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Synthesis and properties of segmented polyurethane elastomers
with molecularly uniform hard segments based on 1,3-naphthalene
diisocyanate and 1,4-butanediol

Gunter Festel
Festel Capital-Innovations in Chemicals: Schuemattstrasse 1, CH-6331 Huenenberg

Summary :Segmented polyurethane (PUR) elastomers with different soft segments (polyether: polyester: poly~
siloxane ) and molecularly uniform hard segments. based on 1. 5-naphthalene diisocyanate (NDI) and 1. 4-bu-
tanediol (BDO), were synthesized- They served as model elastomers for detailed investigations of the structure-
propertiesrelations of the hard segment phase of technologically relevant NDI based elastomers- The amount of
microphase separation and with that the melting points and heats of fusion rose with increasing hard segment
length and decreasing strength of the hydrogen bonds between the urethane NH groups and the soft segment O
atoms in the order polyester: polyether and polysiloxane- Multipeak behaviour at the melting of the hard seq-
ments indicated the formation of semi-crystalline NDI/BDO hard domain regions, which transformed into better
ordered crystalline domains on annealing- At temperatures above 180°C,, decomposition reactions of the NDI/
BDO hard segments were initiated by breaking the hydrogen bonds- This process began in the badly ordered ar-
eas of the semi-crystalline hard segment domains- Rapid decomposition occurred at temperatures above 250°C.
The dynamic mechanical behaviour of the NDI based polyether elastomers showed a higher hard domain stability
than elastomers based on other diisocyanates- They showed also in the service temperature range the highest
storage modulus value G' over the broadest temperature range - This indicated a higher and less temperature de-
pendent stiffness as well as a stronger effect as an active filler of the NDI/BDO hard segments -

Key words ; Polyurethane elastomers; Naphthalene diisocyanate ; Segmented polyurthanes ; Monodisperse hard
segments ; Structure property relationships

Introduction

With the discovery and the development of the polyurethane (PUR) chemistry by Otto Bayer about 50
years ago[l] » the seqmented PUR elastomers: as a new class of elastomeric materials, was accessible. These
types of elastomers are multiblock copolymers (H-S), consisting of alternating sequences of urethane hard seg-
ments H and polyester or polyether soft segments S- Due to the segmental incompatibility of the 2 components -
the hard segments are segregated into amorphous, crystalline and/or semi-crystalline domains, respectively
which act as multifunctional and thermoreversible crosslinks in the more or less liquid soft segment matrix, so
that such materials show distinct elastic properties- The morphology : especially the extent of microphase sepa-
ration between hard and soft segments as well as size, shape and ordering of the hard segment domains, has an
immense influence on the physical and mechanical properties of these polymeric materials’” -

Linear segmented PUR elastomers belong to the group of thermoplastic elastomers, because the single
polymer chains are not covalently crosslinked and show exclusively physical interactions- The polymers exhibit
a charaefgristical,temperature-dependent morphology » i- e, in contrast to vulcanized rubbers. they behave like
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the melt of thermoplastic polymers at a temperature rise above the softening point of the hard segment domains.
i-e. they are easily deformable. After cooling, the hard segments crystallize again and form new physical
crosslinking sites- The thermoplastical properties are of great technological interest because they combine a
large variety of elastomeric applications with an easy processibility - Therefore, segmented PUR elastomers are
considered to be premium grade elastomers- While polyester based elastomers have an excellent tensile
strength, load-bearing capacity and resistance to abrasion, ozone: oxygen: fuel, oil and solvents, polyether
based elastomers, on the other hand, provide excellent low temperature properties and resistance to hydrolytic
attack -

Segmented PUR elastomers with 1. 5-naphthalene diisocyanate (NDI) as hard segment compound and
polyadipate diols as soft seqment building units are known for their high performance and long service life in

o=e, Systems with 1, 4-butanediol (BDO) as chain extender give

particularly demanding dynamic applications
solid NDI elastomers, and chain extension with water results in microcellular materials- Technologically rele-
vant PUR elastomers are mostly synthesized in a Z-step process. whereby the reaction of a polyester or poly-
ether polyol with an excess of diisocyanate gives an isocyanate terminated prepolymer, which is chain extended
with a short—chain diol- The polymers prepared with this method, show a broad hard segment length distribu-
tion and are often partially chemically crosslinked due to an excess of diisocyanate employed in the elastomer
synthesis- Therefore, they are not suited for a detailed structure-properties analysis- In contrast, the synthesis
of polymers with well-defined , molecularly uniform hard segments as model compounds facilitates the investiga~
tion of such materials- The interpretation of the obtained results can be done without consideration of polydis-
persity effects in the hard segment length distribution and may lead to a better understanding of the relations
between morphology and properties -

The synthesis and properties of molecularly uniform oligourethane model compounds based on NDI and
BDO with methyl urethane end groups DMU-n (n=number of NDI/BDO repeating units) and 4-methoxybutyl
urethane end groups DMBU-n for technologically relevant NDI based elastomers has been given in a previous
paper[g] - Based on that work, in this paper the synthesis and characterization of PUR elastomers with molecu-
larly uniform NDI/BDO hard segments are described- Employing a 2000 mol. wt- polyoxytetramethylene
(POTM) polyol; polyether based elastomers PEU-n were obtained; a 2000 mol. wt- polyethyleneadipate
(PEA) gave polyester elastomers PAU-n: and a 2310 mol. wt- polydimethylsiloxane (PDMS) polysiloxane
elastomers PSU-n- The primary objective is to illustrate the relations between the unusual properties of NDI
based elastomers and the structural peculiarity due to the employment of NDI as diisocyanate compound- The
different soft segments were chosen to obtain a wide range of properties of the synthesized PUR elastomers and
to investigate the influence of the soft segment type on the material properties, i-e- the amount of microphase

separation or the softening behaviour-
)
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The results from the thermal » spectroscopical and mechanical measurements were discussed in comparison
to corresponding polyether elastomers with molecularly uniform hard segments based on 4. 4/-dipheny]me‘[hane
diisocyanate (MDI) and trans, trans-4, 4/-dicyclohexy]methane diisocyanate (ttHMDI) with a comparable 2000
mol - wt- POTM polyol - Mainly the MDI based PUR elastomers have been the cause for a great deal of techno-
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Experimental part

Synthesis

Unless stated otherwise all reagents were obtained from Fluka and used without any further purification -
Phosgene (grade 2.0) was delivered by Messer-Griessheim- The synthesis and experimental data of the com-
pounds 2, 5, 8 and 9 will be given in another paper[ls] .

In the presentation of the experimental data POTM is used as an abbreviation for the oxypoly (oxytetra~
methylene ) unit; PEA for the a-oxy-w-oxyethylenpoly (ethyleneadipate ) unit and PDMS for the @-oxyhexameth-
ylene-w-oxyhexamethylene (dimethyl )silicopoly (dimethylsiloxane ) unit -

a-Chlorocarbonyl-w-chlorocarboryloxypoly ( oxytetramethylere) (la)-56 g (27.9 mmol) of a 2000 mol. wt-
freeze-dried o-hydro-w-hydroxypoly (oxytetramethylene ) (Desmophen 2000, Bayer) were dissolved in 200 mlL
of CHCIs and reacted with a tenfold excess of phosgene- After removing the excess phosgene: the product was
freeze-dried and used without further purification- 95.8 g (26.2 mmol) of 1a were obtained - Yield 94%. IR
(film): 1770 em ' (C=0). 'H-NMR (9. CDCl;» 25C), 1.63 (m, —O0—CH.—CH.—CH.—CH.—
0—). 1.83 (m: —CH:—CH:—0—CO—Cl, 4 H), 3.42 (m, 0~ CH: CH:—CH:—CH:—0 ).
4.35 (1. —CH.—0—CO—Cl. 4 H). "C-NMR (3, CDCls, 25°C), 25.5 (—CH:—CH.—CH:—0—
CoO—Cl), 25.6 (—CH.—CH.—0—CO—Cl), 26.6 (—0—CH:—CH.—CH.—CH.—0—), 69.9 (—
CH:—CH:—CH: —CH:—0—CO—Cl), 71.0 (—0—CH:—CH: —CH: —CH:—0—), 72.2 (—CH:—
0—CO—Cl), 150.6 (—O0—CO—Cl)-

a-( Chlorocarboryloxy-w-chlorocarbonyloxyethylenepoly ( ethyleneadipate) (1b)- 56 g (27.9 mmol) of a 2000
mol - wt- freeze-dried o-hydroxy-®-hxdroxyethylenepoly (ethyleneadipate) (Polymeg 2000, BASF) were react -
ed as described for compound la. 54.8 g (25-7 mmol ) of 1b were obtained- Yield 92%. IR (film) ., 1778
(C=0, chloroformate): 1739 em ' (C=0., ester)- 'H-NMR (3.CDCls, 25°C).1.66 (m, —CO—CH.—
CH:—CH:—CH:—CO—), 2.35 (t, —CO~CH:—CH:—CH:—CH:—CO—), 4.22 (t+, —CH:—
CH:—0—CO—Cl. 4 H), 4.26 (s, =0~ CH:—CH:—0—), 4.50 (t. —CH.—0—CO—Cl, 4 H).
“C-NMR (3. €DCls. 25°C), 23.9 (—CO—CH:—CH:—CH:—CH:—CO—). 33.3 (—CO—CH:—
CH:;—CH:—CH:—CO—), 60.8 (—CH.—CH:—0—CO—Cl), 61.8 (—O0—CH:—CH.—0—), 68.9
(—CH:—0—CO—Cl), 150.4 (—0—CO0—Cl), 172.6 (—CH:—0—CO—CH: )

o-( Chlorocarbonyloxyhexamethylene-w-chlorocarboryloxyhexamethylene ( dimethyl ) silicopoly ( dimethylsiloxane
(1¢)- 50 g (21.7 mmol) of a 2310 mol- wt- a-hydroxyhexamethylene-w-hydroxyhexamethylene (dimethyl)sil-
icopoly (dimethylsiloxane) (Tegomer H—Si 2311, Goldschmidt) were reacted as described for compound 1la.
90.9¢g (20.9 mmol) of lc were obtained- Yield: 97%. IR (film) . 1771 em (C=0). "H-NMR (9,
CDCls» 25C), 0.09 (m» —0—Si (CH;):—0—), 0.16 (m, —CH.—Si (CH;)>—0—, 12 H), 0.55
(t, —CH:—Si (CHs):—0—, 4 H), 1.37 (m, —CH:—CH:—CH:CH:—Si (CH:):—0—, 12 H),
1.73 (m» —CH:—CH.—0—CO—Cl. 4 H). 4.32 (t. —CH.—0—CO—Cl. 4 H). "C-NMR (9.CDC-
L, 25C), 1.4 (—0—Si (CH;):—0—). 1.9 (—CH.—Si (CH;):—0—), 18.8 (—CH.—Si
(CH:):—07); 23.9 (—CH:—CH:—Si (CH3):—0— ), 26.0 (—CH:—CH:—CH:—Si (CH:):—0),
29.3 (—CH:—CH:—CH:—0—CO—Cl), 33.8 (—CH:—CH:—0—CO—Cl), 72.3 (—CH:—0—
CO—Cl), 150.6 (—O0—CO—Cl)-

POTM bis ( carbonyl-N N'-1,5 -naphthalene diamine benzyl carboxylate) (3a)- 8 g (3-75 mmol ) of la were
dissolved in 90 ml of THF and added dropwise to a solution of 2.4 g (8-22 mmol) of 2 in 300 ml of THF and
I mL (12.5 mmol) of pyridine- After reprecipitation: 9-2 g (3-48 mmol ) of 3a were obtained - Yield : 93%.
IR (film). 3276 (N—H): 1693.cm ' (C=0). 'H-NMR, (9. dsTHF, 25C). 1.58 (m, —O—CH,—
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CH:—), 1.82 (m, “NH—CO—0—CH:—CH:—» 4H), 3.36 (m, —O—CH.—), 4.17 (t; —NH—
|
(d: 4 H). 7.90 (d. 4 H), 8.62 (s, “NH—CO—0—CH:—CH:—, 2H).,8.77 (s, _NH—CO—0—
I ,
CH:—C—. 2 H). "CNMR (9. dsTHF, 25°C),27.1 (—NH—CO—0—CH.—CH.—). 27.3 (—
NH—CO— 0 CH:—CH.—CH:—), 27.6 (—O0—CH:—CH:—), 65.4 (—NH—CO—0 CH:),
|
67.0 (—NH—CO—0—CH:—C —), 71.0 (—“NH—CO—0—CH:—CH:—CH:—CH:—), 71.3 (—
O0—CH.—), 118.5, 118.7, 119,9, 125.9, 126.0, 128.9, 129.0, 129.1, 135.3, 135.5, 138.1, 155.1
I

(T"NH-—CO— 0 CH:— C ), 1552 (—NH—CO— 0 CH:—CH:—)-

PFA bis( carboryl-N N'-1,5 -naphthalene diamine benzyl carboxylate) (3b). 8 g (3-75 mmol ) of 1b were

reacted with 2.4 g (8.22 mmol) of 2 as described for compound 3a. After reprecipitation. 9.2 g (3.48

. . 0 . 1, 1

mmol ) of 3b were obtained- Yield: 93%0. IR (film). 3346 (N—H). 1737 em ' (C=0). 'H-NMR (9.ds-

THF, 25C), 1.62 (m, —CO—CH:—CH:—CH:—CH:—CO—), 2.31 (m: —CO—CH:—CH:—

CH:—CH:—CO—), 4.22 (s, =0~ CH:—CH:—0—), 4.25 (t, —“NH-—CO— 0 CH:—CH: ),

I

4.32 (t, " NH—CO—0—CH:—), 5-18 (s, " NH-CO— 0 CH:— C —, 4H), 7.37—7.54 (m, 14

H), 7.61(d, 4H), 7.91 (d, 4 H), 8.64 (s, “NH—CO—0—CH:—CH:—, 2H), 8.79 (s, —“NH—
| .

CO—0—CH:— C—. 2 H). "C-NMR (9.dsTHF, 25°C), 25.1 (—CO—CH:—CH:—CH: —CH.—

CO—), 34.2 (—CO—CH:—CH:—CH:—CH:—CO—), 61.0 (—NH—CO—0—CH:—CH:—), 62.9

I

(—0—CH:=CH:—0—), 64.8 (“NH—CO—O0 CH:—), 66.9 (—“NH—CO— 0 CH:— C ),

118.8, 120.0, 120.3, 126.1, 126.6, 128.7, 129.0, 129.2, 135.2, 135.3, 138.1, 155.0 (—NH—
I

CO—0—CH:—C —), 155.1 (“NH—CO—0—CH:—CH:—), 173.1 (—CO—CH:—CH: )

PDMS bis( carbonyl-N» N 1,5 -naphthalene diamine berzyl carboxylate) (3¢)- 8 g (3-29 mmol) of le were

reacted with 2.1 g (87.19 mmol) of 2 as described for compound 3a- After reprecipitation, 8.6 g (2.92

mmol ) of 3¢ were obtained- Yield : 89%.9.2 g (3-48 mmol) of 3¢ were obtained - Yield : 93%. IR (film) .

3278 (N-H, 1695 em ' (C=0). 'H-NMR (8,ds"THF, 25°C), 0.01 (m, —0—Si (CH3)2—0—), 0.10

(m; —CH:—Si (CHs):—0—, 12H), 0.48 (t, —CH>—Si (CHs):—0—, 4H), 1.27 (m, —CH:—

CH:—CH:CH:—Si (CHs):—0—, 12H), 1.63 (m, “NH—CO—0—CH:—CH:— 4H), 4.15 (t,

I

—“NH—CO—0—CH:—- 4 H), 519 (s, _NH—CO—0—CH.—C—. 4 H), 7.39-7.56 (m, 14

H), 7.63 (d, 4H), 7.93 (d, 4H), 8.60 (s, _NH—CO—0—CH:—CH:—, 2H), 8.75 (s, —NH—
|

CO—0—CH.—C—. 2 H). "C-NMR (9, ds"THF, 25°C), 1.4 (—0—Si (CH;):—0—). 2.0 (—

CH:—Si (CH:):—0—), 19.0 (—CH>—Si (CH:)2—0—), 24.1 (—CH.—CH:>—Si (CH;):—0—);

26.6 (—CH;—CH:—CH:—Si (CHs)2—0—), 30.1 (—"NH—CO— 0 CH:—CH:—CH: ), 34.1 (—

I
NH—CO—0—CH:—CH:—), 65.5(—NH—CO—0—CH:—), 67.2 (—NH—CO—0—CH:— C —).
118.5, 118.7, 119.9, 125.9, 126.0, 128.6, 129.0, 129.1, 135.4, 135.5, 138.1, 155.1 (—NH—

[
CO—0—CH,—C ). 155.3 (“NH—CO~0—CH:—CH, ).
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POTM bis( carbonyl-N, N'-1,5 -naphthalene diamine) (4a)- 8.5 g (3-21 mmol) of 3a were dissolved in 200
ml of THF - After adding 200 mg of Pd on charcoal (5%) » the hydrogenation was carried out for Zh at atem-
perature of 50 C and © bar H: —pressure- After removing the catalyst by filtration. removing the solvent and
reprecipitation, the product was freeze-dried. 7. 2 g (3.03 mmol) of 4a were obtained- Yield: 94%0. IR
(film) . 3474, 3370, 3281 (N—H), 1738 em (c 0)- "H-NMR (8,ds-THF, 25°C), 1.58 (m, —0—
CH:—CH:—), 1.82 (m; “NH—CO—0—CH:—CH:—. 4 H). 3.36 (m: —O0—CH:—), 4.16 (+, —
NH—CO—0—CH:—, 4 H), 5.65 (s, —NH., 4H), 6.66 (d, 2H), 7.17 (t, 2H), 7.31 (m, 4 H),
7.68 (d, 2H), 7.82 (d. 2H), 8.38 (s, “NH—CO—. 2H). "C-NMR (3.ds-THF, 25°C), 27.1 (—
NH—CO—0—CH:—CH:—), 27.4 (—NH-CO— O CH:—CH:—CH:—), 27.4 (—0 CH:—

H:—), 65.4 (—“NH—CO— 0 CH:—), 71.0 (—NH—CO— 0 CH:—CH:—CH:—CH.—), 71.3

(—O0—CH.—), 109.1, 111.0, 118.3, 119.4, 124.1, 125.0, 126.7, 129.0, 135.1, 145.5 (—C —
NHz), 155.1 (—NH—CO—)-
PFA bis( carbonyl-N, N 1,5 -naphthalene diamine) (4b). 8.5 g (3.21 mmol) of 3b were reacted as de-
scribed for compound 4a. After freeze- drying 6. 7 g (2.82 mmol) of 4b were obtained- Yield: 88%0. IR
(film) ; 3460, 3365, 3263 (N—H), 1735 em ' (C=0). 'H-NMR (9.dsTHF. 25C), 1. 62 (m, —
CO~CH:—CH:—CH:—CH:—CO—), 2.31 (m: —CO—CH:—CH:—CH:—CH:—CO—), 4.23 (s,
0~ CH:—CH:—0—), 426 (t, —NH-CO— 0 CH:—CH:—), 4.33 (t. —NH-CO—0—
CH.—), 5.64 (s, —NH:» 4 H), 6.68 (d, 2 H), 7.18 (t, 2 H), 7.33 (m,» 4 H), 7.70 (d, 2 H),
7.83(d. 2 H), 8.40 (s, —NH—CO—, 2 H)- "C-NMR (9, ds-THF. 25C), 25.1 (—CO—CH>—
CH:—CH:—CH.—CO—), 34.2 (—CO—CH:— CH:—CH:—CH:—CO—), 61.0 (—NH—CO—0—
“—CH:—), 62.9 (—0~CH:—CH.—0—), 64.7 (—“NH—CO—0O—CH:—), 109.1, 110.9,

I
118.5, 119.5, 124.2, 125.1, 126.8, 129.2, 135.1, 145.7 (C —NH:), 155.3 (—NH—CO—), 173.3

(—CO—CH:—CH:7)-

PDMS bis( carbonyl-N N'-1,5 -naphthalene diamine) (4c). 8.2 g (2. 78 mmol ) of 3¢ were reacted as de-
scribed for compound 4a. After freeze-drying. 6 Tg (2.5 mmol) of 4¢ were obtained- Yield: 90%. IR
(film) . 3458, 3358, 3267 (N—H), 1740 em (c o) "H-NMR (8.ds-THF, 25°C), 0.01 (m, —0—
Si (CHs)z ), 0.10 (m7 —CH:—Si (CH.s)z , 12 H)y 0.49 (t’ —CH:—Si (CHs)z 0—, 4
H), 1.28 (m, —CH:—CH:—CH:—CH:—Si (CH3)2*0*7 12 H), 1.64 (m, —CH:—CH.—0—
CO—Cl, 4H), 4.15 (t, —CH.—0—CO—Cl, 4H), 5.66 (s, —NH:, 4 H), 6.65 (d, 2 H), 7.16
(ts 2H), 7.28 (m, 4 H), 7.67 (d, 2H), 7.81 (d, 2H), 8.35 (s, "NH—CO—, 2H)-

“C-NMR (9. ds-THF, 25C), 1.4 (—0—Si (CH:):—0—). 2.0 (—CH:—Si (CH:):—0—). 19.0
(—CH:—Si (CH;):—0—), 24.1 (—CH.—CH:—Si (CHs):—0—), 26.6 (—CH;—CH:CH:—Si
(CHs):—0), 30.1 (—NH—CO—0—CH:—CH:—CH:—), 34.1 (—“NH—CO—0—CH:—CH:—),
65.3 (—NH—CO—0—CH.—), 109.0, 110.9, 118.4, 119.4, 124.1, 125.0, 126.7, 129.1, 135.1,

|

145.6 (C —NH:), 155.2 (—NH—CO—).

POTM bis [ carbonyl-N, N 1,5 -naphthalene diamine carbonyloxytetramethyleneoxycarbonyl-N> N 1.5 -naph~
thalene diamine (3-5 ~di-tert-butyl) benzyl carboxylate ] (6a). 3.5 g (1.47 mmol) of 4a were dissolved in 300
mL of THF and 1 mL (12.5 mmol) of pyridine and reacted with 1.9 g (3-26 mmol) of S, which was added in
the solid state, as described for compound 3a- After reprecipitatlon, 4.6 g (1.33 mmol) of 6a were obtained -
Yield: 90%. IR (film). 3378 (N—H). 1695 em ' (C=0). HNMR (8,ds"THF, 25°C), 1.32 (s, —
I

C —C(CHs)s,.36 H), 1.57 (m, —O0—CH:—CH:—)> 1.72 (m;, —CO—-0—CH:—CH: CH:—
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CH:—0—CO—. 8 H), 1.81 (m: —NH—CO—0—CH:—CH-— 4 H). 3.35 (m. —0—CH:-—).
4.16 (t, “—NH—CO—0—CH-—. 4 H). 4.24 (m. —CO—0—CH.—CH.—CH.—CH.—0—CO—. 8
[
H)v 5'16 (S’ 7NH7C0707CH27C ) 4 H)a 7'1677‘27 <m9 4 H)9 7'30 (m7 4 H)y 7'41 (m,
8 H), 7.76—7.98 (m. 14 H). 8.59 (s: —“NH—CO—0—CH:—CH:.—. 6 H). 8.74 (s, —“NH—CO—
I
0—CH.—C—. 2H). "C-NMR (8.ds"THF, 25°C), 25.7 (—CO—0—CH.—CH.—CH.—CH:—0—
cO—). 27.1 (—NH—CO—0—CH.—CH.—). 27.3 (—NH—CO—0—CH.—CH.—CH.—), 27.6
[ |
(—0—CH.—CH.—). 31.9 (—C —C(CHs)3). 35.5 (—C — C(CH;)s). 65.2 (—NH—CO—0—
|
CH:—). 65.4 (—NH—CO—0—CH.—). 66.8 (—"NH—CO—0—CH.—C —), 71.0 (—NH—CO—
0—CH.—CH.—CH.—CH.—), 71.3 (—0—CH.—), 118.6, 118.7, 120.1, 120.3, 121.9, 122.1,

I
122.6, 123.5, 125.8, 126.0, 128.7, 128.9, 129.1, 134.2, 135.5, 136,2 (—O0—CH.— C —), 150.8

| |

(—O—CH:—C—), 155.2 (—NH—CO— 0~ CH:— C —), 155.3 (—“NH—CO— 0 CH:—CH:7)-
PEA bis [ carbonyl-N, N 1,5 -naphthalene diamine) carbornyloxytetramethyleneoxycarbonyl-N, N 1,5 -naph~
thalene diamine (3.5 -di-tert-butyl) berzyl carboxylate] (6b)- 3.5 g (1.47 mmol) of 4b were dissolved in 300
ml of THF and 1 ml (12.5 mmol) of pyridine and reacted with 1.9 g (3.26 mmol) of 5, which was added in
the solid state. as described for compound 3a- After reprecipitation. 4-4 g (1.27 mmol) of 6b were obtained -
Yield: 86%. IR (film). 3349 (N—H). 1740 em '(C=0). 'H-NMR (8.ds-THF. 25°C),1.33 (s, —
I

C —C(CHs)s» 36 H), 1.61 (m, —CO—CH:—CH:—CH:—CH:—CO—), 1.72 (m, —CO—0—
CH:—CH:—CH:—CH.—0—CO—, 8 H)a 2.30 (ma *CO*CH2*CH2*CH2*CHZ*CO*)7 4.23
(m, —CO—0CH:—CH:—CH:—CH:—0—CO—, 8H), 4.25 (t, —0~CH:—CH.—0—, 4 H),
4.27 (s, =0~ CH:—CH:—0—), 4.33 (t, "NH—CO—0—CHz, 4H), 5.17 (s, “NH—CO—0—

I
CH.—C—, 4H), 7.16—7.27 (m, 4 H), 7.30 (m, 4 H), 7.41 (m, 8 H) 7.76—7.98 (m, 14 H),
|
8.61 (s, —NH—CO—0—CH.—CH.—. 6 H), 8.76 (s, —NH—CO—0—CH.—C —, 2 H). “C-
NMR (9, ds-THF. 25C), 25.1 (—CO—CH.—CH:—CH:—CH.—CO—), 25.8 (—NH—CO—0—
|

CH.—CH,—), 31.7 (—C—C(CHs)3), 34.2 (—CO—CH.—CH:—CH:—CH.—CO—), 35.3 (—
I

C—C(CH;);), 61.0 (—NH—CO—0—CH:—CH.—), 62.9 (—O0—CH:—CH.—0—), 64.8 (—

I

NH—CO—0—CH:—), 652 (—NH-CO—0 CH:—), 66.9 (—NH—CO—0 CH:—C ),
118.7, 118.9, 120.2, 120.4, 122.0, 122.2, 122.7, 123.6, 125.9, 126.1, 128.8, 129.0, 129.2,

| I
134.3, 135.6, 136.3 (—0—CH.—C —). 150.9 (—0—CH.—C —). 155.3 (—NH—CO—0—

CH:—C —), 155.4 (—NH—CO—0—CH:—CH:—), 173.0 (—CO—CH:—CH:—)-

POTM bis ( carbonyl-N, N 1,5 -naphthalene diamine carbonyloxytetramethyleneoxycarbonyl-N> N 1,5 -naph~
thalene diamine) (7a)- 4.2 g (1.21 mmol) of 6a were reacted as described for compound 4a. After freeze-
drying: 3.1 g (1.04 mmol) of 7a were obtained- Yield: 86%. IR (film) . 3623, 3544, 3376 (N—H).
1737 em  (C=0). 'H-NMR (8, ds-THF, 25°C), 1.59 (m, . —O—CH: —CH: ), 1.74 (m, —CO—
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O—CH.—CH:—CH:—CH:—0—CO—, 8H), 1.85 (m» “NH—CO—0—CH.—CH.—, 4 H), 3.37
(m: —O—CH:—), 4.18 (t, “NH—CO—0CH:— 4 H), 425 (m, —CO—0 CH:~ CH:—
CH:—CH.—0—CO—. 8 H). 5.66 (s, —NH.. 4 H), 6.67 (d. 2 H), 7.15—7.90 (m. 22 H), 8.39
(ss “NH—CO—0—CH.—CH:—, 2 H), 8.61 (s, —NH—CO—0—CH.—CH.—. 4 H). “C-NMR
(0, ds"THF, 25C), 25.6 (—CO—0—CH.—CH:—CH:—CH.—0—CO—), 27.0 (—NH—CO—0—
CH:—CH:—), 27.2 (—“NH—CO—0—CH:—CH.—CH:—), 27.5 (—O0—CH.—CH:—), 65.1 (—
NH—CO—0—CH:—), 65.4 (—NH—CO—0—CH:—), 70.9 (—“NH—CO—0—CH: CH:—CH:—
CH.—). 71.2 (—0—CH,—). 108.3, 110.5, 117.0, 119.0, 120.4, 122.1, 123.9, 123.9, 126.5,

127.4, 128.5, 129.9, 133.5, 134.2, 145.3 (—C —NH.), 155.0 (—NH—CO—), 155.2 (—NH—
CO—)-

PFA bis( carbonyl-N» N 1,5 -naphthalene diamine carbonyloxytetramethyleneoxycarbonyl-N> N 1.5 -naphtha~
lene diamine) (Tb)- 4.2 g (1.21 mmol) of 6b were reacted as described for compound 4a- After freeze-dry-
ing> 3 g (1.01 mmol) of 7b were obtained- Yield: 83%. IR (film) . 3620, 3539, 3371 (N—H), 1735
em (C=0). 'H-NMR (8,dsTHF, 25°C), 1.61 (m, —CO—CH.—CH.—CH:—CH.—CO—), 1.73
(m, —CO—0—CH:—CH:—CH.—CH.—0—CO—, 8 H), 2.31 (mi —CO—CH:—CH:—CH:—
CH:—CO—), 4.22 (m, —CO—0—CH:CH:—CH:—CH:—0—CO—, 8H), 4.24 (m, —CO—0—
CH:—CH:—CH:—CH:—0—CO—, 8H), 4.25 (t, —O—CH:—CH:—0—, 4H), 4.31 (t, —NH—
CO—0—CH.—, 4H), 5.65 (s, —NH:, 4H), 6.66 (d, 2H), 7.14—7.88 (m, 22 H), 8.38 (s, —
NH—CO—0—CH: —CH:— 2 H), 8.60 (s, “NH—CO—0CH:—CH: —, 4 H)- "C-NMR (3, ds-
THF. 25C), 25.1 (—CO—CH:—CH:—CH:—CH:—CO—), 25.7 (—NH—CO— 0~ CH:—CH: ).
31.6 (—g—c (CH3)5), 34.1 (—CO—CH:—CH:—CH:—CH.—CO—). 61.0 (—NH—CO—0—
CH:—CH:—), 62.9 (—0—CH:—CH:—0—), 64.8 ("NH—CO—0—CH:—), 65.1 (—NH—CO—
0—CH.—), 66.9 (—NH—CO—O—QHZ—(';‘ —), 120.2, 108.3, 110.5, 117.0, 119.0, 120.4,
122.1, 123.9, 123.9, 126.5, 127.4, 128.5, 129.9, 133.5, 134.2, 145.3 (—(!—NHZ), 155.0 (—
NH—CO—), 155.3 ("NH—CO—), 173.0 (—CO—CH: —CH: —)-

POTM elastomer PEU-0. 1 g (0.47 mmol ) of 1a, dissolved in 50 mL of THF, were added dropwise to a solu-
tion of 4.2 mg (0.47 mmol) of NDA in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine- After repre-
cipitation, 0.8 g of PEU-0 were obtained- IR (film). 3292 (N—H), 1694 cmil(C:())- "H-NMR (9, ds-
THF, 25C), 1.59 (m, —0—CH:—CH:—), 1.84 (m, “NH—CO—0—CH:—CH: ), 3-38 (m, —
O0—CH:—), 419 (t, _NH—CO—0—CH:—), 7.45 (1), 7.87 (m), 8.61 (s, *(|]| “NH—CO—).
“C-NMR (9, ds"THF, 25°C), 27.1 (—NH—CO—0—CH.—CH.:—). 27.3 (—NH—CO—0—CH>—
CH:—CH:—), 27.6 (—O0—CH:—CH:—), 65.6 (—NH—CO—0—CH:—), 71.0 (—NH—CO—0—
CH:—CH:—CH:—CH.—). 71.2 (—0—CH. ). 118.5, 120.0, 126.0, 128.9, 135.6 (—(|;‘—NH—
CO—), 155.3 (*(|]‘ —NH—CO—).

PEA elastomer PAU-0- 2 g (0.94 mmol) of 1b. dissolved in o0 mL of THF . were added dropwise to a solu-
tion of 148.1 mg (0.94 mmol ) of NDA in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine- After repre-
cipitation, 1.8 g of PAU-0 were obtained- IR (film). 3341 (N—H)., 1736 cmil(C:O)~ "H-NMR (9, ds-
THE, 25°C), 1.63 (m, —CO—CH:—CH: CH:—CH:7CO7), 2.32 (m, —CO—CH:CH:—
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CH:=—CH:—CO—). 4.23 (s —O—CH:—CH:—0—), 4.26 (t. “NH—CO—0—CH:—CH:—):
4.33 (t, —“NH—CO—0—CH>—). 7-46 (1), 7.88 (m). 8.62 (s. —(”:—NH—co—). “C-NMR (9,
ds-THF, 25C), 25.1 (—CO—CH:—CH:—CH:—CH:—CO—), 34.2 (—CO—CH:—CH:—CH:—
CH:—CO—), 61.0 (—NH—CO—0—CH:—CH:—), 62.8 (—O—CH:—CH:—0—), 64.8 (—NH—
CO—0—CH.—), 119.0, 120.3, 126.1, 128.9, 135.2 (—(|]‘—NH—CO—), 155.1 ( —(|]‘—NH—
CO—), 173.1 (—CO—CH:—CH:—)-

PDMS elastomer PSU-0. 2.29 g (0.94 mmol ) of lc. dissolved in 50 ml of THF . were added dropwise to a
solution of 148.1 mg (0.94 mmol ) of NDA in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine- After
reprecipitation, 1.9 g of PSU-0 were obtained- IR (film). 3305 (N—H), 1697 an | (C=0). "H-NMR
(8,ds"THF, 25°C), 0.02 (m, —0—Si (CH3):—0—), 0.10 (m, —CH.—Si (CH:):—0—, 12 H),
0.49 (t, —CH:—Si (CH3s):—0—, 4H), 1.29 (m, —CH:—CH:—CH:—CH:—Si (CHs):—0—, 12
H), 1.65 (m, “NH—CO—0—CH:—CH:—, 4 H), 4.15 (t, “—NH—CO—0—CH:—, 4 H), 7.44
(t), 7.85 (m), 8.60 (s,_(‘Jl —NH—CO—)- “C-NMR (8,ds-THF, 25°C), 1.5 (—0—Si (CHs).—
0—), 2.1(—CH:—Si (CH3)—0—), 19.1 (—CH.—Si (CH:;):—0—), 24.3 (—CH:—CH:—Si
(CHS)Z_O_)7 26.7 (_CHZ_CHZ_CHZ_Si (CHS)Z_O_)v 30.2 (_NH_CO_O_CHz_CHz_
CH:—), 34.2 (—“NH—CO— 0 CH:—CH:—), 65.6 (—NH—CO—0—CH,—), 118.5, 119.8,
125.9, 128.7, 135.5 (*(! —NH—CO—), 155.2 (*(|j|‘ —NH—CO—)-

POTM elastomers PEU-1 (10a), PEU-2 (11a), PEU-3 (12a) and PEU-4 (13a).

The bischloroformates, dissolved in 20 mL of THF ; were added dropwise to the solutions of the diamine
compounds in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine.- PEU-1, 90.3 mg (0.42 mmol) of 8 and
1 g (0.42 mmol ) of 4a. PEU-2; 216.8 mg (0.42Z mmol) of 9 and 1 g (0-42Z mmol) of 4a. PEU-3; 72.1mg
(0.34 mmol) of 8 and 1 g (0.34 mmol) of 7a- PEU-4, 173 mg (0.34 mmol ) of 9 and 1 g (0.34 mmol) of
Ta. After reprecipitation, the polymers were obtained -

IR (film). 3294 (N—H). 1695 em ' (C=0). 'H-NMR (9.dsTHF. 25C), 1.58 (m. —0—
CH:—CH:—), 1.72 (m, “—NH—CO—0—CH:—CH:—), 1.84 (m, “NH—CO—0—CH:—CH: ),
3.36 (m, —O—CH:—), 4.18 (t, “NH—CO—0—CH:—), 4.24 (m, —“NH—CO—0—CH:—):
7.41—7.56 (m), 7.86 (m). 8.60 (s. —g —NH—CO—)- “C-NMR (3,dsTHF. 25°C), 25.8 (—
NH—CO—0—CH:—CH:—), 27.1 (—“NH—CO—0—CH:—CH; ). 27.3 (—NH—CO— 0 CH:—
CH:—CH:—), 27.6 (—O0~CH:—CH:—), 65.3 (—NH—CO—0—CH:—), 65.6 (—NH—CO—0—

CH.—), 71.0 (—O0—CH:—), 71.3 (—O0—CH.—), 118.7, 120.3, 126.3, 129.2, 135.8 (—C —
I

NH—CO—), 155.4 (—C —NH—CO—)-

PEA elastomers PAU-1 (10b), PAU-2 (11b), PAU-3 (12b) and PAU-4 (13b).

The bischloroformates, dissolved in 20 mL of THF » were added dropwise to the solutions of the diamine
compounds in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine- PAU-1. 90.3 mg (0-42 mmol ) of 8 and
1g (0.42 mmol) of 4b- PAU-Z; 216.8 mg (0-42 mmol) of 9 and 1 g (0-42 mmol) of 4h. PAU-3; 72.1 mg
(0.34 mmol ) of 8 and 1 g (0-34 mmol) of 7b- PAU-4. 173 mg (0.34 mmol) of 9 and 1 g (0-34 mmol) of
Tb- After reprecipitation. the polymers were obtained -

IR (film) ;3338 (N—H). 1735 em ' (C=0). 'H-NMR (9. ds-THF, 25°C), 1.64 (m. —CO—
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CH:—CH:—CH.—CH.—CO—). 1.73 (m, —CO—0—CH.—CH.—CH.—CH.—0—CO—), 2.33
(m: —CO—CH:—CH.—CH.—CH.—CO—), 4.24 (m. —CO—0—CH:—CH.—CH.—CH.—0—
CO—). 4.25 (t, —0—CH.—CH:—0—). 4.27 (s, —0—CH.—CH.—0—). 4.34 (1, —NH—CO—

|
0—CH:). 7.41—7.56 (m). 7.86 (m). 8.60 (s, —C —NH—CO—). "C-NMR (3.ds-THF. 25°C),

25.2(—CO—CH:—CH:—CH:—CH.—CO—), 25.9(—NH—CO— O CH.—CH:—), 34.3 (—CO—
CH:—CH:—CH:—CH.—CO—), 61l.1 (—NH—CO—0—CH:—CH:—), 62.9 (—0—CH:—CH:—
0—), 64.9 (“NH—CO—0—CH.—), 65.4 (—NH—CO—O0—CH.—). 119.2, 120.4, 126.2,
129.0, 135.3 (—(|]‘ —NH—CO—), 155.1 (—(‘Jl —NH—CO—), 173.2 (—CO—CH.—CH. ).
PDMS elastomers PSU-1 (10¢) and PSU-2 (11¢).

The bischloroformates, dissolved in 20 mL of THF . were added dropwise to the solutions of the diamine
compounds in 100 mL of THF and 0.5 mL (6-25 mmol) of pyridine. PSU-1, 66.7 mg (0.31 mmol) of 8 and
1g (0.31 mmol) of 4¢- PSU-2; 159.7 mg (0.31 mmol) of 9 and 1 g (0-31 mmol) of 4¢- After reprecipitati-
on, the polymers were obtained -

IR (film) . 3302 (N—H), 1694 em '(C=0). 'H-NMR (3.ds"THF. 25°C), 0.01 (m. —0—Si (C
H;):—0—), 0.08 (m» —CH>—Si (CH:)>—0), 0.47 (t, —CH:—Si (CH;)>—0—), 1.28 (m, —
CH:—CH:—CH:—CH:—Si (CH;):—0—), 1.64 (m, “NH—CO—0—CH:—CH:—). 1.72 (m, —
NH—CO—0—CH:—CH:—), 4.14 (t, “NH—CO—0—CH:—), 4.24 (t, “—NH—CO—0—CH: ),
7.39—7.55 (m), 7.84 (m), 8.58 (s. —(|;| —NH—CO—). “C-NMR (8.ds-THF. 25°C),1.5 (—0—

Si (CH;):—0—), 2.1 (—CH:—Si (CH:):—0—), 19.1 (—CH:—Si (CH;):—0—), 24.3 (—
CH:—CH:—Si (CH:):—0—), 25.8 ("NH—CO—0—CH:—CH:—), 26.7 (—CH:—CH.—CH:—Si
(CH3):—0—), 30.2 (—“NH—CO—0—CH:—CH:—CH:—), 34.2 (—“NH—CO—0CH:—CH:),
65.4 (—"NH—CO—0O0—CH.—), 65.6 (—NH—CO—0 CH,—), 118.6, 119.9, 126.1, 128.8,

I I
135.6 (—C —NH—CO—), 155.3 (—C —NH—CO—)-

Sample characterization

Polymer films were casted from THF (PEU-n: n = 0, 1, PAU-n, n = 0, 1; PSU-n, n = 0, 1), tri-
fluoroacetic acid (PEU-n, n = 2-4), DMA (PAU-n; n = 2—4) and dioxane (PSU-2). )

GPC measurements were made with a chromatograph Waters 150°C (styragel columns with pore sizes 107,
10*, 10" and 5007 ; pressure 70 bar; flow rate ImL/min ; sample concentration 10 mg/mL; PEU-n and PAU-
n: DMA as solvent. temperature 60°C; PSU-n: THF as solvent , temperature 25°C )-

NMR spectra were recorded on a Bruker AC 250-Spectrometer at 250 MHz (1H-NMR) and 62,9 MHz (13
C-NMR) using tetramethylsilane as internal standard -

IR measurements were made with a FTIR spectrometer Bio-Rad Digilab Division 3240-SPC FTS-40 (PEU-
n and PAU-n: film from DMA on CaF:: PSU-n: film from dioxane on NaCl) - For temperature-dependent FT-
IR investigations the heatable measuring cell Specac PIN 21500 was used (film from DMA on Si-weaver: heat -
ing rate 1'C/min: measurement technically attainable temperature 230°C).

Melting points and heats of fusion were measured on a Perkin Elmer DSC-7 with film samples (sample
weight © mg: heating and cooling rate 20°C/min; N> -atmosphere ) -

Thermogravimetric analysis measurements were obtained with a Simultaneous Thermoanalytical Apparatus
Netzsch STA 409 with film samples (sample weight 10 mg; heating rate 10°C /min; N, -atmosphere ) -

Dymnamie mechanical measurements were carried out with: a Brabender torsion pendulum by using, nolymer
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films of 60X10X0.5 mm in size- Starting with a temperature of —130°C (PEU-n) and —100°C (PAU-n).
respectively , the samples were heated with 1°C/min (frequency 1 Hz)-

Results and discussion

Synthesis

The segmented PUR elastomers with molecularly uniform NDI/BDO hard segments have been synthesized
in a stepwise procedure to form the urethane linkage by the condensation reaction of chloroformates with amino
groups; because this route has more advantages compared to the addition of hydroxyl compounds to isocya~
nates- Due to the bifunctionality of the starting material 1, 5-naphthalene diamine (NDA), the carbobenzyloxy
(CBO) group» which was introduced by reaction with benzyl chloroformate and removed by hydrogenolysis in
the presence of a catalyst, was used as the protection group for the amino function-

The usual method to synthesize elastomers with monodisperse hard segments by condensation of polyol bis-
chloroformates with amino terminated: molecularly uniform hard segment precursors, was hindered by the poor
solubility of the amino terminated NDI/ BDO oligourethanes - Nevertheless, the synthesis was made possible by
the double-sided elongation of polyether: polyester and polysiloxane polyols with naphthalene units by reaction
of the polyol bischloroformates la-¢ with mono-CBO protected NDA 1 and the subsequent hydrogenolytical re-
moval of the CBO groups- The amino terminated prepolymers 4a-c were obtained (scheme 1: the letters a. b
and c stand for the respective different soft segments: a = POTM, b = PEA, ¢ = PDMS) - Thus, advantage
could be taken of the high solubility of the soft segment building units in suitable solvents. like tetrahydro-
furane (THF)-

Using again the same procedure, reaction with mono protected NDA and cleavage of the protecting group
prepolymers 6a-¢ with 2 naphthalene units at each end of the polyols were accessible.- The solubility of these
compounds was improved by employing the mono-modified-CBO protected NDA 3. i.e- by using a modified

CBO protective group: the 3. S-di-tert-butyl benzyloxycarbonyl group[lﬂ

- After cleavage of the protective
groups- amino terminated precursors 7a-b with POTM and PEA soft segments were obtained - However. it was
not possible to get the corresponding polysiloxane based prepolymer, because the GPC analysis of the com-
pound after the hydrogenolytical cleavage of the modified-CBO protective group showed the partial decomposi-
tion of the PDMS chain- In the last step, the synthesis of PUR elastomers with up to 4 NDI/BDO repeating
units in the hard segment chain was made possible by the polycondensation reaction of the precursors 4a-c¢ and
7a-b with the bischloroformates 8 and 9. after determination of the content of amino end groups by ultra violett
spectroscopy and titration (scheme 2; the synthesis of the polyol bischloroformates as well as the compounds 2
and 5 will be described elsewhere!" )-

The molar masses of the polymers (equivalent to polystyrene standards) were determined by gel-perme-
ation chromatography (GPC), whereby smaller amounts of the polyether and polyester elastomers could be dis-
solved in N, N-dimethylacetamide (DMA ) and the polysiloxane polymers were soluble in THF - Because of the
poor solubility of the naphthalene bisurethane units, solving more material for the preparation of polymer films
(used for the thermal and mechanical investigations ), was the main difficulty for the characterization of the
synthesized model elastomers- THF was a suitable solvent for the different types of polymers with up to only 1
repeating unit- DMA was used for the hard segment richer polyester elastomers PAU-n (n = 2-4) and dioxane
for the compound PSU-Z. whereby solving was only possible by strong heating-

Trifluoroacetic acid, which solved the hard as well as the soft segments, could be employed as sole sol-
vent for the polyether based elastomers PEU-n (n = 2—4) with more than 1 NDI/BDO repeating unit - How~
ever, after solving several times. the GPC analysis showed a decomposition of the polymer (Fig- 1). making it
impossible to use the synthesized material for more than one investigation- Further GPC measurements of the
oligpmeric DMU, model  compounds and the pure POTM goft ;segment ;showed,; | that the_decomposition of the
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polymers took place at the polyether polyol, while the urethane group remained stable -

Microphase separation number of
solving

The amount of microphase separation, i-e- the de-
gree of physical crosslinking, was evaluated by the shift

AR

of the soft phase glass transition temperature T, in diffe-

rential scanning calorimetry (DSC) measurements in the

low temperature region- It is known, that the building-in j

of the soft segments in PUR elastomers leads to a rise of

16~1 ) )
the soft phase Tg[ ' the higher the amount of mi- 24 26 28 30 32 34 36 38 40 42 44 46
crophase separation, the smaller the increase of the glass Elution volume/mL

iti . i 350000 .
transition temperature- While the T9 of a mol Fig-1 GPC cuves of different times in trifluoroacetic
wt- POTM (the very hlgh molecular Welght was chosen acid solved samples of the polyether elastomer
because of the lower influence of the hydroxyl end PEU-2 (DMA as solvent)

groups ) was measured at —84°C, the DSC traces of the

polyether based elastomers PEU-n (2000 mol. wt. POTM with T,= —78°C)) showed the soft phase T, at tem~
peratures in the region of —65C (Fig- 2), about 20C higher than the glass transition of the pure soft seq-
ments- The elastomer PEU-0 with only isolated naphthalene units in the soft phase showed the glass transition
at —62°C, the same temperature calculated for non-phase separation- This indicated that the isolated naph-
thalene bisurethane units were unable to form segregated hard segments and were, therefore, completely dissi-
pated in the soft segment matrix -

For comparison; the T, values of the corresponding MDI based

elastomers (2000 mol. wt. POTM) were almost in the same tempera-

19
1 but the elastomers based

20]

ture region as the NDI based elastomers
on tt HMDI showed distinctly lower glass transition temperatures[
(Tab- 1). For example, the T, of the POTM soft phase at the NDI-
PEU-2 was determined to be about —67°C compared with —75°C at
the tt HMDI-PEU-Z. thus indicating a better phase separation when
employing tt HMDI as diisocyanate component -

The building-in of the 2 other types of soft segments also led to a

exo <--- dQ/dt ---> endo

PEU-3

significant shift of the glass transition temperatures- While the pure
2000 mol - wt- PEA polyol showed the T, at —54C, the corresponding PEU-4

NDI based polyester elastomers PAU-n were characterized at values in L
the region of —40°C. The T, of the polysiloxane elastomers PSU-n  -100 -80 -60 -40 -20 0 20 40 60
(2300 mol- wt- PDMS ), which was around —114°C, shifted about Temperature/°C

117C 1o higher temperatures compared to the pure 2300 mol - wt-

Fig- 2 DSC cuwves of the polyether
PDMS (T,= —125°C). Generally: the glass transition region became lastomers PEU-n in the low temperature
broader and shifted slightly to lower temperatures at all types of elas=  gion (second heating: heating rate 20°C)
tomers with a rising number of NDI/BDO repeating units in the hard

segments showing that the phase separation increased with increasing hard segment length- Based on the mea~
sured soft segment glass transition temperatures Ty, » the amount of hard segments solubilized in the soft phase
xz» and these values related to the stoichiometric hard segment content x2/x1. » were calculated for all investi-
gated polymers[m] .

The microphase separation was also investigated by Fourier-transform infrared (FTIR) spectroscopical
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measurements of the hydrogen bonding behaviour- The typical PUR is extensively hydrogen bonded: the donor
being the NH group of the urethane linkage- The hydrogen bond acceptor may be in either the carbonyl of the
urethane hard segments or the ester carbonyl group of polyester soft seqments and the ether O atom of polyether
soft segments- respectively- Most of the CO groups were hydrogen bonded. giving a peak at 1695 em . and
so indicating hard-hard segment interactions in seqgregated hard segment domains- Non-bonded CO groups, ab-
sorbed at the higher frequency of 1735 em '+ were due to isolated hard segments which were dissipated in the
soft segment matrix- As expected: the PEU-0 showed no absorption of hydrogen bonded CO groups: thus con-

firming that this polymer was completely homogeneous (Fig- 3)-
1

In the case of the other elastomers, the absorption at 1695 em
and the ratio of hydrogen honded to non-bonded CO groups respective-
lys increased with a rising hard segment length, indicating a higher
amount of microphase separation- When investigating the polyester elas-
tomers; problems arose using this method, because the absorption of
the PEA carbonyl groups lay in the region of 1735 cm " and added to
the absorption of non-bonded CO groups- For that reason, the amount

Absorption

of hydrogen bonded CO groups x¢=o...1 was much lower and a compari-
son with the results. obtained at the polyether and polysiloxane elas~

PEU-3
tomers, was not possible -
Values regarding the microphase separation: obtained by means of PEU-4
the described DSC and IR measurements: are shown in Tab- 1 together
with those of corresponding MDI and ttHMDI based polyether elas- 1900 1800 1700 1600
tomers- The DSC results indicated that the polyester soft segments led Wave number/cm’”

to a lower phase separation in comparison to the building-in of the .
P p P J Fig- 3 FTIR spectra of the polyether

POTM. The observed behaviour was caused by very strong interactions elastomers PEU-n (CO region)

between the urethane NH groups and the polyester carbonyls due to

hydrogen bonding, so that the PEA soft segments showed a larger affinity to the hard segments than to the poly-
ether soft seqments- The best phase separation was achieved by the building-in of the PDMS due to the unpolar
PDMS soft segments-

Compared with corresponding polyether elastomers based on MDI; the microphase separation of NDI elas-
tomers was more enhanced at a similar number of repeating units, resulting in higher melting points and higher
heats of fusion- Polyether elastomers based on ttHMDI showed the best phase separation. indicating that there
is a higher hard-soft seqment incompatibility in that case- As in the case of the different soft segments, the re-
spective segregation behaviour can be explained by the strength of the hydrogen bonds of the urethane NH
groups to the soft segment O atom- With increasing hydrogen bond strength, the interaction between hard and
soft segments increased and the phase separation decreased™” ™.

Softening behaviour

The melting of the soft segments was observed in DSC measurements in the mid temperature region- The
polyether elastomers PEU-n showed the melting of the POTM segments in the range from 25°C (PEU-0) to —
8°C (PEU-4) (Fig- 2)- The melting of the PEA soft segments occurred in each case at temperatures about
25C higher (PAU-0. 49°C, PAU-4, 27°C). The shift of the melting peaks to lower temperatures with an in-
creasing hard segment length indicated a decreasing size of the soft segment crystallites with a growing hard
segment volume share- The soft segment melting also occurred in the first heating- The polysiloxane soft seg-
ments were completely amorphous and showed no tendency to crystallize: so that soft segment melting could not

be observed at the PSU-n polymers -
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Table- 1  Amount of microphase separation of the polyether elastomers PEU-n with NDI. MDI and ttHMDI hard segments as well
as the NDI based polyester and polysiloxane elastomers PAU-n and PSU-n, determined by means of DSC and IR spectroscopic in~

vestigations
Tg(ss)a) x2 " x2 /%, Xe=oopt
in C in /0 in Y0 in %0
NDI-PEU-0 —62 - — —
NDI-PEU-1 —67 6.4 31.6 73
NDI-PEU-2 —67 5.7 19.8 81
NDI-PEU-3 —66 5.5 15.4 85
NDI-PEU-4 —66 5.0 12.1 89
MDI-PEU-1 —67 11.1 48.9 51
MDI-PEU-2 —69 10.0 31.5 4
MDI-PEU-3 —71 8.5 21.9 81
MDI-PEU-4 —67 9.6 21.5 (i
ttHMDI-PEU-01 —76 3.9 17.2 75
ttHMDI-PEU-02 —175 4.2 13.2 85
NDI-PAU-0 —28 - — —
NDI-PAU-1 —38 7.0 34.5 19
NDI-PAU-2 —38 6.3 21.6 23
NDI-PAU-3 —39 5.3 14.8 29
NDI-PAU-4 —40 4.5 10.8 39
NDI-PSU-0 —101 - — —
NDI-PSU-1 —113 7.0 34.5 77
NDI-PSU-2 —114 6.3 21.6 86

a) Soft segment glass transition temperature ; b) Share of hard segments in the soft phase; c¢) Share of hard segments in the soft segment phase
related to the stoichiometric hard segment content ; d) Share of hydrogen bonded CO groups related to total CO groups-

DSC measurements of the hard segment melting behaviour of the polyether elastomers PEU-n showed a rise
in the melting temperatures with an increasing hard segment length from 168/203°C (PEU-1) to 234/245°C
(PEU-4) (Fig- 4)- The length of the hard segments fixed the upper limit of the extension of the hard segment
crystals in chain direction- It has to be taken in consideration, that the crystal size effect played an important
role due to the small hard segment lengths[m'zs] - Clear differences in the softening behaviour between the elas-
tomers with several soft segments were recorded. The PAU-n showed lower melting points and heats of fusion
(Fig- 9A)- The highest melting points and heats of fusion were obtained with polysiloxane elastomers PSU-n
(Fig- °B)- Apart from the influence of the melting entropy: the melting point was determined essentially by
the interactions between the hard segments as well as the interactions between hard and soft segments. The
melting temperature of the crystalline hard seqment domains determined the heat resistance of the elastomers
and the transition to the thermoplastical deformability -

Multipeak behaviour was observed at all investigated samples, whereby after annealing experiments, only
one peak normally appeared at a higher melting temperature, i-e- the crystal packing order increased upon an-
nealing -, This observation could be explained by the crystallization behaviour of, the hard domains- The hard
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segment chains engaged in the crystal displaced one another, thus

forming a larger and rugged phase interface- With a rising surface of the @ PEUO 0000
microcrystallites, the surface energy increased and was responsible for a PEUT .
decrease of the melting points of the crystallites- The size distribution of g2 S -
the microcrystallites, formed at the casting of the polymer films from so- g g)_J\/—
lution, was quite a distance away from the thermodynamic equilibrium /E

and drew nearer to it during the annealing process- Annealing at higher %|a ~ PEU-2
temperatures, loosened the crystal lattice and led to an improvement of g b

the hard segment packing and a better order of the domains'"” . There- \i

fore, it was possible to form thermodynamically favourable crystals with a g

better order and smaller surface- A partial decomposition of the hard seg~

ments also occurred. due to a decrease in the heat of fusion after anneal -

ing: e-g-» the value of the PEU-1 at 9.6 J/ g was distinctly lower than

the heat of fusion before annealing-

Compared with polyether elastomers based on MDI™" and ttHMDI
» the NDI elastomers showed the highest melting points and heats of
fusion (Tab- 2. first heating of the samples crystallized from solution) Fig- 4 DSC cuwves of the polyether
(NDI‘PEU‘l; T, = 168°C, H,=13.4 J/g’ MDI-PEU-1. T, = 112°C,  elastomers PEU-n: a) first heating;

o ati sr 15 mi ali
AH,= 1.8 Jlg: wHMDI-PEU-1, T, =129°C. AH, =12 J/g). The fgéfgaz‘;‘g[ftf‘; N d“‘l‘gofg“‘(“;}g‘g;t)

here discussed investigations regarding the amount of microphase separa- (heating rate 20°C/min)
tion showed that the influence of the different diisocyanates is partly due
to the ratio of hard-hard segment and hard-soft segment interactions, i-

120 140 160 180 200 220 240 260 280

(20] Temperature/°C

a) PAU-0
PAU-1-

gPsU0

exo <—- dQ/dt > endo

exo <--- dQ/dt —> endo
E—
I
&

a) PSU-2
L—/’/—/\/

100 120 140 160 180 200 220 240 260 80 120 160 200 240 280 320 360
(A) Temperature/°C (B) Temperature/°C

[~

Fig- © DSC curves of A) the polyester elastomers PAU-n: a) first heating. b) heating after 15 min annealing at 160°C
(PAU-1) and 175°C (PAU-2) (heating rate 20°C /min) ; and B) the polysiloxane elastomers PSU-n: a) first heating, b) heat-
ing after 15 min annealing at 245°C (PSU-1) and 270°C (PSU-2) (heating rate 20°C /min)

e- the degree of hydrogen bonding- But there are also some other factors which explain the special behaviour of
the NDI based system- The high values of melting points and heats of fusion were mostly attributed to strong in-
termolecular interactions between the naphthalene-butanediol units which, combined with the rigid structure of
the system, might result in a denser packing of the NDI/BDO hard segments -
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Thermal stability

Thermogravimetric analysis measurements of the elastomers with 1 NDI/BDO repeating unit in the hard
segment and polyether polyester and polysiloxane soft segments showed a mass reduction beginning at 250°C,
independent of the type of soft segment (Fig- 6)- Based on this: the stability limit of the hard segment doma~
ins was determined at about 250°C . However, the DSC measurements on annealed samples showed that decom-
position at lower temperatures must occur- Therefore, the thermal stability of the hydrogen bonds was investi-
gated by studying the NH and CO absorption at temperature-dependent FTIR measurements' -

The NH and CO region as a function of the tempera-
ture at the polyether elastomer PEU-1 showed that polyure- o
thanes are characterized in the same way as polyami- & 20f
des™, by specific temperature-dependent changes- At g a0t
30°C virtually all of the NH and most of the CO groups are § ol
hydrogen bonded: giving peaks at 3280 em  for the bond-
ed NH and 1695 cm ' for the bonded CO groups (Fig- %o
7). Non-bonded NH and CO groups. absorbing at higher 1001

frequencies with much lower intensity, can be used to 150 200 250 300 350 400 450 500 550

monitor hydrogen bond disruption- The NH peak disap- Temperature/°C

peared rapidly at temperatures above 180°C. At 200°C, Fig- 6 Thermogravimetric analysis curves of
hydogen bonded carbonyl groups were no longer observed the elastomers with 1 NDI/BDO repeating unit
indicating a rapid decomposition; after the first hydrogen in the hard segment and polyether polyester

and polysiloxane soft seqments (heating

bonds had started to dissolve- Corresponding measure- ¢
rate 10°C/min; N;-atmosphere )

ments of the PEU-Z showed the solving of the hydrogen
bonds starting at 200°C, j.e- the thermal stability increased with an increasing hard segment length -

230°C
f\Li 230%C /\\K

< 230°C | | 225°% J[\N
220°C N . o
N 225°C | 220°C
210°C B 210 ©
; M -
¢ [200°C _—"
15 ‘ 210°
g [190°C -
2 | 200 °C
< [180°C
_ 190 °C

180 °C

3800 3600 3400 3200 3000 2300 2200 2100 1900 1800 1700 1600

Wave number/cm™

Fig- 7 Temperature-dependent FTIR spectra of the polyether elastomer PEU-1 (NH, NCN and CO region)

The appearance of retrourethanization reactions of the urethane linkage (urethane — isocyanate + alco-
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hol) was studied by the detection of free NCO groups at the cleavage temperature - The NCO absorption was ob-
served at the polyether urethane PEU-1 beginning at a temperature of 180°C (Fig- 7). which corresponded to
the FTIR measurements of the NH and CO groups- Therefore; the stability limit of the hard segment domains
in the PEU-1 was determined at 180°C . DSC measurements showed s that although the crystal order of the hard
domains increased by annealing there is the danger of decomposition processes at temperatures above 180°C.
At even higher temperatures: decomposition reactions are already in progress to a large extent, so that the re-
sults of the investigations regarding the melting behaviour have to be interpreted with caution- Generally only
opinions regarding the melting behaviour of the solution-crystallized samples are possible: as melting-crystal-
lized samples already exhibit changes in their chemical structure -

10* 10°
Dynamic mechanical properties ——PEU0
10° PEU-1 1102
!
The temperature dependence of the storage modulus G <= :353;2;
2 a 4
and the loss factor O of the polyether elastomers PEU-n are €107 oo PEU-4 101@’
. A . I o1
depicted in Fig- 8. A.ll .samples of tl}e homologous series of St MegmmmE pe
polymers revealed a similar change in the storage modulus 5
and the loss factor when going through the glass-rubber tran- 1o Aot
. . A .
sition of the soft segment with the drop in G starting at —
80°C and the loss peak maximum at about —55°C. But 9" 55020 o 0 100 180 200 O

there are clear differences in the following courses- The Temperature/°C

slope of the storage modulus curve at temperatures above the ) ) ) _
Fig- 8 Dynamic mechanical properties of

soft segment glass transition increased with growing hard seg the polyether elastomers PEU-n

ment content - The temperature range of the elastomeric be
haviour; which is reflected in the relatively constant modulus

in the plateau region up to the final drop associated with hard domain softening increased with a growing hard
segment length and hard segment content , respectively, and showed in the same way an increasing level of the
storage modulus (Tab- 3). This is characteristic of an incompatible system whereby the hard segment domains
behave as active filler particles and act as reinforcement - The glass transition temperature is shifted to higher
values with increasing hard segment length thus indicating an increasing amount of solubilized hard segment in
the soft segment matrix -

The comparison of the polyether elastomers with hard segments based on different diisocyanates is also
very interesting (Fig- 9A)- Depending on the diisocyanate compound: the specimens of the POTM based elas-
tomers PEU-Z with 2 repeating units in the hard segment exhibited a different dynamic mechanical behaviour -
The ttHMDI based elastomer showed the lowest loss peak maximum with —64°C =, indicating the best phase
separation and confirming the results obtained by DSC and IR measurements -

The slow decay of the storage modulus from just above the glass transition temperature up to higher tem-
peratures by NDI-PEU-Z is distinctly clearer in comparison to the MDI and even ttHMDI based elastomers -
This indicates a pronounced soft segment crystallinity which is due to relatively pure soft segments in NDI-PEU-
2 and tHMDI-PEU-2 (Fig- 9B). and results from the high incompatibility of the soft segment and hard seq-
ment polymer chains in these polymers- MDI-PEU-Z showed no soft segment crystallinity in the modulus
curves indicating a small amount of mixing of hard and soft segments which disturbed the soft segment crystal-
linity to a large extent. but left the overall morphology of a 2-phase system intact -

The height of the storage modulus and especially the temperature range of the elastomeric behaviour of the
MDI-PEU-Z was much smaller compared with the 2 other samples[lg]
melting of the hard segment microcrystallite based on different diisocyanates is similar to that observed by DSC
(Tab- 2). The lower melting point of the MDI bisurethane units caused a shift in the softening of the hard do-

- The temperature difference between the
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Table-1 Dynamic mechanical behaviour of the polyether elastomers PEU-n with NDI, MDI and ttHMDI hard segments
as well as the NDI based polyester elastomers PAU-n

tan O, " G a 25CP» G at 50°C? T Te®
in C in N/mm’ in N/mm’ in C in C

NDI-PEU-00 —60 11.5 — — 47
NDI-PEU-01 —55 11.6 11.7 13—122 166
NDI-PEU-02 —56 14.4 14.4 20—152 203
NDI-PEU-03 —48 24.1 16.9 40—170 209
NDI-PEU-04 —45 45.2 20.2 45—180 216

MDI-PEU-01 —50 4.3 2.5 — 99
MDI-PEU-02 —34 7.1 6.2 — 119
ttHMDI-PEU-01 —64 5.2 4.4 18—122 119
ttHMDI-PEU-02 —63 12.1 12.0 7—138 166
NDI-PAU-01 —33 29.7 18.4 39—148 159
NDI-PAU-02 —32 4.1 21.4 42—159 176
NDI-PAU-03 —30 53.7 28.8 47—168 180
NDI-PAU-04 —27 70.3 37.4 51—169 184

a) Temperature of the loss peak maximum; b) Storage modulus at 25C; ¢) Storage modulus at 50°C; d) Temperature range of the relatively

constant modulus in the plateau region; e) End temperature -

A) 10* 10° B) 10* 10°
10° —— NDI-PEU-1 1102 103 ——NDI-PEU2  ]4q2
,,,,,,, #HMDI-PEU-1 ttHMDI-PEU-2
& MDI-PEU-1 — MDI-PEU-2 )
E10%F 110’ e 110 "
z'E g £ 3
=2 n
S0t fo® 2 J1o0
10}
10°F 410t 0% o e 1107
10— . L v o . L1402 101 . . . . . 1402
0 -100  -50 0 50 100 150 200 0 -100 -50 0 50 100 150 200
Temperature/°C Temperature/°C

Fig- 9 Dynamic mechanical properties of A) polyether elastomers with different diisocyanate components and 1
djisocyanate/ BDO repeating unit: and B) polyether elastomers with different diisocyanate components and 2 diiso-
cyanate/ BDO repeating units

mains to a lower temperature which consequently led to a smaller temperature range of the elastomeric behaviour
of the MDI elastomers- This again is an indication of the solubilized hard segments in the soft segment in the
MDI-PEU-2. The amount of solubilized hard segment is not segregated and therefore does not contribute to the
modulus plateau and the heat resistance of the polymer-

In the service temperature range of the elastomers, the NDI system showed the highest storage modulus
value G over the broadest temperature range - This indicates a higher and less temperature-dependent stiffness
and a better hard domain stability of the NDI based hard segments compared to the MDI and ttHMDI based sys-
tems- In addition to the function as thermoreversible crosslinks, crystallized hard segments also act as a rein-
forcing filler- Comparing the NDI and ttHMDI elastomers: the higher modulus of the NDI-PEU-2 could be at-
tributed to the greater effective filler content induced by the staggered packing of the NDI hard segments-
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Table-2  Melting behaviour of the polyether elastomers PEU-n with NDI, MDI and ttHMDI hard segments as well as
the NDI based polyester and polysiloxane elastomers PAU-n and PSU-n

T, (ss)" Tt (hs)” A, Tz (b AH,.” T (" AH,, .
in C in C in J/g in C in J/g in C in J/g
NDI-PEU-01 16 168 13.4 203 9.8 206 9.6
NDI-PEU-02 10 214 18.2 223 19.9 218. 226 30.4
NDI-PEU-03 3 228 24.4 240 23.2 — —
NDI-PEU-04 —8 234 32.8 245 26.9 — —
MDI-PEU-01 — 112 1.8 — — — —
MDI-PEU-02 — 131 8.2 147 — — —
MDI-PEU-03 - 175 18.1 — — — —
MDI-PEU-04 — 181 14.2 — — — —
ttHMDI-PEU-01 — 129 12 — — — —
ttHMDI-PEU-02 — 180 36 — — — —
NDI-PAU-00 49 - — — — — —
NDI-PAU-01 42 142 6.5 180 3.2 285 7.3
NDI-PAU-02 36 156 8.4 191 4.7 294 8.3
NDI-PAU-03 31 200 6.2 222 5.7 — —
NDI-PAU-04 27 216 7.8 237 6.2 — —
NDI-PSU-00 - - — — — — —
NDI-PSU-01 — 218 38.0 290 27.7 289 20.8
NDI-PSU-02 — 238 49.7 313 35.4 322 32.2

a) Soft segment melting temperature (second heating; heating and cooling rate 20°C /min) ; b) Hard segment melting temperature and heat of
fusion of the first peak (first heating; heating rate 2()oc/min) ; ¢) Melting temperature and heat of fusion of the second peak (first heating; heating
rate 20°C/min); d) Melting temperature and heat of fusion after 15 min annealing at the temperatures, which are stated at Fig- 4-5.

Fig- 10 shows the storage moduli of the PAU-n, which 10! 10°
are constant over a broad temperature range- Compared to e L2
polyether elastomers with a similar number of repeating ~
units, the polyester elastomers had, as expected, higher Emz 110
storage moduli- After the melting of the soft segments, an Z g
almost horizontal plateau region with an increasing level of 910! 310°
the storage modulus at a growing hard segment length and . .
hard segment content. respectively (Tab- 3) is observed- 10 31
The amount of soft segment crystallization decreases with in~ g T Tk

creasing hard segment length and hard segment content due

. . . Temperature/°C
to partially reduced phase segregation- Increasing hard seg-
ment content leads to an increasing amount of solubilized Fig- 10 Dynamic mechanical properties of
hard segment in the soft segment and therefore overcomes the the polyester elastomers PAU-n

effect of increasing segregation with increasing hard segment
length- The glass transition temperature is shifted to higher
values with increasing hard segment length, thus also indicating an increasing amount of solubilized hard seg-
ment in the soft segment matrix -
The hard segment softening temperature range as reflected by the sharp drop of the storage modulus at el-
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evated temperatures (which was consistent with the temperatures of the hard segment melting in the DSC) » was
smaller for the PEA based samples then for the POTM based samples- This fact is related to the different ratio
of hard-hard segment and hard-soft segment interactions in these polymers-

Conclusions

The, by means of protecting groups, stepwise synthesized segmented PUR elastomers with molecularly
uniform hard segments were suitable model elastomers for detailed investigations of the structure-properties-re-
lations of technologically relevant NDI based elastomers- With the help of the well-defined hard segments. it
was shown that the thermal and mechanical properties of these polymers were decisively influenced by the hard
segment morphology - This morphology was dependent on both the crystallization behaviour of the naphthalene
bisurethane units and the interactions between the NDI based hard and soft segments- These studies were com-

pleted by further investigations on molecularly uniform NDI/BDO oligourethanes, at which the hard segment

. . . 15
properties were observed without the influence of the soft segments[ B
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Nonisothermal Crystallization Kinetics of Polymers

70U Xiaoxuan, DAI Wen-li, TIAN Ji-bo
( College of Chemistry Xiangtan Uniersity. Xiangtan 411105, China)

Abstract ; This paper reports the development on models of nonisothermal crystallization kinetic of poly-
mers especially in nonisothermal quiescent crystallization and shear-induced crystallization, and also discusses
some chief models-
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