§ sciendo

DOI: 10.2478/auoc-2022-0011

Ovidius University Annals of Chemistry Volume 33, Number 1, pp. 78 - 83, 2022

Synthesis and characterization of novel poly(a-methyl -alanine-b-lactone)s
through hydrogen-transfer and ring-opening polymerization
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Abstract. A series of novel poly(a-methyl B-alanine-b-lactone)s were prepared by a combination of hydrogen-transfer
polymerization (HTP) of methacrylamide (MAm) and anionic ring-opening polymerization (AROP) of 3-propiolactone
(BPL), B-butyrolactone (BBL), and §-valerolactone (DVL). For this purpose, poly(a-methyl B-alanine) (PmBA) having a
living anionic end-group for a further extension was obtained via HTP of MAm. The anionic end-group on PmBA chains
were used as initiation sites for AROP of BPL, BBL, and DVL. Fourier Transform Infrared Spectroscopy (FTIR) and
Proton Nuclear Magnetic Resonance Spectroscopy (*H-NMR) confirmed the existence of both ester and a-methyl -
alanine (mBA) units in the final products. MALDI-MS analysis revealed that the poly(a-methyl B-alanine-b-lactone)s
with average molar masses of several thousand g-mol were obtained. DSC and TGA thermograms of each copolymer

showed that the copolymers comprised the mBA and the corresponding ester units.

Keywords: AB-type block copolymers; poly(amide-ester); hydrogen-transfer polymerization; ring-opening

polymerization.

1. Introduction

Block copolymer is a particular class of polymer in
which blocks of different repeating units are placed
along the polymer chain. Block copolymers have
advantages over homopolymers or other types of
copolymers in that different functionalities for different
tasks can be built into different blocks. Main application
of block copolymers is based on the design of advanced
materials such as thermoplastic elastomers [1], drug
delivery matrices [2], porous materials [3],
compatibilizers [4], adhesives [5], and nanopatterned
materials by lithography [6]. Developing new synthetic
strategies  yields  well-defined  macromolecular
architectures that can be prepared [7]. One of the main
approaches to obtain linear block copolymers is to
obtain a macroinitiator and its extension using a
different monomer if its end-group is a polymerization
initiating moiety. The macroinitiator can be synthesized
via polymerization reactions such as free radical [8],
anionic [9], cationic [10], or ring-opening [11].
Base-catalyzed hydrogen transfer polymerization
(HTP) is a well-known route for the synthesis of nylon-
3 (poly-B-alanine) from acrylamide [12]. However,
some studies have been also reported for
methacrylamide [13-21]. Yamaguchi and Minoura [13]
have reported that optically active poly(a-methyl B-
alanine) could be obtained by using optically active
alcoholates as an initiator of HTP. Nakayama et al. [16]
reported that both HTP and vinyl polymerizations occur
in the polymerization of methacrylamide with basic
initiators. HTP of methacrylamide with basic initiators
proceeded to a high yield of poly(a-methyl B-alanine) by
Okamura et al. [21]. Recently, many studies emerged to

demonstrate that poly-p-alanine derivatives and
copolymers are potential biomaterials [22-25].

In numerous studies, poly(hydroxyalkanoates)'s
mentioned as biodegradable and biocompatible
materials [26-28]. These polymers can be readily
synthesized by AROP of the corresponding lactone [29,
30]. Considering the given literature summary above,
the copolymers containing a-methyl p-alanine and
readily biodegradable/biocompatible units (3-hydroxy
propionate, 3-hydroxy butyrate, and 5-hydroxy valerate)
may also behave as biomaterials in various fields.
Within this scope, synthesis of novel poly(ester amide)s
was planned via HTP and AROP mechanism, where
methacrylamide (MAm) and a series of lactones would
be used as monomers.

2. Experimental

2.1. Materials

Methacrylamide (Fluka 99%), B-propiolactone (BPL,
Acros Organics 99%), B-butyrolactone (BBL, Sigma-
Aldrich 98%), and &-valerolactone (DVL, Acros
Organics 99%) to be used as a monomer in the synthesis
studies were obtained commercially and used without
purification. HTP was carried out in an argon
atmosphere using sodium tert-butoxide (t-BuONa,
Sigma-Aldrich  97%) as initiator and 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO, Acros Organics
98%) as a radical polymerization inhibitor. The
concentrations of the monomers, initiator, and inhibitor
used were summarized in Table 1.

2.2. Synthesis of polymers
MAm, t-BuONa, and TEMPO indicated in Table 1 were
placed in 10 mL-salinized round bottom flasks. The
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flasks capped with rubber septum were placed in an oil
bath and purged with argon. The temperature was
adjusted to 105 °C. The polymerization was complete in
about 3 hours, and the reaction medium completely
solidified. After the product [living poly(a-methyl -
alanine)] was allowed to cool to room temperature, the
rubber septum was drilled by a steel needle to scrape the
solid product into small pieces. The lactones were then
added to each flask using a glass syringe. Stirring was
continued at room temperature, first with the aid of a
vortex and then with a magnetic stirrer until the product
solidified utterly. Excess acetone slightly acidified with
acetic acid was added and stirred using a magnetic stirrer
until a suspension had occurred. Finally, the copolymer
was separated by vacuum filtration and dried in a
vacuum oven for characterization. The yields given in
Table 1 were determined gravimetrically.

Table 1. Reaction parameters applied in copolymer synthesis.
Initiator: t-BuONa ([1]=[M]0/30), inhibitor: TEMPO
([M]0/1000), MAM ([M]o=0.01 mol) feed rate: 20%,

temperature: 105 °C (first stage) and room temperature
(second stage)

Monomer  Monomer
Sample feed rates  feed rates ~ Copolymer
code mol % mol % yield (%)
P13 20 MAmM 80 BPL 92.3
B13 20 MAmM 80 BBL 47.8
D13 20 MAmM 80 DVL 23.5

2.3. Polymers characterization

FTIR spectra were acquired using Shimadzu IRAffinity
1 spectrometer using the ATR technique with 32 scans
in the range of 4000-600 cm™. *H-NMR spectra of the
obtained copolymers were recorded using Bruker
AVANCE |1l 400 MHz NMR Spectrometer. Thermal
transitions in a nitrogen atmosphere were determined
using TA Instruments DSC Q2000 by a heating rate of
10 °C/min. TGA thermograms of the copolymers were
acquired by using TA Instruments SDT Q600. Samples
were heated ambient temperature to 425 °C at a 10
°C/min heating rate under nitrogen flux. Differential
thermogravimetry (DTG) curves were drawn to
understand the degradation behavior better. MALDI-
MS analyzes were performed with Bruker Rapidflex
MALDI-ToF/ToF  mass  spectrometer  (Bruker
Daltonics, Bremen, Germany). Data were obtained with
positive ion mode. A solution of 2,5-dihydroxybenzoic
acid (DHB) (20 mg/mL, 1:1, ACN: THF) containing 1%
by volume of formic acid was used as a matrix.

3. Results and discussion

3.1. Synthesis of poly(a-methyl f-alanine-b-lactone)s

MAm and the three lactones (BPL, BBL, and DVL) as
comonomers were used to synthesize a series of novel
poly(a-methyl B-alanine-b-lactone)s coded as P13, B13,
and D13, respectively. The copolymers were
synthesized via sequentially HTP and AROP methods.
Firstly, HTP of methacrylamide (Figure 1) by t-BuONa
initiator at 105 °C was performed as reported in the
literature [31]. At the end of the polymerization, the
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chain-ends were assumed to be active (viable), i.e., the
chain extension can continue with the addition of any
monomer capable of polymerizing through an anionic
mechanism. In other words, the product was assumed to
be living PmBA oligomers.
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Figure 1. Reaction outline to obtain living PmBA oligomer

Then, the chain extension of the living PmBA
oligomers was achieved by adding predetermined
amounts of lactones, as outlined in Figure 2. The yields
in Table 1 were calculated considering the masses of the
acetone-insoluble fractions of the copolymers and the
total masses of the monomers. The relatively low
copolymer yields were attributed to the homo-polyesters
removed by washing with acetone during the isolation
process. As well-known, the homo-polyesters occur by
the chain transfer to monomer [32] during the AROP.
As will be discussed later, the chain transfer to the
monomer causes low degrees of chain extension,
especially in the D13 sample.

Then, the chain extension of the living PmBA
oligomers was achieved by adding predetermined
amounts of lactones, as outlined in Figure 2. The yields
in Table 1 were calculated considering the masses of the
acetone-insoluble fractions of the copolymers and the
total masses of the monomers. The relatively low
copolymer yields were attributed to the homo-polyesters
removed by washing with acetone during the isolation
process. As well-known, the homo-polyesters occur by
the chain transfer to monomer [32] during the AROP.
As will be discussed later, the chain transfer to the
monomer causes low degrees of chain extension,
especially in the D13 sample.
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Figure 2. Reaction pathways to obtain poly(a-methyl B-
alanine-b-lactone)s

3.2. Characterization of poly(a-methyl B-alanine-b-
lactones)

The FTIR spectra of each isolated copolymer (acetone-
insoluble fraction) given in Figure 3 were recorded to
examine the availabilities of the amide and the ester
units. All the spectra have the stretching bands of the
ester carbonyls and the secondary amide carbonyl at
about 1730 cm* and 1640 cm?, respectively. As well-
known, the band at about 3290 cm* belongs to the N-H
stretching of the secondary amide. Comparing the
relative intensities of the carbonyl bands of the ester and
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the amide units, the success of the chain extensions may
be estimated as in the order of BPL, BBL, DVL.
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Figure 3. FTIR spectra of P13, B13, and D13 copolymers

'H-NMR spectra of the P13, B13, and D13 were
given in Figure 4. The peaks observed at 1.38, 3.10,
3.69, and 8.15 ppm for the P13 sample in Figure 4 (A)
belong to the protons of CHs, CH, CH>, and NH in mBA
units, respectively. As quickly shown, the four signals
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are common for the three spectra, as expected. In the
spectrum of P13, the peaks observed with equal intensity
at 2.97 and 4.67 ppm are CO-CH; and O-CH_ protons in
BPL units, respectively. The relative intensities of the
peaks belonging to the ester and amide units seem to be
consistent with the relative intensities shown in the
FTIR spectrum of the P13 copolymer.

'H-NMR spectrum in Figure 4 (B) has the additional
signals at 1.43, 3.09, and 5.51 ppm attributed to the CHj,
CH,, and CH protons in BBL units, respectively.
Considering the intensities of CHj protons in both units,
one can conclude that units of BBL are slightly lower
than those of mBA in the copolymer sample B13. The
'H-NMR spectrum of D13 samples in Figure 4 (C) has
three trace peaks at 1.83, 2.57, and 4.30 ppm belonging
to the CH> protons in the DVL unit. The intensity of the
peak at 1.83 ppm is twice since it belongs to the beta and
gamma methylene. The other peaks with equal intensity
are methylene protons at alpha and delta positions. The
relative intensities of the signals for DVL and mBA
units show that the chain extension with DVL remains
extremely limited.
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Figure 4. *H-NMR spectra of P13 (A), B13 (B), D13 (C) copolymer samples

This result is due to polyesters being removed as
homopolymers during washing off the final product with
acetone. It is also the main reason for the low yields, as
given in Table 1. The formation of polyester
homopolymer is the direct result of chain transfer to the
monomer [29, 33] and possibly transesterification [34,
35] reactions. The undesirable side reactions can also be
regarded as the most crucial reason for the failure of the
copolymer to be synthesized at the expected molar
masses.

DSC thermograms of all the copolymer samples in
Figure 5 were recorded to determine the glass and the
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melting transitions of the amide and the ester blocks in
the copolymers. The values of observed transitions are
outlined in Table 3. There are limited studies on the
thermal analyses of both the PmBA [36, 37] and the
homo-polyesters [37—40] under consideration. The DSC
curve for the P13 sample has two endothermic bands
centered at about 75 and 123 °C attributed to melting
phenomena for the ester and the amide blocks,
respectively. Considering the literature knowledge [38]
the baseline shift at -15.50 °C may easily be attributed to
the glass transition of the ester (3-hydroxy propionate)
block.
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Figure 5. DSC curves of the P13, B13, and D13 copolymers

Table 3. Thermal transition temperatures observed in DSC
and TGA thermograms of all copolymers (Tq: glass transition
temperature, Tm: melting temperature, Tq: decomposition

temperature)
Ty Ty Tm Tar Ta
Code oc) o) ) o) (o)
P13 -15.5 - 76.16 214.35 340.19
B13 797 7251 - 238.12 367.05
D13 - - - 223,84 362.18

TGA thermograms of P13, B13, and D13 were
recorded to determine the thermal stability of each
copolymer. DTG curves in Figure 6 revealed that the
copolymers decomposed in two steps. As recently has
been reported for the poly(ester-ether) block copolymers
[41], the ester and mBA units in the copolymers have
decomposed, respectively. Thermal decomposition
temperatures (Tq4) of each component in the copolymers
were observed separately for the ester (Tq1) and mBA
(Ta2) units. The relative mass-loss values of the ester and
amide units for each copolymer seem to be consistent
with the observations in the FTIR and the NMR sections.
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Figure 6. DTG- curves of the copolymers

Although FTIR, *H-NMR, DSC, and TGA methods
revealed that the final products contained aliphatic esters
and mBA units, the MALDI mass spectrum of the P13
was examined to show clearly that the mBA and the 3-
hydroxy propionate units were in the same chains,
namely, covalently bonded. The MALDI mass spectrum
of the P13 sample given in Figure 7 was examined in
detail to reveal the fact.
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Figure 7. Expanded MALDI mass spectrum of P13
copolymer

Figures 7 include an extended version of a particular
spectrum region with the broad spectrum provided on
the right. The repeating units (mMBA/BPL) of the
copolymers P13 have masses of 85/72 Da. The mass
differences between the signals corresponding to both
BPL and mBA masses were observed. For example, the
signals 4097.0 Da and 4181.9 Da indicate the difference
of 85 Da mBA units, 4097.0 Da, and 4169.4 Da,
indicating the difference of BPL, 72 Da. This result
shows two different units (mBA and BPL) in the same
chain. The approach is well-known in literature [42—-44]
to prove the formation of block copolymers.

4. Conclusions

It can be concluded that poly(a-methyl B-alanine-b-
lactone)s have been synthesized successfully
considering the results of the spectroscopic and thermal
analyses. Although the synthesis of the block
copolymers via sequential living polymerization of two
monomers is typical, it is novel to obtain them by
sequentially applying HTP and AROP reactions. The
three types of poly(ester-amide) containing the three
different ester units (B-butyrolactone, B-propiolactone,
and d-valerolactone) may be regarded as potential novel
biomaterials considering the previous reports on the
components of the copolymers. However, the biggest
obstacle for application is limited molar masses.
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Different

polymerization methods (ring-opening

copolymerization of B-lactam and lactones, solution
polymerization at low temperature in a moisture-free
medium), and different organometallic catalysts systems
can enhance the molar mass. Thus, not only increasing
the mole mass, but also random and sequential poly
(ester-amide)s can be synthesized.
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