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Abstract 

A diamino-bis(phenolate) yttrium amide complex, 1, was used as an initiator in the ring-opening 

copolymerization of rac-lactide (rac-LA) and rac-β-butyrolactone (rac-β-BL) in toluene at 

ambient temperature. Copolymers were prepared across a wide composition range (10 – 89% LA 

content) and the copolymer composition closely matched the monomer feed ratio. The copolymers 
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had Tg values ranging from 3.8 °C (for a copolymer with 10% LA content) to 44.0 °C (for a 

copolymer with 89% LA content). Tm ranged from 132 – 144 °C for copolymers with LA 

composition 48 – 10%.  The copolymer microstructure was determined using 1H and 13C{1H} 

NMR spectroscopy of copolymers and through reaction monitoring by NMR spectroscopy. This 

revealed that no BB diads are formed in the copolymer in the presence of any rac-LA monomer, 

even at very high concentrations of rac-β-BL. However, when [LA] = 0, rac-β-BL is rapidly 

polymerized. The copolymers thus have a microstructures consisting of two distinct regions, one 

containing both LA and BL units in an even distribution and one solely BL or LA units, depending 

on the monomer feed ratio. 

Introduction 

The last two decades have seen a surge of interest in biodegradable polymers and copolymers as 

concern increases about the use of non-renewable resources in plastics and the persistence of 

plastic waste. Poly(lactic acid) (PLA) is one such material and is currently produced 

commercially,1 with uses ranging from packaging2 to biomedical3 and agricultural applications.4 

It derives from lactic acid, which can be produced by microbial fermentation of carbohydrates.5 

The most convenient route to PLA (and the one used commercially) is via the metal-initiated ring-

opening polymerization (ROP) of lactide (LA), the cyclic dimer of lactic acid.6–8 The stereocentre 

in lactic acid means that LA can exist as the (R,R)-, (S,S)-, or (R,S)- isomer, with racemic-lactide 

(rac-LA) being a 1:1 mixture of (R,R)-LA and (S,S)-LA.5 This presence of a stereocentre means 

there is the potential for control of polymer tacticity through judicious design of the metal 

initiator.9–11 The properties of PLA can be markedly improved through formation of 
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stereocomplexed material,12,13 although properties such as low melt strength and poor gas barrier 

properties limit its general applicability. 

 Poly(hydroxyalkanoate)s (PHAs) are another family of thermoplastic polyesters, the most 

common of which is poly(3-hydroxybutyrate) (P3HB). Naturally occurring P3HB is produced by 

bacteria and algae.14–16 It is a fully isotactic, highly crystalline material with a high melting 

temperature (180 °C), which has been proposed as a sustainable alternative to isotactic 

poly(propylene) due to similarities in some mechanical properties. However, it is very brittle and 

its decomposition temperature is close to the melting temperature, which makes processing a 

problem.14 A convenient alternative route to P3HB is the metal-initiated ROP of rac-β-

butyrolactone (rac-β-BL), a 4-membered lactone. Since this monomer contains a stereocentre it 

again offers the opportunity for stereocontrol in the polymerization, to produce either isotactically 

or syndiotactically enriched polymer as opposed to atactic material.11 

Yttrium and lanthanide amine bis(phenolate) complexes have been extensively explored in the 

homopolymerizations of rac-LA,17–30 and rac-β-BL30–32 and related 4-membered lactones.19,33,34 

This family of complexes, and, in particular, the yttrium analogues, have been shown to exert 

exceptional stereocontrol in polymerization reactions, generally producing highly heterotactic 

PLA and syndiotactic P3HB.35 In addition, they are able to mediate reactions in a controlled 

manner, producing polymers with predictable molecular weights, based on the monomer to 

initiator ratio, and very narrow dispersities. Use of a chain transfer agent enables the 

polymerizations to be immortal, without loss of molecular weight control or stereocontrol.36–38  

Whilst control over polymer tacticity offers an attractive route to tailor polymer properties, there 

are limits to the range of properties that can be accessed. Another method to control and modify 

the mechanical and thermal properties of polymers is by copolymerization of two or more 
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monomers. This enables the combination of monomers whose constituent homopolymers have 

very different properties to prepare a copolymer with the most desirable of each homopolymer’s 

properties. Properties can then be tailored by variation of composition and monomer sequence, as 

well as tacticity and molecular weight. Block, gradient and random/statistical copolymers are all 

possible and have the potential to exhibit different properties for the same monomer combination. 

There are relatively few examples reported of the copolymerization of rac-LA and rac-β-BL, 

especially when compared to other monomer combinations such as ε-caprolactone and lactide.39  

Metal-initiated LA and β-BL copolymerization has been reported using complexes incorporating 

tin,40 magnesium,41 aluminium,42–45 hafnium,46 indium,47,48 zinc49 and copper.50 One study has 

been conducted using a salan-supported yttrium complex (salan = N,N’-dimethyl-N,N’-bis[(3,5-

di-t-butyl-2-hydroxy- phenyl)methylene]-1,2-diaminoethane).51 Fagerland and co-workers 

investigated the copolymerization of (S,S)-LA, (R,R)-LA and rac-LA with rac-β-BL at various 

temperatures.43 The conversion of rac-β-BL was always lower than that of rac-LA and kinetic 

studies showed that the rate of rac-LA polymerization was higher than that of rac-β-BL. 

Whilst these studies have highlighted the potential of well-defined metal complexes as single-

site initiators of rac-LA and rac-β-BL copolymerizations it is notable that in almost all cases, the 

reactivity of rac-LA is far higher than that of rac-β-BL, leading to either gradient or blocky 

microstructures. Additionally, to the best of our knowledge, there have been no reports of the use 

of yttrium amine bis(phenolate) complexes in the copolymerization of rac-LA and rac-β-BL to 

date. 

In this contribution, we report the copolymerization of rac-LA and rac-β-BL under mild 

conditions at a range of feed ratios, initiated by an yttrium complex. The microstructure, molecular 
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weight data and thermal properties of the poly(BL-co-LA) copolymers are presented and new 13C 

NMR assignments for copolymers are proposed. The mechanism of copolymerization is discussed. 

 

Results and Discussion 

We were interested in exploring yttrium amine bis(phenolate) derivatives in the 

copolymerization of rac-LA and rac-β-BL. In particular, given that all previous studies have found 

that rac-LA reactivity is much higher than rac-β-BL reactivity in copolymerization reactions, we 

sought an initiator with high activity in rac-β-BL homopolymerization. The two obvious sites to 

make structural alterations in amine bis(phenolate) ligands are at the ortho (and para) positions of 

the phenol groups and the N(CH2)2X chelating bridge. It is known that use of C(CH3)2Ph groups 

in the ortho position of amine bis(phenolate) ligands lead to increased rates in rac-β-BL 

homopolymerization vs less sterically bulky groups.52 In rac-LA homopolymerization, it has been 

observed that increasing steric encumbrance around the active metal centre reduces reaction rate.30 

Additionally, it was recently found that the axial NMe2 bridgehead gave systematically more active 

initiators than complexes with an OMe bridgehead in the ROP of rac-β-BL derivatives.34 

Therefore we reasoned that combining these two features (as in 1) should provide an initiator with 

enhanced activity in rac-β-BL ROP vs rac-LA ROP and provide copolymer structures that 

deviated from a blocky microstructure. The strategies of selecting an initiator with high reactivity 

towards the homopolymerization of the less reactive monomer to enable more favourable 

competition between monomers in copolymerizations53 and use of bulky substituents in the 

coordination sphere of the metal to reduce the coordination ability of LA54,55 have both been used 

successfully in LA/ε-caprolactone copolymerizations to favour the formation of statistical 

copolymers. 
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 Complex 1 was prepared in a protonolysis reaction between ligand H2L and 

Y(N(SiHMe2)2)3(THF)2, following a literature procedure (Scheme 1)30 and characterized by 1H 

and 13C{1H} NMR spectroscopy. The activity of 1 in the homopolymerization of rac-β-BL and 

rac-LA ROP has not been previously reported so these reactions were explored first to establish a 

baseline for copolymerization studies. Reactions were conducted in both THF and toluene in order 

to determine the best solvent for copolymerization reactions. 

Scheme 1: Synthesis of 1. 
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There was a marked difference in activity and stereoselectivity observed for 1 in the 

polymerization of both monomers in THF and toluene. The conversion of 400 equivalents of rac-

β-BL by 1 in toluene ([M]0 = 2 M) at ambient temperature was complete within 3 min, whilst in 

THF the same reaction required 16 h to reach just 44% conversion. Similarly, the tacticity of the 

poly(3-hydroxybutyrate) formed was highly syndiotactic in toluene (Pr = 0.85), with a significant 

drop in syndiotacticity in THF (Pr = 0.73). These observations are in line with those found 

previously for other amine bis(phenolate) supported lanthanide complexes,31,32 and we attribute 

the lower reactivity in THF to the coordinating solvent competitively coordinating to the metal 

centre. On the other hand, the polymerization of 200 equivalents of rac-LA by 1 ([M]0 = 1 M) at 

ambient temperature proceeded at similar rates in toluene and THF, requiring 4 h to reach complete 

conversion. Whilst in THF the polymer formed was almost perfectly heterotactic (Pr = 0.99), in 
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toluene the polymer only had a slightly heterotactic bias (Pr = 0.60). Again, this large difference 

in stereoselectivity has previously been reported for similar initiator systems23 and is believed to 

arise due to THF coordinating to the metal centre. Due to the very large difference in reactivity of 

rac-β-BL with 1 in THF vs toluene, it was decided to use toluene as the solvent for 

copolymerization reactions. However, the solubility of rac-LA in toluene is much lower than in 

THF. Consequently, some of our studies have been conducted in dichloromethane, in which 

similar behaviour of the monomers to toluene is observed. 

ROP reactions were performed in solution on mixtures of rac-β-BL and rac-LA, initiated by 1 

at ambient temperature (Scheme 2). A full range of feed ratios were investigated. Quantitative 

conversion (assessed by 1H NMR spectroscopy of quenched polymerization reactions) of 400 

equivalents of monomer was achieved in all cases within 4 h for [M]0 = 2 M. The time required to 

reach full monomer conversion increased as the ratio of rac-LA increased; ranging from 30 min 

for β-BL:LA = 90:10 to 4 h for β-BL:LA = 10:90. These times are in line with those found for 

homopolymerizations and underline the high activity of 1 as an initiator in rac-β-BL ROP. After 

work-up the polymers were dissolved in the minimum volume of chloroform and precipitated from 

cold methanol. Crude yields were generally >90% and yields after precipitation ranged from 47-

98%. Some of the copolymers adhered to the filter paper during precipitation, meaning not all 

polymer could be recovered. This accounts for the low yields in some cases. We confirmed through 

work-up of the filtrates that significant amounts of soluble polymer fractions were not being lost 

through the precipitation process. 

 

Scheme 2: Ring-Opening Copolymerization of rac-β-BL and rac-LA initiated by 1. 
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The microstructures of the copolymers obtained were determined using 1H and 13C{1H} NMR 

spectroscopy. The 1H NMR spectrum was assigned according to previous literature reports (a 

typical spectrum is shown in Figure 1).40,43 The molar composition of the poly(BL-co-LA) 

copolymers was determined by relative integration of the methylene CH2 signal of BL units and 

the methine signals of both BL and LA units (where LA refers to a “lactate” unit, -

OCH(CH3)C(O)-, i.e. half a LA monomer; BL refers to a butyrate unit, -OCH(CH3)CH2C(O), 

Table 1). The polymer composition matched the feed ratio very closely indeed, showing that 1 is 

a rapid and efficient initiator for the copolymerization of mixtures of rac-β-BL and rac-LA to 

full conversion. The 1H NMR spectrum also allows for determination of the percentage of BB 

homodiads and BL heterodiads (where BB refers to a BL unit adjacent to another BL unit; BL 

refers to a BL unit adjacent to a LA unit), by comparison of the integrals of the BL unit 

methylene signals. A multiplet centred around 2.75 ppm arises from BL diads whilst another 

centred at 2.46 is due to BB diads.40,43 Up to a composition of 50% LA in the copolymer, the 

percentage of heterodiads approximately matches the molar percentage of LA units in the 

polymers. Then, for LA ≥ 70% there are no BB homodiads detected by 1H NMR in the 

copolymers, i.e. all BL units lie next to a LA unit. The fact that there are heterodiads present in 

the spectra of all copolymers also confirms that copolymerization, rather than 

homopolymerization, has occurred. 



 9 

 

Figure 1: 1H NMR spectrum (400 MHz) of a poly(BL-co-LA) copolymer (52% BL molar 

composition) in CDCl3 showing the assignment of signals. 

Table 1. Microstructural Data for the Ring-Opening Copolymerization of rac-β-BL and rac-LA 

initiated by 1.a 

Entry LA:BL 
molar 
feed ratio 

Polymer composition 
(LA:BL molar ratio)b 

Ratio of BL:BB 
diadsb 

Triad Ratiosc 

 

BLL LLL LLB XBXd 

1 10:90 10:90 10:90 7 0 15 78 

2 20:80 20:80 18:82 15 7 22 57 

3 30:70 29:71 26:74 22 8 28 42 
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4 40:60 39:61 40:60 26 10 37 27 

5 50:50 48:52 54:46 34 14 35 17 

6 60:40 61:39 83:17 40 17 40 3 

7 70:30 67:33  100:0 43 20 37 0 

8 80:20 77:23 100:0 48 26 26 0 

9 90:10 89:11 100:0 55 35 10 0 
a Reaction conditions: Total monomer amount of 4 mmol in toluene (2 mL) at room temperature, 
with ([BL]0 +[LA]0)/[Y] = 400. Reaction time 1 h. b Determined from 1H NMR spectra. c 

Determined from 13C NMR spectra.40 d BBB+BBL+LBB+LBL 

 

Quantitative 13C{1H} NMR spectra of the copolymer samples gave greater insight into the 

poly(BL-co-LA) microstructure. The CO, CH, CH2 and CH3 regions of the spectrum contained 

signals for the relevant C atoms that can be assigned to various diads and triads of BL- and LA-

containing sequences, as reported previously (Figure 2),40 although this contribution used (R)-β-

BL and (S,S)-LA. Our spectra were rather more complex, which we attribute to the racemic 

nature of the monomer pool and the fact that the carbon atoms in both PLA and P3HB are 

additionally sensitive to the relative stereochemistry of surrounding monomer units to at least a 

tetrad56–58 and diad level,59 respectively. The methine region was the most useful, since the CH 

nuclei are sensitive to their environment at a triad level. Thus, it was possible to identify and 

compare the integrals of signals arising from B-centred triads (BBB, BBL, LBB, LBL), LLB, 

LLL and BLL triads (Table 1). Copolymerization reactions were conducted with (S,S)-LA in an 

attempt to simplify the copolymer 13C NMR spectra. However, the 13C NMR spectra for 

copolymers were identical to those obtained using rac-LA across a full range of monomer feed 

ratios, indicating that some epimerization of the LA monomer was occurring. This persisted in 
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dichloromethane and was also evident in (S,S)-LA homopolymerizations in toluene and 

dichloromethane. We therefore did not pursue the use of (S,S)-LA as a monomer for this study. 

 

Figure 2: 13C{1H} NMR spectrum (175 MHz) of a poly(BL-co-LA) copolymer (52% BL molar 

composition) showing the assignment of signals according to literature.40 The various monomer 

sequences are labelled at either diad or triad level (L = LA unit, i.e. 0.5 lactide; B = BL unit). 

The molecular weights of the polymers were determined by GPC using the MALLS (multi-angle 

laser light scattering) detection method (Table 2). Each polymer had a monomodal molecular 

weight distribution, again confirming copolymerization of the monomers. There is a tendency 

towards lower molecular weights for copolymers with greater proportions of LA. A possible 

explanation for the low Mn values is the fact that a MALLS detection method was used and a dn/dc 



 12 

value was calculated for each copolymer. An average dn/dc value, calculated based on the dn/dc 

values of the constituent homopolymers, was used. However, the particular behaviour of the 

copolymers in solution could mean these values are inaccurate, which would in turn lead to 

deviation from theoretical Mn values. Polymer dispersities were low to moderate, ranging from 

1.16 – 1.42, compared to values of 1.07 (P3HB) and 1.12 (PLA) for reference homopolymers 

(Table 2, entries 1 and 9). 

Table 2. Molecular Weight Data for the Ring-Opening Copolymerization of rac-β-BL and rac-

LA initiated by 1.a 

Entry Polymer 
composition 
(LA:BL molar 
ratio)a 

Crude 
Yield (%) 

Precipitated 
Yield (%) 

Mn (Calc)
b 

/g mol-1 
Mn (Expt)

c /g 
mol-1 

Ɖc 

1f 0:100 98 e 17200 24400 1.07 

2 10:90 99 59 36720 36720 1.42 

3 20:80 99 83 39040 40250 1.35 

4 29:71 96 76 41128 41360 1.41 

5 39:61 97 75 43448 39700 1.29 

6 48:52 99 69 45536 38950 1.16 

7 61:39 78 53 48552 25850 1.26 

8 67:33  98 98 49944 31640 1.20 

9 77:23 98 47 52264 26430 1.23 

10 89:11 93 64 55048 18610 1.42 

11 f 100:0 95 e 28800 27700 1.12 
a Reaction conditions: Total monomer amount of 4 mmol in toluene (2 mL) at room temperature, 

with ([BL]0 +[LA]0)/[Y] = 400. b Determined from 1H NMR spectra. c Theoretical number-average 
molecular weight (Mn), calculated as follows: ((a x 86) + (b x 144))/400, where a = BL molar 
ratio/100, b = LA molar ratio/100 d Experimentally determined number-average molecular weight 
(Mn)  and dispersity (Ɖ = Mw/Mn) determined by GPC-MALLS at 40 °C in CHCl3 using dn/dc 
values of 0.033 and 0.024 for P3HB and PLA respectively and using dn/dc (copolymer) = (0.033 
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x BL molar ratio/100) + (0.024 x LA molar ratio/100). e Polymer not precipitated. f  
[Monomer]0/[Y] = 200. 

The thermal properties of the polymers were determined by differential scanning calorimetry 

(DSC); a temperature range of -20 – 200 °C was investigated and the results are collected in Table 

3. The reference PLA homopolymer prepared from 100% rac-LA feed is amorphous, as expected 

for PLA with a slight heterotactic bias;60 the reference P3HB homopolymer prepared from 100% 

rac-β-BL feed has a Tm of 150 °C, as expected for highly syndiotactic P3HB.32 On this basis we 

deduce that crystallinity in the copolymers arises from BL rich regions. Remarkably, the polymers 

showed a melting transition up to a 48% molar ratio of LA, although at this composition ΔHm was 

just 2.58 J g-1. At LA ratios of 61% and higher, the polymers were amorphous. These copolymers 

also contain a low percentage of BB homodiads (or none at all), which supports the theory that it 

is the BL rich regions of the copolymers which are crystalline. Melting temperatures ranged from 

132 – 144 °C for copolymers with BL composition 52 – 90%. As the BL content of the copolymer 

increases, the Tm value also increases, as does the percentage of BB diads in the copolymer. Each 

thermogram contains a single glass transition temperature (Tg), which increases as the molar 

percentage of LA in the copolymer increases. The experimental Tg values are in excellent 

agreement with those calculated using the Fox equation (Figure S60),61 indicating that the 

copolymers contain fully compatible blocks and there is no phase separation. 

Table 3. Thermal Properties of Poly(BL-co-LA) copolymers and reference homopolymersa 

Entry Polymer 
composition 
(LA:BL molar 
ratio)b 

Tg / °C Tm / °C ΔHm / J g-1 Tc / °C ΔHf / J g-1 

1 0:100 2.4 150.19 34.36 117.72 42.29 

2 10:90 3.8 143.86 41.50 111.58 41.65 
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3 20:80 11.1 140.08 26.14 106.45 26.94 

4 29:71 18.4 137.57 20.34 99.64 20.81 

5 39:61 23.1 131.77 13.70 78.90 10.75 

6 48:52 26.5 132.13 2.58 - -   

7 61:39 32.3 - - - - 

8 67:33  34.0 - - - - 

9 77:23 36.1 - - - - 

10 89:11 44.0 - - - - 

11 100:0 41.3 - - - - 
a Determined from DSC. All Tm and Tg values were obtained from the 2nd heating scan; Tc values 

were obtained from the 1st cooling scan. The heating rate was 10 °C/min and the cooling rate was 
5 °C/min. A blank entry indicates the transition was not detected. b Determined from 1H NMR 
spectra. 

The microstructural data collected for each copolymer composition data, and in particular the 

fact that at a 52% BL composition, 54% of the BL-based diads are heterolinkages, lead us to 

attempt to determine reactivity ratios for this system, in order to establish whether statistical 

copolymers were being formed and give a full understanding of the copolymer structure. 

Copolymerizations at various initial monomer feed ratio were carried out and quenched at low 

conversions, and the polymer compositions determined. However, both the Fineman-Ross62 and 

the Kelen-Tüdõs63 methods failed to give data that would fit satisfactorily to the derived equations. 

Therefore, the recently proposed method of Lynd, Beckingham and Sanoja64 was used. However, 

this method also gave inconsistent results, with different values for rLA and rBL generated 

depending on the monomer feed ratio. Taken together, these results show that this 

copolymerization cannot be described by a nonterminal/ideal model, where the rate of 

incorporation of each monomer relates purely to the reactivity of each monomer. Rather, they 

suggest that incorporation rates have a marked dependence on the identity of the chain end. 



 15 

Therefore, the reaction at various monomer feed ratios were followed over time by 1H NMR 

spectroscopy, in order to observe monomer consumption over the reaction. Due to the rapid nature 

of the reactions at [M]0 = 2 M, the reactions were conducted at [M]0 = 0.5 M in order that they 

could be monitored. We first investigated the [LA]0 = [β-BL]0 = 0.25 M reaction in toluene. 

Aliquots were removed from the reaction vessel at various time intervals and quenched in CHCl3. 

After work up, the samples were analysed by 1H NMR spectroscopy. Percent conversion of 

monomer was determined using 1,3,5-trimethoxybenzene as an internal standard. A plot of 

conversion vs. time for the ROP of rac-LA and rac-β-BL initiated by 1, with molar ratio of rac-

LA: rac-β-BL = 50:50 is shown in Figure 3. The rac-LA is consumed at a faster rate than the rac-

β-BL, reaching 95% conversion after approximately 60 min, at which point the rac-β-BL has 

reached 48% conversion.  For all samples taken to this point, the rac-LA conversion is 

approximately double the rac-β-BL conversion. Initially rac-β-BL consumption follows first order 

kinetics, but then consumption slows when rac-LA conversion ≥80%. Once all the rac-LA has 

been consumed, rac-β-BL conversion continues to reach >90%. Remarkably, from examination of 

the 1H NMR spectra of the polymer samples we observed that until all the rac-LA has been 

consumed, there are no BB linkages formed in the copolymer, i.e. the signal at 2.46 ppm in the 1H 

NMR spectrum is absent.  
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Figure 3: Plots of conversion vs. time for the ROP of rac-LA and rac-β-BL initiated by 1. rac-LA 

conversion = ●, rac-β-BL conversion = ▲. (a) rac-LA:rac-β-BL = 50:50 mol%, in toluene, 

maximum conversion is set to 100% for rac-LA and rac-β-BL; (b) rac-LA:rac-β-BL = 50:50 

mol%, in dichloromethane, maximum conversion is set to 100% for rac-LA and rac-β-BL; (c) rac-

LA:rac-β-BL = 20:80 mol%, in dichloromethane, maximum conversion is set to 20% for rac-LA 

and 80% for rac-β-BL; (d) rac-LA:rac-β-BL = 10:90 mol% in dichloromethane, maximum 

conversion is set to 10% for rac-LA and 90% for rac-β-BL. 

From these data we infer that the polymer chains consist of a section comprising 4 times the 

molar quantity of LA units to BL units, with all BL units surrounded by LA units, and then another 

well-defined section of 100% BL units. In this case, with a feed ratio of rac-LA: rac-β-BL = 50:50, 

approximately 50% of the BL units are incorporated into the mixed section, and 50% are in the 

purely BL section.  

To confirm that the microstructure of the mixed portion of the copolymer has a regular structure, 

rather than a tapered or gradient structure, aliquots were removed from a polymerization reaction 
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(rac-LA: rac-β-BL = 50:50 mol%) at 15 min, 30 min and 60 min and the polymer samples obtained 

after work-up analysed by both 1H and 13C NMR spectroscopy. The molar compositions of each 

copolymer sample (determined from 1H NMR spectroscopy) are 33% BL and 67% LA, indicating 

composition remains constant until the rac-LA reaches full conversion (after 60 min rac-β-BL is 

48% converted and rac-LA is 94% converted). Additionally, the microstructure (determined from 

13C NMR spectroscopy) is also the same in each of the 3 samples, with an LLB:LLL:BLL/LBL 

ratio of 1:2:2 (triad assignment is discussed later). This not only supports the theory that the 

copolymer microstructure in the mixed portion of the copolymer does not change as a function of 

changing monomer concentrations during the reaction, but also suggests that little to no 

transesterification occurs under the reaction conditions. 

The difference in reactivity between monomers in homo- and copolymerizations (higher activity 

of rac-β-BL in homopolymerization) follows what others have observed and reported. The reasons 

for this difference in reactivity between rac-LA and rac-β-BL are unclear, but may reflect an ability 

for the C=O moiety in rac-LA to coordinate more strongly to the yttrium centre than the rac-β-BL 

C=O. 

Due to the low solubility of rac-LA in toluene we repeated this experiment in dichloromethane 

(Figure 3 (b)). In this case the consumption of both monomers is somewhat linear and the reactivity 

of rac-β-BL is higher than in toluene, so that at complete conversion of rac-LA, rac-β-BL 

conversion has reached approximately 75%. Again, relatively rapid consumption of the remaining 

rac-β-BL then occurs. 

In order to determine how initial monomer concentration influences polymer microstructure, 

further reactions conducted in dichloromethane were monitored over time, with [rac-LA]0:[rac-β-

BL]0 ratios of 10:90, 20:80, 70:30 and 90:10. For the reaction with rac-LA: rac-β-BL = 10:90 
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mol% ([rac-LA]0 + [rac-β-BL]0 = 0.50 M, Figure 3(d)), both monomers are consumed at similar 

rates initially (taking into account their different initial concentrations). Thus, despite rac-β-BL 

being present in great excess with respect to rac-LA, it is incorporated into the copolymer at the 

same rate as rac-LA. After approximately 15 min, all of the rac-LA is consumed, at which point 

the rac-β-BL conversion increases very rapidly over the next 5 min to reach maximum conversion. 

The reaction with rac-LA:rac-β-BL = 20:80 mol% ([rac-LA]0 + [rac-β-BL]0 = 0.50 M, Figure 

3(c)), tells a similar story, although in this case rac-LA conversion does not reach a maximum 

until 50 min, and rac-β-BL conversion then increases rapidly between 50 min and 70 min. 

 

Figure 4: 1H NMR spectra (CDCl3) showing the polymer BL CH2 signals in samples taken from 

the ROP of rac-LA and rac-β-BL in toluene initiated by 1, with rac-LA:rac-β-BL = 10:90 mol%. 

Signals at 2.82 and 2.66 ppm arise from BL diads and those at 2.66 and 2.53 ppm arise from BB 

diads. Spectrum A = 20 min and shows no BB homodiads present; Spectrum B = 22.5 min and 

shows significant BB homodiad formation. 

Again, to further probe the microstructure of the copolymer formed when rac-LA: rac-β-BL = 

10:90 mol%, and to specifically examine the microstructure of the copolymer formed in the initial 

stage of the reaction, a polymerization reaction was conducted in toluene and quenched after a 
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reaction time of 20 min before being examined by 1H and 13C{1H} NMR spectroscopy. The rac-

LA had reached >98% conversion and the molar composition of the copolymer was 49:51 LA:BL. 

As expected, there are no BB homodiads present in the copolymer, which, when considered 

alongside the copolymer composition, indicates that the copolymer has a very highly alternating 

structure. There is a very low intensity LLL signal in the 13C{1H} NMR spectrum (approximately 

17%), indicating a low percentage of LLL triads. To the best of our knowledge, poly(BL-co-LA) 

with this particular microstructure has not previously been prepared via an ROP strategy. 

Characterization of this copolymer revealed that the methine region of the 13C{1H} NMR 

spectrum of the copolymer does not contain any signal in the range 67.45-67.75 ppm (previously 

assigned to BBB, BBL, LBB and LBL sequences).40 This result lead us to revisit the previously 

proposed microstructural data. Due to there being confirmed incorporation of rac-β-BL into the 

copolymer, and evidence for the presence of BL heterodiads in the 1H NMR of the sample, there 

must be LBL triad sequences in the copolymer. Indeed, this is the only linkage type centred on ‘B’ 

that is expected (1H NMR shows no BB diads). In a report detailing the synthesis of perfectly 

alternating poly((S)-LA-alt-(R)-3HB) via condensation methods, the CH resonance of the BL unit 

(an LBL triad) lies at 68.42 ppm in CDCl3.65 This indicates that such CH environments in our 

copolymers may have chemical shifts that are closer to ‘L’ centred triads rather than ‘B’ centred 

triads. A combination of 1H–1H COSY, HSQC and HMBC data allowed us to locate the LBL CH 

resonance at 68.54 ppm (Figures S55 – S59). The 2D NMR spectra also suggest that, as well as a 

signal at 68.97 ppm for the LLL triad, there are resonances at 69.06 and 69.17 ppm which have a 

purely ‘L’ contribution. The complexity of the 13C NMR data for these copolymers hinders full 

assignment of the signals even at high resolution (125 MHz). However, it is possible to extract 

plausible and self-consistent estimates for ratios of BLL:LLL:LLB/LBL sequences for most of the 
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copolymers using our proposed peak assignments (Figure 5 and Table 4). The most problematic 

copolymers are those with high LA content, in which there is significant overlap between the BLL 

and LLL signals (Figure 5(c)), leading to an overestimation of the proportion of BLL triads and a 

concomitant underestimation of the proportion of LLL triads, which in turn suggests a negative 

value for LBL. The percentage of B-containing linkages can be calculated and is close to (within 

5%) the copolymer composition (calculated from 1H NMR), further supporting our assignments. 

 

Figure 5: 13C{1H} NMR Spectra of polymers prepared by 1. (a) Poly(BL-co-LA) containing 

20% LA; (b) Poly(BL-co-LA) containing 48% LA; (c) Poly(BL-co-LA) containing 89% LA; (d) 

PLA. Spectrum (b) shows new triad peak assignments. Dashed lines on (c) and (d) show the 

presence of LLL signals in the BLL region in copolymers with high LA content. 
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Table 4: Chemical Shift Ranges and Peak Assignments in the Methine Region of 13C NMR Spectra 

of Poly(BL-co-LA) Samples.a 

Copolymer 
LA:BL 

% 
BLLb 

% 
LLLc 

% 
LBL/LLBd 

% 
BBB/BBL/LBBe 

% 
LBLf 

% B-containing 
linkagesg 

10:90 7 0 15 78 8 93 

20:80 9 12 22 57 13 79 

29:71 13 17 28 42 15 70 

39:61 15 21 37 27 22 64 

48:52 22 26 35 17 13 52 

61:39 30 27 40 3 10 43 

67:33  28 34 38 0 10 38 

77:23 27 47 25 0 -h 25 

89:11 28 61 11 0 - h 11 

aSpectra acquired in CDCl3 at 100 MHz; b BLL = ∫ 69.58 ⟶  69.18 ppm in 13C NMR 
spectrum; c LLL = ∫69.18 ⟶ 68.94 ppm in 13C NMR spectrum; d LBL/LLB = ∫ 68.75 ⟶
 68.45 ppm in 13C NMR spectrum; e BBB/BBL/LBB = ∫ 67.80 ⟶  67.40 ppm in 13C NMR 
spectrum; f LBL = ∫ LBL/BLL  – ∫ LLB; g B-linkages = ∫ LBL/LLB + ∫BBB/BBL/LBB; h 
∫ LBL/LLB  – ∫BLL = negative number. 

 

The copolymerization reaction was investigated in dichloromethane for when rac-LA is present 

in excess. In both cases, the monomer consumption follows pseudo-first order kinetics, and the 

percentage conversion of rac-LA increases more rapidly than of rac-β-BL. Where rac-LA: rac-β-

BL = 90:10 mol%, the rac-β-BL reaches full conversion before the rac-LA is all converted (Figure 

S48), whereas for the rac-LA: rac-β-BL = 70:30 mol% reaction, both monomers reach full 

conversion at around the same time (Figure S49). Additionally, there are no BB homodiads 

observed in the 1H or 13C NMR spectra of either of the polymers obtained for these monomer ratios 

(Figures S21, S23, S27 and S29). 
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For the cases where [LA]0 < [β-BL]0, the rac-LA conversion-time data was compared. Plotting 

conversion vs. time for a given [rac-LA]0 gives a straight line up to at least 90% conversion (Figure 

6). This data suggests a zero-order dependence on [rac-LA] in the rate of copolymerization when 

[LA]0 < [β-BL]0. The gradients of the lines are again inversely proportional to [rac-LA]0; 

consumption of rac-LA occurs at the fastest rate when rac-LA:rac-β-BL = 10:90%. Since the [rac-

BL]0 varies with [rac-LA]0, the combination of all the data indicates that the rate of insertion of 

either monomer into the polymer chain is strongly dependent on the concentration of the other 

monomer. 

 

Figure 6: Conversion-time plot for rac-LA ROP during the initial stage of the reaction (until [LA] 

= 0) in rac-LA and rac-β-BL copolymerization initiated by 1. ■ = LA: β-BL 10:90 mol%, kobs = 

6.2 min-1, R2=0.9899; ● = LA: β-BL 20:80 mol%, kobs = 4.0 min-1 R2=0.9991. 

Taking all the results and observations into account, a mechanism for the copolymerization of 

rac-LA and rac-β-BL by 1 when [rac-LA]0 < [rac-β-BL]0 is proposed (Figure 7). We propose the 

rates of polymerization are determined by the following rate constants: kBB = the rate of insertion 

of rac-β-BL into Y–BL linkage in the presence of rac-LA; kLB = the rate of insertion of rac-LA 
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into Y–BL linkage; kLL = rate of insertion of rac-LA into Y–LA linkage; kBL = rate of insertion of 

rac-β-BL into Y–LA linkage; kBBB = the rate of insertion of rac-β-BL into a Y–BL linkage in the 

absence of rac-LA (i.e. once all rac-LA has been consumed). 
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Figure 7: Proposed mechanism of rac-LA/rac-β-BL copolymerization by 1 when [rac-LA]0 ≤ 

[rac-β-BL]0. LA = -OCH(CH3)C(O)-, i.e. half a lactide monomer; BL = butyrate unit, -

OCH(CH3)CH2C(O)-; P = growing polymer chain; kBB = rate of insertion of rac-β-BL into Y–BL 

linkage in the presence of rac-LA; kLB = rate of insertion of rac-LA into Y–BL linkage; kLL = rate 

of insertion of rac-LA into Y–LA linkage; kBL = rate of insertion of rac-β-BL into Y–LA linkage; 

kBBB = rate of insertion of rac-β-BL into a Y–BL linkage in the absence of rac-LA. 

When rac-LA is the last inserted monomer, enchainment of either monomer is possible. The 13C 

NMR spectra of polymers contains signals attributed to both LLL, BLL and LLB sequences, 

indicating that either a rac-β-BL or a rac-LA can insert next to a LA unit. For polymers where the 



 24 

rac-LA feed is 50mol% or lower, the relative integration of these signals (Table 4) shows that the 

prevalence of –LLLL– sequences (i.e. 2 LA monomers next to each other) and –BLLB– sequences 

are approximately the same in the polymer chain. This suggests that the rate of rac-β-BL 

enchainment into an M–LA linkage (kBL) is similar to the rate of rac-LA enchainment into an M–

LA linkage (kLL). After enchainment of a rac-β-BL unit, if rac-LA is present then no rac-β-BL 

enchainment occurs; thus LA enchainment occurs 100% of the time (kLB >>> kBB, since kBB ≈ 0). 

Only when [rac-LA] reaches 0 is the BB enchainment pathway ‘activated’ and remaining rac-β-

BL is rapidly consumed (kBB <<< kBBB). It is notable that the magnitudes of kBBB and rac-β-BL 

homopolymerization appear to be similar, whilst kBB (insertion of rac-β-BL into an M-BL linkage 

in the presence of rac-LA) is effectively 0. The last enchained monomer dictates which is the next 

inserted monomer, underlining the nonideal nature of the copolymerization. The fact that the final 

LLB:LLL triad ratio in copolymers remains constant at ≈ 1:1 for molar feed 80 – 40% for rac-β-

BL, coupled with the fact that the consumption of rac-β-BL is inhibited when [rac-β-BL]0 > [rac-

LA]0 suggests that long sequences of LA units are not formed in the copolymers, except when LA 

is in great excess. M-BL linkages are regularly formed, which do not then react with the available 

rac-β-BL in the reaction mixture if rac-LA is present, leading to inhibition of rac-β-BL 

enchainment as rac-LA is required as the next monomer to be inserted.  

Conclusions 

In conclusion we have shown that an yttrium amine bis(phenolate) complex can competently 

mediate the copolymerization of rac-LA and rac-β-BL, producing copolymers with compositions 

that closely match the monomer feed ratio. Polymers with LA composition of >50% displayed 

melting temperatures and copolymer Tg values were in agreement with those calculated by the Fox 



 25 

equation in all cases. This presents the possibility of tuning the copolymer Tm between 132 and 

150 °C through variation of the monomer feed ratio.  

The novelty of this system lies in the fact that, even with an equimolar amount of each monomer, 

and taking into account the higher reactivity of rac-LA over rac-β-BL, multiple sequential 

insertions of rac-LA do not occur.  Thus, diblock or gradient/tapered copolymer structures, as have 

been reported by others, are not formed; neither are statistical copolymers. When [rac-LA]0 > [rac-

β-BL]0, LA units are present throughout the copolymer, with dispersion of BL units that ranges 

from even within 50% of the copolymer (at very low [rac-β-BL]0) to even throughout the 

copolymer. These copolymers are amorphous. When [rac-LA]0 ≤ [rac-β-BL]0, the copolymer 

microstructure consists of a mixed portion (of homogenous composition) and then a P3HB-only 

section. The mixed portion ranges in composition from a ratio of LA:BL 2:1 (i.e. -LLBLLBLLB-

) when [rac-LA]0:[rac-β-BL]0 = 10:90, to a ratio of LA:BL 4:1 (i.e. -LLLLBLLLLBLLLLB-) 

when [rac-LA]0:[rac-β-BL]0 = 50:50. Both the composition of the mixed portion and the length of 

both sections are determined by the monomer feed ratio, and the length of the P3HB-only section 

dictates the Tm and crystallinity. The fact that any rac-LA at all in the reaction mixture completely 

supresses the formation of BB linkages, plus the fact that kBL ≥ kLL when [rac-β-BL]0 ≥ [rac-LA]0, 

provides a route to precisely control the polymer microstructure and prepare copolymers with 

complex architectures in a single step. 

 

Experimental Section 

The preparation and characterization of 1 and all polymers and copolymers was carried out under 

an inert (nitrogen) atmosphere using standard Schlenk or glovebox techniques. Dry solvents 

(toluene, hexane, tetrahydrofuran) were obtained from an Inert SPS (solvent purification system). 
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All solvents and chemicals were purchased from commercial suppliers (Sigma-Aldrich, Strem, 

Alfa Aesar, TCI) and used as received except where otherwise specified. Rac-LA was 

recrystallized once from dry toluene and sublimed once under vacuum at 50 °C. Rac-β-BL was 

stirred over CaH2 under N2 at 50°C overnight, distilled under vacuum and degassed via 3 freeze-

pump-thaw cycles. C6D6 was dried over activated 4 Å molecular sieves and degassed via 3 freeze-

pump-thaw cycles. 1,3,5-trimethoxybenzene was sublimed under vacuum. The ligand, H2L,30 

[Y(N(SiHMe2)2)3(THF)2],66 and complex 130,34 were prepared following literature procedures. 

1H and 13C NMR spectra were recorded at 400 and 100 MHz, respectively, on a Bruker Avance 

III 400 MHz spectrometer and referenced to residual solvent peaks. Chemical shifts are reported 

in ppm and coupling constants in Hz. Selected spectra were recorded at 700 and 125 MHz, 

respectively, on a Bruker Avance Neo 700 MHz Spectrometer. 

Molecular weights of polymers were determined by gel permeation chromatography (GPC) 

multi-angle laser light scattering (MALLS) in chloroform using a Shimadzu liquid chromatograph 

equipped with a Shimadzu LC-20AD pump and autosampler, two Phenogel 5 μm linear (2) 

columns (300 x 7.8 mm), a Shimadzu RID-20A refractive index detector, a Wyatt miniDAWN 

treos LLS detector and a Wyatt ViscoStar-II viscometer. The column temperature was maintained 

at 40 °C and the flow rate was 1 mL min-1. Samples were dissolved in chloroform at an 

approximate concentration of 10 mg mL-1. Data was processed using ASTRA software using dn/dc 

values of 0.024 and 0.033 for PLA and P3HB, respectively. 

Thermal properties of the polymers were determined by differential scanning calorimetry (DSC) 

using a Mettler Toledo DSC1 STARe instrument equipped with a Julabo FT900 intracooler. 

Polymer samples of known mass (generally 2-8 mg) were weighed into 40 μL aluminium standard 
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pans. The sample was heated to 200 °C (at a rate of 10 °C min-1) and held at this temperature for 

10 min, before being cooled to -30 °C (at a rate of -5 °C min-1) and held at this temperature for 10 

min. The heating and cooling cycles were repeated once, as above. Data was processed using 

STARe software. Tg and Tm values were taken from the second heating cycle and Tc values were 

taken from the first cooling cycle.  

Representative polymerization Procedure 

The required amounts of rac-LA and rac-β-BL (total 4 mmol) were weighed into a vial equipped 

with a stir bar, to which 1.8 mL toluene was added. A solution of 1 (0.2 mL of a 0.05 M solution, 

0.01 mmol) was added via syringe to the stirred monomer solution. After 1 h the reaction vial was 

removed from the glove box and the reaction quenched by the addition of wet hexane. The solvents 

were removed on a rotary evaporator and a crude 1H NMR spectrum obtained. Purification was 

achieved by precipitation: the polymer was dissolved in the minimum volume of chloroform (≈ 5 

mL) and the resulting solution adding dropwise via pipette to 50 mL methanol. The precipitated 

polymer was collected by filtration under reduced pressure and dried in a vacuum oven at 60 °C 

overnight. 1H NMR (400 MHz, CDCl3, δH, ppm); 5.33 – 5.04 (m, 2H + 1H, CH (LA unit) and CH 

(BL unit)), 2.81 – 2.43 (m, 2H, CH2 (BL unit), 1.57 – 1.47 (m, CH3 (LA unit)), 1.32 – 1.27 (m, 

CH3 (BL unit)); 13C{1H} NMR (100 MHz, CDCl3, δc, ppm); 170.0 – 169.1 (CO, LA and BL), 69.7 

– 67.8 (CH, LA and BL), 41.0 – 40.8 (CH2, BL-BL), 40.1 (CH2, BL-LA), 19.9 and 19.9 (CH3, BL-

BL), 19.8 – 19.6 (CH3, BL-LA), 16.8 ((CH3, LA). 

Representative polymerization Procedure for kinetic experiments 

The required amounts of rac-LA and rac-β-BL (total 4 mmol) were weighed into a vial equipped 

with a stir bar, to which 6.5 mL toluene was added. A solution of 1,3,5-trimethoxybenzene (0.5 
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mL of a 0.4 M solution, 0.2 mmol) was added via syringe. A solution of 1 (1.0 mL of a 0.01 M 

solution, 0.01 mmol) was added via syringe to the stirred monomer solution. Aliquots of 0.2 mL 

were taken (by syringe) from the reaction vial at known times, removed from the glovebox and 

added to chloroform to quench the reaction. The solvents were removed by rotary evaporation to 

leave a colourless residue which was all dissolved in CDCl3 for 1H NMR analysis. 
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