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The solidstate polymerization of bisphenol A polycarbonate (BPAPC) has been studied
in amorphous and patrtially crystallizedcro-layers(SSR,) of low molecular weight
preplymers in presence of LIOH,O catalyst at a temperature betwées glass transition
temperature and the melting poiithen theprepolymers(14,000 g/moljn micro-layers ofa
thickness range from jom to 35 um were solidstate polymerized at 23C, the polymer
molecular weight increased rapidlydabove 100,000 g/ot, exceeding the highest molecular
weight obtainable by the conventional sedidte polymerization in micfparticles. It has also
been observed thdte final molecular weight reached as high as 600,000 gfwewl in presence
of significant stoichiomeir imbalances of end group mole ratios when the prepolymer having

21,000g/mol is used at 23C under low pressure (10 mmHg)ost notably, emorphous



prepolymer micrdayers showed significantly higher increase in molecular weight than partially

crystallized prepolymer micréayers.

Thechain branching and partially creksked structures in high molecular weight
polycarbonates have been confirmedHyNMR spectroscopianalysisas well as pyrolysigas
chromatography mass spectroméfy-GC/MS). *C-NMR analysis and SSP theoretical model
simulation have shown that conventional linear gjegwth polymerization isiot responsibldor
theadditionalincreasan molecular weighbeyond50,000 g/mol opolycarbonate MWThe
ultra-high molecular weight is edributed to the formation of branched grattially crosslinked
structurewia Fries or KolbeSchmitt rearrangemengactiors and radicatecombinatiorreaction,
respectively. Micreradical polycarbonate species campbeduced via chain scission reaatio
and hydrogembstraction athe solidstate polymerization temperatufiene formation of cross
linked polymers byadicalrecombinatiorreactionsvas attributed to the near complete removal
of phenol(i.e. radical scavengefom the micrelayers duringhe solid state polymerization.

Branchedstructurepolycarbonate was also confirmed by atomic force microscopy (AFM).

Thepresencef branchedand crossinked polymers contributed to the insolubility of the
polymer in solventsuch as chloroform, tetratisofuran (THF), and methlylene chloride. As
SSPmprocess extendsr a longreactiontime at230°C, about 9%6 of the polymer was
insolublewith excellent transparency (BB% light transmissionProperties of ultrdnigh
molecular weight nonlinear polycarbate SSR, PCs)havebeen investigated by differential

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



The development d¥lulti-Layer DeposiandReaction (MLDR)techniquehas shown
that the SSRprocess is ndtmited to 5-35um scaleThelayer thickness can Bxpandedvhile
keeping the meritée.g. high transparency, good solvesgistanceand obtainindiigh molecular

weight in short reaction timef the SSR, technique developed in this study
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Chapterl: Introduction

1.1 Background

1.1.1Bisphenol A Polycarbonate

Linear sep-growth polymeization (or polycondensation) is a polymerization technique
in which bifunctional single monomer@-B type) or two monomergA-A, B-B types)react
first to produce long chain polymers with low molecular weight polycondensation byproducts.
Bisphenol A ptycarbonate BPAPC), poly(L-lactic acid) (PLLA), polyethylene terephthalate
(PET), polyamide, and polyurethane are the most-kvelivn industrial condensation polymers.
Molecular weight (MW), molecular weight distribution (MWD), and chain structures, (
branching and crodsking) are the important parameters that impagtp ol y mer 6 s phys
mechanical, and rheological properties. Among these polymers, bisphenol A polycarbonate
(BPAPC)is an important material in many applications such as autompéiextronic displays,
data storage, medical, environmental, energy, and aerospace irsdugtrieigure 1.1 shows
major properties and applications of bisphenol A polycarbof#jteThe high glass transition
temperature (~150°C), optical clarit{88-96 % light transmission of visible light)and
exceptional impact resistance are the major merits of polycarbdat8s PCs having MWs
larger than 54,000 g/mol maintairs itransparency even after 400 h of continuous exposure to

high temperature environment (120°¢3]. Table 1.1 illustrates physical and mechanical



properties of two commercial BPAPC (Dow and General Electricomparison withgeneral

purpose polystyrene (PS) and pahgthylmethacrylate).

Characteristics of Amorphous
Bisphenol A Polycarbonate

EEEEE

Medical |

Optical Fiber Core Material

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

(imagesweretaken from googlémage.



Table 1.1 Physical and mechanical properties of bisphenol A polycarbonate in comparison with

general purpose polystyrene (PS) and poly(methyl methacrigaig]

Property unit  PC (Dowf PC (GE) PS PMMA

Density glcnt 1.20 1.20 1.05 1.2
Glass Transition Temperatur  °C 147-150 147150 100 105
Tensile strength kpsi 9.8 9.0 6.4-8.2 10
Elongation % 150 110 2-4 5

Flexible strength kpsi 14.0 13.5 10 11
Notched Izod impact ft-Ib/in 14.0 12-16 0.4 0.3
Transmissior{visible) % 89 8891 87 90

®Dow plastics grade, CALIBRE' MEGARD™ 2081-15
GE plastics grade, Lexan 9034

Forcommercialpplications standard injectioimolding grade PCs have
molecular weightsNl ,) of 35,00070,000 g/molFor instance, molecular weight PC of about
30,000 g/mol can be used as optical fiber core material forstalid emitters and detectors with
lower infrared absorption and higher heat resistance compared to those made of poly(methyl
methacrylate) or polygrene[5, 6]. Molecular weight PCs of 30,068,000 g/mol are widely
used for CDs and DVDs. High transparency is also an important attribute required for the
lamination of high molecular weight P€50,006100,000 g/mol) with polyvinyl butyrahifilm
applications such amutomotivevehicles, building windows, skylights, retail (jewelry) casings
and bulletresistant window§4]. Flow, physical, and mechanical properties of polymers depend
not onlyon molecular weight and molecular weight distribution but asdts molecular
structureg7]. For instancewhile high moleculamweight,linear FCs are not easy to melt process
long-chain branched PCs are relatively eaggiroces$8]. In recent gars, branched and cress

linkedPCs @ame into the spotlight in acadéarand n the indu'y due to their unique end use



properties. Crosslinkable PCs have found new uses as a binder in photoconductor applications

and as an optical component in multilagaguctureq9, 10].

The polycarbonate waliscoveredat Bayer (Germany) by Dr. Hermann Schnell and
General Electric Company (USA) IBaniel Fox in 1953. About 75% tiie polycarbonate
market is heldy fiLexard andfiMakrolono polycarbonates which are produced®sneral
Electric and Bayer, respectively/l]. While polycarbonates can be produced by a variety of
polyfunctionalhydroxycompounds, the most practical and commercially significant
polycarbonatés derived from diphenyl compound and-li#hydroxy-diphenyt2,2-propane
(Bisphenol A).Figure 1.2 showthestructures and properties of two monomers, bisphenol A
(BPA) and diphenyl carbonate (DPC), useth@melt stepgrowth polymerizatin process$o

producebisphenol A polycarbonafé?].

T, Vapor Pressure (Z%&)
1
HO@T@OH 158C  4x108mmHg
CH,
Bisphenol A
W
0—C—0 83°C 4x10*mmHg

Diphenyl Carbonate

Figure 1.2 Bisphenol A (BPA) andliphenyl carbonate (DPC): structures and properties.



1.2 Synthesis oBisphenolA Polycarbonate

Several stejgrowth polymerizatioomethodsare used in industrial PC processes:
interfacialphosgenationdirect melt polycondensation, and sedi@dte polynerization, In what

follows, these processes are briefly discussed.

1.2.1 Interfacial Phosgenation Process

In the interfacial phosgenation process, gaseous phosgene is supplied{uhaseo
liquid mixtureof a methylene chloriddch phase and an aqueophase containing bisphenol A
(BPA), sodium hydroxide, andcatalyst (triethylamine2, 13]. The interfacial phosgenation
process is illustrated in Figure 118.the aqueous phase, BPA reacts with NaOH to produce di
sodium Bisphenate, which in turn is available to react with phosgenatingtthe interfacial
polymerization process. The intermediate spe@&A bis(chloroformatg)producedrom this
reactionis transported from the aqueous phase to the organic phase, due to its poor solubility in
the aqueous phase, where polycondensaitionrs, creating higmolecularweight BPAPCThe
molecular weight of the polymer is controlled in this process by the addition of a mono
functional chain stopper such as ptediery butyl phenolAlthough the interfacial phosgenation
process is an efféige method to synthesize injection molding grade molecular weight BPAPCs
(My up to 15,006150,000 g/mol)it requires handling of a hazardous reatt{phosgene), and
the treatment of a large amountobiorinatedsolvent €.g.,methylene chloride]l4]. The

complete removal of methylene chloridengossibledue toits strong affinity to polycarbonate



andit need amassiveamount ofenergy Asincreasen demand of environmenté&iendly

materialsthe use of phosgene and chlorinated solvent become difficult.

(a) Phosgenation

»
oH +
QO+ ol
CH,
Bisphenol A Phosgene
CH,
(o] | (o]
il Il
Cl-C-O (IZ 0-C-Cl
CH,

(b) Polycondensation

CH,

il | il
2m Cl-C-O—@—(IZ—@—O-C-Cl +
CH,

CH, TH3
H, C—(L—@O-C 0—@—C—©—O-
| 8 | 8
CH, CH; m
+ 4mNaCl

NaOH

+

CH,

C 0—<(:)>—C—CH3
]
2

C

+ (2m-1) NaCQ

2NaCl + 2H,0

NaOH Triethylamine

CH,
ot —Opron >
b,

+ 4mHO

Figure 1.3 The two stage polymerization of phosgenation process.



1.2.2 Melt Polymerization Process

In themelt polycondensation process,ghenol A (BPA) and diphenyl carbonate (DPC)
monomers are reacted reversibly in either semibatch or continuous reactors under vacuum above
the polymer melting temperature,(¥ 260 °C) inthe presence of a catalyst such as lithium
hydroxide monohydrate (LiB®1,0). Thelist of possible catalysused inthe melt
polycondensation process andatgst activities are shown inable1.2[15]. In the melt
transesterificatiomf BPA and DPC, alkaline and alkalhearth metal compounds have
confirmedhigher catalyst activitiesompare to metalcompoundsThe byproduct of the
reversible reaction is phendlo 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 tempgangeeaction
times (4-5 h), and ineffective removal of phenol often lead to unwanted side reactions, causing
discoloration of the fingbroduct[12, 16, 17] If the reaction time is extended at high reaction
temperatureto increase motaular weight, discoloration and gel formation may regh@t21].
Although the amount of such reaction products might be very small, their impact on the polymer
guality is quite detrimentaDne of the drawbacksf themelt BPAPC process is that obtaining
molecular weigtg higher than 30,000 g/mol is difficult because very high viscosity of
polycarbonate melt (e.g., 8,020,000 poise at 280°C) makes the removal of phenol very
difficult [22]. For example, molecular weight of 30@g/mol of polycarbonate shows a melt
viscosty of 5,008500,000 poise demperaturgof 315°C and 248C while poly(ethylene

terephthalatehas 2,000 poise at 285 with similar molecular weigH23].



Table 1.2 Catalyst activity of alkaline and alkalifearth metals (2.1 10" mol/mL) in melt

polycondensation proceas 165°C[15].

Compound k
P 10° mL%mol min

(2) alkaline and alkalin@arth

metals:
LiOH 55.5
LIOH-H,0O 20.0
Potassium Hydrogenisophthale 19.0
Ca(acag) 56.0
Sr(acac) 160.0
Ba(acac) 390.0

(2) metal compounds:

Ti(OBu)4 1.6
Zr(acac) 1.3
Hf(acac) 0.6

Mn(ac) 0.3
Mn(acac) 6.9
Fe(acac) 2.4
Co(acac) 0.3
Pd(acac) 0.2




1.2.3 Solid-State Polymerization Process

Solid-state polymerization (SSP) is an alternative phosfiremepostdirect melt
polycondensation process that can be combined with a melt transesterification process to produce
injection molding gradehigh molecular weight PC. SSP is successfully used to industrially
manufacture high moleculareight poly(ethylene terephthalate) (PET). SSP for polycarbonate
has also been commercialiZ@2, 24} In conventional SSP, semicrystallifeev molecular
weightprepolyme particles are first prepardy melt polycondensatioand then polymerized in
solid stateusing particle fornto furtherincrease the polymer molecular weightagaction
temperatured.g.,210-220C) that is above the polymer's glass transition teaipes (F
~150°C) but quite below its melting poinT ~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 process Amorphous BPAPC prepolymer che partially crystallized by heat
treatment at its crystallization temperature or by dissolving it in a solvent and
precipitating/crystallizing it with a nesolvent such as acetone in a spray towkere are also
some reports on the solid state polyraation of BPAPC with supercritical G@s a sweep fluid
The employment of low reaction temperature in SSP is advantageoushigkeer temperature
melt polycondensation process in minimizing the side reactions and discoloration. In order to
obtain relatvely high molecular weights\,, = 25,00060,000 g/mol) in a reasonable reaction

time, the following conditions are requir¢a5-30]:

() Small prepolymer paitles (several hundred microrts)minimize the diffusional

resistance of byproduct (phenol)



(i) End group ratios close thestoichiometricvalue (1.0)

(i) High reaction temperaturés reduce the system viscosity

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

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

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

The reaction temperature should aigoproperly controlled. If the reaction temperature
is too close to the polymer melting poirtetparticles fuse together, thus reducing the reaction
rate and making the operation of a continuous SSP reaapmioving packed bed reactor)
very difficult or even impossiblg8, 30] It is also to be noted that the molecular weights of PC
produced by SSP are generally Bnwompared to those produced by interfacial polymerization.
In eitherahigh vacuum oaninert gas purging process of SSP to remove phenol from the
polymer patrticles, the intrparticle phenol diffusion is frequently a rate controlling process. To
obtain high molecular weight, the phenyl carbonat®@O-CsHs]) to hydroxyl end group {[

OH]) ratio in the prepolymers for SSP should be clogbdgtoichiometric ratio but quite often,
the end group ratio deviates from that target because of the loss of volatile reactants (DPC)
during the prepolymerization stafgeefigurel.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:

(1) Chemical reaction (chain gwth reaction)
(i) Intraparticle diffusion ofcondensation byproduct (phenol)

(i)  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, théboundary layer mass transfer resistance at the particle surface becomes generally

very small.

1.2.4 Ring-Opening Polymerization Process

Another method to prepare higholecular weight PGs a ring-opening polymerization
(ROP).First, BPA bis(chloroforma&) can be obtained from BPA in the presencehaflsgengas
at low temperature Next, PC isobtained using ROBf cyclic aromatic oligomeric carbonates
via an aminecatalyzed hydrolysis/condensation reaction of BPA bis(chlorofornj@teB6].
Figure 1.4 illustrateghe schematic description of Rir@pening Polymerization of cyclic
aromatic oligomeric carbonate&lthough the high molecular weight of polycariate can be
obtainable without thgeneration of volatildoyproducts, the ringpening polymerization has
been limited due to nonselective procedures for preparation of cyclic carbonatgselthiag

and high melting point (~35Q) of cyclic oliganers.
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Figure 1.4 Schematic description of Rir@pening Polymerization of cyclic aromatic oligomeric

carbonates.

1.3 Branched and Crosginked Polycarbonate

1.3.1 Branched Polycarbonate

A branched polycarbonates can be produced dihasing several type of triftional
branching agestresuling in degree of branchingf about 0.5 (mol %) or by thermal
rearrangement reactionsragh melt polymerizatioriemperaturén the absence of branching
agens[8, 37]. Figure 1.5 sbws three different branching agentsmmonlyused in melt

proceses|[8].
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OH
¢ OH H —CH,
NA HO
o) CH; 0
H HO™YO

OH

Figure 1.5 Chemical structures of trifuntional branching ag¢8js

In the melt process, it is reported tkiad addition of alkali metal and alkaline compounds
without trifunctional branching agesin thereaction mixture induces not only linear
polycarbonatdut also branched polymer by thermal rearrangement reaction knawries
Rearrangement Reacti®[88]. Structure of linear Fries pduct and branchediEs product are
illustrated in Figure 1.6Average number of branching units per chain of 0-0484 is reported
in the case of mejpolymerized BPAPC by thermal rearrangement reacfi@ris Depending on
the chan length and structure, branched polymers are sorteghiotbchain or longchain
branched polymerategoriesLongchain branch polymes defined asiavinghigher values of
weight average molecular weight per aiviy{arm) than the critical molecular vght for
entanglementsyl; (e.g, 40004800 g/mol).The molecular weight per ar(vl,/Jarm)can be

defined as follow[39]:

MM, /(2+2) w
N

” (1.1)
a i:r;_axvvl

M, /arm=
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Where,i is thenumber of branching per molecul#|

is M, of molecules with i

w,i

branches per chaiand w; is weight fraction of i branching per molecudumber of repeating

units of commercially available loaghain branched BPAPC was estimas¢dbout 39.

Rheologicabpropertiesand crystallization behaviaf polycarbonatelepend a its molecular

structure as well as molecular weightr instance, high moleculdnear PCs are not easy to

melt processHowever long-chain branched PCs are relatively easie highemobility of

polymer chaisin long-chain branched polycarbonatempared tdinear polycarbonate/as

reportedusing dielectric relaxation analygig. Greater melt elasticity and sheate sensitivity

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

compositions (AL00 wt% of branched BPAPC) of linear and branched BPAPC blend in

commercially available lonrghain branched polycarbondi.
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1.3.1Crosslinked Polycarbonate

In the melt pofcondensation process, itatsoreported that croslinking reaction occurs
underhigh vacuunsystens athigh reaction temperature rarg@00-500°C) which is above the
polycarbonate melting temperature and higher than tempes&gpreally applied in nelt
proceses[18, 20] At thesehighertemperature rangecompetitive reaction of chain scission
and crosdinking is observed and when the &ble productphenol,is effectively removed from
the system, the crodimked polymer fraction is pronounced to formiasoluble gelBecause of
severe discoloration of thgel andits insoluble nature, most research workthe mechanism
studies ofnsoluble formation ispeculatedStructure of insoluble PCs were investigated using
NMR, IR and GGMS in the pasf40-42] but recently pyrolysigas chromatography (RyC) in
the presence of organic alkhks beemeported ashemost effective methotbr the
characterization of crodsmked polycarbonatelglO]. Several hypotheses of the mechanisms for

the formation of insoluble fractions have been repaaetbllows

(1) The first involves the thermatarrangemertdf the carboxyl group into a pendant
carboxyl group, which undergoes foet esterification leading to cross linking
reactions.

(i) The secod is the hydrogen abstraction fronmethyl and aromatic protonghich
generatesadicals.Through radicatecombination, the cross linking reaction

OCcurs.
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Recently, these twmechanisms havegeen confirmed via RGC/MS using reactive pyrolysis in
the presencef tetramethyleammonium hydroxide (TMAKMich resulted in low molecular

weight, decomposed products that are consistent with the propesddnism$§40].

1.4 ResearchObjectives

The research is concerned with the investigation of sbhkd-state polymerization in
micro-layers(SSR,) where ultrahigh moleculamweight PCs iroduced in short reactidime. It
is also the objective aftudy to characterize the nonlinear molecular structure of PCs that are

formed at long reaction times.

The current researds aimed at developing fundamental understanding of underlying
chemical and physical principles &SR, process through expereantation and theoretical

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

0] Reaction iscarriedout in twodimensionally confined reaction space in which high
surface/ volume ratio promote faster removal of byprodUue. thickness ofmicro-
layers can be range of1DQum, although it has been found tha35um thickness
was the most effective.

(i) Precursor PCs are amorphous. -Engstallizationof precursorss not required in

SSR, process.

16



(i) Reaction temperature is very close to godymerGs melting point (F,) but higher

than its glass transition temperaturg) (Inder the reduced pressure (~10 torr).

The major research objectives in thesis are summarized as follows:

1) To investigate the phenomenological aspects of sblitt polymezation in micre

layers under various reaction conditions;

2) To develop an understanding of the reaction mechanism fofotineation of high

molecular weight polycarbonates with nonlinear chain structures;

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

polycarbonates;

4) To develop a theoretical model to estimate the molegweght,the moleculastructures

and theconcentratiorof byproduct in a micréayer during the polymerization.
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Chapter2: Solid-State Polymerization of BisphenolA

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 um) are usg24, 30, 43] Table2.1 summarizesypical reaction conditions and
molecular weight data for the solid state polymerization of polycarbonate reported in the
literature.In the solid stateqymerization wihin a single spherical particle, diffusioesistance
for the transport of phenol (condensation byproduct) results in-amiérm concentration
gradient.The diffusion and reaction in a polycarbonate prepolymer particle undessatéd
polymerization conditions have been studied by many researchers in the past. In our laboratory, a
fundamental modeling of solistate polymerization in a single particle has b&tediedby Dr.
Yuesheng Y¢32, 44] Fromthe previous study of diffusion and reaction phenomena in our
laboratory, the idea of isolating a thin layer of the outer region of a polymerizing pasdicle
conceived. The preliminary experimental data showed surprisingly high molecular weight of
polycarbonate when the solélate polymerization was carried out in thin mitagers at typical
solid-state polymerization temperatures (ABWFC). It was vey interesting that extremely high
molecular weight polymer was obtained in very short reaction time (less-tha). Egure2.1

illustrates schematically the intraparticle concentration gradient for phenol and the concept of
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i sol at ed p arwherecnmiadmum snélecuiad welgtd ig expected. A typical
polycarbonate solid particle used in the traditional sstade polymerization is serarystalline
because otherwise, the amorphous polymer fraction easily fuses and the integrity of a
polymerizing farticle is lost. If that happens, the sedithte polymerization in a continuous flow
reactor will be very difficult or impossible because the particles will agglomerate. Therefore,
polycarbonate prepolymers are crystallized prior to ssttide polymeriz#on to make the

polymer particles fusicnesistance during the solglate 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 phaseitBs also to be noted that the crystalline region

poses a diffusion barrier for the removal of phenol.

Since the removal of phenol from tregion close to the particle surface is méaster
thanfrom the center region of the particle, it is likelyth molecularweight noRuniformity
may develomcross the radial direction. The MW of the outer region is expected to have higher
molecular weighbecause of a rapid removal of phenol but is will &iswler the removal of
phenoldiffusing out from the article interior Goodner et al. experimentally investigated the
molecular weights of spherical particles at three different regi@scpre, middle, and shell)
and reported that the molecular weight in the shell region was about four times asthaghras
the core regiof3]. However, uder 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 laboratorjhave 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

paticlecoreThus t he i dea wadacetlayer (PC micrthyartin€igure 2.h) ¢hats u
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would mimic the external surfacegion of the particles used in the conventional SSP in which

diffusional resistace of byproduct is minimal.

In this thess, we have exploited the idea of sedihite polymerization in micrlayers
based on the preliminary study in the Polymer Reaction Engineering Laboratory at Maryland
through experimentation. To distinguish our sdalidte polymerization technique from the
conventional soliestate polymerization in spherical particles, we shall call the SSP used in this
work as SSR(solid state polymerization in miclayers) As will be discussed later, the SSP
of BPAPC shows quite interesting and unusual kinetic phenamhich deviate from linear
stepgrowth polymerization kineticsThe dimension of the micilayers employed in this study
is far smaller than the dimension of polymer particles commonly used in typicabtaikd

polymerization studies reported in titerature.
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SemiCrystalline Particle

SSP in Amorphous Polymer Micrd.ayer
on the Glass Substrate

Figure 2.1 Schematic diagrams illustrating a conventional SSP in partially crystallized

prepolymer particles and the novel SSPm in amorphous prepolymetlayers.
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Table 2.1 Reaction conditions and molecular weights in solid state polymerizatiBRAPC

Temperature Particle Reaction Prepolymer Final Reference
(E’)C) Pressure size time MW MW
(Lm) (h) (9/mol) (9/mol)
190220 2-5 mmHg n.a. 14 6,200 (M,) 28,000 (M) [22]
220 N, purge 180230 50 3,300 (M,) 18,000 (M)
[24]
40 3,100 (M,) 10,300 (M)
230 0.07 mmHg n.a. 16 9,700 (M,) 41,500 (M) [26]
180230 N, purge 3600 12 2,50 (M) 14,000 (M) [43]
180 20 24 2,500 (M,) 12,000 (M,
N, purge
180-240 2,500 (M,) 36,000 (M) [27]
in scCQ
120 (204 bar) 20 24 4,500 (M,) 23,000 (M)
165 N, purge 75125 10 4,300 (M) 15,000 (M) [29]
in scCQ
120 (345 bar) 45180 4 4,300 (M) 7,500 (M) [28]
N, purge or 11.8
200 high vacuum 100 15 2.4 (scaled) (scaled) [25]
230 N, purge 2045 6 2,300 (M) 23,200 (M) [45]
N, purge or
200 high vacuum 304 15 8,400 (M,) 41,294 (M)) [30]
in scCQ
190 (207 bar) 20-45 10 3,800 (M) 16,000 (M) [46]
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2.2 Experimental

2.2.1 Materials

The chemical reagents including bisphenoB®RA, 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 (LiGR@HAIdrich) was used as
received. The low molecular weight P@polymersvere prepared by serbatch melt

polycondensation using BPA and DPC as monomedsLiOH®,0 as a catalyst (1.780* M

[LIOH B1,0]/[BPA]).

2.2.2 Preparation of Low Molecular Weight Precursor Polymers

For thepolymerizationof polycarbonatén microlayers (SSR), 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.H20). In our experimentsye used both industrially prepared prepolyn&s Chemical
Company and our own prepolymer, which was prepared by same experimental procedure as
described below. DPC and BPA have two phenyl carbon&@€@-CsHs]) and hydroxyl (fOH])
end groups at each ad respectively so the reaction process is a typiéadl- , -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 2.3.

CH, K CH,
i) + 1AL 2 OO~ + 104D
1l | < 1] |
o [} o
CH, CH,
Phenyl Carbonate Group Hydroxyl Group Polycarbonate Phenol

Figure 2.2 Reaction mechanism of conventiotiakarstepgrowth polymerization of bisphenol
A polycarbonate.

Melt polycondensations were carried out by adding almost equimolar gesnobiti
purified BPA and DPC and lithium hydroxide monohydrate (Li®kKDO) was added at
concentration of.75 10* M (catalyst/BPA mol) into a 500 ml glass reactguippedwith flux
condensetemperature at 8C on the top. A slight excess of DPC (1.06 DPEABmol) was
added to the reaction mixture to compensate the possible loss of DPC during thmatsémi
reactionsystem[47]. The reaction mixture was agitated at 600 rpm and reaction temperature was
gradually increased up to 28D with nitrogen gas sweeping process (1090 ml/nkigure 2.3
shows schematic description of melt pmipdensation reactor systefihe molecular weighand
molecular weightdistribution (MWD) of a prepolymerwere measured bya gel permeation
chromatography (GPCyystem equippedwith PLgel 10 nm MIXED-B columns (Polymer
Laboratoriesland a UV detector (Wate 484).HPLC grade bloroform was used as a mobile
phase. The end group mole ratio in prepolymes.,(phenyl carbonate {PCO-C¢Hs]) to

hydroxyl groups) was determined bgarbon nuclear magnetic resonancECNMR)
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spectroscopy (Bruker DRXOO spectronter operating at 500 Mz using deuterated chloroform
(CDCls) as a solvent)The ratios were obtaineddy comparingpeak intensitiesof aromatic

carbons onphenyl carbonateto aromatic carbons omhenolic groups(conducted by Dr.
Yuesheng Ye)Table 2.2 shows the properties diour prepolymersachieved from direct melt
polycondensation procesassed in this work.Sampls A, B, and C weresupplied by LG
Chemical Company. These samples were produced by same procedure as described above.
Sample D wapreparedrom our own reactosystemwith catalyst concentration df0? 10* M
(catalyst/BPA mol) so slightlgmallerconcentratiorthan that of sample A, B, and C (1.73.0*

M (catalyst/BPA mol)).

[

A\

(@) (b)

(e)

(c)-1

(k)

()

() @)

<] : Control Valve, EI:Agitation motor, (P:Thermocouple

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

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

r," = [FOCO-CeHs]/[-OH]

Prepolymer M v (g/mol) M W/M (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

2.2.3Preparation of Amorphous, Crystallinadvb-Layersand Gystalline
Micro-Particles

Thefollowing polymerizationexperimentsvere carried out(i) polymerization in
amorphougpolymermicro-layers (ii) polymerization inpartially crystallizegoolymermicro-
layers (iii) conventional soliestate polymerization (SSP) of partially crystallized prepolymer
particles for the purpose obmparisonSince the catalyst was not removed from the
prepolymersthe catalyst conter each sample for the mictayer polymerization wathe
same as the prepolymer produced from the melt polycondendaétails ofthe sample

preparation an@olymerizationprocelures are described as follows.
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2.2.3.1Solid state polymerization in amorphous miagers (SSR)

Amorphous micrdayerpolymer samples were prepared using a solvent casting
technique. First, a predetermined amount of low molecutaghw prepolymer sapte (Table2.2)
was dissolved in a solvent (chloroform) at room tempera8iliea substrate (2.5crh 7.5cm)
was cleaned with acetone for 10 min and then cleaned agaimefttanol for 5 min before
rinsed with deionized water, and dried by nitrogen dew bl he cleanedsilica substrate was
preheated and immersed in a bath of prepolymer solution and rermdwnesilica substrate
coated with prepolymer was dried in a fume hood for 2h at ambient temperature and pressure.
The coated prepolymer mictayers pepared by this method were transparentandrphous.
The prepolymer micrdayers of different thickneg$-35um)were obtained by varying the
polymer concentration (e.g., 7.0 to 25.0 wt%) andhickness measurement ermas within

°1.3 um(see Bble 2.3) The micrelayer thickness was measured by a Mitutayorometer

(Japan). When the micilayer thickness was larger than 35um, partial crystallization occurred

during the micrdayer preparatioas the casting solvent evaporateshi the sample and the

micro-layer became opaque. Thug limitedthe maximum thickness of amorphous mitager

samples studied in this woté& 35um.For the solid state polymerization, a vacuum oven was

used as a reaction chamifeF i sher ScientificE | sot,O8pck Model
Ft.). The polymerization experiments were carried ouhareaction chamber &&mperature

range of 16845 °C and 10 mmHgFor the analysis, the polymer samples were taken out of the
reactionchamber at designated sampling timmad polymer films wereemovedrom glass

substratdy ultrasonificatiorn(see kgure 2.4)
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Substrate Solvent Casting Drying (2hr) Polymerization at low

preparation  with low MW prepolymer  to amorphous films ~ Pressure (<1@orr) and
into thin films high T(168-245C)

Removal of PC film

Amorphous and transparent films .
from substrate surface for analysis

Figure 2.4 Schematic description of amorphous precursor rdeyer samplgreparation and

SSR, process of polycarbonate.
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Table 2.3 Preparation of micrdayer in different thickness.

Concentration Casting Time Micro -Layer Thickness
Prepolymer
[g/ml] [sed [Hm]

A (8Kk) 0.25 10pum (°1.3)

B (14k) 0.1 5pum(°1.3)

B (14k) 0.2 0.51.0 sec 10um(°1.3)

B (14k) 0.35 35um(°1.3)

C (21k) 0.19 10um(°1.3)

D (8k) 0.25 10um(°1.3)

2.2.3.250lid state polymerization in partially crystallized midayers(SSR)

Partially aystallizedprepolymermicro-layers were prepared Iseatingthe amorphous
micro-layerswith acetoneThe resulting partially crystallized polycarbonate milagers
exhibited threedimensional spherulitimorphologyas reported in the literatuj48, 49]and
Figure 2.5shows morphology asolvent (acetone) induced crystalline morphology of PC micro
layers The residual acetone was removed by air and vacuum drying ateogperature for 48h.
The degree of crystallization of the partially crystallized BPAPC rrimyerswas measured by
differential scanning calorimetry (DSC) andviasabout32 % for most of the crystallized
samplesThe polymerization experiments were carried outn@agtion chambeat 230°C and

10 mmHg
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5.0kV 15.7mm x3.50k SE(M) 4.00um

Figure 2.5 Sphertitic morphology of solvent (acetone) induced crystalline PC rdayers.

2.2.3.3Solid statepolymerizatiorof partially-crystallizedpolymer micreparticles(SSR)

To compare the performance of the sadtdte polymerization in mictayers (SSR), we
have conductedonventional SSP experiments using the same prepolymers used in theusSP
in particle form.The prepolymer was first dissolved in chloroform and tpegcipitated in
methanolThe precipitated prepolymeyarticles of about@®350 mm-radius were dried in
vacuumfor 48handcrystallizedin acetonefollowed by drying undevacuum at room
temperature for 48h. The degree of crystéli measured by DS@as abouB3 %, which was
quite similar tathatof the partially crystallized micrtayers (32 %).The scanning electron
microscopy (SEManalysis othesecrystallizedBPAPC particleshowed that they wetbe

aggregatesf smaller precipitated particleshe particles were classified using si¢says.The
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conventional SSP was performesing the same reaction conditions as in $8Rd the reaction
chamber usetbr the micrelayer polymerization. Detailsf the experimental procedure for the

conventional SSP can be found elsewli27e30, 43]

2.3 Results and Discussion

2.3.1 Solid State Polymerization in Miet@yers and MicreParticles

The frst series of experimentsere carried outising the prepolymer ample B-14K

(Table 2.2 at 230°C and 10mmHgfor 180min in four differentsettings:

0] SSR, in 10um-thick amorphousnicro-layers;

(i) SSR, in 10um-thick partially crystallized micrdayers

(i) SSR (solid-state polymerization in particlesh partially crystallized particles of
10um-radius

(iv)  SSRin partially crystallized particles of 3f@n-radius (typcal particle size in SSP)

Here, the micrdayer thickness (3@m) is anominal value and the actual layer thickness

varies within®1.3 um.
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350,000
a + SSPm (10um layemorphous) *

300,000 + 4 SSPm (10pm layarystalline) ¢4

250,000
200,000

150,000

M,, (g/mol)

100,000

50,000

350,000

@)

® SSPp (r=10pm particlesystalline)
300.000 B SSPp (r=350um particlesystalline)

250,000
200,000

150,000

M,, (g/mol)

100,000

50,000

Time (min)

Figure 2.6 Weightaverage molecular weight usaction time profilesTE230°C,P=10 mmHg,

prepolymer B14k): (@) ) SSR,( 1L 0Om | ayer , a mélOymHagen srystalling)z) S ST
Solid and dashed lines represent the numerical simulations for the crystallizedayecro

(10pumthick) and amorphous mictlayer (10pmt hi ck) , r es p e ¥0Ounvradiuy ; ( b)
particles crystalline); P ) SSR (350um radius particles, crystalline). Solid lines represent the

numerical simulations.
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The most ppminent result shown in Figu&6 (a) is that the molecular weight of Ifin-
thick amorphous prepolymer mictayers § ) increasedrom 14,000 g/mol (prepolymer MW)

to 340,000 g/mol in 180 minAlthough a postmelt polymerizationprocesssuch as soligtate
polymerization can be used to raise the makrcweight ofBPAPC to 36,00212,000 g/mol in

16-24 hr at theemperaturef 230°C [26, 27] the rapid increas® such a high moleculaveight

as illustrated in Figure 2.for BPAPChas never been reported in the literature. It is also seen
that when the polymer mickoayer was partially crystallized
increased to much lower value (about 100,000 g/mdlBih min, although the molecular weight

of 100,000 g/mol is a very high valueigure 2.6(b) showsthe molecular weight profiles when

the solid state polymerization was carried out using polymer rpiarticles. Note¢hat when the
prepolymer micreparticles of radius 10rm (O) 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 mit¢agers of 10mm thickness# i n Fi gur e
2.6 (a)). However, when larger crystallized polymer particles £350um) (Y ) wused e

moleailar weight increased only to 26,500 g/mol in 180 min. The size of this polyantcle

represents typical particle size employed in conventional solid state polymenizptbcesses.

Model simulation results for the emploup ratios of @O (i.e., prepolymer sampl8-14K)
are shown in Figur@.6. The details of model equations are given in the section ZIB&.
modeldata match is quite good for the crystallized pbasiqFigue 2.6 (b), solid lines) and
crystallized micrelayers (kgure 2.6(a), solidline), indicating that the model and the model
parameters used imé simulation areuite satisfactory for the partially crystallized polymer

layers or particlesHowewer, the model predictions of molecular weight for the amorphous
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micro-layers (dashed lines in Figuge6 (a)) show significant deviations from the experimental
data after 30 min of polymerization. It suggests that the solid state polymerization in amsorphou
micro-layers may not be adequately described by the classical diffusion and reaction model with
a linear stegrowth polymerization mechanisn@ne of the most likely reason fond rapid
increase in molecular weight in thin amorphous mieseers, as olesved inthe foregoing
discussionmight be the short diffusion path for phendkre, it is to be notedgainthat the end
group ratio of the prepolym&ampleB-14K used in our experimentgas 0.8 (Table .2), which

is a significant deviatiofrom the sbichiometric ratioof 1.0. According to the theory of linear
stepgrowth polymerizationsuch a stoichiometric imbalance of end gropphibits thencrease

in polymer molecular weight even after the complete conversion of angemgp present in
smaller amount[50]. Therefore, the resgltobtaired in our experimental studyeed further

analysis

We have also observed thdtet final polymer micrdayers were highly transparent
without anydiscoloration Discoloration of polycarbonate is known to be one of the problems in
high temperaturenelt transesterification procesdd®, 17} For examplejn conventionaimelt
polycondensation processes at 280 °C and low pressure, the employment of long reaction
time to obtain high molecular weight3q,000~®,000 g/mol) often leads to unwanted
discoloration due to some unwanted side react{erts, KolbeSchmitt type)that leading to a

branched structurf®1-54].
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Figures 2.6hows the experimentalipeasuredaveightaverage molecular weighti(,)
vs. reactiontime profilesfor these four representative samples (symbalsg. partially
crystallized particles of 10m radius haveelativelylarger particle size distributions than 360
radiusparticles ashownin Figure2.7 and Figure 2.9Using SEM images, theumber of
particlesin different sizevascounted and size distributions were obtained. Largest sizelparti
observed in Figure 2.7 is aroundu®® in radiusand these are less than 2%. Figure 2.8 shows
number ofparticlesat each particle size and average radiuOpm-radiusparticle samples

(Figure2.6( 9 i 9.87um. The particle size having range efijlm radiusis markedas 2.5m.

Figure 2.7 SEM images of partiallgrystallizedparticles having average radius ofub@.

Figure 2.9 showthe SEM images of @rtially crystallized particles of 350prnadius
(typical particle size in SSPQ) size distribution of crystalline particles, b) surface morphology
of 350umradius particlesThe SEManalysis of these crystallized BPAPC particles shibnats

theyare theaggregatesf smallerspherulitic particles. Although not shownthe interior parof
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large particles 0850 mradiusdoes not havepheruliticsubparticlesand herulitic

morphologywas observednly in about 2Qum-thick regionfrom the surface.

90 +
80 +

Avg. radius=9.87um

60 +
50 £
40 +
30 +
20 +
10 § l .
0 - - - : S
2.5 5 10 15 20 25

Particle radius (um)

Number of particle

Figure 2.8 Size distribution of partially crystallized particles of 10awlius.

Figure 2.10shows the side and top views of fteatially crystallized polymer micro
layers during the polymerization &8@ C. Although the spherulitic particles do not completely
melt, it is clearly seen that partial melting has occurred. The partial melting was due to the

presence of a large fraction of amorphous polymers (c.a. 65%).
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Figure 2.9 Partially crystallized particles of 350radius (typical particle size in SSR) size
distribution of crystalline particles, b) surface morphology of 350gdius particles.

Figure 2.10 Polycarbonate crystalline mictayers undergoing sohdtate polymerization (SS¥

(T=230°C, P=10 mmHg, prepolymer B4k, 10pmthick partially crystallized micrdayer).
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