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The dispersion RAFT polymerizations mediated with the poly(ethylene glycol) based
monofunctional and bifunctional macro-RAFT agents were comparatively studied. These
two cases of dispersion RAFT polymerization have similar polymerization kinetics, whereas

lead to different block copolymer morphologies.
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Abstract: Bifunctional macromolecular RAFT (macro-RAFT) agent mediated polymerization affords one-step synthesis of BAB
triblock copolymer, which may has special morphology. However, the bifunctional macro-RAFT agent mediated polymerization under
heterogeneous condition is rarely reported. In this contribution, the dispersion RAFT polymerizations of styrene in the methanol/water
mixture mediated with the poly(ethylene glycol) based monofunctional and bifunctional macro-RAFT agents, which afford the AB
diblock copolymer of poly(ethylene glycol)-block-polystyrene (mPEG-b-PS) and the BAB triblock copolymer of polystyrene-block-
poly(ethylene glycol)-block-polystyrene (PS-b-PEG-b-PS), respectively, are compared. It is found that these two dispersion RAFT
polymerizations have similar polymerization rate, and almost full monomer conversion can be achieved. The molecular weight of both
the mPEG-b-PS diblock copolymer and the PS-b-PEG-b-PS triblock copolymer linearly increases with the monomer conversion, whereas
the control over the polydispersity index (PDI) of the PS-b-PEG-b-PS triblock copolymer is not as good as that of the mPEG-b-PS
diblock copolymer. The monofunctional macro-RAFT agent mediated dispersion polymerization affords the in situ synthesis of the
mPEG-b-PS colloidal nanoparticles, which can be uniformly distributed in the polymerization medium and whose size increases with the
extension of the solvophobic PS block. Whereas, the bifunctional macro-RAFT agent mediated dispersion polymerization leads to the
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mixture of colloidal nanoparticles and gel-like networks of the PS-b-PEG-b-PS triblock copolymer.

1 Introduction

Block copolymer nanoparticles, especially amphiphilic block
copolymer nanoparticles, have received great interest for their
applications in cosmetics, drug delivery, catalysis, stabilization of
emulsions and surface coatings.>* In the past twenty years or so,
the self-assembly of amphiphilic block copolymers in the block-
selective solvent into block copolymer nano-objects has been
widely documented,>?® and this strategy is demonstrated to be
valid in the preparation of amphiphilic block copolymer nano-
objects. For amphiphilic AB diblock copolymers (Note: the A
block represents solvophilic block and the B block represents the
solvophobic block throughout this manuscript) in the selective
solvent for the A block (A-selective solvent), corona-core
micelles, in which the A block forms the corona and the B block
forms the core, are usually formed.>® The morphology of the
ABA triblock copolymer micelles in the A-selective solvent is
similar to the AB diblock copolymer micelles in most cases.***2
However, the micellization of symmetrical amphiphilic BAB
triblock copolymers in the A-selective solvent is much more
complex.’*% There are three possible BAB triblock copolymer
morphologies: (i) flower-like corona-core micelles in which the
middle corona-forming A block takes loop conformation with the
both-end B blocks located in the same micellar core following the
closed association mechanism (Scheme 1A);**® (ii) dangled
micelles with one of the insoluble B blocks dangling in the shell
(Scheme 1B);**? (iii) branched micellar aggregates including
interconnected micelles and gel networks with the two B blocks
incorporated in different micellar cores following an open
association mechanism (Scheme 1C),’*% in the A-selective

solvent. The formation of interconnected micelles and gel
networks is an important feature which distinguishes BAB
so triblock copolymers from the AB diblock copolymers.’*%® This
bridging of micelles in addition to entanglement at high
concentrations can ultimately lead to BAB triblock copolymer gel.

A B C

I)ri(lge\
loop dangling end

BAB triblock copolymer

Scheme 1. Morphologies of the symmetrical amphiphilic BAB triblock
55 copolymers in the A-selective solvent.

Recently, polymerization-induced self-assembly (PISA) has
attracted increasing interest since it offers an efficient route for
the in situ synthesis of amphiphilic block copolymer nano-objects
at relatively high copolymer concentrations (up to 30%),>* which

e iS much beyond the micellization of amphiphilic block
copolymers in block-selective solvents. Notable contributions
have been made by the research groups led by Charleux,??’
Monteiro,?° Cunningham® and Hawkett®:2 in the emulsion
RAFT polymerization and by Charleux,®*** Pan,*3" Armes,34°

es and An*'*3 in the dispersion RAFT polymerization. We have also
found that the character of the macro-RAFT agent including the
polymerization degree (DP) of the macro-RAFT agent and the
solvophilic/solvophobic balance in the macro-RAFT agent exerts
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great influence on the polymerization Kkinetics and the
morphology of the in situ synthesized block copolymer nano-
objects during the macro-RAFT agent mediated dispersion
polymerization.***® Up to the present, the monofunctional macro-
RAFT agent has been usually employed either in the emulsion
polymerization or in the dispersion polymerization,®*° and
therefore AB diblock copolymer nano-objects or ABA triblock
copolymer nano-objects have been prepared. However, nothing
or very little is known about the bifunctional macro-RAFT agent
mediated dispersion polymerization and about the morphology of
the in situ synthesized BAB triblock copolymers under the PISA
condition, although this bifunctional macro-RAFT agent
mediated polymerization under homogeneous condition has been
repOI'IEd.ZO'Zl’Sl’SZ

In this contribution, the monofunctional macro-RAFT agent
of S-1-dodecyl-S'-(a,0/-dimethyl-o-acetic acid) trithiocarbonate-
terminated poly(ethylene glycol) monomethyl ether (MPEG-TTC,
in which TTC represents the RAFT terminal of trithiocarbonate)
and the bifunctional macro-RAFT agent of bis(S-1-dodecyl-S'-
(o,0’-dimethyl-o"-acetic acid) trithiocarbonate-terminated
poly(ethylene glycol) (TTC-PEG-TTC) with similar molecular
weight were synthesized (Scheme 2), and their mediated
dispersion RAFT polymerizations of styrene and the
morphologies of the in situ synthesized AB diblock copolymer of
poly(ethylene glycol)-block-polystyrene (mPEG-b-PS) and the
BAB triblock copolymer of polystyrene-block-poly(ethylene
glycol)-block-polystyrene (PS-b-PEG-b-PS) are comparatively
studied. It is found that, the bifunctional macro-RAFT agent
mediated dispersion polymerization of styrene shows a similar
polymerization kinetics to that in the presence of the
monofunctional macro-RAFT agent, whereas it affords much
different block copolymer morphologies. That s, the
monofunctional macro-RAFT agent mediated dispersion
polymerization leads to AB diblock copolymer colloidal
nanoparticles, and the bifunctional macro-RAFT agent mediated
dispersion polymerization results in the mixture of BAB triblock
copolymer nanoparticles and gel-like networks.

2 Experimental

2.1 Materials

Styrene (St, >98%, Tianjin Chemical Company, China) was
distilled under reduced pressure prior to use. Poly(ethylene glycol)
monomethyl ether (MPEG;;5-OH, M, = 5000 g/mol and mPEGs-
OH, M, = 2000 g/mol, Aldrich) and dihydroxyl-terminated
poly(ethylene glycol) (HO-PEG;3-OH, M, = 6000 g/mol and
HO-PEG,5-OH, M,, = 2000 g/mol, Alfa Aesar) were purified by
azeotropic distillation with dry toluene before use. S-1-Dodecyl-
S'-(a,a’-dimethyl-a"-acetic acid) trithiocarbonate (DDMAT) was
synthesized as reported previously.*® 2,2°-Azobis(isobutyronitrile)
(AIBN, >99%, Tianjin Chemical Company, China) was
recrystallized from ethanol before being used. Oxalyl chloride
[(COCI),, 98%, Tianjin Chemical Company, China] was freshly
distilled before use. Dichloromethane (DCM, >99%, Tianjin
Chemical Company, China) was freshly distilled from CaH, prior
to use. All other chemical reagents with analytical grade were
purified by standard procedures or used as received. Deionized
water was used.
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2.2 Synthesis of the monofunctional macro-RAFT agent of
MPEG;;5-TTC and the bifunctional macro-RAFT agent of
TTC-PEG3-TTC

Into a dry flask, DDMAT (1.46 g, 4.00 mmol) and DCM (20.0
mL) were added, and then dropwise addition of oxalyl chloride
[(COCI),, 1.7 mL, 20.0 mmol] dissolved in DCM (10.0 mL) in 10
min under nitrogen atmosphere was followed. The mixture was
magnetically stirred under nitrogen atmosphere at 25 °C for about
2 h until the gas evolution stopped. The solvent and the excess
oxalyl chloride were removed by rotary evaporation under
vacuum at 30 °C (Note: to remove all the oxalyl chloride, 20 mL
of DCM was added to re-dissolve the brown residue and then the
rotary evaporation was performed, and the
dissolution/evaporation cycles were repeated three times). Into
the flask, mPEG;;5-OH (10.0 g, 2.00 mmol) or HO-PEG;35-OH
(6.0 g, 1.00 mmol) dissolved in DCM (40.0 mL) was added under
nitrogen atmosphere. The reaction was allowed to proceed for 24
h at 25 °C with magnetically stirring under nitrogen atmosphere.
The solution was concentrated under reduced pressure, and the
polymer was precipitated in n-hexane and dried in a vacuum oven
at room temperature to afford the monofunctional macro-RAFT
agent of mPEG,15-TTC (10.4 g, 97% vyield) or the bifunctional
macro-RAFT agent of TTC-PEG;35-TTC (6.4 g, 96% yield).

2.3 Dispersion polymerization of styrene mediated with the
monofunctional or bifunctional macro-RAFT agent

The macro-RAFT agent of mPEG;;5-TTC or TTC-PEG3-TTC
mediated dispersion polymerization of styrene was carried out in
the methanol/water mixture (80:20 w/w) at 70 °C with the weight
ratio of the styrene monomer to the solvent at 15%, in which the
molar ratio of [St],:[mMPEG;3-TTC]o:[AIBN], = 900:3:1 or
[St]o:[TTC-PEG36-TTC]o:[AIBN], = 900:3:2. Note: the molar
ratio of [monomer],/[macro-RAFT] /[initiator], in  the
bifunctional ~ macro-RAFT  agent  mediated  dispersion
polymerization is different from that in the case of the
monofunctional macro-RAFT agent due to the double RAFT
terminals in TTC-PEG36-TTC, and this selection can afford the
similar molecular weight of the synthesized AB and ABA block
copolymers at similar monomer conversion. The polymerization
procedures in the two cases of the poly(ethylene glycol) based
macro-RAFT agent mediated dispersion polymerization are very
similar to each other, and herein the mPEG;;5-TTC mediated
dispersion polymerization is typically introduced. Into a 25 mL
Schlenk flask with a magnetic bar, mPEG;;5-TTC (0.170 g,
0.0321 mmol), St (1.00 g, 9.60 mmol), and AIBN (1.76 mg,
0.0107 mmol) dissolved in the methanol/water mixture (80:20
wi/w, 6.69 g) were added, and then the mixture was degassed with
nitrogen at 0 °C for 30 min. The polymerization was started by
immersing the flask into preheated oil bath at 70 °C. After a given
time, the polymerization was quenched by immersing the flask in
iced water and the polymerization solution was exposed to air.
The monomer conversion was detected by UV-vis analysis as
discussed elsewhere,**** in which a given volume of the colloidal
dispersion (ca. 1.0 mL) was filtrated twice with a 0.22 um nylon
filter, and then the filtrate was diluted with ethanol and analyzed
at 245 nm. To detect the morphology of the resultant colloids, a
small drop of the colloidal dispersion was deposited onto a piece
of copper grid, dried under vacuum at room temperature, and then
observed by transmission electron microscopy (TEM). To collect
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the polymer for the GPC and *H NMR analysis, the colloidal
dispersion was precipitated into the mixture of diethyl ether and
n-hexane (3:1 w/w), collected by three precipitation/filtration
cycles, and then dried under vacuum at room temperature to
afford the pale yellow block copolymer.

2.4 Apparatus and characterization

The 'H NMR analysis was performed on a Bruker Avance IlI
400MHz NMR spectrometer using CDCl; as solvent. The
molecular weight and its distribution [or the polydispersity index
(PDI, PDI = M,,/M,))] of the synthesized block copolymers were
determined by gel permeation chromatography (GPC) equipped
with a Waters 600E GPC system equipped with the TSK-GEL
columns and a Waters 2414 refractive index detector, where THF
was used as eluent at the flow rate of 0.6 mL/min at 30.0 °C and
the narrow-polydispersity polystyrene was used as calibration
standard. Transmission electron microscopy (TEM) observation
was performed by using a Tecnai G F20 electron microscope at
an acceleration of 200 kV or a JEOL 100CX-IT electron
microscope at 100 kV. Differential Scanning Calorimetric (DSC)
analysis was carried out on a NETZSCH DSC 204 differential
scanning calorimeter under nitrogen atmosphere, in which the
samples were heated to 150 °C at the heating rate of 10 °C/min,
cooled to -80 °C in 10 min, and then heated to 180 °C at the
heating rate of 10 °C/min.

3 Results and discussion

3.1 Synthesis of MPEG;15-TTC and TTC-PEG;3,-TTC

The poly(ethylene glycol) based macro-RAFT agents of
MPEG;3-TTC and TTC-PEG3-TTC were prepared by
esterification reaction of the hydroxy terminal in the
monohydroxyl-terminated poly(ethylene glycol) or in the
dihydroxyl-terminated poly(ethylene glycol) with the carboxyl
group in the trithiocarbonate of DDMAT as shown in Scheme 2
as described elsewhere.? Following this method, DDMAT was
first reacted with (COCI), to afford the acyl chloride modified
DDMAT, and then the esterification reaction between the acyl
chloride modified DDMAT and the hydroxyl-terminated
poly(ethylene glycol) at 25 °C was performed. To ensure
complete esterification of the hydroxyl-terminated poly(ethylene
glycol), 2-fold excess of the acyl chloride modified DDMAT was
used. After esterification, the excess acyl chloride modified
DDMAT was removed by depositing the macro-RAFT agent of
MPEG;,3-TTC or TTC-PEG3-TTC in n-hexane, in which the
acyl chloride modified DDMAT is soluble and the poly(ethylene
glycol) based macro-RAFT agent is insoluble. Following these
procedures, high yield of mPEG;;5-TTC (97% yield) and TTC-

1 (coc) 2
S, .S SR o S..S —
‘H;‘[sr OH 25°C,2h “H;“Isfﬁ\m

PEG35-TTC (96% yield) were obtained.
o b
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Figure 1."H NMR spectra of DDMAT (A), mPEG;;5-TTC (B), and TTC-
PEG136-TTC (C) in CDCls.

50 Figure 1 shows the 'H NMR spectra of the synthesized
monofunctional macro-RAFT agent of mPEG;;5-TTC and the
bifunctional macro-RAFT agent of TTC-PEG,3,-TTC as well as
the precursor of DDMAT. Compared to the DDMAT precursor
(Figure 1A), there appear some new peaks at 6 = 4.25 ppm (f or f')

ss corresponding to the proton of -CH,-O(C=0) and at = 3.64 ppm
(g or g) corresponding to the methylene proton in the
poly(ethylene glycol) chains, confirming formation of the macro-
RAFT agents of mPEG;3-TTC (Figure 1B) and TTC-PEG;36-
TTC (Figure 1C). The esterification efficiency of the hydroxyl-

e terminated poly(ethylene glycol) can be estimated by the area
ratio of the signal at = 4.25 ppm (f or ') and the signal at & =
3.26 ppm (d) corresponding to the proton of CH;-(CH,)10-CH,S,
and it is suggested that more than 99% mPEG,,3-OH is converted
into MPEG;45-TTC and 95% HO-PEG;3,-OH is converted into

s TTC-PEG;36-TTC, respectively. The molecular weight M, yvr OF
the monofunctional macro-RAFT agent of mPEG;,5-TTC at 5.5
kg/mol and the bifunctional macro-RAFT agent of TTC-PEG;3¢-
TTC at 6.8 kg/mol can be calculated by comparing the integration
areas of the signal at 6 = 1.10-1.45 ppm (b) and the signal at 6 =

70 3.64 ppm (g or g). It is found that the molecular weight M, nur
of the poly(ethylene glycol) based macro-RAFT agent is slightly
higher than or very close to that of the corresponding hydroxyl-
terminated poly(ethylene glycol).

(o]
PEG413-OH
_mPEGy3OH 1«)1—15!97{'\0{\,0)“\

25°C,24h
mPEG,;-TTC

o s
HO-PEG 35-OH S. .6
L 10 e o)
25°C, 24 h Hﬂg 761\0'(\’ Q) sHsthn

DDMAT acyl chloride modified DDMAT TTC-PEG,3,-TTC

Scheme 2. Synthesis of MPEG113-TTC and TTC-PEGy3,-TTC.
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Scheme 3. The dispersion RAFT polymerization of styrene in the presence of MPEG;13-TTC (A) or TTC-PEG;3-TTC (B).

Figure 2 shows the GPC traces of the synthesized
monofunctional macro-RAFT agent of mPEG;;3-TTC and the
s bifunctional macro-RAFT agent of TTC-PEG;3-TTC. Based on
the GPC traces, the number-average molecular weight M, cpc at
9.0 kg/mol and PDI at 1.03 for the monofunctional mPEG,5-TTC
macro-RAFT agent and M, gpc at 11.5 kg/mol and PDI at 1.02 for
the bifunctional TTC-PEGy3-TTC macro-RAFT agent are
obtained. The M, gpc Of the poly(ethylene glycol) based macro-
RAFT agent by GPC analysis is much higher than the
corresponding M, nmr DY 'H NMR analysis, and the reason is
possibly due to the polystyrene standard used in the GPC analysis.

A B

M, = 9.0 kg/mol
PDI = 1.03

N\

M, = 11.5 kg/mol
PDI = 1.02

/

3.6 4.0 42

log Mw

3.8 4.4

Figure 2. The GPC traces of mPEG15-TTC (A) and TTC-PEG;3-TTC
(B).

3.2 The monofunctional or bifunctional macro-RAFT agent
mediated dispersion polymerization

To make comparison, the two dispersion RAFT polymerizations
mediated with the monofunctional mMPEG;13-TTC macro-RAFT
agent and with the bifunctional TTC-PEG3,-TTC macro-RAFT
agent as shown in Scheme 3 are performed under very similar
conditions such as the same weight ratio of the feeding monomer
to the solvent of the methanol/water mixture (80:20 w/w) at 15%
and the same polymerization temperature of 70 °C. The solvent
mixture of methanol/water (80:20 w/w) is chosen because it is a
good solvent of the styrene monomer and the mPEG;;5-TTC (or
TTC-PEG,3,-TTC) macro-RAFT agent, but a non-solvent of the
PS block, which is essential for the in situ synthesis of the block
copolymer nano-objects under the PISA condition. However, due
to the double RAFT terminals in the bifunctional macro-RAFT
agent, the molar ratio of [St],:[macro-RAFT agent],:[AIBN],,
900:3:2 in the case of the TTC-PEG35-TTC macro-RAFT agent
mediated dispersion polymerization and 900:3:1 in the case of the
MPEG,5-TTC  macro-RAFT agent mediated dispersion
polymerization, is slightly different. This difference ensures these
two dispersion RAFT  polymerizations with  similar
polymerization kinetics and the similar molecular weight of the
synthesized AB diblock copolymer and the BAB triblock

S

a

S

&

w0 copolymer at a given monomer conversion as discussed
subsequently.
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a
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Figure 3. The monomer conversion-time plots (A) and the In([M]o/[M])-
45 time plots (B) for the dispersion RAFT polymerization of styrene in the
presence of MPEGy13-TTC or TTC-PEG3-TTC.

In the general monofunctional macro-RAFT agent mediated
dispersion polymerization especially in the case of inactive
monomers such as styrene, an initial homogeneous

so polymerization and a subsequent heterogeneous polymerization
are usually observed even by the naked eye.®3%#** The initial
homogeneous stage is due to the synthesized block copolymer
containing a relatively short solvophobic block and therefore
being soluble in the polymerization medium at the polymerization
ss temperature. With the proceeding of the RAFT polymerization,
the solvophobic block extends and the block copolymer becomes
molecularly insoluble, and self-assembly of the synthesized block
copolymer occurs, and then the subsequent heterogeneous
polymerization takes place under dispersion condition. In the
0 present monofunctional MPEG;;5-TTC macro-RAFT agent
mediated dispersion polymerization, the similar polymerization
kinetics including an initial 4 h homogeneous stage below 14.8%
monomer conversion and a subsequent heterogeneous stage is
observed as shown in Figure 3A. Figure 3B shows the
s In([M]o/[M]) vs polymerization time plot, in which a two-stage
plot containing a gradient linear stage corresponding to the initial
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homogeneous polymerization and a steep linear one
corresponding to the later heterogeneous polymerization is
observed. This suggests that the present monofunctional
MPEG;13-TTC  macro-RAFT agent mediated dispersion
polymerization runs  similarly  with  those  discussed
elsewhere.®83%4448 The in situ synthesized diblock copolymer
nano-objects of MPEGy5-b-PS can be uniformly dispersed in the
polymerization medium even at the high monomer conversion of
96.1% in 18 h (Figure 4). The dispersion polymerization in the
presence of the bifunctional TTC-PEG;3-TTC macro-RAFT
agent undergoes a similar polymerization kinetics as shown in
Figure 3. However, two differences have been observed in the
bifunctional TTC-PEG;3-TTC macro-RAFT agent mediated
dispersion polymerization. First, a shorter homogeneous stage
exists in the bifunctional TTC-PEG;3-TTC macro-RAFT agent
mediated dispersion polymerization than that in the case of the
monofunctional MPEG;,3-TTC macro-RAFT agent as indicated
by the insets in Figure 3B (2 h vs 4 h). Second, the in situ
synthesized PS-b-PEG;34-b-PS triblock copolymer cannot be
uniformly dispersed in the polymerization medium. Note: to
discern the synthesized block polymer distributed in the
polymerization medium, all samples are transferred from the
Schlenk flasks into glass bottles without any dilution. As shown
in Figure 4, gel-like polymer deposits on the bottom of the bottles
even at low monomer conversion of 6.51% in 2 h. At high
monomer conversion of 97.5% in 18 h, some powder-like
polymer attached on the wall of the bottles and deposited on the
bottom of the bottles is discerned. The different appearance of the
gel-like polymer in the initial polymerization stage and the
powder-like polymer in the later polymerization stage is partly
due to the different glass transition temperatures (T,s) of the
synthesized PS-b-PEG34-b-PS triblock copolymers with different
DP of the PS block, which will be discussed subsequently.

IIIPEG113-TTC

35 Figure 4. Optical photos of the polymerization solution of the dispersion

RAFT polymerization in the presence of the monofunctional mPEG;;3-
TTC macro-RAFT agent (A) or the bifunctional TTC-PEG;3-TTC
macro-RAFT agent (B) at different polymerization times.

The synthesized block copolymers, the mMPEG;5-b-PS

40 diblock copolymer in the case of the monofunctional mMPEG;;5-

TTC macro-RAFT agent mediated dispersion polymerization and
the PS-b-PEG34-b-PS triblock copolymer in the case of the
bifunctional TTC-PEG;3-TTC macro-RAFT agent mediated
dispersion polymerization, are separated and then characterized

45 by 'H NMR analysis (Figure S1) and GPC analysis (Figure 5). As

shown in Figure S1, the mPEG;,3-b-PS diblock copolymers and
the PS-h-PEG35-b-PS triblock copolymers have very similar H
NMR spectra. With increase in polymerization time, the proton
resonance signals at 0 = 6.26-7.23 ppm (j, I, k or j, I', k')

so corresponding to the PS block increase gradually, indicating the

chain extension of the PS block in the mPEG;5-b-PS diblock
copolymers and in the PS-b-PEG;34-b-PS triblock copolymers.
By comparing the proton resonance signals at 6 = 6.26-7.23 ppm
G, I, korj,I' k") and 6 = 3.64 ppm (g or g'), the molecular weight

ss Mpnwr Of the MPEG;5-b-PS diblock copolymer and the PS-b-

PEG;3¢-b-PS triblock copolymer synthesized at different
polymerization times is calculated and summarized in Figure 5.
From Figure 5, the different GPC traces for the mPEG;5-b-PS
diblock copolymer and the PS-b-PEG;34-b-PS triblock copolymer

0 are clearly discerned. That is, the mMPEG;33-b-PS diblock

copolymer shows monomodal GPC traces or GPC traces with
very slight shoulder at the high molecular weight side at high
monomer conversion; whereas all the GPC traces of the PS-b-
PEG3¢-b-PS triblock copolymer have an obvious shoulder at

es high molecular weight side even at low monomer conversion of

6.51% in 2 h. Correspondingly, the PDI of the mPEG;;3-b-PS
diblock copolymer is generally below 1.1, and the PDI of the PS-
b-PEG36-b-PS triblock copolymer locates 1.2 at moderate
monomer conversion and it further increases to 1.35 at high

70 monomer conversion. This suggests that the dispersion RAFT

polymerization mediated with the bifunctional TTC-PEG3,-TTC
macro-RAFT agent is not as well controlled as that mediated with
the monofunctional MPEG;;5-TTC macro-RAFT agent. The
relatively high PDI of the PS-b-PEG,34-b-PS triblock copolymer

75 1S possibly due to the triblock copolymer being not uniformly

distributed in the polymerization medium as discussed above,
which makes different accessibility of the styrene monomer to the
triblock copolymer nucleus and therefore results in the relatively
broad distribution of the polymer molecular weight. Despite the

s relatively high PDI of the PS-b-PEG,36-b-PS triblock copolymer,

the linear increase in the polymer molecular weight whether by
GPC analysis (M,cpc) Or by H NMR analysis (M nmr) With
monomer conversion is detected (Figure 5), which is similar to
that in the monofunctional MPEG,3-TTC macro-RAFT agent

ss mediated dispersion polymerization. It is found that M, gpc Of the

synthesized mMPEG;5-b-PS diblock copolymer or the PS-b-
PEG34-b-PS triblock copolymer by GPC analysis is slightly
higher than the corresponding M,nwr DY 'H NMR analysis,
which is very close to the theoretical molecular weight My, by

o the monomer conversion according to egn 1 as described

elsewhere,” and the reason is possibly due to the polystyrene
standard employed in the GPC analysis.

_ [monomer] ; xM

[RAFT], ®

nith TRNOMEL % CONVErsion+ M g,er
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Figure 5. The GPC traces and the evolution of the molecular weight and the PDI (My/M,) values of the mPEG;13-b-PS diblock copolymers (A) and the
PS-b-PEG34-b-PS triblock copolymers (B) synthesized through the dispersion RAFT polymerization mediated with the monofunctional macro-RAFT
agent of mPEG;;5-TTC and with the bifunctional macro-RAFT agent of TTC-PEG;36-TTC.
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Figure 6. The DSC thermograms of mPEG;13-TTC (A), TTC-PEGs6-
TTC (B), Pslgz'TTC (C), mPEG113'b'P8235 (D) and PS146'b'PEG135'b'
PSi46 (E).

-80

5

The typical diblock copolymer of mMPEG;;5-b-PSygs and the

10 triblock copolymer of PSye-b-PEG;36-b-PS14 as well as the
reference polymers of mMPEG;;53-TTC, TTC-PEG3-TTC and
PS15,-TTC (seeing the synthesis in ref. 50) are further
characterized by DSC analysis. From the DSC thermograms
shown in Figure 6, two conclusions are made. First, the PEG

1s block and the PS block either in the mPEG;;3-b-PS,gs diblock
copolymer or in the PSy45-b-PEG136-b-PSy46 triblock copolymer
are immiscible,*® since two separate Tgs corresponding to the
PEG block and the PS block are detected (Figures 6D and 6E).
Second, it seems that the PEG block in the mPEG;;3-b-PSygg

20 diblock copolymer is more crystalline than that in the PS4s-b-
PEG36-b-PS146 triblock copolymer,® since a sharp and narrow
melting temperature (T,,) is detected in the former case (Figure
6D). The reason that the PEG block in the mPEG;13-b-PS,gg
diblock copolymer is more crystalline than that in the PSys6-b-

25 PEGy36-b-PSy46 triblock copolymer needs further study.

As discussed previously,”**%° the general macro-RAFT
agent mediated dispersion polymerization affords the in situ
synthesis of block copolymer nano-objects, and the size or
morphology of the block copolymer nano-objects changes with

2 the extension of the solvophobic block during the dispersion
RAFT polymerization. The morphologies of the mPEG;;5-b-PS
diblock copolymers and the PS-b-PEG;36-b-PS triblock
copolymers prepared at different monomer conversions are
checked and the results are shown in Figures 7-9. The TEM

s images shown in Figure 7 clearly suggest formation of the
MPEG;15-b-PS  diblock copolymer nanoparticles in the
monofunctional MPEG;;5-TTC macro-RAFT agent mediated
dispersion polymerization. These nanoparticles are expected to
have a corona-core structure, in which the solvophilic PEG block

40 forms the corona and the solvophobic PS block forms the core.
The average diameter (D) of the mPEG;5-b-PS nanoparticles is
evaluated by statistical analysis of above 100 particles, and it

This journal is © The Royal Society of Chemistry [year]
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increases from 11 to 25 nm with the increasing polymerization
time from 4 to 18 h or with the extending DP of the PS block
from 44 to 288 as shown in Figure 8. Figure 9 shows the TEM
images of the PS-b-PEG34-b-PS triblock copolymers synthesized
through the bifunctional TTC-PEGy3,-TTC macro-RAFT agent
mediated dispersion polymerization at different polymerization
time, in which the mixture of small-sized nanoparticles and large-
sized aggregates is observed even at low monomer conversion of
6.51%. Interestingly, some of the small-sized nanoparticles are
10 attached on the large-sized aggregates, which is believed to
increase the dispersion of the large-sized aggregates in the
solvent during the dispersion RAFT polymerization. The large-
sized aggregates should be due to the bridge connection between
the two terminal solvophobic PS blocks in the PS-b-PEG;3¢-b-PS
triblock copolymer, which leads to formation of the large-sized
gel-like networks of BAB triblock copolymer. The small-sized
triblock copolymer nanoparticles are expected to have a flower-
like corona-core structure, in which the solvophilic central PEG
block forms the loop corona and the two terminal solvophobic PS
blocks form the core as shown in Scheme 1A. The size of the
small-sized triblock copolymer nanoparticles is not precisely
calculated, since it is not easy to identify the single nanoparticles
from the mixture of the small-sized nanoparticles and the large-
sized aggregates. However, by comparing the TEM images
shown in Figure 7 and Figure 9, it seems that the smallest PS-b-
PEG3¢-b-PS triblock copolymer nanoparticles is even larger than
the mPEG5-b-PS diblock copolymer nanoparticles with the
similar polymer composition. For example, the size of the
smallest PSy46-b-PEG;36-b-PSy46 triblock copolymer nanoparticles
is above 40 nm (Figure 9D), which is much larger than 25 nm of
the mMPEG;5-b-PSygg diblock copolymer nanoparticles shown in
Figure 7D, although the PSl45'b-PEGlge'b-Psl4e triblock
copolymer has a similar composition to the MPEG;13-b-PS,gg
diblock copolymer.
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Flgure 7. TEM images of the mPEGm—b—PS diblock copolymer

nanoparticles prepared through the monofunctional mPEG;43-TTC macro-

RAFT agent mediated dispersion polymerization at the polymerization
40 time of 4 h (A), 6 h (B), 7 h (C) and 18 h (D).
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Figure 8. The evolution of the average diameter (D) of the mPEG15-b-PS
diblock copolymer nanoparticles with the polymerization time or the DP
of PS block.
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Figure 9. TEM images of the PS-b-PEGs-b-PS triblock copolymers
prepared through the bifunctional TTC-PEG;3-TTC macro-RAFT agent
mediated dispersion polymerization at the polymerization time of 2 h (A),

s 7h (B), 8h (C) and 18 h (D).

S

As discussed previously,***4" the chain length of the macro-

RAFT agent exerts great influence on the polymerization kinetics
and on the morphology of block copolymer. Generally, a long
macro-RAFT agent leads to formation of block copolymer
nanoparticles (nanospheres) and a short macro-RAFT agent leads
to formation of worms or vesicles. To make further comparison,
two short macro-RAFT agents, the monofunctional MPEGs-TTC
macro-RAFT agent and the bifunctional TTC-PEGs-TTC macro-
RAFT agent, were synthesized and their mediated dispersion
polymerizations were checked. Similarly, the monofunctional
MPEG.-TTC  macro-RAFT  agent mediated dispersion
polymerization leas to colloids of the MPEGs-b-PS diblock
copolymer and the bifunctional TTC-PEG,s-TTC macro-RAFT
agent mediated dispersion polymerization leads to gel-like
es polymer of the PS-b-PEG,s-b-PS triblock copolymer (Figure S2).

In the cases of the short bifunctional TTC-PEG,s-TTC macro-

RAFT agent mediated dispersion polymerization, serious phase

5

@

6

S
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separation (Figure S2) and therefore slow polymerization kinetics
(Figure S3) were observed. The reason is due to the solvophilic
PEG,s block in the PS-b-PEG,s-b-PS triblock copolymer being
too short to keep the triblock copolymer suspending in the
polymerization medium. Similarly, bimodal GPC traces of the
synthesized PS-b-PEGs-b-PS triblock copolymer were found
(Figure S4 and Table S1). In the cases of the short
monofunctional MPEG,-TTC macro-RAFT agent mediated
dispersion polymerization, the dispersion RAFT polymerization
ran smoothly, good control in both the molecular weight of the
MPEGs-b-PS diblock copolymer and the molecular weight
distribution were achieved (Figures S5 and S6). Different from
the nanoparticles synthesized in the case of the long
monofunctional mMPEG;;5-TTC macro-RAFT agent mediated
dispersion polymerization, vesicles were formed in the short
monofunctional MPEG,-TTC macro-RAFT agent mediated
dispersion polymerization just as expected (Figure S7).

Dispersion RAFT \ﬁ.
pelymerization

A) ~Anx

RAFT terminal

Dispersion RAFT
polymerization

B) sk

- &

Scheme 4. Schematic dispersion RAFT polymerization mediated with the
monofunctional macro-RAFT agent (A) or the bifunctional macro-RAFT
agent (B).

Summarily, our main findings are summarized in Scheme 4.
That is, the monofunctional mMPEG;;5-TTC macro-RAFT agent
mediated dispersion polymerization of styrene affords the in situ
synthesis of the colloidal nanoparticles of the mPEG;;3-b-PS
diblock copolymer, and the bifunctional TTC-PEGy3-TTC
macro-RAFT agent mediated dispersion polymerization leads to
the mixture of the flower-like corona-core nanoparticles and gel-
like networks of the PS-b-PEG;34-b-PS triblock copolymer.

4 Conclusions

Through esterification reaction between the monohydroxyl-
terminated or dihydroxyl-terminated poly(ethylene glycol) and
the trithiocarbonate of DDMAT, the monofunctional macro-
RAFT agent of mPEG;,3-TTC and the bifunctional macro-RAFT
agent of TTC-PEG3s-TTC are prepared. The two cases of
dispersion RAFT polymerizations of styrene in the
methanol/water mixture mediated with the monofunctional
MPEG;15-TTC macro-RAFT agent and with the bifunctional
TTC-PEG36-TTC macro-RAFT agent are compared. It is found
that these two dispersion RAFT polymerizations under similar
condition have similar polymerization rate, and almost full
monomer conversion is achieved in 18 h. The molecular weight
of the mPEG;13-b-PS diblock copolymer synthesized via the
MPEG;13-TTC mediated dispersion RAFT polymerization and the
molecular weight of the PS-b-PEG,36-b-PS triblock copolymer
synthesized via the TTC-PEG;3,-TTC mediated dispersion RAFT
polymerization linearly increase with the monomer conversion,
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whereas the control over the PDI of the PS-b-PEG;34-b-PS
triblock copolymer is not as good as that of the mPEG,;3-b-PS
diblock copolymer. The monofunctional mPEG;;5-TTC macro-
RAFT agent mediated dispersion polymerization affords the in
situ  synthesis of the mPEG;13-b-PS diblock copolymer
nanoparticles, which can be uniformly distributed in the
polymerization medium and whose size increases from 11 to 25
nm with extending DP of the PS block from 44 to 288. Whereas,
the bifunctional TTC-PEG35-TTC macro-RAFT agent mediated
dispersion polymerization leads to the mixture of flower-like
corona-core nanoparticles and gel-like networks of the PS-b-
PEG,34-b-PS triblock copolymer, which tends to deposit from the
polymerization medium and is deemed to contribute the relatively
high PDI of the PS-b-PEG;34-b-PS triblock copolymer.
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