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ABSTRACT:  

Microphase separation of bio-based soft blocks in a hard isosorbide polycarbonate 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 

polycarbonates 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 -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 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 

>84% renewable content.  
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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 has started new initiatives towards bio-sourced and 

sustainable materials.4,5,6 Oil and gas depletion are causing a shift in focus towards 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 polyhydroxyalkanoates.6,7,8 Among the 

different approaches explored, cellulose biomass-derived monomers have been incorporated into 

various polymers with examples in polyesters, polyamides, polyurethanes and polycarbonates,9 

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

Isosorbide (1), a promising and commercially available monomer, which is 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 commercial 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 

Chart 1. Isosorbide (1) 
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As commercial materials, the polymers based on this sugar-derived monomer gain traction in the 

engineering polymers area, trying to compete with oil-based polymers like, among other, aromatic 

polycarbonate resins based on bisphenol-A (BPA, (2)) which are known to combine ductility, 

strength 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, e.g., sheet, 

appliances, helmets, packaging materials and lenses.16,17,18,19 The homopolycarbonate of isosorbide 

(3) has been well described and its property profile is known.15,20-27 Compared to a BPA 

homopolycarbonate, 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 -hydrogens, which undergo elimination reactions, which are notable 

already at temperatures below 280 °C; the resulting endgroups can cause discoloration and 

crosslinking.15  

Chart 2. BPA polycarbonate (2) and isosorbide polycarbonate (3) 

 

Thermo-mechanical properties have been improved by the copolymerization of isosorbide with a 

range of (non bio-based) aromatic comonomers,26-31 but in addition to having a reduced overall 

bio-content, these copolymers do not have improved flow and processing properties.  Improved 

processability, transparency and flow have been achieved by the introduction of certain soft blocks, 

incorporating C2-C12 linear diols21,22,23,27,31 or cyclic aliphatic monomers such as 1,4-
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cyclohexanedimethanol,27-30 but thus far this approach invariably has resulted in reduced glass 

transition temperatures. 

None of the previously published approaches to date has resulted in simultaneously 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 -elimination, 

but also maintain a thermo-mechanical performance due to (micro)phase separation. Although the 

concept of long chain aliphatics for phase separation has been described,32-37 the combination with 

isosorbide-polycarbonate and its utilization for improved processing while balancing critical 

material properties through (micro)phase separation has not been explored before. Finally, in order 

to avoid significant -elimination during polymerization, we used a recently described melt 

transcarbonation process using activated carbonates that allows for higher polymerizations rates 

and lower reaction temperatures.38  

EXPERIMENTAL SECTION 

Materials 

Isosorbide (POLYSORB® polymerization grade for polycarbonate, ROQUETTE), bis(methyl 

salicyl) carbonate (BMSC, SABIC, 99+%), bisphenol-A (SABIC, polymerization 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 Microscopy 

Sciences, 2 wt% in water), ruthenium tetroxide (RuO4, Electron Microscopy Sciences, 0.5 wt% in 
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water), H3PO3 solution (45 wt% in water prepared from H3PO3, 99%, Aldrich), pentaerythrityl 

tetrastearate  (PETS, >90% esterified, FACI S.p.A.) 

Soft blocks with varying chain lengths were kindly provided by Croda (Gouda, the Netherlands) 

from their Pripol® and Priplast® product range.35 

 Pripol® 1009 (pri-1009), C36 based on linoleic acid dimerization (Chart 3, 4), Mw ≈ 540 

g/mol, was used as received. Multiple analogues are possible33, examples are listed in 

supporting info Chart SI-1, structures 6, 7 and 8. 

 Priplast® 3162 (pri-3162) C36 based oligo-ester diol (Chart 3, 5, n ≈ 1), Mw ≈ 1000 g/mol, 

used as received.  

 Priplast® 1838 (pri-1838) C36 based oligo-ester diol (Chart 3, 5, n ≈ 3), Mw ≈ 2000 g/mol, 

used as received.  

 Priplast® 3196 (pri-3196) C36 based oligo-ester diol (Chart 3, 5, n ≈ 5), Mw ≈ 3000 g/mol, 

used as received.   
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Chart 3. Generalized structure of C36 as prepared from linoleic acid dimerization (pri-1009, 4) 

and C36 based oligo-ester diol (5).  

 

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 case of copolymer preparation, and 

BMSC, maintaining molar ratios of [BMSC] / [sum of diols (or diacid)] between 1 and 1.02 (see 

SI for exact formulation examples). 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 L of an aqueous solution of tetrabutyl phosphonium acetate (TBPA, 2.510-4 mol 

per mol diol) and NaOH (1.510-6 mol per mol diol). The synthesis was carried out using the 

following 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). 
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Subsequently, atmospheric pressure was restored and the hot polymer was discharged from the 

reactor and stranded.  

Continuous synthesis. For continuous production at 1 kg/hr rate an extruder, a Werner & 

Pfleiderer ZSK25WLE, 25 mm 13-barrel twin-screw extruder with a L/D = 59 and 5 devolatization 

ports was fed from a 200 L stainless steel stirred tank reactor (Figure 1). 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 (Figure 1, element a1). A second vessel was available for alternating 

use, to enable continuous production of polymer (Figure 1, element a2). Barrel temperatures up to 

280 °C and pressures reduced to ≈ 1 mbar enabled sufficient polymerization. A detailed description 

of operation is part of the supporting information.   

 

Figure 1. Continuous polymerization set up using devolatization extruder  

Extrusion profiles. Stabilizers were added to the polycarbonate by extrusion, using the 

conditions described below on a co-rotating twin-screw extruder (25 mm, 7-barrels, L/D = 28) 

supplied by Cooperion.  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. 0.3 wt% pentaerythrityl tetrastearate was added as a mold release agent.  No other 

additives and/or colorants were used. Materials were extruded using the following settings: 
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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 ton injection molding machine supplied 

by Engel (22 mm screw) equipped with Axxicon insert moulds. The following 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 hrs, 85 °C, atmospheric pressure.  

Characterization 

Molecular weight distributions were determined by size exclusion chromatography (SEC), using 

an Agilent crosslinked styrene-divinylbenzene column on an Agilent 1100 chromatography set up, 

calibrated by narrow polystyrene standards and using dichloromethane as eluent.  Nuclear 

magnetic resonance (NMR) spectra were measured on a Bruker Avance 400 MHz Spectrometer. 

Glass transition temperatures were measured using differential scanning calorimetry (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 laboratory 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. Tensile 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. 
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Transmission electron microscopy (TEM) was carried out on Tennai 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 

Isosorbide-homopolymer has previously been produced in melt transcarbonation processes using 

diphenyl carbonate (DPC) as reported by Dhara et al.27 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 -hydrogen 

elimination (see Figure 2), 21- 23,27-31 as already mentioned in the introduction. 

 

Figure 2. -Hydrogen elimination of isosorbide polycarbonate. The produced isomers 9 and 10 
contain labels used in the peak assignments of Figure SI-1.  
+ 

In the current work we used an activated carbonate, bismethyl salicyl carbonate (BMSC), which 

was demonstrated to have a much higher reactivity than DPC, enabling shorter reaction times and 

lower polymerization temperatures.39 Isosorbide-polycarbonates were prepared by the continuous 
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synthesis method based on this process (Scheme SI-1).  A sufficiently high molecular weight was 

obtained (Table 1, entry S2) and no detectable amounts of -elimination products were observed 

after synthesis (Figure 3a), 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 3b) showed the presence of olefinic groups, 

which are the products of -hydrogen elimination (Figure 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. 

 

Figure 3. 1H-NMR spectrum of isosorbide polycarbonate S2 as synthesized (a) and S2 after 
exposure to heat (300 °C) during extrusion and molding (b), showing the appearance of peaks 
related to endgroups formed (structure 9 and 10) 

2D-NMR correlation spectroscopy (COSY) was carried out to characterize the degradation 

products, the resulting plot can be found in the supporting information (Figure SI-1). 

The presence of isomers 9 and 10 is in accordance with the degradation mechanism/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 isosorbide-homopolycarbonate at lower temperatures so that 

-hydrogen elimination is avoided, subsequent processing (extrusion/molding) still requires 

temperatures above 270 °C and degradation by -hydrogen elimination will occur.  
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In order to investigate whether the processing temperature can be lowered, a range of isosorbide-

containing copolycarbonates with soft blocks of varying chain lengths were produced using the 

continuous polymerization technique (Table 1, entries S3 – S6); in all cases, the overall amount of 

soft block was maintained constant at 20 wt% with respect to the overall copolymer composition 

and sufficiently high molecular weights were obtained.   

Incorporation of the monomers (isosorbide and soft block comonomers) during synthesis was 

confirmed using 13C-NMR (Figure 4), and the unique spectra (11, 12 and 13) of the different 

isomers of isosorbide were observed in accordance to the literature.28,40  1H-NMR was used to 

quantify the incorporation of the soft blocks and in all cases a quantitative incorporation was 

confirmed (20 wt%, see SI); no indications of -hydrogen elimination were found. 

The copolymer of isosorbide and pri-1009 (a diacid) shows the presence of an ester bond (14, 15, 

Figure 5) resulting from the reaction of the acid of pri-1009 with BMSC, followed by 

decarboxylation.41 Pri-3162, pri-1838 and pri-3196 are all diols and are incorporated via carbonate 

bonds (16, 17, Figure 5).  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 5 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, table SI-1) and 

confirmed by the measured low fraction of [pri-1838] – [pri-1838] carbonate bonds (0.0003) and 

high fraction of [isosorbide] – [isosorbide] bonds (0.964) (see SI for 13C-NMR integrals). In case 

of preferential block formation a higher amount of [pri-1838] – [pri-1838] carbonate bonds would 

be expected. 
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Figure 4. 13C-NMR spectra of isosorbide-containing polycarbonates (S2, S3 and S5) including 
peak assignments for isosorbide homopolymer (11, 12, 13), isosorbide – pri1009 ester (14, 15) and 
isosorbide pri-1838 carbonate (16, 17) 



 13

All samples produced in this set contain more than >74% renewable carbon. Polymerizations with 

carbonate pre-cursors based on bio-derived CO2 (for example available from vegetable oils)44  

would further increase this number towards 100% renewable polycarbonate.  

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 75%) were determined and compared with those of 

BPA-polycarbonate.  The results of these experiments are summarized in Table 1.  First comparing 

the isosorbide-homopolycarbonate (Table 1, entry S2) with BPA-polycarbonate (Table 1, entry 

S1), the glass transition temperature of isosorbide-homopolycarbonate was found to be 169 C, 

i.e., 22 °C higher than that of BPA-polycarbonate.  Another noteworthy 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 °C 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) the highest Tg; in fact, the Tg of 

S6 is very close to that of isosorbide-homopolymer.  It should be noted here that we cannot rule 

out the existence of a second glass transition at lower temperatures, but since these are very 

difficult to detemine via DSC we only focus on the relevant temperature range from 70 °C to 200 

°C here. 
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Tensile moduli and notched impact strengths of the copolymers lie, roughly, between those of 

isosorbide-homopolycarbonate and BPA-homopolycarbonate. We also compared the 

transparencies (qualitatively) of the produced polymers and found that only in copolymer S6, 

containing the longest soft block, transparency was lost.  On a black background, copolymers S5 

and S6 also display a haziness, whereas all other polymers display clear pellets.  Finally, injection 

molded plaques of S5 and S6 showed delamination when bent and folded (see supporting info, 

Figure SI-3). 

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 

# composition Renewable 
carbona 
(wt%) 

Mw b 
(kg/mol) 

Đ Tg
c 

(°C) 
tensile 

modulus 
(GPa) 

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 

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; for thermograms see SI. 
d Appearance: 1 = transparent, 2 = translucent, 3 = delamination 
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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).42 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 1.475 reported for dimer 

fatty acids,30,43 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 Fox – 

Flory equation using the following literature values: Tg = -15 C for C36
45 and Tg = 169 °C for 

isosorbide-homopolymer (S2)). From the data in Table 1, it is clear that only S3 has a Tg which is 

close (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 literature.21,22,23,27,31  With 

increasing length of the soft block, the measured Tg increases, 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 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. 



 16

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 processing 

temperature). There was no apparent difference in the appearance of the produced polymers; all 

polymers were transparent. 

 

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. 

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).   
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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 strand 

from the reactor showed ductile behavior in all cases when 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, delamination). 

To further optimize the mechanical properties of the copolymer a 23 full factorial design of 

experiments (DOE) with center point was carried out. The produced materials were produced using 
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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%) vs 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 data46 carried out to determine the significance of the factors and interactions, using the 

measured average molecular weights. A significant effect (>95% confidence, p < 0.05) of the 

amount of soft block was found on softening point (DMA, HDT, vicat, Tg) and transparency. 

Increasing amounts of pri-1838 were also found to significantly improve the impact strength, 

reduce the softening point (DMA, HDT, vicat, 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 directly after synthesis and after 

processing into test bars, showing a reduction in Mw during this step. In addition to -hydrogen 

elimination, polycarbonates are prone to hydrolysis which leads to molecular weight reduction. 

This degradation effect was also analyzed against the DOE factors, but no significant model was 

found. 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. The DMA responses of the DOE samples are included in the SI. 
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Table 3. Design of experiments for optimization of the formulation 
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S12  20 75 1.020 47.0 31.9  2728 72 64 6.1 15.8 -54 158 107 131 148 78.5 

S13 10 25 1.020 46.4 32.7 3065 84 64 9.1 17.4 -53 154 105 136 148 71.8 

S14 20 75 1.015 51.4 37.9 2835 75 59 9.3 31.4 -58 158 110 137 150 44.0 

S15 10 25 1.015 47.2 30.4 3217 88 79 4.6 4.5 -45 154 106 135 142 71.7 

S16 20 25 1.020 50.6 46.6 2564 70 56 9.8 36.1 -45 150 92 126 142 72.3 

S17 20 25 1.015 56.0 46.5 2540 69 50 10.8 31.9 -55 150 92 124 145 71.0 

S18 10 75 1.020 53.5 41.5 2882 73 68 6.4 39.7 -55 165 116 146 158 33.2 

S19 10 75 1.015 55.6 40.6 2687 66 62 5.7 32.6 -55 165 117 145 158 28.4 

S20 15 50 1.018 32.5 26.3 2775 75 60 8.2 13.1 -53 154 102 129 149 58.5 

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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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) 

 

Figure 6. TEM micrographs of selected DOE samples including image analysis results (plotting 
particle diameter vs. volume fraction).  
 

From this set of experiments, an optimum formulation was estimated to produce a material with a 

Tg comparable or higher compared to BPA PC, highest possible impact values and transparency. 

Figure 7 shows the effect of % soft block and % pri-1838 on impact strength and Tg. (see 

supporting information for further DOE analysis). 
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Figure 7. 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. 

Because of the different correlations impact strength, Tg and transparency have with the studied 

parameters, a suitable compromise was selected to balance all, indicated by a red dot in Figure 10. 

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 4, entry S21).  

Sample S21 did not show -hydrogen elimination after processing into test bars (Figure 8), 

demonstrating the improved stability (when compared to Figure 3b). 

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. 
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Table 4. 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 
 

 
Figure 8. 1H-NMR spectrum of isosorbide polycarbonate S21 (a) after production and processing, 
showing the absence of peaks related to endgroups formed (structure 9 and 10) during -hydrogen 
elimination (in de circled area) 
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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. Viscoelastic 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 

e.g. storage modulus G′ ∝  and the loss modulus G″ ∝ . These deviations are attributed to the 

enhanced elastic response at low frequencies, 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 has implications on the processability at various processing shear 

rates, and is relevant for injection molding, extrusion, blow molding, etc. 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. 

The data obtained from the SAOS experiments is analyzed as mentioned in the experimental 

section resulting in Figure 9a showing G′ as a function of frequency, and in Figure 9b the 

continuous relaxation at 250 °C. In Figure 9a it can be observed that homopolymers (S1 and S2) 

and copolymer S3 reach terminal relaxation with a slope of G″ approaching -2, which is expected 

for homogenous 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 9b), 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 
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microscopy (see above). It must also be noted that the values for G′ measured at 10 rad/s follow 

the order for S21 < S3 < S5 < S1 < S2, indicating that S21 is the most compliant sample and 

therefore must have the lowest viscosity. 

The relaxation spectra (Figure 9b) for S21 and S5, unlike those for S1-S3, show two relaxation 

processes: one from the isosorbide phase and 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 9. a) Storage modulus (G’) and b) relaxation spectrum for samples S1-S3, S5 and S21.  

Figures 10a and 10b show a plot of complex viscosity as a function of frequency for homopolymers 

S1, 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 
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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 9b). 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 

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. 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 10b shows the viscosity profile of the homopolymers and copolymers 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 its 20% pri-1009 with 

isosorbide, has a higher viscosity than the phase-separated copolymers S5 and S21. This 
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observation is consistent with data presented in Figure 10a, 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 10a. 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 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 (see SI for calculation), 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 
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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 turns 

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 which 

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. 

The 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 of 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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