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Introduction
A wide variety of synthetic polymers is available today. Over a century of re-

search and innovation has resulted in numerous man-made materials for an un-

imaginable number of applications, reaching a global production of 335 million 

tons in 2016.1 Expectation and purpose of these materials, and their unique ben-

efits (and challenges), are as diverse as the markets that they serve. Variation in 

production method, composition and architecture, processing method, property 

characteristics (including rheological, thermal and mechanical behavior, trans-

parency, stability and resistance) and their intended usage (single use to high 

performance, circular usage) create unique profiles for each polymer material, 

competing with metal(alloys), ceramics and natural materials on various levels 

(see for example Figure 1).2,3,4,5

Research, and especially industrial research, on polymer chemistry and/or prop-

erties focusses on improving these profiles, enabling new and/or improved uti-

lization of specific materials, justifies exploration into improved polymerization 

techniques enabling differentiated polymers. 

Figure 1.  Material properties overview for plastic containing materials (colored 
areas) and other materials (grey areas).2
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Polycarbonates
Engineering polymers, e.g. polyamides, polyesters, polyphenylene oxides, poly-

acrylates and polycarbonates, are materials produced for their distinct property 

profile (Table 1), which find application based on their mechanical performance 

and resistance to demanding environments. Among these engineering polymers 

polycarbonates account for 4.85 million tons per year (1.44% of all synthetic 

polymers made annually).1,2,3,4,5 

Polycarbonates have a long history. The phosgenation of hydroquinone and re-

sorcinol by Einhorn (1898), ester exchange reactions using diphenyl carbonate 

by Bischoff and Hedenstrom (1902) and the aliphatic polycarbonates prepared 

by ester-interchange reactions by Carothers and Natta (1930) are early exam-

ples.6 During the 1950s attention to this specific class of polymers grew with the 

focus of Farbenfabriken Bayer AG and General Electric Corp exploring aromatic 

polymers. In 1953, Hermann Schnell7 of Bayer AG and, independently, Daniel W. 

Fox8 of General Electric Co. (Figure 2) synthesized the first aromatic polycarbon-

ates with attractive thermoplastic properties. 

Both, Fox and Schnell, had selected the aromatic diol bisphenol-A (BPA) for 

their studies (Figure 3). By 1958 both companies were producing polycarbonate 

as commercial product.

 

 
 
Figure 2.   Portrait of D.W. Fox holding an early polycarbonate sample. On the right 

a close up of initial color of an early polycarbonate sample prepared on 
laboratory scale. (photos courtesy of SABIC)
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Initially the properties of BPA polycarbonate were far from the current com-

mercial quality. In Figure 2, Dr. Fox is holding the first polycarbonate sample 

produced in the laboratories of General Electric Co., showing little transparency 

and having a brown yellowish color. Already from these early BPA polycarbonate 

samples unique properties became apparent, highlighting ductility and ther-

mal stability. Early examples of polycarbonate applications include cast film for 

electrical foil and photographic films, injection molding of industrial parts,9 but 

also more prestigious applications like the visors for the Apollo 11 crew (1969).10 

During the 1970s polycarbonate became accepted by a broader market, being 

used by designers as engineering material.

After solving color issues and optimizing polymerization conditions, polycar-

bonates became an amorphous engineering polymer known for a unique prop-

erty profile (Table 1): Exceptionally good dimensional stability, good properties 

over a broad temperature range, excellent creep resistance, ductility under high 

impact at room temperature, good electrical resistance, high strength and mod-

ulus characteristics, self-extinguishment combined with transparency.2,11,12,13 

 
Figure 3.  Representation of diol (from Dr. Schnell’s patent application7) and 

structure of polycarbonate (from Dr. Fox’s patent application8). 

Figure 4.  Applications of polycarbonates; NASA helmet, THERMOCLICK™ sheets 
and LEXAN™ SD film for protective layers. (photos courtesy of SABIC)
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The general property profile (Tg vs. ductility index) of polycarbonates compared 

to plastics is illustrated in Figure 5.2 Sensitivity to moisture (being susceptible to 

hydrolysis), requiring high processing temperatures to enable flow and limited 

resistance to specific classes of chemicals (for example petrol, bases and sol-

vents) are considered limitations of aromatic polycarbonates.

In addition to aromatic polycarbonates also aliphatic polycarbonates find 

commercial use, for example, in energy storage, biomedical applications and 

as building blocks in other polymer systems.14,15 Sugar based building blocks 

are explored as sustainable polycarbonates with property profiles approaching 

aromatic (BPA-based) polycarbonates.16

The ever-growing demand of differentiated polymers, dictated by changing 

market dynamics and customer/consumer expectations, as well as attempts to 

position polycarbonate in markets previously served by other polymer systems, 

drives research into property modifications and process optimization.11,12 

Table 1.  General property overview of selected engineering polymers.2,11,12,13 

Table 1. General property overview of selected engineering polymers2,11,12,13 
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Three general approaches for property modification can be identified: Introduc-

tion of comonomers, blending with (miscible or immiscible) polymers and the 

introduction of (organic) additives or fibers. 

Especially the first approach, introduction of comonomers to tune the resin 

properties, has a broad potential for changing properties by altering molecular 

architecture of the polymer, affecting thermal, flow, optical and flame-retar-

dancy properties. Copolymers of aliphatic and aromatic building blocks show 

a combination of properties based on their co-monomers, utilizing aliphatic 

moieties for balancing flow, ductility and transparency, and aromatic moieties 

for improved heat resistance, often at the cost of ductility. Figure 5 presents the 

polycarbonate material bandwidth with respect to ductility and Tg.
2,11,12,14

Besides the tuneability of co-monomers, also conversion processes (foaming), 

compounding with additives (fibers, fillers) or blending with other polymers 

(miscible or immiscible) expands the application space of polycarbonates. 

Figure 5.  Property overview of all plastics with polycarbonates highlighted.2 
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Synthetic routes to polycarbonates
Reviewing current synthetic approaches to polycarbonates reveals that multiple 

routes are practiced, each with their own benefit and application, and used at 

a scale fitting their needs and limitations. In general, methods are described in 

the context of their usage (aromatic or aliphatic polycarbonates). An overview 

of all relevant routes to polycarbonates is given in Table 2. In general a carbonate 

bond can be considered as the di-ester of carbonic acid (Scheme 1), which has 

not been demonstrated as a viable synthetic pathway because of the unstable 

nature of carbonic acid.19,20

To produce carbonates from alcohols a “CO”-donor has to be utilized as dis-

played in the more generalized Scheme 2.11,12,14

CO2 is the most important synthetic feedstock in the production of polycarbon-

ates and has the potential of being a renewable source of carbon in this chem-

istry.21 Not only is it a critical building block in the production of “CO”-donors, it 

can also be utilized in direct use with diols22 (Scheme 3) or through ring-opening 

reactions with epoxides (Scheme 4).23

Unlike carbonic acid, its “di-esters”, i.e. carbonates, are stable. Dimethyl 

carbonate, another versatile monomer, is used in the synthesis of aliphatic 

Scheme 1. Hypothetical synthesis of polycarbonate from carbonic acid.

 Scheme 2. Schematic synthesis of carbonate bond.
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polycarbonates,24 aromatic polycarbonates (via melt polymerization of bis-phe-

nol-A methyl chloroformate25) and is the precursor of diphenyl carbonate.11,12,26,27 

The polymerization with dimethyl carbonate is a step-growth polymerization 

with a condensation product (methanol), which is typical for most polycarbon-

ate syntheses (Scheme 5). The polycarbonate segment accounted for more than 

50% share of the global dimethyl carbonate market in 2014,28 and it is a more 

widely used approach than the use of di-ethylene carbonate,29,30 which requires 

phosgenation of ethanol. 

Diphenyl carbonate, produced from dimethyl carbonate or by phosgenation of 

phenol, is the starting material of the melt transcarbonation process, which is 

considered one of the two most-important industrial production methods. This 

synthetic route follows Scheme 5, with phenol as condensation product, and 

produces high-quality polycarbonate resins on a commercial scale and remains 

economically viable. 

Scheme 3.  Synthesis of carbonate from diol and CO2.

 

Scheme 4. Synthesis of carbonates from epoxides and CO2. 

 

Scheme 5.  Synthesis of polycarbonates from diols and carbonates.
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The two-phase interfacial process based on phosgene (Scheme 6) is the other 

route used in concurrence to DPC on an industrial scale. 

The usage of diphosgene and triphosgene are alternatives to phosgene. Both 

have higher boiling points and are easier to handle in a laboratory environ-

ment,31,32 and can be used for direct polymerization or the formation of inter-

mediates like chloroformates. Di-tert-butyl tricarbonate has been described as 

a good alternative to chloroformates and polycarbonate was easily prepared in 

a one-pot synthesis.33 

In addition to these monomers also the production of polycarbonates based 

on ring opening reactions (Scheme 7) involving (macro) cyclic oligomers as 

intermediate is practiced.34,35,36 The use of macro cyclic oligomers of BPA poly-

carbonate demonstrated to be useful for fabrication of glass and carbon fiber 

composites with high-fiber fractions. 

Comparing scale and hazards for the different approaches shows that each poly-

carbonate precursor has its preferred use and disadvantage, limited by process 

conditions, reactivity, health and safety considerations, cost or scale. Finding a 

process that combines mild conditions, low hazard and broad applicability has 

been a driver for new developments.

 

Scheme 6.  Schematic representation of synthesis of polycarbonates using  
phosgene and diols.

 

Scheme 7.  Synthesis of polycarbonates using ring-opening polymerization where 
R represents a BPA-repeating unit.
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Table 2. Overview of synthetic routes to polycarbonates.
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 Commercial production methods for BPA polycarbonate
The commercial production of aromatic polycarbonate is practiced by a number 

of chemical companies (Figure 6), who all practice interfacial phosgenation or 

melt transcarbonation.37, 38 

The interfacial phosgenation (Scheme 8)12,16 takes place at the interface of a 

water layer, containing the sodium salt of BPA, and a chlorinated solvent layer 

suitable for dissolving polycarbonate polymer (for example CH2Cl2). A phase 

transfer catalyst, e.g. triethylamine (TEA), is used to facilitate the reaction at 

the water-solvent interface at relative low temperature (40 °C). Molecular 

weight is controlled by the addition of monofunctional monomers, determining 

the number of chain-ends, and targeted molecular weights are easily achieved. 

Little or no by-products are generated during polymerization. After completion 

of the polymerization, which can be monitored by the phosgene usage, the 

polycarbonate is isolated from the solvent layer (precipitation), followed by 

washing steps to ensure complete removal of sodium salts and TEA. The NaCl 

by-product of the reaction can be (re-)used in the preparation of phosgene.6

 

 Figure 6. Market share of global polycarbonate production (2016).38
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The melt transesterification (Scheme 9.)12,16 of DPC and BPA is operated using a 

vacuum profile (reduced settings over different steps) and a temperature pro-

file reaching 300 °C in the last steps of polymerization (ensuring flow where 

polymer viscosity is the highest). Molecular weight of the produced polymer is 

controlled by the ratio of reactants and the process conditions (withdrawal of 

condensate). The reaction is base catalyzed, using (a combination of) bases.  

An organic base is distilled off during polymerization, an inorganic base remains 

in the polymer and might require quenching to prevent hydrolysis during the 

lifetime of the polymer (which is also base catalyzed). Due to the high tempera-

ture side reactions might occur, namely Fries rearrangements of the phenolic 

ester and/or Kolbe-Schmitt carboxylation might occur,39,40 leading to branching, 

impacting ductility and flow behavior. 

Scheme 8. Synthesis of BPA-PC by the interfacial process. 

Scheme 9. Synthesis of BPA-PC by the melt process.
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Both polymerization techniques follow a step-growth reaction mechanism, where 

high conversions (p) are required (p approaching 1) to reach high molecular 

weight. For the melt transcarbonation control over the ratio of reactants [DPC]/ 

[BPA] predicts the achievable molecular weight and extraction of the conden-

sate (phenol) moves the equilibrium to the right and drives the polymerization 

to completion.12,41 Constant trans-reactions occurring at melt process condi-

tions39 yield a thermodynamically controlled molecular weight, since reactions 

involving DPC are energetically equivalent to reactions involving other carbon-

ates incorporated in the polymer backbone. Therefore the polydispersity will 

be close to the theoretical value of 2. Only due to mentioned side reactions this 

number will deviate from that value.

Control over molecular weight build differs for the interfacial phosgenation, 

where monofunctional monomers are used to allow calculation of the achiev-

able molecular weight based on formulation. Reaction conditions, if controlled 

carefully, yield a kinetic product.42,43 This characteristic allows production of very 

high molecular weight materials and controlled branching (when using triols).

Scope and outline of this thesis
Activation of the carbonate precursor by introduction of electron withdrawing 

groups has a potential reactivity benefit compared to other carbonate precu-

sors.44,45 Among the various electron withdrawing groups (nitrile, halogen, ester, 

etc.), using methyl ester substituents on a diphenyl carbonate (Structure 1) is 

not only expected to have a potential reactivity benefit, but also has a favorable 

use properties compared to other carbonate precursors highlighted in the intro-

duction (Table 1). 

Structure 1. Bis(methyl salicyl) carbonate (BMSC). 

O O

O O O O

O
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The objective of this thesis is to explore the use of bis(methyl salicyl) carbon-

ate (BMSC) for the production of differentiated polymers, showing unique ad-

vantages over BPA polycarbonate produced according the traditional methods. 

In Chapter 2 the reactivity benefit is quantified by comparing BMSC to diphenyl 

carbonate in kinetic studies. This demonstration of reactivity benefit is fol-

lowed by melt transcarbonation experiments, where the uniqueness of BMSC is 

demonstrated by attempting polymerizations using (co)monomers unsuitable 

for the traditional melt transcarbonation due to their volatility or limited ther-

mal stability.

Chapter 3 details the use of BMSC in solution polymerization, demonstrating 

this as another viable approach for polymerization by exploring the impact of 

time, temperature, catalyst and ratio of reactants on molecular weight build, 

and comparing BMSC to diphenyl carbonate and diethyl carbonate. Being able 

to polymerize at even lower tempatures than in the melt, and no longer bound 

to melting points of monomers and / or boiling point of by-product (methyl 

salicylate), the opportunity of introducing thermally sensitive monomers is 

even more expanded (demonstrated by the introduction of ionic functionalized 

monomers and mechanochromic building blocks). Additionally, the low tem-

perature polymerizations also enable the synthesis of block copolymers, which 

normally would undergo trans-reactions during melt polymerization conditions, 

diluting the blockiness by scrambling, which is explored by producing poly- 

(BPA)-carbonate-block-(PEG200)-copolycarbonate and comparing to random 

copolymers of the same overall formulation. 

Chapter 4 focuses on the use of the bio-based monomer isosorbide, where the 

ability to produce and process isosorbide-containing polycarbonates at low-

er temperatures potentially avoids the undesired elimination of b-hydrogens 

which isosorbide-based materials are prone to. Additionally, microphase sepa-

ration of bio-based soft blocks in a hard isosorbide polycarbonate is studied for 

the preparation of a transparent bio-based engineering plastic with improved 

mechanical properties and processability at milder conditions.
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Chapter 5 expands the work in the direction of filled polymer systems (compos-

ites), where low temperature polymerization techniques allow the introduction 

of a functional monomer into the polymer backbone. The thermally induced 

reactivity of this functionality is demonstrated and its improved adhesion to 

carbon fibers is quantified.

Finally, in Chapter 6, the industrial relevance and technological impact of the 

results presented in this thesis are highlighted.
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Activated carbonates:  
enabling the synthesis 
of differentiated 
polycarbonate resins via 
melt transcarbonation 

 
Abstract

Activated carbonates facilitate the preparation of polycarbonates based on 

monomers that are unsuitable for traditional melt polymerization at high 

temperatures. Bis(methyl salicyl) carbonate (BMSC) clearly shows reactivity 

benefits over diphenyl carbonate in melt polymerization reactions, resulting 

in shorter reaction times and reduced heat exposure during polymerization. 

The increased reactivity enables the melt polymerization of a wide range of 

monomers, as demonstrated by two examples using volatile resorcinol and 

sterically hindered tert-butyl hydroquinone as monomers in the preparation of 

(co)polycarbonates.

 
 
 
Parts of this chapter have been published as: 
J.H. Kamps, T. Hoeks, E. Kung, J.P. Lens, P.J. McCloskey, B.A.J. Noordover,  
J.P.A. Heuts, Polymer Chemistry, 2016, 7 (33), 5294–5303.
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Introduction
The diphenyl carbonate (DPC) based melt transcarbonation process,1,2 which 

is known for its solvent free character and yielding neat polycarbonate of high 

quality, also has some less favorable characteristics, including long residence 

times at elevated temperatures and potential side reactions which gives rise to 

color formation and make it less suitable for thermally sensitive monomers. To 

reduce the required reaction temperature and/or residence time, DPC can be 

replaced by an activated carbonate source.3 As a common feature, activated 

carbonate species have an electron-withdrawing functionality substituted on 

the phenolic leaving group, shown as Structure 1. 

With these electron-withdrawing groups, the substituted phenol derivative 

is a better leaving group than a phenol without the substituents. In principle, 

the introduction of any known electron-withdrawing group on the ortho or 

para position would lead to an activated carbonate. One could consider acti-

vated carbonates, including phosgene, di-, or triphosgene1 or other examples 

such as o-nitrophenyl carbonates3 and bis(pentafluorophenyl) carbonate4 to  

polymerize thermally sensitive monomers. Each of these approaches comes 

with reactivity benefits, but also with complex design and safety measures (and 

the corresponding equipment considerations) due to the instability and toxicity 

of these compounds. 

The specific use of such an activated monomer in melt polymerizations would 

require temperature stability at relatively high temperatures (>200 °C), without 

unfavorable degradation products (for example halogens) and the absence of 

color issues (as anticipated for nitrogen containing structures) would be de-

sired. The structure meeting these requirements is bis(methyl salicyl) carbonate 

(BMSC, Structure 1 and Scheme 1), which has been reported as monomer used in 

Structure 1.   General structure of an activated carbonate; R= NO2, Cl, CO2CH3 or 
other electron withdrawing groups.

O

O

O
R R
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polycondensation reactions by Brunelle.5 Polymerizations with BMSC found  

some interest recently by industrial research groups,6,7,8 but only very limited 

information can be found in scientific publications regarding the advantages 

and reactivity differences versus the traditional polymerization methods.9 Ad-

ditionally, activated carbonates can be applied in the broader organic synthetic 

field; their potential in different synthetic pathways5,9-13 is shown in Scheme 1. 

All of these variations can be combined in polymerization reactions to yield 

copolymers of monomers with a wide range of functionalities. In all cases, the 

by-product of the reaction is methyl salicylate, which can be re-used as a start-

ing material in the synthesis of BMSC.14 

This chapter focusses on this new development in the melt transcarbonation 

process. First the use of octylphenol as a model system for the kinetic compar-

ison between the reactivity of BMSC and DPC will be discussed. Subsequently, 

(co)polymerization reactions are described to demonstrate the applicability 

of the activated carbonates in polymerizations using diols that would be chal-

lenging to incorporate in conventional polymerization processes using DPC or 

phosgene, due to their volatility, limited reactivity, steric hindrance and solubil-

ity limitations of the monomer itself or the resulting polymer.

The use of resorcinol in the preparation of polycarbonates goes back to the earli-

est reports on aromatic carbonates.15 At the time, the described resorcinol poly-

carbonate was mentioned to be a material which melted with decomposition 

at 190-200 °C. Resorcinol is a meta-substituted dihydroxy benzene compound; 

the polymers synthesized from this monomer can be expected to have improved 

flow compared to more linear structures that more easily pack.16

When utilizing the melt polymerization process, in which DPC is used to form the 

carbonate linkage and the condensation product, phenol, is removed, the use of 

resorcinol presents several hurdles, mainly related to its volatility. This standard 

melt polymerization process takes relatively long (up to several hours) and re-

quires high temperatures (up to 300 °C) to ensure that the produced polymer 

remains liquid and that the formed by-product phenol can be effectively removed 

from the polymer melt. Inefficient removal of phenol will lead to an equilibrium sit-

uation in which the molecular weight build-up is limited by the reverse reaction.17 
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As is well known for step-growth polymerizations, these processes are very 

sensitive to stoichiometry fluctuations. Loss of diol monomer during the polym-

erization results in a reduction of the molecular weight which can be achieved 

when the loss is not compensated for by adding an excess of the diol monomer 

at the early stages of the reaction.

Traditionally unhindered, phenolic hydroxyl groups are the preferred building 

blocks in melt transcarbonation polymerization. The effect of ortho-substitu-

tions in polycondensations is discussed in literature,18 where lower incorporation 

is found for more hindered alcohols. Studying substituted monomers has drawn 

attention over the years and several attempts were made to produce polycar-

bonates with ortho-substitutions, striving for improved properties like hydrolytic 

stability and enhanced flow behavior,1 but issues with molecular weight build-up 

are reported by the same authors. 

 

Scheme 1. Synthetic routes involving activated carbonates.
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Polymerizations with BMSC are performed in combination with hindered hydro-

quinones, to demonstrate the use of BMSC when polymerizing hindered phenols, 

such as tert-butyl hydroquinone. Material properties and a comparison between 

hydroquinone type monomers are presented in the last part of this chapter.

Experimental Section
Materials
Octylphenol (Sigma Aldrich, 99+%), bis(methyl salicyl) carbonate (SABIC, 

99+%), bisphenol A (SABIC, polymerization grade, >99%), di(phenyl) carbon-

ate (SABIC, polymerization grade, >99%), resorcinol (Acros, 99%), tetrameth-

yl ammonium hydroxide (Sachem, aqueous solution, 20%), sodium hydroxide 

(Acros, NaOH), tetrabutylphosphonium acetate (Sachem, aqueous solution, 

40%), tert-butyl hydroquinone (TCI, >98%), di tert-butyl hydroquinone (Acros, 

99%), methyl hydroquinone (Acros, 99%), hydroquinone (Acros, 99.5%), ace-

tonitrile (Acros, 99.9%, for HPLC), dichloromethane (Acros, 99.8%, for HPLC), 

chloroform-d (“100%”, 99.96 atom % D, 0.03% (v/v) TMS).

Passivation of glassware
Reactors, flasks etc. used in reactions were passivated by immersion in an 

aqueous 1M HCl solution to remove ions from its surface. Before use, the glass 

surface was rinsed several times with MilliQ water and dried.

Kinetic study using octylphenol
A glass round bottom flask, stirred magnetically and heated with an oil bath 

was charged with equimolar amounts of octylphenol and di(p-cumylphenyl) 

carbonate (DPCP) or BMSC to study the conversion of octylphenol to its ex-

pected half-product (HP) and bisoctylphenol carbonate. Sodium hydroxide was 

added as a catalyst (1.5x10-6 mol NaOH per mol octylphenol). Conversion of the 

reactants and formation of the reaction products was followed using HPLC.

MATLAB® was used for calculation of the derivatives with central FDM (going 

fwd/backwards at first and last points) in combination with Adams-Bashfort 

time integration.20
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In the simulation negative reaction constants were artificially set to 0, and con-

centrations were never allowed to have negative values to conserve mass. In a 

second step the reaction rate coefficients were manually optimized to fit the 

experimental data optimally.

Synthesis of (co-)polycarbonate using DPC
A glass reactor equipped with a mechanical stirrer and a vacuum system was 

charged with BPA, additional diol in case of copolymer preparation, and 25.00 

g of DPC, maintaining a molar ratio of [DPC]/[sum of diols] of 1.08. After as-

sembly of the reactor set up, oxygen was removed from the system by repeated 

vacuum/inert gas cycles. The catalyst was added as 100 mL of an aqueous solu-

tion of tetramethyl ammonium hydroxide (TMAH) (2.5x10-4 mol per mol diol) 

and NaOH (1.5x10-6 mol per mol diol). The polymerization was carried out in 

four stages: Stage (1) 15 min, 180 °C, atmospheric pressure, Stage (2) 60 min, 

230 °C, 170 mbar, Stage (3) 30 min, 270 °C, 20 mbar, and Stage (4) 30 min, 300 

°C, 0.5-1.5 mbar. During transitions, care was taken to prevent excessive boiling 

and loss of monomer to the overhead (condenser, vacuum pump). Subsequently, 

atmospheric pressure was restored and the polymer was discharged from the 

reactor and stranded. 

Synthesis of (co-)polycarbonate using BMSC
A glass reactor equipped with a mechanical stirrer and a vacuum system was 

charged with BPA, additional diol in case of copolymer preparation, and 20 g 

of BMSC, maintaining molar ratios of [BMSC]/[sum of diols] between 1 and 

1.02. After assembly of the reactor set up, oxygen was removed from the system 

by repeated vacuum/inert gas cycles. The catalyst was added as 100 mL of an 

aqueous solution of TBPA (2.5x10-4 mol per mol diol) and NaOH (1.5x10-6 mol 

per mol diol). The polymerization was carried out in the following stages: Stage 

(1) 15 min, 180 °C, atmospheric pressure, stage (2) 15 min, 220 °C, 100 mbar, 

and stage (3) 10 min, 280 °C, 0.5-1.5 mbar. During transitions, care was taken to 

prevent excessive boiling and loss of monomer to the overhead (condenser, vac-

uum pump). Subsequently, atmospheric pressure was restored and the polymer 

was discharged from the reactor and stranded.
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Characterization
HPLC was used to determine the conversion of the monomers. An Xterra C18 col-

umn was used for the analysis on a Perkin Elmer HPLC. The column temperature 

was maintained at 30 °C. The column was eluted with a ratio of water to acetoni-

trile of 80:20. The flow rate of sample in the column was maintained at 1.00 mL/

min and the amount of sample injected was 5 mL and run time was 23 min.

Molecular weights are reported as number-average (Mn) or weight-average 

(Mw) molecular weight and were determined by size exclusion chromatography 

using polymer solutions comprising the product (co)polycarbonates at a con-

centration of about 1 mg/mL in methylene chloride (CH2Cl2) using a cross-linked 

styrene-divinylbenzene column and related to a polystyrene (PS) reference, 

calibrated using PS standards (ranging Mw from 1,000 to 2,000,000 g/mol). 

1H-NMR spectra were measured on a Bruker Avance 400 MHz Spectrometer at 

a temperature of 44 °C. For each analysis, a solution of 5% wt/v in CDCl3 99.8% 

D with 0.03 wt% TMS was prepared. All spectra were obtained with a spin-rate 

of 20 Hz. The 1H-NMR measurements were performed at 400 MHz with a 5 mm 

diameter quadruple nucleus probe, using a sweep width of 6410 Hz (13 to -3 

ppm chemical shift range) with a 30° flip angle, 10 s relaxation time, 32 k data 

points and 256 scans. Processing included apodization with 0.3 Hz for 1H NMR.

13C-NMR spectra were measured on either a GE NMR Instruments Omega 500 

or Bruker Avance 500 spectrometer operating at 125.75 MHz for 13C. Approxi-

mately 200 mg of the polymer sample was dissolved in 3.5 mL of chloroform-d. 

The central peak of the chloroform-d resonance was used as an internal chem-

ical shift standard (= 77.0 ppm). Acquisition parameters included a 30.3 kHz 

spectral width and 32K data points resulting in a 1.08 s acquisition time. A 

pulse delay of 1 s and flip angle of 45° were used. Broadband proton decoupling 

was carried out using the Waltz-16 pulse sequence. Between 1200 and 16,000 

(overnight) scans were acquired in blocks of 600. When high resolution spectra 

were needed, the data was processed without any exponential apodization. A 1 

Hz exponential apodization was applied for standard 13C spectra. In addition, a 

polynomial baseline correction was applied.
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31P-NMR data were acquired at 202.5 MHz on a Bruker Avance 500 MHz NMR spec-

trometer. Acquisition parameters included a 30° flip angle, 32K data points with a 

sweep width of 14.1 kHz (110-180 ppm chemical shift range), and 4 dummy scans. 

The pulse delay was chosen so that the total recycle time was 3 s. The total number 

of scans varied depending upon the concentration of end groups in the polymer.

DSC glass transition temperatures (Tg) were determined by using a Perkin Elmer 

DSC7. The Tg was calculated, based on the “one half Cp” method (heat capac-

ity at constant pressure. Melting points were derived from the second heating 

curve. The following profile was used; step 1 (first heating): heat from 30 °C to 

360 °C at 20 °C/min, step 2: cool from 360 °C to 170 °C at 20 °C/min, step 3: 

hold at 170 °C for 30 min, step 4 (second heating step): heat from 170 °C to 360 

°C at 20 °C/min, step 5: cool from 360 °C to 30 °C at 20 °C/min.

MVR was determined at 300 °C and 1.2 kg according to standard ISO 1133 using 

a Zwick B4106.200 set up.

Results and discussion
The effect of BMSC on the polymerization conditions for BPA polycarbonate is 

evident from a simple comparison with DPC targeting comparable molecular 

weights as illustrated in Table 1.  

Table 1. Polymerization steps of BPA-polycarbonate. 
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As shown in Table 1, the differences between the polymerization profiles using 

DPC (entry 1) and BMSC (entry 2) indicate increased reaction rates when BMSC 

is used. Using BMSC requires less than one third of the total reaction time and 

also uses lower temperatures during the polymerization stages to achieve a 

similar molecular weight. To investigate this behavior further a kinetic study 

was done, followed by the investigation on the use of BMSC in the preparation 

of (co)polycarbonates. 

Kinetic study 
Kinetic studies regarding the formation of (poly)carbonates were performed 

and published by various groups. Gross et al. published equilibrium constants 

for the reaction between DPC and BPA17 (Scheme 2) and Brunelle reported reac-

tivity studies of (ortho nitro-substituted) activated carbonates.4 

In contrast to these earlier studies, in the current study octylphenol was se-

lected as a model compound rather than BPA, to prevent oligomerization. To 

overcome further potential issues when studying the DPC reactions (Scheme 

2, structure X), caused by the relatively low boiling point of phenol, di(p-cumyl-

phenyl) carbonate (DPCP, Scheme 3, structure XIV) was used as a model for 

DPC to ensure that the condensation product remains in the reaction mixture. 

The para-cumyl phenol (PCP, Scheme 3, structure XVIII) is believed to have the 

same characteristics in the transcarbonation reaction in terms of reactivity. 

Scheme 2. Transcarbonation of DPC with BPA.
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Scheme 3. DPC Model compound reaction. 
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Scheme 4. BMSC model compound reaction.
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Table 2.  DPC model compound reaction results, following formation of  

HP and FP vs time.
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Table 2. DPC model compound reaction results, following formation of HP and FP vs time 
 

time [PCP] [OctylPh] [DPCPC] [HP] [FP] 
sec mm:ss mol/l mol/l mol/l mol/l mol/l 

0 00:00 0 2.3 1.1 0 0 
120 02:00 0.2 2.15 0.98 0.15 0.015 
240 04:00 0.32 2.01 0.85 0.27 0.03 
420 07:00 0.45 1.8 0.7 0.4 0.06 
600 10:00 0.55 1.7 0.6 0.45 0.08 
900 15:00 0.72 1.55 0.5 0.52 0.12 

1200 20:00 0.82 1.45 0.43 0.55 0.15 
1500 25:00 0.91 1.4 0.4 0.58 0.18 
1800 30:00 1 1.35 0.35 0.59 0.2 
2100 35:00 1.05 1.25 0.325 0.6 0.23 
2400 40:00 1.14 1.17 0.29 0.6 0.27 

 

Table 3. BMSC model compound reaction results, following formation of HP and FP vs 
time 
 

time [MS] [OctylPh] [BMSC] [HP] [FP] 
sec mm:ss mol/l mol/l mol/l mol/l mol/l 

0 00:00 0 2.7 1.3 0 0 
15 00:15 0.4 2.25 0.85 0.4 0.03 
30 00:30 0.75 1.95 0.6 0.9 0.06 
45 00:45 0.95 1.75 0.4 0.98 0.09 
60 01:00 1.12 1.6 0.3 1.02 0.12 

100 01:40 1.35 1.4 0.15 1.02 0.18 
140 02:20 1.48 1.2 0.09 0.95 0.25 
180 03:00 1.6 1.08 0.05 0.9 0.33 
260 04:20 1.75 0.9 0.02 0.8 0.45 
360 06:00 1.9 0.75 0.015 0.7 0.6 
480 08:00 2.05 0.65 0.012 0.6 0.72 
600 10:00 2.15 0.55 0.008 0.52 0.8 
780 13:00 2.25 0.45 0.005 0.4 0.9 
960 16:00 2.3 0.35 0.004 0.3 1 

1200 20:00 2.35 0.3 0.002 0.25 1.1 
1500 25:00 2.41 0.28 0.0018 0.2 1.13 
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Table 3. BMSC model compound reaction results, following formation of HP and FP vs 
time 
 

time [MS] [OctylPh] [BMSC] [HP] [FP] 
sec mm:ss mol/l mol/l mol/l mol/l mol/l 

0 00:00 0 2.7 1.3 0 0 
15 00:15 0.4 2.25 0.85 0.4 0.03 
30 00:30 0.75 1.95 0.6 0.9 0.06 
45 00:45 0.95 1.75 0.4 0.98 0.09 
60 01:00 1.12 1.6 0.3 1.02 0.12 

100 01:40 1.35 1.4 0.15 1.02 0.18 
140 02:20 1.48 1.2 0.09 0.95 0.25 
180 03:00 1.6 1.08 0.05 0.9 0.33 
260 04:20 1.75 0.9 0.02 0.8 0.45 
360 06:00 1.9 0.75 0.015 0.7 0.6 
480 08:00 2.05 0.65 0.012 0.6 0.72 
600 10:00 2.15 0.55 0.008 0.52 0.8 
780 13:00 2.25 0.45 0.005 0.4 0.9 
960 16:00 2.3 0.35 0.004 0.3 1 

1200 20:00 2.35 0.3 0.002 0.25 1.1 
1500 25:00 2.41 0.28 0.0018 0.2 1.13 
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As shown in Schemes 3 and 4, the reaction with octylphenol involves 2 steps, 

replacing one or two arylates on the carbonate, forming the octylphenol carbon-

ate (HP, XVI from DPCP and XXI from BMSC) or the dioctylphenol carbonate full 

product (FP, XVII from DPCP and XXII from BMSC). The individual components 

were analyzed using HPLC of the mixtures during the equilibration, following 

the conversion of reactants and formation of the half and full product versus 

time (25 minutes), as plotted in Figure 1 and 2. (The complete dataset is shown 

in Tables 2 and 3)

MATLAB® was used to calculate the reaction rate coefficients of the different 

steps occurring (as shown in Schemes 3 and 4), using the expressions displayed 

in Scheme 5 (based on pseudo second order kinetics). The derived reaction rate 

coefficients were used to model the reactions, the results of which are displayed 

in Figure 1 (for the formation of the half product) and Figure 2 (for the formation 

of the full product) plotted together with the actual measured values for com-

parison. A simple approach was used to demonstrate the reactivity advantage 

of the activated carbonate. Effects of catalyst etc. are not part of the model and 

taken into account in the reaction rate coefficients, giving a realistic reflection 

of the reaction rate differences.

Scheme 5.  Kinetic model for the desctiption of reactions as shown in  
Schemes 3 and 4.
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the reactivity advantage of the activated carbonate, effects of catalyst etc. are not part of 
the model and taken into account in the reaction rate coefficients, giving a realistic 
reflection of the reaction rate differences. 
 

 
𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −𝑘𝑘1𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝑑 + 𝑘𝑘2𝑑𝐶𝐶𝑑𝑑𝐷𝐷𝑑 

 
𝑑𝑑𝑑𝐵𝐵𝑑

𝑑𝑑𝑑𝑑
= −𝑘𝑘1𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝑑 + 𝑘𝑘2𝑑𝐶𝐶𝑑𝑑𝐷𝐷𝑑 − 𝑘𝑘3𝑑𝐶𝐶𝑑𝑑𝐵𝐵𝑑 + 𝑘𝑘4𝑑𝐸𝐸𝑑𝑑𝐷𝐷𝑑 

 
𝑑𝑑𝑑𝐶𝐶𝑑

𝑑𝑑𝑑𝑑
= 𝑘𝑘1𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝑑 − 𝑘𝑘2𝑑𝐶𝐶𝑑𝑑𝐷𝐷𝑑 − 𝑘𝑘3𝑑𝐶𝐶𝑑𝑑𝐵𝐵𝑑 + 𝑘𝑘4𝑑𝐸𝐸𝑑𝑑𝐷𝐷𝑑 

 
𝑑𝑑𝑑𝐷𝐷𝑑

𝑑𝑑𝑑𝑑
= 𝑘𝑘1𝑑𝑑𝑑𝑑𝑑𝐵𝐵𝑑 − 𝑘𝑘2𝑑𝐶𝐶𝑑𝑑𝐷𝐷𝑑 + 𝑘𝑘3𝑑𝐶𝐶𝑑𝑑𝐵𝐵𝑑 − 𝑘𝑘4𝑑𝐸𝐸𝑑𝑑𝐷𝐷𝑑  

 
𝑑𝑑𝑑𝐸𝐸𝑑

𝑑𝑑𝑑𝑑
= 𝑘𝑘3𝑑𝐶𝐶𝑑𝑑𝐵𝐵𝑑 − 𝑘𝑘4𝑑𝐸𝐸𝑑𝑑𝐷𝐷𝑑  

 
Scheme 4 Kinetic model  

As can be seen in figure 1, the formation of half product in the reaction with BMSC quickly 
reaches a maximum, after which the consumption of half product (which reacts with 
another molecule of octylphenol to form the full product) takes over and reduces the total 
amount of half product again over time. For the reaction with the DPC analogue the 
reaction reaches equilibrium at a conversion of around 50% (figure 2). 
 
The calculated values for the reaction rate coefficients are presented in table 4. For the 
initial forward step, i.e. formation of half product, the reaction rate coefficient k1 is 
approximately 30 times higher for the BMSC reaction, compared to the DPCPC reaction. 
Also note that the reaction rate coefficient for the formation of the full product (k3) is 
about 9 times higher for the activated carbonate. The reverse reactions to form the initial 
carbonate from the half product is considerably higher in the case of the DPCPC reactions, 
where k2 is about half of the k1. In the experiments with BMSC the k2 is around three 
orders of magnitude lower than k1.  
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As can be seen in Figure 1, the formation of half product in the reaction of oc-

tylphenol with BMSC quickly reaches a maximum, after which the consumption 

of half product (which reacts with another molecule of octylphenol to form the 

full product) takes over and reduces the total amount of half product again over 

time. For the reaction of octylphenol with the DPC analogue DPCP carbonate the 

reaction reaches equilibrium at a conversion of around 50% (Figure 2).

The calculated values for the reaction rate coefficients are presented in Table 

4. For the initial forward step, i.e. formation of half product, the reaction rate 

coefficient k1 is approximately 30 times higher for the BMSC reaction, compared 

to the DPCPC reaction. Also note that the reaction rate coefficient for the for-

mation of the full product (k3) is about 9 times higher for the activated carbon-

ate. The reverse reaction to form the initial carbonate from the half product is 

considerably higher in the case of the DPCPC reactions, where k2 is about half of 

the k1. In the experiments with BMSC the k2 is around three orders of magnitude 

lower than k1. 

Figure 1.  Model compound equilibration for the formation of the half product 
from DPCP Carbonate (XIV) and BMSC (XIX) at 200 °C.
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Figure 2.   Model compound equilibration for the formation of the full product 
from DPCP Carbonate (XIV in Scheme 3) and BMSC (XIX in Scheme 4) 
in the reaction with octylphenol at 200 °C. 

                      Equation 1

 

 
Table 4.  Reaction rate coefficients and equilibrium constants for the model 

experiments.
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The equilibrium concentrations of the reaction mixtures are represented in figure 3, 
where it becomes apparent that, even at equilibrium, considerable amounts of DPCPC 
remain present in the reaction mixture. For both reaction steps the equilibrium constant 
K (Keq) can be calculated using equation 1, where the leaving group is either structure XVIII 
(scheme 3) or XXIII (scheme 4) and carbonate is either structure XIV (scheme 3) or XIX 
(scheme 4). 
 

                      Equation 1 

Table 4 Reaction rate coefficients and equilibrium constants for the model experiments  
 
  DPCPC BMSC 
k1 (l·mol−1·s−1) 5.30x10-4 1.60x10-2 
k2 (l·mol−1·s−1) 2.60x10-4 1.67x10-5 
k3 (l·mol−1·s−1) 2.00x10-4 1.80x10-3 
k4 (l·mol−1·s−1) 4.56x10-4 3.70x10-5 
  

  

Keq HP 2.0 1.0x103 
Keq FP 4.4x10-1 4.9x101 

 
As represented in figure 3, and as also indicated by the values of Keq, it can be observed 
that the experiments with BMSC drive toward the formation of full product, while main 
reaction product in the experiments with DPC(PC) is the half product.  
 

 
 
Fig. 3 Equilibrium concentrations for the kinetic studies of Figures 1 and 2. 

Besides the faster conversion, the methyl salicylate produced as condensation product 
during the polymerization has favorable properties compared to the unsubstituted 
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The equilibrium concentrations of the reaction mixtures are represented in 

Figure 3, where it becomes apparent that, even at equilibrium, considerable 

amounts of DPCPC remain present in the reaction mixture. For both reaction 

steps the equilibrium constant K (Keq) can be calculated using Equation 1, where 

the leaving group is either structure XVIII (Scheme 3) or XXIII (Scheme 4) and 

carbonate is either structure XIV (Scheme 3) or XIX (Scheme 4).

As represented in Figure 3, and as also indicated by the values of Keq, it can be 

observed that the experiments with BMSC drive toward the formation of full 

product, while main reaction product in the experiments with DPC(PC) is the 

half product. 

Figure 3. Equilibrium concentrations for the kinetic studies of Figures 1 and 2.

 

Structure 2. Methyl salicylate, showing internal hydrogen bond.
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Besides the faster conversion, the methyl salicylate produced as condensation 

product during the polymerization has favorable properties compared to the 

unsubstituted phenolic leaving groups (as produced in the traditional melt tran-

scarbonation process). Its lower solubility in the polymer product mixture and 

an internal hydrogen bond that stabilizes the structure (Structure 2) makes it 

less likely to react with the carbonate linkages of the formed polymer chains. 

The reactivity benefit of BMSC, as shown by reaction rate coefficients and the 

equilibrium constant, can lead to various advantages in the polymerization 

process, enabling reduced reaction times and possibly lower polymerization 

temperatures, making the polymerization of thermally unstable and/or volatile 

monomers possible. 

Resorcinol copolycarbonate
To demonstrate the benefits of activated carbonates, the copolymerization of 

resorcinol (RS) with BPA was studied. Resorcinol is a monomer expected to have 

improved flow and therefor a structure of interest for the preparation of polycar-

bonates (Structure 3). We were not able to find any literature references for the 

glass transition temperature of the resorcinol homopolycarbonate, but based on 

extrapolation using the Flory-Fox equation on known resorcinol copolymers,16 

we expect this T
g
 to be approximately 85 °C. This value is less interesting for 

commercial applications and as such, resorcinol is used as comonomer in com-

bination with BPA. 

Due to its relatively low boiling point (277 °C), loss of resorcinol monomer 

during the polymerization is a potential issue and a limiting factor in the con-

ventional melt process. Experiments were carried out, comparing the two types 

of diaryl carbonates (DAC), namely BMSC and DPC, and their effect on the 

polymerization of BPA with resorcinol as a comonomer (Table 5).

Structure 3. Resorcinol carbonate.
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For both systems the optimal conditions were selected, varying temperature and 

pressure profile and also ratio of reactants, targeting Mn > 15x103 dalton. The 

polymerization using BMSC is shorter than that using DPC, requiring 40 min 

total reaction time versus 135 min for the polymerization with DPC. Also, the 

required temperature in the last step of the polymerization is lower, 280 °C with 

BMSC vs. 300 °C required for polymerizations with DPC. The incorporation of 

resorcinol was characterized using 13C-NMR; Figure 4 shows the NMR spectrum 

of a copolymer consisting of resorcinol and BPA. From these results, it is con-

cluded that the incorporation of resorcinol is much more efficient when using 

BMSC compared to the case of DPC. Even with this milder profile, the molecular 

weight build-up is comparable. In these experiments the benefit of the higher 

reactivity of BMSC manifests itself in the higher percentage incorporation of 

resorcinol, where entry 1 (DPC) shows only 65.4% incorporation of the total 

charged amount of resorcinol. The resorcinol which is not accounted for in the 

polymer is lost to the overhead along with the phenol stream. Entry 2 (BMSC) 

has 94% incorporation of resorcinol into the polymer, and only a limited amount 

of comonomer is lost during the polymerization. 

The difference in DAC/DHA ratio between entries 1 and 2 (Table 5) is reflecting 

the reaction rate coefficient differences for the polymerization with DPC and 

BMSC, where BMSC is much more effective in reaching full conversion, as indi-

cated by the kinetic studies. Using the Carothers equation (extent of reaction 

Table 5. Preparation of BPA-resorcinol copolycarbonate. 

 

a Diaryl carbonate (DAC), b Dihydroxy aromatic compound (DHA),  
c Relative to PS standards.

 

Classification: Internal Use 

polymerization is lower, 280 °C with BMSC vs. 300 °C required for polymerizations with 
DPC. Even with this milder profile, the molecular weight build-up is comparable. In these 
experiments the benefit of the higher reactivity of BMSC manifests itself in the higher 
percentage incorporation of resorcinol, where entry 1 (DPC) shows only 65.4% 
incorporation of the total charged amount of resorcinol. The resorcinol which is not 
accounted for in the polymer is lost to the overhead along with the phenol stream. Entry 
2 (BMSC) has 94% incorporation of resorcinol into the polymer, and only a limited amount 
of comonomer is lost during the polymerization.  
 
Table 3 Preparation of BPA-resorcinol copolycarbonate 
 1 2 
Mol ratio BPA:RS charged 80:20 80:20 
DACa DPC BMSC 
DAC/DHAb 1:08 1:03 
Mw (dalton)c 36.5x103 37.2 x103 
Mn (dalton)c 15.9 x103 16.2 x103 
BPA:Res (%) measured 87:13 81:19 
% incorporation of 
resorcinol 

65.4 94.0 

Tg (°C) 134 128 
Theoretical Mn (at p = 1 
and no loss) (dalton) 

~3 x103 ~15 x103 

a Diaryl carbonate (DAC),  
b Dihydroxy aromatic compound (DHA),  
c relative to PS standards 
 
The incorporation of resorcinol was characterized using 13C-NMR; Figure 4 shows the NMR 
spectrum of a copolymer consisting of resorcinol and BPA. From these results, it is 
concluded that the incorporation of resorcinol is much more efficient when using BMSC 
compared to the case of DPC. 
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p = 1 and the starting stoichiometric ratio), the theoretical Mn was calculated 

(included in Table 5). The BMSC-based polymerization closely follows the the-

oretical predictions, while the DPC-based polymerization follows a different 

profile. The experiment carried out at a DAC/DHA ratio of 1.08 results in a much 

higher Mn value than theoretically expected, indicating that the molecular weight 

built is not only controlled by the formulated monomers. 

Next to this Mn result, also the end-group analysis of the materials shows the 

same pattern. The polymers produced with BMSC have complete capping with 

methyl salicylate groups, where the DPC based polymer has 73 mol% phenol 

capped (as determined by 31P-NMR characterization of the OH end-groups) and 

27 mol% available OH groups, although the charged ratio of monomers con-

tained a considerable excess of DPC. This can be explained by the fact that DPC 

is lost from the reactor during polymerization because it forms an azeotrope 

with phenol as described by Woo and coworkers.20

Both the end-group analysis and the comparison to the theoretical Mn indicates 

that the molecular weight built with BMSC is mainly determined by the stoichi-

ometry of the reactants. In the case of DPC, the process parameters controlling 

the removal of condensate and balancing loss of monomers versus temperature 

(viscosity) are the determining factors for polymerization. 

Figure 4.  13C spectrum of 80/20 BPA/RS copolycarbonate prepared via the  
melt process.
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The difference between the incorporated percentages of resorcinol for entries 1 

and 2 in Table 5 is reflected in the measured Tg for these materials. With the higher 

amount of resorcinol, the BMSC-based copolymer has a lower Tg than the DPC-

based copolymer, showing a reduction by approximately 17 °C for the 19 mol% 

copolymer compared to BPA homopolymer (Tg = 145 °C for comparable Mn).

Sterically hindered diols
Another diol, tert-butyl hydroquinone (tBHQ) was studied in its polymerization 

with BMSC to form polycarbonate in a melt polymerization (Structure 4), inves-

tigating the effect of the steric hindrance caused by the tert-butyl group.18 When 

tBHQ is used in the interfacial process with phosgene, cyclization is observed, 

which limits the molecular weight build-up.21 Melt polymerizations with DPC 

were also attempted, resulting in a brown colored material and low Mn.

Structure 4. tert-Butyl hydroquinone polycarbonate. 
 

 
Figure 5.    13C spectrum of the tBHQ homopolymer showing random (top,  

produced by melt polymerization) and head-tail (bottom, produced  
by interfacial polymerization) architectures.
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In the current study we clearly demonstrate that, although being sterically 

hindered, the production of the homopolymer of tert-butyl hydroquinone is 

possible by melt polymerization in a robust and scalable manner. A range of 

molecular weights was produced and their flow properties compared to those 

of BPA polycarbonate.

NMR characterization of this material (Figure 5) showed that the incorporation 

of the monomer happens in a random fashion. 

A comparative sample was produced using phosgenation,22 which resulted in 

a “head to tail” architecture (also shown in Figure 5), where the distribution of 

the peaks show a 10:1 ratio in occurrence, clearly much less random than the 

1:2 ratio found for the polymer produced in melt polymerization. It cannot be 

excluded that interface effects during phosgenation play a role in this observa-

tion. The random incorporation of tBHQ suggests that the tert-butyl group is not 

a hindrance for the polymerization when using BMSC as a carbonyl source, but 

the effect of transcarbonation between polymer chains in the melt, which would 

lead to the same finding, cannot be excluded from these results.

 

 
Figure 6.   Molecular weight dependence of the melt volume-flow rate for a range 

of copolycarbonates. 
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As indicated by Freitag et al.,1 the substitution on an aromatic ring can have an 

influence on the flow behavior of the corresponding polymer. Using BMSC in 

polymerization with tBHQ, hydroquinone (HQ, Structure 5a) and BPA enabled 

the production of a series of polymers which were compared in terms of melt 

volume-flow rate (MVR) versus their measured molecular weights (Figure 6). 

As can be seen from the graph, a higher flow at similar Mw is measured for the 

50% copolymer of tBHQ and BPA vs. the copolymer of HQ and BPA. Clearly, the 

tBHQ homopolymer showed the highest improvement in melt volume-flow rate 

over the BPA homopolymer.

During experimentation, it was found that copolymers containing a higher 

hydroquinone content showed crystallization. BMSC polymerizations were 

used to produce a range of hydroquinone-type polycarbonates and to study 

this effect further. 

Structure 5.  a) hydroquinone, b) methyl hydroquinone,  
 c) di-tert-butyl hydroquinone. 

Figure 7.   Effect of comonomer content on polymer properties, evaluated using 
DSC measurements (2nd heating curve). 

 

Classification: Internal Use 

 

Structure 5 a) hydroquinone, b) methyl hydroquinone, c) di-tert-butyl hydroquinone. 

Interestingly, the tBHQ resulted in amorphous polymers up to homopolymer, which 
showed a Tg of close to 130 °C, where the  hydroquinone type monomers used for 
comparison (structure 5a,b,c) resulted in polymers showing crystalline behavior when the 
hydroquinone type monomer was used in high mol%. At lower levels also these polymers 
showed amorphous behavior.  
A range of polymers were prepared with varying percentage of monomers, resulting in an 
overview of morphology (amorphous or crystalline, figure 7), only showing the results for 
actual measured samples. 
 

 

Fig. 7 Effect of comonomer content on polymer properties, evaluated using DSC measurements 
(2nd heating curve).  

The crystallization is already observed during the polymerization process (by loss of 
transparency, turning into powder form and showing crystalline behavior23 and confirmed 
by DSC afterwards, showing a melting peak in the first heating curve as well as a melting 
peak in the second heating. Melting temperatures of the materials, measured in the 
second heating step in DSC, are listed in Table 4. Samples with formulations close to the 
transition from amorphous materials to crystalline material were selected. 
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In addition to HQ and tBHQ, also the methyl substituted (MeHQ) and the di-tert-

butyl substituted monomers (dtBHQ) were used (Structures 5 a, b, c).

The use of BMSC in these polymerizations enabled high conversions and accept-

able molecular weight build-up.

Interestingly, the tBHQ resulted in amorphous polymers up to homopolymer, 

which showed a Tg of close to 130 °C, where the hydroquinone type monomers 

used for comparison (Structure 5 a, b, c) resulted in polymers showing crystalline 

behavior when the hydroquinone type monomer was used in high mol%. At lower 

levels also these polymers showed amorphous behavior. 

A range of polymers were prepared with varying percentage of monomers, re-

sulting in an overview of morphology (amorphous or crystalline, Figure 7), only 

showing the results for actual measured samples.

Crystallization is already observed during the polymerization process (by loss 

of transparency, turning into powder form and showing crystalline behavior)23 

and confirmed by DSC afterwards, showing a melting peak in the first heating 

curve as well as a melting peak in the second heating. Melting temperatures of 

the materials, measured in the second heating step in DSC, are listed in Table 6. 

Samples with formulations close to the transition from amorphous materials to 

crystalline material were selected.

As shown for resorcinol, also the polymerization of tert-butyl hydroquinone bene-

fitted from the use of activated carbonate, with great flexibility in the percentage 

of comonomer incorporated, noted robustness towards monomer purity and 

good molecular weight build-up.

Table 6. The Tm and Tg of the (as-polymerized) resins.

*degrades upon melting.
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As shown for resorcinol, also the polymerization of tert-butyl hydroquinone benefitted 
from the use of activated carbonate, with great flexibility in the percentage of comonomer 
incorporated, noted robustness towards monomer purity and good molecular weight 
build-up. 
 
Table 4 The Tm and Tg of the (as-polymerized) resins. 
 
Composition Tm Tg 
100 tBHQ none 130 °C 
50/50 HQ/BPA none 132 °C 
65/35 HQ/BPA 342 °C not observed 
80/20 MeHQ/BPA none 110 °C 
90/10 MeHQ/BPA 258 °C not observed 
70/30 dtBHQ/BPA none 168 °C 
80/20 dtBHQ/BPA >350 °C* not observed 

*degrades upon melting 

Conclusions 

The use of bis(methylsalicyl) carbonate (BMSC) as an activated carbonate is a promising 
approach, enabling the production of polymers containing monomers that are unsuitable 
for the traditional processes used for polycarbonate synthesis. BMSC clearly shows 
reactivity benefits in melt polymerization over diphenyl carbonate routes, which was 
demonstrated by kinetic studies. The advantage in reactivity and ease of process enables 
the production of copolymers which was demonstrated by examples using resorcinol 
hydroquinone type of monomers, which showed unique properties.  
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Conclusions
The use of bis(methyl salicyl) carbonate (BMSC) as an activated carbonate is 

a promising approach, enabling the production of polymers containing mono-

mers that are unsuitable for the traditional processes used for polycarbonate 

synthesis. BMSC clearly shows reactivity benefits in melt polymerization over 

diphenyl carbonate routes, which was demonstrated by kinetic studies using 

model compounds. The advantage in reactivity and ease of process enables the 

production of copolymers which was demonstrated by examples using resorci-

nol hydroquinone type of monomers, which showed unique properties. 
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Activated carbonates:  
enabling the synthesis of 
differentiated polymers via 
solution carbonation 

 
 
Abstract
Activated carbonates facilitate the preparation of polycarbonates based 

on monomers that are unsuitable for traditional melt polymerization at high 

temperatures. Here, we demonstrate the succesful solution polymerization of 

bis(methyl salicyl) carbonate (BMSC) with a range of different diols, including 

bisphenol-A. It was shown that the use of BMSC in solution leads to a reduction 

in the (already low) amounts of by-products when compared to the use of BMSC 

in melt polymerization. Furthermore, the benefits of the lower temperature solu-

tion carbonation were demonstrated by succesful synthesis of segmented block 

copolycarbonates, without suffering from the scrambling caused by trans-reac-

tions. Finally, the use of solution polymerization for thermally unstable mono-

mers was demonstrated by preparing a polycarbonate ionomer and introducing 

thermally labile mechanochromic moieties in the polycarbonate backbone.    

 

Parts of this chapter have been submitted for publication: 
J.H. Kamps, R. Groote, M. Baus, H. Vermeulen, T. Hoeks, R. van der Heijden,  
R.P. Sijbesma and J.P.A. Heuts, 2019.
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Introduction
Polycarbonate materials serve a broad spectrum of applications in modern life. 

Aliphatic polycarbonates find use in for example energy storage, biomedical ap-

plications and as building blocks in other polymer systems.1,2 Aromatic (bisphe-

nol-A based) polycarbonates combine ductility, strength and durability with high 

transparency and acceptable heat stability. This unique property profile enables 

its use as an engineering polymer with applications in automotive, building and 

construction, electronics and healthcare markets, reaching a predicted market 

size of US$19.6 billion by 2020.3 This variety in applications has been possible 

through the diversity in polymerization processes; In the introduction of this 

thesis an overview of all relevant synthetic routes to polycarbonates has been 

presented in detail. CO2 is the most important feedstock for polycarbonates, ei-

ther as a precursor for carbonate donors or through its direct use in combination 

with epoxides or with diols.4-6 Each polycarbonate precursor has its preferred use 

and disadvantage, limited by process conditions, reactivity, health and safety 

considerations or scale. Finding a process that combines mild conditions, low 

hazard and broad applicability has been a continuous driver for new synthetic 

innovations up to the current day.7-20

Activated carbonates, mimicking diphenyl carbonate with electron withdrawing 

substituents on the phenol group to activate the carbonate have drawn atten-

tion.21 Chapter 2 described the reactivity benefits of ester-substituted diphenyl 

carbonate, where bis(methyl salicyl) carbonate (BMSC) clearly reacts faster 

than diphenyl carbonate in melt polymerization reactions.22 This higher reactivity 

results in shorter reaction times and thus a reduced heat exposure during polym-

erization. Such activated carbonates are not only interesting for transcarbonation 

in a melt process, but also has potential use in solution polymerizations.

Solution polymerization is a very suitable approach for the use of thermally 

sensitive monomers or fitting specific processes where low viscosity or dilute 

systems have a benefit (e.g., fiber impregnation or coating processes). Compared 

to other carbonate donors suitable for solution polymerization like phosgene, 

di-, or triphosgene, which come with reactivity benefits, but also with complex 

design and safety measures (and the corresponding equipment considerations) 

due to the instability and toxicity of these compounds, BMSC is of lesser concern.  
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In contrast to melt transcarbonation conditions,22 the solution polymerization 

is not expected to show trans reactions and thus should enable the synthesis 

of multi block-(co)polycarbonates if the temperature can be kept well below 

190 °C.23,24

This chapter focusses on the use of BMSC in solution polymerization. First, the 

use of BMSC is compared to other carbonate donors like diphenyl carbonate and 

diethyl carbonate after which the influence of temperature, catalyst and ratio 

of reactants is studied. Subsequently, the preparation of block (co)polymers is 

described. After preparation of oligo-diols and their conversion into block copo-

lymers, a property comparison between the block-copolymer and their random 

copolymer analogue is presented. Finally, solution polymerization is used for 

the production of a polycarbonate ionomer and a polycarbonate with mechano-

chromic moieties incorporated, materials known for their thermal instability.25

Experimental Section
Materials  
Bis(methyl salicyl) carbonate (BMSC, SABIC, 99+%), bisphenol A (BPA, SABIC, 

polymerization grade, >99%), diphenyl carbonate (DPC, SABIC, polymerization 

grade, >99%), diethyl carbonate (DEC, Sigma Aldrich, 99%), resorcinol (Acros, 

99%), sodium hydroxide (Acros), PEG200 (Fluka), dichloromethane (Acros, 

99.8%, for HPLC), 1,2-dichlorobenzene (Acros, 99%), n-hexane (Acros, 99%), 

diethylether (Merck, 99+%), chloroform-d (“100%”, 99.96 atom % D, 0.03% 

(v/v) TMS), hydroquinonesulfonic acid potassium salt (Sigma Aldrich, technical 

grade), spiropyran (synthesized according reference 26 and 27).

Solution (co)polymerizations 
A mixture of 3.42 g BPA (15.0 mmol), 5.00 g BMSC (15.1 mmol), targeting a 

molar ratio [carbonate]/[diol] = 1.01, and 1.2 mg NaOH, (0.03 mmol), targeting 

a molar ratio of [NaOH]/[diol] = 0.002, were dissolved in 20 mL o-dichloro-

benzene. The solution was heated and stirred at 120 ˚C for 2 hrs in a three-neck 

round bottom flask equipped with a reflux cooler. Afterwards the flask was re-

moved from the oil bath, cooled down in an ice bath and the solution was added 

dropwise to 150 mL of n-hexane via a dropping funnel, while stirring. 
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The resulting precipitate was a white powder. Subsequently, the powder was 

washed with 4 x 20 mL of n-hexane and filtered off using a Büchner funnel.  

Finally, the white powder was dried overnight in a vacuum oven at 80 ˚C. Vari-

ations in monomer ratio, alternative diols, reactions times and temperatures to 

optimize the reaction profiles were derived from this basic recipe as indicated 

in the results section.

Preparation of ionic comonomer
Hydroquinonesulfonic acid potassium salt was dissolved in water (250 g/L) to 

which aqueous tetrabutylphosphonium bromide solution (500 g/L) was added 

dropwise. The formed precipitate was isolated in a methylechloride layer, sepa-

rated, washed with water and dried. The formation of hydroquinonesulfonic acid 

tetrabutyl phosphonium (HQSO3TBP) salt was confirmed by NMR.

Characterization 
Molecular weights are reported as number-average (Mn) or weight-average 

(Mw) molecular weight and were determined by size exclusion chromatography 

using polymer solutions comprising the product (co)polycarbonates at a con-

centration of about 1 mg/mL in dichloromethane (CH2Cl2) using a cross-linked 

styrene-divinylbenzene column and related to a polystyrene (PS) reference, 

calibrated using PS standards (ranging Mw from 1,000 to 2,000,000 g/mol). 

1H-NMR spectra were measured on a Bruker Avance 400 MHz Spectrometer at 

a temperature of 44 °C. For each analysis, a solution of 5% wt/v in CDCl3 99.8% 

D with 0.03 wt% TMS was prepared. All spectra were obtained with a spin-rate 

of 20 Hz. The 1H-NMR measurements were performed at 400 MHz with a 5 mm 

diameter quadruple nucleus probe, using a sweep width of 6410 Hz (13 to -3 

ppm chemical shift range) with a 30° flip angle, 10 s relaxation time, 32 k data 

points and 256 scans. Processing included apodization with 0.3 Hz for 1H NMR.

13C-NMR spectra were measured on either a GE NMR Instruments Omega 500 

or Bruker Avance 500 spectrometer operating at 125.75 MHz for 13C. Approxi-

mately 200 mg of the polymer sample was dissolved in 3.5 mL of chloroform-d. 
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Acquisition parameters included a 30.3 kHz spectral width and 32K data points 

resulting in an acquisition time of 1.08 s. A pulse delay of 1 s and flip angle of 45° 

were used. When high resolution spectra were needed, the data was processed 

without any exponential apodization. A exponential apodization of 1 Hz was 

applied for standard 13C spectra. In addition, a polynomial baseline correction 

was applied.

31P-NMR data were acquired at 202.5 MHz on a Bruker Avance 500 MHz NMR spec-

trometer. Acquisition parameters included a 30° flip angle, 32K data points with a 

sweep width of 14.1 kHz (110-180 ppm chemical shift range), and 4 dummy scans. 

The pulse delay was chosen so that the total recycle time was 3 s. The total number 

of scans varied depending upon the concentration of end groups in the polymer. 

Glass transition temperatures were measured using differential scanning calo-

rimetry (DSC) on a Perkin Elmer DSC 6, measured between 70 °C and 200 °C.  

Thermal gravimetric analysis (TGA) was carried out on a Pyris-6-TGA, Perkin- 

Elmer, between 30 °C to 600 °C.

Gradient polymer elution chromatography (GPEC) was carried out on a Perkin- 

Elmer HPLC equiped with a quaternary pump and an Agilent PLRP-S 300 Å column. 

Samples were prepared by dissolving in dichloromethane at a concentration of 6 

mg/mL. An injection volume of 5 mL and an eluent flow of 1 mL/min was used with 

the gradient settings listed below. Diode-array detector (DAD) was used at 

wavelengths 210, 254 and 280 nm. Also an evaporative light scattering detector 

(ELSD) was used:, nebulization = 50, evaporation = 90, gas = 1.2 SLM (standard 

liter per minute). The used gradient settings for GPEC: 

time (min) THF (%) MeOH (%)

0 5 95

15 100 0

20 100 0

20,1 5 95

30 5 95
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Results and discussion
Polymerization process 
The carbonation of bisphenol A is displayed in Scheme 1, where BMSC is used 

as a carbonate donor. For successful solution polymerization, the solubility of 

monomer and polymer were evaluated and o-dichlorobenzene was identified as 

a suitable candidate because of reasonable high boiling point (180 °C), enabling 

reactions at different temperatures, and being a good solvent for reactants and 

product. Other, lower boiling, suitable alternatives include dichloromethane, 

chloroform and tetrahydrofuran.

Solution polymerization of BMSC and BPA (120 °C, 1h) was compared to po-

lymerizations of DPC and DEC with BPA respectively, using the same conditions 

(Table 1, 1-3). Where BMSC showed good molecular weight build reaching Mn = 

5.7 kg/mol, DPC and DEC did not show any conversion, confirming the reactivity 

benefit of BMSC. Subsequently the polymerization temperature was lowered to 

60 °C, resulting in Mn = 3.5 kg/mol. As expected, the reaction at 120 °C showed 

a higher rate, but even at this relatively low temperature a considerable Mn can 

be achieved for BMSC. These initial experiments were followed by a study of the 

effect of catalyst (Table 1, entries 5-7, Figure 1).

Sodium hydroxide was used as the catalyst and added to the reactants in solu-

tion as a solid. An increase of catalyst amount has an adverse effect on the 

progress of the polymerization, where the lowest amount tested (0.002 mol 

 
 
 

Scheme 1. Transcarbonation of BPA to BPA polycarbonate.
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NaOH / mol BPA) achieved the highest Mn. The results of a time dependence 

study also demonstrated that a reaction time of 60 minutes is sufficient for 

polymerization of these systems.

The impact of the ratio of reactants ([BMSC]/[BPA]) followed the expected 

trend (Table 1, entries 9-11) where a stochiometric amount of reactants achieved 

the highest Mn. 

Figure 1.  Time dependence of Mn for different catalyst loadings in  
[mol NaOH]/[mol diol].

Table 1.   Solution polymerization results of BPA with BMSCa. 

a  Except for entries 2 and 3. bApparent number-average molecular weight deter-
mined by SEC, relative to polystyrene standards. c Removal of methyl salicylate 
after initial 60 min. with an additional polymerization step of 60 min., n.d. : not 
detectable.

 

Classification: General Business Use  

Figure 2. Time dependence of Mn for different catalyst loadings in [mol 
NaOH]/[mol diol]. 

Table 2. Solution polymerization results with BPA 

entry specific Mnb (kg/mol) Đ 

1 120 °C, 1h 5.7 2.52 
2 DPC n.d.  
3 DEC n.d.  
4 T = 60 °C 3.5 2.41 
5 [NaOH]/[BPA] = 0.2  4.2 2.40 
6 [NaOH]/[BPA] = 0.02 4.7 2.37 
7 [NaOH]/[BPA] = 0.002 5.5 2.54 
8 [BMSC]/[BPA] = 0.92 3.6 2.41 
9 [BMSC]/[BPA] = 1 7.0 2.53 
10 [BMSC]/[BPA] = 1.05 4.5 2.37 
11 [BMSC]/[BPA] = 1.1 4.0 2.38 
12 t = 60 min 7.4 2.55 
13 t = 120 min 8.0 2.52 
14 t = 60min + 60min c 8.2 2.53 

a Apparent number-average molecular weight determined by SEC, relative to 
polystyrene standards  
b removal of methyl salicylate after initial 60 min, with an additional polymerization 
step of 60 min 
n.d. : non detectable 
 

The impact of the ratio of reactants ([BMSC]/[BPA]) followed the expected trend 
(Table 2, entry 9-11) where an equal amount of reactants, theoretically enabling 
infinite Mn, achieved the highest Mn.  
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Based on the results of entries 1-11, a reaction temperature of 120 °C, 60 min-

utes reaction time, a catalyst to BPA of [NaOH]/[BPA] = 0.002 and a mono-

mer stochiometric ratio [BMSC]/[BPA] = 1 were used as standard conditions 

for further experimentation. 

To verify whether the reverse reaction of methyl salicylate with carbonates is 

playing a role a set of experiments was conducted, in which standard polym-

erization was used to produce a first polymer (Table 1, entry 12), which was 

split in two fractions (Table 1, entries 13 and 14). For entry 13 the polymerization 

was immediately continued, without other interference. The other fraction was 

precipitated and cleaned to remove by-product, after which polymerization was 

continued (Table 1, entry 14). The resulting polymers from entries 13 and 14 

are comparable, indicating that the removal of condensate has no, or only very 

slight, impact on the equilibrium situation as expected from earlier work.22

Detailed NMR characterization was conducted to study the inertness of the pro-

duced by-product methyl salicylate (Scheme 2 - 5). The ester group present in 

methyl salicylate could potentially be susceptible to trans-reactions involving the 

phenolic OH of BPA, releasing methanol. These undesired side-reactions could 

cause a shift in stoichiometry of reactants, impacting the polymerization. Addi-

tionally, further participation of the salicylic-OH in the polymerization potentially 

causes a weak link in the polycarbonate backbone, causing a similar activation 

effect on the neighbouring carbonate as seen for BMSC. Comparison between 

solution and melt prepared BPA–PC was carried out and the results are listed in 

Table 2. Although salicyl-OH end-groups are observed for the solution polymer-

ized BPA homopolymer (entry 6 in Table 1), this OH endgroup is not incorporated 

into the polymer backbone. In contrast, in the melt polymerization also salicyl-OH 

is produced, and converted into internal salicylate. 

Table 2.  By-product formation for solution vs. melt polymerized BPA 
polycarbonate.

n.d. : non detectable
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Based on the results of entry 1-11, reaction temperature of 120 °C, 60 minutes 
reaction time, a catalyst concentration of [NaOH]/[BPA] = 0.002 and a monomer 
ratio [BMSC]/[BPA] = 1 were used as standard conditions for further 
experimentation.  

To verify whether the reverse reaction of methyl salicylate with carbonates is 
playing a role a set of experiments was conducted, where a standard 
polymerization was used to produce a first polymer (entry 12), which was split in 2 
fractions (entry 13 and 14), for entry 13 polymerization was immediately 
continued, without other interference. The other fraction was precipitated and 
cleaned to remove byproduct, after which polymerization was continued (entry 14). 
The resulting polymers from entry 13 and 14 are comparable, indicating that the 
removal of condensate not, or only very slightly, impacts the equilibrium situation 
as expected from earlier work.22 

Detailed NMR characterization has been conducted to study the inertness of the 
produced by-product methyl salicylate. The ester group present on methyl 
salicylate could potentially be susceptible to trans-reactions involving the phenolic 
OH of BPA, releasing methanol. These undesired side-reactions could cause a shift 
in stoichiometry of reactants, impacting the polymerization. Additionally, further 
participation of the salicylic-OH in the polymerization potentially causes a weak link 
in the polycarbonate backbone, causing a similar activation effect on the 
neighbouring carbonate as seen for BMSC. Comparison between solution and melt 
prepared BPA – PC was carried out to compare the two routes (Table 3). Although 
salicyl-OH end-groups are observed for the solution polymerized BPA homopolymer 
(entry 6), this OH endgroup is not incorporated in the polymer backbone. In 
contrast, in the melt polymerization also salicyl-OH is produced, and converted into 
internal salicylate. Also the undesired by-products methyl carbonate and methyl 
ether are found in much higher levels in the melt polymerized polycarbonate. 
Reaction details can be found in scheme 1 – 4, and identification is displayed in 
table 4. NMR Spectra of solution and melt produced BPA polycarbonate are 
displayed in figure 3 and 4. 

Table 3. By-product formation for solution vs. melt polymerized BPA polycarbonate 

species solution polymerized 
(mol %) 

melt polymerized 
(mol %) 

Salicyl – OH 0.03 0.01 
Incorporated salicylate n.d. 1.33 
Methyl carbonate 0.02 0.88 
Methyl ether 0.03 0.42 

n.d. : non detectable 
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Furthermore the undesired by-products methyl carbonate and methyl ether were 

found in much higher quantities in the melt polymerized polycarbonate. Reaction 

details can be found in Schemes 2 – 5, and NMR assignments of all structures are 

listed in Table 3. NMR Spectra of solution and melt produced BPA polycarbonate 

are displayed in Figures 2 and 3.

Scheme 2.  Formation of salicyl-OH endgroups by reaction involving the methyl ester.

Scheme 3. Incorporation of salicyl-OH into polycarbonate backbone. 

Scheme 4. Formation of methyl carbonate through methanolysis.

Scheme 5. Formation of methyl ether through decarboxylation.

Table 3.  NMR peak assignments for various by-products and characterization 
results of a solution and a melt prepared polycarbonate.
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Scheme 1. Formation of salicyl-OH endgroups by reaction involving the methyl ester 

 

Scheme 2. Incorporation of salicyl-OH into polycarbonate backbone 

 

 

Scheme 3. Formation of methyl carbonate through methanolysis 

 

 

Scheme 4. Formation of methyl ether through decarboxylation 

Table 4. NMR peak assignments for various by-products and characterization results of a solution and a melt prepared 
polycarbonate 

species 1H-NMR 
(ppm) 

13C-NMR 
(ppm) 

31P-NMR 
(ppm) 

Terminal Salicylate 8.03/8.05 (2J=7Hz, d, 1H) 
3.85 (methylester group) 

164.6 
52.2 

 

Salicyl-OH endgroup 
 

10.48   
(CDCl3, OH, s, 1H) 10.38        
(TCE, OH, s, 1H) 8.03/8.05  
(2J=7 Hz, d, 1H) 

 125.1 

Incorporated salicylate 8.20/8.22 (2J=7Hz, d, 1H) 162.8  
Methyl carbonate 3.87 (CH3O s, 3H)   

Methyl ether 3.76 (CH3O s, 3H)   

Free BMSC 8.01/8.03 (2J= 7Hz, d)   
Free methylsalicylate 10.73 (OH, s) 7.80/7.82 (2J = 7 Hz, d)  127.0 
BPA-OH 6.63/6.65 (2J= 7Hz,d) 4-5 (1H)  125.3 
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Scheme 1. Formation of salicyl-OH endgroups by reaction involving the methyl ester 

 

Scheme 2. Incorporation of salicyl-OH into polycarbonate backbone 

 

 

Scheme 3. Formation of methyl carbonate through methanolysis 

 

 

Scheme 4. Formation of methyl ether through decarboxylation 

Table 4. NMR peak assignments for various by-products and characterization results of a solution and a melt prepared 
polycarbonate 

species 1H-NMR 
(ppm) 

13C-NMR 
(ppm) 

31P-NMR 
(ppm) 

Terminal Salicylate 8.03/8.05 (2J=7Hz, d, 1H) 
3.85 (methylester group) 

164.6 
52.2 

 

Salicyl-OH endgroup 
 

10.48   
(CDCl3, OH, s, 1H) 10.38        
(TCE, OH, s, 1H) 8.03/8.05  
(2J=7 Hz, d, 1H) 

 125.1 

Incorporated salicylate 8.20/8.22 (2J=7Hz, d, 1H) 162.8  
Methyl carbonate 3.87 (CH3O s, 3H)   

Methyl ether 3.76 (CH3O s, 3H)   

Free BMSC 8.01/8.03 (2J= 7Hz, d)   
Free methylsalicylate 10.73 (OH, s) 7.80/7.82 (2J = 7 Hz, d)  127.0 
BPA-OH 6.63/6.65 (2J= 7Hz,d) 4-5 (1H)  125.3 
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Figure 2.  1H-NMR spectrum of BPA polycarbonate through solution 

polymerization.

Figure 3. 1H-NMR spectrum of BPA polycarbonate through melt polymerization.
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Block copolymers
In this study we focused on preparing copolymers consisting of monomer clus-

ters forming blocks of repeating units, so called segmented block copolymers28  

as illustrated below (Figure 4).

In melt polymerization of polycerabonate, trans reactions lead to the randomiza-

tion of the monomer units, limiting the possibility of producing segmented block 

copolymers at temperatures above 190 °C,24,29 potentially leading to complete 

redistribution within 80 minutes for a polycarbonate with an Mn = 10 kg/mol. 

Block copolymers based on PEG200 have drawn attention for modification of 

surface properties and medical applications.30 To demonstrate the applicability 

of solution polymerization for preparation of these block copolycarbonates, a 

BPA oligomer was prepared (targeting five BPA repeating units, OH capped) 

by altering the ratio of reactants to acquire very short chains (Table 4, entry 

15). Further polymerization with BMSC showed its use as an oligomeric building 

block in polymerization (Table 4, entry 16). The same oligomer block was used in 

a subsequent reaction with PEG200 in varying compositions (Table 4, entries 17, 

19 and 21).

As comparison, copolymerization with BPA and PEG200 (formulated from the 

start) have been carried out over the composition range to demonstrate the 

difference in architecture (Table 4, entries 18, 20, 22). Also the homopolycar-

bonate of PEG200 was prepared (Table 4, entry 23). 

DSC analysis of the produced materials showed a single melting point for the ran-

dom copolymer (produced with all reactants present from the start), where the 

block copolymer shows two melting points, indicating phase separation (Figure 5).

Figure 4. Illustrative representation of a segmented block copolymer.

B A A A A B B B B
n m
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Further demonstration of the formation of the (block) copolymer was achieved 

by GPEC analysis (Figure 6), where a gradient of solvent was used (MeOH to 

THF) to separate the MeOH soluble PEG from the THF soluble polycarbonate. 

Copolymers are expected to have an altered solubility as seen in the figure. This 

changed solubility and appearance on a different location in the chromatogram 

is proof for covalent bonding of the BPA and PEG200 blocks. 

NMR was carried out to evaluate whether the blockiness of the copolymers of 

randomly polymerized PEG200-BPA copolycarbonate significantly differ from the 

block copolymer approach. In the latter case BPA should be linked to BPA in a 

higher ratio. Figure 7 shows that the block copolymer (entry 21, Table 4) has 

fewer BPA-PEG200 linkages than PEG200-PEG200 linkages (1:9.3), whereas this ratio 

is 1:2.8 for the random copolymer (entry 23, Table 4).

 
Table 4. Characteristics of BPA - PEG200 copolycarbonates.

Figure 5.  DSC trace of 75 mol% PEG200, random polymerized (entry 23) showing 
two melting peaks at 32 °C and 93 °C respectively.

 

Classification: General Business Use  

Figure  shows that the block copolymer has less BPA-PEG200 linkages then PEG200-
PEG200 linkages (1:9.3), where the random copolymer has an amount of BPA-PEG200 
carbonates in line with expectation (75 mol% PEG200 copolymer results in 3/4th 
PEG200-PEG200 linkages and 1/4th BPA-PEG200 linkages).  

Table 5. Block copolymers 

entry composition 
(mol%) a 

Mn 

kg.mol 

Đ Tg (°C) Tm 

(°C) 

15 BPA oligomer 5.2 2.20 55 n.d. 
16 BPA polymer 8.0 2.33 110 n.d. 
17 25% PEG, bl 9.1 2.41 n.d. 59 / 130 
18 25% PEG, rd 6.8 2.44 n.d. 53 
19 50% PEG, bl 7.9 2.38 n.d. 58 / 116 
20 50% PEG, rd 9.5 2.42 n.d. 55 
21 75% PEG, bl 7.0 2.40 n.d. 52 / 104 
22 75% PEG, rd 7.0 2.41 n.d. 32 / 93 
23 PEG polymer 5.3 2.37 <15 n.d. 
24 PEG – C36 rd   <15 n.d. 

a rd = random, bl = block 
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Practical application of PEG-based block copolymers has been studied by a 

number of groups.31 For example Mihajlovic et al. demonstrated the synthesis of 

a tough supramolecular hydrogel, based exclusively on hydrophobic association. 

The use of a multiblock, segmented copolymer of hydrophilic poly(ethylene 

glycol) and hydrophobic dimer fatty acid (DFA) building blocks resulted in 

high toughness, processability, and ease of preparation. These hydrogels show 

an attractive property profile for applications where mechanical stability and 

load-bearing features of soft materials are required. To evaluate whether the 

solution polymerization studied in this article can be used for the preparation 

of polycarbonate-based hydrogels, block copolymers based on PEG200 and DFA 

were prepared. 

The produced polymer was white in character and showed some brittleness. 

After pressing a disk (Figure 8), the material was submerged in water, and size 

and mass was evaluated. 

Figure 6.  GPEC analysis of PEG200-BPA copolycarbonate (entry 19) with ELSD 
(top) and DAD (bottom) detection, including reference peaks for pure 
PEG200 (red) and BPA polycarbonate (blue).

Figure 7.  1H NMR of block (top, entry 21) vs random copolymer (bottom, entry 23).
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After 60 minutes the sample showed changes in dimensions (Figure 8), and a 

small increase in weight was measured (18%), but the material lacked tough-

ness, fell apart easily and was not suitable for mechanical testing. The low mo-

lecular weight can be expected to contribute to this behaviour, as well as the 

difference in the backbone structure. Mihajlovic’s work focussed on polyesters, 

the reaction carried out here resulted in polycarbonates.

Thermally sensitive monomers
To further demonstrate the applicability of this solution method for the syn-

thesis of differentiated polycarbonates, two additional systems were studied in 

more detail, focussing on monomers with known thermal stability issues.

Ionomers are well known and produced on a commercial scale for various polymer 

types. Ionic compounds also find their way into polycarbonate as additives, e.g., 

as anti-static agents or flame retardants. These additives introduce a specific 

functionality in the plastic, but sometimes this is accompanied by drawbacks such 

as plate-out or segregation. These drawbacks can be diminished by the intro-

duction of ionomeric building blocks into the polycarbonate backbone and has 

been studied before. Sulfonation of the polycarbonate backbone is a low-tem-

perature approach,32, 33 using oleum (fuming sulphuric acid) or chlorosulfonic acid 

as sulfonation agents, and results in a molecular weight reduction. Furthermore, 

purification (removal of acid and chlorine) and neutralization are very important.

Solution polymerization was used here to demonstrate that it is a potential ap-

proach in preparing polycarbonate ionomers from hydroquinonesulfonic acid  

tetrabutyl phosphonium salt (HQSO3TBP, Structure 1). 

Figure 8.  Sample images of PEG200-C36 copolycarbonate (entry 24) after different 
times of exposure to water.
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Hydroquinonesulfonic acid potassium salt was converted to the tetrabutyl 

phosphonium salt (HQSO3TBP) for improved solubility in organic solvents and 

thermal stability. 

Previous attempts to produce the ionic polycarbonate via melt transcarbonation 

resulted in high amounts (>2.5 mol% salicyl-OH) of by-products (Figure 9), 

which seemed catalysed by the ionic group and temperature when compared to 

BPA homopolymer (Figure 3), showing a lower amount of by-product (1,3 mol% 

salicyl-OH, Table 2).

Structure 1. Polycarbonate ionomer structure. 

 

Figure 9.  Effect of HQSO3TBP on by-product formation in melt polymerization, 
showing an increase in salicyl-OH (10.48 ppm), which is faster increas-
ing with higher temperature (20 °C higher) or by additional 30 min melt 
time. Also an additional salicyl-OH form appears (10.09 ppm), which is 
identified as HQSO3-salicyl-OH. 
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This ionic comonomer was used in polymerization with BPA ( 5 mol%) for the 

prepation of polycarbonate ionomer (Structure 1). The incorporation was con-

firmed by 13C-NMR (Figure 10).

The produced polymer had Mn = 5 kg/mol with a dispersity of 2.4, measured in 

THF with 1% LiBr to surpress ionic interactions with the SEC column. The Tg of 

this produced polycarbonate ionomer was 136 °C.

A second example of a polymerization using thermally sensitive monomers fo-

cused on the incorporation of spiropyran (Scheme 6), a structure used for failure 

indication and investigations of polymer chain configuration changes as response 

to an applied force (mechanochromic material).26,27,34-36 

Spiropyran has thermal stability concerns,25 making the low temperature solution 

polymerization an attractive route to explore. TGA evaluation (Figure 11) of the 

produced dye confirmed the limitations, showing degradation already occurring 

from 100 °C.

Figure 10.  13C-NMR of HQSO3TBP coPC, with the butyl peaks present between  
30 and 50 ppm.

Scheme 6.  Spiropyran (left) and its merocyanine isomer (right).
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The spiropyran used in this study has two hydroxyl groups available for polym-

erization with BMSC, and is incorporated as a 20 mol% copolymer with BPA 

through solution polymerization in o-dichlorobenzene, resulting in a dark blue 

polymer after precipitation in n-hexane. Mn = 2.4 kg/mol with a dispersity of 2.5. 

The produced polymer (0.2 g) was cast into a film with BPA homopolymer (2.5 g), 

which showed a deep blue color (Figure 12). A quick evaluation showed that color 

depends on solvent used; in toluene, acetonitrile, and methanol a red color was 

observed, tetrahydrofuran and dichloromethane resulted in blue color. Parts of the 

film were extended using tongs. Close evaluation did reveal some discolored areas 

(turning purple) in the yielded parts of the sample, as expected for mechanochro-

mic colorants like spiropyran (Figure 12, indicated with arrows).

Although these concepts (ionomers and mechanochromic materials) need fur-

ther studies to evaluate their full potential and develop the materials further, with 

these initial experiments we demonstrated the applicability of solution polymer-

ization for the preparation of these functional polymers.

Figure 11.   TGA measurement, showing the early degradation onset of the dye, 
and the more stable copolycarbonate.

Figure 12.  Cast film and extended samples, discolored areas marked with  
an arrow.
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Conclusions

Solution polymerization using bis(methyl salicyl) carbonate (BMSC) as an acti-

vated carbonate is a promising approach, enabling the production of polymers 

containing thermally instable monomers for which the traditional processes used 

for polycarbonate synthesis are not suitable. BMSC clearly shows its usefulness 

in solution polymerizations, demonstrated by the synthesis of block copolymers, 

preventing trans-reactions that are known to occur at melt polymerization con-

ditions. The formation of by-products has been investigated and identified for 

solution carbonation as well as melt transcarbonation reactions, showing less 

by-products fo polymers produced through solution carbonation. Furthermore, 

a polycarbonate ionomer and a mechanochromic polycarbonate have been pre-

pared using solution polymerization, incorporating thermally labile monomers.
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Microphase separation:    
Enabling isosorbide-based 
polycarbonates with         
improved property profile  

Abstract
Microphase separation of bio-based soft blocks in a hard isosorbide poly-
carbonate enabled the preparation of a transparent bio-based engineering 
plastic with improved mechanical properties and processability at milder 
conditions. The ability to process these isosorbide-containing polycar-
bonates at lower temperatures in combination with a lower polymerization 
temperature due to the use of the activated bis(methyl salicyl) carbonate 
as the carbonate source avoided the undesired elimination of b-hydrogens, 
which is commonly observed in isosorbide containing polymers. Preparation 
of a wide range of bespoke samples with varying combinations of soft blocks, 
followed by characterization and statistical analysis, enabled the identifica-
tion of the correlations between composition and mechanical and thermal 
properties, resulting in an optimized engineering plastic with facile process-
ing, transparency, and ductility combined with >84% renewable content.

 

Parts of this chapter have been published as: 
J.H. Kamps, V. Ramakrishnan, T. Hoeks, B.J.P. Jansen, R.P. Sijbesma, J.P.A. Heuts, 
Macromolecules, 2019, 52 (9), 3187-3198.
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Introduction
Over the past decades, the focus on renewable resources1,2,3 and a general drive 

to reduce the environmental impact of polymer materials have started new ini-

tiatives toward bio-sourced and sustainable materials.4,5,6 Oil and gas depletion 

has caused a shift in focus toward building blocks from waste streams and / or 

renewable resources, building an infrastructure less dependent on fossil fuels; 

successful examples are bio-based poly(ethylene terephthalate), polyolefins, 

and a growing commercial interest in poly(lactic acid) and polyhydroxyal-

kanoates.6,7,8 Among the different approaches explored, cellulose biomass-de-

rived monomers have been incorporated into various polymers with examples of 

polyesters, polyamides, polyurethanes and polycarbonates,9 employing alditols, 

aldonic acids, lactones, aldaric acids, and aminosugars as building blocks.10

Isosorbide (Structure 1), a promising and commercially available monomer, 

produced by dehydration of D-sorbitol,11 has gained interest in engineering 

polymers after polymerization-grade isosorbide became available;12 it is now 

utilized in commercial polyesters from SK Chemicals (ECOZEN®) and commer-

cial polycarbonates from Mitsubishi (DURABIO®) and Teijin (PLANEXT®).13,14 

In addition to being a bio-based monomer, typical advantages of incorporating 

isosorbide are a high glass transition temperature (Tg), tensile modulus, visible 

light transmission and good weatherability (UV stability).15

As commercial materials, the polymers based on this sugar-derived monomer 

have gained traction in the engineering polymers area, trying to compete with 

oil-based polymers like, among other, aromatic polycarbonate resins based bi-

sphenol-A (BPA, (2), Structure 2) which are known to combine ductility, strength

Structure 1. Isosorbide (1).
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and durability with high transparency and do not show embrittlement when 

used below 120 °C. This unique property profile makes this resin the material 

of choice in, for example, sheets, appliances, helmets, packaging materials, and 

lenses.16,17,18,19 The homopolycarbonate of isosorbide (3, Structure 2) has been well 

described and its property profile is known.14,15,20-26 Compared to a BPA homopoly-

carbonate, isosorbide-containing polymers have limited toughness, a reduced 

processing window, and thermal instabilities that result in discoloration. The 

main reason for the thermal instability is the presence of b-hydrogens, which 

undergo elimination reactions, which are notable already at temperatures below 

280 °C; the resulting end groups can cause discoloration and crosslinking.15 

Thermo-mechanical properties have been improved by the copolymerization 

of isosorbide with a range of (non bio-based) aromatic comonomers,25-30 but 

in addition to having a reduced overall bio-content, these copolymers do not 

have improved flow and processing properties. Improved processability, trans-

parency and flow have been achieved by the introduction of certain soft blocks, 

incorporating C2-C12 linear diols20,21,22,26,30 or cyclic aliphatic monomers such as 

1,4-cyclohexanedimethanol,26-29 but thus far, this approach invariably has result-

ed in reduced glass transition temperatures.

None of the previously published approaches to date has resulted in simultane-

ously improving the processability, reducing the brittleness and resulting in a 

polymer with a high Tg, while still maintaining the benefits of isosorbide. In this 

paper, we describe the use of long-chain aliphatic monomers, which sufficiently 

modify the rheological response of the polymer during processing, enabling 

processing at reduced temperature and preventing the degradation through 

b-elimination, and also maintenance of a thermo-mechanical performance due 

to (micro)phase separation. 

Structure 2. BPA polycarbonate (2) and isosorbide polycarbonate (3).
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Although the concept of long-chain aliphatics for phase separation has been 

described,31-36 the combination with isosorbide-polycarbonate and its utilization 

for improved processing while balancing critical material properties through 

(micro)phase separation have not been explored before. Finally, in order to avoid 

significant b-elimination during polymerization, we used a recently described 

melt transcarbonation process using activated carbonates that allows for higher 

polymerization rates and lower reaction temperatures.37 

Experimental section
Materials
Isosorbide (POLYSORB® polymerization grade for polycarbonate, ROQUETTE), 

bis(methyl salicyl) carbonate (BMSC, SABIC, 99+%), bisphenol-A (SABIC, po-

lymerization grade, >99%), tetrabutyl phosphonium acetate (TBPA, Sachem, 

aqueous solution, 40%), sodium hydroxide (NaOH, Acros), dichloromethane 

(Acros, 99.8%, for HPLC), chloroform-d (“100%”-grade, 99.96 atom % D, 

0.03% (v/v) TMS, Sigma Aldrich), osmium tetroxide (OsO4, Electron Microsco-

py Sciences, 2 wt% in water), ruthenium tetroxide (RuO4, Electron Microscopy 

Sciences, 0.5 wt% in water), H3PO3 solution (45 wt% in water prepared from 

H3PO3, 99%, Aldrich), and pentaerythrityl tetrastearate (PETS, >90% esterified, 

FACI S.p.A.) were used. 

Soft blocks with varying chain lengths were kindly provided by Croda (Gouda, 

the Netherlands) from their Pripol® and Priplast® product range.34

• Pripol® 1009 (pri-1009), C36 based on linoleic acid dimerization (Structure 

3, 4), Mw ≈ 540 g/mol, was used as received. Multiple analogues are 

possible32, examples are listed in Structure 3, 6, 7 and 8.

• Priplast® 3162 (pri-3162) C36 based oligo-ester diol (Structure 3, 5, n = 1), 

Mw ≈ 1000 g/mol, used as received. 

• Priplast® 1838 (pri-1838) C36 based oligo-ester diol (Structure 3, 5, n = 3), 

Mw ≈ 2000 g/mol, used as received. 

• Priplast® 3196 (pri-3196) C36 based oligo-ester diol (Structure 3, 5, n = 5), 

Mw ≈ 3000 g/mol, used as received.  
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Synthesis and processing of the polymer samples 

Batch synthesis. A glass reactor equipped with a mechanical stirrer and a 

vacuum system was charged with isosorbide, additional diol (or diacid) in the 

case of copolymer preparation, and BMSC, maintaining molar ratios of [BMSC] / 

[sum of diols (or diacid)] between 1 and 1.02. After assembly of the reactor set-

up, oxygen was removed from the system by vacuum/inert gas cycles, repeated 

three times. The catalyst was added to the solids as 100 mL of an aqueous solu-

tion of tetrabutyl phosphonium acetate (TBPA, 2.5x10-4 mol per mol diol) and 

NaOH (1.5x10-6 mol per mol diol). The synthesis was carried out using the fol-

lowing temperature profile: stage (1) 15 min, 180 °C, atmospheric pressure, stage 

(2) 15 min, 220 °C, 100 mbar, and stage (3) 10 min, 280 °C, 0.5-1.5 mbar. During 

transitions, care was taken to prevent excessive boiling and loss of monomer to 

the overhead (condenser, vacuum pump). Subsequently, atmospheric pressure 

was restored and the hot polymer was discharged from the reactor and stranded.  

 

 
 

Structure 3.  Generalized structure of C36 as prepared from linoleic acid  
dimerization (pri-1009, 4) and C36 based oligo-ester diol (5).  
Linear C36 (6), cyclic C36 (7) and bicyclic C36 (8) are also displayed. 
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Continuous synthesis. For continuous production at 1 kg/hr rate, a 25 mm 

13-barrel twin-screw extruder (Werner & Pfleiderer ZSK25WLE) with a L/D = 59 

and five devolatization ports was fed with the materials from a 200 L stainless 

steel stirred tank reactor (Scheme 1) using continuous addition of catalyst. The 

feed tank was charged with isosorbide, additional diol (or diacid) in the case of 

copolymer preparation, and BMSC, maintaining molar ratios of [BMSC] / [sum 

of diols (or diacid)] between 1 and 1.02 and charging up to 100 kg of monomers 

(Scheme 1, a1). A second vessel was available for alternating use, to enable con-

tinuous production of polymer (Scheme 1, a2). Barrel temperatures up to 280 °C 

and pressures reduced to ≈ 1 mbar enabled sufficient polymerization. 

Extrusion profiles. Stabilizers were added to the polycarbonate by extrusion, 

using the conditions described below on a co-rotating twin-screw extruder (25 

mm, seven barrels, L/D = 28) supplied by Coperion. During extrusion, 0.02 wt% 

(relative to the total mass of compounded product) of a H3PO3 solution (45 

wt% in water) was added to stabilize the polymer and minimize degradation. 

Pentaerythrityl tetrastearate (0.3 wt%) was added as a mold release agent.  

No other additives and/or colorants were used. Materials were extruded using 

the following settings: temperature zone 1: 50 °C, temperature zone 2: 200 °C, 

temperature zone 3: 250 °C, temperature zone 4: 270 °C, temperature zone 5-8: 

280 °C, screw speed 300 rpm, p ≈ 200 mbar.

Molding of test samples was carried out on a 45 t injection molding machine 

supplied by Engel (22 mm screw) equipped with Axxicon insert molds. The fol-

lowing settings were used: temperature zone 1: 240 °C, temperature zone 2: 250 

°C, temperature zone 3: 260 °C, temperature zone 4: 250 °C, Temperature mold: 

60 – 70 °C, injection speed: 35-50 mm/s, after pressure: 50 - 70 bar, drying time: 

6 h, 85 °C, atmospheric pressure.  

Scheme 1. Continuous polymerization set up using devolatization extruder. 
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Characterization
Molecular weight distributions were determined by size exclusion chromatogra-

phy (SEC), using an Agilent cross-linked styrene-divinylbenzene column on an 

Agilent 1100 chromatography set up, calibrated using narrow polystyrene stan-

dards and using dichloromethane as the eluent. Nuclear magnetic resonance 

(NMR) spectra were measured on a Bruker Avance 400 MHz Spectrometer. 

Glass transition temperatures were measured using differential scanning calo-

rimetry (DSC) on a Perkin Elmer DSC 6, measured between 70 °C and 200 °C.  

The colors of molded 2.5 mm thick plaques were measured in the transmission 

mode using a Gretag-MacBeth 7000A spectrometer according to the CIE lab-

oratory standard. The Vicat softening temperature were determined according 

to ISO306 using a heating rate of 120 °C/h and a force of 50 N on a Zwick HDT/

Vicat A setup. Heat deflection temperatures (HDT) were determined according 

to ISO75:2004 using 1.8 MPa stress on the flat surface (method A) on a Zwick 

HDT/Vicat A setup. Notched Izod impact (INI) tests were carried out according 

to ISO 180:2000, method A test protocol using a Zwick HIT 5.5 equipment. Ten-

sile modulus, stress at yield, stress at break and strain at break were determined 

according to ISO527 using a Zwick Z020 set up. Dynamic mechanical analysis 

(DMA) was performed on a Rheometrics RSA2 in the bending mode (span 48 

mm) using an ISO impact bar. Transmission electron microscopy (TEM) was 

carried out on Tecnai 12 equipment. Finally, all the samples were rheologically 

characterized using small amplitude oscillatory shear experiments with parallel 

plate geometries of 8.0 and 25.0 mm at a gap of 1 mm, in an ARES-G2 rheometer 

from TA Instruments.

Results and discussion
Synthesis of isosorbide-based (co)polycarbonates
The isosorbide-homopolymer has previously been produced in melt transcar-

bonation processes using diphenyl carbonate (DPC) as reported by Dhara et 

al.26 Long reaction times and temperatures exceeding 270 °C were required and 

resulted in relatively low molecular weights (~ 16 kg/mol); copolymers have been 

proposed to overcome thermal instability issues due to b-hydrogen elimination 

(see Scheme 2), 20- 22,26-30 as already mentioned in the introduction of this chapter.
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In the current work we used an activated carbonate, bis(methyl salicyl) car-

bonate (BMSC), which was demonstrated to have a much higher reactivity 

than DPC, enabling shorter reaction times and lower polymerization tempera-

tures.38 Isosorbide-polycarbonates were prepared by the continuous synthesis 

method based on this process. A sufficiently high molecular weight of 45.6 

kg/mol was obtained (Table 1, entry S2) and no detectable amounts of b-elim-

ination products were observed after synthesis (Figure 1a), confirming the 

suitability of the used polymerization process.

After molding into test bars at elevated temperature (300 °C) the material was 

again examined for degradation products. The resulting spectrum (Figure 1b) 

showed the presence of olefinic groups, which are the products of b-hydrogen 

elimination (Scheme 2, isomer 9 and isomer 10); the amount of double bonds 

present in the material was found to be 0.6 mol% based on integration of the 

peaks assigned to the degradation product.

Scheme 2.  b-Hydrogen elimination of isosorbide polycarbonate. The produced iso-
mers 9 and 10 contain labels used in the peak assignments of Figure 2. 

Figure 1.  1H-NMR spectra of (a) isosorbide polycarbonate S2 as synthesized and  
(b) S2 after exposure to heat (300 °C) during extrusion and molding, 
showing the appearance of peaks related to end groups formed  
(structures 9 and 10 in Scheme 2).
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2D-NMR correlation spectroscopy (COSY) was carried out to characterize the 

degradation products, the resulting spectrum can be found in Figure 2.

The presence of isomers 9 and 10 is in accordance with the degradation mech-

anism/products as proposed by Park et al.,15 and this result indicates that even 

if the polymerization process is optimized to enable the production of isosorb-

ide-homopolycarbonate at lower temperatures so that b-hydrogen elimination is 

avoided, subsequent processing (extrusion/molding) still requires temperatures 

above 270 °C and degradation by b-hydrogen elimination will occur. 

In order to investigate whether the processing temperature can be lowered, a 

range of isosorbide-containing copolycarbonates with soft blocks of varying 

chain lengths was produced using the continuous polymerization technique 

(Table 1, entries S3 – S6); in all cases, the overall amount of soft block was main-

tained constant at 20 wt% with respect to the overall copolymer composition 

and sufficiently high molecular weights were obtained.  

 
Figure 2.  COSY NMR spectrum of isosorbide homopolycarbonate after exposure 

to heat (300 °C) during extrusion and molding (with peak assignments 
referring to Scheme 2).
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Incorporation of the monomers (isosorbide and soft block comonomers) during 

synthesis was confirmed using 13C-NMR (Figure 3), and the unique spectra (11, 

12 and 13) of the different isomers of isosorbide were observed in accordance 

to the literature.27,39 1H-NMR was used to quantify the incorporation of the soft 

blocks, and in all cases, a quantitative incorporation was confirmed (20 wt%); 

no indications of b-hydrogen elimination were found.

The copolymer of isosorbide and pri-1009 (a diacid) shows the presence of 

an ester bond (14 and 15, Figure 3) resulting from the reaction of the acid of 

pri-1009 with BMSC, followed by decarboxylation.40 Pri-3162, pri-1838 and pri-

3196 are all diols and are incorporated via carbonate bonds (16 and 17, Figure 

3). Since incorporation of the diols could potentially happen in a blocky, rather 

than a random fashion, we used 13C-NMR to confirm that no block formation 

took place. The spectrum shown in Figure 3 for S5 indeed showed no evidence of 

block formation; the theoretical fraction of [isosorbide] – [pri-1838] carbonate 

bonds of 0.0354 is very close to the experimentally measured fraction of 0.0359 

(based on 13C-NMR integrals) and confirmed by the measured low fraction of 

[pri-1838] – [pri-1838] carbonate bonds (0.0003) and high fraction of [isosor-

bide] – [isosorbide] bonds (0.964). In the case of preferential block formation 

a higher amount of [pri-1838] – [pri-1838] carbonate bonds would be expected.
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All samples produced in this set contain more than >74% renewable carbon. 

Polymerizations with carbonate precursors based on bio-derived CO2 (for exam-

ple available from vegetable oils)43 would further increase this number towards 

100% renewable polycarbonate. 

 
 
Figure 3.  13C-NMR spectra of isosorbide-containing polycarbonates (S2, S3 and 

S5) including peak assignments for isosorbide homopolymer (11, 12 
and 13), isosorbide – pri-1009 ester (14 and 15) and isosorbide pri-1838 
carbonate (16 and 17).
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Property evaluation of isosorbide based (co)polycarbonates
Several different thermal and mechanical properties of the isosorbide homo and 

copolymers (all with a renewable carbon content of more than 74%) were de-

termined and compared with those of BPA-polycarbonate. The results of these 

experiments are summarized in Table 1. First comparing the isosorbide-ho-

mopolycarbonate (Table 1, entry S2) with BPA-polycarbonate (Table 1, entry S1), 

the glass transition temperature of isosorbide-homopolycarbonate was found to 

be 169 °C, that is 22 °C higher than that of BPA-polycarbonate. Another note-

worthy consequence of the isosorbide backbone is the higher tensile modulus; 

this was found to be 30% higher. On the downside, the material was found to be 

brittle, resulting in a lower impact resistance than BPA-polycarbonate and it also 

shows the before-mentioned degradation products (see above). 

As is clear from the data in Table 1, the glass transition temperatures (measured 

in the relevant temperature range of 70 to 200 °C) of the soft block-containing 

copolymers S3-S6 are all lower than that of the isosorbide-homopolycarbonate, 

where the copolymer with the shortest soft block (S3) has the lowest Tg and the 

one with the longest soft block (S6) has the highest Tg; in fact, the Tg of S6 is very 

close to that of the isosorbide-homopolymer. It should be noted here that we 

cannot rule out the existence of a second glass transition at lower temperatures, 

but since it is very difficult to determine via DSC, we only focus on the relevant 

temperature range from 70 to 200 °C here.

Tensile moduli and notched impact strengths of the copolymers lie roughly be-

tween those of isosorbide-homopolycarbonate and BPA-homopolycarbonate. 

 

 Figure 4.   Images of color plaques produced from S5 (66.9%, haze 15.3%,  
measured at 2.5 mm), showing delamination on the right where  
a layer was peeled off from the plaque.
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We also compared the transparencies (qualitatively) of the produced polymers 

and found that only in copolymer S6, containing the longest soft block, was trans-

parency lost. On a black background, copolymers S5 and S6 also display hazi-

ness, whereas all other polymers display clear pellets. Finally, injection molded 

plaques of S5 and S6 showed delamination when bent and folded (Figure 4).

Good transparency of copolymer materials requires (molecular) miscibility 

of the comonomer units, or, in the case of (micro)phase separated systems, 

matching refractive indices or domain sizes with a diameter less than half of 

the wavelength of visible light (i.e., < 200 nm).41 From the results in Table 1 

it is clear that samples S3-S5 meet these requirements. Since the refractive 

index of the isosorbide-polycarbonate is 1.50, and sufficiently different from the 

1.475 reported for dimer fatty acids,29,42 the observed transparency must either

Table 1.  Properties of (co)polycarbonates including BPA and isosorbide 
homopolymer and the copolymers with isosorbide and soft blocks of 
varying chain length (S3-S6) after processing into test specimens.

a Amount of renewable carbon atoms in the copolymer = mass of all carbons  
  originating from bio-based monomers/overall mass of carbons. 
b Apparent weight-average molecular weight determined by SEC, relative to  
  polystyrene standards; determined after processing. 
c Glass transition temperature determined by DSC in the relevant temperature    
  range of 70 °C to 200 °C. 
d Appearance: 1 = transparent, 2 = translucent, 3 = delamination.
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notched 
impact 

strength 
(kJ/m2) 

App.d 

S1 100 wt% BPA 0 47.0 2.3 147 2.35 60 1 
S2 100 wt% isosorbide 86 45.6 2.4 169 3.50 9 1 
S3 20 wt% pri-1009 

(Mw ~540 g/mol) 
87 45.3 2.3 117 2.68 3.5 1 

S4 20 wt% pri-3162 
(Mw ~1000 g/mol) 

75 50.7 2.5 135 2.48 8 1 

S5 20 wt% pri-1838 
(Mw ~2000 g/mol) 

83 47.5 2.9 155 2.23 30 1,3 

S6 20 wt%  pri-3196 
(Mw ~3000 g/mol) 

84 55.5 2.4 162 2.23 27 2,3 
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index of the isosorbide-polycarbonate is 1.50, and sufficiently different from the 1.475 reported 
for dimer fatty acids,29,42 the observed transparency must either be caused by complete 
miscibility or microphase separation into very small domains.  If complete miscibility were the 
cause of the transparency, the measured Tg would be expected to be around 114 C, (estimated 
by the Flory-Fox equation using the following literature values: Tg = -15 C for C3644 and Tg = 169 
°C for the isosorbide-homopolymer (S2)). From the data in Table 1, it is clear that only S3 has a 
close Tg (Tg = 117 C), suggesting miscibility in this system. The samples with the larger soft blocks 
show significantly higher values of Tg, which increases with increasing Mw of the soft block.  This 
in turn suggests that only the shortest soft block results in a homogeneous material and this is in 
line with what was observed for the shorter aliphatic chains reported in the literature.20,21,22,26,30  
With increasing length of the soft block, the measured Tg increases, consistent with a decreasing 
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be caused by complete miscibility or microphase separation into very small 

domains. If complete miscibility were the cause of the transparency, the mea-

sured Tg would be expected to be around 114 °C, (estimated by the Flory-Fox 

equation using the following literature values: Tg = -15 °C for C36
44 and Tg = 169 

°C for the isosorbide-homopolymer (S2)). From the data in Table 1, it is clear 

that only S3 has a close Tg (Tg = 117 °C), suggesting miscibility in this system. 

The samples with the larger soft blocks show significantly higher values of Tg, 

which increases with increasing Mw of the soft block. This in turn suggests that 

only the shortest soft block results in a homogeneous material and this is in 

line with what was observed for the shorter aliphatic chains reported in the 

literature.20,21,22,26,30 With increasing length of the soft block, the measured Tg in-

creases, consistent with a decreasing miscibility, and in the case of S6, with the 

longest soft block, the measured glass transition temperature approaches that  

of the isosorbide-homopolymer (Tg = 169 °C). To maintain transparency these 

phase-separated domains must be very small. The presence of (micro)phase 

separated domains in S5 is also suggested by DMA results obtained in a wider 

temperature range, showing the presence of a second glass transition at -51 °C 

(Figure 5); the amount of soft block is equal to that used in sample S3 which 

does not show a second transition in DMA. TEM and rheological measurements 

(see below) were also found to be consistent with (micro)phase separation.

Figure 5.   DMA result of S5 (E′ and E”), showing a low temperature Tg ≈ 
-55 °C and a high temperature Tg ≈ 155 °C indicating the presence  
of two phases.
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In order to investigate whether an optimum in high Tg and transparency can be 

combined with a good impact strength, we subsequently carried out a set of 

screening experiments based on the findings listed in Table 1. Copolymers were 

synthesized using batch polymerizations, varying ratios of pri-1009 (miscible) 

and pri-1838 (immiscible), while maintaining the total amount of soft block at 

20 wt% (to ensure sufficient modification of the rheological response at pro-

cessing temperature). There was no apparent difference in the appearance of 

the produced polymers; all polymers were transparent.

These copolymers were further characterized in terms of molecular weight 

distributions and glass transition temperatures and the results are shown in 

Table 2. Similar (apparent) molecular weights were obtained and all measured 

high-temperature glass transition temperatures were found to be close to what 

would be expected for a homogeneous isosorbide - pri-1009 phase (estimated 

values of Tg using the Flory-Fox equation are also listed in Table 2).  

Table 2.  Copolymers of isosorbide with combinations of pri-1009 and pri-1838 
soft block.

 

a  Apparent weight-average molecular weight determined by SEC, relative to poly-  
    styrene standards after synthesis. 
b  Glass transition temperature determined by DSC in the relevant temperature  
    range of 70 °C – 200 °C. 
c  High temperature Tg, estimated for a homogeneous isosorbide-pri-1009 phase  
    based on the amount of pri-1009 using Flory-Fox equation.
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The results demonstrate that it is possible to tune the glass transition temperature by 
combinations of soft blocks, while maintaining a high overall amount of soft blocks and 
transparency. Although the small sample sizes from these batch polymerizations do not allow for 
impact testing, the strands from the reactor showed ductile behavior in all cases when they are 
bent and twisted. 

Table 2. copolymers of isosorbide with combinations of pri-1009 and pri-1838 soft block 

# composition Mw (kg/mol) a Đ Tg (°C) Estimated 
Tg (°C)c 

S7 20 wt% pri-1009  
(Mw ~540 g/mol) 

40.0 2.3 117 114 

S8 15 wt% pri-1009 
5 wt% pri-1838 

37.6 2.3 129 126 

S9 10 wt% pri-1009 
10 wt% pri-1838 

43.7 2.4 137 139 

S10 5 wt% pri-1009  
15 wt% pri-1838 

42.2 2.4 154 154 

S11 20wt% pri-1838 
 (Mw ~2000 g/mol) 

40.8 2.8 165 169 

a  apparent weight-average molecular weight determined by SEC, relative to polystyrene 
standards after synthesis 
b Glass transition temperature determined by DSC in the relevant temperature range of 70 °C – 
200 °C 
c High temperature Tg, estimated for a homogeneous isosorbide-pri-1009 phase based on the 
amount of pri-1009 using Fox-Flory equation 

Optimization of the formulation 

As clearly demonstrated above, combining two types of soft blocks can be used to target a certain 
Tg and overcome some of the downsides found (loss of heat and / or impact strength and 
delamination). To further optimize the mechanical properties of the copolymer a 23 full factorial 
design of experiments (DOE) with a center point was carried out. The materials were produced 
using two levels of monomer ratio ([carbonate]/[diol]); 1.015 targeting higher Mw and 1.020 
targeting lower Mw. The second variable was the ratio between the two soft blocks used; altering 
the amount of pri-1838 (25% - 75%) versus amount of pri-1009. Also the total content of soft 
block (10% - 20%) was included as a variable. These experiments were carried out by continuous 
polymerization.  

Table 3 summarizes the experimental design and results of characterization. Statistical analysis 
of these data45 was carried out to determine the significance of the factors and interactions, using 
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The results demonstrate that it is possible to tune the glass transition tempera-

ture by combinations of soft blocks, while maintaining a high overall amount of 

soft blocks and transparency. Although the small sample sizes from these batch 

polymerizations do not allow for impact testing, the strands from the reactor 

showed ductile behavior in all cases when they were bent and twisted.

Optimization of the formulation
As clearly demonstrated above, combining two types of soft blocks can be used 

to target a certain Tg and overcome some of the downsides found (loss of heat 

and / or impact strength and delamination). To further optimize the mechanical 

properties of the copolymer a 23 full factorial design of experiments (DOE) with 

a center point was carried out. The materials were produced using two levels of 

monomer ratio ([carbonate]/[diol]); 1.015 targeting higher Mw and 1.020 tar-

geting lower Mw. The second variable was the ratio between the two soft blocks 

used; altering the amount of pri-1838 (25% - 75%) versus amount of pri-1009. 

Also the total content of soft block (10% - 20%) was included as a variable. 

These experiments were carried out by continuous polymerization. 

 
 

Figure 6.  Surface plots of the impact of changes in the variables on Tg, impact 
strength, transparency and haze. 
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Table 3.  Design of experiments for optimization of the formulation.

a Amount of soft block relative to overall diol & diacid content 
b Amount of pri-1838 relative to total amount of soft block in combination  
  with pri-1009 
c [BMSC]/([isosorbide] + [soft block]) 
d Apparent weight-average molecular weight determined by SEC, relative  
  to polystyrene standards 
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Table 3 summarizes the experimental design and results of characterization. 

Statistical analysis of these data45 was carried out to determine the significance 

of the factors and interactions, using the measured average molecular weights 

(Table 4). A significant effect (>95% confidence, p < 0.05) of the amount of soft 

block was found on the softening point (DMA, HDT, Vicat, and Tg) and transpar-

ency. Increasing amounts of pri-1838 were also found to significantly improve 

the impact strength, reduce the softening point (DMA, HDT, Vicat and Tg) and 

reduce the transparency. The apparent molecular weight has a significant effect 

on impact strength and the second Tg measured with DMA. 

Molecular weight distributions of the DOE points were analyzed (Table 3) di-

rectly after synthesis and after processing into test bars, showing a reduction 

in Mw during this step. In addition to b-hydrogen elimination, polycarbonates 

are prone to hydrolysis, which leads to molecular weight reduction. This deg-

radation effect was also analyzed against the DOE factors, but no significant 

factors were identified. In all cases the tensile modulus was found to be higher 

than that of BPA polycarbonate (S2). Impact strength shows a range of results, 

clearly improving on S2-S4 and showing practical ductility for several samples. 

Regression equations were calculated based on the results and listed in Table 5. 

Corresponding surface plots are shown in Figure 6.

 
Table 4.  Analysis of variance for the DOE factors (uncoded), only the significant 

factors (95% confidence, p<0.05) are listed. For C Mw after molding  
is used.
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B % pri-1838 - - - - 0.49 0.00 0.01 0.09 0.03 0.02 
C Mw - - - - 0.00 0.00 - - - - 

AB %soft * %pri - - - - - - - - - - 
AC %soft * Mw - - - - - - - - - - 
BC %pri * Mw - - - - - - - - - - 

 

Table 5. Regression equations based on the DOE analysis (uncoded), including model 
significance (95% confidence). Two way interactions were only included if the extended model 
was significant, else only single interactions reported. 

property Regression Equation p-value 
Modulus = 3781 – 23.1 % soft + 1.59 %pri-1838 – 14.66 Mw 0.109 
Stress@yield = 108.1 – 0.375 % soft + 0.1372 %pri-1838 – 0.565 Mw 0.100 
Stress@break = 91.2 – 0.915 % soft + 0.011 %pri-1838 – 0.419 Mw 0.182 
Strain@yield = 3.23 + 0.221 % soft - 0.0324 %pri-1838 +  0.0766 Mw 0.201 
Impact = -39.4 - 0.159 % soft + 0.1812 %pri-1838  + 1.546 Mw 0.007 
DMA 2nd Tg = 150.04 – 0.622 %soft + 0.1935 %pri-1838 + 0.163 Mw 0.000 
HDT = 108.56 – 1.062 % soft + 0.274 %pri-1838 - 0.030 Mw 0.001 
Vicat = 144.74 - 1.284 % soft - 0.1453 %pri-1838 + 0.415 Mw 0.036 
Tg = 139.92 - 0.631 % soft + 0.1902 %pri-1838 + 0.240 Mw 0.008 
%T = 96.9 + 2.01 % soft - 0.537 %pri-1838 – 0.537 Mw  0.039 

 
TEM characterization of S17, S18 and S19, selected for their difference in optical properties, 
reveals very different morphologies (Figure 6). S17 has a low amount of pri-1838, but a high 
amount of soft block, showing a very fine morphology with domain sizes below ~100 nm, 
resulting in good transparency (71.0%). S18 and S19 both have a high amount of pri-1838, and 
although the total amount of soft block is low, large domains are observed and transparency is 
clearly impacted (reduced to < 35%). (for complete image analysis see SI, Figure SI-5, Table SI-2) 
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TEM characterization of S17, S18 and S19, selected for their difference in optical 

properties, reveals very different morphologies (Figure 7). S17 has a low amount 

of pri-1838, but a high amount of soft block, showing a very fine morphology 

with domain sizes below ~100 nm, resulting in good transparency (71.0%). S18 

and S19 both have a high amount of pri-1838, and although the total amount of 

soft block is low, large domains are observed and transparency is clearly impact-

ed (reduced to < 35%). 

From this set of experiments (using equations from Table 5), an optimum for-

mulation was estimated to produce a material with a Tg comparable or higher 

compared to that of BPA PC, the highest possible impact values and transparen-

cy. Figure 8 shows the effect of amount of soft block and amount of pri-1838 on 

impact strength and Tg. 

Because of the different correlations that impact strength, Tg and transparency 

have with the studied parameters, a suitable compromise was selected to bal-

ance all, indicated by a red dot in Figure 8. Based on this result an isosorbide 

copolymer containing 7 wt% pri-1009 and 9 wt% pri-1838, using an average 

monomer ratio (1.018), was produced (Table 6, entry S21). 

 
 
Table 5.  Regression equations based on the DOE analysis (uncoded), including 

model significance (95% confidence). Two way interactions were 
only included if the extended model was significant, else only single 
interactions reported. 
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reveals very different morphologies (Figure 6). S17 has a low amount of pri-1838, but a high 
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Figure 7.  TEM micrographs of selected DOE samples including image analysis 

results (plotting particle diameter vs. volume fraction). 

 
Figure 8.  Contour plot of impact strength (grey line indicating impact strength. 

of 35 kJ/m2, dotted red line indicating impact strength of 40 kJ/m2) and 
Tg, (blue line indicating Tg of 145 °C, dotted blue line indicating Tg of  
150 °C). The green background color indicates predicted transparency.
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Sample S21 did not show b-hydrogen elimination after processing into test bars 

(Figure 9), demonstrating the improved stability (when compared to Figure 1b). 

The produced material, with a renewable carbon content of 85%, displayed the 

desired properties with the experimental values for a range of parameters, indeed 

being in reasonable agreement with those predicted by the regression equations. 

 
Table 6.  Optimized formulation (S21) compared to BPA polycarbonate (S1) and 

isosorbide polycarbonate (S2). 

a Amount of soft block relative to formulation with isosorbide 
b Apparent weight-average molecular weight determined by SEC,  
  relative to polystyrene standards  
c Predicted values based on the equations derived from the DOE results 
   n.a. = not available

 
 

Figure 9.  1H-NMR spectrum of sample S21 after production and processing, 
showing the absence of peaks related to endgroups formed  
(structure 9 and 10) during b-hydrogen elimination (in de circled area).

 19

 

Figure 10. Contour plot of impact strength (grey line indicating impact strength of 35 kJ/m2, 
dotted red line indicating impact strength of 40 kJ/m2) and Tg, (blue line indicating Tg of  145 °C, 
dotted blue line indicating Tg of 150 °C). The green background color indicates predicted 
transparency. 

Table 6. Optimized formulation (S21) compared to BPA polycarbonate (S1) and isosorbide 
polycarbonate (S2) 
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S1 BPA PC 53.0 51.3 2.3 2350 12.0 60 142 147 90.2 1 
S2 Isosorbide PC  56.1 45.3 2.3 3500 n.a. 9 n.a. 169 n.a. n.a. 

S21 16wt% soft block 
9wt% pri-1838 

56.0 48.8 2.6 2808 9.7 30.3 132 141 72.2 5.1 

Calculated value based 
on regression equation c 

n.a. n.a. n.a n.a. n.a. 43.6 136 152 72.8 n.a. 

a amount of soft block relative to formulation with isosorbide 
b apparent weight-average molecular weight determined by SEC, relative to polystyrene 
standards  
c predicted values based on the equations derived from the DOE results 
n.a. = not available 
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Evaluation of viscoelastic properties 
In the previous sections, we demonstrated that the addition of soft block alters 

the thermo-mechanical properties. Now we will explore how the soft block and 

optimization of the various copolymers affect the viscoelastic properties. Vis-

coelastic properties of phase-separated systems differ from the single phase 

systems in that they do not reach terminal relaxation (time beyond which the 

material flows as a simple liquid) and deviate from the conventional scaling 

of moduli, for example storage modulus G′ ∝ w2 and the loss modulus G″ ∝ w. 

These deviations are attributed to the enhanced elastic response at low fre-

quencies, which mainly results in an increase of G′ due to the relaxation of the 

dispersed phase after deformation under the influence of surface tension in the 

case of blends and of long-range order in the case of copolymers.45, 46, 47 Besides 

this, the size and shape of the microstructure also have implications on the pro-

cessability at various processing shear rates, and are relevant to injection mold-

ing, extrusion, blow molding, and so on. In this section, we aim to demonstrate 

how the improvements made with S21 relate to differences in the microstructure 

and morphology using small amplitude oscillatory shear (SAOS) rheology.47,48,49

The data obtained from the SAOS experiments is analyzed as mentioned in the 

experimental section resulting in Figure 10a showing G′ as a function of frequen-

cy, and in Figure 10b the continuous relaxation at 250 °C. In Figure 10a it can be 

observed that homopolymers (S1 and S2) and copolymer S3 reach terminal re-

laxation with a slope of G″ approaching -2, which is expected for homogeneous 

systems. This indicates that in all three cases (S1, S2 and S3) the samples have 

completely relaxed. Furthermore, all samples show only one relaxation peak 

(Figure 10b), with the relaxation time of S2 (20 ms) > S1 (10 ms) > S3 (2 ms). For 

the phase-separated systems, both S21 and S5 show similar slopes at low fre-

quencies (G′ ~0.7), indicating phase separation with domains that are ellipsoid 

in shape;46,47 this correlates well with the results from electron microscopy 

(see above). It must also be noted that the values for G′ measured at 10 rad/s 

follow the order S21 < S3 < S5 < S1 < S2, indicating that S21 is the most compliant 

sample and therefore must have the lowest viscosity.

The relaxation spectra (Figure 10b) for S21 and S5, unlike those for S1-S3, show 

two relaxation processes: one from the isosorbide phase and the other from the 

Pripol phase (long relaxation tail). It can be seen that while the relaxation time 
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for S21 (0.1 ms) is lower than for S5 (5 ms) for the isosorbide phase, the relax-

ation tail for S21 is longer than for S5. This indicates that S21 flows better and 

will have a lower viscosity while having larger domains of the pripol phase. The 

larger pripol domains take a longer time to relax which will have implications 

during processing and consequently impact properties. 

Figures 11a,b shows a plot of complex viscosity as a function of frequency for ho-

mopolymers S1 and S2 and copolymers S3, S5, and S21 at 250 °C and at T - Tg = 

90 °C, respectively. The figures clearly indicate that S21 has the lowest viscosity 

in the frequency range from 0.1-104 rad/s followed by S3, S5, S1 and S2 in the 

frequency range 0.1-100 rad/s. It must be noted that for frequencies >100 rad/s 

S3 and S5 have similar viscosities and S1 and S2 have similar viscosities. This is 

in line with the relaxation times from the homopolymer phase (see Figure 10b). 

Potentially, lower viscosities arise either from a lower molecular weight, lower 

glass transition temperature or from different microstructure. In this case, all the 

samples have similar apparent molecular weights. In order to truly determine 

whether the viscosity decrease originates from the copolymer structure and is 

not due to the differences in the glass transition temperature, the samples are 

replotted at an arbitrary distance from Tg. This difference needs to be below 100 

°C, where the Williams-Landel-Ferry (WLF) equation is valid and in our case we 

use a temperature of 90 °C away from Tg, i.e., T - Tg = 90 °C.

 

 
Figure 10.   a) Storage modulus (G’) and b) relaxation spectrum for samples S1-S3, 

S5 and S21. 
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for homogeneous systems.  This indicates that in all three cases (S1, S2 and S3) the samples have 
completely relaxed. Furthermore, all samples show only one relaxation peak (Figure 12b), with 
the relaxation time of S2 (20 ms) > S1 (10 ms) > S3 (2 ms). For the phase-separated systems, both 
S21 and S5 show similar slopes at low frequencies (G′ ~0.7), indicating phase separation with 
domains that are ellipsoid in shape;46,47 this correlates well with the results from electron 
microscopy (see above). It must also be noted that the values for G′ measured at 10 rad/s follow 
the order S21 < S3 < S5 < S1 < S2, indicating that S21 is the most compliant sample and therefore 
must have the lowest viscosity. 

The relaxation spectra (Figure 12b) for S21 and S5, unlike those for S1-S3, show two relaxation 
processes: one from the isosorbide phase and the other from the Pripol phase (long relaxation 
tail). It can be seen that while the relaxation time for S21 (0.1 ms) is lower than for S5 (5 ms) for 
the isosorbide phase, the relaxation tail for S21 is longer than for S5. This indicates that S21 flows 
better and will have a lower viscosity while having larger domains of the Pripol phase. The larger 
pripol domains take a longer time to relax which will have implications during processing and 
consequently impact properties.  

 

Figure 12. a) Storage modulus (G’) and b) relaxation spectrum for samples S1-S3, S5 and S21.  

Figures 13a,b shows a plot of complex viscosity as a function of frequency for homopolymers S1 
and S2 and copolymers S3, S5, and S21 at 250 °C and at T = Tg - 90 °C, respectively. The figures 
clearly indicate that S21 has the lowest viscosity in the frequency range from 0.1-104 rad/s 
followed by S3, S5, S1 and S2 in the frequency range 0.1-100 rad/s. It must be noted that for 
frequencies >100 rad/s S3 and S5 have similar viscosities and S1 and S2 have similar viscosities. 
This is in line with the relaxation times from the homopolymer phase (see Figure 12b). Potentially, 
lower viscosities arise either from a lower molecular weight, lower glass transition temperature 
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Figure 11b shows the viscosity profile of the homopolymers and copolymers 

when the temperature was shifted to T - Tg = 90 °C. The isosorbide polycarbon-

ate (S2, measured at 253 °C) shows a lower viscosity compared to BPA polycar-

bonate (S1, measured at 237 °C) across the entire frequency range. Similarly 

sample S3 (measured at 207 °C) with a low Tg presumably due to miscibility of 

20% pri-1009 with isosorbide, has a higher viscosity than the phase-separated 

copolymers S5 and S21. This observation is consistent with data presented in 

Figure 11a, where S21 has the lowest viscosity. It must be noted that the order 

of viscosities is S3 > S1 > S5 > S2 > S21, which is different from the situation in 

Figure 11a. This is attributed to different backbone structures and stiffnesses 

and therefore it is important to choose the right processing temperature. All 

three homogenous samples show the presence of a Newtonian plateau at low 

frequencies (<1 rad/s) followed by a frequency-dependent viscosity decrease. 

Figure 11.   Complex viscosity as function of frequency a) at reference temperature 
of 250 °C b) T - Tg = 90 °C for homopolymer (S1 and S2), and for 
copolymers (S3, S5 and S21). 

Table 7.     Structural parameters for homo- and copolymers.  
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or from different microstructure. In this case, all the samples have similar apparent molecular 
weights. In order to truly determine whether the viscosity decrease originates from the 
copolymer structure and is not due to the differences in the glass transition temperature, the 
samples are replotted at an arbitrary distance from Tg. This difference needs to be below 100 °C, 
where the Williams-Landel-Ferry (WLF) equation is valid and in our case we use a temperature of 
90 °C away from Tg, i.e., T - Tg = 90 °C 

 
Figure 13. Complex viscosity as function of frequency a) at reference temperature of 250 °C b)   T 

- Tg = 90 °C for homopolymer (S1 and S2), and for copolymers (S3, S5 and S21).  

Figure 13b shows the viscosity profile of the homopolymers and copolymers when the 
temperature was shifted to T - Tg = 90 °C, the isosorbide polycarbonate (S2, measured at 253 °C) 
shows a lower viscosity compared to BPA polycarbonate (S1, measured at 237 °C) across the 
entire frequency range. Similarly sample S3 (measured at 207 °C) with a low Tg presumably due 
to miscibility of 20% pri-1009 with isosorbide, has a higher viscosity than the phase-separated 
copolymers S5 and S21. This observation is consistent with data presented in Figure 13a, where 
S21 has the lowest viscosity. It must be noted that the order of viscosities is S3 > S1 > S5 > S2 > 
S21, which is different from the situation in Figure 13a. This is attributed to different backbone 
structures and stiffnesses and therefore it is important to choose the right processing 
temperature. All three homogenous samples show the presence of a Newtonian plateau at low 
frequencies (<1 rad/s) followed by a frequency-dependent viscosity decrease. In contrast, the 
phase-separated copolymers S5 and S21 do not show a Newtonian plateau, but an upswing in 
viscosity at low frequencies. Sample S5, which contains the same amount of soft block as S3, 
shows a lower viscosity and S21, which has a combination of soft blocks from S3 and S5, shows 
an even lower viscosity. This demonstrates that the enhanced processability of S21 at lower 
temperatures, while maintaining a higher glass transition temperature, arises mostly due to 
changes in the microstructure (backbone structure) and the morphology. In general these 

 23

structural differences can be quantified using the entanglement molecular weight, Me, and chain 
stiffness (as given by the characteristic ratio). These quantities are listed in Table 5, and show 
that S2 has a higher entanglement molecular weight and thus a higher chain stiffness than S1 
making it better flowing and a brittle material with higher Young’s modulus.  

Table 5. Structural parameters for homo- and copolymers   

Sample Composition Plateau modulus  
(at T-Tg = 90 °C) 

(MPa) 

Me  
(g/mol) 

Characteristic 
ratio 

S1 BPA PC 2.0 1800 2.5 
S2 Isosorbide PC 1.3 2480 3.1 
S3 20 wt% pri-1009 2.0 1755 2.6 

Assuming complete miscibility for S3, the result in Table 5 suggest that the addition of  20 wt% 
soft block makes the chain more flexible and lowers the entanglement molecular weight (or 
increases entanglement density), which in turn increases the viscosity. 

Since samples S5 and S21 show microphase separation, these structural parameters have not 
been calculated. However, the soft blocks are expected to reduce the chain stiffness, which in 
turn results in lower viscosities. 

Conclusions 

Processing of isosorbide-based polycarbonates is challenging by the undesired elimination of -
hydrogens, which is commonly observed at processing temperatures exceeding 270 °C and leads 
to deteriorated properties. By using an activated carbonate at reduced temperatures we 
successfully produced a novel set of engineering polymers, combining high Tg with good 
processability, based on renewable building blocks of varying chain length, resulting in 
microphase separated materials. The evaluation of thermal and mechanical properties of these 
copolymers enabled the determination of the key parameters affecting the polymer 
microstructure. Tuning of the composition and use of partly phase-separated systems enabled 
improved processability by modifying the rheological response, maintaining the thermo-
mechanical properties and transparency by having an amount of soft block present in separated 
domains. This concept can be translated to other polymer systems facing challenges in 
combination with properties and thermal stability. The optimized formulation using microphase 
separation as determined in this work resulted in a sugar-based polycarbonate with BPA 
polycarbonate-like properties. 



99 

ACTIVATED CARBONATES

In contrast, the phase-separated copolymers S5 and S21 do not show a Newto-

nian plateau, but an upswing in viscosity at low frequencies. Sample S5, which 

contains the same amount of soft block as S3, shows a lower viscosity and S21, 

which has a combination of soft blocks from S3 and S5, shows an even lower 

viscosity. This demonstrates that the enhanced processability of S21 at lower 

temperatures, while maintaining a higher glass transition temperature, aris-

es mostly due to changes in the microstructure (backbone structure) and the 

morphology. In general these structural differences can be quantified using the 

entanglement molecular weight, Me, and chain stiffness (as given by the char-

acteristic ratio). These quantities are listed in Table 7, and show that S2 has a 

higher entanglement molecular weight and thus a higher chain stiffness than 

S1 making it better flowing and a brittle material with higher Young’s modulus. 

Assuming complete miscibility for S3, the results in Table 7 suggest that the 

addition of 20 wt% soft block makes the chain more flexible and lowers the 

entanglement molecular weight (or increases entanglement density), which in 

turn increases the viscosity.

Since samples S5 and S21 show microphase separation, these structural param-

eters have not been calculated. However, the soft blocks are expected to reduce 

the chain stiffness, which in turn results in lower viscosities.

Conclusions
Processing of isosorbide-based polycarbonates is challenging by the undesired 

elimination of b-hydrogens, which is commonly observed at processing tem-

peratures exceeding 270 °C and leads to deteriorated properties. By using an 

activated carbonate at reduced temperatures we successfully produced a novel 

set of engineering polymers, combining high Tg with good processability, based 

on renewable building blocks of varying chain length, resulting in microphase 

separated materials. The evaluation of thermal and mechanical properties of 

these copolymers enabled the determination of the key parameters affecting the 

polymer microstructure. Tuning of the composition and use of partly phase-sep-

arated systems enabled improved processability by modifying the rheological  

response, maintaining the thermo-mechanical properties and transparency by 
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having an amount of soft block present in separated domains. This concept can 

be translated to other polymer systems facing challenges in combination with 

properties and thermal stability. The optimized formulation using microphase 

separation as determined in this work resulted in a sugar-based polycarbonate 

with BPA polycarbonate-like properties.
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Functional polycarbonates 
for improved adhesion  
to carbon fiber  

 
Abstract

In order to improve the fiber-matrix interaction in carbon fiber reinforced com-

posites the polycarbonate (PC) matrix polymer was modified by the introduc-

tion of ethyl-3,5-dihydroxybenzoate as reactive sequences in the polycarbonate 

backbone. This promising strategy can be considered as an alternative approach 

to the modification of the carbon fiber surface to control and tailor the adhe-

sion between carbon fibers and polymer matrix. The modification of the poly-

carbonate demonstrated improved adhesion to carbon fiber in pressed films, 

which was observed with microscopy-ATR-FTIR and SEM when compared to 

unmodified polycarbonate. Single fiber pull-out testing subsequently confirmed 

the improved adhesion, demonstrating higher interfacial shear strength for the 

functionalized polycarbonate.

 

Parts of this chapter have been published as: 
J.H. Kamps, C. Scheffler, F. Simon, R. van der Heijden, N. Verghese,  
Composites Science and Technology, 2018, 167, 448–455.
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Introduction
Polycarbonate resins based on bisphenol acetone (BPA, 4,4’-(propane-2,2-diyl)

diphenol) have an extraordinary property profile, combining ductility, strength 

and durability with high transparency and acceptable temperature stability.1 Fur-

ther improvements on mechanical properties like stiffness and strength directed 

research towards polycarbonate/carbon fiber composites2,3 an area of interest 

shared with many other thermoplastic polymers.4-8 

The role of the interface between the fiber and resin is of great importance from 

both a processing point of view as well as performance. To exploit the mechan-

ical properties of fiber reinforced thermoplastic composites, the fiber-matrix 

adhesion must be on an optimized level.9-13 Different approaches have been 

followed to increase the adhesion between carbon fibers and polymer matrix 

that were summarized in detail in a paper by Sharma et al.14 In general, carbon 

fiber surface modification is done by wet-chemical (sizing/polymer finish, acidic 

modification, electrochemical modification), dry-chemical (plasma/high energy 

irradiation modification, nickel surface coating, thermal modification) and also 

multiscale methods by applying nano-particles on the surface. For polycarbon-

ate specifically, studies have been done mainly with respect to oxygen plas-

ma-treated carbon fibers15-17 or electrochemical oxidation18-21 generally showing 

significant increase in adhesion to polycarbonate after treatment.

Modification of polymers for improved adhesion has been studied for numerous 

thermoset systems, utilizing comonomers as one of the approaches.13,22,23 For 

thermoplastic materials, matrix modification is described in literature15,24-27 as 

well, but at a much lesser extent. For polycarbonates, the inherent reactivity of 

the polycarbonate backbone towards reactive sites on the carbon fiber (CF) by 

transesterification was studied,19 as well as the addition of coupling additives 

which react onto the carbon fiber and scramble with the polycarbonate back-

bone,27,29,30 compared to BPA polycarbonate homopolymer31 (Table 1). Studies 

on polycarbonate copolymers is focused on changing material properties like 

flow, heat and optical performance,32,33 but for improved adhesion to carbon 

fibers only limited work is presented. Attention to alternative routes was given 

by studying cyclic oligomers.34 
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Table 1.  Overview of matrix modifications and micromechanical tests applied 
on CF / PC composites to increase and characterize the fibre-matrix 
adhesion by the interfacial shear strength (IFSS; the results represent 
the lowest and highest achieved value of investigated materials for each 
reference); *MW = molecular weight, **SD = standard deviation.
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Rosenquist35 has described the use of ethyl-3,5-dihydroxybenzoate (EDHB) 

as reactive group build into the polymer backbone (Structure 1) for its use in 

flame retardant compositions, demonstrating reactivity at elevated tempera-

tures, resulting in network formation. The selection of this thermally labile 

functional group limits the processes of making polycarbonates32,33 to the in-

terfacial process and low temperature solution polymerization with bis(methyl 

salicyl) carbonate (BMSC). In this work, the use of solution polymerization 

for functionalization of carbon fiber is evaluated. Secondly we are combining 

the reactive, functional group of EDHB, a monomer with limited impact on the 

material properties, with carbon fiber composites. Using the same principle of 

network formation, as demonstrated by Rosenquist, its use for improvement of 

adhesion to carbon fiber is studied here. Multiscale modelling of improvement 

of mechanical performance of composites is under development,36 currently 

however, actual testing of materials is the preferred method for evaluation of 

these concepts. In literature, different micromechanical testing methods36-40 

have been established to determine the interfacial shear strength. Table 1 

summarizes these techniques for their application in polycarbonate composite 

characterization. In this work, the single fiber pull-out (SFPO) test is applied to 

study the fiber-matrix interaction.

Experimental Section
Materials
PAN (polyacrylonitrile)-based carbon fiber (24K), unsized, TOHO TENAX® 

Co.Ltd.

LEXAN™ PC105, a BPA polycarbonate homopolymer, as produced on commer-

cial scale by SABIC, and available as high molecular weight resin for injection 

moulding. This material was used for lab evaluation, selected for its good melt-

strength and ductility. 

LEXAN™ HF1110, a BPA polycarbonate homopolymer, as produced on com-

mercial scale by SABIC and available as high flow general purpose grade. This 

material was used for the SFPO testing, selected for its lower viscosity enabling 

efficient fiber embedding. 
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Synthesis of functional (co)polycarbonate
Using the method described in Chapter 3, a 5 mol% ethyl-3,5-dihydroxybenzo-

ate (EDHB) and BPA copolycarbonate (Structure 1) was prepared on gram scale 

and incorporation was confirmed. 

An attempt was made to react BMSC onto carbon fiber for surface modification. 

A quantity of carbon fiber (5 cm, 0.04 g) was placed in a round bottom flask 

with BMSC (2 mmol), NaOH (2x10-4 mmol) and 20 mL o-dichlorobenzene. After 

4 h reaction time at 120 °C the carbon fiber was extracted from the mixture and 

dried before analysis.

To achieve product evaluation on a larger scale, further experimentation was 

done using samples prepared through interfacial polymerization, which also is 

suitable for use of this comonomer.35

A 4.9 mol% polycarbonate copolymer of EDHB and BPA was prepared according 

the interfacial polymerization procedure described by Rosenquist.35 The resin 

was isolated as a white powder by steam precipitation followed by drying in a 

cone shaped vessel using heated nitrogen. From size exclusion chromatography 

(SEC) analysis (calibrated versus polystyrene standard) of the powder Mw = 

48.6 kg/mol; Pd = 2.76 was determined. 

For the 8.6 mol% polycarbonate copolymer of EDBH and BPA, the same procedure 

was used, charged amounts were altered as required. From SEC analysis (polysty-

rene standard) of the powder Mw = 49.6 kg/mol; Pd = 2.80 was determined. 

Incorporation of EDHB was confirmed by 1H-NMR and verified by 13C-NMR. The 

incorporated monomer had a small impact on Tg (measured 138 °C versus 145 

°C for the BPA homopolycarbonate).

Structure 1. Idealized structure of EDHB - BPA polycarbonate copolymer.
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Characterization
NMR
1H-NMR (proton nuclear magnetic resonance spectroscopy) spectra of both 

functionalized polycarbonate copolymers were recorded on an Agilent 600 at 

600 MHz in CDCl3 at a concentration of 20 mg/mL with CHCl3 calibrated at 

7.26 ppm: δ 7.90 (d, 2H), 7.50 (t, 1H), 7.25 (d, 4H), 7.17 (d, 4H), 4.40 (q, 2H), 

1.68 (s, 6H), 1.39 (t, 3H). The spectrum of the polycarbonate copolymer with 4.9 

mol% ester is shown in Figure 1. The content of EDBH was confirmed for both 

functionalized polycarbonate copolymers using the integral of the peaks at 7.17 

ppm (4H, BPA) and 7.90 ppm (2H, ethyl 3,5-dihydroxybenzoate).

X-ray photoelectron spectroscopy (XPS)
All XPS studies were carried out by means of an Axis Ultra photoelectron spec-

trometer (Kratos Analytical, Manchester, UK). The spectrometer was equipped 

with a monochromatic Al Ka (h×n = 1486.6 eV) X-ray source of 300 W at 15 kV. 

The kinetic energy of photoelectrons was determined with hemispheric analyzer 

set to pass energy of 160 eV for wide-scan spectra and 20 eV for high-resolution 

spectra. The carbon fiber sample was mounted with adhesive tape on a sample 

holder so that the analyzed area was over a hole in the sample holder. Although 

Figure 1.  1H-NMR spectrum of polycarbonate copolymer with 4.9 mol% ester and 
the enlarged aromatic area. 
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the carbon fibers were electrically conductive, a low-energy electron source in 

combination with a magnetic immersion lens was employed to avoid electrostat-

ic charging of the sample that can occur by fixing the fibers on the sample holder 

with the insolating adhesive tape. Later, all recorded peaks were shifted by the 

same value that was necessary to set the C 1s component peak of saturated 

hydrocarbons to 285.00 eV. Quantitative elemental compositions were deter-

mined from peak areas using experimentally determined sensitivity factors and 

the spectrometer transmission function. Spectrum background was subtracted 

according to Shirley. The high-resolution spectra were deconvoluted by means 

of the Kratos spectra deconvolution software. Free parameters of component 

peaks were their binding energy (BE), height, full width at half maximum and 

the Gaussian-Lorentzian ratio.

GC-TOF-MS
Volatiles were analysed with GC-TOF-MS (gas chromatography time-of-flight 

mass spectrometry) after thermal desorption of approximately 5-10 mg sample 

(dried for 2 hours at 120 °C in a vacuum oven) at 300 °C for both 10 minutes 

and 30 minutes using an Agilent Technologies 7890B gas chromatograph (GC) 

system equipped with a GL Sciences Optic4 - Multi Mode Inlet (MMI). Volatiles 

were separated on a PoraPlot-Q: 25 m x 0.25 mm (CP7549, Agilent Technolo-

gies) column and finally detected by a JEOL AccuTOF™ GCv JMS-T100 time-of-

flight (TOF) high resolution mass spectrometer (MS).

SEC
Size exclusion chromatography (SEC) analysis was performed on dichlorometh-

ane (DCM) solutions of the polymer sample (1mg/mL) with 250 ppm toluene 

flow marker, using an Agilent 1200 series instrument. DCM was used as an elu-

ent at a flow rate of 0.3 mL/min. The column was an Agilent PLgel MiniMIX-C, 

4.6 x 250 mm, 5 mm, kept at a temperature of 35 °C. The sample injection vol-

ume was 10 mL. UV detection was performed at 254 nm. Agilent Chemstation 

software with GPC add-on was used for calibration and molar mass calculations. 

Molecular weights are reported in polystyrene equivalents.

SEM on pressed plaques
The films were cut to size, submerged in liquid nitrogen for 5 minutes and 

fractured using pliers. Prior to SEM (scanning electron microscopy) imaging, 
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the cryo-fractured samples were coated with 5 nm of Pt/Pd using a JEOL 

208HR sputter coater. The fiber surface topography was studied using a JEOL 

JSM-7800F scanning electron microscope. SEM images were acquired with 

a secondary-electron detector, using an acceleration voltage of 5.0 kV and a 

working distance of 10 mm.

ATR-FTIR imaging
Microscope ATR/FTIR (attenuated total reflection/ Fourier-transform infrared 

spectroscopy)-imaging analysis of the fiber surface was performed using the 

Perkin Elmer Spotlight™ 400 FTIR imaging system in combination with a Ger-

manium single bounce ATR-imaging accessory from Perkin Elmer. The Perkin 

Elmer Image software for microscope FTIR-imaging analysis was used for anal-

ysis. All imaging analysis were performed in a scan range between 4000 and 

680 cm-1 with a spectral resolution of 8 cm-1 and 8 scans / pixel, using a narrow 

band MCT detector with liquid nitrogen cooling. The pixel size in the IR-image 

is 6.25 micron. 

This method provided helpful insights in the amount of residue remaining at the 

fiber surface, showing no response for homopolymer and uncured functional 

polymers and increasing response for the functional polymers after curing.

Single Fiber Pull-Out Test (SFPO)
The interfacial adhesion strength was evaluated by single fiber pull out test 

using an embedding equipment designed and constructed at Leibniz Institute 

of Polymer Research Dresden.41,42 The model micro-composites were prepared 

by computer-controlled embedding one end of the single fiber in the matrix 

perpendicularly with a pre-selected embedding length le (le = 150 mm) and an 

embedding temperature of 300 °C at controlled atmosphere and temperature. 

After embedding the fiber, the temperature was held at 300 °C for about 30 

s and 10 min for HF1110 polycarbonate homopolymer and PC modified by 4.9 

mol% EDHB, respectively, before cooling down to ambient temperature. The 

pull-out test was carried out on a self-made pull-out apparatus with force accu-

racy of 1 mN, displacement accuracy of 0.07 mm and a loading rate of 0.01 mm/s 

at ambient conditions. The force-displacement curves were detected and the 

maximum force, Fmax, required for pulling the fiber out of the matrix was mea-

sured. After testing, the fiber diameter, df was measured by optical microscopy; 
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le was determined by the force-displacement curve and cross checked by SEM. 

The adhesion bond strength between the fiber and the matrix was characterized 

by the values of the apparent interfacial shear strength (tapp = Fmax/π*df*le), local 

interfacial shear strength td and interfacial frictional stress tf.
40,43,44 Each fiber/

matrix combination was evaluated in about 15-20 single tests. For the investi-

gation of the filament surface before and after pull-out test, a scanning electron 

microscope (SEM) Ultra (Zeiss, Germany) was used.

Results and discussion
Solution functionalization of carbon fibers
The work described in Chapter 3 of this thesis could find applicability in the 

functionalization of carbon fibers, a concept that was verified with the follow-

ing experiment. Carbon fiber was characterized using XPS Analysis to quantify 

surface functionality. Based on ratio of elements 3.68% OH and 2.93% Carboxyl 

(in atomic concentration) where found, showing sufficient reactive sites for 

BMSC to react onto. After reaction was carried out, the isolated fibers where 

characterized for presence of methyl salicyl carbonate (or methyl salicyl ester) 

on the fiber surface. 

ATR-FTIR imaging of the fiber surface (Figure 2), where the presence of a C=O 

peak would be expected in case of BMSC reacting onto the surface, resulted in 

no proof of reactivity.

 
Figure 2.   ATR-FTIR images (C=O peak area between 1800 and 1710 cm-1) of fiber 

surfaces after washing, showing no response for untreated sample (a) 
and treated sample (b), indicating no presence of polycarbonate like 
materials. 
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Additionaly GC-TOF-MS was used, normally very suitable for detecting small 

changes in fiber surface modification. Although residual o-dichlorobenzene was 

detected, no presence of BMSC was detected.

After this initial experiment, focus moved to incorporation of functional groups 

into the polymer backbone, using EDHB – BPA copolycarbonate as a model sys-

tem, after promising cross-linking ability was reported.35 

Solution polymerization was used to prepare a 5 mol% EDHB copolymer with 

BPA, using the method described in Chapter 3. Incorporation was confirmed by 

NMR (Figure 1). After demonstrating the possibility of this route, further work 

used the copolymer produced by interfacial phosgenation, which is available 

at a larger scale. 

Reactivity
To demonstrate the inherent reactivity and ability to form crosslinked struc-

tures, the produced polymers were studied using GC-TOF-MS, where the release 

of ethene and CO2 is used as an indicator of reactivity as hypothesized in the 

reaction scheme in Scheme 1.35 After the formation of a transient acid group by 

the release of ethene, a transesterification reaction resulting in chain scram-

bling (or reaction with functional surface groups on the carbon fiber) might take 

place, in combination with the release of CO2. The results of the GC-TOF-MS 

measurements are shown in Table 2, where clearly increased amounts of CO2 

and ethene are observed with the polymers containing the functional group. 

Comparable to the backbone transesterification described by Yao,19 reaction 

of the polycarbonate backbone functionalized with ester side groups happens 

after forming the composite, where it is believed that the ester side group has 

a higher reactivity compared to backbone transesterification enabling covalent 

bonding to reactive sites at the carbon fiber surface (as found being present in 

XPS measurement).

Molecular weight analysis of the functional copolymers after heating (in ab-

sence of fibers) confirmed the presence of cross-linked polymers / gels, showing 

increase in molecular weights and broadening of the polydispersity (Figure 3). 



115 

ACTIVATED CARBONATES

At very high temperatures (> 340 °C) and long heating times (>25 min) degra-

dation of the polycarbonate results in an opposite effect, causing reduction of 

molecular weight, explaining the optimum seen in Figure 3. 

The XPS wide-scan spectrum of unsized carbon fiber sample (Figure 4, left) 

clearly showed the presence of considerable amounts of nitrogen ([N]:[C] = 

0.06) and oxygen ([O]:[C] = 0.1), which were constituents of functional surface 

groups. The corresponding C 1s spectrum (Figure 4, right) was characterized by 

strong asymmetry caused by numerous excited electronic states in the highly 

conjugated π-electron system of the graphite-like structure of the carbon fibers. 

Scheme 1.  Proposed reaction scheme of cross-linking EDHB copolycarbonate  
on thermal impulse.

Table 2.      GC-TOF-MS results of BPA homopolymer and EDHB containing      
   copolymer upon heating at 300 °C. 

Comparable to the backbone transesterification described by Yao,19 reaction of the 
polycarbonate backbone functionalized with ester side groups happens after forming the 
composite, where it is believed that the ester side group has a higher reactivity compared to 
backbone transesterification enabling covalent bonding to reactive sites at the carbon fibre 
surface (as found being present in XPS measurement). 

 

Figure 2. Proposed reaction scheme of cross-linking EDHB copolycarbonate on thermal impulse 

Table 2 – GC-TOF-MS results of BPA homopolymer and EDHB containing copolymer 

 
 
 
 
 

 

Sample 
Time 
(min) 

CO2 
(area/mg) 

Ethene 
(area/mg) 

PC105 10 8758 - 
PC105 30 9154 - 
4.9% EDHB 10 41532 5379 
4.9% EDHB 30 66785 11219 
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Wide shake-up peaks (drawn in grey) resulted from π → π* electron transitions 

between occupied and unoccupied p-orbitals. After subtracting the areas of the 

shake-up peaks the remaining area of the C 1s spectrum was deconvoluted into 

six component peaks. 

The most intense component peak Gr (284.15 eV) resulted from photoelec-

trons escaped from the sp2-hybridized carbon atoms forming the graphite-like 

lattice of the carbon fiber. Carbon atoms in the sp3-hybrid state (saturated 

hydrocarbons) were analysed as component peak A (285.00 eV). The other 

component peaks B, C, D, and E showed the presence of functional groups on the 

fiber surface (13.17% of the C 1s peak area). Carbon atoms bonded to nitrogen 

were analysed as component peak B (285.71 eV). The area of component peak 

B equalled the [N]:[C] determined from the wide-scan spectrum. This indicates 

the preferable presence of primary amines (C–NH2), imines (C=NH), and/or 

nitrile groups (C≡N). Alcoholic and phenolic C–OH groups were assigned as 

component peak C (286.65 eV) having a fraction area of 3.13%. The two small 

Figure 3.  Surface plot of molecular weight results of heating experiments at 
different times for 4.9 mol% (a) and 8.6 mol% (b), indicating reactivity 
above 300 °C (increase in Mw). 

Figure 4.  Wide-scan (left), high-resolution C 1s (middle) and N 1s (left) XPS 
spectra recorded from the unsized carbon fiber sample.
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component peaks D (287.68 eV) and E (288.7 eV) showed carbonyl carbon 

atoms of quinone-like structures (C=O) and carboxylic acid groups (HO–C=O) 

and their corresponding carboxylates (-O–C=O ↔ O=C–O-). All of the hydroxyl 

and carboxylic acid surface groups are potential reaction sites for the EDHB 

sequences in the functional polycarbonate polymer.

Lab scale evaluation of adhesion
From approximately 300 mg granulate (dried for 1 h at 100 °C in a vacuum oven) 

and a length of unsized carbon fiber tow (24K) 250 mm thick film were prepared 

by compression molding (2 tons pressure) using different temperatures and times 

(specific settings per sample are listed in Table 3). The cross sections of these 

films were studied with SEM after cryo-fracture. Long fibers and large gaps be-

tween the matrix and fibers (both are typical for poor adhesion between fiber and 

matrix) were observed for samples that were only shortly (1 min) exposed to heat 

(Figure 5a and b). 

Table 3.  Sample overview as prepared by compression molding.

 
Figure 5.  SEM images of fractured fiber surfaces after composites cryo-fracture 

of unmodified PC105 exposed to a) 200 °C for 1 min, b) 300 °C for 1 
min, and c) 300 °C for 10 min; showing low adhesion in all cases.

 

 

 

Classification: General Business Use  

Table 2 – GC-TOF-MS results of BPA homopolymer and EDHB containing copolymer 

 
 
 
 
 

 

Table 3 - Sample overview as prepared by compression moulding 

Sample Temp 
(°C) 

Time 
(min) 

Material Mw  

(kg/mol) 
Pd 

1 200 1 PC105 59.2 2.5 
2 300 1 PC105 58.8 2.5 
3 300 10 PC105 56.8 2.5 
4 325 30 PC105 55.6 2.5 
5 200 10 8.6% EDHB 52.1 2.8 
6 300 10 8.6% EDHB 53.6 2.6 
7 325 1 8.6% EDHB 52.5 2.8 
8 325 30 8.6% EDHB 71.0 4.8 

 

Table 4 - Interfacial parameters and standard deviations received by SFPO 

PC matrix 

apparent 
interfacial 

shear strenght 
app[MPa] 

local 
interfacial 

shear 
strength 
d [MPa] 

interfacial 
frictional 
stress 

f [MPa] 

observation 

HF1110, 
curing 30s 33.9 ± 9.1 48.0 ± 10.4 6.8 ± 2.4  

4.9% EDHB, 
curing 30s 42.2 ± 9.0 82.4 ± 11.5 8.2 ± 1.5  

4.9% EDHB, 
curing 10 min 37.6 ± 9.7 96.3 ± 17.6 8.3 ± 2.0 

11 fibres 
broke during 

testing 
 

Sample 
Time 
(min) 

CO2 
(area/mg) 

Ethene 
(area/mg) 

PC105 10 8758 - 
PC105 30 9154 - 
4.9% EDHB 10 41532 5379 
4.9% EDHB 30 66785 11219 
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Slightly improved wetting was observed for higher temperatures and longer 

times (Figure 5c). Obvious gaps between fiber and surrounding PC indicate that 

the interfacial adhesion still appears to be low.

Figure 6.  SEM images of fractured fiber surfaces of 8.6 mol% EDHB polycarbon-
ate copolymer exposed to a) 200 °C for 10 min, b) 300 °C for 10 min, c) 
325 °C for 1 min and d) 325 °C for 30 min, indicating improved adhesion 
when cured at higher temperatures and longer times.

Figure 7.  ATR-FTIR images (C=O peak area between 1800 and 1710 cm-1) of fiber 
surfaces after washing, showing no response for sample 4 (a) and sam-
ple 5 (b), and clearly showing presence of polycarbonate like materials 
for sample 6 (c) and 8 (d).

of the remaining fibers, no residual PC on the fiber surface for sample 1 through 5 (Table 4; Figure 
8) was found, indicating no residual polycarbonate remained on the fiber surfaces. Sample 6, 7 
and 8 (Table 4) showed increasing amounts of polycarbonate like response (polycarbonate C=O 
vibration around 1770 cm-1), indicating polycarbonate residuals which are not washed off; an 
indication of covalent bonding to the hydroxyl or acid groups detected by XPS on the carbon fiber 
surface. Gelling of the polycarbonate is only observed for sample 8, where sample 6 and 7 only 
showed minor changes in molecular weight and solubility was not impacted. Model reactions 
using designed monomers with detectable groups as described by Servinis et.al.45 show the 
ability to react onto these functional groups. Although the systems used in our study do not have 
detectable proof by using labelled monomers, the FTIR-Imaging results are pointing in the same 
direction. 

   

Figure 7 - SEM images of fractured fibre surfaces of 8.6 mol % EDHB polycarbonate copolymer exposed to 
a) 200°C for 10 min, b) 300°C for 10 min, c) 325°C for 1 min and d) 325°C for 30 min, indicating improved 
adhesion when cured at higher temperatures and longer times. 
 



119 

ACTIVATED CARBONATES

Similar observations were made when using the same approach for the 8.6 mol% 

EDHB polycarbonate copolymer at low temperatures of 200 °C (see Figure 6a).

However, when heating the polymer at temperatures of 300 °C or above, indi-

cation of adhesion is observed with the fractured fibers completely covered by 

polycarbonate at long heating times, as seen in Figure 6b and d. 

Equal flow behavior of the respective polymers during the pressing of the films is 

observed, where in all cases single fibers could be selected to evaluate wetting 

and length of fiber after breakage could be evaluated. 

Microscope-ATR-FTIR imaging of the fiber surface (C=O peak area between 

1800 and 1710 cm-1) was used to study polymer adhesion to carbon fiber. After 

treating the compression molded film with 20 mL DCM overnight, followed by 

washing (2 x 20 mL) and vacuum drying (80 °C overnight) of the remaining fi-

bers, no residual PC on the fiber surface for sample 1 through 5 (Table 3, Figure 7) 

was found, indicating no residual polycarbonate remained on the fiber surfaces. 

Samples 6, 7 and 8 (Table 3) showed increasing amounts of polycarbonate like 

response (polycarbonate C=O vibration around 1770 cm-1), indicating polycar-

bonate residuals which are not washed off. This is an indication of covalent bond-

ing to the hydroxyl or acid groups detected by XPS on the carbon fiber surface. 

Gelling of the polycarbonate is only observed for sample 8, where samples 6 and 

7 only showed minor changes in molecular weight and solubility was not impact-

ed. Model reactions using designed monomers with detectable groups as de-

scribed by Servinis et.al.45 show the ability to react onto these functional groups. 

Although the systems used in our study do not have detectable proof by using 

labelled monomers, the FTIR-Imaging results are pointing in the same direction.

The observed improvements on adhesion were also made with the 4.9 mol% 

EDHB copolymer, although with less dramatic effects on the matrix after reacting. 

Since high levels of crosslinking also come with Mw degradation, large amounts of 

bubbles due to CO2 and ethene off-gassing and possible embrittling of the matrix 

material, samples for SFPO testing were selected from the 4.9 mol% EDHB copo-

lymer, as this appears to be a more viable approach.
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Single fiber pull-out
Comparing the force-displacement curves and results obtained by the SFPO 

test (Figures 8 and 9, Table 4), it can be observed that HF1110 polycarbonate 

homopolymer shows a lower interfacial shear strength. Also a yielding of the 

meniscus region is revealed leading to a shift of the maximum force occurring at 

higher displacements accompanied by stepwise debonding or a “sudden drop” 

in the last part of the pull-out sequence that should actually be determined by 

pure friction (see insert Figure 8, red curve).

The modification of PC by 4.9 mol% EDHB leads to an increase of the interfacial 

parameters when cured for 30 s after fiber embedding (same procedure as with 

HF1110). 

After a curing time of 10 min, the fibers could not be pulled out of the modified 

PC matrix leading to fiber failure in most cases and increased force required for 

the fiber displacement (Figure 9).

Finally, only nine single fiber model composites were appropriately tested for 

the EDHB copolymer (Figure 9, insert) and contributed to the interfacial pa-

rameters (Table 4). However, this leads to an obvious underestimation of the 

interfacial shear strength that was high enough to enable fracturing of all the 

other fibers (grey curves marked with x in Figure 9), which were therefore not 

taken into account for estimation of the actual interfacial parameters. 

Table 4. Interfacial parameters and standard deviations received by SFPO.
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Table 1 – GC-TOF-MS results of BPA homopolymer and EDHB containing copolymer 

 
 
 
 
 

 

Table 2 - Sample overview as prepared by compression moulding 

Sample Temp 
(°C) 

Time 
(min) 

Material Mw  

(g/mol) 
Pd 

1 200 1 PC105 59200 2.5 
2 300 1 PC105 58800 2.5 
3 300 10 PC105 56800 2.5 
4 325 30 PC105 55600 2.5 
5 200 10 8.6% EDHB 52115 2.8 
6 300 10 8.6% EDHB 53552 2.6 
7 325 1 8.6% EDHB 52513 2.8 
8 325 30 8.6% EDHB 70967 4.8 

 

Table 3 - Interfacial parameters and standard deviations received by SFPO 

PC matrix apparent 
interfacial 

shear strenght 
app[MPa] 

local 
interfacial 

shear 
strength 
d [MPa] 

interfacial 
frictional 
stress 

f [MPa] 

observation 

HF1110,       
curing 30s 

33.9 ± 9.1 48.0 ± 10.4 6.8 ± 2.4 
 

4.9% EDHB, 
curing 30s 

42.2 ± 9.0 82.4 ± 11.5 8.2 ± 1.5 
 

4.9% EDHB, 
curing 10 min 37.6 ± 9.7 96.3 ± 17.6 8.3 ± 2.0 

11 fibres 
broke during 

testing 
 

Sample 
Time 
(min) 

CO2 
(area/mg) 

Ethene 
(area/mg) 

PC105 10 8758 - 
PC105 30 9154 - 
4.9% EDHB 10 41532 5379 
4.9% EDHB 30 66785 11219 
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Residual PC was observed on the fiber surface for the samples with functional-

ized polymer after 30 s and 10 min curing. Comparing results versus the pressed 

film fibers the amounts seem less, which could be explained by the high pressure 

of impregnation (2 t) during the formation of pressed films, where during SFPO 

preparation only embedding of the fiber in the melt leads to the formation of the 

interphase. Differences between these results and Tanaka et al.,31 who reported 

higher interfacial shear strength numbers for the polycarbonate samples tested 

in their study, can be explained by the embedding length, type of fibers and 

measurement settings as described in their article.

Figure 8.  Force-displacement curves (left) and SEM-image of a fiber with yielded 
meniscus region after SFPO on HF1110 (right).

 

Figure 9.  Force displacement curve of 4.9% EDHB copolymer (left) and SEM 
observation of a fiber surface after testing showing residual polymer 
(right).
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Conclusions
Functionalization of the polymer backbone is a promising approach for the 

improved adhesion between carbon fiber and matrix. In this work the use of 

the functional monomer ethyl-3,5-dihydroxybenzoate (EDHB), incorporated 

via the use of activated carbonates in solution, into the polymer backbone for 

the purpose of improved adhesion to carbon fiber, was studied. The thermally 

induced reactivity of this functional polycarbonate has been demonstrated us-

ing GC-TOF-MS (release of by-product) and molecular weight characterization 

(cross-linking) after exposure to a range of temperatures. The use of this reac-

tivity for binding to carbon fiber has been indicated by microscope-ATR-FTIR 

imaging on pressed films, and is confirmed by single fiber pull out testing, show-

ing fiber breakage during testing for 11 of the tested samples, due to improved 

fiber-matrix interaction compared to non-functionalized polycarbonate.
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Summary
The goal of this research has been to develop polycarbonate chemistry to the 

point that new and differentiated polycarbonates become industrially viable 

options. Existing commercial scale polymerization techniques constrain the 

number of comonomers possible due to their temperature regime or solubility 

requirements. Within the framework of this project, different polymerization 

routes using activated carbonates have been explored and a range of (co)mono-

mers has been used to illustrate the additional value this polymerization tech-

nique brings to polycarbonates. 

It was demonstrated that the use of bis(methyl salicyl) carbonate (BMSC) as a 

carbonate donor is a promising approach in melt transcarbonation, enabling the 

production of polymers containing monomers that are unsuitable for the tradi-

tional processes used for polycarbonate synthesis. Kinetic studies demonstrat-

ed that the reactivity of BMSC in melt polymerization is two orders of magnitude 

higher than conventional diphenyl carbonate. The advantage of this increased 

reactivity and ease of processing enables the production of unique copolymers, 

as illustrated by using resorcinol and hydroquinone-type of monomers, with 

improved properties. In addition to the melt transcarbonation route, also the 

use of BMSC in solution polymerization has been demonstrated. BMSC not only 

proved its usefulness for the production of polycarbonates, the low-temperature 

polymerization also enabled the production of block copolymers and showed a 

reduced by-product formation. All in all, the use of BMSC significantly expands 

the catalogue of suitable building blocks and achievable products.

After demonstrating the improvements in the polymerization technique, the 

use of activated carbonates was applied in the production of isosorbide-con-

taining polycarbonate. The ability to process these isosorbide-containing poly-

carbonates at lower temperatures in combination with a lower polymerization 

temperature due to the use of the activated bis(methyl salicyl) carbonate as 

the carbonate source avoided the undesired elimination of b-hydrogens, which 

is commonly observed in isosorbide containing polymers. In addition to the 

use of this polymerization technique, microphase separation of bio-based soft 

blocks in a hard isosorbide polycarbonate was used to enable the preparation of 

transparent bio-based engineering plastic with improved mechanical properties 
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and processability at milder conditions. Production of a range of samples with 

varying combinations of soft blocks, followed by characterization and statistical 

analysis, enabled the identification of the correlations between composition 

and mechanical and thermal properties, resulting in an optimized engineering 

plastic with facile processing, transparency and ductility combined with 85% 

renewable content. 

Finally, the use of BMSC for the improvement of the fiber-matrix interaction in 

carbon fiber reinforced composites was highlighted. The polycarbonate (PC) 

matrix polymer was modified by the introduction of ethyl-3,5-dihydroxybenzo-

ate (EDHB) as reactive sequences in the polycarbonate backbone. The thermally 

induced reactivity of this EDHB functionalized polycarbonate limits its use in 

melt transcarbonation. GC-TOF-MS and molecular weight characterization after 

exposure to different temperatures was used to demonstrate the thermally in-

duced reactivity, showing an onset of crosslinking above 300 °C. The use of this 

reactivity for binding to carbon fiber has been indicated by microscope-ATR- 

FTIR imaging, and is confirmed by single fiber pull out testing, showing fiber 

breakage during testing for 11 out of the 20 tested samples, due to improved 

fiber-matrix interaction compared to non-functionalized polycarbonate.

With this thesis the unique advantages of using bis(methyl salicyl) carbonate 

for the production of differentiated polycarbonates have been demonstrated. 

The presented results give insight in the applicability of this chemistry and the 

distinctive quality of materials it enables.

Technology assessment
The huge reactivity benefit, robustness, methyl salicylate as by-product in-

stead of phenol and the much-reduced reaction times make this approach 

a very useful technique for lab-scale experimentation. This thesis has tried 

to demonstrate these benefits, but nothing is more convincing than actually 

producing at various scales and applying the technology on a range of (co)

polymers. Over the past years, this technology has been demonstrated on 

various scales by SABIC, making it a promising and interesting route for the 

evaluation of new monomers, the sampling of small quantities to customers 

and the development of new concepts (Figure 1).  
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Batch scale polymerization (Figure 1a) was followed by demonstrating the same 

technology for polymerization in a devolatilization extruder (Figure 1b), being 

able to feed powder in the hopper and have sufficient conversion over the length 

of the extruder to produce a strandable polymer was a breakthrough, and paved 

the way to pilot scale production (Figure 1c).  

Over the past years, BMSC has been attracting attention mainly from industry, 

with 87% of the publications being patent applications. Figure 2 shows the ac-

tivities by organization and type.

Part of the (industrial) research has focused on the synthesis of BMSC. A sim-

ple calculation shows that the synthesis of 1 kg of BPA polycarbonate requires 

close to 1.5 kg BMSC and in addition to the produced BPA polycarbonate results 

in 1.36 kg of methyl salicylate as the by-product, making the purification, reuse 

and handling infrastructure of methyl salicylate an important area to optimize. 

 

 
Figure 1.  BMSC polymerization process equipment; (a) small scale batch  

reactors, (b) continuous devolatilization extruder and (c) pilot plant. 
(photos courtesy of SABIC)
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The use of BMSC in polymerization processes has challenged process engineers 

to optimize the devolatilization of the by-product, using extruder type polym-

erization reactors with high surface area and short residence time.2 Also wiped 

film evaporation or flash devolatilization reactors have been explored, reducing 

the amount of residual methyl salicylate and driving the polymerization as ef-

ficiently as possible to completion.3 Catalysis and by-product purification are 

other topics of interest to further increase efficiency and reduce overall cost.4,5

In addition to the monomers discussed in this thesis, many other (diol) mono-

mers have been explored for their unique properties, demonstrating the ver-

satility of this activated carbonate as a research tool. In addition to diols and 

dicarboxylic acids, also amines showed incorporation into the polymer back-

bone, opening up a completely new range of potential building blocks, including 

the production of isocyanates (Scheme 1).6

Some other selected examples of unique applications include: Chemical resis-

tance: Producing chemical resistant polymers through the interfacial phos-

genation process faces hurdles because of the poor solubility of the produced 

polymer. The small, linear monomers explored are volatile and not ideally suited 

for the melt transesterification process using DPC. BMSC was used to produce 

various chemical resistant polycarbonates based on hydroquinone,6 methyl hy-

droquinone, and 4,4-biphenol.7,8

 

Figure 2.  Total number of publications related to BMSC and type of publication 
(SciFinder, January 2019).
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Optical properties: Another area where BMSC was used effectively was in the 

screening and production of polymers containing sulfur moieties for improved 

optical properties. Sulfur is known to increase the refractive index, in combina-

tion with other monomers also the birefringence of the produced material was 

optimized.9

Nano-composites: The low viscous monomer melt for preparation of polycarbon-

ate through the devolatilization extruder process is ideally suited for dispersion 

of nano-particles, after which the fast molecular weight built and associated 

viscosity increase helps to maintain the dispersion and prevents aggregation of 

the particles.10

Improved mechanical performance: Continuing the work on selective phase sep-

aration for improved properties resulted in further expanding the options by 

including PDMS oligomer in the formulations, resulting in isosorbide copolymers 

with impact performance exceeding that of BPA – PC.11

 

Scheme 1. Proposed BMSC routes to isocyanate.6
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Perspective
With the changing dynamics in society, increased individuality and interest in 

specialized production techniques, there is an opportunity for flexible, robust 

and fast polymerization techniques to make small-lot materials with unique 

property profiles. The polymerization technique described in this thesis is highly 

suitable as a research tool for the production of small lots. Further research 

towards the production of BMSC, which involves phosgene for production of the 

carbonate bond is required. The complexity of working with phosgene on a large 

scale makes the involvement of industrial partners and efficient infrastructure 

for by-product re-use an important part of the future success of this approach. 

One area where the need for unique solutions and a constant requirement for 

new and differentiated materials is evident is the area of additive manufacturing. 

Including the freedom to change polymer building blocks as one of the design 

parameters would greatly expand the use of thermoplastic polymers, where the 

lithographic printing of thermosets already allows this flexibility.12 The present-

ed flexibility of BMSC polymerizations in melt or solution could find traction in 

this developing area.13,14

Another area where fast reaction times, ease of process and robust chemistry 

may have a fit is the emerging area of artificial intelligence coupled to combi-

natorial chemistry and machine-learning, exploring new materials in a rate that 

has not been seen before. The evaluation of structure-property relationships 

and progressing the selected materials to scale up, without operator-bias or 

limited by intuition has great potential for identifying new and differentiated 

materials, as demonstrated by the Materials Genome Initiative.15 

Finally, although the focus in this thesis has been on polycarbonates, the use of 

activated carbonates like BMSC may find use in replacing phosgene chemistry 

in small molecule synthesis and healthcare applications.
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