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Abstract Random copolymer of g-caprolactone with 2,2-dimethyltrimethylene
carbonate has been synthesized by using N-heterocyclic carbene organocatalysts for
the first time. A series of N-heterocyclic carbenes namely, imidazol-2-ylidenes
substituted at 1,3 position by benzyl, isopropyl, ethyl and methyl were demonstrated
to bring about the metal-free ring-opening copolymerization of ¢-caprolactone and
2,2-dimethyltrimethylene initiated by benzyl alcohol in THF. The influences of
reaction conditions, such as monomer, catalyst, and initiator concentration, as well
as reaction temperature and time on the copolymerization have been examined in
detail. The results show that 1-isopropyl-3-benzyl imidazol-2-ylidene carbene was
potent organic catalyst for the ring-opening copolymerization of cyclic esters to
generate well-defined linear polyesters of controlled molecular weight and narrow
polydispersity. 'H NMR spectral data of copolymer obtained showed that the
polymerization mechanism is in agreement with the activated monomer mechanism.

Keywords Imidazol-2-ylidene - Ring-opening copolymerization
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Introduction

Aliphatic polyesters have been extensively utilized in the biomedical field owing to
their chemical stability, their solubility in both organic and aqueous media, their
nontoxicity, their low immunogenicity, and antigenicity [1]. In this regard, the
copolymer properties offering all the aforementioned advantages can be tailored
by changing the composition of the copolymer required for different applications.
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Such materials can be synthesized with a high level of control through ring-opening
polymerization of cyclic esters, and most often accomplished using various
effective catalysts, including cationic, anionic, and coordination. However, the
toxicity and difficulties in removal of the catalysts from the resulting polymer have
limited their utilization in many cases [2—15]. Considering the disadvantages of the
above catalysts, N-heterocyclic carbenes (NHCs) are a new kind of catalyst, and
their nontoxicity, versatility, and chemical reactivity have received a considerable
attention in molecular synthesis and more recently in macromolecular chemistry as
well [16-21]. As a reliable alternative to metal-mediated catalyst, in particular,
imidazolium-based carbenes represent a special class of NHCs that have emerged as
powerful organocatalysts for polymer synthesis [18, 22, 23].

Copolymers of cyclic esters with e-caprolactone (CL), 2,2-dimethyltrimethylene
(DTC) are widely used as medical and environment friendly materials because of
the biocompatibility and the biodegradability. In relation to this, various catalysts
(cationic, anionic, coordination, etc.) have been developed for the ring-opening
polymerizations. In particular, the imidazolium-based carbenes catalysts are
inexpensive, highly active and nontoxic, as such, they provide an attractive method
to yield polymers of well-defined molecular weight with narrow polydispersities
(PDIs), characteristic of a polymerization system. In this article, we report the ring-
opening copolymerization of CL and DTC using imidazol-2-ylidenes substituted at
1,3 position by benzyl, isopropyl, ethyl, and methyl as catalysts separately and
present the relation between the structures and catalytic activity of imidazol-2-
ylidenes, with emphasis on the polymerization characteristics and mechanism.

Experimental
Materials

e-Caprolactone (Alfa Aesar, 99 %) was dried and distilled over fresh calcium
hydride (CaH,) powder under reduce pressure, and stored over activated 4 A
molecular sieves at room temperature prior to use. 2,2-dimethyltrimethylene
carbonate was synthesized according to a published method [24] and dried over
P,0Os. tetrahydrofuran (THF) was dried by refluxing over benzophenone—Na
complex and distilled prior to use. Benzyl alcohol (BnOH) was refluxed over CaH,
for 48 h, distilled (in vacuo) and then stored over molecular sieves. All other
materials were of analytical grade and were used as received.

Catalyst preparation

All catalyst preparations were carried out with Schlenk tube and vacuum-line
technique under purified nitrogen. Imidazol-2-ylidenes (Scheme 1) were synthe-
sized following the procedure described in the literature [15, 25, 26]. As the
precursor of carbene catalysts, hydrophobic imidazolium hexafluorophosphates
were prepared from corresponding halogen salts which slightly modified in
literature [27-29].
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Scheme 1 The structures of imidazol-2-ylidenes

Measurements

"H NMR and "*C NMR spectra were recorded on a Bruker AV-600 spectrometer in
CDCl; or DMSO-d¢ with tetramethylsilane (TMS) as the internal reference at room
temperature. Differential scanning calorimetric (DSC) curves were performed with
a DSC (204F1) instrument. Each sample was first heated from —60 to 130 °C (first
heating run) at a heating rate of 10 °C/min, held for 1 min to erase the thermal
history, then cooled immediately to —60 °C at a cooling rate of 100 °C/min, and
finally heated to 130 °C (second heating run) at 10 °C/min again under nitrogen.
The number average molecular weight (Mn) and PDI measurements were obtained
with THF as eluebt (1 mL/min) at 40 °C by gel permeation chromatograph
(PL-GPC220) with refractive index detector and a set of columns (PL gel 10 um
MIXED-B 300 mm x 7.5 mm, PL gel 10 um, Guard 50 mm x 7.5 mm) and
calibrated using polystyrene standards.

Polymerization procedure

All copolymerization reactions were carried out in glass ampoules. Each ampoule
was heated, evacuated, and filled with dry nitrogen several cycles before use.
Monomer, solvent, initiator, and catalyst were added into the ampoules successively
under a dried nitrogen atmosphere and kept thermostated. The reaction was
quenched with a drop of water. The copolymer was precipitated from methanol and
washed with methanol twice, and then dried to constant weight under vacuum at
40 °C.

Results and discussion
Characteristics of the polymerization

Table 1 lists the influence of three imidazol-2-ylidenes substituted by different
groups as catalysts on the copolymerization of DTC with CL. The data show that
their catalytic activities significantly depend on the steric and electronic effects of
the catalyst. Particularly, when electron-donating ability of substituent on imidazol-
2-ylidenes becomes greater, the catalytic activity is also increasing. The effect of
introducing electron-donating substituent at 1,3 position of the imidazole ring on the
copolymerization was examined. For example, the more electron-rich carbene (1)
was highly effective catalyst for copolymerization of DTC with CL in comparison
to (2) and (3), and produced high molecular weight copolymers (M, = 28,500 g/mol)
with narrow polydispersities (PDI = 1.44) at room temperature in 60 min.
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Table 1 Effect of different NHCs on the copolymerization initiated by BnOH *

Catalyst [DTC + CLJ/[C] Conv. (%) M., x 1074 PDI
1 400 91.36 2.83 1.53
500 95.10 2.85 1.44
2 400 87.51 2.43 1.64
500 90.07 2.75 1.65
3 400 81.01 1.94 1.62
500 89.71 2.05 1.70

# Conditions: [DTC]/[CL] = 50:50, [DTC + CL] = 3.0 mol/L
[DTC + CL}/[I] = 200:1, 25 °C, 60 min, in THF
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Fig. 1 Effect of comonomer concentration on copolymerization of DTC with CL; conditions:
[DTC + CLJ/[I] = 200, [C)/[I] = 2.5, 25 °C, 60 min, in THF

The influences of comonomer concentration, initiator amount, comonomer/
catalyst molar ratio [DTC 4 CL]/[C], reaction temperature and time on copoly-
merization were examined with (1) as catalyst in THF. The results are summarized
in Fig. 1 and 2, as well as Table 2. As seen in Fig. 1, the yield and the molecular
weight of copolymer tend to rise with increasing comonomer concentration till
3.0 mol/L. But with higher concentration ([DTC + CL] > 3.0 mol/L), the como-
nomer conversion and the M, of copolymer decrease and the PDI broadens.
Figure 2 illustrates that [DTC + CL]/[I] of 200 molar ratio is essential for
preparing high yield and molecular weight copolymer. The copolymerization could
not happen when further decreasing initiator content, yet increasing initiator content
presumably leads to forming more and shorter copolymeric chains, thus decreasing
the molecular weight of copolymer.

Comonomer/catalyst molar ratio [DTC + CL]J/[C], reaction temperature, and
time have a significant effect on the copolymerization, as shown in Table 2. From
the results, it can be seen that the comonomer conversion, M, and PDI of poly
(DTC-co-CL) can be controlled by varying factors mentioned above. Thus, the
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Fig. 2 Effect of the initiator concentration on copolymerization of DTC with CL;
[DTC 4 CL] = 3 mol/L, [DTC + CLJ/[C] = 500, 25 °C, 60 min, in THF

Table 2 Copolymerization with carbene (1) initiated by BnOH

No. [DTC + CLJ[C] Temp (°C)  Time (min)  Conv. (%) Myx 10~* (g mol™")  PDI

1 300 25 60 85.5 1.53 1.67
2 400 25 60 914 2.83 1.53
3 500 25 60 95.1 2.85 1.44
4 600 25 60 88.4 2.76 1.57
5 700 25 60 82.1 1.69 2.04
6 500 5 60 71.1 1.73 1.66
7 500 10 60 90.1 1.90 1.68
8 500 35 60 89.9 1.92 1.64
9 500 45 60 85.6 1.72 1.78
10 500 25 20 86.8 1.90 1.63
11 500 25 40 91.8 2.13 1.62
12 500 25 80 92.5 1.94 1.82
13 500 25 100 90.4 1.70 1.90

Conditions: [DTC + CL] = 3.0 mol/L, [DTC + CLJ/[I] = 200, in THF

optimum conditions for the DTC and CL copolymerization ([DTC]/[CL] = 50:50)
in THF are [DTC + CL] = 3.0 mol/L, [DTC + CLJ/[IJ/[C] = 200:1:0.4, 25 °C,
60 min.

The effect of the DTC/CL molar ratio in the feed on the composition, yield, and
molecular weight of copolymer is shown in Table 3. It gives the results of the
copolymerization with different DTC/CL molar ratio in feed. As can be seen, the
higher content of CL in the feed, the higher conversion in copolymerization. While
keeping comonomer composition unchanged, the copolymer produced always has a
composition close to that in the feed.

@ Springer



1294 Polym. Bull. (2013) 70:1289-1301

Table 3 Effect of different comonomer ratio on the copolymerization

DTC/CL (molar Time Conv. DTC/CL (molar Myx 107 PDI
ratio in feed) (min) (%) ratio in copolymer) (g mol™})

80:20 60 88.9 80.6:19.4 2.52 1.67
65:35 60 89.4 67.6:32.4 2.50 1.69
50:50 15 754 52.3:47.7 1.52 1.97
50:50 20 86.8 48.8:51.2 1.90 1.63
50:50 40 91.8 48.8:51.2 2.13 1.62
50:50 60 95.1 47.4:52.6 2.85 1.44
35:65 60 92.6 33.2:66.8 243 1.81
20:80 60 90.1 19.2:80.8 241 1.84

Conditions: [DTC + CL] = 3.0 mol/L, [DTC + CLJ/[1}/[C] = 200:1:0.4, 25 °C, in THF

Table 4 Determination of rppc and rep

[DTCJ/[CL] in feed X Y
(molar ratio)

80:20 1.007 3.978
65:35 0.451 1.732
50:50 0.279 0.805
35:65 0.117 0.314
20:80 0.0681 0.0038

Conditions: [DTC 4 CL] = 3.0 mol/L, [DTC + CLJ/[I}/[C] = 200:1:0.4, 25 °C, in THF
Refer to text for the codes of X and Y

Determination of reactivity ratios

Different compositions of copolymers were prepared at low conversion (10-15 %)
for the purpose of determining the reactivity ratios of DTC and CL (Table 4). The
composition of the copolymer can be calculated from "H NMR spectrum (Fig. 6) by
integrating the area of the peaks due to the methyl signals at §1.0 (DTC unit) and the
methylene signal at §2.3 (CL unit). According to the Fineman-Ross Eq. (1), the
reactivity ratios are calculated, respectively, as shown in Table 4.

Y =rprcX —reL (1)

where Y = (y — Dx/y, X = x’/y, y = d[DTC)/A[CL] in the copolymer, and
x = [DTC]J/[CL] in the feed.

The reactivity ratios, rptc and rcp, are obtained from the slope and the intercept
of the line in Fig. 3, and the values are 4.21 for rprc and 0.25 for rcp. This indicates
that DTC is favorable to incorporate into the propagating chains. The carbene (1)
can attack the higher electrophilic carbonyl carbon of DTC easier than that of CL.
The value of rpyc X rcr, for the copolymerization catalyzed by carbene (1) is close
to 1.0, indicating that the copolymerization is nearly ideal.
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Fig. 3 Fineman-Ross plot for the copolymerization of DTC and CL with carbene (1) as catalyst.
Conditions: [DTC + CL] = 3.0 mol/L, [DTC + CLJ/[1}/[C] = 200:1:0.4, 25 °C, in THF
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Fig. 4 GPC curve of copolymer

Characterization of the copolymer

GPC measurement showed a higher molecular weight and narrow molecular weight
distribution (Fig. 4). Furthermore, the single peak of GPC pattern confirms that
there is no homopolymer in the copolymerization reaction.

The random structure of copolymer can be demonstrated by '"H NMR and '*C
NMR analysis. In the corresponding 'C NMR spectrum (Fig. 5), the typical
chemical characteristic peak could be clearly identified at §70.56 (DTC-DTC),
064.33 (CL-CL), 669.04 (DTC-CL), 668.03 (CL-DTC), respectively, demonstrat-
ing the existence of copolymer (Scheme 2).
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Fig. 5 Typical '>*C NMR spectrum of copolymer (DTC-co-CL) prepared by carbene (1)
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Scheme 2 Diad structure in poly (DTC-co-CL)

Figure 6 gives the 'H NMR spectra of the CH,—O region of copolymer as a
function of reaction time. For the methylene groups, the signal at 63.96 is found in
DTC-DTC diad and CL-DTC diad. The signals are at 63.90 for a DTC-CL diad, at
54.06 for a CL-CL diad, and at 64.12 for a CL-DTC diad. From the 'H NMR
spectra, the compositions of the different diads were determined by integration, and
the results are summarized in Table 5. The ratios of the diads DTC-DTC:DTC-
CL:CL-DTC:CL-CL at various reaction times reveal that the concentrations of the
heterodiads DTC—CL and CL-DTC increase with the copolymer yield, indicating
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Fig. 6 "H NMR spectrum of poly (DTC-co-CL) obtained by carbene (1)
Table 5 Effect of reaction time on the diad composition in copolymer
DTC/CL? Time/min Yield/% DTC-DTC:DTC-CL:

CL-DTC:CL-CL®

50:50 15 75.6 1:0.39:0.32:0.33
50:50 20 86.8 1:0.34:0.35:0.36
50:50 40 91.8 1:0.35:0.37:0.37
50:50 60 95.1 1:0.38:0.39:0.39

Conditions: [DTC + CL] = 3.0 mol/L, [DTC + CLJ/[I}/[C] = 200:1: 0.4, 25 °C, in THF
% Molar ratio in feed
® The concentration of the diad DTC-DTC was obtained from the value of (I,-I.)/2. (See Fig. 6)

that the copolymer structure becomes more and more random as the copolymer-
ization proceeds

Analysis of the thermal properties of the copolymer by DSC is shown in Figs. 7 and
8. On the first heating, the copolymers exhibit some quite different melting transitions
according to the molar ratio of DTC in copolymers. On the second heating, all the
copolymers with various compositions show a single glass transition temperature (7)
between that of PCL (—65 °C) and PDTC (about —28 °C), confirming the random
nature of the copolymers because block copolymer has two T,. When the content of CL
unit in the copolymers is high, e.g., n(DTC)/n(CL) 20/80, it appears one melting
transition which may result from the imperfect crystallites of the CL units.

Mechanism of 2,2-dimethyltrimethylene carbonate polymerization

The mechanism can be concluded that it involves an attack of the imidazol-2-
ylidenes catalyst onto cyclic esters and the formation of a zwitterionic imidazolium
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Fig. 7 DSC curves of poly (DTC-co-CL) with various compositions at the first heating with a heating
rate of 10 °C/min. Numbers /-7 stand for DTC/CL molar ratio in feed are 100/0, 80/20, 65/35, 50/50,
35/65, 20/80, and 0/100, respectively
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Fig. 8 DSC curves of poly (DTC-co-CL) with various compositions at the second heating with a heating
rate of 10 °C/min. Numbers /-7 stand for DTC/CL molar ratio in feed are 100/0, 80/20, 65/35, 50/50,
35/65, 20/80, and 0/100, respectively

alkoxide intermediate (activated monomer mechanism). According to the mecha-
nism, initiation occurs when the nucleophile BnOH reacts with the monomer
catalyst complex to form the ring-opened adduct. The «-chain end of the copolymer
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Scheme 3 Proposed mechanism for copolymerization of DTC and CL catalyzed by carbene (1) with
BnOH

bears the ester from the initiating BnOH and the w-chain end is a primary alcohol
and serves as the nucleophile in subsequent propagation (Scheme 3).

Conclusion

We investigated an easy synthetic route to copolymer (DTC-co-CL), combining
significant advantages, among which prevention of metallic initiators and residues,
perfect control over molar masses and PDIs, absence of intermediate steps, and
straightforward purification by precipitation. This could be achieved by using
imidazol-2-ylidenes as an effective catalyst for the metal-free copolymerization of
DTC and CL in THF at room temperature, in the presence of benzyl alcohol as
initiator, preparing copolymer with high molecular weight and narrow molecular
weight distribution. The mechanism can be proposed that the monomer is activated
by the carbene, with propagation occurring by acyl-oxygen cleavage with alcohol
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present in solution. Propagation through chain extension of the alcohol species
affords high molecular weight copolymers.
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