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Abstract

A series of new amphiphilic, semi-crystalline polyamides based on hexamethylenediamine and long alkane carboxylic diacids has been
synthesized and characterized, here exemplified by polyamide 6.24 (PA-6.24) and polyamide 6.34 (PA-6.34). The polymers were produced
by melt polycondensation, which yielded materials of weight-average molecular weights in the range of 30,000–35,000 g/mol. The thermal
properties of the polyamides were investigated by various thermo-analytical methods. PA-6.24 and PA-6.34 exhibit relatively high melting
temperatures of 189 and 1778C, respectively. Both materials display rather poor solubility in solvents that are used for common polyamides,
but by contrast, dissolve in, e.g. ethanesulfonic acid. PA-6.34 was found to aggregate in dilute methanesulfonic acid solutions and form
thermo-reversible gels in H2SO4, which we attribute to its amphiphilic character. The latter enabled the use of PA-6.34 as a “compatibilizer”
for blends of polyolefins and polyamides. Finally, the Young’s moduli of isotropic films of PA-6.24 and PA-6.34 were determined to be 1.3
and 0.7 GPa, respectively, representing a stiffness that is intermediate between that of common polyamides and polyethylene.q 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Linear aliphatic polyamides, commonly known as
nylons,1 occupy a prominent position in the realm of poly-
mers. Nylons are semi-crystalline polymers that usually
exhibit a relatively high modulus, toughness and strength,
low creep and good temperature resistance that allow wide-
spread use of this family of polymers as fibers and engineer-
ing thermoplastics [1,2]. The attractive matrix of properties
of polyamides originates in strong hydrogen bonds, which
are formed by the amide groups [3]. Since their discovery by
Carothers in 1934 [4,5], many nylons have been investi-
gated, a number of which have been commercialized during
the past 50 years [2]. Relatively little effort has been made
to explore and exploit nylons that comprise long aliphatic
segments (.dodecane). The incorporation of such aliphatic
segments into polyamides potentially might lead to a class
of amphiphilic polyamides that in certain aspects could
bridge the gap between polyamides and polyolefins. Due
to their anticipated amphiphilic character, these materials
might find applications as coatings, compatibilizers

between, e.g. nylons and polyolefins, as well as partially
hydrophobic high-temperature engineering polymers.

A literature review yielded several reports that describe
AABB nylons that comprise long aliphatic segments [1,6–
9]. The most important group of these polyamides contains
carboxylic diacids, which are derived from unsaturated fatty
acids like oleic, eladic and linoleic acids [8]. Due to their
origin these diacids are usually branched and rather ill-
defined. Nevertheless, these polyamides occupy a relevant
commercial niche in the area of adhesives, inks and coat-
ings. Also copolymers of these diacids with caprolactam,
hexatriacontanediamine and nonadioic acid have been
described, presumably for use as high-impact-strength poly-
amides [7]. For zinc-chloride-resistant materials, another
class of polyamide copolymers was synthesized [6], which
contain a fraction of long aliphatic dicarboxylic acids or
long aliphatic diamines. However, the latter polyamides
were poorly defined copolymers, which comprised only
small fractions of long aliphatic diacids. As a matter of
fact, attempts to prepare homopolymers of the first-
mentioned monomers were reported to have failed [6].
Careful studies of medium long chain nylons (up to nylon
6.18) were carried out by Jones et al. [9]. Unfortunately, no
synthetic details and molecular characterization data were
presented on this material that was referred to be a research
sample of I.C.I.

In the case of n-nylons, to our knowledge, the highest
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investigated homologue is 22-nylon [10]. The latter was
reported to exhibit a melting point of around 1458C, and
thus lacks the temperature-resistance of common nylons.
In order to prevent the formation of materials of a low
melting temperature, we elected to incorporate extended
aliphatic segments into AABB nylons,because these polymers

usually exhibit higher melting points than their correspond-
ing AB nylons [2].

In this paper, we describe the synthesis and certain
properties of PA-6.24 and PA-6.34 as examples of a series
of nylons comprising long aliphatic segments. We demon-
strate that incorporation of the latter indeed leads to poly-
amides of amphiphilic nature, which potentially makes the
new materials attractive for a number of applications that
range from compatibilizers to high strength fibers [11].

2. Results and discussion

2.1. Monomer synthesis

Tetracosanedioic acid (1), which was employed for the
synthesis of PA-6.24, represents—to the best of our knowl-
edge—the longest, commercially available linear aliphatic
diacid. In order to make polyamides with even longer
aliphatic segments accessible, tetratriacontanedioic acid
(2) was synthesized in this work. A variety of methods
has been developed in the past for the preparation of
extended diacids, such as the Kolbe electrolysis of alkanoic
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Nomenclature

PA-6.24 Poly(iminohexamethylene-iminotetraco-
sanoyl)

PA-6.34 Poly(iminohexamethylene-iminotetratriacon-
tanoyl)

1 Tetracosanedioic acid
2 Tetratriacontanedioic acid
3 2,2-Hexamethylene-bis-(cyclotetradecane-

dione-(1,3))
4 13,22-Dioxo-tetratriacontanedioic acid

Scheme 1. Synthesis of tetratriacontanedioic acid (1). Scheme 2. Synthesis of PA-6.24 and PA-6.34.



acids [12,13], the oxidation of cycloalkanols and natural
alkenes [14], microbial conversion of alkanes [15,16] and
others [17,18]. Tetratriacontanedioic acid (2) previously has
been prepared in moderate yield (,13%) by electrochemi-
cal coupling of hexadecane dicarboxylic acid monoethyles-
ter [13], and in higher yield (46%) by the enamine-coupling
route, originally proposed by Hu¨nig et al. [19]. Because of
the significantly higher yield, we followed the latter route in
the present work (Scheme 1). The key step is the “chain-
extending” cycloadditon of a diketene (which is formed in
situ from sebacoyl chloride) with two equivalents of 1-
morpholino-cyclododecene. This addition is followed by a
ring-opening reaction of 2,2-hexamethylene-bis-(cyclote-
tradecanedione-(1,3)) (3) with sodium hydroxide. Both
keto-functions of the resulting 13,22-dioxo-tetratriaconta-
nedioic acid (4) were reduced with a Wolff–Kishner reduc-
tion with hydrazine. The final overall yield was 44% and is
in good agreement with previously published results [19].

2.2. Synthesis of polymers

PA-6.24 and PA-6.34 were synthesized by the standard
melt-polycondensation of hexamethylenediamine and the
appropriate dicarboxylic diacid, as shown in Scheme 2. In
order to prepare high-molecular weight polymers, we first
produced the hexamethylenediamine salts of the dicarboxylic
diacids and thoroughly purified the latter by recrystalliza-
tion from THF or a (1:5 v/v) mixture of dioxane and toluene.
Subsequently, these salts were polymerized in an autoclave,
which allowed for careful control of pressure, as well as

temperature during the reaction. Routine application of high
pressure (nitrogen) prevented evaporation of hexamethylene-
diamine at the early stages of the polycondensation. Also, a
small excess of the latter was added to the diamine salts of
the dicarboxylic diacids to compensate for any losses.
Typical reaction times were in the range of 7–8 h. The
resulting PA-6.24 and PA-6.34 were characterized to satis-
faction by 1H-NMR and 13C-NMR spectroscopy, and
elemental analysis.

2.3. Solution characterization of PA-6.24 and PA-6.34

The solubility in a wide range of solvents of the new
polymers was evaluated through visual and optical micro-
scopic examinations. For this purpose, approximately 20 mg
of polymer was added under vigorous stirring to 1 ml of
selected solvents. The results are summarized in Table 1
together with data obtained with common PA-6.6 (Solutia,
Vydyne 21). Methanesulfonic acid (MSA) and ethanesulfo-
nic acid (ESA) proved to be good room-temperature
solvents for PA-6.24 and the latter for PA-6.34. Classical
solvents for common nylons such asm-cresol and sulfuric
acid, on the other hand, did not dissolve the present poly-
mers at ambient temperature. Despite the fact that a substan-
tial aliphatic segment is present in the repeat unit of both
PA-6.24 and PA-6.34, common organic solvents such as
chloroform did not dissolve these polymers, at ambient
temperature and at elevated temperatures. Also, notorious
H-bond-breaking organic solvents such as 1-methyl-2-
pyrrolidinone (NMP) and dimethyl sulfoxide (DMSO) did
not dissolve PA-6.24 and PA-6.34. A most remarkable and
interesting phase behavior was observed for PA-6.34 in
sulfuric acid. At elevated temperatures, i.e. above 808C,
PA-6.34 dissolved in this acid yielding viscous solutions.
Upon cooling, clear (thermo-reversible) gels formed. We
ascribe the thermo-reversible gelation to the melting and
reformation of “crystals” comprising the long aliphatic
segment present in the novel polyamide. This view is
consistent with the fact that the temperature at which the
present polyamide dissolved is in the vicinity of the melting
temperature of the long alkane that constitutes it (72–758C
for C34H70).

In order to obtain an indication of the molecular weight of
the newly synthesized nylons, the inherent viscosities of
PA-6.24 and PA-6.34 were measured at a polymer concen-
tration of 0.5 g/dl at 258C in MSA and ESA. The results are
summarized in Table 2. The viscosities measured in ESA
(PA-6.24, 0.92 dl/g; PA-6.34, 0.85 dl/g) are indicative of the
polymeric character of both polyamides. However, an unex-
pectedly low value of PA-6.34 was observed in MSA
(0.09 dl/g). In order to investigate the origin of this
deviating behavior in more detail, static light-scattering
experiments were carried out on PA-6.24 and PA-6.34.
These investigations revealed weight-average molecular
weights (M̄w) of 35 000 for PA-6.24 and 30 000
(both ^5,000) for PA-6.34; both in MSA. In addition,
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Table 1
Solubility of PA-6.24 and PA-6.34 in various liquids. Key: (2) insoluble,
(1) soluble, (G) forms gel

Solvent PA-6.6 PA-6.24 PA-6.34

258C 508C 258C 508C 258C 508C

Toluene 2 2 2 2 2 2

Chloroform 2 2 2 2 2 2

NMP 2 2 2 2 2 2

DMSO 2 2 2 2 2 2

m-Cresol 1 1 2 1 2 1

Formic acid 1 1 2 2 2 2

Sulfuric acid 1 1 1 1 Ga Ga

Methanesulfonic acid 1 1 1 1 1 1

Ethanesulfonic acid 1 1 1 1 1 1

a Soluble at 808C.

Table 2
Viscosity of PA-6.24 and PA-6.34 in various sulfonic acids

Polyamide �Mw
a hinh

b (MSA), dl/g h inh
b(ESA), dl/g

PA-6.24, this work 35 000 0.72 0.92
PA-6.34, this work 30 000 0.09 0.85

a Determined by light scattering in MSA.
b At RT, c� 0:5 g=dl:



light-scattering measurements of PA-6.34 in MSA revealed
a relative small radius of gyration of 260̂80 �A in compar-
ison to PA-6.24 in MSA, which showed a radius of gyration
of 350^ 80 �A: The value of PA-6.34 is indicative of a small
end-to-end distance, which suggests the formation of aggre-
gates of PA-6.34 in MSA. This result appears to explain the
unusual low viscosity of this system. Unfortunately, fluor-
escence of ESA prevented comparable experiments in this
solvent.

2.4. Thermal properties

Thermal characteristics of the present polyamides were
investigated using differential scanning calorimetry (DSC),
dynamic mechanical thermal analysis (DMTA) and thermo-
gravimetric analysis (TGA) at heating rates of 10 or 208C/
min. The results, together with data for PA-6.6 and PA-12
are summarized in Table 3. TGA experiments showed that
for both polymers, PA-6.24 and PA-6.34, decomposition
sets in at around 400 and 4208C in, respectively, air and
under nitrogen atmosphere. DSC thermograms of PA-6.24

and PA-6.34, recorded at 108C/min on samples that were
once-molten and cooled, displayed well-defined melting
temperatures at 189 and 1778C (see Fig. 1), respectively.
These values, not surprisingly, are slightly below the melt-
ing temperature reported for nylon 6.18 (i.e. 1928C) [9]. In
addition, the DSC traces of carefully dried (16 h, 1008C,
vacuum) PA-6.24 showed a glass transition temperature
(Tg) around 548C; i.e. in the standard range of thea-relaxa-
tion of common nylons [2]. In the case of a melt-pressed
film of PA-6.34 an unexpected high transition was observed
at 888C. In order to investigate the thermal behavior of PA-
6.34 in some more detail, we performed quenching and
annealing experiments. In the former, PA-6.34 was first
molten at 2058C for 15 min under inert atmosphere, and
subsequently rapidly cooled down by immersing the sample
in liquid nitrogen. Annealing experiments were conducted
in the DSC, in which the samples were tempered at 1008C
for 60 h under nitrogen atmosphere. Heating of quenched
material was accompanied by a significant recrystallization
as can be seen from the DSC heating scan of this sample
(Fig. 2); the latter appears to indicate a relatively low rate of
crystallization of PA-6.34. This observation is not unex-
pected in view of the very large crystalline unit cell of
this polymer and the extensive molecular motion
required to form the proper register. DMTA measure-
ments indicated a clear transition at 588C for PA-6.24,
which is in good agreement with theTg found with DSC.
For the melt-pressed sample of PA-6.34, a transition at 578C
was distinguished, which is lower than the values observed
in DSC experiments, but is located in the range ofTgs of
common nylons.
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Table 3
Selected properties of PA-6.24 and PA-6.34 in comparison with those of
PA-6.6 and PA-12 Ref. [2]

Property PA-6.6a PA-6.24 PA-6.34 PA-12a

Melting temperature (DSC) 2648C 1898C 1778C 1808C
Solid transition (DSC) 488C 548C 888Cb 428C
Solid transition (DMTA) 808C 588C 578Cb 628C
Water content (TGA, 50%
rel. humidity)

2.5% 1.0% 0.4% 0.8%

a See Ref. [2].
b Solid transitions of a melt-pressed film.

Fig. 1. Melting temperatures of polyamide series PA-6.n: (V) Refs. [2,24];
(S) this work.

Fig. 2. Differential scanning calorimetry thermograms of PA-6.34. The
sample was quenched from the melt by immersion in liquid nitrogen
prior to the first heating scan; heating and cooling rates 108C/min.



2.5. Mechanical properties

Dry, melt-pressed polyamide films were prepared and
their mechanical properties were investigated by standard
tensile tests at different temperatures (Experimental
Section). The Young’s moduli of melt-crystallized, isotro-
pic samples at room temperature were found to be 1.3 GPa
for PA-6.24 and 0.7 GPa for PA-6.34; the tensile strengths
were 33 and 21 MPa, respectively. In comparison with
common nylons, these values initially seem to be rather
low. However, illustrated in Figs. 3 and 4, which compare
the mechanical properties of the series polyamides 6.n (of
comparable molecular weight), the characteristics of PA-
6.24 and PA-6.34 follow the expected trend, both with
respect to mechanical and thermal properties—and indeed
in that sense fill the gap between standard polyamides and
polyethylene.

PA-6.34 films were oriented by tensile deformation at a
temperature of 1508C, to a maximum draw ratio of up to 5.3

(Fig. 5). This value is comparable to that observed for stan-
dard nylons [20], and is indicative of the reasonable mole-
cular weight of the present materials [21]. The Young’s
modulus of a five times drawn film was determined to be
3.7 GPa.

2.6. Wide-angle X-ray diffraction

X-ray diffractograms of PA-6.34 showed two prominent
reflections (Fig. 6a), indicative of a significant degree of
crystallinity of this material. The X-ray pattern of the
oriented PA-6.34 samples unambiguously show the uniaxial
orientation of the drawn films (Fig. 6b). Detailed analysis of
the crystal structure of this polymer will be published else-
where.

2.7. Compatibilizing properties

The (poly-)amphiphilic nature of PA-6.34 could make
this material a potential candidate for application as
“compatibilizer” in blends of, for example, polyolefins
and nylons. The latter have recently attracted significant
interest [22], not the least because of recycling of carpet
waste. In initial experiments, two different polymer blends
were prepared and examined, comprising PA-6, and poly-
ethylene and isotactic polypropylene, respectively. The
blends contained equal weight-fractions of the hydrophilic
PA-6 and the hydrophobic polymer, and 5% w/w PA-6.34
(based on overall weight). The blends were produced in a
mini-twin-screw extruder (see Experimental Section for
details). Light-microscopy photomicrographs of the differ-
ent blends are shown in Fig. 7, together with the respective
reference experiments (no added PA-6.34). As is evident
from these micrographs, the addition of PA-6.34 to both
blend systems investigated here dramatically decreased
the size of the PA-6 and polyolefin domains.

3. Conclusions

We presented the (melt-polycondensation) synthesis and
characterization of PA-6.24 and PA-6.34. The weight-aver-
age molecular weights of these new polymers were in the
range 30,000–35,000. The thermal and mechanical proper-
ties of PA-6.24 and PA-6.34 were found to be in between
those of common polyamides and polyethylene. PA-6.34
displayed a most interesting thermo-reversible gelation
behavior in sulfuric acid, which offers the possibility of
new fiber spinning processes. We also demonstrated the
potentially useful “compatitilizing” property of PA-6.34
in, e.g. blends of PA-6 and polyolefins. Current work is
directed towards further characterization and exploration
of the properties of the present polymers, the synthesis of
polyamides containing even longer aliphatic segments, as
well as of copolymers that could combine some of the
advantages of common nylons and the new polyamides.
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Fig. 3. Young’s moduli of melt-crystallized, isotropic, dried samples of
polyamides PA-6.n at room temperature: (V) Ref. [2]; (S) this work.

Fig. 4. Tensile strengths of melt-crystallized, isotropic, dried samples of
polyamides PA-6.n at room temperature: (V) Ref. [2]; (S) this work.



4. Experimental section

4.1. General methods

All reagents and solvents were purchased from Fluka,
Aldrich and Merck, except tetracosanedioic acid (1),
which was obtained from Across. Only analytical grade
quality chemicals were used. DSC and TGA measurements
were performed on a Netzsch DSC 200 and a TG 209 instru-
ment, respectively. Melting points were determined by DSC
measurements and taken as the peak values of endotherms.
The DMTA measurements were carried out under nitrogen
atmosphere on a DMTA 3e Rheometric Scientific instru-
ment. 1H-NMR and 13C-NMR spectral data are expressed
in ppm relative to an internal TMS standard and were
obtained on various Bruker NMR spectrometers. All visc-
osity measurements were made at 258C and a concentration
of 0.5 g/dl using Ubbelohde capillaries from Schott (type
53020/II) in combination with a Schott AVS 410 visc-
ometer. Elemental analyses and mass spectra were carried
out by the Microanalysis and Mass Spectra Laboratories of
the Department of Chemistry of ETH Zu¨rich. X-ray
measurements were performed on a Seifert ISO-Debeyflex
2002, using a Ni-filtered Cu-Ka as ray source (conditions:
12 and 24 h, 30 mA, 35 kV). All mechanical measurements
were carried out on an Instron 4464 tensile tester equipped

with a load cell of 10 N. The static light-scattering measure-
ments were carried out with a Malvern 4700 PS/MW spec-
trometer, equipped with an argon ion laser (Coherent,
Innova 200-10, wavelengthl0 � 488 nm), a digital auto-
correlator (Malvern 7032ES/136C), and a computer-
controlled and stepping-motor driven variable-angle detec-
tion system. Light-scattering experiments were performed
according to the procedures given elsewhere [23]. Unless
otherwise stated, all polyamide samples were dried for at
least 12 h at 808C under vacuum (10 mbar) before they were
used for any experiment.

4.2. Monomer synthesis

4.2.1. 2,2-Hexamethylene-bis(cyclotetradecanedione-(1,3))
(3)

Under argon atmosphere, a solution of 1-morpholino-1-
cyclododecene (60.02 g, 238.7 mmol), triethylamine
(35 ml) and chloroform (30 ml) was cooled to268C. A
solution of sebacoyl chloride (21.29 g, 88.6 mmol) in
chloroform (30 ml) was added over the course of 16 min
dropwise to the stirred and cooled solution; the temperature
of the reaction mixture was kept below 158C. After the
addition was completed, chloroform (20 ml) was added
and the reaction mixture was stirred for 4.5 h at room
temperature. The resulting suspension was subsequently
homogenized by the addition of chloroform (460 ml).
Hydrochloric acid (2.5 M, 250 ml) was added to the clear,
yellow solution, and the mixture was stirred for 20 h. The
two phases were separated and the aqueous layer was
extracted with chloroform (2× 150 ml). The combined
organic phases were washed with diluted, aqueous HCl
(3 × 500 ml), dried (MgSO4), and evaporated in vacuo.
The resulting off-white solid was extracted in boiling metha-
nol for 1 h; the product was isolated by filtration at 358C.
The product was recrystallized from ethyl acetate
(1200 ml), to yield pure 2,2-hexamethylene-bis-(cyclotetra-
decanedione-(1,3)) (3) as a white powder (23.7 g, 50.3%);
m.p. 120.9 and 151.48C. 1H-NMR (500 MHz, CDCl3,
300 K): d 3.59 (t, J � 7:23 Hz; 2H), 2.50–2.36 (m, 8H),
1.80–1.75 (m, 4H), 1.72–1.64 (m, 4H), 1.62–1.55 (m,
4H), 1.40–1.13 (m, 36H).13C-NMR (125 MHz, CDCl3;
300 K): d 206.25 (CyO), 68.67 (OyC–CH–CyO), 39.67,
29.12, 27.98, 27.37, 26.33, 25.55, 25.36, 24.97, 21.03 (all
aliphatic –CH2–). Mass spectrum:m/e 530.3 (M1 parent).
Anal. Calcd for C34H58O4: C, 76.93; H, 11.01; O, 12.06;
Found: C, 77.04; H, 11.22; O, 11.86.

4.2.2. 13,22-Dioxo-tetratriacontanedioic acid (4)
2,2-Hexamethylene-bis-(cyclotetra-decanedione-(1,3))

(3) (23.7 g, 44.6 mmol) was dissolved in 2-methoxyethanol
(250 ml) at 1258C, and a hot (1158C) solution of NaOH
(11.9 g, 296.9 mmol) in 2-methoxyethanol (155 ml) was
added quickly to the rapidly stirred solution. A white solid
formed immediately, and stirring became difficult. After
stirring for 1 h at 1258C, the reaction mixture was allowed
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Fig. 5. Stress–strain curve at 1508C of a dried film of PA-6.34.

Fig. 6. Wide-angle X-ray diffraction patterns of PA-6.34: (a) isotropic; (b)
drawn at 1508C to a draw-ratio (l ) of 5.3; drawing axis vertical.



to cool to room temperature, the product was isolated by
filtration and washed with 2-methoxyethanol and ethanol.
Recrystallization from acetic acid (100%, 700 ml) yielded
13,22-dioxo-tetratriacontanedioic acid (4) (24.33 g, 96.2%)
as a slightly pink powder; m.p. 146.18C. 1H-NMR
(500 MHz, DMSO-d6, 353 K): d 2.36 (t, J � 7:28 Hz;
8H), 2.17 (t, J � 7:36 Hz; 4H), 1.54–1.45 (m, 12H),
1.29–1.19 (m, 36H).13C-NMR (125 MHz, DMSO-d6;
353 K): d 209.77 (CH2–CO–CH2), 173.68 (–CH2–
COOH), 41.42, 41.40 (–CH2–CO–CH2–), 33.34 (–CH2–
COOH), 28.39, 28.34, 28.26, 28.17, 28.15, 28.12, 28.09,
24.07, 22.89, 22.85 (all aliphatic –CH2–). Anal. Calcd for
C34H62O6: C, 72.04; H, 11.02; O, 16.93; Found: C, 72.29; H,
11.21; O, 16.66.

4.2.3. Tetratriacontanedioic acid (2)
Hydrazine monohydrate (100 ml) was added to a

solution of 13,22-dioxo-tetratriacontanedioic acid (4)
(24.12 g, 42.55 mmol) in triethanolamine (200 ml) and
the reaction mixture was stirred for 2 h at 1258C. After

cooling to 808C, a hot solution of KOH (13.2 g,
235.2 mmol) in triethanolamine (70 ml) was added to
the reaction mixture. The resulting solution was vigor-
ously stirred, heated to 1608C and after stirring for
20 min at this temperature carefully heated to 2308C
during 105 min. The solution was stirred at 2308C for
6.5 h and cooled toRT at which it solidified. Water
(350 ml) was added, the mixture was heated to 1008C
and the resulting suspension was filtered while hot. The
resulting solid was first recrystallized from acetic acid
(100%, 600 ml) and then from a mixture of 1,4-dioxane
(4500 ml) and 12 M HCl (75 ml). Tetratriacontanedioic acid
(2) was obtained as a white powder (21.10 g, 92%); m.p.
133.08C. 1H-NMR (300 MHz, DMSO-d6, 353 K):d 2.17 (t,
J � 7:30 Hz; 4H), 1.54–1.47 (m, 4H), 1.37–1.24 (m, 58H).
13C-NMR (125 MHz, DMSO-d6; 353 K): d173.61
(–COOH), 33.36 (–CH2–COOH), 28.51, 28.24, 28.15,
24.10 (all aliphatic –CH2–). Anal. Calcd for C34H66O4: C,
75.78; H, 12.34; O, 11.88; Found: C, 75.33; H, 12.53; O,
12.33.

M. Ehrenstein et al. / Polymer 41 (2000) 3531–3539 3537

Fig. 7. Optical photomicrographs (phase contrast) of different polymer blends: (a) PA-6/PE (50/50% w/w); (b) PA-6/PE/PA-6.34 (47.5/47.5/5% w/w);(c) PA-
6/i-PP (50/50% w/w); (d) PA-6/i-PP/PA-6.34 (47.5/47.5/5% w/w).



4.3. Polymer synthesis

4.3.1. Polyamide 6.24
Tetracosanedioic acid (1) (2.17 g, 5.45 mmol) was

dissolved in THF (110 ml) at 508C and a solution of hexam-
ethylenediamine (0.66 g, 5.65 mmol) in THF (15 ml) was
added under vigorous stirring. The hexamethylenediamine-
tetracosanedioic acid salt immediately precipitated. The
mixture was stirred for another 30 min at 508C, allowed to
cool to room temperature, and the white product was
collected by filtration. The hexamethylenediamine–tetraco-
sanedioic acid salt was recrystallized from a mixture of
ethanol (130 ml) and water (40 ml), and was obtained as a
white powder (2.30 g, 86%); m.p. 161.48C.

A glass tube was charged with hexamethylenediamine–
tetracosanedioic acid salt (1.68 g, 3.42 mmol) and a slight
excess of hexamethylenediamine (22 mg, 0.19 mmol) was
added. The glass tube was snugly fitted into an autoclave.
After the autoclave was evacuated and flushed with nitrogen
and after this cycle had been repeated three times, a nitrogen
pressure of 15 bar was applied. The reaction was subse-
quently started, by quickly raising the autoclave tempera-
ture to 1948C; an increase in pressure to about 20 bar was
observed. After keeping the autoclave for 2 h at 1948C, the
temperature was increased to 2028C. After 1.5 h under these
conditions, the pressure was decreased(10 bar) and the
autoclave was kept for 2 h. In a last step, a vacuum
(,0.1 mbar) was established, the temperature was increased
to 2108C and the reaction was continued for another 2 h. The
autoclave was then cooled to room temperature. The result-
ing PA-6.24 was obtained as a white solid (1.29, 83%) and
was pulverized in a freezing mill; m.p. 189.08C. 1H-NMR
(300 MHz, phenol-d6, 353 K):d 3.17 (t,J � 7:20; 4H), 2.16
(t, J � 7:60; 4H), 1.64 (t, J � 7:00; 4H), 1.26–1.45 (m,
40H), 1.05–1.16 (m, 4H).13C-NMR (300 MHz, phenol-d6,
300 K): d 176.32 (–CONH–), 40.13 (–CONH–CH2–),
36.97 (–CH2–CONH–), 29.90, 29.83, 29.77, 29.61,
29.38, 29.24, 26.39, 26.11 (all aliphatic –CH2–). Anal.
Calcd for C30H58N2O2: C, 75.26; H, 12.21; N, 5.85; O,
6.68; Found: C, 75.06; H, 12.11; N, 5.89; O, 7.07.

4.3.2. Polyamide 6.34
Tetratriacontanedioic acid (2) (5.39 g, 10.00 mmol) was

dissolved in 1,4-dioxane (400 ml) at 908C and a solution of
hexamethylenediamine (1.16 g, 10.00 mmol) in 1,4-dioxane
(50 ml) was added under vigorous stirring. The hexamethy-
lenediamine–tetratriacontanedioic acid salt immediately
precipitated. The mixture was stirred for another 30 min at
1008C, allowed to cool to room temperature, and the white
product was collected by filtration. The hexamethylenedia-
mine–tetratriacontanedioic acid salt was recrystallized from
a mixture of 1,4-dioxane (200 ml) and toluene (1000 ml),
and was obtained as a white powder (5.44 g, 83%); m.p.
157.78C.

A glass tube was charged with hexamethylenediamine–
tetratriacontanedioic acid salt (5.25 g, 8.01 mmol) and a

slight excess of hexamethylenediamine (19 mg,
0.16 mmol) was added. The glass tube was snugly fitted
into an autoclave. After the autoclave was evacuated and
flushed with nitrogen and this cycle had been repeated three
times, a nitrogen pressure of 16 bar was applied. The reac-
tion was subsequently started by quickly raising the auto-
clave temperature to 1848C; an increase in pressure to about
18 bar was observed. The temperature was gradually
increased to 1928C over a period of 3.5 h. The pressure
was then decreased and the polycondensation was continued
at a pressure of 6 bar and temperature of 1928C for 2 h.
Finally, a vacuum (,0.1 mbar) was established, the
temperature was increased to 2008C and the reaction was
continued for another 2.5 h. The autoclave was then cooled
to room temperature. The resulting PA-6.34 was obtained as
a white solid (4.21 g, 85%) and was pulverized in a freezing
mill; m.p. 177.08C. 1H-NMR (300 MHz, phenol-d6, 353 K):
d3.17 (t,J � 7:20; 4H), 2.16 (t,J � 7:60; 4H), 1.64 (t,J �
7:00; 4H), 1.21–1.50 (m, 60H), 1.06–1.18 (m, 4H).13C-
NMR (300 MHz, phenol-d6, 300 K): d 176.31 (–CONH–),
40.12 (–CONH–CH2–), 36.97 (–CH2–CONH–), 29.89,
29.77, 29.62, 29.38, 29.24, 26.39, 26.11 (all aliphatic
–CH2–). Anal. Calcd for C40H78N2O2: C, 77.61; H, 12.70;
N, 4.53; O, 5.17; Found: C, 77.61; H, 12.63; N, 4.68; O,
5.14.

4.4. Mechanical characterization

Polyamide film samples were produced by melt compres-
sion molding between two poly(tetrafluoroethylene) (PTFE)
sheets of a thickness of 0.4 mm. PA-6.24 and PA-6.34
powders were filled into the mould, and heated at 205 and
1958C, respectively. After 5 min a force of 1.0 tons was
applied for 2 min; subsequent quenching to ambient resulted
in films of a thickness of about 80mm. Mechanical tensile
testing of the films was performed in a temperature range of
25 to 1508C and at a strain rate of 100%/min on dog-bone
shaped samples (test area� 12.7 mm× 2 mm). For this
purpose a tensile tester (Instron 4464) equipped with a
controlled atmosphere chamber was employed.

4.5. Blend preparation

A twin-screw mini-mixer (commercially available from
DACA Instruments, Santa Barbara, CA) was used for all
blending experiments. In order to prevent any degradation
of the polymers, the entire process of feeding, mixing, and
extrusion was carried out under a constant flow of nitrogen
(5 l/min). The mixer was preheated to a temperature of
2408C before adding the polymers in the following order:
polyethylene (DSM,�Mw � 100 000) or isotactic polypropy-
lene (Polysciences,�Mw � 220 000), respectively, poly-
amide 6 (Polysciences,�Mw � 35 000), and finally PA-
6.34. All blends investigated comprised a 1:1 w/w ratio of
the polyolefin and PA-6, and in the case of the compatibi-
lized blends a total weight-fraction of 5% w/w of PA-6.34
was used. The mixer drive was set to 50 rpm for the filling
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process. The blends were extruded in recycling-mode for
10 min at a speed of 150 rpm. Before discharging, the
speed of the mixer was reduced to 50 rpm.

4.6. Blend characterization

Thin films of a thickness of approximately 100mm were
prepared as described above, but pressed at a temperature of
2408C. A Leica DMRX light microscope in transmitted light
mode was used for optical investigation of the polymer
blend films.
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