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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 1H-NMR spectroscopic analysis as well as pyrolysis-gas
chromatography mass spectrometry (Py-GC/MS). 13C-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
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Branched structure polycarbonate was also confirmed by atomic force microscopy (AFM).
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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 polymer’s 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).

Characteristics of Amorphous
Bisphenol A Polycarbonate
• High Glass Transition Temperature
• High Heat Resistance
• Excellent Optical Clarity
• Excellent Impact Resistance
• Dimensional Stability

Data Storage

Windows

Bullet Resistance Windows

Automotives

Medical

Optical Fiber Core Material

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

Density
g/cm3
1.20
1.20
Glass Transition Temperature
°C
147-150
147-150
Tensile strength
kpsi
9.8
9.0
Elongation
%
150
110
Flexible strength
kpsi
14.0
13.5
Notched Izod impact
ft-lb/in
14.0
12-16
Transmission (visible)
%
89
88-91
a
TM
TM
Dow plastics grade, CALIBRE MEGARD 2081-15
b
GE plastics grade, Lexan 9034

PS

PMMA

1.05
100
6.4-8.2
2-4
10
0.4
87

1.2
105
10
5
11
0.3
90

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 crosslinked 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 “Lexan” and “Makrolon” 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].

Tm

Vapor Pressure (25°C)

158°C

4x10-8 mmHg

83°C

4x10-4 mmHg

Bisphenol A

Diphenyl Carbonate

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 disodium 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 monofunctional 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.

(a) Phosgenation
NaOH

+
Bisphenol A

Phosgene

+

2NaCl

+ 2H2O

(b) Polycondensation

NaOH, Triethylamine
2m

+

2m

+ 4m NaCl

+ (2m-1) Na2CO3

Figure 1.3 The two stage polymerization of phosgenation process.

6

+ 4m H2O

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 (LiOHH2O). 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  10-7 mol/mL) in melt
polycondensation process at 165°C [15].

k
10-6 mL2/mol2 min

Compound
(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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Cyclic Oligomer
fomation

Cl2CO

NaOH, CH2Cl2

Ring Opening Polymerization
Temperature (>350 C)

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].
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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 “Fries
Rearrangement Reaction” [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]:

  M /  2i  1   w
/ arm 
 w
N max

Mw

i 1

w ,i
N max
i 1

i

(1.1)

i
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Where, i is the number of branching per molecule, M w,i is M w of molecules with i
branches per chain, and wi 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].

Linear Fries Product

Branched Fries Product
Figure 1.6 Structure of resulting products by “Fries Rearrangement Reaction”.
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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 microlayers 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 polymer’s 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 microlayers 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 (180-200oC). 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 ‘skin’ 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 “isolate” 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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Semi-Crystalline Particle

SSPm in Amorphous Polymer Micro-Layer
on the Glass Substrate
Figure 2.1 Schematic diagrams illustrating a conventional SSP in partially crystallized
prepolymer particles and the novel SSPm in amorphous prepolymer micro-layers.
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Table 2.1 Reaction conditions and molecular weights in solid state polymerization of BPAPC.

Pressure

Particle
size
(µm)

Reaction
time
(h)

Prepolymer
MW
(g/mol)

Final
MW
(g/mol)

190-220

2-5 mmHg

n.a.

14

6,200 (Mw)

28,000 (Mw)

220

N2 purge

180-230

50

3,300 (Mw)

18,000 (Mw)

Temperature
(°C)

Reference

[22]

[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]

20

24

2,500 (Mw)

12,000 (Mw)

2,500 (Mw)

36,000 (Mw)

180
180-240

N2 purge

[27]

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]

304

15

8,400 (Mw)

41,294 (Mw)

[30]

20-45

10

3,800 (Mn)

16,000 (Mn)

[46]

200
190

N2 purge or
high vacuum
in scCO2
(207 bar)
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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 LiOHH2O as a catalyst (1.7510-4 M
[LiOHH2O]/[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).

k1

+

+
k-1

Phenyl Carbonate Group

Hydroxyl Group

Polycarbonate

Phenol

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 1.7510-4 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 m 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 (13C-NMR)
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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 1.010-4 M
(catalyst/BPA mol) so slightly smaller concentration than that of sample A, B, and C (1.75. 10-4
M (catalyst/BPA mol)).

(a)

(b)

T

(h)

T

(e)
(c)-1

(c)-2

T

(k)
(i)
P

(l)

(f)

(g)

T

T

T

(d)

(j)

: Control Valve,

: Agitation motor,

T

: Thermocouple

(a) DPC Reservoir, (b) BPA Reservoir, (c) Heating Mantle, (d) Jacketed Reactor, (e) Condenser, (f) Oil Bath for Reactor, (g)
Oil Bath for Condenser, (h) Cold Trap, (i) Pressure Gauge, (j) Vacuum Pump, (k) Cold Water Circulator, (l) N 2 Gas

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

ra ' = [-OCO-C6H5]/[-OH]
Prepolymer

M̄ w (g/mol)

M̄ w/M̄ n

(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 microlayers; (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  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 Scientific™ Isotemp™ 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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Substrate
preparation

Solvent Casting
with low MW prepolymer
into thin films

Drying (2hr)
to amorphous films

Polymerization at low
pressure (<10 torr) and
high T (168-245oC)

Removal of PC film
from substrate surface for analysis

Amorphous and transparent films

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.
Concentration

Casting Time

Micro-Layer Thickness

[g/ml]

[sec]

[µm]

Prepolymer
A (8k)

0.25

10 µm ( 1.3 )

B (14k)

0.1

5 µm ( 1.3 )

B (14k)

0.2

B (14k)

0.35

35 µm ( 1.3 )

C (21k)

0.19

10 µm ( 1.3 )

D (8k)

0.25

10 µm ( 1.3 )

0.5-1.0 sec

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 microlayers. 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 m-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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Mw (g/mol)

a

350,000
SSPm (10µm layer-amorphous)
SSPm (10µm layer-crystalline)

300,000
250,000
200,000
150,000
100,000
50,000
0

0

Mw (g/mol)

b

30

60

90

120

150

180

120

150

180

Time (min)

350,000

SSPp (r=10µm particles-crystalline)
SSPp (r=350µm particles-crystalline)

300,000
250,000
200,000
150,000
100,000
50,000
0

0

30
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90

Time (min)
Figure 2.6 Weight-average molecular weight vs. reaction time profiles (T=230°C, P=10 mmHg,
prepolymer B-14k): (a) () SSPm (10µm layer, amorphous); (▲) 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) (●) SSPp (10µm radius
particles, crystalline); () 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 mthick 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 (▲), 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 m (●) 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 m thickness (▲ in Figure
2.6 (a)). However, when larger crystallized polymer particles (r =350µm) (■) 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(●)) is 9.87 µm. The particle size having range of 1-4µm radius is marked as 2.5µm.

100µm

50µm

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
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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.

Number of particle

90
80

Avg. radius= 9.87µm

70
60
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40
30
20
10
0
2.5
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10

15

20

25

Particle radius (µm)
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 microlayers 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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a)

b)

500µm

40µm

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.

t= 0 min

t= 30 min

t= 60 min

side

top

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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Prepolymer

c b

a

Figure 2.11 Molecular weight distributions (MWD) of micro-layer and particle samples
(T=230 °C, P=10 mmHg, prepolymer B-14k) at 180 min: a,10µm amorphous micro-layer; b,
10µm crystalline micro-layer (acetone induced crystallization); c, 10µm-radius crystalline
particles.

The molecular weight distributions (MWDs) of prepolymer and three polymerized
samples are shown in Figure 2.11. We observe that the amorphous micro-layers ( in Figure 6)
that have the highest molecular weight of all (peak a) show the presence of polymer chains (~10
wt.%) having molecular weight larger than 1 million g/mol. Also, we observed small increase in
the polydispersity ( PD  M w / M n ) from 1.97 (prepolymer B-14k) to 2.17 (10µm-radius
crystalline particles), 2.15 (10µm crystalline layer), and 2.57 (10µm amorphous layer) (see figure
2.12). According to the linear step-growth polymerization theory, the polydispersity is close to
2.0 even for very high molecular weight polymers. Thus, the MWD broadening (i.e., deviations
from PD = 2.0) observed in our experiments suggests that some deviation from the homogeneous
linear step-growth polymerization might have occurred. For example, a spatial distribution of
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phenol due to diffusion resistance might have been present or the polymer chain structures might
have deviated from the linear configuration.

2.6

Polydispersity

2.5
2.4
2.3

2.2
2.1

2.0

SSPm (10µm-amorphous)
SSPm
SSPm (10µm-crystalline)
(10µm-crystalline)
SSPm

1.9

SSP(10µm
radius-crystalline)
SSP
radius-crystalline)
p (10µm

1.8

0
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90

120

150

180

Time (min)
Figure 2.12 Polydispersity of polymers vs. reaction time profile (T=230°C, P=10 mmHg,
prepolymer B-14k): () SSPm (10µm layer-amorphous); (▲) SSPm (10µm layer-crystalline); (●)
SSP (10µm radius particles-crystalline).

Figure 2.13 (a) (symbols) shows the comparison of weight-average molecular weight
buildup between a conventional SSP process using partially crystallized particles (100µm) (●)
and the SSPm process in amorphous micro-layers (10µm thick) (and ▲) for the prepolymer A
and D (Mw = 8,300 g/mol and 8,400 g/mol respectively) which have lower precursor molecular
weight than prepolymer B used in first series of experiment. By comparing molecular profile
between prepolymer A (commercial BPAPC supplied from LG chemical company) and D (lab
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produced), it is shown that SSPm process has good reproducibility. As shown in Figure 2.13 (b),
all the GPC chromatograms of high molecular weight PCs obtained from the SSPm have
unimodal distributions. Simulation model for the SSP was modified to describe the system of
SSPm process and simulation results of the SSPm in the polymer micro-layers with the best case
scenario (i.e., stoichiometric value (1.0) and complete removal of phenol from the polymer
micro-layers all the time) are indicated as dash line shown in Figure 2.13 (a). Table 2.2 show that
sample A, B, and C exhibit two end group ratio deviates from the stoichiometric value (1.0). It is
well known that in linear step-growth polymerization processes, the more the end group mole
ratio deviates from the stoichiometric value, the smaller the maximum obtainable polymer
molecular weight becomes. Obviously, this model cannot adequately explain the polymerization
behavior of the SSPm, indicating that the effective removal of phenol from the two-dimensional
geometrically confined reaction space cannot be the only reason for the significant deviation of
molecular weight buildup between SSP and SSPm.
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Figure 2.13 (a) Evolution of the PC weight-average molecular weight with the reaction time
using Sample A and D at 200 oC: () Conventional SSP with pre-crystallized particles of about
100 m in size (Sample A). ( and ▲) SSPm in amorphous polymer micro-layers of 10 mthickness (Sample A and D respectively). Lines represent the numerical simulations for different
end-group ratios of the prepolymer sample (ra’); (b) GPC chromatograms for high molecular
weight samples collected at different reaction times in SSPm.
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2.3.2 SSP Theoretical Model Prediction

In order to develop some insight into the unusual characteristics of the SSPm in
amorphous polymer micro-layers, we have carried out the numerical simulations of the solid
state polymerization using the solid state polymerization model reported in literatures [25, 32,
44]. To that purpose, we consider the reaction model represented by the following reaction
scheme for a polycarbonate process [31]:
k1

 Cnm1  P (n, m  1)
An  Bm 


(2.1)

k1

 Bnm  P (n, m  1)
Bn  Cm 


(2.2)


 Anm  P (n, m  1)
An  Cm 

(2.3)

k1

 Cnm  P (n, m  1)
Cn  Cm 


(2.4)

k1

k1

k1

k1

k1

where An and Bn are chains with n repeating units (n-mer) with phenyl and phenolic groups at
both ends, respectively. Cn is an n-mer end-capped by both phenyl and phenolic groups, and P is
phenol. The molecular structures of An, Bn, and Cn type molecules are shown below. According
to this notation, A0 and B0 represent DPC and BPA monomers, respectively. Kinetic constants k1
and k1 are for the polycondensation and the reverse reactions, respectively. No side reactions
are assumed to be present in the reaction model.

42

CH3

O

An

O

C

[O

O
O

C

C

]O
n

CH3
CH3

Bn

H

[O

CH3

O

O

C

C

]O
n

CH3

CH3
CH3

Cn

H

[O

OH

C

O

O

C

C

]O
n

CH3

To simulate the SSP process in micro-layer (SSPm), the following set of partial
differential equations is derived [25, 31]. Here, we assume that phenol ([P]) is the only diffusing
species in the polymer phase:


[A0 ]
 4k1[A 0 ][B0 ]  2k1[A 0 ] (2[Bn ]  [Cn ])  k1[P] (2[A n ]  [Cn ])
t
n 1
n 1

(2.5)



[B0 ]
 4k1[A 0 ][B0 ]  2k1[B0 ] (2[A n ]  [Cn ])  k1[P] (2[Bn ]  [Cn ])
t
n 1
n 1

(2.6)


[P]
 4k1 
t
n 0





 [A n ][Bn ]  2k1 

m 0





 [Cn ]([A m ]  [Bm ])  k1 

n 1 m  0



[C ][C

n 1 m 1

n

m



 

 k1  [Cm ]2  [P]k1   (2n[A n ]  2n[Bn ]  n[C n ])   (n  1)[C n ]) 
m 1
n2
 n 1

2
 DP [ P]



n
[A n ]
 4k1[A n ]  [Bm ]  2k1[A n ]  [C m ]  2k1  [A nm ][C m ]
t
m 0
m 1
m 1

 

 k 1[P]  (2[A m ]  [C m ])  2n[A n ]  n  1,2,..., 
 mn1
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]

(2.7)

(2.8)



n
[Bn ]
 4k1[Bn ]  [A m ]  2k1[Bn ]  [C m ]  2k1  [Bn  m ][C m ]
t
m0
m 1
m 1

 

 k 1[P]  (2[Bm ]  [C m ])  2n[Bn ]  n  1,2,..., 
 m  n 1

n 1


[Cn ]
 4k1  [A n  m 1 ][Bm ]  2k1[Cn ]  ([A m ]  [Bm ])  2k1[Cn ]  [Cm ]
t
m0
m 0
m 1

(2.9)

(2.10)

n 1
 

 k1  [Cm ][Cn  m ]  2k1[P]  ([A m ]  [Bm ]  [Cm ]) 
m 1
 m  n 1

 k1n[P][Cn ] n  1,2,..., 

In the above equations, DP is the diffusivity of phenol in the polymer phase. The
following initial and boundary conditions are used to solve Equations (2.5)-(2.10):

[P(0, z )]  P0

(2.11)

[An (0, z)]  [An ]0

n  0,1,2,..., 

(2.12)

[Bn (0, z)]  [Bn ]0

n  0,1,2,..., 

(2.13)

[Cn (0, z)]  [Cn ]0

n  0,1,2,..., 

(2.14)

[P(t,0)]
0
z

(2.15)

[P(t,δlay er)]  P*

(2.16)

where z is the distance from the substrate surface and δlayer is the polymer micro-layer thickness,
and P0 and P* are the concentration of residual phenol in the prepolymer and the concentration of
phenol at the layer surface during the SSP, respectively. The above model can also be applied to
a spherical polymer particle.
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The above molecular species model consists of the population balance equations
for these three polymeric species (An, Bn, and Cn). The polymer molecular weight moments are
also derived and solved to calculate the molecular weight averages. The derivation of molecular
weight moments can be found elsewhere [44]. Here, the k-th molecular weight moments of
molecular species An, Bn and Cn are defined as






n 1

n 1

n 1

 A,k   nk [ An ] ,  B ,k   nk [ Bn ] , C ,k   nk [Cn ] (n = 1, 2,

; k = 0, 1, 2)

(2.17)

where [An], [Bn] and [Cn] represent the concentrations of corresponding species. The numberaverage and the weight-average molecular weights of the polymer are calculated as
M n  wm

1

, M w  wm 2
0
1

(2.18)

where wm is the molecular weight of a repeating unit and k (k = 0, 1, 2) is the k-th molecular
weight moment ( k   A,k  B,k  C ,k ). One of the difficulties in modeling the SSP with a given
prepolymer is that molecular weight moments of three polymeric species in a given prepolymer
are not known. To calculate the polymer molecular weight in SSP where only prepolymer
molecular weight averages and end group ratio data are available, we need to estimate the
molecular weight moments of three polymeric species defined in the above model.
In this work, we used a computational method reported in the literature to estimate the
molecular weight moment values of a prepolymer using molecular weight averages and end
group ratio [44]. Here, if the prepolymer molecular weight averages are M n,0 and M w,0 , and the
end group ratio in a prepolymer is ra' , the initial end group ratio in the prepolymer synthesis stage
( ra ) and the end group conversion (p) can be estimated by the following equations [44]:
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ra 

1  ra ' (1  ra ')(2M n,0 / w m )
ra ' 1  (1  ra ')(2M n,0 / w m )

p  1

(2.19)

1  ra  (1  ra )(2M n,0 / w m )
2ra (2M n,0 / w m )

(2.20)

where wm is the molecular weight of a repeating unit and M n,0 is the number average molecular
weight of a prepolymer. Then, the molecular weight moments can be calculated as follows [44]:

 A, k



2


1

p



n k  p 2 n ra n


1
M n ,0 n 1 
1  2p 


ra

(2.21)

 B ,k



2


1  ra p  
 p  n k  p 2 n ra n 1

1
M n ,0 n 1 
1  2p


ra

(2.22)

p

C ,k 





p
M n ,0



n
n 1

k

 2 n 1 n 2 1  p 1  ra p  
 p ra
1  ra  2ra p 


(2.23)

where ρp is the polymer density,  A,k , B,k and C ,k are the k-th moments of polymer species An,
Bn, and Cn.
Also, from the estimated values of ra and p, the concentrations of three molecular weight
species in the prepolymer ( [A n ]0 , [Bn ]0 , and [Cn ]0 ) can be estimated using the following
equations [44, 55]:
[A n ]0  p 2 n ra n


(1  p)2
 ([An ]0  [Bn ]0  [Cn ]0 )
1  1/ ra  2 p n 1
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(2.24)

[Bn ]0  p 2 n ra n 1

(1  ra p)2 
 ([An ]0  [Bn ]0  [Cn ]0 )
1  1/ ra  2 p n1

(2.25)

[Cn ]0  p 2 n1ra n

2(1  p)(1  ra p) 
 ([An ]0  [Bn ]0  [Cn ]0 )
1  ra  2ra p n1

(2.26)

The reaction rate constant values used in our simulations at 230oC with the catalyst
(LiOHH2O) concentration of 1.7510-4 M [11] are: k1=1.55110-1 (L/mol/min) and k-1
=1.61910-1 (L/mol/min).

2.3.3 Effect of End-Group Ratio

In a linear step-growth polymerization, the end-group ratio is an important parameter that
affects the rate of polymerization and the polymer molecular weight. For an AA-BB type of
polycondensation process (e.g., bisphenol A polycarbonate synthesis from bisphenol A and
diphenyl carbonate), any deviation from the stoichiometric end group ratio (i.e., raʹ=1.0) is
unfavorable for the growth of polymer chain length. For example, when BPAPC prepolymer is
synthesized from BPA and DPC at high reaction temperature and reduced pressure, a partial loss
of volatile DPC occurs, making the end group ratio difficult to maintain at its stoichiometric
value in the reaction mixture during the course of polymerization [25, 29]. To compensate for the
loss of DPC during the polymerization, a slight excess amount of DPC is generally used. Indeed,
the three prepolymer samples we prepared show the end group ratios deviating from 1.0 (Table
2.2). We used these three prepolymer samples to investigate the effect of end group ratio on the
rate of polymerization in micro-layer.
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Figure 2.14 shows the increase of molecular weights as a function of reaction time. Here,
three amorphous prepolymer micro-layers and three partially crystallized prepolymer microlayer samples were used and the thickness of each micro-layer was kept constant at 10 m within
experimental error. For all samples, amorphous polymer micro-layers showed much higher
molecular weights than the partially crystallized samples. As observed in the prepolymer B-14K
(Figure 2.6), all samples show the similar results of rapid molecular weight increments even with
the stoichiometric imbalance. The amorphous sample C-21k, which has the end group mole ratio
([-OCO-C6H5]/ [-OH]) closest to 1.0 among three samples tested (Table 2.2), gives the highest
molecular weight of all as expected. Notice that, after 150 min of reaction, the amorphous
micro-layer of prepolymer sample C-21k has reached a molecular weight of 600,000 g/mol. Such
a high molecular weight and soluble polycarbonate has not been reported in the literature. The
MW value obtained using amorphous micro-layers is truly remarkable and it can be considered
as an ultra-high molecular weight PC. Notice that all these samples exhibit a phenyl ([-OCOC6H5]) to phenolic end group ([-OH]) ratios ( ra ' ) significantly deviating from the stoichiometric
value of 1.0 (Table 2.2). Figure 2.14 also shows that the molecular weight difference between
Samples B and C in amorphous micro-layers is much higher than that of the crystalline microlayers. Although the end group mol ratio (phenyl/phenolic) of Sample C (0.9) is larger than that
of Sample B (0.8), and hence more favorable for faster chain growth, the observed molecular
weight difference between these samples as shown in Figure 2.14 is so large thus the end group
mol ratio does not seem to be the only one reason for the difference. Furthermore, the presence
of long polymer chains from the very beginning of the polymerization seems to accelerate the
reaction for the production of very high molecular weight. Thus, other reactions involving long
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polymer chains, which are not dependent on either the end group concentration or the end group
mol ratio, may occur during the SSPm results in high molecular weight polycarbonates. Even the
crystallized micro-layers of sample C-21K has the molecular weight about 300,000 g/mol after
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Figure 2.14 Effect of prepolymer end-group ratio on the evolution of weight-average MW in
amorphous polymer micro-layers of 10 m thickness (T=230 C, P=10 mmHg): amorphous
micro-layer (solid line) and crystallized micro-layer (dashed line). Lines were added to guide the
eyes only.
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2.3.4 Effect of Amorphous Micro-Layer Thickness
In the foregoing, we have shown that amorphous micro-layers yielded the highest
molecular weight in solid-state polymerization. Figure 2.15 shows the molecular weight vs.
reaction time profiles for the amorphous micro-layers of thickness from 5 µm to 35 µm at 230oC
with B-14K prepolymer samples. All these samples were solvent (chloroform)-cast and they
were transparent during the entire period of solid-state polymerization. It was observed that
partial crystallization occurred during the polymerization when the micro-layers of thickness
larger than 35 µm were used. It is clearly seen in Figure 2.15 that molecular weight increases
with the decrease in the micro-layer thickness. It is understandable because the diffusion path for
the condensate (phenol) is shorter in thinner micro-layers. In 180 min of SSPm with amorphous
micro-layers, the molecular weight reached as large as 400,000 g/mol for the 5µm-thick microlayers. Figure 2.16 shows a plot of the maximum polymer molecular weight vs. micro-layer
thickness after 3 hr reaction. Interestingly, the molecular weight is almost linearly dependent on
the micro-layer thickness and its correlation is expressed as Mw  4.533 105 1.083 104  ,
where  in m.
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Figure 2.15 Effect of the amorphous micro-layer thickness on the evolution of the polymer
molecular weight with the reaction time (T=230 C, P=10 mmHg, Prepolymer B-14k). Lines
were added to guide the eyes only.
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Figure 2.16 Maximum polymer molecular weight vs. micro-layer thickness after 180 min
reaction time in amorphous polymer micro-layer (SSPm) (prepolymer B-14k, δ=micro-layer
thickness).

2.3.5 Effect of Reaction Temperature
In a conventional SSP of BPAPC, the maximum reaction temperature must be
sufficiently below the polymer’s melting point (~260oC) because otherwise, partial melting or
fusion of the polymer particles occurs and the operation of a continuous flow reactor (e.g.,
fluidized bed reactor, moving packed bed reactor) becomes very difficult or impossible.
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Therefore, in conventional SSP of BPAPC, much lower temperature (< 220 oC) is employed and
it makes the polymerization proceed very slowly. Figure 2.18 (a1) and (b1) show the SEM
images of the crystallized prepolymer micro-layer surface of thickness 10µm and the crystallized
prepolymer particle surface of 10 µm-radius. When these partially crystallized prepolymers were
polymerized at 235°C for 60 min, the resulting polymer morphologies are shown in Figures 2.18
(a2) and (b2). In the micro-layer polymerization, however, the reaction temperature much higher
than in the SSP processes can be used because the reaction occurs in a stationary amorphous
micro-layer. In our experiments, we carried out SSPm experiments at different temperatures.
Figure 2.17 shows the effect of reaction temperature on the molecular weight of 10 m-thickness
amorphous polymer layers prepared using prepolymer Sample A-8k (Figure 2.17 (a)) and
Sample B-14k (Figure 2.17 (b)). In the temperature range of 168-237oC (prepolymer A-8k) and
200-235oC (prepolymer B-14k), the reaction temperature has a strong effect on MW, indicating
that the polymerization in micro-layers is kinetically controlled. In our experiments, it was
observed that when the reaction temperature was below 200°C (Figure 2.17 (a)), the polymer
micro-layers partially crystallized by a very small amount of residual casting solvent
(chloroform). The reduced polymer chain mobility in crystalline regions and low reaction
temperature might have contributed to the reduced molecular weight at low temperatures. But, it
should be noted that the molecular weight values obtained at 183-200oC are still much higher
than those obtainable by conventional SSP using spherical particles of larger sizes.
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Figure 2.17 Effect of temperature on the evolution of the PC weight-average molecular weight
with the reaction time (P=10 mmHg, micro-layer thickness=10 m): (a) prepolymer A-8k; ()
168 C; (▲) 183 C; () 200 C; () 223 C; (
() 230 C; () 220 C; () 200C.

54

) 237 C: (b) prepolymer B-14k; (▲) 235 C;

Figure 2.18 Morphology of crystallized polycarbonate prepolymers: (a1) surface of micro-layer
(10µm-thickness), (b1) surface of bulk crystallized particles (10µm-radius), (a2) surface of
micro-layer (10µm-thickness) after 2 hr reaction at 235 °C, (b2) surface of bulk particles (10µmradius) after 2 hr reaction at 235 °C (Prepolymer: sample B-14k).
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2.4 Conclusions

In this chapter, we have presented new experimental study on the solid-state
polymerization of BPAPC in micro-layers (SSPm) at the similar temperature range (200-235 °C)
employed in conventional solid-state polymerization process but very close to the polymer’s
melting point. In SSP process, 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. The particle fusing of partially crystallized
particles at relative high temperature were observed. In the micro-layer polymerization, the
reaction temperature much higher than in the SSP processes can be used because the reaction
occurs in a stationary amorphous micro-layer. Thus partial melting or fusing during the reaction
are not of concern. Quite unexpectedly, ultra-high molecular weight polymers were obtained in
very short reaction time when amorphous prepolymer micro-layers were used at 200-235 °C. It
was observed that thin micro-layer thickness promotes very efficient removal of the
polycondensation byproduct but other factors such as the amorphous state, temperature, endgroup ratio and the prepolymer molecular weight seem to affect the progress of polymerization
in the SSPm. Through the SSP theoretical simulation model prediction, unlike in conventional
solid-state polymerization using partially crystallized micro-particles, the SSPm in amorphous
micro-layers is not ruled by conventional linear step-growth polymerization theory. Also,
broadening of MWD and polydispersity were observed. The polydispersity of amorphous microlayers are far higher than 2.0 which is theoretical value of maximum polydispersity of linear
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step-growth polymers in homogeneous conditions. Interestingly, the molecular weight is almost
linearly dependent on the micro-layer thickness and its correlation is expressed as

Mw  4.533 105 1.083 104  , where  in m. Temperature dependent molecular weight in
SSPm process indicate that this process is kinetically controlled.
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Chapter3: Reaction Mechanisms for SSPm in an
Amorphous Polymer Micro-Layers

3.1 Introduction

In the foregoing, we have seen that the SSP kinetics in amorphous micro-layers (SSPm)
deviate from the kinetics of conventional SSP in that the polymer molecular weight increases
rapidly in a short reaction time even with a significant stoichiometric imbalance of end groups ([OCO-C6H5]/ [-OH]) being present in a starting prepolymer and linear step-grow polymerization
kinetic cannot explain such a fast buildup of molecular weight using SSPm and final molecular
weight of amorphous 5-20µm thickness micro-layers. To understand the unusually high
molecular weight in our polymer samples, particularly in amorphous micro-layers, we postulate
that the polymer chain structure may not be perfectly linear but may have some nonlinear
structures such as branching and partial cross-linking. In fact, in a melt polymerization of
polycarbonate at high reaction temperatures (260-290 °C) a small amount of branched
polycarbonate can be formed by Kolbe-Schmitt rearrangement or Fries rearrangement reactions
[37, 40]. Although the concentration of branched polymers (often called Fries product) in linear
polycarbonates is usually quite small (~450 ppm), they can adversely affect melt flow properties
and ductility and hence much efforts have been made to minimize the formation of Fries
products [37, 40, 56-58]. The polydispersity values obtained in our high molecular weight
polycarbonates were as high as 2.3-2.57, broadening of polydispersity, suggesting that branching
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might be a strong possibility. The polydispersity of precursors provided in table 2.2 were 1.90 –
2.00 which is typical values can be achieved via homogeneous melt polycondensation process
[50].
Another possible nonlinear chain structure in the high molecular weight BPAPC obtained
in our study is a partial cross-linking. The formation of a cross-linked structure in polycarbonate
during melt polymerization has been known to be possible at high reaction temperature ranges
(300-500°C) which is above the polycarbonate melting temperature and higher than temperatures
typically applied in melt processes or solid-state polymerization process [18, 20] and this
temperature range is much higher than temperature applied in our study using thin amorphous
micro-layers. At 1965, Davis et al. [18] reported a formation of insoluble gel with severe
discoloration at high temperature range (300-500°C) when the volatile product, phenol, is
effectively removed from the system. Also, it was proposed that the cross-linking can occur via
radical recombination of two macro-radical species or formation of pendant carboxyl group
followed by esterification reaction [19, 59, 60].
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3.2 Experimental

3.2.1 Characterizations
The polycarbonate molecular architectures have been analyzed using high resolution
13

C-NMR and 1H-NMR spectroscopy (Bruker AV III spectrometer at 150.9 and 600 MHz,

respectively), and pyrolysis-gas chromatography mass spectrometry (Py-GC/MS). For the 13CNMR and 1H-NMR spectroscopy analysis, polymer samples taken from the SSPm experiments
were dissolved in deuterated chloroform (CDCl3). Py-GC/MS analysis was conducted in Korea
by Dr. Yun Gyong Ahn (Korea Basic Science Institute, Seoul, Korea) and Dr. Kwang Ho Song
(Korea University)). For the Py-GC/MS analysis, a Frontier Lab PY-2020iD pyrolyzer
(Koriyama, Fukushima, Japan) was used. It was connected to an Agilent GC/MS system
composed of an Agilent 6890 gas chromatograph and an Agilent 5975i mass spectrometer (Palo
Alto, CA, USA) to separate and obtain the mass spectra of the compounds in each sample.
Measurement conditions for the GC were: A DB-5 MS capillary column (length, 30 m; internal
diameter, 250 μm; film thickness, 0.25 μm, 5% diphenyl-95% dimethylsiloxane phase, J&W
Scientific, Folsom, CA, USA); carrier gas helium running at a constant flow rate of 1 mL/min
(37 cm/s); split mode (50:1 ratio). The initial temperature of oven was 60 °C, then a 10 °C/min
gradient was applied to 320 °C (15 min). The column was interfaced directly to the electron
impact (EI) ion source of the mass spectrometer. The ion source was operated at 70 eV. The
injection port, transfer line and ion source temperature were set at 300, 300 and 230 °C,
respectively. The mass spectrometer was scanned in the 50-800 m/z range. An aqueous solution
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(25 wt %) of tetramethylammonium hydroxide [(CH3)4NOH; TMAH] (Aldrich) was used as the
reagent for methylation of the product samples. About 100 µg of sample and 10 µL of the
aqueous solution of TMAH taken in a platinum sample cup were introduced into the furnace at
600 °C. Then, the temperature program of the gas chromatograph oven was started.

3.3 Results and Discussion
3.3.1 13C-NMR Analysis
Figure 3.1 shows the 13C-NMR spectral data for an amorphous prepolymer and three
SSPm samples, all in 10 m micro-layers, taken at different reaction times (15min, 30 min, and
60 min). Prepolymer B (14,000 g/mol) in Table 2.2 which has end functional group ratio ([OCO-C6H5]/[-OH]) of 0.8 was used for the preparation of SSPm amorphous BPAPC samples.
Reaction temperature was set to 230°C and SSPm was conducted at reduced pressure (10 Torr).
Result of molecular weight obtained via SSPm process with amorphous micro-layers (10µm) is
provided in figure 3.2 (). Carbon peaks in PC were assigned on the basis of detailed studies
available in the literature [37, 61]. Here, we note that phenolic group (peak 5,6,7, and 8 in Figure
3.1) and phenyl group (peak 1,2,3, and 4 in Figure 3.1) decreased to insignificant levels after 30
min, and therefore, linear step-growth polymerization via end group reactions practically ceases
to occur afterwards. In other word, no functional group is available to react to produce higher
molecular weight linear polycarbonate. However, according to the polymerization data in Figure
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3.2 polymer molecular weight continued to increase after 30 min, suggesting that some other
reactions might have led to the continued growth of polymer chains and molecular weight.
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Figure 3.1 13C NMR spectroscopic analysis of the SSPm samples at different reaction times
(T=230 C, layer thickness=10 m, prepolymer B-14k).
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Figure 3.2 Weight-average molecular weight vs. reaction time profiles (T=230°C, P=10 mmHg,
prepolymer B-14k): () SSPm (10µm layer, amorphous); (▲) SSPm (10µm layer, crystalline).
Solid line is added to guide the eyes.

3.3.2 1H-NMR Analysis

The 1H-NMR spectroscopy data of prepolymer, high molecular weight amorphous microlayer samples at different reaction times (30min and 180min), and crystalline micro-layer sample
(180min) are shown in Figure 3.3. The molecular weight of amorphous micro-layers and
crystalline micro-layers of 10µm thickness are shown in Figure 3.2. For the amorphous polymers,
the aromatic regions (peak assignment 3''' at 8.0-8.1 ppm in Figure 3.3) for phenyl salicylate
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phenyl carbonate (PhSALPhC, Structure B in Figure 3.4) and peak assignment 6" at 2.1-2.2 ppm
(Structure C in Figure 3.5) indicate the presence of anomalous chain structures (branched and
cross-linked structures) in the high molecular weight samples obtained after 30 min. Note that
these peak assignments (peak assignment 3''' and 6" , branching and cross-linking, respectively)
were absent in the low molecular weight prepolymers and crystalline micro-layers (Figure 3.2)
used in our study (see Figure 3.3). In the literature, the presence of the branched units has been
reported [37]. For example, the concentration of PhSALPhC structure units (i.e., branching
density) in the fractionated polycarbonate samples of molecular weight (Mw) of 11,400-39,200
(g/mol) was reported to increase quasi linearly with molecular weight, suggesting that the
branching units were not homogeneously distributed across the molecular weight distribution.
Although the sample molecular weights in this reference are much lower than those
obtained in our experiments, we performed the following simple calculations: The data in ref.
[37] can be correlated as followed:

Y  0.1125M w  822.5

(3.1)

Where, Y is the modified concentration of PhSALPhC (in ppm) and Mw is the weight average
molecular weight (g/mol). According to this correlation, as polycarbonate molecular weight
increases from 14,000 (prepolymer B-14K in our experiment) to 40,000 g/mol (t = 30 min), the
branching unit concentration increases from 0.24% to 0.5%. If the correlation is also applied to
higher MW sample (e.g., 340,000 g/mol) as observed in our study (Figure 3.2 ()), the
calculated branching unit concentration is as large as 3.8 %, which is about 16 times the unit
concentration in the prepolymer. It is to be noted that, none of the peaks in Figures 3.1 and 3.3
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shows the presence of phenol, indicating that phenol was effectively removed from the polymer
micro-layers.
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Figure 3.3 1H NMR spectroscopic analysis of the amorphous micro-layer (T=230 C, layer
thickness=10 m, prepolymer B-14k). Arom. indicates aromatic protons.
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Figure 3.4 Kolbe-Schmitt and Fries rearrangement reactions leading to branched structures in
polycarbonates [37, 40].
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Figure 3.5 Reaction mechanisms for the formation of cross-linked polycarbonates: R represents
a macro-radical species generated in the system [40].
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Another possible nonlinear chain structure in the high molecular weight BPAPC obtained
in our study is a partial cross-linking. The formation of a cross-linked structure in polycarbonate
during melt polymerization has been known to be possible at high reaction temperature (300500°C) under evacuate system and it was proposed that the cross-linking can occur by radical
recombination as illustrated in Figure 3.5 [40]. Note that temperature applied in our reaction
system is much lower than the temperature that induces formation of cross-linking reported in
the literature (i.e., 300-500 °C). The reaction scheme includes the hydrogen abstraction from a
methyl group (Figure 3.5 (a)) and scission of oxygen and carbonyl linkage (Figure 3.5 (b)) to
generate radicals that lead to the cross-linked structures through recombination [40, 62]. Two
radical species via hydrogen abstraction and chain scission reaction can be combined either
between same species or two different species to form a cross-linking Structure C and D. From
the 1H NMR analysis of amorphous micro-layers, only Structure C (peak assignment 6'' at 2.12.2 ppm) was confirmed.
The 6, 6ʹ, and 6ʹʹ peaks in NMR spectra were assigned using 2D heteronuclear single
quantum coherence (HSQC) NMR (Bruker AV-400Mhz high resolution). As shown in Figure
3.6, the methyl protons for the repeating unit (peak 6), phenolic end group (peak 6ʹ), and ethyl
protons in cross-linkage (peak 6ʹʹ) are clearly isolated. However, these peaks are overlapped in
one carbon peak assignment around 31.0 ppm thus separation of carbon assignment for the crosslinkage was not obtained. Figure 3.7 shows expanded aromatic region of two-dimensional (2D)
heteronuclear single quantum coherence (HSQC) (2D 1H-13C one bond) spectrum of SSPm PC
(30min at 230°C). These peak assignments are corresponds to that of given in 3.1 and 3.3 for the
13

C-NMR and 1H-NMR, respectively.

68

6ʹʹ

6

6ʹ

1H
13C

Figure 3.6 Expanded methyl group on repeating unit and phenolic groups and ethyl group on
cross-linkage region of two-dimensional (2D) heteronuclear single quantum coherence (HSQC)
(2D 1H-13C one bond) spectrum of SSPm PC (30min at 230°C).
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Figure 3.7 Expanded aromatic region of two-dimensional (2D) heteronuclear single quantum
coherence (HSQC) (2D 1H-13C one bond) spectrum of SSPm PC (30min at 230°C).
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The mole fractions of cross-linkages (peak assignment 6'' at 2.1-2.2 ppm) in sample B14k from amorphous micro-layers at 230 °C, estimated using the area intensity of methyl proton
and ethyl proton in repeating unit and cross-linkage as followed:

(Mole fraction of cross-linkages) 

peak 6''/ 4
peak 6 / 6  peak 6''/ 4  peak 6''/ 2

(3.2)

The mole fractions of cross-linkages were 3.5510-4 and 4.2610-2 at 30 min and 180min,
respectively (see figure 3.3), indicating that the cross-linkages have increased about two orders
of magnitude in 180 min of solid state polymerization in micro-layers. In fact, small amount of
insoluble fraction of polymer was obtained after 180 min (e.g., 4.8 wt% in 10µm-amorphous
thickness sample). The generation of insoluble gel is probably because of the formation longchain branched or cross-linked polycarbonate. Table 3.1 shows mole fraction of cross-linkage
and generation of insoluble fraction in amorphous micro-layers (10µm) at 230°C.

Table 3.1 Mole fraction of cross-linkage and generation of insoluble fraction in amorphous
micro-layers (10µm) at 230°C (P=10 mmHg, prepolymer B-14k).
10 µm-amorphous micro-layers

Time
(min)

Mole Fraction of

Mw (g/mol)

Insoluble Fraction (wt %)

0

14,000

0

0

30

39,000

N/A

3.5510-4

60

109,000

2.3

8.8910-4

180

338,000

4.8

4.2610-2
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Cross-linkage

Table 3.2 shows the mole ratio of methyl protons to aromatic protons in the amorphous
and crystalline polycarbonate micro-layer samples at different reaction times (30 min, 60 min,
and 180 min in Figure 3.2 ()). The ratio was obtained using the sum of area intensity of methyl
protons and aromatic protons at repeating units and phenolic end groups as indicated below:

 Ratio of methyl protons 


 to aromatic protons


sum of methyl protons 6, 6' peak area
sum of aromatic protons 2, 2', 2'' and 3, 3', 3'' peak area

(3.3)

It is seen that the ratio remains constant in the 10 m thick crystalline micro-layers (Figure 3.2
(▲)), while the ratio decreases with the progress of reaction when the amorphous micro-layers
(Figure 3.2 ()) of 10 m thickness due to the consumption of methyl protons via radical
recombination reactions. If only linear step growth polymerization occurs, this ratio will remain
constant but if radical recombination reactions occur (see structure C, D, and E in Figure 3.5),
this ratio will decrease. The assignment of proton peaks used in equation (3.3) is provided in
Figure 3.3.
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Table 3.2 Ratio of methyl protons to aromatic protons in polycarbonates in partially crystallized
micro-layers (10µm-crystalline) and amorphous micro-layers (10µm-amorphous) at 230°C
(P=10 mmHg, prepolymer B-14k).

Ratio of methyl protons to aromatic protons

Time
(min)

10µm-crystalline
Micro-layer

Mw (g/mol)

10 µm-amorphous
micro-layers

Mw (g/mol)

0

0.716

14,000

0.716

14,000

30

0.713

35,000

0.703

39,000

60

0.714

59,000

0.639

109,000

180

0.716

123,000

0.598

338,000

3.3.3 Pyrolysis-Gas Chromatography Mass Spectrometry (Py-GC/MS)
The formation of anomalous chain structures such as branched and cross-linked
structures in the amorphous micro-layer samples has been investigated using pyrolysis gas
chromatography mass spectrometry (Py-GC/MS). Py-GC/MS technique enables the
characterization of macromolecular complexes and it has been found to be a very effective
technique for the qualitative analysis of various condensation polymers. In this method, the
polycarbonate chains in presence of tetramethylammonium hydroxide (TMAH) decompose
selectively at high temperatures (e.g., 400 °C) at carbonate linkages to yield methyl derivatives
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of the components for a given polymer sample. The mass spectrum of each peak provides the

Abundanceidentity of a specific chain structure of the polycarbonate sample.
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Figure 3.8 shows the pyrograms obtained by the reactive pyrolysis of the prepolymer and
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Figure 3.8 Pyrograms of prepolymer (B-14k) and amorphous micro-layer sample taken at 30
min in presence of TMAH.
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Rearrangement of the carbonate group in BPAPC can form a pendant carboxyl group,
ortho to an ether link, and through ester exchange reaction with another BPAPC chain, it can
form branching structure (Kolbe-Schmitt rearrangement, Figure 3.4 (a)). The branching structure
can also be formed by Fries rearrangement reaction (see Figure 3.4 (b)). The possibility of
homolytic scission of carbonate group at high temperature between the oxygen and carbonyl
group in BPAPC and hydrogen abstraction in the system can generate radicals that may lead to
cross-linking reaction (see Figure 3.5) [40]. The branching and cross-linking studies on
polycarbonate reported in the literature were mostly on the thermal degradation of polycarbonate
in the temperature range of 300-500 °C, and this temperature is far higher than the temperature
of polymerization in micro-layers employed in our study (< 235 °C).
The mass spectrum in the pyrogram (Peak 1 in Figure 3.8) corresponds to carboxylic
branching structure by Kolbe-Schmitt rearrangement and Fries rearrangement reaction [37, 40].
Here, the molecular ion at m/z 314 and the base fragment ions at m/z 299 are formed through
elimination of a methyl group from an isopropylidene group of the polycarbonate molecule. The
fragment ions at m/z 283 and 267 are formed through elimination of a methoxy and methyl
groups from the polymer (see Figure 3.9). The pendant carboxylic group in ortho-position can
react with phenolic end group in BPAPC to a branching structure. Fries rearrangement (Figure
3.4) is an alternative pathway leading to another branching structure.
The reaction pathways leading to the formation of cross-linked structure shown in Figure
3.5 involve the recombination of macro-radical species generated in the system. In a bulk melt
polycondensation of BPAPC, even if radicals are generated, they quickly react with phenol
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which acts as a free-radical scavenger [63, 64]. R represents a macro-radical species generated
in the system.

R· +
Macro-radical
Species

RH

+

Inert radical

Phenol

Unlike in bulk (melt) polymerization and polymerization in partially crystallized polymer
micro-layers and particles, the polymerization in amorphous polymer micro-layers provides a
very efficient removal of phenol due to either very short diffusion path and absence of crystalline
structure which gives extra diffusional resistance of phenol. The presence of a residual amount of
casting solvent might have acted as a plasticizer also to ease the transport of phenol to the microlayer surface by diffusion. The concentrations of residual casting solvent (chloroform) in solvent
cast amorphous micro-layer samples at 230 °C were measured by gel permeation
chromatography (GPC) and amount with reaction extend are: 7.51 wt.% (0 min), 1.93 wt.% (30
min), 0.98 wt.% (60 min), and 0.03 wt.% (120 min). The residual amount of solvent (chloroform)
in solution casted BPAPC micro-layer was determined using GPC equipped with a refractive
index detector (Waters 2414) with tetrahydrofuran (THF) as a mobile phase. Eventually, the
recombination of macro-radicals may lead to the formation of cross-linked structures. In the
thickness range of 5-10µm of micro-layers, a small amount of insoluble BPAPC present in the
sample (e.g., 4.8 wt% in 10µm thickness sample at 180min) can also be regarded as an indirect
evidence of cross-linked polymers. Peaks 3 and 4 (corresponding to structure C and D in Figure
3.5, respectively) in Figures 3.11 and 3.12 observed in our high molecular weight polycarbonate
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samples indicate that such reactions might have occurred in the polymerization in micro-layers at
230 °C.
Peak 2 (structure E in Figure 3.5) is formed by the scission of C-C linkage between
isopropylidene group and the aromatic ring of Structure D at high reaction temperature. Thus,
peak 2 detected by Py-GC/MS (Figure 3.10) is a supporting evidence of structure D formed by
the recombination of methylene radical and phenoxy radical. The formation of D is also
confirmed by the mass spectrum of peak 4 shown in Figure 3.8.
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Figure 3.9 Mass spectrum of peak 1. Peak 1 generated via reactive pyrolysis from structure A
and B at 600°C.
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Figure 3.10 Mass spectrum of peak 2. Peak 2 generated via reactive pyrolysis from structure E at
600°C.
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Figure 3.11 Mass spectrum of peak 3. Peak 3 generated via reactive pyrolysis from structure C
at 600°C.
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Figure 3.12 Mass spectrum of peak 4. Peak 4 generated via reactive pyrolysis from structure D
at 600°C.
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To identify the efficiency of phenol removal from the micro-layers, we have used a
numerical simulation model provided in Chapter 2 for the amorphous and partially crystalline
polymer micro-layers and the simulation results are illustrated in Figure 3.13. In the numerical
simulation model, the average phenol concentrations in micro-layers are calculated by the
following equations:

P=

1





0

P(z) dz

(3.4)

First of all, it is seen that the phenol concentrations rapidly drops to a very small values in
5-10 m micro-layers with a given initial phenol concentration (5.810-3 mol/L) in 14000 g/mol
prepolymer,. In 1 min of SSPm at 230°C, phenol concentrations of 5-10m micro-layers show
1.0-3.6  10-4 (mole/L) which are about one order of magnitude lower than phenol concentrations
in crystallized micro-layers and thicker micro-layers. As mentioned earlier, 35m thick
amorphous sample shows partial crystallization during the course of polymerization and this
sample does not generate insoluble fraction until 180min of reaction time (see Table 3.3). As
expected, the partially crystalline micro-layers show higher residual phenol concentration. These
results also suggest that the high phenol concentration due to slower diffusion in thick microlayers and crystallized micro-layers reduce the radical induced recombination reactions and
mobility of polymer chain that lead to the formation of cross-linked structures.
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Table 3.3 Model simulated phenol concentration profiles (T=230°C, prepolymer B-14k)
depending on micro-layer thickness and state (crystalline or amorphous) and generation of
insoluble fraction.
Partially Crystallized and Amorphous Micro-Layers
Thickness
(µm)

Initial Crystallinity
(%)

Phenol Concentration
at 1 min (mol/L)

Insoluble Fraction
After 180 min

100 (crystalline)

33

3.8  10-3

-

10 (crystalline)

32

1.4  10-3

-

35 (amorphous)

0*

1.5  10-3

0

20 (amorphous)

-

1.0  10-3

2.0

10 (amorphous)

-

3.6  10-4

4.8

5 (amorphous)

-

1.1  10-4

6.3

* The partial crystallization occurs during the SSPm
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Phenol Conc. (mol/L)

-3
7.0E-03
7.0
-3
6.0E-03
6.0
-3
5.0E-03
5.0

100µm (crystalline)
-3
4.0E-03
4.0

-3
3.0E-03
3.0

20µm (amorphous)

10µm (crystalline)

35µm (amorphous)

-3
2.0E-03
2.0
-3
1.0E-03
1.0

10µm (amorphous)
5µm (amorphous)

0.0

0.0E+00

0

1

2

3

4

5

Time (min)
Figure 3.13 Model simulated phenol concentration profiles (T=230°C, prepolymer B-14k): Solid
lines represent average phenol concentration in amorphous micro-layers (5-35µm thick); dashed
lines represent average phenol concentration in crystallized micro-layers (10µm and 100µm
thick).

The reaction pathways leading to the formation of cross-linked structure shown in Figure
3.5 involve free radicals. At high temperatures (451-526 °C), chloroform decomposes to produce
active chlorinated radicals as follows [65, 66]:

CCl3H  CCl2 H  Cl 
Cl  CCl3H

HCl  CCl3 

CCl 2 H  CCl 3 H  CCl 2 H 2  CCl 3 
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The concentrations of residual casting solvent (chloroform) in solvent cast amorphous microlayer samples at 230 °C were measured by gel permeation chromatography (GPC): 7.51 wt.% (0
min), 1.93 wt.% (30 min), 0.98 wt.% (60 min), and 0.03 wt.% (120 min). Figure 3.14 shows
GPC chromatograms for the residual solvent (chloroform) in prepolymer (14k) and SSPm PCs at
different reaction times. Our temperature employed in SSPm process is far below than
temperature reported for the decomposition of chloroform. Therefore, it is unlikely that the
radicals are generated by the chloroform at the reaction temperature employed in this study.

60

a)

b)
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Figure 3.14 The GPC chromatograms for the residual solvent (chloroform) in prepolymer (14k)
after 2hr drying and in SSPm PCs at different reaction times. a) prepolymer, b) 15 min, c) 60 min,
d) 120 min.
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To evaluate the possible radical generation from solvent molecules, SSPm experiments
were carried out using different types of solvents which do not decompose or contain any radical
species when they decompose at high temperature. Benzene does not decompose at temperatures
below 900°C and it decomposes above 1000°C [67, 68].
N-Methyl-2-pyrrolidone (NMP) decomposes above 315°C [69]. The prepolymer having
14,000 g/mol can be dissolved in benzene and NMP as well. The decomposition temperature of
benzene and NMP is far higher than the temperature used in SSPm process. Thus, the free
radicals generated from these solvents should not affect the polymerization in micro-layers. The
20g/100ml PC (14k)/benzene solution was prepared to make 10µm thick prepolymer amorphous
micro-layers. To avoid solvent induced crystallization during the casting process, the
PC/benzene solution and glass substrate were preheated at temperature of 90°C. For the NMP,
28g/100ml solution was prepared and glass substrate was preheated at temperature of 250°C due
to a high boiling point (202-204°C). These 10µm-thick amorphous micro-layers prepared using
three different solvents were polymerized at 230°C under the low pressure (10mmHg). The
molecular weight vs. time profile for the amorphous using three different solvents (chloroform,
benzene, and NMP) and crystalline micro-layers using two different solvents (chloroform and
benzene) are shown in Figure 3.15. The molecular weights obtained from three amorphous
micro-layers are very similar. Also, two crystalline micro-layers using two different solvents
show very good molecular weight consistency. Figure 3.16 shows polydispersity of these
samples and amorphous micro-layers have broader MWD compared to the crystalline microlayers.
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Tetrahydrofuran (THF) also used as casting solvent. Decomposition of THF occurs above
the 546°C as reported in the literature [70]. The solvent induced crystallization was observed at
micro-layer thickness around 10µm when THF used, thus SSPm experiments were conducted
using 5µm-thick amorphous micro-layers. 28g/100ml solution was used and glass substrate was
preheated at 70°C prior to the solvent casting of prepolymer. As shown in Figure 3.17, the
casting solvent (THF) does not affect on molecular weight buildup for the SSPm process. During
the course of polymerization, all amorphous micro-layers were amorphous and transparent.

400000

Mw (g/mol)

10µm-amorphous (chloroform)

350000

10µm-amorphous (NMP)

300000

10µm-amorphous (benzene)

250000

10µm-crystalline (benzene)

10µm-crystalline (chloroform)

200000

150000
100000
50000

0
0

30

60

90

120

150

180

Time (min)
Figure 3.15 Evolution of weight average molecular weight with reaction time using three
different types of casing solvents (chloroform, NMP, and benzene) (T=230°C, prepolymer B14k).
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10µm-amorphous (chloroform)
10µm-amorphous (NMP)
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10µm-crystalline (chloroform)
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Figure 3.16 Polydispersity of amorphous micro-layers with three different type of casting
solvents (chloroform, NMP, and benzene) and crystalline micro-layers with chloroform as a
casting solvent (T=230°C, prepolymer B-14k).
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Figure 3.17 Evolution of weight average molecular weight with reaction time using two
different types of casing solvents (chloroform and THF) (T=230°C, prepolymer B-14k).
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180

Effect of acetone (crystallization solvent) on SSPm process for the crystallized microlayers was investigated. Decomposition of acetone was studied at 570°C as follows [71]:

CH3COCH3  2CH3  CO 
CH3  CH3COCH3  CH4  CH2COCH3 
CH2COCH3   CH3  CH2CO 
CH3  CH2COCH3   C2 H5COCH3 
The experiment was carried out with micro-layers having two different solvent drying time and
conditions. As shown in Figure 3.18, the swelling solvent agent for the crystallization do not
affect on molecular weight buildup for the SSPm process.

120000
5 min drying time in fume hood

Mw (g/mol)

100000

24 hr drying in vacuum

80000

60000
40000
20000

0
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60

120

180

240

300

Time (min)
Figure 3.18 Effect of acetone on SSPm for the crystalline micro-layers (T=230°C, prepolymer
B-14k).
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3.3.5 Atomic Force Microscopy (AFM) Analysis
The branched and/or network structures of the insoluble polymers confirmed by 1H-NMR
analysis and Py-GC mass spectroscopy were further analyzed using atomic force microscopy
(AFM) (Vecco D-3000 AFM). The polymer sample was a 10µm-thick amorphous micro-layer
polymerized at 230°C for 30 min. To prepare for an AFM analysis, a very dilute polymer
solution (10 ppm solution in chloroform) was made and dropped onto the interface of water and
air. After complete evaporation of the solvent from the surface, a polymer film formed was
carefully removed from the interface and transferred onto a mica surface. Similar technique is
reported to obtain an image of single molecules [72-76]. We used a tapping mode with the scan
rate of 0.5 line/s. AFM images were obtained using HiRES-C14/Cr-Au probe of 1 nm radius
(MicroMasch) at a resonance frequency of 160 kHz with the force constant 5.7N/m. Figure 3.19
shows the AFM images of the polycarbonate molecules.

A

B

1.0 nm

0.5 nm

0.0 nm

0 nm

250 nm

0 nm

250 nm

Figure 3.19 AFM images of single polycarbonate molecules. The AFM samples were prepared
using Langmuir-Blodgett technique.
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Some aggregated molecules and linear polymers are seen in Figure 3.19 A and B, but a
nonlinear structured polymer is also clearly seen and it has a Y-branch shape with each branch
length of 20 nm, 22 nm, and 25 nm. The length of a polycarbonate chain with 10 repeat units and
molecule diameter calculated using Accelrys Materials Studio Visualizer® is 7.86 nm and 0.97
nm, respectively. Figure 3.20 shows linear polycarbonate with 10 repeating units obtained using
visualizer software. If this value is applied to the polymer chain (branched polymer), then each
branch segment has a chain length of 25, 28, and 32 repeat units per segment, respectively. These
values are similar to those of obtained from commercial branched polycarbonate using trifunctional agents [77]. It is noted that the branched polymer molecule shown in Figure 3.19 may

Diameter= 0.97 nm

not be the most representative image of all the branched polymers formed in our experiments.

10 repeating unit= 7.86 nm

Figure 3.20 Accelrys Materials Studio Visualizer® Software provide diameter of linear PC (0.97
nm) and length of polymer chain in 10 repeating unit (7.89 nm).
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In Figure 3.19, we used the Langmuir-Blodgett technique to visualize the SSPm PC single
molecules. We also use spin coating technique to prepare thin layers on the mica surface with
very dilute solutions (0.05mg/L) using chloroform. A 0.1ml of dilute solution was dropped onto
the mica surface and spincoater (Speedline Technologies, Model P6700 series) rotation rate was
set to 200 rpm for 2 min to give enough time to evaporate solvent from thin polymer layers. The
similar technique has been reported in the literature to obtain the images of single molecules [78,
79].
Figure 3.21 shows height and phase images of 60 min (A1 and A2 in Figure 3.21) and
180 min (B1 and B2 in Figure 3.21) samples. All images of the spin-coated samples show
globular shapes. It has been reported that results of 2D coil or 3D compressed globules on a
substrate depends on surface characteristic, contribution of nonelectrostatic interactions with
substrate, and solvent quality [80]. The sample for longer reaction time (180 min) show larger
globules than shorter reaction time sample (60 min) which has lower molecular weight and also
lower degree of cross-linking.
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Figure 3.21 The SSPm PC molecules on the mica surface. The height and phase images for the
60min (A1 and A2) and 180 min (B1 and B2) samples. The AFM samples were prepared using
spin coating technique at 2000rpm.
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3.4 Conclusions

In Chapter 2, we have presented new experimental results on the polymerization
of BPAPC in micro-layers to ultra-high molecular weight polymers in very short reaction time
when amorphous prepolymer micro-layers of thickness smaller than 35 µm were polymerized at
230 °C. The amorphous micro-layers exhibited faster increase to ultrahigh molecular weight
(300,000-600,000 g/mol) than the partially crystallized micro-layers. The end group mole ratios
of the prepolymer samples used in our study deviated from the stoichiometric ratio of 1.0 and
hence, Chapter 3 is focused on finding the mechanisms that can lead to the formation of such
high molecular weight polymers.
The 13C NMR and 1H NMR analysis as well as Py-GC/MS spectrometry have shown that
a fair amount of anomalous polymer microstructures such as branching and partial cross-linking
are present in the high molecular weight polymers. The presence of branched polymer
molecules was also observed by atomic force microscopy. If the polycarbonate chain length of
10 repeating unit obtained using Accelrys Materials Studio Visualizer® is applied to the polymer
chain (branched polymer), then each branch segment has a chain length of 25, 28, and 32 repeat
units per segment, respectively. We proposed a hypothesis that intermolecular rearrangement
reactions (Kolbe-Schmitt rearrangement and Fries rearrangement reactions) and radical
recombination reactions might have led to the formation of non-linear chain structures. At the
reaction temperature (< 235°C) of our reaction system applied using amorphous micro-layers,
the cross-linked structure is not reported in the literature. In the step-growth polymerization
process, the byproduct, phenol, acts as radical scavenger is reported. The rapid removal of
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phenol (radical scavenger) from thin micro-layers is believed to have promoted the formation of
partial cross-linking. We have also observed that a small amount of insoluble polymer was
present, which indirectly suggests that the cross-linking reaction might have progressed only
partially so that the polymer was still mostly soluble in chloroform. A very small amount of
branching and insoluble gels in low molecular weight linear polycarbonate is known to have
adverse effects on the polymer quality and hence they need to be removed after reaction
processes. The ultra-high molecular weight polycarbonates with branching and partial crosslinking structures are readily soluble in a solvent (chloroform). It suggests that the ultra-high
molecular weight polycarbonate with nonlinear chain structures obtained in our study might be
an interesting new type of polycarbonate. Figure 3.22 shows summary of reaction mechanisms
for SSPm in an Amorphous Polymer Micro-Layers.
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(1) Step-Growth Reaction

+

+

(2) Generation of Macro-Radicals by Scission Reaction

•

(3) Generation of Macro-Radicals by Hydrogen Abstraction

•

2

(4) Recombination of Radicals

2

•

2

+

•

•

2

(5) Fries rearrangement/Kolbe-Schmitt Rearrangment/step-growth reaction

Fries rearrangement

Kolbe-Schmitt Rearrangment

(6) Free-radical inhibition reaction
R

+

RH

+

Inert radical

Figure 3.22 Summary of kinetic mechanism for a SSPm in an amorphous polymer micro-layers.
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Chapter4: Formation of Insoluble Amorphous
Polycarbonate Synthesized in Micro-Layers

4.1 Introduction
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]. 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]. Although linear BPAPCs have many outstanding properties, relatively
poor solvent resistance, low surface hardness and low scratch resistance are disadvantages of
current commercially available linear bisphenol A polycarbonate [81, 82].
A small amount of insoluble gel produced as a side product with severe discoloration is
generated during the melt polycondensation process at high decomposition temperatures (>
300°C) under low pressure [18-21, 59]. At lower temperature ranges (<300°C), very minor
fraction of insoluble gel is formed [40, 83]. Table 4.1 shows formation of insoluble PC at high
reaction temperature. It is known to pendant carboxyl group, ortho to an ether link, via thermal
rearrangement reaction react with another PC to form an insoluble polymer gel. At high
temperatures, decomposition of diphenyl carbonate results in 2-phenoxybenzoic acid [19].
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Table 4.1 Formation of insoluble fraction at high temperature [40].
Sample

Preparation Method

Mn

Mw

Mw/Mn

PC-1

Melt Polymerization

1.3  104

3.2  104

2.5

PC-2

Insoluble fraction in
CHCl3 for thermally
treated PC-1 at 300°C

-

-

-

PC-3

Soluble fraction in
CHCl3 for thermally
treated PC-1 at 300°C

1.8  103

1.2  104

6.7

PC-4

Solvent Method

2.3  104

5.8  104

2.5

Also, Mcneill et al. [41, 84] and Montaudo et al. [60, 85-87] investigated the thermal
decomposition of BPAPC at high temperature. In both studies, they observed the formation of
fractionated insoluble gel when PCs undergo thermal decomposition at high temperature range of
300-700°C. However, they proposed different mechanisms for the branched and cross-linked
structures. Mcneill et al. used IR spectrocropy and GC-MS to identify the decomposition
products [41, 84]. They postulated that homolytic scission between the isopropylidene and the
aromatic ring produce macro-radial species followed by end-biting reaction resulting in cyclic
dimers. The formation of polymer radicals via hydrogen abstraction from a methyl group can
form a cross-linking structure when two macro-radical species are recombined [41, 84]. However,
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Montaudo et al. [60, 85] hypothesized that cross-linked structures can be obtained by
intermolecular ester exchange processes to form a pendant carboxyl groups which undergo
esterification rather than homolysis scission reactions [42, 60, 85-87]. Although their hypotheses
on the formation of insoluble gels are different, insoluble gel is obtained at similar reaction
conditions:
(i)

Higher temperatures (300-500°C) than normally applied in commercial
polycondensation process.

(ii)

Reactions conducted at lower pressure (0.01-20 mmHg).

However, in both studies, direct evidence of pyrolytic products for the cross-linking structures
was not identified.
Recently, Oba et al. investigated the pyrolysis products using pyrolysis gas
chromatography technique and successfully identified pyrolysis products via ester exchange and
hydrogen abstraction [40, 56, 88-90]. In this study, both thermal rearrangement and hydrogen
abstraction were confirmed. Py-GC/MS technique enables the characterization of
macromolecular complexes and it has been found to be a very effective technique for the
qualitative analysis of various condensation polymers. In this method, the polycarbonate chains
in the presence of tetramethylammonium hydroxide (TMAH) are decomposed selectively at high
temperatures (e.g., 400 °C) at carbonate linkages to yield methyl derivatives of the components
for a given polymer sample. Because of the insoluble nature and discoloration, these insoluble
products are regarded as side products. Thus far, researches on these phenomena have been done
in order to avoid the formation of insoluble fractions during the melt process.
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In Chapter 2, we investigated the reaction mechanism for the formation of nonlinear
structures (i.e., branched and cross-linked structure of polycarbonate) and fast build-up of
molecular weight in soluble fractions even at a lower temperature range (<235°C) than
temperatures generally applied to obtain an insoluble gel. The reaction scheme is shown in
Figure 4.1.

Step-Growth Polymerization
m>n

n

(a) Kolbe-Schmitt
rearrangement

Layer Thickness ≤ 20µm
Phenol < 350ppm

T=230 °C

Fries & Kolbe-Schmitt

Step-Growth

P=10 Torr
(b) Fries
rearrangement

Rearrangement

Polymerization

Hydrogen Abstraction

Radical Recombination
•

Step-growth
polymerization

Phenol < 5ppm

(Structure A)

(Structure B)
Figure 4.1 Reaction scheme
of BPAPC in amorphous micro-layers.
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4.2 Experimental

4.2.1 Materials
Amorphous micro-layer polymer samples were prepared using a solvent casting
technique. First, a predetermined amount of low molecular weight prepolymer sample (B-14k in
Table 2.2) was dissolved in a solvent (chloroform) at room temperature. Silica substrate (2.5cm
 7.5cm) was cleaned with acetone for 10 min and then cleaned again with methanol for 5 min
before being rinsed with deionized water, and dried by nitrogen gas flow. The cleaned silica
substrate was preheated, 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. For the solid state polymerization, a vacuum oven was used as a reaction chamber
(Fisher Scientific™ Isotemp™ Model 281A Vacuum Oven, 0.65 cu. Ft.). The polymerization
experiments were carried out in a reaction chamber at 230 °C and 10 mmHg. For the analysis,
the polymer samples were taken out of the reaction chamber at designated sampling times.
To investigate the effect of free radicals, a free radical inhibitor was used in the polymer
micro-layers. To avoid the possibility of side reactions between the radical inhibitor and phenyl
carbonate end groups in polymer, phenothiazine was selected as it does not contain hydroxyl
groups [91, 92].
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4.2.2 Characterization

The molecular weight and molecular weight distribution (MWD) of the prepolymer were
measured by a gel permeation chromatography (GPC) system equipped with PLgel 10 m
MIXED-B columns (Polymer Laboratories) and a UV detector (Waters 484). Chloroform was
used as the mobile phase and a narrow polystyrene standard was used for the calibration of MW.
We analyzed the polycarbonate molecular architecture using high resolution 1H-NMR
spectroscopy (Bruker AV III spectrometer at 600 MHz). For the 1H-NMR spectroscopy analysis,
polymer samples taken from the SSPm experiments were dissolved in deuterated chloroform
(CDCl3). For the analysis of insoluble gel fractions, Py-GC/MS (Frontier Lab PY-2020iD
pyrolyzer) was used equipped with an Agilent GC/MS system composed of an Agilent 6890 gas
chromatograph and an Agilent 5975i mass spectrometer for analysis. Py-GC/MS analysis was
conducted in Korea by Dr. Yun Gyong Ahn (Korea Basic Science Institute, Seoul, Korea) and
Dr. Kwang Ho Song (Korea University)). An aqueous solution (25 wt %) of
tetramethylammonium hydroxide [(CH3)4NOH; TMAH] (Aldrich) was used as the reagent for
methylation of the product samples. Insoluble polycarbonate morphology was visualized using
Hitachi SU-70 scanning electron microscopes (SEM). Transmission of SSPm amorphous
polycarbonate was scanned in the range of 200-800nm using UV-visible spectrophotometer
(CARY 50Bio).
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4.3 Results and Discussion

4.3.1 Formation of Insoluble Polycarbonate in Amorphous Micro-Layers
In our first series of experiments, 10µm-thick amorphous micro-layers prepared by
solvent casting technique was polymerized at 230°C under 10 mmHg. Figure 4.2 shows the
evolution of weight average molecular weight and the emergence of insoluble polycarbonate
fractions along the reaction times. The molecular weight of 10 m-thick amorphous prepolymer
micro-layers (Figure 4.2 (▲)) increased from 14,000 g/mol (prepolymer MW) to 340,000 g/mol
in 180 min. The prepolymer molecular weight is about 14,000 g/mol with stoichiometric
imbalance of the end groups ([-OCO-C6H5]/ [-OH] =0.8).
In chapters 2 and 3, the increase of the polymer MW was formed to be caused by
minimal diffusional resistance for the byproduct (phenol) removal and the formation of nonlinear
chain structures polycarbonates (branched and cross-linked PCs). Rearrangement of a carbonate
group in linear BPAPC can form a pendant carboxyl group, ortho to an ether link, and through
ester exchange reaction with another BPAPC chain, long chain branched structure can be formed.
Either the Kolbe-Schmitt rearrangement reaction or the Fries rearrangement reaction leads to the
formation of branched structures. The possibility of homolytic scission of carbonate groups at
high temperatures between the oxygen and carbonyl group in BPAPC and hydrogen abstraction
in the system can generate radicals that may lead to cross-linking reactions [40, 56]. The
byproduct, phenol, is known as a radical scavenger. In the SSPm process, phenol is effectively
removed from the system thus recombination of micro-radical species is promoted.
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Figure 4.2 Evolution of soluble PC weight average molecular weight (▲) and emergence of
insoluble fractions () with the reaction time for 10 µm-thick amorphous micro-layers
(Precursor weight average molecular weight=14k g/mol, P= 10 mmHg, T=230°C). Lines are
added to guide the eyes.

When longer reaction time is applied in the SSPm using amorphous micro-layers with
10µm thickness at 230°C under 10 mmHg the molecular weight decreases after molecular weight
reaching a maximum at 180 min (Figure 4.2 (▲)). However, fast increase of insoluble gel
fraction is observed after 300 min (see Figure 4.2 ()). For the measurement of insoluble
fractions, samples (0.5 g) at each reaction time are dissolved in large amount of chloroform (500
ml). The soluble and insoluble gel fractions were separated via filtration using a 0.2µm pore size
membrane followed by washing with a solvent (chloroform) at least 10 times and weighted using
105

gravimetic method. Only, the soluble fraction was used to measure the molecualr weight using
GPC and its structure was analyzed using 1H-NMR analysis. It seems that the polymerization
continued even after 180 min of reaction time but high molecular weight polymer chains become
insoluble gels. The structure of insoluble fraction was analyzed using pyrolysis gas
chromatography.
The fraction of insoluble gels with severe discoloration at high reaction temperatures
(>300°C) which is above the polymer melting point (Tm ~ 260 °C) are reported in the literature
[18, 20, 21, 41, 42]. Yellowish or dark brown color polymers are observed at high reaction
temperature. However, the temperature applied in this system is 230°C and the fraction of
insoluble gel grows to 0.95 after 960 min with perfect transparency. Recombination of radical
species might be mainly responsible for the formation of insoluble gels in that phenolic groups
([-OH]) and phenyl groups ([-OCO-C6H5]) decreased to insignificant levels after the early stages
of the reaction (<30min). Thus, step-growth polymerization via end group reactions practically
ceases to occur afterwards, but the molecular weight obtained in 30 min is 34,000 g/mol and the
highest molecular weight observed in Figure 4.2 is about 333,000 g/mol which is about 10 times
higher. Longer polymer chains have a higher probability for the formation of radical sites thus a
higher chance of recombination of macro-radical species is expected.
Figures 4.3 and 4.4 show the fraction of insoluble gels with reaction times over 420 min
in chloroform (Figure 4.3) and SEM image of insoluble BPAPCs (720min) after separating
soluble fraction with 24hr exposure in chloroform in the oven at temperature of 80°C (Figure
4.4). Methylene chloride, tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO) also known as
good solvents for the polycarbonates and same results were observed. Almost same amount of

106

insoluble gel fractions were obtained using these four different types of solvents that listed above.
Prepolymer sample thickness was set to 10µm before SSPm and insoluble gels depicted in Figure
4.4 (a) and (b) almost keep its initial shape and has a thickness of nearly 10µm. As shown in
Figure 4.2, about 90% of insoluble fraction was formed in 720 min and porous structures were
observed at cross-sectional area of micro-layers as shown in Figure 4.4.

420 min 540 min 720 min 960 min
Figure 4.3 Increase of insoluble fraction of BPAPC in solvent (chloroform) as reaction time
extend (T=230 C, P=10 mmHg, Prepolymer: 14K g/mol).
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a)
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50µm

c)

50µm

d)

20µm

30µm

Figure 4.4 SEM image of insoluble BPAPC with reaction time of 720 min (T=230 C, P=10
mmHg, Prepolymer: 14K g/mol).
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In Figure 4.3, we observe the increase of insoluble fraction of BPAPC in chloroform after
420min. Before 420min, no precipitation was visible. However we have shown that about 5%
and 16% of insoluble gel were present at the reaction time of 180min and 300min (Figure
4.2()). We have used AFM (D-300) to observe the presence of insoluble gel in amorphous
micro-layers at short reaction time. The polymer sample was a 10µm-thick amorphous microlayer polymerized at 230°C for 1800 min to 720 min. The 95% insoluble samples were not tried
due to the difficulty of sample preparation. The prepolymer and the SSPm PC of 0.05mg/ml
solutions for the different reaction time were prepared for the sample preparation. And these
solutions were coated on the surface of flat substrate using spin coating technique at the spin rate
of 2000rpm. We used a tapping mode with the scan rate of 0.5 line/sec. The AFM images were
obtained using normal Si 40-50 nm radius probe at a resonance frequency of 334 kHz with the
force constant 40 N/m.
Figure 4.5 shows AFM height images of insoluble gel fractions onto the soluble PCs and
the insoluble fractions are thicker than soluble PCs. The prepolymer does not contain insoluble
gel and amount of insoluble gel increases with reaction time. For the 60min sample, emergence
of small particles has larger height was confirmed. These small particles have about 4.5 nm
larger heights than soluble PC surface (Figure 4.6). Although it is not shown, soluble PCs have
47.9 nm in height. Area of insoluble PCs was calculated using Image J software and volume
fraction of insoluble PCs in 60min sample was 0.06. For the other samples, this calculation was
not applied due to the non-uniform surface heights.
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Figure 4.5 AFM height images of insoluble gel fractions onto the soluble PCs. Increment of
insoluble gel fractions with reaction extend.
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60 min

420 min

Figure 4.6 Height difference measurement between insoluble gel and soluble PC surface for the
60min and 420min samples.

About 95% insoluble gel fraction is obtained at 960min of reaction time. The chain
structures (i.e., branched and cross-linked structures) were investigated using 1H-NMR analysis
and pyrolysis gas chromatography Mass Spectrometry (Py-GC/MS). Soluble and insoluble
fractions were separated using 0.2µm pore size membrane and the soluble part was analyzed by
1

H-NMR and the insoluble gel was analyzed by Py-GC.
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Figure 4.7 1H NMR spectroscopic analysis of the amorphous micro-layer: a) prepolymer (14k
g/mol), b) soluble fraction of amorphous micro-layer at the reaction time of 960min (T=230 C,
layer thickness=10 m, prepolymer: 14k g/mol).
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Figure 4.7 shows the 1H-NMR spectroscopy data of prepolymer (a) and high molecular
weight polycarbonate in the soluble fraction obtained at 960min (b). For the soluble BPAPC, the
aromatic regions (peak at 8.0-8.1 ppm) for phenyl salicylate phenyl carbonate (PhSALPhC) and
ethyl protons on the linkage of cross-linked structure were confirmed. The mole fractions of
cross-linkage was 6.33  10-2 which was estimated using area intensity of methyl protons and
ethyl protons in repeating units and cross-linkages. As reported in Chapter 3, mole fractions of
cross-linkage in the soluble fraction were 3.5510-4 and 4.2610-2 at 30 min and 180min,
respectively. At early stages of the reaction, cross-linkages increases about two orders of
magnitude. However, the mole fraction of cross-linkages in the soluble fraction does not change
much after 180 min of reaction time probably due to the insolubility of highly cross-linked
polymer chains and because the 1H-NMR spectroscopy analysis is limited to the soluble fraction
only. This seems to indicate that the insoluble gel formation occurs around the cross-linkage
mole fraction of between 4.2610-2 and 6.33  10-2. The molecular weight of soluble polymer
chains decreases after 180 min of reaction time at 230°C and that the insoluble gel fraction
increases rapidly after 300 min of reaction time (see Figure 4.2).
Recently, Oba et al. reported that the Py-GC/MS method in the presence of
tetramethylammonium hydroxide (TMAH) is an effective technique for the qualitative analysis
of branched and cross-linked polycarbonate. Through reactive pyrolysis of insoluble gels at a
high temperature (400°C), linear, branched and cross-linked polymer chains are selectively
decomposed to methyl derivatives of the components which are detected by mass spectrometry.
The Pyrogram result in Figure 4.8 shows that the insoluble gel consists of branched and crosslinked structures (structure A-D). Structure A (peak a) can be formed via thermal rearrangement
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reaction (Fries and Kolbe-Schmitt Rearrangement reactions) while radical recombination
reactions of macro-radical species lead to structure B-D (peak b-d) [40, 56]. According to the
structures (B-D) obtained through radical recombination, two macro-radical species would be
formed during the SSPm process, methylene radical via hydrogen abstraction from the methyl
group and phenoxy radical through chain scission at the carbonate group. Two methylene radical
species may form Structure C that corresponds to peak c while the combination of methylene
radical and phenoxy radical species produce Structure D (peak d). Structure B is the reactive
pyrolysis component of Structure D which is supporting evidence of the recombination of two
different macro-radical species. Note that none of the peaks are related to the byproduct (phenol)
A b u n d a n c e

which acts as a radical scavenger.
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Figure 4.8 Pyrogram of insoluble gel obtained at the reaction time of 960 min (T=230 C, layer
thickness=10 m, prepolymer: 14k g/mol).
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3 0 .0 0

3

Insoluble PC samples (960 min) were removed from the glass substrate by immersing the
polymer/substrate in a water bath and sonicating for over 6 hours. In hydrofluoric acid was also
used to remove the micro-layers from the substrate surface. Micro-layers obtained after SSPm
process (960min) have excellent transparency even after long exposure to high reaction
temperature at 230°C (Figure 4.9). Also, the amorphous micro-layers were transparent during the
polymerization. Improvement of toughness and ductility is another difference in comparison with
the starting material (Prepolymer: 14,000 g/mol linear polycarbonate), which will be discussed in
Chapter 5. Images of the amorphous micro-layers (960min) recovered from the substrate were
presented in Figure 4.9.

Figure 4.9 Images of stand-alone insoluble PC gel recovered from glass substrate (T=230 C,
layer thickness=10 m, prepolymer: 14k g/mol, amorphous micro-layer at 960 min).

115

For the measurement of light transmission of SSPm PCs, UV-visible spectrophotometer
(CARY 50Bio) was used. Figure 4.10 and 411 show the UV-vis spectra of prepolymer (B-14k),
amorphous micro-layer polymer samples produced via SSPm and PCs produced by melt process
at various reaction times. The prepolymer sample has about 90-93% light transmission at the
visible light range (390-700 nm) and the amorphous micro-layers exhibit almost the same
transparency throughout the entire range of measurements. Although this is not the best reactor
set up of the melt polymerization process, the conventional melt process was conducted in glass
vials at 290°C and 10 mmHg, which is within the typical temperature range for the melt process.
During the course of the melt process, severe discoloration was observed. After 240 min of
reaction, bulk PC turned to dark brown color. In a conventional melt step-growth polymerization,
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].
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Figure 4.10 UV-vis spectra of (a) prepolymer (B-14k) and (b-e) amorphous micro-layers with
reaction time (T=230 C, P=10 mmHg, Prepolymer B-14k).
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Figure 4.11 UV-vis spectra of (a) prepolymer (B-14k) and (b-e) bulk PCs using melt process
with reaction time (T=290 C, P=10 mmHg, Prepolymer B-14k).
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4.3.2 Effect of Layer Thickness
The thickness of a micro-layer is expected to have an effect on the molecular weight and
increasing insoluble gel fraction phenomena because it affects the diffusion rate of phenol
(condensation byproduct) from the polymer micro-layer. Figure 4.12 shows the molecular weight
vs. reaction time profiles for the amorphous micro-layers of thickness ranging from 54nm to 20
µm. All amorphous micro-layer samples maintained transparency during the entire period of
polymerization. Even though not shown here, 35µm thickness samples were partially crystallized
when it was cast on the glass substrate, and thermal annealing enhanced the crystallization
during the reaction. Thus micro-layer thickness is limited to 20µm to ensure that all the microlayers are in an amorphous state.
Figure 4.12 shows that micro-layer thickness has a strong effect on the rate of
polymerization and the final molecular weight down to a thickness of about 621 nm, past which
point, the effect of the thickness is insignificant. Micro-layers with thicknesses of 54-1021 nm
were measured using AFM in tapping mode and the height images were used to obtain precise
thickness measurements for each sample. For the micrometer scale samples, the thickness was
measured using a Mitutoyo micrometer (Japan). In the range of 54-621 nm, the thickness effect
is very minimal and the molecular weights of these samples are in the error range throughout the
entire reaction time. Also, the deviation of molecular weight becomes higher as formation of
insoluble gel fractions are promoted in thinner micro-layers. Effective removal of phenol in
thinner micro-layers may increase the number of available radical sites on the polycarbonate
chain thus cross-linking reactions can take place at short reaction times. As shown in Figure 4.13,
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the emergence of insoluble gel PCs was observed earlier as micro-layer thickness decreases. The
insoluble gel fraction of 10µm samples at 180 min is about 5 % while the 54-621 nm-thick
micro-layers show about 35 % which is 7 times higher.
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Figure 4.12 Effect of the amorphous micro-layer thickness on the evolution of the polymer
molecular weight with the reaction time (T=230 C, P=10 mmHg, Prepolymer B-14k). Lines
were added to guide the eyes only.
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Figure 4.13 Formation of insoluble fraction in amorphous micro-layers depending on thickness
(T=230 C, P=10 mmHg, Prepolymer B-14K). Lines were added to guide the eyes only.

Using the theoretical model provided in Chapter 2, the phenol concentration is estimated.
The concentration of phenol affects the molecular weight build up of linear step-growth
polymerization and radical recombination reactions as well. Thus, the residual phenol
concentration in micro-layers of different thicknesses directly relates to the formation of
insoluble gels. The simulation results are shown in Figure 4.14. As expected, thicker layers
contain larger amounts of phenol in the reaction space. In the layer thickness range of 541021nm, phenol concentrations decrease quickly. The experimental results of different microlayer thickness samples at 180 min are summarized in Table 4.2.
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Table 4.2 Experiment results of different micro-layer thickness (54 nm-20µm) at 180 min.

Amorphous-micro layers at 180 min
Thickness

Soluble PC Mw
(g/mol)

Polydispersity

Insoluble gel
fraction

Mw SD

50 nm

615,742

4.09

0.38

±89,373

100 nm

596,854

5.00

0.37

±42,426

620 nm

608,350

4.48

0.36

±39,793

1020 nm

406,958

4.24

0.28

±42,132

5 µm

379,271

2.68

0.12

±19,550

10 µm

338,346

2.50

0.05

±17,426

20 µm

253,149

2.32

0.02

±18,595
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Figure 4.14 Model simulation of phenol concentration depending on micro-layer thickness
(T=230 C, P=10 mmHg, Prepolymer B-14K).
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180

4.3.3 Effect of Reaction Temperature and formation of Insoluble SSPm PCs.
In the SSPm of our study, amorphous polymer micro-layers allow for the employment of
higher reaction temperatures than the conventional SSP in that partial melting or fusion of the
polymer particles is not of concern. Therefore, higher reaction rates can be achieved without
crystallization process. The reaction temperature employed for SSPm is quite close to the
polymer melting point. Figure 4.15 shows the effect of reaction temperature when SSPm is
carried out using 10 m-thickness amorphous polymer layers prepared by the solvent casting
method using a prepolymer sample (14,000 g/mol). In the temperature range of 170-245oC, a
strong effect of temperature on the polymerization rate and MW was observed, indicating that
the polymerization in micro-layers is kinetically controlled. At 245 C, the polymer molecular
weight at 180 min has reached as high as 850,000 g/mol. Also, it is observed that thermally
induced or solvent induced crystallization takes place at temperatures below 200°C during the
SSPm process. Note that the concentrations of residual casting solvent (chloroform) in solvent
cast amorphous micro-layer samples at 230 °C were measured by gel permeation
chromatography (GPC): 7.51 wt.% (0 min), 1.93 wt.% (30 min), 0.98 wt.% (60 min), and 0.03
wt.% (120 min). The GPC system (Viscotek GPC max with TDA 302 multi detector) equipped
with q2500, 3000, 4000, and 5000columns. HPLC grade THF was used as a mobile phase and
predetermined amount of chloroform was used for the calibration.
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Figure 4.15 Effect of reaction temperature on the evolution of weight average molecular weight
of soluble fraction in amorphous polymer micro-layers of 10 µm thickness (T=170-245°C, P=10
mmHg, Prepolymer B-14K). Lines were added to guide the eyes only.

At relatively higher reaction temperature (>230°C), insoluble fraction (in a good solvent
such as chloroform, methylene chloride, tetrahydrofuran, or dimethyl surfoxide) of PC was
observed and the amount of insoluble PC increased along the reaction time of the SSPm process
(see Figure 4.16). Insolubel fraction was separated using a 0.2µm pore size membrane and
weighed using the gravimetric method. Higher reaction temperatures give higher rates of
insoluble gel formation. At reaction temperatures of above 230°C, the molecualr weight of SSPm
PCs decreases as the insoluble fraction rapidly increases. At temperatures below 200°C, no
insoluble gel fraction was observed. Crystalline regions served as diffusion barriers for the
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byproduct (phenol) thus higher concentrations of phenol still remained in the crystalline microlayers. As mentioned earlier, the phenol is a radical scavenger hence higher concentration of
phenol will capture the macro-radical species resulting in only a soluble, linear structure
polycarbonate. Moreover, decreased mobility of polymer chains in the crystalline polymer
results in lower mobility of radical species and lower rate of polymerization. All the crystalline
samples (Figure 4.15 at 170°C, 180°C, and 200°C) reach a plateau of molecular weight after 240
min.
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Figure 4.16 Generation of insoluble fraction of BPAPC in amorphous micro-layers of 10µm
thickness at the reaction temperature above 230°C. Lines were added to guide the eyes only.
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4.3.4 Effect of radical inhibitor on the molecular weight and insoluble
fraction of PC
The mechanism of cross-linking proposed in this work is radical-induced reaction
mechanism (i.e., hydrogen abstraction or chain scission reaction). Unfortunately, the
measurement of free radical concentration during the SSPm process was not possible. To
investigate the effect of free radicals, we used an indirect method; free radical inhibitors were
added to the polymer micro-layers. The large the amount of radical inhibitor would decrease the
radical concentration in micro-layers hence the buildup of molecular weight is prohibited and the
amount of insoluble/infusible polymers would decrease. To avoid the possibility of side reactions
between the radical inhibitor and phenyl carbonate end groups in polymer, phenothiazine (see
Figure 4.17 (A)) was selected as it does not contain hydroxyl groups. Different concentrations of
the radical inhibitor (0.1 wt %, 1.0 wt % and 2.0 wt %) were added to PC-chloroform solutions
to prepare the 10µm thick micro-layers. The micro-layers were dried under a fume hood for 2h,
and the SSPm was carried out in a vacuum chamber at 230°C and 10mmHg. Figure 4.17 shows
the different molecular weights and insoluble fractions formation at ranging inhibitor
concentrations. As expected, SSPm without any radical inhibitors gives the highest molecular
weight buildup until 120min of SSPm. Moreover, larger amount of the insoluble gel was
observed with smaller amount of the radical inhibitor at all reaction times (Figure 4.17 (B)). The
molecular weight data in Figure 4.17 (A) represent those that are molecules in chloroform.
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Figure 4.17 Evolution of effect of free radical inhibitor on weight average molecular weight (A)
and insoluble fraction (B) with reaction time at 230°C (T=230 C, P=10 mmHg, Prepolymer B14K).
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4.3.5 Multi-Layer Deposit & Reaction (MLDR)
When the micro-layers thicker than 35µm were prepared by solvent casting or spin
coating technique, samples were partially crystallized and thermal annealing enhanced the
crystallization during the reaction. Thus the micro-layer thickness was limited to a maximum of
20µm to ensure that all the micro-layers remained in an amorphous state. If the layer thickness
can be expanded while keeping the merits of the SSPm technique developed in this study,
nonlinear ultrahigh molecular weight polycarbonates can have broader applications. To that
purpose, multi -layer deposit and reaction (MLDR) of amorphous polymer was developed.
Figure 4.18 shows a schematic description of the MLDR technique. An amorphous micro-layer
is polymerized to a high molecular weight PC and then another layer is deposited on top of the
original polymer layer by second casing. After the second layer is polymerized, the same
procedure is repeated until the desired micro-layer thickness is achieved.
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Figure 4.18 Schematic description of Micro-Layer Deposit Reaction (MLDR).
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20µm

The first series of experiments was carried out with 10µm-thick amorphous micro-layers
at a reaction temperature of 230°C at 10 mmHg. To prepare the 10µm-thick amorphous microlayers, spin coating technique was used at 2000 rpm with 0.3g/ml PC (14,000 g/mol) solution in
chloroform. After 180 min of SSPm, the 10 µm amorphous micro-layers have about a 370,000
g/mol weight average molecular weight and 5% insoluble gel which are consistent with the
results shown in Figure 4.2. Each additional layer was deposited on the polymer micro-layers
after every 180 min of reaction with the same concentrated solution, until a desired thickness was
obtained. After the first casting onto the glass substrate, additional micro-layers did not increase
the thickness by 10 µm but rather in increment of 15-25 µm (Figure 4.19).
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Figure 4.19 Evolution of molecular weight and formation of insoluble gel using MLDR method
(T=230 C, P=10 mmHg, Prepolymer B-14K). Multi layers were deposited every 180 min
interval. Solution concentration was set to 10µm thickness. Lines are added to guide the eyes.
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The molecular weight of each additional multi layer deposited is similar to the molecular
weight obtained in the first single amorphous micro-layer (Figure 4.19). This phenomenon is
probably due to the fast removal of phenol at the interface of low molecular weight micro-layers
and the reaction environment. Thus polymerization on the low molecular weight micro-layer is
promoted while the viscous high molecular weight micro-layers underneath have extra diffusion
barriers for the removal of the byproduct. In the full range of thicknesses, GPC chromatograms
show that samples have unimodal distributions. Also, insoluble gel fractions are around 6% at all
reaction times and amorphous micro-layer samples up to 85.16µm show excellent transparency.
Another experiment was carried out by varying the initial micro-layer thickness (Figure
4.20). Three different concentrated solutions were used to prepare three types of samples with
layer thicknesses of 5, 10, and 20µm. Experiments were carried out at the reaction temperature
of 230°C under evacuate system (10 mmHg). For all samples, multi layers were applied at an
interval of every 30 min. The thinner layers produce higher molecular weights but the same
phenomenon was observed. The maximum micro-layer thickness obtained from this experiment
is 131.32 µm, however, the MLDR technique may produce thicker layers while keeping target
properties obtained from first single micro-layer. Figure 4.21 shows polydispersity vs. reaction
time for all three micro layer thicknesses.
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Figure 4.20 Evolution of molecular weight using MLDR method (T=230 C, P=10 mmHg,
Prepolymer B-14K). Multi layers were deposited at an interval of every 30 min. Solution
concentration was set to 5µm (), 10 µm (●), and 20 µm (▲) in thickness.
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Figure 4.21 Polydispersity of polymers vs. reaction time profile. Multi layers were deposited
every 30 min interval (T=230 C, P=10 mmHg, Prepolymer B-14K). Solution concentration was
set to 5µm (), 10 µm (●), and 20 µm (▲) in thickness.
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4.4 Conclusions
In this Chapter, the experimental investigation on the formation of insoluble gels during
the SSPm has been presented. The wt. fraction of insoluble gel obtained at 230°C under 10mmHg
in 960 min is nearly 0.95 and the polymer has an excellent transparency. Improvement of solvent
resistance, toughness and ductility are the major merits of high molecular weight insoluble PCs.
The soluble and insoluble fractions were analyzed by 1H-NMR and Py-GC/MS. Formation of
insoluble gels is promoted in thinner micro-layers due to effective removal of the byproduct,
phenol. For the layer thicknesses below 621nm, the residual phenol concentration was calculated
using a theoretical simulation model. The simulation results indicate that the thickness effect is
negligible in that residual phenol concentrations are close to zero. Both the molecular weight
build-up and the formation of insoluble gel are affected by the presence of radical inhibitors. The
experimental work presented in this chapter provides an indirect evidence of radical-induced
reactions to the formation of cross-linked polycarbonates. Micro Layer Deposit Reaction (MLDR)
technique tested in this work suggests that the thicker micro-layers of high molecular weight can
be prepared.
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Chapter5: Thermal, Mechanical and Rheological
Properties and Crystalline morphology of SSPm PCs

5.1 Introduction

In the previous chapters, we have presented that insoluble PC gel was produced at 230°C
which is much lower than the melting point and that gel fractions as high as 0.99 was obtained
without discoloration [12, 16, 17]. Poor solvent resistance and low surface hardness are known
as weaknesses of polycarbonates. Other polymers such as polyimides, poly(ether sulfones), and
poly(aryl ethers) can have cross-linking structures that improve the solvent resistance of
polymers [81, 93, 94]. In this chpater, the physical, mechanical, and flow properties of partially
cross-linked polycarbonates obtained via SSPm process are presented.
Most studies on nonlinear polycarbonate in the literature are on the synthesis and
characterization of branched polycarbonate. The average number of branching units per chain of
0.017-0.434 is reported in the case of melt-polymerized BPAPCs whose branched structure is a
result of thermal rearrangement reactions [37]. Depending on the chain length and structure,
branched polymers are sorted into short-chain or long-chain branched polymer categories. Longchain branch polymers are defined as having higher values of weight average molecular weight
per arm (Mw/arm) than the critical molecular weight for entanglement, Mc (e.g., 4000-4800
g/mol). The average number of repeating units of Mw/arm for commercially available long-chain
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branched BPAPC was estimated at about 39 [7]. Rheological properties and crystallization
behavior of polycarbonate depend on its molecular structure as well as molecular weight. For
instance, high molecular weight linear PCs are not easy to melt process. However, processing
long-chain branched PCs are relatively easier. The higher mobility of polymer chains in longchain branched polycarbonate compared to linear polycarbonate was investigated using dielectric
relaxation analysis [7]. Larger melt elasticity and shear rate sensitivity were observed while
mechanical properties were not changed significantly within a wide range of compositions (0100 wt% of branched BPAPC) of linear and branched BPAPC blends in commercially available
long-chain branched polycarbonate [7]. For cross-linked polycarbonates, only the cross-linking
of benzocyclobutene-terminated bisphenol A polycarbonate (BCB PC) was studied [81, 95].
Although the cross-linked BCB PC has a different structure than the cross-linked PCs discussed
here, the cross-linked BCB PC’s glass transition temperature increases up to 210°C depending
on the cross-link density. Also, increase of yield stress (59.3-85.5 MPa), ultimate stress (85.5
MPa), and toughness was reported. However, decrease of ultimate elongation (111 to 14%) and
film ductility are observed as the cross-link density increases [81]. Figure 5.1 shows the structure
of BCB PC and cross-linked BCB PC.

n
(Cross-linked BCB polycarbonate)

(BCB polycarbonate)

Figure 5.1 Structure of benzocyclobutene-terminated bisphenol A polycarbonate (BCB PC) and
cross-linked BCB PC.
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5.2 Experimental
5.2.1 Sample Preparation
The samples that are analyzed in this chapter were prepared as described in chapter 4 (see
Figure 4.2). Table 5.1 shows the molecular weight (Mw) and the insoluble fractions (mass
fractions) with SSPm reaction time for a 10µm-thick micro-layer at 230°C. This Table shows that
the amount of insoluble fraction can be controlled by the reaction time. The molecular weights
shown in Table 5.1 are for the soluble fraction only.

Table 5.1 Sample weight average molecular weight of soluble PCs, insoluble fraction (mass
fraction), polydispersity, and mole fraction of cross-linkage with the reaction time for 10 µmthick amorphous micro-layers (Precursor weight average molecular weight=14k g/mol, P= 10
mmHg, T=230°C).
10µm Amorphous Micro-Layers (SSPm at 230°C)
Sample ID
Reaction
time (min)
0

Mw in soluble
frac. (g/mol)
14,000

Insoluble
fraction
0

Polydispersity
1.97

Mole fraction of
cross-linkage*
0

SSPM-30

30

34,000

-

2.26

3.55  10-4

SSPM-60

60

94,000

0.03

2.32

8.89  10-4

SSPM-180

180

333,000

0.05

2.57

4.26  10-2

SSPM-420

420

187,000

0.49

3.22

6.28  10-2

SSPM-960

960

149,000

0.95

5.46

6.33  10-2

PRE-0

* these values were obtained by 1H-NMR analysis (soluble fraction only).
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5.2.2 Characterizations

The thermal analysis of SSPm samples obtained from different reaction times was
conducted using a differential scanning calorimeter (DSC) (TA Instrument Q1000). All the SSPm
PC samples contain a certain amount of insoluble gel fractions as shown in Table 5.1. About 56mg of polymer samples were taken and sealed in a TA Instrument Hermetic aluminum DSC can.
A temperature range of 10-300 °C was used to cover both Tg and Tm with a scan rate of
10°C/min. The first cycle of heating and cooling was done to remove solvent effects and former
thermal history and data from second cycle was collected to investigate the thermal properties of
SSPm PC samples.
For the dynamic mechanical analysis (DMA, TA Instrument Q800), 40µm and 200µm
thick samples was prepared by stacking and fusing 10µm-thick amorphous micro-layers using a
Carver Laboratory Heat Press at 200 °C. The 40µm-thick samples were used to obtain strainstress curves and the 200µm-thick samples were used for the dynamic mechanical analysis using
a temperature sweep mode. Different sample thicknesses were applied for the two different
analyses due to maximum and minimum static force limits of the instruments. Rectangular
shaped samples were prepared using TA Instrument sample cutter (dimension: 5.0 mm (length) ×
5.3 mm (width)). For the tensile measurement, analysis conditions were set as follows: initial
strain at 0.1%; constant temperature at 25°C; extension rate at 40µm/min; poisson’s ratio of 0.37.
Dislocation of samples was applied until the micro-layer samples fractured. A temperature sweep
was used under a nitrogen environment in order to investigate the glass transition temperature,
storage modulus, and phase lag (tanδ). The initial strain was set to 0.5% and a preload force of
137

0.01N was applied with a constant frequency of 1 Hz. The analysis was carried out from 20°C to
300°C. However, the final data point for each sample varied depending on their disentanglement
characteristics. The temperature was raised in increments of 4°C with 2 min given at each
analysis temperature to equilibrate the sample at target temperatures.
Flow properties of SSPm PCs were characterized using a rotational rheometer (RSA III
Analyzer (Rheometric Scientific Inc.)) with a parallel-plate (25mm in diameter) geometry with a
sample thickness range of 400-500µm. A strain of 5% was used as all samples were in the linear
viscoelastic regime. The analysis temperature was set to 260°C for rheological analysis and data
collection from DMA analysis was limited to around 250°C. Dynamic storage (Gʹ), loss shear
moduli (Gʹʹ), and complex viscosity (Ƞ*) were obtained at a frequency range of 0.01-100 rad/sec
under continuous nitrogen gas flow to prevent side reactions.
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5.3 Results and Discussion

5.3.1 Differential Scanning Calorimetry (DSC)
A differential scanning calorimetry (DSC) was used to measure the glass transition
temperatures (Tg) of the high molecular weight amorphous micro-layer samples. Figure 5.2
shows the DSC thermograms of the prepolymer (PRE-0 in Table 5.1) and amorphous microlayers of 10 µm thickness synthesized at 230 °C at different reaction times (SSPM-30 to 960 in
Table 5.1). The glass transition temperature of the low molecular weight linear prepolymer
(PRE-0) is 131.31 °C but the Tg increased to 150.14 °C after 60min (SSPM-60). After 180 min
(SSPM-180) of reaction time, Tg becomes stable at around 159°C which is higher than the Tg
values of commercial BPAPC (e.g., 146°C (31,000 g/mol), 153°C (43,000 g/mol)) [7, 96, 97].
The high molecular weight and the observed nonlinear chain structures in our polymer samples
are thought to have caused the additional increase in Tg.
At 180 min (SSPM-180), the insoluble gel fraction is about 5% and rapidly increases
after 300 min (see Figure 4.2). However, Tg does not seem to increase. Although it is not shown
here, the soluble and insoluble fractions of the sample SSPM-960 was separated using its
solubility in chloroform and Tg for each fraction was measured. Both soluble and insoluble gel
fractions have a glass transition temperature of around 159°C. 1H-NMR analysis has shown that
the soluble fraction also contains branched and cross-linked structures. The mole fractions of
cross-linkages in soluble fraction of sample SSPM-960 was 6.33  10-2 which was estimated
using the area intensity of methyl protons and ethyl protons in repeating units and cross-linkages.
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Figure 5.2 DSC thermograms of prepolymer (B-14k), amorphous micro-layers with reaction
time (T=230 C, P=10 mmHg).
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5.3.2 Dynamic Mechanical Analysis (DMA)

First series of DMA experiments were carried out for the tensile test of SSPm PCs at fixed
temperature (25°C). The 10µm amorphous samples taken from different reaction times were
stacked and melted (fused) to make 40µm-thick films. Strain-stress curves were obtained as
shown in Figure 5.3. The prepolymer of MW 14,000 g/mol sample (PRE-0) was also analyzed,
though the low molecular weight sample PRE-0 fractured at a strain percent of 0.9. In fact, the
prepolymer samples were very brittle making it difficult to prepare stable samples without
cracking. For all SSPm PCs, a great degree of ductility was observed. Tensile moduli of 3401550 MPa were found for SSPm amorphous samples, and the tensile modulus and the ultimate
tensile strength increases as reaction time proceeds. The increase of ultimate tensile strength is
due to the increase in chain length and degree of cross-linking indicating a decrease in rate of
stress relaxation as cross-linking inhibits polymer chain flow. Note that Sample c (SSPM-180 in
Table 5.1) has soluble weight average molecular weight of 340,000 g/mol with 5% insoluble gel
(branched and partially cross-linked PCs) while Sample e (SSPM-960 in Table 5.2) has nearly 95%
insoluble PCs. The ultimate elongation of SSPm PCs increases until 180 min and then decreases
with increasing reaction time and insoluble gel fractions. The decreasing of ultimate elongation
is a typical phenomena caused by the drop in number of available polymer chain conformational
states of cross-linked polymers [81]. Similar behavior was reported for the cross-linked
benzocyclobutene-terminated polycarbonate [81]. The ultimate tensile strength and elongation of
sample SSPM-960 were 69.5 MPa and 54.6 %, respectively.
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Figure 5.3 Strain-stress curves of SSPm PCs with reaction time: (a) SSPM-30, (b) SSPM-60, (c)
SSPM-180, (d) SSPM-420, and (e) SSPM-960.

The results obtained from DMA temperature sweep for the prepolymer (PRE-0) and
SSPm PCs with different reaction time are given in Figure 5.4. Storage modulus versus
temperature profiles were obtained using 200µm-thick amorphous micro-layer samples which
were prepared by fusing 10µm-thick samples. SSPm PCs samples show different dynamic
mechanical responses depending on their molecular weight and molecular structures. Second
order transition of the prepolymer is 147.2°C. Compared to the Tg obtained from DSC analysis
(see Figure 5.2), a value about 15°C higher was observed. The transition point increases until the
reaction time of 180 min (SSPM-180) is reached and stabilizes at a temperature of around 164°C.
The sample SSPM-180 containing 5% insoluble gel has roughly the same transition temperature
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observed in SSPM-420 (49% insoluble) and SSPM-960 (95 % insoluble) samples. Up to a
reaction time of 180 min (SSPM-180), there is a clear trend of increasing Tg, which can be
attributed to the increase in chain length and degree of cross-linking. Previously reported NMR
data in Chapter 3 shows that the mole fraction of cross-linking is 3.55  10-4, 8.89  10-4, and
4.26  10-2 for reaction times of 30, 60, and 180 min respectively (see Table 5.1). However,
samples SSPM-180, 420, 960 exhibit very similar second order transitions. It seems that the
onset of insoluble gel formation does not affect the second order transition of polymer chains.
Compared to the mole fraction of cross-linking for the sample SSPM-30, the SSPM-60 shows a
slight increase while the SSPM-180 shows an increase of 2 orders of magnitude (see Table 5.1),
which has a significant impact on the second order transition. Looking at the soluble fraction of
the SSPM-960, the cross-linking mole fraction is 6.33  10-2 which is the same order of
magnitude as that of the 180 min sample. The sample SSPM-180 have 5% insoluble gel with a
cross-linkage mole fraction of 4.26  10-2. Above this point, the insoluble fraction rapidly
increases while the Tg remains constant. Thus, this is in good accordance with DSC results which
shows that the glass transition temperature stabilize around 159°C after 180 min (sample SSPM180) (see Figure 5.2). At temperatures below the second order transition, the polymers are in
glassy state. The storage modulus of prepolymer (PRE-0) at room temperature (25°C) is about
1000 MPa and this modulus gradually decreases as temperature rises up to the glass transition.
For the SSPM-30, the storage modulus increases to 1450 MPa and only slight increments are
seen after 180 min of SSPm (SSPM-180). The sample SSPM-960 containing 95% insoluble has a
storage modulus about 1.84 times higher in comparison with linear low molecular weight
prepolymer (sample PRE-0).
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Figure 5.4 SSPm PCs storage modulus as a function of temperature at 1 Hz with initial strain at
0.5% and preload force at 0.01N. SSPm PCs were obtained at reaction temperature of 230°C with
10µm thickness micro-layers: PRE-0 ( ■ ), SSPM-30 ( ○ ), SSPM-60 ( ◊ ), SSPM-180 (  ),
SSPM-420 (

), and SSPM-960 (

).

Above the glass transition temperature, the polymer chains have full mobility and their
entanglement network affect the behavior of dynamic modulus [98]. Difference in molecular
weight and molecular structure might affect the polymer chain entanglement at rubbery state.
Above Tg, all samples show the drop of storage modulus to significant level about three order of
magnitude lower as stress relaxation of polymer chains become higher [99]. To see the different
behavior in rubbery state, logarithmic scale was applied as given in Figure 5.5. With prepolymer
sample (PRE-0 in Figure 5.5 (■)), storage modulus decreased as temperature is raised and further
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temperature increment gives disentanglement of polymer chain at the analysis temperature
higher than 230°C. As the SSPm process proceeds, the storage modulus increases and the slope
decreases reaching a plateau, exhibiting elastic behavior in the rubbery state (see SSPM-960 in
Figure 5.5 ( )) [98]. Thus, the partially cross-linked polymer (SSPM-960) containing high
fractions of insoluble gel behaves like typical thermosets. Also, disentanglement of polymer
chain occurs at higher temperature as the reaction time increases accordingly as cross-linking in

Storage Modulus (MPa)

amorphous micro-layers is enhanced.
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Figure 5.5 Behavior of storage modulus above the glass transition temperature (Tg) with
different reaction time samples: PRE-0 ( ■ ), SSPM-30 ( ○ ), SSPM-60 ( ◊ ), SSPM-180 (  ),
SSPM-420 (

), and SSPM-960 (

).
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The analytical software (Universial Analysis software version 4.5) was used to obtain the
loss tangent (tan δ) curves as given in Figure 5.6. Often, loss tangent is used to define the glass
transition temperature (Tg) the ratio of loss modulus (Eʹʹ) and storage modulus (Eʹ) are
maximized at the peak values of loss tangent (phase lag).

As observed in DSC, the loss tangent (tan δ) peak (in Figure 5.6) positions shift to high
temperature until reaction time of 180 min is reached and stays around 168°C until 95%
insoluble fraction is obtained. Moreover, the peak height decreases as the reaction time of SSPm
process increases, indicating that the energy loss (phase lag (δ)) becomes lower as molecular
weight of polymer increases due to cross-linking. Although glass transition temperature remains
nearly constant at 168.5°C after about 5% insoluble fraction (SSPM-180) is formed, the energy
loss becomes smaller as insoluble gel formation increases. Figure 5.7 shows the tan δ values as
temperature is varied through rubbery state until disentanglement of polymer chain occurred for
each sample. For all samples, loss tangent (δ) gradually increase as temperature increases
indicating polymer loss modulus increases much faster than decreasing of storage modulus as
chains are relaxed at higher temperature. When the partially cross-linking density increases with
reaction times, tan delta (δ) decreases at each given temperature indicating energy loss becomes
lower. The SSPM-960 shows a rubber elastic plateau at temperatures above 220°C.
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Figure 5.6 Loss tangent (tan δ) as a function of temperature at 1 Hz with initial strain at 0.5%
and preload force at 0.01N. Peak positions are marked as: PRE-0 ( ■ ), SSPM-30 ( ○ ), SSPM-60
( ◊ ), SSPM-180 (  ), SSPM-420 (
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Figure 5.7 Behavior of loss tangent (tan δ) above the glass transition temperature (Tg) with
different reaction time samples: PRE-0 (■), SSPM-30 (○), SSPM-60 (◊), SSPM-180 (), SSPM420 ( ), and SSPM-960 ( ).
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5.3.4 Rheological Properties
Molecular weight (MW), molecular weight distribution (MWD), and chain structures (i.e.,
branching and cross-linking) are the important parameters that impact the polymer’s physical,
mechanical, and rheological properties [100]. The mechanical properties of SSPm PCs in glassy
state, glass transition and rubbery state are investigated using dynamic mechanical test. The
majority of this part focuses on the flow region. Thus, the flow properties of SSPm PCs were
characterized above the polymer’s melting temperature (Tm) using rheological measurements.
Since SSPm PCs have branched and partially cross-linked chemical structures, the flow
properties enable us to identify microstructural characteristic. In general, higher molecular
weight polymers have lower flow property [7, 101-104]. However, flowability of non-linear
structure polymers such as branched and cross-linked polymers depends on the molecular weight
and degree of branching and cross-linking as well [105, 106]. The 10µm amorphous micro-layers
obtained by SSPm were fused to prepare 400-500µm samples prior to the rheological
measurement. A strain of 5% was used in the experiments at 260°C which is higher than the
polymer’s melting point [96, 97] and approximately 10°C higher temperature of polymer chain
disentanglement (see Figure 5.7) observed in DMA results. Dynamic storage (Gʹ), loss shear
moduli (Gʹʹ), and complex viscosity (Ƞ*) were obtained at a frequency range of 0.01-100 rad/sec
under the continuous nitrogen gas flow to prevent side reactions.
The complex viscosities of linear prepolymer (sample PRE-0) and high molecular weight
nonlinear SSPm PCs (sample SSPMs) are shown in Figure 5.8. The sample PRE-0 (low
molecular weight linear polycarbonate) behaves like a typical Newtonian liquid. As molecular

149

weight is increased with branching and partial cross-linking, zero shear viscosities become two
orders of magnitude larger (e.g. sample SSPM-30). The shear thinning effect does not change
much in 30 min (sample SSPM-30), approximately 7000 Pa·s drop as frequency increment was
observed in both samples PRE-0 and SSPM-30. The complex viscosity increases and the range
of the zero shear rate for Newtonian region decreases until 60 min. For the SSPM-180 and 420,
the Newtonian behavior is not observed in the frequency range of 0.01-100 rad/sec. As SSPm
reaction extends from 30 min (SSPM-30) to 180min (SSPM-180), the complex viscosities of
SSPm PCs at high shear frequency are very similar while large difference in viscosity was
observed as frequency goes to lower range. These phenomena indicate that shear thinning effect
become larger as branching and mainly partial cross-linking reaction proceeds in the SSPm
process. It is known that molecular weight, molecular structure, and polymer relaxation rate
affect the degree of shear thinning [7, 107]. Lower polymer chain relaxation or diffusion rate
from high molecular weight nonlinear (branching and partial cross-linking) polycarbonates give
higher shear thinning effect [7, 107]. Linear viscoelastic behaviors were observed for the SSPM180 and SSPM-420 which contain about 5% and 49% insoluble gel, respectively. For the SSPM420 (49% insoluble gel), slight increase of shear viscosity is observed in comparison with the
SSPM-180. It is reported that cross-linked polymers near gel point the relaxation time becomes
large thus steady shear flow is not reached [108].
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Figure 5.8 Dynamic viscosity of prepolymer and SSPm PCs over a frequency range of 0.01-100
rad/s. SSPm PC samples were prepared at 230°C with 10µm thickness: PRE-0 (■), SSPM-30
(◊),SSPM-60 ( ),SSPM-180 (○),SSPM-420 ( ).

Figure 5.9 shows shear storage modulus (Gʹ) of prepolymer and SSPm PCs over a
frequency range of 0.01-100 rad/s. For the sample PRE-0 (linear low molecular weight
polycarbonate), the storage modulus (Gʹ) decreases as frequency decreases and the slope is
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approximately two which represents a typical behavior of Newtonian fluids. For the SSPM-30,
storage modulus increases by about two orders of magnitude but the slope is nearly same. In
addition, loss modulus values are higher than the storage modulus at all the range of frequency in
that tan δ values are higher than 1 (see Figure 5.10 and Figure 5.11). The sample SSPM-30 has
gel content below 1 wt%. As gel content increases with reaction time (> 180 min), the complex
viscosity (in Figure 5.8) and storage modulus (in Figure 5.9) show that the polymers exhibit
more rubber-like behavior in that zero shear viscosity was not observed and the slope of storage
modulus approaches zero [108-110]. Recall that in the 1H-NMR data shown in Chapter 3, the
mole fractions of cross-linked polymers are is 3.55  10-4, 8.89  10-4, and 4.26  10-2 for
reaction times of 30, 60, and 180 min, respectively (see Table 5.1). As the amount of crosslinked polycarbonates increases in micro-layers, the storage modulus (Gʹ) increases faster than
the loss modulus (Gʹʹ) indicating that melt elasticity of partially cross-linked polycarbonate is
much higher than the low molecular weight linear prepolymer (PRE-0) and sample SSPMs with
lower contents of cross-linking (Figure 5.11). For the SSPM-180 and SSPM-420, the storage
modulus is larger than the loss modulus at all frequency range tested in our experiments.
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Figure 5.9 Shear storage modulus (Gʹ) of prepolymer and SSPm PCs over a frequency range of
0.01-100 rad/s. SSPm PC samples were prepared at 230°C with 10µm thickness: PRE-0 (■),
SSPM-30 (◊),SSPM-60 ( ),SSPM-180 (○),SSPM-420 ( ).
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Figure 5.10 Shear loss modulus (Gʹ) of prepolymer and SSPm PCs over a frequency range of
0.01-100 rad/s. SSPm PC samples were prepared at 230°C with 10µm thickness: PRE-0 (■),
SSPM-30 (◊),SSPM-60 ( ),SSPM-180 (○),SSPM-420 ( ).
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Figure 5.11 Loss tangent (tan δ) of prepolymer and SSPm PCs over a frequency range of 0.01100 rad/s. SSPm PC samples were prepared at 230°C with 10µm thickness: PRE-0 (■), SSPM-30
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5.3.5 Crystalline Morphology of SSPm PCs
When amorphous polycarbonate micro-layers are treated with acetone as a swelling agent,
crystallization occurs rapidly in the polymer micro-layer into an aggregate of 3-5 m-diameter
spherulitic polymer particles [48, 49]. Each spherulitic polymer particle consists of very thin
leaves, protruding from the center of the particle. Figure 5.12 (a) shows the SEM images of the
crystallized linear prepolymer (PRE-0) micro-layer surface of 10µm thickness for 10 sec and 30
sec in acetone. After SSPm process in amorphous micro-layers at 230°C, the 10 µm-thick microlayers maintained an amorphous. These micro-layers of nonlinear high molecular weight SSPm
PC s were crystallized using acetone. For the sample PRE-0, the complete spherulitic
morphology can be obtained in 30sec. Unlike the original prepolymer crystallized by acetone,
the SEM images in Figure 5.12 (b)-(d) show that the high molecular weight nonlinear (branched
and partially cross-linked) polycarbonates do not crystallize to discrete spherulites. As the
content of cross-linked polycarbonate increases with reaction time, crystallization rate was very
slow (see Figure 5.12). Figure 5.13 shows cross-sections of PRE-0 and SSPMs at different
reaction time. The prepolymer micro-layers consist of small spherulitic particles across the entire
thickness, but the free volume decreases as the content of cross-linked polymers increases. For
the sample SSPM-960, acetone induces a rough surface but the spherulitic morphology is not
seen at all. High resolution SEM images in Figure 5.14 show that SSPM-960 has non-spherulitic
morphology. It is also observed that secondary crystallization occurred at the top of the primary
spherulitic structure (Figure 5.15).
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30 sec in acetone

(a) PRE-0

10µm

1 min in acetone

10µm

3 min in acetone

(b) SSPM-180

10µm

50µm

10 min in acetone

2 min in acetone

(c) SSPM-420

30µm

50µm

5 min in acetone

60 min in acetone

(d) SSPM-960

50µm

30µm

Figure 5.12 Acetone induced crystallization of prepolymer and SSPm PCs: (a) PRE-0, (b)
SSPM-180, (c) SSPM-420, and (d) SSPM-960.
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Figure 5.13 Cross-sectional area of prepolymer and SSPm PCs with reaction time extend.
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500nm

Figure 5.14 Surface morphology of SSPM-960 (about 95% insoluble) samples.
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100 µm

10 µm

4 µm

4 µm

Figure 5.15 The secondary crystallization at the top of the primary structure (sample SSPM-960).
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5.4 Conclusions
In this Chapter, thermal, mechanical, and rheological properties of the prepolymer and
SSPm PCs using DSC, DMA, and rheometer were presented. In short reaction times (180 min) of
SSPm, the glass transition temperature rapidly increase to 158.96°C which is 6-10°C higher than
the commercially available linear polycarbonates. The Tg remains at this temperature even with
a further increase in the insoluble fraction to 95%.
Strain-stress curves obtained using DMA tensile test show that tensile modulus and
ultimate tensile strength increase as the reaction time of SSPm increased. The ultimate elongation
increases until the reaction reaches 5% insoluble gel formation but decreases of ultimate
elongation was observed as the amount of insoluble gel further increased. Decrease in the
ultimate elongation with samples SSPM-420 and SSPM-960 is a typical phenomenon of crosslinked polymers. The maximum ultimate tensile strength was observed at 69 MPa with a sample
containing 95% insoluble gel (SSPM-960) and maximum ultimate elongation of SSPm PCs was
about 82% with SSPM-180 (5% insoluble gel). The extension rate of 40µm/min was used to
obtain these data. From DMA analysis using temperature sweep mode, the higher storage
modulus in glassy state and rubbery state, the decrease of tan δ value on the glass transition
temperature, and the decrease of tan δ value in rubbery state region were observed as crosslinking reaction proceeds. The sample containing 95% insoluble gel (SSPM-960) shows the
behavior of rubber elastic plateau in both storage modulus and tan δ versus temperature profiles.
The flow properties of SSPm PCs were characterized above the polymer’s melting
temperature (Tm) using rheological measurements in the frequency range of 0.01-100 rad/sec.
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The high molecular weight branching and partial cross-linking structure yields higher viscosities
and about two orders of magnitude increase after 30 min of SSPm with 10µm amorphous microlayers. Larger shear thinning effect was observed as branching and partial cross-linking reactions
proceed in the SSPm process.
The crystallization of prepolymer (PRE-0) and SSPm PCs were also studied. The
spherulitic crystalline morphology of low molecular weight prepolymer was not observed in
higher molecular weight samples and it is the indirect evidence that these high molecular weight
polymers are not linear polymers as the prepolymers used in our experimental study.
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Chapter6: Summary and Significance

In this thesis, we have investigated the following: 1) Synthesis of ultra-high molecular
weight polycarbonate by solid-state polymerization in micro-layers (SSPm); 2) Reaction
mechanisms for the formation of branched and cross-linked polymers in the SSPm; 3) Properties
of insoluble amorphous polycarbonate synthesized in micro-layers. The specific results and their
significances are:


The ultra-high molecular polycarbonates were synthesized by solid-state polymerization
in micro-layers of 5-20µm on stationary glass substrates either in amorphous or
crystalline state in the presence of catalyst (lithium hydroxide). It has been found that the
polymer molecular weight increases rapidly to above 100,000 g/mol in less than 60 min
at 230°C and 10 mmHg. The molecular weight as high as 600,000 g/mol was obtained in
180min when the prepolymer molecular weight of 21,000 g/mol was used at 230°C and
10 mmHg. This is a significant departure from the classical linear step growth
polymerization kinetics in that the starting low molecular weight prepolymer had the end
group mole ratio far smaller than the stoichiometric ratio of 1.0. The molecular weight is
almost linearly dependent on the micro-layer thickness (5-35µm) and its correlation is
expressed as Mw  4.533 105 1.083 104  , where  in m. For the thicknesses smaller
than 621nm, the thickness effect becomes insignificant. The polydispersity of the high
molecular weight polymers was broader than the theoretical value (e.g. PD=2.57).
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The molecular structure of the ultrahigh molecular weight polycarbonates has been
analyzed by several techniques. 13C-NMR results indicate that the linear step growth
polymerization via end group reactions ceases as evidenced by the decrease in the
phenolic group to insignificant levels after 30min at 230°C; however, MW continues to
increase afterward, indicating that some other reaction mechanisms play a role in the
further growth of polymer molecular weight. The 1H-NMR and Py-GC/MS analysis
results revealed that branched molecules and cross-linked molecules are present in the
ultrahigh molecular weight polymers. The branched chains are formed by Fries
rearrangement reaction or Kolbe-Schmitt rearrangement reaction whereas cross-linked
chains are formed by the recombination of radicals generated by chain scission or
hydrogen abstraction reactions. At 180min of SSPm at 230oC, the mole fraction of crosslinked chains was 4.2610-2 by 1H-NMR spectroscopy analysis. The presence of branched
and cross-linked chains or molecules was also confirmed by Py-GC/MS analysis.



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 microlayers during the solid state polymerization. The micro-layer thickness was so small that
phenol diffusion resistance was practically absent and as a result, the radicals generated
by chain scission and hydrogen abstraction reactions were able to engage in further
reaction without combining with phenol. For example, in a 5µm-thick micro-layer, the
model-calculated phenol concentration decreased rapidly to 1.110-4 mol/L in 60 sec. The
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presence of branched polymer molecules was also observed by AFM. The AFM images
show that branch segments have chain lengths of 25-32 repeat units per molecule.



The formation of branched and cross-linked polymers contributed to the insolubility of
the polymer in solvents. The weight fraction of chloroform-insoluble polycarbonate
increased with reaction time and at 960min at 230°C of SSPm, about 95% of the polymer
was insoluble. We have also observed that highly cross-linked final polymer micro-layers
were highly transparent without any discoloration. About 90-93% light transmission was
shown at the visible light range (390-700nm). Higher reaction temperatures give higher
rates of insoluble gel formation and the molecular weight buildup indicating both
insolubel formation and molecular weight buildip are kinetically controlled. When the
degree of cross-linking was low, it appears that some of these polymers dissolve in the
solvent, indicating that the cross-linking did not occur globally but locally to enable the
dissolution of the polymer in solvents.



We have developed a Multi-Layer Deposit and Reaction (MLDR) technique to prepare
thick layers of high molecular weight polycarbonates. The MLDR technique consists of:
1) Obtaining high molecular weight amorphous polycarbonate micro-layers on the glass
substrate; 2) Another layer is deposited on top of the original polymer layer by second
casing; 3) After the second layer is polymerized, the same procedure is repeated until the
desired micro-layer thickness is achieved. The layer thickness can be expanded while

165

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.



The thermal, mechanical, and rheological properties of high molecular weight
polycarbonates were investigated using DSC, DMA, and rheometer. It has been observed
that the glass transition temperature increases to about 159°C after 180min of reaction
and it was concluded that the glass transition temperature was no longer affected by the
degree of cross-linking afterwards. These phenomena were confirmed by the DMA using
temperature sweep mode. The sample containing 95% insoluble gel (960min) shows the
rubber elastic plateau in both storage modulus and tan δ versus temperature profiles. As
the SSPm process proceeds, the storage modulus increases and the slope decreases
reaching a plateau. The shear thinning effect was promoted as branching and partial
cross-linking reaction proceeds in the SSPm process.
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