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The tensile and torsional moduli, as well as the glass transition temperature, T, of
poly(ethylene terephthalate)(PET) are substantially higher than those of polycaproamide
(nylon-6, N6). After considering and discarding various potential reasons for these
differences, it is shown that the difference in all these properties between PET and N6
may be attributed to the existence of terephthaloyl residues in PET and to two important
consequences: One is that, due to their shape and 7n-electron attraction, the terephthaloys
tend to pack in stacks even in the amorphous phase, and these stacks show tendencies to
aggregate in “nodules” or “embryonic nanoparticles”. Resistance to separation of
stacked terephthaloys is one contributor to the higher properties of PET. The second
consequence of the terephthaloys in PET is the very large volume such groups must
sweep in space when they perform translational and other motions in space. This holds
true when such motions are cooperative, and much more so when the motions are
performed independently. Here, too, the resistance to the translational and orientational
motions of very large volume terephthaloyl residues is much larger than in the case of N6
where much smaller volumes of chain fragments may be involved in the same motions.
The stronger resistance to motion is reflected by the higher moduli and T, of PET. All
these features are amplified in the semi-crystalline polymers, leading to further elevation
of these properties of both PET and N6.

Keywords: Poly(ethylene terephthalate)(PET); Polycaproamide (Nylon-6); Terephthal-
oyl; Stacks; Nodules; Tensile modulus; Glass transition
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INTRODUCTION

When the mechanical properties below the glass transition tempera-
ture, T,, of poly(ethylene terephthalate)(PET) and polycaproamide
(6-nylon, nylon-6, N6 for short) are compared, one finds that among
properties whose measurement involves relatively small macro-
deformation of the specimens, such as tensile (Young’s) or flexural
modulus and yield or flexural strengths, those of PET are about
double the magnitude of those of N6 [1,2]. The high modulus and
strength values of PET reflect a resistance to deformation far larger
than the resistance of N6, a fact also mirrored by the ball indentation
hardness of PET being twice that of 6-nylon [1]. In fact, it is the low
resistance to deformation that renders N6 a useful material in sleeve-
bearings and other low friction applications where low wear, pliability
and durability are desirable. The low resistance to deformation results
in the yield strain of N6 being several times larger than the yield strain
of the stiffer PET. However, because both isotropic PET and N6 may
elongate about 250% before breaking, their tensile breaking strengths
fall within only 10-15% from each other The large observed dif-
ference in tensile modulus between isotropic PET and N6 specimens, is
observed also in their melt-spun and drawn fibers. The Young
modulus, E, of PET fibers drawn to draw ratio (DR} of 5 to 6 falls in
the range of 100— 110 g/denier [3] while the value of E of nylon-6 fibers
drawn to about the same DR falls in the interval of 50— 60 g/denier [4].
In summary: Below T, and at comparable levels of crystallinity, PET
shows stronger resistance to deformation which, in turn, is reflected in
certain of it’s moduli and strengths being about twice as high as those
of N6.

As will be shown below, the Kuhn step length, A, and the per-
sistence length, q, of PET are 1.106 + 0.006 nm and 0.553 + 0.003 nm
respectively. For nylon-6, A=1.055nm and q=0.527nm. The
respective values of A and q of both polymers are very close. The
cross-sectional area, d*, of PET chains was calculated by Aharoni [5)
to be d?=2.000 (nm)* and for N6, d> = 1.786 (nm)*. These values lead
to estimated chain diameters, d, of d=0477nm for PET and
d =0.423 nm for N6. Here, too, the differences between N6 and PET
are rather small. The results expected of these dimensional similarities
are that, at the same temperature distance away from their respective
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Tg, when a chain or long segment of PET and of N6 are drawn out
from their initial thermodynamic equilibrium random coil shape and
size, the pulling force, F, needed to draw them out to the same draw
ratio will be more or less the same for both PET and N6. Under
thermodynamic equilibrium conditions the drawing force is, of course,
equal in magnitude but opposite in direction to the restoring force, F,
acting to return the deformed coil back to its equilibrium shape and
dimensions. The calculations of F are done on individual chains with
no contact and interaction with, or hinderance by, any other chain.
For individual PET and N6 chains of the same degree of polymeriza-
tion (DP) and comparable number of effective main-chain bonds, it
will be shown below that their drawing or restoring forces F are
remarkably similar.

Therefore, the question arises. If the drawing forces F of com-
parable unencumbered individual PET and N6 chains are so similar,
why certain moduli and other small macro-deformation mechanical
properties of PET in the bulk are so superior to those of 6-nylon? In
other words, why does PET show such high resistance to deformation?
We shall start our search for an answer by first discussing individual
chains, existing alone in space or in very dilute solutions without any
interactions with other chains. Next, we shall review certain behavioral
aspects of PET and N6 chains in the bulk. A discussion of aromatic-
ring stacking in amorphous PET will then follow. This will be followed
by a discussion of the relationship between molecular organization
and tensile properties of PET and N6. The chain of thought will be
finally summarized in a brief Conclusions section. By following this
course we hope to produce a satisfactory, though not always perfectly
clear and straightforward, answer to the question posed above.

INDIVIDUAL CHAINS ALONE

Flexible polymer chains are usually described as one-dimensional
curvilinear objects obeying random walk statistics [6—8] where the
probability distribution of their end-to-end vector, h, is essentially
Gaussian

p(h) = (3/2(R%)**exp(—3h?/(R?)) (1)
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Here, h is the length of the vector h, R is the coiled chain dimension,
and (R?) is the mean-square distance between the ends of the flexible
chain. We may describe (R?) in terms of the total, or contour, length
of the chain, L, and its persistence length, q, which corresponds to half
the length of its typical Kuhn segment length, A, as follows

(R?) =2qL (2)
At fixed elongation, the entropy. S(h), of such a chain is
S(h) = S(0) — (3/2)h’/2qL 3)

and it decreases as the chain elongation increases. Since S(0) is usually
unknown, it is convenient to rewrite Eq. (3) in terms of free energy

F(h)=E—TS (4)

where T is the absolute temperature. In the random walk model, the
energy E is constant since it is independent of chain configuration,
which leads to a dependence of the chain’s restoring force on the
temperature and on its deformation:

F = —T(8S/h,) = (3/2)ksTh,/Lq (5)

Here, kg is Boltzmann’s constant and h, is the chain’s end-to-end
distance in the z-dimension, provided the chain is unconstrained in the
x- and y-dimensions. When the coiled chain is stretched in the z-
dimension, the length h, may be described in terms of xh, in which h is
the end-to-end distance of the coiled chain at equilibrium when it is
more or less spherical. The parameter x is the draw ratio (DR) of the
chain, a unit commonly used in polymer technology to describe the
deformation in the draw direction imparted to a polymer test-
specimen beyond its initial dimension. Oftentimes the initial dimen-
sions are taken to be at DR = 1, where the sample is isotropic or close
to isotropic, and the molecules in the amorphous phase are essentially
at their thermodynamic equilibrium shape and size.

Denoting by / each virtual main-chain bond, corresponding to one
repeat unit, and their number along the chain by n, the size h of the
chain at equilibrium corresponds to

h = (n?)!/2 (6)
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and the chain contour length

The ratio h/L is then
h/L = (0)"?/nl = 02 /nl = 1/n'? (8)
and since h, = xh, the ratio h,/L is
h,/L = xh/L = x/n'/? 9)

Thus, for instance, for chains with n =200, corresponding to number
average molecular weight, M,,, of about 22000 in the case of N6 and
about 38000 for PET, molecular weights commonly used in
commercial applications of these two polymers, the value of xh/L at
DR =3 is x/n'?=13/(200)"/>=0.212 and at DR =5 the value of x/n'/?
is 0.3536. Naturally, as n becomes smaller, the values of x/n'/?
increase. Insertion of Eq. (9) in Eq. (5) leads to:

F = (x/n'/)ksT/(2/3)q (10)

indicating that for modest stretching of individual chains the amount
of force necessary to stretch the chains to DR =x is directly dependent
on x and on the temperature, and inversely dependent on the
persistence length q. That is, the more convoluted the chain and the
smaller are its persistence length, radius of gyration, Rg, and average
end-to-end distance, the larger is the force F needed in order to stretch
it out. A flexible chain with a small number n of long bonds, /, will
require less force to stretch it out than a chain of equal L but with a
large n and small /.

Using the persistence length ¢ =0.555nm {5, 9, 10] for PET, we have
calculated the force F that must be invested in order to draw PET
chains of lengths n =10, 20, 40, 100 and 200 to DR from 2 to 10, all at
T=300K. At this temperature, kT =4.142 x 10~ 2" J. The results are
presented graphically in Figure 1, in terms of the force F in (Newtons
times 10'%) vs. n.

Returning to Eq. (10). we note that F is inversely related to q. Thus,
if we accept a value of q=0.47nm for N6 [5,9,10], the calculated
value of F for N6 will be larger by 0.555/0.47 = 1.18 than the F value
for PET chains of the same n. This expectation is inconsistent with
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FIGURE 1 Drawing, and restoring, force F. of independent PET chain with
persistence Length q =0.555nm, of various numbers of repeat units, n, at draw ratios
DR=2,3 4,5 7and 10.

experimental results, an inconsistency that may be due to inter-chain
interactions and/or hinderances imposed on segmental mobility in the
bulk, or due to the fact that the virtual bond length chosen for N6 is
the length of one whole repeat unit which may be an over-estimate of
the correct virtual bond length. In Figure 2 a repeat unit of N6 is
shown. It contains 7 real main-chain bonds. In the fully extended
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FIGURE 2 A repeat unit of nylon-6 in the extended, a-crystal configuration.
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configuration, occurring in the a-modification of N6 crystals, the sum
total of the projection of these bonds on the chain axis is 0.862 nm
[2,11]. In Figure 3 the structure of a PET repeat unit is shown. It
contains one long virtual bond spanning the rigid terephthaloyl
residue, with length of 0.574 nm, and additional 5 real bonds. When
fully extended, as in the PET crystal, the sum total of the projections
of the virtual and real bonds on the chain axis is 1.075nm [2,11].
Although this distance is about 25% longer than the repeat distance of
N6, we must bear in mind that in the case of PET 53% of the repeat
distance can’t bend or twist while in the case of N6 the central amide
bond alone maintains its rigidity, that is, only 13% of the N6 repeat
distance can not bend or change its conformation.

In addition to the effects of the long, rigid virtual bond in PET, one
must consider the propensity of the real bonds in both PET and N6 to
adopt trans- and gauche-conformations and to interconvert among
them under conditions of thermodynamic equilibrium. The adoption
of gauche-conformation and the ease of interconversion from trans- to
gauche- and vice versa, are reflected in the characteristic ratio of the
chain, C,, a parameter characteristic of each polymer in the
amorphous bulk and in solution under 6 conditions. Using statistical
mechanics methodology and based on measured bond lengths and
valence angles, Flory and Williams [12, 13] have determined that for
N6, C,, = 6.08. Using the same approach, Williams and Flory {13, 14]
have calculated a value of C,, =4.15 for PET. Based on dilute solution
and melt viscosity measurements of 21 fractions of PET. Aharoni had
obtained a value of C=4.21 for PET [15]. The similar C,, values
obtained for PET by Flory {13, 14] and Aharoni [15] validate these

0]
| o} CH
o O e

O

- P

0.574 nm

A
Y

1.075 nm

FIGURE 3 A repeat unit of PET in the extended crystalline configuration.
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values or, better, their average. More importantly, the small C_
indicates that under thermodynamic equilibrium a large fraction of the
main-chain real bonds in unencumbered individual PET chains prefer
to exist in the gauche-conformation and only a minority in trans-
conformation. This was confirmed by Stokr et al. [16] and Aharoni
and associates [17] who used infrared (IR) spectroscopy to demon-
strate that in the amorphous state only 7% of the central
—O—CH;—CH;—O— bonds in PET exist in the trans-conformation
while the rest adopt the gauche-conformation. The larger C,, =608
value for nylon-6 indicates that under comparable conditions a larger
fraction of the main-chain real bonds in N6 than in PET prefers to
exist in a frans-conformation.

CHAINS IN UNORIENTED AND ORIENTED
SEMI-CRYSTALLINE BULK

Both poly(e-caproamide) and poly(ethylene terephthalate) are semi-
crystalline polymers. Since N6 crystallizes significantly faster than
PET, one finds in its undrawn melt spun fibers a relatively low
(ca. 13%) crystallinity levet (crystallinity index, CI) [18] while none is
found in comparable PET fibers [19]. Upon drawing, the CI of both
kinds of fibers increases substantially. In N6 fibers drawn to DR = 2.5,
CI=30%, at DR=3.0, CI=33%, at DR=4.0, CI=38%, and at
DR =4.5, C1=47% [18]. In the case of PET, drawing increases the
degree of crystallinity to 36 + 2% [3, 19]. Annealing drawn fibers, or
allowing the molten polymer to cool down slowly, as it happens in the
cores of thick injection-molded or compression-molded specimens,
substantially increases the CI of both N6 and PET [17, 18,20}, but
crystallinities higher than around 60% are only seldom obtained
[17,20,21]. The thickness of the crystalline lamellae, or that of
crystallites, measured as the average intra-crystalline distance between
parallel rough “fold surfaces”, falls in the range of 5 to 6 nm for N6
[18] and around 8 nm for PET [3]. These are the average lengths of the
straight chain segments in the crystal, called by us crystal stems or
chain stems. Using as an example N6 and PET chains with n =200, we
calculate, from Figures 2 and 3, their contour length L to be 172.4 nm
for N6 and 215nm for PET. These numbers lead to each chain of
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DP =200 contributing up to 26.9 crystal stem lengths in the case of
PET and between 34.5 and 28.7 stem lengths for N6. However, since
the crystallinity index of both polymers usually is in the range of 40%,
a number of crystal stems contributed per chain of about 10 for PET
and around 12 crystal stems for N6 seems very plausible. Because in
melt processed polymers the number of tight folds in the “fold
surfaces” is expected to be relatively small, we may safely conclude
that as each chain meanders within its pervaded volume, defined by its
radius of gyration, Rg, it passes through several crystallites and inter-
crystalline amorphous layers, as well as through the amorphous
regions present between the crystallites’ “growth faces” [22]. Thus, at
CI ~ 40%, the number of crystallites through which each PET or N6
chain of n=200 may not exceed 10 to 12, and may decrease sub-
stantially in instances where tight folds are present on the “fold
surfaces” and when non-adjacent re-entry, as in the switch-board
model, becomes statistically significant.

With respect to the size scale of the “unoriented amorphous” phase
interleaved in between neighboring PET crystal “fold surfaces”, we
know from Rim and Nelson [3] that, depending on DR and the
specifics of fiber preparation, the thickness of this amorphous layer
falls in the range of 5.3 to 2.6 nm. These dimensions are substantially
smaller than the 8.0 nm associated with the PET crystallite thickness.
Based on the changes in these dimensions and the immutability of the
crystallinity index, it appears that upon drawing a very substantial
fraction of the amorphous phase converts from the “unoriented
amorphous™ to an “oriented amorphous” phase. The material source
of this growing “oriented amorphous” phase comes mostly from in
between the crystal “growth faces” and increasingly adds amorphous
material from the previously unoriented material present in between
the “fold surfaces” and from unfurling chain segments previously
existing inside the crystal as stems mostly close to or in its “growth
faces”.

Similar conclusions may be drawn about the location of the
“unoriented” and “oriented” amorphous phases in N6, and the
conversion from “‘unoriented” to “oriented” as function of fiber
draw ratios [18]. The thickness of the “unoriented amorphous” layers
sandwiched in between the crystal “fold surfaces™ may be estimated by
combining the results in Refs. [18] and {23]. For DR of 1, 3.0 and 4.5,
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the crystalline lamellar thicknesses are reported in {18] to be 4.8, 5.8
and 6.2nm, respectively. The corresponding total repeat-distances
are graphically shown in [23] to be 6.2, 7.4-8.0, and 9.3nm,
respectively. These dimensions result in thicknesses of 1.4, 1.6-2.2,
and 3.1nm, respectively, for the ‘“‘unoriented amorphous” layers
between “fold surfaces”. As a group, the average thickness of the
amorphous layer of N6 in between the crystal “fold surfaces” is, then,
significantly smaller than the average thickness of the comparable
“unoriented amorphous” layers of PET indicated above. This, of
course, is a reflection of the fact that the average contour length of the
nylon-6 chain segments in the inter-crystalline layers between ‘‘fold
surfaces” are substantially shorter than the corresponding PET chain
segments.

When a PET or N6 semi-crystalline injection molded specimen or a
melt-spun fiber is drawn not to excess, the chain segments participat-
ing as stems are usually not pulled out of the crystallites or crystalline
lamellae. Therefore, each long chain present in both the crystals and
interleaving amorphous layers may be pictured as passing through a
series of alternating crystal and amorphous phases. Based on the
considerations in the paragraphs above and the calculations
performed for N6 and PET chains with DP =200, we can imagine
the long polymer chain as a series of shorter segments, each of which is
anchored at both ends at the “fold surface” of two neighboring
crystallites. The resistance to pulling, or drawing, of such a series of
short amorphous segments is expected to be far higher than the
resistance to pulling of the randomly coiled whole parent chain. This is
clearly evident from Figure 1, where in order to draw them to the same
draw ratio, chains or segments with smaller DP each requires the
investment of larger force F than chains with larger DP. Since the
amorphous chain segments are arranged in series, the force required to
extend all of them to a given DR is far higher than the force required
to extend the single parent-chain to the same DR. The increased
drawing, or pulling, force is, hence, directly dependent on the number
of chain segments in the inter-crystalline “unoriented amorphous”
layers, and inversely dependent on the average length of the chain
segments in these layers.

The number of amorphous segments per long chain is expected to be
rather close to the number of crystal stems created by the same chain.
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That is, about 10 for PET and about 10-12 for N6. Since these
numbers are rather close to one another, we conclude that the great
difference between PET and N6 is not due to the number of
amorphous inter-crystalline layers, but is related to their average
thickness. As we have shown before, the average thickness of the PET
amorphous layers and the length of the PET segments in them, are
substantially larger than the corresponding values for N6. Therefore,
according to Figure 1, the resistance of PET to drawing should be
lower than that of N6: The force F required to stretch a PET chain to a
given draw ratio, should be smaller than that needed to stretch a chain
of nylon-6 to the same draw ratio. This, however, contradicts reality.
It appears, then, that we can not treat the chains in the bulk as one-
dimensional curvilinear lines and parameters such as ease of rotational
isomerization, intra-chain bond length and angle, and inter-chain
interactions must be taken into consideration.

It is well established that the critical molecular weight for the onset
of entanglements, M, is about 3200 for PET [15] and about 5000 for
N6 [1,9,10,24]. This means that at DP =200, each PET chain will
be involved in around a dozen entanglements and each N6 chain
in only about 5 entanglements. The corresponding contour length be-
tween entanglements, L, is 21.3nm for PET and 46.2 nm for N6 [9].
Despite the large difference in entanglements concentration and L,
the entanglements seem to be rather unimportant in their effects on the
modulus of the polymers below T,, on the plateau modulus of the
molten polymers [10] and on the remarkably similar rates of diffusion
of non-interacting gas molecules through both polymers above Ty [25].
More recently, values of M.= 5000 for N6 and M= 6000 for PET
were reported [26], making the difference in L. altogether too small to
be meaningful. Thus, we may conclude that entanglements, at the
concentration they exist in nature, either do not affect the tensile
properties of PET and N6 below Tg, or their effect is relatively small
and may be clouded by other, larger effects. This conclusion seems to
be borne out by the fact that the melt viscosities of PET and N6 of
identical molecular weights at the same temperature are almost the
same [26]. There appears to be no effect of entanglements nor that of
hydrogen bonding.

After eliminating all the above possibilities, the question still
remains: What causes the difference in the physical behavior of PET
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and N6, and why the tensile modulus of PET is so much larger than
that of nylon-67

AROMATIC-RING STACKING IN PET
AND ITS CONSEQUENCES

Nylon-6 and other aliphatic polyamides exhibit intensive intra- and
inter-molecular hydrogen bonding (H-bonding). In the crystal, all the
potential H-bonds [27} and in the glassy amorphous state the vast
majority of H-bonds [27—31] are satisfied. Even in the molten state a
substantial fraction of the potential H-bonds of N6 and other flexible
polyamides remains consummated [28 —30]. Despite all these H-bonds,
the melting temperature, T,,, and the glass transition temperature of
PET are both higher than the corresponding transition temperatures
of N6. It is our belief that the difference in thermal transitions and,
especially, the higher tensile properties of PET, are both due to the
presence of stackable terephthaloyl residues in PET chains and the
absence of such stackable structures in N6 chains. Below, we shall
elaborate upon this statement, demonstrate the structural effects of the
presence of terephthaloyl groups in PET, and show how these
structural features contribute to and enhance the properties of PET
as compared with N6.

The shape of the terephthaloyl residue in the PET chain may be
roughly described as a rectangular parallelepiped with three non-
identical axes of symmetry. From X-ray diffraction studies of
crystalline PET, we know that the length of the parallelepiped in the
chain direction, from one carbonyl group to the other, is 0.574 nm.
The other dimensions of the parallelepiped are its width, which is
rather close to its length, and its thickness or height, which is
substantially smaller. To some extent, both these dimensions depend
on the packing tightness of the system. This is schematically shown in
Figure 4. On the left-hand side of the figure, a group of terephthaloyl
residues are shown stacked upon one another with both of their two
large axes being parallel to one another. Depending on the tightness of
the packing, the distances between their central planes change from
0.36 10 0.39 nm. It is important to recognize at this junction that while
the stacking itself may be driven by packing considerations and
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FIGURE 4 Schematic description of the packing of neighboring terephthaloyl groups,
and packing distances determined by X-ray diffraction methods.

facilitated largely by the anisotropic shape of the terephthaloyl
residues, the tightness of the stacking is to a large degree determined
by attractive interactions between the n-electron clouds of neighboring
terephthaloyl groups. Thus, the stacking allows for the tightest
packing of amorphous PET into the smallest volume. As a result,
the density of the stacks and their aggregates is higher than that of
other amorphous regions of PET where no stacking took place.

On the right-hand side of Figure 4 a terephthaloyl group is shown
lying flat on its large surface, or “face”, with its shortest axis being
perpendicular to the plane of the paper. Depending on packing tight-
ness, when several terephthaloyl residues are arranged in this fashion,
the distance between their axes of symmetry, fall in the interval of 0.66
to 0.7 nm. However, when one parallelepiped is lying on its large face
and another on its side, the average distance between their central
planes is in the neighborhood of 0.5 to 0.53nm. In work on liquid
crystals many years ago, it has been shown by Chistyakov [32] through
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the generation of radial distribution function of atoms, that the above
cited dimensions are consistent with those observed for the aromatic
groups in the anisotropic nematogens in both the solid and liquid
crystal states.

Even in the fully crystalline state, the determination of exact sizes,
angles and distances within the crystal unit cell of PET and other
poly(alkylene terephthalate)s (PAT’s) is not an easy task. In a book-
chapter analyzing the available crystallographic data, Hall [33]
presents 5 different sets of unit cell parameters of PET alone. From
the most reliable data, he determined [33] the stacking distance of
terephthaloyl groups in the crystal to be 0.355nm. It is important to
note here that in other PAT’s, stacking distances as short as 0.292 nm
and as long as 0.400nm were calculated [33]. In the monomeric
terephthalic acid crystals the stacking distance is only 0.311 nm [33],
indicating substantially tighter ring stacking than in PET.

In a very elegant paper, Murthy and associates [34] have shown by
means of X-ray analysis that in fully amorphous PET and in the
amorphous phase of semi-crystalline PET there exist two dominant
distances. One is at about 0.50nm (0.20A ") and the other is at
0.385nm (0.26 A~ '). The distance of 0.50nm is associated with
average inter-chain distance, which is similar to the 0.5-0.53nm
distance in Figure 4, and the distance of 0.385nm falls within the
0.36—-0.39nm range in Figure 4. Murthy and co-workers concluded
[34] that the 0.385nm distance is the average distance associated
with stacked terephthaloyl groups. Beyond agreeing with them, we
emphasize the important point that the stacking tendency of the
terephthaloyl residues is very strong since it takes just little annealing
of fully amorphous PET for the scattering intensity associated with
the stacking distance to become the dominant feature of the X-ray
diffraction (XRD) pattern. As we have already stated, the driving
force for the stacking of the terephthaloyl residues is the fact that this
is the most efficient way of tightly packing flat anisotropic elements.
The stacking of the terephthaloyls in PET is reminiscent of plate-like
molecules stacking together and exhibiting mesomorphic character-
istics [e.g., 32, 35].

The paper of Murthy et al. [34] is very illuminating because it clearly
shows that in the case of extremely thin layers of quick-quenched PET
the degree of terephthaloyl residues stacking is very small relative to
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the level of discernible random inter-chain distance of about 0.50 nm.
With increasing thickness of the PET film, the internal cooling rate
during quick-quenching is slowed down, and the degree of terephthal-
oyl stacking increases. This takes place even though the PET films are
still considered fully amorphous by XRD criteria. In the amorphous
PET, the terephthaloyl groups are stacked not as tightly as in the case
of more graphitic substances. Thus, for example, the stacking of
amorphous poly(peri-naphthalene)(PPN) is characterized by an
average distance of 0.357 nm with a rather small variability {34}, and
in the crystal state units of 1,5-naphthalencoyl are stacked tighter as
close as 0.325nm, in the case of poly(alkylene-1,5-naphthalenoate)s
and poly(alkylene-1,5-naphthaleneamide)s [36]. This compares with
the stacking of the aromatic rings in the amorphous PET being
characterized by the larger distance of 0.385nm with variability
substantially larger than in amorphous PPN. From the above, it is
obvious that when stacks of terephthaloyl residues appear in the
amorphous phase of PET, they are relatively loosely packed. Because
the stacking is limited to the amorphous phase and is detectable only
in the XRD amorphous halo, it is obvious that the terephthaloyl
groups are merely stacked loosely one on top of the other, to some
extent, and are not better organized in register. Nevertheless, even the
loose stacking is mirrored in higher electron and mass density
compared with the surrounding unstacked amorphous polymer.
Murthy et al., further show [34] that upon annealing of the amorphous
PET in a temperature interval conducive for crystallization to take
place, the level of terephthaloyl stacking in the amorphous phase
decreases while the intensity of the XRD peak associated with the
average inter-chain distance increases or, at least, remains constant.
These changes are explainable by recalling that the terephthaloyl
residues from the amorphous phase are consumed by being
incorporated in the growing fraction of crystalline PET, and that in
the crystalline PET the intense inter-chain 010 XRD peak falls at the
same 26 = 17.5° as the inter-chain peak of the amorphous PET (peak
of 0.50 nm).

The above model of anisotropy-driven stacking of terephthaloyl
residues in amorphous PET, is strongly corroborated by earlier works
on packing in stacks of stiff planar non-polymeric molecules, sum-
marized by Ubbelohde in his book “The Molten State of Matter” [37].
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When Ubbelohde discusses melts and glasses, he notes [37(a)] that
“X-ray investigations show no long-range lattice correlation in glasses.
One group of investigators leads to the view that glasses are
structurally indistinguishable from fluid melts, though kinetically they
only show creep phenomena [38]. Other researches lead to the
suggestion that ultra-microcrystalline regions or domains of other
enhanced ordering may be present in a variety of glasses [39]”. In both
melts and glasses, “rigid disc-shaped™ or “rigid planar molecules must
be roughly parallel”, and “although positional lattice correlation, to
the extent required to produce X-ray diffraction peaks of high order, is
absent in the liquid, starting from any one molecule microregions are
likely to be arranged in a highly characteristic manner to ensure
economical packing of the molecules in space in the melt. These
regions are conveniently described as ‘clusters’ and are not necessarily
easy to detect by X-ray diffraction” [37(b)]. Consistent with earlier
observations on glassy state polymers [40,41]. Ubbelohde notes that
the rate of cooling may affect the internal structure of the glass [37(c)]:
“molecular arrangements in an assembly suddenly chilled may differ
appreciably from those attained on more gradual cooling, particularly
if the molecules are non-spherical, and may have to pack into one
another during crash cooling without sufficient time for configura-
tional adjustments”. These quotes from Ubbelohde are all appropriate
to the description of any polymeric glass in which a substantial volume
fraction of the polymer chain consists of stiff anisotropic, reasonably
flat residues as in the case of the terephthaloyls in PET.

The reader should be alerted at this juncture that 'H-, *H-, and '*C-
NMR experiments have shown that certain motions of the aromatic
ring in the terephthaloyl group, such as 180° ring flips, exist in both the
crystal and amorphous phases of PET below and above T, [42—-50]. It
was also demonstrated [e.g., 50] that in the amorphous phase there
exist two types of PET chain-segments more mobile and less mobile.
What was not demonstrated, however, is whether the less mobile
amorphous PET exists in or near the fold surfaces of PET crystallites,
adjacent to the growth faces of these crystallites, or in stacks and
nodules where the flip rate of the aromatic rings is slowed due to
stacking of the terephthaloyl groups.

The wide-angle XRD method of Murthy and associates [34] detects
relatively small distances and does not lend itself to study the size of
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the terephthaloyl stacks and their aggregates in the amorphous PET.
Because they may be able to discern scattering by larger scale particles,
techniques such as small-angle X-ray scattering (SAXS) and certain
electron microscopy diffraction procedures may allow the estimation
of the size of aggregated stacks of terephthaloyl residues and were
employed about 30 years ago to do exactly so. At that time, such
aggregates were called ‘nodules’ or ‘clusters’ [37(b)]. They were found
to exist not only in amorphous PET [40,41,51-54] but also in
amorphous polystyrene (PS) [41, 55— 57], poly(carbonate of bisphenol
A) [58—-60], and several other amorphous polymers. The reported size
of the nodules in the amorphous polymers varied from as small as
1.5nm to as large as 35nm. Harget and Aharoni [41] have compared
the experimentally observed Rg of amorphous PET and PS nodules
with the R of the PET and PS macromolecules in the studied samples
and found the Rg of the nodules to be far smaller than the Rg of the
respective macromolecules. For example, for amorphous PET with
M, =37400 and M,, = 78000, the R of the nodules was determined
by SAXS to be 1.67 nm [40], while the unperturbed Rg of the PET
macromolecules was calculated in accordance with Kurata and
Stockmayer [61] to be Rg(M,) =6.63nm and Rg(My)=9.58 nm [41].

The experimental observations of nodular structures in amorphous
polymers, summarized by Boyer [62] and Yeh [63] in the early 1970,
were contrary to the completely uniform density expected from Flory’s
model of entangled randomly coiled chains that did not consider any
local density fluctuations [64]. They also did not mesh well with the
thermal density fluctuation model of Wendorff and Fischer [65, 66].
Even worse, the then-new small-angle neutron scattering (SANS)
technique, which requires tagging by deuteration in order to obtain
contrast, did not have detectors of sensitivity sufficient to detect the
presence of nodules in mixtures of tagged and untagged macro-
molecules even in fully amorphous polymers such as PS and
poly(methyl methacrylate) [67—70]. It thus became “politically
incorrect” to invoke the nodule concept, interest in them have waned,
and the nodules were forgotten.

Very recently, however, nodules in amorphous PET were redis-
covered, this time under the name “embryonic nanoregions” [71—73].
The ‘embryonic’ refers to the fact that subsequent crystallization
initiates from these minute nanoregions. In these works, a group of
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properties of the amorphous PET were related to the concentration of
embryonic nanoregions. Among these properties, one finds the
induction time and cold crystallization rate of melt-pressed amor-
phous PET films at temperatures slightly above T, [71], hardness,
density and excess SAXS [72], and microhardness and creep behavior
{73]. The size range (8 —20 nm) of the “embryonic nanoregions™ {71 —
75] appears to be of the same size scale of the nodules previously
observed in PET [40,41] and several other polymers [62, 63,76, 77].
Since both creep and microhardness determinations involve a local
deformation of the specimen and are controlled by the concentration
of “embryonic nanoregions” or nodules, it is expected that other
viscoelastic properties of the solid amorphous PET, such as tensile
modulus and yield strength, would also be affected by the presence of
nodules in the amorphous polymer or in the amorphous fraction of the
semi-crystalline PET.

For historical perspective, it is interesting to note that many years
ago, the author of the present paper have tried to explain the rapid
crystallization kinetics of several semi-crystalline polymers by invok-
ing the existence of nodules in their amorphous phase and an incipient
parallelization of chain-segments within such nodules [76, 77]. At that
time his ideas were not appreciated.

It is well known that in the infrared (IR) spectrum of PET certain
absorption bands are associated with the crystal phase, others with the
amorphous phase, and a few are insensitive to the physical state of the
polymer [16,78-81]. Years ago we have compared the IR technique
with XRD and density measurements [17] and found that about 7% of
the central bonds in the —O—CH,—CH;—0— units along the PET
chain exist in the trans-conformation even in samples fully amorphous
by XRD and density criteria where the specific density stayed in the
interval 1.3365 < d < 1.3381 g/cm>. With increased density before any
crystallinity could be detected by XRD, the fraction of the trans-
conformers in the amorphous polymer increased beyond 7%. As
incipient crystallinity became detectable by XRD [17], the fraction of
the trans-conformers further increased. It is obvious that the increased
amount of trans-conformers beyond 7% is associated with, first, chain
parallelization in the amorphous phase — most likely in nodules —
and, later, with the onset of crystallization. The 7% trans-conformers
were found, by the way, by Stokr and associates [16] to exist not only
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in bulk amorphous PET, but also in PET in solution. The existence of
trans —O—CH,;—CH;—O— conformers in the fully amorphous PET
may aid, but is not a precondition, in creating stacks of terephthaloyl
residues extending over more than one repeat unit at a time. Such
extended stacks may also be created at decreased rate from mixtures of
chain segments containing both trans- and +gauche-conformers, and
possibly at even slower rate from mixtures containing + gauche
and — gauche conformers only.

RELATIONSHIP BETWEEN MOLECULAR
ORGANIZATION AND TENSILE PROPERTIES
OF PET AND N6

There are several factors, we believe, contributing to the tensile
properties of PET being higher than those of N6. Below, we shall first
discuss these factors in the fully amorphous polymers and, then, we
shall place them in the context of semi-crystalline and oriented
polymers.

Unless quick-quenched from the melt in extremely high rates, high
molecular weight PET tends to exhibit in the amorphous glassy state
minute nodules, or “embryonic nanoparticles”, whose average size
depends on the thermal history of the specimens and may vary in a
broad range from ca. 1.5nm upto 20 nm. The density of the nodules is
slightly higher than the density of the rest of the polymer in which they
are embedded, such that they may be detectable by means such as high
sensitivity SAXS. We believe that the tendency of the rigid and flat
terephthaloyl residues to stack face-to-face, rather closely packed to
one another, is the main driving force for the creation of the PET
nodules, their increased size and internal structurization upon
annealing and, finally, the incipient crystallization which first appears
in the nodules. The average distance defined by such packing falls in
the range of 0.36 to 0.39 nm. In randomly packed PET, the average
distance between chains is about 0.50nm. With annealing of the
amorphous phase, the relative intensity of the XRD amorphous
halo associated with the stacked terephthaloyls increases, indicating
that the size and, possibly, number of the stacks in the nodules
tend to increase. The relatively short average distance between the
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terephthaloyl groups reflects rather strong attraction between the
m-electrons of neighboring aromatic rings. This strong attractions is, in
turn, mirrored in strong resistance to pulling apart and separation of
the aromatic terephthaloyl groups. The ring-to-ring attraction
combines with the connectivity-imparted resistance to chain clonga-
tion to increase the resistance to micro- and macro-deformation of the
polymer, with a possible additional contribution from the inter-chain
entanglements present in the pervaded volume of each and every one
of the chains.

Throughout our years of working with N6, we have neither observed
the presence of nodules in amorphous N6 nor have we heard claims of
their existence. In fact, XRD shows only one amorphous halo [18]
indicating that in amorphous N6 the average inter-chain distance falls
in the range of 0.413 so 0.445 nm. This distance is substantially larger
than the terephthaloyl stacking distance in PET. As a consequence, the
inter-chain attractive forces in amorphous N6 are significantly weaker
than the attractive forces between the terephthaloyl groups in PET,
resulting in the average inter-chain attraction in PET being higher than
the average inter-chain attraction in N6. This is reflected in the
resistance of amorphous PET to deformation being higher than that of
N6. In other words, the macroscopic tensile modulus of amorphous
N6 is smaller than that of PET because N6 lacks the relatively closely
stacked terephthaloy! residues of PET whose substantial mutual
attraction serves to resist their separation.

Another structural feature contributing to the higher resistance of
PET against micro- and macro-scale deformations is the relatively
large size of each terephthaloyl residue and the large volume it must
sweep whenever it changes location or significantly alters its spatial
orientation during thermal fluctuation or positional translation of
short chain-fragments and longer chain segments [22]. The primary,
fundamental step for thermal fluctuation, and for chain and/or
segmental extension, is some kind of rotational isomerization. Both
extension and fluctuation may each require more than a single
isomerization step to take place in each direction. When the applied
stress is relieved the isomerized conformations may return to their
original conformations by retracing their isomerization steps, or by a
different path. As a result, the extended segment may relax back to its
original end-to-end distance. Similar isomeric interconversions take
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place during thermal fluctuations of chain segments, except that in this
case the segmental end-to-end distance does not change measurably.
Because each primary step impinges on segments and chain-fragments
which usually belong to other chains, they require either that rather
large free volumes be created in order to accommodate the isomerizing
fragments, or that neighboring fragments will move more or less in
concert, necessitating the creation of smaller free volumes. Because the
rather large free volumes apparently do not exist in real amorphous
polymers, the concerted motion of chain-segments or fragments
together with their nearest-neighbors and, to a lesser extent, nexi-
nearest neighbors seems to be the more likely process of motion. It is
intuitively obvious that substantial chain or segmental extension under
stress may require relatively large transversal and longitudinal
translations. While in the latter instance chain segments may move
more or less along a curvilinear line defining their “primitive path”,
for transversal motions longer range concerted or cooperative motions
of segments and chain-fragments may be needed. Because the thermal
fluctuations and the stress-induced chain extension and deformation
are constrained at the points of chain entanglements, the amplitudes of
the transversal motions and thermal fluctuations are equal to or
shorter than the average in-space distance between chain entangle-
ments, R,. It has been shown by this author [22] that the size scale of
R, is about the same as the diameter of the “primitive tube” around
cach chain, and its numerical value in nanometer units equals the
characteristic ratio of the particular polymer [9, 22]. The size R, may
be denoted as a “correlation length” of the polymer, characterizing an
amorphous region in space in which transverse segmental motions are
cooperatively correlated. This definition of correlation length was first
introduced by Jenckel [82,83] and for several polymers its size was
found to fall in the range of 1 to 5nm [84, 85].

The motional cooperativity exists, of course, in motions shorter
than R; and does not require the presence of entanglements in the
system. Even in this case, the cooperative movement of several PET
terephthaloy! residues is expected to involve a volume substantially
larger than the one associated with the cooperative motion of the same
number of N6 methylenes or methylene pairs. Based on the absence of
sufficient free volume, on the notion of cooperative motions, and on
the substantially larger volume in space that is being swept by
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terephthaloyl groups moving in concert (as well as when moving
separately non-concomitantly), as compared with the much smaller
1- or 2-carbon alkylene groups cooperatively moving in the case of N6,
we conclude that even in the case of cooperative motion the larger
volumes that must be swept by the terephthaloyls in PET pose a
greater resistance to motion and deformation than the smaller volumes
associated with the alkylene groups in N6 and are, thus, a contributing
factor to the higher tensile modulus of PET.

In the semi-crystalline state, especially in the drawn and oriented
form, all the above factors impeding segmental motions and ex-
tensions are amplified. The resistance to motion in the amorphous
fraction of the polymers is further increased by the fact that a
significant fraction of the amorphous chain segments start and end in
one or more crystallites, or belong to the “oriented amorphous” phase
and are, hence, reasonably taut and constrained from performing
substantial transversal motions. Furthermore, the presence of many
crystal growth-faces and, to a lesser extent, crystal “fold surfaces”
significantly reduces the ease of rotational isomerizations of the
neighboring amorphous chain-segments, thus restricting the deform-
ability of these segments. Also, many amorphous chain-segments may
protrude out of crystal “fold surfaces” or may be loosely attached to
crystal growth faces from which they may “peel off”” when strained
and reversibly deposit themselves and recrystallize when the strain is
relaxed [86]. The motional freedom, deformability, and extensibility of
these segments are all reduced by them being attached to or protruding
from the polymer crystallites. The impediments by small crystallites to
motion and segmental extension of the amorphous fraction of the
polymers are present in both N6 and PET. As we have stated above,
the average stem length in the growth face of PET crystallites is
somewhat larger than the stem lengths in N6 crystallites. Thus, at the
same degree of crystallinity, the total growth surface area of PET will
be larger than the total growth surface area of N6. It is our belief [22]
that the growth faces of crystallites place more impediments to chain
motional freedom than the fold surfaces, especially on transversal
motions and the associated rotational isomerizations. Since these
impediments are reflected in resistance to motion and higher modulus,
the larger stem-lengths of PET crystallites may be reflected in a higher
tensile modulus, especially of drawn material.
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When unoriented semi-crystalline PET and N6 specimens are being
strained ever more, an increasing fraction of the amorphous phase
becomes “‘oriented amorphous™ with the chains and segments in it
increasingly extended. Chain scission may concomitantly take place.
Beyond a threshold dictated by the intracrystalline attractive forces in
each polymer, the crystallites may start unraveling and crystalline
chain-stems peeling off into the “oriented amorphous” phase. With
increased unraveling of the crystallites and decreasing fraction of the
“unoriented amorphous” phase, an increasing fraction of chains and
segments reach their ultimate elongation. As the specimen is strained
further, the most stressed chain-segments stars rupturing, while others
separate from one another when the stresses they experience surpass
the attractive forces holding them together. At this point the specimen
fails in a catastrophic manner. The breaking strength of the polymer
is, hence, dependent not only on its main-chain bond strengths,
molecular microstructure and the interactions between individual
chain-segments and fragments with each other, but also on intra-
crystalline attractive forces and on the extensibility of chain-segments
and whole chains. Due to the interdependence and complexity of these
various failure processes their thorough analysis is beyond us at
present.

CONCLUSIONS

Below the glass transition, the fully amorphous and the amorphous
part of semi-crystalline PET exhibit substantially higher tensile and
torsion moduli than N6. We believe that this is due to two features,
both caused by the presence in PET of terephthaloyl residues, and
their absence in N6. One feature is the stacking of terephthaloyls in
stacks which tend so aggregate in nodules. In the stacks, the residues
are held together by attractive interactions between their aromatic
w-electrons and are packed face-to-face at distances substantially
closer than the average random inter-chain distance of both N6 and
PET. The other feature is the relatively large volume in space that
terephthaloyl residues must sweep in order to execute rotational
isomerization, spatial reorientation and, especially, translational
motions. The large volume is swept even when the terephthaloy!
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motions occur in concert. When each terephthaloyl group attempts to
relocate independently, the required swept volume and the resistance
by other groups to its translational motion are both so large, that such
motions are at least hindered but are more likely to be strongly
thwarted or fully arrested in the glassy amorphous PET.

Both these features place strong barriers to the separation of
terephthaloyl groups from one another in the stacks, and to changes in
the spatial location and orientation of the terephthaloyl groups in and
out of the stacks. In order to overcome both features, an extra
investment of energy is required, in addition to the energy needed to
loosen up the non-aromatic components in the PET chain, Together,
these two energy contributions are significantly higher than the energy
invested in loosening up N6 chains, and hence the higher tensile and
torsional moduli of PET.

The same two features contribute to the suppression of long-range
motions of PET chains in the amorphous phase, requiring a larger
thermal energy input in order to initiate such motions and pass
through the glass transition. The larger thermal energy input is
reflected, hence, in the T of PET being higher than that of Né.

In the unoriented and oriented semi-crystalline polymers, the
resistance to segmental motion, segmental translation, and sample
macro-deformation is amplified by the presence of crystallites and the
moduli are, hence, further elevated. The reduced motional freedom of
chain-segments in regions of the amorphous phase very close to crystal
growth and fold surfaces, is reflected by the elevation of T, of this part
of the amorphous fraction of both N6 and PET [22].
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