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COIIOANMEPU3ALINA D, L-AAKTUAA U e-KAITPOAAKTOHA
B ITPUCYTCTBUU OKTAHOATA OAOBA(II) BKAYECTBE KATAAU3ATOPOB:
N3YYEHUE MUKPOCTPYKTYPbI COIIOANMEPA

C. B. KOCTIOK"-?

YBenopyccruii 2ocyoapemeennviii yuusepcumem, np. Hezagucumocmu, 4, 220030, 2. Munck, Berapyce
Y Hayuno-uccredosamensckuti uncmumym gusuxo-xumuueckux npoonem bI'Y,
yi. Jlenunepaockas, 14, 220006, 2. Munck, benapyce

HccnenoBana cononumepusanus ¢ packpbituem nukia D,L-naktuaa u e-xanposakrona B macce npu 130 °C u pas-
JMYHBIX COOTHOIEHMAX D,L-nakTnna u e-kanposakToHa, karanusupyemas Sn(Oct),. bbuto mokaszaHo, 4To HE3aBHCUMO OT
HCXOAHOTO COOTHOIICHUS COMOHOMEPOB CHHTE3WPOBAHHBIC COIMOIMMEPH! HAa HAYAIBHBIX CTaJNAX PEaKIHU 000TaIleHbI
D,L-makTuaom, 9To yKa3plBaeT Ha 00pa3oBaHKE IPaAHEeHTONON00HOTO cononuMepa. OTHAKO HHTCHCHBHOE TPOTEKaHNE
peakiuu nepeaTepruUKaK Kak BO BpEMsl TOJIMMEPH3AIIiH, TaK U B YCIOBHSX OTCYTCTBUSI MOHOMEpA MIPUBOIUT K Iepe-
pacrpeeieHu0 MOHOMEPHBIX TI0CIeI0BATSIBLHOCTEH 1 (HOPMUPOBAHUIO CTATUCTHYECKOTO comoiaumepa. CHHTE3HpPOBaH-
HBIC COITOJIMMEPHI XapaKTECPU3YIOTCS BEICOKOH MmomuancnepcHocThio (D > 2,0), koTopast Bo3pacTaeT MpH BBICPKUBAHUA
PEaKIIMOHHON CMECH B YCIIOBHSX HEOCTaTKa MOHOMEPA, UTO JIOKAa3bIBACT IMPOTEKAHHE peakiun nepearepudukarmm. O6-
pa3oBaHUE CITyYaifHBIX COTIONUMEPOB MOATBEPKAAETCS HATMIHEM TOIBKO OJHOTO 3Ha4YCHHUS 1, KOTOPOE TIOCTETIEHHO YBe-
JMYUBAETCA C pocToM cozepkanust D,L-1aktuaa B comommmMepe mpu Temreparype ot —48,6 no +33,3 °C s cooTHoIIe-
Huii D,L-naktuna u e-xarnponakrona B cornoiumepe 20 : 80 u 90 : 10 Mob/MOJIb COOTBETCTBEHHO.

Knrouesvie cnosa: nonmMepusanys ¢ packpeiTueM nukia; D,L-makTun; e-kanponakToH; okraHoat onoBa(ll); 6uome-
TpagrpyeMble COIIOTHMEPHI.

COPOLYMERIZATION OF D,L-LACTIDE
AND &-CAPROLACTONE USING TIN(II) OCTANOATE AS CATALYSTS:
AN INSIGHT INTO COPOLYMER MICROSTRUCTURE
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Sn(Oct),-catalyzed ring-opening copolymerization of D,L-lactide and e-caprolactone in bulk at 130 °C at different
D,L-lactide and e-caprolactone has been studied. It was shown that independent on the initial comonomers ratio, the syn-
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thesized copolymers are enriched by D,L-lactide at the early stage of reaction indicating the formation of gradient-like co-
polymer. However, the intensive transesterification reaction both during the polymerization and at the monomer-starved
conditions leads to the redistribution of the monomer sequences and formation of the random copolymer. The synthesized
copolymers are characterized by high polydispersity (D > 2.0), which raises when the reaction mixture was kept under
monomer-starved conditions that confirms the occurrence of transesterification. The formation of random copolymer is
confirmed by single 7, value, which gradually increased with the increase of the amount of D,L-lactide in the copolymer
from —48.6 to +33.3 °C for D,L-lactide and e-caprolactone ratio in copolymer of 20 : 80 and 90 : 10 mol/mol respectively.

Keywords: ring-opening copolymerization; D,L-lactide; e-caprolactone; tin(II) octanoate; biodegradable copoly-
mers.

Introduction

Among the biodegradable polymers, polylactide (PLA) and polycaprolactone (PCL) attract significant at-
tention due to they use for packaging applications as well as in biomedical and pharmaceutical field [1-3]. It is
well-known that PLA exhibits relatively high degradation rate (from months in vitro to several weeks in vivo)
and possesses good mechanical properties but suffers from its brittleness and stiffness [2; 4; 5]. In contrast to
PLA, PCL is semicrystalline elastic material at room temperature due to its low glass transition temperature (7,)
(T, (PCL) ~—60 °C), which is characterized by much lower degradation rate (about 1 year in vivo) as compared
to PLA [3; 6]. On the other hand, PCL is quite promising polymer for biomedical filed due to its remarkable
drug permeability [3]. Therefore, the copolymerization of lactide (both racemic D,L-lactide or stereoisomeric
L-lactide) with e-caprolactone allows to adjust the properties of the copolymer by tuning the commoner ratio,
monomer sequencing and the molecular weight and polydispersity providing by biodegradable copolymers
with desired (tuned) properties. For example, a number of copolymers of D,L-lactide with e-caprolactone was
synthesized using [OC(Me),CH,N(Me)CH(Me)CH(Ph)O]Ti(O'Pr), as catalyst, which provided much better
foaming in supercritical CO, as compared to neat polylactide [7]. Moreover, the porosity and pore size of the
obtained scaffolds could be easily controlled by the copolymer composition [7; 8].

However, despite the fact that rate of propagation of homopolymerization of e-caprolactone being typi-
cally much faster than that of lactide, the copolymerization of these monomers often leads to the preferential
consumption of lactide as compared to e-caprolactone as well to significant slowdown of the polymerization
process [9—11]. Therefore, the copolymerization of lactide and e-caprolactone may leads to formation of block
or gradient copolymers [11]. In addition, the copolymerization process is often accompanied by occurrence of
transesterification reactions, especially for the copolymerizations performed at high temperatures and in bulk
[9—-11]. During the last decade, the number of catalytic system based on Al complexes bearing bulky pheno-
xyimine [12], salalen type [13] or amidinate [14] ligands as well as complexes of Zn [15], La [16] and many
others [11] were shown to induce the statistical copolymerization of lactide and e-caprolactone. However,
there are no or little information about the structure of copolymer obtained in the course of Sn(Oct),-cataly-
zed ring-opening copolymerization of lactide and e-caprolactone in bulk. On the other hand, this catalyst and
conditions (polymerization in bulk, temperature >130 °C) is currently used for the production of polylactide
at the industrial scale [2].

This article is devoted to the investigation of bulk Sn(Oct),-catalyzed ring-opening copolymerization
(ROP) of D,L-lactide and e-caprolactone at different comonomer ratios. 'H NMR spectroscopy study of the
copolymer composition at different conversions indicates much faster consumption of the D,L-lactide at
the beginning of the reaction that should leads to formation of gradient copolymer. However, according to
'H NMR spectroscopy and DSC measurements the synthesized copolymers possess predominantly random
distribution of (co)monomers along the polymer chain at complete monomers conversion due to the transes-
terification reaction.

Experimental part

Materials. All manipulations were carried out using Schlenk vacuum line under dried argon atmosphere.
g-Caprolactone (>99 %) (Fluka, Germany) was dried over CaH,, distilled over CaH, under reduced pressure
and stored under argon. D,L-lactide (>98 %) (4ldrich, Germany) was recrystallized twice from toluene and
then dried in vacuum 5 h at 50 °C. Tin(II) octanoate (Sn(Oct),, 92.5-100 %) (Sigma-Aldrich) and benzyl alco-
hol (99.8 %) (Sigma-Aldrich) were dried over CaH, and then distilled under reduced pressure.

Characterization. Size exclusion chromatography (SEC) was performed on an Ultimate 3000 apparatus
(Thermo Scientific Dionex, Germany) with Agilent PL gel 5 um MIXED-C (300 x 7.5 mm) and one preco-
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lumn (PL gel 5 um guard 50 x 7.5 mm) thermostated at 30 °C. The detection was achieved by differential
refractometer (RI) as well as diode array detector (UV). Tetrahydrofuran (THF) was eluted at a flow rate
of 1.0 mL/min. The calculation of molecular weight and polydispersity was carried out using polystyrene
standards (EasiCal, M, from 580 g - mol™'; M,,/M, < 1.05) using Chromeleon software (Germany). 'H NMR
(500 MHz) spectra were recorded in CDCI, at 25 °C on a Bruker AC-500 spectrometer (Germany) calibrated
relative to the residual solvent resonance.

Differential scanning calorimetry (DSC) was performed using simultaneous thermal analyzer (NETZSCH
STA 449 F3 Jupiter®, NETZSCH, Germany), equipped with steel furnace, liquid nitrogen cooling system, and
TGA-DSC-Cp Type P sample holder. The measurements was performed in opened Al crucible and helium
flow. Data were recorded during the second run (from 120 to 200 °C) at a heating rate of 10 °C - min'. The
cooling rate between the first and a second run was also equal to 10 °C - min . The glass transition temperature
(T,) was given by the inflection point of the transition and melting point (7,,) was given as a maximum of the
corresponding peak. T, and 7, was performed using NETZSCH Proteus® 8.0 software.

Copolymerization. Copolymerizations were performed in Schlenk reactors equipped with a magnetic stir-
rer bar in bulk at 130 °C. The reactor was charged by required amounts of g-caprolactone, D,L-lactide and
benzyl alcohol and immersed into oil bath preheated to 130 °C. The polymerization was initiated by the addi-
tion of catalyst (Sn(Oct),). The samples were withdrawn from the reactor after predetermined time intervals
and subjected to "H NMR analysis for the determination of the monomer conversion as well as the compo-
sition of the copolymer. In a typical copolymerization experiments (20 mol % of e-caprolactone), the reac-
tor was charged by 5 g (0.035 mol) of D,L-lactide, 0.96 mL (0.009 mol) of e-caprolactone and 0.025 mL
(0.24 mmol/L) of benzyl alcohol. The polymerization was initiated by the addition of 0.04 mL (0.12 mmol/L)
of Sn(Oct),.

Results and discussion

The conversion of each monomer (D,L-lactide (LA) and e-caprolactone (CL)) as well as copolymer struc-
ture and composition was determined by 'H NMR spectroscopy. The 'H NMR spectrum of copolymer contai-
ning 60 mol % of LA and 40 mol % of CL is presented in fig. 1. The series of signals between 1.2 and 2 ppm
belongs to main chain protons of methylene group of CL (e) units and methyl group of LA units (d) (fig. 1,
table 1). In addition to these resonances, the signals correspond to CL—LA heterodyad appeared at 2.38 ppm
(c?), 4.13 ppm (b*) and 5.08 ppm (a°), while the signals of CL—CL and LA—LA homodyads were detected
at 2.30 ppm (c"), 4.05 ppm (b') and 5.21 ppm (a'), respectively (see fig. 1, table 1). Finally, the signals at
2.65 ppm (c”) and 4.21 ppm (b°) were assigned to methylene protons of CL, while the resonance at 5.04 (a")
was attributed to methine proton of LA monomer (see fig. 1, table 1).

Based on 'H NMR spectrum, the conversion of LA and CL (o, , and o, (in %) respectively), the average
sequence lengths of LA and CL units in a polymer chain (L, , and L, respectively), and randomness character
(RC) were calculated employing the following equations:
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where 4, is the integral of the signal at i shift.
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Fig. 1. "HNMR spectrum of PLA-co-PCL at low monomer conversions obtaining for initial LA/CL = 60/40 mol % ratio.
The superscript in the designation of signals indicates their belonging to the monomers (0), LA—LA or CL—CL dyad (1),
CL—-LA dyad (2) and to the end groups (3)

Table 1

The assignments of the signals in 'H NMR spectrum of copolymer
to corresponding structural units

Signal, ppm Description
5.17 PLA methine proton
5.21 LA —LA dyad methine proton
5.08 LA —CL dyad methine proton
5.04 LA monomer methine proton
4.21 CL monomer methylene protons next to OCO
4.10 PCL methylene protons next to OCO
4.13 CL—LA dyad methylene protons
4.05 CL—CL dyad methylene protons
2.65 CL monomer methylene protons next to COO
2.38 CL—LA dyad methylene protons
2.30 CL—CL dyad methylene protons
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F, , and F; are comonomer molar fractions, and F; |, is the LA—CL (or CL-LA) average dyad relative
molar fraction which were calculated using the following equations:

F = A5.17
LA )
A5.17 + 0'5(A4.|0 + A2.38 + A2430)
_ 0'5(A4.10 + A2.38 + A2.30)
CcL — ’
A5417 + 0'5(‘44.10 + A2.38 + A2430)
A, ,+A
FCL—LA _ 4.13 2.38

A5.17 + 0'5(A4.10 + A2.38 + A2.30) ‘

In addition to '"H NMR spectroscopy, all copolymers at close to complete conversion of both monomers
(LA and CL) were characterized by DSC. As it can be seen from fig. 2 and table 2, all synthesized copolymers
are characterized by one glass transition temperature (7,), which is decreased with increasing content of CL
in a copolymer chain. This observation indicates on the formation of random copolymer under investigated
conditions. It should be noted that 7, of polylactide is slightly lower than reported in the literature (44.3 vs
60 °C [2; 10]) due to the relatively low molecular weight (M, = 13 800 g - mol ") of polymer prepared in this
work (see table 2). Another interesting observation from fig. 2 is the presence of peak corresponds to melting
point (7)) of polycaprolactone on DSC curve of copolymer enriched by CL (PLA 10). However, the value of
T for PLA 10 is lower than for neat PCL (PLA 0) with similar molecular weight (44.5 vs 56.8 °C respectively)
(see fig. 2, table 2) indicating the presence of quite long polycaprolactone sequences separated by lactide units.

Table 2
Copolymerization of D,L-lactide and e-caprolactone*

LA/CL, . Conversion of LA/CL***, Mn (SEC), Mw/Mn ° ° S$eskk ok Sk sk ok sedkokok
mol % | Timeh iy a. cp*s o, mol % ¢ mol’ | (SEC) | T C|Tw C| Lix Leo™ | RC

1 95;0 100/0 13 800 — 44.3 - - - -
100/0

6 100; 0 100/0 12 100 2.33 - — - - -
90/10 6 98; 66 94/6 12 800 2.19 — — 16.8 1.2 0.922

24 98; 99 90/10 11 300 2.68 333 - 10.5 1.2 0.962
20/20 6 95; 27 89/11 17 100 2.23 - - 10.5 1.4 0.825

24 99; 98 80/20 14 700 2.54 20.5 - 5.3 1.3 0.960

6 99; 85 67/33 13 100 2.77 - - 34 1.7 0.885
60/40

24 100; 100 61/39 13 400 2.80 -2.3 - 2.7 1.8 0.931
40/60 6 98; 69 43/57 14 700 2.31 - - 1.9 2.6 0.908

24 100; 100 39/61 17 900 299 |[-278 - 1.5 2.4 1.072

4 96; 99 17/83 25 800 2.53 - - 1.0 4.8 1.216
20/80

8 99; 100 19/81 24 500 2.54 |-48.6 - 0.9 4.1 1.304
10/50 1.5 100; 73 11/89 26 200 2.36 - - 1.3 10.3 0.892

4 100; 99 10/90 25700 2.46 - 44.5 1.1 10.8 0.972

1 0; 98 0/100 11700 1.97 - - - - -
0/100

6 0; 100 0/100 20 700 2.76 — 56.8 - - -

*Copolymerization conditions: 7= 130 °C, [Sn(Oct),]/[BnOH] = 1 : 2.
**Conversion of D,L-lactide and g-caprolactone respectively.
*#*D,L-lactide and e-caprolactone monomer units content in copolymer determined by 'H NMR.
****Microstructure parameters obtained by 'H NMR.
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Fig. 2. DCS curves of polylactide (PLA 100), polycaprolactone (PLA 0) and

copolymers of D,L-lactide with e-caprolactone with different content of lactide in the
copolymer (PLA 10, PLA 20, PLA 40, PLA 60, PLA 80, PLA 90)

As we already mentioned above, all copolymers possess predominantly random distribution of (co)mono-
mers along the polymer chain at complete monomers conversion. However, as it can be seen from table 2,
D,L-lactide is consumed much faster than e-caprolactone that leads to enrichment of the copolymer by LA at
the beginning of the reaction. In addition, copolymers display higher length of LA sequences at the beginning
of the polymerization (4—6 h) as compared to end of the reaction (24 h). These data indicate that copolymers
should have gradient composition. On the other hand, the randomness character (RC) is close to unity for most
of the copolymers obtained in this work, although RC is slightly lower at the beginning of the reaction than at
the end of the process (see table 2). According to the literature, when RC — 0, the block copolymer is formed,
the random and alternating copolymers are generated when RC— 0 and RC — 2 respectively [17]. Besides, 7,
values were also calculated using the Fox equation:

1 Z w;
where T, is the glass transition temperature of copolymer, w;, the weight (%) content of monomer 7 in copo-
lymer, and 7, the glass transition temperature of homopolymer composed of monomer i. Figure 3 shows that
the experimental values correlate well with the theoretically predicted ones. These data support the random

distribution of the comonomers along the polymer chain. A

The relevant explanation of the observed discrepancy 60 L o DSC results
lies in the transesterification reaction, which plays key role — — — Fox equation
in the redistribution of the monomer sequences, thereby in-
fluence the copolymer microstructure [10]. The high values 30 t

of the polydispersity of the synthesized copolymers even at
incomplete monomer conversion (see table 2) indicate that
transesterification proceeds in the course of Sn(Oct),-cata-
lyzed the ring-opening copolymerization of LA and CL in
bulk. Moreover, the polydispersity also increases in con-
junction with approaching of RC value to 1 under mono- =30 r
mer-starved conditions (see table 2). Based on these results,
we can conclude that transesterification proceeds efficiently
even in the absence of monomer. Therefore, the keeping
the reaction system for the prolonged period of time under
monomer-starved conditions could be an efficient approach
to «randomize» the initially formed gradient-like copoly- Fig. 3. Variation of glass transition temperature (T,) of
mer. copolymers versus LA content

g

T,°C

-60 k . . . . L
0 20 40 60 80 100
LA content, %
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Conclusions

The Sn(Oct),-catalyzed ring-opening copolymerization of D,L-lactide and e-caprolactone in bulk is ac-
companied by much faster consumption of LA than CL that theoretically should leads to formation of gradi-
ent-like copolymer. This assumption is consistent with the enrichment of the copolymer by LA units at low
monomer conversions. However, the intensive transesterification reaction both during the polymerization and
at the monomer-starved conditions leads to the redistribution of the monomer sequences and formation of the
random copolymer. The random structure of copolymers synthesized at different LA/CL ratios (LA/CL from
10/90 to 90/10 mol/mol) was confirmed by the presence of single 7, values on DSC curves. The occurrence of
transesterification reaction is consistent with the high polydispersity of obtained copolymers as well as with
the increase of the polydispersity under monomer-starved conditions. Keeping the reaction system for the pro-
longed period of time under monomer-starved conditions could be an efficient approach to «randomize» the
initially formed gradient-like copolymer.
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