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ABSTRACT: Thin uniaxially drawn poly( ethylene terephthalate) films (down to 0.1 flm 
thickness) were prepared. Their absorption spectra showed clear dichroism having peaks at 300 (.l), 
243 (/ /) and 197 nm (/ 1). Analysis of the reflection spectra of thick films by means of the 
Kramers-Kronig conversion gave absorption spectra almost identical with those obtained from 
direct absorption measurement. Spectral shapes and possible origins of the vibrational structures 
were qualitatively discussed. The oscillator strength of each band was obtained on the simple 
oriented gas model with or without the Lorentz field correction to examine effects of molecular 
aggregation. PPP calculations with CI were made by use of a model compound, and four 1 A•-> 1 Bu 
allowed transitions were predicted to occur at 4.66, 5.27, 6.33 and 6.44eV. The latter two transitions 
were actually observed at 6.2eV. The calculated transition moments suggested the existence of the 
cis form of carbonyl groups in oriented amorphous phases. 
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Electronic spectra ofpoly(ethylene terephthalate) 
(PET) have been occasionally treated in photo
chemical or photophysical studies of this polymer; 
absorption spectra were recorded in connection 
with photodegradation1 or photoconduction2·3 and 
luminescence spectra were discussed in terms of 
intermolecular energy migration.4- 9 However, few 
detailed investigations for the assignments and fea
tures of absorption bands of PET have been under
taken. For example, anisotropy in the absorption 
caused by orientation of the molecules has been 
reported only in our preliminary note10 and, in part, 
by Padhye et a!." 

Usually, PET films are transparent in the visible 
and near ultraviolet regions with a sharp rise in 
absorption at about 310 nm. Therefore, the entire 
absorption spectrum may be obtained only with the 
use of films as thin as about 1 ,urn or less. In this 
work, such thin films of PET were prepared and 
their absorption spectra were measured. 

Moreover, polarized reflection spectra of PET 
films were taken and the absorption coefficients and 
other optical constants in stretching and transverse 
directions were calculated using the Kramers
Kronig conversion formula. Analysis of reflection 
spectra by the Kramers-Kronig relationship has 
been made for a number of inorganic and organic 
crystals. This means has also been applied to poly
mers: polyethylene12 and poly(tetrafluoroethyl
ene)13 in the infrared region and polystyrene14 in 
the vacuum ultraviolet and sulfur nitride poly
mers/5·16 poly(ethylene 2,6-naphthalate)17 and 
polyimide18 in the ultraviolet region. However, at 
present, this does not seem to be a standard tech
nique in polymer characterization. In this paper, 
it is shown that the polarized reflection spectros
copy can be applied to oriented thick films, whose 
higher absorbance prevents absorption measure
ment. at short wavelengths, and that it gives basi
cally the same absorption spectra as obtained from 
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direct absorption measurement. 
Furthermore, from the anisotropic absorption 

and reflection spectra, the oscillator strength of each 
absorption band was calculated using the oriented 
gas model with or without the Lorentz field cor
rection to examine the effects of molecular aggre
gation. Also, vibronic structures are briefly dis
cussed in comparison with those of poly(ethylene 
isophthalate) (PEl) and its low molecular weight 
analogues. 

In PET, the n electron systems are, in the first 
approximation, independent of neighbouring repeat 
units because of the existence of intervening 
-CH2CH2- groups. Hence, the residue 

may be regarded as a model compound for PET. 
For this model, semi-empirical molecular orbital 
calculations based on the Pariser-Parr-Pople (PPP) 
approximation19 were made to obtain the wave
functions, transition energies and polarization of 
the transition moments. A few comments are made 
on the conformation of PET from the calculated 
results. 

EXPERIMENTAL 

Preparation of Thin Films 
Three methods were used. In the first, the PET 

melt extruded through a slit of a fiat die was allowed 
to fall by gravity. The screw of the extruder was 
then stopped so as to make the fiat melt fall slowly. 
An amorphous thin film was quickly collected by 
hands. It was then drawn uniaxially by a batchwise 
stretcher provided with metal clamps to hold the 
four edges of the film. In this manner, a uniaxially 
oriented film as thin as I Jlm was obtained after 
drawn four to five times. 

In the second method, a melt was blown at one 
end of a glass tube into a baloon shape. This 
method was applied to PEL 

In the third method,20 a 3% a-chlorophenol 
solution of PET was made to stand overnight and 
then cast onto a microscope glass plate which had 
been made clean with a detergent, water and ace
tone. Following immersion in acetone for 30 min, 
the glass plate was dried in air, and then pushed 
down vertically into the a-chlorophenol solution 
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very slowly. After 20 min, the plate was drawn 
slowly and dried in air. The dried film was scratched 
along the edge with a tip of tweezers, quickly put 
into water and taken out. Then, it was slowly 
immersed in water obliquely to peel it off the plate. 
With extreme care, the film was fixed between two 
supporting frames made of thick PET films of 
100 Jlm or thicker, dried, and stretched by a tensile 
tester at a rate of 50%/min. In this way, PET films 
as thin as 0.1 Jlm were prepared. 

Measurement of Thickness 
Film thickness was measured by several methods. 

A digital electronic micrometer was used for rel
atively thick films. For films of about I Jlm, the 
interference phenomenon was used. In the inter
ferent part of the absorption curve, wavelengths 
corresponding to maximum (A.m • .) and minimum 
(A.min) transmissions were found and the film thick
ness d was calculated from 

d (2m' + 1 )A.min 

4n 

m'A.max 
or d=---

2n 

where n is the refractive index and m' is an 
integer.21 

For extremely thin films, part of the film was cut 
out while still on the glass plate and placed under a 
profilometer. The distance between the top surface 
of the film and the surface of the glass plate was 
measured by having a needle contact with both 
surfaces. The thickness of a drawn film was estimated 
by dividing the thickness of the cast film by the 
draw ratio. 

Measurements of Absorption Spectra 
A Shimadzu MPS-5000 UV spectrometer was 

used to carry out absorption measurements. 
Nitrogen was continuously made to flow through 
the spectrometer for measurements in the shorter 
wavelength region. For polarized light, "Polacoat" 
polarizers22 were placed in front of both the sample 
and the reference. 

For measurements at the liquid nitrogen tempera
ture, a metal Dewar with quartz windows was 
designed, in which a sample film was held between 
thick copper frames and cooled indirectly by liquid 
nitrogen. 

Measurements of Reflection Spectra 
The same spectrometer mentioned above was 
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475' 475' 

Figure 1. Schematic drawing of the attachment for 
reflection measurement. M, quartz plate; R, aluminum 
vaporized plate as reference reflector; S, specimen. 

used with an attachement, schematically illustrated 
in Figure I, for reflection measurement. Each in
cident beam onto a quartz plate at an angle of 47.S 0 

was reflected at the surface with a very small 
component of the electric vector in the plane of 
incidence. The beam was incident either on the 
sample film or on the reference plate at an angle of 
so. The reflected light was then incident on the 
second quartz plate at an angle of 47.So and admit
ted into the photomultipliers. The angle 47.SO, 
instead of the Brewster angle of quartz S7°, was 
selected to make the whole arrangement much 
simpler. By so doing, mixing of the components of 
the electric vector in the plane of the paper was 
estimated to be less than 4%. The deflection of so 
from the normal incidence caused an error cor
responding to 3% deviation of the refractive index 
of the specimen. A quartz plate coated with evap
orated aluminum was used as the reference plate. 

In the transparent and semi-transparent regions, 
the intensity of reflected light should be corrected 
for multiple beam reflection. When the film is much 
thicker than the wavelength, the intensity of re
flected light J<rl is expressed in terms of the intensity 
of incident light J<il and the reflectivity R as 

2R . 
J<'l=---J<•l (I) in the transparent region 

(1- R)2 

and 

(1 +t4)R J<il 
(1-Rt2)2 

(2) in the semi-transparent region, 

where t denotes the transmission of light for one 
traverse across the film. 23 From eq I and 2, the 
reflectivity R can be evaluated. 

Actual measurements were made in the range 
190-740nm. The apparent reflectivity was read at 
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I nm intervals for 190-370nm and at !Onm in
tervals for 370-740nm. 

Calculation Methods 
Calculations in the Kramers-Kronig analysis and 

for the lattice sum of dipole fields were made by 
means of micro-computers (Sord M-200 and Oki If-
800 Model 20). Semi-empirical molecular orbital 
calculations using the Hucke! and PPP methods 
were carried out by an IBM 370/168 computer. 
Computer programs were taken from Kikuchi's 
book,24 with some modifications and additions 
made. 

RESULTS AND DISCUSSION 

Absorption Spectra of Solution 
As low molecular weight analogues of PET, 

dimethyl terephthalate (DMT) and bishydroxy
ethyl terephthalate (BHET) were used. These com
pounds were solved in methanol, trifluoroacetic 
acid, dioxane or chloroform. Water was also used as 
the solvent for BHET. 

The absorption spectra of DMT in methanol are 
shown in Figure 2a. The first absorption band, or 
the lowest energy band, reveals a vibronic structure 
having maxima at 286 nm and 294 nm, with a molar 
extinction coefficient (e) of 1.73 x 103 (103 

cm2 mol- 1 ). The second absorption band has a 
maximum at 241 nm, with e of 1.87 x 104 . The 
oscillator strength (/) was calculated from25 

103 ln 10 · mc2 f f 
f= 2 e(O")d0"=4.32 X 10- 9 e(O")dO" 

e NA 
(3) 

where m is the mass of an electron, c the light 
velocity, NA Avogadro's constant, and O" the wave 
number. The calculation gave /=0.0092 and 0.34 
for the first and second absorption bands, 
respectively. 

The absorption spectra of BEHT has almost the 
same shape as those of DMT, as shown in Figure 
2b. 

The peak wavelength of the first band varied with 
the solvent; 292nm in CF3COOH, 290nm in H20, 
288 nm in CHC13 , 286 nm in dioxane and in 
CH30H. Thus, the peak moved toward longer 
wavelength as the solvent polarity increased. The 
peak at 29S nm shifted in a similar manner but was 
smeared in CF3COOH and in H20. The red shift 
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Figure 2. a. Absorption spectra of DMT solution in 
methanol. b. Absorption spectra of BHET solution in 
methanol (--) and in trifluoroacetic acid(------). 

phenomenon was also observed in DMT. 
Generally, compounds with carbonyl groups such 

as acetophenone slightly absorb light at about 
280-320 nm. This corresponds to the n-->n* tran
sition, where a nonbonded electron of the oxygen 
atom is excited to the n* orbital. In the n--> n* 
transition, molar extinction coefficients are gen
erally of the order of 10 and absorption bands· 
usually appear at shorter wavelengths when the 
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270 280 290 300 310 nm 

Wavelength 1\. 

Figure 3. Absorption spectra of PET in trifluoroacetic 
aicd (--)and as amorphous film(------). 

solvent is more polar.26 Although DMT and BHET 
have carbonyl groups, the behavior of their first 
absorption bands was completely different from 
that of n-->n*, as described above. Therefore, the 
first absorption band must be associated with the 
n-->n* transition. According to Nurmukhametov et 
a/.,27 the n.-->n* band is hidden under the first 
absorption band in the case of terephthalic acid. 

The absorption spectrum of PET in CF3COOH is 
very similar to that of BHET in the same solvent, as 
shown in Figure 3. Also, the solution spectra of 
PET in hexafiuoro-2-propanol reported by Cheung 
et a/.8 revealed bands at 291, 245 and 191 nm. So 
far, a possible n-->n* band has not been found in 
any of PET solution spectra. 

Polarized Absorption Spectra 
Polarized absorption spectra of a PET film drawn 

three times uniaxially to 120 nm thick are shown in 
Figure 4, which clearly shows· dichroism. The first 
absorption band absorbs more light with the electric 
vector perpendicular to the stretching direction and 
in the plane of the film (1.) than that with the 
electric vector parallel to the stretching direction 
(//). The second absorption band absorbs more 
parallel polarized light than perpendicularly polar
ized light. The third absorption band at 197 nm 
absorbs slightly more parallel polarized light than 
perpendicularly polarized light. 

The spectral properties are summarized in Table 
I, which includes the oscillator strengths calculated 
by eq 3 with no correction for band overlapping. 
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The dichroism of PET absorption spectra was 
first pointed out in our preliminary report. 10 Later, 
Padhye et al.U also observed anisotropy in the first 
absorption band. Recently, anisotropic absorption 
in polyethylene in the vacuum ultraviolet region was 
reported by Hashimoto et a/.28 The anisotropy of 
light absorption is common to linear polymers in 
any wavelength region. 

The first and second absorption bands at the 
wavelengths listed in Table I mostly agree with the 
data of Marcotte et a/. 1 and of Takai et a/.2 •3 The 
third absorption band corresponds to that of the 
solution spectrum reported by Cheung et a/.8 and 
also to those of DMT. 5 
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Figure 4. Polarized absorption spectra of a three times 
uniaxially drawn PET film 120nm thick. 

To examine the first absorption band in more 
detail, films of about I J.tm thick were necessary. 
Low temperature (169 K) spectra of such films 
drawn four times are shown in Figure 5. Two peaks 
corresponding to vibrational structures are evident 
and the third peak at 279 nm is discernible in the 
low temperature spectra. For the second vibrational 
band (A 1) located at about 290 nm, there is a 
difference in peak position between parallel and 
perpendicular bands. 

The wavenumber difference between the first (A 0 ) 

and second (A 1) vibrational components is plotted 
against the draw ratio in Figure 6. The correspond
ing energy difference does not change greatly in the 
perpendicular bands, but increases with the draw 

" u 

1. 6 

1.2 
::; 
Ill 

0.8 

0.4 

270 280 290 300 310 nm 

...L 

4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 eV 

Photon energy 

Figure 5. Polarized absorption spectra in the first ab
sorption region of a four times uniaxially drawn PET 
film measured at 169 K: --, non heat treated; ----, 
heat treated at 200°C for 10 min. 

Table I. Spectral properties of a uniaxially drawn ( x 3) PET film 120 nm thick 
Oscillator strengths are estimated from eq 3 . 

1st abs. band 2nd abs. band 3rd abs. band 
Polarity 

I I j_ I I j_ I I j_ 

Ab · (Amax) 4.13 5.09 6.29 
s. max1mum (eV) 4.26 

s (103 cm2 mol- 1) 1.22x 103 1.42xl03 
1.53 X 104 8.01 X 103 1.68 x lif 1.49 X 104 

1.62x 103 1.62 X 103 

f 0.012 0.013 0.36 0.19 0.37 0.34 
In/fl. 0.85 1.89 l.Og 
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Figure 6. Wavenumber differences of the vibronic 
bands A0 and A 1 in the first absorption region plotted 
against draw ratio. 

ratio in the parallel bands. One primary reason of 
this would be that the parallel band of the second 
absorption band at about 243 nm is so intense that 
its tail contributes to the intensity of the first 
absorption band, significantly at the A1 position 
and somewhat at the A0 position. Moreover, the 
intensities of the parallel and perpendicular bands 
of the second absorption increase and decrease, 
respectively, with increasing draw ratio. Therefore, 
the tail of the former band influences the A 1 po
sition more strongly with an increase in orientation, 
while the tail of the latter band less influences the A 1 

position with an increase in draw ratio. If the 
contribution of the tail of the second absorption 
band is subtracted, the discrepancy in the peak 
position of the A 1 band between parallel and per
pendicular spectra decreases considerably (see 
Table II). 

There still remains some difference between the 
positions of the parallel and perpendicular com
ponents of the A 1 band, as can be seen from Table 
II. Since each unit cell of the PET crystal contains 
only one repeat unit, this difference is not due to the 
Davydov splitting. If the difference is not due to 
experimental error, it may be explained as follows. 
In crystalline or non-crystalline solids, there are 
several modes of intramolecular vibrations which 
have different energies and various intermolecular 
interaction intensities, and undergo dissi!fiilar en
ergy changes when excited to an upper electronic 
state. Overlapping of these vibration adds to com
plexity and distorts the progression intervals dif
ferently in the parallel and perpendicular directions, 
causing a difference in the peak positions of the 
bands. 

Similar vibrational structures were observed in a 
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PEl film (Figure 7) and in its low molecular weight 
analogue, dimethyl isophthalate (DMI). The differ
ences in peak positions between the A0 and A 1 

vibronic components of these compounds are com
pared in Table III. 

It should be noticed that the wavenumber differ
ences between the A0 and A 1 components are 
classified into two groups; DMT, BHET and PET 
have A0-A1 values of about 1100 em - 1 , while DMI 
and PEl have those of about 970 em - 1 . This implies 
that the vibration contributing to the main vibronic 
structure must originate from the benzene ring 
vibrations having different frequencies for the p
and m-substitutes. The first absorption band is due 
to an allowed electronic transition, as will be de
scribed later, so that only totally symmetric modes 
are concerned with vibronic structures. To the best 
of our knowledge, no data are available on Raman 
spectra ofPEI or DMI. Therefore, reference is made 
only to the Raman data of PET.29 - 31 The totally 
symmetric Raman bands corresponding to the wa
venumber differences between A0 and A 1 in Table 
III would be 1096 em - 1 or the combination of 857, 
1295 and 1615 em - 1 . Among them, the band at 
1096 em - 1 forms a peak only in the crystalline state 
so that it is not a main factor causing the vibronic 
structure. The vibrational structure of the first 
absorption band of benzoic acid was examined at 
296, 213, 138, and 77 KY Comparison of its 
temperature dependency with ours prompted us to 
expect that the temperature 77 K would increase 
the resolution considerably in the case of PET as 
well. Justification for this expectation will require 
additional research. 

Another feature of interest in the first absorption 
region is the tail of the spectrum. When the absorp
tion of a 160 pm amorphous PET film was mea
sured, very weak shoulders were found at 341 nm 
and 358 nm, as shown in Figure 8. Their molar 
extinction coefficients are e=2.9 and 1.8, including 
the background. In consideration of the energy 
difference between the A0 peak and those shoulders, 
these values of e may not be attributed to the 
transition from vibrational sublevels of the ground 
state to the lowest excited state. The bands at 
341 nm and 358 nm were found as fluorescence 
excitation bands in PET films at room temperature5 

and in fibers at low temperature.8 In the present 
study, the excitation spectrum revealed a maximum 
at 343 nm and three shoulders at 279 nm and 315 nm 
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Figure 7. Absorption spectra of a PEl film. 

Table III. The vibronic structure of PET, 
PEl, and their low molecular weight 

analogues at room temperature 

Wave number difference 
Compound 

DMT (CHC13 solution) 1120cm- 1 

BHET (CHC13 solution) 1095 
Oligomer (CHC13 solution) 1195 1390 
PET (heat treated) (J.) 1090 ca. 1420 
DMl (CHC13 solution) - 975 880 
PEl (CHC13 solution) 975 ca. 780 
PEl (film) 960 860 

and possibly at 358 nm, as shown in Figure 9. 
Therefore, the weak absorption structures at 341 nm 
and 358 nm are linked to the excitation peak at 
343 nm and to the broad shoulder at 358 nm. 
According to the experiment ofNurmukhametov et 
al.,Z7 the n-+rc* band in terephthalic aldehyde exists 
near 350 nm. Therefore, there is a possibility that 
the band at 341-343 nm is due to n-+rc*. However, 
since the extinction coefficient is somewhat too 
small for n-+rc*, the band could correspond to 
1rc-+ 3 rc*, just as benzene's 1 A18 -+3 B1u appears at 
340nm. 

Polarized Reflection Spectra 
The reflection spectra of a five times uniaxially 
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Figure 8. Absorption spectra of an undrawn PET films 
160nm thick. 
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Figure 9. Fluorescence excitation and emission spectra 
of a PET film at room temperature. 
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Figure 10. Reflection spectra of a five times uniaxially 
drawn PET film 47 J.im thick. 

drawn PET film of 47 J.lm thick are presented in 
Figure 10, where correction for multiple reflection 
has been made. 
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The complex amplitude reflectivity f is expressed 
in terms of the intensity reflectivity R and the phase 
change fJ of the electric field by reflection33 as 
follows: 

or 

1 
In r\w) =-in R(w)+ ifJ(w) 

2 
(4) 

where w is the angular frequency of light. The real 
and imaginary parts of the complex function In f( w) 
are not independent of each other and satisfy the 
Kramers-Kronig relationship, which yields23 •34 

fJ(wJ=__!_ jro R(w))ln (w+w;)dw 
2n Jo dw w-w; 

(5) 

Thus, the phase change f) at frequency W; can be 
computed provided the reflectivity R(w) is measured 
over the entire range of frequency. In actuality, 
however, R(w) can be measured only over a limited 
range of w. Fortunately, owing to the denominator 
(w-w;) in the logarithmic term, if an appropriate 
approximation is used, the integral may be eval
uated with reasonable accuracy from measured 
R(w) over a limited range of w. In this study, 
Roessler's approximation35 was employed. The re
sults are shown in Figure II. 

The refractive index n(w) and the extinction 
coefficient K(w), which are defined by complex re
fractivity fi(w)=n(w)-iK(w), are related to r(w) and 
fJ(w) through the Fresnel formulae. For normal 
incidence, we have 

n(w) 1-R(w) 

1 + R(w)-2jR(w) cos fJ(w) 
(6) 

K(w)= 

1 + R(w)- cos fJ(w) 
(7) 

Figures 12 and 13 illustrate the calculated results 
for nand K. As seen from Figure 12, the calculated 
values of n at wavelength 585 nm are n 11 =I .62 and 
n j_ = I. 54, where I I signifies the electric vector paral
lel to the stretching direction _l the electric vector 
perpendicular to it but in the plane of the film. On 
the other hand, the value of n measured with an 
Abbe refractometer were n 11 = 1.66, n1_ = 1.58 and 
nz = 1.51 at· the same wavelength, where nz is the 
refractive index when the electric vector is per
pendicular to the film plane. Thus, the agreement 
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Figure 12. Refractive index vs. A as calculated by eq 6. 
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Figure 13. Extinction coefficients vs. A as calculated by 
eq 7. The specimen is the same as that for Figure 10. 

between calculated and measured values is fairly 
satisfactory. 

The absorption coefficient K(w) is related to K(w) 

by 

4n 
K(w)=-K(w) 

A. 
(8) 
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where 2 is the wavelength of incident light. The 
absorption spectra calculated from eq 8 are shown 
in Figure 14. Their general features are fairly con
sistent with the absorption spectra of the very thin, 
three times drawn films shown in Figure 4. The 
perpendicular band has a higher absorption than 
the parallel band in the first absorption region, the 
parallel band is much stronger than the perpendic
ular band in the second absorption region, and the 
parallel band is somewhat stronger than the per
pendicular band in the third absorption region. The 
absorption peak positions, along with the reflection 
peak positions and the molar extinction coefficients, 
are listed in Table IV. The discrepancies between the 
absorption peak positions shown in Table I and 

II 
6 .L ; -------

\ 
\ 

X \ 5 

\ 
4 \ 

c \ 
"' \ ·c; 
i 3 

"' \ 0 
u 

\ c: 2 0 ,, __ .. 

e. 
0 
Ill 1 .0 
<{ 

200 250 300 nm 

Wavelength 1\.. 

Figure 14. Absorption coefficients vs. ). as calculated 
by eq 8. The specimen is the same as that for Figure 10. 

Table IV are partly due to the samples used (the film 
for the absorption measurement was very thin and 
three times drawn, while the film for the reflection 
measurement was thick and five times drawn) and 
partly due to the error involved in Roessler's ap
proximation. However, the present results on PET 
films offer a direct justification of the Kramers
Kronig analysis for the spectra of oriented polymer 
films in the ultraviolet region. The major advan
tages of reflection spectroscopy are the use of thick 
films in shorter wavelengths at which the absorp
tion is intense. In our previous note,17 the 
Kramers-Kronig analysis was applied to poly
(ethylene 2,6-naphthalate), for which it was impos
sible to prepare a film sufficiently thin for absorp
tion measurement. 

Oscillator Strength Obtained from Reflection Spectra 
The real part ( w) and the imaginary part w) 

of the complex dielectric constant i(w), i(w)= 
are related to n(w) and K(w) by 

( w) = nz( w)- Kz( w) 

w) = 2n( w )K( w) 

(9) 

(10) 

The values of and calculated from these 
equations are shown in Figures 15a and 15b. The 
complex dielectric constant i( w) is related to the 
complex total polarizability &(w) by 

i(w)= I +4n&(w) 

&(w) = N&0(w) 

(II) 

(12) 

where N is the number of valence electrons per unit 
volume contributing to optical absorption and 
&0( w) is the polarizability per oscillator. 

The classical harmonic oscillator model36 and the 

Table IV. Spectral properties of a uniaxially drawn ( x 5) PET film 47 11m 
thick by Kramers-Kronig analysis from the reflection spectra 

Polarity 

Reflection max. ( e V) 
Calculated 

absorption max. <Am • .) 
e (103cm2 mol- 1) 

234 

1st abs. band 

II .l 

4.0g 
(4.13 (sh) 4.13 (sh)) 
4.27 4.33 

(3.3 X J03 3.! 8 X 103) 
1.75 X 103 2.37 X 103 

0.74 

2nd abs. band 

II .l 

4.82 4.80 

5.05 5.1, 

3.0 X 104 1.29 X !04 

2.33 

3rd abs. band 

II 

6.2g 

6.lg 

4.16x 104 

.l 

3.7x 104 
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Figure 15. a. Real part e1(w) of the complex dielectric 
constant e(w) vs. A. b. Imaginary part ez(w) of e(w) vs. A. 
The specimen is the same as that for Figure 10. 

quantum mechanical treatment37 give 

e2 jj 
ao(w)=- I 2 2 . (13) 

m i (w 0i-w )+lyiw 

where the subscript j distinguishes different oscil
lators, w0i is the resonance angular frequency, 'Yi is 
damping constant, and jj is the oscillator strength of 
the j-th mode. From eq 11 and 13, we obtain 

2 2 4nNe2 
f.(w 0 -w )--

J J m 

el(w)=l+ I( 2 2)2+ 2 2 
i w0i-w w 'Yi 

(14) 

4nNe2 " jjyiw 
e2(w)=--L.., 

m i (w6i-w2)+w2y/ 
(15) 

From eq 1523 it follows that 

4nNe2 

--jj=yie2(w) · w)max (16) 
m 

(16)' 
2n Ne i 

where L indicates the integration over the interval 
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Photon energy 

Figure 16. e2(w)·w vs. w. The specimen is the same as 
that for Figure I 0. 

Table V. Oscillator strengths in the 
absorption bands of uniaxially 
drawn ( x 5) PET films 47 tJ.m 

thick calculated by eq 16 

Polarity 

(Bz(W). Ol)max 

!/repeat unit 
f/electron 
y (eV) 
J,,lf.t 

1st abs. 
band 

I I _]_ 

2nd abs. 
band 

I I .l 

4.1--4.2eV 4.93 5.04 
0.01 0.32 0.158 
0.0007 0.022 0.014 
0.50 0.71 0.76 

< 1 2.1 2 

3rd abs. 
band 

I I l. 

6.06 6.06 
0.2g 0.28 
0.021 0.021 
0.60 0.64 

1.03 

associated with thej-th resonance absorption. Thus, 
if e2(w)·w is plotted against was in Figure 16,jj is 
determined with 'Yi which corresponds to the full 
half-width of each band in the e2w spectra or by 
integrating e2w over the interval described above. 
The oscillator strength obtained refers to one val
ence electron. Since there are 14 valence electrons 
per repeat unit of PET, the oscillator strength per 
repeat unit can be found by multiplying it by 14. 
The results are given in Table V. 

The oscillator strength calculated from eq 3 or 16 
corresponds to the case where the refractive index is 
unity. Regardless of the difference in draw ratio and 
film thicknesses, the oscillator strengths of the PET 
films described in Tables I and V are fairly close to 
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each other. To examine this point, eq 14 and 15 
should be treated more rigorously. 

When light is incident on an oriented specimen, 
the electric vector of the incident light induces 
oscillatory electron motion which, in turn, generates 
an anisotropic electric field at the sites of other 
electrons. Let E0 be the applied field, and E1oc• the 
local field in the medium. The polarization or dipole 
moment per unit volume is denoted by P, the dipole 
moment at the i-th atom by P;, and the displacement 
vector from the reference point by R'. Then39 

_ 4n ""3(p; · R/)R;'-p;R/ 2 

Eloc-Eo+-P+ L, '5 
3 ; R; 

(17) 

The third term on the right hand must be calculated 
inside a small sphere whose diameter is sufficiently 
small compared to the wavelength of incident light 
but large compared to the atomic distance. In this 
sphere, the phase retardation of the electric vector is 
negligible.40 Therefore, the sum can be evaluated 
with relative ease. The sum is zero for cubic sym
metry systems but not so for other symmetry 
systems. 

Calculation was made on the assumption that all 
atoms are located at the atomic sites of perfect 
crystals of PET, with the atomic coordinates of 
Daubeny et a/.41 Three cases must be considered: 
the electric vector E0 is parallel to the x, y and z axes 
of PET crystals. Let the z axis be taken along the c 
axis of the unit cell of PET, they axis perpendicular 
to the z axis and in the plane of the film and the x 

axis perpendicular to the film plane. Since the unit 
cell is triclinic, the electric vector parallel to the y 
axis induces dipole moments not only along the b 
axis but along the c axis as well. The dipole moment 

along the c axis is so small that it was neglected in 
the present calculations. The value of P; was taken 
to be proportional to the density of n electrons at 
each atomic site which was calculated by the semi
empirical molecular orbital method as described in 
the following section. For comparison, the case in 
which all P;'s are equal was also calculated. For the 
diameter of the sphere, three values were con
sidered: 15, 25, and 50 A. The results are listed in 
Table VI, which shows that the dipole field at the 
center of the sphere of radius 50 A is nearly equal to 
that of 25 A. Therefore, the radius 50 A is sufficient 
for our purpose. This value is reasonable, compared 
with that calculated by Matsui42 for anthrancene. 
Consideration of electron density did not cause 
much difference in the results in comparison with 
the case in which the charge was distributed uni
formly at the atomic sites. The following calcu
lation was made on the basis of the former 
condition. 

Since P is the polarization per unit volume 

where N 1 is the number of the /-th dipole p1 per unit 
volume. Since the volume of the unit cell is 218.9 A3 , 

N = 6.394 x 1022 and N1 = 4.567 x 1021 . 

Define A by 

4n 1 ""3(p; · R/)R;'-p;R'2 

A=-+-L.. 
3 NoP ; R/ 5 

(19) 

where pis the average of P;· From eq 18 and 19, it 
follows that 

p "LN,r:x, 

E0 1-A"'LN1r:x1 

(20) 

"'3(p,- R(· R()R(-p,- R( 2 

Table VI. · Lattice sum of the dipole field L... 
i R/ 5 
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(xx) means that the electric vector of the applied field is parallel to 
x and the induced field parallel to x. x is perpendicular 

to the film plane and z is parallel to the c axis . 

Case (1): all Pi 

Radius of small sphere 
are the same 

Case (2): Pi is taken as 
electron density at atom i 

1sA 
25A 
so A 

(x,x) 

0.21 5 
0.214 
0.214 

(y,y) (z, z) 

0.015 -0.230 

0.021 -0.236 
0.022 -0.236 

(x,x) (y,y) (z, z) 

0.221 0.004 -0.225 
0.220 0.011 -0.231 
0.2lg O.Dl1 -0.231 

Polymer J., Vol. 15, No. 3, 1983 



Absorption and Reflection Spectra of PET 

Using eq 11, 12, 17, 18 and 19, we obtain 

s(w) -1 Ae2 " fj 
(4 ) L.. Ni 2 2 

( ) n m i (w0i-w )+iyiw 
sw + --1 

A 

(21) 

For the k-th absorption band, 

( i -c;(w) ) Ae 2 jjyiw 

Im (4n ) =----;;; 
c;(w)+ --1 

A 
(22) 

Therefore, 

H '(d:) )) w J (23) 
c;(w)+ --1 max J 

A 

Using case (2) and the radius 50 A in Table VI, we 
estimated A to be 

(xx): 7.61 (yy): 4.36 (zz): 0.576 

With these figures and eq 23, the results shown in 
Table VII were derived. For the second absorption 
band, for example, fH =0.29 , fj_ =0.057 and J,,!Jj_ = 
5.0g. 

The above calculations were made on the as
sumption that the samples consist of perfect 
crystals aligned exactly along the stretching direc
tion. But, this is too simple an assumption. 

As a better model, suppose that molecules are 
aligned in the stretching direction, with a distri
bution of orientation characterized by an average 
birefringence !ln given by43 

lln=lln (1-]_sin2 f3) max 2 (24) 

where llnmax is the theoretical maximum bire
fringence 0.23 and {3 is an av :rage angle between the 
molecular axis and the stretching direction. With 

Table VII. Oscillator strengths in the 
absorption bands of uniaxially drawn 

( x 5) PET films 47 11m thick 
calculated by eq 23 

1st abs. 2nd abs. 3rd abs. 
band band band 

Polarity II j_ I I j_ 

//repeat unit 0.004 0.2g 0.057 0.28 0.18 
//electron 0.0003 0.024 0.0042 0.02 0.013 

Polymer J., Vol. 15, No. 3, 1983 

the measured !ln of 0.115 for the present specimen, 
we obtain f3 = 35.26 o from eq 24. With this f3 value, 
the A factor in the second absorption band yields 
A 11 =2.92 and Aj_ =4.30, which lead toj11 =0.18 and 
fj_ =0.059 , =3.05 . 

For further improvement, the above model 
should be applied only to the crystalline part which 
constitutes 23% of the present specimen, and the 
rest may be considered a random phase. By so 
doing, the factor A in the second absorption bands 
turns out to be A 11 =3.63 and Aj_ =4.19 which give 
fH =0.14 and fj_ =0.06 and ! 11 /Jj_ =2.33 • 

In the improved model, the oscillator strength 
was about times as small as that without 
the Lorentz field correction. This is a reasonable 
outcome in the consideration of the Lorentz field. 
Usually, eq 23 gives smaller values for the oscillator 
strength than those calculated by eq 16 for a film
like geometry; for anthrance,42 the Lorentz field 
correction gives values about five times smaller. 

As for the polarization ratio, the value = 
2.33 in the improved model is much smaller than 
that (!11 /fj_ = 5.08) in the case of the perfect crystal 
model but rather close to that (f11 /Jj_ =2.1 2) in the 
case of eq 16. This is reasonable since the perfect 
crystal is too far away from the actual state of the 
PET film. Depending on the degree of crystallinity 
and orientation, th polarization ratio shifts from the 
value obtained without Lorentz field correction 
toward that of the perfect crystal model. 

Assignment of Absorption Bands 
In discussing the assignment of absorption bands, 

it is desirable to determine the wavefunctions, tran
sition energies and transition moments by molec
ular orbital calculations. So far, quantum chemical 
treatment of a PET model compound has been 
made only by Lowe et a/.,44 who took terephthalal
dehyde as the model and discussed the phenylene
carboxylate comformation based on calculations by 
extended Hiickel, CNDO/INDO, MIND0/3, and 
ab initio. Here, since the absorption spectra were the 
major concern, the n electron approximation was 
applied to a model compound: 

nO 8 3 06 
I 

120 9 2 os 
where the numbers distinguish the atoms. 
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Figure 17. a. Absorption spectra of poly( trimethylene 
terephthalate) calculated from the reflection spectra by 
the Kramers-Kronig formula. b. Absorption spectra of 
the first absorption band of a four times uniaxially 
drawn poly(trimethylene terephthalate) film. 

Use of this model for the n electron approxi
mation may be justified as a first approximation 
because of the close resemblance of the electronic 
spectra of PET to those of poly( trimethylene tere
phthalate) and poly(tetramethylene terephthalate). 

The absorption spectra of a poly(trimethylene ter
ephthalate) film converted from reflection spectra 
by the Kramers-Kronig formula, along with the 
directly measured spectra of the first absorption 
band are shown in Figure 17. 

The i-th molecular orbital is denoted by 1/J;(q), 
which is a function of the space coordinates of the q

th electron and is constructed by a linear com
bination of the atomic orbitals: 

12 

1/J;(q)= I ckiXk(q) i=l,2,·. ·,12 (25) 
K=l 

Here, Xk(q) is the atomic orbital of the k-th atom 
and Cki is a coefficient. The Pariser-Parr-Pople 
(PPP) approach45 - 48 was adopted to carry out the 
calculation. To evaluate several types of integrals, 
some trial estimations were made for different ap
proximation formulae, and the Beverage-Hinze 
approximation49 was chosen for two-center 
Coulomb integrals: 

exp (- r2 2) + r] 
where 

2 

(JlJli JlJl)+ (vv I vv) 

with 

Other integrals were computed according to 
Kikuchi's book.24 Several position and comfor
mation parameters were tried, and the data given 
below were chosen for bond lengths and angles: 

1.395 

The calculated molecular orbitals and orbital en
ergies (e;) in eV are as follows: 

e1 = -18.239 1/11 =0.0927(X1 + x7)+0.0449(x2 + x8)+0.0456(x3 + X9) 

+0.2876(X4 + X10) +0.1447(xs + X11) +0.6194(x6 + X12) 

e2 =- 18.225 1/12 = -0.0813(x1 - X7) -0.0209(x2 - X8)- 0.020I(x3 - x9 ) 

-0.2870(x4- x10)-0.1444(xs- X11)-0.6240(x6- X12) 
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e3 = -14.963 1/13 =0.3969(Xt + x7)+0.3762(x2 + xs)+0.3837(x3 + x9) 

+ 0.1054(x4 + x10)+ 0.1150(xs + X11)- 0.1900(x6- X12) 

e4 = -13.592 1/14 =0.2586(Xt- x7)+0.079I(x2- xs)+O.l225(x3- X9) 

+0.2814(x4- xw) +0.5011(xs- xu) -0.2857(x6- xu) 

e5 =- 13.109 1/15 =0.0716(x1 + x7)+0.1433(x2 + x8)+0.1448(x3 + x9) 

- 0.2592(x4 + x10)- 0.5797(x5 + x11 ) + 0.2240(x6 + x12) 

e6 =- 11.829 1/16 = -0.1075(xt- x1)+ 0.4169(x2- Xs)-0.5510(x3- X9) 

+0.0249(x4- X10)+0.1007(Xs- X11)-0.0170(x6- xu) 

e7 = -11.537 1/11 = -0.4922(xt- X1) -0.3725(x2- Xs)- 0.1257(x3- X9) 

+0.0343(x4- X10)+0.3191(xs- Xu) -0.009(x6- X12) 

e8 = -1.975 1/18 =0.4274(Xt + X1) -0.2089(x2 + Xs) -0.3065(x3 + X9) 

+0.3156(X4 + X10)- 0.2598(xs + X11)- 0.1120(x6 + X12) 

e9 =- 0.866 1/19 = 0.0299(xt + X1) -0.5273(x2 + xs)+0.4676(x3 + X9) 

+ 0.0362(x4 + x10)-0.0301(x5 +xu) -0.0105(x6 + X12) 

e10 = -0.088 1/110 = 

-0.5168(X4- x10) +0.3214(xs- X11 ) +0.1566(x6- X12) 

e11 = 1.344 1/!u =0.3810(xt +x7)-0.1446(xz+xs)-0.1308(x3+X9) 

- 0.4879(x4 + x10) +0.2477(xs +Xu) +0.1318(x6 + X12) 

e12 = 2.627 1/1 12 = -0.4109(xt- x7) +0.3563(x2- x8) +0.3430(x3- x9) 

+ 0.2638(x4- X10)- 0.1129(x5 - xu)- 0.0646(x6- X12) 

Two uppermost filled orbitals 1/16 and 1/17 have 
orbital energies close to each other. Indeed, these 
degenerate if calculated by the Hucke! method. 

tronic configuration in which an electron is excited 
from the i-th to the k-th molecular orbital. Since 
the self-consistent field method is employed, the 
transition energy from the ground state is given by The total electron energy £ 0 is expressed by50 

where 

6 6 

E0 =2 L H;+ L (2Jij-K;) 
j== 1 i,j= 1 

H;= f 1/J;(l)Hcore(l)I/J;(l)dr(l) 

Jij=fl/l;(p)I/J;(p)_!_l/l/q)I/Jiq)dr(p)dr(q) 
r pq 

(26) 

and rpq is the distance between n electrons p and q. 
Let and be the singlet total wave

function and the energy corresponding to the elec-

Polymer J., Vol. 15, No. 3, 1983 

(27) 

The molecular symmetry of the PET model com
pound is C2h: the character table is given in Table 
VIII, where the two-fold axis is taken as the x axis. 

The four lowest excited states tP6 _ 9 , 

and belong to the symmetry group Bu, so that 

Table VIII. Character table of C2 • groups 

E C2(x) 

-I -J X 

-I -I 
-I -I I y, z 
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transitions from the ground state are allowed. The 
energies for these transitions calculated by eq 27 are 

5.27eV, 5.30eV, 5.84eV, and 
6.28eV. 

To obtain more accurate results, restricted con
figuration interaction (CI) calculations were per-

formed; the matrix elements of the above four Bu 

configurations were computed for excited states. 
The computation was carried out using the method 
of Murrell et a/. 51 The results are given below, 
where cfJ1• · · cP1v represent the improved wavefunc
tions in the increasing order of energy. 

cfJ1 =- + 0. 4.66 eV 

cPu = + 5.27 eV 

cf>w = 6.33 eV 

cfJ1v =- + 6.44 eV 

The transition moments from the ground state to 
the configuration can be calculated from 

(m;)x= J 

2 

(28) 

where is the coordinate of the nucleus to which 
the orbital XJI belongs and is the overlap in
tegral. The y and z components of mii are expressed 
in the same way. Thus, the transition moments from 
the ground state to the states specified by cfJ1· · • cP1v 
can be calculated from 

4 

(ML)x= L ALK(m;)x (L=l· ··IV) (28)' 

where ALk is the coefficient of cfJ1· • • cP1v described 
above. 

Furthermore, the oscillator strength fx can be 
calculated from 

(29) 

where vL is the wavenumber for the transition from 
the ground state to the state corresponding to cPv h 
is Planck's constant, and G is a degeneracy. 

The calculated results along with the observed 
data are illustrated in Figure 18. It can be seen that 
the calculated and observed absorption positions 
agree fairly well, although the calculated absorption 
maxima always appear on the higher energy side of 
those observed, particularly, in the first absorption 
band. 

The calculated highest two transitions appear as 
the third absorption, overlapping at 6.33 and 

240 

6.44eV. 
The polarization of the first absorption band 

should be noticed; the relative magnitude of the 
parallel component to the perpendicular one is 
reversed in the calculation compared with that of 
the experiment. When the PPP method is used, the 
calculated results are often affected in some degree 
by the given atomic coordinates of the molecules; 
for instance, if the configuration of the PET crystal 
used by Amott et a/. 52 in which the benzene ring is 
not of three fold symmetry and distance C(1)
C(2) = 1.41 A, C(l)- C(3) = 1.34 A, and C(8)
C(3) = 1.41 A, the calculation leads to somewhat 
higher JJ_ than j 11 in the first absorption band. 

6.0 5.0 4.0 eV 
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Figure 18. Schematic representation of observed and 
calculated electronic transitions in PET. The length of 
the bars represents the calculated oscillator strength. 
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Two interpretations may be made for the afore
mentioned fact. The first is concerned with the 
applicability of the PPP method to the present case. 
In view of the considerable effect brought about by 
such small changes in atomic positions as men
tioned above, it may not be appropriate to discuss 
small differences in transition energy and transition 
moment by the PPP method in which the param
eters are originally set so as to fit the experimental 
data for benzene and ethylene. Therefore, when this 
method is applied to large molecules containing 
heteroatoms, no complete agreement with experi
ment should be expected. Even with more elaborate 
approximate molecular orbitals, it is not sure 
whether polarizability can be predicted accurately. 
Hashimoto et a/. 28 found for anisotropic electron 
absorption spectra of polyethylene that the calcu
lated polarization of the two lowest transitions 
agrees with the experiment only when the ab initio 
method was used. 

The second is concerned with the PET model 
which we used. According to the analysis of 
Daubeny et a/.,41 the carbonyl groups make an 
angle of !2° with the benzene ring in the crystal. 
Within the limits of the present method, use of this 
angle did not particularly affect the final results, 
regardless of the change in symmetry from c2h to 
C;. However, if one considers a model in which the 
conformation of carbonyl groups relative to the 
benzene ring is cis rather than trans as 

the symmetry changes to Czv· Then, absorption 
maxima remain at about the same position, but the 
polarization of the transition moments becomes 
perpendicular in the first absorption, parallel in the 
second absorption, and perpendicular and parallel 
in the two-fold third absorption band. In this case, 
if the transition moment is not zero along the long 
axis of the molecule, it is zero along the short axis 
and vice versa. Since this is caused by the symmetry, 
small displacements of atoms do not affect the 
results. Thus, the cis comformation explains at least 
qualitatively the experimental polarization data. 

The established chain configuration in the crystal
line portion of PET is trans since the original 
crystallographic analysis by Daubeny et a/.41 
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However, it has been shown by measurement of 
dipole moment that both cis and trans forms are 
likely to exist in the liquid state of PET. 53 Also, Saiz 
et a/., 54 from a consideration of Coulombic in
teractions between ester groups ofDMT, concluded 
that the statistical weight of the cis form is 0.92 
relative to the trans form. Moreover, Lowe et a/.44 

found from the potential energy calculation that the 
cis and trans forms equally exist in unoriented PET. 
The existence of trans conformers in crystalline and 
non-crystalline portions of PET films should give 
transition moments polarized somewhat more in the 
parallel direction than in perpendicular direction in 
the first absorption band. On the other hand, cis 
conformers which may exist only in non-crystalline 
portions in the same proportion as trans conformers 
should contribute only to the perpendicular com
ponents of transition moments. Thus, overall polar
ization should favour the perpendicular direction. 
If this picture is right, heat treatment of the sample 
will increase the parallel component of the oscillator 
strength in the first absorption band, since some of 
cis conformers are transformed into trans confor
mers during crystallization. This is found to be the 
case in Table II; the polarization ratio increased 
from 0.28 for the untreated film to 0.62 for the heat 
treated film in the A0 component. The absolute 
difference between the data for untreated and heat 
treated films is very small and may be within 
experimental error. However, if this difference is 
real, then the possibility that cis conformers exist in 
the non-crystalline phase even in the oriented state 
becomes higher and explains the polarization of the 
first absorption band. 
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