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ABSTRACT: Polymerization-induced self-assembly (PISA) based on atom transfer radical
polymerization (ATRP) has been performed in supercritical carbon dioxide (scCO>) using a
bromo-terminated poly(dimethylsiloxane) (PDMS-Br) species as macroinitiator (solvophilic
first block) and poly(benzyl methacrylate) as the solvophobic second block. The
polymerizations proceeded to high conversion with good control/livingness. Transmission
electron microscopy revealed the formation of the first higher order morphologies in scCOa,
namely worms and likely vesicles. Interestingly, highly regular microphase separated
multilayered morphology was also observed, which are not observed with PISA carried out in
conventional solvents. Overall, the morphologies formed cannot be rationalized based on
simple considerations of the relative block lengths and packing parameters, as is typically the
case in dispersion PISA in common solvents such as water and water/alcohol. Seemingly, the

unique properties of scCO; lead to different polymer domains.
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Over the past decade there has been intense interest in the preparation of non-spherical polymer
particles using polymerization-induced self-assembly (PISA).12® PISA is typically
implemented as a reversible deactivation radical polymerization (RDRP) in the form of a
dispersion polymerization. Most commonly reversible addition-fragmentation chain transfer
(RAFT) polymerization is used to extend a solvophilic macroRAFT agent (also acting as steric
stabilizer) with a dissolved monomer, which forms the solvophobic polymer core.!2 8-10. 13-16,
18-20,22,24,21-28 p|SA can also be implemented as an emulsion polymerization if the monomer is
insoluble in the continuous phase.” 2 Other RDRP processes have been exploited in connection
with PISA, such as atom transfer radical polymerization (ATRP),%* 2! nitroxide-mediated
radical polymerization (NMP),> 2 organotellurium-mediated living radical polymerization
(TERP),” and Cu(0)-mediated radical polymerization,'? as well as recently non-living radical
polymerization in the form of addition-fragmentation chain transfer (AFCT) polymerization.?*
26 PISA has been carried out in non-polar solvents,'-8:10.14-17.20 35 wel| as in more conventional
polar media. For instance, higher order non-spherical morphologies, including thermally-
sensitive worm-phases, were obtained using RAFT dispersion polymerizations in long chain
alkanes via chain extensions of fatty acid-chain containing RAFT agents with benzyl
methacrylate (BzMA).2 120 RAFT dispersion PISA has also been carried out in ionic liquid,
a recyclable green solvent, giving nanoaggregates of multiple morphologies.

Supercritical carbon dioxide (scCO») is a well-known benign effective replacement for
environmentally damaging volatile organic compounds (VOCs).2°=® CO; is cheap and non-
flammable with its utility making positive use of a green-house gas. ScCO- holds considerable
merit as a medium for heterogeneous RDRP, in particular precipitation and dispersion
polymerizations,®! given that most vinyl monomers are soluble in scCO, but the resultant
polymer becomes insoluble at a critical degree of polymerization (Jerir).>? Additional
advantages of radical polymerization in scCO: include the easy adjustment of polymer
solubility by altering of pressure and monomer loading, and at high conversions venting of the
CO:z leaves a dry polymer powder, which circumvents the requirement for VOC. There are a
plethora of reports on dispersion RDRP in scCO2, which are based on two approaches: (i) the
use of a separate scCO2-soluble steric stabilizer,®*3" and (ii) the use of a scCO-soluble first
block that is subsequently chain extended via RDRP in an approach that is analogous to PISA
in conventional media.*®*’ Amphorous fluoropolymers and polysiloxanes are polymers with
appreciable solubility in scCO, and are usually used as macroinitiators for dispersion
polymerizations in scCO». In 1999, Matyjaszewski and DeSimone carried out the first

dispersion RDRP in scCO; by extending bromine-terminated poly(1,1-dihydroperfluorooctyl
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methacrylate-Br) with methyl methacrylate (MMA) and 2-(dimethylamino)ethyl methacrylate
using ATRP.*® Okubo and co-workers conducted dispersion ATRP of MMA in scCO; using
bromo-terminated poly(dimethylsiloxane, PDMS-Br), and referred to the scCO>-soluble block
as inistab (initiator + stabilizer).3® The inistab-concept was consequently used in scCO; for
NMP and iodine transfer dispersion polymerizations using PDMS and fluorinated polymeric
alkoxyamines, which were extended with styrene (St) and MMA.4%*3 Howdle and co-workers
reported RAFT dispersion polymerizations of MMA and N-vinyl pyrrolidine by chain
extending fluorinated polymer, PDMS, and polyvinylalkylates.*>#" However, in all reported
dispersion RDRP in scCO2, block copolymer self-assembly has been limited to spherical
morphologies.

In the present work, we report the synthesis of a range of higher order morphologies,
including worms and vesicles, via PISA in scCO; implemented with ATRP. There are to date
to the best of our knowledge no reports on the dispersion polymerization of BzZMA in scCO,
despite its frequent use for PISA in conventional media.% % 17:20-2.25 Chain extensions with
BzMA lead to a relatively low glass transition temperature (Tg) in the resultant polymer
compared with e.g. St and MMA. The lower Ty is associated with increased chain mobility in
the core facilitating morphology transition from spheres to worm-like and vesicular
morphologies. Herein, PISA is conducted as dispersion ATRP of BzMA in scCO> using a
scCO:2 soluble inistab species (PDMS-Br) to generate block copolymer particles of various
morphologies, including particles with microphase separated multilayered morphology, in one-
step at monomer loadings as high as 65 v/v(%). The procedure circumvents the requirement
for an aqueous phase or VOCs and conveniently yields polymer particles as a dry powder on

venting of CO after polymerization.



Table 1. Summary of molecular weight and conversion data of the specific samples subjected

to TEM analysis (dispersion ATRP of BZMA at 80 °C and 30 MPa).

Run® [BzMA]/ BzMA Polymer” M ¢ Convd M b
[PDMS-Br] loading o (%)d
v/v(%)
1 400 35  PDMS-b-PBzMA, 52550 67 52200 1.33
2 400 35 PDMS-b-PBzMA,,, 70900 93 68450 1.34
3 168 35  PDMS-b-PBzMA ,; 31400 88 29650 1.25
4 280 35  PDMS-b-PBzMA, , 45900 83 42650 1.25
5 168 50  PDMS-b-PBzMAjs7 33200 94 34800 1.33
6 168 65  PDMS-b-PBzMA ., 31700 89 32300 1.30

aAll polymerization contained [PDMS-Br]/[CuBr)/[HMTETA] = 1:1.5:1.5 and were for 24 h, except Run 2 was
36 h. "The degree of polymerization of the BzZMA block was obtained by deducting the Mn(GPC) of PDMS-Br
(5350 g/mol). The Br-end group is not represented. ‘Calculated according to equation 1 (see SI). YConversion
determined by gravimetry. ®From GPC analysis using linear polystyrene standards.

The appreciable solubility of the monomer BzMA in scCO: (a requirement for a dispersion
polymerization) was visually confirmed using a 100 mL stainless steel reactor with 180° inline
sapphire windows, where at 80°C and 30 MPa a transparent solution was observed using 35-
65 v/v(%) BzMA loadings. ATRP dispersion polymerizations were subsequently carried out
under these conditions in a window-less 25 mL stainless steel reactor at 35 v/v(%) of monomer,
initially using [BzMA]:[PDMS-Br]:[CuBr]:[1,1,4,7,10,10-hexmethyltriethylenetetramine;
HMTETA] = 400:1:1.5:1.5 (Table 1; Runs 1 and 2; same polymerization receipe taken to
different conversions). The inistab species PDMS-Br (M, = 5350 g/mol; B = 1.12) was
obtained by condensing commercial PDMS-OH with 2-bromoisobutyryl bromide.**: * The
polymerizations proceeded to near complete conversion (93%) in 36 h with excellent
controlled/living character as indicated by narrow molecular weight distributions (MWDs)
with B < 1.35 and M, in close agreement with theoretical (Mn ) values (Figure 1; note however
the GPC data are subject to calibration error using linear polystyrene standards). At the end of
the polymerizations, '"H NMR analysis confirmed the complete removal of unreacted monomer
by washing the polymer with scCO» and venting of the CO; (containing unreacted monomer).

The dry polymer powders (Fig. S1) obtained at the highest conversions (67% after 24 h (Run



1) and 93% after 36 h (Run 2)) were redispersed in pentane, and the particles were subsequently
observed by TEM (Fig. 2).
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Fig. 1. ATRP dispersion of 35 v/v(%) BzMA in scCO; at 80 °C and 30 MPa using
[BzZMA]:[PDMS-Br]:[CuBr]:[HMTETA] = 400:1:1.5:1.5. (i) Conversion vs. time data; (ii)
MWDs corresponding to PDMS-Br (black solid line) and polymerizations at conversions of 11
(6 h),25 (12 h),40 (16 h), 67 (24 h) and 93% (36 h) (the latter two corresponding to Run 1 and
Run 2); (iii) M, (m) and P (O) vs. conversion. My is the continuous line calculated according
to equation 1 (see SI).

Run 1(b)

Fig. 2. TEM images of PDMS-b-PBzMA particles from Run 1 and Run 2 (Table 1)
corresponding to dispersion ATRP at 35 v/v(%) BzMA in scCO- at 80 °C and 30 MPa. Scale
bars are 500 nm (Run 1(a)), 100 nm (Run 1(b)), 500 nm (Run 2(a)) and 20 nm (Run 2(b)).



At 67% conversion (Run 1; DP PBzMA block = 266), the main population comprises near
spherical particles with approximate size of 200 nm (Run 1(a)), although non-spherical
particles with distinct internal morphology (phase separation) can also be observed (Run 1(b)).
At near full conversion of 93%, the phase separation appears more pronounced (Run 2; DP
PBzMA block = 359; Fig. 2; Run 2(b)). At this conversion, two distinct solid particle
populations were observed of approximate size 300 nm (Fig. 2; Run 2(a)) and 5-30 nm (Fig. 2;
Run 2(b)). It seems the particles observed at 67% conversion have increased in size at 93%
conversion, and phase separated regions have become smaller spherical particles at higher DP.
The effect of the length of the core-forming CO2-phobic block on the morphology was
investigated by reducing the monomer to macroinitiator ratio [BzMA]/[PDMS-Br] while
keeping all other parameters constant (Run 3 and Run 4). Narrow MWDs with lower DP values
of 138 (Run 3) and 212 (Run 4) for the PBzZMA block were obtained after 24 h (Fig. S2). TEM
imaging of Run 3 reveals the presence of a population of very small particles (< 10 nm) as well
as larger near spherical particles of diameters in the range of 100 — 500 nm that are most likely
vesicles, but also wormlike particles. The relatively low 7, of the PBzZMA block as well as
unreacted BZMA monomer facilitate transition to higher order morphologies. Run 4 resulted in
larger irregularly shaped particles of micron-scale dimensions. Interestingly, well-ordered

multilayered lamellar phase separated domains on the nanoscale were clearly observable.



# | Run 3(b)

Fig. 3. TEM images of PDMS-b-PBzMA particles from Runs 3 and 4 (Table 1) corresponding
to dispersion ATRP at 35 v/v(%) BzMA in scCO; at 80 °C and 30 MPa. Scale bars are 500 nm
(Run 3(a)), 50 nm (Run 3(b)), 2 um (Run 4(a)), and 200 nm (Run 4(b)).

The effect of monomer loading was investigated (35 v/v(%) in Runs 1-4 described so far). The
lowest loading of 20 v/v(%) BzMA resulted in low conversion (13%; 24 h) and poor
controlled/living character as evidenced by a bimodal MWD (Fig. S3). Poor controlled/living
character for nitroxide-mediated radical polymerization (NMP) conducted as precipitation
polymerization in scCO; in previous work has been attributed to the high heterogenity of the
system.*3 It can be speculated that similar factors are at play in the present ATRP system,
with low monomer loadings causing partitioning of reagents (catalyst and ligand) away from
the locus of polymerization. The value of Juit 1s also expected to decrease with decreasing
monomer loading, i.e. particle formation would occur at lower conversion for 20 v/v(%) BZMA
loading,3?> which may cause partitioning effects to become more significant. As the monomer
loading was increased beyond 35 v/v(%), excellent controlled/living character was maintained
as attested by narrow MWDs (P = 1.25-1.33) and high conversions (88-94%) being obtained
for 35, 50 and 65 v/v(%) after 24 h (Fig. S3; Runs 3, 5 and 6).



Fig. 4. TEM images of PDMS-b-PBzMA particles from Runs 5 and 6 (Table 1) corresponding
to dispersion ATRP at 50 (Run 5) and 65 (Run 6) v/v(%) BzMA in scCO; at 80 °C and 30 MPa.
Scale bars are 200 nm (Run 5(a)), 20 nm (Run 5(b)), and 500 nm (Run 6(a) and (b)).

Run 5 resulted in a population of small particles (< 20 nm) with phase separated domains, as
well as larger particles featuring very clear multilayered lamellar nanostructured regions. Run
6 yielded mainly worms, but also irregulary shaped particles of approx size 100 — 500 nm.
The particle morphologies obtained via PISA can normally be rationalized based on the
packing parameter (P), which is given by the relative volume fractions of the stabilizer (PDMS)
and core-forming (PBzMA) blocks.>3** Normally, an increase in the length of the core forming
block would result in a transition towards higher order morphologies, i.e. typically from
spherical particles to worms and eventually vesicles. The DP of the second block (PBzMA)
increases in the order Run 3 (138) < Run 4 (212) < Run 2 (359). These polymerizations were
all performed at the same solids content of 35 v/v% and all reached similar high conversion. It
is clear that the morphologies depicted in the corresponding TEM images (described above)
cannot be rationalized based on the relative block lengths. Interestingly, RAFT dispersion PISA
in n-heptane generating PDMS-b-PBzMA at 70 °C did result in the morphologies evolving
from spheres to worms and vesicles as DP of the PBzZMA was increased.!” Run 2, with the
highest DP, would be expected to give the highest order morphology, but this polymerization
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resulted in two distinct solid particle populations of approximate size 300 nm and 5-30 nm
(Fig. 2), whereas Run 3 with the lowest DP of 138 yielded mixed morphologies including
worms (Fig. 3). An increase in vol% solids content would normally be expected to drive the
morphologies towards higher order morphologies.'” > In the present case, we can compare
Run 5 (50 vol% solids) and Run 6 (65 vol% solids), where the DPs of the second blocks were
similar. The increase in solids content is accompanied by the appearance of worms (Run 6),
compared to two populations of smaller irregularly shaped particles and a population of larger
particles observed in Run 5. This trend appears largely consistent with expectation. Comparing
Run 5 with Run 3 (35 vol% solids and similar DP as Run 5), the morphologies cannot be
rationalzed based on the difference in solids content.

The “ideal” PISA morphologies of spheres, worms and vesicles comprise structures
where the solvophilic block (PDMS in this case) is not buried within the structure. That is, the
solvophilic block is typically in direct contact with the continuous phase. As such, multilayered
type morphologies as seen for Runs 4 and 5 are typically not observed in PISA. However, it is
well established that microphase separation in the solid state (e.g. in polymer films) can lead
to a number of morphologies similar to those observed for Runs 4 and 5.°*>° Such microphase
separation occurs if the quantity yN is sufficiently high, where y is the Flory-Huggins segmental
interaction parameter and N is the degree of polymerization.>® It appears that for the present
system, at least under the conditions of Runs 4 and 5, the particle formation process leads to
structures where the PDMS segment is buried within the structure itself. One can speculate that
the presence of scCO; and its ability to swell the polymer, in particular the PDMS segment,
may facilitate the formation of such structures, unlike in “normal” PISA conducted in
conventional solvents such as water and water/alcohol mixtures. Jennings et al.>” have reported
RAFT dispersion polymerization in scCOz using a PDMS macromonomer as stabilizer (i.e. not
PISA) in an approach that involved sequential polymerization of two different monomers, thus
generating diblock copolymers. These authors found that symmetrical copolymers PMMA-b-
PSt did not result in the expected morphologies (curved cylindrical domains as opposed to the
expected lamellar/multilayered morphology), and this was tentatively attributed to different
extents of sorption of CO; into the different polymer domains, consistent with how selective
sorption can affect the morphology phase diagram.®® Venting of the CO> would subsequently
result in these structures being kinetically trapped. It can be speculated that similar factors play
a role in our present PISA system, thus leading to unexpected results in terms of the
morphology development. Overall, it appears that the morphologies observed in the present

dispersion ATRP in scCO> cannot be rationalized based on the same general considerations as
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in conventional PISA. It may be that the unique properties of scCO> as a solvent exert an
influence on the PISA process such that the particle morphologies can no longer be broadly
rationalized simply based on the packing parameter.

In summary, we have successfully accomplished the first controlled/living dispersion
polymerization in scCO> to give polymer particles of higher order morphology, including
worms and likely vesicles. In addition to morphologies typically observed in dispersion PISA,
polymer particles with highly regular multilayered morphology were also observed. Based on
the present results, it appears that dispersion PISA in scCO; is not directly comparable to
dispersion PISA in commonly employed media such as water and water/alcohol as well as in
hydrophobic solvents, possibly as a consequence of the ability of scCO> to swell polymer
particles / polymer domains. Further optimization is required to fully understand and exploit

the potential of scCO; as a medium for PISA.
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