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ABSTRACT: Glycine-g-caprolactone-based and a-alanine-e-caprolactone-based polyesteramides with a strong tendency to form alter-
nating sequences (degree of randomness = 1.64 and 1.31) were synthesized by melt polycondensation of intermediate hydroxy- and
ethyl ester-terminated amides. These intermediates were synthesized by the reaction of equimolar amounts of e-caprolactone and gly-
cine or L-a-alanine ethyl esters in mild conditions. The structure and microstructure of these polyesteramides are discussed on the
basis of an in-depth nuclear magnetic resonance study. Both polyesteramides are semi-crystalline, but the glycine-based one presents
the highest melting enthalpy. This polyesteramide also exhibits higher Young’s modulus and stress at break than its a- and B-alanine

counterparts. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44220.
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INTRODUCTION

In recent years, the preparation of biobased and biodegradable
polymeric materials for biomedical- or environmental applica-
tions has attracted a lot of attention."” Much effort has been
devoted to biodegradable aliphatic polyesters, such as polylac-
tide,> poly-e-caprolactone,” poly(glycolic acid),® and their
copolymers,” for biomedical as well as environmental applica-
tions. However, many applications require materials with a wider
and tunable range of properties, for example, hydrophobicity/
hydrophilicity to improve affinity with various types of drugs or
tissues®” or flexibility/stiffness to improve thermal properties and
mechanical strength.'® Introducing amino acid monomer units in
aliphatic polyester chains is a way of broadening the range of
properties and applications of biodegradable polymers. The
resulting amino acid-based polyesteramides present both interest-
ing mechanical properties, due to intermolecular hydrogen bond-
ing between amide groups, and degradability, due to the presence
of hydrolyzable ester groups.'"'?

Various approaches have been employed to synthesize amino acid-
based polyesteramides exhibiting block,"* random,'*'*
ing'® structures. Block amino acid-based polyesteramides are pre-
pared by the ring-opening polymerization of e-caprolactone
initiated by amine-terminated peptides or by the ring opening
polymerization of a-amino acid N-carboxyanhydrides (NCAs)

or alternat-
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initiated by amine-terminated polylactide or poly(e-caprolac-
tone)."”° Random polyesteramides can be prepared by simple
procedures that do not require the use of solvents or expensive
monomers like NCAs. Some studies have reported the synthesis of
random amino acid-based polyesteramides by the direct reaction
of amino acids with cyclic esters®’ > or by the direct bulk poly-
condensation of amino acids and a-hydroxyacids.***’

On the other hand alternating amino acid-based polyestera-
mides can be synthesized by reacting diol or diacid derivatives
with intermediate compounds, such as diamine-terminated die-
sters, prepared from a-amino acids and diols'®**>* or diester-
terminated diamides, prepared from a-amino acid derivatives
and dicarboxylic acids.*®* For instance, diamine-terminated
diesters were first synthesized by 1/2 mol/mol solution reaction
of a diol with an a-amino acid in the presence of p-
toluenesulfonic acid and alternating amino acid-based polyester-
amides were then obtained either by interfacial polycondensa-
tion of these diesters with a diacid chloride® or by solution
polycondensation with an activated p-nitrophenyl dicarboxy-
late.’® In these conditions interchange reactions cannot take
place and, therefore, polyesteramide randomization is avoided.
Another method of synthesizing alternating amino acid-based
polyesteramides is the bulk ring opening polymerization of
morpholine-2,5-diones. The resulting polyesteramides, called
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polydepsipeptides, are composed of alternating a-amino acid
and a-hydroxy acid monomer units.”*® They are reported to
be non-toxic and biodegradable in vivo and are interesting
materials for biomedical applications such as medical implants
or controlled drug release systems.”®™*' Since such cyclic com-
pounds cannot be easily synthesized from larger monomers, the
method is limited to the preparation of amino acid-based poly-
esteramides from a-amino acids and a-hydroxy acids.

In a previous work, we reported the synthesis of “quasi-
alternating” polyesteramides by simple bulk polycondensation
between the hydroxy- and ethyl ester-terminated dimer of -
alanine and e-caprolactone.® Since hydroxy-amide and ethyl
ester-amide interchange reactions are much slower than ethyl
ester-hydroxy polycondensation, randomization was avoided
during the bulk polycondensation step and a quasi-alternating
amino acid-based polyesteramides was obtained.

To our best knowledge, no study has yet been reported on the
bulk synthesis of alternating polyesteramides based on a-amino
acids and lactones. The aim of the present work is to study the
synthesis and properties of polyesteramides exhibiting a high
content of alternating sequences and prepared by the bulk copo-
lymerization of dimers of e-caprolactone and glycine or L-a-
alanine.

EXPERIMENTAL

Materials

e-caprolactone (CL, 97%), glycine ethyl ester hydrochloride (G-
COOEt, HCI, 99%), L-a-alanine ethyl ester hydrochloride (a-
AlaCOOEt, HCl, 99%), 1,5,7- triazabicyclo [4.4.0]dec-5-ene
(TBD, 98%), tetrabutoxytitanium (Ti(OBu),;, 97%), sodium
hydrogenocarbonate (NaHCOj;, >99%), and trifluoroacetic
anhydride (TFA, >99%) were purchased from Sigma-Aldrich
and used as received.

Synthesis of Amino Acid-Based Polyesteramides

The glycine-based- and L-a-alanine-based polyesteramides are
denoted PCG and PCA, respectively. PCG and PCA were syn-
thesized by reacting equimolar amount of e-caprolactone and
glycine or L-a-alanine ethyl ester hydrochloride. For instance,
PCG was prepared as follows: CL (33.80 g, 0.296 mol), G-
COOEt, HCI (41.33 g, 0.296 mol), sodium hydrogenocarbonate
(24.87 g, 0.296 mol), and TBD catalyst (1 wt % with respect to
the total amount of reactants) were heated at 120°C for 1 h
under nitrogen in a 200 mL reactor fitted with a mechanical
stirrer, a nitrogen inlet, a distillation side arm and a vacuum
line. After cooling to room temperature, the reaction product
was solubilized in dichloromethane (200 mL) and sodium chlo-
ride was eliminated by filtration. The organic solution was then
washed twice by water (50 mL) to eliminate TBD and inorganic
residues. The organic layer was dried over sodium sulfate, fil-
tered and dried under vacuum, yielding 50.33 g (67%) of inter-
mediate dimer (DCG). Fifty grams of this compound was then
heated at 200 °C for 1 h under nitrogen in the presence of tetra-
butoxytitanium (0.2 wt %,), then at 200°C under vacuum (0.1
mbar) for 4 h. The resulting product (quantitative yield) was
analyzed without further purification.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

44220 (2 of 8)

Applied Polymer

SCIENCE

NMR Characterizations

"H NMR spectra were recorded on Bruker Avance 200 or 500
spectrometers at 200 or 500 MHz. '>C NMR spectra were
recorded on the Avance 500 spectrometer at 125 MHz, using a
5 mm inverse probe. Two-dimensional (2D) 13C-'H HSQC cor-
relation spectra were recorded on the Avance 500 spectrometer
through a phase sensitive gradient enhanced 2D HSQC using
echo-antiecho experiment (HSQCETGP sequence). The 2D
C-"H long-distance correlation HMBC spectra were recorded
via heteronuclear zero and double quantum coherence
(HMBCGPLPNDQF sequence). The samples were dissolved in
CDCI3/TFA solutions (2/1 vol/vol). Chemical shifts were refer-
enced to residual CHCl; peak (7.26 ppm, 'H) and to the central
peak of CDCl; (77.16 ppm, °C).

Thermal Properties

Differential Scanning Calorimetry (DSC) analyses were carried
out under nitrogen on a TA Instruments DSC Q2000 system.
The samples (15 mg) were heated from —80 to 200°C, then
cooled to —80°C and finally heated to 200°C (cooling and
heating rates: 10 °C/min). Melting and glass transition tempera-
tures (T, and T,) were measured from the second heating
curves.

Thermogravimetric analyses (TGA) were carried out on a TA
instruments Q50 system at 10°C/min under nitrogen atmo-
sphere from room temperature to 800 °C.

Size exclusion chromatography (SEC) analyses were performed
at 60°C on a column set consisting of two PSS GRAM 1000 A
columns (8 X 300 mm; separation limits: 1-1000 kg/mol) and
one PSS GRAM 30 A (8 X 300 mm; separation limits: 0.1—
10 kg/mol) connected to a Viscotek VE5111 injector, VE7510
pump and TDA 305 triple detector. DMF (containing 1 g/L
LiBr,) was used as eluent (0.8 mL/min). About 100 pL of fil-
trated polymer solutions in DMF (5 mg/mL) were injected. The
chromatograms were processed using the OmniSEC software
and PMMA standards (Polymer Laboratories) were used for the
calibration.

Tensile Properties

Tensile tests were performed at room temperature according to
ISO 527-2 using 5A-type dumbbell tensile specimens and a
T2000 mechanical testing machine (Alpha Technologies) operat-
ing at 50 mm/min. The specimens were molded on a Thermo-
Haake Minijet II injection molder set at 200°C with a mold
temperature of 75°C.

RESULTS AND DISCUSSION

In order to obtain polyesteramides based on e-caprolactone
(CL) and glycine or a-alanine, 50/50 mol/mol mixtures of CL
and amino-acid ethyl ester hydrochloride were first reacted with
NaHCOj; to deprotonate the hydrochloride, in the presence of
TBD to promote the ring opening of CL by the free amine of
the amino-acid ethyl ester (Scheme 1). The formation of long
PCL and poly(amino-acid) sequences is disfavored in these con-
ditions. The reaction was carried out at moderate temperature
(120°C) to avoid amine-ester interchanges and favor the forma-
tion of dimers (DCG and DCA). These compounds were
reacted in the presence of tetrabutoxytitanium at high
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Scheme 1. Synthesis of DCG (R =H) and DCA (R = CHj3) dimers and of
PCG (R=H) and PCA (R =CH3;) copolymers.

temperature (200°C) under vacuum to yield the corresponding
polyesteramides (Scheme 1).

The polycondensation step involves hydroxy-ester interchanges
with ethanol elimination. Hydroxy-amide and ethyl ester-amide
interchanges, which would lead to polyesteramide randomiza-
tion, are disfavored in these conditions.*” The polyesteramides
obtained from glycine and L-a-alanine are denoted as PCG and
PCA, respectively. The SEC results indicate that high-molar-
mass polymers were obtained, with a molar-mass dispersity
(M,,/M,,)) close to what can be expected for condensation poly-
mers (Table I).

NMR Characterization

In order to determine the microstructure and degree of ran-
domization of PCG and PCA, an in-depth knowledge of their
"H- and ">C-NMR spectra is required. Since there is not yet any
literature data on such polyesteramides, the various NMR peaks
were assigned with the help of 2D NMR "*C-'H HSQC and
HMBC experiments.

NMR Characterization of Glycine-Based Intermediate Dimer
DCG and Polyesteramide PCG. The 'H-NMR spectrum of
DCG (Figure 1) shows the expected resonances of mixed ester-
amide dyads (GC and CG) and only small signals corresponding
to CC (5¢cc) dyad (see Table II for dyad and triad structures and
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Figure 1. 'H-NMR spectrum of DCG (200 MHz, CDCIs/TFA 2/1 vol/vol,
ref 8(CHCl3) = 7.26 ppm).
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atom numbering). The signals at 4.10 and 2.35 ppm (lcc and
5cc), are relative to CC dyads present in CCC, CCG, and GCC
triads. The mixed ester-amide dyads give two signals: (i) 7cgc at
4.47 ppm, which corresponds to the methylene of glycine units
(Gly) connected to CL units in CGC triads and (ii) 5cg at 2.91
ppm, which correspond to the methylene of CL units connected
to Gly units in GCG and CCG triads. Two types of end-groups
appear in the spectrum: (i) Glycine ethoxy end-groups at 1.25
ppm (methyl resonance) and at 4.20 ppm (methylene reso-
nance) and (ii) CL hydroxymethyl end-groups at 4.34 ppm
(methylene 1’c). The signal at 2.66 ppm (5¢) corresponds to
unreacted CL that could not be eliminated during the purifica-
tion step due to the close solubility of dimer and CL in water
and common organic solvents. On the other hand unreacted
amino acid was eliminated during the reaction step, leading to
CL/amino acid ratio different from the theoretical one.

In the spectrum of final PCG (Figure 2), additional small peaks
appearing at 4.84 and 4.61 ppm (7ggg, 7cgg, and 7ggc, respec-
tively) correspond to GG dyads of polyglycine in GGG, CGG,
and GGC triads, showing that randomization of alternating
sequences took place to a small extent during the polycondensa-
tion reaction. The peaks corresponding to ethoxy end-groups
become very small and the peak of free CL disappear in final
PCG. On the other hand, the intensity of 5cc signal increases,
showing that unreacted CL present in the intermediate was con-
verted to PCL sequences during the polymerization step of reac-
tion (Table III).

While the ring-opening reaction of highly strained B-lactones
may occur both by alkyl-oxygen and acyl-oxygen cleavage in the
presence of nucleophiles,”” it is reported that larger ring, medi-
um strained lactones, such as e-caprolactone, only react via an
acyl-oxygen scission mechanism leading to the formation of alk-
oxides as growing species, alkyl-oxygen scissions being extremely

Table I. Size Exclusion Chromatography (SEC) and Thermal Analyses (DSC, TGA) of PCG and PCA: Mass-Average Molar Masses (M,,), Molar-Mass
Dispersity (D), Glass Transition Temperature (T,), Melting Point (T,,), Crystallization Temperature (T.), Melting Enthalpy (AH,,), and 5% Mass Loss

Temperature (7T;50,)

Polymer M,, (g/mol) Py T4 (C) Tm (°C) T. (°C) AH, (J/g) Ta5% (°C)
PCG 48,800 2.48 —42 41 19 18 284
PCA 78,400 2.21 -3 53 — 8 304
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Table II. DCG Trifluoroacetylated Triads and Corresponding Atom Numbering (C = CL Units and G = Gly Units)

Triads Structures and atom numbering
CCC 1cc  2c 3c 4c  5cc 6ce
_O‘(CH2)5_9_0_CHZ_Cﬂz_CHz_CHz_CHz_E_0_(CH2)5—§_
o] o
CCG F,c. 0
1cc  2c 3c  4c  5¢cg Bcg C
_O_(CH2}5_9_O_CHz_cHg_cHz_cug CHZ C_*N CHzf(u:f
@] O 0]
GCC F,c. O
¢ 1cg 2c 3¢ 4c  5ce 6Bee
—N—CHZ—9fo—cuz—cnrcrlrcnzfcurﬁ70—(CH2)5¢|:—
0] o
GCG .0 FiC. .0
F3C‘f|3' 19 2 3¢ d4c 5cg B0g ©
—N—CH,—C—0-CH,—CH,—CHp—CHp—CH,—C—N—CH,—C
GGG Fsc. -0 F;c. O F,c. -0
e ¢ 7999 8909 *C
—N—CH;—C—N—CH;—C—N—CH,—C—
CGG F.c. O Foc. -0
¢ 7egg 8egg’ €
—O—(CH2)5—(IZ|)—N—CH2—(I'T‘—N—CHZ—E:—
(o] (o] (o]
GGC F;;C .0 F,c. 0O
€ 7ggc 8ggc 5'c
—N —CHp—C—N—CH,~ c o- (CHg)s—C -0~(CHz)s—CH,-G-OH
(0] (0]
CGC FiC. .9
1'c € 7cge 8ege
HO —CH,—(CH2)4—G -0~ (CHz)s—C—N—CH,—C—0~(CHa)s—C
(@] o] (o] 0]

unlikely.**™** In the present case, however, the formation of a
small amount of CL carboxy end-groups (5'c) shows that a side
reaction involving alkyl-oxygen scissions takes place. This is
confirmed by the presence of two peaks, one at 3.49 ppm (1c*),
assigned to a methylene of CL unit in o position to a secondary
NH, and another one at 4.34 ppm (7g*), corresponding to a
methylene of Gly unit in a position to a secondary NH. These
peaks result from the reaction of glycine amine groups with a
methylene in a position to the alkyl oxygen of e-caprolactone
(alkyl-oxygen scission), according to Scheme 2.

The C-NMR spectrum of PCG (Figure 3) confirms the con-
clusions drawn from the '"H NMR study. The three resonances

T T T v T T T T T T
5 4 3 2 1 [ppm)

Figure 2. "H-NMR spectrum of PCG [500 MHz, CDCI;/TFA 2/1 vol/vol,
ref 8(CHCl;) = 7.26 ppm].
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at 160-180 ppm reflect the presence of: (i) ester carbonyls of
CC dyads (6¢cc) in CCC and GCC triads, (ii) amide carbonyls
of CG dyads (6¢g) in CCG and GCG triads and (iii) ester car-
bonyl (8cgc) in CGC triad. The signals of amide carbonyls of
GGG and CGG triads corresponding to polyglycine sequences
are not detected in the spectrum showing that alternating
sequences predominates in PCG.

In the 30-70 ppm range, the methylene carbons of CC dyads,
lcc and 5cc, are detected at 65.29 and 34.41 ppm, respectively.
The signals of CL units adjacent to Gly units (lcg and 5cg)
appear at 66.28 and 38.66 ppm, respectively. On the other
hand, the chemical shift of the methylene of Gly units (7g) is
not influenced by the nature of the other units linked to this

group.

Table III. Molar Fractions of CL Units in the intermediate Dimers (DCG
and DCA) and the Final Polymers (PCG and PCA) Obtained by integra-
tion of Corresponding Signals in the "H-NMR Spectra

Compound Free CL CcC CGor CA
DCG 0.700 0.082 0.218
PCG 0 0.715 0.285
DCA 0.556 0.085 0.359
PCA 0 0.356 0.644

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44220
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Scheme 2. Alkyl-oxygen scission of e-CL by glycine.
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Figure 3. ?C-NMR spectrum of PCG [125 MHz, CDCl3/TFA 2/1/vol/vol, ref §(CDCls) = 77.16 ppm].

NMR Characterization of a-Alanine-Based Intermediate
Dimer DCA and Polyesteramide PCA. In the "H-NMR spec-
trum of DCA (Figure 4, Table IV), the two signals 1ca and 5ca,
respectively, at 4.19 and 2.81 ppm, shows the presence of ester-
amide dyads (CA). The very small signal 5cc at 2.39 ppm corre-
sponds to CC dyads. In opposition to what observed above for
glycine units, the 'H-NMR chemical shift of a-Ala unit methy-
lene (7a) at 4.55 ppm, is not influenced by the nature of neigh-
boring groups (7aaa = 7caa = 7aac = 7cac = 7a). The signal at
2.68 ppm (5¢) corresponds to unreacted CL, as already dis-
cussed above in the case of DCG. Two types of end-groups
appear in the spectrum: (i) a-alanine ethoxy end-groups at 1.24
ppm (methyl resonance) and at 4.21 ppm (methylene reso-
nance) and (ii) CL hydroxymethyl end-groups at 4.35 ppm
(methylene 1'c).

In the spectrum of final PCA (Figure 5), the presence of
mixed ester-amide dyads is reflected by the signal at 4.16 ppm
corresponding to the methylene 1ca of CL units in CL-OCO-
Ala dyads and by two broad signals at 2.74 and 2.80 ppm
assigned to the methylene 5ca of CL units in CL-CONH-Ala
dyads. The presence of two broad signals for methylene 5ca
could reflect the racemization of L-a-Ala units during the
reaction. It should also be underlined that, contrary to what
observed above for glycine, the resonances of secondary amine
methylenes and of carboxymethyl end-groups are not detected
in the spectrum, showing in this case the absence of alkyl-
oxygen scissions. Like in the case of the reaction with glycine,

CH;CH 50-
y 9a
tiede 1ca,1cc
CHgCﬂiO-
7a
\_| si 5|C

the peaks corresponding to ethoxy end-groups become very
small in final PCA and the peak of free CL disappears. The
intensity of 5cc and 5ca signals, corresponding respectively to
ester-ester and ester-amide sequences, increases in final PCA
as compared with DCA dimer (Table IIT). It seems, therefore,
that unreacted CL present in intermediate DCA was converted
to CL-CL and CL-Ala sequences during the polymerization
step of reaction.

As expected, the '>’C-NMR spectrum of PCA (Figure 6) exhib-
its three resonances in the carbonyl region (160-180 ppm):
Ester carbonyls of CC dyads (6¢cc, 177.3 ppm), amide carbon-
yls of CA dyads (6ca, 176.5 ppm) and (iii) ester carbonyls of
mixed CAC triad (8cac, 170.9 ppm). The signals of the amide
carbonyl corresponding to poly(a-alanine) sequences (8aaa
and 8caa) are not detected in the spectrum, showing that
alternating sequences also predominate in PCA. In the 30-70
ppm range, the signals of CC dyads (lcc and 5cc, 65.8 and
34.5 ppm) and of CA dyads (1ca and 5ca, 66.7 and 38.5 ppm)
are easily assigned. As already observed for glycine, the "*C-
NMR chemical shift of a-Ala methylene (7a, 54.83 ppm) is
not influenced by the nature of the other units linked to this

group.

Microstructure. The experimental CL/amino acid molar com-
position of the two amino acid-based polyesteramides was
determined by integration of the corresponding 'H-NMR peaks:
5cc, 5cg, and 7g for PCG and 5cc, 5ca, and 7a for PCA
(Table V).

9a

2c4c

T T T 1 T T
5 4 3 2 1

Figure 4. "H-NMR spectrum of DCA [200 MHz, CDCI;/TFA 2/1 vol/vol,
ref 8(CHCl;) = 7.26 ppm].

ppm
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5 4 3 2 1
Figure 5. "H-NMR spectrum of PCA [500 MHz, CDCl5/TFA 2/1 vol/vol,
ref 8(CHCl;) = 7.26 ppm].

T
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Table IV. DCA Trifluoroacetylated Triads and Corresponding Atom Numbering (C = CL Unit and A = a-Ala Unit)
Triads Structures and atom numbering
CCC lecc  2c 3c  4c  5cc 6Bee
—0~(CHy)s—G—0~CHy~CH—CH,—CH,—CH,—C —0—(CHy)s~G -
o o o
CCA F.c. .0
lecc 2c 3¢ 4c 5ca 6ca ©
—0-(CHa)s—C—0-CHz—CHy—CHz—CH;—CHa -G —N—CH—G—
1] 1 | 1
o] o} CHs (0]
ACC Fsc. O
C ica 2¢ 3c 4c 5cc Bee
—N CH C O-CH,—CH,;— CHz_CHz'—CHz'—‘ﬁ"*O“(CHgk-(&*
CH3 O (o] 0]
ACA F.c. O FiC. .0
% ¢ fea 2 3¢ 4c 5ca 6ca (r:
—N—CH—C—0-CHy~CH,—CH,~CH~CH,—C —N—CH—(
CHy © 0 CHs
AAA FaC. -0 Fic. -0 FiC. -0
3 ? 2 ? 7aaa Baaa ° iC
~N—CH—G—N—CH—G——N—CH—¢—
CHy © QaCH3 = CHs
CAA FiC. FiC. O
3
? 7caa 8caa (|3
—0—(CHz)5—C—N —C]!H—E N _ﬁ:H_?_
o 9acH; © CHg
AAC FiC. .0 Fa.C. O
2 C * C 7aac 8aac 5'c
e CH—C—N CH—C—0— (CH2)5—C---0 (CHz)4—CH,~C~OH
CH3 0 o CH; o o
CAC Fic. 0
1'c ¢ 7cac geac

HO—CH,—(CHg)y—G---0—(CHy)s—C—N—CH—C—0—(CHp)s—G—
(0]

(0] 9a CH3 (o]

For PCG: CL/Gly =
For PCA: CL/a-Ala =

(ISCC +Ich) / (I7g) = 77/23
(156C+15Ca)/(17a):60/40

The degree of randomness, R, reflects the extent of randomiza-
tion in copolymers and is a key parameter for determining their
microstructure. R=0 for mixtures of homopolymers, R=1 for
random copolymers and R= 2 for perfectly alternating copoly-
mers. In the present case, R can be defined as the probability of
finding hetero-type CG or CA dyads (P, or P,) divided by the
product of the probabilities of finding the corresponding C and
G or A groups in polyesteramide chains (P. and P, or P,):

R= P/(P-Py) for PCG and R= P./(P.P,) for PCA P, P,

1ca

8cac
6ce

‘_t?ca
L

1ce 5ca

\_l

Py, P, and P, were determined by the integrations (I) of the
corresponding "H NMR resonances:

P 715cg/(15cg+15cc+17g) P.= (15cg+IScc)/(ISCg+ISCC+I7g)7
Pe= () / (Iscg F Ic ).

Pca_15ca/(15ca+15cc+l7a) Pc_ (ISca+IScc)/(15ca+15cc+I7a)u
(I7a)/(15ca+15cc+17a)~

The number-average sequence lengths, L. and L, or L,, defined
as the number of units of a given type (C, G, or A) divided by
the number of sequences of this type, that is, the number of
hetero-type dyads (GC and CG), are given by:

3¢ 4c

7a I_I 2¢c ’H %

5cc

PP A s b
(e Lt ad

LA L L L L L L L O L L Y LB

185 180 175 170 165 / 70

60 50 40 30 20 10 [epm!

Figure 6. ?C-NMR spectrum of PCA [125 MHz, CDCl;/TFA 2/1/vol/vol, ref 8(CDCl;) = 77.16 ppm].
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Table V. Experimental Molar Composition, Degree of Randomness (R),
and Number-Average Sequence Length (L, L,, L,) for PCG and PCA,
Based on '"H NMR Data

CL/amino acid

Polymer experimental R Le Ly La
PCG 7723 1.31 3.12 1.01
PCA 60/40 1.64 1.56 1.00

Ly=hg/ls; and Lc=(Isg+Isec)/Isg for PCG

Li=I /e and Lc=(Iscat+I5cc)/Isca  for PCA

As shown in Table V, PCA has a strong tendency to alternate,
with R=1.64 (2.0 for a perfectly alternating copolymer) and
number-average sequence lengths close to 1. On the other hand,
PCG presents a lower tendency to alternation. The higher L.
number-average CL sequence length in PCG is due to the
higher CL unit content.

The two polyesteramides (Table I) exhibit very different glass
transition temperature (T,) (—3°C for PCA and —42°C for
PCG). The short and rigid lateral substituent (methyl group)
present in PCA and not in PCG decreases the mobility of PCA
macromolecular chains and leads to a higher T, value. The two
amino acid-based polyesteramides have similar melting temper-
atures but PCG presents a crystallization peak at 19 °C in oppo-
sition to PCA. The lower melting enthalpy observed for PCA is
probably due to the partial thermal racemization of the amino
acid units during the synthesis.**°

Tensile tests were carried out on injection-molded specimens of
PCG (Table VI and Figure 7). The results were compared with
the previously synthesized random and quasi-alternating poly-
esteramides, synthesized from equimolar amounts of CL and -
alanine.** PCA was too fragile to allow the preparation of tensile
specimens, likely due to its low degree of crystallinity. For the
comparison of tensile properties of polyesteramides, four
parameters should be taken into consideration: microstructure,
molar mass, amino acid unit concentration, and number of
methylene groups in the amino acid unit. Although PCG has a
lower concentration in amino acid units than its alternating (-
alanine counterpart,® its higher molar mass and the lower
number of methylene groups of glycine with respect to B-
alanine leads to notably higher Young’s modulus and stress at
break for PCG. The difference is even greater between PCG and
the less organized random CL-B-alanine polyesteramide (Table
VI, Figure 7).

WILEYONLINELIBRARY.COM/APP
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20+
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Figure 7. Tensile curves of 1: PCG, 2: quasi-alternating CL-B-alanine pol-

yesteramide (PEA2-50/50%*) and 3: random CL-B-alanine polyesteramide
(PEA1-50/50%").

CONCLUSIONS

Two high-molar-mass polyesteramides (PCG and PCA) with a
strong tendency to form alternating sequences were synthesized
by reacting e-caprolactone with glycine or L-a-alanine ethyl
ester hydrochlorides in a two-step bulk reaction keeping the
extent of interchange reactions to a low level. Their structures
were fully characterized by 'H and '>C NMR. In spite of a lower
content in amide units, the glycine-based polyesteramide exhibit
a higher melting enthalpy than the L-a-alanine-based one,
probably due to the racemization of L-a-alanine units during
the synthesis. The glycine-based polyesteramide exhibits also
notably higher Young’s modulus and tensile strength than its
previously described quasi-alternating- and random {-alanine
counterparts.
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