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Abstract

Multiblock copolymers were synthesized from @m-dicarboxy-oligododecanamide (PA12d@;, = 2095 and variousy,»-dihydroxy-
polyethers K1,, = 1006-2000, especially, as copolyethers containing both polyoxyethylene and polyoxypropylene blocks. The polycon-
densation reaction was carried out in bulk at high temperature in the presence of Zré@3RBatalyst. A kinetic study permitted one to
compare the reactivity of the different oligoethers used with respect to PA12dC. The thermal properties, the structure and morphology of
these poly(polyetherslockpolyamides) were characterized by DSC, TGA, DMA and solid-st2eNMR. DSC and DMA results show
that the multiblock copolymers based on copolyethers exhibit a very high degree of phase separation and these soft blocks do not crystallize,
whatever their length and composition. NMR results reveal that the crystalline polyamide phase adopts a sgriarmdes{milar to that of
the oligoamide precurso© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction the corresponding segments leads to a variation of storage
modulus harmful to the use of material in this temperature

Poly(polyetherdalock-polyamides) (PEBAS) is a combi-  range. Polyoxypropylene could be selected, as it does not
nation of a polyamide as a hard block and a polyether as acrystallize in these conditions; however it raises important
soft block; these have been widely studied as thermoplasticproblems because the resulting PEBA is obtained by poly-
elastomer [1-8]. condensation of the,w-dicarboxy-polyamide with the,w-

Polyamide-11, polyamide-12 and polyamide-6 are the dihydroxy-polyoxypropylene, and the hydroxy end groups
most widely used polyamides, as the hard blocks. Poly- of the telechelic oligoether are mainly secondary. The low
oxytetramethylene (POTM), polyoxyethylene (POE) and reactivity of these end groups prevents the formation of high
polyoxypropylene (POP) are often chosen as the polyethermolar mass multiblock coplolymers. Moreover, a degrada-
blocks. tion of these units is observed during the polycondensation.

The microphase separation, the crystallinity of each  These drawbacks could be overcome by the use of amor-
phase, the hydrophobicity and the properties of the resulting phous or semicrystalline (with a low degree of crystallinity)
multiblock copolymers, depend on the nature and the molar telechelic copolyethers; such samples are commercially
mass of hard and soft blocks [4,9-11]. available.

Some of these PEBAs are commercialized by EIf  This article is relative to new PEBAs based on polya-
Atochem and by His under the trade name of PEBAX mide-12 and block copolyethers of ethylene oxide and
and VESTAMID®, respectively. However, changes in the propylene oxide: they were obtained by polycondensation
morphology of the polyether blocks are observed when the of an «,0-dicarboxy-oligododecanamide (PA12dW, =
materials are used at room temperature. With semicrystal-2095 with various o,w-dihydroxy triblock copolyethers
line polyethers (POTM or POE), the melting temperature of such as polyoxyethyleniglock-polyoxypropyleneslock

polyoxyethylene (POE/POP/POE dOMNt, = 1006-2000.

A kinetic study of the polycondensation and some properties

of the resulting multiblock copolymers compared with those
* Corresponding author. Fax: 33-1-4427-7054. of PEBAX" are described.

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
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2. Experimental
2.1. Materials

The chemicals a,w-dihydroxy-oligooxytetramethylene
(POTMdOH), oligooxyethylene (POEdOH) and oligooxy-
propylene (POPdOH) were provided by BASF. Synpero-
nic® and Pluroni€ copolyethers were provided by ICI
and by BASF, respectively,o-Dicarboxy-oligododecana-
mide (PA12dC) was provided by EIf Atochem. The oligo-
mers were used without further purification.

2.2. Polycondensations

Kinetic study The general procedure is described as
follows: PA12dC and,»-dihydroxy-polyethers in stoichio-
metric molar ratio were placed in a 100 ml glass reactor

equipped with an argon inlet and outlet, a central mechan-
ical stirrer and a condenser. The reactor was placed in an olil
bath at the desired temperature. When thermal equilibrium
was reached (ca. 15 min), for the non-catalyzed reactions,
samples were taken at suitable time intervals; for the cata-

lyzed reactions, Zr(OBy)(in CH,Cl, solution) was intro-
duced into the mixture with the help of a hypodermic
syringe, and the resulting mixture was stirred for 1 min,

then samples were taken as in the case of non-catalyze

reactions.
Synthesis of high molar mass block copolymefs
stoichiometric amount of PA12dC angw-dihydroxy-poly-

ether were polycondensed in bulk, in the presence of

Zr(OBu), (1.5 mmolkg?®. In a first step, the reaction
was carried out at 24CQ, under argon atmosphere, for 2 h;

the second step was conducted under vacuum (0.3 torr) for

3h.

2.3. Measurements

'H NMR spectra were recorded in TFA/CDGIL/4 v/iv)

MSL 200 or MSL 300 spectrometers. The chemical shifts
were referenced to adamantane (29.5 ppm). In most cases, a
1 ms contact time and a 5 s recycle delay were used. The
different peaks were deconvoluted using a computer
program for simulating NMR line shapes in solids as combi-
nation of Gaussian and/or Lorentzian line shapes.

Size exclusion chromatography (SEC) was performed in
benzyl alcohol at 13 (1 mlmin™Y) in EIf Atochem
laboratory with a Waters equipment: U6K injector, 510
pump, 410 Differential refractometer and a PL-Gel column
set (60 cm mixed and 30 cm 500.AThe system was cali-
brated with polyoxytetramethylene standards.

The dynamic mechanical measurements were performed
on compression-molded specimens and were carried out in
Elf Atochem laboratory on a Rheometrics RMS 800 appa-
ratus equipped with a torsional pendulum. The temperature
range between-120 and 168C was scanned at a heating
rate of 5C/min and at a constant frequency of 10 Hz.

Differential scanning calorimetry (DSC) was carried out
on a DSC 2010 CE TA Instruments apparatus equipped with
the liquid nitrogen cooling LNCA accessory at a cooling
and heating rate of 2@/min, or on a Perkin—Elmer DSC
7 apparatus at a heating rate of°@0min under nitrogen
atmosphere. Crystalline melt temperaturgs) (were taken

s the minima of the melting endotherms and the glass
transition temperatured§) were obtained at the inflection
point from the second heating run.

Thermogravimetric analysis (TGA) was carried out on a
DuPont Instruments 9900 Thermal Analyzer system
equipped with a 951 Thermogravimetric Analyzer at a heat-
ing rate of 10C/min under nitrogen atmosphere.

X-ray diffraction experiment was performed on oligoa-
mide-12 (PA12dC) powder in EIf Atochem laboratory using
a Rigaru RU-200 generator. The instrument was equipped
with a Cuka radiation(A = 1.54) X-ray source operating at
40 kV and 30 mA.

Titration of carboxy end groups was carried out under

on a Bruker AM 500 spectrometer. The chemical shifts were nitrogen atmosphere using a Mettler DLAORC automatic

referenced to residual CHCAt 7.26 ppm.
Solid-state’®C NMR spectra were recorded on Bruker

potentiometric titrator. Samples were previously dissolved
in boiling benzyl alcohol. After cooling at room temperature,
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Table 1

Number-average molar magd,,), OE/OP ratio of the numbers of OE and
OP units and percentages of primary (¥%-OH) and secondary (%ec
OH) hydroxy end groups of initial oligomers

Sample M,? OE/OF  %pri-OH* % secOH?
PA12dC 2098

POTMdOH 1000 100

POEdOH 1050 100

POPdOH 880 100
Synperoni€L-31 1090 0.25 50 50
SynperoniéL-35 1920 1.26 90 10
Synperoni€L-42 1570 0.26 75 25
SynperoniéL-61 1950 0.23 60 40
Pluronic®3100 1095 0.16 35 65
Pluronic®4300 1925 0.65 80 20
Pluronic®6100 1740 0.14 45 55

2 Determined by"H NMR.
® Determined by end group titration.

the resulting solution was titrated with KOH/ethanol

solution. A blank titration was carried out.

Water content in polyether samples was determined by

the Karl Fischer titration.
Inherent viscosities were measured froreresol solutions

(0.5 g dI'Y) by using a Schott automatic viscosimeter with a
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Ubbelhode 538-23 capillary microviscosimeter in a constant
temperature water bath (Schott CT 1450) kept &C20

3. Results and discussion

The polycondensations were performed according to the
same process, in bulk at high temperature and in the
presence of tetrabutoxyzirconium (Zr(OBups catalyst.
The reagents (i.e. PA12dC anrdw-dihydroxy-polyether)
were introduced in the reactor in a stoichiometric molar
ratio. The general procedure is described in Scheme 1.
The characteristics of the initial oligomers were already
described in previous studies [12,13]; they are summarized
in Table 1:(M,,), OE/OP (where OE and OP are the numbers
of oxyethylene and oxypropylene units, respectively) and
the molar percentages of primary and secondary hydroxy
end groups. PA12dC used throughout the study presents two
structures:

Hooc—(CHg)4—ﬁ~E NH—(CH,); 4 —ﬁ{'— OH
n
o} o}

HO‘Eﬁ_(CHz)n_NH}’ﬁ‘(CHz)FICl"ENH‘(CHa)n_ﬁEI‘OH
P q
(0] (e} (0] 0
b
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Fig. 1. Variation of C/G@versus time. Polyesterification of PA12dC with-—POTMdOH; ¥ —POEdOH; x —POPdOH; at (a) 20C; (b) 220C; (c) 240C.
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Table 2
Water content in the oligomer precursors (% in mass)

Sample HO (%)
PA12dC 0.35
POTMdOH 0.32
POEdOH 0.62
POPdOH 0.50
Synperoni€L-31 0.17
SynperoniéL-35 0.22
Pluronic®6100 0.25

3.1. Polyesterification oft,w-dicarboxy-
oligododecanamide with severalw-dihydroxy-
oligoethers

A. Boulares et al. / Polymer 41 (2000) 35613580

was followed by chemical titration of the carboxy end group
concentration@, eq g %) at different reaction times(min).

3.1.1. Polycondensation of POTMdOH, POEdOH and
POPdOH with PA12dC

3.1.1.1. Non-catalyzed polycondensatiofhe variation of
C/Cy versus time are reported in Fig. €, and C are
carboxy end group concentrations at tihe= 0 and at
timet, respectively. Whatever the polyether, the concentra-
tion of reacted carboxy groups increases with increasing
reaction temperature (200, 220, 2@).

At 220 and 246C, POTMdOH is slightly more reactive
than POEdOH whereas POPdOH reactivity is far lower than
that of the two others. These results are consistent with the
nature of hydroxy end groups: POPdOH has only secondary

The kinetics and mechanisms of esterification reactions hydroxy end groups which are less reactive than primary
catalyzed by various organometallic derivatives have exten- ones.

sively been investigated [14,15].

In this study, the polyesterification reaction was studied at POEdOH< POPdOH< POTMdOH. Esterification
three temperatures (200, 220, 28D in the absence and in
the presence of Zr(OByY1.5 or 3 mmol kg™ of reactive

is as follows:
rate
depends on the water content in the reactive medium;
water is already present in the mixture before reaction

At 200°C, the reactivity increases

mixture). Kinetic experiments were carried out only under takes place (Table 2) and is released by the polycondensa-
atmospheric pressure (see experimental part). The reactiortion. POEdOH is particularly hygroscopic and it contains

b
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Fig. 2. Variation ofC/C, versus time. Polyesterification of PA12dC at 280with: (a) POTMdOH:O—uwithout catalyst;@—with 1.5 mmol kg* of
Zr(OBu); A—with 3 mmol kg * of Zr(OBu); (b) POPdOH:O—without catalyst;®@—with 1.5 mmol kg of Zr(OBu); A—with 3 mmol kg* of
Zr(OBu); (c) POEdOH:O—without catalyst;®@—with 1.5 mmol kg * of Zr(OBu); A—with 3 mmol kg* of Zr(OBu),.
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Fig. 3. Variation of C/G versus time. Polyesterification of PA12dC: (a) with SynperBhig1: x —at 220C without catalystO—at 240C without catalyst;
@ —at 240C with 1.5 mmol kg* of Zr(OBu),; A—at 240C with 3 mmol kg * of Zr(OBu)y; (b) at 220C with: A—POPdJOH;V—SynperonifL-31; ®—
POEdOH; (c) at 24T in the presence of 1.5 mmol kiof Zr(OBu), with: A—POPdOH:V —SynperonifL-31; ®—POEdOH; (d) at 24T in the presence
of 3 mmol kg™* of Zr(OBu), with: A—POPdJOH;V—Synperoni€l-31; ® —POEdOH.

more water than the other two oligomers, which explains its hydroxy ones and the latter condense leading to ether
low polyesterification rate value at 2@, as water is not  bridges (Zr—O-Zr). Zirconium atom is chelated by the
completely eliminated from the reaction medium at this oxygen atoms of polyether chains.
temperature. The contribution of these parameters makes it impossible
to determine the effective concentration of catalytic centres.
3.1.1.2. Zr(OBuj}catalyzed polycondensationiwhen the Only free molecules and the active sites on the surface of
polycondensation is carried out in the presence of aggregates have a catalytic effect.
Zr(OBu), it is more difficult to analyze the influence of The behavior of POTMdOH when it is polycondensed at
experimental conditions on the results. The behavior of the 240°C is shown in Fig. 2a. Esterification rate and especially the
catalyst depends on several parameters, particularly itsinitial rate, increases with increasing catalyst concentration.
concentration, water content and medium polarity. Laporte  Addition of catalyst (1.5 or 3 mmol kgf) to POPdOH/
et al. [15] reported the study of the influence of these PA12dC system leads only to a low increase of initial reac-
parameters on Zr(OBufatalyzed esterifications and tion rate (Fig. 2b). When Zr(OBu)concentration is
polyesterifications. 3 mmol kg, the plot shows a slight autoacceleration (parti-
Independently of its interaction with reactive end groups cularly perceptible when reaction time is 120 min). This
(carboxy and hydroxy groups), Zr(OBwields species of  phenomenon was already observed by Laporte et al. [15]
different structure as free molecules, clusters, aggregatesn the case of the Zr(OBuy)atalyzed reaction between 11-
and chelated forms. dodecylaminoundecanoic acid and 2-tridecanol carried out
The association degree of the clusters depends onunderatmospheric pressure at 180—0@ith high catalyst
medium polarity and on temperature. In dilute solutions, concentration £2.9 mmol kg!). These authors assumed
mainly dimers and trimers are formed. Zirconium coordina- that this autoacceleration arises from the cleavage of cata-
tion number reaches six or it can even be higher. lyst clusters or aggregates, in the presence of esterification
The formation of aggregates arises from the reaction of water and carboxy groups, increasing the reactive catalytic
the catalyst with water: butoxy groups are partly replaced by site number.
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Fig. 4. Variation ofC/C, versus time. Polyesterification of PA12dC at 280(a) with Synperoni®L-35: A—uwithout catalyst;¥ —with 3 mmol kg * of
Zr(OBu); (b) with Pluroni¢’6100: A—without catalyst;A—with 3 mmol kg™ of Zr(OBu); (c) in the presence of 3 mmol kg of Zr(OBu), with: —
Synperoni€L-35; ©—Pluronic®6100.

The addition of catalyst to POEdOH/PA12dC system absence of catalyst at 220 (Fig. 3b), or in the presence
(Fig. 2c) drastically increases initial reaction rate. However, of Zr(OBu), (1.5 mmol kg %) at 240C (Fig. 3c) this system
the reaction slows down after 30 min when catalyst concen- exhibits a reaction rate intermediate between those of
tration is 3 mmol kg*. Laporte et al. [15] observed that POPdOH/PA12dC and POEdOH/PA12dC systems (Synper-
catalytic efficiency is not proportional to catalyst concentra- onic®L-31 has a molar mass close to those of POEdOH and
tion when the 11-dodecylaminoundecanoic agidbdecyl- POPdOH). This result is consistent with the nature of
w-hydroxy-polyoxyethyleneNl,, = 350) system is carried  Synperoni€L-31 end groups: equal amount of primary
out under atmospheric pressure, at 180 or’@4@nd with and secondary alcohol functions instead of two primary
[Zr(OBu),] = 6.7 mmol kg *; this results from the conden-  hydroxy groups for POEdJOH and two secondary hydroxy
sation of catalyst molecules and from the chelation of zirco- groups for POPdOH. However, at 2@Dwith 3 mmol kg *
nium atoms by polyoxyethylene oxygen atoms. of Zr(OBu), (Fig. 3d), the Synperonfi-31/PA12dC

In view of the preceding remarks, it is difficult to compare system gives the highest initial reaction rate; in the same
the behavior of the different Zr(OButatalyzed systems;  experimental conditions, we observed that POEdOH exhi-
the only significant observation is that POPdOH is the least bits a particular behavior, but the Synperdhie31 struc-
reactive of the three oligoethers whatever the experimentalture contains few oxyethylene units (@B = 0.25) which

conditions. should not modify the kinetics.

The kinetic plots relative to Synperofiic-35/PA12dC
3.1.2. Polycondensation of SynperoHie31, and Pluroni€6100/PA12dC systems are reported in Figs.
Synperoni€L-35 and Pluroni¢6100 with PA12dC 4a and b, respectively; for these two systems carried out

The results relative to the polyesterification of Synpero- at 240C under atmospheric pressure (the two initial
nic®L-31 with PA12dC carried out under atmospheric pres- copolyethers have similar molar masses), the conversion
sure in the absence of catalyst (at 220 and’€3@r in the increases when Zr(OBu)s added. Without catalyst, the
presence of Zr(OBy)at 240C are reported in Fig. 3a. reaction rate relative to Plurorfi6100/PA12dC system is

As expected, polyesterification rate increases with much lower than that of the other system; this is due to a
increasing temperature and catalyst concentration. In thesignificant content of secondary hydroxy end groups in



A. Boulares et al. / Polymer 41 (2000) 3561—-3580

1 2 39 10 11 ib 2b
WEN_CHz' CHz—(CHz)rCHz-CHz—(]:&M VAN G CHi(CHalo- CHg~ G oA
' IO n | ! ﬁ |

COCF, FscoC O O cock,
1 2 3-9 10' 11
wAn ﬁ—rlq- CH,~ CH;~(CHo);~ CH,~ CHy~ G-0-COCF,
(0] 1a 2a 3a 4a
COCF, Y PNy CH;~ CHy™ CHy~ G- 0-COCF,
O cocF, 0
5,'_’,3 2E* 1E*
3E 6P WO CHz- CH2- O_COCF:;
O-CH,~CH }v O-CH,—
~pooncidr  ~hoci-cih o
e G
WAL O- CHz-g:'I;I.— O-COCF,
2P
2E 1E 11"E 10" 3P ?l-ls 11"P 10"
V0~ CH,~CH,~O— ﬁ- CH,~CH, ™ W 0O-CH,-CH-0— I(I;— CH,~ CHyv™
1P
o o)

300 min

. f2a
4a 11
25 ¥ {32\
1E*
1P iy 15 min
! ?8' N '5!2' ' '4‘.8' ! ‘4:7 ! '20' ! 'BSF 'S.rz' ]_'er ?4' ! '230' ! ‘136' ! '132' ! 'OTB' !

(ppm)

3567

Fig. 5. *H NMR spectra of the Synperorfit-31/PA12dC system (24Q; [Zr(OBu),] = 1.5 mmol kg ) at different reaction times; (CDETFA).
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Table 3

A. Boulares et al. / Polymer 41 (2000) 35613580

Inherent viscosityn;;,, humber-average molar mass,, polydispersity

index|, of PEBAs

Sample Minh (dl-gil) Mn Ip
PEBAX®(2000/2000) 1.41 16820 2.2
PEBAX®(2000/1000) 1.49 19720 2.3
PA-POTM(2095/1000) 1.37 9270 3.6
PA-POE(2095/1050) 0.80 6510 35
PA-POP(2095/880) 0.85 6260 4.1
PA-SL31(2095/1090) 0.99 10210 3.3
PA-SL35(2095/1920) 1.27 - -
PA-SL42(2095/1570) 0.80 - -
PA-SL61(2095/1950) 0.98 7190 4.5
PA-P3100(2095/1095) 1.05 10440 4.9
PA-P4300(2095/1925) 0.75 16820 2.3
PA-P6100(2095/1740) Insoluble - -

Pluronic®6100 (45% againts 10% for Synperofic35).
When catalyst concentration is 3 mmol Kgboth systems

have the same kinetic behavior (Fig. 4c) which is rather

surprising. The reactivity of Synperoffic-35 is lower

than expected; however its OE content is relatively high
(OE/OP = 1.26) which reduces the efficiency of the cata-

lyst.

The kinetics of the Synperoriit-31/PA12dC system
(240°C; [Zr(OBu)]= 1.5 mmol kg ) was also followed

by H NMR; the corresponding samples were solubilized

in a mixture of CDCjtrifluoroacetic anhydride (TFA)

which was already used with initial precursors [12,13].
TFA reacts with amide, amine, hydroxy and carboxy
groups. The'H NMR spectra recorded at different reaction

between the two blocks (i.e. two triplets at= 2.36 and
2.33 ppm corresponding to the GHbrotons ina-position

of carbonyl group annoted 1E and 11P in the spectra,
respectively, and two multiplets @t= 4.27 and 5.09 ppm
relative to the CHand CH protons imx-position of oxygen
atom annoted 1E and 1P, respectively). Moreover, the signal
at 4.48 ppm decreases more rapidly than the multiplet at
5.23 ppm which is consistent with the higher reactivity of
primary hydroxy groups compared to that of secondary
hydroxy groups.

3.2. Synthesis and properties of multiblock copolymers

In order to obtain block copolymers with high molar
mass, the syntheses include two stages: the reaction was
first carried under argon atmosphere then under vacuum.
In all experiments the catalyst is Zr(OB@) 1.5 mmol kg*
and the temperature is 240,

The characteristics of the block copolymers are reported
in Table 3 and are compared to those of two PEEAX
samples based on polyamide-12 (PAM2; =~ 2000) and
polyoxytetramethylene (POTM;M,, = 2000 or 1000,
respectively). The abbreviated names of the different
PEBAs are given in Scheme 2. Thé, and n;,, values
relative to PEBAX are higher than those of other multi-
block copolymers. This arises from the type of the reactor
which was used: an industrial one for PEBAXnd a clas-
sical laboratory reactor for the other copolycondensates.

3.2.1. Thermal behavior

times (Fig. 5) show on the one hand the decrease of signals3.2.1.1. Differential scanning calorimetry and thermogravi-
relative to methylene protons w-position of carboxy end

groups 6= 2.60 ppm and to methylene and methine

metric analysis. The thermal characteristics of PA12dC,
a,w-dihydroxy-polyethers and PEBAs are reported in

protons in a-position of trifluoroacetylated hydroxy end Tables 4 and 5.

groups ¢ = 4.48 and 5.23 ppm, respectively) and, on the

DSC analysis reveals the semicrystalline character of

other hand, the emergence of signals to the ester junctionPOEJOH and POTMdOH and the wholly amorphous

[PA12dC| | POTMdOH |

N/

PA-POTM (2095/1000)

[PA12dC] | Synperonic®L-31 ]

M, PA12dC

M, POTMdOH

N S

PA-SL31 (2095/1090)
— A

M, PA12dC

M, Synperonic®L-31

[PA12dC] | Pluronic®s100]

e

PA-P6100 (2095/1740)

M, PA12dC

M, Pluronic®6100

Scheme 2.
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Table 4
Thermal characteristics of initial oligomers determined by DSC (in the second heating run with a réft€/afigpand TGA: glass transition temperatdig
recrystallization temperaturg,, heat of recrystallizatioH,, melting temperatur&,,, heat of fusioMH,, and 10% mass loss temperatgy,

Sample Ty (°C) T. (°C) —AH (3¢ Tm (°C) AH, (3¢ Tiow (°C)
PA12dC - 165 75 400
POTMdOH -82 21 90 237
POEdOH -67 39 143 267
POPJOH -71 275
SynperoniéL-31 -71 275
Synperoni€L-35 —-60 —44 35 29 40 300
SynperoniéL-42 —69 —41 15 -9 14 280
Synperoni€L-61 —69 270
Pluronic®3100 -70 250
Pluronic®4300 -68 —44 19 —4 21 315
Pluronic®6100 —-69 280
character of POPdOH. In the same way, Synpertinig5 calculated with respect to the polyamide phase, is lower

and L42 and Pluroni®4300 copolyethers are semicrystal- than that of initial oligoamide, but its value does not signi-
line; the corresponding thermograms (Fig. 6a) exhibit a ficantly change with the length and nature of polyether
recrystallization exotherm after the glass transition. On the block.
contrary, the Synperonf¢.-61 and L-31, Pluroni€6100 As expected, the POP blocks are amorphous in multi-
and 3100 copolyethers are fully amorphous. This fact is block copolymers prepared from homopolyethers. The
undoubtedly due to the higher percentage of OP units POE and POTM blocks dl,, = 1000 crystallize very little
contained in the copolymers of the second series (Tableor not at all when they are linked to polyamide blocks. The
1). Whatever the copolyether, the glass transitidg) (  glass transition temperaturdgee of these POP, POE and
occurs at about—70°C except Synperonftt-35 which POTM blocks are always higher than those of initial homo-
presentsT; at —60°C. polyethers. In particular, the transition of the soft block of
A glass transition at low temperature 75 to —55°C) and the copolymers based on POTM bf, = 1000 (i.e. PA-
a melting transition close to 185 are observed in all PEBA  POTM(2095/1000) and PEBAX2000/1000) samples),
thermograms. The glass transition is that of the amorphousstretches on a very broad range of temperature (fre8B
polyether-rich phaseT{pg and the melting transition is that  to —15°C) (Fig. 6b). These shifts (from 13 to 33) in the
of the crystalline polyamide-rich phas&,.,); the latter values ofTy provide some information about phase separa-
remains practically unchanged whatever the initial tion in materials: the soft polyether units (particularly
oligoether and close to that of the initial oligopamide. This POTM and POP) are to some extent compatible with the
melting endotherm exhibits a shoulder observed at lower rigid polyamide-12 units in the amorphous phase.
temperature (130—140) due to the presence of small and The POTM block oM, =~ 2000 remains semicrystalline

imperfect crystallites [16]. The heat of fusioAHpa, in PEBAX®(2000/2000) since a melting endothefppe
Table 5

Thermal characteristics of PEBAs determined by DSC (in the second heating run with a rat€hia) and TGA

Sample Tgee (°C) Tuee (°C) AHppe (I G6E) Timpa (°C) AHpmpa (3 GR) Tiow (°C)
PEBAX®(2000/2000) —75 g 32 164 54 415
PEBAX®(2000/1000) —-54 162 54 415
PA-POTM(2095/1000) —-48 161 52 415
PA-POE(2095/1050) —54 12 10 161 55.5 415
PA-POP(2095/880) -53 161 54 380
PA-SL31(2095/1090) —-57 162 54.5 390
PA-SL35(2095/1920) —61 166 54 400
PA-SL42(2095/1570) -61 162 54 395
PA-SL61(2095/1950) —64 166 56 380
PA-P3100(2095/1095) —56 165 50 380
PA-P4300(2095/1925) —60 166 56 395
PA-P6100(2095/1740) —63 163 52 395

2|1 the first heating ru,;pe = 9°C and Tmope = 49°C With AHppe = 8 J thi and AHpe = 22 J G2, respectively.
®In the first heating ruMmpe = 11°C with AHmpe = 5 J Ghe.
°Ten percent mass loss temperature.
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Fig. 6. DSC thermograms of (second heating run 8€2@in): (a) copolyether precursors (i) Synperdtie35, (i) Synperoni@L-42, (iii) Pluronic®4300; (b)
multiblock copolymers (i) PA-POTM(2095/1000), (i) PEBAX2000/1000).

appears at about°@ with a low heat of fusionAHpe The soft blocks of copolycondensates based on copoly-
(~32 J/gg) compared to the value of initial POTMdOH ethers do not crystallize whatever their nature and length.
(~94 J/g). This phenomenon has already been observedwhen theM,, of copolyether block is ca. 1000 (Synpero-
by Xie and Camberlin [9] who studied PEBAXsamples  nic®L-31 and Pluroni€3100), the correspondin@yee is
containing various lengths of PA12 and POTM blocks, only 14C above the value of the copolyether precursor.
respectively. In the present sample, tfigpe of POTM Moreover, this shift decreases with the increasing copoly-
block is only ca. 8C higher than that of polyoxytetramethy- etherM,, (AT = 8°C). This means that these materials exhibit
lene of M, = 2000 which indicates the presence of better a high degree of phase separation.

phase separation. The thermal decomposition temperature of multiblock
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Fig. 7. Dynamic mechanical properties of: — PEBAR000/2000); ——— PEBAX(2000/1000); - - - - - PA-POP(2095/880).

copolymers, in nitrogen atmosphergd, 10% mass loss  should corresponds to some glass transition between the
temperature determined by TGA analysis) takes place Tys of soft and hard blocks. Besides, the loss tangent
between 380 and 416; these values are close to that of (tand) curve exhibits only one very broad peak centred at
oligoamide precursorTjy,, = 400°C), although that of the  —40°C. This result is in good accordance with the DSC data
polyether precursors is much lower (2687< suggesting that part of the soft blocks are incorporated into
Ti00= 315C). Nevertheless, we can notice that the the amorphous region of the hard domain.
copolycondensates containing OP units in the soft blocks The tans curve of PEBAX®(2000/2000) (Fig. 7) exhibits
present values of g slightly lower than those of other two maxima at—60 and OC, respectively. The first one is
copolymers. relative to theTy of the POTM block and the latter princi-
pally corresponds to the melting of the POTM crystalline
3.2.1.2. Dynamic mechanical analysi®ynamic phase [9]. Apparently, the microphase separation of this
mechanical analysis has already been applied to varioussample seems to be more complete than that of the block
PEBAs [4,9,11,17-22]. Typical dynamic viscoelastic copolymer based on POTM o, = 1000.
properties of most multiblock copolymers synthesized in  The tané curve of PA-POP(2095/880) (Fig. 7) exhibits a
this work are given in Figs. 7-9. All PEBAs exhibit maximum at—48°C, corresponding to th&, of POP block;
an important drop of storage modulu’Y between—80 this peak is narrower than that of PEBAK000/1000)
and +20°C followed by a very low drop at 55-80. The sample, showing that the PA-POP(2095/880) copolymer
latter corresponds to the glass transition of the hard PA12 presents a better phase separation.
block. The tand curves of all poly(polyamidebtockcopoly-

The loss modulusG”) curve of PEBAX®(2000/1000) ethers) are characterized by a very narrow peak located at
exhibits one peak at-60°C followed by a shoulder at copolyether blockT, (Figs. 8 and 9, Table 6) and its
about —20°C (Fig. 7). The maximum corresponds to the intensity increases with soft blod&,,. All these copolymers
T, of soft POTM segment and the relaxation a20°C exhibit a very high degree of phase separation.
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3.2.2. Solid-state NMR analysis of the spectrum and the chemical shift values are
The structure and morphology of PEBAs were analyzed consistent with those ofy-form polyamide-12 [25]. In
by solid-state'>C NMR. Hatfield et al. [23,24] applied this  particular, the carbon inx-position of nitrogen atom
technique to two PEBAs with POE as soft blocks and poly- peak at 39.4ppm is characteristic ofy-form, whereas
amide-6 or polyamide-12 as rigid blocks showing that the in the a-form this same carbon should appear at 42—
crystalline polyamide phase of both polymers adopts a 43 ppm. Moreover, a X-ray diffraction study supports
structure & or v) similar to that of the corresponding homo- this affirmation as the corresponding pattern (not
polyamide. shown) exhibits two reflections witld spacing of 4.12
The ®C CP/MAS NMR spectrum of PA12dC teleche- and 15.22 Aspecific of y-form which fit Ishikawa et
lic oligomer is given in Fig. 10 with the assignments of al.’s results [26].
the chemical shifts. This analysis clearly indicates that The *C CP/MAS NMR spectra of PEBAX(2000/
the oligoamide sample crystallizes #form: the trace 2000), PA-POTM(2095/1000), PA-POE(2095/1050) and
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Table 6

Temperatures at the maximum of tarcurves relative to poly(polyamides-
blockcopolyethers)

Sample Ttandpyax (°C)
PA-SL31(2095/1090) —47
PA-P3100(2095/1095) —45
PA-SL42(2095/1570) -52
PA-SL35(2095/1920) —55
PA-SL61(2095/1950) -55
PA-P4300(2095/1925) —52

PA-POP(2095/880) are given in Figs. 11 and 12. They exhi-
bit three regions located at:

(i) 17—-40 ppm: polyamide methylene carbons and poly-
ether methylene or methyl carbons f-position of
oxygen atom.

(i) 63—76 ppm: polyether carbons im-position of
oxygen atom.

(iif) ~173 ppm: polyamide carbonyl group.

The small resonance peak at ca. 64 ppm visible on the
spectra of copolymers based on POTM and POE are specific
of methylene carbon im-position of ester group. In the
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Fig. 10.*C CP/MAS spectrum of PA12dC (50.32 MHz; spinning frequency is 4 kidzspinning sidebands).

same way, in PA/POP(2095/1000) spectrum the shoulder10ps to 10 ms. In the range of 68—76 ppm (Fig. 13), the
located at ca. 69.5 ppm corresponds to methine carbon intwo peaks relative to POTM methylene carbonsiposi-
a-position of ester group. tion of oxygen atom present in the crystalline and amor-
In all these copolymers, the polyamide block crystalline phous phases are visible at 72.60 and 71.20 ppm,
phase is identical to that of the oligoamide precursor since respectively. In the same way, the resonances of internal
the region (i) trace is consistent with the spectruny-66rm methylene carbons in the crystalline and amorphous phases
polyamide-12. are at 28.00 and 27.40 ppm, respectively. Moreover, the
The study of region (ii) also provides some interesting long contact time (3 ms) mainly reveals the amorphous
information on the structure of polyether block. The struc- carbons and the short contact time {8§) permits to clearly
tures and morphologies of POTM, POE and POP homo- distinguish the crystalline and amorphous carbons, respec-
polymers of high molar masses have previously been tively. This is confirmed by the plots of IH{g) versus
characterized by solid-state NMR [27—-32]. POTM is char- contact time (Fig. 14). On the other hand, whatever the
acterized by a semi-crystalline structure as shownts  contact time value, thé®C CP/MAS spectrum of PA-
CP/MAS NMR spectrum [27]; the latter exhibits two POTM(2095/1000) (Fig. 11b) exhibits a single peak at
peaks for both types of methylene carbons in POTM: the 70.5 ppm showing that the POTM block &fl,, = 1000 is
internal methylene carbons are characterized by two peakscompletely amorphous.
separated by 1 ppm, and the carbonsg-position of oxygen Dechter [28] has shown that the spectrum of high molar
atom by two peaks separated by 2 ppm. In both cases, themass PEO, which is semicrystalline, consists of a narrow
upfield resonance corresponds to amorphous phase and thpeak superimposed on a broad one at about 72 ppm; when
downfield one to crystalline phase. These different peaks the contact time is 10Qs, both broad and narrow peaks are
could be easily assigned by varying the contact time of observed; when the contact time is §0§, the narrow peak
CP/MAS experiment. A very short contact time principally is principally observed and it corresponds to the amorphous
reveals carbons in the crystalline region; on the contrary, aphase of PEO whereas the broad peak is relative to the
long contact time reveals the amorphous ones. Conse-crystalline one.
quently, *C CP/MAS NMR spectra of PEBAX(2000/ The C CP/MAS NMR spectrum of PA-POE(2095/
2000) were recorded using different contact times from 1050) exhibits a narrow peak at 71.05 ppm even for short
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contact times corresponding to gkarbons in amorphous  Fig. 16. Whatever the length of copolyether, all the peaks
PEO block (Fig. 15); the DSC study has shown a weak characteristic of each block are observed. In particular,
crystallization of this block withl,pg below room tempera-  these spectra exhibit only one peak per carbon of the consti-
ture which elucidates RMN results. Moreover, when the tutive units of the soft blocks showing that these blocks are
contact time increases, a shoulder appears-69.8 ppm completely amorphous. In the same way, the, @gjion of
which may correspond to GHtarbons present in the liquid PA12 segment (25—40 ppm) shows that this block crystal-
phase of POE block. lizes iny-form.
Finally, in the ®*C CP/MAS NMR spectrum of PA-
POP(2095/880) copolymer (Fig. 12b), three peaks charac-
teristic of CH, CH and CH carbons of amorphous POP 4. Conclusion
segment are observed at 75.33.5 and 17.7 ppm, respec-
tively. These values are in agreement with those obtained by The kinetic study of the polycondensation @f»-dicar-
Monnerie et al. [32] and Costa et al. [33]. boxy-oligododecanamideM;, = 2095) with variousa,o-
The spectra of the multiblock copolymers based on Plur- dihydroxy-polyethers Ni,, = 1000— 2000) showed that
onic®4300 or SynperonftL-31 copolyethers are given in  the catalytic activity of Zr(OBu)depends on the reactive
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mixture. In particular, when the oxyethylene unit content
and the catalyst concentation (3 mmolRyare high, the

system exhibits an unusual behavior since the reactivity is

reduced. In order to clarify this problem, we are undertaking

A. Boulares et al. / Polymer 41 (2000) 3561—3580

[4] Gaymans RJ, Schwering P, de Haan JL. Polymer 1989;30:974.

[5] Van Hutten PF, Walch E, Veeken AHM, Gaymans RJ. Polymer
1990;31:524.

[6] Chung L-Z, Kou D-L, Hu AT, Tsai H-B. J Polym Sci Part A: Polym
Chem 1992;30:951.

a study dealing with the determination of the actual structure [7] Acevedo M, Fradet A. J Polym Sci Part A: Polym Chem

of the catalyst and of its evolution in the polyamide-poly-

1993;31:1579.

ether system. In the same way, we are looking into the [8] YuYC, Jo WH. J Appl Polym Sci 1994;54:585.

behavior of other catalysts.
DSC and DMA experiments showed that the multiblock

[9] Xie M, Camberlin Y. Makromol Chem 1986;187:383.
[10] Fakirov S, Goranov K, Bosvelieva E, Du Chesne A. Makromol Chem
1992;193:2391.

copolymers based on copolyethers containing both 0Xy- [11] Yu YC, Jo WH. J Appl Polym Sci 1995;56:895.
ethylene and oxypropylene units are characterized by a[12] Girardon V, Correia I, Tessier M, Mackal E. Eur Polym J

very high degree of phase separation; the soft copolyether

blocks do not crystallize whatever their length and their

composition. The use of copolyethers should lead to a

new family of poly(polyetherdlockpolyamides) with
good mechanical properties betweer80 and 40C and
particularly no drop of storage modulus is observed in this
temperature range.
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