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Formation and decay of a smectic mesophase
during orientation of a PET/PEN copolymer
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An analysis has been made of time resolved wide angle X-ray scattering during the
deformation of a 50%poly(ethylene terephthalate)/50%poly(ethylene 2,6naphthalate)
copolymer at 120°C at a draw rate of the order of 10 s~'. During the initial fast deformation
a meridional reflection associated with a smectic mesophase is observed to form. After the
initial deformation, the mesophase reflection decays at a rate of about 1 s~'. During the
decay, the lateral halfwidth of the meridional reflection increases indicating attrition of the
smectic mesophase regions from the lateral interfaces. The sample deforms in a
non-uniform manner. After the applied deformation ceases, the sample continues to thin
down in the region of the X-ray beam. This is attributed to the lack of crystallisation during
the 5 s timescale of observation. Analysis of the azimuthal profile of the strong inter-chain
diffuse diffraction at ~2.8 nm~" shows that the mesophase is associated with extended
chains with a characteristic high alignment of segments along the deformation. During the
period of decay of the mesophase it is proposed that the chain segments can be effectively
divided into just two components: oriented mesophase and isotropic amorphous regions.
The analysis indicates that the proportion of the mesophase varies from 80 to 40% during
the observed decay period. © 2000 Kluwer Academic Publishers

1. Introduction mer provides new information on the nature of the
The role of a mesophase structure as an intermediat@esophase structure and on the changes that occur dur-
state in the crystallisation of polymers was raised bying the decay process.

Keller [1]. There is much current interest in this for Two diffraction features characterise PET/PEN
both isotropic and oriented polymers [2-5]. We havemesophase structures in WAXS fibre patterns: a dif-
recently reported a real time synchrotron study of thefuse equatorial diffraction at around 2.8 ntnand a
strain-induced crystallisation process during the ori-sharp meridional reflection at around 1.0 Timelated
entation of poly(ethylene terephthalate) (PET) [6], into the mean length of the monomer units. The equato-
which a meridional reflection at1.0 nnm ! associated rial feature is associated with the parallel alignment of
with a mesophase was seen to be created during drawhain segments along the fibre axis where the diffuse
ing and was then transformed into the oriented cryshatureindicatesthatthe segments are packed laterally in
talline phase. In a separate study, Welshl. [7, 8] have  a liquid like manner. In the absence of the meridional
shown evidence of a smectic mesophase occurring asfeature this is consistent with a nematic arrangement
transient state in the oriented crystallisation of a rang®f the monomer segments in which there is no lateral
of poly(ethylene terephthalate)/poly(ethylene 2,6napheorrelation between monomers in neighbouring chains.
thalate) (PET/PEN) copolymers. As part of their study, The added presence of the sharp meridional reflection
Welshet al. report initial results of the real time syn- with a narrow lateral width indicates that the segments
chrotron experiment to be described in this paper. Iroccur as extended chains creating a periodicity related
this experiment a film sample of a 50%PET/50%PENto the average length of a monomer. The lateral width
copolymer was deformed over a period of about 1 secef the meridonal suggests that there is a degree of regis-
ond and then held at fixed overall length for a fur- ter between monomers on adjacent chains. This type of
ther 4 seconds. Diffraction corresponding to a smectiorder is consistent with a smectic mesophase structure.
mesophase was observed during the initial deformaSince the mesogens consists of monomer units con-
tion but decayed in intensity during the remainder ofnected in a polymer chain, the mesophase can be more
the experiment. This sample did not crystallise duringappropriately termed a chained smectic [9]. This type
the timescale of the experiment but was found to havef register is distinct from the crystalline structures of
crystallised after subsequent cooling. The detailed anakhe oriented homopolymers where the extended chain
ysis of the data set of this 50%PET/50%PEN copoly-sequences are in a regular conformation and adjacent
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chains are packed with three dimensional register on Beamline IDI3 at the European Synchrotron Radiation
triclinic lattice. Facility (ESRF). The experiments used a purpose de-
There have been several reports of a mesophase osigned, X-ray diffraction camera constructed in the Uni-
curring in both oriented PET and PEN when preparedrersity of Keele Physics Department workshops [18].
under specific conditions although only recently hasThe oven temperature could be controlled to within
there been evidence of the mesophase occurring aslaC. A 10 mm wide sample was cut from the copoly-
transient state as a precursor to crystallization [6, 7]mer film and was clamped between two jaws attached
Bonart [10] recognised both nematic and smectic statet stepper motors which allowed uniaxial, bidirectional
in a series of stretching experiments on PET and origidrawing.
nally suggested that these mesophase states characterThe microfocus beamline on ID13 was configured
ize stages in the crystallisation process. Later Bonarto give a highly collimated beam with a diameter of
carried out cold drawing under various conditions andapproximately 3Qum at the specimen, with a wave-
was able to produce all-nematic or all-smectic formslength of 0.092 m . A minimum specimen to detector
[11]. Asano and Seto [12] observed similar patterns indistance of 60 mm was available, at which d spacings
cold drawn and annealed fibres. Recently Asahal.  out to 0.15 nm could be recorded. Diffraction patterns
[13] have expanded the study on cold drawn PET that isvere recorded using a Photonics Science CCD detector,
subsequently annealed and demonstrated a progressiaith a sensitive area 92 mm69 mm and an effective
from nematic to smectic and from smectic to crystallinepixel area of 12Qum x 120 um. Each diffraction pat-
order. Jakewayst al.[14] have reported a mesophase tern was recorded with an exposure time of 40 millisec-
involving a sharp meridional reflection in PEN fibres onds. Over this period the pattern was integrated within
prepared under particular conditions, although they didhe detector, before being digitised by a Synoptic i860
not assign the phase as smectic. frame grabber. 124 frames were recorded sequentially
PET/PEN copolymers are of additional interest sincewith essentially no dead time between frames, thus pro-
their crystals have been shown to incorporate botlviding a total observation period of 4.96 seconds with a
monomers as Non Periodic Layer (NPL) crystalstime resolution of 40 milliseconds. The variation in size
[15, 16]. These crystalline-like structures are analo-and shape of the specimen during drawing was recorded
gous to those identified in thermotropic poly(hydroxy by the video recorder, also as a series of 40 millisec-
benzoic-hydroxy naphthoic acid) copolyesters [17].onds frames. The collection of the video recorder and
Welshet al.[7, 8] have proposed that the transient oc-X-ray diffraction frames was accurately synchronised.
currence of an intermediate smectic state could explaiink reference stripes were drawn onto the films with
the occurrence of a tilt of the resulting crystal chaina separation of 1 mm at right angles to the draw di-
axes away from the fibre axis in PET-rich copolymersrection, to allow the draw ratio to be calculated from
in terms of a stress relieving mechanism. Asabal.  the video cameraimages. An alternative estimate of the
[13] have recently made a similar proposal for the tiltchange in draw ratio was obtained from the integrated
of PET homopolymer. intensity of each frame [19]. If it is assumed that the
The 50%PET/50%PEN copolymer used in the synsample density remains constant during the draw and
chrotron experiment is not easily crystallised fromthat the sample shape deforms in an affine manner then
an isotropic melt state but can be crystallised as athe thickness of the sample in the beam would be pro-
NPL structure in oriented samples [15]. Although theportional to %,/A. Thus the square of the inverse of
copolymer did not actually crystallise during the pe-the total intensity should be directly proportionabto
riod of the synchrotron observations, the observatiorThis intensity relationship has the merit of monitoring
of both the formation and the gradual decay of thethe draw ratio at the part of the sample directly pen-
smectic state provides new insight into the nature an@trated by the beam and is a better representation of
stability of the transient mesophase structure. The anaprecise drawing history when the sample deformation
yses described in this paper combine measurements @& non-uniform as in the present experiment. The im-
the meridional diffraction with estimates of molecular age of the reference stripes provides confirmation of the
orientation obtained from azimuthal scans of the dif-draw ratio deduced from the intensity. The sample was
fuse equatorial diffraction. The results indicate that themounted in the jaws of the camera with a 10 mm gauge
smectic mesophase is uniquely associated with chaitength, heated to 12C for 2 minutes and then drawn
segments with a characteristic high orientation. Theret a nominal draw rate of 12§ for 0.24 seconds after
is evidence that the smectic regions are stress stabilisedhich the jaws were held at fixed length. As a conse-
and resist attrition to isotropic configurations resultingquence of the yielding and relaxation characteristics of

from chain relaxation processes. this sample, the deformation was non uniform and the
sample continued to thin down inthe region of the X-ray
2. Experimental beam whilst the jaws were being held at fixed length.

The 50PET/50PEN mole% copolymer was supplied byJsing methods developed previously [19], every frame
W A MacDonald (Dupont Films) and was synthesisedof the experiment was systematically analysed with a
by a polycondensation reaction. Nuclear magnetic rescsuite of macro programs in order to quantify the time
nance analysis demonstrated that the copolymerisatiogvolution of the diffraction features associated with the
was random. Amorphous films, 830m thick, were = mesophase.

prepared by G Welsh [7, 8] by melt pressing at 120 Complete azimuthal circular scans were made at

Thein situhot drawing, and wide angle X-ray diffrac- ~2.8 nnT! through the region of strong diffuse scat-

tion experiments were performed on the microfocugtering in order to derive a profile associated with the
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orientation distribution of the chain segments. It wasreflection with a horizontal slice and fitting the profile
assumed that the profile directly relates to the normalsvith a Pearson 7 peak. The peak height was divided by
to the chain segments. The profiles were used to cathe integrated intensity of each frame in order to nor-
culate the orientation order parametéh(cosfd)) of  malise the data to account for the thinning of the sample
the segments, where is the angle between the seg- during the experiment. The area under the normalised
ment direction and the draw direction [20]. In doing fitted peaks can be used to follow the change in the inte-
this an assumption is made that the structure withirgrated intensity of the meridional reflection for a given
the film sample retains uniaxial symmetry throughoutvolume of sample. The pixel density was not sufficient
the deformation. It is convenient to perform this calcu-to resolve changes in the profile of the reflection along
lation by first fitting the azimuthal profile to a Pearson the meridian direction.
7[21] peak plus a level background and then calculating
(P,(cosf)) from fitted parameters. This method artifi-
cially splits the chain segments into two populations,3. Results
an isotropic component associated with the level backFig. 1 shows representative diffraction frames and cor-
ground and a component where the segments are pratesponding video images at different stages of the ex-
erentially oriented around the deformation axis. Theperiment. It should be noted that the tensile movement
isotropic component has(®,(cosg)) order parameter of the clamping jaws ceased during frame 6 where the
of zero and does not contribute to the deduced overalbcal draw ratio is about 4 : 1. However the images of
(P(cosb)). the sample show that, as a consequence of the yield-
The lateral profile of the sharp meridional diffraction ing and stress relaxation characteristics deformation is
feature at-1.0 nnT ! was characterised by scanning thenon uniform and the sample continues to thin down

C d

Figure 1 Selected X-ray diffraction patterns of a PET/PEN sample drawn &tC1a6d draw rate 12.0°3. Diffraction patterns (a—d) corresponding
to frames6 (0.24 seconds), (0.28 seconds) 2 (0.48 seconds) ant4(4.96 seconds). The corresponding video images of the sample are inserted
in top left and the centre part of the diffraction showing the meridional reflection is inserted on top right of the figure.
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Figure 3 Azimuthal profiles at a scattering vector of 2.8 nhfior frames
6(1). 12 ¢+) and 124 &). Figure 5 Half height width of the peak fitted to the lateral scan through

the meridional reflection. Each frame corresponds to 40 milliseconds.
after the jaw movement has stopped. The local draw

ratio deduced from the integrated intensity is I[)I()'['[E’dshar rise in the intensity of the meridional up to frame
in Fig. 2 and shows that the deformation continues tg 2 (8 48 s) correspond)i/ng to the period ofpdeforma-
increase at a similar rate beyond frame 6 up to frame. r . y . . L
11 where the local draw ratio reaches about 9: 1. Thilolln W'tg g high ratE %f ;nﬁrezsefln dfaVY rano.hThls IS
deformation rate then reduces but the draw ratio contin-o. > < f ya mar_tr:e th a to O’t |ndt_en_s¢yh|_n t e_trhe-
ues to increqse for the rest of the experiment, reachin&i:p;';?e;;?;eje\'ggy tirr?emo??hsé{)rollr;rm(;? 0'22 \;Velcoﬁ d
abl(__)il;t. ii‘é\'; sfttag]teuéztg.fr ame 7 (0.28 s after the st arir he maximum intensity of the meridional occurs at the
of deformation), the intensity of the main diffuse halo fra:rtr;% glf;fieséosgqgﬁnthizz(cg Sﬁ%g&gjeggiﬁ?;ite;
becomes increasingly concentrated_ at the equator ana8maximum The varia%ion iﬁ the Iatergl halfwidtrg\J of
i o s aeon ol e el it ot meridonal efcton s showr
different stages are illustrated in Fig. 3. Up to aroundF'g' 2. The increase |_nthe sca_ltterofth(_e datawith timeis
frame 12 (0.36 s) there is a gradual sharpening of the in(-jiL:]e tgftzgr;e?g;i%St;?g:(ljlgr?iﬁe ;ﬁﬁg'rgﬂfég% :]heuthltr:)-
tensity around the equator above a level background. | rar%e 12 (0%8 s) there a ea?s to be a sliaht d'ecrpease
the remaining framesthereisanincrease inthe isotropiﬁ1 h Ifwidth: thereafter thpF; i radual ?n ] i
background level while the equatorial intensification If\?/'d h ’ T"]ea e d ehe S i‘g a U%. clea?Ie
decreases but remains with a similar azimuthal spreapa vidth over the period where the meridional refiec-
about the equatorial position. The overéi(coss)) lon is decaying.
order parameter of all the chain segments deduced from
these azimuthal profiles is plotted in Fig. 4 and showst. Discussion
that it reaches a maximum at around frame 10 (0.4 s).The sharp meridional feature with a narrow lat-
The sharp meridional reflection first appears as aral width combined with the concentrated equatorial
weak feature in frame 6 (0.24 s). It then intensifies indiffraction is consistent with the presence of a smectic
the next few frames up to around frame 12 (0.48 s)structure consisting of straight parallel chain sequences
and thereafter appears to decrease in prominence. Theth liquid like spacing and with the segments of neigh-
integrated intensity of the meridional reflection nor- bouring chains having lateral correlation. Using higher
malised with respect to the total frame intensity is plot-definition diffraction patterns of a quenched sample of
ted together with the draw ratio in Fig. 2. There is athe same co-polymer, Welgt al.[7, 8] have used the
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Scherrer equation to estimate the lateral halfwidth ofchains breakaway and become disordered. However the
the meridional. This corresponds to a lateral extent ofate of increase in halfwidth does not appear to fully
correlation in excess of 7 nm. The sharpness of this reaccount for the decay in overall peak intensity. This
flection in the meridional direction indicated the smec-implies that the length of the extended configuration
tic regions have dimensions of 20 nm, or more, in theis probably also decreasing during the decay. Better
chain direction. Judging from the development of equaresolution of the meridional reflection in the vertical
torial scatter at the time that the meridional develops, idirection will be needed to confirm this possibility.

is not possible to decide whether the smectic phase de- The appearance of the smectic mesophase at a stage
velops directly from the deformed network or whetherwhen the equatorial lobes reach a high prominence sug-
it forms via a nematic phase, as suggested in the worgests that the artificial, two-component scheme used
of Bonart [10] and Asanet al.[13]. in the analysis of the azimuthal scans may have some

It is instructive to compare these results with our re-meaning with respect to the structure and correlation
cent observations of a transient smectic mesophase of the chains. If one assumes a two component system
PET homopolymer when deformed at°@at a sim-  for the orientation of the chain segments, where com-
ilar fast draw rate [19]. Up to a draw ratio of about ponent A has an order parametes and contributes
3:1 the(Py(cosph)) order parameter attains a similar a weight fractionwa and where component B has an
level to that observed in the PET experiment indicatingorder parametePg, then the overall order parameter
that the segments of the entangled chain network areill be given by:-
responding in a similar way to the deformation. In the
PET experiment, the mesophase developed quickly in (P2(cosf)) = waPa + (1 — wa)Ps
the last stages of deformation up to the final draw ratio
of 3.7 : 1. However unlike the present copolymer experdf component B is associated with the isotropic compo-
iment, the oriented PET was found to start to crystallisenent in the azimuthal analysis then:-
as soon as the applied deformation ceased and there was
no significant further extension of the sample after the Ps = 0 and thereforéP,(cosf)) = wa Pa.
onset of crystallisation. The crystals inthe PET case can
be considered as effective crosslinks that prevent chaifihe quantitie$®s andwa are, shown plotted along with
retraction and rigidify the sample against further defor-(P,(cos#)) in Fig. 4. The plot shows that beyond frame
mation. In the case of the present copolymer, no crysi2 where the mesophase is fully established, the order
tallisation occurs during the timescale of the experimenparameter of the oriented component remains at a near
but the mesophase is seen to decay along with the comonstant 0.8 and thatthe decay in the ovegl{cosh))
tinuing deformation. The continuing deformation of the is in fact a consequence of a reduction in the amount of
sample after the crossheads have stopped indicates #re oriented component rather than a fall in the degree
ongoing relaxation which increases the compliance andf orientation of the component.
enables part of the sample to extend further to relieve This behaviour suggests that it is worth exploring
the applied stress. The decay of the smectic mesophasénether there is a direct quantitative link between
during this relaxation can be interpreted from two view-the oriented equatorial diffraction and the mesophase
points, which are not necessarily conflicting. Either themeridional reflection. The observed intensity of the
cohesion of the chains in the smectic regions is signifiimeridional reflection in the diffraction patterns repre-
cantly less than in a crystal and that this gives rise to &ents a two dimensional cut through the sampled in-
relaxation via a gradual breakdown of the parallel chairtensity function of the reflection in reciprocal space.
regions, or, the smectic mesophase is stabilised by thie order to make a direct quantitative comparison it
applied stress and that chain relaxation relieves the tens necessary to compute the integrated intensity of the
sion causing a loss of smectic structure. It is hoped taneridional reflection in reciprocal space by taking ac-
clarify the underlying causality of this relaxation with count of the lateral profile in the third dimension. If
ongoing further experiments in which a simultaneousone assumes uniaxial symmetry, then the lateral width
measurement of stress has been incorporated. It will bef the reflection in the third dimension will be identical
noted from Fig. 2 that the meridional reflection reachedo the lateral width in the observed diffraction pattern.
a maximum at around frame 12, close to the end ofThus the variation of the integrated intensity function
the steep rise in draw ratio and then starts to decay a¥f the reflection in reciprocal space can be obtained
the rate of extension reduces. This is consistent with they multiplying the observed integrated intensity by the
fact that the decay of the mesophase commences whéateral halfwidth. Fig. 6 shows a plot of the oriented
the extension rate reduces to the same magnitude a®mponent superimposed on a plot of the integrated in-
the mesophase decay ratel(s™*). No information is  tensity after suitable rescaling. The shapes of the two
available on the rates of the chain relaxation processgaots are remarkably similar and suggest that it might
in this copolymer at 12@C but it is speculated that the therefore be legitimate to associate the entire oriented
decay is probably linked to a chain retraction process.component with the smectic mesophase.

The increase in lateral halfwidth of the meridionalre- In view of this very close correlation between the
flection during the period of decay indicates a reductiordecay of the smectic meridional feature and the decay
in the lateral correlation or size of the smectic orderedf the analytically fitted oriented component it is pro-
regions. This suggests that part of the decay is due tposed that after about frame 12, the chain segments can
attrition from the sides of the regions in which oriented be divided into just two components: a highly oriented
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1 phase is at a maximum, indicates that the meridional
structure factor associated with the smectic chain is ex-
0.8 Xg%*{ tremely weak.

ot

0.6 [ - E
4 + +

5. Conclusions

b PRt The entangled chain network of the 50%PET/50%PEN
04 R copolymer forms a smectic mesophase under similar
B deformation conditions to the previously observed tran-
sient smectic mesophase in PET homopolymer. Due to
i the slower crystallisation rate of the copolymer, crystals
0 20 40 0 80 100 120 140 do not form quickly enough in order to stabilise and fix

Frames the chain orientation. Consequently after completion of
_ _ _ o the applied deformation there is a continuing relaxation
Figure 6 Fraction of oriented componentx () overplotted withinte-  \yhich jnyolves the decay of the smectic mesophase re-
grated meridional reflection (arbitrary unit) after a correction for uniaxial _. .
symmetry ). Each frame corresponds to 40 milliseconds. gions. The decay and relaxation occurs at a rate of the
order of 1 s and involves attrition of extended chains
smectic component and a fully isotropic component.from the lateral surfaces of the smectic regions and

probably also from the end faces.

During the intitial deformation before frame 12 an . . .
" . . The extended chain sequences involved in the smec-
additional oriented amorphous component is also ex:. . AR .
. ~tic regions have a characteristic high alignment of seg-
pected to be present. The idea that the non-crystalling : e .
. .. ___Mments along the deformation direction. During the de-
components of an oriented polymer can be split into

. S . cay of the mesophase, this high orientation is retained.
two components is not in itself new. Lindner [22] de- The chains that are lost from the smectic mesophase
vised a method for dividing the diffraction of PET fi- P

. L . _quickly attain a random configuration so that dur-
bres into three components consisting of a crystalling . ) .
) ing the decay the chain segments are effectively di-

component and two non crystalline components, one of . . = .
. . X . vided into only two components: isotropic random
which he ascribed to a smectic mesophase since some _; ) . ;
; . - chain sequences or highly oriented smectic sequences.

of his samples exhibited the sharp meridional reflec- . .
. . , .The proportion of the oriented component suggests the
tion. In Lindner's examples, both the amorphous and

i 0,
mesophase components were oriented. More recent&esophase occupies about 80% of the sample at the

. . nd of the deformation and then decays to about 40%
Fu et al. [23] have carried out a sophisticated analy-

. ; . . X .7 of the sample during the remainder of the experimen-
SIS (.)f a h|_gh|_y cr_y_stalhne PET flbr_e pattern in which tal observations. The behaviour is consistent with the
the intensity is divided between highly oriented crys-

tals, oriented amorphous and unoriented amorphou§'.meCtIC mesophase being stress stabilised.

However in their case, the samples did not show the
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