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ABSTRACT:
[bookmark: OLE_LINK49][bookmark: OLE_LINK70]The polymerization of -caprolactone is reported using various bifunctional chain transfer agents and a di-zinc catalyst. Conventionally, it is assumed that using a bifunctional chain transfer agent (CTA), polymerization will be initiated from both functional groups, however, in this study this assumption is not always substantiated. The different architectures and microstructures of poly(ɛ-caprolactone) samples (PCL) are compared using a series of bifunctional and monofunctional alcohols as the chain transfer agents, including trans-1,2-cyclohexanediol (CHD), ethylene glycol (EG), 1,2-propanediol (PD), poly(ethylene glycol) (PEG), 2-methyl-1,3-propanediol (MPD), 1-hexanol, 2-hexanol and 2-methyl-2-pentanol. A mixture of two architectures is observed when diols containing secondary hydroxyls are used, such as cyclohexane diol or propanediol; there are chains which are both chain extended and chain terminated by the diol. These findings indicate that not all secondary hydroxyl groups initiate polymerization. In contrast, chain transfer agents containing only primary hydroxyl groups in environments without steric hindrance afford polymer chains of a single chain extended architecture, whereby polymer chains are initiated from both hydroxyl groups on the diol. Kinetic analyses of the polymerizations indicate that the propagation rate constant (kp) is significantly higher than the initiation rate constant (ki): kp/ki > 5. A kinetic study conducted using a series of monofunctional chain transfer agents, shows that the initiation rate, ki, is dependent on the nature of the hydroxyl group, with the rates decreasing in the order: ki(,primary) > ki(,secondary) > ki(,tertiary). It is proposed that two polymer architectures are present as a consequence of slow rates of initiation from the secondary hydroxyl groups, on the the diol, compared to propagation which occurs from a primary hydroxyl group. In addition to the reactivity differences of the alcohols, steric effects also influence the polymer architecture.  Thus, even if a chain transfer agent with only primary hydroxyl groups, such as 2-methyl-1,3-propanediol, is applied, a mixture of different polycaprolactone architectures results. The manuscript highlights the importance of analyzing the polymer architecture in the ring-opening polymerization of caprolactone, using a combination of NMR spectroscopic techniques, and refutes the common assumption that a single chain extended structure is produced in all cases.

INTRODUCTION
[bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK61][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK44]Due to its biocompatibility and biodegradability, poly(ɛ-caprolactone) (PCL) is a widely applied and thoroughly investigated biomaterial.1-9 PCL, and its copolymers, have been used in controlled release, tissue-engineering, medical devices and implants, amongst other applications.10-15 Furthermore, PCL is miscible, and so can be easily blended, with a wide range of other polymers.16-18 Currently, PCL is usually prepared via the ring-opening polymerization (ROP) of ɛ-caprolactone using a range of anionic,19,20 cationic21,22 and coordination initiators.3,6,23-25 The development of organocatalyst for ROP of ɛ-caprolactone has also been a thriving field.26-29 There are also a few reports of its production by the free radical ring-opening polymerization of 2-methylene-1,3-dioxepane.30-32 Considering the ROP route, a range of lower-toxicity catalysts have been developed, including complexes of zinc,6,33 magnesium,34,35 aluminium 36,37 and calcium.38 
[bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK48][bookmark: OLE_LINK50]Recently, we have reported the successful polymerization of ɛ-CL using a di-zinc pre-catalyst (Scheme 1).39 The zinc carboxylate groups, on the pre-catalyst, were ineffective initiators, however, zinc alkoxides, which were generated in situ by the reaction with sub-stoichiometric amounts of epoxide, were active polymerization initiators. Most importantly, the di-zinc pre-catalyst is a rare example of a chemoselective catalyst: able to selectively catalyze ring-opening copolymerization of epoxides/CO2 and ring-opening polymerization of lactones from mixtures of different monomers in the feedstock.39
As macromolecules with reactive end-groups, telechelic polymers have attracted much industrial interest, especially in producing thermoplastic elastomers or higher molecular weight polymers, such as polyurethanes/polyesters.40-47 Telechelic polymers with predictable molecular weights, low dispersities (Mw/Mn) and controllable architectures are also of value as cross-linkers, chain extenders and precursors for making block or graft copolymers.48-52 To date, two main approaches have been developed to prepare telechelic polyesters: (i) The addition of a diol 49,50,53-55 or (ii) The use of discrete metal borohydride initiators.41,56,57 The ‘diol’ approach is more widely applied due to its versatility and the PCL chains are believed to propagate from both hydroxyl groups due to the rather high chain transfer rate constant (ke) usually observed in immortal ROP. However, the exact microstructure of the telechelic PCL, in particular the proportion of chains where the diol is a chain extender vs. those where it is a chain end group, is rarely quantified. For multifunctional initiators, which are widely applied in the preparation of star-shaped polymers, graft copolymers and H-shaped copolymers,58-62 the same microstructure issue is frequently overlooked or unreported. There are very few specific reports on the architecture of telechelic PCL.  In 2004, Chen et al., reported the application of an yttrium tris(2,6-di-tert-butyl-4-methylphenolate) catalyst with ethylene glycol and showed the production of polymer chains end-capped and chain extended from the diol.63  This catalyst system resulted in bimodal molecular weight distributions. Recently, Lin and coworkers, applied the same yttrium complex with 2-propanediol which led to an exclusive chain extended type of architecture.64 However, the extent to which this result may be generalized to other catalyst systems remains unknown. 

Results and Discussion
It is important to control telechelic polymer end groups for post-polymerization modification, such as chain extension. Our group have recently reported that a di-zinc catalyst shows an unusual ability to switch between ring-opening polymerization (ROP) and ring-opening copolymerization (ROCOP) using mixtures of caprolactone, epoxide and carbon dioxide.39 This is important as it provides a means to control the polymer composition on the basis of the catalyst propagating chain chemistry.  However, the precise nature of the polymer structures generated by the switch catalysis is not yet elucidated. In the context of this switch catalysis, it is important to understand the influence of the dizinc catalyst in lactone ring-opening polymerization and the architecture of the PCL. 
[bookmark: _Ref381968040]To address this deficiency, several bifunctional chain transfer agents: trans-1,2-cyclohexanediol (CHD) (as a good model for the end group of the polycarbonate prepared via ring-opening copolymerization), ethylene glycol (EG), 1,2-propanediol (PD), polyethylene glycol 1500 (PEG) and 2-methyl-1,3-propanediol (MPD) bearing either secondary or/and primary hydroxyl groups, were applied with the di-zinc pre-catalyst for the immoral polymerization of -CL (Scheme 1).
Scheme 1. The immortal ring-opening polymerization of ɛ-caprolactone, initiated by a di-zinc complex and different diol chain transfer agents. Two types of PCL architecture are considered possible, illustrated as Type I and II structures. Reagents and Conditions: (a) Di-zinc pre-catalyst (0.1 mole eq.), in neat cyclohexene oxide (100 mole eq.), and with HO-R-OH( 1 mol eq.) as CTA, 353 K, 2.5-3.0 h.


[bookmark: OLE_LINK13][bookmark: OLE_LINK22][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK47]Firstly, a control polymerization was conducted using only the di-zinc bis(acetate) complex and trans-1,2-cyclohexanediol (CHD) (i.e. without any cyclohexene oxide), this failed to result in any PCL formation even after 18 h. This demonstrates that the diol chain transfer agents are not directly involved in the initiation reaction and cannot by themselves form the active zinc alkoxide species. Rather, the di-zinc bis(acetate) pre-catalyst is efficiently transformed into the catalytically active zinc alkoxide complex by reaction with cyclohexene oxide (CHO).39 This occurs in situ under the reaction conditions, where cyclohexene oxide is used as the reaction solvent. The insertion of the CHO into the zinc acetate activates the dizinc catalyst (kinetic constant: ka, see catalyst activation process in Scheme S1). After the formation of the zinc alkoxide species, the diol chain transfer agents are thus able to exchange to form new zinc alkoxide species (kinetic constant: ke’, in Scheme S1). It is also important to point out that it has already been established that there is no homopolymerization of the CHO by either of the zinc species.39,65-67 Once the alkoxide complex is generated, it was applied as the active initiator for the immortal ROP of -CL in the presence of each chain transfer agent (for an illustration of the proposed in situ catalyst formation and initiation, see Scheme S1, ESI). The results of these polymerizations, at different relative loadings of monomer (molar) and CTA, are presented in Table 1.
[bookmark: _Ref404844962]Table 1. The immortal ROP of ɛ-CL, at different molar ratios, using trans cyclohexane diol (CHD), ethylene glycol (EG), 1,2-propanediol (PD), poly(ethylene glycol) (PEG) and 2-methyl-1,3-propanediol (MPD) as the chain transfer agents.
	Entry
	[bookmark: OLE_LINK64][bookmark: OLE_LINK67]Cat./CTA/ɛ-CL/CHO
	CTA
	t (h)
	Mnexpa (kg/mol)
	Mnthb (kg/mol)
	Mw/Mn

	1
	1/10/300/1000
	[bookmark: OLE_LINK15][bookmark: OLE_LINK16]CHD
	2.5
	4.1
	3.4
	1.21

	2
	1/10/500/1000
	CHD
	2.5
	5.7
	6.0
	1.17

	3
	1/10/700/1000
	CHD
	2.5
	7.5
	7.9
	1.26

	4
	1/10/900/1000
	CHD
	3.0
	9.4
	10.3
	1.36

	6
	1/10/300/1000
	EG
	2.5
	3.3
	3.4
	1.25

	7
	1/10/300/1000
	PD
	2.5
	3.8
	3.4
	1.27

	8
	1/10/300/1000
	PEG
	2.5
	7.8
	4.9
	1.36

	9
	1/10/300/1000
	MPD
	2.5
	3.7
	3.4
	1.32


[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK14][bookmark: OLE_LINK17][bookmark: OLE_LINK28][bookmark: OLE_LINK29]Polymerization Conditions: All polymerizations were run in neat cyclohexene oxide (CHO) as the reaction solvent at 80 C, for 2.5-3.0 hours where upon the conversion of ɛ-CL > 95%.The molar ratio of [cat.]/[CTA]/[CHO] is kept constant. a)Mnexp was determined by SEC, in THF using polystyrene calibration, with a correction factor (0.56) applied (except for entry 8) as described by Soum et al.5 b) Mnth was determined on the basis of ([ɛ-CL]×conversion)/([cat.] + [CTA]).
In all cases, controllable, immortal ring-opening polymerization was observed, as evidenced by the PCL molecular number (Mn) being predictable and corresponding closely to the values predicted on the basis of monomer conversion and the number of equivalents of chain transfer agent added. Figure 1 illustrates the molecular weights (MW) for the PCL produced using different quantities of the chain transfer agents. In most cases the dispersities were quite narrow (< 1.30) (Table 1, entry 4). 


[bookmark: _Ref381971977]Figure 1. Shows the molecular weights (MW) for different PCL samples (Entries 1-4 in Table 1, obtained by SEC using polystyrene calibration); and the influence over the MW of changing the molar ratio of [ɛ-CL]/[CHD].
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK1][bookmark: OLE_LINK2]The MALDI-ToF spectra (Figure 2) displayed two series, indicative of bimodal molecular weight distributions. Each series showed the same separation (ca. 114 m/z), corresponding to the repeated addition of [ɛ-CL] units and consistent with the two series resulting from different initiating groups. The major series is assigned to PCL initiated from the added chain transfer agent, showing -di(hydroxyl) end groups and a single unit of CTA incorporated. The minor series is assigned to PCL prepared from the residual zinc acetate initiator (present in 1/10 the molar quantity), showing -actetyl-cyclohexylene ester and -hydroxyl end groups. 
[image: C:\Users\yz1113.IC\Desktop\Picture3.png]
[bookmark: _Ref392837889][bookmark: OLE_LINK23][bookmark: OLE_LINK32]Figure 2. A representative MALDI-ToF spectrum of the PCL synthesized with CHD as the CTA (Table 1, entry 2). The major series (red circles) consists of -hydroxyl end-groups, which are calculated according to: (C6H10O2)nC6H10(OH)·K+. The minor series (green triangles) is assigned to chains having -acetyl-cyclohexyl ester and -hydroxyl end-groups, which are calculated according to: C8H13O2(C6H10O2)nOH·K+.

Even for the major series observed in the MALDI-ToF spectrum, which is initiated from the chain transfer agent, there are additionally two different possible architectures for the PCL (Types I and II, Scheme 1 and Figure 3). 1H-13C HSQC NMR spectroscopy (Figure 3B and C) was utilized to distinguish them, using a sample of the PCL30 (Table 1, entry 1) which has sufficiently low molecular weight that the end group signals can be clearly examined.
[bookmark: _GoBack][image: C:\Users\yz1113.IC\Desktop\文章用示意图.png]
[bookmark: _Ref392060910]Figure 3. (A) Schematic diagram showing the two PCL architectures (Type I & II) using trans 1,2-cyclohexane diol (CHD) as the CTA; (B) Typical 1H-13C HSQC NMR spectrum of PCL30 (Table 1, entry 1) and (C) Enlarged HSQC NMR spectrum (y-axis: 13C DEPT 135o) corresponding to the selected area in (B) and showing the correlation between the 1H and 13C{1H} NMR signals for each of the junction/end groups (A). Peak a (1H: 3.6 ppm; 13C{1H}: 62.5 ppm) is assigned to the CH2OH (confirmed by 13C NMR DEPT 135); Peak b (1H: 4.8 ppm;13C{1H}: 73.45 ppm) is assigned to the CH ‘cyclohexylene junction’ group; Peaks c & d [(1H: 3.5 ppm; 13C{1H}: 72.7 ppm) and (1H: 4.6 ppm;13C{1H}: 78.0 ppm), respectively] are assigned to the CH ‘cyclohexanediol’ end groups. Note that the signal at 77.15 ppm in the spectrum illustrating peak d is due to CDCl3.

[bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK30][bookmark: OLE_LINK31]The end-groups for PCL chains initiated from acetyl-cyclohexyl ester groups, which were observed as the minor series in the MALDI-ToF, cannot be unambiguously assigned in the 1H NMR spectrum due to their low signal intensity (<10 mol%). This is exacerbated by signal overlap between methylene groups on cyclohexanediol units and acetyl methyl signal, both of which resonate at ca. 2.0 ppm. On the other hand, the major distribution (>90 mol%) observed in the MALDI spectrum, is clearly defined in the 1H NMR spectrum. The 1H-13C HSQC NMR spectrum indicates that within this series there are two different architectures corresponding to chains which are chain extended by the CTA (Type I) and those which are end-capped by it (Type II). As shown in Figure 3, the methylene protons at the chain end in Type I, peak a (1H: 3.6 ppm; 13C{1H}: 62.5 ppm), are assigned by their chemical shifts and by the correlation with CH2 groups in the HSQC NMR spectrum. For this same architecture (Type I), the cyclohexylene junction methyne protons, peak b (1H: 4.8 ppm; 13C{1H}: 73.45 ppm), are assigned based on their chemical shift and correlation with CH signals in the HSQC spectrum. For Type II, peaks c and d [(1H: 3.5 ppm; 13C: 72.7 ppm) and (1H: 4.6 ppm; 13C: 78.0 ppm), respectively] corresponding to methyne signals on the cyclohexylene end-group are assigned based on their chemical shifts and correlation with the relevant CH groups in the HSQC spectrum. Therefore, both of the architectures show signals for protons adjacent to alcohol end groups (a or c) and for protons at cyclohexylene junction groups (b or d). Further support for the assignment of the Type II architecture was obtained from the 1H-1H COSY spectrum (Figure 4) which showed coupling between the signals for Hc and Hd.
[image: C:\Users\yz1113.IC\Desktop\Picture2.png]
[bookmark: _Ref392072928][bookmark: OLE_LINK51][bookmark: OLE_LINK58][bookmark: OLE_LINK26][bookmark: OLE_LINK27]Figure 4. 1H-1H COSY spectrum of PCL30 (Table 1, entry 1) containing chains of architecture Type II (the signal at 3.95 ppm is assigned to methylene protons in the polymer backbone). Since the deuterated solvent is dry, peak a is a quartet due to the coupling between the methylene proton and hydroxyl proton. This has been confirmed by the addition of D2O, where upon a triplet was observed (Figure S1).

31P{1H} NMR was utilized to further confirm the presence of both primary and secondary hydroxyl end-groups, consistent with the presence of both Type I and II chain architectures.68,69 The primary and secondary hydroxyl groups are distinguished on the basis of their chemical shifts after reaction with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane, and using the reaction with bisphenol A (BPA) as an internal reference. Using this method, two signals were observed at 146.5 and 147.8 ppm (see Figure S2 in ESI) which are assigned to secondary and primary hydroxyl groups, respectively, on the basis of the chemical shift assignments in the literature.68,69
In order to quantify the relative quantities of Type I and II chains, the normalised peak integrals in the 1H NMR spectra for characteristic signals a and b were compared (Figure 3 for the assignment and ESI for more details of the calculations). During the 1H NMR data acquisition, the values for t1 and the relaxation delay (d1 = 25 s) were maximized so as to ensure the reliability in peak integral values. By calculating the relative integrals of peaks a and b (see Figure S3 & Table S1), the composition of Type I and II PCL chains was determined (Table 2). 
[bookmark: _Ref392065721]Table 2. The relative contents of Type I and II in PCL synthesized with various chain transfer agents a

	Entry
	Polymer
	CTA
	Type I (mol%)b
	Type II (mol%)b

	1
	PCL30
	CHD
	64
	36

	2
	PCL50
	CHD
	69
	31

	3
	PCL70
	CHD
	75
	25

	4
	PCL90
	CHD
	82
	18

	5
	PCL30
	EG
	100
	0

	6
	PCL30
	PD
	65
	26 (a);  9 (b) c

	7
	PCL30
	PEG
	100
	0

	8
	PCL30
	MPD
	N.A.d
	N.A.d


a) The complete details of the calculations and the relative integrals of the peaks used to determine Type I/II for each sample are presented in the ESI (Figure S3 and Table S1). b) Due to signal overlap (peak b in Figure 3) between Type I and the minor PCL species end-capped by -acetyl-cyclohexyl ester and -hydroxyl groups, the content of Type I might be overestimated by ca. 10 mol%, considering that [CTA]/[cat.] = 10/1; c) Two variants of Type II (a and b) co-exist when 1,2-propane diol is used as the CTA depending on the regio-chemistry of initiation; d) A mixture of Type I and II was observed, but due to the signal overlap between the methyl groups of MPD belonging to both Type I and II, the ratio of Type I and II cannot be quantitatively determined.

[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK36][bookmark: OLE_LINK37]When trans-1,2-cyclohexanediol is applied as the chain transfer agent, there is a mixture of Type I and II chains in all cases, meaning that the polymer chains are both extended and end-capped by the chain transfer agent. It is important to note that the integral for peak b (present only in Type I chains) may be slightly overestimated due to the expected signal overlap with the minor species (identified in the MALDI-ToF experiments) which is chain end-capped with -acetyl-cyclohexyl ester and -hydroxyl groups. Thus, the quantity of Type I chains may be over-estimated by upto 10% using this method. In every case there is a significant proportion of chains which are end-capped with the chain transfer agent (Type II), indicating that the common assumption that all hydroxyl groups initiate chains is not substantiated using trans-1,2-cyclohexane diol as the chain transfer agent with the di-zinc initiator. Interestingly, the relative quantity of chain extended PCL (Type I), increases with the molecular weight of the PCL. This implies that greater quantities of monomer (ɛ-CL), and extended times, may enable the complete conversion of Type II chains (end-capped) to Type I (chain extended).
In order to investigate this observation further, aliquots were taken during the polymerization to monitor the temporal relationship with the relative quantities of Type I and II chains. As the conversion of ɛ-CL increased from 41 % to 96 %, the relative amount of Type II chains decreased from 37 to 17 mol% (Table 3, entries 1 and 2), suggesting that as ɛ-CL is polymerized, the quantity of Type II chains present decreases. To rule out the possibility that the decrease of Type II is the consequence of transesterification between secondary hydroxyl groups and the PCL chain, the polymer solution was kept at 80 °C, after complete ɛ-CL conversion, for a further 4.5 h. The increase in Mw/Mn and the slight decrease in Mn indicate that transesterification reactions, including probable back-biting depolymerization, happened over this extended period (Table 3, entries 3–5). Despite these transesterification reactions occurring, the relative amount of Type II chains remained constant over this period. 



[bookmark: _Ref404679047]Table 3. Shows the relative contents of Type I and II chains present in a sample of PCL90 over time.

	Entry
	t (min)
	conv. of ɛ-CL (%)a
	Mn (kDa)b
	Mw/Mn
	Type I (mol%)
	Type II (mol%)

	1
	110
	41
	8.5
	1.15
	63
	37

	2
	180
	96
	16.8
	1.36
	83
	17

	3
	210
	> 98
	14.6
	1.30
	79
	21

	4
	330
	> 98
	11.7
	1.50
	85
	15

	5
	450
	> 98
	11.1
	1.52
	82
	18


a) The conversion of ɛ-CL was determined from the 1H NMR spectra; b) Mn was determined by SEC, in THF using polystyrene calibration, with a correction factor (0.56) applied as described by Soum et al.5
[bookmark: OLE_LINK79][bookmark: OLE_LINK80]Meanwhile, both ethylene glycol and polyethylene glycol, PEG, (primary diol) were utilized as the chain transfer agents (Table 1, Entry 6 and 8). Lemaire et al. have previously reported that the CH2 groups of mono-esterified ethylene glycol show 1H NMR resonances at 4.21 ppm and 3.82 ppm, respectively.70 However, as can be seen in Figure 5, chains initiated from ethylene glycol show only a single resonance at 4.28 ppm. The resonance is assigned to the methylene groups in chain extended PCL. The same result was also observed in PEG-b-PCL. No signals of Type II can be observed in either the 1H NMR (Figure 6A) or the 1H COSY spectra (see Figure S8, ESI). 31P{1H} NMR spectroscopy was used again to determine the nature of the end group of PEG-b-PCL and a single signal was observed 147.8 ppm, assigned to the hydroxyl end group of PCL (Figure 6B). No signal of the hydroxyl end group of PEG can be observed, suggesting an exclusive Type I architecture.


[bookmark: _Ref404679183]Figure 5. 1H NMR spectrum of PCL polymerized using ethylene glycol (EG) as the chain transfer agent (Table 1, entry 6) .The polymerization was run in neat cyclohexene oxide as the reaction solvent at 80 °C, for 2.5 hours.
[image: C:\Users\yz1113.IC\Desktop\Picture2.jpg] 
[bookmark: _Ref404601481][bookmark: _Ref404601477][bookmark: OLE_LINK81][bookmark: OLE_LINK82]Figure 6. (A) 1H NMR spectra of both PEG and PEG-b-PCL (Table 1, entry 8), the polymerization was run in neat cyclohexene oxide as the reaction solvent at 80 °C, for 2.5 hours; (B) 31P{1H} NMR spectrum of PEG, PEG-b-PCL (Table 1, entry 8) and a mixture of PEG/ PEG-b-PCL after reaction with 2-chloro-4,4,5,5-tetramethyl dioxaphospholane (using bisphenol A as an internal standard). The signals at 147.97 and 147.84 ppm are assigned to the primary –OH end groups of PEG and PCL, respectively.
The different PCL architectures resulting from primary or secondary hydroxyl groups on the chain transfer agent was proposed to result from different initiation rates (ki, see initiation process in Scheme S1), depending on the nature of the hydroxyl group. To verify this hypothesis, three mono-functional alcohols were employed as chain transfer agents: 1-hexanol (primary -OH), 2-hexanol (secondary -OH) and 2-methyl-2-pentanol (tertiary -OH) The polymerization was monitored using in situ ATR-IR spectroscopy. In all cases, plots of monomer conversion vs. reaction time exhibited sigmoid shapes (Figure S6, in SI), indicating that the initiation rate constant, ki, is lower than the propagation rate constant kp (see propagation process in Scheme S1).71 The plots were fit, for the initiation stages (monomer conversions < 25%), using a kinetic model developed by Wang et al. which enables direct determination of the values of ki and kp (Table 4).72 The ROP of ɛ-CL in the presence of chain transfer agents shows equivalent control to that in the absence, indicating fast and reversible chain transfer occurs [Mw/Mn < 1.3, suggesting ke >> ki, kp; see chain exchange process in Scheme S1]. Thus, for the kinetic models, the value of chain exchange rate constant (ke) was set at 100 L·mol−1·s−1(for further details, see the ESI).72 The kinetic models demonstrate that even for primary alcohols, kp is ~5 times larger than ki. Furthermore, the ratio of kp/ki depends on the structure of the alcohol. For secondary hydroxyl groups, kp is ~8 times larger and for tertiary groups it is around 10 times larger (Table 4 and Figure S7).
Therefore, it is reasonable to conclude that the coexistence of the two different architectures arises from different initiation rates (where initiation refers to the insertion of the first CL monomer into the zinc alkoxide bond, the nature of which depends on the type of hydroxyl group on the chain transfer agent). The decrease in the quantity of Type II chains with increasing chain length (degree of polymerization) can also be rationalized by the slow initiation from secondary hydroxyl groups compared to propagation from a primary CL alkoxide. It is notable that other catalyst systems have also been reported which show faster rates of propagation than initiation, but the impact of these kinetics over telechelic polymer architecture were not yet studied.71,73,74



[bookmark: _Ref404588979]Table 4. The immortal ROP of ɛ-CL using mono-functional alcohols as the chain transfer agents.a

	Entry
	CTA
	Type of -OH
	Ratesb

	
	
	
	ki x 10-3
(L·mol-1·s-1)
	kp x 10-3
(L·mol-1·s-1)
	kp/ki

	1
	1-Hexanol
	primary
	47.4
	226.2
	5

	2
	2-Hexanol
	secondary
	34.2
	265.6
	8

	3
	[bookmark: OLE_LINK83][bookmark: OLE_LINK84]2-Methyl-2-pentanol
	tertiary
	27.0
	275.2
	10


a) Reaction conditions: [cat.]/[CTA]/[ɛ-CL]/[CHO] = 1/20/500/1000, [cat.] = 10 mM; b) Determined from the plots of monomer conversion (< 25 %) vs. reaction time (see ESI for further details).

[bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK20][bookmark: OLE_LINK21]In order to compare these results with other systems from the literature applied for the synthesis of telechelic PCL,64 1,2-propanediool was also employed as a CTA (Table 2, entry 6). The 1H NMR spectrum of the PCL shows peaks at 5.15 and 4.18 ppm (Figure 7B), which are indicative of Type I PCL.64 Meanwhile signals at 3.96/4.14 and 5.03 ppm (He and Hg in Figure 7A, respectively) indicate that two kinds of Type II PCL are also present, in which chains either initiate from the primary or secondary hydroxyl groups of the propane diol. Due to the overlap of the methyne/methylene signals assigned to Type II chains with those from the main chain PCL,75 the peaks for Hd (4.06 ppm), He (3.96 & 4.14 ppm) and Hh (3.65 ppm) cannot be unambiguously assigned either in the 1H NMR or 1H-1H COSY spectra (Figure 7B). Fortunately, there is no such signal overlap between the methyl groups on the propane diol units in the different polymer architectures (Figure 7, Hc, Hf and Hi). Three signals were clearly observed in the methyl region of the 1H-1H COSY spectrum, each coupling with a different methyne proton, at (1.24 & 4.06 ppm), (1.26 & 5.03 ppm) and (1.27 & 5.15 ppm) (Figure 7C). This suggests there are three different types of methyl environments and is consistent with methyl groups coupling to Ha (Type I), Hd (Type II a) or Hg (Type II b), confirming that the sample contains a mixture of Type I (chain extended) and II (chain end-capped) chains. The molar ratio of the different PCL architectures is calculated to be [Type I]/[Type II a]/[Type II b] = 65/26/9, from the relative integrals of Hc/Hf/Hi (see Figure S5 & Table S2). However, in addition to the PCL species which are initiated from 1,2-propane diol, a minor distribution initiated from cyclohexanediol was also observed in the MALDI-ToF spectrum (Figure S4). This latter series is proposed to result from trace contamination of cyclohexene oxide by the diol, which might form by the catalyzed reaction between CHO and any residual water, as has been previously noted by various other groups working with this epoxide.76-80 The minor distribution, initiated from CHD, is not well defined in the 1H NMR spectrum due to its low content.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Therefore, using 1,2-propanediol as the CTA results in a mixed architecture PCL, even at comparable molecular weights to those used by Lin and co-workers. In addition, the observation that the molar content of Type IIa is much higher than Type IIb also strongly supports the notion that primary hydroxyl groups show higher initiation rates than secondary groups. Nevertheless, the fact that some primary –OH groups do not react, i.e. in Type IIb, seems contrary to the kinetic findings. It is proposed that the methyl substituent, on 1,2-propanediol, might lead to sufficient steric hindrance even at the proximal primary hydroxyl group to slow initiation from that site.
[image: C:\Users\yz1113.IC\Desktop\figure 7.tiff]
[bookmark: _Ref392147010]Figure 7. (A) A schematic diagram of the two architectures (Type I & II) of PCL formed using 1,2-propanediol as the CTA; (B) A typical 1H-1H COSY spectrum of the PCL (PD as CTA) and (C) An enlarged 1H-1H COSY spectrum corresponding to the selected area in (B) and the correlative hydrogens in (A). The signals at (1.24, 4.06) ppm are assigned to the coupling between Hf and Hd resulting from Type II a chains; those at (1.26, 5.03) ppm are assigned to the coupling between Hi and Hg resulting from Type II b chains; whilst the signal at (1.27, 5.15) ppm is assigned to the coupling between Hc and Ha resulting from Type I chains.
[image: C:\Users\yz1113.IC\Desktop\Picture1.png]
[bookmark: _Ref404679732]Figure 8. (A) A schematic diagram of the two architectures (Type I & II) of PCL formed using 2-methyl-1,3-propanediol (MPD) as the CTA (Table 1, entry 9); (B) A typical 1H-1H COSY spectrum of the PCL (MPD as CTA) and (C) An enlarged 1H-1H COSY spectrum corresponding to the selected area in (B) and the correlative hydrogen in (A). The signal at (0.98, 2.13) ppm is assigned to the coupling between Ha and Hc resulting from Type I; another signal at (0.94, 2.00) ppm is assigned to the coupling between Hb and Hd resulting from Type II.
[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74]To test this steric hindrance hypothesis, 2-methyl-1,3-propanediol (MPD), having a similar molecular structure to 1,2-propanediol but with two primary –OH groups, was used as the CTA (Table 1, entry 9). In contrast to the results using other difunctional primary hydroxyl CTAs (i.e. EG and PEG), a mixture of two PCL architectures was observed (Figure 8). In the NMR spectra, two different methyl signals (Ha and Hb) were observed, these coupled with the methyne protons, Hc and Hd, respectively. It is, therefore, proposed that both the steric hinderance and the nature of the –OH group on the chain transfer agent influence the rate of initiation, ki, a factor which directly affects the architecture of the final polymer.  
Conclusions
The ROP of -CL was investigated using a dizinc catalyst and various chain transfer agents. This system resulted in controlled, immortal polymerization, where the polymer molecular weight was predicted from [monomer]/[chain transfer agent]. By using the dizinc catalyst, an unexpected and unusual result was that the nature of the hydroxyl groups, on the chain transfer agent, influenced the architecture of the PCL chains. Chain transfer agents with primary hydroxyl groups and having limited/no steric hindrance, such as ethylene glycol and PEG, exhibited quantitative initiation from all the hydroxyl groups. In contrast, chain transfer agents with secondary hydroxyl groups, such as trans-1,2-cyclohexanediol and 1,2-propanediol, resulted in a mixture of different PCL architectures. These were polymers chain extended or end-capped by the diol. 2-Methyl-1,3-propanediol, also resulted in the formation of the two different PCL chain architectures. The polymerization kinetics revealed that the rate of initiation, ki, (i.e. the insertion of the first CL monomer into the zinc-O(chain transfer agent) bond is significantly slower than the rate constant of propagation (kp) (i.e. insertion of subsequent CL monomers into the Zn-O(PCL) bond). Using a series of mono-functional chain transfer agents, the rate of initiation was related to the structure of hydroxyl group, with the rates decreasing in the order: ki,(primary) > ki,(secondary) > ki,(tertiary). Taken as a whole, the studies revealed that the architecture of PCL formed by the dizinc complex/CTA system depends on both the nature of the hydroxyl group and on the steric environment(s) proximal to the hydroxyl groups on the chain transfer agent. The studies also highlight the importance of the catalyst system in controlling the relative rates of initiation vs. propagation, and thereby the polymer chain architectures. In this case, the di-zinc catalyst shows a clear kinetic selectivity for certain hydroxyl groups/chemical environments compared to others. Such selectivity may be an interesting means to control and target specific polymer chain architectures.  Further investigation of the generality of these findings using other catalysts is warranted, as are studies to exploit the catalytic selectivity as a means to target particular chain architectures for application.
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