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ABSTRACT: To study the influence of the stereochemistry on the possibility of cocrystallization of linear
and cyclic aliphatic residues in copolyamides, a series of copolyamides 12.6/12.1,4-cyclohexanedicarboxylic
acid with variable compositions were synthesized. From solid-state NMR studies it could be deduced
that cis-1,4-CHDA is present in the amorphous regions whereas the trans residues are located in both
the crystalline and the amorphous phase. WAXD patterns confirm the presence of trans-1,4-CHDA inside
the crystals and reveal that the cycloaliphatic ring is most likely oriented in a direction perpendicular to
the crystal sheets that contain the hydrogen bonds. As a result, the intersheet distance is increased
compared to that of polyamide 12.6. Furthermore, the rings prevent the genesis of a pseudohexagonal
phase above the Brill temperature. Exceptionally, crossing rather than merging of the (100) and the
combined (010)—(110) WAXD reflections is observed with increasing temperature, indicating that the
intersheet distances increase and become larger than the interchain distances within the hydrogen-bonded
sheets before the crystals start to melt. Incorporation of trans-1,4-CHDA residues into polyamide 12.6
leads to higher melting temperatures, pointing at cocrystallization in terms of a solid solution rather
than as defects. In contrast, a slight melting point depression is observed for copolymers with
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predominately cis-1,4-CHDA residues.

1. Introduction

The effect of the incorporation of cycloaliphatic mono-
mers in polyesters and polyamides has been reported
quite extensively in the literature.=1° In previous
publications, we have already discussed the partial
substitution of the linear aliphatic residues with 1,4-
cyclohexanedicarboxylic acid (1,4-CHDA) and 1,4-di-
aminocyclohexane (1,4-DACH) in the backbone of poly-
amide 12.6 and polyamide 4.14, respectively.112 Some
preliminary differential scanning calorimetry (DSC) and
wide-angle X-ray diffraction (WAXD) results on how
copolymerization in the copolyamides 12.6/12.1,4-CHDA
(see Figure 1) affects thermal behavior and the crystal-
line structure, respectively, have been communicated
as well.1314 In these reports the possibility was coined
that the more stretched trans configuration of the
cycloaliphatic residues can be incorporated into the
crystals of polyamide 12.6 and that as a result the
melting point of the copolymer is increased compared
to that of the homopolymer. In contrast, the more Kinky
cis configuration of the cyclic residues probably cannot
be incorporated as the melting points of these copoly-
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Figure 1. Chemical structure of repeating units of copoly-
amides 12.6/12.1,4-CHDA.

mers do not differ significantly from that of the ho-
mopolymer. Up to now no indisputable scientific evi-
dence is available for the mentioned cocrystallization
hypotheses. In the present article such evidence is
provided, relying on more advanced X-ray characteriza-
tion and solid-state NMR analysis.

2. Experimental Section

Synthesis and Crystallization of the Copolyamides. A
detailed description of the syntheses with preservation of the
stereochemistry of the copolyamides 12.6/12.1,4-CHDA can be
found elsewhere.11? Here only a succinct description of the
applied low-temperature polycondensation method is given.
Under a nitrogen atmosphere 1,12-diaminododecane and tri-
ethylamine were dissolved in cold chloroform, after which the
desired molar ratio of adipoyl chloride and 1,4-cyclohexanedi-
carbonyl dichloride, dissolved in chloroform, was added drop-
wise. After polymerization for 30 min in an acetone/ice cooling
bath polymerization was continued at 75 °C for 8 h, after which
the residual amine end groups were blocked with an excess of
benzoyl chloride. The obtained polyamides were purified by
repeated precipitation from formic acid into water and dried
under vacuum at 80 °C. It is important to emphasize that all
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solid (semicrystalline) structures of the polyamides discussed
in the present work are obtained after synthesis by precipita-
tion from solution into a cold nonsolvent. Hence, crystallization
is induced very fast.

Characterization of the Copolyamides. Solution H-
decoupled *C NMR spectra of the copolyamides dissolved in
trifluoroacetic acid/CDClI; (3/1, v/v) were obtained in the
inverse-gated Fourier transform mode on a Bruker Avance
DRX250 instrument equipped with a Quattro probe tuned to
62.93 and 250.13 MHz for **C NMR and *H NMR nuclei
(details can be found elsewhere!'*?). The copolyamide composi-
tion and the cis/trans ratio of the cycloaliphatic residues in
the polymer main chain were determined from integrated
signal areas as obtained by line deconvolution of *C NMR
resonances using the PERCH TLS (total line shape) software.*®

With a Cannon-Ubbelohde viscometer intrinsic viscosities
of polymer solutions (1.0 g/dL in m-cresol) were determined
at 25 °C. Size exclusion chromatography was performed with
a HP-1090M, equipped with a UV-diode array detector. The
solvent/eluent was 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/
0.2% potassium trifluoroacetate. Polyamide 4.6 and 6 samples
with known molecular weight distributions were used as
reference samples.

DSC curves were recorded under nitrogen on a Perkin-
Elmer DSC 7 at 10 °C/min for both cooling and heating. After
first heating the polyamides were kept at 300 °C for 30 min
in order to remove all residual crystallites, capable of acting
as nucleating agents during cooling. The melting points
reported here, taken from the first and second heating curves,
refer to the endset values of the endotherms.

The room temperature WAXD (wide-angle X-ray diffraction)
data were collected with a horizontal Geigerflex diffractometer
on a Rigaku RU-200B rotating Cu anode at a power of 4 KW
and using Ni-filtered Cu Ka radiation (A = 1.542 A). The
diffractometer is equipped with a scintillation counter. The
width of the divergence, receiving, and scattering slit was 0.5°,
0.15 mm, and 0.5°, respectively. Measurements in the reflec-
tion mode covered diffraction angles (20) between 9° and 35°.
The data were accumulated for 6 s at angular intervals of 26
= 0.05°.

The time-resolved WAXD measurements were performed at
the DUBBLE CRG (Dutch-Belgian beamline) at the ESRF in
Grenoble, France. An X-ray wavelength of 1.218 A was used.
The scattering angles at the WAXD microstrip-gas chamber
detector?® were calibrated with Si powder. The synthesized
materials were put in small brass disks, sealed with aluminum
foil, and placed in a DSC/hot stage for X-ray scattering
(Linkam Scientific Ltd.). The stage was flushed with a stream
of cold nitrogen gas in order to avoid sample oxidation and
for thermal stability in general. Data were recorded while the
sample was heated at 10 °C/min. Scattering patterns were
taken every 6 s, which corresponds to one scattering pattern
for each °C in the temperature ramp. The patterns were
corrected for the detector response and normalized to the
intensity of the primary beam measured by an ionization
chamber placed upstream from the sample. The latter proce-
dure corrects for changes in the intensity of the incoming beam
and accounts for changes in sample transmission. The cor-
rected pattern of an empty sample holder was subtracted from
each pattern as a background. Finally, an additional constant
background was subtracted.

Proton-decoupled solid-state 13C NMR spectra were recorded
on a Bruker DMX500 spectrometer operating at a *H and °C
NMR frequency of 500.13 and 125.13 MHz, respectively. A 4
mm magic-angle-spinning (MAS) probehead was used with
sample rotation rates of 8 and 12.5 kHz. The radio-frequency
power was adjusted to obtain 5 us 90° pulses both for the 'H
and 3C nuclei. The 38.56 ppm resonance of adamantane was
used for external calibration of the *C chemical shift. Proton
spin—lattice relaxation in the laboratory and rotating frame,
Ti(*H) and T1,(*H), were measured for each of the polymer
components separately via cross-polarization (CP) to the 13C
nuclei. The typical number of scans (NS) was 1024, relaxation
delays in CP-derived experiments (D1) were 5 s, and the
number of experiments per relaxation data set (NE) was 10.
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Table 1. Overview of Molecular Characterization of
Copolyamides 12.6/12.1,4-CHDA

initial molar monomer
feed ratio

molar ratio in final
copolyamide

adipic acid/ cis/
entry 1,4-CHDA2  transP

adipic acid/  cis/ [17]
1,4-CHDAP trans® (dLg™?)

P.1 100/0 100/0 0.55
P.2 90/10 2/98 91/9 2/98 0.86
P.3 85/15 80/20 86/14 80/20 0.75
P.4 85/15 3/97 84/16 6/94 0.67
P.5 80/20 80/20 79/21 80/20 0.57
P.6 75/25 80/20 75125 80/20 0.54
P.7 80/20 0/100 74126 0/100 0.54
P.8 60/40 80/20 60/40 80/20 0.69
p.g¢ 50/50 80/20 53/47 15/85 0.63

a Determined by monomer weight. b Determined by solution 13C
NMR spectroscopy (experimental error: ca. 3%). ¢ Synthesized
with use of high-temperature/high-pressure synthetic route as
described in ref 11.

For the cross-polarization-based experiments, amplitude-
modulated pulses (CPramp) were utilized, being less sensitive
to the experimental settings than standard CP experiments.’

3. Results

Synthesis and Molecular Characterization. Be-
cause of the possibility of isomerization of the cy-
cloaliphatic 1,4-CHDA residues during synthesis at
elevated temperature and pressure, a low-temperature
solution polycondensation route with use of the more
reactive acyl chloride derivatives was employed. The
preservation of the initial cis/trans ratio of the 1,4-
CHDA monomers was proven with solution 3C NMR
spectroscopy. This technique was also used to determine
the composition of the copolyamides 12.6/12.1,4-CHDA.
The synthesis of the copolyamides and the influence of
the applied synthesis conditions on the stereochemistry
of the cycloaliphatic residues are discussed in more
detail elsewhere.’*12 The compositions and intrinsic
viscosities of all samples are given in Table 1. The
intrinsic viscosities of all copolyamides are comparable
(0.55—0.86 dL/g). The copolymer referred to as P.9 in
Table 1 was submitted to a SEC analysis to have an
idea of the actual molar mass. The intrinsic viscosity of
this particular sample (0.63 dL/g) is close to the average
intrinsic viscosity of the samples P.1—P.8 (0.64 dL/g).
For P.9 a number-average and a weight-average mo-
lecular weight of respectively 16 800 and 45 400 g/mol
were obtained, which is sufficiently high to exclude a
possible influence of the molecular mass on the thermal
properties. This statement is supported by the data in
Figure 2, as is discussed below.

Thermal Properties. Figure 2 shows the DSC
melting points during first heating (FH) of the precipi-
tated copolyamides 12.6/12.1,4-CHDA with 1,4-CHDA
incorporated having a cis/trans ratio close to 80/20 (®)
or 0/100 (O). The melting points obtained during second
heating (SH), after cooling from the melt after storage
for 30 min at 300 °C, are also shown for both copoly-
amide series (H).

Apparently, the incorporation of the more “stretched”
trans-1,4-CHDA residues into the backbone of poly-
amide 12.6 results in copolyamides with a raised FH
melting point, even for low degrees of incorporation of
cycloaliphatic residues. In contrast, the use of 1,4-CHDA
with a high cis content yields copolyamides 12.6/12.1,4-
CHDA for which the FH melting points correspond
remarkably well to that of polyamide 12.6.
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Figure 2. Influence of composition and stereochemistry on
first and second heating melting points of copolyamides 12.6/
12.1,4-CHDA. Legend: first heating melting point of initially
cis-rich (®) and trans-rich (O) copolyamides. Melting point
after annealing for 30 min at 300 °C (m).

The fact that the SH melting points of the copoly-
amides 12.6/12.1,4-CHDA are independent of the initial
cis/trans ratio of the cycloaliphatic residues can be due
to thermally induced isomerization. We have shown
before with solution 13C NMR experiments that, during
the thermal treatment for 30 min at 300 °C, isomeriza-
tion of the 1,4-CHDA moieties, incorporated into the
polyamide main chain, takes place.’>13 For copoly-
amides based on initially trans-1,4-CHDA, significant
amounts of the trans isomer are converted into the cis
isomer, and vice versa for copolyamides based on
initially high cis-1,4-CHDA contents. For both types of
copolyamides, the cis/trans ratio is very similar after
the described thermal treatment (viz. 25 £+ 2/75 + 2),
indicating that the isomerization equilibrium has been
reached. This is also illustrated in Figure 2 by the
almost linear increase of the SH melting points of the
copolyamides (M) with increasing contents of 1,4-CHDA
residues.

If the molar masses would have been at the low side
where an influence on the melting point can be expected,
then a positive deviation from the straight lines could
be expected for the copolyamide with 9 mol % 1,4-CHDA
and an intrinsic viscosity of 0.86 dL/g, whereas a
negative deviation could be expected for the sample with
26 mol % of 1,4-CHDA and an intrinsic viscosity of 0.54
dL/g. This is not observed, supporting the view that all
copolyamides have a sufficiently high molar mass to
have negligible effects on the melting temperatures.
Perhaps superfluously it can be mentioned that Jones
et al.’8 reported a melting point of 229 °C for a highly
viscous polyamide 12.6, from which oriented fibers could
be drawn, which requires high molecular weight mate-
rial. This melting point is very close to the value for
our polyamide 12.6 with an intrinsic viscosity of 0.55
dL/g, being one of the lowest viscosities in the series of
copolyamides.

Room Temperature WAXD Analysis. The WAXD
pattern of semicrystalline polymers generally consists
of distinctive, more-or-less sharp diffraction signals from
the crystalline phase, superimposed on a broad halo
originating from the noncrystalline phase. For most
polyamides, two characteristic diffraction signals, at
spacings around 0.44 and 0.37 nm, can be distinguished.
The former diffraction signal (indexed 100) yields
information about the interchain distance within a
hydrogen-bonded sheet, whereas the latter (a superposi-
tion of 010 and 110 reflections) can provide insight into
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Figure 3. Room temperature WAXD analysis of “as-synthe-
sized” copolyamides 12.6/12.1,4-CHDA as a function of com-
position (1 = 1.542 A). Legend: (P.1) polyamide 12.6; (P.4) 16
mol % 1,4-CHDA (cis/trans: 6/94); (P.3) 14 mol % 1,4-CHDA
(cis/trans: 80/20); (P.6) 25 mol % 1,4-CHDA (cis/trans: 80/
20), and (P.7) 26 mol % 1,4-CHDA (cis/trans: 0/100). (The
curves were shifted along the y-axis for clarity.)

the distance between the separate sheets.'® As a result
and given Bragg's law, it is possible to interpret the
WAXD data obtained for the copolyamides 12.6/12.1,4-
CHDA in terms of interchain and intersheet distances.

The diffraction pattern obtained for polyamide 12.6
(see Figure 3, curve P.1) clearly displays the two typical
reflections at a diffraction angle of 20.14° and 23.60°
(corresponding to spacings of 0.441 and 0.377 nm,
respectively). The interchain distances are controlled by
hydrogen bonding and are larger than the van der
Waals determined intersheet distances.

As can be deduced from Figure 3, the 100 reflections
(around 26 = 20°) and hence the interchain distances
are almost invariant upon the partial substitution of the
adipic acid with 1,4-CHDA residues. In contrast, the
combined 010 and 110 reflection (around 26 = 22—24°)
shifts to lower diffraction angles upon substitution of
adipic acid with trans-1,4-CHDA residues. For the
trans-rich 1,4-CHDA-containing polyamides (curves P.4
and P.7), the intersheet distance (d) increases with an
increasing content in cycloaliphatic residues [polyamide
12.6 (P.1), d = 0.377 nm; copolyamide 12.6/12.1,4-CHDA
(84/16; cis/trans: 6/94; P.4), d = 0.399 nm; copolyamide
12.6/12.1,4-CHDA (74/26; cis/trans: 0/100; P.7), d =
0.407 nm]. Use of 1,4-CHDA with a high cis isomer
content yields copolyamides for which the diffraction
patterns are comparable to that of polyamide 12.6
(curves P.3 and P.6). This difference between cis and
trans comonomers is most clear when comparing the
intersheet distances of a copolyamide 12.6/12.1,4-CHDA
with 16 mol % 1,4-CHDA and a cis/trans ratio of 6/94
(curve P.4; d: 0.399 nm), with the copolyamide that
contains 14 mol % 1,4-CHDA but with a cis/trans ratio
of 80/20 (curve P.3; d: 0.383 nm).

Temperature-Dependent WAXD Analysis. It is
known that when polyamide crystals are heated, the
spacings of the two characteristic diffraction signals
shift toward one another and merge at the Brill tem-
perature (Tg) to a Brill spacing of ca. 0.42 nm.%°
Occasionally, this single diffraction signal remains until
melting (Tm) and the corresponding spacing only in-
creases slightly as a consequence of thermal expansion.
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Figure 4. Temperature-dependent WAXD data during the first heating of copolyamides 12.6/12.1,4-CHDA (1 = 1.218 A).
Legend: (P.1) polyamide 12.6; (P.3) 14 mol % 1,4-CHDA (cis/trans: 80/20); (P.6) 25 mol % 1,4-CHDA (cis/trans: 80/20); (P.4) 16
mol % 1,4-CHDA (cis/trans: 6/94), and (P.7) 26 mol % 1,4-CHDA (cis/trans: 0/100). (The starting temperature of all samples was
adjusted to give all samples the same exposure time. The actual temperature window of a given sample depends on the expected

final melting of the copolyamide.)

The high-temperature crystalline phase between Tg and
Tm, for which the interchain and the intersheet dis-
tances have become equal, is often referred to as
pseudohexagonal.18-27

WAXD patterns of the copolyamides discussed in this
paper were collected during heating by using synchro-
tron radiation. Only first heating runs are reported since
the thermally induced isomerization changes the cis/
trans ratio. Figure 4 shows the scattering patterns as
a function of temperature (with the scattered intensity
represented with a gray scaling) for the different (co)-
polyamides.

The crystalline reflections of polyamide 12.6 (Figure
4, P.1) behave as expected. The diffraction signals at
0.438 and 0.377 nm merge upon heating to a common
reflection corresponding to a distance of 0.424 nm at
160 °C (= Tg). At higher temperatures, the pseudohex-
agonal crystals melt, and concomitantly the liquidlike
scattering of the amorphous phase (the amorphous halo)

grows to its maximum size. Occasionally the samples
leaked out of the holders upon melting, resulting in an
apparent extinction of the sample’s scattering at these
temperatures. The shift of the intersheet distance as a
function of the temperature is much more pronounced
compared to that of the interchain distance.

Clearly, the scattering patterns of the copolyamides
12.6/12.1,4-CHDA that were synthesized using 1,4-
CHDA with a high cis isomer content (Figure 4, P.3 and
P.6) show a temperature dependence similar to that of
the polyamide 12.6 (Figure 4, P.1). In contrast, incor-
poration of 1,4-CHDA with a high trans isomer content
yields a quite different evolution of the scattering
patterns upon heating (Figure 4, P.4 and P.7), showing
crossing diffraction signals upon heating, rather than
merging ones. To the best of our knowledge, such a
crossing of diffraction signals has not been reported
before for polyamides. It points at the inability of
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Figure 5. Comparison of regular CPramp and T.u-filtered CP experiments for a cis-rich (polyamide P.8) and a trans-rich

copolyamide 12.6/12.1,4-CHDA (polyamide P.9).

forming a pseudohexagonal phase in this particular
case.

Solid-State NMR Analysis. Solid-state 'H and 13C
NMR spectroscopy is a powerful technique to study the
nanostructure and chain dynamics of polymers.28 1H
NMR line shapes and relaxation are particularly infor-
mative about chain mobility and phase separation in
the solid polymers. High-power proton-decoupled magic-
angle spinning (MAS) 13C NMR spectroscopy offers
sufficient resolution to distinguish between resonances
of chemical distinct carbon atoms in the primary
polymer structure or even between chemically identical
carbons in different polymer phases. By use of cross-
polarization (CP) the two can be joined together into a
so-called wide-line-separation (WISE) experiment,?® a
two-dimensional H—13C NMR technique which com-
bines the resolution along the 13C axis and the mobility
information along the H axis. In the present solid-state
NMR investigation, we have studied 'H NMR spin—
lattice relaxation in the laboratory and rotating frame
(T and Ty,) through the well-resolved signals in the 13C
NMR spectrum (e.g., signals of either crystalline or
amorphous domains) to determine the relationship
between the configuration of the cycloaliphatic residues
in copolyamides 12.6/12.1,4-CHDA and their location in
either the crystalline or the amorphous phase.

For these solid-state NMR experiments we chose two
copolyamides 12.6/12.1,4-CHDA with quite comparable
contents in 1,4-CHDA residues (40 and 47 mol %,
respectively), but different cis/trans ratios (80/20 and
15/85, respectively) (see Table 1, entries P.8 and P.9).

Despite the use of high-power proton decoupling and
magic-angle-spinning, the signals in the MAS 13C NMR
spectra of the two copolyamides 12.6/12.1,4-CHDA are
(Figures 5 and 6) still much broader than in the solution
spectra (not shown). This is a result of heterogeneity,
local susceptibility variation, and conformational dis-
tributions that may exist within the solid, but in
solution would be averaged out by motions. The solid-
state NMR spectra are more than a broadened version
of the solution NMR spectra. Additional signal intensity
at 34 and 44 ppm is observed in 1H—13C cross-polariza-
tion spectra and, to a less extent, direct-excitation 13C
NMR spectra. By analogy with the MAS 3C NMR
spectrum of polyethylene,?® we assign these additional

Polyamide P.8 /

Polyamide P.9

T T T 1
180 170  ppm
Figure 6. Carbonyl region in the CPMAS 2C NMR spectra

of the cis-rich copolyamide P.8 and the trans-rich copolyamide
P.9 (c: 1,4-CHDA,; a: adipic acid).

signals to the crystalline phase. Indeed, T,y-filtered CP
spectra (Figure 5) show that the signals at 34 and 44
ppm belong to a rigid fraction of the polyamide.

Proton spin—Ilattice relaxations in rotating and labo-
ratory frame measurements (*H Ti, and T;) yield
mobility information in the kilohertz and gigahertz
regime, respectively. In addition, and importantly for
polymer NMR spectroscopy, they provide information
about the miscibility and domain sizes of various phases
inside the polymer. If the average domain size in a
polymer blend is smaller than ca. 1 nm, proton—proton
spin diffusion averages out any Ti, or Ti relaxation
difference. All protons decay with the same effective Ty,
and Ti. In contrast, if the domain size is larger than
ca. 50 nm, spin diffusion is too slow to average out such
differences, and the phases will decay each with their
intrinsic, probably different T,, and T; values. In the
intermediate range, 1 nm < domain size < 50 nm, we
expect to find different effective T, values and a single
effective T1. The reason is that T; tends to be 10—100
times longer than Ty, so that spin diffusion, though
unable to homogenize Ty, is still able to average out T,
differences.

The Ty, and T, data for the cis- and trans-rich
copolyamide show exactly such intermediate behavior.
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Figure 7. Proton Ti, measurements performed on a cis-rich (polyamide P.8) and trans-rich copolyamide 12.6/12.1,4-CHDA

(polyamide P.9).

The signals at 34 and 44 ppm have a significantly longer
T,, than the others (Figure 7), whereas all resonances
show similar T; values in the range 1.2—1.3 s. In
combination with our peak assignment, this indicates
that the crystalline domains are between 1 and 50 nm
in size. For a common proton spin-diffusion coefficient
of ca. 1 nm?/s, this would agree with the typical lamellar
thickness of polyamides of about 5 nm.18

Interestingly, Ti, values obtained for the cis-rich
copolyamide (polyamide P.8) are significantly lower than
for the trans-rich copolyamide (polyamide P.9), indicat-
ing more rotational mobility in the low-frequency regime
for the cis-rich than for the trans-rich copolyamide
(Figure 7). Since the two polyamides show the same T;
behavior, there appears to be no significant mobility
difference in the gigahertz regime probably associated
with local chain motions.

With regard to the question of whether 1,4-CHDA is
located in the crystalline or amorphous domains, the
peak at 177 ppm (Figure 6) is of special interest because
it is assigned to this moiety. For the trans-rich copoly-
amide (Figure 7, polyamide P.9), the Ty, values found
for both the 1,4-CHDA (177 ppm) and adipic acid
residues (174 ppm) are similar and in between the
values found for signals corresponding to the amorphous
(e.g., 31 ppm) or crystalline phases (e.g., 34 ppm). In
contrast, for a cis-rich copolyamide (Figure 7, polyamide
P.8) the T, value of the 1,4-CHDA residues (177 ppm)
is significantly lower than the value found for the adipic
acid residues (174 ppm). Moreover, the value found for
the (mainly cis) cycloaliphatic residues is in good
agreement with the T, value of signals assigned to the
amorphous phase. In this way, we have shown that the
location of the 1,4-CHDA residues (amorphous/crystal-
line) is dependent on the configuration of the cy-
cloaliphatic moieties. As expected, repeating units con-
taining the “kinky” cis-1,4-CHDA residues are not
incorporated into the crystalline phase and are located
in the amorphous regions only. trans-1,4-CHDA, as well
as adipic acid residues, shows a T1, behavior in between
that of the amorphous and crystalline moieties and
consequently are present in both the crystalline and
amorphous domains.

|
\/\/\NM N~
}I-| o) adipic acid residue
(0] H Il-l
\/\/\N% N~
I|-| H (o] perpendicular trans-1,4-CHDA residue
o H H
SR
\/\/\ll\l R Q N\/\/\
H (o] parallel trans-1,4-CHDA residue

Figure 8. Comparison of the perpendicular or parallel
incorporation of trans-1,4-CHDA residues, with respect to the
plain of the polyamide chain.

4. Discussion

Given the strong solid-state NMR evidence for the
incorporation of the trans cycloaliphatic residues and
the absence of cis residues inside the crystals, it is
possible to rationalize the WAXD and DSC data.

Clearly the incorporation of the trans-1,4-CHDA
residues gives rise to a unit cell expansion predomi-
nantly by enlarging the intersheet distance without
affecting the interchain distance. Consequently, the
incorporated cyclohexane ring is most likely oriented
perpendicular to the plain of the hydrogen-bonded
polymer chains as represented in Figure 8.

The small but observable shift in the intersheet
distance for a copolyamide containing 25 mol % 1,4-
CHDA residues with a high cis isomer content (cis/
trans: 80/20; curve P.6 in Figure 3) can be attributed
to the presence of a small, but not negligible, amount
of trans-1,4-CHDA residues; that is able to be incorpo-
rated into the crystalline regions. In the case of 25 mol
% 80/20 cis/trans 1,4-CHDA residues (curve P.6), the
total amount of trans isomer, available for incorporation,
is obviously much higher than in the case of 14 mol %
80/20 cis/trans 1,4-CHDA residues (curve P.3).

The trans-1,4-CHDA-containing copolyamide crystals
do not melt from the pseudohexagonal phase, as usually
reported for even—even polyamides.182° Some poly-
amides have Brill temperatures lower than their Ty,
(e.g., polyamides 6.6,821 4.6,%4 6.8,24 4.4, 6.4, 8.4, 10.4,
and 12.4%5), whereas for others the Tg and T, are
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coincident (e.g., 4.8, 4.10, 4.12, 6.10, 6.12, 6.18, and
8.1229). Jones et al.?% suggested that the increased
torsional flexibility of the alkane segments above Tg
exerts a torsional force on the more rigid amide groups
and that some of them break, flip out by ca. 60° or even
ca. 120°, and reassociate to form a three-dimensional
network of intra- and intersheet hydrogen bonds. These
intersheet hydrogen bonds pin the nylon chains onto the
pseudohexagonal lattice sites and prevent the chains
from moving further apart. In this way, the intersheet
and interchain distances become equal and more or less
fixed for further expansion, resulting in the pseudohex-
agonal phase. According to this view, a reduction of the
rotational mobility of the amide bonds attached to
cycloaliphatic residues may well hamper the flipping of
the amide bonds out of the hydrogen-bonded sheets and
hence prevent the formation of intersheet hydrogen
bonds. In this way, transformation into the pseudohex-
agonal phase would be prevented, and the intersheet
distance (controlled by van der Waals interactions)
would further increase with temperature, whereas the
interchain distance would remain more or less constant
(controlled by hydrogen bonding). However, this sce-
nario conflicts with NMR30732 data in the case of
polyamide 6.6 and infrared (IR) measurements33 in the
case of nylon 6.10, 6.12, and 10.10, demonstrating that
the hydrogen bonds are maintained until the onset of
melting. In fact, the IR data do not exclude the hydrogen
bond flipping option as melt-crystallized polyamide 6.10,
6.12, and 10.10 do not display a pseudohexagonal phase
prior to melting. In contrast, the mentioned polyamide
6.6 NMR report includes data up to 228 °C, which is
above the Tg of 190 °C, and rules out the possibility of
continuous hydrogen bond flipping in the pseudohex-
agonal phase. If the behavior of polyamide 6.6 is
representative for all aliphatic polyamides, it cannot be
taken for granted that—thinking in terms of Jones et
al.—the pseudohexagonal phase involves the breaking
of some of the interchain hydrogen-bonding concomitant
to the formation of intersheet hydrogen bonds 2° and
that a reduction of the rotational mobility of the amide
bonds attached to cycloaliphatic residues is an explana-
tion for the absence of such a phase in the case of
copolyamides with cyclic residues in their crystalline
domains. Alternatively, it could be that the presence of
rigid cyclic residues lowers the symmetry needed for a
pseudohexagonal phase, which in the case of linear
aliphatic residues is accomplished by the temperature-
induced conformational disordering of the methylene
sequences.3*

The raise in T, of the copolyamides with predomi-
nantly trans-1,4-CHDA residues supports their incor-
poration into the crystalline phase as a solid solution
rather than as defects, as the latter would lower the
melting temperature. In the case of a solid solution the
melting point (solid—liquid line) varies gradually with
the crystal composition from that of one pure component
to that of the other. A rough estimate of the melting
point of polyamide 12.trans-1,4-CHDA can be made by
linear extrapolation of the open circles to a sample with
100% 1,4-CHDA in Figure 2 and amounts to 395 °C.
This value, however, is merely indicative. In addition,
the DSC results are compatible with the total exclusion
of the cis moieties since the FH melting points of cis-
rich copolyamides are a little lower than that of poly-
amide 12.6 and lower with increasing comonomer
content. The melting point depression due to the pres-
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ence of dilutents (or comonomer) in the case of polymers
is not expected to be very large. Solid solution and
melting point depression effects both determine the
actual melting temperature of copolymers with mixed
cis and trans moieties.

It should be remarked that the conclusions presented
above are derived from experimental rather than equi-
librium melting points, thus neglecting effects that are
related to crystal size, surface structure, or enthalpic
differences between the crystals. Most of these param-
eters can be tuned by changing the thermal history of
a given sample. In the case of polyamide 12.6 such
changes are mostly visible in the shape and peak of the
melting traces whereas the endset is hardly affected.
Expecting a similar behavior for the copolymers, the
endset temperatures were used in the present work.
Tuning the thermal history of the copolymers was not
an option in the present case, since any residence time
at high temperatures alters the cis/trans ratio of the
comonomers. For sure the melting point increase due
to the incorporation of trans moieties cannot be reached
by changing the crystallization conditions of nylon 12.6.
Finally, the SH DSC data in Figure 2 demonstrate that
the fast cooling procedure applied before running a FH
experiment is not imperative for the formation of the
solid solution. A melting point increase is also observed
after cooling rather slowly at 10 °C/min, although less
pronounced due to isomerization.

5. Conclusions

The configuration of the cycloaliphatic residues in the
copolyamides 12.6/12.1,4-CHDA is the determining fac-
tor in the cocrystallization of linear and cyclic aliphatic
residues. The “stretched” trans isomers readily cocrys-
tallize with the adipic acid residues as a solid solution
rather than as defects, thereby increasing the melting
point and expanding the room temperature crystalline
structure. In contrast, introduction of cis isomers into
the polymer main chain leads to a moderate melting
point depression without affecting the crystalline struc-
ture of the copolyamides, indicating the repulsion of
these moieties from the crystalline phase as could
independently be deduced from solid-state NMR data.
Finally, the presence of trans cycloaliphatic residues in
the crystalline phase prevents the formation of a
pseudohexagonal phase during heating prior to melting.
In other words, for these samples a classical Brill
transition does not exist, and a crossing rather than a
merging of the WAXD crystalline reflections is observed.
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