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Abstract

A versatile and reliable on-line sampling system for polymerisation reactions in supercritical fluids was developed. By
withdrawing a small volume of a high-pressure reaction mixture and expanding it in a controlled volume, reliable
kinetic data was obtained for a range of reactions in scCO2, avoiding the need for costly equipment or setup
modifications. All experiments were carried out in a stainless-steel high-pressure autoclave with mechanical stirring
and a volume of 60 ml. With the polymerisation of methyl methacrylate (MMA) in scCO2 being widely adopted for
research in the past, the free-radical and RAFT controlled dispersion polymerisations of MMA were analysed in detail
using the sampling system as a proof-of-concept. Additionally, initial implementation of the sampling system to a range

of different reactions showed the facile applicability of the monitoring method.

1. Introduction

Current industrial polymer particle production processes often use water as the main solvent, generally resulting in
contamination of that water through the use of volatile organic compounds (VOCs) and chlorofluorocarbons (CFCs)[1,
2]. This results in contaminated wastewater streams, with negative consequences for the environment, oceans and
availability of drinking water. Additionally, water must be removed from the final product, in costly and energy

intensive drying processes, further increasing the negative environmental impact[2, 3]. As environmental impact
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becomes a more pressing concern, there is an increasing interest in alternative solvents that have the potential to

alleviate water contamination issues, reduce energy costs and reduce the impact on the environment[4].

Supercritical carbon dioxide (scCO;) is a promising alternative solvent, combining considerable environmental
advantages|[5] with the desired solvation and diffusivity properties of SCFs[3, 6-8]. It is a cheap, non-flammable and
environmentally friendly solvent[5], with an easily attainable critical point at relatively mild conditions (T. = 31.1 °C
and P. = 73.8 bar)[3, 8]. A further advantage of using scCO; as a polymerisation medium, is found after the reaction is
complete. When returning to atmospheric conditions, CO; reverts to the gas phase providing a solvent free polymer

product, without the need for energy and cost intensive drying processes.

The poor solubility of most common high molecular weight polymers in scCO,, makes it an ideal continuous phase for
heterogeneous polymerisations(3, 8, 9]. Most common and industrially important vinyl monomers, (e.g. methyl
methacrylate (MMA)), are highly soluble in scCO,, while the corresponding polymers are poorly soluble[3, 8-10]. MMA
has been an essential monomer for research, being used for the first precipitation polymerisations in scCO,, with
molecular weight being controlled through the use of a chain transfer agent (CTA)[3]. The respective CO-philicity and
CO,-phobicity of MMA and PMMA was again exploited for the first dispersion polymerisation conducted in scCO,[11].
Research into stabilisation methods for dispersion polymerisations continued to employ MMA as the model monomer
of choice to expand fundamental understanding[3, 5, 6, 12-17]. Reversible-deactivation radical polymerisation (RDRP)
has also been thoroughly investigated in scCO,[18], with successful implementation of nitroxide mediated
polymerisation (NMP)[19, 20], atom transfer radical polymerisation (ATRP)[21] and reversible addition-fragmentation
chain-transfer (RAFT) [22-24]. While NMP research relied on styrene, MMA was used extensively as the reference

monomer for ATRP and RAFT polymerisation in scCO,.

The determination of kinetic behaviour of a polymerisation reaction relies on two essential factors. Firstly, it requires
a complete description of reactions occurring in the system during polymerisation. Secondly, it requires a reliable
method of measurement, allowing the reaction progress to be tracked throughout. Thorough descriptive models have
been developed for a range of polymerisations in scCO, — again relying on MMA as the model monomer — allowing for
detailed fittings of experimental data that can be gathered[25-29]. However, a reliable and accessible monitoring
method is still required if scCO, reaction systems are to be implemented more readily throughout research and

industry.
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The tracking of an ongoing polymerisation reaction in traditional solvents can be achieved with a wide range of
techniques[30]. Reactions in scCO; however, are more complicated to monitor due to the elevated pressure present
in sealed systems. Spectroscopic techniques can be used in scCO,, but require bespoke and specialised equipment,
capable of withstanding the high system pressures and because of this the use of on-line spectroscopic techniques for

polymerisations in scCO; is currently limited.

FTIR has been used to monitor the precipitation polymerisation of acrylic acid in scCO,[31]. While the viability of the
technique was confirmed by comparing polymerisation results in scCO; to the atmospheric polymerisation in toluene

and model fittings, the widespread use of IR in scCO; is hampered by the costly and precise setup required.

Turbidimetry, unlike static or dynamic light scattering[32, 33], is not sensitive to multiple scattering disruptions and
can therefore be used for the monitoring of strongly scattering suspensions as found in scCO; polymerisations[34].
While this can provide on-line polymerisation monitoring, It does require costly apparatus to allow line-of-sight

through the reaction medium[35-38].

Raman spectroscopy, another technique used widely for on-line monitoring of polymerisations[39], has also been
implemented in scCO; reaction monitoring[40]. As with IR spectroscopy and turbidimetry, Raman spectroscopy
requires the incorporation of a window into the body of the reactor for incident light interaction with the reaction
medium. While Raman spectra can be captured at location of the incident light, avoiding the need for a fixed path

length or second window[41], the overall cost of such a setup forms a barrier to widespread implementation.

An on-line monitoring technique that does not require the incorporation of windows or probes into the reactor setup
is power compensation calorimetry[42-45]. Polymerisation progress can be tracked by monitoring the power required
to maintain system temperature at the desired level. When the exothermic polymerisation reaction occurs, less power
will be needed to maintain reactor temperature and power output can then be correlated to polymerisation progress.
Despite the accurate data this method can provide, the efficacy is very dependent on the thermal properties of the
reaction and does not easily provide molecular data. The setup is also scale sensitive, as calorimetry is generally not

applicable to large scale systems.

Polymerisation reactions at atmospheric pressure are easily monitored by sampling a known volume from the reactor
at regular intervals. This volume can then be analysed for polymer content, conversion and/or molecular weight
averages[39]. This technique can also be applied to polymerisations in scCO,, but the reaction setup must be modified

to allow for this. The autoclave requires a needle valve exit to allow for sampling, as described by Thurecht and co-
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workers[46]. Polymer conversion can then be followed via 'H NMR measurement, comparing the polymer
concentration to residual monomer concentration[6]. While simply collecting a sample from a needle valve exit can
provide a reliable sample, the major problem is that volatile components will be lost, resulting in erroneous results.
Additionally, the method of sample collection introduces sharp pressure fluctuations, that can have a detrimental

impact on the ongoing reaction.

The goal of the research presented here was to develop a reliable and widely applicable sampling method applicable
to supercritical fluid reaction, and that could be directly comparable to online monitoring techniques used for
atmospheric polymerisations throughout research and industrially[30, 47-49]. The system was developed to be simple,
reliable and inexpensive. After developing a viable sampling method, the system was tested using MMA as a proof-of-
concept monomer. Further to this, a range of initial tests were conducted to show the ease of application of the novel

method to a range of different types of reactions.

2. Materials and methods

2.1. Chemicals used

Methyl methacrylate (MMA, 99 %) was obtained from Mitsubishi Chemical. 2,2’-Azobis(isobutyronitrile) (AIBN, 98 %)
was purchased from Molekula. Methacrylate terminated polydimethylsiloxane (PDMS-MA, 150-200 cSt) was acquired
from Fluorochem. 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT, 97 %), Styrene (99 %), acrylic acid (AA, 99 %) and
2-Hydroxyethyl methacrylate (HEMA, 97 %) were purchased from Sigma-Aldrich. e-Caprolactone (CL, 99 %) was
obtained from Fisher Scientific. Novozym-435 (Candida Antarctica lipase B immobilized on acrylic resin) was kindly
donated by Novozymes A/S, Denmark. Carbon dioxide (CO,, SCF grade 5.5, 99.9995 %) was obtained from Air Products

and Chemicals Inc. Unless explicitly stated, all chemicals were used as received.

2.2. Reactor setup and sampling procedure

Traditional batch type experiments were carried out using an in-house built high-pressure reaction vessel with an
internal volume of 60 ml (max. operating conditions: 120 °C, 380 bar), detailed in previous publications[6, 46, 50, 51].
Successive reactions were halted by submerging the system in an ice water bath, cooling the system to subcritical
temperatures within a minute. The pressure was then released, and the product was analysed for conversion and
molecular weight, in line with the methodology used across the research field previously[10, 17, 28, 52, 53]. This was

done to establish a reference baseline for expected conversion values.
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On-line monitoring experiments were carried out using a similar setup, with an additional needle valve exit controlled
by a sampling outlet tap (Fig. 1). This outlet is connected to a 150 ml stainless-steel cylinder via 7 cm of 1/8-inch tubing
(internal volume of 0.18 cm?®) and a needle valve tap, all purchased from Swagelok (Fig. 2). The double ended cylinder
is capped by a bonnet tap with integrated burst disk on the far end. The autoclave is put upon a pedestal with a hole
to allow access to the additional exit in the base of the autoclave.

Pressure release valve

HPLC Inlet tap —- y Thermocouple

Heating jacket

Sampling outlet tap

Sampling cylinder

Fig. 1. 60 ml high pressure autoclave setup used for monitoring experiments.

Burst disk and tap Sarnpling cylinder tap
Sampling cylinder .
1/8 inch tube

autoclave engirieer connecion
Fig. 2. Cylinder system used to obtain on-line samples during monitoring experiments. Swagelok product codes: burst disk and tap:

S$S-16DKMA4F4-A-2, sampling cylinder: 36L-50DF4-150-T, sampling cylinder tap: SS-20VM4-F4

Prior to on-line sampling, the sampling cylinder was loaded with 5 ml of a deuterated solvent. If required, an internal
standard can be added to the solvent. A deuterated solvent was used so that the obtained mixture could be analysed

directly by NMR, but basic lab solvents can also be used. The cylinder system was then attached to the sampling outlet
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using the Autoclave Engineer connection. With all taps closed firmly, CO, was added to the autoclave to increase the
internal pressure by 15 bar. The sampling outlet tap was then opened, filling the 1/8-inch tube with approximately
0.18 ml of autoclave content and causing the pressure to drop by 15 bar. After closing the sampling outlet tap, the
sampling cylinder tap was opened. The contents of the high pressure 1/8-inch tube releases directly into the cylinder
chamber, where it is captured into the deuterated solvent. The cylinder system was then detached from the autoclave
and the sample — dissolved in the chosen deuterated solvent — was recovered by pouring the content back through
the 1/8-inch tube into a glass vial. The recovered solution was analysed for conversion and molecular weight. The
cylinder system was rinsed with a good solvent for the polymerisation product and dried before repeating the
procedure to obtain the next sample. A cylinder volume of 150 ml was chosen to allow for the capture of a high-

pressure sample while keeping the final cylinder pressure below 2 bar.

2.3. Analysis techniques

2.3.1. NMR

The conversion of each obtained sample was determined using *H nuclear magnetic resonance spectroscopy (*H NMR).
Samples were dissolved in a suitable deuterated solvent (CDCls, DO or DMSO-d¢) and analysed using a Bruker DPX
400 MHz spectrometer. Chemical shifts were assigned in parts per million (ppm). All spectra were obtained at ambient
temperature (22 + 1 °C). MestReNova 14.0.1 copyright 2019 (Mestrelab Research S.L.) was used for analysing all

spectra.

2.3.2. GPC

Gel permeation chromatography (GPC) was performed with THF (HPLC grade, Fisher Scientific) as the eluent at room
temperature using two Agilent PL-gel mixed-C columns in series with a flow rate of 1 ml min~1. Sample detection was
achieved using a multiangle light scattering detector and differential refractometer. The system was calibrated using

narrow dispersity PMMA standards.

2.3.3. SEM

Scanning electron microscopy (SEM) was used to image formed polymer particles. Polymer powder samples were
mounted on SEM stubs using carbon tape. To avoid charge build-up in the sample, a platinum coating was applied to

the samples prior to SEM imaging. The coated particle samples were then imaged using a FEI Phillips XL30 SEM. The
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image analysis software Fiji(lmagel) was used to determine the number average particle diameter (dn) by measuring

100 particles from obtained images.

2.4. Free-radical dispersion polymerisation of MMA

All reactions were conducted with MMA (9.36 g, 10 ml), PDMS-MA stabiliser (5 wt% relative to MMA, 0.468 g) and
AIBN initiator (0.25-2 wt% relative to MMA, 23.4-187.2 mg) in a 60 ml high pressure autoclave. MMA, PDMS-MA and
AIBN were all degassed by bubbling with argon in separate vials for 30 minutes. During this time, the autoclave was
flushed with CO; at 2-3 bar, venting through the keyhole (Fig. 1). After 30 minutes, MMA (7.5 ml, 7.02 g) was added to
the PDMS-MA vial and this mixture was injected into the autoclave through the keyhole against a positive flow of CO,.
The key was then inserted into the autoclave, sealing it off from the atmosphere. At this point CO, was added,
pressuring the system to 50 bar. Heat was then applied through the heating jacket, bringing the temperature to 65 °C.
CO, was then added until the system pressure reached 200 bar. The AIBN initiator was added to the autoclave along
with MMA (2.5 ml, 2.34 g) using a JASCO LC-4000 HPLC pump at a flow rate of 1 ml/min. The pressure was then raised

to 220 bar by adding CO,, if needed. The end of the initiator injection was chosen as the starting point of the reaction.

2.5. RAFT controlled dispersion polymerisation of MMA

The reaction was conducted with MMA (0.1 mol, 10 g), PDMS-MA stabiliser (5 wt% relative to MMA, 0.5 g) and AIBN
initiator (0.085 mmol) and the chain transfer agent 2-cyano-2-propyl dodecy! trithiocarbonate (CPDT) (0.17 mmol) in
a 60 ml high pressure autoclave. All reagents were kept on ice and degassed by bubbling with argon for 30 minutes.
During this time, the autoclave was flushed with CO, at 2-3 bar, venting through the keyhole. After 30 minutes, the
reactants were injected into the autoclave through the keyhole against a positive flow of CO,. The key was then
inserted into the autoclave, sealing it off from the atmosphere. At this point CO, was added, pressuring the system to
50 bar. Heat was then applied through the heating jacket, bringing the temperature to 65 °C. CO, was then added until
the system pressure reached 275 bar. The moment the reaction temperature was reached was chosen as the starting

point of the reaction.

2.6. Free-radical dispersion polymerisation of Styrene

The reaction was conducted with styrene (9.09 g, 10 ml), PDMS-MA stabiliser (20 wt% relative to styrene, 1.818 g) and
AIBN initiator (2 wt% relative to styrene, 181.8 mg) in a 60 ml high pressure autoclave. Styrene and PDMS-MA with

AIBN were degassed by bubbling with argon in separate vials for 30 minutes. During this time, the autoclave was
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flushed with CO; at 2-3 bar, venting through the keyhole. After 30 minutes, styrene (10 ml, 9.09 g) was added to the
PDMS-MA and AIBN and this mixture was injected into the autoclave through the keyhole against a positive flow of
CO,. The key was then inserted into the autoclave, sealing it off from the atmosphere. At this point CO, was added,
pressuring the system to 50 bar. Heat was then applied through the heating jacket, bringing the temperature to 65 °C.
CO, was then added until the system pressure reached 245 bar. The moment the reaction temperature was reached

was chosen as the starting point of the reaction.

2.7. Free-radical precipitation polymerisation of PAA

The reaction was conducted with acrylic acid (2 g) and AIBN initiator (1.5 wt% relative to acrylic acid, 30 mg) in a 60
ml high pressure autoclave. Acrylic acid with AIBN was degassed by bubbling with argon in a glass vial for 30 minutes.
During this time, the autoclave was flushed with CO, at 2-3 bar, venting through the keyhole. After 30 minutes, the
acrylic acid and AIBN mixture was injected into the autoclave through the keyhole against a positive flow of CO,. The
key was then inserted into the autoclave, sealing it off from the atmosphere. At this point CO, was added, pressuring
the system to 50 bar. Heat was then applied through the heating jacket, bringing the temperature to 62 °C. CO, was
then added until the system pressure reached 160 bar. The moment the reaction temperature was reached was

chosen as the starting point of the reaction.

2.8. Enzymatic ring-opening polymerisation of caprolactone

The reaction was conducted with CL (4 g, 35 mmol), HEMA (0.18 g, 1.40 mol) and Novozym-435 (0.4 g, 10 wt% relative
to the caprolactone) in a 60 ml high pressure autoclave. HEMA and CL were loaded into the autoclave base, while
Novozym beads were placed into a wire mesh cage affixed to the stirrer shaft described in previously[54]. The
autoclave was degassed using a flow of CO; (3 bar, 15 min) through the keyhole, before being sealed and pressured to
50 bar. Heat was then applied through the heating jacket up to 65 °C. CO, was then added until the system pressure

reached 207 bar. The moment the reaction temperature was reached was chosen as the starting point of the reaction.

3. Results and discussion

3.1. Dispersion polymerisation in scCO> of the model monomer MMA

3.1.1. Batch free-radical dispersion polymerisation of MIMA
The batch approach was used to establish a reliable reaction progression curve, requiring a large amount of individual

experiments. successive polymerisations were conducted with 1 wt% AIBN relative to MMA and were quenched by
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crash cooling at 30-minute reaction time intervals, up to 240 minutes, based on the approximate total reaction
time[27]. Analytical results of all reactions are available in the supporting information (SI-Table 1). The conversion as
a function of reaction time shows the trend expected from literature, both in terms of reaction duration and a clear
sigmoidal progression (Fig. 3). The sigmoidal progression is typical of a dispersion polymerisation with significant

polymerisation occurring in the dispersed particle phase of the system[55].
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Fig. 3 Conversion of MMA as a function of reaction time from sequential batch reactions quenched by crash cooling. Error bars
represent the standard deviation of experimental conversion from 3 separate reactions. Reaction conditions: 10 ml of MMA, 0.468

g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C

The molecular weight progression as a function of conversion showed a constant rise (Fig. 4), as has been observed
previously[26-28]. The constant increase in average molar mass is due to the shift of the main polymerisation locus

towards the growing dispersed phase, where longer chains are formed.
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Fig. 4 Mass-average molar mass in function of conversion from sequential batch reactions quenched by crash cooling. Error bars
represent the standard deviation on data from 3 separate reactions. Reaction conditions: 10 ml of MMA, 0.468 g of PDMS-MA,

93.6 mg of AIBN, 220 bar and 65

The final product, after 4 hours of reaction time, was a free-flowing white powder, consisting of discrete spherical
particles with a diameter of 2566 + 471 nm (Sl-fig. 1). In summary, this is a very time and material demanding approach
requiring eighteen separate reactions to acquire robust kinetic and product information. Our aim below is to show

that this could be done better.

3.1.2. On-line monitoring of the free-radical dispersion polymerisation of MMA

While many on-line monitoring options are expensive and require specific setups, a readily available direct sampling
approach from a single needle valve exit has been trialled before (Thurecht et al.[46]). Despite this method working
for specific reactions, the uncontrolled nature of sample acquisition did cause significant issues. For the free-radical
dispersion polymerisation of MMA, the volatile monomer was found to dissipate along with the CO, during the rapid
release of pressure in the sample, resulting in erroneous conversion readings (S| Table 2, SI-fig. 2). From the GPC data
it was however confirmed that the polymer in the sample was representative, by comparing to the previous quench
data (SI-fig. 3). To avoid the loss of volatile compounds, we reasoned that a controlled sample depressurising method

was required.

To keep costs low, the choice was made to avoid moving parts that could be used to slowly expand a sample volume,
such as syringe pumps or manual pressure generators. The cylinder system (Fig. 2) was constructed to ensure no
volatile compounds could be lost during sample expansion, but still allow for the immediate pressure release of the
sample when desired. A fixed sample volume is obtained; the sample size being determined by the length of tubing
used. As pressure is known to affect polymerisations in CO, it is important to know what pressure fluctuations are
induced when extracting a sample. The pressure fluctuations of consecutive samples where measured at various
pressures (SI-fig. 4)and we found that addition of 10-15 bar of CO, is needed prior to sampling. To aid in sample capture
and recovery, a solvent is added to the cylinder prior to sampling. For MMA polymerisations CDCl; was used as the

capturing solvent, as the deuterated solvent can then be used for immediate NMR analysis.

Reaction conditions were kept identical to the previously performed batch reactions, allowing a direct comparison of
the obtained data. Utilising the cylinder system, samples were obtained at 30-minute intervals and this experiment

was repeated 3 times to ensure reproducibility (Fig. 5). Sampling at 30 minutes of reaction time was not attempted, to
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avoid disturbing the nucleation process of the polymerisation. Analytical results are tabulated in the supporting info

(SI-Table 3).
100 +
8 o
€ 604
5 $
2
2
S 40-
c
s #
20 4
@ @ Batch reactions
T @ Cylinder system
0 Q 1 1 1 1
0 60 120 180 240

Time (min)

Fig. 5 Conversion of MMA as a function of reaction time from samples obtained using the cylinder system compared to sequential
batch reactions quenched by crash cooling. Error bars represent the standard deviation of experimental conversion from 3 separate

reactions. Reaction conditions: 10 ml of MMA, 0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C

A small apparent conversion discrepancy was observed after 150-180 minutes, but this is believed to be due to the
partial drying of the polymer powder in the batch experiments. After 150 minutes of reaction time, the recovered
product from the batch experiments was a free-flowing powder that was collected onto filter paper and transferred
into a vial before conversion analysis via *H NMR. During this time, it is possible that residual monomer was lost,
resulting in an artificially inflated conversion value. From comparison of the average molar mass, it can be further seen
that the samples obtained using the cylinder system are representative of the ongoing polymerisation (Fig. 6). It is

worth mentioning that the small volume of reactants removed, which is less than 30 mg per sample, is not expected

to have a measurable effect on the reaction progression.
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Fig. 6 Mass average molar mass in function of conversion from samples obtained using the cylinder system compared to sequential
batch reactions quenched by crash cooling. Error bars represent the standard deviation on data from 3 separate reactions. Reaction

conditions: 10 ml of MMA, 0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C

3.1.2.1. Kinetic modelling of the free-radical dispersion polymerisation of MMA

For facile and predictive modelling of the observed conversion trend, the cylinder system data was fitted to a model
developed initially by Barrett and Thomas[55] and still used widely in modelling of sigmoidal conversion trends[31, 56-
58]. This model assumes all polymerisation occurs in the dispersed polymer particle phase, which is the
overwhelmingly dominant phase of the reaction under investigation[26]. Applying the steady-state hypothesis and
assuming the volume of the dispersed phase is directly determined by the amount of polymer formed, this model

generates the following equation pair:

d
Ex=k-\/f'(1—X) (1)

kp

k=Ml TV, 72 @)

By separating the initial component concentrations, a reduced rate constant k’ was defined:

[ SE—— T X
K=mmm— V% ke g G

With the incorporation of an apparent induction time (to), integration of equation (1) leads to the following expression

for conversion as a function of time:

0, t<t
X(t) = ekt _pktoy2 (4)
(e’“+ekt0) >
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The sigmoidal conversion curve from equation (4) was fitted to the experimental data obtained from the cylinder

system (Fig. 7), with fitting variables set to t, = 1800 s and the lumped parameter k' = 2.85- 1073 M~1s71,
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Fig. 7 Sigmoidal model of conversion of MMA as a function of reaction time, fitted to conversion data obtained using the cylinder
system. Error bars represent the standard deviation of experimental conversion from 3 separate reactions. Reaction conditions: 10

ml of MMA, 0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 <. Model fitting variables: t, = 1800s, k' = 2.85 -
103 M~ 1s?

The determined reduced rate constant k’ is independent of initial component concentrations, allowing it to be used
to predict the effect of changing initiator concentration on polymerisation progression. By maintaining the same fitting
values and simply changing the initiator concentration value [I] in equation (2), a range of conversion curves were
obtained for AIBN concentrations between 0.25 wt% and 2 wt% relative to MMA (SI-fig. 5). While detailed verification
of the model quality using the batch quench method would require 21 separate reactions (using 200 g of MMA, 10 g
of PDMS-MA and 1.8 g of AIBN), our use of the new cylinder system allowed model verification in just 3 reactions
(using just 28 g of MMA, 1.4 g of PDMS-MA and 260 mg of AIBN) and also with a significant time saving! It was shown
that the model was accurate across the tested AIBN concentration range, while the cylinder system was readily capable

of on-line sampling under a range of varying conditions (SI-Table 4)(Fig. 8).
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Fig. 8. Conversion of MMA as a function of reaction time from samples obtained using the cylinder system (spheres) overlaying
sigmoidal model predictions (lines) for various AIBN concentrations. Reaction conditions: 10 ml of MMA, 0.468 g of PDMS-MA,

23.4-187.2 mg of AIBN, 220 bar and 65 °C. Model fitting variables: t, = 1800 s, k' = 2.85- 1073 M~ 1571

3.1.3. On-line monitoring of the RAFT controlled dispersion polymerisation of MMA

Previous research has presented a kinetic study of RAFT control for the dispersion polymerisation of MMA in scCO,,
showing the efficacy of four different dithiobenzoate CTAs[24]. All four CTAs presented pseudo first-order kinetics,
giving experimental molar masses close to the theoretical molar mass with a narrow dispersity of B<1.30. these data
mirrored well the control seen in solution polymerisations[24]. Successive batch reactions were quenched by crash
cooling the reactor at set times, where samples at low conversion were collected by dissolving them in THF and then
precipitating in cooled hexane. This methodology is rather laborious, time consuming and introduces considerable
error, as each data point represents a different reaction. In addition, the monitoring at low conversion is compromised
by the precipitation step, where short polymer chains can be lost. Thus we trialled the new cylinder sampling system
was used as a more convenient and reliable monitoring system, for the RAFT controlled dispersion polymerisation of

MMA using CPDT as the CTA.

The RAFT controlled polymerisation was successfully monitored using the cylinder system, with analytical data
confirming that CPDT provided good control over the reaction (SI-Table 5). The final molar mass was found to be
virtually equal to the theoretical prediction and a narrow polydispersity of b = 1.20 was achieved. GPC analysis of
samples collected throughout the reaction show the controlled growth of the polymer chain with time, as seen by the

unimodal peak shift to the left (Fig. 9).
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Fig. 9. GPC traces showing the growth of PMMA in function of time in scCO: using CPDT as chain transfer agent. Reaction

conditions:10 g of MMA, 0.5 g of PDMS-MA, 0.085 mmol of AIBN, 0.17 mmol of CPDT, 275 bar and 65

The linear evolution of M, as a function of conversion shows good agreement with pseudo-living behaviour, as the
linear trend of the experimental data is closely aligned with the theoretical molecular weight increase. Livingness was
further confirmed by the low polydispersity observed throughout the reaction, remaining below D < 1.30 throughout

(Fig. 10).
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Fig. 10 Evolution of M (blue) and D (red) as a function of conversion; solid trend line (black) is the theoretical M and dashed trend

line (blue) is the linear fitting of experimental data. Reaction conditions: 10 g of MMA, 0.5 g of PDMS-MA, 0.085 mmol of AIBN,

0.17 mmol of CPDT, 275 bar and 65 C
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The logarithmic monomer conversion as a function of time provides important mechanistic insight, with two distinct
regimes being observed for this reaction. The initial regime indicates mild retardation (Fig. 11). Retardation during
RAFT polymerisation of methacrylates are commonly observed, although it tends to be more pronounced for
polymerisation of acrylates or acrylamides[59]. From the experimental data an initial induction period of
approximately 14 minutes was found. Gregory et al. previously reported induction periods of up to 12 hours for MMA
polymerisation in scCO; with dithioester CTAs and no retardation[24]. It is important to reiterate that these data were
obtained from quenched successive batch reactions where precipitation of the product in cold hexane might have
excluded low molecular weight chains and artificially delayed the observation of the polymerisation onset. Therefore,
the induction period was likely shorter. Long retardations are expected with other CTAs for example with the high
stability of a dithioester intermediate radical. However, a shorter induction time should be expected for
trithiocarbonate CTAs such as CPDT, owing to the less stable intermediate radicals[60]. This hypothesis aligns well

with our experimental results.
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Fig. 11. Pseudo-first-order kinetic plot of monomer conversion in function of reaction time for the dispersion polymerisation of

MMA with CPDT in scCO2. Two distinct reaction regimes are seen (red, blue). A 7.25-fold rate increase is seen between regimes.

The second regime starts after 6 hours of reaction and presents a 7.25-fold increase in the rate of polymerisation
compared to the previous regime. This could indicate the transition of the main reaction locus from the continuous
phase into the dispersed phase. During the initial phase of a dispersion polymerisation, all reactants (i.e. monomer,
initiator, etc.) are soluble in the continuous phase. Once the critical chain length (J.it) is achieved, the polymer becomes
insoluble and forms particles surrounded by the stabiliser, giving rise to a polymer-rich phase. As the particles grow,
CO; and monomer can swell the particles, and the high concentration of monomer thus could cause the observed
increase in polymerisation rate (Fig. 11). The pseudo-first-order kinetic plot remained linear throughout the second

regime, up to 97.80% conversion, indicating once more successful RAFT control.
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Using the cylinder system, the control of CPDT over the dispersion polymerisations of MMA was confirmed by
conducting a single polymerisation. The experiment has also given some insights into the mechanism of the reaction,
uncovering two distinct reaction regimes, possibly associated with the onset of nucleation. The facile application of
the cylinder system led us quickly to findings that have provided a much better understanding of the polymerisations

and to further develop in the area of controlled polymerisations in scCO; in an efficient and reproducible manner.

3.2. Monitoring of other reaction systems

To initiate the broader application of the cylinder system for reaction monitoring in supercritical fluids, the system

suitability was tested for a selection of very different polymerisation reactions using the same setup.

3.2.1. Free-radical dispersion polymerisation of styrene

The use of a different monomer for the FRP dispersion polymerisation was first tested. Styrene has a much lower
reactivity and very different monomer/polymer solubility in scCO,[61, 62]. The styrene system was monitored
successfully using the cylinder setup. CDCl; was used as the sample solvent, as it is a satisfactory solvent for styrene
and polystyrene. While the polymerisation took more than 30 hours to reach above 95% conversion, the cylinder
system allowed for on-line tracking of the reaction progress. Initial samples confirmed the lower reactivity of this
system, while later samples allowed for real-time determination of the point at which the desired conversion was

reached (Fig. 12). Using equation (4), an initial fitting of the data was also achieved, showing the expected sigmoidal

progression of conversion.
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Fig. 12 Conversion of Styrene as a function of reaction time from samples obtained using the cylinder system overlaying a sigmoidal

model fitting line. Reaction conditions: 10 ml of Styrene, 1.818 g of PDMS-MA, 181.8 mg of AIBN, 245 bar and 65 °C. Model fitting

variables: ty = 0s, k' =2.40-10"* M~1s71
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3.2.2. Free-radical precipitation polymerisation of acrylic acid

The precipitation polymerisation of acrylic acid is a reaction that does not use a stabiliser to guarantee a consistent
reaction mixture. The reaction has also been kinetically analysed previously by Ollagnier et al.[31] using in-situ IR as
monitoring technique, allowing for a clear comparison of observed conversion. Acrylic acid is soluble in water, so D,O
was chosen as the solvent to add into the cylinder system. The high molar mass poly(acrylic acid) formed in this
reaction is generally poorly soluble, meaning that NMR analysis would be delayed until solution was achieved. To

remedy this issue, methanol was added to the D,O as an internal standard.

A stock solution of D,O and methanol was used throughout the experiment and an initial sample was taken to establish
the ratio between acrylic acid and methanol in a fully unpolymerized sample. The relative reduction in acrylic acid with
respect to methanol in subsequent samples was then used to determine conversion. The observed conversion trend
was then compared to the fitted kinetic model from Ollagnier and co-workers[31], showing that the cylinder system

provides the same accurate data(Fig. 13).
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Fig. 13 Conversion of Acrylic acid as a function of reaction time from samples obtained using the cylinder system overlaying a
sigmoidal model fitting line with fitting variables from Ollagnier et al.[31]. Reaction conditions: 2 g of acrylic acid, 30 mg of AIBN,

160 bar and 62 °C. Model fitting variables: t, = 1800 s, k' = 1.60 - 10"2 M~ 1s71

3.2.3. Enzymatic ring-opening polymerisation of caprolactone

In an attempt to investigate the kinetics of two simultaneous competing reactions, the HEMA initiated eROP of e-
caprolactone in scCO, was studied. The hydroxyl group of HEMA can act as an initiator in ROP to yield functional
polymers[63, 64]. While in the presence of Novozym 435, HEMA is known to undergo transesterification with itself,

resulting in a lack of control over the polymers produced[65, 66]. Utilising the cylinder system, both transesterification
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and polymerisation were monitored simultaneously, showcasing that competing reactions can be monitored
simultaneously in-situ. CDCl; was used as the sample solvent since it is suitable for HEMA, CL, and pCL. Analysis of the

reaction mixture samples showed the expected increase in both polymerisation and transesterification in function of

time (Fig. 14).
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Fig. 14 Conversion in function of reaction time for the polymerisation of caprolactone and the concurrent transesterification of

HEMA. Reaction conditions: 4 g of CL, 0.18 g of HEMA, 0.4 g of Novozym 435, 207 bar and 65 .

While further investigation of this reaction system is beyond the scope of this research, it is clear that the new cylinder

sampling system is capable of monitoring a more complex reaction mixture with two competing reactions in an

expanded bulk.

4. Conclusions

Accessible on-line reaction monitoring is crucial for reproducible and efficient research of chemical reactions and
especially polymerisations. In this paper we have developed an inexpensive and reliable on-line monitoring system for
reactions in scCO,, using only readily commercially available parts. The efficacy was first confirmed for the widely
studied dispersion polymerisation of MMA, by comparing conversion and molar mass trends to known values. After
kinetic modelling, the rapid data gathering capabilities were highlighted by varying initiator concentration for the
dispersion polymerisation of MMA. The wide applicability of the cylinder system was then tested by monitoring a
range of very different polymerisations and reactions at various conditions. The ability to easily add an internal
standard for the monitoring of acrylic acid conversion, highlighted the facile and adaptable applicability of the

developed cylinder system.
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Supporting information

Table 1 Results of batch polymerisation reactions quenched by crash cooling at 30-minute reaction time intervals. Reaction conditions: 10 ml of
MMA, 0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C
a — determined via 'H NMR, b — determined via GPC

Reaction time (min)  Conversion (%)*> M, (kDa)® M, (kDa)® B"  Product consistency

30 2.6 19.7 37 1.88 Liquid

30 2.6 18.7 48.5 2.59 Liquid

30 2.9 20.5 43.3 211 Liquid

60 10.7 329 89.3 2.72 Liquid

60 9.1 35.4 87 2.46 Liquid

60 8.5 28.3 73.2 2.59 Liquid

90 29.1 64.8 183.1 2.83 Viscous liquid
90 22.3 49.3 156.7 3.18 Viscous liquid
90 26.6 57.9 173.2 2.99 Viscous liquid
120 52.5 86.2 254.3 2.95 Cloudy gel
120 51.2 85 248.4 2.92 Cloudy gel
120 52.3 92.7 252.5 2.72 Cloudy gel
150 84.8 133 323.0 2.43 powder
150 85.1 119.9 317.7 2.65 Powder
150 85.9 124.5 313.2 2.52 Powder
180 93.2 167.4 345.6 2.06 Powder
210 94.9 157.9 333.5 2.11 Powder
240 96 168.4 342.9 2.04 Powder

Fig. 1 SEM image of PDMS-MA stabilised PMMA particles formed after 240 minutes of reaction time, showing distinct spherical morphology
with an average particle diameter of 2566 + 471 nm.
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Table 2 Sample results of polymerisation reactions monitored using a singular needle valve sampling system. Reaction conditions: 10 ml of
MMA, 0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C
a — determined via 'H NMR, b — determined via GPC

Reaction time (min)
10
13
20
23
30
30
33
40
43
45
50
53
60
60
63
70
73
75
83
88
90
93
103
118
120
123
138
150
153
158
180
183
188
230
240
240

Conversion (%)®
24.1
6.3
13.0
335
58.3
77.2
84.8
86.3
82.1
80.5
85.7
81.6
79.3
79.2
87.1
82.6
83.7
88.6
82.3
83.4
89.9
85.4
85.9
82.7
95.6
89.3
91.5
98.1
94.4
95.0
98.6
96.1
95.0
98.2
90.4
96.6

M, (kDa)®

15.6
14.9
28.6
20.6
16.5
22.7
35.7
18.5
26.5
54.5
20.6
30.6
245
43.3
68.1
47.5
32.7
65.5
54.8
41.1
52.0
79.1
91.7
62.8
91.3
67.7
78.6
78.8
84.1
80.1
143.3
138.6
160.8

M., (kDa)®

26.3
29.5
58.4
47.0
53.8
65.4
98.7
54.7
79.4
155.0
56.0
95.9
69.9
136.2
192.2
153.0
115.2
190.6
177.1
137.2
165.2
232.2
309.8
241.0
266.5
254.4
274.4
245.9
305.3
282.0
316.3
386.7
366.0

'Db

1.69
1.98
2.05
2.28
3.27
2.88
2.76
2.96
2.99
2.85
2.72
3.13
2.85
3.15
2.82
3.22
3.53
291
3.23
3.34
3.17
2.93
3.38
3.84
2.92
3.76
3.49
3.12
3.63
3.52
221
2.79
2.28
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Fig. 2 Conversion as a function of time for on-line sampling using a singular needle valve sampling system (red), compared to results from the

batch quench experiments (grey). The single valve sampling approach results in artificially high conversion measurements, due to the loss of
volatile monomer upon retrieval of the sample.
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Fig. 3 Mass average molar mass as a function of reaction time for on-line sampling using a singular needle valve, compared to results from the

quench experiments. The single valve sampling system provides representative molecular weight data, despite the loss of monomer in the
method.
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Fig. 4 Observed pressure progression during consecutive samplings, using the cylinder. Orange spheres denote the observed pressure drop
immediately after sampling, blue spheres denote the pressure recovery as the system stabilises.
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Table 3 Data obtained from samples of polymerisation reactions monitored using the cylinder system. Reaction conditions: 10 ml of MMA,
0.468 g of PDMS-MA, 93.6 mg of AIBN, 220 bar and 65 C
a — determined via 1H NMR, b — determined via GPC

Reaction time (min) Conversion (%)? M, (kDa)® M., (kDa)® pP
61 16.2 36 104.3 2.90
65 16.4 56.9 138.3 2.43
65 17.6 43.2 147.6 3.42
66 17.8 32.8 104.1 3.17
85 24.8 45.1 154.3 3.42
86 24.8 75 195.2 2.60
92 29.6 51.4 171.8 3.34
93 28.6 60.3 174.5 2.89
120 57.5 63.4 204.3 3.22
121 55.0 63 205.5 3.26
123 47.6 131 234 1.79
150 62.9 90.9 263.7 2.90
150 75.4 86 264.1 3.07
152 72.1 1334 235.2 1.76
158 78.7 124.2 299.3 2.41
178 87.3 97.9 262.7 2.68
180 83.8 114.7 272.8 2.38
182 79.5 170.3 295.5 1.74
183 90.0 130.6 306.2 2.34
226 97.1 150.4 364.9 2.43
240 97.0 124.1 313.1 2.52
240 95.7 185.8 319.2 1.72
240 94.7 161.9 344.5 2.13

Fig. 5 Sigmoidal model predictions of conversion of MMA as a function of reaction time for various AIBN concentrations. Lines represent model
output data, while spheres represent data obtained using the cylinder system. Model fitting variables: t, = 1800 s, k' = 2.85 * 1073 s71
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Table 4 Data obtained from samples of polymerisation reactions monitored using the cylinder system. Reaction conditions: 10 ml of MMA,
0.468 g of PDMS-MA, 23.4-187.2 mg of AIBN, 220 bar and 65 C
a — determined via 'H NMR, b — determined via GPC

AIBN (wt% wrt MMA) Reaction time (min) Conversion (%)* M, (kDa)® M., (kDa)® pP

0.25 91 14.04 201.7 351.4 1.74
0.25 131 18.26 334.5 571.9 1.71
0.25 170 31.03 440.3 718.9 1.63
0.25 202 48.01 482.7 756.5 1.57
0.25 281 64.16 527.6 863.5 1.64
0.25 340 87.73 495.4 791.9 1.60
0.25 400 94.07 518.8 846.5 1.63
0.5 65 12.5 9.3 63.1 6.78
0.5 97 22.7 37 219.7 5.94
0.5 123 29.7 70.7 324.1 4.58
0.5 155 51.2 248.1 429.2 1.73
0.5 188 66.7 297.2 494.6 1.66
0.5 243 89.1 285.8 487.2 1.70
0.5 275 95.4 300.5 550.4 1.83
2 75 28.6 46 99.8 2.17
2 101 49.7 64.6 150.2 2.33
2 118 68.9 84.8 149.7 1.77
2 137 81.3 123.3 193.3 1.57
2 155 90.0 102.9 175 1.70
2 205 94.9 134.7 206.7 1.53
2 300 96.7 114.3 172.8 1.51

Table 5 Data obtained from samples of polymerisation reactions monitored using the cylinder system. Reaction conditions: 10 g of MMA, 0.468
g of PDMS-MA, 23.4-187.2 mg of AIBN, 220 bar and 65 C

a —determined via 'H NMR, b — calculated from CPDT and monomer concentration using My, ¢, = ([MMA]

[cPDT]

* conversion) * Mpypia + Mcppr,

¢ — determined via GPC

Reaction time (h) Conversion (%)? Mo, (kDa)® M, (kDa)© pe
2 5.66 3.33 4.8 1.16
3 7.41 4.35 5.9 1.19
5.1 14.53 8.54 8.0 1.20
6.1 21.26 12.49 10.5 1.21
8 41.18 24.19 16.2 1.16
10 55.95 32.87 23.5 1.28
24 97.80 57.46 57.3 1.20
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