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Abstract

A series of copolyamides has been prepared by hydrolytic polymerizatiswabrolactam (CL) in the presence of various amounts of
phenylalanine (Phe). The solution viscosity of the obtained copolymers decreases by increasing comonomendaealers fanging from
1.27 dl/g for neat poly-CL) (PCL) to 0.33 dl/g for the copolymer obtained, when 16.2 mol % of Phe is present in the reaction medium. A
similar, less pronounced trend is shown by copolymer thermal transitionsTpatiuT,, are lowered by ca. 8 and A9, respectively, in the

copolyamide originated from 12.6 mol % of Phe present in the monomer pair). The environmental degradability has been ascertained by
testing the resistance of CL—Phe copolymers to both alkaline hydrolysis and composting conditions. The degradation rate and the extent of
hydrolysis of the above copolyamides have been evaluated by using the mass loss and thermogravimetric analysis for the former, and solution
viscosity measurements for the latter. The CL—Phe copolymers could be envisaged as suitable film-forming materials for environmentally
degradable applications in various fields, such as agricultural coverage and food packaging, when time-limited performances are requested.

© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction nitrogen essential for life growth, and show excellent hydro-
philic character, reasonably high melting points and good
During the last two decades, specific research has beermechanical properties, even at relatively low molecular
oriented toward the design of suitable polymeric materials weights. In the present paper, we add some new experi-
for several time-limited applications in various fields, e.g. mental data to the well-known approach of introducing
biomedical, pharmaceutical, agricultural and packaging a-amino acids in the main chain of industrially relevant
ones [1-8]. Besides few specific characteristics, such aspolyamides with the aim to increase their low environ-
easy processability, dimensional stability, film orientation mental- and bio-degradability. Indeed, copolymers of
suitability and other relevant properties, the various polymer aliphatic polyamides, containing-amino acids, have been
structures have been matched with the capability of being synthesized by several groups by melt and interfacial poly-
hydrolysed into small metabolizable species, in order to condensation [10-15] and properties of the resultant
generate a series of useful bioerodible or biodegradablematerials have been found dependent on both the nature
materials. As recently reviewed [9], the emphasis has and the content of amino acid.
been initially focused on the synthesis of novel aliphatic  In the present work,-phenylalanine (Phe) has been used
polyesters, because of their high susceptibility to biodegra- as e-caprolactam (CL) comonomer to build up a pre-
dation; unfortunately, this class of polymers presents severaldetermined fraction of amide linkages (containing an adja-
disadvantages (e.g. rather low glass transitions and meltingcent phenyl ring) enzymatically cleavable, e.gobghymo-
points), which strongly reduce their technological applica- trypsin [13]. The aim of our study is to obtain a series of
tions. Conversely, synthetic polyamides, being structurally potentially biodegradable (or at least environmentally
close to natural polypeptides, have often attracted the inter-degradable) copolyamides by hydrolytic melt polymerisa-
est of several research groups, as they already containtion of CL in the presence of different amounts of Phe.
Synthetic procedures, as well as copolyamide character-
ization and properties, will be given in the following
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2. Experimental sodium hydroxide up to a second sharp mV increase,
which corresponds to the neutralization of the excess hydro-
2.1. Materials chloric acid. The titration was carried out further, until the

third point of equivalence, corresponding to the neutraliza-
CL has been generously provided by DSM (Geleen, The tion of carboxylic groups, is reached.
Netherlands) and used as received. 6-amino hexanoic acid
(ACA) and Phe, purchased from Fluka, have been utilized 2 3 4. viscosity measurements

without further purification. Viscosities were determined at D on copolyamide
solutions at different concentrations in 96%38), using

2.2. Polymerization runs a Ubbelhode-type viscometer.

Copolyamides have been synthesized by the hydrolytic
melt polymerization, initiated by ACA, typically at the 2.3.5. Differential scanning calorimetry (DSC) analysis
polymerization temperatureT{) of 27C°C. Heat supply DSC analysis of copolyamide samples (5-10 mg) was
and control have been provided by an aluminium block carried out by a Mettler TC10A calorimeter. Heating rate
heated by electric resistors connected to a rheostat. Mixturesvas 20 and cooling rate 10 min~*. The temperature range
of CL, ACA and Phe have been introduced into the glass chosen was-20 to +280°C. Polymer melting pointsTg,)
polymerisation tube at room temperature, heated at the ratewere taken in correspondence to the enthalpy peak maxima.
of 3°C min~* under a stream of dry nitrogen and held at Glass transition temperatureslX were evaluated as
270°C, usually for a polymerization timet,f of 4 h. Fora ~ Midpoints of step changes of heat flow. From the enthalpy
few samples, the polymerization conditions have been Peak area, the crystallinity content)was determined by
modified in order to investigate the influence ®f and ~ comparison with the\H% value pertaining to the form of
added vacuum on molecular weight of the resultant crystalline PCL. A standard sample of indium was used for
copolyamide. At the end of the reaction, the polymerization the temperature scale calibration and as a reference for the
tube has been rapidly cooled to room temperature under a€nthalpy evaluation from the peak areas.
continuous stream of nitrogen, and the reaction products
removed and turned into fine shavings. The low molecular 2.3.6. Thermogravimetric analysis (TGA)
weight compounds (mostly made of higher cyclic oligo- TGA measurements were performed in a nitrogen stream
mers) and residual monomers have been extracted byon 2-11mg of copolyamide by a Perkin—Elmer TGA7

deionized water in a Soxhlet apparatus for 12 h. calorimeter interfaced to a thermal control system TAC7/
DX, using a scanning rate of 20 min~*. Tynee: (initial
2.3. Copolyamide characterization temperature of degradation) was evaluated from the inter-
) ) ) cept between the initial temperature profile and the inflec-
2.3.1. Fourier-transform infrared analysis (FTIR) tion point straight line.

FTIR spectra have been recorded by a Bruker IFS 66

spectrophotometer using .KBr d?scs, in which ca. 1% 2.3.7. Wide-angle X-ray diffraction (WAXD) patterns
(wiw) of copolyamide was finely dispersed. WAXD (26 = 5-35) patterns of our copolyamides were

. . recorded using a Philips PW 3020/00 diffractometer.
2.3.2. Ultraviolet analysis

UV spectra of copolyamide solutions in anhydrous formic
acid (0.1% w/w) were recorded in the 250—-400 nm range by
a Perkin—Elmer UV/VIS/NIR Spectrophotometer, mod.
Lambda [9]. Optical path length of 1 cm was adopted.

2.3.8. Mechanical properties

Tensile tests were carried out at room temperature on
heat-pressed specimens, using an Instron 5565 apparatus
at an extension rate of 20 mm mih From the stress—strain
curves, Young's modulus, fracture strength and elongation

2:33. Potentiomgtric titration of end groups . at break were calculated. The specimens used had the
The copolyamide (0.5-0.8 g), cut into small pieces, was following dimensions: 4.25 cm long; 0.91-0.96 cm wide;
suspended in a 15-25 ml of an azeotropic mixture of 2,2,2- and 0.07—1 mm thick

trifluoroethanol and water (88/12 v/v) at pH4.3—4.7. The

suspension was heated at 160for 30—-60 min up to @ 2 4. Degradability experiments

complete dissolution and then cooled to room temperature.

The pH meter (Hanna HI 9321) was calibrated with buffer 2.4.1. Alkaline hydrolysis

solutions at pH 4.0 and 7.0. The solution was moderately  Alkaline hydrolysis was carried out at 8D (4 h. under
stirred and titrated with N/50 aqueous hydrochloric acid, stirring) on a suspension of copolyamide film (cast from
until a sharp mV increase is reached. This point correspondsformic acid) in 10% (w/w) NaOH aqueous solution. Mole-
to full neutralization of amino groups. Additional hydro- cular weight decrease of the copolyamide samples was
chloric acid was subsequently added, up to an excess ofdetermined by intrinsic viscosity measurements. Structural
0.8—1ml. This solution was counter-titrated with N/50 changes due to hydrolysis were evaluated by DSC.
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Table 1

The synthesis of Phe-containing copolyamides

Polymer sample CL (mol%) ACA (mol%) Phe (mol%) T, (°C) t, (h)
la 96.5 35 0.0 270 4
1b 94.0 3.3 2.7 270 4
1c 91.8 3.3 4.9 270 4
1d 88.0 31 8.9 270 4
le 84.4 3.0 12.6 270 4
1f 80.9 2.9 16.2 270 4
2b 94.0 33 2.7 230 4
3c 91.8 3.3 4.9 270 5

2 Additional hour of reaction under dinamic vacuum.

2.4.2. Biodegradation under controlled composting to the carbonyl stretching at 1640 cinamide band 1) and
conditions N—H bending near 1540—1550 ¢f(amide band I1), which
Biodegradability of copolymer films under composting give an evidence of the presence of amide group in all
conditions was determined using a method derived from structures, an additional absorption band due to dhe
the standard test method described in the Italian UNIPLAST amino acid moiety is present at 1715 chthus supporting
E13.21.717.0 Norm [16]. The samples were exposed to anthe insertion of Phe units in CL sequences, as already
active composting environment and stored in an incubator atreported in literature [11,13]. Table 2 shows some additional
52°C. The mass loss was determined by weighing the poly- characterization data of the copolyamides. Solution viscos-
mer films after 45 and 115 days of incubation. For compar- ities are given in columns 2 and 3, in terms of both relative
ison, a sample of neat PCL was submitted to the sameviscosity (,), typically used in the PCL molecular charac-
characterization procedures, as described above. terization, and intrinsic viscosity 4]]), respectively. For the
copolymers, both series of values decrease by increasing the
comonomer content. This result is presumably due in part to
3. Results and discussion the reduced reactivity of Phe moiety and, more probably, to
some degradative processes undergone by the amide linkage
The specific experimental conditions, chosen for the formed by thex-amino acid, that leads to far less reactive
various copolyamide syntheses, are listed in Table 1. Eachstructures. Samples 2b and 3c, prepared at a loWyer
sample was identified by a double code, i.e. a number refer-(230°C) or under vacuum in the terminal part of its synth-
ring to the experimental conditions of its synthesis, and a esis, respectively, show viscosity values very close to those
letter linked to the Phe content in the initial mixture. As samples containing the same amount of Phe and synthesized
mentioned in Section 2, the polymerization conditions under standard conditions (samples 1b and 1c, respectively).
were modified for a couple of syntheses, i.e. for samples The above result reveals that both the applied vacuum and
2b (T, of 23C°C) and 3c (applied vacuum in the additional the lower reaction temperatures do not significantly affect
fifth hour of the reaction). the copolyamide molecular weight. In other words, the
Characterization data of the various copolyamides are degradative process, if present, is not very sensitive to
hereinafter presented and compared to those of neat PCLtemperature and applied vacuum in the explored conditions.
Indeed, in their IR spectra, besides the absorption bands due The role of Phe units present in the copolyamide on

Table 2

The characterization data and properties of PCL and Phe-containing copolyamides

Polymer sample 72 [n1dig™ TGA Tonset (°C) Young's modulu® (MPa) Elongation at bredk%)
la 2.81 1.27 438 1740 2.05
1b 1.99 0.77 418 1670 1.50
1c 1.76 0.59 430 2015 1.22
1d 1.58 0.46 417 — —
le 1.46 0.38 414 — —
1f 1.39 0.33 396 — —
2b 2.04 0.80 — — —
3c 1.77 0.59 — — —

#Measured at the concentration of 1 g/100 ml.
P Five measurements per sample have been taken and the results, given here, represent their mean values.
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Fig. 1. The titration curves of neat PCL (sample 1a).
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Fig. 3. A comparison between UV spectra of copolyamides synthesized at
different temperatures: (a) (sample T, 270°C); and (b) (sample 21
230°C).

during the synthesis and able to substantially modify the

end portion of the chain. The aforementioned degradative
process may support these findings. Modification of the end

portion of copolyamide chains can also be hypothesized on
the basis of UV absorption measurements. The UV spectra
of samples 1b and 2b are given in Fig. 3, and reveal a broad
absorption band between 300 and 400 nm, stronger for the
sample prepared at a higher temperature. On the contrary,
neat PCL does not show any UV absorption, whatsoever, in

that spectral region. The above absorption band is charac-

molecular characteristics of the latter is underlined by the teristic ofw-conjugated electron systems. Most probably the
end group titration results, too. As shown in Fig. 1, the end copolymers undergo some degradation near the amide
group titration is quite easily performed for neat PCL, and linkages formed by thex-amino acid, with subsequent
leads to aM,, value of ca. 18,200. On the contrary, titration formation of w-conjugated electron systems in which Phe
of all Phe-containing copolymers shows contradictory data units play a significant role. In conclusiof, is a variable
without a sharp equivalence point (Fig. 2: sample 1d). This process which controls degradation, as suggested by the
result is probably due to some side reactions that occurspectra in Fig. 3. The relatively small variation 9f and
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[n] whenT, is lowered (see Table 2), may seem to be in a
contradiction with the above statement. However, if the
strong UV absorption is substantially linked to chain end
modifications, evidenced by titration data too, the overall
effect on molecular weight may result rather low or masked
by other counterbalancing phenomena.

Fig. 4 showsT,, and T, curves, as measured by DSC
traces vs. Phe content in the copolymer. It is clear that the
insertion of Phe in the polymer chain decreases fgténd
T, values. The above effect may be attributed to the
presence of Phe bulky side groups, which interfere with
the hydrogen bonding formation, thus preventing (at least
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Fig. 2. The titration curves of the copolyamide containing 8.9 mol% Phe Fig. 4. Decrease of, (A) and T, (A) as functions of Phe content in the

(sample 1d).

copolyamide.
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30 'y with agueous NaOH has been followed by] [measure-
28 4 ments. A sharp decrease af]] most probably due to hydro-
X 26 A 4 lysis of amide bonds close to Phe units along the copolymer
5 24 chain, is observed (Table 3: columns 2—4). The effect seems
22 stronger for copolyamides with a lower Phe content, i.e.
20 . , . characterized by highen], and reaches a relative decrease
0 5 10 15 20 of ca. 14%.

Structural modifications after alkaline hydrolysis have
been investigated by the DSC analysis. Table 3 (columns
Fig. 5. Decrease of crystallinity(%) as a function of Phe content in the ~ 5—7) shows the regular increasexg{in relative terms) for
copolyamide (note: measured on second heating). the NaOH-insoluble fraction of copolyamide, up to a

plateau value. The above result could be explained in
in part) crystallization and increasing free volume of amor- terms of a stepwise bond disruption starting from the amor-
phous regions. From thE, data, the chain stiffening, due to  phous regions of the chains. Indeed, it is generally accepted
the increased rotational energy barriers caused by bulky sidein literature [19,20] that the degradation process of biode-
groups, seems to have less relevant effects. gradable polymers often occurs in two stages. For our

The crystallinity data, obtained by the DSC analysis (Fig. system, in the first stage, there is the cleavage of amide
5), show a decreasing trend probably due to the chain defectdonds in the amorphous regions. This chain scission results
caused by the presence of Phe units in the main chain. in a recrystallization process, made easier by the lowering of

The semicrystalline nature of the copolyamides was entanglements content and, as a consequence, by the
confirmed by the WAXD analysis with a crystallinity increased mobility of polymer chains. In the second stage,
content §.), calculated following Refs. [17,18], ranging quite obviously, there is a slower increase of crystallinity
between 31 and 27%. These data correspond to thosedue to the progressively lower content of residual tie
achieved by the first heating of the DSC analysis, confirm- segments.
ing that the approximations used to calculate the percentage
crystallinity are correct. 3.2. Biodegradability experiments: microbial—bacterial

TGA analysis (Table 2: column 4) enables to evaluate attack
thermal stability of the copolymers. TGA data are given
asTonsetVS. Phe content in the copolymer. As expected, by
increasing the content of the latter, a corresponding more
marked decrease 0%.s.tiS Observed, thus emphasizing the
reduced thermal stability of the copolyamides. Tensile prop-
erties, e.g. Young's moduli and elongations at the break of
samples 1a, 1b and 1c, are also shown in Table 2 (columns EE
and 6). Tensile properties have been measured only for
those polymers having a low comonomer content, since it
had been rather difficult to prepare suitable films from all
others. The slight increase in Young’'s modulus is probably
due to some stiffening of the polymer chain, caused by 4. Conclusion
a-amino acid insertion; the corresponding decrease of
elongation at break is presumably related to the lowering A series of copolyamides, originated by the insertion of

Phe content (mol %)

The microbial—bacterial attack test has been carried out
following the method described in Ref. [16] on two samples
characterized by a low Phe content (1b and 2b). The above
copolymers could be considered as the most promising ones,
in terms of the retention of original physical and chemical
roperties, but they did not exhibit any greater tendency to
iodegradation, at least in the chosen experimental condi-
tions, since after 115 days their films showed a weight loss
of only ca. 3%.

of copolymer molecular weight, too. Phe in the main chain of PCL, was synthesized and char-
acterized. The copolymer propertiesg, (Ty, Tr) were found
3.1. Degradability experiments: alkaline hydrolysis directly to be dependent on the contentomino acid

added to the polymerization mixture.
Change of copolymer molecular weight after treatment  The susceptibility to degradation of the above

Table 3

Viscosity and crystallinity changes in PCL and Phe-containing copolyamides, after alkaline hydrolysis (4 h)

Polymer sample Al (g™ [n] after hydrolysis (dl g%) Alm)/[n] (%) X (%) X after hydrolysis® (%) AX /X (%)
la 1.27 1.25 -1.6 32.2 31.6 -1.9

1b 0.77 0.66 -14.3 31.3 33.9 +8.3

lc 0.59 0.51 —13.6 30.6 36.1 +18.0

1d 0.46 0.41 —10.9 27.2 32.0 +17.6

2 Calculated on the first heating-0— 280°C).
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copolyamides has been proven by alkaline hydrolysis but not

confirmed by microbial—bacterial tests. Our results show an ! A ]
h [3] Chasin M, Langer R. Biodegradable polymers as drug delivery

easy chemical cleavage of amide linkages formed by Phe, wit
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biodegradability and utilization, ACS Symposium Series, 433.
Washington, DC: American Chemical Society, 1990.

systems, New York, NY: Marcel Dekker, 1990.

a subsequent degradation of the polymer chain and the [4] Vert M, Feijen J, Albertson AC, Scott G, Chiellini E. Biodegradable

formation of low-molecular weight structures, without a

real biodegradation sustained by a considerable weight loss.
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