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Abstract Starting from the natural oc-amino-acid L-tyrosine,
a potentially bioactive diphenolic molecule, N, N'-(pyromel-
litoyl)-bis-L-tyrosine dimethyl ester (8), was prepared in
three steps using protecting groups to block the NH, and
COOH of tyrosine. A facile and rapid polycondensation
reaction of diol 8 with several optically active diacid
chlorides such as N,N'-(pyromellitoyl)-bis-(L-x-amino)
diacid chlorides derived from L-phenyalanine, L-leucine,
L-methionine, L-valine and L-alanin was developed under
microwave irradiation. The polymerization reactions pro-
ceeded rapidly and was completed within 12 min, producing
a series of novel poly(ester-imide)s (PEDs in good yields
and moderate inherent viscosities of 0.41-0.51 dL/g. The
obtained polymers were characterized by means of FT-IR,
"H-NMR, elemental and thermogravimetric analysis tech-
niques. In addition, in vitro toxicity test and biodegradability
behavior of the diphenolic 8 and obtained PEIs were
investigated in culture media and soil burial degradation.
The outcome showed that synthesized diol 8 and its derived
polymers are biologically active and biodegradable under
natural environment.
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Introduction

Since poly(x-amino acid)s PAAs are structurally related to
natural proteins, the synthesis of amino-acid-based poly-
mers was investigated as a potential source of new bio-
materials. Starting from 1970, the use of both homo and
copolymers of amino acids was studied for a variety of
biomedical applications [1-4]. Materials that incorporate
«-amino acids have generated significant interest because
they offer certain advantages over conventional polymer
systems. They are structurally sundry, relatively nontoxic,
tissue-compatible, and the degradation products may be
nontoxic and easily metabolized by living tissues [5]. The
early studies revealed that a good number of PAAs could
not be considered as potential biomaterials due to their
unfavorable mechanical and thermal properties. So far, only
a small number of poly(y-substituted glutamates) and their
copolymers have been identified as promising candidate
materials for biomedical applications [6—8]. To improve the
poor physicomechanical properties of most PAAs, amino
acids have been used as monomeric building blocks in
polymers that do not have the conventional backbone
structure found in peptides. Collectively, these materials are
referred to as ‘non-peptide amino-acid- based polymers’ or
as ‘amino-acid-derived polymers with modified backbones.
These materials have previously been classified into four
major groups by Kenmitzer and Kohn [9]. For example,
one group is pseudo-PAAs which in their structures,
naturally occurring amino acids are linked by non-amide
bonds, such as, iminocarbonate, ester and carbonate bonds.
The resulting polymers contain the same monomeric
building blocks as conventional PAAs, but do not have
a peptide-like backbone structure which they were first
described in 1984 [10, 11]. Several L-tyrosine based
pseudo-PAAs were introduced as a new class of polymeric
biomaterials by Kohn and Langer in 1984 [12—14]. The
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aromatic amino acid L-tyrosine is itself used as a common
dietary supplement, primarily because of anecdotal reports
of ability to excite brain activity for improved memory
and mental awareness. It also could act as an appetite
suppressant, control depression and anxiety and enhance
physical performance. It has promise a valuable precursor
compound for various industrial and pharmaceutical appli-
cations [15, 16]. Langer and coworker studied the synthesis
and characterization of a family of biodegradable polymers
based on dityrosine imitatives, due to the inherent ability of
L-tyrosine and many of its derivatives to stimulate a potent
immune response to adsorbed antigens [17-20].

In recent years microwave irradiation has received
growing applications in the field of chemistry for improv-
ing reaction rates, yields and selectivity of a wide variety
of chemical reactions [21, 22]. Recently we have used
microwave irradiation for the synthesis of different kind of
macromolecules [23].

In our previous reports we described an approach to
incorporate oc-amino acids into different types of polymeric
structure via imide linkage for improving their poor thermal
possessions, because imide bonds are known to show ex-
cellent mechanical and thermal properties [24-29]. In
connection with our interest in preparing optically active
and thermally stable modified polymers having only one
type of amino acid in main chain or side chain, herein we
wish to report for the first time the synthesis and charac-
terization of novel poly(ester-imide) (PEI)s which have two
different types of amino acid linkages in the main chain. Step
growth polymerization reactions of N,N'-(pyromellitoyl)-
bis-dimethyl ester tyrosine as a novel diphenolic monomer
8 with different chiral diacid chloride monomers derived
from L-phenylalanine, L-leucine, L-methionine, L-valine and
L-alanin were performed under microwave irradiation.
Furthermore, by incorporating various linkages such as ester
and imide bonds combining with two amino acids the
resulting polymeric materials could demonstrate good sol-
ubility, better thermal stability and processability. In vitro
toxicity and soil biodegradability of synthetic aromatic diol
8 as well as obtained novel PEIs were also investigated
using Petri plate containing Potato Dextrose Agar (PDA) and
soil burial, respectively.

Experimental

Materials

All chemicals were purchased from Fluka Chemical Co.
(Buchs, Switzerland), Aldrich Chemical Co. (Milwaukee,
WI), Riedel-deHaen AG (Seelze, Germany). Pyromellitic

dianhydride (benzene-1,2,4,5-tetracarboxylic dianhydride)
(4) (from Merck Chemical Co) was purified by recrystal-
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lization from a mixture of acetic anhydride and acetic acid
(1:4). N,N"-Dimethylformamide (DMF) was dried over BaO
and then was distilled under reduced pressure.

Techniques

The microwave apparatus used for the polycondensation was
a Samsung (South Korea) microwave oven (2,450 MHz,
900 W). All of the polymerization reactions were performed
in a hood with strong ventilation. Proton Nuclear Magnetic
Resonance (‘H-NMR, 500 MHz) spectra were recorded in
DMSO-d¢ solution using a Bruker (Germany) Avance 500
instrument, and also Carbon Nuclear Magnetic Resonance
("*C-NMR, 125 MHz) spectrum was recorded on a Bruker
(Germany) advance 500 instrument at Sharif University of
Technology, Tehran, Iran. Proton resonances are designated
as singlet (s), doublet (d), doublet of doublet (dd) and
multiplet (m). FT-IR spectra were recorded on (Jasco-680,
Japan) spectrophotometer. The spectra of solids were
obtained using KBr pellets. The vibrational transition fre-
quencies are reported in wavenumbers (cm ). Band inten-
sities are assigned as weak (w), medium (m), strong (s) and
broad (br). Solubility of the polymers was tested in various
polar and non-polar solvents. 5 mg of the polymer was
added to 1 ml of different solvents. Inherent viscosities were
measured by using a Cannon-Fenske Routine Viscometer
(Germany) at concentration of 0.5 g dL™" at 25 °C. Specific
rotations were measured by a Jasco Polarimeter (Japan).
Thermal Gravimetric Analysis (TGA) data for polymers
were taken on Perkin Elmer in nitrogen atmosphere at a rate
of 10 °C min~" and differential scanning calorimetry (DSC)
data were recorded on a rate of 20 °C min '. Elemental
analyses were performed by the Iran Polymer and Petro-
chemical Research Institute, Tehran, Iran. Cultured sample
images in Petri plate were captured using a binocular
equipped with a digital canon (DS126181, Japan) camera.

Monomer synthesis

N,N'-(Pyromellitoyl)-bis-L-x-amino acids (3a—3e) and N,N'-
(pyromellitoyl)-bis-L--amino diacid chloride (4a—4e) were
prepared according to our previous works [23, 25-29].
N,N'-(Pyromellitoyl)-bis-L-tyrosine dimethyl ester (8)
was introduced for the first time and was used of a new
membrane selective electrode based on the potentiometric
method for the determination of phenazopyridine as a drug
[30]. The preparation of this diol was reported briefly and
here its synthesis and characterization are reported in detail.

Synthesis of L-tyrosine methyl ester hydrochloride (6)

L-Tyrosine (3 g, 1.65x107% mol) was added to a methanol
solution (15 mL) containing thionyl chloride (3.6 mL,
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4.95x107% mol) at —10 °C. The solution was stirred at room
temperature for 12 h and then the solvent was removed
under reduced pressure, finally residual mass was washed
several times with petroleum ether (15 mL) to obtain white,
powdery, L-tyrosine methyl ester hydrochloride, which was
used for the next step without further purification. Yield:
3.73 g (98%); mp 193 °C, Lit: 194-195 °C [31, 32].

Synthesis of L-tyrosine methyl ester (7)

Triethylamine (1.31 mL, 1.93x 10 mol) was added slowly
to a suspension of L-tyrosine methyl ester hydrochloride (3 g,
1.29x107% mol) in 20 mL of CH,Cl,, and the suspension
was stirred for 3 h at 0 °C under nitrogen. The solvent was
removed under reduced pressure, then the residual mass was
washed with H;O (100 mL), followed by recrystallization
from DMF to obtain a colorless solid, L-tyrosine methyl
ester. Yield: 1.5 g (60%); mp: 135 °C Lit: 135-136 °C, [a]zDsz
+23° Lit : +26° (¢=2.4 g/dL, methanol) [31, 32].

N,N'-(Pyromellitoyl)-bis-L-tyrosine dimethyl ester (8)

Into a 25 mL round-bottomed flask, 0.50 g (2.29x
107% mol) of pyromellitic dianhydride (1), 0.60 g (4.58x
10~ mol) of L-tyrosine methyl ester (7), 8.0 mL of DMF
and a stirring bar were placed. The mixture was stirred at
room temperature for 6 h under nitrogen, then heated for
8 h at 80 °C and finally was refluxed 2 h at 120 °C. The
yellow solution was distilled-off under reduced pressure,
then the mixture was poured into a mixture of 50 mL/5 mL
of cold distilled water/concentrated HCl. The yellow
precipitates was collected by filtration and washed thor-
oughly with water and dried at 70 °C for 8 h, to yield 1.20 g
(92%) of diol 8. mp: 168 °C, [a]5 = —16.81 (0.050 g in
10 mL of absolute ethanol).

FT-IR (KBr): 3436 (m, br), 2955 (w), 1775 (m), 1724 (s),
1614 (w), 1595 (w), 1516 (s), 1439 (m), 1383 (s), 1364
(s, br), 1259 (m), 1115 (m), 1016 (m), 833 (m), 802 (m),
734 (m) cm .

"H-NMR (500 MHz, DMSO-de): & 3.15-3.20 (dd, 2H,
J;=13.72 Hz, J,=11.55 Hz,), 3.37-3.41 (dd, 2H, J,;=
14.10 Hz, J,=4.64 Hz), 3.69 (s, 6H), 5.18-5.22 (dd, 2H,
J;=11.14 Hz, J,=4.86 Hz), 6.53-6.55 (d, 4H, Ar-H, J=
8.5 Hz), 6.92-6.94 (d, 4H, Ar-H, J=8.5), 8.25 (s, 2H,
Ar-H), 9.17 (s, 2H, OH) ppm.

BC-NMR (125 MHz, DMSO-de): 33.93(CH,), 53.61
(CH, chiral center), 54.35 (CH3-0), 115.95 (4CH, aromatic),
119.08 (2CH, aromatic), 128.12 (2CH, aromatic), 130.32
(4C, aromatic), 136.95 (4C, aromatic), 155.08 (2C, aromatic),
165.74 (4C=0, imidic), 169.74 (2 C=0, ester) ppm.

Elemental analysis calculated for (C3;oH4N,O1¢),
(572.51 g/mol): C, 62.94%; H, 4.23%; N, 4.89%; Found:
C, 62.16%; H, 4.28%; N, 4.95%.

Polymer synthesis

The PEI9a—PEI9e were prepared by the following proce-
dure (using polymer PEI9a as an example). Into a porcelain
dish 0.05 g (4.58x10~* mol) of diacid chloride (4a) was
placed then 0.039 g (4.58x10™* mol) of phenolic diol 8 was
added and the mixture was ground for 5 min. Then 0.40 mL
of o-cresol as a solvent was added, the mixture was ground
for 2 min. The reaction mixture was irradiated in the
microwave oven for 12 min at 100% (900 W) of its power
level. The resulting homogenous glassy polymer film was
isolated by adding methanol and triturating, followed by
filtration. Powdered polymer was dried at 80 °C for 5 h
under vacuum to leave 0.085 g (94%) of white solid PEI9a.

PEI9a: white solid; FT-IR (KBr): 3031 (w), 1776 (m),
1725 (s), 1605 (w), 1508 (m, sh), 1455 (m), 1383 (s),
1363 (s), 1195 (m, br), 1113 (m), 917 (w), 728 (m),
1113 (m), 701 (m) cm ™.

"H-NMR (500 MHz, DMSO-ds, TMS): 3.20-3.23
(m, 8H), 3.68 (s, 6H), 5.28-5.29 (dd, 2H, J;=
10.73 Hz, J,=3.77 Hz), 5.54-5.58 (dd, 2H, J;=
10.73 Hz, J,=4.80 Hz), 6.80-6.82 (m, 2H, Ar-H),
6.90 (s, 4H, Ar-H), 7.14-7.24 (m, 12H, Ar-H), 8.19
(s, 4H, Ar-H) ppm.

PEI9b: Off white solid; FT-IR (KBr): 2959 (m), 1777
(m), 1725 (s), 1508 (m), 1456 (w), 1382 (s), 1362 (s),
1198 (m, br), 1114 (w), 1018 (m), 917 (w), 728 (m) cm .

'"H-NMR (500 MHz, DMSO-dgs, TMS): 0.85-0.90
(s, 6H), 0.95-0.97 (s, 6H), 1.51 (s, 2H), 1.93 (s, 2H),
2.11 (s, 2H), 3.31 (s, 4H), 3.66 (s, 6H), 5.25 (s, 4H),
6.86 (s, 4H, Ar-H), 7.17 (s, 4H, Ar-H), 8.15 (s, 2H,
Ar-H), 8.30 (s, 2H, Ar-H) ppm.

PEI9c: Off white solid; FT-IR (KBr): 2959 (m), 1777 (s),
1725 (s), 1508 (m), 1456 (w), 1382 (s), 1362 (m), 1198
(m, br), 1114 (w), 1018 (m), 917 (w), 728 (m) cm .

"H-NMR (500 MHz, DMSO-ds, TMS): 1.99-2.04
(m, 10H), 2.37-2.58 (m, 4H), 3.31 (s, 4H), 3.66 (s, 6H),
5.25 (s, 2H), 5.37-5.38 (m, 2H), 6.84 (s, 4H, Ar-H),
7.18 (s, 4H, Ar-H), 8.16(s, 2H, Ar-H), 8.33 (s, 2H,
Ar-H) ppm.

PEI9d: Off white solid; FT-IR (KBr): 3020 (m), 1777 (s),
1725 (s), 1508 (m), 1458 (w), 1382 (s), 1362 (s), 1198
(m, br), 1114 (w, s), 1018 (m), 917 (w), 728 (m) cm .
PEI9e: Off white solid; FT-IR (KBr): 3031 (w), 1776
(m), 1725 (s), 1605 (w), 1508 (m), 1455 (m), 1383 (s),
1363 (s), 1195 (m, br), 1113 (m), 917 (w), 728 (m),
1113 (m), 701 (m) cm .

Bacterial biodegradation

In vitro assessment is a rapid, cost effective and reliable test
for toxicity studies [33, 34]. In vitro toxicity of bisphenol-A
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(BPA, 2,2-bis(4-hydroxydiphenyl)propane) as a reference,
aromatic diol 8 and PEI9¢ were evaluated based on the
growth of air-born bacterial saprophytes on culture media.
For this purpose, BPA, aromatic diol 8, PEI9¢ and air-born
spores were co-cultivated on the same Petri plates contain-
ing Potato Dextrose Agar (PDA) in three replications.
Plates were incubated at 23-25 °C, for 4 weeks. Then
colonial growth of bacterial saprophytes were noted and
visually observed on each Petri plate.

Soil biodegradability test

Soil degradation of biologically active materials is an im-
portant characteristic that define their performance, safety,
and storage conditions. The soil burial degradation test of
segmented BPA as a reference, novel diol 8 and obtained
polymers was conducted in aerobic soil condition in the
presence of natural microorganisms. A sample of clay loam
soil was conditioned for 2 weeks before it was used for the
actual test. Materials were buried in the soil (pH=7.5) in
which the relative humidity maintained was 60-70% by
spraying water and the temperature was thermostated at 28—
30 °C in a humidity chamber (Ogawa Co., Japan). The
buried compounds were monitored for 3 months at regular
interval of 10 days. Material invasion by soil microbial
fauna was checked during this period by digital DS126181
camera Canon and the time of disappearance of materials
was recorded.

Results and discussion

Monomer synthesis

N,N'-(Pyromellitoyl)-bis-L-oc-amino diacids (3a—3e) and N,
N'-(pyromellitoyl)-bis-L-oc-amino diacid chlorides (4a—4e)

Scheme 1 Synthesis of N,N'-
(pyromellitoyl)-bis-L-x-amino
diacids (3a—3e) and NV,N'-
(pyromellitoyl)-bis-L-x-amino
diacid chlorides (4a—4e)

H,C
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were prepared according to our previous work (Scheme 1)
[23, 25-29]. The FT-IR spectrum of N,N'-(pyromellitoyl)-
bis-L-phenylalanine as chiral synthesized diacid showed a
broad and strong peak at 2354-3463 cm ', which was
assigned to the COOH groups of this diacid monomer. The
characteristic absorptions of imide groups occurred around
1766, 1720 cm', peculiar to carbonyl stretching of imides
(Fig. 1a). N,N'-(Pyromellitoyl)-bis-L-tyrosine dimethyl ester
was synthesized as procedure that described below, and is
shown in Scheme 2.

L-Tyrosine was added to a methanol solution containing
thionyl chloride to obtain white, powdery, L-tyrosine methyl
ester hydrochloride which deprotected with triethylamine to
obtain L-tyrosine methyl ester. In addition L-tyrosine methyl
ester was reacted with pyromellitic dianhydride in DMF at
room temperature. In this reaction, the intermediate amic
acid was not isolated and ring closure for the formation of
imide ring was performed under refluxing conditions to ob-
tain monomer 8.

The chemical structure and purity of the compounds 8
were proved using thin layer chromatography, elemental
analysis, FT-IR, 'H-NMR, "C-NMR spectroscopic tech-
niques and specific rotation measurements. The FT-IR
spectrum of compound 8 showed a broad and strong peak
at 3436 cm ', which was assigned to the OH group of
phenolic diol and two absorption bands at 1775 and
1725 cm™' due to the symmetrical and asymmetrical imides
carbonyl stretching vibrations (Fig. 1b). The 'H-NMR
spectrum (500 MHz) of compound 8 is shown in Fig. 2.
The "H-NMR of this diol shows the characteristic resonance
of C—H chiral center doblet of doublt at 5.18-5.22 ppm,
peaks at 3.15-3.20 and 3.37-3.41 ppm are assigned to
diastereotopic CH, protons bonded to chiral center respec-
tively. Singlet peak at 3.69 ppm was assigned to the CHj
protons of methoxy group. Figure 3 shows '*C-NMR
spectrum (125 MHz) of monomer 8. It shows carbons

H
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Fig. 1 FT-IR spectra of a: diacid

3a, b: diol 8, and ¢: PEI9a

T%

0ol
1 K

100

T%

T% [

for diastereotopic CH at 53.64 ppm. In addition the presence
of different aromatic carbons and six carbons for carbonyl
groups in this spectrum confirm the structure of monomer 8.

The purity of compounds 8 was checked by thin-layer
chromatography, which showed one spot in an ethylacetate/
cyclohexane mixture (50:50) with R¢=0.80.

Polymer synthesis

A series of new macromolecules PEI9a—PEI9e were pre-
pared from an equimolar mixture of monomer 8 with five
different diacide chlorides derived from L-phenyalanine, L-
leucine, L-methionine, L-valine and L-alanin (4a—4e) under
microwave irradiation (Scheme 3). Microwave radiation
energy is very useful for high efficiency utilization of heat
energy. So the application of this technique produces poly-
mers with quantitative yields and high inherent viscosities
in a short time. The heating effect utilized in microwave-
assisted organic transformations is due to dielectric constant
(¢) of materials. It is particularly convenient that qualitatively,

Scheme 2 Synthesis of N,N'-
(pyromellitoyl)-bis-L-tyrosine
dimethyl ester

5

L-Tyrosine

0 0
. DMF
0o ————»
* 0 Reflux
0 1 0

HOOC H SOCL/MeOH
4 oH —————>
HN 10°C

2000 1000 400

Wavenumber [cm™]

the larger the dielectric constant, the greater the coupling with
microwave irradiation. Thus the use of small amount of a
polar solvent, which is heated when irradiated in a microwave
oven, acts: 1. as a primary absorber, and 2. as a solvent for
both the starting and resulting materials. Therefore, the solvent
allows induction of effective homogeneous heating to convert
the monomers to polymers. Here we have used o-cresol as
solvent. According to previous observations, we found that
by increasing the dielectric constant and boiling point and
polarity of the solvents, the inherent viscosities of final
polymers will be increased [29]. Therefore, the polymers
were synthesized in o-cresol. To optimize the influence of
the amount of o-cresol on the inherent viscosity, the different
values of solvent were added to the sample cell. For this
purpose, diacid chloride 4a with one equimolar diol 8
was irradiated at a constant time (7 min). Figure 4 exhibits
that, by increasing the solvent volume from 0.1 to 0.4 mL
at a constant irradiation time, the inherent viscosities in-
creased from approximately 0.29 to 0.38 dL/g, and after that
by increasing the solvent volume, the inherent viscosities

(0]
Il

0
I
— H;CO—C H
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Fig. 2 'H-NMR (500 MHz) H,0
spectrum of diol 8 in DMSO-d6 5 6 3 ” ° 36 5 3
at RT H HH,C0 /o o H o \ /OCH; y4 H
8 4 74 8
HO N OH 2 1
H H H
gl 77 N T
7 H,0
65
DMSO
8 7 M
l 4 2i1
|
PR bR B e
ppm 12 10 8 6 4 2 0

decreased. Thus, after optimizing the reaction solution
concentration, the favored reaction time was obtained by
changing microwave irradiation time in the presence of
known amount of o-cresol and measuring the viscosity
values. Figure 5 shows that by increasing the irradiation time
up to 12 min, the inherent viscosity has increased sharply
and above this time its value decreased to zero because the
solution was burned. According to these results the optimum
condition was selected for the synthesis of the other PEISs.
Thus one equimolar of diol 8 with one equimolar of diacid
chlorides (4b—4e) in o-cresol were irradiated for 12 min at
100% (900 W) of its power level and the resulting mixture
was precipitated in methanol to obtain polymers with high
yields. The synthesis and some physical properties of
obtained novel PEI9a—PEI9e are listed in Table 1. All of
the polymers were obtained in good yields with moderate
inherent viscosities of 0.41-0.54 dl/g (Table 1). With respect
to the straight relation between inherent viscosity and
the molecular weight of structurally similar polymers, it is

Fig. 3 "*C-NMR (500 MHz)
spectrum of diol 8 in DMSO-d6
at RT

4 7

possible to judge about the molecular weight of PEIs. They
are estimated to be in the ranges of roughly 3.4x10%4.3x
10* g/mol [35, 36].

Polymer characterization

The resulting polymers were characterized by FT-IR, 'H-
NMR spectroscopy techniques and elemental analyses. The
FT-IR spectrum of PEIs showed the characteristic absorp-
tions of imide and ester groups occurred around 1766,
1725 cm™!, peculiar to carbonyl stretching of imides and
esters, respectively. All of these PEIs exhibited absorption
at 1,383 cm™ ' and 711-747 cm™ ' that show the presence of
the imide heterocycle in these polymers (Fig. 1c). The 'H-
NMR spectrum (500 MHz) of PEI9a is shown in Fig. 6a.
In the "H-NMR spectrum of this polymer, appearances of
the methoxy protons (OCHj;) at 3.67 ppm as single peak
indicates the presence of ester groups in the polymers side
chain. The protons of the two chiral centers appeared as

o,

H3('0 0
4 a4
9 76"\(3'10 8 X 8 Jo"
"°‘®\1)2\~ e
10 10
8 3 8

o

ppPm 200
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Scheme 3 Polycondensation reactions of diol 8 with different diacid chlorides

doublet of doublet in the range of 5.28-5.29 and 5.54-
5.58 ppm respectively. The resonance of the diastereotopic
hydrogen’s bonded to neighbor carbon of chiral centers
appeared in the 3.20-3.23 ppm. The resonance of aromatic
protons appeared in the range of 6.80-8.19 ppm. The 'H-
NMR spectrum (500 MHz) PEI9b is shown in Fig. 6b.
Elemental analysis values of the resulting polymers are also
in good agreement with calculated values of carbon,
hydrogen and nitrogen in the polymers (Table 2).

Solubility of PEIs

The solubility properties of PEIs were studied in different
solvents. The presence of ester groups in the side chain as
well as main chain (as pendant and polar groups) in obtained
polymers give as effective way for improving solubility in
common solvent, also polymers are soluble in organic polar
solvents such as DMF, N-methyl pyrolidine (NMP), and in
sulfuric acid at R.T, and are insoluble in solvents such as
chloroform, methylene chloride, acetone, cyclohexane, tetra-
hyrofuran and water. These polymers show good solubility.

0.5
0.4 80
0.3 60
0.2 40
0.1 20
0 + + + + 0
0.4 05

0.1 0.2 0.3
o-Cresol (ml)

Inherent viscisity
(dL/g)
Yield (%)

I Inherent viscosity (dL/g) —— Yield (%)

Fig. 4 Solvent concentration dependence of inherent viscosity and
yield of PEI9a

Thermal properties

The thermal properties of some PEIs were evaluated by
means of TGA in a nitrogen atmosphere at a heating rate of
10 °C/min. Thermal stabilities of the polymers were studied
based on 5 and 10% weight loss (Ts, T}) of the polymers
and residue at 800 °C (char yield). In addition, TGA data
reveal that PEIs are thermally stable up to 320 °C. The
thermoanalysis data of these polymers are summarized in
Table 3. The temperature of 10% weight loss for PEI9a and
PEI9b are 390 °C, 341 °C respectively. Char yield can be
used as criteria for evaluating limiting oxygen index (LOI)
of the polymers in accordance with Van Krevelen and
Hoftyzer equation [37]. LOI=17.5+0.4 CR where CR=
char yield. All of the polymers had LOI values calculated
based on their char yield at 800 °C was higher than 20. LOI
values for PEI9a is 29.5. On the basis of LOI values, such
macromolecules can be classified as self-extinguishing
polymers. According to Table 3, it is clear that the PEI9a

Inherent viscosity (dL/g)
Yield(%)

7 8 9 10 1 12 13
Time of iiradation (min)

I Inherent viscosity (dL/g) — Yield(%) ‘

Fig. 5 Time of irradation dependence of inherent viscosity and yield
of the PEI9a
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Table 1 Synthesis and some

physical properties of PEI9a— Diacid chloride Polymer Yield (%) 1 (dL/g)* [a]ZDS’a Color®
PEI9e prepared under
microwave irradiation 4a PEI9a 94 0.51 -14.8 W
4b PEI9b 89 0.54 -23.8 w
# Measured at a concentration of 4c PEI9¢ 90 0.41 -30.9 ow
0.5dL g in DMF at 25 °C 4d PEIY 93 0.48 -13.8 oW
. o .
consists of 2%W/V LiCl 4o PEI%e 37 0.46 163 W

° 7 White, OW Off white

(based on L-phenylalanine as chiral moiety diacid chloride
monomer) has higher thermal stability than PEI9b (based
on L-leucine) (Fig. 7). It could be pertained to aromatic,
rigid structure of phenylalanine for PEI9a compare to
aliphatic, flexible structure of L-leucine for PEI9b. Accord-
ing to thermal data for PEI9a and PEI9b, it can be
concluded that the resulting polymers are more thermally
stable than similar structures of PEIs which were obtained
with diacid chloride monomers (4a and 4b) with industrially
used diphenols in previous works (Table 3) [25, 26]. The
differential scanning calorimetry (DSC) technique was used
to determine the T, of the polymers. The heating rate was
kept at 20 °C/min under a flow of nitrogen. These polymers

Fig. 6 'H-NMR (500 MHz)
spectra of a PEI9a and b
PEI9b in DMSO-d6 at RT

@ Springer

showed T, values in the range of 86 and 116 °C, respectively
(Table 3).

Toxicity test

Bacteria growth profiles of BPA as a blank, diol 8 and its
polymers in Petri plate containing culture media are shown
in Fig. 8a, b and c after a period of two, three and 4 weeks,
respectively. Figure 8e and h on culture media PDA show
synthetic aromatic diol 8 was almost completely covered
and colonized by saprophytic bacteria and they formed
densely populated areas after 2 and 4 weeks, respectively.
As shown in Fig. 8f and i, PEI9¢ was wholly colonized by

o E Y
i3 ,
EETY N
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Table 2 Elemental analysis of PEI9a and PEI9b

Polymer Formula Elemental analysis (%)
C H N
PEI9a (CsgH4oN4O016) Calcd. 66.41 3.83 5.34
MW(1048.96) Found 65.34 3.77 5.47
PEI9b (Cs2HyaN4O16) Calcd. 63.67 4.52 5.71
MW(980.92) Found 62.81 4.44 5.66

saprophytic bacteria similar to diol 8 after 2 and 4 weeks,
respectively. In contrast, BPA on the media was not
invaded after 2 and 4 weeks (Fig. 8d and g, respectively).
It seems that BPA has toxic properties for mentioned bac-
terial growth than synthetic diol 8 at the period of ex-
perimental time and it may have lower degradation rate
under the soil burial conditions.

Weight Loss (%)
W
<

70 140 210 280 350 420 490 560 630 700 770 840
Temperature (°C)

Fig. 7 TGA of (—) PEI9a and (eee) PEI9b at a heating rate of
10 °C/min under a nitrogen atmosphere

Soil biodegradability

Degradation profiles of BPA as a reference, diol 8 and its
polymers in Petri plate under soil burial are shown in
Fig. 9. The diol 8, PEI9a and PEI9c were initiated to
decompose after 1 month (Fig. 9a—c, respectively) but BPA
was remained intact (Fig. 9d). After 3 months, diol 8 and

Table 3 Thermal behavior of PEI9a, PEI9b and compared with corresponding PEIs with the same diacid chlroides obtained from 4a and 4b in

previous works [25, 26]

L Decomposition Char
PEI ]l?l‘ac.‘g Diol temperature °C) _ yjel¢®  LOI | T,
chloriae Tsﬂ TlOa (% )
ol R
PEI9a  4a Q/\Mwm 363 390 38 295 | 116
PEI9a, 4a HOOOH 237 368 20 -
OH
PE9a,  4a m;@_«m 206 300 34 -
0]
PEI% 4b @V\MA@M 328 341 32 20 86
PEI%,  4b ::: 150 278 4 -
HO OH
PEI9b, 4b o O O o 200 300 1 -

# Temperature at which 5% weight loss and * Temperature at which 10% weight loss recorded by TGA at heating rate 10 °C/min in a nitrogen atmosphere

b Percentage weight of material left undecomposed after TGA analysis at maximum temperature 600 °C in a nitrogen atmosphere

€ Glass transition temperature was recorded at a heating rate of 20 °C/min in a nitrogen atmosphere

d Evaluating limiting oxygen index (LOI) of the polymers in accordance with Van Krevelen equation [37]

@ Springer



382

S. Mallakpour et al.

Fig. 8 Whole Petri plates containing diol 8, PEI9¢ and BPA cultivated
and incubated with saprophytic bacteria at 23-25 °C after one (a), two
(b) and 4 weeks (c), respectively. Also inhibited growth of saprophytic

its polymers were almost disappeared under soil burial
conditions (Fig. 9a'—c’, respectively) but BPA was not
visibly changed during this period (Fig. 9d’). It could be
concluded that diol 8 and obtained polymers are biologi-
cally active and biodegradable under soil burial test due to
microbial invasion compared with commercial BPA.

Conclusions
In this report, a derivative of L-tyrosine, diol 8 was
synthesized in three steps. This new diphenolic monomer

can be regarded as a novel, potentially nontoxic and
thermally stable monomer compare to the industrially used

@ Springer

bacteria incubated with BPA (d and g) versus their colonial growth
around synthetic aromatic diol 8 (e and h) and PEI9¢ (f and i) at 23—
25 °C, after 2 and 4 weeks in Petri plates, respectively

diphenols such as BPA [38, 39]. Based on captured photo-
graphs of culture media PDA, rapid bacterial colonization
of synthetic diol 8 was observed on the media but BPA was
not colonized possibly for its toxic properties growth. The
incorporation of this diol into the backbone of different
polymer systems results in versatile polymers with inter-
esting properties, such as thermal stability, solubility and
biodegradability. Thus, a series of new optically active
PEIs having inherent viscosities of 0.41-0.54 dL/g were
synthesized by microwave-assisted polycondensation reac-
tions of the diol 8 with five different amino acid containing
diacid chlorides 4a—4e. This approach allows the insertion
of some of the natural amino acids into the polymer back-
bone and creation of a new class of bioactive polymers.
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Fig. 9 Disappearance of diol 8
(a and a'), PEI9a (b and b’) and
PEI9¢ (c and ¢') under soil burial
in Petri plates after one and

3 months, respectively, due to
their biodegradability compared
with non-disappeared BPA
owing to its non-biodegradability
under the same condition after
one (d) and 3 months (d')

Furthermore, degradation of polymeric products under soil
burial showed that they may not hinder microbial growth at
low and high concentration and therefore are favorable
candidates as biodegradable and biologically active poly-
mers. The above results also demonstrate that microwave
heating is an efficient method (shorter reaction time and
high energy efficiency) for polycondensation reactions.
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