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dispersion polymerization-induced self-assembly
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supercritical carbon dioxide†

Anhou Xu, * Quanxuan Lu, Zhiyuan Huo, Jiachen Ma, Bing Geng, Umair Azhar,
Luqing Zhang and Shuxiang Zhang*

A series of poly(dodecafluoroheptyl methacrylate)-b-poly(methyl methacrylate) (PDFMA-b-PMMA) diblock

copolymer nanoparticles were prepared by reversible addition–fragmentation chain transfer (RAFT)

dispersion polymerization of methyl methacrylate (MMA) in supercritical carbon dioxide. Nuclear Magnetic

Resonance (NMR) and gel permeation chromatography (GPC) analysis confirmed an efficient and well-

controlled block copolymerization. As the length of the PMMA block grows from the soluble PDFMA block

it eventually becomes insoluble, which drives in situ polymerization-induced self-assembly (PISA). The

influences of the length of CO2-philic PDFMA block, CO2-phobic PMMA block and polymerization pressure

were investigated in this PISA process. Also spherical nano-objects were formed upon the synthesis of

amphiphilic diblock copolymers in situ. It appeared that, as the length of CO2-philic block PDFMA was

increased, there was a corresponding decrease in particle size and particle size polydispersity. Scanning

electron microscope (SEM) images revealed that, during the microspheres formation, the greater degree of

polymerization (DP) of MMA favoured well-controlled monodisperse microspheres.
1. Introduction

Polymeric nanoparticles with small sizes and a large specic
surface area are very attractive materials for their use in a broad
range of applications, such as drug delivery, catalyst supports,
nano-reactors, etc.1,2 Most of these nanoparticles can be ob-
tained by self-assembly of diblock copolymers, which exhibit
extremely ordered nanostructures and well dened layered
morphology.3 In recent years, the self-assembly of uorinated
block copolymers in selective solvents to form polymeric parti-
cles has attracted signicant attention.4 In contrast to conven-
tional hydrocarbon-based polymers, the uorinated block
copolymers have been proven to be advantageous and particu-
larly more useful; because of the uorine-containing segments.
These can provide the material with excellent biological
compatibility, thermal stability, and a unique microphase
separation structure.5,6 Therefore, block copolymer particles
containing uorinated segments are more desirable due to their
excellent application performances compared to hydrocarbon-
based polymer particles.
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Historically the self-assembly of block-selective solvents
based amphiphilic block copolymers into nano-objects has
been widely discussed, and this strategy is globally accepted to
synthesize block copolymer nano-objects. These self-assembly
processes have been achieved usually via two steps: (i) initial
molecular dissolution of the copolymer chains and (ii) reduc-
tion of the solvency for one of the blocks to drive microphase
separation. In principle, such self-assembled species are
generated by the post-polymerization processing of mostly
amphiphilic diblock copolymers using either a solvent or pH
switch, dialysis, or thin lm rehydration.7,8 Such protocols are
typically performed at very low copolymer concentrations
(#1 wt% is common).9

Recently, polymerization-induced self-assembly (PISA) has
enabled the preparation of block copolymer nano-objects with
relatively high block copolymer concentration (10–30 wt%)
based on either emulsion RAFT polymerization or dispersion
RAFT polymerization.10–14 By following the PISA strategy, a sol-
vophilic macro-RAFT agent-mediated RAFT polymerization
under emulsion or dispersion conditions was performed, and
highly concentrated block copolymer nano-objects were ob-
tained through a one pot synthesis.15,16

Supercritical carbon dioxide (scCO2) is an attractive alter-
native to conventional solvents as a “green” solvent that is
readily available, non-ammable, and possesses tunable solvent
properties via pressure variation. Most polymers are insoluble
This journal is © The Royal Society of Chemistry 2017
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in scCO2, while the majority of vinyl monomers tend to be
soluble, and hence, scCO2 is a suitable medium for dispersion
polymerizations. The use of scCO2 as medium in radical
dispersion polymerizations was pioneered by DeSimone and co-
workers,17 and also explored as medium for synthesis of block
copolymer with RAFT polymerization as reviewed by Zetterlund
and Howdle.18,19 Most attractive features of that process of block
copolymer synthesis in scCO2 dispersion are good efficiency,
simplicity and solvent-free synthesis of high-purity block
copolymers in a one-pot, solvent-free synthesis. In addition,
high blocking efficiencies can be achieved even at high
conversion and high molecular weight.20

A number of groups have examined the general PISA approach
for the preparation of so matter nanoparticles of variable
morphology in a range ofmediums including polar (alcohols and
water most commonly)13,21,22 and non-polar (typically alkanes)
solvents.23,24 However, attempts to synthesize polymeric particles
in scCO2 are few.3,25–27 A RAFT dispersion polymerization of MMA
stabilized with poly(1H,1H,2H,2H-peruorooctyl methacrylate)
macro-RAFT in scCO2 along with the formation of micrometer-
size spherical particles has been reported. But the size distribu-
tion of polymeric particles was not uniform and ranged between
1 and 6 mm.26 However, to the best of our knowledge, no mono-
dispersed nano-sized spherical particles were obtained through
this process. In this study, uorinated block copolymers nano-
particles were synthesized by PISA in scCO2 using poly(dodeca-
uoroheptyl methacrylate-cumyldithiobenzoate) (PDFMA–CDB)
macro-RAFT agent as the CO2-philic stabilizer. A series of
PDFMA–CDB macro-RAFT agents and PDFMA-b-PMMA diblock
copolymers with various lengths of PDFMA and PMMA blocks
were synthesized via RAFT technique.
2. Experimental section
2.1 Materials

Dodecauoroheptyl methacrylate (DFMA) was purchased from
XEOGIA Fluorine-Silicone Chemical Co. Ltd (Harbin, China), and
methyl methacrylate (MMA, Tianjin Damao Chemical reagent
Factory) were distilled under reduced pressure and stored at 0 �C
before use. The initiator 2,2-azobisisobutyronitrile (AIBN) was
purchased fromKermeland recrystallized frommethanol prior to
use. Cumyldithiobenzoate (CDB) as the RAFT agent was synthe-
sized according to the published literature.28 All other chemical
agents were used directly. Methanol and tetrahydrofuran (THF)
solvents of analytical purity were used as received.
2.2 Synthesis of uorinated macro-RAFT agent

The uorinated macro-RAFT agent PDFMA–CDB was synthe-
sized via RAFT polymerization. The typical PDFMA–CDBmacro-
RAFT agent was prepared as follows: a solution of DFMA (10 g,
0.025 mol), AIBN (0.027 g, 1.7 � 10�4 mol), CDB (0.227 g, 8.3 �
10�4 mol) and THF (10 ml) was added to a 50 ml vial equipped
with a magnetic stirrer, and degassed with three cycles of
freezing–pump–thawing to remove oxygen. The reactor was
purged with nitrogen, and then placed in a water bath at 70 �C
with continuous stirring. Aer 8 h, the vial was cooled in an ice-
This journal is © The Royal Society of Chemistry 2017
water bath to terminate the polymerization process. The
product was puried by precipitating into excess methanol
(three times), yielded a pink powder aer drying in a vacuum
oven for 24 h (8.80 g, 85.7 wt% yield).
2.3 Synthesis of uorinated diblock copolymer
nanoparticles via RAFT dispersion PISA in scCO2

The uorinated diblock (PDFMA-b-PMMA) copolymers were
prepared by using PDFMA–CDB as macro-RAFT agent. The
polymerization was performed in a 50 ml high-pressure auto-
clave with a magnetic stirrer. The typical diblock copolymer of
PDFMA32-b-PMMA774 was synthesized as follows. PDFMA32–

CDB (0.747 g, 5.7 � 10�5 mol), MMA (4 g, 0.04 mol), AIBN
(0.0047 g, 2.9 � 10�5 mol) were added to a 50 ml autoclave. The
autoclave was sealed and degassed with vacuum pump for
3 min to remove oxygen. Designed amounts of CO2 were then
added into the reactor and the system was then heated up to
70 �C. Initial pressures were adjusted between 29 to 30 MPa.
Polymerizations were stopped aer 24 h by cooling the auto-
clave to room temperature. Aer that the autoclave was slowly
vented, the nal product was obtained as solid blocks/powder
(yield close to 100%).
2.4 Procedure for solubility test in supercritical CO2

Solubility test was carried out in a stainless steel view cell (25.12
ml) with two observation windows, which permitted visual
observation of the phase behaviour. An accurately weighed
amount of polymer (0.150 g� 0.001 g) was added in the autoclave
with amagnetic stirrer bar before purging with a slow ow of CO2

for 5 min to remove any oxygen. The system was heated to the
desired temperature and pressurized with CO2 from a syringe
pump. The pressure was increased gradually by adding CO2 with
a ow rate of 0.10mlmin�1 to 0.20mlmin�1 until a polymer/CO2

homogeneous phase was observed. Cloud point pressure was
obtained by gradually depressurizing the bomb until the polymer
precipitated. The process was repeated three times, and an
average of the results was taken as the cloud point.
2.5 Characterization
1H NMR spectra were measured on Advance III 400 MHz NMR
spectrometer (Bruker, Faellanden, Switzerland) in deuterated
acetone solvent with tetramethylsilane as the internal standard at
room temperature. The number-average molar masses (Mn), the
weight-average molar masses (Mw) and the molar mass distri-
bution (polydispersity index: PDI ¼ Mw/Mn) were determined by
gel permeation chromatography (GPC) with THF as the eluent at
a ow rate of 1.0 ml min�1. The system was equipped with
a Waters Model 1525 HPLC pump and a Waters Model 2414
refractive index detector. The morphology of the uorinated
nanoparticles was characterized by scanning electronmicroscopy
(SEM) (S-2500, Hitachi Seiki Ltd., Japan). Samples were mounted
on aluminum foil sputter-coated with gold before analysis. The
microsphere size (Dn) and size distribution (Dw/Dn) was deter-
mined by counting at least 100 microspheres from the SEM
micrographs by using nano-measurer.
RSC Adv., 2017, 7, 51612–51620 | 51613
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Scheme 1 Synthetic procedures of the fluorinated macro-RAFT agent PDFMA–CDB and PDFMA-b-MMA diblock copolymers.
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3. Results and discussion
3.1 Synthesis and characterization of PDFMA–CDB and
PDFMA-b-PMMA

A two-step RAFT polymerization was employed for the synthesis
of these PDFMA-b-PMMA diblock copolymers. Fluorinated
macro-RAFT agent, PDFMA–CDB, was synthesized rstly using
CDB as chain transfer agent. Then, the prepared macro-RAFT
agent was used to obtain a series of diblock copolymers
PDFMA-b-PMMA via the RAFT dispersion polymerization in
scCO2. In the second step, this uorinated macro-RAFT agent
was acted as both the chain transfer agent and the stabilizer for
RAFT dispersion polymerization in scCO2. The general synthetic
procedures are shown in Scheme 1.

The chemical compositions of the uorinated macro-RAFT
agents and PDFMA-b-PMMA diblock copolymers were
conrmed by 1H NMR spectra. Fig. 1 exhibits 1H NMR spectra of
uorinated macro-RAFT (Fig. 1A) and PDFMA32-b-MMA341
diblock copolymer (Fig. 1B). It can be seen in Fig. 1A, the signals
at 7.10–7.94 ppm are characteristic of the two aromatic ortho to
the dithio group, indicating that the RAFT agent moiety
remains at the end of the polymer.28,29 The signals at 4.52–
4.99 ppm are due to the –O–CH2–Rf group of DFMA; and signals
at 5.94–6.35 ppm can be assigned to the –CHF– and –CH(CF3)2–
groups. The absorption peaks at about 1.94 and 1.10 ppm are
ascribed to –CH2– repeated units in backbone and –C–CH3
Fig. 1 1H NMR spectrum for (A) the fluorinated macro-RAFT PDFMA32–C
(Table 2, entry 6).

51614 | RSC Adv., 2017, 7, 51612–51620
pendant group in DFMA units.30 By comparison with Fig. 1A,
clearly, the emergent signals at 3.49–3.74 ppm in Fig. 1B are
designated to the –O–CH3 group of MMA units,31 which sug-
gested that the PMMA segments were coupled with PDFMA
segments and the block copolymer was achieved.

The time dependence of DFMA conversion and ln([M]0/[M])
of the polymerization under different DFMA/CDB ratios are
shown in Fig. S1.† The conversion of DFMA increased smoothly
with the increase of polymerization time while increased much
slightly with the increase of DFMA monomer concentration (or
the increase of DFMA to CDB ratio), as shown in Fig. S1(A).† As
a result, almost identical DFMA conversion was obtained at the
same polymerization time (as shown in Table 1), though the
DFMA to CDB ratios distinctly varied. Moreover, it is found that
the time dependence of ln([M]0/[M]) in the polymerization was
nearly linear at investigated DFMA to CDB ratios, especially
when the polymerization time was less than 8 hours [shown in
Fig. S1(B)†], indicates that a living/controlled radical polymeri-
zation of DFMA was achieved in the presence of CDB.

In order to investigate the inuence of the CO2-philic units,
i.e., PDFMA units on the PISA behaviour of the block copolymer
PDFMA-b-PMMA, uorinated macro-RAFT agents with different
chain lengths were prepared. All the data are listed in Table 1,
and the narrow polydispersity indexes (PDI) as shown in Table 1
and Fig. S2† indicate that the polymerizations bear living
radical polymerization characteristics. Two methods were used
DB (Table 1, entry 2) and (B) diblock copolymer PDFMA32-b-PMMA341

This journal is © The Royal Society of Chemistry 2017
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Table 1 Molecular weights (Mn) and polydispersity indexes (PDI) of the fluorinated macro-RAFT agents synthesized with RAFT polymerization in
THFa

Entry
DFMA/CDB/AIBN composition
(mol% in feed) Conv.b (%) Mn,th

c Mn,GPC
d Mn,NMR

e PDI DPf
Cloud point
(MPa) Sample name

1 10/1/0.25 85.7 3700 5100 6200 1.07 15 7.9 PDFMA15–CDB
2 30/1/0.25 88.3 10 900 9900 13 100 1.11 32 8.4 PDFMA32–CDB
3 50/1/0.25 88.9 17 600 11 000 22 000 1.12 55 8.9 PDFMA55–CDB

a The reaction temperature and time are 70 �C and 8 h respectively for all experiments. b The conversion was calculated by the weight method.
c Determined by the formula: Mn,th ¼ ([DFMA]0/[CDB]0) � MDFMA + MCDB.

d Gel permeation chromatography (GPC) in THF with PS standards.
e Calculated by the following equation: Mn,NMR ¼ 5 � (I4.31–4.96/I7.10–7.95) � MDFMA + MCDB.

f The degree of polymerization (DP) for each polymer
was calculated by the 1H NMR spectrum.

Table 2 Experimental conditions and results for the preparation of diblock copolymers with dispersion RAFT polymerization in scCO2 using
different fluorinated macro-RAFT PDFMA–CDB (first block from Table 1)a

Entry
Monomer/macro-RAFT composition
(mol% in feed)

Yield
% Mn,th

b Mn
c PDI DPd

Physical
statee Dn

f Dw/Dn
g Sample name

1 MMA/PDFMA15–CDB ¼ 100/1 96 16 272 16 000 1.09 98 SB n.a. n.a. PDFMA15-b-PMMA98
2 MMA/PDFMA15–CDB ¼ 300/1 98 36 272 41 400 1.29 351 SB and WP n.a. n.a. PDFMA15-b-PMMA351
3 MMA/PDFMA15–CDB ¼ 500/1 99 56 272 59 500 1.42 533 WP 259 1.23 PDFMA15-b-PMMA533
4 MMA/PDFMA15–CDB ¼ 700/1 99 76 272 74 200 1.41 680 WP 171 1.10 PDFMA15-b-PMMA680
5 MMA/PDFMA32–CDB ¼ 92/1 98 22 272 23 500 1.21 112 SB and WP n.a. n.a. PDFMA32-b-PMMA112
6 MMA/PDFMA32–CDB ¼ 292/1 99 42 272 46 400 1.32 341 WP 165 1.22 PDFMA32-b-PMMA341
7 MMA/PDFMA32–CDB ¼ 492/1 100 62 272 66 800 1.48 545 WP 152 1.14 PDFMA32-b-PMMA545
8 MMA/PDFMA32–CDB ¼ 702/1 100 82 272 89 700 1.26 774 WP 153 1.06 PDFMA32-b-PMMA774
9 MMA/PDFMA55–CDB ¼ 100/1 98 32 272 31 400 1.23 91 SB and WP n.a. n.a. PDFMA55-b-PMMA91
10 MMA/PDFMA55–CDB ¼ 300/1 99 52 272 58 800 1.42 365 WP n.a. n.a. PDFMA55-b-PMMA365
11 MMA/PDFMA55–CDB ¼ 500/1 99 72 272 71 500 1.43 493 WP 81 1.09 PDFMA55-b-PMMA493
12 MMA/PDFMA55–CDB ¼ 700/1 100 92 272 108 500 1.33 862 WP 102 1.08 PDFMA55-b-PMMA862
a Reactions performed with [MMA]¼ 0.8 M, [PDFMA–CDB] : [AIBN]¼ 2 : 1, in 50 ml high-pressure autoclave at 70 �C and 30 MPa for 24 h. b Mn,th ¼
(([MMA]0)/[PDFMA–CDB]0) � MMMA + MPDFMA–CDB.

c Gel permeation chromatography (GPC) in tetrahydrofuran with PS standards. d The degree of
polymerization (DP) for each polymer was calculated by the GPC. The degree of polymerization of the second block PMMA, DPnPMMA were
determined by using the following formula: DPn ¼ [(Mn of diblock copolymer PDFMA-b-PMMA � Mn,NMR of PDFMA–CDB)/molecular weight of
MMA monomer]. e Based on the visual observations made immediately aer the recovery of the polymers from the reactor, SB ¼ solid block,
WP ¼ white powder. f Dn ¼ particle size. g Dw/Dn ¼ size distribution. n.a.: not applicable.
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to estimate copolymer molecular weights (Mn): NMR (Mn,NMR)
and GPC (Mn,GPC). The Mn,NMR of PDFMA was calculated from
the integration areas of CH2 absorptions [–O–CH2–Rf (4.52–
4.99 ppm)] of DFMA and that of the aromatic protons (7.10–7.94
ppm) of CDB in the 1H NMR spectrum.Mn,GPC were consistently
lower than those calculated by NMR. The differenceMn,GPC and
Mn,NMR (especially entry 3), might be due to the inadequate
solubility of these uorinatedmacro-RAFTs in THF or due to the
different molecular structure of these prepared uoropolymers
with standard samples of PS in GPC. By giving the inadequacy of
GPC for these calculations, NMR was determined to be the best
estimate of the degree of polymerization (DP) for each PDFMA–
CDB homopolymer was calculated by Mn,NMR.

One of the most important features of the RAFT process is its
ability to reinitiate the polymer chain to continue propagation
in the presence of a second monomer, hence the capacity to
produce a range of block copolymers increases. A series of
PDFMA-b-PMMA diblock copolymers were subsequently
prepared by using the synthesized uorinated macro-RAFT
agents in scCO2, the results of which are summarized in
This journal is © The Royal Society of Chemistry 2017
Table 2. Analysis on the GPC aer chain extension shows
unimodal systems for the diblock copolymers PDFMA-b-PMMA
with the loss of the peak for PDFMA–CDB samples, which shows
that the uorinated macro-RAFT PDFMA–CDB effectively acted
as a macro chain transfer agent. All the reactions were
completed aer 24 h. Monomer conversion (MMA) was nearly
quantitative. Additionally, unimodal GPC chromatograms
smoothly shied towards the higher molecular weight side with
increasing DP of the second block PMMA with no trace from
unreacted macro-RAFT or bimolecular termination (Fig. 2, S3
and S4†). Importantly, these chain extended species, i.e.,
diblock copolymers PDFMA-b-PMMA showed relatively narrow
PDIs (<1.5) and reasonable agreement with the theoretical
molecular weight (Mn,th). The results of all characterizations
conrmed the successful synthesis of the PDFMA-b-PMMA
diblock copolymers in scCO2 (as shown in Table 2).
3.2 PISA of PDFMA-b-PMMA diblock copolymer in scCO2

Supercritical CO2 is a good solvent for most liquid vinyl
monomers, and a poor solvent for most polymers except for
RSC Adv., 2017, 7, 51612–51620 | 51615
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Fig. 2 GPC traces of the PDFMA32–CDB homopolymer (Table 1, entry
2) and PDFMA32-b-PMMAn diblock copolymers.
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some uoropolymers, poly(siloxanes), and poly(ether-
carbonate) copolymers.17,32 The uorinated macro-RAFT agent,
PDFMA–CDB, with different molecular weights (DP ¼ 15, 32
and 55) was used in this study otherwise mentioned. It was also
acted as stabilizer in the formation process of uorinated
nanoparticles. When the polymerization with a feed molar ratio
of PDFMA–CDB/MMA/AIBN ¼ 10 :5000 :1 was carried out in
scCO2 at 70 �C and 30MPa (Table 2, entry 1), a clear transition of
polymerization solution from transparent to opaque were
observed due to formation of aggregates. The aggregates were
spherical particles with PMMA core and PDFMA corona
(Scheme 2), due to the soluble nature of PDFMA in scCO2 while
PMMA remained insoluble. Fluorinated PDFMA-b-PMMA
copolymer particles having uniform particle diameters ranged
from about 80 nm to 300 nmwere prepared by tuning the length
of CO2-philic PDFMA block, CO2-phobic PMMA block and
Scheme 2 Schematic representation of the general strategy for making
self-assembly using fluorinated macro-RAFT agents in supercritical carb

51616 | RSC Adv., 2017, 7, 51612–51620
polymerization pressure. Nanoparticle structures have been
previously observed upon changing the relative mass fraction of
the constituent blocks.3 The length of CO2-philic uorinated
macro-RAFT agent, mass fraction of the constituent blocks and
selective CO2 solvent have also strongly inuence on these
segregation behavior of block copolymer phase, resulting in
nano-sized particle morphologies that are different from those
observed for micro-sized polymer particles formed in conven-
tional dispersion polymerization in scCO2.3,25,27

3.2.1 Effect of PMMA block length at a xed length of
uorinated macro-RAFT. In this section, it was studied that how
the morphology of diblock copolymer products were changed
with the length of the PMMA block (CO2-phobic), keeping the
uorinated macro-RAFT length constant. Descriptions of the
physical state based on the visual observation of the products
immediately aer the recovery of the copolymers from the
reactor are summarized in Table 2. Three types of resulting
products were obtained depending on the length of the CO2-
phobic PMMA block. When the uorinated macro RAFT agent
PDFMA–CDB with DP¼ 15 was employed, the copolymerization
of MMA in scCO2 with short PMMA block length yielded solid
blocks (Table 2, entry 1). As the PMMA block length was
increased in the PDFMA-b-PMMA diblock copolymer, the
product was obtained as the mixture of white powder and solid
block (Table 2, entry 2). By further increasing the PMMA block
length, diblock copolymers were obtained as a free owing
white powder from the reactor cell, indicating that successful
stabilization of the colloidal dispersion occurred throughout
the course of the reaction. Similar observations were also made
for PDFMA32-b-PMMAx and PDFMA51-b-PMMAx diblock copol-
ymers as shown in Table 1. Such apparent physical state
changes of the resultant products should be ascribed to the
PMMA block length and their aggregation level in scCO2

solvent. Since PMMA is insoluble in sc-CO2, when the chain
fluorinated nanoparticles via RAFT dispersion polymerization-induced
on dioxide.

This journal is © The Royal Society of Chemistry 2017
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lengths of the PMMA chain increases past a critical value,
a microphase separation occurs to form spherical aggregates
with PMMA cores stabilized by the PDFMA (Scheme 2).

According to the literature,33,34 uorinated polymers exhibit
high solubility (>10 wt%) at 25–65 �C under 35 MPa, such as
polyuoroacrylates or polyuoroethers. On the contrary, other
hydrocarbon-based polymers except some poly(propylene oxide)
(PPO)-based oligomers or poly(ethylene oxide) (PEO)-based oligo-
mers show solubility lower than 0.1 wt% (or completely insoluble)
even at the molecular weight as low as 1700, such as polystyrene,
poly(methyl methacrylate), etc. In this study, the solubility of
uorinated macro-RAFT agents and diblock copolymers was
measured in CO2 at temperatures of 70 �C and pressures ranged
from 7.5 to 35 MPa. As shown in Table 1, for uorinated macro-
RAFT agents, PDFMAn–CDB, the cloud point pressures are in
range of 7–9 MPa and it shows that these uorinated homopoly-
mers have good solubility in scCO2. Though, uorinated macro-
RAFT agents are extremely soluble in scCO2, PDFMA-b-PMMA
diblock copolymers become insoluble with the increasing length
of PMMA block. The cloud point pressures of PDFMA-b-PMMA
diblock copolymers with different block lengths were determined
in scCO2 at 70 �C. Only three diblock copolymers with short PMMA
block length, PDFMA15-b-PMMA98, PDFMA32-b-PMMA112, and
PDFMA55-b-PMMA91 gave cloud point pressure values of 28, 33
and 29 MPa, respectively, other diblock copolymers did not
dissolve completely in scCO2 at 70 �C even up to 35 MPa.

Scanning electron microscope (SEM) images also reveal that,
during themicrospheres formation, the greater DP ofMMA block
Fig. 3 SEM images of the PDFMA15-b-PMMAx diblock nanoparticles prep
RAFT agent: (A): PDFMA15-b-PMMA98; (B): PDFMA15-b-PMMA351; (C) PD

This journal is © The Royal Society of Chemistry 2017
would favours in the formation of monodispersive polymer
nanoparticles (as shown in Fig. 3, S5 and S6†). At short PMMA
block lengths, copolymer PDFMA-b-PMMA can be dissolved in
scCO2, thus gives to solid block products. As shown in Fig. 3A, the
resultant copolymers are constituted by irregularly schistose
conglomeration. By increasing the core-forming PMMA block
length, PDFMA-b-PMMA copolymers became undissolved,
leading to phase segregation of the incompatible blocks which
resulted in more block chains aggregation and some spherical
aggregates (Fig. 3B). When the chain length was much higher
than the point at which phase change occurred, aggregation of
the PMMA blocks induced the formation of spherical aggregates
and the SEM image in Fig. 3C and D demonstrates the formation
of the spherical aggregates, which was consistent with previous
results reported.35 But there was an apparent lack of morphology
transition in previous reports,13,23 where a range of nanoparticles
with the sphere to worm to vesicle order–order transitions were
observed with increasing the length of solvophobic block for
a xed solvophilic block. Such differencemight be ascribed to the
high miscibility of the PDFMA and PMMA blocks in scCO2.
Enhancement of miscibility between poorly compatible polymers
is a well-known phenomenon for blends formation in scCO2.36

3.2.2 Effect of the length of uorinated macro-RAFT agent.
The effect of the length of uorinated macro-RAFT agent was
investigated using different DP of PDFMA block. All reactions
were performed at 70 �C and 30 MPa. Fluorinated macro-RAFT
agents which was acted as chain transfer agent and CO2-philic
stabilizer had varying chain length; however, the length of
ared with RAFT dispersion in sc CO2 using PDFMA15–CDB as a macro-
FMA15-b-PMMA533; (D): PDFMA15-b-PMMA680.

RSC Adv., 2017, 7, 51612–51620 | 51617
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PMMA block was kept approximately constant. These experi-
ments were performed to demonstrate that it was also possible
to control particles size by varying the DP of the CO2-philic
block length. The results of these experiments are summarized
in Table 2.

As the length of CO2-philic block PDFMA was increased,
there was a corresponding decrease in particle size. The
morphology change with increasing DP of the uorinated
macro-RAFT was evidenced by SEM as shown in Fig. 4. The
particles, though retained narrow particle size distributions,
showed decrease in diameter from 259 to 81 nm when the DP of
CO2-philic block PDFMA increased from 15 to 55. The stabilizer
with the longer uorinated block also led to a narrow particle
size polydispersity (Dw/Dn), which ranged from 1.23 to 1.09 for
the PDFMA block with DP of 15 and 55, respectively. This is in
agreement with studies involving the synthesis of cross-linked
polymer microspheres in scCO2, where it was found that
surfactants with longer uorinated blocks tended to give rise to
better particle size control.35 These results are also in accord
Fig. 4 SEM images of the PDFMA-b-PMMA block nanoparticles prepar
fixed PMMAx of 500. (A) PDFMA15-b-PMMA533; (B) PDFMA32-b-PMMA545

51618 | RSC Adv., 2017, 7, 51612–51620
with ndings in conventional liquid solvents, where an increase
in molecular weight of the polymeric dispersant increases the
viscosity of the continuous phase and leads to a more efficient
dispersion polymerisation.37 This provides better stabilization
due to higher equilibrium amounts of stabilizer and a thicker
layer of stabiliser on the particle surfaces.

3.2.3 Effect of CO2 pressure. A primary advantage of
employing scCO2 as a reactionmedium lies in the ability to tune
the solvent density and dielectric constant by simply changing
either temperature or pressure. This property allows the explo-
ration of solvent effects on a polymerization without need of
adding a cosolvent. Fig. 5 shows the variation in morphology for
the different pressures: 10, 20 and 30 MPa. The diameter of the
resultant copolymer PDFMA-b-PMMA particles increased
slightly from 141 to 153 nm with the polymerization pressure
raised from 10 to 30MPa. When initial pressure was 10MPa, the
dispersion might be initially stable, but occulation would
occur during the course of the reaction, and the resulting
polymer was found to be agglomerated as shown by SEM image
ed using PDFMAn–CDB with variable PDFMA length and with a nearly
; (C): PDFMA55-b-PMMA493.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 SEM images of PDFMA-b-PMMA block nanoparticles prepared in scCO2 at different polymerization pressure. Reactions performed with
[MMA] ¼ 0.8 M, MMA/PDFMA32–CDB/AIBN ¼ 692/1/0.5 (mol% in feed) at 70 �C for 24 h. (A) 10 MPa (B) 20 MPa, (C) 30 MPa (entry 8 in Table 1).
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(Fig. 5A). Simultaneously, the particle size distribution (Dw/Dn)
was narrowed from 1.61 to 1.06 when the initial pressure
increased from 10 to 30 MPa. As the pressure increased, the
solvency of the medium for growing polymer chains were also
increased, and this resulted in an increase in critical molecular
weight for the microphase of growing oligomeric radicals.38

Therefore, the solubility of PDFMA-b-PMMA copolymers in
scCO2 increases with increasing pressure as result of the
increase in CO2 density, leading to well dispersed nanoparticles
in scCO2.
4. Conclusion

Herein we have described the synthesis and detailed charac-
terization of uorinated copolymer diblock nanoparticles based
on poly(dodecauoroheptyl methacrylate)-b-poly(methyl meth-
acrylate) (PDFMA-b-PMMA) formed in situ via RAFT dispersion
polymerization-induced self-assembly using uorinated macro-
RAFT agents in supercritical carbon dioxide. It was found that
polymeric nanoparticles with different particle size and poly-
dispersity can be prepared by tuning the length of CO2-philic
PDFMA block, CO2-phobic PMMA block and polymerization
pressure. Results indicate that, by adjusting the polymeric
degree of the two segments in diblock copolymer and increase
of polymerization pressure, uniform particle size distribution of
microspheres can be obtained by polymerization-induced self-
assembly in scCO2. The nanoparticles obtained by this
strategy are very stable and easy to dry. This method enables
various possible paths to study the extensive applications of
uorinated polymeric nanoparticles.
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