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ABSTRACT: A series of novel biodegradable aromatic—
aliphatic poly(ester amide)s containing approximately equal
amounts of amide and ester groups were successfully pre-
pared through the interfacial polycondensation of 1,6-hexa-
nediamine and aromatic diacylchlorides containing ethylene
oxide moieties. The structure of the poly(ester amide)s was
verified by Fourier transform infrared and NMR spectra. Dif-
ferential scanning calorimetry and thermogravimetric analy-
sis measurements demonstrated that the obtained polymers

were amorphous and stable up to 300°C under nitrogen. The
synthesized poly(ester amide)s showed good hydrophilicity
and took up water in amounts up to 50% of their weights
when exposed to a humid atmosphere. Under physiological
conditions, the poly(ester amide)s were hydrolysable in a
rapid and steady way. © 2008 Wiley Periodicals, Inc. ] Appl
Polym Sci 109: 1310-1318, 2008
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INTRODUCTION

There has been growing interest in poly(ester
amide)s because these polymers may offer an inter-
esting combination of properties: a high degradabil-
ity caused by the ester linkages and good mechanical
properties caused by the establishment of hydrogen
bonds between amide groups. A number of poly(es-
ter amide)s varying either in chemical structure
and/or microstructure have been described by vari-
ous authors.'™'® Moreover, the product of BAK 1095,
which corresponds to a random poly(ester amide)
derived from 1,4-butaediol, adipic acid, and capro-
lactame by Bayer, has recently been commercial-
ized."*"> Wholly aromatic poly(ester amide)s are
well known for their superior resistance to heat, out-
standing mechanical resistance, poor biodegradabil-
ity, and poor solubility in common solvents. This
extreme behavior is a severe limiting factor for the
processing of these materials. Thus, the improve-
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ment of their solubility, biodegradability, and melt-
ing behavior has attracted considerable attention.

It is well known that processability may be
improved by the addition of flexible chains to the ar-
omatic polymer backbone, which enhances molecu-
lar mobility, provides better solubility, and reduces
the glass-transition temperature (Tg).16'17 For this
particular purpose, the use of poly(ethylene glycol)
(PEG) in the design of polymers with enhanced
processability and biodegradability constitutes an in-
teresting strategy.'®>* Although poly(ether amide)s
containing short sequences PEG alternating with
short sequences of aromatic polyamide have at-
tracted much attention, ™ poly(ester amide)s con-
taining segmented oxyethylene or polyoxythylene
have not been studied until now. Another alternative
strategy is the synthesis of segmented block copoly-
mers, which contain rigid aromatic and flexible ali-
phatic sequences; this offers an average of the prop-
erties of the corresponding homopolymers. So, com-
pared to aromatic poly(ester amide)s, it is expected
that aromatic-aliphatic poly(ester amide)s would
produce a chain-separation effect and lower the
chain packing, which would improve solubility and
lower T,.

On this basis, the aim of this study was to com-
bine aliphatic units and ethylene oxide chains as
flexible spacers into aromatic poly(ester amide) back-
bones to obtain hydrophilic and processable poly-
mers. In this article, we report the synthesis of a
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family of aromatic-aliphatic poly(ester amide)s con-
taining ethylene oxide units. The effects of the num-
ber of oxygen linkages on the thermal properties,
solubility, and biodegradability of the novel poly
(ester amide)s are explored. We expected that the
presence of ethylene oxide units along poly(ester
amide)s backbone would increase the hydrophilicity
of the polymer and might also enhance the hydro-
lytic degradability. Moreover, we could tailor the
properties of the polymers by controlling the length
of the ethylene oxide units.

EXPERIMENTAL
Materials

1,6-Hexanediamine was purchased from Guangzhou
Chemical Co. (Guangzhou, China) and was purified
by vacuum sublimation. Phthalic anhydride
(Guangzhou Chemical Co.) was recrystallized from a
chloroform solution at a concentration of 5 mg/mL.
PEG150 and PEG200 were purchased from Aldrich
(Madison, WI). PEG400, PEG600, and PEG400000
were supplied by Sigma (St. Louis, MO). All diols
were dried at 80°C for 24 h in vacuo before use.
Chloroform (Guangzhou Chemical Co.) was refluxed
for 24 h at 65°C from calcium hydride and was dis-
tilled before use. Pyridine (Guangzhou Chemical
Co.) was refluxed for 24 h at 120°C from KOH, and
was distilled before use. Other reagents, such as car-
bon tetrachloride, acetone, diethyl ether, dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), for-
mic acid, chloroform, tetrahydrofuran (THF), ethyl
acetate, NaOH, and anhydrous Na,SO,, were com-
mercially available from Guangzhou Chemical Co.
and were used as received. Thionyl chloride was
purchased from Guangzhou Chemical Co. and was
distilled in vacuo before use.

Measurements

A Varian Unity 300-MHz spectrometer (Palo Alto,
CA) was used for '"H-NMR and *C-NMR investiga-
tions at room temperature with tetramethylsilane
(TMS) as an internal standard. Fourier transform
infrared (FTIR) spectra in the 4000-500-cm ~* range
were recorded as KBr pellets on a PerkinElmer 1600
spectrometer. Differential scanning calorimetry
(DSC) thermograms were recorded in the range —80
to 300°C on a PerkinElmer Pyris 1 differential scan-
ning calorimeter at a heating rate of 10°C/min under
a nitrogen atmosphere. Thermogravimetric analysis
(TGA) was carried out with a PerkinElmer TGA-6
under a nitrogen atmosphere at a heating rate of
10°C/min. TGA data of PEG [weight-average molec-
ular weight (M,) = 400,000 g/mol; Sigma] were
recorded on a PerkinElmer TGA-6 analyzer from
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8 mg of a sample under a nitrogen atmosphere at
10°C/min scanning conditions.

Dynamic mechanical analysis (DMA) was per-
formed on a PerkinElmer DMA-7 thermal analyzer
system. A sample with rectangular films 1 mm thick
(length = 10 mm, width = 2 mm) was used. Tan &
was studied when the sample was subjected to tem-
perature scan mode with an extension measuring
system (with a stainless steel extension kit) at a pro-
grammed heating rate of 5°C/min from 30 to 300°C
at a frequency of 1 Hz.

Wide-angle X-ray scattering patterns were
obtained from films on a Philips X-ray PW 1130 dif-
fractometer with Cu Ka radiation. Static contact
angles of 1 pL of distilled water on the polymer sur-
face were used to evaluate the polymer hydropho-
bicity with a Kriiss DSA-10 contact-angle meter (Ger-
many). The polymer (1.5 g) was dissolved in 30 mL
of chloroform, and the solution (50 mg/mL) was
cast on dimethyldichlorisilane glass and dried at
40°C in vacuo. Contact angles were measured in six
different regions of each polymer surface, and an av-
erage value was taken.

The intrinsic viscosity of the polymer was deter-
mined with a Cannon-Ubbelohde microviscometer
(Guangzhou, China) at a temperature of 25°C;
dichloroacetic acid was used as a solvent. Hygrosco-
picities were measured according to the literature®
in a 100% relative humidity atmosphere at room
temperature with films samples. We obtained each
intrinsic viscosity and hygroscopicity value by aver-
aging the results of three measurements.

The solubility of the poly(ester amide)s in com-
mon organic solvents was estimated according to the
method of Braun.’!

Synthesis

Preparation of dicarboxylic acid monomers
containing PEG segments (1la-1d)

PEG150 (0.025 mol) was dissolved in dry chloroform
(100 mL). Phthalic anhydride (0.1 mol) and dry pyri-
dine (0.05 mol) were added, and the reaction mix-
ture was kept at 60°C for 48 h. The solution was
cooled and filtered, and the solvent was fully evapo-
rated in vacuo. The crude product was added to
acidic water, extracted with chloroform, and dried
with 3 g of anhydrous Na,SO, (Guangzhou Chemi-
cal Co.), and then, the solvents were removed
in vacuo. Light yellow oil (monomer 1a) was obtained.
Monomers 1b, 1c, and 1d were synthesized with the
same procedure, except PEG150 was replaced with
PEG200, PEG400, and PEG600, respectively.

Preparation of diacylchloride

We prepared diacylchloride by refluxing dicarbox-
ylic acid (0.25 mol) in thionyl chloride (1.60 mol) for

Journal of Applied Polymer Science DOI 10.1002/app
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Scheme 1 Synthesis of the poly(ester amide)s.

6 h. The excess thionyl chloride was removed, and
diacylchloride was distilled in vacuo.

Polymerization

A typical procedure for the preparation of the poly
(ester amide)s is described as follows (shown in
Scheme 1). Diacylchloride (15 mmol) was dissolved
in 150 mL of carbon tetrachloride. Under vigorous
stirring, the solution was rapidly poured into a
150-mL blender containing an aqueous solution of
1,6-hexanediamine (1.74 g, 15 mmol) and sodium hy-
droxide (1.2 g, 30 mmol). The precipitated polymer
was washed with water (300 mL), carbon tetrachlor-
ide (300 mL), acetone (300 mL), and diethyl ether
(300 mL) and was finally dried at 80°C in vacuo over-
night.

In this study, n was the number of repeated ethyl-
ene oxide units in PEG and was calculated from the
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molecular weight. For example, the values of n for
PEG150, PEG200, PEG400, and PEG600 were 3, 4.14,
8.68, and 13.22, respectively.

Hydrolytic degradation

Hydrolytic degradation assays were carried out at
37°C in a pH 7.4 sodium phosphate buffer. Poly-
meric plates were prepared by the evaporation of
polymer solution at a concentration of 60 mg/mL
with chloroform as the solvent. A 200-mg plate
(1.5 cm X 1.5 cm X 200 um) was kept in a bottle
filled with 100 mL of the sodium phosphate buffer
(0.1 mol/L, pH 7.4), which was prepared with
0.01 mol of sodium phosphate dissolved in 100 mL
of deionized water. After the immersion time, the
retrieved samples were thoroughly rinsed with
water, dried to a constant weight in vacuo at 80°C for
24 h, and stored over CaCl, before analysis. To mea-
sure the weight loss, the specimens were weighed at
desired intervals, and the degradability (D) was cal-
culated with the following equation:

D(%) = (Wo — Wy)/Wp X 100 (1)
where W, is the weight of the dried specimen before
hydrolysis and W; is the weight of dried specimen
after hydrolysis.

RESULTS AND DISCUSSION

The route of synthesis leading to the poly(ester
amide)s is depicted in Scheme 1. Excess phthalic an-
hydride reacted with PEG so that both the ends of
each resulting compound were carboxyl groups,
which was confirmed by both FTIR and 'H-NMR
spectra, as detailed in Table I. The representative
FTIR and 'H-NMR spectra of monomer 1la are
shown in Figures 1(a) and 2(a), respectively. In Fig-
ure 1(a), the O—H stretching band of carboxyl
groups and the carbonyl stretching band are shown
at 3495 and at 1728 cm ™', respectively. The charac-

TABLE I
Masses, Yields, and Assignments of the H-NMR (CDCl;, TMS as an Internal Reference, §, ppm)
and FTIR (cm™ ") Spectra of Monomers 1a-1d

HOOC, C(0YOCH,CH,(OCH,CH,), ~OCH,CH,0(0)C COOH
COOCH,CH,,
Monomer Mass (g) Yield (%) ph-H COOCH, (OCH,CH,),,—» UoH Uc—0 UCc_O—C
1a, n = 3 (PEG150) 9.81 88.0 8.76-7.56 4.48 3.86, 3.76 3495 1728 1296
1b, n = 4.14 (PEG200) 10.19 82.4 8.65-7.53 4.46 3.86-3.76 3437 1714 1293
1c, n = 8.68 (PEG400) 13.27 76.3 8.16-7.52 4.44 3.76-3.63 3444 1721 1285
1d, n = 13.22 (PEG600) 15.43 68.9 7.76-7.53 445 3.77-3.62 3473 1721 1285

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 IR spectra of (a) monomer la and (b) diacyl-
chloride of 1a.

teristic ethylene oxide stretching band at 1115 cm ™"

is shown as well. From Figure 2(a), the multiple
peaks around 8.76-7.56 ppm were assigned to pro-
tons of phenyl group. The peak at 4.48 ppm attrib-
uted to —COOCH;— methylene protons was
observed, which indicated that PEG was incorpo-
rated into monomer 1a. Moreover, the peaks at 3.86
and 3.76 ppm were assigned to other methylene pro-
tons of —COOCH,CH,— and the ethylene oxide
unit, respectively.

Then, the resulting dicarboxylic acid monomer
was reacted with excess thionyl chloride to convert
all of the carboxyl ends into acylchloride ends,
which was confirmed by FTIR and 'H-NMR analy-
ses. The representative FTIR and "H-NMR spectra of
the diacylchloride of monomer 1a are shown in Fig-
ures 1(b) and 2(b), respectively. The broad band at
3495 cm ™! assigned to O—H stretching band disap-
peared, which showed that all of the carboxyl ends
were converted into acylchloride ends. More-
over, the carbonyl stretching band was observed at
1777 cm™! because of the presence of electron-with-
drawing acylchloride groups. A shown in Figure 2(b),
the resonances of protons of phenyl groups shift to a
lower field (8.94-7.72 ppm). The same trend was
observed for resonances of methylene protons. For
example, the methylene protons of —COOCH,—,
—COOCH,CH;—, and ethylene oxide units were
observed at 4.61, 3.95, and 3.84 ppm, respectively.
For the preparation of the poly(ester amide)s, the
interfacial polycondensation method was used. We
admit that interfacial method does not impose as
many restrictions on the experimental conditions
with regard to monomer purity and equimolarity as
the solution polycondensation method does. More-
over, excellent results have been attained previously
with the interfacial polycondensation method for the
preparation of similar aliphatic-aromatic poly(ether
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amide)s.” In this study, the poly(ester amide)s were
produced through the interfacial polycondensation
method. The poly(ester amide)s began to form im-
mediately upon the addition of diacylchloride in the
CCly to diamine in the aqueous phase containing
NaOH. Table II summarizes the characteristics of the
polymers. Polymers with moderate yields in the
range 53-64% were obtained, which were similar to
those reported in the literature.’

The molecular weights of experimental polymers
are seldom measured by absolute methods. Al-
though the improvement of gel permeation chroma-
tography (GPC) has permitted the measurement of
the average molecular weight, the lack of suitable
monodisperse samples has usually obliged users to
refer the measurements to polystyrene monodisperse
standards. Considering the very different structure
of polystyrene and linear aromatic-aliphatic poly
(ester amide),” we think that their hydrodynamic
volumes are quite different, and consequently, the
solution properties of aromatic-aliphatic poly(ester
amide) and their behavior in GPC can hardly be
similar to that of polystyrene. Therefore, the unique
values usually reported with regard to the molecular
weight of novel polymers are the intrinsic viscosities.
The values of the intrinsic viscosities (Table II)
ranged from 0.83 to 1.11 dL/g, which indicated that
moderate molecular weight poly(ester amide)s were
synthesized.

The IR spectra of the polymers were fully consist-
ent with the anticipated chemical constitution. The
representative spectrum of sample 3 is shown in Fig-
ure 3(A). It showed the characteristic absorptions
bands corresponding to the amide (3374, 3067, 1643,
and 1545 Cm_l) and methylene (2941, 2858, and
748 cm ') groups. The intense C=O stretch at
1712 ecm™ ! confirmed the formation of ester bonds.
This was similar with reported results for other

B¢ d'
CIOC, C(0)YOCH,CH,OCH,CH,0CH,CH,0(0O) COCl
a' ,
—*— cbel, b c
® LU | |
b ¢ d
HOOC, C(0)OCH,CH,OCH,CH,0CH,CH,0(0) COOH
a 5
a
b
a
cocl, S
(a) L

T
12 11 10 9 8 7 6 5 4 3 ppm

Figure 2 'H-NMR spectra of (a) monomer la and (b)
diacylchloride of 1a.
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TABLE II
Yields, Compositions, Intrinsic Viscosities, and Contact Angles of the Synthesized Poly(ester amide)s

Composition Intrinsic Contact Tensile Elongation
Sample n Yield (%) (%)? viscosity (dL/ g)b angle (°)° strength (MPa) at break (%)

1 3 62.3 0.497 0.83 £ 0.11 56.4 = 2.3 75 £5 12 =2

2 4.14 64.6 0.496 092 = 0.13 523 =14 68 = 6 20+ 3

3 8.68 56.2 0.497 1.03 = 0.15 466 = 2.1 56 =7 313

4 13.22 53.8 0.498 1.11 = 0.12 41119 42 *6 43 = 4

2 Molar ratio of CONH to CONH + COO, as calculated from "H-NMR spectroscopy.

® Measured in dichloroacetic acid at 25°C.
¢ Determined with a Kriiss DSA-10.

poly(ester amide)s.”>* The characteristic ethylene
oxide stretching bands at 1118 cm™' were observed
as well. The IR spectra of all the samples in the
wavelength range 1400-1800 cm ™' are also shown in
Figure 3(B). Sharp absorption bands arising from the
stretching of ester and amide carbonyl groups were
observed with similar intensities, as expected from
the composition of these copolymers.

(@

T%

1073 748

Amide A T2 1545

60 ;
mide Il 250

1268
1712 Amide |
Cc=0

40

T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Sample 1 (b)

Amide llI

Amide Il

c=0 Amide |
T T T
1800 1700 1600 1500 1400

Wavemunber (cm™)

Figure 3 IR spectra of (a) sample 3 and (b) all poly(ester
amide)s in the range 1800-1400 cm ™ '.
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A more detailed elucidation of the structure of the
polymers could be obtained from the 'H-NMR spec-
tra. The 'H-NMR spectrum of sample 3 (with TMS
as an internal standard) is shown in Figure 4. The
peak at 4.41 ppm assigned to —COOCH,— methyl-
ene protons indicated that the PEG took part in the
polycondensation reaction, whereas the resonances
of other methylene protons in the PEG main chain
shifted to higher fields (3.61 and 3.73 ppm). The res-
onances at 3.57 ppm were overlayed with peaks of
3.61 and 3.73 ppm belonging to methylene protons
of the —NHCH,— unit, whereas the peaks at 1.36
and 1.65 ppm were assigned to remaining methylene
protons of the 1,6-hexanediamine units. The single
peak at 7.43 ppm and the multiple peaks at 7.78,
7.67, and 7.50 ppm were attributed to the proton of
the —NHCO— unit and the protons of the phenyl
group, respectively.

"H-NMR spectra allowed us to determine the com-
position of the synthesized poly(ester amide)s. Thus,
we used the area of the peak corresponding to
the —COOCH,— protons (I;) and the area of the
—NHCO— signal (I;) to obtain the amide molar
ratio (x):

o) o]
Il E b ¢ d 9 Me g
C OCH,CH(OCH,CHa)a 20CH,CHZ0C, CNHCH{CH,)4CHoNH
m

c+d+f
a ——

Figure 4 'H-NMR spectrum of sample 3.
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Ci‘l ;COCHZCHZ(OCHZCHz)n-ZOCHZCHzoC CNHCH,(CH,),CH,NH;
E E m

¢ e+f+g
cDCl,

vl 1

— T T T T T
160 140 120 100 80 60 40

T
20 ppm

Figure 5 '>C-NMR spectrum of sample 3.

X = 2[2/(11 + 212) (2)

The values calculated and reported in Table II were
in close agreement with the 1,6-hexanediamine feed
ratio, which suggested that the two monomers had
similar reactivities.

Analysis of *C-NMR spectrum was much more
definitive for determining the structure of the poly-
mers. The ">C-NMR spectrum of sample 3 (with
TMS as an internal standard) is shown in Figure 5.
The signals for the carbonyl carbons (a, b) were
observed at 169.4, 168.5, and 167.8 ppm. The multi-
ple signals between 134.1 and 123.3 ppm arose from
the phenyl carbon atoms (c). The peak at 65.1 ppm
corresponded to methylene carbon atoms (d) linked
to ester bonds, which further confirmed that ethyl-
ene oxide units were incorporated into the polymer
main chain. The signals at 71.2, 70.1, and 69.0 ppm
were attributed to the remaining carbon atoms of the
ethylene oxide units (e + f + g). The chemical shift
of the aminomethylene carbon (h) atom appeared
at 38.2 ppm, whereas the peaks at 29.6, 28.8, and
26.8 ppm were assigned to the remaining methylene
carbon atoms (i) of the 1,6-hexanediamine units.
Data of the '"H-NMR and ">C-NMR spectra showed
the characteristic signals observed for the synthe-
sized poly(ester amide)s. Therefore, both the charac-
teristic absorptions bands from the FTIR spectrum
and the well-defined assignments of hydrogen and
carbon atoms from the NMR spectra confirmed that
the anticipated poly(ester amide)s were successfully
obtained.

The thermal properties were analyzed by DSC. We
found that only a well-defined slope change was
observed, and no crystal melting peaks were found
for any of the polymers, as shown in Figure 6. This
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Tg =116.4°C

Sample 1

T =112.2°C

9

/

Sample 2
\ T,=98.9 °c

Sample 3
Tg =83.4°C

Sample 4

T T T
70 80 90 100 110 120 130
Temperature (°C)

Figure 6 DSC curves for the synthesized poly(ester
amide)s.

indicated that the obtained poly(ester amide)s were
amorphous. Similar conclusions could be drawn
from DMA of the polymers. The DMA, as expressed
by the shape of the dissipation factor (tan &) versus
temperature curves, is illustrated in Figure 7. All of
the poly(ester amide)s showed a single transition
temperature in the range 118.7-86.3°C. These obser-
vations were different from other crystalline or semi-
crystalline poly(ester amide)s, which possessed a
predominant melting peak with shoulders or small
additional peaks.” " Such a difference could be con-
sidered the result of the ethylene oxide units’ confor-
mational flexibility and the disturbance provoked by
ethylene oxide units in the crystalline structure. As
shown in Table III and Figure 7, the DSC and DMA
results indicated that the T,’s of these polymers fell
because of the separation of the amide groups by the

Sample 4 Sample 1

Sample 2
Sample 3

T T T T T
50 60 70 80 90 100 110 120 130 140
Temperature (°C)

Figure 7 DMA curves for the synthesized poly(ester
amide)s

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Thermal Properties and Solubility of the Synthesized Poly(ester amide)s®
Thermal
properties Solubilityb
T4 onset Formic Ethyl Ethyl
Sample n T, (°C)* °O) DMF DMSO acid CHCl; THF  acetate  Acetone  ether
1 3 116.4 349 + + + + + — - -
2 4.14 112.2 342 + + + + + — - -
3 8.68 98.9 336 + + + + + - - -
4 13.22 83.4 328 + + + + + — — -
PEG (M, = 400,000) 325
@ Measured by DSC.
b 4 = soluble; — = insoluble.

lengthening of the flexible ethylene oxide units. The
data confirmed that the lengthening of the flexible
sequences brought about the decrease in T, as a
result of the increase in molecular mobility.”” Tt was
thought that the energy required for the rotation of a
single bond was weaker if ethylene glycol segments
were longer.*> Moreover, it is worth noting that sam-
ple 4 showed an extra high T,. A plausible explana-
tion may be that sample 4 possessed longer and
more flexible ethylene oxide units and an o-orienta-
tion phenylene ring in its structure, which favored
the interaction of ether with amides. That is, sample
4, with the longest ethylene oxide units, increased
the number of intermolecular and intramolecular
hydrogen bonds between the ether linkages and am-
ide groups, which thus restricted the molecular mo-
bility and consequently increased the T, value.

Wide-angle X-ray scattering patterns are important
characterization measurements for the determination
of polymer crystallinity. All of the poly(ester amide)s
showed a typical X-ray halo with no diffraction sig-
nals, as shown in Figure 8. Therefore, the presence
of single T, transitions, as demonstrated by DSC and
DMA, and the results from wide-angle X-ray diffrac-
tion (WAXD) confirmed that these poly(ester
amide)s were essentially amorphous. Aromatic poly-
amides of similar structure containing ethylene oxide
moieties have also been reported to be essentially
amorphous.”’

The thermal stability of these poly(ester amide)s
was studied by TGA, and the results are summar-
ized in Table IIl. With the onset decomposition tem-
perature (Tjonset) @s a criterion of thermal stability,
the novel poly(ester amide)s displayed decomposi-
tion temperatures higher than 300°C. To establish
the effect of the ethylene oxide moieties on the
thermal stability, we studied a sample of PEG (M,
= 400,000 g/mol) by TGA. The value of Tjonset Was
found to be 325°C, which was similar to results
reported by Abajo et al.>’ Also, an inverse relation-
ship between T,onset and the ethylene oxide length
was observed.

Journal of Applied Polymer Science DOI 10.1002/app

The mechanical properties of the poly(ester amide)
films are presented in Table II. The films had tensile
strengths in the range 75-42 MPa and elongations at
break in the range 12-43%. Sample 4, with the lon-
gest ethylene oxide segments in the repeat unit,
exhibited the lowest strength and the highest elonga-
tion.

The solubility was investigated with several sol-
vents, as summarized in Table III. As shown, the
presence of ethylene oxide units improved the poly-
mer solubility. All of the polymers readily dissolved
at room temperature in hydrogen-bond-breaking sol-
vents, such as formic, dichloroacetic, and trifluoro-
acetic acids, and strong aprotic solvents, such as
NMP, DMF, and DMSO. Polar solvents, such as
THEF, dichloromethane, and chloroform, were also
good solvents for all of the poly(ester amide)s. Good
solubility enhanced the processing facilities from so-
lution. No solubility was observed in nonaggressive
solvents, such as acetone, ethyl acetate, or ethyl
ether. In general, because strong hydrogen bonds
are always established for poly(ester amide)s,

M
M
Mw
M

T T T T T 1

10 20 30 40 50 60
20 (degree)

Relative Intensity

Figure 8 WAXD curves for the synthesized poly(ester
amide)s.
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Figure 9 Moisture sorption of the poly(ester amide)s as a
function of the exposure time.

nonaggressive solvents, such as acetone, ethyl ace-
tate, or ethyl ether, do not solve poly(ester amide)s.
In this study, amorphous and hydrophilic poly(ester
amide)s were obtained because of the presence of
ethylene oxide units in the polymer structure. How-
ever, the synthesized poly(ester amide)s were still
insoluble in these nonaggressive solvents. Addition-
ally, these poly(ester amide)s were not soluble in
water, although as we could anticipate, they dis-
played improved hydrophilicity because of the
presence of hydrophilic ethylene oxide units in the
polymer chain.

Hygroscopicity is a prime property of poly(ester
amide)s because it is critical in the determination of
the behavior of these materials with regard to biode-
gradability. The water absorbed by the poly(ester
amide)s is represented in Figure 9 as a function of
exposure time. A noticeable enhancement of the
capacity to take up moisture was close to 50% for
sample 4. In this study, from sample 1 to sample 4,
a higher density of ethylene oxide units led to more
hydrophilic poly(ester amide)s because of the pres-
ence of hydrophilic ethylene oxide units in the poly-
mer backbone. Water molecules more easily pene-
trated into hydrophilic poly(ester amide)s with
higher densities of ethylene oxide units. So, water
uptake increased with increasing density of ethylene
oxide.

In addition, the contact-angle data ranged from
56.4 to 41.1° (Table II) and showed a decrease with
increasing density of hydrophilic ethylene oxide
units in the poly(ester amide) chains. The contact-
angle data from sample 1 to sample 4 decreased
with increasing density of ethylene oxide units from
PEG150 to PEG600. The possible reason is that
because PEG is hydrophilic,””>* the presence of eth-
ylene oxide units in the poly(ester amide)s improved
the hydrophilicity of the corresponding polymer.
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From sample 1 to sample 4, the increase in the den-
sity of ethylene oxide enhanced the hydrophilicity of
the poly(ester amide)s and, thus, decreased the con-
tact angle. From the previous results, we could see
that the hydrophilicity of the poly(ester amide)s
from sample 1 to sample 4 improved. Investigations
of both hygroscopicity and contact angle indicated
that the obtained poly(ester amide)s possessed good
and controllable hydrophilicity through changes in
the number of ethylene oxide units in the poly(ester
amide) chains.

Hydrolytic degradation under simulated physio-
logical conditions was studied for all of the synthe-
sized polymers. It is well known that the insertion of
ester linkages in a polyamide chain enhances the
sensitivity of the polymer toward hydrolysis.'"'?
This is exactly what we found to happen in the
poly(ester amide)s, as has been well illustrated by
various researchers.”'® The degradation results are
presented in Figure 10, where degradability of the
samples is plotted against hydrolysis time. The
degradability of polymers increased with longer eth-
ylene oxide units in the polymer. When the experi-
ment at 37°C and pH 7.4 was continued for 105 days
of incubation, a degradability of 22.3% for sample 1
was obtained. Poly(ester amide) containing longest
ethylene oxide units for sample 4 appeared to be
degraded very rapidly with 58% of the initial weight
being lost in 75 days. This result might be explained
by the fact that during the hydrolytic experiment,
the water molecules randomly attacked the ester
linkages of the poly(ester amide) molecule. There-
fore, more hydrophilic poly(ester amide)s were more
easily attacked by water molecules. As the amount
of ethylene oxide increased in the poly(ester amide),
more fragments more soluble in the medium were
produced by the process, and these easily left the

samples. That is, poly(ester amide)s containing
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Figure 10 Hydrolytic degradation of the poly(ester
amide)s: the degradability (D) versus the incubation time.

Journal of Applied Polymer Science DOI 10.1002/app



1318

longer ethylene oxide units led to faster degradation.
Figure 9 clearly demonstrates that poly(ester amide)s
containing ethylene oxide units degraded at 37°C in
a rapid and steady way. It is generally accepted that
the degradation process of biodegradable polymers
occurs in two ways, bulk degradation and surface
erosion. Bulk-eroding polymers have nonlinear ero-
sion kinetics and degrade all over their cross section.
In the first stage, chain scission occurs preferentially
in the amorphous regions of the semicrystalline
polymer.*>** The initially random chain scissions
result in a decrease in the degree of entanglement,
which thus facilitates and even considerably pro-
motes the mobility of nonbiodegradable chain seg-
ments in those regions. However, during the surface
erosion process, degradation and erosion are limited
to the surface of a polymer only. In an ideal sce-
nario, the kinetics of mass loss is linear.”* The degra-
dation curves displayed in Figure 10 suggest that a
bulk degradation mechanism was operating. More-
over, water diffusion will be facilitated in essentially
amorphous poly(ester amide)s because a more loose
chain packing in the polymers is expected to occur.

CONCLUSIONS

Novel poly(ester amide)s containing ethylene oxide
units were successfully prepared by the interfacial
polycondensation of 1,6-hexanediamine and diacyl-
chlorides. The composition and properties of the
poly(ester amide)s were characterized by various
methods. The DSC and TGA measurements demon-
strated that the obtained polymers were amorphous
and possessed good thermal stability to 300°C.
Because of the presence of ethylene oxide units in
the polymer chains, the synthesized poly(ester
amide)s showed good and controllable hydrophilic-
ity and excellent solubility in organic solvents. The
results of hydrolytic degradation indicate that the
poly(ester amide)s degraded in a rapid and steady
way.
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