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ABSTRACT: The conformation and the packing of poly(ethy1ene terephthalate) (PET) chains in the me- 
somorphic form have been investigated by accurate X-ray diffraction measurements, conformational energy 
analysis, and calculations of Fourier transforms of models. The X-ray diffraction pattern presented here is 
richer than those previously reported. In particular, besides the known meridional peaks at { = l/c and 3/c, 
corresponding to a periodicity of 10.3 A, a stronger meridional peak at { = 5/c has been shown. The reported 
Fourier transform calculations of isolated-chain models indicate that the experimental diffraction pattern 
of the mesomorphic form of PET can be qualitatively accounted for by extended linear chains obtained by 
random sequences of monomeric units in different minimum energy conformations. These random sequences 
of monomeric units generate chains in which any long-range correlation between the planes of the phenylene 
rings, along the chain, is absent. 

Introduction 
A mesomorphic form of poly(ethy1ene terephthalate) 

(PET) was found several years ago by B ~ n a r t . l - ~  I t  can 
be obtained by drawing procedures on amorphous unori- 
ented samples a t  temperatures below the glass transition 
(T&, and it is transformed into the usual triclinic structure 
by heating above Tg. 

Photographic X-ray diffraction patterns of this form, 
although not always recognized, have been reported in 
several  paper^.^-^ The reported patterns present only two 
crystalline reflections on the meridian, with a spacing of 
10.3 A,4 which is different from the spacing of the cor- 
responding meridional reflections (10.7 A) observed for 
the usual triclinic f ~ r m . ~ ~ ~  Besides the meridional reflec- 
tions, only a very broad (with respect to both reciprocal 
coordinates f and 0 scattering peak on the equator is 
p r e ~ e n t . ~  

It is, possibly, worth noting that there are other papers 
dealing with “mesomorphic regions” or with an “inter- 
mediate phase” for PET which would be present in sem- 
icrystalline fibers containing the triclinic form.10-13 In 
particular, possible techniques for the evaluation of the 
amount of this intermediate form from X-ray diffraction 
patterns of oriented samples have been describedlOJ1 and 
used.12J3 This intermediate phase is an anisotropic 
amorphous phase which does not correspond to the me- 
somorphic form considered in this paper and in refs 1-7. 
In fact, this amorphous oriented phase would be largely 
present also in conditions for which the mesomorphic form 
is absent (e.g., for samples annealed at  140 or even 
at 220 OC11). We recall that the peaks typical of the me- 
somorphic form completely disappear for annealing of the 
fibers above 100 OC,14 

Only one detailed model for the mesomorphic form of 
PET has been p r~posed .~  It is based on a division of the 
broad equatorial peak into four peaks and on possible 
analogies with the structure of the triclinic form and 
consists of a paracrystalline monoclinic structure (a  = 4.9 
A, b = 9.2 A, c = 10.5 A, a = 100°).4 In particular, a tilt 
angle of the c-axis of about loo with respect to the draw 
axis was assumed so that the spacing of the meridional 
reflections of 10.3 8, would correspond to a chain repetition 
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of 10.5 A. The reduction of the chain repetition, in 
comparison with the value found for the triclinic form 
(10.7 A), was attributed to some undefined shrinkage of 
the polymer conformation. 

This model, however, can be subjected to a major 
criticism. In fact, it does not consider the occurrence of 
some conformational disorder in the polymer chains, which 
is, instead, clearly suggested by the absence off the 
meridian of diffracted intensity confined to layer lines. 

In this contribution, the conformation and the packing 
of PET chains in the mesomorphic form are investigated 
by X-ray diffraction measurements, conformational energy 
analysis, and calculation of Fourier transforms of models. 
In the Experimental Section the X-ray diffraction pattern 
of a sample in the mesomorphic form, collected by an 
automatic diffractometer, is presented, thus providing 
quantitative and more complete information relative to 
the diffracted intensity. In the next section energy 
calculations as well as geometrical considerations relative 
to isolated-chain models of PET are presented. The aim 
is to find possible ordered and disordered conformations 
presenting average periodicities close to that one exper- 
imentally observed for the mesomorphic form of PET (10.3 
A). In the final section of the paper, the possible validity 
for the mesomorphic form of models, characterized as 
geometrically and energetically feasible, has been tested 
through comparisons between the corresponding calcu- 
lated Fourier transforms and the experimental diffraction 
intensity. 

Experimental Section 
PET pellets with an intrinsic viscosity of 0.78 dL/g were 

supplied by Montefibre S.p.A. Samples of PET in the meso- 
morphic form were obtained by suitable thermomechanical 
treatment of monofilaments extruded at 280 O C  having a thickness 
of 0.5 mm. Monofilaments of nearly 8-mm length were drawn 
at room temperature with a draw ratio close to 4 at a speed of 
5 mm/min and then annealed at 60 “C for 1 h. Samples in the 
mesomorphic form with similar X-ray diffraction patterns have 
been, however, obtained by analogous treatment of industrial 
multifilament spun yarns with an intrinsic viscosity of 0.64 dL/g. 

The X-ray diffraction patterns for stretched fibers were 
obtained by using a Nonius automatic X-ray diffractometer with 
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Figure 1. Experimental X-ray diffraction intensity (arbitrary 
units) of PET in the mesomorphic form vs [ for the e uator and 
layer lines corresponding to a periodicity of c = 10.3 1. Dashed 
lines put in evidence the background scattering. 

l(LC1 

2 -  

"4 
Figure 2. Experimental X-ray diffraction intensity (same unih 
as in Figure 1) of PET in the mesomorphic form on the meridian. 
Dashed line shows the background scattering. 

Ni-filtered Cu Ka radiation and were collected always maintaining 
an equatorial geometry in the range of 0 < f < 0.6 A-l at  intervals 
of 0.0097 A-1 and the range of 0 < [ < 0.6 A-1 at  intervals of 0.01 
A-1. 

The diffraction intensities (Z([,O) as collected along the equator 
and the layer lines with f = l / c  (1 interger 5 5) corresponding to 
aperiodicity of c = 10.3 A are plotted in Figure 1 vs the reciprocal 
coordinate [. The diffracted intensity on the meridian (that is, 
the intensity a t  [ = 0 for variable values of 0 is reported in Figure 
2. Dashed lines in Figurw'l and 2 show the background scattering. 

The decimal logarithm of the diffracted intensities after 
subtraction of the background and correction by the Lorentz 
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Figure 3. Decimal logarithm of the corrected experimental X- 
ray diffraction intensityZ(&n of poly(ethy1ene terephthalate) in 
the mesomorphic form vs reciprocal coordinates [ and f. The 
background has been subtracted from the X-ray diffraction 
intensity, which was hence corrected by the Lorentz and 
polarization factors. Contour lines with constant log [ I ([ ,n l  
values are at regular intervals of 0.25, log [1(0,3/c)] being placed 
equal to 3. 

30001 2400 {=O 

I 1800 

1200{ I \  

Figure 4. Experimental X-ray diffraction intensity of PET in 
the mesomorphic form on the meridian, subtracted for the 
background and corrected by the Lorentz and polarization factors. 
1(0,3/c) = 1000. The dashed line indicates a tentative evaluation 
of the contribution from the unoriented amorphous material. 

and polarization factors (Lp)  (which according to the diffraction 
geometry is L p  = (1 + cos2 2Wsin 26) is reported in Figure 3 as 
a function of the reciprocal coordinates { and f. The corrected 
diffracted intensity on the meridian is shown in Figure 4. In 
both Figures 3 and 4,1(0,3/c) has been fixed equal to 1OOO. 

The presence of three well-defined meridional "reflections" 
for {=0.096A-l, f=0.29A-',andf=0.48Aisapparent,indicating, 
in agreement with previous measurements? a periodicity along 
the chain of 10.3 A. Only a broad meridional halo is present 
around f = 2/c = 0.194 A-l. It is worth noting that in the region 
0.12 < f < 0.30 A-1 there is a substantial contribution from un- 
oriented amorphous material. This contribution is roughly drawn 
in Figure 4. Off the meridian, besides the strong and very broad 
equatorial peak, there are, substantially, only two halos corre- 
sponding to the two strong meridional peaks. 

The experimental data allow us to state the following: (i) the 
diffuse equatorial diffraction peak centered at d = 4.0 A (spanning 
3.2 < d < 5.0A) mainlygives information about themean distance 
between the centers of mass of adjacent polymer chains; (ii) the 
absence of diffraction peaks off the meridian suggests that in the 
mesomorphic form of PET correlations in the positions and 
orientations of the chains, besides a nearly parallel placement of 
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of the energy contributions due to interatomic electrostatic 
interactions, evaluated by terms of the kind 

E,, = (l/t)qq’/r (4) 
with q and q‘ the electrostatic charges associated with 
atoms at  distance r and e the dielectric constant. 

The torsion barrier for the 6’4 dihedral angles has been 
assumed threefold (minima corresponding to the trans, 
gauche+ and gauche- states) and equal to 2.8 kcal/mol.” 
An inherent torsional potential for 6’3 was not included in 
the calculations owing to the low torsion barrier.17J8 The 
torsion barrier for the 6’2 dihedral angles has been assumed 
twofold and equal to 8.75 kcal/mol.18 Finally, the torsion 
barrier for the 6’1 dihedral angles has been assumed twofold 
and equal to 5.0 kcal/mol.lg 

For the nonbonded interactions Scheraga’s setz0 of 
parameters was used. The energy parameters for the 
oxygen osp3 and for the carbon atoms of the phenylene 
rings used with Scheraga’s set have been obtained as- 
suming, in order, the following values of polarizability, 
effective number of electrons, and van der Waals radii: 
for os$ 0.7 A3, 7,21 and 1.5 A;22 for the aromatic carbon 
atoms 1.23 A3, 5,23 and 1.8 A.24 Values of B for the various 
couples of interacting atoms were calculated from polar- 
izabilities and effective number of electrons as detailed in 
ref 21. The values of A were selected in such a way as to 
make a minimum when r is the sum of the adjusted van 
der Waals radii for the corresponding atoms. 

Coulombic interactions were evaluated by assigning 
partial charges to 0-C’=O atoms, using bond moments 
of 0.74 D for C’-0 and 2.3 D for C’=0.24 Partial charges 
of -0.388, -0.113, and 0.501 ue for the oxygen of the car- 
bonyl group, the ester oxygen, and the C’ atom have been 
obtained, respectively. The apparent dielectric constant 
has been placed equal to 3.5.24 

The reported energy values refer to 1 mol of monomeric 
units. 

Results and Discussion. Geometric and energetic 
aspects of our analysis can be summarized as follows. 

The chain symmetry of PET in the crystalline state is 
ti with two centers of symmetry in the monomeric unit 
located at  the center of the phenylene rings and at  the 
center of the CHZ-CH~ bonds. This leads us to consider 
one-half of a monomeric unit, coinciding with a structural 
unit. In the crystalline form of PET, with reference to 
Figure 5, the chains present 81 = -169.3”, 6’2 = 178.2’, and 
O3 = 158.7’ and an identity period c = 10.75 ~4,839 close to 
the value of the period of the chain in the highest extension 
(the last resulting in c = 10.83 A under our geometrical 
assumptions). 

The identity period of PET in the mesomorphic form 
is c = 10.3 A, still not far from the length of a monomeric 
unit in the highest extension. In the following analysis of 
conformational energy and geometric features of PET 
chains, our goal is to find suitable ordered and disordered 
conformations leading to c E 10.3 A, corresponding to local 
minima of conformational energy. The calculations of the 
conformational energy have been performed on a portion 
of PET chain like that shown in Figure 5, comprising two 
monomeric units. We have good reasons, as will be clear 
in the following, to suppose that this portion is sufficiently 
large to mimic the energy interactions of the whole 
polymeric chain, at least in the extended conformations 
of our interest. 

Owing to the high number of geometrical parameters 
involved, besides the constancy of bond length and bond 
angles, the following simplifying assumptions have been 
made. 
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Figure 5. Labeling scheme used to define atoms and bond 
parameters. 

Table I 
Values of Bond Lengths and Valence Angles Used in the 

Calculations of the Conformational Energy and of the 
Geometrical Features of PETa 

bond lengths, A bond angles, deg 
CPh-CPh = 1.39 T(cPhcPhcPh) 120 
cph-c’ = 1.48 T(CphCphC’) 120 
0-C’ = 1.34 T(CphC’=O) = 124 
O=C’ = 1.21 T(CphC’0) = 113 
C-0 = 1.45 
C-C = 1.50 

T(C’OC) = 116, lllb 
s(0CC) = 106 

a Obtained by averaging the crystallographic data of PET in the 
triclinic form9 and of low molecular weight model compounds.14J5 

In the calculations, T(C’0C) = 111’ when 83 is in a gauche state and 
r(C’0C) = 116O when 63 is in the trans ~ t a t e . ~ J ~ - l ~  

the chain axes, are substantially absent; (iii) the substantial 
absence of layer lines (off the meridian) suggests also that in the 
mesomorphic form conformationally disordered chains Lve packed; 
and (iv) the broadness along ( of the meridional reflections 
indicates an average coherent length along the chain axis of the 
order of 80 A. 

Conformational Analysis 
Methods. The calculations of the conformational 

energy have been performed on the portion of the chain 
shown in Figure 5, where the labeling scheme used to define 
atoms and bond parameters is also indicated. 

The energy and geometric analyses have been performed 
keeping, for the sake of simplicity, bond lengths and 
valence angles fixed. Their values, listed in Table I, are 
generally taken from structural data of PET819 and of low 
molecular weight model c o m p ~ u n d s . ~ ~ J ~  For the T(C’OC) 
bond angle, two different values have been assumed, T- 
(C’OC) = 11l0, when 6’3 is in the gauche state (on the basis 
of structural data of poly(tetramethy1ene terephthalate) 
in the a form16), or T(C’OC) = 116O, when 6’3 is in the trans 
state (from structural data of PET89. However, only 
calculations assuming r(C’0C) = 111’ are reported. 

The conformational energy is given by the sum of the 
terms 

(1) 
where Eb, is the sum of the energy contributions associated 
with torsion angles (6’) around single bonds, evaluated by 
terms of the kind 

(2) 
with barrier height KT and n depending on the kind of 
bond; E,,b is the sum of the energy contributions due to 
the interactions between atoms separated by more than 
two bonds, evalated by terms of the kind 

(3) 
with r the interatomic distance and A and B the repulsive 
and attractive constants, respectively; and E,, is the sum 

E = E,, + E,,, + E,, 

E,, = ( ~ ~ / 2 ) ( 1 +  cos ne) 

E,, = Ar-” - Br4 
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Dihedral angles &,02, and 04 have been placed equal to 
180' (possible fluctuations not being included in the 
reported calculations). The other possible conformational 
minima (cis for 01 and 02, gauche for 04) were not considered, 
since they generally cause bending of the chain backbone, 
with a too high shortening of the chain period as a result. 
For instance, calculations placing 04 in a gauche state show 
that for all possible variations of 03 and 03' the length of 
the monomeric unit 1, defined as the distance between the 
centers of two consecutive phenylene rings, becomes too 
short (in particular, in the range 5 < 1 < 8.5 A). This 
simplifying assumption is also based on the fact that the 
known crystalline structures of several polyesters of the 
series [C~H4COO(CH~),OOCI, (n = 2,3, ..., 6) always show 
these dihedral angles (01, 02, and 04) in nearly trans 
conformations.9 

The only dihedral angles left free in the reported 
calculations are 03 and 63'. As we shall see in the following, 
large deviations of these dihedral angles from the trans 
conformations are compatible with sufficiently extended 
chains. Moreover, such large deviations are observed in 
some crystalline structures of the above polyesters, like, 
for instance, in the a form of poly(buty1ene terephtha- 
late), where 03 = -03' = 88°).9J6 

Figure 6 shows maps of the conformational energy and 
the length of the monomeric units, calculated by varying 
03 and 03'. The continuous lines are loci of points (03,039, 
with fixed values of the conformational energy (Figure 
6A) and of the length of the monomeric units 1 (Figure 
6B). Starred points on map 6A put in evidence local energy 
minima. In particular, the following have been found: (i) 
one absolute minimum (for which a zero ener has been 

relative minima (0.6 kcal/mol) centered at  83 = 180', 03' 
= S O o  and at  03 = M O O ,  03' = 180°, with 1 = 10.4 A; (iii) 
two relative minima (1.2 kcal/mol) a t  d3 = S O ' ,  03/ = 
r80°, with 1 = 10.4 A; (iv) two relative minima (1.4 kcal/ 
mol) a t  03 = M O O ,  03' = M O O ,  with 1 = 10.0 A. 

In summary, the eight conformers listed at  points ii-iv 
show lengths of monomeric units not far from the 
experimental identity period of PET in the mesomorphic 
form. This is clearly shown by the dashed line in Figure 
6A, which represents the locus of points (03,03') with 1 = 
10.3 A (taken from Figure 6B). 

The possibility of building u polymer chains with a 

sequences of these minimum energy conformations will 
be the subject of our next analysis. 

Regular sequences of all identical monomeric units 
produce identity periods c close to the experimental value 
in the mesomorphic form (10.3 A) only for two of the 
minimum energy conformations of Figure 6A. In fact, 
this occurs for the conformations with 03 = f80' and 03' 
= 780' (case iii) which give rise to two fully equivalent 
polymer chains with symmetry ti. The other regular 
conformations, corresponding to the energy minima of 
kinds ii and iv, correspond to helical structures which may 
show unit heights much smaller than the length of the 
monomeric unit and very long identity periods. 

The periodicity of polymer chains obtained by disor- 
dered successions of the minimum energy conformations 
previously described is close to 10.3 A only if there is a 
nearly perfect alignment of successive monomeric units. 
As a parameter of the degree of alignment of the chain, 
we introduce the angle Q ,  defined as the angle between the 
two segments joining the center of a phenylene ring to the 
centers of the two adjacent phenylene rings. Possible 
values of Q are shown, as an example, for the case when 

assumed) with 03 = 03' = 180' and 1 = 10.83 T ; (ii) four 

chain repetition c close to 10.3 g: with regular or random 
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Figure 6. (A) Conformation energy map E(&,&') of the dimer 
shown in Figure 5 for tJ1 = O2 = tJ4 = 180'. Contour lines with 
constant conformational energy are at regular intervals of 1.0 
kcal/mol (per monomeric unit), starting from the absolute 
minimum located at Ba = 89' = 180'; the energy values for the 
secondary minima are also indicated. (B) Map of the length of 
a monomeric unit 1(B3,03') for 01 = 02 = 84 = 180'. The constant 
values of 1 (in A) corresponding to the contour lines are indicated. 
The dashed line in (A) is the locus of points (tJ3,03') with 1 = 10.3 
A. 

the first monomeric unit is in the fixed conformation with 
03 = +80° and 03' = B O 0 ,  while the values of O3 and B3' in 
the successive monomeric unit are left free. Curves in 
Figure 7 represent loci of points (03,03') (of the second 
monomeric unit) for which Q is constant. It is apparent 
that, even within our rigid geometrical assumptions, some 
sequences of conformations are well aligned (in this case, 
for instance, Q = 180' for the sequences of pairs of mon- 
omeric units with (03,83') values of the kind (+80°,1800)- 
(18Oo,-8O0) or (+80°,1800)(-800,+800)). For the other 
sequences of the previously described minimum energy 
conformations Q is always in the range 155-180'. 

More generally, values of Q lower than 149' are not 
obtained, within our geometrical assumptions, for whatever 
pair of the conformers corresponding to the conforma- 
tional energy minima of Figure 6A (i-iv). This suggests 
that a fair degree of alignment of successive monomeric 
units can be easily obtained for such disordered sequences 
of monomeric units, if our arbitrary rigid constraints on 
the values of dihedral angles and/or bond angles are 
released, without a significant increase of the internal 
energy. 
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4, *,and f a s  

1(4,*,0 = w*,0  F*(t,*,O (5) 
In eq 5F(4,*,O is the structure factor of a single polymer 

chain and the asterisk denotes the complex conjugate. 
F(&*,n can be developed in terms of the contributions 
of the atoms as 

--4 fF 
.o;i, ,;":-. ,~~ \;$I 
0" 
0" 60" 120" 180"-120"60" 0" 

$3 

Figure 7. Map of the angle 51 between two segments joining the 
center of a phenylene ring to the centers of the two adjacent ones 
when 8 3  = +80°, 831 = 180' in a first monomeric unit and 83,031 
are left free in the second monomeric unit (81 = 8 2  = 04 = 180'). 
The values corresponding to the minimum and to the contour 
lines are indicated. The nine asterisks indicate the conforma- 
tional energy minima of Figure 6A. 

In conclusion, conformations of monomeric units in the 
regions of some or all of the nine minima of conforma- 
tional energy of Figure 6A can be randomly joined together 
a t  a low cost of energy, giving rise to highly extended con- 
formationally disordered polymer chains with an average 
identity period not far from 10.3 A. 

In these conformationally disordered polymer chains 
the angle between the planes of consecutive phenylene 
rings can assume all of the values comprised in the range 
0-180'. This can be easily understood considering that 
(i) already within our geometric assumptions monomeric 
units with O3 = M O O ,  03' = i80° or with O3 = i8Oo, 03' = 
180' would place the plane of the two consecutive phe- 
nylene rings at  *80°, while conformers with 03 = 63' = 
f80° would place these planes a t  i20' and (ii) distortions 
of bond and dihedral angles a t  the junctions between 
successive monomeric units as well as possible deviations 
of all the dihedral angles from the fixed assumed values 
are possible. I t  is worth recalling that, instead, the chains 
of PET in the crystalline form or, more generally, in all 
the regular conformations in the symmetry ti (monomeric 
units with O3 = -O3',) have their phenylene rings coplanar 
all along the chain. 

It is worth noting that, although the numeric values of 
the energy differences and of the calculated geometrical 
parameters 1 and s2 depend on the exact values of the bond 
lengths, bond angles, and torsion angles, which were held 
fixed in the calculations, and on the energy parameters, 
no reasonable adjustment of these parameters can modify 
our conclusions. 

Fourier Transform Calculations 
Met hods. Fourier transform calculations have been 

performed on isolated-chain models obtained by regular 
or disordered sequences of monomeric units in different 
conformations, gs discussed before. The Fourier transform 
of isolated chains can be advantageously compared to the 
diffracted intensity far from the equator, with the as- 
sumption of the absence of rotational (around the chain 
axis) and translational (along the chain axis) order between 
adjacent parallel chains. Near the equator the comparison 
is, instead, less significative, since also interferences 
between adjacent chains should be accounted for. 

The diffraction by fibers is conveniently expressed as 
a function of the reciprocal space cylindrical coordinates 

@ ~ j ) l )  exP(2*ifz~) (6) 
In eq 6 r is the number of monomeric units in a chain, 

n is the number of atoms per monomeric unit, f A j  is the 
atomic scattering factor of the j t h  atom in the Ath 
monomer, r A j ,  v ~ j ,  and Z A ~  are the cylindrical coordinates 
of the atoms in the monomeric unit, and Z A  is the distance 
of the Ath monomeric unit from the first one. 

Since we are interested in the cylindrically averaged 
diffraction intensity of a single chain, eq 5 should be 
averaged over all possible values of \k in reciprocal space. 
This is conveniently done developing eq 6 in a series of 
Bessel functions26p26 as follows: 

r n  +m 

*/2) - mpAj + 2*zAj{l))l exp(2rizAn (7) 
with J m  and mth-order Bessel function. After substitution 
of eq 7 in eq 5 and integration of the resulting formula 
over * from 0 to 27r, one obtains (dividing the result of the 
integration by 27r) 

ZB,~)]) cos [2*f(z,4 - z,)] (8) 
where j and i are the indices of the atoms in the Ath and 
Bth monomeric units, respectively. In eq 8 C ~ j 3 , i  is given 
by 

m 

CAjB,i = 2 x J m ( 2 * r A j 4 )  Jm(2*rB,i4) cos r m ( v A j  - vB,i) t' 
m = l  

J13(2*rAj[) Jo(2*r,,if)l (9) 

Equation 8 gives the formula used in our calculations 
for the diffraction intensity of isolated polymer chains 
(the Debye factor was not included). Fourier transform 
calculations were generally performed on polymer chains 
of 20 monomeric units (280 atoms in total). The resulting 
chain exhibits a total length of 200 A, well above the 
coherent length of 80 A established on the basis of 
experimental data (see Experimental Section). This choice 
is due to the fact that chains made of eight monomeric 
units (80 A) give rise a t  small values of the diffraction 
angle to spurious effects because of the termination of the 
chain. This produces only a slightly narrowing of the peaks 
along f and, of course, does not change the general 
conclusions which can be drawn. Calculations were 
performed in reciprocal space in the range 0 < f < 0.6 A-1 
at  intervals of 0.01 units and 0 < f < 0.6 A-l at  intervals 
of 0.005 units. Calculated diffraction intensit has not 
been reported for values of (p + E2)lI2 5 0.07 1-l (chain 
termination effect present). In the case of irregular chains, 
the reported maps are obtained by averaging the calculated 
I (&0  for a t  least ten different chain models. 

Results and Discussion. The calculated diffraction 
intensity 1(&0 for isolated model chains is compared to 
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Figure 8. Decimal logarithm of the calculated diffraction 
intensity I(.$& for a regular chain of PET with all the monomeric 
units with 83 = -831 = 80° vs the reciprocal coordinates ( and {. 
Contour lines correspond to log [Z((,n] equal to 3 and 2.25, log 
[Z(O,3/c)l being placed equal to 3. 
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Figure 9. Decimal logarithm of the calculated diffraction 
intensity I ( [ ,n  for a slightly irregular chain (see text) vs the 
reciprocal coordinates [ and {. Contour lines correspond to log 
[I(.$n] equal to 3 and 2.25, log [1(0,3/c)] being placed equal to  
3. 

the experimental diffraction pattern of PET in the me- 
somorphic form. In particular, we aim at  reproducing the 
complete absence of layer lines (both crystalline reflections 
and diffuse halos) out of the meridian and the position 
and the intensity ratio of the diffraction intensity maxima 
along the meridian. 

In the case of regular model chains, strong diffuse 
maxima are always present on layer lines. This is shown, 
for instance, in Figure 8, which represents the calculated 
diffraction intensity I([,D for a regular chain in the ti 
symmetry having all monomers with 03 = 4 3 '  = f80' (c  
= 10.4 A). 

Well-defined layer lines are present also for conforma- 
tionally disordered chains, when disorder is not sufficiently 
high. Let us consider, for instance, conformationally 
disordered chains, obtained following the arbitrary rule 
of putting in sequence only monomeric units (correspond- 
ing to the conformational energy minima of Figure 6A) 
leading to 0 = 180' without relaxing our geometrical 
constraints (e1 = O2 = e4 = 180°, 03, 03' = &80° or 180'). 
The calculated diffraction intensity is shown in Figure 9. 
These chain models still present strong correlations 
between the planes of the phenylene rings along the chain 
(they all lie in only three planes containing the chain axis). 

Let us consider now more disordered model chains 
obtained by random sequences of all nine minimum energy 
conformers. Obviously, resulting chains are not generally 
straight. As discussed in a previous section, the obtain- 
ment of straight chains, which is of course necessary for 

0,2j  

I I 

Figure 10. Decimal logarithm of the calculated diffraction 
intensity Z([,n for an irregular chain obtained putting in sequence 
monomeric units in all of the nine minima of the conformational 
energy of Figure 6A vs the reciprocal coordinates (and {. Contour 
lines correspond to log [I(t,n] equal to 3.0, 2.75, 2.5, and 2.25, 
log [1(0,3/c)] being placed equal to 3. 
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Figure 11. Plot along the meridian (6 = 0) of the calculated 
diffraction intensity of Figure 10. 

the packing, can be assured by small variations of dihedral 
and bond angles. However, for the sake of simplicity, in 
the model chains our rigid geometrical constraints were 
maintained and, to ensure their substantial straightness, 
only chains (obtained by nearly random sequences of 
different conformers) with mean periodicity greater than 
10.2 A were taken into consideration. This simplifying 
calculation procedure, although reducing the randomness 
in the sequence of the conformers, still allows for a high 
degree of conformational disorder in the chains and 
removes any long-range correlation between the planes of 
the phenylene rings. 

The diffraction intensity map I([,D for chain models 
obtained by nearly random sequences of all nine considered 
conformers is reported, for instance, in Figure 10. Figure 
11 displays the calculated diffraction intensity along the 
meridian. The absence of layer lines off the meridian 
(Figure lo), the correct positions of the meridional 
reflections, and their qualitative intensity pattern (Figure 
11) compare well with the main features of the experi- 
mental patterns of Figures 3 and 4. These are good 
indications that the proposed conformationally disordered 
model chains are possibly not far from those present in 
the mesomorphic form of PET. The intensity ratio 
between the meridional reflections at  t = 3/c = 0.29 A-1 
and t = 5/c = 0.48 A-1 is not satisfactory, however. This 
ratio can be only partially improved by discarding some 
of the cited minimum energy conformations (in particular, 
the conformations of kinds i and iv). To get a better 
agreement for this intensity ratio, a more accurate analysis 
is in progress in our laboratories, where the assumed rigid 
geometrical Constraints for the chain models are reduced. 
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As a final remark, we note that, according to our analysis, 
the tilting of the chain axis from the fiber axis4 is 
unnecessary to account for the observed diffraction pattern 
of the mesomorphic form. This could suggest that this 
tilting in crystalline PET8 would occur not in the orien- 
tation process but upon crystallization. 

Conclusions 
The reported Fourier transform calculations of isolated- 

chain models indicate that the experimental diffraction 
pattern of the mesomorphic form of PET can be quali- 
tatively accounted for by extended linear chains obtained 
by random sequences of monomeric units in different 
minimum energy conformations. This indicates a sub- 
stantial absence of rotational (around the chain axis) and 
translational (along the chain axis) order between adjacent 
parallel chains. 

The present energy and geometrical analyses suggest 
that these conformers could be characterized by all nearly 
trans conformations, but for the Cl-OfC-C (0, and 03') 
dihedral angles, for which, besides values close to 180°, 
values close to +80° and -8OO would be possible. 

These random sequences of monomeric units generate 
chains in which any long-range correlation between the 
planes of the phenylene rings along the chain is absent. 

Acknowledgment. This work was supported by the 
Minister0 dell'universith e della Ricerca Scientifica e Tec- 
nologica (Italy) and by the Consiglio Nazionale delle 
Ricerche. X-ray diffraction data were recorded with a 
Nonius CAD4 automatic diffractometer (Centro Interdi- 
partimentale di Metodologie Chimico Fisiche, University 
of Naples). 

Appendix 
This method is a straightforward application of the uni- 

dimensional paracrystalline theory (see ref 27) and leads 
to a very simple formula for the diffraction intensity. 
Indeed, following ref 28, Chapter 4, pp 146-149 (and also 
ref 271, the latter for a chain of degree of polymerization 
r is 

m n  = ( f )2L2(n  + r((f-7 - W2) (A-1) 
where L(n is the Laue factor for an ideal linear crystal of 
r unit cells, ( f ) 2  is the square of the structure factor of the 
monomeric unit for each t,r averaged over all possible 
orientations around the chain axis of the considered 
conformations, and ( f 2 )  is the corresponding mean square 
structure factor per monomeric unit. 
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