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SUMMARY 
The synthesis and free-radical polymerization of four methacrylic macromonomers, methyl 

6-(6-methacryloylarninohexanoylarnino)hexanoate (5), methyl 1 1 -( 1 1 -rnethacryloylaminounde- 
canoy1amino)undecanoate (6), and the corresponding acids 7 and 8, are described. The polymers 
were characterized by DSC and TG analysis. Viscosity measurements show that the polymers tend 
to associate because of hydrogen bonding. Additionally, incompatibility of the polymers with 
polyamide-6 was found by DSC measurements. 

Introduction 

The synthesis and the behaviour of comb-like polymers with hydrocarbon side chains 
is well known and has been reviewed some years ago In this connection, Schulz et 
al. studied the crystallization processes of N-alkyl-substituted aromatic polyamides in 
dependence of the length of the side chains3). The synthesis of methacryl macro- 
monomers fitted with poly(hydroxyhexanoic acid) or poly(ethy1ene oxide) side 
chains4s5) and methacryl macromonomers with broadly distributed polyamide side 
chains has also been described ‘). Various kinds of (meth)acrylic polymers containing 
only one of 6-aminohexanoic or 1 1-aminoundecanoic acid unit in the side chain have 
been used for enzymatically catalyzed peptide formation ’), for grafting on cellulose 
membranes8) and for studies of pr~ tona t ion~) .  Application of such polymers in the 
biological area has also been suggested lo, ”). 

Until now, the thermal behaviour of methacrylic polymers with well-defined 
polycondensates of 6-aminohexanoic- and 1 1 -aminoundecanoic acid has not been 
investigated. Thus, the present paper deals with the synthesis and the thermal 
characterization of monomeric and polymeric methacrylic amides containing dimeric 
condensates of 6-aminohexanoic acid and 1 1 -aminoundecanoic acid. Mixtures of the 
polymers with commercial polyamide-6 were examined by DSC measurements. 

Results and discussion 

Synthesis of the monomers and polymers 

The monomers 6-methacryloylaminohexanoic acid (1) and 1 1 -methacryloylamino- 
undecanoic acid (2)’) were activated with ethyl chloroformate to form mixed an- 
hydride intermediates, which were then reacted with methyl 6-aminohexanoate- and 
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methyl 1 1 -aminoundecanoate hydrochlorides (3 and 4) yielding methyl 6-(6-methacryl- 
oylaminohexanoy1amino)hexanoate (5) and methyl 1 1 -( 1 1 -methacryloylaminoundeca- 
noy1amino)undecanoate (6), respectively. 

H,C=C-C-NCCH, j,C-OH + CI-C-OC,H, 

0 

1 : n  = 5 ;  2 : n  = 10 
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- NEt, . HCI/CO, /EtOH 
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5: n = 5;  6: n = 10 

The 'H NMR spectrum of 6 (Fig. 1) shows two triplets at 2,15 and 2,29 ppm 
attributable to the methylene groups h',  h2 in the neighbourhood of the amide and the 
ester groups. The assignment of the methylene groups f '  and f 2  was performed by 
nuclear Overhauser enhancement (NOE) (Fig. 1). 

The monomers 6-(6-methacryloylaminohexanoylamino)hexanoic acid (7) and 
1 1 -( 1 1 -methacryloylaminoundecanoylamino)undecanoic acid (8) were prepared from 
the methyl esters 5 and 6 by acidic hydrolysis. 

+HCI/H,O I '  
b H,C=C-C-N+CH, j,C-N+CH, jnC-OH 

II 
0 

II I 
O H  

-CH,OH II I 
5, 6 

O H  

7: n = 5;  8: n = 10 

The completeness of the hydrolysis was evidenced by the disappearance of the methyl 
proton signals of the ester at 3/55 ppm in the 'H NMR spectrum and of the ester 
carbonyl band at 1730 cm-' in the IR spectrum. 

The monomeric derivatives 5 - 8 were radically polymerized with AIBN as initiator 
yielding the comb-like polymers 5a- 8 a. 
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The characterization of these polymers is given in the Experimental part (Tab. 2). 
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Fig. 1. 'H NMR spectrum of methyl ester 6 (250 MHz, CDCl,) 

Thermal characterization of the monomers 5 - 8 and the polymers 5 a - 8 a 

Thermogravimetric analyses of the compounds at temperatures up to 300 "C in air 
do not reveal any significant weight loss. 
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Differential scanning calorimetry (DSC) measurements show that the polymers with 
1 1-aminoundecanoic acid components in the side chains, 6a  and 8a, are crystalline, 
with melting peaks at 58,l "C (AH = 20,3 J/g) and 71,2 "C (AH = 24,8 J/g), respective- 
ly. For the polymer 8a, a crystallization temperature of 35,9"C (AH = -7,8 J/g) was 
determined. In contrast, the polymers with 6-aminohexanoic acid components in the 
side chains, 5 a  and 7a, do not crystallize because of their relatively short side chains. 

Blends with polyamide-6 (PA-6) 

Blends of the polymers 5a-8a with PA-6 were prepared in the melt at 250-260°C. 
Melting and crystallization temperatures (T ,  and T,) of the different blends were 
measured by DSC. The results are given in the Experimental part (Tab. 3). 

No decrease in T,,, is seen in the blend 6a/PA-6. The DSC diagram (Fig. 2) shows 
two melting temperatures at 48,8 "C for polymer 6 a  and at 219,5 "C for PA-6, which 
are close to those of the pure components. Even the two AHvalues are nearly identical 
with those of the pure components in relation with their amount in the mixture. 

Only small shifts of T,,, values were observed in the case of the various 
polymer/PA-6 mixtures (Tab. 3). This is a further hint for the incompatibility of the 
components in the blends. 
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Fig. 2. DSC diagram for the mixture of polyamide-6 and polymer 6a  

Viscometric measurements 

The measurements of the viscosity of the polymers 5 a  and 8 a  and the monomer 8 
in pure DMF as solvent indicate association phenomena due to H-bond interactions 
between the amide-containing side chains. Intramolecular interactions at low concen- 
trations and intermolecular associates at high concentrations are documented by a 
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minimum in the qsp/C plot (Fig. 3). The increase in viscosity at low concentrations 
cannot be attributed to polyelectrolyte effects because polymer 5 a with ester end- 
groups shows almost the same behaviour as the hydrolyzed polymer 8a with COOH 
end-groups. To reduce the H-bond interactions, acetic acid was added to the solvent. 
In this case the viscosity plot becomes nearly linear. In contrast to pure solvent, a 
decrease of qred at low concentration can be observed for polymer 8a (Fig. 3). A nearly 
linear plot was obtained in the case of the corresponding monomer 8. 

Similar effects were observed recently with the corresponding oligoesters for mono- 
mers and comb-like polymers 12). .. . 

I 

Fig. 3. Viscosity plots for 
polymers 5 a  (W), 8a  (0) and 
monomer 8 ( 0 )  in DMF, and 
polymer 8a (0) in 
DMF/CH,COOH (9 1, V/V) 

15 - 

10 - 

5 -  

Experimental part 

Methyl 6-(6-methacryloylaminohexanoylamino)hexanoate (5): To a stirred solution of 3,98 g 
(20 mmol) of 6-methacryloylaminohexanoic acid (l), 50 mg of hydroquinone, 2,8 mL (20 mmol) 
of triethylamine in 100 mL of abs. THF were added 1,9 mL (20 mmol) of ethyl chloroformate at 
- 15 "C, inducing precipitation of triethylammonium hydrochloride. After 2 h at room tempera- 
ture, a suspension of 3,62 g (20 mmol) of the hydrochloride of methyl 6-aminohexanoate (3), 
2,8 mL (20 mmol) of triethylamine and 50 mL of THF was added. The precipitate was filtered 
after 2 days, the solution evaporated, the residue diluted with 100 mL of chloroform and then 
extracted with 100 mL of NaHCO, solution ( ~ V O ) ,  resp. with 100 mL of water. The organic phase 
was dried over MgSO, , evaporated, and the residue treated with 50 mL of ether/petroleum ether 
(3 : 1, v/v), resulting in a colourless crystalline product. 
Methyl ll-(ll-methacryloylaminoundecanoylamino)undecanoate (6): This was prepared from 

1 1 -methacryloylaminoundecanoic acid (2) and the hydrochloride of methyl 1 1 -amino- 
undecanoate (4) by the same way as 5.  
6-(6-Methacryloylaminohexanoylamino)hexanoic acid (7): A mixture of 5,00 g (1 5,3 mmol) of 

ester 5 in 50 mL of conc. hydrochloric acid was stirred for 1 day at 60 "C, then diluted with 100 mL 
of water and neutralized with NaOH (10%). Subsequently, 10 g of sodium chloride were added, 
and the product was extracted with 100 mL of chloroform. The organic phase was dried over 
MgSO, , evaporated, and the residue treated with ether, resulting in a colourless, crystalline 
product. 
ll-(ll-Methacryloylaminoundecanoylamino)undecanoic acid (8): A mixture of 5,OO g (10,7 

mmol) of ester 6 and 50 mL of conc. hydrochloric acid was stirred for 2 days at 60°C. Then the 
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Tab. 1. Characteristic data for the monomers 5 - 8  

No. Yield m.p. IR (KBr) 'H NMR MS Elemental 
in YO in oc C/cm-' 6 in ppm z/e analysis 

5 78 66-67 3 300 
(NH, amide) 
1730 
(CO, ester) 
1650, 1 535 
(CO, amide I, 11) 
1 605 
(C=C, vinyl) 

(NH, amide) 
1 730 
(CO, ester) 
1635, 1 530 
(CO, amide I, 11) 
1615 
(C=C, vinyl) 

(NH, amide) 
1 680 
(CO, acid) 
1 620, 1 520 
(CO, amide I, 11) 
1600 
(C=C, vinyl) 

6 72 91,5-92 3 320 

1 52 67-68 3310 

8 98 111-112 3 330 
(NH, amide) 
1 700 
(CO, acid) 
1655, 1 530 
(CO, amide I, 11) 
1615 
(C=C, vinyl) 

(90 MHz, CDCI,) 326 C,,H30N,04 (325,43) 
1,37; 2,20; 3,27 (M') Calc. Found 
(methylene) C 62,55 62,78 
2,oO; 3,65 H 9,26 9,50 
(methyl) N 8,58 8,87 
5,30; 5,70 
(vinyl) 
6,12 (amide) 

1,36; 1,54; 2,15 (M') Calc. Found 
2,29; 3,23 C 69,49 68,85 
(methylene) H 10,80 10,71 
1,95; 3,64 N 6,OO 6,13 
(methyl) 
5,29; 5,65 (vinyl) 
5,89 (amide) 

(250 MHz, CDCI,) 312 
1,39; 1,61; 2,18 (M+)  Calc. Found 
2,36; 3,31 C 61,51 61,49 
(methylene) H 9.03 9,06 
1,96 (methyl) N 8,97 9,lO 
5,34; 5,72 (vinyl) 
6,03; 6,13 
(amide) 

1,32; 2,19; 3,19 (M+) Calc. Found 
(methylene) C 68,99 67,94 
1,90 (methyl) H 10,69 10,64 

(vinyl) 

(250 MHz, CDCl,) 466 C2,HSoN,O, (466,70) 

C,,H2,N20, (312,41) 

(90 MHz, CD3OD) 452 C26H48N204 (452,68) 

5,30; 5,63 N 6,19 5,97 

reaction mixture was diluted with 200 mL of water and neutralized with NaOH (10%). forming 
a precipitate. After filtration, the solid residue was partially dissolved in 500 mL of boiling THF, 
then filtered, evaporated and finally treated with 300 mL of ether, resulting in a colourless 
crystalline product. The characterization of monomers 5-8 is compiled in Tab. 1. 

Synthesis of the polymers 5 a - 8 a: General procedure: To a solution of 1 ,00 g of a monomer 
(5-8) in 3,2 mL of DMF, 2 mol-Yo AIBN and 2 mol-Vo 1-dodecanethiol were added. The mixture 
was flushed with nitrogen and stirred in an oil bath at 60°C. After 24 h, 1 mol-Yo of AIBN was 
added and the polymerization continued for 3 days. The solution was dropped into diethyl ether 
and the precipitated polymer product centrifuged off and dried i.vac. at 50-60°C. The 
characterization of polymers 5a-8a is summarized in Tab. 2. 

Blendpreparation: The blends of the polymers 5a-8 a with polyamided (PA-6) were prepared 
by the following procedure: PA-6 was melted at 250-260 "C, the monomer or polymer was added, 
the probe was mixed and heated at 250-260 "C for about 2 min. The PA-6 sample used for these 
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Tab. 2. Characteristic data for comb-like polymers 5a-8a 

No. Yield IR (KBr); i;/cm-' 'H NMR; 6 in ppm lo3 * qS,/Ca) Elemental 
in Vo analysis 

5a  65 

6a  86 

7a 55 

8a 62 

3 320 (NH, amide) 
1 735 (CO, ester) 
1650, 1 535 
(CO, amide I, 11) 

3 310 (NH, amide) 
1 735 (CO, ester) 
1640, 1 535 
(CO, amide I, 11) 

3 350 (NH, amide) 
1 720 (CO, acid) 
1 640, 1 540 
(CO, amide I, 11) 

3 320 (NH, amide) 
1 715 (CO, acid) 
1640, 1540 
(CO, amide I, 11) 

(90 MHz, CDCI,) 
1,48; 2,26; 3,24 
(methylene) 
3,68 (methyl) 
6,54 (amide) 

1,26; 1,48; 1,60 
2,16; 3,18 
(rnethylene) 
3.66 (methyl) 

(90 MHz, DMSO-d6) 
1,33; 2,12; 2,98 
(methylene) 
7,70 (hydroxy) 

(250 MHz, CDCIJ 

(90 MHz, DMSO-d6) 
1.22; 2,03 
(methylene) 
7,63 (hydroxy) 

11,5 (c 1 7H30N204)n 

C 62,55 60,91 
H 9,26 9,30 
N 8,58 8,30 

Calc. Found 

7 2  (C27H50N204)n 
Calc. Found 

C 69,49 68,05 
H 10,80 10,64 
N 6,OO 6,34 

32,5 (C16H28N204)n 

C 61,51 60,38 
H 9,03 9,12 
N 8,97 8,83 

8,7 (C26H48N204)n 

C 68,99 67,65 
H 10,69 10,45 
N 6,19 6,32 

Calc. Found 

Calc. Found 

a) Reduced viscosity at conc. C = 4,O g/L (DMF, 25 "C). 

Tab. 3. DSC results for blends of polyamide-6 with polymers 5a-8a. Melting and crystallization 
peaks (T,,, and T,) as well as the corresponding transition enthalpies (AH,,, and AHc) are shown 
as a function of the blend composition 

~ 

Composition Heating Cooling 
in wt.-Vo 

T,,,/OC AH/( J/g) T,/'C AH/(  J/g) 

100 PA-6 21 8,5 54,4 191,7 - 46,9 

215,6 38,8 190,l -36,6 
70 PA-6 
30 5 a  

30 PA-6 
70 5a  

70 PA-6 219,5 35,l 
30 6a  48,8 6 3  

70 PA-6 186,3 47,8 
189,6 30 7a 

215,6 15,9 191,O -43,O 

188,9 - 37,6 

- 42,8 215,O 

216,l 51,9 190,5 - 44,9 

217,O 48,6 187,s -47,l 

99 PA-6 
1 8 a  

70 PA-6 
30 8 a  
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studies was treated thermally in the same way. The blends were investigated by means of DSC. 
Results are compiled in Tab. 3. 

Measurements: The 'H NMR spectra were obtained with a Bruker AC 250 and a Varian EM 
390 NMR spectrometer. Melting (T,) and crystallization (T,) temperatures were measured with 
a Perking-Elmer DSC 7 differential scanning calorimeter using the following thermal cycle: 
heating at 10 " C h i n  from 25- 150 "C, cooling at 5 "Urnin. The TG measurements were recorded 
on a Mettler TA 3000 in air (heating to about 5OOOC). Viscometric measurements were carried 
out with an Ostwald viscometer in DMF at 25 "C. 

Materials: The PA-6 sample used in this study was a commercial grade produced by Bayer AG, 
Leverkusen. Compounds 1 and 2 were obtained as described in ref. 'I. 
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