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Abstract: Conditions of the living homopolymerization etaprolactone (CL), lactides (LA), and of the homo-
oligomerization ofy-butyrolactone (BL) are briefly described. Thendd@nd random copolymerizations of CL
with LA are shortly reviewed. The microstructuretioé resulting copolyesters in relation to someuparties

of these processes is discussed in more detalalso shown that the otherwise 'non-polymeriZabledoes

form high molecular weight copolymers with CL, caiming up to 50 mol % repeating units derived frBn
Their molecular weight is controlled by the concatibns of the consumed comonomers and the starting
concentration of the initiator. NMR and DSC datdidate the random structure of copolymers. TGAdsaaf

the BL/CL copolymers show that the presence ofitbgybutyryl repeating units randomly distributedhim

the poly(CL) chains improves the thermal stabitifythe latter.

1. INTRODUCTION

Biodegradability of poly-caprolactone) (PCL), as well as biocompatibilifyte degradation products, is a
well-known phenomenoh? It was shown, however, that the half-life timeRgL (about 1 year) is too long for
some applications. For other aliphatic polyestachsas poly(L-lactide) (PLA), it is of an orderwéeksin
vivo2 On the other hand, PCL has some other advantadeaiuses, for example it is permeable for many
drugs in contrast to PLA. Also thermal and mechalrparameters of PCL and PLA are substantiallyedsfit®

Therefore, block or random copolymerizationeafaprolactone (CL) with lactides (LA) may lead toviae
range of polyesters, exhibiting various degradaltiehaviour, permeability, mechanical properties, et

The aim of the present paper is not to give a cetmgmsive review on CL copolymers but rather toudissome
particular problems, involved during copolymeripatiof CL with other cyclic esters, taking as exaaspl
L-lactide andy-butyrolactone.

2. HOMOPOLYMERIZATION OF ¢-CAPROLACTONE

Although the ring-opening polymerization of CL walseady described over half a century ago by Carsth
methods of fully controlled polymerization of thisonomer have only recently become availadfeThese
methods are based on covalent (pseudoanionic) goigation, proceeding on the multivalent metal zildes as
growing species, e.g.:

(o)
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(where Mt: -Zn, Al <, Y <, etc.)

The elementary reaction of the polyester chain ¢naan, formally, be shown as the nucleophiliccttaf the
alcoholate active species on the monomer estepgfollowed by the acyl-oxygen bond scission. lons,
presumably, are not involved in these polymerizegtiand the monomer addition proceeds via the ctatter
insertion into the metal-oxygen bond.
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The major side reaction in the CL polymerizatioamely the intramolecular (i.e. unimolecular)
transesterification (back-biting) leading to thedasired cyclic oligomers:

ker(1)

RO -['E(CHz)SO '}i'(":(CHﬂsOMt —
kn(1)

o 2

0
I 1
ROFC(CH)s0 Mt + ~[C(CH)s0] 25

is kinetically depressed with these growing speaiesd can be practically eliminated when the corceaditions
of polymerization are applied. For example, trisroalkoxide)aluminium active species (cf. (3)) are
particularly selective and providg = 0.50 mof" Ls™ andk,/k, as high as Tmol* L (THF, 20°C), as has been
measured recentfy. This means that at 99.99 mol% of the CL monomewession, for [CL} = 1.0 mol L,
less than 5x1®&mol% cyclic oligomers could be detected. Moreovéten an initiator reacting fast and
quantitatively is used, such as aluminium isoprigexrimer ({Al(O'Pr)s} 5,A3),**?the number average

molecular weight Mn) of the resulting PCL could be predlcted diredthm the feed composition, i.e.:
M,=114.14[CL}/[O'Pr], and its polydispersity inde: Mw/Mn) is equal to 1.03-1.18Schematically:

4YYY +

X)*’( f( L

(A3)

5y o
i.m'tiationv
propagation > 3

hydrolysis
—_—

()

(whereo ande denote the oxygen and aluminium atoms, respegti >~ the isopropyl groug = the PCL
chain: —+O(CH2)sC(0)4r)

3. HOMOPOLYMERIZATION OF LACTIDES

Polylactides are the most readily available andelyidised biodegradable thermoplastic matetfals.
Systematic studies on their synthesis have also s@eted by Carothet8The best results are obtained for the
pseudoanionic polymerization of the respectiveicytlonomer (L,L-LA, D,D-LA, D,L-LA or (D,D + L,L-
LA)),%9?*as in the polymerization of CL.
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Mt = Al<,Y<,-Sn<, -Ti<, etc.)

Stannous octoate (Sn@ctin(ll)2-ethylhex-anoate), used commonly as atiator (catalyst?) is not providing a
controlled polymerization of LA (see e.g. Ref. 2B)d aluminium trialkoxides appear to be the mostatde
and useful initiators for this purpose.

The intramolecular transesterification seems tofdewer importance in LA polymerizatiofi?®However, the
intermolecular transesterification, not changing tltumber of the growing macro-molecules but broaugtie
molecular weight distribution with monomer conversig), takes placé®?*?3

* g
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Mt-OCH—C-... + O=C CH; ——
| | \ | kt(2)
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This side reaction has recently been studied gagingly. The ky/k,) ratios were determined directly from the
M./M,, =f(a) plots for a series of multivalent metal-basedatbrs?***For example, Al(cPr); trimer belongs to
the most selective ones and is characterize#t sy 8.5x10° mol™* Ls™ andk,/k,=100 (THF, 80°C).

Another important feature of the LA polymerizatiarits reversibility, resulting in a relatively Iig
concentration of the unreacted monomer at equilibr{[LA],), particularly at the elevated temperatures, at
which LA is usually polymerized. It increases fr&mx10° to 1.5x10'mol L™ in the temperature range from 80
to 130°C (L,L-LA in 1,4-dioxane as a solveft).

4. HOMO-OLIGOMERIZATION OF y-BUTYROLACTONE

v-Butyrolactone, the five-membered cyclic esteydsally classified as a compound not applicableifay-
opening polymerizatioff which is sometimes incorrectly identified with iaability of BL to undergo the ring-
opening reaction at all.

On the other hand, a few reports in the literatane be found?**including our recent workshowing that BL

does form high molecular weight copolymeMn[= 10-10°) with other lactones, with up to 50 mol% of the
oxybutyryl repeating units.

Thermodynamic data for the selected, medium sizete$’****show that the entropy change during
polymerization (0S,")) is typically negative (see Table 1). Thus, thigidg force of polymerization is the
negative change of enthalpy\H,")), practically equivalent to the ring-strain (fmore details, cf. Ref. 17).
However, for BL,AH,” is even positive. This means thatigh molecular weight hompolymer of Bannot be
prepared at normal conditions, because the Gib&ggof the equilibrium:
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(II) Hc’o\
4 CHCHCH,COY= + O Cc=0

H,C /
~CH, (6)
0
L e "'—'(—CH2CH2CH2EO-)H—+I
is positive, for any real concentration of BL,i.e.

AG, = AH) — TAS? - RT n[BL} > 0 (7)

Drastic changes to the polymerization conditiony s@metimes shift the equilibrium (6) more to thght-hand

side. For example, under a pressure of 2xtt0 at 160°C, PBL wit/Mx up to 3.5x18was prepared® (and
thus obtained PBL was used in the thermochemicaksorements). More detailed analysis of the reversibility
of the polymerization indicates that particulathe ffirst addition differs from the next one, sirthe product of
depropagation is now a starting metal alcoholat@NR):

0

ko(0) I
ROM:t + BL === ROCCH,CH,CH,OM!

kdcny

0 . 0

I kp(i) 1 (8)

RO~ CCH;CH,CH,0; Mt +BL RO+ CCHy.CHCH0 3 Mt
kd(i+1)
{FBL) {PBL}+{

Indeed, a given equilibrium constant may differstabtially from these for the high molecular weighpéecies,
due to an influence of the head- and tail-end gsoMoreover the concentration term contributioth® Gibbs
energy:

AG;=AH)-TAS}+RT In[(PBL),,,]/[BL][(PBL),)
9)

in the very beginning of the BL ring-opening, wHéRBL)];> >[PBL]..; may outweigh a sum of the enthalpic
and entropic contributions and give eventuallyribgative value oAG. Therefore, even whexH%~0 as for the
reaction (8), the formation of short BL oligomessot forbidden thermodynamically.

Table 1: Comparison of the thermodynamic parameters of petigation ofy-butyrolactone, L,L-lactide anet
caprolactone

Monomer Monomer and AH,’(kJ mol™) AS,”(J mol't K™*) [Monomer]g4at 25°C(mol L) Ref.
polymer state$

y-butyrolactone lc 5 -65 2x10¢* 35
L,L-lactide s$ -22.9 -41.1 1.35x10° 27
e-caprolactone lc -28.8 -53.9 1.12x107 36

31 = liquid, ¢ = condensed, s = solutifin4-dioxane as a solvent, [L#&j 1 mol L2

This conclusion is in agreement with results fram @cent studié$on BL oligomerization initiated with
Al(O'Pr); trimer.*H and*’Al NMR, HPLC and MS measurements allowed for theposition of the reaction
scheme shown below in (10). Using MS withemlical ionization we observed the formatioB&i
oligomers withm up to at least 10.
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Thermodynamic analysis in terms of the simplifiechperature dependence of [B).].e.:

In[BL],, = AH/RT — AS/R (11)

applied to the equilibrium (8) gives valuesAd close to 0, for two different starting concentras®f BL(Fig.
1), namelyAH = 0.1 and -1.8 kJ mofor [BL], = 3.8 and 0.6 mol L, respectively ([BL],at a given temperature
was measured directly by thd NMR of the reacting mixtures). The resulting \edwfAH indicate the low BL
ring-strain, in agreement with the thermochemicahsurements reported previouSly.

Fig. 1: Reaction of Al(&Pr); trimer withy-butyrolactone. Dependence of the equilibripdutyrolactone
concentration ([BL]y) on the reciprocal of the absolute temperaturenditions: [Al(OPr)s] o = 0.2 mol L,
[BL], = 3.8 (#), 0.6 ) mol L*; benzene-gas a solvent’
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5. COPOLYMERIZATION OF ¢-CAPROLACTONE WITH LACTIDES INITIATED WITH AI(O  'Pr);
TRIMER

5.1 Block copolymerization

Both CL and LA can be homopolymerized in a livingmmer with Al(OPr); as an initiator, providing that the
reactive, trimeric form of Al(@r)is used*™*?°The involved active species have, exclusively sthecture of
the aluminium tris-(macroalkoxide)s. Therefore sieguential polymerization of CL and LA initiatedtiviA;
should lead to the respective block copolymers.

Indeed, this is the case when CL is polymerizest {see (12)). The initial problems with the noraqgtitative
initiation by Al(OPr); during formation of the PCL homoblo€ihave been resolved more recefitlyy using
pure, isolated Ainstead of the mixture containing the unreactiael{e conditions of CL polymerization)
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tetrameric aggregate gA*C NMR spectra of thus prepared poly(B4L-A) exhibit only two signals of the >C
= O group, corresponding to the PCL and PLA homeitdd173.5 and 169.5 ppm, respectively; CHiEl22°C).

GPC traces show mono-modal molecular weight digidin curves, givingMn (with laser light scattering

detection) close to that calculated on the bastee@feed compositiorMa= (114[CL}, + 144([LA]o) -

[LA] ¢9)/[O'Pr]o. Moreover, during the time required for the secoathonomer conversion no transesterification
was observed. Thus, the pure block CL/LA copolynvezse formed® Only later on, when the living copolymer
was kept for a longer time, do the nE@ NMR peaks appear.

0O
. t. THF .
{AlOiPr),}, + nCL Rl 3Al{-[-0(CH1)5£|J 1mO'Pr} 3

0
I |
CH,

0
i e P
Dydrolysis g HEO(CHME +#0$Hé+qomr

CH;
poly(CL-4-LA)

Apart from A, only the recently applied yttrium alkoxid@seem to allow for the similar control of the
microstructure and molecular weights of the CL/Ldpolymers. Another possibility of preparation of 6L
block copolymers provides polymerization startemhfrthe hydroxytelechelic PCL homopolymers (PCL-QHl)
the chain-transfer agerits®?

Attempts for the application of the reversed segaef the comonomers addition, i.e. to polymeri2eficst, in
order to prepare poly(LA-CL), create some problems. First reports (e.g. &, have even claimed that CL
does not polymerize at all, at the covalent alcateothain-end of PLA. More recent restiltsave revealed,
however, that the living PLA does initiate CL polgrization. The latter polymerization is much slowean CL
homopolymerization. The rate constant of the CLsemnption in block copolymerization measured at 80%C
equal to 2.5x18mol™ Ls?, whereas for homopropagatikn= 6.2x10' mol™* Ls* at 25°C (THF solvent}’
Reasons for this difference in CL consumption ratitisbe discussed below, in the section descrildmgndom
copolymerization.

Moreover, analysis of tHeC NMR spectra of the resulting poly(L&e-CL)s, recorded at various degrees of CL
consumption, exhibits the PLA block length decnegsind randomnization of the copolymer microstrietu
Eventually, after complete CL incorporation, we etved theC NMR pattern characteristic for the random

copolymers, i.e.:

800C THF
—_—

. o
{AUOiPr)), + mLA AL OCHC $,0iPe)
CHy
4 R
L 80 ,
_PCL _ 800C, THF SAIHFOCHC 15t O(CHISC 1 0Pe)
CH, (13)
0
hydrolysis Il ] .
A SHAHOCHC O(CHy)sC ), 0P
H;

poly(LA-co-CL)
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At least two phenomena may give such a result, hathe presence of the unreacted LA comonomer at
equilibrium (pronounced depropagation) and tramséisation (bi- and/or unimolecular).

5.2 Random copolymerization

When a mixture of two comonomers, differing veryahnin the homopropagation rates, is polymerized we
usually expect the formation of a copolymer contajriwo homoblocks, separated by the short tappered
copolymer sequence, with the 'faster' comonomempetized first.

This is the case in CL/LA copolymerization. Reaietivof the comonomers differ considerably, accaydinthe
determined rate constarit¥:**3¥or example, in THF as a solvent at 23¢(CL) = 0.62 mof'Ls™, ko(LA)
= 7.5x10° mol™* Ls™.

Contrary to expectations, polymerization of a migtaf CL and LA starts from the lactidyl blocks rfication.
Only when the LA monomer is being exhausted does@iarently start to polymerize but still with ttate
well below that of the CL homopropagatidf:** Analysis of this situation in terms of the copobization
kinetic scheme:

ml* + M| _ mlml*

mlt + M2 mlmz*

K a4
* 21 *
my + M, — mm

mz* + M7_ mzmz*

k-2,

(where M stands for CL and Mfor LA) requiresr, > >r4, what with the conditiotk;,> > ko, gives:kyo> >k 1
andk,> >k, (for the sake of simplicity we omit a reversibility the LA propagation). Thus, both active
species, i.e.: ...-C(O)CH-(GMDAI and ...-C(O)(CH)sOAIl< react much more rapidly with LA than with Cln
a similar way kinetic behaviour of the styrene/bligae system has been rationaliZed.

Additional explanation needs low CL polymerizati@ate after LA exhaustion. It may be sufficient tkgtk,;.
However, intermolecular transesterification taklexe and nt prefers to react with the foreign ....,mym,-...
than with the parent .....m;m;-... homoblock, i.e. the cross-transesterificatiominates, e.g.:

coom M L —mommp — ... — ... — Mym;}
+ ... mims — ...

(15)

increasing concentration of active specig$ Analysis of the?’Al NMR spectra of the Al(@Pr)y/ CL/LA
polymerizing mixture confirms these conclusidh3he final microstructure of the copolymer prepaseatting
from the equimolar CL/LA mixture, indicates the dam arrangements of the lactidy] artdxycapryloyl units,
as deduced from tH&C NMR spectr&:**

These observations are also consistent with thesepdescribed in the previous section, of thelb®@k/LA and
LA/CL copolymerizations.
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6. RANDOM COPOLYMERIZATION OF €-CAPROLACTONE WITH y-BUTYROLACTONE
INITIATED WITH Al(O 'Pr); TRIMER

BL is able to form linear oligomers. In order tgpext the possibility of high copolymer formationtivother
comonomers, it is sufficient that it can form aelim dimer.

In the copolymerization scheme (14) let the comaoseni, and M stand for CL and BL, respectively (ikes>
>k,2?)- BL can be introduced into the polymer chain in¢hess-propagation processes, particularly when
ko1''>k o Apparently, this condition is met in the copolyimation with CL, initiated with A

Although in the literature there are some datahenBL copolymerizatioR®>? our work reported the fully
controlled process for the first tinfiéPoly(CL-co-BL)s, with molecular weights up to 3XI1{Ma) and containing
up to 50mol% of the-oxybutyryl repeating units, were prepared. TIMn could be calculated from the

concentrations of the consumed comonomers @bH [BL]:) and the starting concentration of the alkoxy
groups in the initiator:

M, = (86.09[BL]_ + 114.14[CL])/3[Al(O' Pr);],
+60.10
(16)

These theoretic:Ma values were in close agreement vM, measured by GPC (laser light scattering
detection), osmometry arlti NMR end-group analysis.

ionization

A; + mBL + aCL propagation
(n

I i .
SAUGO(CH 1CHfO(CH)sC 1 OiPr) s ——

0 (0]
, f I i
hydrolysis 9 H{O(CH,):C -}p—fO(CHgbC ']"q")—r O'Pr

poly(CL-co-BL)

Using**C INVGATE NMR we elucidated a microstructure of tiesulting procedure. Signals of the carbonyl
atoms are known to be particularly sensitive tausege effectd® Fig. 2 shows th&C{*H} NMR spectra (100
MHz with respect td°C) of PCL and poly(Cleo-BL). Triad CLCLCL absorbs at the lowest fielk(174).
Integration in Fig. 2(b) gave an 8:1:1 intensitiiador the peaks A:B:C, respectively. Remembetimat 11
mol% ofy-butyryl units are introduced, the following assiggnts can be made: peak® (173.79 ppm) is due
to the BLCLCL or CLCLBL triad, whereas peak &< 173.24 ppm) to the CLBLCL triad. Since CLCLCL is
structurally closer to BLCLCL than to CLCLBL, pe8kcorresponds rather to the CLCLBL triad. Thusalfiyt
peaks A, B and C can be related to CLCLCL + BLCLCILCLBL and CLBLCL triads, respectively.

Analogously, for the copolymer containing 43 mol%tee oxybutyryl units (Fig. 2(c)): peak A €174 ppm)
can be ascribed to CLCLCL + BLCLCL, peak &(173.56 ppm) to CLCLBL + BLCLBL, peak @€ 173.32
ppm) to CLBLCL (C1) + BLBLCL (C2), and peak D= 173.15 ppm) to CLBLBL (D1) + BLBLBL (D2) triads.

The™C NMR spectra analyses indicate a rather randamatsire of the CL/BL copolymers and the DSC data
given in Fig. 3 support this conclusion, @ecreases continuously wigkoxybutyryl units content butglis only
slightly affected by the copolyester compositiortetestingly enough, for 0.43 mol% of thexybutyryl units
content, T, of the copolymer is as low as 26°C. TGA analyBig.(4) exhibits only a slight improvement of the
poly(CL-co-BL) thermal stability with the BL-derived unitsdrease.
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Fig. 2: *C{*H} spectra (>C = O group absorption range) of tiemlated poly(CL-co-BL) containing (in mole
fraction) O (a), 0.11 (b) and 0.43 (g)oxybutyryl units. Chloroform-d as a solvént.

A
@ A
® “ b i
ci1
D1
r T 1 T

174.5 1740 1735 173.0 1728

«——— §inppm

Fig. 3: Dependence of melting pointsJTand glass transition temperatureyDf poly(CL-co-BL) on the-
oxybutyryl units content (DSC measurement, seceatirty run)*®
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Fig. 4: Thermogravimetric analysis of poly(CL-co-BL). Caritef they-oxybutyryl units (in mole fraction): 0
[....],0.11 [----],0.43[—].*"
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