each of the structural units, 
the orientation of a particular unit with respect to a coordi- 
nate system fixed in the sample may be described by the 
Euler angles 0, ~ and ft. These are shown in Figure 1, where 

0032--3861/80/010041 - -  14502.00 
© 1980 IPC Business Press POLYMER, 1980, Vol 21, January 41 



Characterization of biaxial orientation in PET: D. A. Jarvis et al. 

"~-- . .  X2 

, 

x I 
Figure I Definition of Euler angles 

the O X 1 X 2 X  3 system of axes is fixed in the sample and the 
OXlX2X 3 system is fixed in the structural unit. The angles 
0 and q~ are the polar and azimuthal angles, respectively, of  
the Ox3 axis with respect to the O X I X 2 X  3 system, and the 
angle ~b represents a rotation about the Ox 3 axis which takes 
the Oxl axis out of the x3OX 3 plane. 

It is usual to choose the axes of  the fixed coordinate 
system to be coincident with the symmetry axes of  the 
polymer sample and the axes of each of  the other coordinate 
systems to be coincident with the symmetry axes (if there 
are any) of  the corresponding structural unit. It will be 
assumed in the present discussion that the polymer sample 
has at least the symmetry of the orthorhombic point group 
D2, i.e. that it has three mutually perpendicular two-fold 
axes of  rotation; strictly speaking, this is the symmetry of  
the function which describes the distribution of orientations 
of the structural units. In addition, it will be assumed that 
each type of  structural unit considered has at least the 
symmetry of  point group D 2 with respect to the axes 
Ox ix2x3 or if it does not, that it behaves during the produc- 
tion of  orientation as if it does have at least this symmetry. 
This means that the distribution is assumed to remain un- 
changed if any structural unit is rotated through 180°C 
about its OXl, Ox 2 or Ox 3 axis. 

A function describing the distribution of  orientations of  
the structural units may be written in terms of  the three 
Euler angles. It is convenient to expand this distribution 
function in a series of  generalized spherical harmonics, i.e.: 

+ l  + l  

I=0 m=-l  n=-I 

PImn Zlmn (cos 0)e-ira ~ e-in 

(1) 

N(0,4),~) sin0d0dq~d~b is equal to the fraction of  units whose 
axes lie in the generalized solid angle sin0d0d¢d~ and the 
Ztm n are a generalization of  the Legendre functions. Because 
the functions Zlmn(cosO)e-imq)e -in¢ are mutually ortho- 
gonal, the coefficients, Piton, of this series are averages of 
functions Plrnn(O,(p,~) taken over the structural units in the 
sample. These functions are the same as Zlrnn(cosO)eimq~e inqj 

apart from constant factors, and when m 4= 0 and/or n 4 = 0 
they are complex. The assumption of at least the symmetry of  
point group D2 for both the material and the structural units 
means that the Plmn are only non-zero if m and n are even 9. 
Infra-red spectroscopy and measurements of refractive 
indices can give information about Plmn only for l = 2 and 
Raman spectroscopy only for l = 2 or 4. For a real distribu- 
tion these restrictions on l, m and n ensure that Plmn is real 
and that: 

Ptmn = Piton =/'/m,; = / ' l ~  (2) 

Nevertheless, the summation in equation (1) will continue 
to be taken formally over positive and negative values of  m 
and n. 

In this paper a non-normalized form of the Zlm n is chosen 
which makesPoo o = 1 and makesP/0 0 equal to the average 
over the distribution of the lth order Legendre polynomial 
in cos O. The coefficients Vlm n which replace the Plmn ifZlmn 
is normalized so that: 

7r 

f [Zlmn(cosO) 2 sinOdO = 1 

0 

as it is in reference 9, are given by: 

4rr 2 
Plmn= -- Vlrnn 

Nlmn 
(3) 

where 

2 - A t 2  - A t 2  - m 2  - Nhnn - ~* lff~n - lV lmE - • ~ l~"ff - 

21+ 1 ( l + m ) [ ( l -  n)t l 

2 ( l - m ) ! ( l + n ) !  [(m - n)!] 2 

f o r m > n  (4a) 

and 

N/2mn 2 
= Njn m for m < n (4b) 

For m, n 4= O, the present set of  coefficients is slightly diffe- 
rent from the set chosen by Nomura et aL lo. 

There are four important combinations of  sample sym- 
metry and symmetry of  the structural units which define 
simpler forms of  overall symmetry than that already con- 
sidered and these will now be discussed, starting with the 
simplest. 

(i) Uniaxial symmetry o f  the distribution function about the 
OX 3 axis and no preferred orientation o f  the structural units 
about their Ox3 axes. Both 0 and ~ take random values and 
the Plmn are only non-zero for m = n = 0, giving the set of  
coefficients PIO0 = (PIo0(O)), where the brackets ( ) denote 
an average over the structural units in the sample. 

The first few coefficients are: 

P000 = 1 (5a) 

1 
P200 = -  (3cos 20 - 1) (5b) 

2 
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1 
P400 = - (3 - 30cos20 + 35cos40) (5c) 

8 

These coefficients are those with which previous work on 
uniaxial materials has mainly been concerned. 

( ii) Biaxial s y m m e t r y  o f  the distribution func t ion  and no 
preferred orientation o f  the structural units  about  their Ox 3 
axes. ~ ,  but not ~b, takes random values and this means that 
the Plmn are non-zero only for n = 0. For m = 0 the coeffi- 
cients are as given above, and for m 4= 0 the first few coeffi- 
cients reduce to: 

1 
P220 = - (( 1 - cos20)cos2~b) (6a) 

4 

1 
P420 = ~ ( ( -1  + 8cos20 - 7cos40)cos2~) (6b) 

24  

1 
P440 = ~ ((1 - 2cos20 + cos40)cos4~b) (6c) 

[iii) General uniaxial statistical s ymmet ry .  In this case 4, but  
not necessarily if, takes random values, which means that 
the Piton a r e  non-zero only for m = 0. For n = 0 the coef- 
ficients are as given above and for n 4 :0  the first few coef- 
ficients reduce to:  

1 
P202 = ~-(( 1 - cos2 O) cos2~)  (7a) 

4 

1 
P402 = _~- ( ( -1  + 8cos20 - 7cos40)cos2ff)  (7b) 

2 4  

1 
P404 = .--7- ((1 - 2cos20 + cos40)cos4~)  (7c) 

1 6  

{iv) General biax&l statist&al s ymmet ry .  None of  the Euler 
angles may be assumed to take random values and the elmn 
may be non-zero for all even values o f m  and n. I f m  = 0 
and/or n = 0 the sets of  coefficients are as given above and 
when both m and n are non-zero the first few Plmn reduce 
to: 

1 
P222 = ~ ((1 + cos20)cos2~ cos2ff - 2cos0 sin2~ sin2~) 

(8a) 

1 
P422 = - ((1 - 6cos20 + 7cos40)cos2~b cos2ff 

4 

+ (5cos0 - 7cos30)sin2O sin2ff) (8b) 

1 
P442 = ~ .  ((1 -- COS40) cos4~ cos2~ 

16 

- 2(cos0 -- cos30)sin44) sin2~) (8c) 

1 
P424 = ~ ((1 -- cos40)cos2q~ cos4ff 

1 6  

- 2(cos0 - cos30)sin2~ sin4~b) (8d) 
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1 
P444 = .-~ ((1 + 6cos20 + cos40)cos4~b cos4~ 

16 

- 4(cosO + cos 3 O) sin4Osin4~ ) (8e) 

The complete set of coefficients Plmn described above pro- 
vides a fairly detailed characterization of  the distribution of 
orientations of the structural units within a material, and 
this work is concerned with the measurement and interpre- 
tation of seven of them. 

Relat ionship be tween  the Plmn and the refractive indices 

It is possible to obtain a relationship between the Piton 
and the refractive indices, provided that the components  of  
the polarizability tensor for the structural unit are known 
and it is assumed that the polarizabilities of  all structural 
units in unit volume may be added to give the volume pola- 
rizability of  the sample. For a uniaxially-drawn polymer 
with no preferred orientation of  the structural units about 
their Ox 3 axes, Cunningham et  al. n showed that the two 
principal refractive indices, n 3 and n 1 (=n2), depend on the 
value of  P200 and the principal electronic polarizabilities 
of  the structural unit in the following way: 

~b~ -- ~b~ Aa e 

where 

P2OO (9) 

9 
4n n 7 - 1 

4) e = _ _  Ne<o~i e) - 
3 n 2 +2  

= + + 

(lO) 

(11) 

and 

Aa e =0~ (12) 
2 

N e is the number of structural units in unit volume and c~, 
a~ and c~ are the principal components of  the electronic 
polarizability tensor for a unit. It was assumed that  one of  
the principal axes of  the polarizability tensor, corresponding 
to c~, was parallel to Ox3. 

For a polymer with the general type of  biaxial distribu- 
tion discussed in (iv) above, the relationship between the 
refractive indices and the polarizability tensor is more com- 
plicated. It is first necessary to realize that the principal 
axes of  the polarizability tensor may not coincide with a 
particular set of a x e s  OXlX2X 3 chosen within the structural 
unit. This will be discussed in detail in a later section when 
two different models for the structure of the molecular chain 
in amorphous PET are considered. Nevertheless, because 
the structural units are assumed in the present work to be- 
have during orientation as if they have the symmetry of  
point group D2 with respect to Ox 1x2x3, an effective 
polarizability tensor can be defined which is the mean of 
the actual tensor and the three different but related tensors 
which may be obtained by rotating it through 180 ° about 
the axes OXl, Ox2 or Ox3. This effective tensor has 
Oxtx2x 3 a s  its principal axes and the corresponding principal 
components,  ot~, a~ and o@ are the components ~ 1 ,  °~2 and 

POLYMER, 1980, Vol 21, January 43 



Characterization of biaxial orientation in PET: D. A. Jarvis et al. 

o/~3 , respectively, of  the true polarizability tensor expressed 
with respect t o  OXlX2X 3. 

It may then be shown that the equations corresponding 
to equation (9) are: 

20e3 - dpel - dpe2 2Aa e 26a e 
e200 + P2O2 

~b~ + ~ + ¢~ 3a~00 
_-77- 

SO 
(13a) 

~b{ - ~b~ 4A~ e 26o~ e 

~b{ +45 e +~b~ - 3o~ P220+ 3ot---~0 P222 (13b) 

where 

~ol e = ot~ - o~ (14) 

and the remaining symbols have the same significance as in 
equations (10) to (12). Kashiwagi et aL ~ have previously 
considered the relationship between the refractive indices 
and the molecular polarizabilities for a biaxially-oriented 
polymer [(ii) above],  but they do not quote the general 
result expressed in equations (13). 

Raman scattering 

The Raman effect may be used for determining the 
elmn for l = 2 and 4 and it has already been used for 
studying orientation in uniaxially drawn polymers s-7. The 
relationship between the Plmn and the experimentally ob- 
served scattered intensities has been discussed in detail by 
Bower 12'13 and only a brief summary will now be presented. 

For a polymer with a birefringence as great as that of  
PET it is not possible to obtain useful information from 
intensity measurements for even relatively low degrees of  
molecular orientation, unless the polarization directions of  
the incident and scattered light are each parallel to one of 
the axes OX1, OX2 or 0)(3. If  the polarization directions 
of the incident light and the analyser are parallel to the 
axes OXi and OXi, respectively, the intensity of the scattered 
radiation, Ill, for a particular mode of vibration, is given by 

I i ! = l o ~ a ~  ! (15) 

The quantities s 0 are the components of the Raman tensor 
for the vibration studied expressed with respect to the axes 
O X 1X2X  3,10 is a constant depending on the incident light 
intensity and instrumental factors, and the summation is over 
all scattering units contributing to the observed intensity. 

The scattered intensity is therefore determined, apart 
from a constant factor, by the quantities (cx 2.). These quan- 
tities depend on the principal components cq, a 2 and o~ 3 of 
the Raman tensor and on the distribution of orientation s 
of the principal axes of  the Raman tensors. They may be 
written as: 

<4> = Plmn A Irnn 
lmn 

(16) 

provided that the a x e s  OXlx2X 3 are chosen to coincide with 
the principal axes of  the Raman tensor. The A/~n are 
second-order functions of  a 1, c~ 2 and o~ 3 and differ from the 
corresponding A / k / g i v e n  by Bower 12 only by a factor of 
Nlm n. Equations (15) and (16) lead to: 

= PlmnAlmn i0 IoNo ~ ii (17) 

lmn 

where N O is the number of effective scatterers, so that each 
of the six intensities li! is related linearly to the quantities 
e l m n  • 

The present work is concerned with measurements of the 
intensity of  Raman scattering from the 1616 cm-1  line in 
PET, which have previously been shown to provide useful 
information about molecular orientation. This line corres- 
ponds to an almost pure benzene ring vibration 14'is, the 
approximate form of which is shown in Figure 2, so that the 
structural unit for which the Phnn a r e  most directly deter- 
mined is the benzene ring, and these values will be written 
P i n '  The principal axes of  the Raman tensor for this 
vibration coincide with the ring axes o x r l x ( x ~  shown in 
Figure 2. For this choice of Ox~, previous work s'7 has 
shown that a 1 = o~2, to a good approximation, and has pro- 
vided a value for the ratio r = el~Or 3. For such a 'cylindrical' 
tensor A/~ n = 0 unless n ~- 0, since rotation of such a tensor 
about its symmetry axis can clearly have no effect on the 
scattered intensity. Since P~00 = 1, equations (17) become: 

1~1 = A + B(Pr00 - 6P~20) + C(3P~00 - 60P~20 + 70P~40) 

( lSa) 

, + r + r + r 
122 = A B(P200 6P220) C(3P400 + 60P,]20 + 70P~40) 

(18b) 

I~3 : A 2BP~00 + 8CP~00 (18c) 

1'23 = D - E(P~o 0 - 6P~20) - 4C(P~00 + 15P~20) (18d) 

I:~ 1 = D  - E(P~.00 + 6P~20) - 4C(P~<00 - 15P~.20) (18e) 

1~2 = D + 2EP~00 + C(P~o 0 - 70P~40) (180 

where 

s b = siil(<  ] IoN O) (19) 

C7 

C6 

Figure 2 Approx imate  form of v ibrat ion assigned to 1616 cm - !  
Raman line. Also shown are the 'ring a x e s ' 0 x r x r x  r 

1 2 3 
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and 

A = (8r 2 + 4r + 3)/15 (20a) 

B = (8r 2 -  2 r -  6)/21 (20b) 

C = (8r 2 - 16r + 8)/280 (20c) 

D = (r 2 - 2r + 1)/15 (20d) 

E = ( - 2 r  2 + 4r - 2)/42 (20e) 

If the value of r is known, equations (18) are six linear 
simultaneous equations in the six quantities (c~ 2 IoNo)-1 ,  

r 1" r 
P200, P220, P400 and P~20 and P440" 

Infra-red absorp tion 

The theory involved in the determination of P200 for a 
uniaxially-drawn polymer from measurements of  infra-red 
absorption has previously been given by Cunningham et al. ~. 
By assuming that the angle, Ore, between the chain axis 
direction and the transition moment vector, ~', for the vibra- 
tional mode considered was constant, and that there was no 
preferred orientation of the transition moment vector 
around the chain axis, they obtained the following expres- 

c which refers to the orientation of the chains sion for P200, 
when the chain-axis is chosen as Ox3 : 

~93 4l  

43 + 241 
- P2oo(Om)P~_o0 (21) 

where 

4rr ,, , , _ 4 ~ k 2 + k 4 ~  1 4i = - -  N(o~ i ) = 6niki{(n" ~ + 2) 2 + (2n 7 1 1 1  j 
3 

(22) 

The quantities ni and k i are the real and imaginary parts, 
respectively, of the complex principal refractive indices 
ni = ni - iki for the particular infra-red-active vibration under 
consideration (t: 1 = n 2, k l = k 2 for uniaxial orientation), N 
is the concentration of  absorbing species per unit volume, and 
the quantities (a'[) are the imaginary parts of the principal 
average complex polarizabilities. The values of  k i may be 
calculated from the experimentally observed absorbances. 
This theory has been applied to the study of  orientation in 
PET film by Cunningham et al. 8. 

When considering a biaxially-drawn polymer and dropping 
the assumption of no preferred orientation around Ox 3 it is 
useful to choose the OXlX2X 3 coordinate system so that the 
Ox 3 axis is coincident with some significant direction in the 
polymer chain and the transition moment vector lies in the 
Ox2x 3 plane. In the present work it is convenient to choose 

f r f OXlX2X3 to coincide with the set of  axes O X l X 2 X 3  already 
defined in the benzene ring, since the information to be ob- 
tained from the present measurements of  infra-red spectra 
also refers directly to the benzene rings. By means of  a 
calculation similar to that of Cunningham et al. ~ the follow- 
ing two relationships corresponding to equation (21) may 
be obtained: 

243 41 - 42 
- 2P2oo(Om)P~o0 + 4P200(Om)tg~o 2 - 4pr02 

(23a) 
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4 1  - -  ~b2 

41 +~b 2 +~b3 

4 4 
_ + pr  

4p200(Om)P~20 -~ P200(Om)P~22 - ~ 222 

(23b) 

In these equations 0 m has been redefined to be the angle 
between the transition moment and the Ox~ axis (which 
coincides with the C 1-C4 direction in the benzene ring). 

For PET there are two infra-red absorption peaks asso- 
ciated with benzene ring vibrations for which the directions 
of  the transition moment vectors are well known 16'17. These 
are the 1017 and 875 cm -1 absorptions (see Figure 3). The 
vibration giving rise to the peak at 1017 cm l has its transi- 
tion moment vector along the C I - C  4 direction, Ox~. Thus, 
infra-red absorption measurements oi1 this peak combined 
with equations (23) with Om= 0, i.e. P 2 o o ( O m )  ~- 1, give 
values ofP~00 and P~20 which should agree with those ob- 
tained from Raman scattering measurements on the 
1616 cm - I  line. The vibration giving rise to the peak at 
875 cm-  1 has its transition moment vector normal to the 
plane of  the benzene ring. The infra-red absorption measure- 
ments on this peak, combined with equations (23) with 007 
= 90 °, i.e. P2oo(Om) = -½,  thus give values of  the quantities 
(P~00 + 6P~02) and (P~,0 + Pg22) and it is thus possible to 
obtain P~02 and P~22 by-coml~ining these results with those 
from measurements on the peak at 1017 cm -1 or from 
Raman measurements on the 1616 cm 1 line. 

Equations (23) and (22) show that in order to determine 
the orientation parameters P2mn by means of  infra-red 
spectroscopy it is necessary to determine the values of  the 
six quantities ni and ki at the wavelength of  the particular 
peaks of  absorbance involved. As shown in the Appendix, 
this can be done by making six measurements of  absorption 
for each peak. In two 'normal-film' measurements, the 
radiation propagates in the direction normal to the plane of  
the film and the polarization direction is parallel or perpen- 
dicular to the draw direction. In one pair of  'tilted-film' 
measurements the radiation propagates in the plane con- 
taining the draw direction and the normal to the film and is 
polarized either in this plane or perpendicular to it, i.e. the 
film is 'tilted' by rotating through a fixed angle (usually 45 °) 
about an axis lying in the film and normal to the draw direc- 
tion. In the second pair of ' t i l ted-film' measurements the 
radiation propagates in the plane containing this latter axis 
and the normal to the film and is polarized either in this 
plane or parallel to the draw direction, i.e. the film is 'tilted' 
about the draw direction. 

The theory shows that for the normal-film experiment 
the absorption depends simply on the appropriate value of  
ki, whereas for the tilted-film experiments it depends in a 
more complicated way on either one or two pairs of  values 
of  ni and ki. In a completely correct analysis the six sets of 
absorption data would he used to calculate the three values 
of  ni and the three values of  k i for all points in the spectrum 
in the region of  the absorption peaks considered. Unless ki 
is large, equation (22) reduces, to a good approximation, to: 

4~T 
(Pi = - -  N(o¢~') = 6 niki/(n 2 + 2)2 (24) 

3 

and the spectrum of the quantity niki/(n ~ + 2) 2 against fre- 
quency should then be a sum of Lorentzian peaks, one due 
to each absorption. By analysing this spectrum into a set of  
overlapping Lorentzians the value of  4i can thus be found 
for each absorption. If, however, the absorption peaks are 
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a 

b 

Figure 3 Approx imate forms of the vibrations assigned to the infra- 
red absorption peaks at (a) 1017 cm - ]  ; (b) 875 cm -1 

narrow and the absorption is not too great it may be shown 
(see Appendix) that it is a good approximation to treat the 
directly observed absorbance spectrum as the sum of  a set 
of  overlapping Lorentzians, the peak heights of which are 
related to n i and k i. 

EXPERIMENTAL DETAILS AND PRIMARY DATA 

Mater&Is 

The measurements were undertaken on one-way drawn 
PET film of  thickness 28.7/am, obtained from Imperial 
Chemical Industries Limited, Plastics Division, Welwyn 
Garden City. The film had been prepared by drawing the 
amorphous melt-extruded sheet of PET at constant width 
between moving rollers. The ratio of  the speed of  the feed 
roll to that of  the draw roll was set to give a nominal draw 
ratio of 3.5:1. Measurements of  the three principal refrac- 
tive indices showed that the resulting film was biaxial, as 
would be expected. In the remainder of  the paper, we choose 
the axes O X 1 X 2 X  3 so that OX 3 is parallel to the draw direc- 
tion and OX l lies in the plane of the film. 

Refractive index measurements 

An Abb6 refractometer was used to measure the three 
principal refractive indices of  the film at the wavelength of 
the sodium D lines. They were found to be 

n] = 1.573 

n 2 = 1.541 

n 3 = 1.645 

The uncertainty of each of  these values is +0.001. 

Raman measurements 

The apparatus used to record the Raman spectra has been 
described previously 6. It consists essentially of  a CRL model 
52A Ar ÷ laser, of which the 488 nm line is used to excite the 
spectra, and a Coderg PHO double monochromator to 
analyse the spectra. The signal from the monochromator 
was detected by a photomultiplier tube whose signal/noise 
ratio was increased by cooling to - 3 0 ° C  and by application 
of  an axial magnetic field. The resultant output was ampli- 
fied by a low-noise d.c. amplifier and recorded on a chart 
recorder. 

Nine simple scattering configurations may be considered, 
i.e. the incident light may enter along any one of  the three 
principal axes of  symmetry of  the sample and the scattered 
light may be observed in two directions at 90 ° and one at 
180 ° to the incident light. For each of  these configurations 
there are four combinations of polarization directions for 
the polarizer and analyser, giving a total of 36 intensities 
which may be observed. All 36 scattered intensities for the 
1616 cm -1 line were measured for the sample. As already 
mentioned, for a material which has biaxial symmetry only, 
six of these intensities are independent. When the sample 
was positioned with the plane of the film normal to the 
incident beam the beam was focussed near but not on the 
sample. For the other sample configurations the incident 
beam was focussed onto the edge of the sample and the laser 
power was reduced so as not to damage the sample. In 
order to minimize polarization scrambling the sample was 
cut and clamped in a holder so that for each of the configura- 
tions for which the direction of  propagation of the incident 
or scattered light was in the plane of the film the maximum 
distance the beam travelled in the sample was 1 ram. 

The 1616 cm -1 line in the Raman spectrum of PET 
occurs in a region well clear of  other lines, and its intensity 
was therefore read directly from the chart record as peak 
height above an estimated background (which was a straight 
line in the region of the 1616 cm -1 line). The intensities 
were corrected for the small differential polarization sensi- 
tivity of the spectrometer and the inequality of the inten- 
sities of the exciting radiation for the two incident polariza- 
tions, which was significant only for the 180 ° scattering 
configurations. 

The nine sets of  four intensity measurements obtained 
for each sample configuration were scaled to a common value 
o f N o I  0 in the following way. If  the required scaling factors 
associated with the nine sets are ql  to q9, the mean values of  
the six independent Raman intensities may be written in 
terms of the qi, and thus the sum of the squares of  the devia- 
tions of the measured intensities from their mean values, 
ND 2, may also be written in terms of these quantities. The 
qi were chosen so as to minimize the value of ND 2, subject 
to the condition that the mean of the scaled values ofi33 
was equal to 100. (133 is the largest intensity for the 
1616 cm - I  line). The resulting scaled intensities and the 
mean values of the six independent Raman intensities are 
shown in Table 1. XIX 1 represents a 180 ° scattering con- 
figuration with light incident along the OX1 axis; X1X 2 rep- 
resents a 90 ° scattering configuration with light incident in 
the OX1 direction and the Raman scattered light detected in 
the OX2 direction, etc. The Table shows that the data is 
highly self-consistent. In particular, there is good agreement 
between the values of  lij and lji for i 4= j and in subsequent 
analysis the means of  these values will be used and they will 
be called li/. A second set of  36 measurements was made on 
a second sample from the film and was analysed in the same 
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Table 1 Raman intensities 1616 cm -!  line 
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Scatter geometry /11 122 /33 /12 /21 /13 131 /23 132 

X l X  1 37.5 95.7 
X l X2 99.8 24.1 23.8 
X I X  3 31.1 24.1 27.9 
X2X a 103.1 21.3 
X2X 2 25.7 101.3 23.5 
X2X3 27.2 22.4 25.3 
X3X ] 33.4 28.5 
X3X 2 24.5 29.4 
X3X3 26.3 29.2 26.9 27.6 

Mean 25.9 32.8 100.0 26.2 25.0 25.1 
R.m.s. deviation 1.0 3.1 2.7 2.2 3.1 1.7 

22.0 
21.9 

23.0 
24.8 

22.9 
1.2 

37.2 

33.6 
27.3 

33.4 

35.2 
35.9 

26.8 
27.4 

32.9 31.3 
3.6 4.2 

Mean 25.5 24.0 32.1 
R.m.s. deviation 2.8 1.9 4.0 

The values of l i i  and iii obtained agreed with the first way. 
set within the uncertainties shown in Table 1. 

Infra-red measurements 

The infra-red measurements were made using a modified 
Perkin-Elmer 157 spectrometer equipped with a wire-grid 
polarizer in the common beam. 

The normal-film experiments were performed with the 
sample sandwiched between potassium bromide plates and 
the tilted-film experiments were performed with the sample 
sandwiched between 45 ° prisms of  potassium bromide. The 
angle of  tilt was thus 45 °. In each case layers of nujol were 
used to provide optical matching. The attenuator in the 
reference beam was adjusted for each spectrum so as to get 
as much as possible of  the required region of  the spectrum 
lying between 10 and 90% transmission. Recording was by 
chart recorder as transmission against wavenumber. The 
transmission was read off at equal wavenumber intervals and 
transferred to punched tape for processing. 

The first step in processing was to convert the transmis- 
sion spectra into absorbance spectra, defining the apparent 
absorbance A as logl0 (1/10) where I and 10 are the trans- 
mitted and incident intensities, respectively. Each spectrum 
was then analysed into a set of overlapping Lorentzian peaks 
and a linear background. The number of peaks used was 
the minimum required to obtain a good fit to the spectrum 
and second derivative spectra were used as a guide to re- 
quired peaks. The procedure used was to fit the two 'normal 
film' spectra allowing the positions and half-intensity widths 
of the peaks to vary freely and then to fit both the normal- 
film and tilted-film spectra keeping the positions and half- 
intensity widths fixed at the values found from the fits to 
the normal-film spectra. 

In each of the regions near 875 and 1017 cm - I  it was 
necessary to use two Lorentzians to obtain a good fit. In 
some of the spectra obtained in a related investigation aS, 
where a wide range of  PET samples of  different structures 
were examined, the two peaks in the 1017 cm -1 region were 
clearly resolved, ttowever, it was never possible to resolve 
th e peaks near 875 c m - l .  It may be that there is actually 
only one asymmetric peak in this region and the 875 cm-  1 
i.r. absorption has been used to characterize molecular 
orientation in uniaxially-oriented PET sheets with consider- 
able success 8, on the basis of the direct measurement of peak 
intensities. 

Unfortunately the sample was rather too thick to obtain 
very accurate values of the absorbances for the 1017 cm - I  
peaks, since the transmitted intensity was too low to be 
measured accurately over the central region of  the peak and 
the fitting had to be restricted to the wings of  these lines 
(see Figure 4). The peak absorbances calculated from the 
fits are shown in Table 2, together with the full widths of  
the peaks at half the maximum absorbance. 

Equations (A17) and (A18)were used to find the values 
of  k i using the optical refractive indices for the n i. A value 
for k 3 may be obtained from each of  two tilted-film spectra. 
The values of  ki obtained are shown in Table 3. 

DISCUSSION AND FURTHER ANALYSIS OF RESULTS 

The Raman and infra-red results so far given show without 
further analysis that the sample studied is biaxially-oriented. 
For a uniaxially-oriented sample the Raman intensities I 11 
and I22 should be equal, whereas the results in Table 1 show 
clearly t.hat th.ey are not equal. Similarly for a uniaxial 
sample 113 = 123 and the results show a clear difference bet- 
ween these two quantities. The inequality of  the infra-red 
quantities k 1 and k 2 also suggests departure from uniaxial 
orientation. In order to obtain a more precise understanding 
of  the type of  orientation distribution in the sample, values 
of P~m n were calculated. 

For the Raman 1616 cm -1 line a value of  -0 .18  for the 
ratio r = a 1/a3 = a2/a3 was taken from the work. of  Purvis 
et al. s . Using this and the six intensities Iii and Iii, the six 
simultaneous equations (18) were solved to obtain the values 
of  the pr shown in Table 4. lmO 

The analysis of  the infra-red data to obtain values of  P2mn 
is a little more complicated because of  the apparent doublet 
nature of  each of  the two absorptions. It was assumed that 
both members of a pair are due to the same vibrational mode 
of the benzene ring with the assignments given in Figure 3. 
The related investigation 18 suggests that the doublet nature 
arises from benzene rings in different environments, but 
these have not as yet been clearly identified. In order to 
obtain information about the distribution of orientations of  
all benzene rings irrespective of  their environment it is neces- 
sary to average the values of  ~b i for the two peaks, weighting 
them in proportion to their half-intensity widths, the values 

P O L Y M E R ,  1980, Vo l  21, January 47 



Characterization of biaxial orientation in PET: D. A. Jarvis et al. 

1.o 

0.5 

a 

(J 
t -  

2 
u1 .E3 
< 

b 

10  

0 5  

O 8 0 0  9 0 0  1 0 0 0  
A~ (cm -I) 

Figure 4 "Normal- f i lm'  infra-red spectra of  the PET sample. (a) Polarization vector  parallel to draw direct ion; (b) polar izat ion vector  
perpendicular to draw direct ion. The lower curves are the f i t ted Lorentzian peaks (the wings of the larger peaks are omi t ted for  c lar i ty) ,  the 
middle curve is the experimental absorbance and the upper curve represents the difference between the f i t ted spectrum and the observed spectrum 

on the same scale 
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of 4~i at the peaks having been first determined from the 
values of k i and the optical refractive indices using equation 
(22). The values ofP~00 and P~20 are then obtained directly 
from the ~i values for the 1017 cm-1 peak using_equations 
(23) with Om= 0 and are shown in Table 4. The Oi values for 
the 8 7 5 c m - l p e a k y i e l d v a l u e s o f ( p r  +6P r ) a n d ( p r  + 200 202 r 2_0 
P~22)' For the reason already given, the values of P200 and 
P~20 obtained from the Raman data should be more accurate 
than those obtained from the data for the i.r. 1017 cm -1 
peak and they have therefore been used to calculate the values 
ofP~02 and P~22 shown in Table 4. 

The results in Table 4 show that the values of P~,o 0 and 
P~20 obtained from the i.r. 1017 cm -1 absorption agree with 
those obtained from the Raman data, although they are 
appreciably less accurate than the Raman values. It is pos- 
sible to see whether the values which have been obtained for 
the P~mn are consistent with the measured refractive indices 
by making use of equations (13), provided that the appro- 
priate P2rnn can be obtained from the P~mn and that the 
principal values of the polarizability tensor for a monomer 
unit of PET are known. It is therefore necessary to consider 
the conformation of the monomer unit. 

Two extreme conformational models have been con- 
sidered. Model A assumes that the terephthaloyl residue is 
in the same conformation in the amorphous polymer as in 
the polymer crystal, and that the most important difference 
between the crystalline and non-crystalline chain is the 
presence of gauche bonds in some of the glycol residues of 
the amorphous chain. Model B assumes that there is no pre- 
ferred orientation of the planes of the ester group with res- 

Table 2 I.r. absorbances 

Absorp t ion  Width /  
peak/cm -1 A 3 A 1 A23 A 12 cm-1 

873 0.28 0.47 0.88 1.05 9.54 
878 0.42 0.68 0.78 0,87 13.78 

1017 2.56 1.64 3.40 1,49 4.67 
1020 1.49 0.48 1.60 0.93 8.04 

pect to the plane of the adjacent benzene ring in the amor- 
phous polymer, but that the conformation of the chains is 
otherwise the same as in model A. For model A the mean 
chain direction between two gauche bonds coincides with 
what would be the crystal c-axis if the chain were in the 
crystalline region and this will be chosen as OxA; for model 
B it coincides with the C I - C  4 direction of the benzene ring, 
which will be chosen as Ox3 g. 

Using the atomic coordinates determined by Daubeny 
et al. 19 and the bond polarizabilities estimated by Palmer, 
principal polarizabilities for model A were calculated by 
Pinnock and Ward 2°. The coordinates of the atoms of the 
benzene ring given by Daubeny et al. define a slightly dis- 
torted, non-planar benzene ring. In the present work, in 
order to relate the orientation of the transition moment 
vectors associated with the 1017 and 875 cm-1 infra-red 
peaks with that of the Raman tensor axes associated with 
the 1616 cm -1 line, the benzene ring was assumed to be 
planar and undistorted and to be bisected by the line C7-C8, 
C7-C8 which was chosen as the OX~ direction. The 
Ox A direction was chosen to lie parallel to the plane de- 
fined by the coordinates given for C2, C3, C5 and C6. This 
assumption gives values of a~ A, a~ A and a~ t, shown in Table 
5, which differ only slightly from the corresponding values 
of Pinnock and Ward, and values close to these have been 
used in most previous work. 

For model B the three principal symmetry axes Ox B, Ox B 
and Oxg of the polarizability tensor for the monomer unit 
are along the C1-C 4 direction, in the plane of the benzene 
ring and normal to the benzene ring, respectively. Since the 
assumption of free rotation about the ring-ester C-C bonds 
is made, the atoms in the monomer unit other than those of 
the benzene ring were imagined to rotate around the x3 B axis, 
and the average values of the projections of the bond pola- 
rizabilities onto the OxB1 , Ox B and Ox B axes were obtained. 
The principal polarizabilities obtained for model B are also 
shown in Table 5. These values are quite close to the values 
adopted by Kashiwagi et al. on the basis of a model in which 
it was assumed that the unit of structure possesses ortho- 
rhombic symmetry with the 100 plane as a plane of symmetry ~. 

Table 3 Values of k 

Absorp t ion  k 2 k 2 k 2 
peak/cm -1 k3 k 1 f rom A 23 from A 12 mean 

Table 5 Polarizabilit ies of PET monomer uni t  

Model A Model B 

Value Value 
Component  x 1023/cm 3 Component  x 1023/cm 3 

eeA 2.16 eeB 1.97 
873 0.020 0.035 0.068 0.074 0.071 1 1 
878 0.030 0.049 0.047 0.041 0.044 o(eA 1.21 c~ 'eB 1.37 

1017 0.161 0.103 0.135 0.029 0.082 2 2 
1020 0.093 0.030 0.046 0.052 0.049 sea 2.25 a eB 2.27 3 3 

Table 4 Values of r Piton 

P~.00 P~20 P502 P~22 P~00 P~20 P~'40 

Raman 1616 cm -1 line 0.25 --0.013 - -- 0.10 --0.003 --0.007 
-+0.03 -+0.006 -+0.05 _+0.004 -+0.003 

Infra-red 1017 cm - I  absorption 0.23 --0.01 
-+0.05 +-0.01 . . . . .  

Infra-red 875 cm -1 absorption plus - - 0.03 0.07 -- - -- 
Raman 1616 cm -1 line -+0.01 -+0.02 
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6 Values of pA, A Table 

0.31 -0.021 0.02 0.07 
-+0.04 +-0.008 -+0.01 -+0.03 

B r for model A the P A n  may For model B, P2mn = P2mn; 
be obtained from the P~rnn by using the Legendre addition 
theorem ~2 and are shown in Table 6. The ratios (2¢~ - 
~2 -- ~1)/(~1 + ~52 e e e e e :e e e e e + ¢3) and ($1 - ¢2)/(¢1 + q52 + ¢3) may 
now be calculated for the two models using equations (13). 
Table 7 gives the results, together with the values of these 
ratios obtained from the measured refractive indices. It may 
be seen that the values obtained for both P~mn and PBmn 
are consistent with the measured refractive indices, but it is 
not possible to distinguish between the two conformational 
models on the basis of the refractive index data. The agree- 
ment of the Raman and infra-red values ofP~00 and P~20 
and the consistency of the spectroscopic data with the ref- 
ractive indices suggests that the values ofprlmn obtained are 
reliable. 

We now consider what the Pr2m n tell us about the orien- 
tations of the planes of the benzene rings and about the 
orientations of the polymer chain axes. For this purpose, 
it is useful to write the average values of the squares of the 
direction cosines of the axes Ox r with respect to the 

r O X I X 2 X  3 system, cos (xrx/) ,  in terms of the P2mn, i.e.: 

1 1 
" , , X l  ]) = _ + r r 3 ~ P 2 0 0 -  P220-  P~-02 +P~22 (25a) 

1 1 
(c°s2(x~iX2)) = ~ + ~- P~-00 +P~20 - P~02 - P~22 (25b) 

1 1 
(COS2(Xli X3))= ~ - ~ el00 + 2pr02 (25c) 

1 1 
(c°s2(x~X1)) = - +  P~00-  e~20 +P~02-  P~22 (25d) 

3 

1 1 
pr +P~20 +P~02 + r (25e) (c°s2(x~X2)) = ~ + ~ 200 P222 

1 1 
(COS2(~2 X3)) = 3 pr - ~ 200-  2P~02 (250 

1 1 
(cos2(xr3x1)) = _ _ pr 3 ~ 200 + 2P~20 (25g) 

1 1 
(cos2(x~ X2)) = _ _ pr 3 5 200 -- 2P~20 (25h) 

(cos2(x~ X3)) 1 2 =- -+  P~00 (250 
3 

The values of the averages for the PET film studied are 
shown in Table 8 and the uncertainty on each of the values 
is +-0.02. For a randomly-oriented sample all the averages 
would have the value 1 [3. 

The values of (cos2(xr3Xi)) for i = 1,2 and 3 provide infor- 
mation about the preferential orientation of the C 1-C4 
direction with respect to the sample axes. The fact that 
(cos2(x~ X3)) is the largest of the three means that the C1- 
C4 axes are preferentially oriented towards the draw direc- 
tion. Of the remaining two averages, (cos2(x~ X2)) is greater 
than (cos2(x~ X1)), and this indicates that within the overall 
preferential orientation towards the draw direction there is 
some preferential orientation normal to the plane of the fi 
film. This may be reinterpreted to mean that those benzene 
rings whose C 1-C4 axes lie closer to the plane of the sheet, 
OX1 X3, than to the OX2X 3 plane have these axes more 
highly oriented towards the draw direction, on average. 
Referring to equations (25g) and (25h) this information is 
seen to be directly given by the sign of P~20, i.e. (cos2(x~X1)) 
is greater than or less than (cos2(x~X2)) according to 
whether the sign ofP~20 is positive or negative. Uniaxial 
orientation of the Cl-C 4 axes about the draw direction is 
indicated ifP~20 is zero. 

An idea of the extent of biaxial orientation of the C1-C 4 
axes is obtained if the limits on the range of values that P~_20 
may take are known. Referring to equation (6a), (1 - cos20 
is always positive, and therefore the upper and lower 
limits on P220 are obtained by putting q~ equal to 0 and ~r[2, 
respectively. Expressing (1 - cos20) in terms of P200 gives: 

1 
IP220 I< -(1 - P200) (26) 

6 

Thus, for the value of P200 found here, IP~20[ must be 
less than 0.125. The fact that the observed value for IP~2ol 
is small compared with 0.125 means that there is only a 

Table 7 Comparison of data from spectroscopic measurements 
with those from refractive indices 

Quantity 

Calculated from Calculated 
spectroscopic data from 

refractive 
Model A Model B indices 

2,X - oo8 oo7 o.o8o 
+_0.02 -+0.02 +_0.001 

~e _ ~ 0.02 0.01 0.013 
+_0.01 +-0.01 +-0.001 

Table 8 Values of <cos2(xrXj) )  and . (cos2(x fX j ) }  

X1 X2 X3 

r 0.43 0.27 0.30 x t 

x [ 0.35 0.45 0.20 

r 0.22 0.28 0.50 x 3 

x A 0.46 0.27 0.27 1 

x A 0.35 0.46 0.19 

x A 0.19 0.27 0.54 
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small tendency for the C I - C  4 axes to be preferentially 
oriented towards the normal to the plane of the film. 

The values of (cos2(xr2Xi)) for i = 1,2 and 3 provide in- 
formation about the preferential orientation of the plane of 
the benzene ring. Interpreting the results in a manner similar 
to that used for the (cos2(x~ Xi)) , it may be seen that the 
planes of the benzene rings are preferentially oriented to- 
wards the plane of the sheet. This 'planar orientation' of 
the benzene rings has been detected in the crystalline regions 
of other one-way drawn sheets of PET using X-ray diffrac- 
tion methods 2~'22. The degree of 'planar orientation' is seen 
to be comparable with the degree of orientation of the 
C1-C 4 axes towards the draw direction. 

If the conformational model B is assumed, the distribu- 
tion of orientations of the chain axes is the same as that of 
the C I - C  4 axes. If the conformational model A is assumed, 
information about the preferred orientation of the chains 

be obtained by calculating the (cos2(x,A.x;)). These may 
averages have the same form as equations (25a-i)  with x r 
replaced by x A and the Pr2m n replaced by the PAmn. The 
values are given in Table 8. Once again the uncertainty in 
these results is +0.02. We see that for model A both the 
orientation of the chain axes towards the draw direction and 
the extent of the biaxial orientation of the chain axes are 
slightly greater than for model B. 

For either model, however, the results indicate that the 
chain axes are more highly oriented towards the draw direc- 
tion the closer they lie to the plane of the sheet. This is con- 
trary to the prediction of any of the simple models used to 
explain the production of orientation during the deformation 
process, such as the rubber 2a or pseudo-affine 24 models. 
These models predict that the chain axes in a one-way drawn 
material should be less highly oriented the closer they lie to 
the plane of the sheet. The models, however, assume no 
preferred orientation around the chain axes, and this assump- 
tion does not hold for the present one-way drawn sheet, so 
that a direct comparison cannot be made. One possible ex- 
planation of the result is that, on drawing, the benzene rings 
begin to orient into the plane of the sheet and this makes it 
easier for chains near this plane to slip past each other and 
become more highly aligned with the draw direction. Thus 
for low draw the chains near the plane of the sheet will tend 
to be more highly oriented towards the draw direction, as is 
the case for the PET film studied here. On further drawing 
the effect of holding the film at constant width might be 
expected to slow down this process of slipping, and the 
chains would then orient into the plane of the sheet, i.e. 
PA20 or PB20 would change sign. Studies in progress on 
more highly oriented sheets show that this change of sign 
does indeed take place. 

We now consider briefly the significance of the values of 
P400, P420 and P~40 obtained from the Raman results. By 
considering the forms of the functions of 0 which appear in 
equations (5c), (6b) and (6c), it may be shown that the 
absolute limits of these three types of orientation parameter 
are given by: 

3 
- ~ (-= 0.429) ~< P400 ~< 1 (27a) 

IP4201 ~< 3/56 (= 0.0536) (27b) 

1P440 I~< 1/16 (= 0.0625) (27c) 

The observed values of P,~00, P,~20 and P ~ 0 ,  viz. 0.1, -0 .003 
and -0.007,  respectively, lie well inside these limits. It may 
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be shown, however, that the limits on the values of the 
members of any set ofPlm n are not independent, because 
the distribution function,~N(0, qS, if) must be positive for 
all (0, 4, if). In general the values o fq  for different Plmn are 
compatible only if the point corresponding to them lies 
within a restricted 'volume' in a q~limensional space each of 
whose axes represents values of one of the Ptrnn. This volume 
lies within, but is only a part of, the volume defined by the 
set of absolute limits on the Plmn. 

The point corresponding to the present set of seven 
experimentally-determined values of Prlmn may be shown to 
lie well within the restricted 'volume' in the appropriate 
seven-dimensional space, and this indicates that the distribu- 
tion of orientations is well away from the rather special 
types of distribution to which points on the boundary of 
the allowed 'volume' correspond. Since (1 - 2cos20 + cos40) 
is positive for all 0, equation (6c) shows that the observed 
negative value of P ~ o  indicates a tendency for the 
projections of the C I - C  4 directions on the OXlX 2 plane 
to lie near +45 ° to OX 1 or OX2 rather than near to either 
OX1 or OX 2. Thus the tendency, already deduced from the 
value of P~20, for the C l - C  4 directions to lie nearer to the 
OX2X 3 plane than to the OXIX 3 plane probably corresponds 
to a fairly broad distribution. This is consistent with the 
suggestion already given that the latter tendency may arise 
from the greater ease with which those chains that lie 
nearer to the OXIX 3 plane become preferentially oriented 
towards the draw direction once preferential orientation of 
the rings has taken place. Further discussion of the values 
°fP,~00, P,~20 and P,~40 and of their significance in under- 
standing the mechanical properties of biaxially-oriented 
samples will be deferred to a subsequent paper, which will 
deal with the results of measurements on the more highly 
oriented sheets already referred to. 

CONCLUSIONS 

• Raman and infra-red spectroscopies have been applied to 
the study of molecular orientation in 3.5:1 'one-way' drawn 
PET film. The results obtained from the two techniques 
agree well and the measured values of the three principal 
refractive indices also fit into the overall picture of molecular 
orientation obtained. The results indicate that there is planar 
orientation of the benzene rings and that at the rather low 
degree of overall orientation obtained at this draw ratio the 
chain axes are preferentially oriented away from the plane 
of the film. The latter result is contrary to expectation, but 
the degree of this preferential orientation is quite small. 
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APPENDIX 

Determination o f  infra-red absorbances and refractive indices 
f rom normal and tilted-film measurements  

Consider a parallel-sided film either sandwiched between 
two parallel-sided plates of  a material of refractive index n o 
and placed in the i.r. spectrometer so that the film is normal 
to the incident infra-red beam or sandwiched between two 
prisms of the material and placed so that the beam traverses 
a paralM-sided block within which the film is held so that 
it is inclined at angle Oi, to the beam. Let 1 T be the observed 
transmitted intensity at angular frequency co within an iso- 
lated absorption peak and I~- that in the background close 
to the peak but  sufficiently far away that the effect of the 
absorption is negligible. Then it is easy to show H that: 

Ik_ (1 _R')2 ) 
I T ( 1 - R )  2 L 

(A1) 

where L is the at tenuation within the sample at the fre- 
quency co and R and R '  are the fractions of the incident 
intensity reflected at each interface between the film and 
the medium on either side of  it at the frequency co and in 
the background, respectively. (No account is taken of pos- 
sible multiple reflections in the plates for the normal inci- 
dence assembly). Thus the apparent absorbance A is given 
by: 

i 
F 

, T ,  

A = logt0_ -& = 0.4343 ( - l n L  + lnT)  
iv 

(A2) 

where 

1 - R '  / 2 
T =  \ 1  - R  ] 

(A3) 

We consider first the true absorption term, using a generaliza- 
tion of  a treatment given by Born and Wolf ( 'Optics ' ,  
Pergamon Press, 5th Edn, 1975, p 615) for the refraction of  
a plane wave at the interface between a non-absorbing and 
an absorbing medium. In the complex notation, the amplitude 
of  a plane wave is written e i~, where 8 = 8' - i8" so that e i6 = 
eS"e i6'. Thus e 8'' represents the real amplitude and 8' rep- 
resents the real phase angle. In an absorbing medium both 
8' and 8" are functions of  position. If the wave is a simple 
homogeneous plane wave then 8' and 8" have the same de- 
pendence on position and g can be written 8 = k r ' s  where r 
is the position vector,s is the real unit vector whose direction 
is that of  the normal to the planes of  constant ~, (i~e. con- 
stant 8' and 8")  and k is a complex scalar, so that ks repre- 
sents a complex wavevector. I f  s measures displacement 
the direction of  s, then the complex phase of  the wave is 8 = 
ks. In general, however, the planes of  constant real phase, 
i.e. constant 8' do not coincide with the planes of constant 
real amplitude, i.e. planes of  constant 8".  This is clearly so 
for the refracted wave incident at an angle to the surface of  
even an isotropic absorbing medium, where the planes of 
constant real phase in the medium will not be parallel to the 
surface but  the planes of  constant amplitude must be, as 
consideration of  continuity at the boundary shows. In 
general, therefore, the unit vector s must also be regarded as 
complex and it will be written s". If  ~ is the complex refrac- 
tive index the complex speed of  light in the medium is ~ = 
c/~ and the complex magnitude of  the wavevector is: 

~c = co/~ = co ~z/c (A4) 

We define the real and imaginary parts of  the principal ref- 
ractive indices by: 

ni = hi(1 -- iK i) = ni - iki (AS) 

The k in this equation should not be confused with k, the 
complex magnitude of  the wavevector. 

Consider a plane wave incident at angle Oi on the plane 
face of  a biaxially-oriented film of  absorbing medium and 
choose axes Oxyz  so that Oz is normal to the plane of the 
film and Ox and Oy coincide with the other two principal 
axes of  the film. If the electric vector lies in the plane of  
incidence and if this is also the Oxz plane, we can write 
Snell's Law in the complex form: 

s x = sin 0t = (no/n)  sin0i 

~'y = 0 (A6) 

= cos0 t 

where 0' t may be regarded as a complex angle of  refraction. 
It may be shown (Born and Wolf, Ibid. p 708) that the 
following general equation (Fresnel 's equation) applies to 
any plane wave in the medium: 
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-,2 ~ -'2 g~ $Z 
s + + ~ = 0 (A7) 
~ 2 _ 9 ~  ~2 _~2 92_~2 

y z 

where 

" C/nx, ~v /~y, " / "  ( A 8 )  V x = = C P g = C r l  2 

Using equation (A6), equation (A7) may be written: 

^ ~  _ a 2 ^  ^ 9 . , ~ 9  
v- - v z s 2 + v x s  z (A9) 

It then follows from equations (A6) and (A9) that 

~x/~ = (nosinO i)/c (n l0 )  

and that 

Sz/~ = ( a n x / C ) ( c o s b  - Kx sin b) + i (anx/C)(K x cosb + sin b) 

(Al l )  

where 

,,g 1 - K z  2 
a2cos2b = 1 n2 (l-+~z2-~-sin20i (A12a) 

tl 2 2Kz 
sin 20 i (A 12b) a2sinZb - , t  2 (1 + t~) 2 

Since 

r" =CO x ~ - + z  (A13) 
V 

we have 

"~ = --CO [ x n o s i n O i  + Z a n x ( c o s b  - Kx sinb) + 
C 

iza nx(K x cos b + sin b)] (A 14) 

Thus the amplitude of the wave decays as: 

exp[ (co/c)an  x (K x cosb + sin b)z]  (A15) 

and 

- lnL = 2 ( w / c ) a n  x (~x cos b + sin b)t  

= 4n tYan  x (KxCOS b + sin b) (AI6) 

where ~(= 1/X = co /2nc)  is the wavenumber. 
l f 0 ~ 0 t h e n a - ~ l a n d b ~ 0 a n d :  

Characterization of biaxial orientation in PET: D. A. Jarvis et al. 

corresponds to a transmission of only 2.3%. This is at, or 
lower than, the limit which can be reliably determined using 
a conventional infra-red spectrophotometer. We thus take 
k = 0.1 to be the largest value we need to consider. 

The right hand side of equation (A16) may be expanded 
in odd powers of Ki; if only the first term is kept then: 

- l n L = 4 n t v  ~z X/'-12z n2s in20 i  (A18) 

For an isotropic sample neglect of terms in g3 and higher 
powers produces an error of only 0.3% in - lnL for k = 0. I, 
with no = 1.5, n = 1.6, which are typical values, so that 
equation (A18) should be a good approximation. Equations 
(A16) or (A18), and equation (A17), together with their 
equivalents for O y z  as the plane of incidence constitute a 
set of six equations in the six quantities n i, ~i, or hi, k i 
which could thus be determined, from a suitable set of 
measurements, for any point in the spectrum. 

The quantities required for the evaluation of the orienta- 
tion parameters are the q~i given by equation (22), viz.: 

4n  6n ik  i 
~bi= - - a " =  (A19) 

3 (n2+ 2)2 +(2n 2 - 4 ) k ~ + k  4 

For n = 1.6 and k = 0.1, neglect of the terms in k 2 and k 4 
changes the expression on the right hand side of equation 
(A19) by only 0.05% so that to a very good approximation: 

- lnL -+ 4 n t F n  x K x = 4 n t F k  x (A 17) 

It is easy to show that for tile electric vector perpendicular 
to the plane of incidence ( O x z ) ,  i.e. parallel to Oy, the 
expressions for - lnL  are obtained from the equations above 
simply by substituting Ily for n x and nz and substituting Ky for K x 
andK z I f t  = 3 0 / l m a n d v  = 1000cm l, which are typical 
values, and k = 0.1 are substituted into equation (A 17) the 
absorbance A = -0.4343 lnL is found to be 1.64 which 

4n  6n i k i 
~b i = - -  e " -  (A20) 

3 (n 2 + 2) 2 

We assume that for an absorption of non-zero width the 
required measure of ~i is its mean value over the absorption 
peak. Thus in principle it is necessary to know the values of 
ni and ki  at all frequencies. Fortunately, however, both a 
simple theoretical model and experimental evidence show 
that the absorbance spectrum of a single isolated infra-red 
absorption is of Lorentzian line-shape to a very good 
approximation. 

If we assume that the contribution a m of a single vibra- 
tional mode of angular frequency COrn to the complex polari- 
zability of the material is given by: 

a m  
= (A21) 

Otm (corn 2 -- ('02) + iTmco 

where a m is a constant proportional to the concentration 
of absorbers and 7m is a damping constant, it is easy to show 

t t  
that the imaginary part, am,  of a m approaches a Lorentzian 
as the linewidth becomes smaller. For a line of half-intensity 
width 10 cm -1 at 1000 cm - t  the lineshape differs from a 
Lorentzian by only ~0.2% or less of the peak height at any 
frequency. It may also be shown from the equation for the 
real part o f a r n ,  derivable from equation (A21), that n varies 
with co by only about 2.5% within such a narrow peak. From 
this it follows that the lineshape corresponding to equation 
(A 17) differs from a Lorentzian by only 1.3% of the peak 
height at any frequency. Experimental evidence on isolated 
infra-red absorption peaks confirms that they generally 
approach closely to the Lorentzian line shape (Baker et  al. 
S p e c t r o c h i m .  A c t a  (.4) 1978, 34,683). 

The first and second terms in equation (A18) may 

POLYMER, 1980, Vol 21, January 53 



Characterization of biaxial orientation in PET: D. A. Jarvis et al. 

similarly be shown to deviate from Lorentzians by only 
about 0.5 and 3%, respectively, for 0 i = 45 °, so that it should 
be a good approximation to analyse the directly observed 
absorbance spectrum as the sum of a set of overlapping 
Lorentzians and to assume that the peak heights are related 
to n i and  k i by equations (A17) and (A18), where k i is now 
the contribution of the absorbance under consideration to 
the total k i. Quantities proportional to ~i may then be cal- 
culated from equation (A20). 

Finally we consider the reflection term in the apparent 
absorbance and for simplicity restrict attention to a single 
absorption of an isotropic medium. We assume that n o does 
not vary significantly with frequency, that k = 0 outside the 
absorption peak, and that we can neglect the small variation 

of n caused by a single absorption peak, so that it has the 
same value within and outside the peak. It then follows 
from Fresnel's equations for the reflection coefficients 
written in the complex form (Born and Wolf, Ibid .  p 617) 
that for normal incidence, for incidence at 45 ° with the 
electric vector in the plane of incidence and for incidence at 
45 ° with the electric vector perpendicular to the plane of 
incidence, the apparent absorbances A R due to reflection 
are approximately 0.06, 0.002 and O. t 5%, respectively, of 
the true absorbance. This shows that the reflection correc- 
tion is completely negligible and we may therefore reduce 
equation (A2) to 

A = -0.4343 lnL (A22) 

54 POLYMER, 1980, Vol 21, January 


