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Activated carbonates: enabling the synthesis of
differentiated polycarbonate resins via melt
transcarbonationy}

J. H. Kamps,**® T. Hoeks,? E. Kung,1? J. P. Lens,§® P. J. McCloskey,®
B. A. J. Noordoverq® and J. P. A. Heuts”

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)

www.rsc.org/polymers polycarbonates.

Introduction

Polycarbonate resins based on bisphenol acetone (BPA) have
an extraordinary property profile, combining ductility, strength
and durability with high transparency and acceptable tempera-
ture stability. Materials based on this resin are applied in
compact discs, appliances, helmets, packaging materials, sun-
glasses, automotive headlamp lenses, etc. Over the past 50
years, the production and processing of polycarbonate has
become a multibillion dollar industry," serving a 3 million
tonnes market in 2009.

Generally, two industrial production methods have been
demonstrated to produce high-quality polycarbonate resins
and remain economically viable. These processes are the two-
phase interfacial process (phosgene-based) and the melt trans-
carbonation process which is based on diphenyl carbonate
(DPC).>® The traditional melt transcarbonation process, which
is known for its solvent free character and yielding neat
polymer of high quality, also has some less favorable character-
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istics, 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.”
As a common feature, activated carbonate species have an elec-
tron-withdrawing functionality substituted on the phenolic
leaving group, shown as Chart 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 posi-
tion would lead to an activated carbonate. One could consider
activated carbonates, including phosgene, di-, or triphosgene®
or other examples such as o-nitrophenyl carbonates* and bis
(pentafluorophenyl) carbonate® to polymerize thermally sensi-
tive 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 rela-
tively high temperatures (>200 °C), without unfavorable degra-
dation products (for example halogens) and the absence of

_|_ o] _|_
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Chart 1 General structure of an activated carbonate; R = NO,, Cl,

CO,CHs or other electron withdrawing groups.
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color issues (as anticipated for nitrogen containing structures)
would be desired. The structure meeting these requirements is
bis(methyl salicyl) carbonate (BMSC, Scheme 1, structure I),
which has been reported as monomer used in polycondensa-
tion reactions by Brunelle.® Polymerizations with BMSC found
some interest recently by industrial research groups,” but
only very limited information can be found in scientific publi-
cations regarding the advantages and reactivity differences
versus the traditional polymerization methods.'® Additionally,
activated carbonates can be applied in the broader organic syn-
thetic field; their potential in different synthetic pathways®'*™**
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
starting material in the synthesis of BMSC."

This article focusses on this new development in the melt
transcarbonation process. First the use of octylphenol as a
model system for the kinetic comparison between the reacti-
vity 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 challenging to incorporate in con-

View Article Online

Paper

ventional polymerization processes using DPC or phosgene,
due to their volatility, limited reactivity, steric hindrance and
solubility limitations of the monomer itself or the resulting
polymer.

The use of resorcinol in the preparation of polycarbonates
goes back to the earliest reports on aromatic carbonates.'® At
the time, the described resorcinol polycarbonate was men-
tioned 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."”

When utilizing the melt polymerization process, in which
DPC is used to form the carbonate linkage and the conden-
sation product, phenol, is removed, the use of resorcinol pre-
sents several hurdles, mainly related to its volatility. This
standard melt polymerization process takes relatively long (up
to several hours) and requires 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 situation in which the molecular
weight build-up is limited by the reverse reaction.'®
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Scheme 1 Synthetic routes involving activated carbonates.
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As is well known for step-growth polymerizations, these pro-
cesses are very sensitive to stoichiometry fluctuations. Loss of
diol monomer during the polymerization 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 polymeriz-
ation. The effect of ortho-substitutions in polycondensations is
discussed in literature,"® where lower incorporation is found
for more hindered alcohols. Studying substituted monomers
has drawn attention over the years, several attempts were made
to produce polycarbonates with ortho-substitutions, striving
for improved properties like hydrolytic stability and enhanced
flow behavior,” but issues with molecular weight build-up are
reported by the same authors.

Polymerizations with BMSC are performed in combination
with hindered hydroquinones, 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 article.

Experimental section

Materials

Octylphenol (Sigma Aldrich, 99+%), bis(methyl salicyl) carbon-
ate (SABIC, 99+%), bisphenol A (SABIC, polymerization grade,
>99%), di(phenyl) carbonate (SABIC, polymerization grade,
>99%), resorcinol (Acros, 99%), tetramethyl 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%), acetonitrile (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 1 M HCI 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 octyl-
phenol and di(p-cumylphenyl) carbonate (DiPCP) or BMSC to
study the conversion of octylphenol to its expected half-
product (HP) and bisoctylphenol carbonate. Sodium hydroxide
was added as a catalyst (1.5 x 107° mol NaOH per mol octyl-
phenol). 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
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combination with Adams-Bashfort time integration.?® In the
simulation negative reaction constants were artificially set to 0,
and concentrations were never allowed to have negative values
to conserve mass. In a second step the reaction rate coeffi-
cients 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 assembly of
the reactor set up, oxygen was removed from the system by
repeated vacuum/inert gas cycles. The catalyst was added as
100 pL of an aqueous solution of tetramethyl ammonium
hydroxide (TMAH) (2.5 x 10~* mol per mol diol) and NaOH
(1.5 x 107° 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 pL of an aqueous solution of TBPA (2.5 x
10~* mol per mol diol) and NaOH (1.5 x 10~® 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 (con-
denser, vacuum pump). Subsequently, atmospheric pressure
was restored and the polymer was discharged from the reactor
and stranded.

Characterization

HPLC was used to determine the conversion of the monomers.
An Xterra C18 column 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 aceto-
nitrile 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 pL and run time was 23 min.

SEC molecular weights are reported as number-average
(M,,) or weight-average (M,,) molecular weight and were deter-
mined by size exclusion chromatography using polymer solu-
tions comprising the product (co)polycarbonates at a
concentration of about 1 mg mL™' in methylene chloride

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6py00925e

Open Access Article. Published on 05 August 2016. Downloaded on 11/9/2025 2:27:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

(CH,Cl,) using a cross-linked styrene-divinylbenzene column
and related to a polystyrene (PS) reference, calibrated using PS
standards (ranging M,, from 1000 to 2 000 000 g mol ™).

'"H-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 CDCl; 99.8% D with 0.03 wt%
TMS was prepared. All spectra were obtained with a spin-rate
of 20 Hz. The 'H-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, 32k data
points and 256 scans. Processing included apodization with
0.3 Hz for 'H NMR.

BBC-NMR spectra were measured on either a GE NMR
Instruments Omega 500 or Bruker Avance 500 spectrometer
operating at 125.75 MHz for **C. Approximately 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 chemical 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 de-
coupling 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
3C spectra. In addition, a polynomial baseline correction was
applied.

3'P-NMR data were acquired at 202.5 MHz on a Bruker
Avance 500 MHz NMR spectrometer. 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 (Ty) were determined by
using a Perkin Elmer DSC7. The T, was calculated, based on
the “one half C,,” method (heat capacity 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.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Polymerization steps of BPA-polycarbonate

1 2

DPC
15 min, 180 °C, atm
60 min, 230 °C,

BMSC
15 min, 180 °C, atm
15 min, 220 °C,

Carbonate source
Step 1 (¢, T, p)
Step 2 (¢, T, p)

170 mbar 100 mbar
Step 3 (¢, T, p) 30 min, 270 °C, 10 min, 280 °C,
20 mbar 0.5-1.5 mbar
Step 4 (¢, T, p) 30 min, 300 °C, =
0.5-1.5 mbar
Overall reaction time 135 min 40 min
M,, (dalton)* 38.5 x 10° 40.0 x 10°
M, (dalton)” 17.4 x 10° 17.7 x 10°
T, (°C) 144.1 144.4

“Relative to PS standards.

As shown in Table 1, the differences between the polymeriz-
ation 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
are studied and published by various groups. Gross et al. pub-
lished equilibrium constants for the reaction between DPC
and BPA '® (Scheme 2) and Brunelle reported reactivity studies
of (ortho nitro-substituted) activated carbonates.”

In contrast to these earlier studies, in the current study
octylphenol was selected 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, DiPCP
carbonate (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.

As shown in Schemes 3 and 4, the reaction with octylphenol
involves 2 steps, replacing one or two arylates on the

OO
Y

XIIT

a3

+

XI

Scheme 2 Transcarbonation of DPC with BPA.
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Scheme 4 BMSC model compound reaction.

carbonate, forming the octylphenol carbonate (half product -
HP) or the dioctyl carbonate full product (full product - FP).
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

5298 | Polym. Chem., 2016, 7, 5294-5303
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time (25 minutes), as plotted in Fig. 1 and 2. (The complete
dataset is available in the ESI, Tables S1 and S27).

MATLAB® was used to calculate the reaction rate coeffi-
cients 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 coeffi-
cients were used to model the reactions, the results of which
are displayed in Fig. 2 (for the formation of the half product)
and Fig. 3 (for the formation of the full product) plotted
together with the actual measured values for comparison.
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.

As can be seen in Fig. 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

1 HP (DPCPC) - measured
HP (BMSC) - measured
~——HP (DPCPC) - model

i HP (BMSC) - model

04

concentration (mol/l)

0.2

0 200 400 600 800 1000 1200 1400 1600
time (sec)

Fig. 1 Model compound equilibration for the formation of the half
product from DiPCP carbonate (XIV) and BMSC (XIX) at 200 °C.

12

0.8

FP (DPCPC) - measured

FP (BMSC) - measured
~——FP (DPCPC) - model

FP (BMSC) - model

0.6

concentration (mol/l)

04

0.2

P

[ 200 400 600 800 1000 1200 1400 1600
time (sec)

Fig. 2 Model compound equilibration for the formation of the full
product from DiPCP carbonate (XIV) and BMSC (XIX) at 200 °C.
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Scheme 5 Kinetic model.
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Fig. 3 Equilibrium concentrations for the kinetic studies of Fig. 1 and 2.

over time. For the reaction with the DPC analogue the reaction
reaches equilibrium at a conversion of around 50% (Fig. 2).
The calculated values for the reaction rate coefficients are
presented in Table 2. For the initial forward step, i.e. formation
of half product, the reaction rate coefficient &, 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 k, is about half of

Table 2 Reaction rate coefficients and equilibrium constants for the
model experiments

DPCPC BMSC

&y (Imol™*s7h) 5.30 x 107" 1.60 x 1072
ky 1mol ™' s7h) 2.60x 107" 1.67 x 107>
ks (Imol™'s7h) 2.00x 107" 1.80 x 1072
ks (1mol™' s7h) 4.56 x107* 3.70x107°
Keq. HP 2.0 1.0 x 10°
K., FP 4.4x107" 4.9 x 10"

This journal is © The Royal Society of Chemistry 2016
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Chart 2 Methyl salicylate, showing internal hydrogen bond.

the k;. In the experiments with BMSC the k, is around three
orders of magnitude lower than £;.

The equilibrium concentrations of the reaction mixtures
are represented in Fig. 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 (K.q.) can be calculated using eqn (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).

[product][leaving group]

keq. = [carbonate] [octyl phenol] )

As represented in Fig. 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.

Besides the faster conversion, the methyl salicylate pro-
duced as condensation product during the polymerization has
favorable properties compared to the unsubstituted phenolic
leaving groups (as produced in the traditional melt transcarbo-
nation process). Its lower solubility in the polymer product
mixture and an internal hydrogen bond that stabilizes the
structure (Chart 2) makes it less likely to react with the carbon-
ate 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 tempera-
tures, making the polymerization of thermally unstable and/or
volatile monomers possible.

Resorcinol copolycarbonate

To demonstrate the benefits of activated carbonates, the copo-
lymerization of resorcinol (RS) with BPA is studied. Resorcinol
is a monomer expected to have improved flow and therefor a
structure of interest for the preparation of polycarbonates
(Chart 3). We were not able to find any literature references for
the glass transition temperature of the resorcinol homopoly-
carbonate, but based on extrapolation using the Fox-Flory
equation on known resorcinol copolymers,'” we expect this Ty

/©\ I
0 o o~
- n

Chart 3 Resorcinol carbonate.

Polym. Chem., 2016, 7, 5294-5303 | 5299


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6py00925e

Open Access Article. Published on 05 August 2016. Downloaded on 11/9/2025 2:27:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

to be ~85 °C. This value is less interesting for commercial
applications and as such, resorcinol is used as comonomer in
combination with BPA.

Due to its relatively low boiling point (277 °C), loss of
monomer during the polymerization is a potential issue and a
limiting factor in the conventional melt process. Experiments
were carried out, comparing the two types of diaryl carbonates
(DAC) and their effect on the polymerization of BPA with resor-
cinol as a comonomer (Table 3). For both systems the optimal
conditions were selected, varying temperature and pressure
profile and also ratio of reactants, targeting M, > 15 x 10°
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. 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 incorporation of resorcinol was characterized using
3C-NMR; Fig. 4 shows the NMR spectrum of a copolymer con-
sisting 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.

The difference in DAC/DHA ratio between entries 1 and 2
(Table 3) 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 indicated
by the kinetic studies. Using the Carothers equation (extent of
reaction p = 1 and the starting stoichiometric ratio), the theore-
tical M, was calculated (included in Table 3). The BMSC-based
polymerization closely follows the theoretical predictions,
while the DPC-based polymerization follows a different profile.
The experiment carried out at a DAC/DHA ratio of 1.08 results

Table 3 Preparation of BPA-resorcinol copolycarbonate

1 2
Mol ratio BPA : RS charged 80:20 80:20
DAC“ DPC BMSC
DAC/DHA” 1:08 1:03
M,, (dalton)* 36.5x10°  37.2x10°
M, (dalton) 15.9x10°  16.2 x 10°
BPA : Res (%) measured 87:13 81:19
% incorporation of resorcinol 65.4 94.0
T, (°C) 134 128
Theoretical M,, (at p = 1 and no loss) (dalton)  ~3 x 10? ~15x 10°

“Diaryl carbonate (DAC). ”Dihydroxy aromatic compound (DHA).
¢ Relative to PS standards.
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Fig. 4 'C spectrum of 80/20 BPA/RS copolycarbonate prepared via
the DPC process.

in a much higher M,, value than theoretically expected, indicat-
ing that the molecular weight built is not only controlled by
the formulated monomers.

Next to this M, 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 *'P-NMR characterization of the OH
end-groups) and 27 mol% available OH groups, although the
charged ratio of monomers contained 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 azeo-
trope with phenol as described by Woo and coworkers.>!

Both the end-group analysis and the comparison to the
theoretical M,, indicates that the molecular weight built with
BMSC is mainly determined by the stoichiometry of the reac-
tants. 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.

The difference between the incorporated percentages of
resorcinol for entries 1 and 2 in Table 3 is reflected in the
measured T, for these materials. With the higher amount of
resorcinol, the BMSC-based copolymer has a lower T, than the
DPC-based copolymer, showing a reduction by approx. 17 °C
for the 19 mol% copolymer compared to BPA homopolymer
(T = 145 °C for comparable M,,).

Sterically hindered diols

Another diol, tert-butyl hydroquinone (¢{BHQ) was studied in
its polymerization with BMSC to form polycarbonate in a melt
polymerization (Chart 4), investigating the effect of the steric
hindrance caused by the tert-butyl group.'” When ¢BHQ is
used in the interfacial process with phosgene, cyclization is
observed, which limits the molecular weight build-up.** Melt
polymerizations with DPC were also attempted, resulting in a
brown colored material and low M,,.

In the current study we clearly demonstrate that, although
being sterically hindered, the production of the homopolymer

This journal is © The Royal Society of Chemistry 2016
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Chart 4 tert-Butyl hydroquinone polycarbonate.

of tert-butyl hydroquinone is possible 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 (Fig. 5) showed that
the incorporation of the monomer happens in a random
fashion.

A comparative sample was produced using phosgenation,>?
which resulted in a “head to tail” architecture (also shown in
Fig. 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 observation. 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.

As indicated by Freitag et al.,” the substitution on an aro-
matic ring can have an influence on the flow behavior of the
corresponding polymer. Using BMSC in polymerization with
tBHQ, hydroquinone (HQ, Chart 5a) and BPA enabled the pro-
duction of a series of polymers which were compared in terms
of melt volume-flow rate (MVR) versus their measured mole-
cular weights (Fig. 6). As can be seen from the graph, a higher
flow at similar M,, 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 con-
taining a higher hydroquinone content showed crystallization.

PPM

Fig. 5 *C spectrum of the tBHQ homopolymer showing random (top)
and head-tail (bottom) architectures.
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Chart 5 (a) Hydroquinone, (b) methyl hydroquinone, (c) di-tert-butyl
hydroquinone.
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Fig. 6 Molecular weight dependence of the melt volume-flow rate for
a range of copolycarbonates.

BMSC polymerizations were used to produce a range of hydro-
quinone-type polycarbonates and to study this effect further.
In addition to HQ and ¢BHQ, also the methyl substituted
(MeHQ) and the di tert-butyl substituted monomers (dtBHQ)
were used (Chart 5a-c).

The use of BMSC in these polymerizations enabled high
conversions and acceptable molecular weight build-up.

Interestingly, the tBHQ resulted in amorphous polymers up
to homopolymer, which showed a T, of close to 130 °C, where
the hydroquinone type monomers used for comparison
(Chart 5a—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 (amor-
phous or crystalline, Fig. 7), only showing the results for actual
measured samples.

The crystallization is already observed during the polymeriz-
ation process (by loss of transparency, turning into powder
form and showing crystalline behavior**) 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.

As shown for resorcinol, also the polymerization of tert-
butyl hydroquinone benefitted from the use of activated
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Fig. 7 Effect of comonomer content on polymer properties, evaluated
using DSC measurements (2" heating curve).

Table 4 The T, and T of the (as-polymerized) resins

Composition Tm Ty

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 deBHQ/BPA None 168 °C

80/20 dtBHQ/BPA >350 °C*“ Not observed

“Degrades upon melting.

carbonate, with great flexibility in the percentage of comono-
mer incorporated, noted robustness towards monomer purity
and good molecular weight build-up.

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 tra-
ditional 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 demon-
strated by examples using resorcinol hydroquinone type of
monomers, which showed unique properties.
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