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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 H —CH,
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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
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® SSPp (r=10pm particlesystalline)
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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.

side

top

Figure 2.10 Polycarbonate crystalline mictayers undergoing sokdtate polymerization (SGJ
(T=230°C, P=10 mmHg, prepolymer B4k, 10pmthick partially crystallized micrdayer).
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Figure 2.11 Molecular weight distributions (MWD) of micrdayer and particle samples

Prepolymer . c b

Weight Fraction

(T=230 °C,P=10 mmHg, prepolymer B4k) at 180 min: a,10um amorphous mitager; b,
10um crystalline micrdayer (acetone induced crystallization); ¢, 108padius crystalline

particles.

The mdecular weight distributions (MWDs) of prepolymer and three polymerized
samples are shown in Figurel2 We observe that themorphous micrdayers(8 in Figure §
that have the highest molecular weight of all (paakhow the presence of polynarains(~10
wt.%) having molecular weight larger than 1 million g/mol. Alse,observed small increase in
the polydispersity PD= M,/ M_) from 1.97 (prepolymer B4Kk) to 2.17 (1am-radius
crystalline particle 2.15 (1@um crystalline layey, and2.57 (1um amorphous layg(see figure
2.12) According to the linear stegrowth polymerizatiortheory,the polydispersity is close to
2.0 everfor very high molecular weight polymershds, theMWD broadening (i.e., deviations

from PD = 2.0observedn our experimentsuggestshat some deviation from the homogeneous

linear stepgrowth 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 struchires mig

have deviated from the lineeonfiguration.

2.6 E 3
25 + <
=z Tk o
o 23 Ff ©
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2.0 8 & SSP (10umamorphous)
1.9 _E A SSPR (10pmecrystalline)
- ® SSP(10um radiuscrystalline)
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Figure 2.12 Polydispersity of polymers vs. reaction time profile230°C,P=10 mmHg,
prepolymer B14k): §) SSR, (10um layera mor p h o u s (10urolayerc S &t al | i ne) ;
SSP (10pum radius particlesystalline).

Figure 2.13 (@) (symbols) shows the comparison of weighttrage molecular weight
buildup between a conventional SSP process using partially cyestafparticles (100pm(0)
andthe SSR, process iramorphous micrdayers (10um thick)K andz ) for the prepolymer A
and D(M,, = 8,300 g/moland 8,400 g/mol respectivelwhich have loweprecursomolecular
weight than prepolymer B used ifirst series ofexperiment By comparing molecular profile

between prepolymer AcObmmercial BPAPC supplied from LG chemical compaawyd D (ab
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producedl, it is shown thaBSR, process has good reproducibiligys shown in Figur@.13 (b),

all the GPC chromatogramsf high molecular weight PCs obtained frothe SSR have
unimodal distributionsSimulation model for the SSP was maelif to describe the system of
SSR, process andimulation results of th&SR, in the polymer micrdayers with the best case
scenario(i.e., sbichiometric value (1.0) and complete removal of phenol from the polymer
micro-layers all the timegre indicated as dash line shown in Fig2ide (a). Table 2.2show that
sample A, B, and C exhibit two end group ratio deviates fronsttiehiometricvalue (1.0).1t is

well known that in linear stegrowth polymerization processes, the more the end group mole
ratio deviates from the stoichiometric value, the smaller the maximum obtainable polymer
molecular weight become®bviously, this model cannot adegjely explain th@olymerization
behavior of theSSR,, indicatingthat theeffectiveremoval of phenol from the twdimensional
geometrically confined reaction space cannot beothg reason for the significant deviatiof o

molecular weight buildupetween SSRandSSR,.
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Figure 2.13 (a) Evolution of the PC weigfdverage molecular weight with the reaction time

using Sample A and D at 20G: (1) Conventional SSP with prerystallized particles of about

100mm in size (Sample A)R(a n d z ) in @&nSrphous polymer mictayers of 10mm-

thickness (Sample A and D respectively). Lines represent the numerical simulations for different
endgroup ratios of the prepolymer samplgd() ; (b) GPC

weight samples collected at different reaction times in,SSP
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2.3.2 SSP Theoretical Model Prediction

In order to develop some insight into the unusual characteristics $65Rgn
amorphous polymer mictlayers, wehave carriedut thenumerical simulations othe solid
state polymerizationsing the solid state polymerization model reportddenatureq25, 32,
44]. To that purpose, weonsider hereactionmodelrepresented by the following reim

scheme for @olycarbonat@rocesg31]:

An+Bm<1</2%&/2 C.., P (hm 13 2.1)
Bn+Cm%ZIZ§/2 B..#® ©,m 32 (2.2)
An+Cm<1</2§_2:&/2 A. P (nm ? (2.3)
C.+C, &5 C,,, # Om 1 (2.4)

whereA, and B, are chains witim repeating unitgn-mer)with phenylandphenolicgroups at

both ends, respectivelZ, is an n-mer endcapped by both phenyl apthenolicgroups, and s
phenol. The molecular structures aof, 8., and G type molecules arghown below. According

to this notationAo and B represent DPC and BPA monomers, respectively. Kinetic congtants

and k , arefor the polycondensation and the reverse reactions, respechiesyde reactions

are assumed to be gant in the reaction model.
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To simulate the SSprocess in micréayer (SSR), the following set of partial

differential equationss derived[25, 31] Here, we assume that phe(#l]) is the only diffusing

species irthe polymer phase

% = - AK[A][Bol- 2K[AGJA (2AB,]+[C,]) +k 1[PIA (ZA,]+[C,) 25)
n=1 n=1
% = - Ak [Agl[Bo] - 2k[BolA (AA]+[Co]) +k1[PI& (2[B,]+[C,) 26)
n=1 n=1
Ml-sd aale) 2k & @A) B) e &E D,
HALCS Pl.d2MA) 28] [©)  BDCD g @D
+D, B[P
HA - (A 1A (B~ 2K[AJA o]+ 2k A [A n]ICol
Ht m=0 m=1 m=1

(2.8)
+k1[P]£a(2[Am]+[Cm]) 2n[A, ]8 n=12,...,0

Cm=n+1
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ol = - k(B )& [An)- 24[B,1A[C,) + 2 & [B,. nl[C)

m=0 m=1 m=1

(2.9)
tk 1[P]é£a (4Bn] +[Cpl) - 2n[B, ]8 n=12,.
m=n+1
“[Et ol = 4GB (A Bl - 26[C,1 & (AL +[B,]) - 2K[C,JAIC,] (2.10)
m=0 m=0 m=1
#l & [CllC ] + 2 [P]é@a([A o+ Bl +1C) B
m=1 m=n+1 -
- knPI[C,] n=12..5®m
In the above equationBp is the diffusivity of phenol in the polym@hase The
following initial and boundary conditions aneed to solve Equains @.5)-(2.10):
[P(02] =R, (2.11)
[A,(0,2]=[A,], n=012....5. (212)
[B,(0,2]=[B,], n=012,....a (2.13)
[C.(0,2]=[C,], n=012,..5. (2.14)
HPEO] _ (2.15)
V74
[P(t’ljlayeb] = P* (216)

wherez is the distance from the substrate swfacdi_ . is the polymer micrdayer thickness,

layer
and B and P* are the concentration of residual phenol in the prepolymer and the concentration of
phenol at the layer surface during the SSP, respectildlg.above model can also kgpled to

a spherical polymer particle.
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The abovemolecular species modebnsists othe population balance equations
for these three polymeric speciés,(B,, andC;). The polymer molecular weight moments are
alsoderived and solved to calculate thelewnlar weight average¥he derivation of molecular
weight moments can be found elsewh@téd]. Here, thek-th molecular weight moments of

molecular species,, B, andC, are defined as

nl«,k:é nk[A\]’ %,k:a nk[Bn]’ nz,k:a nk[Cn] (n:]-’ 2’a k:O’ 17 2) (217)

n=1 n=1 n=1
where A, [Br] and [C,] represent the concentrations of corresponding spddiesnumber

average and the weightverage molecular weights the polymeiare calculated as

M=w 2 M =w 2 (2.18)

wherewp, is the molecular weight of a repeating unit amdk = 0, 1, 2) is thd-th molecular

weight moment (g = 1 + 4p +. ). Oneof the difficulties in modeling the SSP wighgiven
prepolymer is that mecular weight moments of three polymeric species in a given prepolymer
are not known. To calculate the polymer molecular weight inv@®#e onlyprepolymer

molecular weight averages and end group i@dita are availabjeve need to estimate the

molecula weight moments of three polymeric species defined in the above model.

In this work,we useda computationainethod reported in the literatuie estimate the

molecular weight moment values of a prepolym&ngmolecular weight @erages and end

group atio [44]. Here, f the prepolymer molaular weight averages al@n,oand M., ., and the

w,0?

end group ratio in a prepolymeriis, the initial end group ratio in the prepolymer synthesis stage

(r,) and the ed group conversio(p) can be estimated Hiie following equation§44]:
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_Lon L)Y Mono /W) (2.19)
TRl )Mo /W) |

o (L R)(M no I W,) (2.20
2r (M no /W, )

wherewp, is the molecular weight of a repeating wamid Mnyois the number average molecular

weight of a prepolymefThen, the molecular weight moments can be calculated as foliiys

e
r, 1- p)’
m. a n epZ”r"(l—p) (2.21)
'V'non—l é 1+ 2p
e I,
e
r. = € 1-r1,
my==—a nkepz”ra“(l—p) 2.2)
MnO =l € 1+= -2p
e I,
ry @ o1, n2(1- p)(1 -r,p)
n 2.23
ng Mno 91 gp 1+ra -2fap ( )

wherej , is the polymer density;n ., #1.and m  are the kh moments of polymer species, A

Bn, and G.

Also, from the estimated values gfandp, the concentrations of three molecular weight
species in the prepolymélA, 1o, [B,]o, and[C,],) can beestimatedisingthe following
equationg44, 55}

@- p)y’
[An]O Ta([AJ 0 [B ]1 0 [GL)O (2-219
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2n n-1 (1 )2
[B.]o=p7T, ma([AJ Bl,[CL) (2.29

[Cn]o — 2n lran 2(1 p)(l r p)
1+r, -2 p

a([AJ B1l,[G]) (2.2

Thereaction rate constamilues used in owimulations a30°C with the catalyst
(LIOH®,0) concentration o1.7% 10* M [11] are:k;=1.558 10" (L/mol/min) andk ;

=1.619 10" (L/mol/min).

2.3.3Effect of EndGroup Ratio

In a linear stefgrowth polymerization, the engroup ratio is an importd parameter that
affects the rate of polymerization and the polymer molecular weight. For aBBAfype of
polycondensation process (e.g., bisphenol A polycarbosytéhesis from bisphenol A and
diphenyl carbonate), any deviation from the stoichiometrid group ratio(i.e., r&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 DPCoccurs making the |Bd group ratio difficult to maintain at its stoichiometric
value in the reaction mixtuiduring the course of polymerizati¢®5, 29] To compensate for the
loss of DPC during the polymerization, a slight excess amount of DPC is generallindsed,
the three prepolymer samples we prepaiealw the end group tias deviating from 1.0 (Table
2.2). We used these thr@eepolymer sample®tinvestigate the effect of end group ratio on the

rate ofpolymerization in micrdayer.
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Figure2.14shows the increase afolecular weightss a function of reactiotime. Here
three amorphougrepolymer micrdayers and thregartially crystallized pepolymer micro-
layersamplesvere used and the thickness of each miayer waskept constant a0 mm within
experimental errorFor all samples, amorphous polymer mitagers showed much higher
molecular weights than the partially crystallized sampAassobservedn the prepolymer BL4K
(Figure2.6), all sampleshow thesimilar resultsof rapid molecular weighthcrementseven with
the stoichiometriambalance The amorphous sample-21k, which has the end group mole ratio
([-OCO-CgHs)/ [-OH]) closes to 1.0among three sampldassted(Table 2.2, givesthe highest
molecular weight of allas expected Notice that ater 150 min of reaction, the amorphous
micro-layer of prepolymesample C21k has reached a molecular weight 60@00g/mol. Such
a high molecular weighéind soluble polycarbonate hamt been reported in the literaturé€he
MW value obtained using amorphous mitagersis truly remarkable ané can beconsidered
as an ultrehigh molecular weight PQONotice that all these samples exhid phenyl([-OCO-

CeHs]) to phenolicend group([-OH]) ratios (r, ") significantly deviating from the stoichiometric

value of 1.0 (Table 22). Figure 2.14alsoshows that thenolecular weighdifferencebetween
SamplesB and C in amphousmicro-layersis much higher than that diie crystallinemicro-
layers Although the end group mol ratio (phefphenolig of SampleC (09) is larger than that
of SampleB (0.8), and hencemore favorable for faster chain growth, the obsemedecubr
weight difference between these sampdssshown in Figure 2.1i8 so largethusthe end group
mol ratio does not seem to be i@y onereasonfor the differenceFurthermorethe presence
of long polymer chains from the very beginning of the polymaion seems to accelerate the

reaction for the production of very high molecular weidittus, 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 durinthe S, results in highmolecularweightpolycarbonate Even the

crystallized micrelayers of sample @1K has the molecular weight abd@0,000 g/mol after

240 min.
700000
- Amorphous layers
600000 e C21k
a B-14k
5 500000 = A8K
g 400000 - Crystallized layers
2 o G21k
= 300000 s B-14k
= oA T e -
200000 A 4
100000 T gL
0 :

Time (min)

Figure 2.14 Effect of prepolymer endrou ratio on the evolution of weiglatverage MW in
amorphous polymer mictlayers of 10mm thicknessT=230 C, P=10 mmHg): amorphous
micro-layer (solid line) and crystallized mictayer (dashed line). Lines were added to guide the

eyes only.
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2.3.4 Effectof Amorphous MicreLayer Thickness

In the foregoing, we have shown that amorphous mayers yielded the highest
molecular weight in solidtate polymerization. Figure 2.8hows the molecular weight vs.
reaction time profiles for the amorphous mitagers of thickness from fm to35 pm at 236C
with B-14K prepolymer samples. All these samplese solvent (chloroformgastand they
were transparent during the entire period of sstate polymerization. It was observed that
partial crystallization oaarred duringhe polymerizationvhen the micrdayers of thickness
larger than 3%um were used.tis clearly seen in Figure 2.1®at molecular weight increases
with the decrease in the mielayer thickness. It is understandable because the diffustbrigra
the condensate (phenol) is shorter in ieirmicro-layers. In 180 min of SSPRwvith amorphous
micro-layers, the molecular weight reached as large as 400,000 g/mol fumtkgisk micro
layers.Figure 2.5 shows a plot of the maximum polymer molecweight vs. micrdayer

thickness after 3 hr reaction. Interestingly, the molecular weight is almost linearly dependent on

the microlayer thickness and its correlation is expresssdw=4.533310 4.083 W/,

whered in nm.
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Figure 2.15 Effect of the amorphous micilayer thickness on the evolution of the polymer

molecular weight with the reaction timé&§230 C, P=10 mmHg, Prepolymer-R4k). Lines

were added to guide the eyes only.
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Figure 2.16 Maximum polymer molecular weight vs. mielayer thickness after 180 min
reaction time in amorphous polymer midayer (SSR) (prepolymerBlL 4 k , UGlayeri cr o
thickness).

2.3.5 Effect of Reaction Tgperature

In a conventional SSP of BPAPC, the maximum reaction temperature must be
sufficiently below the polymés melting point £26C0°C) because otherwise, partial melting or
fusion of thepolymerparticles occurand the operation of a continuous flogactor(e.g.,

fluidized bed reactor, moving packed bed readtegomes very difficult or impossible.
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Therefore, in conventional SSP of BPAPC, much lower temperature (3228 employed and
it makes the polymerization proceed vslgwly. Figure2.18 (al) and (b1) show the SEM
images of the crystallized prepolymer midayer surface of thickness it and thecrystallized
prepolymerparticle surface of 1Qm-radius. When these partially crystallized prepolymers were
polymerized at 23%C for 60 min, theesulting polymer morpHogies are shown in Figures 2.18
(a2) and (b2)In themicro-layer polymerizationhoweveythereactiontemperaturenuch higher
than in the SSP processes can be used because the reaction astatanaryamorphous
micro-layer. In our experiments, we carried &&R, experimentsat different temperatures.
Figure2.17shows the effect of reaction temperatanethe molecular weight df0 nm-thickness
amorphous polymer layers prepareingprepolymerSample A8k (Hgure 2.17(a)) and

Sample B14k (Fgure 2.17(b)). Inthe temperature range of :887°C (prepolymer A8k) and
200-235°C (prepolymer B14k), thereaction temperature has a strong effect on ldicating
that the polymerization in micrlayers is kinetically control In our experimentst ivas
observed that when tleactiontemperature was below 20D (Fgure 2.7 (a)), the polymer
micro-layers partially crystallized by a very small amount of residual casting solvent
(chloroform). The reduced polymer chain mobilitycrystalline regionand low reaction
temperaturenight havecontributed to the reduced molecular weighlow temperature8ut, it
should be noted that the molecular weight values obtained {2083 are still much higher

than those obtainable bprventional SSRsing spherical particles of larger sizes
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Figure 2.17 Effect of temperature on the evolution of the PC we@ldrage molecular weight
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with the reaction timeR=10 mmHg, micreayer thickress=10mm): (a) prepolymer ABk; (1)
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Figure 2.18 Morphology of crystallized polycarbonategpolymers: (al) surface of mictayer
(10umthickness), (b1) surface of bulk crystallized particles (10pdius), (a2) surface of
micro-layer (10umthickness) after 2 hr reaction at 235 °C, (b2) surface of bulk particles €10um
radius) after 2 hr reactioat 235 °C (Prepolymer: sample1Bik).
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2.4 Conclusions

In thischaptey we have presentedew experimentattudyon the solidstate
polymerization of BPAPC in micrayers (SSR) at the similar temperature range (ZZ8b °C)
employed in conventimal solidstate polymerization process but very close to the polimer
melting point.In SSP processhé reaction temperature should aisoproperly controlled. If the
reaction temperature is too close to the polymer melting point, the particles fegetothus
reducing the reaction rate and making the operation of a continuous SSP eeg¢tmofing
packed bed reactor) very difficult or even impossiblee particle fusingf partially crystallized
particles at relative high temperature were olesgrIn themicro-layer polymerizationthe
reactiontemperaturenuch highethan in the SSP processes can be used because the reaction
occurs ina stationaryamorphousnicro-layer. Thus partial melting or fusing during the reaction
are not of concerrQuite unexpectedlyltra-high molecular weighpolymers were obtainad
very short reactiotime when amorphous prepolymer midayers were used at 235 °C. It
was observethatthin micro-layer thickness promotes very efficient removathef
polyconcensation byprodudiut other factors such asetamorphous state, temperatuneg
group ratioand theprepolymer molecular weight seematffect the progress of polymerization
in theSSR,. Through the SSkheoreticakimulation model prediction, unlike conventional
solid-state polymerization using partially crystallized miparticles, theSSR, in amorphous
micro-layersis not ruledby conventional linear stegrowth polymerization theorAlso,
broadening of MWD and polydispersity were observed. Tgdispersity of amorphous micro

layers are far higher than 2.0 which is theoretical value of maximum polydispersity of linear
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stepgrowth polymers in homogeneous conditidngerestingly, the molecular weight is almost

linearly dependent on the miclayer thickness and its correlation is expressed
Mw=4.533310 4.083 2@, whered in nm. Temperature dependent molecwaightin

SSR, process indicate that this process is kinetically controlled.
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Chapter3: ReactionMechanisms forSSR, in an

Amorphous Polymer Micro-L ayers

3.1 Introduction

In the foregoingwe have seen that the SERetics in amorphous mictayers (SSR)
deviatefrom thekinetics ofconventional SSkh that the polymer molecular weight increases
rapidly in a short reactiotime even witha significantstoichiometriambalanceof end groupg[-
OCO-CgHs]/ [-OH]) being presenh astarting prepolymeand linear stejgrow polymerization
kinetic cannot explain such a fdmtildup of molecular weight usin§SR, and final molecular
weightof anmorphous 520um thicknessnicro-layers To understand the unusually high
molecular weight in our polymer samplesyticularly in amorphous mictayers,we postulate
thatthe polymer chain structure may not be perfectly linear but may have some nonlinear
structures such as branching and partial ctimgsng. In fact, in a melt polymerization of
polycarbonate at high reaction temperatures{280°C) a small amount of branched
polycarbonate can be formbeg Kolbe-Schmittrearrangemerdr Friesrearrangemedrreactions
[37, 40] Although the concentration of branched polymers (often called Fries product) in linear
polycarbonates igsually quitesmall (~450 ppm), they cadverselyaffect melt flow properties
and duglity and hence much efforts have been made to minimize the formation of Fries
producs [37, 40, 5658]. The polydispersity values obtained in our high molecular weight

polycabonates were as high as-2.57 broadening of polydispersityuggesting that branching
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might be a strong possibilitfhhe polydispersity oprecursaos provided intable2.2were 1.90
2.00 which is typical values can behievedvia homogeneous melt polycondensation process

[50].

Another possible nonlinear chain struetum the high molecular weight BPAPC obtained
in our study is a partial cro$imking. The formation of a crodsked structuran polycarbonate
during melt polymerization has belnown to be possiblat high reaction temperature ranges
(300-500°C) whichis above the polycarbonate melting temperature and higher than tempgerature
typically applied in melt process or solidstate polymerization procefk3, 20]andthis
temperature range is mubigherthantemperatur@ppliedin our studyusingthin amorphous
micro-layers.At 1965, Davis et a[18] reported a formation of insoluble gel with severe
discoloration at high temperature rar{80-500°C) when the volatile product, phenol, is
effectively removed from the systedilso, it was proposed that the cregsking canoccurvia
radical recombinationf two macreradical speciesr formation of pendant carboxyl group

followed by esterification reactiqi9, 59, 60]
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3.2 Experimental

3.2.1Characterization

The polycarbonate afecular architectures have been analyzed uUsigig resolution
13C-NMR and*H-NMR spectroscopy (Bruker AV Il spectrometerl®0.9 ands00 MHz,
respectively, and pyrolysisyas chromatography mass spectrometry@&&/MS). For the*C-

NMR and'H-NMR spectoscopyanalysis, polymesamples takefrom the SSR, experiments

were dissolved inleuterateahloroform(CDCl). 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 Unversity)). For the PY5C/MS analysisa Frontier Lab P¥2020iD pyrolyzer

(Koriyama, Fukushima, Japawps used. It wasonnected to an Agilent GC/MS system
composed of an Agilent 6890 gas chromatogiamd 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 G@re A DB-5 MS capillary column (length, 30 m; internal
diameter, 25@m; film thickness, 0.28m, 5% diphenyB5% dimethylsiloxane phase, J&W
Scientific, Folsom, CA, USA); carrier gas helium running at a constantriteef 1 mL/min

(37 cmis); split mode (50:1 ratio). The initial temperature of oven was 60 °C, then @&
gradient was applied to 320 °C (15 mimjhe column was interfaced directly to the electron
impact (EIl) ion source of the mass spectrometer. The ion source was operated at 70 eV. The
injection port, transfer line and ion source temperature weré¢ 3602300 and 230 °C,

respectively. The mass spectrometer was scanned in48@030/zrange . An aqueous solution
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(25 wt %) of tetramethylammonium hydroxide [(§NOH; TMAH] (Aldrich) was used as the
reagent for methylation of the product samples. Al@@g of sample and 1L of the
agueous solution of TMAH taken in a platinum sample cup were introduced into the farnace

600°C. Then, the temperature program of the gas chromatograph oven was started.

3.3 Results and Discussion

3.3.1°C-NMR Analysis

Figure3.1 shows thé*C-NMR spectral data for an amorphous prepolymer and three
SSR, samples, all ih0 nm micro-layers, taken at different reaction times (15min, 30 iauial,
60 min). Prepolymer B (14,000 g/mol) inable 2.2which has end functiongroupratio ([-
OCO-CgHs)/[-OH]) of 0.8was used for thpreparation 065SR, amorphou8PAPC samples.
Reactiontemperature was set to 2Z8)and SSRwas conducted at reduced pressure (10 Torr).
Result of molecular weight obtained via $3focess with amofmpus micrelayers(10um) is
provided in figure 3.Z8 ). Carbon peaks in PC were assigned on the basis of detailed studies
available in the literaturf87, 61] Here, wenote that phenolic groujpeak 5,6,7, and 8 inigure
3.1)and phenyl groufpeak 12,3, and 4 in lgure 3.1)decreased to insignificant levels after 30
min, and therefordinear stepgrowth polymerization via end group reactions practically ceases
to occur afterwarddn other word, no functional group is available to react to protigtesr

molecular weight linear polycarbonatéowever, according to thglymerization data in Figure
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3.2polymer molecular weight continued to increase after 30 min, suggesting that some other

reactions might have led to the continued growth of polymenslzand moleculawveight.

13C' N M R TH_?, _ (|:H3
Qo500 Oogfo O Gren
2 3 n 6 7
CH; i CH,

Prepolymer

| SSP (15 min)
MW

SSR (30 min)

;

SSR (60 min)

|

150 140 130 120 110 100 90 80 70 60 S50 40 ppPmM

Figure 3.1 13C NMR spectroscopic analysis of the $&mples at different reaction times

(T=230 C, layer thickness=10m, prepolymer BL4Kk).
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Figure 3.2 Weightaverage molecular weight vs. reaction time profiles2G0°C, P=10 mmHg,
prepolymer B14k): 8 ) SSR, (10um layer, amorphous) z ) 319 layer, crystalline)
Solid line is added to guide the eyes.

3.3.2'"H-NMR Analysis

The'H-NMR spectroscpy data of prepolymehigh molecular weight amorphous miero
layer sampleat different reaction time (30min and 180min)and crystdine microlayer sample
(180min)are shown in Figurd.3. Themolecular weight of amorphous mielayers and
crystalline micrelayersof 10um thicknessare showrin Figure 3.2For the amorphous polymers,

the aromatic regions (peak assignma&titat 80-8.1 ppmin Figure 3.3 for phenyl salicylate
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phenyl carbonate (PhSALPhC, Struct&re Figure 3.4 andpeak assignmer@”at 2.22.2 ppm
(StructureC in Figure 3.%indicate the presence ahomaloushainstrucures(branched and
crosslinked structuresin the high molecular weight samplebtained after 30 min. Note that
these peak assignmelfpeak assignmer8™ and 6", branching and crodmking, respectively
were absent in thew molecular weight prepolymers and crystalline milagers(Figure 3.2)

used in our study (see FigBed). In the literature, the presence of the branched units has been
reported37]. Forexample, the concentrah of PhSALPhC structure units (i.e., branching
density) in the fractionated polycarbonate sampfenolecular weightNl,,) of 11,40039,200
(g/mol) was reported to increase quasi linearly with molecular weight, suggesting that the

branching unitsverenot 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 calculafibesdata in ref.

[37] can be correlated as folled:

Y =0.1125V, +822. (3.1)

Where Y is the modifed concentration of PhSALPh@ ppm) andVl,, is the weidnt average
molecular weightg/mol). According to this correlation, as polycarbonate molecular weight
increases from 14,000 (prepolyni2il4K in our experimentto 40,000 g/mol (t = 30 min), the
branching unit concentration increases from 0.24% to Olb#te correlation is also applied to
higher MW sample (e.g340,000 g/mo) as observed in our studligure 3.2(8)), the
calculatedbranching unit concentratias as large a8.8 %, which is about 16 times the unit

concentrationn the prepolymer It is to be noted thahone 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 'H NMR spectroscopic angis of the amorphous mictayer (T=230"C, layer

thickness=10m, prepolymer BL4k). Arom. indicates aromatic protons.
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Another possible nonlinear chain structure in the high molecular weight BPAPC obtained
in our study is a partial crogisking. The formation of a crodgked structuren polycarbomte
during melt polymerization has belnown to be possiblat high reaction temperature (300
500°C) under evacuate systeand it was proposed that the crdis&ing canoccur by radical
recombinatioras illustrated irfFigure 3.940]. Note that temperature applied in our reaction
system is much lower than tlkemperature that inducésrmation of crossinking reported in
the literature (i.e., 30600°C). The reaction scheme includes the hydrogen abstnscom a
methyl group(Figure 3.5 (a)and scission of oxygen and carbonyl linkéggure 3.5 (b)}o
generate radicals thiad tothe crosdinked structures througlecombinatior{40, 62] Two
radical specie via hydrogen abstraction and chain scission reaction can be combined either
between same species or two different species to form alorkisg Structure C and D. From
theH NMR analysis of amorphous mictayers, only Structure (peak assignment'@it 2.1

2.2 ppm)wasconfirmed

The 6, & and & pmeaks in NMR spectra weassignedising 2Dheteronuclear single
guantum coherence (HSQUMR (Bruker AV-400Mhz high resolution)As shown in Figure
3.6, the methyl protons for thiepeating unifpeak 6) phenolic end groufpeak @, andethyl
protons in cros$inkage(peak @) are clearly isolated. However, these peakaeglappedn
onecarbon pealassignmenaround 31.0 ppm thus separation of carassignmentor the cross
linkage was not obtaine#figure 3.7 showsxpandedaromaticregon of two-dimensional (2D)
heteronuclear single quantum coherence (HSQC)RHC one bond) spectrum of SSPC
(30min at 230°C)These peakssignmentarecorrespondso thatof given in 3.1 and 3.3 for the

¥C-NMR and'H-NMR, respectively.
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Figure 3.6 Expandedmethylgroup on repeating unit and phenolic groups and ethyl group on
crosslinkageregion of twedimensional (2D) heteronuclear single quantum coherence (HSQC)

(2D *H-23C one bond) spectrum oS8, PC (30min at 230°C).
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The mok fractions of crosnkages (peak assignmeritd 2.12.2 ppm) in sample B
14k from amorphous micayers at 230C, estimated using the area intensitynoéthyl proton
andethyl proton in repeating unit and creliskageas followed:

peal6"/ 4
peal6/6- pealb"/4 + peak"/2

(Mole fractionof crosslinkageg = (3.2

The mole fractions of crodmkageswere 3.5310* and 4.26 102 at 30 min and 180min,
respectively(see figure 3.3)indicating that the crodskages havéncreased ahd two orders
of magnitude in 18 min ofsolid state polymerization in micilayers.In fact, smallamountof
insoluble fraction of polymer was obtainaffer 180 min (e.g., 4.8 wt% in 1Gn-amorphous
thickness sampleYhe generation of insaflle gel is probablypecaus@f the formation long
chain branched or crodisked polycarbonatel'able 3.1 showmole fraction of crostinkage

and generation of insoluble fraction in amorphous rliayers(10um) at230°C.

Table 3.1 Mole fraction of crosdinkage and generation of insoluble fraction in amorphous

micro-layers (10um) at 230°CGPEL0 mmHg, prepolymer B4Kk).

Time 10 pm-amorphousmicro-layers
: _ Mole Fraction of
(min) M,, (g/mol) Insoluble Fraction (wt %) _
Crosslinkage
0 14,0® 0 0
30 39,000 N/A 3.55 10"
60 109000 2.3 8.8% 10*
180 338000 4.8 4.26/ 107
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Table 32 showsthe moleratio of methyl protons to aromatprotons in the amorphous

and crystalline polycarbonate mielayer samples atifferent reaction timeg0 min, 60 min,
and 180 min in Figure 38 )). The ratio was obtained usitige sum ofarea intensity ofethyl

protors and aromatic protons at repeating siaitd phenolic end grosps indicated below:

aRatio of methyl protonsg

(?O aromatic protons 9

sum of methyl protons 6, 6' peak area
sum of aromatic protons 2, 2', 2" an83 3" peak are

(3.3)

It is seen that the ratio remains constant in ther@hick crystalline micrdayers(Figure 3.2

(z )), while the ratio decreases with the progress of reaction when the amsnpiwoalayers
(Figure 3.2(8)) of 10nm thicknesslue to the consumption of methyl protons via radical

recombinatiorreactionslf only linear step gswth polymerization occurs, this ratio will remain
constanbut if radical recombination reactions oc¢see structure C, D, andieFigure 3.5,
this ratio will decrease. The assignmentmitpn peaksised inequation (3.3)s provided in

Figure3.3
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Table 3.2 Ratio of methyl protons to aromatic protonglycarbonates in partially crystallized
micro-layers (10uncrystalline) ancamorphousnicro-layers (10pamorphous) at 230°C

(P=10 mmHg, prepolymer B4Kk).

Ratio of methyl protons to aromatic protons

;I'r:]rlr;]e)z 10pr'n-crystalline M,y (g/mol) 10 pr.n-amorphous M, (g/mol)
Micro -layer micro-layers
0 0.716 14,00 0.716 14,00
30 0.713 35,000 0.703 39,000
60 0.714 59,000 0.639 109000
180 0.716 123,00 0.598 338000

3.3.3PyrolysisGas Chromatography Mass Spectrometry@&/MS)

Theformation ¢ anomalous chain structures such as branehedrosdinked
structures in the amorphous midayer sampletas been investigated using pyrolysis gas
chromatography mass spectrometry-E&@/MS). PyGC/MS technique enables the
characterization of macrastecular complexes and it has been found to be a very effective
technique for thgualitativeanalysis of various condensation polymers. In this method, the
polycarbonate chains in presence of tetramethylammohyaroxide(TMAH) decompose

selectively at lgh temperatures (e.g., 40Q) at carbonate linkages to yield methyl derivatives
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of the components for a given polymer samplee mass spectrum of each peak provides the

identity of a specific chain structure of the polycarbonate sample.

Figure3.8 shows thepyrogramsobtained by the reactive pyrolysis of the prepolymer and
the amorphous micrtayer sampleafter 30 min of SSRin the presence of TMAH at 60C.
Here, we note four peaks (1, 2, 3, 4) that correspoaddmalougpolycarbonate chain strures
[40]. Mass spectra of these four peaks are shown in F&g#E2. These peak$-4 are more
pronounced in the sample obtained by polymerization of amorphmus-layers than in the
prepolymer. In wht follows, we shall present the analysis of these peaks and relevant reaction

pathways and resulting chain structures.

a) Prepolymer
peak 1
peak 3 peak 4
bl 1 ] e
A —n _ S . A — A
b) Solventcast Amorphoug30 min)
peak 1 peak 3 peak 4
L w N MLMM-\ peak 2 N/
| | |

I
45.0 50.0

T T 1
200 250 30.0 350 40.0
Retention time (min)

Figure 3.8 Pyrograms of prepolymer (B4k) and amorphous mictayer sample taken a03

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 exchaagetion with another BPAPC chain, it can
form branching structure (Kolb®chmitt rearrangemerftigure 3.4(a)). The branching structure
can also be formed by Fries rearramgat reaction (see Figure 3i). Thepossibility of
homolytic scission of carbonate group at high temperature between the oxygen and carbonyl
group in BPAPC and hydrogeistactionin the system can generate radicals that may lead to
crosslinking reaction (se€igure 3.9 [40]. The branchingnd crosdinking studies on
polycarbonate regted in the literature were mostiy thethermal degradation of polycarbonate
in the temperature rang@é 300-500°C, and this temperatuiis far higher than theemperature

of polymerization in micrdayers employed in our study 235 °C)

The mass spectrum the pyrogram(Peak 1in Figure 3.9 correspond$o carboxylic
branching structure by Kolb8chmitt rearrangement and Fries rearrangement red8#opA0]
Here, the molecular ion at m/z 314 and the base fragment ions at m/z 299 are fooongtl th
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 theolymer (see Figurd.9). The pendant carboxylic gup in ortheposition can
react with phenolic end group in BPAPC to a branching structure.reaesmngemer(fFigure

3.4) is analternative pathway leading to another branching structure.

The reaction pathways leading to the formation of elio&®d stucture shown irFigure
3.5involve therecombinatiorof macreradical species generated in the systenabulk melt

polycondensation of BPAPC, evéradicals argeneratedthey quickly react witlphenol
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which acts as a freeadical scavengd63, 64] R represents.macrceradicalspeciegenerated

in thesystem

R- + HO-@ —> RH + Inertradical

Macrora_dical Phenol
Species

Unlike in bulk (melt) polymerization angbolymerization in partially crystallized polymer
micro-layers and particleshepolymerizationin amorphous polymer micHayers provides a
very efficient removal ophenol dudo either very short diffusion path and abse 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 micro
layer surface by diffusiohe concatrations of residuatasting solvent (chloroform) isolvent
cast amorphousnicro-layersamplesat 230 °C were measurdxy gel permeation
chromatographyGPC)and amount with reaction extend :ares1 wt% (0 min), 1.93wt.% (30
min), 0.98wt.% (60 min) and 0.03 wfb6 (120min). The residual amount of solvent (chloroform)
in solution casted BPAPC mictayer wasdeterminedusing GPC equipped with a refractive
index detector (Waters 2414) with tetrahydrofuran (THF) as a mobile fhasstually, the
recombnation of macreradicals may lead to the formation of crdis&ed structures. In the
thickness range of-50um of micrelayers, a small amount of insolulB&®APC present in the
sample (e.g., 4.8 wt% in 10um thickness sample at 180min) can also be dexgmatheindirect
evidence of crosBnked polymersPeaks 3 and 4 (corresponding to struc@iand D inFigure

3.5, respectivelyin Figures 3.11 and 3.Idbserved in our high molecular weight polycarbonate
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samples indicate that such reactiamght haveoccurred in the polymerization in mictayers at

230°C.

Peak 2 (structurk in Figure 3.5 is formed by the scission of-C linkage between
isopropylidene group and the aromatic ring of Structure D at high reaction temperature. Thus,
peak 2 detected Iy-GC/MS (Figure 3.10 is a supporting evidence of structure D formed by
the recombination of methylene radical and phenoxy radidag formation of D is also

confirmed by the mass spectrum of peak 4 shiowigure 3.8
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Figure 3.9 Mass spectrum of peak 1. Peak 1 generated via reactive pyrolysis from structure A
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Figure 3.10 Mass spectrum of peak 2. Peak 2 getexl 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 mideyers, we have used a
numerical simulation model provided im@&pter 2 for the amorphous and partially crystalline
polymer micrelayers and the simulation results are illustrateBigure3.13. In the numerical
simulation model, the average phenol concentrations in fragess are calculated by the

following equatons:
p=1 % p(2) d: 3.4
= fP@d (3:4)

First of all, it is seen thahe phenol concentrations rapidiyops to a very small valu@s
5-10 mm microlayerswith a given initial phenol concentration (385> mol/L) in 14000 g/mol
prepolymey. In 1 min of SSR, at 230C, phenol concentrations of BJmm micro-layers show
1.0-3.63 10*(mole/L) which are about @orderof magnituddower than phenol concentrations
in crystallized micrdayers and thicker micrtayers. As mentioneckarlier, 35nm thick
amorphous sample shows patrtial crystallization during the course of polymerization and this
sample does not generate insoluble fraction until 180min of reaction time (see TalAs 3.3).
expected, the partially crystalérmicrelayers show higher residual phenol concentrafldrese
resultsalso suggest that the high phenol concentration due to slower diffusion in thick micro
layers and crystallizeahicro-layers reducéhe radical induced recombination reactiansl

mobility of polymer chairthat lead to the formation of crebsked structures.
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Table 3.3 Model simulated phenol concentration profil&@&sZ30°C, prepolymer BL4k)

depending on micrayer thickness and s&afcrystalline or amorphous) and generation of

insoluble fraction.

Partially Crystallizecand Amorphou#icro-Layers

Thickness Initial Crystallinity Phenol Concentratior Insoluble Fraction
(um) (%) at 1 min(mol/L) After 180 min
100 (crystalline) 33 3.83 10° -
10 (crystalline) 32 1.43 10° -
35 (amorphous) N 1.53 103 0
20 (amorphous) - 1.03 103 2.0
10 (amorphous) - 3.63 10* 4.8
5 (amorphous) - 1.13 10* 6.3

* Thepartial crystallizatioroccursduring the SSR
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Figure 3.13 Model simulated phenol concentration profil&@&sZ30°C, prepolymer BL4k): Solid
lines represent average phenol concentration in amorphouslayers (535um thick) dashed
lines represent average phenol concentratiamystallized micrdayers (10um and 100pum
thick).

The reaction pathways leading to the formation of clos®d structure shown in Figure
3.5involve free radicals. At high temperatu(d@$1-526 °C), chloroform decomposes to produce

active chlorinatedadicals as follow§65, 66}

CCLH- CCLHO €l

CIO@CLH= HCl CcEl,

CCLHBCCI,H- CClLH,+CCl,¢
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Theconcentrations of residuehstirg solvent (chloroform) in solvent cast amorphous micro
layer samples at 230 °C were measusgdel permeatiochromatographyGPC) 7.51 wt.% (0
min), 1.93 wt.% (30 min), 0.98 wt.% (60 min), and 0.03 wt.% (h2d). Figure 3.14shows
GPC chromatograms fene residual solvent (chloroform) in prepolymer (14k) and ,S3@sat
different reaction timeOurtemperaturemployedn SSR, process is far below than
temperature reported for the decomposition of chlorofdrinerefore, it is unlikely that the

radicak are generated by the chloroform at the reaction temperature employed in this study.

60 T 4 :
50 a) Prepolymer (14k 35 1 b) 15 min at 230C
s 3+
> E
2 401 ? 25 §
c i c £
o 30 : I 2 3
£ 2§ £ 15¢
] 1§
10 05
0+ : t t ¥ : 0 £ : t t ; -4
43 435 44 44.5 45 45.5 46 43 43.5 44 44.5 45 45.5 46
Retention time (min) Retention time (min)
4 E . 4 E .
35 £C) 60 min at 230C 35 1) 120 min at 230C
3+ 3 f
2 2 _F
0 2.5 1 g 25 t
T 27 g 2%
£ 151 S 15¢%
1 4 1 £
05 - 05§
0 sy ' : : 0+ TS :
43 435 44 445 45 455 46 43 435 44 445 45 455 46
Retentiontime (min) Retentiontime (min)

Figure 3.14The GPCchromatograms fahe residual solvent (chloroform) in prepolymer (14k)
after 2hr drying and in 3%, PCsat different reaction times) prepolymer, b) 15 min, c) 60 min,
d) 120 min.
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To evaluate the possible radical generation from solvent moleculeg eSp&riments
were carried out using different types of solvents which do not decompose or emytaadical
species when theyecomposat high temperature. Benzene does not decompdsmperature

below 900C and it decomposes above 100067, 68]

N-Methyl-2-pyrrolidone(NMP) decomposeabove 313C [69]. The prepolymer having
14,000 g/mol can be dissolved in benzene and NMP asMelldecomposition temperatwe
benzene and NMP is far higher than the temperature used inpB&Rss. Thus, the free
radicals generated frothese solventshould not affecthe polymerization in micrtayers.The
209/100ml PC (14k)/benzene solution was prepared to maka fltiick prepolymer amorphous
micro-layers. To avoid solvent induced crystallization during the casting process, the
PC/benzene solution and glass substrate were preheated at temperatt@e B60the NMP,
289/100ml solution wagreparedandglass substrate waseheated at temperature of 26Qdue
to a high boiling point (20204°C). These 1dm-thick amorphous micrayers prepared using
three different solvents were polymerized at’Z30nder the low pressure (10mmHg). The
molecularweight vs. time profildor the amorphous using three different solvents (chloroform,
benzene, and NMP) and crystalline mitagers using two different solvents (chloroform and
benzene) arshownin Figure 3.15The moleculameights obtained from three amorphous
micro-layers arevery similar.Also, two crystalline micrdayers using two different solvents
show very good molecular weigbonsistencyFigure 3.5 shows polydispersity of these
samples and amorphous midayers have broader MWD compared to the crystalline micro

layers
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Tetrahydrofuran (THF) also used as casting solvent. Decomposition of THF occurs above
the 5468C as reported in thaerature[70]. The solvent induced crystallization was observed at
micro-layer thickness around futh when THF usedhus SSR experiments were conducted
using jum-thick amorphous micrtayers.28g/100ml solution was usedaglass substrate was
preheated at 7€ prior to the solvent casting of prepolym&s. shown in Figug 3.17 the
castingsolvent(THF) doesnot dfect on molecular weight buildup for the SgprocessDuring

the course of polymerization, all amorphousnmii@yers were amorphous and transparent.

400000
@ 10pmamorphous (chloroform)
350000 m 10pmamorphous (NMP) P
— 300000 A 10pmamorphous (benzene) °
B O 10pumecrystalline (chloroform) - 1
g 250000 + A 10pmecrystalline (benzene) ° n
(@) u A
— 200000
= .
S 150000 N
(0]
100000 ° 4
. a R 4
A
50000 a
0 +4 —— N e e B ——
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 solver(chloroform, NMP, and benzen@)=230C, prepolymer B
14K).
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Figure 3.16 Polydispersity of amorphous mictayers with three different type of casting

solvents (chloroform, NMP, and benzene) and crystalline riégrexs withchloroform as a

casting solven{T=230°C, prepolymer BL4K).
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Figure 3.17 Evolutionof weight average molecular weight with reaction time using
different typesof casing solvents (chloroforand THF (T=230°C, prepolymer B14Kk).
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Effect of acetone (crystallization solvent) on §®rocess for the crystallized miero

layers was investigate@ecomposition of acetone was studied at°&78s followg71]:

CH,COCH,- 2CHO €0
CH,0 @H,COCH, CH @&H COCH
CH,COCH,0O - CH, (C#,CO
CH,O @H,COCH, OGH COCH
The experiment was carried out with midayers having two different solvent drying time and
conditions.As shown in Figure 38, the swelling solvent agent for the crystallizatomnot

affect on molecular weightuildup for the SSRprocess.

120000
¢ 5 min drying time in fume hood
100000 m 24 hr drying in vacuum ¢
= ’ !
© 80000
=
~
EZ 60000
= .
| ]
= 40000
20000 y
o+ 4
0 60 120 180 240 300
Time (min)

Figure 3.18 Effect of acetone on SSPm for the crystalline miengers =230°C, prepolymer
B-14k).
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3.3.5Atomic Force Microscopy (AFM) Analysis

The branched and/or netwaskcuctures of thinsoluble polymersonfirmed by'H-NMR
analysis and R%BC mass spectroscopy werether analyzed using atomic force microscopy
(AFM) (Vecco BD-3000 AFM) The polymer sample was apifi-thick amorphous micrayer
polymerized a230°C for 30 min.To prepargfor an AFM analysis, a very dilute polymer
solution (10 ppm solutiom chloroform) wasnade andiropped oto the interface of water and
air. After complete evaporation tfe solventfrom the surfacea polymerfilm formedwas
carefullyremoved from the interface atrénsferred ot@ amica surfaceSimilar technique is
reported to obtain an image of single molec{if&s76]. We used @aapping modevith the scan
rate of 0.3ine/s AFM images wez obtained using HRES C14/CrAu probe of 1 nm radius
(MicroMasch) ata resonance frequenoy 160kHz with theforce constanb.”N/m. Figure3.19

showsthe AFM images of the polycarbonate molecules.

1.0 nm

0.5nm

0.0 nm

0 nm 250 nm 0 nm 250 nm

Figure 3.19 AFM images of single polycarbonateoleculesThe AFM samples were prepared
using LangmukuBlodgett technique.
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Someaggregatednoleculesand linear polymerareseenn Figure3.19 A and B,buta
nonlinear structured polymer is also clearly seenitnas a Ybranch shape with each branch
length of 20nm, 22 nm, and 25 nm. The length of a polycarbonate chain with 10 repeainaits
molecule diametecalculated using Accelrys Materials Studio Visual&és 7.86 nmand 0.97
nm, respectivelyFigure3.20shows linear polycarbonate with 10 repeating ushisinedusing
visualize software If this value is applied to the polymer chabrgnched polym@ythen each
branch segment has a chain length of 25, 28, and 32 repeat units per segment, tgspbetee
values are similar to those of obtained from commercial branched polycarbonate using tri
functional agent§/7]. It is noted that the branched poler molecule shown in FiguB19 may

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

10 repeating unit= 7.86 nm

S
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~ e Pt
o ° o e .4 >
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5 } A o ; i

e 49 -
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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, weised the LangmuiBlodgetttechnique to visualize the S§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 solutiondvappedonto
the mica surfacandspincoater (Speedline Technologies, Model P6700 sedtg)on rate was
set to 200 rpm for 2 min to give enough time to evaporate solvent from thin polymer Tdyers.
similar technique has been reported in the literature to obtain the imagjagl®moleculeqd78,

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 theagated samples show
globular shapedt has been reported that results of 2D coil or 3D compregsbdeson a
substrate depends on surface characteristic, contribution of nonelectrostatic interactions with
substrate, and solvent qual[B0]. The sample for longeeactiontime (180 min) show larger
globules than shorteeactiontime sample (60 min) which hémver molecular weight and also

lower degree of crodmking.
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Figure 3.21 The SSR, PC molecules on the mica surfadée hreight and phase images for the
60min (Al and A2pnd 180 min (B1 and B2) sampl@he AFM samples were prepared using

spin coating technique at 2000rpm.
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3.4 Conclusions

In Chapter 2we have presentedew experimental results on the polymerization
of BPAPC in micrelayers toultra-high molecular weighpolymersin very short ractiontime
whenamorphougprepolymer micrdayersof thickness smaller than 38n werepolymerizedat
230 °C. The amorphous micrtayers exhibited faster increase to ultrahigh molecular weight
(300,000600,000 g/mol) than the partially crystallized mitagers. Theend 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*C NMR and'H NMR analysis as well as RFC/MS spectrometry have showrat
a fair amount of anomaloymlymer microstructures such as branching and partial-tirdéssg
are present in the high molecular weight polymélree presence of branched pogm
molecules was also observed by atomic force microsdbthe polycarbonate chain length of
10 repeating unibbtained using\ccelrys Materials Studio Visualiz®ris applied to the polymer
chain pranched polyméythen each branch segment has a cleaigth of 25, 28, and 32 repeat
units per segment, respectiveélye proposed a hypothesigtintermolecularearrangement
reactions (Kolbeschmitt rearrangement akdies rearrangemengactions) and radical
recombination reactions might haleel to theformation ofnonlinear chain structure#t the
reaction temperature (< 235) of our reaction system applied using amorphous Rigyers,
the crosdinked structure is not reported in the literature. In the-gtevth polymerization

process, théyproduct, phenol, actas radical scavenger is report&tie rapid removal of
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phenol (radical scavenger) from thin midayers isbelievedto havepromoteal the formation of
partial crosdinking. We have also observed that a small amount of insoluble polyaser w
present, which indirectly suggests that the ctmdsng 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 pobmeate is known to have
adverse effects on the polymer quality and hence they need to be removed after reaction
processesThe ultrahigh molecular weight polycarbonates with branching and partial-cross
linking structures are readily soluble in a solv@htioroform). It suggests that the uHnagh
molecular weight polycarbonate with nonlinear chain structures obtained in our study might be
an interesting new type of polycarbondtgure 3.22hows summary akactionmechanisms

for SSR, in an Amorphou®olymer MicreLayers
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(6) Freeradical inhibition reaction
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Figure 3.22 Summary of kinetic mechanism for a S3R an amorphous polymer mictayers.
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Chapter4: Formation of Insoluble Amorphous

PolycarbonateSynthesized in MicrcLayers

4.1 Introduction

Bisphenol A polycarbonat@PAPC)is an important material in many applications such
as automotives, electronic displays, data storage, medical, environmental, energy, and aerospace
industries[1]. The high glass tresition temperature (~150°C), optical clar(88-96 % light
transmission of visibléght), and exceptional impact resistance are the major merits of
polycarbonatef?, 3]. Although linear BPAP€have many outstanding properties, relatively
poor solvent resistance, low surface hardness and low scratch resistatisadvantages of

currentcommercially availablénear bisphenol A polyarbonatdg81, 82]

A small amount ofnsolublegel produced as a side prodwagth severaliscolorationis
generatedluring themelt polycondensation process at higcompositionemperature (>
300°C) under low pressurd8-21, 59] At lower temperature rangé<300°C), very minor
fraction of insoluble gek formed[40, 83] Table 4.1 shows formation of insoluble PC at high
reaction temperaturdt.is known topendant carboxyl grauy ortho to an ether link, via thermal
rearrangement reaction react with another PC to form an insoluble polymat lyigih

temperature, decomposition aliphenyl carbonateesults in 2phenoxybenzoic acid 9].
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Table 4.1 Formation of insoluble fraction at high temperatj4@].

Sample Preparation Method My My Muw/Mn

PG1 Melt Polymerization 1.33 10° 3.23 10 2.5

Insoluble fraction in
PG2 CHCI; for thermally - - -
treated P€El at 300°C

Soluble fraction in
PC3 CHCI; for thermally 1.83 10° 1.23 10* 6.7
treated P€EL at 300°C

PG4 Solvent Method 2.33 10 5.83 10* 2.5

Also, Mcneill et al.[41, 84]andMontaudo et al[60, 8587] investigatd the thermal
decomposition of BPAPC &iigh temperaturdn both studiestheyobserved théormation of
fractionatednsoluble gelwhen PCs undergo thermal decomposiibhigh temperatuneange of
300-700°C. However they proposedifferentmechanismafor the branched and creksked
strucures.Mcneill et al. usd IR spedtrocropy and GEMS toidentify thedecomposition
productgd41, 84] Theypostulated thatdmolytic scission between the isopropylidene tred
aromatic ring produce macradial species followed by eduiting reation resultingn cyclic
dimers. Theformation of polymer radicals via hydreg abstraction frora methyl groupcan

form acrosslinking structurevhentwo macreradical specieare recombine{#1, 84] However,
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Montaudo et al[60, 85]hypothesized that crodisiked structure canbe obtained by
intermolecular ester exchange processes to form a pendant carboxygwghicipundergo
esterfication rather than homolysis scissiogactiors [42, 60, 8587]. Although their hypothese

on the formation of insoluble geksre differentinsoluble gel is obtaineat similar reaction

conditions:
) Higher tempeatures (300-500°C) than normally applied in commercial
polycondensatioprocess.
(i) Reactionsconductedht lowerpressure@.01-20 mmHg).

However, in both studies, direct evidence of pyrolytic products for the-iné&sg structures

wasnot identified.

Recently, Oba et ainvestigate the pyrolysis products using pyrolysis gas
chromatography technique and successfully identified pyrolysis products via ester exchange and
hydrogen abstractio0, 56, 8890]. In this study, both thermal rearrangement and hydrogen
abstraction were confirme®y-GC/MS technique enables the characterization of
macromolecular complexes and it has been found to be a very effective technique for the
gualitative analysis of various condatien polymers. In this method, the polycarbonate chains
in thepresence of tetramethylammonidnydroxide(TMAH) aredecompose selectively at high
temperatures (e.g., 40Q) at carbonate linkages to yield methyl derivatives of the components
for a givenpolymer sampleBecause ofheinsolublenature and discoloratiotheseinsoluble
productsareregarded as side products. Thus fasearches on these phenomena baea done

in order to avoid the formation of insoluble fracti@hgingthe melt process
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In Chapter 2ye investigatedhe reaction mechanism for the formatiomohlinear
structures (i.ebranched and crossked structureof polycarbonate andfast buildup of
molecular weightn solublefractions even atalower temperature range (<) than

temperaturegenerallyapplied to obtain amsolublegel. The reaction scheme shown in

Figure 4.1.
StepGrowth Polymerization ?HJ ?H3
Oogfo @1 Dol 0-Qon
(o)
CH, CH, CH, mn iy,
Oofo @ 5o 0-{ron
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Figure 4.1 Reaction scheme of BPAPC in amorphous mlasers.
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4.2 Experimental

4.2.1 Materials

Amorphous micrdayer polymer samples were prepared using a solvent casting
technique. First, a predetermined amount of low molecutgght prepolymer sampl&{14k in
Table2.2) was dissolved in a solvent (chloroform) at room tempera8iliea substrate (2.5cm
3 7.5cm)was cleaned with acetone for 10 min and then cleaned agaimeftianol for 5 min
beforebeingrinsed with deionized water, and dried by nitrogenfipag. The cleanedsilica
substrate was prehedigmmersed in a bathf @repolymer solutionand removedThe silica
substrate coated with prepolymer was dried in a fume hood for 2h at ambient temperature and
pressure. The coated prepolymer milagers prepared by this method were transparent and
amorphousFor the solid stte polymerization, a vacuum oven was used as a reaction chamber
(Fisher ScientificE | sot @6Hchk FiNlhelpolymez&idnA Vac uu
experiments were carried out in a reaction chamber at 230 °C and 10 rRiorHlge analysis,

the polymer samples were taken out of the reaction chamber at designatkagstimegs

To investigate the effect of free radicadree radical inhibitor wassedin the polymer
micro-layers.To avoid the possibility of side reactions between the radical inhibitor and phenyl
carbonate end groups in polymer, phenothiazine elasted as it does not contain hydroxyl

groups[91, 2].
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4.2.2Characterization

The molecular weighind molecular weighdistribution (MWD)of theprepolymerwere
measured by gel permeation chromatography (GP@¥temequippedvith PLgel 10mm
MIXED-B columns (Polymer Laboratorieaid a UV detectoWaters 484)Chloroform was
used ashemobile phaseandanarrow polystyrene standard was used for the calibration of MW
We analyzed the polycarbonate molecular architecture agijhgresolutionH-NMR
spectroscopy (Bruker AV IIl spectromet&r600 MH3. For the'H-NMR spectroscopgnalysis,
polymersamples takefrom the SSR, experimentsvere dissolved ideuterateahloroform
(CDCl). For the analysis dhsolublegel fractions, PY\GC/MS (rontier Lab P¥2020iD
pyrolyzel) was used equipped widn Agient GC/MS system composed of an Agilent 6890 gas
chromatograph and an Agilent 5975i mass spectrorf@tanalysis Py-GC/MS analysis was
conducted in Korea by Dr. Yun Gyong Ahn (Korea Basic Science Institute, Seoul, Korea) and
Dr. Kwang Ho Song (Koreativersity)).An aqueous solution (25 wt %) of
tetramethylammonium hydroxide [(G}JANOH; TMAH] (Aldrich) was used as the reagent for
methylation of the product sampléssoluble polycarbonate morphology was visualized using
Hitachi SU70 scanning electromicroscopes (SEM)ransmissiorof SSPm amorphous
polycarbonate was scanniedherangeof 200-800nm using UWisible spectrophotometer

(CARY 50Bio).
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4.3 Resultaand Discussion

4.3.1 Formation of Insoluble Polycarbonate in Amorphous Miagers

In our first serieof experiments1Qum-thick amorphous micktayers prepared by
solvent casting technique was polymerized af€3ihder 10 mmHgFigure 4.2 showthe
evolutionof weight averagenolecular weight antheemergencef insoluble polycarbonate
fractions along the reaction timerhe molecular weight of 1@m-thick amorphous prepolymer
micro-layers Figure 4.2 £ )) increasedrom 14,000 g/mol (prepolymer MW® 340,000 g/mol
in 180 min.The prepolymemolecular weight is about 14,000 g/mol witbishiometric

imbalance otheend groupg[-OCO-C¢Hs]/ [-OH] =0.8).

In chaptes 2 and 3the increase of the polymer MW was formed to be caused by
minimal diffusional resistanctor thebyproduct (phenol)emovalandthe formation ofnonlinear
chainstructures polycarbonategbranched and crodmked PCs)Rearrangement @fcarbonate
group inlinearBPAPC can form a pendant carboxyl groagiho to an ether link, and through
ester exchangesaction with another BPAPC chalong chain branchestructurecan be formed.
Eitherthe Kolbe-Schmitt rearrangementactionor the Friesrearrangementreaction lead$o the
formation of branched structureBhepossibility ofhomolytic scission of carbonate grosiat
high temperaturebetween the oxygen and carbbgyoup in BPAPC and hydrogebstraction
in the system can generate radicals that leag to crosginking reactiors [40, 56] The
byproduct, phenol, is knowas aradicalscavengerin the SSR process, phenol effectively

removed from the system theescombinatiorof micro-radical species is promoted.
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insoluble fractios (8 ) with the reaction time for 10 pHthick amorphous mickayers
(Precursor weight average molecular weight=14k g/mol, P= 10 mmHg, T=230°C). Lines are

added to guide the eyes.

Whenlonger reaction timeés applied inthe SSR usingamorphous micrdéayers with
10um thicknessat 230C underl0 mmHgthe molecular weight decreassser molecular weight
reaching a maximum 480 min(Figure4.2 & )). Howe\er, fast increase of insoluble gel
fractionis observedfter300 min(see Figure 4.28)). For the measurement of insoluble
fractions, samples (0.5 g) at each reaction time are dissolved in large amchiotaform (500
ml). The soluble anthsolublegd fractions wereseparatedia filtration usinga 0.2um pore size

membrandollowed by washing witta solveni(chloroform)atleast 10 timesand weighted using
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gravimetic method.Only, the soluble fraebn was used to measutee molecualr weight using
GPC and its structure was analyzed usiHfNMR analysislt seems thathe polymerization
continued evemfter 180 min ofreactiontime but highmolecularweight polyner chairs become
insolublegels. Thestructureof insoluble fractiorwas analyzed using pylysis gas

chromatography

The fractionof insoluble ged with severe discoloration at high reaction temperature
(>300°C) which is above the polymer melting pofiit, ~ 260 °C)arereported in thditerature
[18, 20, 21, 41, 42]Yellowish or dark brown color polymers are observed at eglation
temperatureHowever thetemperatur@pplied in thissystemis 230 C andthefraction of
insolublegel grows to 0.95 afte360 min with perfect transparendecombingon of radical
species might be mainly responsible for the formationsalublegels in thatphenolic group
([-OH]) and phenyl group([-OCO-CgHs]) decreasetb insignificant levels aftethe early stage
of thereaction(<30min) Thus stepgrowthpolymerization via end group reactions practically
ceaseso occur afterwards,ut themolecularweight obtained ir80 min is 34,000 g/mol arttie
highest molecular weight observed in Figure 4.2 is about 333,000 g/mol which is about 10 times
higher.Longerpaymer chairs have a higher probability for the formation of radical shesa

higherchance ofecombinatiorof macreradical species is expected.

Figures4.3and 4.4show thefractionof insolublegels with reaction time over420 min
in chloroform(Figure 4.3 and SEM image ahsolubleBPAPGs (720min)after separating
solublefraction with24hr exmsure inchloroformin the oven at temperature of°8)(Figure
4.4). Methylene chloride, tetrahydrofuran (TH&nd dimethyl sulfoxide (DMSQjlsoknown as

goodsolventsfor the polycarbonateandsame results were observédmost same amount of
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insolublegel fractions were obtained usitigesefour different types of solvents that listed above.
Prepolymer sample thickness was set o ®efore SSRandinsolublegels depicted in Figure
4.4 (a) and (b) almost keds initial shape and hasthickness of nearlyOum. As shown in

Figure 4.2, about 90% afisolublefraction was formed in 720 min apadrous structures were

observed at crossectional area of itro-layers as shown in Figure 4.4.

420 min 540 min 720 min960 min

Figure 4.3 Increase of insoluble fraction of BPAPC in solvent (chlamofioas reaction time

extend(T=230 C, P=10 mmHg, Prepolymet4K g/mol).
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Figure 4.4 SEM image of insoluble BPAPC with reaction time of 720 mim230 C, P=10

mmHg, Prepolymer: 14K g/mpl
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In Figure 4.3, webserve théncrease of insoluble fraction of BPAPCahnloroformafter
420min.Before 420minno precipitation was visiblédowever we have shown that about 5%
and 16% ofnsolublegel were presenat thereactiontime of 180min an@00min(Figure
4.2(8)). We haveused AFM(D-300)to observehe presence afisolublegel in amorphosi
micro-layers at shonteactiontime. The polymer sample was apid-thick amorphous micro
layer polymerized a230°C for 1800 minto 720 min The 95% insoluble samples were not tried
due to the difficulty of sample preparatidrne prepolymer and the S§PC of 0.05mg/ml
solutions for the differenteactiontime were preparefibr thesamplepreparationAnd these
solutions were coated on the surface of flat substrate using spin coating technique at the spin rate
of 2000rpmWe used aapping modevith thescan rate of 0.bhe/sec The AFM images were
obtained usingormal Si 4650 nm radius probat a resonance frequenoy 334kHz with the

force constandO0 N/m.

Figure 4.5 showsFM height images of insoluble gel fractions onto the solubledds
the nsoluble fractions are thicker than soluble PCs. The prepolymer does not awsdhible
geland amount of insoluble gel increases with reaction tiraethe60min sample, emergence
of smallparticles has larger heighias confirmedThese small parties haveabout 4.5 nm
largerheightsthan soluble PC surface (Figure 4.6). Although it is not shown, soluble PCs have
47.9nm in height. Area of insoluble PCs was calculated using Image J software and volume
fraction of insoluble PCs in 60min sample was50Bor the other samples, this calculation was

not applied due to the namiform surface heights.
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300 min 420 min

Onm

Figure 4.5 AFM height images oinsoluble gel fractions onto the soluble Pdsrement of

insoluble gefractions withreactionextend.
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420 min

Figure 4.6 Heightdifferencemeasuremertietweerinsoluble gebnd soluble PC surfader the

60min and 420min samples

About95%insoluble gefractionis obtained a®60min of reaction timeThechain
structuregi.e., branched and cre$isked structures) were investigated usthgNMR analysis
and pyrolysis gashromatographlass SpectrometrfPy-GC/MS). Soluble and insoluble
fractions wereseparated usin@.2um pae sizemembrane anthe soluble part was analgd by

'H-NMR andtheinsoluble gel was analyzed Py-GC.
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g/mol), b) soluble fraction oBmorphous micrdayer at the reaction time 860min (T=230 C,
layer thickness=1@m, prepolymer14k g/mol).
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Figure 4.7shows théH-NMR spectroscopy data of prepolymer (a) and high molecular
weightpolycarbonaten the solublefraction obtained at 960mifb). For the soluble BPAPGhe
aromatic regions (peakt 80-8.1 ppm) for phenyl salicylate phenyl carbonate (PhSADRind
ethyl protons on the linkage of crelasked structure were confirmed. The mole fractions of
crosslinkagewas 6.33 102 which was estimated using area intensitynethyl protons and
ethyl protons in repeatingnits and crosdinkages. As reported in Chapte3, mole fractions of
crosslinkagein the soluble fractiomere3.55 10* and 4.26 102 at 30 min and.80min,
respectively At early stageof thereaction, croséinkages increasesbout two orders of
magnitude. Howevethe mole fraction o€rosslinkages inthesoluble fractiordoesnot change
much after 180 min afeaction time probably due to tiresolubility of highly crosslinked
polymer chaingnd because thel-NMR spectroscopgnalysis is limited to the soluble fraction
only. This seems to indicate that the insoluble gel formation occurs around thénitags
mole fraction of betwee#.26 102 and6.333 102 Themolecular weight of soluble polymer
chains decreasafter 180 min of reaction time at Z&Dand that thénsolublegel fraction

increases rapidly after 300 min of reaction time (see Figure 4.2)

Recently,Oba et al. reported thdte PyGC/MS methodin the presence of
tetramethylammonium hydroxide (TMAH) @ effective technique for the qualitative analysis
of branched and crodmked polycarbonate. Through reactive pyrolysis of insoluble ajel
high temperature (40Q), linear,branched and crosmked polymer chains are selectively
decomposed tmethyl derivatives of the componentkich aredetected by mass spectrometry.
The Pyrogramresult in Figure 4.8hows thatheinsolublegel consist®f branchedand cross

linked strudures(structureA-D). StructureA (peak a) can be formeda thermal rearrangement
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reaction (Fries and Kolb8chmitt Rearrangement reactiongi)ile radicalrecombination
reactions of macroadical speciekead to structur®-D (peak bd) [40, 56] According to the
structurs (B-D) obtained through radiceécombinationtwo macreradical species would be
formed during the SSPprocess, methylene radical via hydrogen abstraction themmethyl

group and phenoxy radical through chain scissigdhextarbonate group. Two methylene radical
species may forrBtructureC that correspond® peak ¢ whiléghe combinaion of methylene
radical and phenoxy radical species produce Structure D (peak d). Structuhe é&tive
pyrolysis canponent of Structure D whidk supporting evidence @iierecombination of two
different macreradical speciesNote that none ahe peaks areelatedto thebyproduct (phenol)

which actsas a radical scavenger.

A

1 15.0 200  25.0 30.0 35.0 40.0 450 50.0
Retention Time (min)

Figure 4.8 Pyrogram of insoluble gel obtained at the reaction time of 960 w230 C, layer
thickness=10vm, prepolymer14k g/mol).
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Insoluble PC samples (960 min) weeenovedirom the glass substralby immersingthe
polymerkubstrate irawater batrand sonicatindgor over 6 hous. In hydrofluoricacidwas also
used to remove the mictayers from thesubstratesurface Micro-layers obtained after SgP
process (960min) hawexcellent transparency even after l@xgposure tdigh reaction
temperature &230°C (Figure 4.9. Also, theamorphous micréayerswere transparent during the
polymerizationlmprovement otoughnesand ductility is anothedifferencein comparison with
thestarting materialRrepolymer14,000 g/mol linear polycarbonateyhich will be discussed in
Chapter 5Images of the amorphous mielayers (960min) recovered from the substrate were

presentedn Figure 4.9.

Figure 4.9 Images of stagtalone insoluble PC gel recovered from glass subsffa@30 C,

layer thickness=1@m, prepolymer: 14k g/mol, amorphous mitayer at 960 min).
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For themeasurerantof light transmissiof SSR, PCs UV-visible spectrophotometer
(CARY 50Bio) was usedrigure 4.10 and 414howthe UV-vis spectra of prepolyméB-14k),
amorphous micrtayerpolymer sampleproduced via SSPand PCs produced by melt process
atvarious reactiontimes.The prepdymer sample has about-®3%light transmission ahe
visible light range (390’00 nm) and the amorphous midayersexhibitalmostthe same
transparency throughout tleatirerange of measuremen#sithough thisis not the bst reactor
set up othemelt polymerization procest)e conventionamelt process was conductedglass
vialsat 290C and 10 mmHgwhich is within the typical temperature rarfgethe melt process
During the course dhemelt process, severe discidtion was observed. After @4nin of
reaction, bulk PC turnei dark browrcolor. In aconventionamelt stepgrowth polymerization,
high reaction temperatusglong reaction timg(4-5 h), and ineffective removal of phenol often

lead to unwanted sideaetions, causing discoloration of the fipabduct[12, 16, 17]
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Figure 4.10 UV-vis spectra of (a) prepolymer {B4k) and (be) amorphous micrtayers with
reacton time (T=230 C, P=10 mmHg, Prepolymer-84k).
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Figure 4.11 UV-vis spectra of (a) prepolymer {Bik) and (be) bulk PCs using melt process
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4.32 Effect of Layer Thickness

The thickness of a micHayer is expected tbave an #ect onthe moleculaweight and
increasingnsoluble gel fractiophenomena because it affects the diffusion rate of phenol
(condensation byproduct) from the polymer roitayer. Figure4.12 showsthe molecular weight
vs. reaction time profileor the amorphous micrayersof thicknessangingfrom $4nmto 20
pm. All amorphous micrdayer samplesnaintained transparency during the entire peoiod
polymerization Even tiough not shown here, @8 thickness samples were partially crystallized
when itwas casbn the glass substratend thermaannealingenhancd the crystallization
during the reaction. Thus mictayer thicknesss limited to20um to ensure that all theiaono-

layers are imnamorphous state.

Figure 4.12hows that micrdayer thicknes$ias astrong effect on the rate of
polymerization andhe final molecular weight down to a thickness of alifit nm past which
point, the effect of the thickness is igsificant Micro-layerswith thicknesses of 54021 nm
weremeasured using AFM in tapping mode d@hedheight image were used to obtaprecise
thicknesameasurement®r each sampld-or themicrometerscale samples, the thickness was
measured using Mitutoyo micrometer (Japan)n the range of 5621 nm thethickness effect
is veryminimal andthe molecular weiglt of these samplesre in the error rangéroughouthe
entirereactiontime. Also, thedeviation of molecular weight becomes higher as &iom of
insolublegel fractiors arepromoted in thinner micrayers.Effective removal of phenol in
thinner micrelayers may increas@e numbepf availableradical sites on the polycarbonate

chain thus crosknking reactions can take place at shegctiontimes. As shown in Figure 43,

118



theemergence of insoluble gel PCs was observed eadigricrelayer thicknesslecreaseslhe
insolublegel fraction of 1fim samples at 180 min is about 5 % wiihe 54-621 nmthick

micro-layers shovabout 35 % wtah is 7 timesigher.
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Figure 4.12 Effect of the amorphous micilayer thickness on the evolution of the polymer
molecular weight with the reaction timé&§230 C, P=10 mmHg, Prepolymer-R4k). Lines

wereadded to guide the eyes only.
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Figure 4.13 Formation of insoluble fraction in amorphous mitagers depending on thickness

(T=230 C, P=10 mmHg, Prepolymer-B4K). 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 molecwlaightbuild up of linear stejgrowth
polymerization and radicaécombinatiorreactions as well. Thus, the residiphenol
concentration in micrtayers of different thicknesses directly relates to the formation of
insolublegels. The simulatioresults are shown in Figure 4.14s expected, thicker layers
contain larger amounts of phenol in the reaction spaceellayler thickness range of 54
1021nm, phenol concentrations decrease quickly. The experimental results of different micro

layer thickness samples at 180 min suenmarizedn Table 4.2.

120



Table 4.2 Experimen results of different micrdayer thickness (54 /BOum) at 180 min.

Amorphousmicro layers at 180 min

Thickness Soluble PC N Polydispersity Insoluble gel Mw SD
(g/mol) fraction

50nm 615742 4.09 0.38 189,373
100nm 596,854 5.00 0.37 142,426
620 nm 608,350 4.48 0.36 +39,793
1020 nm 406,958 4.24 0.28 +42,132
S Hm 379,271 2.68 0.12 +19,550
10um 338,346 2.50 0.05 +17,426
20 um 253,149 2.32 0.02 +18,595
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Figure 4.14 Model simulation of pheol concentration depending on mideayer thickness
(T=230 C, P=10 mmHg, Prepolymer-&4K).
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4.3.3Effect of Reaction Temperature afadmationof InsolubleSSR, PCs

In the SSR, of our study, amorphous polymer midayers allow for the employemt of
higher reaction temperatwéhan the conventional SSR that partial melting or fusion of the
polymer particless not of concernTherefore higher reaction rates can laehievedwithout
crystallization processThe reaction temperature employéal SSR, is quite close to the
polymer melting poit Figure 4.15 shows the effecbf reaction temperature whe®SR, is
carried out using 1@m-thickness amorgius polymer layers prepardxy the solvent casting
methodusing a prepolymer sampl€14,000 g/md. In the temperatar range of 70-245°C, a
strong effect of temperature on the polymerization rateNMWd was observed, indicating that
the polymerization in micrtayers is kinetically controlled. At45 C, the polymer molecular
weight at BO min has eached as high &50,000 g/mol. Also, it is observed that thermisl
inducedor solvent inducedrystallization takes lpce attemperature below 2@°C during the
SSR, processNote thatthe concentrations of residuehsting solvent (chloroform) in solvien
cast amorphous micdayer samples at 230 °C were measurég gel permeation
chromatography (GPCY.51 wt.% (0 min), 1.93 wt.% (30 min), 0.98 wt.% (60 min), and 0.03
wt.% (120 mir). The GPCsystem(Viscotek GPC max with TDA 302 multi detect@juipped
with 2500, 3000, 4000, and 5000columR$LC grade THRwvas used as a mobile phassd

predetermined amount of chloroform was used for the calibration.
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Figure 4.15 Effect of reaction temperature on the eN@n of weight average molecular weight
of soluble fraction in amorphous polymer midayers of 10 um thicknes3£170-245°C,P=10
mmHg, Prepolymer B4K). Lines were added to guide the eyes only.

At relatively higher reaction temperature230°C), in®luble fraction (ina good solvent
such as chloroform, methylenchloride, tetrahydrofuran, afimethyl surfoxide) of PC was
observed anthe amount of insoluble PC increased along the reaction tintlee@®@SR, process
(see kgure 4.16. Insolubel fractionwas separated using 0.2um pore size membrane and
weighed using the gravimetricmethod. Higher reaction temperatsirgive higher rats of
insoluble gel formationAt reaction temperatusef above230°C, the molecualr weight SR,
PCs decreaseas theinsoluble fraction rapidly increasest temperature below 200C, no

insoluble gel fraction was observe@rystalline regios served as diffusion barrerfor the
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byproduct (phenoljhus higher concentratisrof phenolstill remained in the crystalline ero-
layers. As mentioned earlier, the phenokisadical scavenger hence higher concentration of
phenol will capture the macmadical sgcies resultingin only a soluble linear structure
polycarbonate . Moreover, decreged mobility of polymer chainsn the crystalline polymer
results inlower mobility of radical species aridwer rate of polymerizatiorAll the crystdline
samples (Figure 4.1&t 170C, 180C, and 200C) reacha plateauof molecular weight after 240

min.
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Figure 4.16 Generation of insoluble fraction of BPAPC in amorphous rrigyers of 10um

thickness at the reaction temperature above 230°C. Lines were added to guide the eyes only.
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4.3.4Effect of radical inhibitor on the molecular wetgind insoluble
fraction of PC

The mechanism of crodmking proposed in this work is radicadduced reaction
mechanism (i.e.,hydrogen abstractionor chain scission reactipn Unfortunately, the
measuremenbf free radicalconcentrationduring the SSR, processwas not possibleTo
investigate the effect of free radicalge used an indirect methofipe radical inhibitos were
added tahe polymer micrdayers.The largethe amount of radical inhibitowould decrease the
radical concentration in micayers hencéhe buildup of molecular weight is prohibited artie
amountof insolubléinfusible polymersvould decreaselo avoid the possibility of side reactions
between the radical inhibitor and phenyl carbonate end groups in polymer, phenothiazine (se
Figure4.17(A)) was selected as it does not contain hydroxyl groups. Different concentrations of
theradical inhibitor (0.1 wt %, 1.0 wt % and 28 %) wereadded to P&hloroform solutions
to prepare the 30n thick micro-layers.The micrelayers weredried under a fume hood for 2h,
and theSSR, was carried out in a vacuum chamber at°£38nd 10mmHg. Figure4.17 shows
the different molecular weiglg and insoluble fractio;m formation at ranging inhibitor
concentratioa As expectedSSR, without any radcal inhibitors givesthe highestmolecular
weight buildup until 120min of SSR,. 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 ure 4.171A) representhose that arenoleculesn 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 reactionrte at 230°C =230 C, P=10 mmHg, Prepolymer B
14K).
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4.35 Multi-Layer Deposit Reaction (MLDR)

Whenthe micro-layersthicker than 3am were preparelly solvent casting or spin
coating technique, samples were partially crystallized and thermal anneattiagcd the
crystallization during the reaction. Thus thecro-layer thicknessvaslimited to a maximum of
20um to enste that all the micrdayers remaineth anamorphous statéf. the layer thickness
can beexpandedvhile keeping the merits of tH&S,, technique developed in this study,
nonlinearultrahigh molecular weight polycarbonates can have broader applicatmtisat
purpose, multilayer deposiandreaction (MLDR) of amorphous paner was developed.
Figure 4.18howsa schematidescriptionof the MLDR technique An amorphous micktayer
is polymerized taa high molecular weight P@nd then another layes deposited omop ofthe
original polymerlayerby secondcasing After thesecondayer ispolymerized the same

procedure isepeated atil the desired micrdayer thicknesss achieved

Low MW (Layer 2)

v
10um¢ Low MW (Layer 1) SSR High MW (Layer 1) 2 layer High MW (Layer 1) 20um
\ Substrate — Substrate — Substrate '

: >120um
SSp HighMW (Layer 2) MLDR Layer2
High MW (Layer 1) — — Layer 1
Substrate Substrate

Figure 4.18 Schematic description of Mictbayer Deposit Reaction (MLDR).
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The frst series of experimesitvas carried out with 10p4thick amorphous mro-layers
at areaction temperature of 23D at 10 mmHgTo prepare th&Opmthick amorphous micro
layers, spin coating technique was uae@000 rpm witl0.3g/ml PC (14,000 g/mol) solution in
chloroform After 180 minof SSR,, the 10 umamorphousnicro-layershave about a 370,000
g/molweight average molecular weight abfb insoluble gel viaich are consistent witthe
resuls shown in Figure 4.Zach additional layer waseposited on the polymer micilayers
afterevery180 min of reaction withthe sameconcentrated solutioruntil a desired thickness was
obtained After thefirst casting oto theglass substratadditional micrelayers didnotincrease

the thickness b0 um butratherin incrementof 15-25um (Figure 4.19)

500,000 0.25

450.000 ¢ 70.10 um

400,000 85.16uml 0.20 S
7~~~ T - —
— b e
g 350,000 043.50um : %
£ 300,000 1015 &
S 250,000 ; o
< 200,000 1010 8

150,000 . ! g

100,000 - 1005 S

50,000 _

0 ot} 0.00
540 720 900
Time (min)

Figure 4.19 Evolution of molecular weight and formation of insoluble gel using MLDR method
(T=230 C, P=10 mmHg, Prepolymer-B4K). Multi layers were depositegvery180 min

interval. Solution concentration was set to 10um thickrigses are added to guide the eyes.
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Themolecularweightof each additional multi layer depositedsimilar to themolecular
weight obtained ithefir st single amorphous miciayer (Figure 4.19) Thisphenomenois
probably due to the fast removalmfenol at the interface of low molecular weight mitagers
andthereactionenvironmentThus polymerization on the low molecular weight mitager is
promoted whilgheviscous highmoleculamweight micrelayers underneatthaveextradiffusion
barriess for the removal othe byproduct.In the full range of thicknesse&PCchromatograra
show that samples havaimodal distributionsAlso, insoluble gel fractions aseound 6% at all

reactiontimes andamorphous micrdayersamples up to 85.18n show excellenttransparency

Another experimentvascarriedout by varying the initial micrdayer thicknesgFigure
4.20) Three differentoncentrged solutionswereused to prepare three types of samples with
layer thicknesss of5, 10, and 2um. Experimens werecarried oufat the reaction temperature
of 23C°C under evacuate system (10 mmHepr all sample, multi layers were applieat an
interval of every 30 minThe thinner layers produce higher molecular weightthe same
phenomeon wasobservedThe maximum micrelayer thickness obtained from this experiment
is 131.32um, howeverthe MLDR technique may produdkickerlayers while keeping target
properties obtairgefrom first single micrdayer. Figure 4.21shows polydispersity vs. reaction

time for all three micro layethicknesgs
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Figure 4.20Evolution of molecular weight using MLDR methoB=230 C, P=10 mmHg,

Prepolymer B14K). Multi layers were depositegt an interval oévery30 min. Sdution

concentration was set sum (P ), 10pm( g and 200 m  (irethickness.
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Figure 4.21 Polydispersity of polymers vs. reaction time profféulti layers were deposited
every30 min interval =230 C, P=10 mmHg, Prepolymer-4K). Soluton concentration was

set tospm (P ), 10um( § and 200 m  (irethickness.
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4.4 Conclusions

In this Chapterthe experimental investigation t¢ime formation of insoluble geturing
the SSR has been presentethewt. fractionof insoluble gebbtaned at 230°C undetOmmHg
in 960min is nearly0.95andthe polymer has aexcellenttransparencyimprovement of slvent
resistancetoughness&nd ductility arehe major meris of high molecular weighinhsolublePCs.
The soluble anéhsolublefractionswereanalyzed byH-NMR and PyGC/MS.Formation of
insoluble gedis promoted in thinner micrtayers due to effective removal adlfie byproduct
phenol.For thelayer thicknesssbelow 621nmtheresidual phenol concentratiovascalculated
using atheoreical simulation modelThe simulation result&dicatethatthethickness effect is
negligiblein that residual phenol concentrations are close to Bertb. the nolecular weight
build-up and theformation of insoluble gel araffectedby the presence oédical inhibitos. The
experimeral work presented in this chapter provides an indirect evidence of raddrated
reactiongo the formation of crosknked polycarbonatesvliicro Layer Deposit Reaction (MLDR)
techniquedested in this workuggestshatthethicker micrelayers of high molecular weight can

be prepared.
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Chapter5: Thermal, Mechanical and Rheological

Properties and Crystalline morphologyof SSR, PCs

5.1 Introduction

In the previous chapterae have presented that insoluble PC gel was mextiat 230C
which is much lower than the melting poaridthatgelfractionsas high a®.99was obtained
without discoloratiorj12, 16, 17] Poor solvent resistan@ndlow surface hardnesseknown
asweaknesssof polycarbonate. Othempolymers such as polyimides, poly(ether sulfones), and
poly(aryl ethersfanhave crosdinking structureghatimprovethesolvent resistance of
polymers[81, 93, 94] In this chpaterthe physical] mechanical, and flow properties of partially

crosslinked polycarbonates obtained via $3fPocessarepresented

Most studieson nonlinearpolycarbonateén the literatureareon thesynthesis and
characterization dbranched polycarbonat€he average number of branching units per chain of
0.0170.434 is reported in thease of melpolymerized BPAPCs whose branched structure is a
result ofthermal rearrangement reactidB8g]. Depending oithe chain length and structure,
branched polymers are sorted istwrtchain or longchain branched polymeategoriesLong
chain branch polymemaredefined asavinghigher values of weight average molecular weight
per arm M, /arm) than the critical molecular weight for anglementM. (e.g, 40034800

g/mol). The averageumber of repeating units &, /armfor commercially available lorghain
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branched BPAPC was estimat&hbout 397]. Rheologicapropertiesand crystallization
behaviorof polycarbonatelepend orits molecular structure as well as molecular weigbt.
instance, high moleculaveightlinear PCs are not easy to melt procékswvever processing
long-chain branched PCs are relatively easlére highemobility of polymer chaisin long

chain branched polycarbonatempared tdinear polycarbonate/asinvestigatedising dielectric
relaxation analysig/]. Largermelt elasticity and sheaate sensitivity were observed while
mechanical prperties were not changed significantly withiwigle range of compositions+0
100 wt% of branched BPAPC) ear and branched BPAPC blexrid commercially available
long-chain branched polycarbond®. For crosslinked polycarbonates, ontie crosslinking

of benzocyclobutergerminated bisphenol A polycarbondBCB PC)wasstudied[81, 95]
Althoughthecrosslinked BCB PC ha adifferentstructure than the cro$isked PCs discussed
here the crosslinked BCB P@s glass transition temperature increageto 210C depending
onthecrosslink density. Also, increase of yield stress (5835 MPa), ultimate stress (85.5
MPa), andoughness was reportetiowever, decrease of ultimate elongation (111 to 14%) and
film ductility are observed as the crdgsk density increase81]. Figure 5.1 shows the structure

of BCB PC andcrosslinked BCB PC.

O

(*g-(}@%g}&g-&@? — Q@GG{G@E@GS}@

n

(BCB polycarbonate) (Crosslinked BCB polycarbonate)

Figure 5.1 Structure of benzocyclobuteterminated bisphenol A polycarbonate (BCB PC) and
crosslinked BCB PC.
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5.2 Experimental

5.2.1 Sample Preparation

The samples that are analyzed in this chapter were prepateda#edn chapterd (see
Figure 4.2) Table5.1 showghe moleculaweight(M,) and the insoluble fractions (mass
fractions) with SSRreaction time for a J@m-thick microlayer at 230C. ThisTableshows that
the amount of insolubligactioncan be controlled by theacton time. The molecular weights

shown inTable5.1 are for the soluble fraction only.

Table 5.1 Sampleweightaverage molecular weigbf soluble PCsinsoluble fraction(mass
fraction), polydispersity, anchole fraction of crostinkagewith the reaction time for 10 pm
thick amorphous micrayers (Precursor weight average molecular weight=14k g/mol, P= 10
mmHg, T=230°C).

10um Amorphous MicreLayers (SSR at 230C)

Sample ID

Reaction M, in solble Insoluble Mole fraction of

time (min) frac. (g/mol) fraction  Polydispersity  crosslinkage*
PREO 0 14,000 0 1.97 0
SSPM30 30 34,000 - 2.26 3.553 10*
SSPM60 60 94000 0.03 2.32 8.893 10*
SSPM180 180 333,00 0.05 2.57 4.263 102
SSPM420 420 187,000 049 3.22 6.283 102
SSPM960 960 149000 0.95 5.46 6.333 102

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

The thermal analysis &SR, samples obtained frowfifferent reaction timgewas
conducted singadifferential scanning calorimet (DSC) (TA Instrument Q100D All the SSR,
PCsamples contaiacertain amount ahsoluble gel fractions as shownTable5.1. About5-
6mg of polymer samples were taken and seialedl A Instrument Hermetic alumum DSC can.
A temperature range of 43D0°C was used to cover botly @nd T, with ascan rate of
10°C/min. The frst cycle of heating and cooling wdeneto remove solvent effesaind former
thermal history andata fromsecond cycle wasollectedto investigate the thermal properties of

SSR, PC samples.

For the dynamic mechanical analysis (DMPA Instrument Q800 40um and 20Qm
thick samples was prepared $tpckingandfusing 10um-thick amorphous micrayersusinga
Carver Laboratory Heat Preas200 °C. The 4Qum-thick samples were used to obtatrain
stress curveandthe 200um-thick samples werased forthe dynamic mechanical analysising
atemperature sweep madeifferentsamplethicknesgss wereapplied for thewo different
analysesdue tomaximum and minimum static force limmibf theinstrumerts. Rectangular
shape samples were prepared using TA Instrument sample ¢diteension: 5.0 mm (lengtky
5.3 mm (width)) For the tensile measurement, analysis conditions were &staags: initial
strain at 0.1%; constant temperature &% xtension rate at n/min; poissoids ratio of 0.37
Dislocation of samples was applied iltiie micrelayer samplefractured A temperaturesweep
wasusedunderanitrogen environmenh order to investjatethe glass transition temperature,

storage modulus, and phase lag @jamhe initial strain was set to 0.5% aagbreload force of
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0.01Nwas appliedvith a constant frequency of 1 HZhe analysis was carried out from°2o
300°C. However thefinal data point for each sample variddpending on thettisentanglement
characteristis The temperature was raised in increments’Gfwith 2 min given at ach

analysis temperatute equilibratethe sample atarget temperatures.

Flow properties of SSPPCs were characterized usiagptational rheometdiRSA Il
Analyzer (Rheometric Scientific Ing.yvith a parallelplate (25mm in diameter) geometry wéh
sample thickness range of 4800um. A strain of 5% was used as all samples were in the linear
viscoelastic regime. The analysesnperaturavas set to 261C for rheologicalanalysisand data
collection from DMA analysis waémited to around 250C. Dynamic storag€Gqg, loss shear
moduli (Go),cand complex viscosityk) were obtainedt afrequencyrangeof 0.01-100rad/sec

undercontinuous 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 glassdransit
temperatures () of the high molecular weight amorphous mitager sampledrigure 52
shows the DS@hermogram®f the prepolymerfREO in Table 5.) and amorphous micro
layers of 10 um thickness synthesized at Z3@t different reaction timgSSPM-30 to 960in
Table 5.). The glass transition temperature of the low molecular weight linear prepolymer
(PREOQ) is 131.31 °C butheTyincreased t030.14 °C after60min (SSPM60). After 180 min
(SSPM180)of reactiontime, Ty becomes stable at aralit59°C which is higher than thg T
values of commercial BPAPC (e.g., 146°C (31,000 g/mol), 153°C (43,000 g/[vipH6, 97]
The high molecular weight and the observed nonlinear chain structures in our polyrpkessa

are thought to have caused the additional increasg in T

At 180 min(SSPM180), the insoluble gdraction is about 5% and rapidly increases
after300 min(see Figure 4.2However, F does not seem to increagdthoughit is not shown
here,the soluble andnsoluble fractios of the sampleSSPM960was separateglsingits
solubility in chloroform and Jfor each fraction was measured. Both soluble and insoyéble
fractionshave aglass transition temperatuoéaround 159C. *H-NMR analysishasshown that
thesoluble fraction also contains branched and elioked structuresThe mole fractions of
crosslinkages in solublefraction of sampl&SSPM960was 6.33 102 which was estimated

usingthearea intensity ofmethylprotons and ethyl protors repeating ungand crosdinkages.
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Figure 5.2 DSC thermograms of prepolymer-@Blk), amorphous micrayerswith reaction

time (T=230 C, P=10 mmHg).

140



5.3.2 Dynamic Mechanical Analysis (DMA)

First series of DMA experimestverecarried out for the tensile test SSR, PCsat fixed
temperature (2Z%2). The 10um amorphous samples taken from different reactionstineze
stacked and meltgdused)to make 4Qm-thick films. Strainstress curves e obtained as
shown in Figure 5.3The prepolymer oMW 14,000 g/mol sampl@PREOQ) was also analyzed
thoughthelow molecular weight sample PREractured at astrain percenof 09. In fact, the
prepolymer sampks were very brittle making difficult to preparestablesamples without
cracking.Forall SSR, PCs,agreat degree of ductilitwas olserved Tensilemoduli of 340
1550 MPa weréound for SSR amorphous samples, and teasile modulus anthe ultimate
tensile strength increasas reactionime proceedsThe increase diltimatetensile strength is
due to the increse in chain length armdkegree of crosbnking indicating a decrease in rate of
stress relaxation as creksking inhibits polymer chain flowNote that Sample SSPM180 in
Tabe 5.1) has soluble weight average molecular we@f240,000g/mol with 5%insoluble gel
(branched and partially crofisked PCs) while Sample SEPM960 in Table 5.2has nearly 3%
insoluble PCsTheultimate elongation of SSAPCs increases until 08ninandthendecreases
with increasing reaction time and insoluble gel fractions. ddweasin@f ultimateelongation
is atypical phenomena cau$by thedropin numberof available polymer chain conformational
states of crosbnked polymerd81]. Similar behavior was reported for the crdsdked
benzocyclobutengerminated polycarbate[81]. The ultimate tensile strength and elongation of

sampleSSPM960were 69.5 MPand 54.6 %, respectively.
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Figure 5.3 Strainstress curves of SSPm PCs with reaction timeS§HM30, (b) SSPM60, (c)
SSPM180, (d)SSPM420, and (epSPM960.

Thereallts obtained from DMAempeature sweep for the prepolym@&REO0) and
SSR, PCs with different reaction time are given in Figure 5.4. Storage modulus versus
temperatre profiles wereobtained using @um-thick amorphas micrelayer samples which
werepreparedyy fusing 10um-thick samples. SSR, PCs samples shogifferent dynamic
mechanical responsdepending on their molecular weight andlecularstructuresSecond
order transitiorof the prepolymeris 147.2°C. Compard to the T obtained from DSC analysis
(see Figure 5.2pvalueabout 18C higherwas observedlhe transition poinincreass until the
reaction time of 180 mi(SSPM180)is reached andtabilizes at aemperaturef around 164C.

ThesampleSSPM180containing 5%nsoluble gel has roughlype same transition tempedtae
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observed ir6SPM420(49% insoluble) andSPM960 (95 % insoluble) samplddp to a
reaction time of 180 mi(SSPM180), there is a clear trend of increasing Which can be
attributed to the increase in chain length and degree of-linégsg. Prevously reported NMR
data in Chapter 3 shows that the mole fraction of dinking is 3.55° 10* 8.893 10* and
4.263 107 for reaction times of 30, 60, and 180 min respectiyede Table 5.1)However,
samples SSPM80, 420, 96@xhibit very simila second order transition.seemghat the
onsetof insoluble geformationdoes not affedhe secondorder transition of polymer chains.
Compared to the mole fraction of crdsking for the sampl&SPM30, theSSPM60 shows a
slight increase whilehe SSPM180shows an increase of 2 orders of magnit{sge Table 5.1)
which has a significant impact on the second order transition. Looking at the soluble fraction of
the SSPM960, the creslinking mole fraction is 6.33 102 which is the same ordef o
magnitude as that of the 180 min samplee sampl&SsSPM180have 5% insoluble gel with a
crosslinkage mole fraction of 4.26 102 Above this point, the insoluble fraction rapidly
increases while thegFemains constanT.hus this is in good accordae withDSC resultsvhich
shows that theglass transition temperature stabilizeound 158C after 180 mir{(sample SSPM
180)(see Figure 5.2 At temperaturebelow the second ordéansition the polymers are in
glassy stateThe sorage modulus of preponer (PREO) at room temperature (26) isabout
1000 MPa and this modulgsaduallydecreaseas temperaturgses up to theglass transition
For the SSPMBO, the storaganodulusincreaseso 1450 MPa andnly slight incremerd are
seenafter 180 min oSSR, (SSPM180). ThesampleSSPM960 containing 95% insolublbasa
storage moduluabout 1.84 times high&m comparisorwith linear low molecular weight

prepolymer(samplePREOQ).
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Figure 5.4 SSR, PCs sbrage modulus as a function of temperattré Hz with initial strain at
0.5% and preload force at 0.018SR, PCs were obtained at reaction temperature of@3a@th
10um thickness micrdayers:PREO (3~), SSPM30 (3-), SSPM60 (-6-), SSPM180(-2-),
SSPM420(-A-), andSSPM960 (-#-).

Above the glass transition temperature, the polymer chains have full mobility and their
entanglement network affect the belmanaf dynamic moduluf98]. Differencein molecular
weight and madcular structure mightfect the polymer chain entanglement at rubbery state.
Above T, all samples show thdrop of storagemodulusto significant level about three order of
magnitude lower as stress relaxation of polymer chains bebminer[99]. To see the different
behaviorin rubberystate logarithmic scale waapplied as given in Figure 5¥!/ith prepolymer

sample(PREO in Figure 5.8Y)), storage moduludecreased agmperaturés raised andfurther
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temperaturéncrement give disentanglement of polymer chain at the analysis temperature
higher thar230°C. As theSSR, process proceedthe storagemodulus increassandtheslope
decreasereaching a plateau, exhibitimjastic behavior in theubbel state(seeSSPM960 in
Figure 5.5#)) [98]. Thus, he partially crossinked polymer (SSPMA60) containing high
fractions of insolublgel behavs like typical thermosetAlso, disentanglemenrdf polymer
chain occurs at higher temperature as the reaction time inseeasgdinglyascrosslinking in

amorphous micrtayers is enhanced.
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Figure 5.5 Behaviorof storage modulus above the glass tramsitemperatur€Ty) with
different reaction time sampleBREO (3-), SSPM30 (3-), SSPM60 (&), SSPM180 (2-),
SSPM420 (A-), and SSPMWR60 (#-).
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The analytical softwardJniversial Analysis sibware version 4.5) wassedto obtain the
loss tangent (tad)) curves as given in Figure 5®ften, loss tangeri$ used to define thglass
transition temperatur@ ) the ratio oflossmodulus (E) end storage modulus ¢tare
maximizedat the peak Maes of loss tangent (phase lag)

O at¢tEQoaoi
O 0€&1 @EO & 0 i

0 e

As observed in DSC, the loss tangent (fapeak (in Figure 5.6) positiorshift to high
temperature until reaction time of 180 min iacked and staymwound 168C until 95%
insoluble fractionis obtained. Moreover, the peak height decreases asabigontime of SSR,
processncreasesindicatingthat theenergy loss (phase lag) becomes lower as molecular
weight of polymer increasealue to crosdinking. Although glass transition temperatueenains
nearly constamat 168.5C afterabout5% insolublefraction(SSPM180) is formed the energy
loss becomesmalleras insoluble gel formatioimcreasesFigure 5.7 showthetanl valuesas
temperatures variedthrough rubbery state until disentanglement of polymer abasarredfor
each sample. For all samplésss tangentl) graduallyincreaseas temperature increases
indicating polymetoss modulus increases much faster than dsergaf storage modulus as
chains are relaxed at higher temperatWhen the partially crosknking density increasewith
reaction timestan deltali) decreases at each given temperanaeating energy loss becomes

lower. The SSPM960showsarubberelastic plateaattemperatureabove220°C.
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Figure 5.7 Behaviorof loss tangent (ta) above the glass transition temperat(ifg) with
different reaction time sampleBREO (), SSPM30 (3), SSPM60 (6), SSPM180(3), SSPM

420(A), andSSPM960(#).
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5.3.4 Rheoloigal Properties

Molecular weight (MW), molecular weight distribution (MWD), and chain structures (
branching and crodsking) are the important parameters thatimghepp ol ymer 6 s physi
mechanical, and rheological propertj280]. The mechanical properties of SSIPCsin glassy
state, glass transition and rubbery stateinvestigated using dynamic mechanical st
majority of this part focuses on the flow regidimus theflow properties of SSPPCs were
characterized abovedlpolymeés melting temperature §) using rheological measurements.
SinceSSR, PCshavebranched angartially crosslinked chemical structures, the flow
properties enable us identify microstructural characteristit general, higher molecular
weightpolymers have lower flow properfy, 101:104]. However, flowability of nodinear
structure polymers such as branched and dnolssd polymers depends dine molecular weight
and degree of branching and criis&ing as well[105, 106] The 1@um amorphous mickayers
obtainedby SSR, were fused to prepare 4300um samples par to therheological
measuremeni strain of 5% was used the experiments &60°C which is higher thathe
polymeiGs melting poin{96, 97]andapproximately 10C highertemperature ogpolymer chain
disentangtment(see Figure 5.7bserved in DMA resultynamic storag€Gq, loss shear
moduli (Go),cand complex viscosityk) were obtainedtafrequencyrangeof 0.01-100rad/sec

under the continuous nitrogen gas flow to prevent side reactions

The complewiscosities of linear prepolymesdmple PRE) and high molecular weight
nonlinear SSRPCs(sample SSPMsreshownin Figure 5.8 Thesample PRB (low

molecuar weight linear polycarbonateghaves like &pical Newtonian liquid As molecular

149



weightis increased witbranching and partiarosslinking, zero sheaviscositesbecomeawo
ordess of magnituddarger(e.g. sample SSP#0). Theshear thinning effect does not change
much in 30 minsample SSPMO0), approximately 7000 Padropas frequencyncrementvas
observed in botsamples PRB andSSPM30. Thecomplexviscosity increases and the range
of thezeroshear rate for Newtonian region decreas#s 60 min For the SSPML80 and 420
the Newtoniarbehavior isnot observed in the frequency genof 0.01100 rad/sec. As SGP
reaction extendBom 30 min(SSPM30) to 180min(SSPM180), the complexviscositiesof
SSR, PCs at high shear frequency are very similar while large difference in viscosity was
observed as frpiency goes to lower rangehese phenomena indicatieat shear thinning effect
become larger as branching and mainly partial eliogsg reaction proceeds the SSR
processlt is known that molecular weight, molecular structure, and polymer relaxation rate
affect the degree of saethinning[7, 107] Lower polymer chain relaxation or diffusion rate
from high moleculaweightnonlinear (branching and partial crdsking) polycarbonategive
higher shear thinning effeft, 107] Linear viscoelastic behaviors were obseriggdhe SSPM
180 and SSPM20 which contaimbout 5%and 49%insoluble gelrespectivelyFor theSSPM
420(49% insoluble gel),Ight increase of shear viscosig/observed ircomparisorwith the
SSPM180. It is reported that crodsked polymers near gel point the relaxation time becomes

large thus steady shear flow is not readi€a].
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Figure 5.8 Dynamic viscosity of prepolymer and SSPCs over a frequency range of G100
radk. SSR, PC samples were prepare®80°C with 1Qum thicknessPREO ( Y $SPM30
( 6SBRM60 (A),SSPM180( 3SSPM420(#).

Figure 59showshear st orage modul us ,RCSovema of prepol
frequency range of 0.0100 rad/sFor thesample PRE (linear low molecular weight

polycarbonate), the storage moduu§ dereases as frequency decreaseikheslopeis
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approximately twavhich represents tgpical behavior of Newtonian fluid&or the SSPM30,
storage modulus increasegabout twoordersof magnitudebut the slopis nearly samdn
addition, loss modulus values are higher ttimstorage modulus at d@terange of frequency in
that tanl values are higher than 1 (see Figu&nd Figure 5.11 ThesampleSSPM30 has
gel content below 1 Wb. As gel content increasegth reaction timg> 180 min) thecomplex
viscosity (inFigure 5.8 and storage modulys Figure 5.9 show that the polymers exhibit
morerubberlike behaviorin that zero shear viscosity was not observed and the slope of storage
modulusapproachesgero[108-110]. Recall that in théH-NMR datashownin Chapter 3the
mole fractiors of crosdinked polymers arés 3.553 10*, 8.893 10* and 4.26 102 for

reaction times of 30, 60, and 180 mriespectivelysee Table 5.1)As theamount ofcross

linked polycarbonateincreass in micro-layers, thestorage modulu¢ Giacreass faster than
theloss modulug @ ¢ndicatingthatmelt elasticity of partially crosknked polycarbonates
much higher than thlew molecular weight linear prepolym@RE-0) andsample SSPMwith
lower contentsof crosslinking (Figure 5.1). Forthe SSPM180 and SSPM 20, the storage

modulus islargerthantheloss modulus at all frequency rarngsted in our experiments
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Figure 5.9 Shear storage modulus d®f prepolymer and SSHPCs over a frequency range of
0.02-100 rad/sSSR, PC samples were prepared at Z30vith 1Qum thicknessPREO( V') ,
SSPM30( 6SBERM60 (A),SSPM180( 3SSPM420(#).
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Figure 5.10Shear lossnodulus (@& of prepolymer and SSHPCs over a frequency range of
0.02-100 rad/sSSR, PC samples were prepared at Z30vith 1Qum thickness: PRB ( Yy ) ,
SSPM30( 6SERM60(A),SSPM180( 39SPM420(#®).
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Figure 5.11 Loss tangent (tad) of prepolymer and SSHPCs over a frequency range of G.01
100 rad/sSSR, PC samples were prejgarat 230C with 1Qum thicknessPREO ( Y $SPM30
( 6SBRM60 (A),SSPM180( 3SSPM420(#).
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5.3.5CrystallineMorphologyof SSR, PCs

Whenamorphous polycarbonateicro-layersaretreated withacetone as a swelliragent
crystallization occurs rapidly in the polymer midayer intoanaggregate of-5 mm-diameter
spherulitic polymer particlegl8, 49] Each spherulitic polymer particle consists of very thin
leaves protrudingfrom the center of the particlBigure5.12(a) showsthe SEM images of the
crystallizedinearprepolymer(PREQ) micro-layer surface o10um thicknesdor 10 sec and 30
secin acetoneAfter SSR, processn amorphousnicro-layers at 230C, the 1Qum-thick micro
layers maintained ammorphousThese micrdayers ofnonlinearhigh molecular weighESR,
PCswere crystallized using acetorieor thesample PRED, thecompletespherulitic
morphologycan be obtained in 30sddnlike the original prepolymer crystallized by acetone,
the SEM images ifrigure5.12 (b)-(d) showthat the high molecular weight nonlinear (branched
and partially crostinked) polycarbonatedo not crystallizéo discrete spherulitess the
content of croséinked polycarbonate increases withactiontime, crystallizationratewasvery
slow (see Figure 5.)2Figure 5.13howscrosssectiors of PRE0 andSSPMsat different
reaction timeTheprepolymer micrdayers consist of smadpheruliticparticlesacross the entire
thicknessputthefree volume decreasesthe conten of crosslinked polymersincreaseskor
thesample SSPM60, acetone inducesrough surface but thepheruliticmorphologyis not
seen at all High resolutionSEM imagesin Figure 5.14howthat SSPM960 hasnon-spherulitic
morphology.lt is also obsered that secondary crystallization occurred at the top of the primary

spherulitic structuréFigure 5.1%.
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Figure 5.12 Acetone induced crystallization of prepolymer and $BEs: (aPREDO, (b)
SSPM180, €£) SSPM420, and (dBSPM960.
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Figure 5.13 Crosssectional area of prepolymer and S3FCs with reaction time extend.
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Figure 5.14 Surface morpology of SSPM960 (about 95% insoluble) samples.

159



Figure 5.15 The secondary crystallization at the top of the primary stru¢saraple SSPMG60).
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