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Abstract

Poly(ester imide)s have been derived from aminobenzoic acidlPElspectively, aminocinnamic acid (PB| trimellitic acid, andx,»-
dihydroxyalkanes to form various smectic liquid-crystalline (LC) and smectic-crystalline phases, dependent on the type of mesogen, spacer
length, and thermal treatment. In this study, the phase behaviour and molecular structure of these PEI has been investigated by polarising
microscopy, DSC, X-ray scattering, light scattering and solid-state NMR.

The temperature gap of the monotropic LC-phase becomes narrower with increasing spacer length. If the LC-phase is lost completely, the
smectic-crystalline phase develops directly from the isotropic melt with a three-dimensional spherulitic superstructure ofuseveral
diameter. In contrast, the Avrami-evaluation of the crystallisation from the LC-phase indicates two-dimensional crystal growth starting
from disclination centres. The development of a long period reflection in the small angle X-ray scattering reveals a lamellar superstructure of
100-400 A Each lamella contains a number of smectic-crystalline layers, while the interlamellar regions are amorphous.

X-ray fibre patterns demonstrates that the Pferm orthogonal smectic phase$ (S, &), unlike PEI2, which form tilted phasesx.,S,).

The*C NMR results indicate a uniform spacer conformation in the LC-phase corresponding to an aliemmsesdel, while the smectic-
crystalline phase contains orderteg@ns—trans-conformations, as well as completely disordered seque@c2800 Elsevier Science Ltd. All
rights reserved.
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1. Introduction into the main chain [7] via condensation with aliphatic

diols, dicarbon acids, or diamines. The resulting segmented

In order to produce materials with outstanding mechan- polymers often form liquid-crystalline (LC) phases [8,9].

ical properties, polymers with stiff, wholly aromatic main- With regard to poly(ester imide)s derived from amino-
chains—so-called rigid rod molecules—have been devel- benzoic acid trimellitimide (PEL), respectively, amino-
oped. They were synthesised by the polycondensation ofcinnamic acid trimellitimide (PEl 2), and o,0-
bifunctional aromatic carbon acids, alcohols, amines, etc. dihydroxyalkanes (Fig. 1), the difference in the polarities
From theoretical predictions of Flory [1] and practical between the rigid, mesogenic imide blocks and the flexible
experience, it is well known that such stiff macromolecules alkane spacers is particularly large. As a result of their
are neither meltable nor soluble. To overcome these draw-amphiphilic nature, these molecules tend to form smectic
backs, different concepts have been developed to lower thelayers [10,11]. It should be emphasised that the temactic
melting point and increase solubility. For example, flexible does not imply liquid-crystallinity. In addition to the two
side-chains attached to the rigid backbone can act as asmectic LC-phaseS, andS;, a number of so-called higher-
bounded solveni2,3]. This molecular architecture usually ordered smectic phases exist, which are denote®;a%:,
forms so-called sanidic or biaxial-nematic phases [4]. S, andS;, depending on the lateral order of the mesogens
Further, kinks or side steps can be inserted into the linearand their orientation with respect to the layer plane (Fig. 2).
molecular structure [5,6], for example, by the substitution of This classification has been adopted from the low molecular
terephthalate with isophthalate or naphthalene dicarboxy-weight liquid-crystals [12]. However, in contrast to the low
late units. Finally, flexible segments can be introduced molar mass compounds, these higher-ordered smectic

phases are solid in polymers, since the molecular chains,
*Tel.: +49-40-42838-6004: faxs+ 49-40-42838-6008. which pass several smectic layers prevent the layers from
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0 that the PEL and?2 form different smectic phases, depend-
C// 0 ing on the type of mesogen, the spacer length and the ther-
\N—©—IC]—O o mal treatment. If the PEl and2 display smectic LC-phases,
~CH2)n—O0 . ! .
o o they are only monotropic; that is, they form only during
n S

O

cooling of the isotropic melt. Upon further cooling, the
transition into the smectic-crystalline phase occurs with
orthorhombic or monoclinic mesogen packing. During heat-
ing, the crystals melt directly into the isotropic phase. Rapid
quenching of the isotropic or LC melt freezes the LC-struc-
ture. Subsequent annealing above the glass transition

0

{ f

\N@CH= CH—-é—O (CHyJ—O temperature causes crystalhsgu_on once again. During this
c & process, the PEL n = 12 exhibit an interesting thermal
P

PEI1n=12, 16, 22

behaviour. At first, they form a hexagonal smectic-crystal-
line phase, which transforms into the stable orthogonal
PEI2n=12. 16. 22 phase at higher temperatures.

Fig. 1. Chemical structures of the PERnd2. 2 Experimental

In all smectic phases, the regular layer structure of 20—
40 A gives rise to a reflection in the middle-angle X-ray
scattering (MAXS) at 2 = 1-5, dependent on the length
of the mesogen and the spacer. In the LC-phas&naor-
phous halois detected in the wide-angle X-ray scattering
(WAXS, 260 =5-40) in lack of lateral positional order of
the mesogens. In contrast, their regular packing in the
higher-ordered smectic phases results in crystal reflections
in the WAXS. Consequently, these phases have also beerﬁ
classified assmectiecrystalline despite the substantial
conformational disorder of the spacers [13].

Previous investigations [10,11,14-16] have demonstrateds 5 Measurements

2.1. Materials

All PEI samples studied were synthesised by Kricheldorf
and co-workers (Hamburg, Germany). The synthetic route
and the basic properties of the polymers have been
published previously [10,11,17]. The polymers were
dissolved in a mixture of trifluoroacetic acid and CHCI
recipitated into methanol and dried at’80 For the light
cattering measurements, the polymers were fused between
glass slides.

orthogonal tilted Differential scanning calorimetry (DSC) traces were
recorded with a Perkin—Elmer DSC-4 in aluminium pans
at a cooling rate of 1T/min.

The X-ray experiments were performed using the
synchrotron radiation of the Deutsche Elektronen Synchro-
tron (DESY) in Hamburg, Germany, at a wavelength of
1.54 A. The time-resolved measurements of WAXS, MAXS
and SAXS were carried out simultaneously with two posi-
tion-sensitive detectors and 30 s acquisition time per frame.
The X-ray fibre patterns were acquired by image-plates with
1-2 min exposure time. The fibre direction is vertical.

The Hy-light scattering patterns were determined using a
Melles—Griot He/Ne-laserA = 6328 nm) and a CCD
camera. In order to eliminate speckles, the patterns were
averaged over the four quadrants and smoothed. The poly-
mer was fused between 0.17 mm glass plates.

The NMR spectra were recorded on a Bruker MSL 300
spectrometer (7.05 T) at'®l frequency of 300.13 MHZC
solid state NMR using cross polarisation, magic angle spin-
ning (CP/MAS) and dipolar decoupling was performed at
75.47 MHz using a double-bearing variable temperature
Bruker MAS probe, 7 mm zirconium oxide rotors,
5000 Hz spinning rate, 1 ms contact time, and 4 s recycle
delay. About 1000 acquisitions were averaged for each
Fig. 2. Schematic representation of different smectic phases. spectrum.

liquid-crystalline
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higher-ordered — smectic-crystalline
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microscope a typical LC-texture (schlieren, fan-shaped or
grainy) is observed, which changes only slightly during
subsequent crystallisation. However, if the crystallisation
occurs directly from the isotropic melt, spherulites grow
n=22 slowly out of the isotropic matrix (Fig. 4). This observation
excludes an intermediate formation of a short-lived LC-
phase, because it would make the whole sample anisotropic
within seconds. However, time-resolved measurements of
the X-ray scattering reveal that the development of the
smectic-crystalline structure from the isotropic melt takes
, , , ‘ ‘ , anywhere from a few minutes to several hours, depending
100 120 T1f'° 160 180 100 120 140 160 180 on the temperature [18]. During this process, the layer
rel el reflection in the MAXS, indicating the smectic layers, and
(@) (b) the crystal reflections in the WAXS develop simultaneously
(Fig. 5). These measurements prove that liquid-crystallinity
Fig. 3. DSC cooling tracqs of: (a) PH| (b) PEI 2 with different spacer is not a prerequisite in the formation of a smectic layer
length at a rate of-10°C/min. . . .
structure. The kinetics of this process can be evaluated
according to the Avrami law [19-21] (Eg. (1)), in which

endothermal —»
endothermal —

3. Results and discussion I(t) is the integral intensity of the reflection representing the
volume of the scattering structure, whilg,, is the maxi-
3.1. Smectic spherulites mum intensity at the end of the proceds,is the rate

constant, andh the Avrami-exponent, which is related to
In general, the PEL and2 form monotropic LC-phases. the dimension of the growing entities.

The DSC cooling traces of PRIn = 12 and 16 (Fig. 3(b))
display two exothermal signals. The one at higher tempera-1(t) = | ,,(1 — e‘kt") (@D)
tures can be attributed to the formation of the smectic LC-
phase. The low-temperature transition depends largely on The resulting exponents of close to 3 (see Ref. [18])
the cooling rate, which indicates crystallisation. T&-gap correspond with the formation of the three-dimensional
between the transitions becomes narrower with increasingspherulitic superstructure.
spacer lengtm. For very long spacers, it vanishes comple-  The particularity of these spherulites is their internal
tely and the smectic-crystalline structure forms directly smectic order, which causes the layer reflection in the
from the isotropic melt. For PEL, the LC-phase disappears MAXS. Additionally, they possess an internal lamellar
atn = 16 (Fig. 3(a)), while for PER it is lost not beforen = structure, similar to the spherulites of conventional, semi-
22 (Fig. 3(b)). By substituting aminocinnamic acid for crystalline polymers, which gives rise to a long-period
aminobenzoic acid, the double bond prolongates the rigid reflection in the small-angle X-ray scattering (SAX®,2
building block and, therefore, improves the mesogenic char- 0.5°). Obviously, these smectic spherulites are constructed
acter of the molecule. of lamellar stacks with al-spacing of 100—400 Aeach

During the LC-phase formation, the whole sample crystal lamella consisting of a number of smectic layers,
becomes spontaneously anisotropic, and in the polarisingas sketched schematically in Fig. 6. Some measurements
indicate that the regions between the lamellae are probably
amorphous. At the very least, they do not possess a smectic
layer order (see Section 3).

As mentioned above, smectic spherulites occur, provided
that the smectic-crystalline phase develops directly out of
the isotropic melt. Under certain circumstances, this
morphology can also be determined for polymers, which
pass through a LC-phase during steady cooling (PEE=
12 and PER n= 12 16) [22]. The basic requirement is a
monotropic character of the LC-phase. In this case, the LC-
phase is only meta-stable and is formed only during cooling
due to the kinetic hindrance of the crystallisation. Fig. 7
depicts the thermodynamic relationships schematically.
An enantiotropic, thermodynamically stable LC-phase (c)
is always passed during heating and cooling. As a result
Fig. 4. Microscopic extinction pattern between crossed polars oflPEE of the lower activation energy, it develops much faster
22 after 90 min at 15T (20x magnification). than the crystalline phase and, thus, determines the
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(@ (b) ©

Fig. 7. Schematic representation of the phase behaviour of polymers: (a)
without LC-phase; (b) passing through a monotropic LC-phase; (c) and
forming an enantiotropic LC-phase.

impinge on each other, so that it is impossible to differenti-
ate them from a disturbed LC-texture by polarising micro-
scopy. In this case, small angle light scattering (SALS)
provides valuable information about the morphology. If
the sample is transmitted by a linear polarised laser beam
and the transmission direction of the following analyser is
perpendicular, the spherulites give rise to a typical clover-
leaf pattern with intensity maxima under45’ relative to

the polarisation direction as a rule (Fig. 8(a)) [23]. In
contrast, the scattering of the disclinations in a LC-texture
exhibits intensity maxima parallel to the direction of polar-

| ise and analyser (Fig. 8(b)) [24]. By these means, one can
15 2‘2) 25 30 35 easily distinguish whether or not an intermediate LC-phase

011 has been passed.

I1[a.u.]

(b)

Fig. 5. Change of the: (a) MAXS; (b) WAXS of PHEI n= 22 during ) ) o ]
isothermal crystallisation at 120. 3.2. Orientation of the mesogens within the smectic layers

and phase identification

microscopic texture. For monotropic LC-phases (b), the As represented in Fig. 2, the smectic phases can be sub-
formation temperature during cooling is often lower than divided into orthogonal phases, in which the director is
the melting point of the smectic-crystalline phase during oriented parallel to the normal of the layer plar&, (S
heating. Within this temperature gap, the crystal is thermo- and &) and tilted phases, S, S,). In principle, Si- and
dynamically stable while the LC-phase is not. By cooling S.-phases can display different microscopic extinction
the isotropic melt and keeping it within this temperature gap patterns. However, the textures of LC-polymers are very
isothermally, the smectic-crystalline phase develops slowly often severely disturbed, so that a positive distinction is
and that with a spherulitic superstructure. However, since not possible. In contrast, the investigation of oriented
these experiments have to be performed close to the meltingsamples by means of X-ray scattering provides information
point, the process can last from a few hours up to severalon the molecular structure and, therefore, allows a definite
days. phase identification [25—-27]. For the PRIand?2, oriented

If the crystallisation proceeds very rapidly, i.e. during samples can be easily obtained by drawing fibres from the
guenching, the spherulites remain smatti(um) and melt. As a result of rapid cooling during this process, the

Fig. 6. Schematic representation of the smectic-spherulitic morphology.
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forces the smectic layers to adopt an inclined orientation,
resulting in an azimuthal splitting of the MAXS-reflections.

iz} @ The simultaneous measurements of WAXS and MAXS
(a) @ powder patterns have already demonstrated that the layer
@ Q reflection of the PEL remains at the same position during

the transitions between the smectic-LC phase, hexagonal,
and orthorhombic phase. From this result, it can be assumed
that no tilt occurs. The meridional layer reflections in the
fibre patterns of the respective phases confirm that thel PEI
form exclusively orthogonal phaseS\( S, and ) [28].

In contrast, tilting between the mesogens and the smectic
layers is observed in the smectic-crystalline phase of PEI
As a result of the staggered arrangement of mesogens and
spacers, thal-spacing becomes smaller and the MAXS-
reflection shifts towards lower scattering angles (see Fig.
Fig. 8.Hy-light scattering patterns of: (a) PEh = 16 crystallised isother- 4 In Ref. [29]). In the X-ray fibre patters of PRIn= 12
mally at 148C for 1 h; (b) of PER n = 12 quenched rapidly fromthe melt.  in Fig. 9, one can recognise that the frozen smectic LC-
phase (a) displays split MAXS-reflections. Hence, it should

) ) ) be classified as &-phase. However, the layerline shape of
oriented smectic LC-phase can be frozen. Annealing aboveyhe paxs-reflections indicates a poor lateral extension of

the glass transition temperature produces the smectic-CrySihe smectic layers [28]. Those phases are referred to as

talline phase. _ _ “poorly ordered smectics” [25].
Since the molecular chains are aligned preferably parallel During annealing, the development of the equatorial

to the vertical fibre axis, the smectic layers of orthogonal \y/axs_reflections is due to the transition into the smec-
phases are oriented horizontally, giving rise to meridional tic-crystalline phase (Fig. 9(b)). The resulting split
MAXS-reflections in the X-ray fibre pattern. In tilted smec-  \1axS_reflections are now much sharper, because the

tic phases, the staggered arrangement of the Mesogengyiera| extension of the smectic layers is increased by the

fitting of mesogens into the crystal lattice. The splitting
angle of 40 corresponds to the molecular tilt angle between
the mesogen axis and the normal of the smectic layer plane.
Consequently, this structure iSg-phase, which can also be
denoted as a two-dimensional crystal with a monoclinic
lattice. During the transition, the MAXS-reflections shift
outwards along a line parallel to the equator. Thus, the radial
scattering angle increases as observed in the powder
patterns, whereas the meridional component remains
constant, since it corresponds to the length of the repeating
unit. Together with the equatorial WAXS-reflections, this
observation indicates that the mesogens are not tilted with
respect to the fibre axis, as has been observed in other
smectic polymers [30]. Moreover, a longitudinal reptation
and a staggered arrangement of the mesogens orients the
smectic-crystalline layers under 4@elative to the fibre
axis. A detailed analysis of PEI X-ray fibre patterns will
be published soon [28].

(b)

(b) ; ~~ . 3.3. Crystallisation from the LC-Phase

b The transition from the smectic-LC-phase to the smectic-

crystalline phase results not only in the growth of WAXS

crystal reflections, but additionally in the development of a
SAXS. The long period reflection indicates the existence of
a lamellar two-phase-system witkspacings of 100-400 A

as concluded previously for the smectic spherulites.
Fig. 9. X-ray patterns of a PE2 n= 12 fibre: (a) as drawn; (b) after ~ Obviously, the molecular order of the smectic-crystalline

annealing at 13% for 15 min. phase is virtually independent of whether it develops from




4962 C. Wutz / Polymer 41 (2000) 4957-4964

crystallisation of conventional, semi-crystalline polymers
, from the isotropic melt. The surface free energy of this
‘&\\‘\ \\\\ folded crystawould be much lower than that of tlienged
/ \t\:‘}\l‘w\,‘{\‘ ) crystaldescribed above. Chain foldings in the smectic-crys-
\\‘\\"“:"‘:ﬁﬁ\"’g;“.“ﬁ“'&‘?c‘w talline phase have already been considered by Watanabe et
,My&jﬁ\o%?s\}‘:ﬁlﬁ;‘ﬂsﬂvﬂl al. to explain the SAXS reflection of a polyester fibre [32].
M‘%@%@ﬁ%@ﬁw"ﬂ“"' 40 Since chain foldings are rather rare in a LC-phase, they have
/%m@@w\ﬂm“m o to be generated during the crystal growth by long-range
%&%ﬁ;&‘mdm 2025 N reptations or diffusions of chain segments.
r&,ﬁ‘.ﬁo\u“.‘t‘@ﬁh' 15 & Both mechanisms can be distinguished by investigating
5 the isothermal crystallisation of the PEIAs mentioned in
000 005 00 0,15 Section 2, the position of the layer reflection in the MAXS
s [nm™] changes during crystallisation of these polymers. PRk
12 was cooled rapidly from the isotropic melt (2@) to
145°C, yielding the smectic LC-phase, and was kept there
isothermally. Fig. 10 illustrates the development of the
SAXS (a) and the MAXS (b) detected simultaneously
with 30 s acquisition time per frame. The first frame
shows that the isotropic melt produces neither SAXS nor
MAXS reflections as expected. In the second frame, when
| [a.u.] the temperature of 148 is reached, the MAXS reflection at
20 = 2.9° indicates that the smectic LC-phase is formed
spontaneously. In contrast, the long-period reflection in
the SAXS indicating the smectic-crystalline phase develops
very slowly. Depending on temperature, the half time
amounts from several minutes up to a few hours. Along
with the SAXS intensity, the MAXS-reflection of the smec-

(b)

20[7] tic-crystalline layers develops ab2= 3.6°. Further, one can
. o clearly see that the layer reflection of the smectic LC-phase
Fig. 10. Development of: (a) SAXS; (b) MAXS during isothermal crystal- ish letelv duri tallisati It b
lisation of PEI2 n— 12 at 145C. vanishes completely during crystallisation. can be

conclude that the interlamellar regions have lost their smec-
tic-LC layer-order during crystallisation. More detailed

the isotropic melt with a spherulitic superstructure or within investigations of the smectic-crystalline phase will be
a LC-texture. However, it is questionable whether the published elsewhere [33,34].
mechanism and the kinetics are the same. Together with the slow and temperature-dependent

Each crystal lamella is constructed of a few smectic kinetics of this process, these observations support the
layers with regularly packed mesogens and has a highersecond mechanisms of crystallisation from the LC-phase.
density than the disordered interlamellar regions. For the The smectic order of the mesogens in the LC-phase may
development of this structure from the smectic LC-phase, induce nucleation. However, during the growth of the crys-
two different molecular mechanisms can be proposed [31]: tal lamellae, an entirely novel smectic layer system is

On the one hand, the pre-order of the mesogens by theformed. The generation of backfoldings at the lamella
smectic layering can persist and the mesogens align with thesurface requires long-range chain reptations and diffusions,
nearest neighbour to build a crystal lattice. In this case, only resulting in high activation energy. In the course of this
local motion and no long-range reorientation of chain reorientation process, entanglements occur that restrict crys-
segments would be necessary. The activation energytallisation and destroy the smectic layering in the interla-
would be low, and the process would proceed rapidly, mellar regions. The decrease of local molecular order is, of
more or less independent of temperature. Indeed, all smecticcourse, unusual but does not contradict the thermodynamic
layers could crystallise in this case, thus preventing the rules. The regular packing of the mesogens within the crys-
formation of a two-phase system. However, if crystallisation tal lamellae gains much more enthalpy than the loss of the
is prevented in parts of the sample as a result of molecularsmectic LC-order between the lamellae costs [35]. The
constraints, these parts would be distributed rather statisti-destruction of the layering is equivalent to a molecular
cally, resulting only in a diffuse SAXS. Further, they would mixing of mesogens and spacers.
probably keep their smectic layer order. The kinetics of this process can also be evaluated based

The second mechanism assumes a nucleation-inducedn the model of Avrami [19-21], in order to study the
crystallisation, in which the crystal lamellae grow mainly dimensionality of the crystal growth. For this purpose, the
by folding of the molecular chains, as occurs during the PEI 1 are more suitable than the PBR| because their
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e of the PEls is quite disturbed. Therefore, the high density of
ﬂ.‘ 1D nuclei at the disclination centres dominates the dimen-

- sionality of the crystal growth, whereas the influence of 2D
nuclei at the domain walls inducing 1D crystal growth can

@ & be neglected.

I[a.u.]
“u,

[
™45 20 30 40 50 60 70 80 90 3.4. Spacer conformation
t [min]

In contrast to a true, three-dimensional crystal, the
spacers of the smectic-crystalline phase are conformation-
ally disordered. As a consequence, the positional order of
the mesogens between adjacent layers is lost. The confor-
mation of the spacer segments can be determined by means
of ¥*C solid-state nuclear magnetic resonance (NMR).
. Under the conditions of cross-polarisation (CP), magic
: . , . - angle spinning (MAS) and dipolar decoupling (DD), the
26 28 30 32 34 13 : . .

log (t [s) C chemical shift of a methylene carbon in an alkane
chain is sensitive to the conformation of the two adjacent
Fig. 11. Integral intensity of the WAXS-reflection | as a function of time  ponds via they-gaucheeffect [37]. Agaucheconformation
during' isothermgl crystallisation of PEIn = 12: (a) at 14€C; (b) corre- causes more shielding of the carbon under observation than
sponding Avrami-plot. atrans and therefore, an upfield shift of about 4 ppm is
expected if the alkyl segment involves conformational
WAXS-reflections are stronger. Fig. 11 depicts the intensity disorder. Above the glass transition temperature, a C—C-
of the crystal reflections as a function of time (a) and the bond can be either itrans conformation {) or disordered
corresponding Avrami-plot (b) for the isothermal crystal- (d) undergoing rapid interconversions betweteans and
lisation of PEI1 n=12 out of the LC-phase at 170. gauche With regard to the conformation of the two neigh-
The resulting exponent of = 2 is typical for a crystallisa-  bouring bonds, the carbon under observation is part of a
tion originating from one-dimensional nuclei, which are the tt-, td- or dd-arrangement, which gives rise to NMR
centres of disclinations in the LC-texture [36]. As signals at about 34, 32 and 30 ppm, respectively.
mentioned above, the microscopically observed LC-texture Cheng et al. have found mainlg-arrangements in the
crystals, td in the LC-phase anddd in the isotropic
phase of polyethers [38].

The influence of the spacer length, the type of meso-
gen, and the temperature on the spacer conformation of
PEI has been published recently [13]. Fig. 12 represents
the *C NMR signals of the methylene groups of PEI
n=16 in the frozen smectic LC-phase (a) and in the
smectic-crystalline phase (b). The resonances overlap
™ severely, so that they have to be separated by deconvo-
40 35 30 (ppm) 25 50 lution (details in Ref. [13]). In addition to the signal of
the y-carbon at 27 ppm, two or three components of the
inner methylene carbons can be detected in the range of
30-34 ppm, which represent the different arrangements.
One can see that the spacer segments in the LC-struc-
ture adopt mainlytd-conformations, corresponding to an
alternatetrans model [39]. Thedd-component indicates
disorder in the smectic-LC structure. In contrast, the
spacer conformation of the smectic-crystalline phases

S S, — exhibits a larger variety. It should be noted that both,
40 35 30 (ppm) 25 20 the amount of orderedit-sequences and completely
disordereddd-arrangements increase. This observation
(a) the frozen smectic LC-phase; (b) in the smectic-crystalline phase. The corresponds with the detection of .the SAXS, assuming
thick dotted lines represent the experimental data; the thin dotted lines arethat thett-sequences represent mainly the crystal lamel-
the individual components of the deconvolution and the thin straight line is 1a€, while the disordered interlamellar regions contain
the sum. dd-sequences.

(b)

log(-In(1-1/1_,,)) [a.u.]

Fig. 12. Expanded®C NMR CP/MAS spectra of PE2 n = 16 at 20C in:
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