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Polydienes, polylactones, poly(methyl methacrylate), poly(methyl acrylate), polystyrene and 

poly(vinyl acetate) are some common polymers which are utilized in applications ranging from 

rubber industry to biomedical applications. These materials are synthesized by various catalysts 

and by various polymerization techniques such as anionic, cationic, radical, and coordination 

polymerization. While some monomers such as styrene can be polymerized from all these 

techniques, monomers such as vinyl acetate can only be polymerized via radical polymerization. 

Synthesis of copolymers between these different types of monomers is extremely important to 

tune the properties of the resulting polymers to match the specific application. Unfortunately, 

due to the mismatch between the polymerization technique and the monomers, synthesis of 

copolymers between these classes is somewhat limited. In this dissertation, a coordination 

catalytic system that has the ability to make homopolymers, as well as copolymers between these 

different classes of monomers is introduced. 

Chapter 1 will focus on the development of neodymium-based catalytic systems for the 

polymerization of dienes, lactones, and vinyl monomers. The compounds used as co-catalyst and 



 

viii 

the effect of polymerization conditions are explored. The advances in the synthesis of 

copolymers and the mechanistic aspect of the neodymium-based catalysts for the polymerization 

of dienes and lactones are discussed. 

In Chapter 2, the synthesis of the novel NdCl33TEP (TEP = triethyl phosphate) catalyst and the 

polymerization of dienes and vinyl monomers with triisobutylaluminum (TIBA) co-catalyst is 

presented. Pseudo-living characteristics for the polymerization of dienes and the synthesis of 

copolymers between diene-diene, diene-vinyl, and vinyl-vinyl are demonstrated in this chapter. 

Chapter 3 extends the ability of NdCl33TEP/TIBA catalytic system for the polymerization of 

lactones. Unsubstituted and -substituted--caprolactone monomers are used to show the 

superiority of this catalytic system over the conventional catalytic systems that are in use for the 

polymerization of lactones. 

Presented in Chapter 4 is the application of a polycaprolactone synthesized by the 

NdCl33TEP/TIBA catalytic system for the combined delivery of an anticancer drug, doxorubicin 

and a histone deacetylase inhibitor, 4-phenylbutyric acid. The polymerization of the -

substituted--caprolactone monomer was only achievable with the NdCl33TEP/TIBA catalytic 

system. A comparison of the polymerization with other catalytic systems, the formation of 

nanoparticles with the polymer, characterization of the nanoparticles and its biological studies 

are discussed.   
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1.1 Abstract 

The development of high-quality elastomeric materials from the polymerization of dienes and 

substituted dienes has grown in importance as these materials are among the most significant and 

widely used in the chemical industry due to their elasticity and resilience properties, electrical and 

thermal insulation properties, and mechanical properties. During the past decade, many attempts 

were made to synthesize polydienes through radical, anionic, and coordination polymerization 

mechanisms. The discovery of the Ziegler–Natta catalysts in the mid-1950s started the era of 

coordination polymerizations, which resulted in vast advantages in governing the regio- and 

stereoregularity in polymers with specially designed properties. The quest for new catalytic 

systems that are homogeneous, well-defined, thermostable, and able to produce polydienes in high 

yields to provide over 98% cis-1,4 selectivity has been a high priority in both academic and 

industrial fields. As a result, research focusing on rare earth metals, especially on neodymium, to 

be used as catalysts for the polymerization of dienes came in to focus. Herein, we discuss the 

different types of neodymium catalysts used for the polymerization of dienes, lactones, and vinyl 

monomers.  

1.2 Introduction 

The era of coordination polymerization initiated with the development of Ti-based catalytic 

systems by Karl Ziegler and Giulio Natta for the polymerization of ethylene and propylene, 

respectively, in the 1950s.1-5 For their invention and benefits of the catalysts towards the industry, 

Ziegler and Natta were awarded the Nobel Prize in 1963. The Ziegler-Natta (ZN) catalysts were 

not only used for the polymerization of ethylene and propylene but also, for conjugated dienes to 
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produce polydienes. Although, polydienes can be produced by anionic and radical polymerization 

methods, coordination polymerization with the ZN catalysts yields polydienes with regio- and 

stereoregularity.6-7 Polydienes, such as polybutadiene, polyisoprene and their derivatives are 

widely used as synthetic rubbers due to their elasticity and resilience properties, electrical and 

thermal insulation properties, and mechanical properties.6-19 Hence they are widely used for 

manufacturing tires, sealants, hoses, gloves, etc. The type of application of the polydienes depends 

on the microstructure of the polymer (Figure 1.1). For instance, a polydiene with higher cis-1,4 % 

will be more elastic, whereas a polydiene with higher trans-1,4% will exhibit more crystalline 

behavior in the final material. Polydienes with higher cis-1,4 % (>90 %) are the most widely used 

due to their application in the tire industry. Polydienes with 3,4- or 1,2- regularities are used to 

manufacture tires with wet-skid resistance and low rolling resistance.6 Since the 1960s, Ti and Co-

based catalysts were used to industrially produced cis-1,4-polybutadiene.6-7 

 

Figure 1.1 Microstructures of polydiene 

 

In 1964, the first lanthanide-based ZN catalytic system for the polymerization of dienes was 

introduced by Shen et al.20 Ever since this discovery, lanthanide-based catalysts became the 

fundamental focus for research on diene polymerization. Researchers thus found that lanthanide-

based ZN catalysts are superior to the conventional Ti and Co-based catalysts for the 

polymerization of dienes.6 
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1.3 Neodymium Based Ziegler-Natta Catalysts for the Polymerization of Dienes 

Lanthanide-based ZN catalytic systems have shown promise over the Ti, Co and Ni-based ZN 

catalysts due to the ease of synthesis of the catalyst and the higher activity towards the 

polymerization of dienes at a lower concentration (10-6-10-5 mol lanthanide/ g diene).21 

Lanthanide-based Ziegler-Natta catalysts are economical, thermally stable, and less sensitive to 

moisture and oxygen as compared to metallocene catalysts.6-7, 22-26 Furthermore, the use of 

lanthanide catalysts for the polymerization of isoprene and butadiene have yield cis-1,4-

stereoregularities ~ 98-99 %, whereas the ZN catalysts (with Ti, Co and Ni) are in the range of 93-

97 %.7 Out of the lanthanide series, polybutadienes synthesized with Nd exhibits the highest cis-

1,4-content of >97%. Even though these are a slight increase in the cis-1,4-content, a greater 

improvement in the elastic properties has been observed.6 Additionally, dimerization of butadiene 

to form vinylcyclohexane is noticeable at elevated temperatures with Ti and Ni-based ZN catalytic 

systems (Scheme 1.1). As a result of dimerization through Diels-Alder reaction, the polymer yields 

reduces slightly. Dimerization occurs at higher monomer concentrations, and elevated 

temperatures. Out of the reported ZN catalytic systems, the dimerization process increase in the 

order of Nd < Co < Ti ~ Ni.7, 27 

Scheme 1.1 Cyclization of butadiene to produce vinylcyclohexane 

 

 

The Nd-based ZN catalysts are favored over the other lanthanides due to higher catalytic activity 

and the availability of the catalyst precursors at reasonable prices. Moreover, the catalyst residues 

do not take part in aging of the rubber material. In 1980, Shen et al. studied the polymerization 
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activity of the complete lanthanide series for isoprene and butadiene polymerization, where, a 

binary catalytic system consisting of LnCl3/EtOH/TEA or LnCl3(TBP)3/TIBA (Ln= lanthanide; 

TBP= tributylphosphate) and a ternary system consisting of Ln- carboxylates were employed.28 

Irrespective of the type of catalyst used, binary or ternary, they have observed the same trend 

throughout the lanthanide series. The highest catalytic activity was observed for catalytic systems 

composed of Nd, and the lowest was seen for Sm and Eu. It is found that the alkyl aluminum 

compounds used for the polymerization reduced the oxidation state of Sm and Eu from +3 to +2. 

The fact that the metals showing a reduction in the metal center shows the lowest activity 

demonstrates that the Ln metal should maintain a Ln3+ oxidation state throughout the 

polymerization.7, 28 

All ZN catalysts use an aluminum co-catalyst, such as triisobutylaluminum (TIBA), 

triethylaluminum (TEA), diisobutylaluminum hydride (DIBAH), methylaluminoxane (MAO) or 

modified methylaluminoxane (MMAO) (Figure 1.2). MMAO is obtained through the hydrolysis 

of a mixture of TIBA and trimethylaluminum (TMA).29 Some lanthanide-based ZN catalytic 

systems require the use of a halide donor, such as diethylaluminum chloride (DEAC), t-

butylchloride (t-BuCl), dichlorodimethylsilane etc.30-33 Depending on the requirement of a co-

catalyst or a co-catalyst/halide donor mixture, there are three classes of Nd catalytic systems active 

for diene polymerization, which are binary, ternary and quaternary catalytic systems.   
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Figure 1.2 Structures of some Al co-catalysts used for the polymerization of dienes 

 

1.3.1 Binary Catalytic Systems 

Nd-based binary systems consist of NdCl3 and an alkyl aluminum (AlR3) or alkyl magnesium co-

catalyst. The incorporation of electron donor organic ligands to the NdCl3–AlR3 system enhances 

the solubility in hydrocarbon solvents and significantly increases the activity of the catalyst while 

maintaining stereospecificity. Some donor ligands used with these systems are ethanol (EtOH), 

tetrahydrofuran (THF), and tributylphosphate (TBP) (Figure 1.3) and have the formula NdCl3nL 

(e.g., L = EtOH or TBP, n = 3; L = THF, n = 2 or 4).21, 28, 34-35 These type of Nd-based catalytic 

systems can be used for the polymerization of butadiene and isoprene to yield > 98% of cis-1,4-

polybutadiene and cis-1,4-polyisoprene, respectively.6-7, 36 Some examples of binary Nd 

complexes are shown in Table 1.1.  
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Figure 1.3 Structures of some donor ligands used in binary catalytic systems 

 

1.3.2 Ternary Catalytic Systems 

Ternary systems require an alkyl aluminum, boron or magnesium co-catalyst, a halide donor 

together with a halide-free Nd precursor. These systems have the formula of NdL3-AlR3-R2AlH 

(or R2AlX), where L= phosphates, carboxylates, alkyl/aryl oxides; R= alkyl groups; and X= 

halogen (Figure 1.4). The Nd salts usually contain long alkyl chain aliphatic groups to increase 

solubility in hydrocarbon solvents.7 Addition of a halide donor significantly increases the cis-1,4-

content and the catalytic activity as compared to the halide-free systems. The role of the halides is 

the halogenation of the Nd metal through exchange reactions. Some examples for ternary systems 

are shown in Table 1.2. 
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Table 1.1 Polymerization of dienes with different binary neodymium ligand complexes 

 

Nd compound Ligand Co-catalyst Monomer 
cis-1,4 

(%) 

NdCl32.5EHOH37 
2-ethylhexanol 

(EHOH)  
TEA Butadiene >99 

NdCl3
38 C6H5Me 

MClx–masked silica [MClx 

= BCl3, AlCl3, TiCl4] 
Butadiene 99 

NdCl3(C5H11OH)3
30 Pentanol TEA Butadiene  >99 

NdCl33EHOH39 EHOH TEA Isoprene 96 

NdCl33
iPrOH39 

Isopropanol 

(iPrOH) 
TEA Isoprene 96 

NdCl33TBP21 TBP TIBA 
Butadiene 97 

Isoprene 96 

NdCl33TBP40 TBP MAO Isoprene 96 

NdCl3(C5H11O)3
41 Pentanolate  TIBA Butadiene 96 

Nanosized 

NdCl31.5THF42 
THF TIBA and DIBAH Butadiene  96 

NdCl3(C5H11O)3
43 Pentanolate TIBA Butadiene 98 

NdCl3(2-methyl-8-

hydroxyquinolate)3
44 

2-methyl-8-

hydroxyquinolate 
TIBA Isoprene 97 

NdCl33
iPrOH45 iPrOH MMAO Isoprene 97 

NdCl32THF35 THF TIBA Isoprene 99 
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Figure 1.4 Structures of some halide donors (in green) and neodymium compounds (in blue) 

used in ternary catalytic systems 

 

1.3.3 Quaternary Catalytic Systems 

The quaternary systems consist of an additional component to the ternary system, where a 

solubilizing agent for the Nd salt or for the halide donor is used.7 These systems are not well 

explored. 
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Table 1.2 Ternary neodymium catalytic systems used for polymerization of dienes 

 

Nd complex Co-catalyst Halide donor Monomer 
cis-1,4 

(%) 

Nd(vers)3
46 

(vers= versatate) 
TEA 

Diisobutylaluminum 

chloride (DIBAC) 
Isoprene 98 

Nd(vers)3
47 TIBA DEAC Butadiene 97 

Nd(vers)3
48 TIBA DIBAC  Pentadiene 70 

Nd[N(SiMe3)2]3
49 TIBA DEAC Butadiene 98 

Nd(vers)3
50 DIBAH 

Ethylaluminum 

sesquichloride* 
Butadiene 97 

Nd(vers)3
51 DIBAH SiCl4 Butadiene 97 

Neodymium isopropoxide52 MMAO  DEAC/ t-BuCl Isoprene 95 

Neodymium carboxylates 

{Nd[O2CC(CH3)2CH2CH3]3}x
31 

TIBA DEAC 
Butadiene/

Isoprene 
98 

Nd(C7H15COO)3
53 TIBA DEAC 

Butadiene/

Isoprene 
95 

Nd(vers)3
54 TIBA DEAC Myrcene 98 

Nd(vers)3
55 DIBAH t-BuCl Butadiene 98 

*Ethylaluminum sesquichloride is the product of equilibrium mixtures of ethylaluminum 

dichloride and diethylaluminum chloride 

 

Out of the three different systems, ternary systems are used in the industry due to the enhanced 

solubility of the catalytic system over the binary systems. On the other hand, binary systems 

produce polydienes with >98% cis-stereoregularities and also the feasible synthesis of the binary 

Nd catalysts makes them better candidates for the polymerization of dienes. Some of the 

drawbacks associated with the binary system are, the cis-1,4 selectivity drops noticeably when the 

polymerization is performed at temperatures above 60 C, which in turn can affect the tensile 
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strength of polymers; difficulty in controlling the molecular weight, resulting in polymers with 

broader molecular weight distribution due to the multi-site nature of the catalysts;6-7, 56 and lower 

solubility of the catalytic system in organic solvents, thus commercial applications are hindered. 

The development of improved binary Nd catalytic systems is highly desirable to overcome these 

hurdles as well as to improve the catalytic activity and to improve the livingness of polymerization 

with the final goal of generating polydienes with very high cis content and well-defined molecular 

weights.6-7, 22, 39, 42 

Herein, the effects of different co-catalysts and donor ligands, aging of the catalyst, temperature 

and solvents for the polymerization of dienes from the binary catalytic systems will be discussed 

in details. 

1.3.4 Effects of Polymerization Conditions 

The type of co-catalyst and the ligands used, polymerization temperature and solvent effects play 

a major role in controlling cis-1,4 content as well as the molar mass distribution (polydispersity 

index (PDI)) of the resulting polydienes. It is thus necessary to find the optimum conditions and 

the appropriate ligands or the co-catalysts to obtain high cis-stereoregularities (>98%) and low 

PDIs. Anionic polymerization will produce polymers with PDI closer to 1.0. Unfortunately, in the 

case of lanthanide-based ZN catalysts, PDIs can reach as high as 32, which was reported for the 

ternary system of Nd(vers)3/DIBAH/DIBAC (DIBAC= diisobutylaluminum chloride) for the 

polymerization of isoprene.46 However, usually the PDIs lies in the range of ~2 - 8.21 Therefore, 

any lanthanide catalytic system that can produce polydienes with PDIs in the range of 1-2 is 

favorable. 
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Effects of the Co-catalyst 

The role of the co-catalyst is to activate the Nd compound in order to form the catalytically active 

species. The addition of a co-catalyst also helps to control the molar mass of the resulting polymers. 

Co-catalysts used for the binary systems are the majority of times Lewis acids, containing either 

aluminum or boron. Nonetheless, co-catalysts with magnesium are also used.57-59 Using 

magnesium as a co-catalyst, however, drops the catalytic activity, and hence only a few are 

reported. The Lewis acids, in general favors the formation of cis-polydienes, whereas, the later 

favors the formation of trans-polydienes. Monakov et al. showed that the addition of Mg(n-

C4H9)(i-C8H17) into NdCl33TBP complex allows the formation of trans-polybutadiene.60-61  

The commonly used aluminum co-catalysts are TEA, TIBA, DIBAH, MAO, and MMAO. The 

type and amount of organoaluminum compound influence the cis-1,4 content and the molecular 

weight of the polymer irrespective of the type of catalytic system, i.e., binary or ternary. Zhang 

and co-workers observed that with the increase in [Al]/[Nd] ratio from 20 to 40 for 

NdCl33TBP/TIBA or NdCl33TBP/DIBAH catalytic systems for the polymerization of isoprene, 

a decrease in the molecular weights from 208 kDa to 163 kDa and 190 kDa to 73kDa were 

observed, respectively. Although the cis-1,4 content did not change upon the variation of the 

organoaluminum content, it remained ~96%.40  The ternary system consisting of 

Nd(vers)3/TIBA/DEAC reported by Uribe and co-workers also showed a decrease in molecular 

weights from 154 kDa to 30 kDa when increasing [Al]/[Nd] ratio from 10 to 30 (the DEAC 

concentration was kept constant) for the polymerization of myrcene. Keeping up with the same 

trend as Zhang and co-workers, the cis-1,4 content barely changed with the increase in the 

organoaluminum content.54 Iovu et al., on the contrary, reported an increase in the cis-1,4 content 
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from 92% to 96% with the increase of Al concentration for the NdCl33TBP/TIBA catalytic system 

for the polymerization of isoprene.21  

Hsieh et al. showed the influence of a series of co-catalysts towards cis-1,4 content in 

polybutadiene, and it decreases in the following order, TIBA > DIBAH > DEAH > TEA.62 The 

effect of chain length of the alkyl group of the Al co-catalyst for the polymerization of butadiene 

from the catalytic system Nd(vers)3/AlR3/t-BuCl towards the cis-stereoregularity was explored by 

Wilson et al.. Cis-1,4 content decreases in the following order of the organoaluminum co-catalyst, 

TIBA > TMA > DIBAH > Al(n-Dodec)3 > Al(n-Pro)3 > Al(n-Hex)3 > Al(n-Bu)3 = Al(n-Oct)3 > 

TEA.63 (Where, Dodec = dodecyl, Pr = propyl, Hex = hexyl, Bu= butyl, Oct = octyl,). According 

to this study, there was no apparent trend for the length of alkyl chains in the co-catalyst. Marina 

et al. studied the polymerization yield for isoprene at 25 C and found it to decrease in the 

following order for the co-catalysts TEA, TIBA, and DIBAH; TIBA > TEA > DIBAH. Upon 

increasing the polymerization temperature to 80 C, an inversion of the series was observed by 

Marina et al. Thus, follows the order of, DIBAH > TEA > TIBA.64 The activity of some 

organoaluminum co-catalysts for the ternary system Nd octanoate/DEAC/AlR3, decreases in the 

order of, TIBA  DIBAH > TEA > TMA.14 

Out of all the organoaluminum co-catalysts used, trimethylaluminum (TMA) has the lowest 

activity for the polymerization of dienes for both, binary and ternary catalytic systems. Wilson et 

al. also studied the effect of AlR3 for the polymerization of butadiene for the ternary system 

Nd(vers)3/AlR3/t-BuCl, and the catalytic activity decreases in the following order, Al(n-Pr)3 > 

Al(n-Dodec)3 = Al(n-Oct)3 = Al(n-Hex)3 > DIBAH = TIBA > TEA > TMA. According to Wilson 

et al. catalytic systems with methyl- substituents (in the co-catalyst), give little or no yield. Ethyl 
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substituents gave a higher yield compared to methyl and propyl gave the highest yield of the 

polymer. With further increase of the alkyl chain length from 4 to 10, a significant increase in the 

catalytic system was not observed.63 

More recently, a study carried out by Lopez et al. showed the effect of TEA, TIBA, DIBAH, and 

MAO as co-catalysts for NdCl3(C5H11O)3 binary system for the polymerization of butadiene on 

the catalytic activity and cis-1,4 content. As stated in this article, the highest catalytic activity was 

observed for TEA, and it decreases in the order of, TEA > TIBA > DIBAH > MAO. The cis-1,4 

content decreases in the following order, TIBA > DIBAH > TEA > MAO. 

In general, out of the co-catalyst discussed above, TIBA allows the generation of higher cis-1,4 

content for both ternary and binary systems. TMA gives the lowest activity for the polymerization 

of dienes. 

Solvent effects 

The solvent of choice for solution polymerization of dienes will affect the catalytic activity, 

molecular weight, and the cis-1,4 content. According to several reports, the use of aromatic 

solvents will cause competitive coordination with the diene, thus reducing the activity of the 

catalyst.6, 56 Hsieh et al. reported the activity of binary catalytic systems towards the polymerization 

of dienes for different solvents, and they decrease in the following order, cyclohexane ~ n-hexane 

> n-heptane > chlorinated aromatic hydrocarbons > toluene > 1-hexene > tetrachloroethylene  

styrene.62 In this report, the influence of these solvents to the cis-1,4 content was only minimal. 

However, a decrease in molecular weight was observed when toluene was used as a solvent. Dong 

et al. determined the effect of heptane, cyclohexane, toluene, and dichloromethane towards the 
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polymer yield, molecular weight and cis-1,4 content for Nd(OiPr)3/MAO and Nd(OiPr)3/MMAO 

(OiPr = isopropoxide) for the polymerization of isoprene. For both catalytic systems, polymer yield 

and molecular weight are higher in cyclohexane and heptane than that in toluene. Moreover, the 

polymer yield was lowest in dichloromethane, where an insoluble polymer was obtained. The 

highest cis-1,4 content was obtained with toluene (~ 93%), and the lowest was obtained with 

heptane (~ 91%).52, 65 

In another study done by Wilson et al. for the Nd(vers)3/MAO/t-BuCl catalytic system for 

butadiene polymerization, the following trend was obtained for the catalytic activity, cyclopentane 

~ cyclohexane ~ methylcylohexane ~ hexane ~ 1,2-dichlorobenzene >> toluene > xylene. In the 

same study, the use of chloroform and dichloromethane yielded insoluble polymers. The use of 

aromatic solvents drastically reduced the catalytic activity, where the polymer yields decreased 

from 100% to less than 20%. However, surprisingly 1,2-dichlorobenzene did not hinder the 

catalytic activity. According to Wilson et al., due to the presence of deactivating chlorine groups 

on the aromatic ring, this solvent would less likely compete with the monomer to coordinate with 

the catalyst.32 Leon et al. produced polybutadiene with the ternary catalytic system, 

Nd(vers)3/DIBAH/EASC using styrene as a solvent, and observed incorporation of 6.3- 15.4% of 

styrene into the polymer.66 

Overall, aliphatic solvents increase the activity of the catalyst and the polymer yields as compared 

to aromatic solvents. However, polymerization in aliphatic hydrocarbon solvents at temperatures 

> 50 C, will cause catalyst deactivation.36 Aromatic solvents can compete with the monomer to 

coordinate with the catalytic species, thus hindering the polymerization. As reported by Friebe et 
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al., a chain transfer reaction takes place in the presence of toluene, where a proton from toluene is 

abstracted by an allyl end of a growing polydiene chain (Scheme 1.2). 

Scheme 1.2 Chain transfer reaction between the allyl end of a growing polybutadiene chain and 

toluene. (Ligands and co-catalysts are not shown for clarity)7, 56 

 

 

Effects of Temperature  

The polymerization temperature affects the rate of polymerization, molecular weight, PDI and the 

cis-1,4 content of the polymers. Iovu et al. studied the effect of temperature on the binary catalytic 

system of NdCl33TBP/TIBA, where, the temperature was varied from 20 to 80 C. The molecular 

weight and cis-1,4 content decreased from ~ 400 kDa to ~ 150 kDa and from 97% to 91%, 

respectively, with the increase of temperature. The highest molecular weight and cis-1,4 content 

were obtained at 20 C (~ 400 kDa, 97%, respectively). The PDI of polyisoprene increased to 7.6 

from 3.7, upon the increase of temperature form 20 to 60 C. This reduction in molecular weight 

and cis-1,4 content and the increase in PDI were attributed to the transfer reactions that occurred 

at higher temperatures with TIBA.21 

Zhang and co-workers studied the effect of temperature on NdCl33TBP/MAO binary catalytic 

system for the polymerization of isoprene. The temperatures used in this report were 0, 25 and 50 

C. The same trend for molecular weight and cis-1,4 content as observed by Iovu et al. was 

followed in this study as well. Although the increasing temperature had only a slight effect on the 
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PDI (1.35 at 0 C increased to 1.56 at 50 C).40 Rao et al. observed similar trends for cis-1,4 content 

for NdCl32.5EHOH/TEA binary system, where the cis-1,4 content dropped from 99.2% at 25 C 

to 95.6% at 75 C. Further, they observed an increase in trans-1,4 content from 0.3% to 3.5%.37 

Polymerization of butadiene with NdCl3(C5H11O)3/TIBA exhibited similar behavior upon 

increase of polymerization temperature from 40 - 60 C when the catalytic system was aged for 

30 mins before addition of the monomer. The catalytic activity and PDI increased from 66% to 

100% and 3.7 to 6.7, respectively while the molecular weight and cis-1,4 content decreased from 

63 kDa to 22 kDa and 96.2% to 95.8%, respectively.41 

Ternary systems such as Nd(vers)3/MAO/t-BuCl,32 Nd(vers)3/DIBAH/EASC,67 and 

Nd(vers)3/DIBAH/t-BuCl68 also exhibit a decrease in molecular weight upon increasing the 

temperature. However, PDI for Nd(vers)3/DIBAH/EASC system decreases upon increasing the 

temperature. As a general rule, irrespective of the type of catalytic system, an increase of 

temperature reduces the molecular weight and cis-1,4 content; and increases the catalytic activity 

and PDI (Figure 1.5). 

 

Figure 1.5 General representation of the effect of temperature towards the % conversion, PDI, 

molecular weight, and cis-1,4-% of the polymer 
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The largest impact of variation of temperature is on the rate of polymerization. Several studies 

have provided the activation energies for the polymerization of dienes. For isoprene 

polymerization with NdCl33TBP/TIBA binary catalytic system, Iovu et al. determined the 

activation energy (Ea) to be 25.6 kJ mol-1.21 Hsieh et al. reported the activation energies for 

NdCl3nROH/AlR3 system for isoprene and butadiene; Ea (isoprene) = 34.3 kJ mol-1, and Ea 

(butadiene) = 34.1 kJ mol-1.62 The type of alcohol and the co-catalyst was not specified in this 

article. The activation energy for the ternary system Nd(vers)3/DIBAH/EASC was determined to 

be 53.0 kJ mol-1, which is higher than what is observed for the binary catalytic systems.69 The 

binary catalytic systems show lower Ea when compared to the classical ZN catalysts where Ea = 

40-60 kJ mol-1.70 

All these different parameters have a negative or a positive influence towards the catalytic activity, 

microstructure, molecular weight, and PDI of the polymer. Hence optimization of all the 

parameters for a new catalytic system is necessary to obtain polydienes with desired properties. 

1.4 Neodymium Based Ziegler-Natta Catalysts for the Polymerization of Vinyl Monomers 

Polar and non-polar vinyl monomers are generally polymerized through anionic, cationic and 

radical polymerizations. The ZN catalysts based on titanium, cobalt, and nickel, deactivates with 

polar vinyl monomers, due to the irreversible coordination of the monomer to the catalytic active 

site. Therefore, they are limited for the polymerization of dienes and olefins. Nd-based 

cyclopentadienyl derivatives, on the other hand, are used for the polymerization of olefins, dienes, 

styrene and polar vinyl monomers. Unfortunately, these catalytic systems show limited solubility 

in non-polar solvents, and their alkyl derivatives are unstable in solution and thus decompose 
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easily. The use of Nd-based ZN catalysts for the polymerization of these monomers is scarce. 

Majority of these reports are for the polymerization of styrene and a couple for the polymerization 

of methacrylates and acrylates, and none for the polymerization of vinyl acetate. Almost all the 

reports that show the homopolymerization of styrene are used to show the ability of the catalytic 

system to make copolymers with a diene. 

Oehme et al. reported the homopolymerization of styrene with Nd(Oct)3/CCl4/TIBA catalytic 

system. The polymerization was carried out at 60 C in heptane for 2 h. The resulting polymer had 

a Mn of 3.6 kDa with a PDI of 1.5. The tacticity of the polymer was not determined.71 Similar 

catalytic system using Nd(naph)3/CCl4/TIBA was reported by Yang et al. to obtain syndiotactic-

rich polystyrene (Figure 1.6). The addition of CCl4 or CHCl3 increased the conversion to >95%; 

and the increase of Al/Nd ratio from 4 to 12, greatly increased the conversion from 7.5 to 98.1%. 

Upon increasing the CCl4/Al ratio to 2, complete conversion was obtained. Furthermore, the 

authors examined different ligands for the Nd complex, and the catalytic activity decreased in the 

following order; Nd(P507)3 ~ Nd(P204)3 > Nd(naph)3 > Nd(acac)3H2O (where, acac= 

acetylacetonate, naph= naphthanate, Figure 1.7).72 Gong et al. reported the Nd(P507)3/H2O/TIBA  

system to produce isotactic polystyrene (Figure 1.6). The addition of water increased the yield of 

isotactic polystyrene to 48% from 15%. Moreover, three solvent mixtures were used to study the 

effect of solvent polarity; hexane ( = 1.89, = effective dielectric constant), hexane/toluene 40:1 

(v/v) ( = 1.92) and hexane/o-dichlorobenzene 40:1 (v/v) ( = 2.30). With the increase in polarity, 

the conversion increased from 62 to 74% and the isotactic yield decreased from 48 to 24%.73 

Nd(carboxylate)3/trichloroethane/TIBA system was used by Wang et al., the polystyrene obtained 

was mainly atactic (Figure 1.6). The carboxylate ligand used was not specified in this article.74 
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Figure 1.6 Tacticities of polystyrene 

 

 

Figure 1.7 Structures of naphthanate, acetylacetonate, 2,6-di-tert-butyl-4-methylphenol, P507, and 

P204 

 

Nd(OCOR)3/DEAC/TIBA ternary system, where R= CF3, CCl3, CHCl2, CH2Cl, and CH3, was 

reported for the homopolymerization of styrene by Kobayashi et al. The polymerization was 

carried out at 50 C in hexane for 6 h for all different catalytic systems with varying alkyl groups. 
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The highest activity was obtained for the catalytic system with R= CCl3.
75 Polystyrene was 

obtained by Nd(acac)3/CHCl3/Bu2Mg catalytic system with ~28% yield by Zhang et al. The 

polymerization was carried out at 60 C in toluene for 4 h.58 With Nd(naph)3/DIBAC/TIBA for 

the polymerization of styrene, only 2% yield was obtained upon performing the polymerization 

reaction at 50 C in toluene for 18 h.76 Nd(O-2,6-t-Bu2-4-Me-Ph)3(THF)/Mg(n-Hex)2 (O-2,6-t-

Bu2-4-Me-Ph  = 2,6-di-tert-butyl-4-methylphenol, Figure 1.7) for the polymerization of styrene 

was used by Gromada et al., where a 30% yield and a Mn of 2.4 kDa was obtained.77 The same 

group reported several articles for the homo- and copolymerization of ethylene and methyl 

methacrylate (MMA) using the Nd3(O-t-Bu)9(THF)2 catalytic system.78-79 Homopolymerization of 

MMA gave predominantly syndiotactic PMMA.80 

Nd(OiPr)/TIBA system was used to produce syndiotactic PMMA by Sun et al., and the activation 

energy was determined to be 43.5 kJ mol-1.81-82 Liu et al. reported the homopolymerization of 

MMA at low temperature (-22 C) with Nd(naph)3/BuLi, where BuLi was used as the co-catalyst.83 

1.5 Neodymium Based Ziegler-Natta Catalysts for the Polymerization of Lactones 

Polylactones are an important class of polymers used extensively in biomedical applications due 

to their biocompatibility and biodegradability. Polylactones can be obtained by ring opening 

polymerization (ROP), which can be carried out by anionic, cationic, coordination or enzymatic 

polymerization routes. In anionic polymerization, the polymerization is initiated by a metal 

alkoxide to give polymers with well-defined molecular weights, and they often are living systems. 

However, anionic ROP is sensitive to chain transfer reactions due to the high reactivity of the 

nucleophile. Cationic polymerization is not often used for ROP as it fails to produce polylactones 
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with high molecular weights and has poor control over the polymerization. Enzymatic 

polymerization, on the other hand, is an attractive alternative, since there is no use of any toxic 

metals and are derived from renewable sources. Unfortunately, the polymer yields and molecular 

weights obtained by enzymatic ROP are low.84-85 Coordination polymerization is the widely 

accepted method to produce polylactones as they impart better control over the polymerization. 

The widely used catalysts for coordination ROP consists of a metal center composed of Sn,86-87 

Zn88-90 and Al.91-92 Out of these catalysts, Sn(Oct)2 (Oct= 2-ehtylhexanoate) is used extensively in 

the field of drug delivery to polymerize unsubstituted and -substituted -caprolactone (-CL).93-

98 Sn(Oct)2 is approved by the Food and Drug Administration to be used as a drug additive.99 

However, the catalyst was found to be cytotoxic, and its’ use as a catalyst to produce polylactones 

for biomedical applications is arguable.84 

Rare earth alkoxides is the other alternative for the aforementioned catalytic systems, due to the 

lower toxicity and higher efficiency of these systems.84, 100 The ability of Nd-based ZN catalyst to 

polymerize dienes, and vinyl monomers, makes them potential candidates to be used to polymerize 

lactones as well. For instance, block copolymers of butadiene and -CL are attractive materials 

used in biomedical applications. Often, the synthesis of this material is carried out by anionic 

polymerization, through sequential monomer addition under high vacuum and low temperature (~ 

4 C).101-102 Given the ability of Nd-based ZN catalysts to polymerize all these different monomers, 

they can be used to make copolymers between these classes of monomers. The Nd catalysts used 

for the ROP, can be a single component, or uses alcohol initiators or, can be regular ternary/ binary 

systems. 
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Single component Nd(BH4)3(THF)3 was used for the ROP of -CL by Guillaume et al., where 

within 5 minutes into the polymerization ~95% yield is obtained. Molecular weights ranging from 

3000 – 10300 g mol-1 and PDIs in the range of 1.2 - 1.5 were achieved. According to this report, 

three polymer chains grow from a single active site.103 

Alcohol initiators were used by Spitz and co-workers using Nd(OiPr)3 with benzyl alcohol. Within 

10 mins into the polymerization, the reaction was completed, and a Mn of 1550 g mol-1 was 

obtained with a PDI of 1.1. The study focused mainly on zirconium catalysts and talked briefly 

about the Nd catalyst.104 The same group reported the use of homogeneous and heterogeneous -

CL polymerization using Nd amide precursor. During the homogeneous polymerization in situ 

Nd(OiPr)3  was generated by reacting Nd{N(SiMe3)2}3 with excess isopropanol. They reported the 

controlled nature in polymerization upon the in situ generation of Nd(OiPr)3. Mn and PDI for PCL 

obtained with Nd{N(SiMe3)2}3 was 35500 g mol-1 and 1.7, respectively, and for in situ generated 

Nd(OiPr)3 it was in the range of 10500- 1720 g mol-1 and 1.4, respectively. Heterogeneous 

polymerization of -CL was achieved by first grafting Nd{N(SiMe3)2}3 onto a silica surface and 

then it was treated with isopropanol to produce silica grafted Nd alkoxide. The polymerization 

took longer for the heterogeneous system than the homogeneous system, 30 -150 mins vs. 2-10 

mins, respectively. The Mn obtained with the heterogeneous system was ~ 1000 g mol-1, with an 

improved PDI of ~1.1.105 

Nd(acac)33H2O/TEA  ternary system was used for the ROP of -CL by Shen et al. The effect of 

various Nd catalysts, solvent and temperature were studied in this article. The Nd catalysts used in 

this study are, Nd(naph)3, Nd(BA)32H2O, Nd(acac)33H2O, Nd(P204)3, and Nd(P507)3 (where BA= 

benzoylacetone). Accordingly, the catalytic activity and the molecular weight of PCL decreases in 
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the following order: Nd(naph)3 > Nd(P204)3 > Nd(P507)3 > Nd(acac)33H2O > Nd(BA)32H2O (TEA 

was used as the co-catalyst for all the Nd complexes). A detailed study was carried out for 

Nd(acac)33H2O/TEA system. The effect of temperature was studied for three different 

temperatures, 40, 60, and 80 C in benzene and an increase in conversion was seen from 54 to 98% 

within 1 h into the polymerization. The Ea determined for the system was 59.4 kJ mol-1. The effect 

of solvent for ROP was studied with benzene, toluene, n-hexane, cyclohexane, THF, 1,4-dioxane, 

CHCl3, and 2-butanone. The catalytic activity decreases in the following order: toluene > benzene 

> n-hexane > cyclohexane > THF > 1,4-dioxane > CHCl3 = 2-butanone. Where, CHCl3 and 2-

butanone showed no catalytic activity for the ROP of -CL.106  

The binary system NdCl33TBP/TIBA was used for the ROP of -CL by Stere et al. When the 

polymerization was carried out in THF, the system was inactive due to the coordination of THF to 

NdCl3. At temperatures of 45 and 55 C in bulk, the polymerizations were slow, only 25% and 

30% conversions were obtained after 9 h, respectively. The kinetic plot of Mn vs. conversion 

showed a non-linear behavior, suggesting the presence of chain transfer reactions. Furthermore, 

the PDI increased with increasing conversion. Hence this system indicates the non-living 

characteristics towards the ROP of -CL.107 

1.6 Synthesis of Copolymers 

 In addition to homopolymerization, these catalytic systems are also used for the copolymerization 

as well. Copolymerization of butadiene with isoprene, styrene, ethylene, other substituted dienes 

and ethylene derivatives and cyclic esters are carried out with these Nd-based ZN catalytic 

systems.  
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The ternary system, Nd(Oct)3/DEAC/TEA (Oct = 2-ehtylhexanoate) was used for the random 

copolymerization of butadiene and isoprene as reported by Oehme et al. The reactivity ratios (r) 

for this system was determined by Kelen-Tüdös method, where the reactivity ratio for butadiene 

was determined as rbutadiene = 1.09 and for isoprene risoprene = 1.32.108 Copolymerization of butadiene 

and isoprene was also carried out by Masuda and co-workers for Nd(OiPr)3/MAO/t-BuCl catalytic 

system. A comparison was carried out with the binary Nd(OiPr)3/MAO catalytic system, where 

they found out the yield of the copolymer increased form ~70% to ~80% when going from binary 

to the ternary system. The copolymer compositions were similar to the feed ratios for both binary 

and ternary systems.109 

Styrene-butadiene rubber (SBR) is used to manufacture tire tread. The ideal material should 

contain a higher cis-1,4% and more than 20% incorporation of styrene. SBR synthesized through 

anionic and radical polymerizations do not allow a higher incorporation of cis-1,4%. Therefore 

much research is carried out to obtain SBR with high content of cis-1,4%.  Oehme et al. reported 

the copolymerization between butadiene and styrene with Nd(Oct)3/CCl4/TIBA system. They 

studied the dependence of conversion, and cis-1,4 content on the monomer composition. The 

catalytic system was less activated towards styrene than that for butadiene. As a result, with the 

increase in styrene content in the monomer mixture, the conversion of butadiene decreased. The 

cis-1,4 content decreased, with the increase of styrene, and an increase in trans-1,4 content was 

seen. Reactivity ratios were determined for the two monomers using Fineman-Ross equation and 

were found out to be, rbutadiene = 4.3 and rstyrene = 0.5. According to the reactivity ratios, since rbutadiene 

> rstyrene, a gradient copolymer with the first portion composed of butadiene is formed. The 
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copolymer synthesized with butadiene: styrene mole ratio of 20: 80, contained ~38 mol% of 

styrene with ~55% of cis-1,4 %.71  

Another report for the copolymerization of butadiene and styrene was carried out by Kobayashi et 

al. with Nd(OCOR)3/DEAC/TIBA ternary system, where R= CF3, CCl3, CHCl2, CH2Cl, and CH3. 

The highest polymer yield was obtained with -CH3 (~25%) and the lowest yield was obtained with 

-CH2Cl (0.9%). However, the highest incorporation of styrene was obtained with –CCl3 (~28 

mol%). As observed by Oehme et al., the cis-1,4 content decreased upon increasing the styrene 

content in the copolymers. Reactivity ratios determined by Fineman-Ross equation were found out 

to be, rbutadiene = 5.66 and rstyrene = 0.86. Upon increase of styrene feed ratio to 50 mol%, the styrene 

content of the copolymer was ~28% and the cis-1,4 % was ~75%.75 An extension of this work on 

the same catalytic system with the same variation of the carboxylate ligands was carried out by the 

same group, for the copolymerization of isoprene and styrene, butadiene and styrene, and 

butadiene and 2,3-dimethylbutadiene (DMBD). The same trend of decreasing cis-1,4 content of 

isoprene was observed with increasing styrene content. On the other hand, the cis-1,4 content for 

poly(butadiene-co-isoprene), and poly(butadiene-co-DMBD) (Figure 1.8) remained constant (~ 94 

– 98%) with the variation of the diene monomer content. For copolymerization of butadiene and 

isoprene, the reactivity ratios were determined to be rbutadiene = 1.22, and risoprene = 1.14; for 

butadiene and DMBD, rbutadiene = 40.9 and rDMBD = 0.15. The lower affinity of DMBD for the 

polymerization was ascribed to the steric effects caused by the methyl substituents.110 
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Figure 1.8 Structures of poly(butadiene-co-isoprene), poly(butadiene-co-styrene), poly(isoprene-

co-styrene) and poly(butadiene-co-DMBD) 

 

Butadiene and styrene were copolymerized with NdL3/DIBAC/TIBA (where L= naph, P204, P507, 

benzoate, and acac) by Zhang et al. All the catalytic systems gave similar results for polymer yield, 

cis-1,4 content, copolymer compositions and molecular weight. Due to the ease of synthesis of 

Nd(naph)3, further studies were carried out only with Nd(naph)3/DIBAC/TIBA system. As 

observed by many researchers, the increase of styrene content, decreases the cis-1,4 content of 

butadiene unit of the copolymer. When the styrene feed ratio was 87 mol%, the copolymer 

obtained consisted of ~ 31 mol% of styrene and ~92% of  the cis-1,4 content. The reactivity ratios 

were determined to be rbutadiene = 100 and rstyrene = 0.05.76 

Butadiene was copolymerized with 1-octene and 1-dodecene with Nd(Oct)3/EASC/TIBA by 

Kaulbach et al. (Figure 1.9). Reactivity ratios were determined by Kelen-Tüdös method, where 

rbutadiene = 25 and r1-octene  ~ 0 for poly(butadiene-co-(1-octene)); and rbutadiene = 18 and r1-dodecene  = 

0.1 for poly(butadiene-co-(1-dodecene)) .The catalytic system is more active towards the diene 
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than the olefins.111 Costa and co-workers reported the copolymerization of butadiene with 1-octene 

for Nd(vers)3/DIBAH/t-BuCl. Upon increasing the 1-octene weight % from 0-30, the conversion 

of butadiene decreased from ~90% to ~60%. However, the increase of 1-octene had no effect 

towards the cis-1,4 content.112 Another article published by the same group shows the 

copolymerization of 1-hexene and 1-dodecene with butadiene utilizing the same catalytic 

system.113 

The use of magnesium as the co-catalyst was studied by Zhang et al. where the copolymerization 

of isoprene and styrene was carried out with Nd(acac)3/CHCl3/Bu2Mg catalytic system. The rate 

of copolymerization was found to be lower than either homopolymerization rate. Monomer 

reactivity ratios were evaluated to be  risoprene = 5.4 and rstyrene  = 0.38 through Fineman-Ross 

method.58 

 

Figure 1.9 Structures of poly(butadiene-co-(1-hexene)), poly(butadiene-co-(1-octene)), and 

poly(isoprene-co-(1-dodecene)) 

 

Copolymerization of butadiene with substituted dienes was reported by Leicht et al. with ternary 

catalytic systems. The ternary systems used in this study are, Nd(vers)3/EASC/TIBA, 

Nd(vers)3/EASC/DIBAH, and several other systems were also reported. The substituted 

monomers used in this study are given in Figure 1.10. 114 The same catalytic system was used by 

Friebe et al. for the synthesis of a compatibilized polymer blend of butadiene rubber and PCL. 
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This was achieved by the sequential addition of -CL at 85% conversion of butadiene, resulting in 

the block copolymer poly(butadiene)-b-poly(-caprolactone).115 

 

Figure 1.10 Substituted dienes used for the copolymerization with butadiene using 

Nd(vers)3/EASC/TIBA, and Nd(vers)3/EASC/DIBAH catalytic systems 

 

A block copolymer between isoprene and -caprolactone (Figure 1.11) was synthesized by Wang 

et al. using Nd(OiPr)3/Me2SiCl2/DIBAH ternary system through coordinative chain transfer 

polymerization. An increase in molecular weight from 3.96 kDa to 7.20 kDa was observed for 

polyisoprene and poly(isoprene)-b-poly(-caprolactone), respectively.116 Same group reported the 

synthesis of poly(butadiene)-b-poly(isoprene)-b-poly(-caprolactone), and poly(butadiene)-b-

poly(isoprene)-b-poly(butadiene) (Figure 1.11) using the same catalytic systems.117 Furthermore, 

they synthesized poly(butadiene)-b-poly(-caprolactone)-b-poly(methyl methacrylate) (Figure 

1.11) by first making poly(butadiene)-b-poly(-caprolactone) using the same catalyst and the 

PMMA block was grown on to that by using atom transfer radical polymerization.118 Zheng et al. 

demonstrated the block copolymerization of butadiene with -caprolactone, and lactide (Figure 

1.11) using Nd(OiPr)3/Mg(n-Bu)2 through coordination chain transfer polymerization. Mg(n-Bu)2 

acts as the co-catalyst as well as the chain transfer agent. The polybutadiene obtained was 

predominantly trans-1,4-polybutadiene (> 93%). Poly(butadiene)-b-poly(-caprolactone) 



 

30 

consisted of >97% of trans-1,4 content, while poly(butadiene)-b-poly(lactide) consisted of >96% 

of trans-1,4 content.59 

Nd(naph)3/TIBA catalytic system was used by Chen et al. for the copolymerization of methyl 

acrylate and norbornene (Figure 1.11). The resulting polymer contained 22.2 and 77.8 mol% of 

norbornene and methyl acrylate, respectively.119 A single component catalyst composed of Nd(O-

2,6-t-Bu2-4-Me-Ph)3 was used by Chen et al. for the copolymerization of -CL and ethylene 

carbonate (EC) (Figure 1.11) at room temperature. The study shows the increase in copolymer 

yield (90%) when the feed ratio of EC: -CL was 20:80, and upon increasing the feed ratio of EC 

to 50:50, the yield decreased to ~64%.120 

1.7 Polymerization Mechanism 

The mechanism for Nd catalyzed diene polymerization is still not understood completely due to 

contradictory results obtained from different studies. Even though, several reaction models have 

been proposed. The mechanism for polymerization can be well understood given the structure of 

the active site is known. However, the derived mechanisms are put forward by speculations on the 

structure of the active site. In this section, the polymerization mechanism for the binary and ternary 

systems for dienes, and lactones will be discussed. The polymerization mechanism for vinyl 

monomers with the Nd catalysts is not reported. 

1.7.1 Polymerization Mechanism for Dienes 

The mechanism of polymerization for dienes vary with the different Nd precursor used. The Nd 

chlorides, carboxylates, alcohols and phosphates show different mechanisms. Due to the enhanced  
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Figure 1.11 Structures of cis-poly(isoprene)-b-poly(-caprolactone), poly(butadiene)-b-

poly(isoprene)-b-poly(-caprolactone), poly(butadiene)-b-poly(isoprene)-b-poly(butadiene), 

trans-poly(butadiene)-b-poly(-caprolactone), trans-poly(butadiene)-b-poly(lactide), 

poly(butadiene)-b-poly(-caprolactone)-b-poly(MMA), poly(norbornene-co-methyl acrylate), and 

poly(-caprolactone-co-ethylene carbonate)
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utilization of NdCl3 and Nd carboxylates for the polymerization of dienes, the focus in this section 

will only be on the polymerization mechanism for systems consisting these precursors. 

Polymerization of Dienes with NdCl3 Systems 

In one of the early reports by Marina and Monokov, they demonstrated that upon the reaction of 

NdCl3.3TBP  with the co-catalyst TIBA, irrespective of the ratio used between the two, a complex 

is formed of similar composition at all times. This complex between NdCl3.3TBP and TIBA, 

however, does not contain any phosphorus, according to elemental analysis. When TIBA is added 

to the NdCl3.3TBP complex, TBP will preferentially coordinate with TIBA and thus will make a 

TIBA-TBP complex. Moreover, they demonstrated that the complex formed between TIBA and 

NdCl3 contains 1-2 moles of TIBA per mole of NdCl3. Due to the heterogeneous nature of the 

complex formed between TIBA and NdCl3, researchers are still unable to provide any conclusive 

structural analysis.121 

Later on, Iovu et al. studied the mechanism for the polymerization of isoprene and butadiene with 

the NdCl3.3TBP/TIBA catalytic system and proposed that there are two active sites present. One 

in which Nd was complexed with the TBP ligands (Scheme 1.3, A) and the other in which the Nd 

and TIBA were engaged in a bridged complex in the presence of excess TIBA (Scheme 1.3, B) 

through a total replacement of the ligands. The active center B was shown to be more stable and 

permitted the transformation from “anti” to “syn” units. The “syn” type leads to the formation of 

1,4-trans product, and “anti” type leads to the formation of the cis-1,4 product. Thus an excess of 

organoaluminum co-catalyst contributed to a decrease of cis-1,4 unit content (Scheme 1.3) due to 

the increase in the isomerization rate from “anti” to “syn”.21 According to the observations of 
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Marina and Monokov, and the proposed active sites by Iovu et al., the bridged complex may 

actually be the real active site of this catalytic system, which is formed by the complete 

replacement of the phosphate ligands. 

Scheme 1.3 Structures of the two types of active centers for the polymerization NdCl3.3TBP/TIBA 

catalytic system (A and B) and the “anti” and “syn” structures of the chain ends of polydiene with 

NdCl3.3TBP/TIBA catalytic system 

 

In another report published later, Iovu et al. developed two mathematical models to fit the 

experimental data for the polymerization of isoprene and butadiene with the NdCl3.3TBP/TIBA 

catalytic system.122 One of the proposed models took into account a monomolecular termination, 

while the second model considered that no termination reactions occurred during the 

polymerization process. By comparing their models with the experimental data, they concluded 

that the polymerization occurs through the mechanism with no termination reactions.123-124 The 

proposed mechanism by Iovu et al. for the polymerization of dienes with NdCl33TBP/TIBA 

catalytic system is shown in Scheme 1.4. The role of the organoaluminum co-catalyst is to alkylate 

the neodymium halide to generate the active species (Scheme 1.4). However, according to this 

report, the active center consists of all the ligands, which is contradictory to what the first report 
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proposed. The Al co-catalyst may also participate in transfer reactions as demonstrated for other 

neodymium catalytic systems (Scheme 1.4). Monomolecular termination and chain transfer to 

monomer reactions have been proposed for some of the reported neodymium catalytic systems 

(Scheme 1.4). Additionally, bimodal molecular weight distributions have been reported for the 

polydienes synthesized with neodymium catalysts which may indicate the presence of two active 

centers and/or termination reactions. No experimental evidence was provided to support the 

presence of two types of active centers. 

Scheme 1.4 The proposed mechanism for the polymerization of dienes with the catalytic system 

NdCl33TBP/TIBA 

 

 

 

Monakov et al. proposed a structure of the active site for NdCl33TBP/DIBAH for the 

polymerization of butadiene, based on quantum chemical calculations. According to the report, the 
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free DIBAH molecules coordinates competitively with the monomer to the active center, which 

lowers the reactivity of the active center. The proposed structure according to the calculations for 

the “syn” active site for C4H7NdCl2Al(CH3)3 and active center for (CH3)3AlH is given in Figure 

1.12.125 

 

Figure 1.12 Active centers obtained from calculations for (a) C4H7NdCl2Al(CH3)3 and (b) 

(CH3)3AlH 

 

Polymerization of Dienes with Ternary Nd Carboxylate Systems 

Kwag et al. proposed a mechanism for the polymerization of butadiene for 

Nd(vers)3/TIBA/DEAC, where the Nd precursor was alkylated with the organoaluminum 

compound and subsequently chlorinated with the chlorinated organoaluminum compound. The 

insertion of butadiene thus occurs into the Nd-C bond that formed during the alkylating step 

(Scheme 1.5). The mechanism was predicted by the use of synchrotron X-ray absorption in 

combination with UV-Vis spectroscopy. According to Kwag et al.. having one excess versatic acid 

(VA) molecule in Nd(vers)3 (Nd(vers)3VA) will break the Nd(vers)3 cluster into monomeric 

species, such a way all the Nd centers are accessible for alkylation. Both mechanisms are shown 

in Scheme 1.6.126
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Scheme 1.5 Activation and propagation for Nd(vers)3 (ND). Reprinted with permission from 

Kwag G., A Highly Reactive and Monomeric Neodymium Catalyst, Macromolecules, 2002, 35, 

4875-4879. Copyright 2002 American Chemical Society  
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Scheme 1.6 Activation and propagation for Nd(vers)3VA (NDH). Reprinted with permission from 

Kwag G., A Highly Reactive and Monomeric Neodymium Catalyst, Macromolecules, 2002, 35, 

4875-4879. Copyright 2002 American Chemical Society. 

 

 

 

Recently, Guo et al. proposed a mechanism for Nd(vers)3/TIBA/DIBAC using X-ray absorption 

fine structure (XAFS) technique. Detailed structure analysis was obtained around the Nd metal 

center. As observed by the measurements, Nd(vers)3 molecules formed an oligomer in hexane with 

two Nd-O sub shells around Nd. The aggregates of Nd(vers)3 were partially disturbed by the 

addition of TIBA due to alkylation, where TIBA was attached to Nd, by Nd-C bonds. Upon 

increasing the Al/Nd ratio from 2.5 to 10, the O atoms in the shells around the Nd center reduced 

from 4 to 2. Chlorination with DIBAC prevented the formation of Nd(vers)3 aggregates, where the 

DIBAC molecules were bonded to the Nd center through Nd-Cl bonds. After alkylation and 

chlorination, there were no oxygen atoms around the Nd center.127 The extended work of this study 

for the polymerization of isoprene showed that upon the addition of isoprene to the alkylated, 

chlorinated Nd catalyst, an exchange reaction takes place between the alkyl groups and isoprene, 

without the removal of the chlorine atoms. These results were also obtained by XAFS technique.128 
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1.7.2 Polymerization Mechanism for -Caprolactone 

The mechanism for the ROP of -CL by a ternary and a borohydride Nd catalyst were reported. 

Shen et al. proposed a mechanism for polymerization based on IR and NMR studies for the ternary 

system Nd(acac)33H2O/TEA. According to the study, the exocyclic oxygen of -CL coordinates 

to Al and the endocyclic oxygen coordinates to Nd. Based on this and end groups of the polymer, 

a mechanism was proposed as shown in Scheme 1.7.106 

 

Scheme 1.7 Mechanism for the ROP of -CL for Nd(acac)33H2O/TEA reported by Shen et al 

 

 

A polymerization mechanism was proposed by Guillaume et al. for the single component 

Nd(BH4)3(THF)3 catalyst and is shown in Scheme 1.8. According to the article, three polymer 

chains grow per Nd center, and the end groups of the polymer are hydroxyl groups at both ends.103 
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Scheme 1.8 Mechanism for the ROP of -CL by Nd(BH4)3(THF)3. Reprinted with permission 

from Guillaume S. M., Polymerization of -Caprolactone Initiated by Nd(BH4)3(THF)3: Synthesis 

of Hydroxytelechelic Poly(-caprolactone), Macromolecules, 2003, 36, 54-60. Copyright 2003 

American Chemical Society. 
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1.8 Living Polymerization 

Living polymerization is “chain polymerization without chain breaking reactions”. Chain 

extension, end group functionalization, block copolymer synthesis, and precise control of 

molecular weight and PDI is only possible through living polymerization. For a catalytic system 

to generate a living polymerization, certain criteria must be fulfilled. These criteria are discussed 

in detail in this section for Nd-based ZN catalytic systems.  

1.8.1 The Absence of Chain Termination Reactions 

The linearity of a plot of ln{[M]0/[M]} as a function of time will show the absence of chain 

termination reactions (Figure 1.13 (a)), and is obtained by the following equation, 

ln
[𝑀]0

[𝑀]𝑡
=  𝑘𝑎𝑝𝑝 𝑡             

Where, [M]0 = initial monomer concentration 

 [M]t = monomer concentration at time t 

kapp = observed rate constant 

t = time 

A monomolecular termination reaction can take place as shown in Scheme 1.9. This plot is only 

sensitive to chain termination reactions and is insensitive to transfer reactions. 
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Figure 1.13 Graphical representation of (a) termination reactions, (b) transfer reactions, and (c) 

dependence of Mn as a function of [monomer]/[catalyst] 

 

Scheme 1.9 Possible monomolecular termination reaction for the polymerization of dienes 

 

1.8.2 The Absence of Transfer Reactions 

The absence of chain transfer reactions is estimated from the linear increase of number average 

molecular weight (Mn) as a function of monomer conversion (Figure 1.13 (b)). This plot, however, 

will not detect chain termination reactions. Apart from Mn, weight average molecular weight (Mw), 

intrinsic viscosity, or inherent viscosity is used. Transfer reactions take place between the growing 

polymer chain and the monomer, co-catalyst or to the solvent (only in the presence of aromatic 

solvents) (Scheme 1.10).7, 122 
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Scheme 1.10 Possible transfer reactions between the growing polymer chain and the monomer, 

co-catalyst, and aromatic solvent 

 

 

 

1.8.3 Linear Dependence of Mn as a Function of [Monomer]/[Catalyst] Ratio 

At a constant monomer conversion, for any given [monomer]/[catalyst] ratio a linear plot must be 

obtained for Mn (Figure 1.13 (c)). The physical meaning of this parameter is the ability to predict 

the molecular weight of the resulting polymer from the monomer to initiator molar ratio used in 

the feed. 
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1.8.4 Increase in Molecular Weight on Sequential Monomer Addition 

Upon complete consumption of the monomer, further addition of monomer should continue the 

growth of the polymer chain. As a result, Mn should proportionally increase according to 

[monomer]/[catalyst] ratio. 

1.8.5 Block Copolymer Synthesis 

An ideal living system should have the ability to form block copolymers. Just as in sequential 

monomer addition experiments, the addition of a second type of monomer to a growing polymer 

chain should result in a block copolymer without the formation of two homopolymer chains. 

 

Apart from these main parameters, a fast rate of initiation, narrow PDI, ability to perform end 

group functionalization are some other features present in polymers obtained with living 

polymerization. A catalytic system that has all of these parameters is a true living system. Catalytic 

systems that show a a few of these features, but not all, are given the terms, “pseudo-living”, 

“quasi-living”, “partially-living”, etc. Majority of the Nd-based ZN catalysts are pseudo-living 

towards dienes, as they do not show all of the characteristics of true living polymerization. 

1.9 Conclusion 

Neodymium based ZN systems are superior to the traditional ZN catalysts and other lanthanide-

based ZN systems for the polymerization of dienes. Not only dienes but also these systems have 

the capability to polymerize polar monomers such as MMA, VA, methyl acrylate and -CL. The 

polymerization reactions can be easily tuned with the variation of ligands, co-catalysts, 

temperature, solvent and [co-catalyst]/[catalyst] ratios. The ability to form copolymers between 
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polar and non-polar monomers is one of the best features of the Nd-based ZN systems. 

Unfortunately, these systems are not true living systems. Therefore further optimization of reaction 

conditions and the proper understanding of the polymerization mechanism is crucial. Upon 

addressing all the issues, these system has the potential to replace many catalytic systems that are 

used in the industry 
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2.1 Abstract 

Ziegler–Natta catalysts have played a major role in the industry for the polymerization of dienes 

and vinyl monomers. However, due to the deactivation of the catalyst, this system fails to 

polymerize polar vinyl monomers such as vinyl acetate, methyl methacrylate, and methyl acrylate. 

Herein, a catalytic system composed of NdCl3⋅3TEP/TIBA (TEP= triethylphosphate) is reported, 

which promotes a quasi-living polymerization of dienes and is also active for the 

homopolymerization of polar vinyl monomers. Additionally, this catalytic system generates 

polymyrcene-b-polyisoprene and poly(myrcene)-b-poly(methyl methacrylate) diblock 

copolymers by sequential monomer addition. To encourage the replacement of petroleum-based 

polymers by environmentally benign biobased polymers, polymerization of β-myrcene is 

demonstrated with catalytic activity of ≈106 kg polymer mol Nd−1 h−1. 

2.2 Introduction 

Polymethacrylates, polyacrylates, and poly(vinyl acetate) are some commonly used classes of 

polymers that are synthesized industrially through radical and anionic polymerization techniques. 

By contrast, polydienes are usually synthesized using Ziegler–Natta (ZN) polymerization. The 

problem associated with these types of polymerization methods is the inability of the catalytic 

species to polymerize a wide variety of monomers, such as the dienes, acrylates, methacrylates, 

and vinyl acetate with the use of a single catalytic system. Our goal is to develop a catalytic system 

similar to the ZN catalyst with an added advantage of being able to use for polar vinyl monomers.  

Besides the traditional TiCl4 ZN catalyst, lanthanide-based ZN catalytic systems have also shown 

promise in synthesizing polydienes since the 1960s.1 The latter is favored over the traditional ZN 
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catalyst due to the ease of synthesis of the catalyst, and their ability to obtain higher catalytic 

activity with a lower concentration of the catalyst.2 Out of the lanthanide series, Nd has 

demonstrated the highest activity for the polymerization of dienes.1,3 As a consequence, research 

has focused on the use of Nd in the form of complexes such as Nd carboxylates, naphthenates 

(naph), versatates, and octanoates together with an alkyl aluminum halides and trialkylaluminum 

(AlR3) cocatalyst to synthesize polydienes.1,4–6 These systems are known as the ternary catalytic 

systems. On the other hand, the binary catalytic systems consist of NdCl3 with the incorporation 

of electron donor organic ligands and AlR3 compounds. The binary catalytic systems are superior 

to the ternary systems as they have shown to produce polydienes with high cis stereoregularities 

>95%.1,7,8 The incorporation of electron donor organic ligands to the NdCl3–AlR3 system enhances 

the activity of the catalyst while maintaining stereospecificity. These systems are derived from 

NdCl3⋅ nL (e.g., L = ethanol or triisobutylphosphate, n = 3), and organoaluminum compounds such 

as triethylaluminum, triisobutylaluminum etc.1 The organoaluminum compounds are used as co-

catalysts for the polymerization of dienes. Some examples for binary catalytic systems for the 

polymerization of dienes were reported by Zhang and co-workers, and they used 

methylaluminoxane with NdCl3⋅3TBP (TBP = tributylphosphate)9 for the polymerization of 

isoprene. Bae and co-workers used TIBA and diisobutylaluminum hydride as the cocatalysts for 

the polymerization of butadiene with NdCl3⋅xTHF (x ≈ 1.5).10 The replacement of petroleum-

based monomers with environmentally benign materials derived from biorenewable sources is 

currently becoming an important research direction. For example, β-myrcene (7-methyl-3-

methyleneocta-1,6-diene, C10H16), which is an essential oil found in plants like dill, thyme, and 

rosemary,11 is a naturally occurring monomer which can be utilized to generate bio sourced 
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elastomeric polymeric materials.12–17 The first study reporting the polymerization of β-myrcene 

with a ZN-type catalyst was published in 1960 by Marvel and Hwa. However, the cis-1,4 

stereoregularity was not reported in the publication.13 The study of ZN-based lanthanide catalytic 

system for stereospecific polymerization of β-myrcene is becoming more popular in the scientific 

community.12,14,16–19  

Although traditional ZN catalyst fails to polymerize polar vinyl monomers, in this study, we have 

demonstrated the polymerization of dienes and polar vinyl monomers by using a catalytic system 

composed of NdCl3⋅3TEP/TIBA (TEP = triethylphosphate; TIBA = triisobutylaluminum). To 

demonstrate the versatility of the NdCl3⋅3TEP/TIBA system, block copolymerizations between 

myrcene and isoprene, and myrcene and methyl methacrylate (MMA) have been carried out 

successfully. Moreover, the ability of the catalytic system to promote a quasi-living polymerization 

of dienes is demonstrated by kinetic experiments. To the best of our knowledge, this is the first 

report of a lanthanide-based ZN catalytic system reported for the quasi-living polymerization of 

myrcene and for the homopolymerization of polar vinyl monomers. Previous work reported for 

the polymerization of polar vinyl monomers is mostly based on metallocenes and ternary catalytic 

systems20–28 and thus far, there are no reports for the polymerization of vinyl acetate (VA) with a 

Nd-based ZN catalytic system. Nd(naph)3/TIBA and Nd(naph)3/BuLi are two Nd catalysts, which 

were employed to polymerize MMA to generate mainly isotactic poly(methyl methacrylate). 21,24 

None of these catalytic systems have shown to be active for the copolymerization of polar vinyl 

monomers with dienes. Some Nd-based binary and ternary catalytic systems have been reported 

to polymerize isoprene and butadiene.9,10,29–32 However, their ability to polymerize polar vinyl 

monomers has not been demonstrated. 
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2.3 Materials and Methods 

2.3.1 Material 

NdCl36H2O (99.9%, Aldrich), triethylphosphate (99.8%, Aldrich), absolute ethanol (Fisher 

Scientific), and TIBA (25 wt% in toluene, Aldrich) were used as received. Toluene (99.9%, Fisher 

Scientific) was distilled over sodium and benzophenone. -Myrcene (90 %, Aldrich), isoprene 

(99%, Aldrich), methyl methacrylate (99%, Aldrich), methyl acrylate (99%, Aldrich), and vinyl 

acetate (99%, Aldrich) were distilled over CaH2 and stored over molecular sieves under a nitrogen 

atmosphere prior to polymerization. 

2.3.2 Analysis 

Proton, carbon, and phosphorus nuclear magnetic resonance (1H, 13C, 31P NMR respectively) 

spectra were recorded in CDCl3 or toluene-d8 on a Bruker AVANCE III 500 spectrometer (500 

MHz) at 25 C unless otherwise mentioned. Multiplicities were given as s (singlet), d (doublet), t 

(triplet), q (quartet), br (broad) and the chemical shifts are given in ppm. Attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was carried out using Nicolet 

380 FTIR. Size exclusion chromatography (SEC) was carried out on a Viscotek VE 3580 system 

equipped with Viscotek columns (T6000M), connected to a refractive index (RI) detector. SEC 

solvent/sample module (GPCmax) was used with HPLC grade THF as the eluent, and calibration 

was based on polystyrene standards. Gas chromatography was performed on Agilent 6850 GC 

workstation using He as the carrier gas. Single crystal X-ray diffraction data were obtained using 

Bruker Kappa D8 Quest diffractometer. 

 



 

61 

2.3.3 Synthesis and Characterization of NdCl3⋅3TEP  

Synthesis of NdCl3⋅3TEP  

NdCl36H2O (1.430 g, 0.004 mol) was dissolved in ethanol (20 mL) and toluene (70 mL) and to 

this mixture TEP (2.23 mL, 0.012 mol) was added. The distillation was carried out under a nitrogen 

atmosphere. Toluene-ethanol-water ternary azeotrope was distilled at 74 C, then toluene-ethanol 

binary azeotrope was distilled at 78 C, and finally toluene was distilled at 110 C. The distillation 

was stopped when ~10 -20 mL of toluene remained in the flask. This remaining toluene was then 

measured, and the concentration of the catalyst was determined with respect to the Nd moles. The 

concentration of the synthesized catalyst was in the range of ~0.1 M to 0.4 M. 1H NMR (CDCl3, 

500 MHz) : 1.19 (br, 3H) 3.97 (br, 2H). ATR-FTIR  = 2981, 2924, 1192, 1014, 794, 524, 476 

cm-1. 

Quantitative determination of the number of ligands through 31P NMR 

NdCl33TEP (0.35 M, 0.2 mL, 0.0696 mmol) and triphenylphosphine (PPh3) (0.0182 g, 0.0696 

mmol) were added to 0.5 mL of CDCl3 and 31P NMR was obtained. Integration of the 

corresponding peaks gave the number of ligands coordinated to the Nd atom. 31P NMR (CDCl3, 

500 MHz) NdCl33TEP:  = 91.9. PPh3:  = -5.04.  

Single crystal X-ray diffraction 

The crystal structure for one-dimensional Nd coordination polymer with diethyl phosphate 

bridging ligands, or [Nd(μ-DEP)3]n, was obtained using low temperature (T = 90 K) data collected 

on a Bruker Kappa D8 Quest diffractometer.  This diffractometer is equipped with Incoatec 
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microfocus Mo Kα radiation source, Photon 100 CMOS detector, and Oxford Cryosystems 

cryostream.  The data were processed using Bruker software (SAINT for integration and SADABS 

for scaling with multi-scan absorption corrections).  The initial Triclinic model was generated 

using SHELXT (intrinsic phasing method).33  With the exception of two ethyl groups (out of the 

twelve crystallographically unique ethyl groups), all non-hydrogen atoms were refined 

anisotropically with SHELXL2014.34  The two ethyl groups refined isotropically have positional 

(or conformational) disorder and modelled as two parts (–C7a–C8a / –C7b–C8b and –C17a–C18a 

/ –C17b–C18b with occupancy ratios of ~ 71% : 29% and ~ 66% : 34%, respectively).  The highest 

residuals (Δρmax = 1.70 e Å-3, Δρmin = − 1.06 e Å-3) are located near one of these disordered ethyl 

groups (less than 1 Å from C17a). 

Crystal data for [Nd(μ-DEP)3]n: C24H60Nd2O24P6, Mr = 1207.02, Triclinic, space group P-1, 

colorless, a = 10.213 (4) Å, b = 11.229 (3) Å, c = 20.649 (7) Å, α = 100.652 (15)°, β = 90.591 (9)°, 

γ = 92.008 (16)°, V = 2325.4 (14) Å3, T = 90 K, Z = 2, F(000) = 1212, Dx = 1.724 g cm−3, μ(Mo 

Kα) = 2.49 mm-1, 36683 measured reflections, 10700 independent reflections, 8144 reflections 

with I > 2σ(I), Rint = 0.049, θmax = 27.6°, θmin = 2.2°, full-matrix least-squares refinement on F2, 

R1[F
2>2σ(F2)] = 0.035, wR2(F

2) = 0.069, S (or GOF) = 1.03, 523 parameters, 30 restraints, w = 1 

/ [ σ2(Fo
2) + (0.0173P)2 + 4.2803P], Δρmax = 1.70 e Å-3, Δρmin = − 1.06 e Å-3, crystallization solvent 

= toluene, CCDC 1471927.   
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NMR titration experiments 

The mole ratio between the NdCl33TEP catalyst and each monomer were varied from 1:5 to 1:30. 

0.2 mL of a 0.25 M NdCl33TEP was used for all the NMR experiments with increasing amounts 

of the monomers. 1H NMR spectra were taken using deuterated toluene (0.4 mL). 

2.3.4 Polymerization Experiments  

General procedure for the polymerization of myrcene 

For a ratio of [myrcene]:[Nd]:[Al] of 500:1:10, TIBA (0.14 mL 0.15 mmol) and NdCl33TEP (0.14 

M, 0.10 mL, 0.015 mmol) were added to the Schlenk flask and it was stirred for 1 min under a 

nitrogen atmosphere. Distilled myrcene (1.0 g, 7.3 mmol) was added to the catalyst mixture, stirred 

at the desired temperature for 30 mins, and quenched with methanol. The polymers were washed 

with methanol several times and were dried under vacuum before characterization from 1H, 13C 

NMR, and SEC. The same procedure was used for the polymerization of isoprene at room 

temperature. 1H NMR (CDCl3, 500 MHz) : 1.60 (br, 3H), 1.67 (br, 3H), 2.05 (br, 8H), 5.11 (br, 

2H). 13C NMR (CDCl3, 500 MHz) : 17.86, 25.83, 26.96, 27.14, 30.80, 37.09, 124.64, 124.83, 

131.34, 139.17. 

General procedure for chain extension experiments 

Sequential monomer addition experiment was carried out with myrcene using the ratio of 

[myrcene1]:[myrcene2]:[Nd]:[Al] = 50:100:1:10. TIBA (1.4 mL, 1.46 mmol) and NdCl33TEP 

(0.5 mL, 0.146 mmol) were added to the Schlenk flask, and it was stirred for 1 min under a nitrogen 

environment. Cyclohexane (11.5 mL) was added to the catalyst mixture with distilled myrcene 
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(1.0 g, 0.0073 mol) and the reaction was carried out at room temperature. When the conversion of 

the first block was ~ 100 %, the second myrcene portion (2.0 g, 0.0146 mol) was added. After 4 h 

the second monomer portion was fully consumed, and the reaction was quenched with methanol.  

Synthesis of poly(myrcene)-b-poly(isoprene) 

Block copolymer synthesis between myrcene and isoprene was carried out by using the ratio of 

[myrcene]:[isoprene]:[Nd]:[Al] = 50:100:1:10. The same procedure as above was followed by 

using TIBA (1.4 mL, 1.46 mmol), NdCl33TEP (0.14 M, 0.5 mL, 0.146 mmol), myrcene (1.0 g, 

0.0073 mol) and isoprene (1.0 g, 0.0146 mol). Isoprene was added after the complete consumption 

of myrcene. Mn = 184,190 Da, PDI = 3.65. 1H NMR (CDCl3, 500 MHz) : 1.59 (br, 3H), 1.67 (br, 

6H), 2.04 (br, 12H), 5.12 (br, 3H). 

Synthesis of poly(methyl methacrylate)-b-poly(myrcene) 

Block copolymer synthesis between myrcene and MMA was carried out by using the ratio of 

[MMA]:[myrcene]:[Nd]:[Al] = 25:50:1:5. The general procedure for chain extension experiments 

were carried out by using TIBA (0.37 mL, 0.4 mmol), NdCl33TEP (0.25 M, 0.32 mL, 0.08 mmol), 

MMA (0.2 g, 1.99 mmol) and myrcene (0.54 g, 4.98 mmol). At complete consumption of MMA, 

myrcene was added with 5 mL of toluene. The polymerization was carried out at 40 C. Mn = 6,600 

Da, PDI = 1.9. 1H NMR (CDCl3, 500 MHz) : 0.85 (br), 0.98 (br), 1.02 (br), 1.59 (br), 1.81 (br), 

2.01 (br), 3.60 (br, 3H), 5.11 (br, 2H). 
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General procedure for homopolymerization of polar vinyl monomers 

The ratio of [monomer]:[Nd]:[Al] was varied according to the monomer. TIBA and NdCl33TEP 

(0.14 M) were added to the Schlenk flask, and it was stirred for 1 min under a nitrogen atmosphere. 

Distilled monomer (1.0 g) was added to the catalyst mixture, stirred at 40 C for 3.5h, and 

quenched with methanol. The polymers were washed with methanol several times and were dried 

under vacuum before characterization. Poly(methyl methacrylate) (PMMA): Mn = 3,500 Da, PDI 

=1.7, 1H NMR (CDCl3, 500 MHz) = 0.85 (br, rr), 1.02 (br, mr), 1.21 (br, mm), 1.70-2.02 (br, 

2H), 3.58 (br, 3H).  

Poly(methyl acrylate) (PMA): Mn = 10,400 Da, PDI =2.6, 1H NMR (CDCl3, 500 MHz) =1.51 (br, 

m), 1.67 (br, r), 1.93 (br, m), 2.30 (br, 1H), 3.66 (br, 3H)  

Poly(vinyl acetate) (PVA): Mn = 9,800 Da, PDI =1.9, 1H NMR (CDCl3, 500 MHz) = 1.63-1.93 

(br, 2H), 2.02 (br, 3H), 4.87 (br, 1H). Triad configuration was obtained by the deconvolution of 

the peak at  = 2.02 ppm. 1.98 (rr), 2.02 (mr), 2.04 (mm). 

2.4 Results and Discussion  

During the present study, NdCl33TEP complex is synthesized from NdCl36H2O and TEP. First, 

NdCl36H2O and TEP were dissolved in a toluene-ethanol mixture followed by an azeotropic 

distillation, which removed the crystallization water of NdCl3 and allowed the complexation of the 

Nd with the phosphate ligands (Scheme 2.1). This NdCl33TEP complex was obtained in toluene 

and was stored under a nitrogen atmosphere prior to its use in polymerization reactions.  

 



 

66 

Scheme 2.1 Synthesis of the NdCl33TEP catalyst and polymerization of monomers with the co-

catalyst TIBA 

 

 

 

The synthesized NdCl33TEP complex was characterized by ATR-FTIR and 1H NMR analysis 

(Table 2.1). The shifts of the peaks in FTIR spectrum are due to the back donation from the  

orbitals of the Nd metal to the * orbital in the –P=O bond of the ligand. As such, the –P=O bond 

gets weaker, and hence the IR frequency decreases. Quantification of the number of ligands in the 

complex was performed by 31P NMR using a molar ratio of 1:1 between NdCl33TEP and 

triphenylphosphine (PPh3). Integration of the corresponding peaks gave a ratio of 3:1 for 

NdCl33TEP:PPh3 (Figure 2.1) confirming that NdCl3 is coordinated with three molecules of 

phosphate ligands. 

Table 2.1 Comparison of  -P=O and 1H NMR values of the individual ligands and the catalysts 

 

Compound  (-P=O) (cm-1)  (ppm) 

TEP 1260 4.07 (q), 1.30 (t) 

NdCl33TEP 1192 3.97 (br. s), 1.19 (br. s) 
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Figure 2.1 31P NMR spectrum of NdCl33TEP and PPh3 illustrating the integration 

 

When NdCl33TEP complex was stored in a nitrogen-filled glove box over time of ~ 3 months, 

needle-like crystals were grown. The single crystal data showed that, as the catalyst aged, it 

becomes polymeric in nature and the ligands formed bridges between an individual 6-coordinate 

Nd metal center with two of its nearest Nd neighbors (via 3 diethylphosphate ligands each) as 

shown in Figure 2.2. This type of behavior was previously reported by Galaktionova et al. in 198235 

and Mortazavi et al. in 2009.36 We speculate that as the sample becomes concentrated (with the 

evaporation of toluene) it promotes the formation of a polymeric Nd material. This could explain 

the fact that the NdCl33TEP catalyst becomes less active towards polymerization upon storage 

over a prolonged time (more than 1 month). 
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Figure 2.2 ORTEP diagram for {Nd[-O2P(OC2H5)2]3}n 

 

As an initial assessment of the coordination ability of NdCl33TEP complex with different types 

of monomers, 1H NMR and ATR-FTIR studies were carried out for -myrcene, VA, MMA and 

methyl acrylate (MA) (Figure 2.3). The 1H NMR and the ATR-FTIR studies clearly show the 

coordination ability of the NdCl33TEP complex with the respective monomers. According to these 

spectra, coordination of the diene will increase the electron density in the Nd complex; this is 

indicated by the shielding effect in the –CH2 protons of the TEP ligand. Whereas for the polar 

vinyl monomers the electron density of the Nd center decreases as seen through the deshielding 

effect of the –CH2 protons in the TEP ligands and the increased stretching frequency of the 

carbonyl bonds.  Due to the change in electron density in the Nd metal center with coordination, 

we expected the reactivities of the polar vinyl monomers to be lower than that of dienes. This study 

shows the potential of the NdCl33TEP complex to polymerize these monomers. Hence, we carried 

out homopolymerizations of these monomers with the NdCl33TEP complex alone and found that 

the NdCl33TEP complex alone did not produce any homopolymer. Since these complexes are 
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similar to the ZN catalyst, the incorporation of a co-catalyst is essential, and TIBA was used due 

to better activation of lanthanide-based catalysts.37 

 

Figure 2.3 1H NMR and FTIR spectra of NdCl33TEP and the monomers  
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First, the catalytic system, NdCl33TEP/TIBA, was used for the homopolymerization of -myrcene 

with the variation of the co-catalyst ratio to that of the monomer and the catalyst (Table 1, entries 

1-4) at 40 C. When the co-catalyst ratio with respect to the catalyst was increased from 1:10 to 

1:30, we observed an increase in the cis stereoregularity from 94% to 98% and a decrease in 

molecular weights from 85 to 20 kDa. However, there was no apparent trend with respect to the 

molecular weight and polydispersity index (PDI). All of the SEC traces for these polymerizations, 

exhibited bimodality, hence a larger PDI was observed. Since there was only minimal 

improvement in the PDI with the change in the co-catalyst ratio, the polymerization reactions were 

carried out at different reaction conditions. First, the polymerization of -myrcene was performed 

at a molar ratio of [M]:[Nd]:[Al] = 500:1:10 with 50 wt% monomer concentration in toluene at 40 

C (Table 1, entry 6). The sole improvement from the bulk reaction (Table 1, entry 1) was the 

increase in cis stereoregularity to 98%. As there was little to no improvement with dilution, the 

effect of temperature was investigated using a molar ratio of [M]:[Nd]:[Al] = 500:1:10. At 0 C, 

after 30 mins, only trace amounts of the polymer was obtained (Table 2.2, entry 6) and, at room 

temperature, a remarkably higher molecular weight was obtained with a relatively lower PDI of 

1.6 (Table 2.2, entry 7). Upon removal of heat, chain transfer reactions to the Al co-catalyst 

reduces. Thus an increase in the molecular weight is possible. Due to the changes observed in Mn 

and PDI with the removal of heat, the polymerization reactions were performed by varying the 

[Nd]: [Al] ratios at room temperature (Table 2.2, entries 8-10). Like before, when the co-catalyst 

ratio with respect to the catalyst was increased from 1:10 to 1:30, a decrease in molecular weights 

from 304 to 36 kDa was observed. According to the data, irrespective of the temperature used, the 

increase of organoaluminum content decreases the molecular weight of the polymer. As shown in 
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Figure 2.4, only 500:1:10 ratio had a monomodal size distribution in SEC, whereas all the other 

ratios had a bimodal distribution. Upon the reduction of organoaluminum content, the peak 

intensity for the high molecular weight fraction increases and the low molecular weight fraction 

decreases.  

Table 2.2 Variation of co-catalyst and monomer ratios, and temperature for the polymerization of 

-myrcene 

 

Entry 
Ratio 

[M]:[Nd]:[Al] 

Temperature 

(C) 

% 

Conversiona 

Mn 

(kDa) 
PDI 

% cis-

1,4 

1 500:1:10 40 95 85 4.1 94 

2 500:1:15 40 100 46 4.7 93 

3 500:1:20 40 100 34 4.5 94 

4 500:1:30 40 100 20 4.9 98 

5b 500:1:10 40 54 88 4.9 98 

6 500:1:10 0 trace - - - 

7 500:1:10 RT 98 304 1.6 92 

8 500:1:15 RT 100 81 3.6 96 

9 500:1:20 RT 100 53 4.3 96 

10 500:1:30 RT 100 36 4.9 94 

aConversions were obtained with 1H NMR.  bPolymerization was carried out using 50 wt% of 

toluene with respect to the monomer  

 

The observed decrease in molecular weights with the increase in organoaluminum content (Table 

2.2, entries1-4, 7-10), is in accordance with previous reports and it is most likely due to chain 

transfer to the organo-aluminum compound.2 Previous reports for diene polymerization with 

NdCl33TEP/TIBA (TBP = tributylphosphate) catalytic system showed PDIs in the range of 3.5-
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3.9 (polymerization temp. 20 C – 40 C),2 however, we were able to reduce the PDI to 1.6 by 

careful optimization of the reaction conditions. 

 

Figure 2.4 SEC traces for the polymerization of myrcene with varying TIBA at room temperature 

 

Typically, polymyrcene can give several microstructures, cis-1,4 isomer, trans-1,4 isomer, and the 

3,4 isomer. 1H and 13C NMR analysis were used to determine the microstructure of the synthesized 

polymyrcene (Figure 2.5 and 2.6). Polymyrcene synthesized using the NdCl33TEP/TIBA catalytic 

system did not contain trans-1,4 incorporation which was indicated by the absence of a peak at 

131.6 ppm in the 13C NMR (Figure 2.6).38
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Figure 2.5 1H NMR spectrum of the synthesized poly(myrcene) with NdCl33TEP/TIBA catalytic 

system 

 
Figure 2.6 13C NMR spectrum of the synthesized poly(myrcene) with NdCl33TEP/TIBA catalytic 

system 
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The estimated catalytic activity of NdCl33TEP/TIBA catalytic system for -myrcene over a period 

of 30 minutes at room temperature was ~106 kg polymer mol Nd-1 h-1. This was obtained with 

optimized conditions, for the ratio of 500:1:10 between [myrcene]:[Nd]:[Al], at room temperature 

with a monomer concentration of 4.87 M. 

With these optimized conditions, polymerization reactions with -myrcene was carried out to 

investigate the livingness of the polymerization. At first, polymerization reactions were carried out 

by keeping the [Nd]:[Al] ratio constant at 1:10 and the monomer concentration was varied from 

[M]/[Nd]=100 to 500. An increase of the molecular weight with the increase of the myrcene to 

[Nd] ratio was observed (Figure 2.7 (a)). This was the first indication of the livingness of myrcene 

polymerization with the NdCl33TEP/TIBA catalytic system. For further investigation, kinetic 

experiments were carried out for the ratio of [M]:[Nd]:[Al] =500:1:10 at room temperature. The 

kinetic plots revealed the increase in number average molecular weight, Mn, as a linear function 

of conversion (Figure 2.7 (b)), indicating the absence of chain transfer reactions. The linearity of 

the kinetic plot of the logarithm of monomer concentration as a function of time (Figure 2.7 (c)) 

indicated the absence of termination reactions. Moreover, the PDI decreased with increasing 

conversion, which is a desirable feature in living polymerizations (Figure 2.7 (b)). Which can be 

ascribed to the absence of termination. Even though lower PDIs is not a requirement in living 

polymerizations, it is preferable. Therefore, a thorough mechanistic investigation is necessary to 

allow for the optimization of the PDI with the goal of obtaining polydienes with PDI as low as 1.1.  

Chain extension experiments were conducted using -myrcene to further demonstrate the living 

nature of the NdCl33TEP/TIBA catalytic system towards the polymerization of dienes. The initial 

monomer addition was performed at a molar ratio of [M]:[Nd]:[Al] = 50:1:10. At 100% monomer 
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conversion, a second portion of myrcene was added at a molar ratio of [M]:[Nd]:[Al] = 100:1:10. 

Thus, if the catalytic system exhibits living character, the molecular weight of the final polymer 

should be three times as that of the polymer achieved before the addition of the second portion. 

The SEC curves are shown in Figure 2.8 (a), revealed the monomodal distribution and the increase 

in molecular weight from 64 kDa to 184 kDa, upon the addition of the second portion of myrcene. 

 

 

Figure 2.7 (a) Mn vs. [M]/[Nd] ratio, (b) Mn and PDI vs. % conversion, (c) ln{[M]0/[M]} vs. time 

for the polymerization of -myrcene with NdCl33TEP /TIBA catalytic system at room temperature 

for the ratio of  [M]:[Nd]:[Al]=500:1:10. 
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Figure 2.8 SEC traces for (a) chain extension with -myrcene, (b) polymyrcene and 

poly(myrcene)-b-poly(isoprene), (c) poly(methyl methacrylate) and poly(methyl methacrylate)-b-

poly(myrcene). 

 

The potential to synthesize block copolymers between dienes was demonstrated employing -

myrcene and isoprene and using a molar ratio of [myrcene]: [isoprene]:[Nd]:[Al]= 50:100:1:10, in 

which isoprene was added after the complete consumption of -myrcene. SEC and 1H NMR 

analysis revealed the increased molecular weight (Figure 2.8 (b)) and higher incorporation of 

isoprene than -myrcene (Figure 2.9) which is in accordance with the employed feed ratio. The 

composition of the diblock copolymer calculated from 1H NMR was 37 mol% polymyrcene and 

63 mol% polyisoprene. Even though, NdCl33TEP/TIBA catalytic system exhibits a majority of 

living characteristics, due to the higher PDI obtained for the diene polymerizations we consider 

the polymerization to be quasi-living. 



 

77 

 

Figure 2.9 1H NMR spectrum of poly(myrcene)-b-poly(isoprene) 

The NdCl33TEP/TIBA catalytic system was used for the synthesis of block copolymer between a 

polar vinyl monomer and a diene as well. The polar vinyl monomer and diene of choice were 

MMA and -myrcene, respectively. A molar ratio of [MMA]:[myrcene]:[Nd]:[Al] = 25:50:1:5 

was used at 40 C, with MMA being the first synthesized block. At the complete conversion of 

MMA, -myrcene was introduced to the polymerization reaction mixture, and an increase in the 

molecular weight from 11 kDa to 16 kDa was observed in the SEC traces (Figure 2.8 (c)). The 1H 

NMR showed the incorporation of the diene (Figure 2.10) with 20 mol% of polymyrcene and 80 

mol% of poly(methyl methacrylate). The consumption of MMA was a slow process which took 

~48 hrs. When -myrcene was introduced, our expectation was the complete conversion of the 

monomer within 1-2 hrs. However, the conversion was as low as ~ 20 % even after 48 hrs. We 

speculate that a stronger coordination of the polar vinyl monomer could hinder the active site from 

reacting with the diene.  Addition of the monomers in the reverse order, with myrcene being the 
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first block, did not generate a block copolymer due to limited solubility of the resulting polydiene, 

which most likely hindered the growth of the MMA block. 

 

Figure 2.10 1H NMR spectrum of poly(methyl methacrylate)-b-poly(myrcene) 

 

The NdCl33TEP /TIBA catalytic system was found to be active for the homopolymerization of 

isoprene and several vinyl monomers such as VA, MA, and MMA. The polymerizations were 

carried out at 40 C for all the vinyl monomers, while for isoprene the polymerization was carried 

out at room temperature (Table 2.3). PMMA contained 62 % syndiotactic triad (rr), 35 % 

heterotactic triad (mr) and 3 % isotactic triad (mm), and this contrasts to other reports in which 

isotactic PMMA was obtained with neodymium catalyst.22 PMA showed ~50 % isotactic 

configuration and ~50 % syndiotactic configuration. PVA synthesized was mainly heterotactic 

with a ratio of 29:41:30 between mm:mr:rr triad configurations. The tacticity data were obtained 

using 1H NMR data (Figures 2.11, 2.12 and 2.13). 
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Table 2.3 Homopolymers synthesized with NdCl3·3TEP/TIBA catalytic system 

 

Entry Monomer 
Ratio 

[M]:[Nd]:[Al] 

% 

Conversiona 

Mn 

(Da) 
PDI 

1 Isoprene 500:1:10 88 199,200 2.2 

2 VA 500:1:5 89 9,820 1.9 

3 MA 500:1:30 35 10,420 2.6 

4 MMA 500:1:30 51 3,520 1.7 

aConversions of all the vinyl monomers were obtained using GC after 3.5 hrs, while that of 

isoprene was obtained with 1H NMR after 0.5 hrs 

 

 

Figure 2.11 1H NMR spectrum of PMMA (rr, mr and mm are triad configurations) 
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Figure 2.12 1H NMR spectrum of PMA (m and r are diad configurations) 

 
Figure 2.13 1H NMR spectrum of PVA (rr, mr and mm are triad configurations). Triad 

configuration was obtained by the deconvolution of the peak at δ = 2.02 ppm 
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2.5 Conclusion  

The NdCl33TEP /TIBA is a versatile catalytic system due to the ease of synthesis of the catalyst, 

and the ability to polymerize dienes and polar vinyl monomers. The synthesis of polydienes with 

high cis stereoregularities was demonstrated together with the quasi-living character of this 

polymerization that allowed the synthesis of polydiene block copolymers. Not only does this 

system has the ability to make polydiene block copolymers, but also a polydiene-PMMA block 

copolymer was synthesized.  Preliminary data in this paper also demonstrate the ability of 

NdCl33TEP /TIBA catalyst to polymerize polar vinyl monomers such as MMA, MA and VA. 

Through our findings, we were able to demonstrate the ability of a single catalytic system to be 

used for the polymerization of several different diene and polar vinyl monomers. With further 

modifications and improvements, this catalytic system can be an alternative system for the ZN 

catalyst. 
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3.1 Abstract 

Polylactones are widely utilized in biomedical applications and for drug delivery, owing to their 

biocompatibility and biodegradability. Polylactones are produced via ring opening polymerization 

(ROP) of the corresponding lactone monomers using various catalysts. Coordination ROP is less 

sensitive to substituents in the monomer, and also show more living characteristics with respect to 

other ROP techniques such as anionic, cationic and radical polymerization. Tin(II) 2-

ethylhexanoate (Sn(Oct)2) is the catalyst of choice for coordination ROP of -caprolactone. 

Unfortunately, in the presence of ester linkages at the -position in -caprolactone monomers, 

Sn(Oct)2 fails to perform the same manner as it does with non-functionalized -caprolactone. 

Herein, we demonstrate the ability of NdCl33TEP/TIBA catalytic system (TEP= 

triethylphosphate, TIBA= triisobutylaluminum) to polymerize not only regular -caprolactone, but 

also, -functionalized -caprolactone monomers with varying linkages to the -caprolactone ring. 

Moreover, NdCl33TEP/TIBA catalytic system generated block copolymers of PVL-b-PCL (PVL= 

polyvalerolactone, PCL= polycaprolactone) and the amphiphilic block copolymer, PMEEECL-b-

PCL (PMEEECL= poly(γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone)). The 

activation energy for the polymerization of -caprolactone with NdCl33TEP/TIBA catalytic 

system was determined to be 32.6 kJ mol-1. 

3.2 Introduction 

The biocompatibility and biodegradability of polylactones made them as prime candidates for use 

in biomedical applications and drug delivery. Ring-opening polymerization (ROP) of the lactone 

monomer, i.e. -caprolactone (-CL), -valerolactone (-VL) etc., produce the corresponding 
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polylactone. Due to the synthetic versatility, -CL is used extensively to generate aliphatic 

polyesters for drug delivery applications. For example, polymers with prodrugs1-5 and various 

stimuli-responsive polymers6-8 can be obtained with synthetic modifications on the -CL ring. ROP 

of -CL can be achieved by anionic, cationic, coordination or enzymatic polymerization 

techniques.9 Due to backbiting in anionic, poor control of the polymerization in cationic, and lower 

polymer yields and molecular weights obtained in enzymatic polymerization led most researchers 

to focus on coordination polymerization.9 Coordination ROP is widely accepted as it provides 

better control over the polymerization. 

Organometallic complexes composed of tin, aluminum, and zinc are used as catalysts for 

coordination ROP.10-13 Tin(II) 2-ethylhexanoate (Sn(Oct)2) is the most widely used catalyst for the 

ROP of lactones and is approved by the Food and Drug Administration to be used as a food 

additive.14 This catalytic system has proved to be an efficient catalyst for the polymerization of 

non-functionalized and functionalized caprolactone monomers, and in some cases, living 

polymerization was observed.15-16 Polymerization of functionalized -CL monomers is challenging 

in the case where there are interactions between the substituent and the catalyst. Furthermore, the 

linkage between the -CL ring and the substituent (such as an ether, ester, etc.) will have an impact 

on the polymerization. Sn(Oct)2  can be used to polymerize monomers that contain an ester linkage, 

between the ring and the substituent, however, with low yields and low molecular weights.17 In 

some cases, copolymers were synthesized between -CL and the functionalized -CL monomer to 

obtain improved molecular weights.2, 17 On the contrary, in the presence of bulky substituents with 

an ester linkage, the polymerization proceeds without any complications.2 
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 Recently, we encountered difficulties using Sn(Oct)2  to polymerize -4-phenylbutyrate--

caprolactone, which is a prodrug monomer. We observed high transesterification and the formation 

of a butyrolactone analog preferentially than the formation of the block copolymer with the 

methoxypolyethylene glycol macroinitiator.4 Various strategies used for the ROP focuses mainly 

on the polymerization of unsubstituted -CL and not on functionalized -CL monomers. When it 

comes to the actual applications, a catalytic system that can be utilized efficiently for both 

substituted and unsubstituted -CL is necessary. 

Herein, we describe the ability of NdCl33TEP/TIBA catalytic system (TEP= triethylphosphate, 

TIBA= triisobutylaluminum) to be used for the ROP of not only -CL but also -substituted--

caprolactone monomers. Previously we demonstrated the ability of this catalytic system to 

polymerize dienes, vinyl monomers and -4-phenylbutyrate--caprolactone.18 The versatility of 

this catalytic system is beneficial in making copolymers between different classes of monomers. 

In this article, we investigate the effect of the co-catalyst ratio, temperature, kinetic parameters, 

copolymer synthesis, and the homopolymerization of different functionalized -CL monomers. 

3.3 Materials and Methods 

3.3.1 Material 

NdCl36H2O (99.9%, Aldrich), triethylphosphate (TEP, 99.8%, Aldrich), and TIBA (25 wt% in 

toluene, Aldrich) were used as received. Toluene (99.9%, Fisher Scientific) was distilled over 

sodium and benzophenone. All other solvents were purchased from Fisher Scientific unless 

otherwise mentioned. -Caprolactone (97 %, Aldrich), and -valerolactone (99%, Acros Organics) 

were distilled over calcium hydride and stored over molecular sieves under a nitrogen atmosphere 
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prior to polymerization. NdCl33TEP,18 -benzyl--caprolactone,19 -4-phenylbutyrate--

caprolactone,4 γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone (MEEECL),8 and 4-

hydroxycyclohexanone,20  were synthesized according to previously published procedures. All 

monomers were dried over CaH2 prior to polymerization. 

3.3.2 Analysis 

Proton, and carbon nuclear magnetic resonance (1H, and 13C, NMR respectively) spectra were 

recorded in CDCl3 or benzene-d6 on a Bruker AVANCE III 500 spectrometer (500 MHz) at 25 

C. Multiplicities were given as: s (singlet), d (doublet), t (triplet), q (quartet), br (broad) and the 

chemical shifts are given in ppm. Size exclusion chromatography (SEC) was carried out on a 

Viscotek VE 3580 system equipped with Viscotek columns (T6000M), connected to the refractive 

index (RI), low angle light scattering (LALS), right angle light scattering (RALS), and viscosity 

detectors. SEC solvent/sample module (GPCmax) was used with HPLC grade THF as the eluent, 

and triple point calibration was based on polystyrene standards. Differential scanning calorimetry 

(DSC) were recorded on a Mettler Toledo TGA/DSC-1 system with a heating and a cooling rate 

of 10 C/min and -10 C/min, respectively under a flow of nitrogen. 

3.3.3 Synthesis of Monomers  

Synthesis of 4-bromocyclohexanone 

Tetrabromomethane (5.6 g, 0.017 mol) was added slowly to a solution of 4-hydroxycyclohexanone 

(1.0 g, 0.0085 mol) and triphenylphosphine (4.6 g, 0.017 mol) in dichloromethane (DCM) (10 

mL). The reaction was stirred at room temperature for 48 h, and dichloromethane was evaporated. 
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The resulting liquid was purified by column chromatography using ethyl acetate and hexane at a 

ratio of 2:3 (Rf = 0.56) to yield a yellow oil (1.3 g, 84 %). 1H NMR (25 C, 500 MHz, CDCl3):  

= 2.33 (m, 6H), 2.74 (m, 2H) and 4.61 ppm (m, 1H). 13C NMR (25 C, 500 MHz, CDCl3):  = 

35.89, 38.65, 49.31 and 208.92 ppm.   

 
Figure 3.1 1H NMR of 4-bromocyclohexanone 
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Figure 3.2 13C NMR of 4-bromocyclohexanone 

 

Synthesis of -bromo--caprolactone (BrCL) 

To a solution of 4-bromocyclohexanone (2.8 g, 0.0158 mol) in dichloromethane (50 mL) was 

added a solution of 77 % m-chloroperoxybenzoic acid (mCPBA) (6.03 g, 0.0269 mol ) in DCM 

(50 mL) in an ice bath. The reaction was monitored with TLC until the complete consumption of 

the starting material.  K2CO3 (2.5 g in 7 mL of water) was added to the reaction mixture and stirred 

vigorously for 4 h. The organic layer was separated, and the aqueous layer was washed with 

dichloromethane, (2x20 mL). The combined organic layers were dried over anhydrous magnesium 

sulfate and concentrated in vacuo. The product was isolated by flash chromatography using 
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gradient elution with hexane and ethyl acetate to yield a pale yellow oil (2.2 g, 72 %). 1H NMR 

(25 C, 500 MHz, CDCl3):  = 2.25 (m, 2H), 2.35 (m, 2H), 2.60 (m, 1H), 3.08 (m, 1H), 4.18 (m, 

1H), 4.54 (dd, 1H), 4.61 (br.s, 1H). 13C NMR (25 C, 500 MHz, CDCl3):  = 30.71, 32.34, 38.80, 

51.73, 64.80 and 174.83 ppm.  

 
Figure 3.3 1H NMR of -bromo--caprolactone 
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Figure 3.4 13C NMR of -bromo--caprolactone 

 

Synthesis of 4-oxocyclohexyl acetate 

4-(dimethylamino)pyridine (DMAP) (0.21 g, 1.7 mmol), 4-hydroxycyclohexanone (2.00 g, 0.017 

mol), and acetic acid (1.20 g, 0.019 mol), were cooled to 0 °C in a round-bottom flask with DCM 

(60 mL). A solution of 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide hydrochloride (EDCl) 

(4.04 g, 0.21 mol) in DCM (40 mL) was slowly added to the cooled solution. The reaction was 

stirred overnight and was washed with a saturated solution of K2CO3 and with DI water to remove 

any water-soluble products. The organic layer was dried over anhydrous magnesium sulfate, and 

the solvent was evaporated under reduced pressure to obtain the product as a yellow liquid (1.60 
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g, 60%). 1H NMR (25 C, 500 MHz, CDCl3):  = 2.07 (m, 4H), 2.10 (s, 3H), 2.37 (m, 2H), 2.52 

(m, 2H), 5.16 (m, 1H).  

 

Figure 3.5 1H NMR of 4-oxocyclohexyl acetate 

 

Synthesis of -acetate--caprolactone 

Synthesis of -acetate--caprolactone was carried out similar to that of -bromo--caprolactone 

using 4-oxocyclohexyl acetate (1.60 g, 0.010 mol), 77% mCPBA (3.90 g, 0.017 mol) and DCM 

(100 mL). The pure product was obtained by column chromatography with gradient elution using 

hexanes and ethyl acetate. The product was a white solid (0.82 g, 46%).1H NMR (25 C, 500 MHz, 

CDCl3):  = 1.96 (m, 2H), 2.05 (m, 2H), 2.07 (s, 3H), 2.53 (m, 1H), 2.89 (m, 1H), 4.14 (m, 1H), 
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4.42 (m, 1H), 5.10 (m, 1H). 13C NMR (25 C, 500 MHz, CDCl3):  = 21.32, 27.69, 28.60, 34.13, 

63.66, 70.18, 170.06, and 175.06 ppm. 

 

Figure 3.6 1H NMR of -acetate--caprolactone 
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Figure 3.7 13C NMR of -acetate--caprolactone  

 

3.3.4 Polymerization Experiments 

General procedure for the polymerization of -caprolactone with NdCl33TEP/TIBA  

For a ratio of [-caprolactone]:[Nd]:[Al] of 500:1:5, TIBA (0.16 mL 0.175 mmol) and NdCl33TEP 

(0.186 M, 0.19 mL, 0.035 mmol) were added to the Schlenk flask and it was stirred for one minute 

under a nitrogen atmosphere. -caprolactone (-CL) (2.0 g, 0.018 mol) was added to the catalyst 

mixture, stirred at the desired temperature for 4 h, and precipitated into methanol. The polymers 

were washed with methanol several times and were dried under vacuum before characterization 



 

98 

from 1H, 13C NMR, and SEC. The same procedure was used for the polymerization of all 

substituted caprolactone monomers and -valerolactone.  

General procedure for chain extension experiments 

Sequential monomer addition experiment was carried out for -caprolactone using the ratio of [-

CL1]:[-CL2]:[Nd]:[Al] = 50:100:1:5. TIBA (0.82 mL, 0.88 mmol) and NdCl33TEP (0.186 M, 

0.94 mL, 0.175 mmol) were added to the Schlenk flask, and it was stirred for one minute under a 

nitrogen environment. Toluene (5 mL) was added to the catalyst mixture with -caprolactone (1.0 

g, 0.0088 mol) and the reaction was carried out at 80 C. When the conversion of the first block 

was ~ 100 %, the second -caprolactone portion (2.0 g, 0.0176 mol) was added. After 2 h the 

second monomer portion was fully consumed, and the polymer was precipitated into methanol. 

Synthesis of poly(-valerolactone)-b-poly(-caprolactone) (PVL-b-PCL) with NdCl33TEP/TIBA 

at 80 C 

Block copolymer synthesis between -caprolactone and -valerolactone was carried out by using 

the ratio of [VL]:[CL]:[Nd]:[Al] = 50:100:1:5. The same procedure as above was followed by 

using TIBA (0.93 mL, 1.00 mmol), NdCl33TEP (0.186 M, 1.2 mL, 0.20 mmol), -valerolactone 

(1.00 g, 0.01 mol) and -caprolactone (1.14 g, 0.02 mol). Toluene (6 mL) was added with -

valerolactone. 
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Synthesis of poly(γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone)-b-poly(-

caprolactone) (PMEEECL-b-PCL) with NdCl33TEP/TIBA at 80 C 

PMEEECL-b-PCL was synthesized by using the ratio of [PMEEECL]:[CL]:[Nd]:[Al] = 

50:100:1:5. The same procedure as above was followed by using TIBA (0.17 mL, 0.18 mmol), 

NdCl33TEP (0.167 M, 0.22 mL, 0.04 mmol), MEEECL (0.50 g, 1.81 mmol) and -caprolactone 

(0.41 g, 3.62 mmol). Toluene (0.5 mL) was added with MEEECL. 

3.4 Results and Discussion 

ROP of -CL was initially carried out with NdCl33TEP and TIBA alone, as control experiments. 

The use of NdCl33TEP alone, did not yield the polymer. TIBA by itself produced a polymer, 

however, as seen from the SEC traces (Figure 3.8), there is two distributions present which is most 

likely due to uncontrolled cationic polymerization of -CL. As a comparison, we carried out a one-

point experiment with NdCl33TEP/TIBA catalytic system for -CL at a ratio of 500:1:10 between 

[-CL]:[Nd]:[Al] at 40 C. The ROP carried out with NdCl33TEP/TIBA catalytic system was 

more controlled, and the SEC traces showed only one distribution (Figure 3.8). After our initial 

assessment, the ROP of -CL was performed to determine the effect of TIBA content. 
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Figure 3.8 SEC traces for PCL obtained with TIBA and NdCl33TEP/TIBA 

 

 

3.4.1 Effect of the Co-catalyst Ratio for the Polymerization of -CL   

Polymerization of -CL was performed with the variation of Nd: TIBA ratio from 1 to 30 (Table 

3.1, entries 1-5). At a ratio of 500:1:1 between [-CL]:[Nd]:[Al] within a reaction time of 4 h, a 

polymer was not obtained (Table 3.1, entry 1). On the other hand, Stere et al. obtained a polymer 

when the polymerization was performed with NdCl33TBP/TIBA (TBP= tributylphosphate) 

system at a ratio of 100:1:1 between [-CL]:[Nd]:[Al]. However, only 25 % was converted after 9 

h at 45 C and 30% at 55 C.21  

Upon increasing the organoaluminum content from 5 to 30, %conversion and the number average 

molecular weight (Mn) increased (Table 3.1, entries 2-5). On the contrary, Shen et al. observed a 

decrease in molecular weight with the increase in organoaluminum content for the 

Nd(acac)33H2O/TEA catalytic system (acac= acetylacetonato, TEA= triethylaluminum).22  The 

Mn obtained for the polymer at the ratio [-CL]:[Nd]:[Al] = 500:1:5 (Table 3.1, entry 2) was the 

closest to the theoretical Mn. Hence, we selected that ratio to perform further optimizations. 
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Table 3.1 Variation of co-catalyst and monomer ratio, and temperature for the polymerization of 

-CL with NdCl33TEP/TIBA catalytic system 

 

Entry 
Ratio 

[-CL]:[Nd]:[Al] 

Temp. 

(C) 

Time 

(h) 
% Conversion 

Mn
Theoretical 

(Da)a 

Mn
SEC 

(Da)b 
PDI 

1 500:1:1 40 4 - - - - 

2 500:1:5 40 4 25 14,250 20,500 2.11 

3 500:1:10 40 4 40 22,800 33,600 1.61 

4 500:1:20 40 4 60 34,200 18,000 1.96 

5 500:1:30 40 4 57 32,500 15,000 1.85 

6 500:1:5 23 4 9 5,130 - - 

7 500:1:5 60 4 45 25,650 43,700 1.51 

8 500:1:5 80 4 98 55,860 62,300 1.30 

9 400:1:5 80 4 96 45,600 48,800 1.59 

10 250:1:5 80 4 99 28,500 32,400 1.56 

11 100:1:5 80 4 100 11,400 23,400 1.41 

aMn
theoretical was calculated by ([-CL]:[Nd])  conversion  (molar mass of -CL).  bMn was 

obtained with triple calibration 

 

As seen from the 1H NMR spectrum of polycaprolactone (Figure 3.9 (a)), it is evident that one end 

group of the polymer chain is a hydroxyl group. This was further confirmed by D2O exchange and 

also through 13C NMR spectroscopy which showed a peak at 62.7 ppm (Figure 3.9 (b)). Based on 

the 13C NMR, the other end group of the polymer chain may possibly be a carboxylic acid. The 

peak around 32.4 ppm could correspond to the -CH2 adjacent to the -COOH group. Similar 

spectroscopic information was obtained by Shen et al. for the polymerization of -CL with 

Nd(acac)33H2O/TEA catalytic system.22
 Apart from the 13C NMR, we were unable to obtain any 

other spectroscopic information on the second end group. Hence, further investigation is necessary 

to confirm the other end group of the polymer.  
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Figure 3.9 (a) 1H and (b) 13C NMR of polycaprolactone obtained with NdCl33TEP/TIBA catalytic 

system 
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3.4.2 Effect of Temperature, [-CL]/[Nd] and Kinetic Experiments on Polymerization of -

CL  

The temperature of polymerization was varied from room temperature (23 C), 60 and 80 C 

(Table 3.1, entries 6-8). With the increase in temperature, catalytic activity and Mn increased. The 

molecular weight of the polymer obtained at 80 C, was closest to the theoretical Mn and had the 

lowest PDI (PDI = 1.30). In order to determine the activation energy (Ea) for the ROP of -CL 

with NdCl33TEP/TIBA catalytic system, kinetic studies were carried out at these three different 

temperatures (Figure 3.10). With the increase of temperature the rate of polymerization increased 

(Figure 3.10 (a), (b) and (c)). The ln{[M]0/[M]} vs. time plots for all three temperatures followed 

the same trend (Figure 3.10 (b) and (c)). All reactions had slower initiation, but with the absence 

of chain termination. Due to the presence of slow initiation, Ea was obtained for conversions < 

20% (Figure 3.10 (c)). From the slopes of the plot in Figure 3.10 (c), kapp (kapp = k * [M*], where 

k= rate constant and [M*]= concentration of active species, which is constant for a living 

polymerization) were calculated at the three temperatures and Ea was determined from the 

Arrhenius plot (Figure 3.10 (d)) derived from the Arrhenius equation shown below,  

ln 𝑘 =  −
𝐸𝑎

𝑅𝑇
+ ln 𝐴 

Where k = rate constant 

Ea = activation energy 

R= universal gas constant 

T= absolute temperature 

A= Arrhenius constant 
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Ea was determined to be 32.6 kJ mol-1. A comparison of Ea for the polymerization of -CL with 

different catalytic systems are given in Table 3.2. The Ea of our catalytic system is much lower 

compared to most of the catalytic systems (Table 3.2). 

 

Figure 3.10 (a) % conversion vs. time, (b) ln{[M]0/[M]} vs. time, (c) ln{[M]0/[M]} vs. time for 

%conversions < 20%, at different temperatures and (d) Arrhenius plot for the polymerization of -

CL with NdCl33TEP/TIBA catalytic system at a [-CL]:[Nd]:[Al] ratio of 500:1:5. 
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Table 3.2 Activation energies of other catalysts for the polymerization of -CL 

 

Catalyst Ea (kJ mol-1) 

Nd(acac)33H2O/TEA22 59.4 

Et2AlO(CH2)2Br23 43.1 

Lipase 24 12.0 

Sn(Oct)2 in supercritical CO2
25 89.0 

Polymer supported Sc(OTf)3 (OTf= trifluoromethane sulfonate)26 57.1 

Sc(OTf)3
27 26.5 

Sc(NNf2)3 (NNf=  nonafluorobutanesulfonimide)27 36.8 

Sn(Oct)2
28 75.0 

NdCl33TEP/TIBA 32.6 

 

A linear increase of the molecular weight as a function of [-CL]/[Nd] was observed for ratios 

above 250 (Table 3.1, entries 8-11 and Figure 3.11 (a)). At a ratio of 100:1:5, it deviated from 

linearity due to increased transfer reactions with higher catalyst concentrations. All other ratios 

were closer to the theoretical Mn. It can be speculated from this that at a higher monomer 

concentration, the system exhibit some living character. Kinetic experiments carried out at 80 C 

at a [-CL]:[Nd]:[Al] ratio of 500:1:5 shows the absence of chain termination and transfer (Figure 

3.10 (b), and 3.11 (b), respectively), however, the initiation is slow. 
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Figure 3.11 (a) Mn vs [M]/[Nd], (b) Mn vs. conversion at a [-CL]:[Nd]:[Al] ratio of 500:1:5, for 

the polymerization of -CL with NdCl33TEP/TIBA catalytic system at 80 C. Mn
experimental

 was 

obtained with triple calibration, and  Mn
theoretical

 was calculated by ([-CL]:[Nd])  conversion  

(molar mass of  -CL). 
 

3.4.3 Sequential Monomer Addition and Block Copolymer Synthesis  

Further analysis on living behavior was demonstrated by sequential monomer addition and block 

copolymer synthesis. Sequential monomer addition was carried out at a [-CL1]: [-CL2]:[ 

[Nd]:[Al] ratio of 50:100:1:5 at 80 C. At 100% conversion of the first portion, a second portion 

of -CL was introduced. At 100% conversion of the second portion, an increase in molecular 

weight from 11.5 kDa to 19.6 kDa was observed (Figure 3.4 (a)). The ability to perform chain 

extension shows the presence of a living chain end. Block co-polymer synthesis between -

valerolactone (-VL) and -CL, and γ-2-[2-(2-methoxyethoxy)ethoxy]ethoxy-ε-caprolactone 

(MEEECL) and -CL were also performed at a feed ratio of [M]: [-CL]:[ [Nd]:[Al] = 50:100:1:5 

at 80 C (M = -VL or MEEECL). For PVL-b-PCL, at 100% conversion of -VL, -CL was added, 

and an increase in molecular weight from 5.4 kDa to 12.1 kDa was observed (Scheme 3.1 (a), 

Figure 3.12 (b)). The monomodal distribution of the SEC trace for PVL-b-PCL clearly shows the 

formation of a block copolymer but not a mixture of the two homopolymers. Furthermore, DSC 
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traces for PCL, PVL, and PVL-b-PCL shows coherently, the variation of the melting temperature 

(Tm) (Figure 3.13 (a)) and the presence of two glass transition temperatures (Tg) (Figure 3.13 (b)). 

According to 1H NMR (Figure 3.14), the polymer composition for -VL and -CL is 29 and 71 

mol% respectively, which is closer to the feed ratio. The formation of an amphiphilic block 

copolymer was achieved by the use of MEEECL, a hydrophilic thermoresponsive caprolactone 

monomer, and -CL, the hydrophobic counterpart (Scheme 3.1 (b)). Amphiphilic block 

copolymers are used for drug delivery applications in order to form micelles in aqueous 

environments.29-30 Upon chain extension from PMEEECL to PMEEECL-b-PCL, an increase in 

molecular weight from 7.1 kDa to 12.1 kDa (Figure 3.12 (c)) was observed. The composition of 

the polymer obtained from 1H NMR (Figure 3.15) was 17 mol% of MEEECL and 83 mol% of -

CL. DSC trace of PMEEECL-b-PCL shows the Tg and Tm of PMEEECL and PCL, respectively 

(Figure 3.13 (a) and (b)). However, due to the close glass transition of PMEEECL and PCL, the 

Tg for PMEEECL-b-PCL shows as one single transition (Figure 3.13 (b)). 

Scheme 3.1 Schematic representation of the synthesis of (a) PVL-b-PCL and (b) PMEEECL-b-

PCL 

 



 

108 

 

Figure 3.12 SEC traces for (a) PCL before and after chain extension obtained at a [-CL1]: [-

CL2]:[ [Nd]:[Al] ratio of 50:100:1:5 and (b) PVL and PVL-b-PCL (c) PMEEECL and PMEEECL-

b-PCL obtained at a [M]: [-CL]:[ [Nd]:[Al] ratio of 50:100:1:5 at 80 C (M = -VL or MEEECL) 

 

 

Figure 3.13 (a) DSC traces for PMEEECL, PMEEECL-b-PCL, PCL, PVL and PVL-b-PCL, (b) 

DSC traces for PCL, PVL, PVL-b-PCL, and PMEEECL-b-PCL for the temperature range of -75 

C to -40 C 
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Figure 3.14 1H NMR of PVL-b-PCL. (Mn = 12,100 Da, PDI= 1.4, composition for -VL and -

CL is 29 and 71 mol% respectively) 

 

 

 

Figure 3.15 1H NMR of PMEEECL-b-PCL. (Mn = 12,100 Da, PDI= 1.6, composition for 

MEEECL and -CL is 17 and 83 mol% respectively)
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All the kinetic experiments and chain extension experiments show the living characteristics of the 

NdCl33TEP/TIBA catalytic system for the polymerization of -CL, however, the system cannot 

be categorized as a fully living system due to the presence of slow initiation and the behavior at 

lower monomer concentrations. While many catalysts out there show living properties, not all of 

them has the ability to polymerize functionalized CL monomers, and the majority of the studies 

are limited to -CL. Hence, we extend our study for the polymerization of -substituted--

caprolactone monomers as well.  

3.4.4 Polymerization of Different Lactone Monomers  

For this study, we selected different substituted monomers based on different linkages to the 

caprolactone ring. -benzyl--caprolactone, has an ether linkage between the caprolactone ring and 

the substituent, -4-phenylbutyrate--caprolactone and -acetate--caprolactone have ester 

linkages, and -bromo--caprolactone has a Br present at the -position (Figure 3.16).   

All the polymerizations were carried out at 80 C. For -4-phenylbutyrate--caprolactone we 

performed the polymerization at two different temperatures, 40 and 80 C. Due to the presence of 

an additional ester linkage at the -position, the use of high temperature causes transesterification, 

and a butyrolactone analog is produced, this phenomenon was previously observed by our group.4 

Therefore, for -acetate--caprolactone, polymerization was carried out at 40 C. The presence of 

an ether linkage at the -position increased the catalytic activity (Table 3.3, entries 1), where the 

polymerization went to completion in just two hours. Whereas for -CL, for the same ratio it took 

almost 4 h for the reaction to go to completion (Table 3.1, entry 10). In the presence of a Br group  
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Figure 3.16 Structures of -benzyl--caprolactone, -bromo--caprolactone, -4-phenylbutyrate-

-caprolactone, -acetate--caprolactone, and -VL 

 

at the -position, the polymerization was faster than that for -CL, but slower than -benzyl--

caprolactone (Table 3.3, entry 2). For -4-phenylbutyrate--caprolactone, when the polymerization 

was carried out at 40 C, the polymerization was much slower, where conversion to the polymer 

was only 64 % after 6 h (Table 3.3, entry 3), and the conversion to the transesterified product was  

~11%. However, with the increase in temperature to 80 C, within 2 h, 51% was converted to the 

polymer (Table 3.3, entry 4), and 49% was converted to the transesterified product. Therefore, in 

the presence of an ester linkage at the -position, it is preferable to use lower temperatures. 

Polymerization of -acetate--caprolactone followed similar trends to that of -4-phenylbutyrate-

-caprolactone, where the polymerization was slower, and transesterification was present (Table 

3.3, entry 5). A % conversion of ~10% was observed for the transesterified product for -acetate-

-caprolactone. The structures of the transesterified butyrolactone analogs of -4-phenylbutyrate-
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-caprolactone and -acetate--caprolactone are shown in Figure 3.17. Homopolymerization of -

VL was also carried out. However, the rate of polymerization was somewhat slower than that of 

-CL (Table 3.3, entry 6), due to the stable 6-membered configuration of -VL. All polymers were 

characterized by 1H NMR (Figure 3.18, 3.19, 3.20, 3.21 and 3.22). 

Table 3.3 Polymerization of -benzyl--caprolactone, -bromo--caprolactone, -4-

phenylbutyrate--caprolactone, -acetate--caprolactone, and -VL, with NdCl33TEP/TIBA 

catalytic system 

 

Monomer Entry 
Ratio 

[M]:[Nd]:[Al] 

Temp. 

(C) 

Time 

(h) 

% 

Conv. 

Mn 

(Da)a 
PDI dn/dc 

 

1 250:1:5 80 2 100 17,600 1.58 0.10 

 

2 250:1:5 80 3 100 23,400 1.84 0.08 

 

3 250:1:5 40 6 64 22,000 1.52 

0.09 

4 250:1:5 80 2 51 16,300 1.75 

 

5 250:1:5 40 6 41 11,300 1.30 0.04 

 

6 250:1:5 80 4 96 18,300 1.46 0.05 

aMn was obtained with triple calibration 
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Figure 3.17 Structures of the transesterified butyrolactone analog of -4-phenylbutyrate--

caprolactone and -acetate--caprolactone 
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Figure 3.18 1H NMR of poly(-benzyl--caprolactone). (Mn = 17,600 Da, PDI= 1.6) 

 

 

Figure 3.19 1H NMR of poly(-bromo--caprolactone). (Mn = 23,400 Da, PDI= 1.8) 
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Figure 3.20 1H NMR of poly(-phenylbutyrate--caprolactone). (Mn = 22,000 Da, PDI= 1.5) 

 

 

 

Figure 3.21 1H NMR of poly(-acetate--caprolactone). (Mn = 11,300 Da, PDI= 1.3) 
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Figure 3.22 1H NMR of polyvalerolactone. (Mn = 18,300 Da, PDI= 1.5) 

 

3.5 Conclusion 

In conclusion, NdCl33TEP/TIBA catalytic system was proven to be an efficient system for the 

polymerization of -CL, functionalized caprolactones with varying -substituents and -VL. 

Kinetic studies revealed some living characteristics at higher monomer concentrations. However, 

the system shows slower initiation. Furthermore, NdCl33TEP/TIBA catalytic system was 

successfully utilized to form PVL-b-PCL block copolymer and also for the synthesis of an 

amphiphilic block copolymer, PMEEECL-b-PCL. The presence of an ester linkage at the -

position have a negative effect on the polymerization. However, the NdCl33TEP/TIBA catalytic 

system performs better than the conventional tin catalyst for the polymerization of monomers with 

an ester linkage at the -position. Overall, based on this study and our previous work, 
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NdCl33TEP/TIBA catalytic system is a versatile system that can polymerize not only lactones but 

also dienes and vinyl monomers as well.  
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4.1 Abstract 

The short chain fatty acid, 4-phenylbutyric acid (PBA) is used for the treatment of urea cycle 

disorders and sickle cell disease as an endoplasmic reticulum stress inhibitor. PBA is also known 

as a histone deacetylase inhibitor (HDACi). We report here the effect of combination therapy on 

HeLa cancer cells using PBA as the HDACi together with the anticancer drug, doxorubicin (DOX). 

We synthesized γ-4-phenylbutyrate-ε-caprolactone monomer which was polymerized to form 

poly(γ-4-phenylbutyrate-ε-caprolactone) (PPBCL) homopolymer using NdCl33TEP/TIBA (TEP= 

triethylphosphate, TIBA= triisobutylaluminum) catalytic system. DOX-loaded nanoparticles were 

prepared from the PPBCL homopolymer using polyethylene glycol as a surfactant. An 

encapsulation efficiency as high as 88% was obtained for these nanoparticles. The DOX-loaded 

nanoparticles showed a cumulative release of > 95% of DOX at pH 5 and 37 C within 12h and 

PBA release was monitored by 1H NMR spectroscopy. The efficiency of the combination therapy 

can notably be seen in the cytotoxicity study carried out on HeLa cells, where only ~ 20% of cell 

viability was observed after treatment with the DOX-loaded nanoparticles. This drastic cytotoxic 

effect on HeLa cells is the result of the dual action of DOX and PBA on the DNA strands and the 

HDAC enzymes, respectively. Overall, this study shows the potential of combination treatment 

with HDACi and DOX anticancer drug as compared to the treatment with an anticancer drug alone. 

4.2 Introduction 

4-Phenylbutyric acid (PBA) is a short chain fatty acid used mainly for the treatment of urea cycle 

disorders as an ammonia scavenger1-3 and as endoplasmic reticulum stress inhibitor.4-6 Its  ability 

to activate -globin transcription allowed it to be used for the treatment of sickle cell disease and 
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thalassemia.7,8 In addition, PBA has been shown to have neuroprotective effects9 and is known as 

a histone deacetylase inhibitor (HDACi).3,10,11 The HDAC inhibitory effect of PBA is attributed to 

its anticancer activity. During gene transcription and upon HDAC inhibition, hyperacetylation of 

the histone residues in nucleosomes leads to enhanced differentiation, inhibit proliferation, and 

eventually causes cell death.10,11 As such, PBA is used in clinical trials as an anticancer agent.12,13 

Yet, the effectiveness of HDACi as anticancer agents is limited due to their dose-limiting toxicity14, 

and due to acquired resistance15 Therefore, combination therapy using an HDACi together with an 

anticancer drug would be more efficient in terms of potency to kill cancer cells.  

The anthracycline, doxorubicin (DOX), is a widely used chemotherapeutic agent for the treatment 

of a wide variety of cancers. These include breast, lung, ovarian, Hodgkin’s and non-Hodgkin’s 

lymphoma, lung, gastric, sarcoma, and pediatric cancers.16,17 The side effects, such as 

cardiotoxicity caused by DOX, however, limits the use of an anticancer drug.17 One solution to 

circumvent this issue is the use of nano-carriers to encapsulate the aforementioned drug. Thereby, 

the drug will accumulate specifically in the tumor site either by the enhanced permeation and 

retention (EPR) effect or by active targeting which will reduce the side effects to some extent.   

Amongst the different types of HDACis, hydroxamic acids,18,19 benzamides,20 and aliphatic 

acids21,22 have been conjugated to polymer backbones. However, these only focused on the 

delivery of the HDACi. The use of nano-carriers made from HDACi conjugated polymeric 

material will allow for the co-delivery of the HDACi together with a more potent anticancer drug, 

such as DOX. The dual delivery of the HDACi and the anticancer drug is expected to have 

enhanced cytotoxicity to the cancer cells. Sustained release of the HDACi as well as the anticancer 

drug, at the tumor site can be obtained by polymeric micelles/nanoparticles. Recently, we reported 
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PBA conjugated poly(ethylene glycol)-b-poly(γ-4-phenylbutyrate-ε-caprolactone-ran-ε-

caprolactone) (PEG-b-(PCL-ran-PPBCL)) copolymer for the delivery of DOX.23  The γ-4-

phenylbutyrate-ε-caprolactone monomer was copolymerized with ε-caprolactone in the presence 

of PEG as the macroinitiator with tin(II) 2-ethylhexanoate (Sn(Oct)2) as the catalyst. The low 

incorporation of the PBA, into the polymeric backbone, resulted in reduced cytotoxicity to the 

human cervical cancer cells (HeLa).  

Herein, we report the synthesis of poly(γ-4-phenylbutyrate-ε-caprolactone) (PPBCL) with a newly 

developed catalytic system, NdCl33TEP/TIBA (TEP=triethylphosphate, TIBA= 

triisobutylaluminum) (Scheme 4.1).24 The synthesized homopolymer was employed to prepare 

nanoparticles (NP) with PEG surfactant to encapsulate DOX. The formed empty, and DOX-loaded 

NPs were then analyzed to determine the size, morphology, drug release behavior, cytotoxicity 

and cellular uptake in HeLa cells (Scheme 4.1). 
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Scheme 4.1 Schematic diagram of (a) synthesis of PPBCL polymer with NdCl33TEP/TIBA 

catalytic system, (b) formation of DOX-loaded NP using PEG and release of DOX and PBA upon 

the introduction to an acidic medium, (c) endocytosis and subsequent release of DOX and PBA in 

the cancer cell 

 

 

4.2.1 Analysis 

Proton and carbon nuclear magnetic resonance (1H, 13C NMR respectively) spectra were recorded 

in CDCl3 on Bruker AVANCE III 500 spectrometer (500 MHz) at 25 C unless otherwise 

mentioned. Multiplicities were given as s (singlet), d (doublet), t (triplet), q (quartet), and br 

(broad). Size exclusion chromatography (SEC) was carried out on a Viscotek VE 3580 system 

equipped with Viscotek columns (T6000M), connected to the refractive index (RI), low angle light 
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scattering (LALS), right angle light scattering (RALS), and viscosity detectors. SEC 

solvent/sample module (GPCmax) was used with HPLC grade THF as the eluent, and calibration 

was based on polystyrene standards. Perkin-Elmer LS 50 BL luminescence spectrometer was used 

to collect fluorescence spectra at 25 C. Dynamic light scattering (DLS) measurements were 

performed using a Malvern Zetasizer Nano ZS instrument equipped with a He–Ne laser (633 nm) 

and 173° backscatter detector. Morphology of empty and loaded nanoparticles was visualized by 

transmission electron microscopy (TEM) imaging performed on a Tecnai G2 Spirit Biotwin 

microscope operated at 120 keV and images were analyzed using Gatan Digital Micrograph 

software. Agilent UV/Vis spectrophotometer was used to obtain absorbance spectra. BioTek 

Cytation 3 cell imaging multi-mode reader was used for cytotoxicity and cellular uptake 

measurements. 

4.2.2 Synthesis and Characterization of Monomers and Polymer 

Synthesis of 4-oxocyclohexanoyl phenylbutanoate (2) 

4-Hydroxycyclohexanone (2.00 g, 0.017 mol), phenylbutyric acid (3.17 g, 0.019 mol), 4-

dimethylaminopyridine (DMAP) (0.21 g, 1.7 mmol), and dichloromethane (DCM) (60 mL) were 

cooled to 0 C in a round-bottom flask. A solution of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCl) (4.04 g, 0.21 mol) in DCM (40 mL) 

was added dropwise to the cooled solution. The reaction was stirred overnight and was washed 

with a saturated solution of potassium carbonate and several times with water to remove any excess 

DMAP, EDCl and other water-soluble products. The organic layer was dried over anhydrous 

magnesium sulfate, and the solvent was evaporated under reduced pressure to obtain the pure 
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product as a pale yellow liquid (4.50 g, 97%). 1H NMR (δ =7.26, CDCl3): δ = 1.98 (q, 2H), 2.04-

2.08 (m, 4H), 2.33-2.39 (m, 4H), 2.5-2.56 (m, 2H), 2.67 (t, 2H), 5.15-5.19 (q, 1H), 7.17-7.21 (m, 

3H), 7.27-7.31 (m, 2H). 

Synthesis of γ-4-phenylbutyrate-ε-caprolactone (3) 

To a stirred solution of 4-oxocyclohexanoyl phenylbutanoate (4.5 g, 0.017mol) in DCM (100 mL) 

at 0 C was added a solution of 77 % m-chloroperoxybenzoic acid (6.6 g, 0.029 mol) in DCM (100 

mL). The reaction mixture was stirred overnight, and potassium carbonate (10.0 g in 20 mL of 

water) was added to the reaction mixture and further stirred vigorously for 4 h. The organic layer 

was separated, and the aqueous layer was washed with DCM (2x50 mL). The combined organic 

layers were dried over anhydrous magnesium sulfate and concentrated in vacuo. The product was 

isolated by flash chromatography with gradient elution using hexanes and ethyl acetate to yield a 

pale yellow oil (4.0 g, 83%). 1H NMR (δ =7.26, CDCl3): δ = 1.94-2.13 (m, 6H), 2.35 (t, 2H), 2.5-

2.55 (m, 1H), 2.66 (t, 2H), 2.85-2.91 (m, 1H), 4.11-4.16 (m, 1H), 4.39-4.44 (m, 1H), 5.09-5.14 (m, 

1H), 7.16-7.23 (m, 3H), 7.27-7.31 (t, 2 H). 

Synthesis of 5-(2-hydroxyethyl)dihydrofuran-2(3H)-one (a) 

To a solution of 4-hydroxycyclohexanone (0.5 g, 0.0044mol) in dichloromethane (10 mL) was 

added a solution of 77 % m-chloroperoxybenzoic acid (1.67 g, 0.0075 mol ) in dichloromethane 

(10 mL) in an ice bath. The reaction was monitored with TLC until the complete consumption of 

the starting material.  K2CO3 (2.5 g in 7 mL of water) was added to the reaction mixture and further 

stirred vigorously for 4 h. The organic layer was separated, and the aqueous layer was washed with 

dichloromethane, (2x20 mL). The combined organic layers were dried over anhydrous magnesium 
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sulfate and concentrated in vacuo. The product was isolated by flash chromatography to yield a 

pale yellow oil (0.396 g, 70 %). 1H NMR (25 C, 500 MHz, CDCl3): 4.7 (m, 1H), 3.83 (t, 2H), 

2.55 (dd, 2H), 2.38 (m, 1H), 1.93 (m, 3H), 1.60 (br. S, D2O exchangeable) 

Synthesis of 2-(5-oxotetrahydrofuran-2-yl)ethyl 4-phenylbutanoate (b) 

A solution of 4-phenylbutyric acid (1.26 g, 7.7 mmol), 5-(2-hydroxyethyl)dihydrofuran-2(3H)-one 

(1.0 g, 7.7 mmol) and DMAP (0.094 g, 0.77 mmol) in CH2C12 (15 mL) was cooled to 0 C. EDCl 

(1.62 g, 8.46 mmol) dissolved in CH2C12 (10 mL) was added dropwise, and the solution was slowly 

warmed to room temperature overnight. The reaction was stirred overnight and was washed with 

a saturated solution of K2CO3 and several times with water to remove any excess DMAP, EDCl 

and their water-soluble products. The organic layer was dried over anhydrous MgSO4, and the 

solvent was evaporated under reduced pressure to obtain the pure product as a pale yellow liquid. 

1H NMR (25 C, 500 MHz, CDCl3): δ = 1.44-2.09 (m, 5H), 2.30-2.43 (m, 3H), 2.53 (dd, 2H), 2.65 

(t, 2H), 4.16 - 4.22 (m, 1H), 4.22-4.29 (m, 1H), 4.55-4.63 (m, 1H), 7.15-7.23 (m, 3H), 7.27-7.32 

(t, 2 H). 

Synthesis of PPBCL 

A 10 mL Schlenk flask was flushed with nitrogen for ten minutes. Triisobutylaluminum (25% 

w/w) (0.02 mL, 0.014 mmol) and NdCl33TEP (0.01 mL, 0.0014 mmol) were added to the Schlenk 

flask and stirred for 1 min under a nitrogen environment. Monomer γ-4-phenylbutyrate-ε-

caprolactone (0.2 g, 0.7 mmol) was added to the catalyst mixture, and the flask was immersed in 

an oil bath at 40 C. The polymer was precipitated out in methanol after overnight stirring and 

further purified by washing the polymer with methanol a few times. Mn
 = 13,000 Da, PDI = 1.51. 
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1H NMR (δ =7.26, CDCl3): δ = 1.79- 2.01 (m, 6H), 2.29 (br. s, 4H), 2.63 (t, 2H), 4.05 (t, 2H), 5.00 

(m, 1H), 7.16-7.23 (m, 3H), 7.26-7.32 (m, 2H) 

4.2.3 Preparation and Characterization of Nanoparticles 

Preparation of Empty Nanoparticles 

A solvent evaporation method was employed for the preparation of nanoparticles with PPBCL: 

PEG in a 1:1 weight ratio. A stock solution of PPBCL (10 mg) and PEG (10 mg) in THF (5 mL) 

was prepared at a concentration of PPBCL of 2 mg/ mL. A volume of 3 mL of this stock solution 

was added drop-wise to deionized water (6 mL) under vigorous stirring. The solution was kept 

under stirring until THF was completely evaporated. The concentration of the final nanoparticles 

solution was 1 mg/ mL with respect to PPBCL. The resulting solution was filtered through a 0.22 

m polyamide (PA) syringe filter to remove any polymer that has precipitated out to obtain the 

nanoparticles in DI water. 

Determination of Critical Aggregation Concentration (CAC) 

CAC was determined with the aid of pyrene, a hydrophobic fluorescent probe. For all polymer 

samples, PPBCL and PEG were used in a weight ratio of 1:1. A volume of 200 L of pyrene in 

THF (6.0 x 10-5 M) was added to polymer solutions of various concentrations. This solution was 

added drop-wise to deionized water (10 mL) under stirring. The solutions were stirred for 4h for 

complete evaporation of THF and for the formation of nanoparticles. The concentrations of the 

resulting solutions were in the range of 1 g/ L to 4 x10-5 g/ L. Fluorescence spectra of the solutions 

were recorded with the emission wavelength set at 390 nm. The intensity ratios of pyrene at the 
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wavelengths of 337.5 and 334.5 nm were plotted against the logarithm of polymer concentration. 

CAC was determined as the value at the x coordinate where the two trend lines intersected. 

Preparation of DOX-Loaded Nanoparticles 

DOX-loaded nanoparticles were prepared in a similar manner as the empty nanoparticles.  Briefly, 

4 mg of DOXHCl was neutralized with three equivalents of triethylamine (2.9 L) and a stock 

solution were prepared in THF (4 mL). A stock solution of PPBCL (10 mg) and PEG (10 mg) in 

THF (5 mL) was made so that the concentration of PPBCL was 2 mg/ mL. A volume of 3 mL of 

this stock solution and 0.6 mL of the DOX stock solution were added dropwise to deionized water 

(6 mL) under vigorous stirring. The weight ratio between PPBCL and DOX was kept at 10:1. The 

resulting solution was filtered through a 0.22 m PA syringe filter in order to remove any non-

encapsulated aggregated drug molecules, to obtain DOX-loaded nanoparticles in deionized water. 

Drug loading capacity (DLC) and encapsulation efficiency (EE) were determined using UV/Vis 

absorbance spectra by diluting the nanoparticle solutions with DMSO in a 1:1 ratio. The 

absorbance at 485 nm was fitted to a pre-established calibration curve for DOX in 

DMSO/deionized water. 

DLS and TEM Analysis 

DOX-loaded and empty nanoparticles were prepared as stated above and were analyzed by DLS 

to obtain the hydrodynamic size. Size measurements were obtained in triplicate at 25 C. 

Morphological studies were carried out by TEM where the samples were prepared by treating the 

copper mesh grid with 1 mg/ mL aqueous nanoparticle solution for 2 minutes, followed by staining 

with 2% phosphotungstic acid for 30 seconds 
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4.2.4 Release Studies 

Release Studies for DOX 

A 1 mg/ mL solution of DOX-loaded nanoparticles in deionized water was prepared as stated 

before. A volume of 4 mL from the nanoparticle solution was transferred to Snakeskin® dialysis 

tubing with 3500 Da molecular weight cut off and was dialyzed against 15 mL of buffer (pH 7.4, 

6.0 and 5.0). Aliquots of 2 mL were withdrawn at various time intervals and were replaced by the 

same volume. The samples taken were diluted with DMSO in a ratio of 1:1 and UV/Vis spectra 

were recorded. DOX release was then determined by a previously established calibration plot for 

DOX in DMSO/DI water. 

Release Studies for PBA 

Empty nanoparticles were prepared in deionized water with a concentration of 2 mg/ mL. A 

volume of 4 mL of the nanoparticle solution was transferred to Snakeskin® dialysis tubing with 

3500 Da molecular weight cut off and was dialyzed against 15 mL of buffer (pH 6.0). Three 

samples were taken at the initial time, 12 h, and 24 h, and the buffer solution was allowed to 

evaporate. After complete evaporation of the buffer solution, D2O (0.5 mL) was added, and 1H 

NMR spectra were recorded at different time intervals. 

4.2.5 Biological Studies 

All cell culture experiments were carried out using RPMI-1640 medium with L-glutamine and 

sodium bicarbonate supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. 

Cells were incubated in a humidified environment with 5% CO2 at 37 C. 
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Cytotoxicity Studies for Empty Nanoparticles 

HeLa cells were grown in a 96-well plate at a cell density of 5,000 cells per well with 100 L of 

growth medium. After the cells were incubated for 24 h for cell adhesion, the growth medium was 

removed and washed with 100 L PBS. Volumes of 100 L of empty nanoparticles prepared in 

PBS in concentrations of 0.2, 0.1, 0.06, 0.04, and 0.02 mg /mL were added to the cells with growth 

media (100 L) and were incubated at 37 C for 24 h. Cytotoxicity studies were performed using 

CellTiter Blue reagent using manufacturer recommended protocol (N=4). 

Cytotoxicity Studies for DOX Loaded Nanoparticles 

HeLa cells were grown in a 96-well plate at a cell density of 5,000 cells per well with 100 L of 

growth medium. After the cells were incubated for 24 h for cell adhesion, the growth medium was 

removed and washed with 100 L PBS. 100 L of DOX-loaded nanoparticles, free DOX, free 

PBA and a combination of DOX and PBA, all prepared in PBS in concentrations of 0.2, 0.06, and 

0.02 mg /mL were added to the cells with growth media (100 L) and were incubated at 37 C for 

24 h. The amount of free DOX to be added was calculated by DLC, and the amount of free PBA 

was calculated by the concentration of PPBCL used. Cytotoxicity studies were performed using 

CellTiter Blue reagent using manufacturer recommended protocol (N=4). To determine IC50, 100 

L of DOX-loaded NPs in concentrations of 1, 0.5, 0.25, 0.2, 0.1, 0.06, 0.02, 0.001, and 0.0001 

mg/mL were added with growth media (100 L) into 96-well plates with HeLa cells already 

incubated for 24 h. Cytotoxicity studies were performed using CellTiter Blue reagent using 

manufacturer recommended protocol (N=5). 
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Cellular Uptake Studies 

HeLa cells were grown in 35 mm clear bottom dishes at a cell density of 250,000 cells per dish 

with 2 mL growth media. DOX-loaded micelles in PBS at the concentration of 0.1 mg/ mL (1 mL) 

was added to the cells along with growth media (1 mL). After an incubation period of 4 h and 24 

h, the media was removed, washed with PBS (2 mL x 3), fixed with 4 % paraformaldehyde (1 mL, 

incubated for 10 minutes at room temperature), washed with PBS (2 mL x 2), treated with Triton 

X100 (1 mL, incubated for 2 minutes at room temperature), washed with PBS (2 mL x 4) and 

counterstained the nucleus with 4′,6-diamidino-2-phenylindole (DAPI) according to manufacturer 

recommended protocol. 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of PPBCL Homopolymer 

Monomer γ-4-phenylbutyrate-ε-caprolactone was synthesized previously by our group with an 

overall yield of ~ 40%.23 In this report, we employed a new synthesis that increased the overall 

yield to ~60%. First, 4-hydroxycylohexanone was synthesized from 1,4-cyclohexane diol 

according to previous reports,25 and then a Steglich esterification was carried out followed by 

Baeyer-Villiger oxidation to form γ-4-phenylbutyrate-ε-caprolactone (Scheme 4.2). The 

previously reported methodology to synthesize -substituted--caprolactone monomers involved 

the conjugation of the substituent first, followed by oxidation26-29 which could be a disadvantage 

in conjugating substituents that are prone to oxidation or in some cases that are hydrophilic. 
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Scheme 4.2 Synthesis of γ-4-phenylbutyrate-ε-caprolactone 

 

 

 

In our previous report, homopolymerization of γ-4-phenylbutyrate-ε-caprolactone was 

unachievable, thus copolymerization with -caprolactone was carried out with PEG-OH as the 

hydrophilic block to synthesize, PEG-b-(PCL-ran-PPBCL). Only 30 mol% of PBA was 

incorporated in the polymer hence only minimal activity of HDAC inhibition was observed in vitro 

studies.23 In an attempt to further increase the content of HDACi conjugated to the polymer backbone, 

exhaustive trials were carried out to obtain the homopolymer of γ-4-phenylbutyrate-ε-caprolactone. 

With the use of the commonly used catalyst, Sn(Oct)2, for ring opening polymerizations,30-32 we 

observed that the major product obtained was not the homopolymer, but the more thermodynamically 

stable butyrolactone analog (Scheme 4.3). Therefore, further attempts were carried out with zinc 

undecylenate (Zn(Undec)2) and 1,8-diazabicyclo(5.4.0)and-7-ene (DBU), since both of these catalysts 

have shown the ability to polymerize substituted or unsubstituted -caprolactones.33-35 Unfortunately, 

neither of these catalytic systems provided the desired homopolymer in good yields. By using 

Zn(Undec)2 as the catalyst, the majority of the caprolactone monomer was converted into the 

butyrolactone analog (Scheme 4.3 and Table 4.1). DBU, on the other hand, showed no polymerization 

of the caprolactone monomer. To confirm the structure of the formed transesterified product, we carried 

out the synthesis of the butyrolactone monomer (Scheme 4.4, Figure 4.1, and 4.2). By comparison of 
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the 1H NMR spectra, we confirmed the formation of the butyrolactone analog during the polymerization 

(Figure 4.3).  

 

Scheme 4.3 Polymerization of γ-4-phenylbutyrate-ε-caprolactone using Sn(Oct)2 and Zn(Undec)2 

and NdCl33TEP/TIBA 

 

 

 

Table 4.1 Polymerization of γ-4-phenylbutyrate-ε-caprolactone with different catalytic systems 

 

Catalyst 
% Conversion to 

polymer 

% Conversion to 

transesterified product 

Mn 

(Da) 
PDI 

Sn(Oct)2 32 68 6,000 1.52 

NdCl33TEP/TIBA 73 27 13,000 1.51 

Zn(Undec)2 The yield of the polymer was extremely low. Higher transesterification 

DBU No polymer or trans esterified product formed 
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Scheme 4.4 Synthesis of 2-(5-oxotetrahydrofuran-2-yl)ethyl 4-phenylbutanoate 

 

 

 

 

 

 
Figure 4.1 1H NMR of 5-(2-hydroxyethyl)dihydrofuran-2(3H)-one 
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Figure 4.2 1H NMR of 2-(5-oxotetrahydrofuran-2-yl)ethyl 4-phenylbutanoate 

 

With the goal of obtaining the homopolymer in high yields, we carried out the polymerization with a 

catalytic system introduced by our group, NdCl33TEP/TIBA,24 which produced the homopolymer with 

only < 20 mol% transesterified product (Table 4.1, Figure 4.3). With Sn(Oct)2 and Zn(Undec)2, 

transesterification is more facilitated due to the higher temperatures employed (110 C). The mild 

polymerization temperatures used with our catalytic system of NdCl33TEP/TIBA (40 C), favored the 

formation of the desired homopolymer. Unfortunately, a major limitation of this catalytic system is the 

inability to use a macroinitiator such as PEG to synthesize amphiphilic block copolymers. Therefore, 

nanoparticles of PPBCL were formed using PEG as a surfactant. The synthesized PPBCL homopolymer 
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was characterized by 1H NMR, 13C NMR (Figure 4.4 and 4.5) and SEC using triple point calibration 

(Table 4.1). 

 

Figure 4.3 1H NMR spectra for i) γ-4-phenylbutyrate-ε-caprolactone, ii) 2-(5-oxotetrahydrofuran-

2-yl)ethyl 4-phenylbutanoate; 1H NMR spectra for the polymerization of γ-4-phenylbutyrate-ε-

caprolactone with iii) Sn(Oct)2, and iv) NdCl33TEP/TIBA. All spectra are shown for the region 

3.5 -7.5 ppm. 

 

 

 
Figure 4.4 1H NMR of poly(γ-4-phenylbutyrate-ε-caprolactone) 
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Figure 4.5 13C NMR of poly(γ-4-phenylbutyrate-ε-caprolactone) 

 

4.3.2 Preparation and Characterization of Nanoparticles 

Nanoparticles were formed with PEG as the surfactant, using a solvent evaporation method. THF 

was used as the organic solvent due to the miscibility with water and the moderate evaporation of 

the solvent that limits the formation of aggregates. Initially, different weight ratios between 

PPBCL and PEG were used to make the nanoparticles, and a study was performed to determine 

the size of the nanoparticles (Table 4.2). It was observed that irrespective of the weight ratios used, 

the size remained constant at ~100 nm. However, during the formation of the nanoparticles with 

the increasing weight ratios of PPBCL, the polymer started to precipitate out. Therefore, for all 

experiments in this study a weight ratio of 1:1 between PPBCL and PEG was employed.  
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Table 4.2 Size distribution of the PPBCL empty nanoparticles with the variation of PEG weight 

ratio 

 

Weight ratios of PEG:PPBCL Size (nm) Dispersity 

4:1 98.6 0.075 

2:1 105.8 0.062 

1:1 94.0 0.068 

0.5:1 95.1 0.099 

0.25:1 96.2 0.085 

 

The critical aggregation concentration (CAC), which demonstrates the thermodynamic stability of 

the formed nanoparticles, was found to be 6.40 x 10-4 g/ L as determined by using the fluorescent 

probe pyrene. Upon increasing the polymer concentration, the excitation of pyrene changed from 

334 nm to 337 nm when the surrounding environment changed from hydrophilic to hydrophobic, 

respectively. This change was used to generate a plot of the intensity ratio of these two excitation 

wavelengths (I337/I334) versus the logarithm of the concentration of the polymer. CAC was 

determined at the intersection of the two slopes (Figure 4.6). The thermodynamic stability of the 

formed nanoparticles is comparable to the micelles that were reported previously with the 

terpolymer, PEG-b-(PCL-ran-PPBCL).23  

 

Figure 4.6 CAC plot for PPBCL obtained using the fluorescent probe pyrene 
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DOX-loaded nanoparticles were prepared similarly to the empty nanoparticles (Scheme 3), by 

using a ratio of [polymer]:[DOX]= 10:1. Drug loading capacity (DLC) and encapsulation 

efficiency (EE) were estimated by using the equations given below. 

𝐷𝐿𝐶 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑙𝑜𝑎𝑑𝑒𝑑

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑥100 

 

𝐸𝐸 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋 𝑙𝑜𝑎𝑑𝑒𝑑

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑂𝑋
𝑥100 

 

The calculated DLC was ~8.8%, while EE was ~88%. This represents a significant increase in 

DLC and EE as compared to our previously reported value of 5.1% DLC and 52% EE which was 

obtained for PEG-b-(PCL-ran-PPBCL).23 The increase in DOX loading is due to the high number 

of PBA units conjugated to the polymer backbone which resulted in hydrogen bonding and -

stacking interactions between DOX and the polymer backbone. 

Size and morphology of the empty and DOX-loaded NPs were determined by DLS and TEM 

analysis. The size of empty NPs and DOX-loaded NPs as obtained from DLS, were 94.0 nm and 

167.2 nm, respectively (Figure 4.7 (a) and (b), Figure 4.8). An evident increase in size can be 

observed with DOX loading, and the size of the DOX-loaded NPs are similar in size to the DOX-

loaded micelles obtained with PEG-b-(PCL-ran-PPBCL).23 TEM images showed the formation of 

spherical nanoparticles (Figure 4.7 (c) and (d)) and the size distribution was comparable to that 

obtained from DLS analysis. 
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Figure 4.7 DLS of (a) empty NPs, (b) DOX-loaded NPs and TEM images of (c) empty NPs, (d) 

DOX-loaded NPs. 

 

 

Figure 4.8 Comparison of sizes for the empty NPs and DOX-loaded NPs 

4.3.3 DOX and PBA Release 

Cumulative DOX release studies were carried out using DOX-loaded NPs at three different pH 

conditions (pH = 5, 6, and 7.4) at the physiological temperature of 37 C. Samples were withdrawn 

for 24 h, and each time a sample was taken, equal amounts of fresh buffer solution were added to 
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maintain the floating conditions. Due to the increased number of ester linkages, a cumulative DOX 

release of ~90 % was obtained for both pH 5 and 6 within 8 hours (Figure 4.9 (a)), which is higher 

than the cumulative release obtained for the previously reported PEG-b-(PCL-ran-PPBCL) 

polymer.23 The release obtained at pH 5 and 6 was significantly higher than that measured at pH 

7.4. In an acidic environment, the ester linkages in the polymer backbone of PPBCL will be 

cleaved, and thus the NPs will no longer hold the cargo, thereby releasing the DOX into the buffer.   

The release of the HDACi was monitored by 1H NMR analysis. The study was carried out using 

the empty NPs at pH 6 for 24 h. The pH 5 buffer was not used for the study due to the presence of 

potassium phthalate, which masks the 1H NMR peaks in the aromatic region of PBA. Samples 

withdrawn were evaporated to remove the buffer solution, and were re-suspended in D2O to obtain 

the 1H NMR spectra (Figure 4.9 (b)). The data analysis showed that in acidic environment the ester 

hydrolysis takes place promoting the release of DOX and PBA HDACi into the buffer solution. 

(Scheme 4.1 (b)).  

 

 

Figure 4.9 (a) Cumulative DOX release for the DOX-loaded NP at 37 C in different pH 

conditions of pH= 5, 6, and 7.4, (b) Release of PBA from the polymer backbone in pH 6 buffer 

solution as seen from 1H NMR over 24 h 
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4.3.4 Biological Studies 

In vitro Cytotoxicity of the NPs 

Cytotoxicity studies for empty and DOX-loaded NPs were carried out using CellTiter Blue 

reagent. The empty NPs with a polymer concentration in the range of 0.02 – 0.2 mg/ mL were 

shown to be non-toxic to the HeLa cells (Figure 4.10 (a)) as all concentrations of NPs the cells 

were >95% viable, which suggests the polymer by itself is non-toxic. Cytotoxicity of the DOX-

loaded NPs was then compared to that of free DOX, free PBA and free (DOX+PBA). Dosing for 

free DOX, free PBA and free (DOX+PBA) were calculated based on the DLC of Dox and the 

degree of polymerization for PBA, for each concentration. When comparing the cytotoxicity of 

the DOX-loaded NPs to that of free PBA, and free DOX (Figure 4.10 (b)), the DOX-loaded NPs 

showed a significantly higher cytotoxic effect to the HeLa cells. The free HDACi by itself did not 

cause cell death within the 24 h time frame. Enhanced cell death was observed with free 

(DOX+PBA) when compared with free DOX, due to the dual action of DOX and the HDACi. 

Furthermore, the cytotoxicity caused by the DOX-loaded NPs was similar to that of the free 

(DOX+PBA), confirming the release of the HDACi together with the DOX from the NPs. These 

cytotoxicity studies can be related to the release profiles discussed above, where within 24 h, in 

acidic environments, the release of PBA and > 95 % of DOX was observed. The cell viability of 

the DOX-loaded NPs within 24 h was ~20%, whereas, the cell viability for the previously reported 

PEG-b-(PCL-ran-PPBCL) polymer was ~20% within 60 h.23 The enhanced cytotoxicity is most 

likely due to the increased amount of PBA and DOX. IC50 values calculated for the DOX-loaded 

NPs from the dose-response curve was found to be 0.045 mg/mL (Figure 4.11). The accelerated 

release of both DOX and PBA at conditions which mimics the endosomal pH conditions is 
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desirable as these released molecules will then enter the nucleus where DOX will interact with the 

DNA strands while PBA inhibits the HDAC enzymes causing an increased cellular death to the 

cancer cells.  

 

Figure 4.10 Cell viability on HeLa cells after 24 h of incubation time for (a) empty NPs, (b) DOX-

loaded NPs, free DOX, free (DOX + PBA), and free PBA (N= 4).  

 

 

 

Figure 4.11 Dose-response curve for the DOX-loaded NPs 
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Cellular Uptake of DOX-loaded NPs 

Cellular uptake studies on HeLa cells were performed using DOX-loaded NPs with a DOX 

concentration of 8.8 mg/ L. The NPs were incubated with the cells for 4 h and 24 h before fixing 

with paraformaldehyde and staining the nuclei with DAPI. The inherent fluorescent ability of DOX 

was used to determine the cellular uptake of DOX, and it was seen that DOX accumulated in the 

nucleus. The merged bright field and fluorescence images clearly showed the cellular uptake of 

DOX and the subsequent accumulation of DOX in the nucleus (Figure 4.12). With increasing 

incubation time up to 24 h, the intensity of DOX inside the nucleus increased as compared to 4 h. 

As observed from cytotoxicity studies ~ 80% of HeLa cells were killed within 24 h of treatment 

with the DOX-loaded NPs, which can be related to the reduced cell density in cellular uptake 

studies performed at 24 h.  

 

Figure 4.12 Cellular uptake of DOX-loaded NPs into HeLa cells. NPs were incubated for 4h and 

24h at a DOX concentration of 8.8 mg/ L. 
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4.4 Conclusion 

In this study, a polycaprolactone containing a pendant PBA HDACi was successfully synthesized 

with the NdCl33TEP/TIBA catalytic system. Commonly utilized catalysts for the polymerization 

of caprolactone failed to produce the homopolymer of -phenylbutyric -caprolactone. The 

synthesized PPBCL polymer with PEG formed spherical NPs and successfully encapsulated DOX 

with an EE of 88%. These DOX-loaded NPs released both DOX and PBA at pH conditions that 

mimic the endosomal environment and also exhibited increased cytotoxicity (cell viability reduced 

to ~20%) when compared to free DOX due to the dual action of DOX and HDACi. Overall, this 

study shows the improvement of cytotoxicity by combination treatment with an HDACi and an 

anticancer drug as compared to the treatment with an anticancer drug alone. 
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