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The proper use of FT IR and laser Raman to study the structure of repeat unit of pol yethy lene terephthalale (P ET) has 
been presc nted. A normal co-o rdin atc ana lys is of crystalline polyethylene tere phthalate (PET) (trails form I has bee n 
carried out. A sys tematic set of potential constants has bee n compu ted using the method of kinetic constaills on the basis of 
C2h sy mIlletry. The potential energy di stribution con firm s the correctness of the ass igmnents made. 
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1 Introduction 

Extensive research work has been carried out on 
structure related physical and therma l propertiesl.2, 
prediction of polyethylene terepthalate (PET) container 
properties from film data, effect of temperature profiles 
of PET containers, rei nforcement of PET fibres in 
rubbers and other thermo-p lastics3

.J etc., on thi s hi gh ly 
crystal line, rigid , thennoplastic polymer which is rolled 
as a film, groomed to a container, sp inned as a fibre 
and as a mou ldin g material. The PET structure 
(-OCH

2
CHPOC-C

6
H

4
-CO)1I is centrosymmetric. The 

PET st ructure ex ists both in the gallche and Imlls fonn . 
It is the heatin g process which mainl y affec ts the 
orientati on of the OCH

2
CHP group which is chiefly 

responsible for the crystalline and amorphous nature" 
of PET. When the polymer is heated and annealed 
under at 160°C for several hours the lrolls form sets 
in . Rapid quenching of the molten polymer introduces 
irregularity in the arrangement of atoms lead ing to a 
polymer configuration in which adjacent bonds are 
coplanar and on the same side of the C-C double bond 
(Gauche confi rmation) assuming anarnorphous state 
due to the rotati on of the C-C axi s by 120°. It is the 
l rolls form PET structure whi ch acco unt s for the 
crystalline nature6 of PET. Hence the structure of 

elucidati on of repeat unit of PET that is OCH
2
CH

2
0 

has been carried out in this paper. 

2 Experimental Details 

Spectroscopically pure sample o f po lyethylene 
terephthalate has been procured from Ce,ltrallnstitute 
of Plastic Engineering and Techno logy (C [PET), 
Chennai , India and has been used as such as the source. 
The Fourier Iralls form infrared spectra were recorded 
in th e range 4000-400 cnr l usin g PCI'kinElmer 
spectrophotometer at Medophann , Che nai, India. The 
laser Raman spectrum over the region 4000 - 50 cm') 
has been recorded using the DILOR Z 24 Raman 
spec trop hotomete r, at Regional Sop hi sticated 
Instumentati on Centre (RSIC), lIT, C~,ellnai , Indi a. 
Both the spec tra have been recorded at 330K. The 
frequencies of all the sharp bands are acc urate to ± I 
cm' ). The FTIR and Laser Raman spectra are presented 
in Figs I and 2 respectively. 

3 hterpretation of the Spectra 

The region in 1430-910 cm') range conta ins man y 
absorpti on bands whi ch are caused by the C-C, C-O 
stretching vibrations7

. However thi s is also the region 
rich in bending vibration bands as there are always 
more bending vibrations than stretching in a molec ule. 



GU ASEKARAN & HEMAMALINI : STRUCTURE OF POLYETHYLENE TEREPTHALATE 247 

3000 2000 

(I) 
Oil .... 

N 
(I) 
Oil 

1500 1000 

v 

'" <D 

450 

Wavenumber (cm- 1) 

Fig. 1- Fri R speetrulll or pol yethylene terethalate 
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Fi g. 2- Laser Raman spectruill or polyeth ylene tercpthalate 

son, thi s region is referred to as a fingerprint 
rared-spectrum shows a peak at 1038 cm,l 

attributed to the C-C stretching vibration. 
red spectrum of PET there i a strong broad 
;8 cm" which means the compound certain ly 
)nyl functional group (C=O), which is the 

predominant stretching vibrati on of esters8 and C-O 
stretching vibration occ urs at about 1064 - 1030 cm" 
for es ters of primary alcohols and fo r es ters of 
secondary alcohol 9 it occurs at about I J 00 cny'. Tn PET 
the presence o f bands at 112 J cm" and 1082 Clll" in 
laser Raman Illay be an indication o f the dependence 
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Tablc 1- Norma l modcs or vibrat ion. potcntial constants and PED or rcpcat un it or polycthylcnc tcrcphthal:1tc 

Frequencics (cnr' ) Potenti al constalll 

Fundamcntal Ass ignment ( 10' N/m) PEl) 

1110de FTIR Lascr Raman Initial Final '70 

" , (A,) 2873(w) 1', CH, 5.594 1 6.9800 96 

1', (A ) 1082(m5) I', C-O 6.2409 6.9996 98 

v , (A ,) 707 (w) 8 OCII 0.8 176 0.9095 99 

", (A,) 1291 (5) P w CI-I , 0.5301 0 828 1 74 

"s (A,) I 050(mlV) 8 , CCH 0.4582 0.4973 40 

v 0 (A,) 408(mlV) 8 CCO 0.5 11 0 0.5 122 4 1 

11 7 (B) I 440(w) P ,CH, 0.5385 0.9843 8 1 

11 , (13) I 12 1 (m5) I ' C-O 6.4935 7.2024 99 
1 ' ~y 

I' 9 (13,) 489(11111' ) <5 II~)' CCO 10105 1.0257 48 

II ,e (A) 2975(V5) "",y CH, 5.6 198 6.9856 97 

II" (A) 1100(5) 8 ",yCCI-I 0.61 97 0 6974 45 

II ,,(A) 834(V5) 8 OCI-I 09110 0.91 92 97 
1"~y 

v " (A) 85C(ms) 8 OCH 0.9 110 0.9 195 99 
II"), 

1' " (13) 3006(5) I' C- H 6.6 198 6.9745 97 

v ,,(B) 3053(l11s) I' C-H 66 198 6.9853 97 

II ' 6 (B) 1038(ms) I'C-C 6.0785 6.0993 99 

v '7 (B) 111 9(ms) 8 ,",yCCH 06 197 0. 7877 46 

I' ,s (B) 730(m5) 8 ,OCH 0.8 176 0.9099 98 

MW- Illcdiulll wcak. W-wcak , MS- lllcdiu lll st rong. S-strong .VS-very stmng 

o f the C-O asy mmetric and sy mmetri c stre tchin g 
vibrati on on the neighbouring methy lene group in the 
cha in . WhilmhurstlO has show n that the CCO bending 
for similar compounds is in the reg ion 300-500 cm-I

. 

However, bands centred at 489 and 408 cm-I of mediu m 
intensity in laser Raman are due to asymmetric and 
sy mmetric deformat ions, CCO. Absorption ari sing 
from C-H stretching in alkanes occ urs in the general 
region 3050-2840 cm-I . T he pos iti onsll of the C-H 
stretch ing vibra ti ons are the most stabl e ones in a 
spectrum occurring around 3050 cm-I

. In thi s poly mer 
two pronounced peaks in FTIR of strong intensity at 
3053 and 3006 cm-I are due to the asy mmetric C-H 
stretc hing vibrations. The pos iti ons of the methylene 
group symmetri c stretching (v

s
CH

1
) and asyml1let ric 

stre tc hing (v CH?) occ ur rcs pec ti vcly at 2886 and 
.ISY _ 

Ram an l
} . Th e next impo rtant me thy le ne g ro up 

vibrat ion is the bendi ng. T he a lka ne substituted 
compounds with an acyc lic structure how a band at 
1465 cm-I due to sc issoring and the band at 1340 cm-I 

is due to the twi sting vibrati on of the me(hylene group. 
Bands at 720 cm-I and those between 1350 and 1250 
cm-I arc ge nerally due to the roc ki ng. twi sting and 
wagg ing vibrations of the methylene groups. Series 
of bands in this region are characteristic of the es ters. 
The bands at 1440 cm-I in laser Raman of med ium 
intensi ty are attributed to methylene sc issoring. T he 
sharp peak at 129 J cm-I in laser Raman is due to the 
CH

2 
wagg ingiJ. The band around l lOO cm-I in FfIR 

has been ass igned to the CCH bend ing by Mi ya kel-l. 
Kri mm and Liang l5 ha ve reponed the OCH sy mmetr ic 
an d asy m l1lct ric defor ma tion vibrat ions in th e 
rcg ion700-860 cm-I for the ethylenc groups which 2975 cm-I in FTIR and 2873 and 2946 cm-I in laser 
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occ ur in the present compound as ex pected. Table I 
shows an analysi s on the vibrat ional frequencies of 
the repeat unit of PET. Characteriza tion, confirmati on 
of crys talline states and their inter conversion have 
been made by infrared spectroscopy and absorption at 
896 and 973 cm·1 have been ass igned to the ga llche 

and tmll s confo rmers res pec ti ve lylG. The intensity 
change at 988 cm·1 can be used as a measure of the 
extent of chain folding. An increase in intensity of the 
pea k at 1470 and 973 Cllyl durin g crystalli zati on 
process has been assigned to the trail s ethylene glyco l 
seg ment s present in th e crys talline reg ion. Thi s 
increased intensity may be due to the planarity of the -
C-CGH4-C- and the reju ve nati on of th e in vers ion 
sy mmetry . The decrease in intensity of the bands near 
1443 and 896 cm·1 during crys talli za ti on process is 
ass igned to the gallche eth ylene g lyco l seg ment s 
present in the amorphous region. Thus many similar 
mec hani s ms o f occ urrence of new bands and 
broadening of ex isting bands during crystalli za ti on 
have been reported by Ward and Krimm l 7

. A necessary 
preliminary to the ass ignment of bands in the infrared 
and laser Raman spectra is a thorough knowledge of 
the number and kinds of normal modes of vibration 
and their structure l8

. Hence in the present in vestigation 
a detailed work is done on the analys is of the force 
constant and molecul ar structure of the repeat unit 
(OCH

2
CHP) which plays a lead role in deciding the 

crystallinity of the compound. 

4 Normal co-ordinate analysis 

PET (OCH2CHPOC-CGH4-CO)n belongs to Cs 
symmetry. The configurati on of the repeating unit of 

H 
z 

o 

H 

H 

Fig. 3- Struclure of polye lhylene lereplhalale 

PET namely, -[OCH
2
-CHpln is identified to have C21i 

sy mmetryS. The trails form of the repeat unit of PET 
is shown in F ig. 3. O-C-C-O atoms are assumed to lie 
on the XZ pl ane, namely the paper plane. One set of 
hydrogen atoms is considered below the plane of paper 
and the other set of hydrogen atoms above the plane 
of paper. The hydrogen atoms are inclined to the Y 
plane. Act ivity table for the repeating unit shows that 
PET ha s 18 fundamen tal modes of vibration underC2h 
point group and ca n be represented as: 
f vib = 6 Ag (R) + 3 Bg(R) + 4 Au(IR) + 5 Bu OR). 
Since the modes are either g or 1I type, the infrared 
and Raman acti vity reveal that g (gerade) modes are 
ac ti ve in Raman .vhereas all the u (ungerade) modes 
are active in infrared. Mutual exclusion principle is 
operati ve in thi s molecule. 

SYII/II/ etry Co-ordillates - The ort honormal set of 
symmetric coordinates have been constructed for in­
pl ane and out-of-plane vibrations on the bas is of the 
well known group theoretical considerati ons using the 
internal co-ordinates l

? All the 18 fundamental modes 
of vibration are considered here and the symmetry co­
ordinates are li sted fo rthwith. 

Ag species: 

SI = ( 1I2) (f:.. r
l
+ f:.. r2+ f:.. r3+ f:.. r) ; S2 = (1/,(2)( f:.. d

l
+ f:.. d

2
) 

S 3 = ( 112) (f:.. ~ 1+ f:.. ~ 2+ f:.. ~ 3+ f:.. ~ 4); S.j = (l 1,( 2) 

(f:.. ([I+ f:.. ( 2) 

Ss = (1/2 ) (f:.. 8 I + f:.. 8 2 + f:.. 8 3 + f:.. 8 ); S6 = (1 1,(2) (f:.. <1> I 

+f:.. <1» 

B species: 
g 

S7 =(11,(2) (f:.. ([ I - MI
2
); S8 = (11,(2) ( f:.. d

l
- f:.. d

2
); S9 = (11,(2) 

( f:.. <1> 1- f:.. <1> 2) 

Au species: 

SIO = ( I 12) ( M I - M 2 - M , + M) ; SII = (l /2) (f:.. 8 I­
f:.. 8 2- f:.. 8 3+ f:.. 8) 

SI2 = ( \ /2) (f:.. ~ 1- f:.. ~ 2 - f:.. ~ J + f:.. ~ );SI3 = ( \/2)( f:.. ~ I 

+f:.. ~ 2- f:.. ~ 3 -f:..~ ) 

B species: 
u 

SI4 = (\ 12) (MI - M 2+MJ - f:..t); SIS = (1/2) (M I+M2-

f:.. r3 - f:.. rJ 



250 INDIAN J PURE & APPL PHYS, VOL. 42. APRIL 2004 

S1 6 = ~D;S' 7 =(I/2)(~01- ~0 2 + ~0 3 - ~O) 

S ' S = ( l/2)(~B,- ~B 2 + ~ r3 3 - ~B) 

The structural para meters used in the present work 
hav e been taken from Sut ton table 20 o f re lated 
compounds. The normal co-ordinate analysis is very 
usefu lin correlati ng the theoretica I considerations 
based on th e structure and nomenc lature of th e 
molec ule with the qualitative anal ys is of the spectrum 
lead ing to the potential energy distribution which 
comes as a final check on the frequency assignment. 

The elements of the inverse kinetic energy matri x 
(G) have been derived from the relation G = B ~lRr 
where B is the matrix formu lated using the vectors 
which have been eva luated from the express ion of the 
symmetry co-ordin ates in terms of th e Ca rtesian 
displacement co-ordi nates 21

• BT is the transpose of 
matrix B and ~l is the diagonal matri x of the rec iprocal 
masses of the atoms in the molecule. The e lucidation 
of the structure of many simple and complex molecules 
has been carried out successfu lly by many resea rchers 
by using the method of kinetic constants for solving 
the sec ul ar equation . The method of kinetic constants22 

relates the off diagonal elements of the F matri x to the 
diagonal elements through the relation FijlFjj = Kijl 
Kjj (i < j ; i , j = 1,2,3,4 .... ). The knowledge of the 
transformation matri x (L) and the kineti c energy matri x 
(K) leads to the solution of the sec ular eq uation due to 
Wil son2.

1 yielding the elements of the force constan t 
matrix (F). This is done by fi xing an initia l value of 
force constant24 which has been chosen from the work 
on related molecules. This set of force constan t has 
been subseq uently refi ned by giv ing step increments 
and iterations till convergence takes place25 2G

• The 
frequ ency assig nment is henceforth veri fied by 
eva luating the PED using the relation % PED = F L I 

1.1 IJ 

A. , where PED is the contribution of the sy mmetry 
J 

co-ordinate to the potential energy o f the vibration 
whose frequency is vi. F . is the fo rce consta nt , L is u u 
the matrix element and A.i = 4 11: 2C2 v2

. The infrared 
and Raman frequency assignments, the initi al and final 
va lues of force co nstant s and PED for th e 18 
fundamental modes of vibration of repeating unit of 
PET are presented in Table 1. 

5 Conclusion 

A sati sfac tory vibrational band ass ignment has 
been made ava il ab le for polye thylene terepth alate 

through infrared and Raman spectral measurements. 
A systemati c set of potenti a l constants has been 
computed using the method of kineti c constants on 
the bas is of C21! sym metry. To check whether the 
chosen set of sym metric co-ordinates co ntr ibu tes 
maximum to the potential energy associated with the 
norm al co-ordinates of the molecules. the potential 
energy di stributi on has been carried out. The potential 
energy distributi on for all the methyl and methylene 
stretching and bending modes were fo und to be 
especia ll y very sati sfacto ry. 
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