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ABSTRACT: Copolyamides, based on 1,12-dodecanedicarboxylic acid and different ratios of 1,2-ethylenediamine
and piperazine, i.e., PA2,1eb-pip,14 as well as the homopolymers PA2,14 and PApip,14 are studied. Incorporation
of the piperazine component in the homopolymer PA2,14 reduces the number of hydrogen bonds. This provides
a unique opportunity to investigate the influence of hydrogen bonding on the origin of the Brill transition and
chain mobility within polymer crystals. Time-resolved conformational, structural, and morphological changes
during heating are followed by FTIR spectroscopy, WAXD, and SAXS. The findings are that from 0 to 62 mol
% of piperazine the Brill transition occurs in the same temperature region. The transformation is triggered by the
conformational changes in the methylene sequences of the main chain, followed by twisting in the methylene
sequences next to the amide group. This results in enhanced chain mobility alozgxise causing lamellar
thickening. For 80 mol % of piperazine and higher, no Brill transition is observed. However, conformational
changes in the methylene sequences of the main chain occurs, triggering lamellar thickening.

Introduction @ H 0
|
Linear aliphatic polyamides, commonly known as nylons, are \NNNWM
an important class of the engineering plastics with a wide |

application range due to their excellent physical and thermal

properties. Polyamides have a relatively high melting point in ®) 7\ O
comparison to other polymers because of the hydrogen bonds
that form between the recurring amide groups. By varying the 0

density of these hydrogen bonds, it is possible to greatly Figure 1. Chemical structure of (a) 1,2-ethylenediamine-based and

influence the polyamide’s physical propertieBhere are at least
two routes to change the hydrogen bond density: either by

(b) piperazine-based repeat units.

changing the length of the aliphatic portions in the linear (PA2,14) and polyamide pip,14 (PApip,14). The copolymers
polyamide chains, which results in a change in the spatial €xhibited a decrease in melting and crystallization temperature
separation between the amide groups, and hence an overallVith increasing piperazine content. Although the introduction

change in the hydrogen bond densityr to replace the amide

of a rigid cyclic monomer usually leads to an increase in the

group with a different chemical unit that reduces the possibility Melting temperature with respect to the homopolymer, the
of hydrogen bond formation but has similar structural features reduced ability of the piperazine units to form hydrogen bonds
as the amide group. For the latter, a suitable comonomer wouldoverrules this effect. It was also shown that up to a piperazine
be piperazine, shown schematically in Figure 1. Since piperazinecontent of 62 mol % the PA2,14 and PApip,14 units co-
does not contain any amide hydrogens, it is unable to act as acrystallize into a common crystal lattice, which differs only
hydrogen bond donor; thus, hydrogen bonding is reduced. slightly from the PA2,14 crystal lattice-or a piperazine content

However, piperazine can act as a hydrogen bond accéptor.
Copolyamides of polyamide 2,14 (PA2,14) and piperazine
(PApip,14$*were synthesized from 1,12-dodecanedicarboxylic
acid and variable amounts of 1,2-ethylenediamine (1,2-EDA)
and piperazine (pip). A range of copolyamides (PA2¢b4-
pip,14) were prepared with varying piperazine content of 30
90 mol % as well as the homopolymers polyamide 2,14
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of 90 mol % and higher, the crystal structure was distorted from
that of PApip,14. For an intermediate piperazine content of 70
and 82 mol %, the studies indicated a coexistence of the
PA2,14 and PApip,14 crystal structures. It was further concluded
that the piperazine rings incorporated into the copolyamides
were oriented parallel to the hydrogen-bonded sheets, the sheets
being shifted parallel to one another.

In the studies mentioned abo¥&e crystal structures of the
homopolymers and the copolymers were only investigated at
room temperature. It is known, however, that many polyamides
show a Brill transitiof™” upon heating. The Brill transition
entails a solid-state crystalline transformation from a low-
temperature triclinic to a high-temperature pseudohexagonal
phase, as shown by the fact that the (100) reflection related to
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the interchain/intrasheet distance and the (010)/(110) reflectionthe high brilliance beamline (ID02y,at the ESRF, during heating
related to the intersheet reflection merges into a single reflection. at 10°C/min from 50°C to the melt and cooling from the melt to
The true nature of the Brill transition is still a matter of debate. 50 °C on a Linkam TMS94 hot stage. The X-ray patterns were
Initially, it was believed that the two-dimensional hydrogen- collected every 30 s with an exposure time of 1 s. A S|I|c_on standard
bonded sheets in the triclinic structure change to form a three- Was used to calibrate the WAXD sample-to-detector distance, and
dimensional hydrogen-bonded network between the s&ets. Lupolen was used for the SAXS sample-to-detector distance. All

. 1 . - diffraction patterns were corrected for absolute intensity and
Later it was proposéé!that the high-temperature form is also integrated to give intensity againgt The SAXS results were

triclinic with the hydrogen bonds in the sheets with the | grentz corrected; i.e., the intensity data were multipliedcBy
projection along the-axis having a hexagonal symmetry. Many  The position, intensity, and FWHM of the crystalline peaks in the
group$2-15 have adopted the model that the hydrogen-bonded WAXD patterns were fitted using a Lorentzian function for each
sheet structure is maintained throughout the Brill transition. crystalline peak. Additionally, the fitting function contained a linear
Additionally, the Brill transition shows hysteresis upon heating term to account for residual scattering arising from the background
and coolingté suggesting a first-order process. An endothermic and the Lindemann tube. The melting end point and the crystal-
peak in DSC traces at the Brill transition has only been reported !ization onset temperatures observed during the DSC measurements
for polyamide crystals crystallized from solutiéh!’ This was were used to calibrate the Linkam hot stage. . :
attributed to the more uniform crystals obtained by solution d. FTIR. All samples were heated to the melt on a zinc selenium

N . - disk and cooled to room temperature at®@Jmin using a Linkam
crysta_lhzatlon as qpposed to melt crystallization. Additionally, TMS94 hot stage. Immediately after this pretreatment, FTIR spectra,
the Brill transition is strongly dependent on molecular structure

N - : " all averages of 128 scans, were collected using a Bio-Rad FTS6000
and crystallization condltlorfé.Therefqre, the Brill transition  spectrometer with a resolution of 2 cnSubsequently, each sample
should be affected by the incorporation of a second diamide was heated in situ on a Linkam TMS94 hot stage at@@nin in

(i.e., piperazine) into the polyamide chain, both due to the 10 °C steps from room temperature to just above their melting
possible influence on the crystal structure and, more importantly, temperatures, and FTIR spectra were collected evefZ10uring

due to the decrease in the hydrogen bond density. The presen€lata collection, the temperature was kept constant. The resulting
work therefore investigates the behavior upon heating of the SPectra were scaled to the area under the methylene bands between
homopolymers PA2,14 and PApip,14 and the copolymers PA2,- 3000 and 2800 crt.

14-co-pip,14 using high-resolution WAXD, simultaneous SAXS/
WAXD, and Fourier transform infrared (FTIR) spectroscopy.
With these experiments we aim to understand the origin of the  High-Resolution WAXD. Figure 2 shows a stacked plot of

Results and Discussion

Brill transition in polyamides in general. intensity against @ integrated from the WAXD patterns
collected on the materials science beamline ID11 at the ESRF
Experimental Section while heating the homopolymers PA2,14 and PApip,14 and the

a. Materials. The homopolymers PA2,14 and PApip,14 as well COPolymer coPA 0.54 from 3tC to the melt. For clarity, Figure
as the copolymers PA2,leb-pip,14 were synthesized via a 2&b shows two different € ranges (+2.5° and 5-9°,
polycondensation reaction of 1,12-dodecanedicarbonyl dichloride respectively, for wavelength 0.5344 A) for the homopolymer
and varying amounts of 1,2-ethylenediamine and piperazine asPA2,14. On heating, the diffraction peak & 2 1.6 shown
described elsewhefeThe piperazine-based copolyamides used in in Figure 2a, corresponding to the (001) reflection, remains
this study have a piperazine molar fraction of 0.30, 0.46, 0.54, 0.62, virtually constant up to the melt (24Z), whereas the peak at
0.82, and 0.90. These copolymers are referred to as coPA 0.3029 = 7.4°, corresponding to the interchain (100) reflection, and
through to coPA 0.90. . . _ the peak at & = 7.8°, corresponding to the intersheet (010)/

b. High-Resolution WAXD. High-resolution WAXD experi- (110) reflection, merge into a single reflection (see Figure 2b).

ments were performed on the materials science beamline (811), The meraer shown in Fiaure 2b is a aradual transition soread
situated at the European Synchrotron Radiation Facility (ESRF), 9 9 9 P

Grenoble, France (wavelength 0.5344 A). The WAXD experiments OVer & temperature region of35°C.

were performed on ID11 because they give greater resolution than Figure 2c,d shows a different behavior for coPA 0.54. The
the WAXD measurements recorded using simultaneous SAXS/ (001) reflection shown in Figure 2c remains constant up to
WAXD performed on the high brilliance beamline ID02. The melting (212°C), and the interchain (100) and intersheet (010)/
powder samples, extracted after synthesis, were placed in 1 mm(110) reflections shown in Figure 2d merge to an extent that
diameter Lindemanntubes and inserted within an aluminum hold.erthey cannot be deconvoluted. Compared to Figure 2b, the
attached to a Linkam TMS94 hot stage and controller; a hole in jntersheet (010)/(110) reflection broadens on heating without

both the holder and the silver block of the heater allowed the X-ray ; ; ; ; ;
beam to be transmitted though the sample. The samples were'ts complete merger into the interchain (100) reflection. The

initially melted and then cooled to room temperature at a constant prese_nge 0]; tLemlnlscgznce pr|;)r to hmeltlntgh_SL;]gtgests S(t)me
rate of 10°C/min. Two-dimensional X-ray diffraction patterns using remainder of the room temperature phase at high temperatures

a 10 s exposure time were collected &intervals (every 12 s) with different interchain (100) and intersheet (010)/(110)
during the second heating of the samples at a rate SiCIin. distances and without its complete transformation into the
Silicon was used to calibrate the sample-to-detector distance. All pseudohexagonal phase. This difference in behavior between
diffraction patterns were corrected for spatial distortions and PA2,14 and coPA 0.54 may be attributed to the increased
integrated to give intensity againsf.2 rigidity of the polymer chain by the introduction of piperazine

c. Simultaneous SAXS/WAXD.Fresh samples of each of the  rings. Finally, Figure 2e,f shows the diffraction patterns obtained

copolymers and homopolymer were sealed in aluminum DSC pans{oy the homopolymer PApip,14. The (001) reflection shown in
and heated in a thermal analysis Q1000 DSC to temperatures We”Figure 2e has moved to highed Xalues in comparison to
above (at least 18C) the respective melting temperatures of the Figure 2a,c. This peak also remains constant in position up to

polymers investigated and cooled to room temperature &C10 . S . . . A
min. This was performed twice for each sample. After this thermal melting (142°C). Unlike the diffraction peaks shown in Figure

pretreatment, the samples were scraped out of the DSC pans and0,d; the intersheet (010)/(110))(2= 8.2°) and interchain (100)
placed in 2 mm diameter Lindemann capillaries. Time-resolved (20 = 6.6°) reflections shown in Figure 2f do not merge into a
simultaneous SAXS/WAXD measurements (with X-ray energy of single reflection prior to melting but remain virtually constant
12 keV @ = 0.9951 A) and 30@m beam size) were performed at  in position right up to melting. The diffraction patterns in Fig%f)v
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Figure 2. WAXD measurements obtained on heating PA2,14 (a, b), coPA 0.54 (c, d), and PApip,14 (e, f) ff@nt@the melt at 10C/min.
The diffraction peak observed in (a, ¢, and e) is the (001) reflection, whereas the two reflections in (b, d, and f) are the intersheet (010)/(110)
(20 = 7.8° in b) and interchain (100) @= 7.4° in b) reflections, respectively. X-ray wavelength used is 0.5344 A,

2f show two additional reflections ap2= 7.2° and ¥ = 5.5° also given. The Brill transition temperature remains ap-
that arise from the PApip,14 crystal structure, which is unknown proximately constant, on both heating and cooling, up to a
at present. The observed changes in the diffraction patternspiperazine content of 62 mol %. On heating the average Birill
recorded at room temperature with increasing piperazine contenttransition temperature is 16& and on cooling 147C. It is to
are in accordance with our earlier publication. be noted that the average Brill transition temperature on heating
Simultaneous WAXD/SAXS. Figure 3 shows the data and cooling for these lower piperazine content copolymers is
obtained from simultaneous WAXD and SAXS patterns col- higher thanT, (or Tc) for coPA 0.82, coPA 0.90, and
lected on the high brilliance beamline ID02. The integrated homopolymer PApip,14. This suggests that the reason that the
WAXD patterns of intensity againgtwere fitted using a number  Brill transition is not observed in coPA 0.82, coPA 0.90, and
of Lorentz functions and a linear background. Thepacings homopolymer PApip,14 is because the Brill transition temper-
were obtained from the fitted peak positions via the relation  ature occurs at a temperature higher tign
= 27/q. The WAXD pattern (Figure 3a) for the homopolymer In Figure 3, the peak position of the SAXS patterns atG0
PA2,14 at 50°C corresponds well to data reported for this shows an increase with increasing piperazine content, which
homopolymer at room temperatut& On heating, the interchain ~ was also noted in the previous stutd@n heating, all the (co)-
(100) d = 4.15 nm) and intersheet (010)/(11@)«€ 3.92 nm) polyamides show an increase in lamellar thickness, often by
reflections merge to an extent that no further deconvolution is twice its initial value, i.e., doubling in the SAXS peak position,
feasible. The merger of the interchain (100) and intersheet (010)/just before melting as compared to the starting position at 50
(110) reflections shown in Figure 3a is similar to that seen in °C. It is to be noted that while the lamellar thickness increases
Figure 2b. This behavior is typically called the Brill transition to twice the initial value, no considerable changes in crystallinity
in polyamides, and the temperature at which it occurs corre- are observed, as evident from the corresponding WAXD patterns
sponds to the Brill temperature. On cooling from the melt the (see Figure 2). The homopolymer PA2,14 and copolyamides
reverse behavior is seen, albeit at some undercooling-2& up to 62 mol % piperazine content show that above 165
°C below the melting point, the homopolymer crystallizes, (above the Brill transition temperature) the SAXS peak position
resulting in a single reflection which splits into two reflections changes more rapidly with increasing temperature (see Figure
on further cooling. The WAXD patterns for coPA 0.30 (not 3b,d). For the coPA 0.82, coPA 0.90 (not shown), and for the
shown) up to coPA 0.62 also show a Brill transition; however, homopolymer PApip,14 the SAXS peak position changes more
coPA 0.82 and coPA 0.90 (not shown) are similar to that of rapidly above~110 °C. A remarkable observation is that
the homopolymer PApip,14, where the intersheet (010)/(110) polymers with high piperazine content do not show the Brill
and interchain (100) reflections do not merge into a single transition, although lamellar thickening occurs similarly to the
reflection prior to melting. Figure 4 summarizes the Brill copolymers that do show the Brill transition. The corresponding
transition temperatures on heating and cooling for the various WAXD patterns for the high piperazine content (co)polymers
(co)polyamides investigated. As a reference, the temperaturesdo not suggest any changes in crystallinity or a phase transition
of the end of melting endotherm (denoted melting temperature around 110°C (see Figure 2e,f).
Tm) from DSC measurements and the detection of the onset of  After cooling from the melt the SAXS peak at 5C is
crystallization Tc) from WAXD for the (co)polyamidesare positioned slightly higher than before heating. BecauseCB(/
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Figure 3. Simultaneous WAXD (a, ¢, €, g) and SAXS (b, d, f, h) of the homopolymers PA2,14 and PApip,14 and the copolymers coPA 0.62 and
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coPA 0.82 during heating from 5 to the melt and successive cooling from the melt t6at 10°C/min. The Brill transition is observed up

to a piperazine content of 62 mol %. The Brill transition temperature reported in Figure 4 has been determined from such data as reported here. The

last data point for the (010)/(110) reflection in (a) and (c) for PA2,14 at°IG4nd coPA 0.62 at 15%9C, respectively, corresponds to the Birill

transition temperature on heating. This is the last data point where deconvolution of the interchain (100) and the intersheet (010)/(118) reflectio
can be made. The lines over the SAXS heating runs serve as a guide to the eye. Because of detector problems, no SAXS pattern is available for

the cooling run of coPA 0.82.
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problems with the detector, no SAXS patterns could be collected
on cooling of coPA 0.82. On the basis of the WAXD patterns,
Figure 2, it is expected that the SAXS cooling run of coPA
0.82 will follow a similar behavior as the SAXS cooling run of
PApip,14. Our previous studghowed that the crystal structure
in the recrystallized (co)polyamides still relaxes at room
temperature and that this relaxation is only observed in the Iargeg
repeat distance of the lamellar stacking and not in the interchain<
(100) and intersheet (010)/(110) distances. This relaxation
process explains why the SAXS peak at®&Din the copolya-
mides is at a higher position directly after crystallization from
the melt than before heating to the melt. Prior to melting the
samples were allowed to relax at room temperature for nearly
a week.

A sudden shift in the temperature required for lamellar
thickening from 165 to 110C occurs with an increase in the
piperazine content from 62 to 82 mol %, as shown in Figure 3.
This sudden shift correlates well with the sudden changes in
the interchain (100) and intersheet (010)/(110) distances ob-reduction in the NH stretch bands is in line with the decreasing
served with an increasing amount of piperazine content from amount of NH groups with increasing piperazine content,

PApip,14

coPA 0.82

bance [a.u.]

coPA 0.62

coPA 0.30

PA2,14

1250 1200 1150 1100 1050 1000 950 900

wavenumber [cm'1 |
Figure 5. FTIR spectra of homopolymers PA2,14 and PApip,14 and

copolyamides coPA 0.30, coPA 0.62, and coPA 0.82 recorded at 30
°C: (a) frequency range 356@800 cnt! and (b) 1356-900 cnt™.

1350 1300

62 to 82 mol %, summarized in Figure 3 of ref 4 and in the
values observed at 5@C shown in Figure 3a,c,e,g.

The authors are aware that determination of the drualues
and the Brill transition requires investigation on single crystals.
In a recent publicatioA! we have shown that polyamide 4,6

whereas the band appearing at 3005 mhich becomes more
apparent with increasing piperazine content, is most likely due
to the methylene groups in the piperazine rings.

Figure 5b shows the FTIR spectra in the frequency range
from 1350 to 900 cm!. Close inspection of the reflections

can be dissolved in water and single crystals can be obtainedpresent in this region leads to the observation that there are
from the water solution. This dissolution phenomenon appears several bands that can be specifically assigned to the homo-
to hold generality in the aliphatic hydrogen-bonded polymers. polymers PA2,14 and PApip,14, respectively. Additionally, there
Our ongoing research also suggests that copolyamide singleare bands that are common to both homopolymers. Specific
crystals, similar to polyamide 4,6, can be obtained from a water bands that are associated with the homopolymer PA2,14 are
solution. In a coming publication it will be possible for us to 946, 977, 1230, 1242, 1263, and 1320 émThe bands
determine the unit cell parameters. associated with the homopolymer PApip,14 are 985, 1010, 1024,
FTIR. Figure 5 shows the FTIR spectra collected for the 1172, 1226, 1253, and 1283 cfBands common to the both
polymers used in this study at 38C. All spectra were homopolymers are 1054, 1188, and 1305 énAs expected,
normalized relative to the area under the methylene bandsdepending on the piperazine content, the copolyamides show
between 3000 and 2800 ciwhich will be invariant in this either the bands associated with the homopolymer
range of copolymers. Figure 5a shows the frequency range fromPA2,14 (see coPA 0.30 in Figure 5b), the homopolymer
3500 to 2800 cm!. With increasing piperazine content, the PApip,14 (see coPA 0.82 in Figure 5b), or both (see coPA 0.62
bands at 3303, 3215, and 3085 Thshow a strong decrease, in Figure 5b).
whereas a band at 3005 cthappears at higher piperazine Figure 6 shows the FTIR spectra obtained in the frequency
content. The bands at 3303, 3215, and 3085'cane associated range 1356900 cnt! while heating the homopolymers
with NH stretch vibrations, and those at 3215 and 3085%cm PA2,14 and PApip,14 and the copolyamides coPA 0.30 and
are also associated with amide | and Il overtotfe3he coPA 0.82 from 3C°C to the melt. Figure 6a shows the FT&V
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Figure 6. FTIR measurements of homopolymers PA2,14 and PApip,14 and copolyamides coPA 0.30 and coPA 0.82 on heatintfrionth@0
melt at 10°C/min at regular intervals of 1€C.

spectra for the homopolymer PA2,14 at different temperatures. and an increased rigidity of the main chain in the homopolymer
On heating, the bands at 977, 1054, 1188, 1230, 1305, and 1320PApip,14 when compared to the homopolymer PA2,14.

cm* arising from the bending, wagging, and rocking vibrations |n previous studied$?” performed on several polyamides

of the methylene segmerit$“disappear between 150 and 180  (PA10,10; PA6,12; PA6,10), it was found that during the Brill
°C. This is the same temperature region where the Brill transition transition conformational disorder occurs in the methylene
is anticipated; for comparison, see Figures 2b and 3a. Forsequences. With increasing temperature the intermolecular
Simplicity, these bands are therefore referred to as Brill bands; hydrogen bonding between the amide groups weaken, a|th0ugh
however, the lamellar thickening observed in the SAXS pattern it is retained up to melting. The methylene sequences between
for PA2,14 also occurs in this temperature region. Therefore, it the NH groups are found to become more disordered than the
is possible that some of the Brill bands seen here may be methylene sequences between the CO groups. To model the
associated with the lamellar thickening and not with the Birill changes in the FTIR spectra close to the Brill transition, the
transition, but it is not possible to distinguish between the two methylene units adjacent to the amide groups needed to be
effects from these FTIR spectra alone. On further heating, the decoupled from the remaining methylene segments. It was
bands at 946, 1243, and 1263 chbroaden considerably or  concluded that even after the Brill transition hydrogen bonding
disappear altogether on melting and are therefore associated withs retained, thus making the chain rotation along tkeis in

the crystalline phase. The bands at 1243 and 1263 ame the  the pseudohexagonal phase impossible. Structural changes in

amide Il bands coupled with the out-of-plane methylene the methylene parts of the molecular chains were observed.
motions, whereas the band at 946 @nis the amide IV Similar observations are reported by oth&r&

vibration4-26 For the homopolymer PA2,14 shown in Figure 6a the
Figure 6d shows the FTIR spectra for the homopolymer vibrational bands associated with the methylene groups next to
PApip,14 on heating from 30C to the melt. On heating from  the CO groups are 977 and 1054 ¢nand the bands associated
30 °C, the bands at 1188 and 1305 thuisappear between  with the methylene groups next to the NH groups are 1230 and
100 and 110C, i.e., in the temperature region where the change 1320 cn11.25260n heating, all these bands decrease in intensity
in the lamellae thickness is observed in the SAXS patterns (seeand ultimately disappear above the Brill transition but below
Figure 3h). On heating to the melt, the bands at 985, 1010, 1024,the melting point. However, the methylene bands next to the
1037, 1054, 1172, 1226, 1253, and 1283 éroroaden. NH group decrease faster than the bands next to the CO groups.
The bands that disappear at the Brill transition in the These observations are in agreement with the results reported
homopolymer PA2,14 (Figure 6a) are also present in the by Tashiro et af®2
homopolymer PApip,14 (Figure 6d), with some changes in  Unlike in PA2,14, in PApip,14, the vibrational bands of the
PApip,14. The methylene band at 977 ¢hin PA2,14 is now methylene groups next to the N (1226 thand the CO (985
present at 985 cri in PApip,14, the band at 1230 crhat and 1054 cm?) remain even after melting. These observations
1226 cnt?, and the band at 1320 crhis absent in PApip,14.  suggest that in PApip,14 the rigidity along the main chain
These changes are due to the differences in chemical structure@nhibits the complete disappearance of these bands, althew
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broadening and slight shifting to higher frequencies of these Combining the FTIR and X-ray diffraction data, it can be
bands close to the melting point are noticed. stated that with the disappearance of the trans conformers of
However, similar to PA2,14, in PApip14 the bands at 1188 the methylene chain segments in PA2,14 and the piperazine
and 1305 cm! disappear but at lower temperatures, i.e., between copolymers chain mobility along the-axis arises once the
100 and 110C (see Figure 6d). These bands are related to the methylene unit next to the carbonyl group is able to twist
main-chain methylene stretching and wagging mot#Sr&on- although hydrogen bonding is likely to be retained. These
sidering the absence of the Brill transition in PApip,14 these observations are in agreement with previous stutfiés26:27In
bands are not immediately related to the Brill transition. The PApipl4 where the hydrogen bonding is absent the chain
disappearance of these two bands coincides with the change irmobility occurs earlier, and twisting is not observed due to the
the lamellar thickness observed in the SAXS patterns for all piperazine rings that are oriented parallel to the hydrogen-bonded
the polymers investigated. Conformational changes in the main sheets'
chain combined with the lamellar thickening suggest the
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