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The solid-state polymerization of bisphenol A polycarbonate (BPAPC) has been studied 

in amorphous and partially crystallized micro-layers (SSPm) of low molecular weight 

prepolymers in presence of LiOH.H2O catalyst at a temperature between the glass transition 

temperature and the melting point. When the prepolymers (14,000 g/mol) in micro-layers of a 

thickness range from 5 µm to 35 µm were solid-state polymerized at 230
 
°C, the polymer 

molecular weight increased rapidly to above 100,000 g/mol, exceeding the highest molecular 

weight obtainable by the conventional solid-state polymerization in micro-particles. It has also 

been observed that the final molecular weight reached as high as 600,000 g/mol even in presence 

of significant stoichiometric imbalances of end group mole ratios when the prepolymer having 

21,000 g/mol is used at 230°C under low pressure (10 mmHg). Most notably, amorphous 



prepolymer micro-layers showed significantly higher increase in molecular weight than partially 

crystallized prepolymer micro-layers.  

The chain branching and partially cross-linked structures in high molecular weight 

polycarbonates have been confirmed by 
1
H-NMR spectroscopic analysis as well as pyrolysis-gas 

chromatography mass spectrometry (Py-GC/MS). 
13

C-NMR analysis and SSP theoretical model 

simulation have shown that conventional linear step-growth polymerization is not responsible for 

the additional increase in molecular weight beyond 50,000 g/mol of polycarbonate MW. The 

ultra-high molecular weight is contributed to the formation of branched and partially cross-linked 

structures via Fries or Kolbe-Schmitt rearrangement reactions and radical recombination reaction, 

respectively. Micro-radical polycarbonate species can be produced via chain scission reaction 

and hydrogen abstraction at the solid-state polymerization temperature. The formation of cross-

linked polymers by radical recombination reactions was attributed to the near complete removal 

of phenol (i.e. radical scavenger) from the micro-layers during the solid state polymerization. 

Branched structure polycarbonate was also confirmed by atomic force microscopy (AFM).  

The presence of branched and cross-linked polymers contributed to the insolubility of the 

polymer in solvents such as chloroform, tetrahydrofuran (THF), and methlylene chloride. As 

SSPm process extends for a long reaction time at 230°C, about 95% of the polymer was 

insoluble with excellent transparency (90-93% light transmission). Properties of ultra-high 

molecular weight nonlinear polycarbonates (SSPm PCs) have been investigated by differential 

scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and rheometer.  



The development of Multi -Layer Deposit and Reaction (MLDR) technique has shown 

that the SSPm process is not limited to 5-35µm scale. The layer thickness can be expanded while 

keeping the merits (e.g. high transparency, good solvent resistance, and obtaining high molecular 

weight in short reaction time) of the SSPm technique developed in this study. 
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Chapter1: Introduction  

 

1.1 Background 

 

1.1.1 Bisphenol A Polycarbonate  

 

 Linear step-growth polymerization (or polycondensation) is a polymerization technique 

in which bi-functional single monomers (A-B type) or two monomers (A-A, B-B types) react 

first to produce long chain polymers with low molecular weight polycondensation byproducts. 

Bisphenol A polycarbonate (BPAPC), poly(L-lactic acid) (PLLA), polyethylene terephthalate 

(PET), polyamide, and polyurethane are the most well-known industrial condensation polymers. 

Molecular weight (MW), molecular weight distribution (MWD), and chain structures (i.e., 

branching and cross-linking) are the important parameters that impact the polymerôs physical, 

mechanical, and rheological properties. Among these polymers, bisphenol A polycarbonate 

(BPAPC) is an important material in many applications such as automotives, electronic displays, 

data storage, medical, environmental, energy, and aerospace industries [1]. Figure 1.1 shows 

major properties and applications of bisphenol A polycarbonate [2]. The high glass transition 

temperature (~150°C), optical clarity (88-96 % light transmission of visible light), and 

exceptional impact resistance are the major merits of polycarbonates [2, 3]. PCs having MWs 

larger than 54,000 g/mol maintain its transparency even after 400 h of continuous exposure to 

high temperature environment (120°C) [4]. Table 1.1 illustrates physical and mechanical 
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properties of two commercial BPAPC (Dow and General Electric) in comparison with general 

purpose polystyrene (PS) and poly(methyl methacrylate).   

 

Figure 1.1 The major properties and applications of bisphenol A polycarbonate (BPAPC) 

(images were taken from google image). 
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Table 1.1 Physical and mechanical properties of bisphenol A polycarbonate in comparison with 

general purpose polystyrene (PS) and poly(methyl methacrylate) [5, 6]. 

Property unit  PC (Dow)
a
 PC (GE)

b
 PS PMMA  

Density g/cm
3
 1.20 1.20 1.05 1.2 

Glass Transition Temperature °C 147-150 147-150 100 105 

Tensile strength kpsi 9.8 9.0 6.4-8.2 10 

Elongation % 150 110 2-4 5 

Flexible strength kpsi 14.0 13.5 10 11 

Notched Izod impact ft-lb/in 14.0 12-16 0.4 0.3 

Transmission (visible)  % 89 88-91 87 90 
a
Dow plastics grade, CALIBRE

TM
 MEGARD

TM
 2081-15 

b
GE plastics grade, Lexan 9034 

 

  For commercial applications, standard injection-molding grade PCs have 

molecular weights (M̄ w) of 35,000-70,000 g/mol. For instance, molecular weight PC of about 

30,000 g/mol can be used as optical fiber core material for solid-state emitters and detectors with 

lower infrared absorption and higher heat resistance compared to those made of poly(methyl 

methacrylate) or polystyrene [5, 6]. Molecular weight PCs of 30,000-40,000 g/mol are widely 

used for CDs and DVDs. High transparency is also an important attribute required for the 

lamination of high molecular weight PC (~50,000-100,000 g/mol) with polyvinyl butyral in film 

applications such as automotive vehicles, building windows, skylights, retail (jewelry) casings 

and bullet-resistant windows [4]. Flow, physical, and mechanical properties of polymers depend 

not only on molecular weight and molecular weight distribution but also on its molecular 

structures [7]. For instance, while high molecular weight, linear PCs are not easy to melt process, 

long-chain branched PCs are relatively easier to process [8]. In recent years, branched and cross-

linked PCs came into the spotlight in academia and in the industry due to their unique end use 
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properties. Crosslinkable PCs have found new uses as a binder in photoconductor applications 

and as an optical component in multilayer structures [9, 10].   

The polycarbonate was discovered at Bayer (Germany) by Dr. Hermann Schnell and 

General Electric Company (USA) by Daniel Fox in 1953. About 75% of the polycarbonate 

market is held by ñLexanò and ñMakrolonò polycarbonates which are produced by General 

Electric and Bayer, respectively [11]. While polycarbonates can be produced by a variety of 

polyfunctional hydroxy compounds, the most practical and commercially significant 

polycarbonate is derived from diphenyl compound and 4,4-dihydroxy-diphenyl-2,2-propane 

(Bisphenol A). Figure 1.2 shows the structures and properties of two monomers, bisphenol A 

(BPA) and diphenyl carbonate (DPC), used in the melt step-growth polymerization process to 

produce bisphenol A polycarbonate [12]. 

 

 

Figure 1.2 Bisphenol A (BPA) and diphenyl carbonate (DPC): structures and properties. 
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1.2 Synthesis of Bisphenol A Polycarbonate 

 

 Several step-growth polymerization methods are used in industrial PC processes: 

interfacial phosgenation, direct melt polycondensation, and solid-state polymerization, In what 

follows, these processes are briefly discussed.  

 

1.2.1 Interfacial Phosgenation Process 

 

In the interfacial phosgenation process, gaseous phosgene is supplied to a two-phase 

liquid mixture of a methylene chloride-rich phase and an aqueous phase containing bisphenol A 

(BPA), sodium hydroxide, and a catalyst (triethylamine) [2, 13]. The interfacial phosgenation 

process is illustrated in Figure 1.3. In the aqueous phase, BPA reacts with NaOH to produce di-

sodium Bisphenate, which in turn is available to react with phosgene, initiating the interfacial 

polymerization process. The intermediate species (BPA bis(chloroformate)) produced from this 

reaction is transported from the aqueous phase to the organic phase, due to its poor solubility in 

the aqueous phase, where polycondensation occurs, creating high molecular weight BPAPC. The 

molecular weight of the polymer is controlled in this process by the addition of a mono-

functional chain stopper such as para-tertiery butyl phenol. Although the interfacial phosgenation 

process is an effective method to synthesize injection molding grade molecular weight BPAPCs 

(Mw up to 15,000-150,000 g/mol), it requires handling of a hazardous reactant (phosgene), and 

the treatment of a large amount of chlorinated solvent (e.g., methylene chloride) [14]. The 

complete removal of methylene chloride is impossible due to its strong affinity to polycarbonate 
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and it needs a massive amount of energy. As increase in demand of environmental friendly 

materials, the use of phosgene and chlorinated solvent become difficult. 

 

 

Figure 1.3 The two stage polymerization of phosgenation process. 
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1.2.2 Melt Polymerization Process 

 

In the melt polycondensation process, bisphenol A (BPA) and diphenyl carbonate (DPC) 

monomers are reacted reversibly in either semibatch or continuous reactors under vacuum above 

the polymer melting temperature (Tm ~ 260 °C) in the presence of a catalyst such as lithium 

hydroxide monohydrate (LiOHÖH2O). The list of possible catalysts used in the melt 

polycondensation process and catalyst activities are shown in Table1.2 [15]. In the melt 

transesterification of BPA and DPC, alkaline and alkaline-earth metal compounds have 

confirmed higher catalyst activities compared to metal compounds. The byproduct of the 

reversible reaction is phenol. To drive the reaction to obtain high molecular weight polymer, 

phenol must be removed effectively from the high viscosity polymer mixture by applying low 

pressure (~0.1 mmHg) or using an inert purge gas. High reaction temperatures, long reaction 

times (4-5 h), and ineffective removal of phenol often lead to unwanted side reactions, causing 

discoloration of the final product [12, 16, 17]. If the reaction time is extended at high reaction 

temperatures to increase molecular weight, discoloration and gel formation may result [18-21]. 

Although the amount of such reaction products might be very small, their impact on the polymer 

quality is quite detrimental. One of the drawbacks of the melt BPAPC process is that obtaining 

molecular weights higher than 30,000 g/mol is difficult because very high viscosity of 

polycarbonate melt (e.g., 8,000-20,000 poise at 280°C) makes the removal of phenol very 

difficult  [22]. For example, molecular weight of 30,000 g/mol of polycarbonate shows a melt 

viscosity of 5,000-500,000 poise at temperatures of 315°C and 245°C while poly(ethylene 

terephthalate) has 2,000 poise at 285°C with similar molecular weight [23].  
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Table 1.2 Catalyst activity of alkaline and alkaline-earth metals (2.16 ³ 10
-7

 mol/mL) in melt 

polycondensation process at 165°C [15]. 

 

Compound 

 
k 

 

 10
-6

 mL
2
/mol

2
 min  

(1) alkaline and alkaline-earth 

metals: 

   

LiOH  55.5  

LiOH·H2O  20.0  

Potassium Hydrogenisophthalate  19.0  

Ca(acac)2  56.0  

Sr(acac)2  160.0  

Ba(acac)2  390.0  

(2) metal compounds:    

Ti(OBu)4  1.6  

Zr(acac)4  1.3  

Hf(acac)4  0.6  

Mn(ac)2  0.3  

Mn(acac)2  6.9  

Fe(acac)2  2.4  

Co(acac)2  0.3  

Pd(acac)2  0.2  
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1.2.3 Solid-State Polymerization Process 

 

Solid-state polymerization (SSP) is an alternative phosgene-free, post-direct melt 

polycondensation process that can be combined with a melt transesterification process to produce 

injection molding grade, high molecular weight PC. SSP is successfully used to industrially 

manufacture high molecular weight poly(ethylene terephthalate) (PET). SSP for polycarbonate 

has also been commercialized [22, 24]. In conventional SSP, semicrystalline low molecular 

weight prepolymer particles are first prepared by melt polycondensation and then polymerized in 

solid state using particle form to further increase the polymer molecular weight at a reaction 

temperature (e.g., 210-220
°
C) that is above the polymer's glass transition temperature (Tg 

~150 
°
C) but quite below its melting point (Tm ~260 

°
C). In particular, it has been known that 

partial crystallization of low molecular weight BPAPC prepolymer is critical to carry out high 

conversion SSP processes. Amorphous BPAPC prepolymer can be partially crystallized by heat 

treatment at its crystallization temperature or by dissolving it in a solvent and 

precipitating/crystallizing it with a non-solvent such as acetone in a spray tower. There are also 

some reports on the solid state polymerization of BPAPC with supercritical CO2 as a sweep fluid. 

The employment of low reaction temperature in SSP is advantageous over a higher temperature 

melt polycondensation process in minimizing the side reactions and discoloration. In order to 

obtain relatively high molecular weights (Mw = 25,000-60,000 g/mol) in a reasonable reaction 

time, the following conditions are required [25-30]:  

(i) Small prepolymer particles (several hundred microns) to minimize the diffusional 

resistance of byproduct (phenol). 
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(ii)  End group ratios close to the stoichiometric value (1.0). 

(iii)   High reaction temperatures to reduce the system viscosity. 

(iv) High vacuum levels to induce an effective removal of phenol.  

(v) For the SSP of PC, crystallizing prepolymer is critical because the crystalline 

portions serve as a supporting frame to prevent the polymer particles from fusing. 

 The reaction temperature should also be properly controlled. If the reaction temperature 

is too close to the polymer melting point, the particles fuse together, thus reducing the reaction 

rate and making the operation of a continuous SSP reactor (e.g., moving packed bed reactor) 

very difficult or even impossible [28, 30]. It is also to be noted that the molecular weights of PC 

produced by SSP are generally lower compared to those produced by interfacial polymerization. 

In either a high vacuum or an inert gas purging process of SSP to remove phenol from the 

polymer particles, the intra-particle phenol diffusion is frequently a rate controlling process. To 

obtain high molecular weight, the phenyl carbonate ([-OCO-C6H5]) to hydroxyl end group ([-

OH]) ratio in the prepolymers for SSP should be close to the stoichiometric ratio but quite often, 

the end group ratio deviates from that target because of the loss of volatile reactants (DPC) 

during the prepolymerization stage (see figure1.2) [31-33]. When large BPAPC prepolymer 

particles (e.g., several hundred micrometer to a few millimeter) are used in SSP, there can be 

three possible rate determining processes: 

(i) Chemical reaction (chain growth reaction). 

(ii)  Intra-particle diffusion of condensation byproduct (phenol). 

(iii)  Mass transfer of phenol from the particle surface to the purge gas phase.  
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When a sufficiently high inert gas flow rate or low pressure is employed for the removal of 

phenol, the boundary layer mass transfer resistance at the particle surface becomes generally 

very small. 

 

1.2.4 Ring-Opening Polymerization Process 

 

Another method to prepare high molecular weight PC is a ring-opening polymerization 

(ROP). First, BPA bis(chloroformate) can be obtained from BPA in the presence of phosgene gas 

at low temperatures. Next, PC is obtained using ROP of cyclic aromatic oligomeric carbonates 

via an amine-catalyzed hydrolysis/condensation reaction of BPA bis(chloroformate) [34-36]. 

Figure 1.4 illustrates the schematic description of Ring-Opening Polymerization of cyclic 

aromatic oligomeric carbonates. Although the high molecular weight of polycarbonate can be 

obtainable without the generation of volatile byproducts, the ring-opening polymerization has 

been limited due to nonselective procedures for preparation of cyclic carbonates, low-yielding 

and high melting point (~350°C) of cyclic oligomers.  
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Figure 1.4 Schematic description of Ring-Opening Polymerization of cyclic aromatic oligomeric 

carbonates. 

 

 

1.3 Branched and Cross-linked Polycarbonate 

 

1.3.1 Branched Polycarbonate 

 

A branched polycarbonates can be produced either by using several type of trifunctional 

branching agents resulting in degree of branching of about 0.5 (mol %) or by thermal 

rearrangement reactions at high melt polymerization temperature in the absence of branching 

agents [8, 37]. Figure 1.5 shows three different branching agents commonly used in melt 

processes [8].  

Cl2CO
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Figure 1.5 Chemical structures of trifuntional branching agents [8]. 

 

In the melt process, it is reported that the addition of alkali metal and alkaline compounds 

without trifunctional branching agents in the reaction mixture induces not only linear 

polycarbonate but also branched polymer by thermal rearrangement reaction known as ñFries 

Rearrangement Reactionò [38]. Structure of linear Fries product and branched Fries product are 

illustrated in Figure 1.6. Average number of branching units per chain of 0.017-0.434 is reported 

in the case of melt-polymerized BPAPC by thermal rearrangement reactions [37]. Depending on 

the chain length and structure, branched polymers are sorted into short-chain or long-chain 

branched polymer categories. Long-chain branch polymer is defined as having higher values of 

weight average molecular weight per arm (Mw/arm) than the critical molecular weight for 

entanglements, Mc (e.g., 4000-4800 g/mol). The molecular weight per arm (Mw/arm) can be 

defined as follows [39]: 
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Where, i is the number of branching per molecule, 
,w iM  is wM  of molecules with i 

branches per chain, and iw  is weight fraction of i branching per molecule. Number of repeating 

units of commercially available long-chain branched BPAPC was estimated at about 39. 

Rheological properties and crystallization behavior of polycarbonate depend on its molecular 

structure as well as molecular weight. For instance, high molecular linear PCs are not easy to 

melt process. However, long-chain branched PCs are relatively easier. The higher mobility of 

polymer chains in long-chain branched polycarbonate compared to linear polycarbonate was 

reported using dielectric relaxation analysis [7]. Greater melt elasticity and shear rate sensitivity 

were observed while mechanical properties were not changed much at wide range of 

compositions (0-100 wt% of branched BPAPC) of linear and branched BPAPC blend in 

commercially available long-chain branched polycarbonate [7]. 

 

Figure 1.6 Structure of resulting products by ñFries Rearrangement Reactionò. 

Linear Fries Product

Branched Fries Product
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1.3.1 Cross-linked Polycarbonate 

 

In the melt polycondensation process, it is also reported that cross-linking reaction occurs 

under high vacuum systems at high reaction temperature ranges (300-500°C) which is above the 

polycarbonate melting temperature and higher than temperatures typically applied in melt 

processes [18, 20]. At these higher temperature ranges, competitive reaction of chain scission 

and cross-linking is observed and when the volatile product, phenol, is effectively removed from 

the system, the cross-linked polymer fraction is pronounced to form an insoluble gel. Because of 

severe discoloration of the gel and its insoluble nature, most research work on the mechanism 

studies of insoluble formation is speculated. Structure of insoluble PCs were investigated using 

NMR, IR and GC-MS in the past [40-42] but recently pyrolysis-gas chromatography (Py-GC) in 

the presence of organic alkali has been reported as the most effective method for the 

characterization of cross-linked polycarbonates [40]. Several hypotheses of the mechanisms for 

the formation of insoluble fractions have been reported as follows: 

 

(i) The first involves the thermal rearrangement of the carboxyl group into a pendant 

carboxyl group, which undergoes further esterification leading to cross linking 

reactions.  

(ii)  The second is the hydrogen abstraction from methyl and aromatic protons which 

generates radicals. Through radical recombination, the cross linking reaction 

occurs. 
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Recently, these two mechanisms have been confirmed via Py-GC/MS using reactive pyrolysis in 

the presence of tetramethyleammonium hydroxide (TMAH) which resulted in low molecular 

weight, decomposed products that are consistent with the proposed mechanisms [40].  

 

 

1.4 Research Objectives 

 

 The research is concerned with the investigation of the solid-state polymerization in 

micro-layers (SSPm) where ultra-high molecular weight PCs is produced in short reaction time. It 

is also the objective of study to characterize the nonlinear molecular structure of PCs that are 

formed at long reaction times.  

 The current research is aimed at developing a fundamental understanding of underlying 

chemical and physical principles of SSPm process through experimentation and theoretical 

studies. In this research, the following reaction conditions are used:  

(i) Reaction is carried out in two-dimensionally confined reaction space in which high 

surface/ volume ratio promote faster removal of byproduct. The thickness of micro-

layers can be range of 1-100µm, although it has been found that 5-35µm thickness 

was the most effective.  

(ii)   Precursor PCs are amorphous. Pre-crystallization of precursors is not required in 

SSPm process. 
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(iii)   Reaction temperature is very close to the polymerôs melting point (Tm) but higher 

than its glass transition temperature (Tg) under the reduced pressure (~10 torr).  

 

The major research objectives in the thesis are summarized as follows: 

1) To investigate the phenomenological aspects of solid-state polymerization in micro-

layers under various reaction conditions;  

 

2) To develop an understanding of the reaction mechanism for the formation of high 

molecular weight polycarbonates with nonlinear chain structures; 

 

3) To investigate the physical and mechanical properties of the ultrahigh MW 

polycarbonates; 

 

4) To develop a theoretical model to estimate the molecular weight, the molecular structures, 

and the concentration of byproduct in a micro-layer during the polymerization. 
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Chapter2: Solid-State Polymerization of Bisphenol A 

Polycarbonate in Micro-Layers: Experimental Study 

 

2.1 Introduction 

 

 According to the literature, the molecular weight of BPAPC  obtained in SSP processes is 

generally below 42,000 g/mol and the reaction time is longer than 15 hr when large polymer 

particles (~ 300 µm) are used [24, 30, 43]. Table 2.1 summarizes typical reaction conditions and 

molecular weight data for the solid state polymerization of polycarbonate reported in the 

literature. In the solid state polymerization within a single spherical particle, diffusion resistance 

for the transport of phenol (condensation byproduct) results in a non-uniform concentration 

gradient. The diffusion and reaction in a polycarbonate prepolymer particle under solid-state 

polymerization conditions have been studied by many researchers in the past. In our laboratory, a 

fundamental modeling of solid-state polymerization in a single particle has been studied by Dr. 

Yuesheng Ye [32, 44]. From the previous study of diffusion and reaction phenomena in our 

laboratory, the idea of isolating a thin layer of the outer region of a polymerizing particle was 

conceived. The preliminary experimental data showed surprisingly high molecular weight of 

polycarbonate when the solid-state polymerization was carried out in thin micro-layers at typical 

solid-state polymerization temperatures (180-200
o
C). It was very interesting that extremely high 

molecular weight polymer was obtained in very short reaction time (less than 1-2 h). Figure 2.1 

illustrates schematically the intraparticle concentration gradient for phenol and the concept of 
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isolated particle óskinô layer where maximum molecular weight is expected. A typical 

polycarbonate solid particle used in the traditional solid-state polymerization is semi-crystalline 

because otherwise, the amorphous polymer fraction easily fuses and the integrity of a 

polymerizing particle is lost. If that happens, the solid-state polymerization in a continuous flow 

reactor will be very difficult or impossible because the particles will agglomerate. Therefore, 

polycarbonate prepolymers are crystallized prior to solid-state polymerization to make the 

polymer particles fusion-resistance during the solid-state polymerization. The presence of a 

crystalline fraction in the particle has an effect of concentrating the end group concentrations as 

well as the catalyst in an amorphous phase. But it is also to be noted that the crystalline region 

poses a diffusion barrier for the removal of phenol.  

Since the removal of phenol from the region close to the particle surface is much faster 

than from the center region of the particle, it is likely that a molecular weight non-uniformity 

may develop across the radial direction. The MW of the outer region is expected to have higher 

molecular weight because of a rapid removal of phenol but is will also hinder the removal of 

phenol diffusing out from the particle interior. Goodner et al. experimentally investigated the 

molecular weights of spherical particles at three different regions (i.e., core, middle, and shell) 

and reported that the molecular weight in the shell region was about four times as high as that in 

the core region [43]. However, under their experimental conditions, the highest molecular weight 

at the particle surface region was only about 16,000 g/mol. In mathematical model simulation of 

SSP, Ye et al. [25] in out laboratory have also shown that the molecular weight of BPAPC at the 

external surface of the polymer particle can be much larger than the molecular weight in the 

particle core. Thus, the idea was to ñisolateò the surface layer (PC micro-layer in Figure 2.1) that 
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would mimic the external surface region of the particles used in the conventional SSP in which 

diffusional resistance of byproduct is minimal.  

In this thesis, we have exploited the idea of solid-state polymerization in micro-layers 

based on the preliminary study in the Polymer Reaction Engineering Laboratory at Maryland 

through experimentation.  To distinguish our solid-state polymerization technique from the 

conventional solid-state polymerization in spherical particles, we shall call the SSP used in this 

work as SSPm (solid state polymerization in micro-layers).  As will be discussed later, the SSPm 

of BPAPC shows quite interesting and unusual kinetic phenomena which deviate from linear 

step-growth polymerization kinetics.  The dimension of the micro-layers employed in this study 

is far smaller than the dimension of polymer particles commonly used in typical solid-state 

polymerization studies reported in the literature. 
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Figure 2.1 Schematic diagrams illustrating a conventional SSP in partially crystallized 

prepolymer particles and the novel SSPm in amorphous prepolymer micro-layers. 

 

 

 

Semi-Crystalline Particle

SSPm in Amorphous Polymer Micro-Layer 
on the Glass Substrate
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Table 2.1 Reaction conditions and molecular weights in solid state polymerization of BPAPC. 

 

Temperature 

(°C) 
Pressure 

Particle 

size 

(µm) 

Reaction 

time 

(h) 

Prepolymer 

MW 

(g/mol) 

Final 

MW 

(g/mol) 

Reference 

 

190-220 2-5 mmHg n.a. 14 6,200 (Mw) 28,000 (Mw) [22] 

220 N2 purge 180-230 50 3,300 (Mw) 18,000 (Mw) 

[24] 

   40 3,100 (Mw) 10,300 (Mw) 

230 0.07 mmHg n.a. 16 9,700 (Mw) 41,500 (Mw) [26] 

180-230 N2 purge 3600 12 2,500 (Mw) 14,000 (Mw) [43] 

180 

N2 purge 

20 24 2,500 (Mw) 12,000 (Mw) 

[27] 
180-240   2,500 (Mw) 36,000 (Mw) 

120 
in scCO2 

(204 bar) 
20 24 4,500 (Mw) 23,000 (Mw) 

165 N2 purge 75-125 10 4,300 (Mn) 15,000 (Mn) [29] 

120 
in scCO2 

(345 bar) 
45-180 4 4,300 (Mn) 7,500 (Mn) [28] 

200 
N2 purge or 

high vacuum 
100 15 2.4 (scaled) 

11.8 

(scaled) 
[25] 

230 N2 purge 20-45 6 2,300 (Mn) 23,200 (Mn) [45] 

200 
N2 purge or 

high vacuum 
304 15 8,400 (Mw) 41,294 (Mw) [30] 

190 
in scCO2 

(207 bar) 
20-45 10 3,800 (Mn) 16,000 (Mn) [46] 
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2.2 Experimental 

 

2.2.1 Materials 

 

 The chemical reagents including bisphenol A (BPA, 99.9%, Aldrich) and diphenyl 

carbonate (DPC, 99%, Aldrich) were recrystallized using methanol and water solution (1:1 v/v) 

and methanol, respectively. Lithium hydroxide monohydrate (LiOH·H2O, Aldrich) was used as 

received. The low molecular weight PC prepolymers were prepared by semi-batch melt 

polycondensation using BPA and DPC as monomers and LiOHÖH2O as a catalyst (1.75³10
-4

 M 

[LiOHÖH2O]/[BPA]). 

 

2.2.2 Preparation of Low Molecular Weight Precursor Polymers 

 

 For the polymerization of polycarbonate in micro-layers (SSPm), low molecular weight 

precursor polymer (prepolymer) is needed. The precursor can be synthesized by conventional 

melt transesterification of diphenyl carbonate (DPC) and bisphenol A (BPA) with catalyst 

(LiOH.H2O). In our experiments, we used both industrially prepared prepolymers (LG Chemical 

Company) and our own prepolymer, which was prepared by same experimental procedure as 

described below. DPC and BPA have two phenyl carbonate ([-OCO-C6H5]) and hydroxyl ([-OH]) 

end groups at each end respectively so the reaction process is a typical -AA- , -BB- type 

polycondensation. Phenol, the byproduct of polycondensation reaction, should be removed from 
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the reactor using either vacuum or inert gas purging. The polymerization mechanism is shown 

below (Figure 2.2).  

 

Figure 2.2 Reaction mechanism of conventional linear step-growth polymerization of bisphenol 

A polycarbonate. 

 

Melt polycondensations were carried out by adding almost equimolar quantities of 

purified BPA and DPC and lithium hydroxide monohydrate (LiOH·H2O) was added at 

concentration of 1.75³10
-4

 M (catalyst/BPA mol) into a 500 ml glass reactor equipped with flux 

condenser temperature at 87°C on the top. A slight excess of DPC (1.06 DPC/BPA mol) was 

added to the reaction mixture to compensate the possible loss of DPC during the semi-batch 

reaction system [47]. The reaction mixture was agitated at 600 rpm and reaction temperature was 

gradually increased up to 250°C with nitrogen gas sweeping process (1090 ml/min). Figure 2.3 

shows schematic description of melt polycondensation reactor system. The molecular weight and 

molecular weight distribution (MWD) of a prepolymer were measured by a gel permeation 

chromatography (GPC) system equipped with PLgel 10 mm MIXED-B columns (Polymer 

Laboratories) and a UV detector (Waters 484). HPLC grade chloroform was used as a mobile 

phase. The end group mole ratio in prepolymer (i.e., phenyl carbonate ([-OCO-C6H5]) to 

hydroxyl groups) was determined by carbon nuclear magnetic resonance (
13

C-NMR) 

+ +
k1

k-1

Phenyl Carbonate Group Hydroxyl Group Polycarbonate Phenol
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spectroscopy (Bruker DRX-500 spectrometer operating at 500 MHz using deuterated chloroform 

(CDCl3) as a solvent). The ratios were obtained by comparing peak intensities of aromatic 

carbons on phenyl carbonate to aromatic carbons on phenolic groups (conducted by Dr. 

Yuesheng Ye). Table 2.2 shows the properties of four prepolymers achieved from direct melt 

polycondensation process used in this work. Samples A, B, and C were supplied by LG 

Chemical Company. These samples were produced by same procedure as described above. 

Sample D was prepared from our own reactor system with catalyst concentration of 1.0³10
-4

 M 

(catalyst/BPA mol) so slightly smaller concentration than that of sample A, B, and C (1.75. ³10
-4

 

M (catalyst/BPA mol)).  

 

Figure 2.3 Prepolymer reactor system schematic. 
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Table 2.2 Properties of PC prepolymers. 

 

Prepolymer 

 

M̄ w (g/mol) 

 

M̄ w/M̄ n 

'ar  = [-OCO-C6H5]/[ -OH] 

(mol/mol) 

       A (8k)  8,300 1.95 0.66 

B (14k) 14,000 1.97 0.80 

C (21k) 21,000 2.00 0.90 

       D (8k)  8,400 1.90 N/A 

 

 

 

2.2.3 Preparation of Amorphous, Crystalline Micro-Layers and Crystalline 

Micro-Particles 

 

 The following polymerization experiments were carried out: (i) polymerization in 

amorphous polymer micro-layers; (ii) polymerization in partially crystallized polymer micro-

layers; (iii)  conventional solid-state polymerization (SSP) of partially crystallized prepolymer 

particles for the purpose of comparison. Since the catalyst was not removed from the 

prepolymers, the catalyst content in each sample for the micro-layer polymerization was the 

same as the prepolymer produced from the melt polycondensation. Details of the sample 

preparation and polymerization procedures are described as follows. 
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2.2.3.1 Solid state polymerization in amorphous micro-layers (SSPm) 

 Amorphous micro-layer polymer samples were prepared using a solvent casting 

technique. First, a predetermined amount of low molecular weight prepolymer sample (Table 2.2) 

was dissolved in a solvent (chloroform) at room temperature. Silica substrate (2.5cm ³ 7.5cm) 

was cleaned with acetone for 10 min and then cleaned again with methanol for 5 min before 

rinsed with deionized water, and dried by nitrogen gas blow. The cleaned silica substrate was 

preheated and immersed in a bath of prepolymer solution and removed. The silica substrate 

coated with prepolymer was dried in a fume hood for 2h at ambient temperature and pressure. 

The coated prepolymer micro-layers prepared by this method were transparent and amorphous. 

The prepolymer micro-layers of different thickness (5-35µm) were obtained by varying the 

polymer concentration (e.g., 7.0 to 25.0 wt%) and the thickness measurement error was within 

1.3° µm (see Table 2.3). The micro-layer thickness was measured by a Mitutoyo micrometer 

(Japan). When the micro-layer thickness was larger than 35µm, partial crystallization occurred 

during the micro-layer preparation as the casting solvent evaporated from the sample and the 

micro-layer became opaque. Thus, we limited the maximum thickness of amorphous micro-layer 

samples studied in this work to 35µm. For the solid state polymerization, a vacuum oven was 

used as a reaction chamber (Fisher ScientificÊ IsotempÊ Model 281A Vacuum Oven, 0.65 cu. 

Ft.). The polymerization experiments were carried out in the reaction chamber at temperature 

range of 168-245 °C and 10 mmHg. For the analysis, the polymer samples were taken out of the 

reaction chamber at designated sampling times and polymer films were removed from glass 

substrate by ultrasonification (see Figure 2.4). 
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Figure 2.4 Schematic description of amorphous precursor micro-layer sample preparation and 

SSPm process of polycarbonate. 
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Table 2.3 Preparation of micro-layer in different thickness. 

 

Prepolymer 

 

Concentration 

[g/ml]  

 

Casting Time 

[sec] 

 

Micro -Layer Thickness 

[µm] 

     A (8k)               0.25  10 µm ( 1.3° ) 

     B (14k)              0.1  5 µm ( 1.3° ) 

     B (14k)              0.2 0.5-1.0 sec 10 µm ( 1.3° ) 

     B (14k)              0.35  35 µm ( 1.3° ) 

     C (21k)              0.19  10 µm ( 1.3° ) 

     D (8k)              0.25  10 µm ( 1.3° ) 

 

 

2.2.3.2 Solid state polymerization in partially crystallized micro-layers (SSPm) 

 

 Partially crystallized prepolymer micro-layers were prepared by treating the amorphous 

micro-layers with acetone. The resulting partially crystallized polycarbonate micro-layers 

exhibited three-dimensional spherulitic morphology as reported in the literature [48, 49] and 

Figure 2.5 shows morphology of solvent (acetone) induced crystalline morphology of PC micro-

layers. The residual acetone was removed by air and vacuum drying at room temperature for 48h. 

The degree of crystallization of the partially crystallized BPAPC micro-layers was measured by 

differential scanning calorimetry (DSC) and it was about 32 % for most of the crystallized 

samples. The polymerization experiments were carried out in a reaction chamber at 230 °C and 

10 mmHg.  
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Figure 2.5 Spherulitic morphology of solvent (acetone) induced crystalline PC micro-layers. 

 

 

2.2.3.3 Solid state polymerization of partially-crystallized polymer micro-particles (SSPp) 

 

 To compare the performance of the solid-state polymerization in micro-layers (SSPm), we 

have conducted conventional SSP experiments using the same prepolymers used in the SSPm but 

in particle form. The prepolymer was first dissolved in chloroform and then precipitated in 

methanol. The precipitated prepolymer particles of about 10-350 mm-radius were dried in 

vacuum for 48h and crystallized in acetone, followed by drying under vacuum at room 

temperature for 48h. The degree of crystallinity measured by DSC was about 33 %, which was 

quite similar to that of the partially crystallized micro-layers (32 %). The scanning electron 

microscopy (SEM) analysis of these crystallized BPAPC particles showed that they were the 

aggregates of smaller precipitated particles. The particles were classified using sieve trays. The 
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conventional SSP was performed using the same reaction conditions as in SSPm and the reaction 

chamber used for the micro-layer polymerization. Details of the experimental procedure for the 

conventional SSP can be found elsewhere [27-30, 43]. 

 

 

2.3 Results and Discussion 

 

2.3.1 Solid State Polymerization in Micro-Layers and Micro-Particles 

 

 The first series of experiments were carried out using the prepolymer sample B-14K 

(Table 2.2) at 230°C and 10 mmHg for 180 min in four different settings:  

(i) SSPm in 10µm-thick amorphous micro-layers; 

(ii)  SSPm in 10µm-thick partially crystallized micro-layers; 

(iii)  SSPp (solid-state polymerization in particles) in partially crystallized particles of 

10µm-radius; 

(iv) SSPp in partially crystallized particles of 350µm-radius (typical particle size in SSP).  

Here, the micro-layer thickness (10µm) is a nominal value and the actual layer thickness 

varies within 1.3° µm. 
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Figure 2.6 Weight-average molecular weight vs. reaction time profiles (T=230°C, P=10 mmHg, 

prepolymer B-14k): (a) (§) SSPm (10Õm layer, amorphous); (ƶ) SSPm (10µm layer, crystalline). 

Solid and dashed lines represent the numerical simulations for the crystallized micro-layer 

(10µm-thick) and amorphous micro-layer (10µm-thick), respectively; (b) (ǒ) SSPp (10µm radius 

particles, crystalline); (Þ) SSPp (350µm radius particles, crystalline). Solid lines represent the 

numerical simulations. 
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The most prominent result shown in Figure 2.6 (a) is that the molecular weight of 10 mm-

thick amorphous prepolymer micro-layers (§) increased from 14,000 g/mol (prepolymer MW) 

to 340,000 g/mol in 180 min. Although a post-melt polymerization process such as solid-state 

polymerization can be used to raise the molecular weight of BPAPC to 36,000-42,000 g/mol in 

16-24 hr at the temperature of 230°C [26, 27], the rapid increase to such a high molecular weight 

as illustrated in Figure 2.6 for BPAPC has never been reported in the literature. It is also seen 

that when the polymer micro-layer was partially crystallized (ƶ), the polymer molecular weight 

increased to much lower value (about 100,000 g/mol) in 180 min, although the molecular weight 

of 100,000 g/mol is a very high value. Figure 2.6 (b) shows the molecular weight profiles when 

the solid state polymerization was carried out using polymer micro-particles. Note that when the 

prepolymer micro-particles of radius 10 mm (ǒ) were used with the same reaction conditions, the 

molecular weight increased to about 100,000 g/mol, which is slightly lower than the case of the 

solid state polymerization in partially crystallized micro-layers of 10 mm thickness (ƶ in Figure 

2.6 (a)). However, when larger crystallized polymer particles (r =350µm) (ƴ) were used, 

molecular weight increased only to 26,500 g/mol in 180 min. The size of this polymer particle 

represents a typical particle size employed in conventional solid state polymerization processes.  

 Model simulation results for the end-group ratios of 0.80 (i.e., prepolymer sample B-14k) 

are shown in Figure 2.6. The details of model equations are given in the section 2.3.2. The 

model-data match is quite good for the crystallized particles (Figure 2.6 (b), solid lines) and 

crystallized micro-layers (Figure 2.6 (a), solid line), indicating that the model and the model 

parameters used in the simulation are quite satisfactory for the partially crystallized polymer 

layers or particles. However, the model predictions of molecular weight for the amorphous 
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micro-layers (dashed lines in Figure 2.6 (a)) show significant deviations from the experimental 

data after 30 min of polymerization. It suggests that the solid state polymerization in amorphous 

micro-layers may not be adequately described by the classical diffusion and reaction model with 

a linear step-growth polymerization mechanism. One of the most likely reason for the rapid 

increase in molecular weight in thin amorphous micro-layers, as observed in the foregoing 

discussion, might be the short diffusion path for phenol. Here, it is to be noted again that the end 

group ratio of the prepolymer Sample B-14K used in our experiments was 0.8 (Table 2.2), which 

is a significant deviation from the stoichiometric ratio of 1.0. According to the theory of linear 

step-growth polymerization, such a stoichiometric imbalance of end groups prohibits the increase 

in polymer molecular weight even after the complete conversion of an end group present in 

smaller amount [50]. Therefore, the results obtained in our experimental study need further 

analysis. 

 We have also observed that the final polymer micro-layers were highly transparent 

without any discoloration. Discoloration of polycarbonate is known to be one of the problems in 

high temperature melt transesterification processes [12, 17]. For example, in conventional melt 

polycondensation processes at 260-280 °C  and low pressure,  the employment of long reaction 

time to obtain high molecular weight (30,000~60,000 g/mol) often leads to unwanted 

discoloration due to some unwanted side reactions (e.g., Kolbe-Schmitt type) that leading to a 

branched structure [51-54].   
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Figures 2.6 shows the experimentally measured weight-average molecular weight (Mw) 

vs. reaction time profiles for these four representative samples (symbols). The partially 

crystallized particles of 10µm radius have relatively larger particle size distributions than 350µm 

radius particles as shown in Figure 2.7 and Figure 2.9. Using SEM images, the number of 

particles in different size was counted and size distributions were obtained. Largest size particles 

observed in Figure 2.7 is around 25µm in radius and these are less than 2%. Figure 2.8 shows 

number of particles at each particle size and average radius of 10µm-radius particle samples 

(Figure 2.6(ǒ)) is 9.87 µm. The particle size having range of 1-4µm radius is marked as 2.5µm.  

 

 

Figure 2.7  SEM images of partially crystallized particles having average radius of 10µm. 

 

 Figure 2.9 shows the SEM images of partially crystallized particles of 350µm-radius 

(typical particle size in SSP): a) size distribution of crystalline particles, b) surface morphology 

of 350µm-radius particles. The SEM analysis of these crystallized BPAPC particles shows that 

they are the aggregates of smaller spherulitic particles. Although not shown, the interior part of 

100µm 50µm
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large particles of 350µm-radius does not have spherulitic subparticles and spherulitic 

morphology was observed only in about 20µm-thick region from the surface.   

 

 

Figure 2.8 Size distribution of partially crystallized particles of 10µm-radius. 

 

 

Figure 2.10 shows the side and top views of the partially crystallized polymer micro-

layers during the polymerization at 230 
°
C. Although the spherulitic particles do not completely 

melt, it is clearly seen that partial melting has occurred.  The partial melting was due to the 

presence of a large fraction of amorphous polymers (c.a. 65%). 
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Figure 2.9 Partially crystallized particles of 350µm-radius (typical particle size in SSP): a) size 

distribution of crystalline particles, b) surface morphology of 350µm-radius particles. 

 

 

 

 

Figure 2.10 Polycarbonate crystalline micro-layers undergoing solid-state polymerization (SSPm) 

(T=230 
°
C, P=10 mmHg, prepolymer B-14k, 10µm-thick partially crystallized micro-layer). 
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