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Introduction

Well-defined polyvinylpyridine-block-polystyrene
diblock copolymers via RAFT aqueous-alcoholic
dispersion polymerization: synthesis and isoporous
thin film morphology+t

%xa,b

Katharina Nieswandt, (2 @ Prokopios Georgopanos (2 *@ and Volker Abetz
In this work, the synthesis and characterization of polyvinylpyridine-polystyrene (PVP-b-PS) diblock copo-
lymers via reversible addition—fragmentation chain transfer (RAFT) dispersion polymerization is presented.
A series of poly(4-vinylpyridine) (P4VP) and poly(2-vinylpyridine) (P2VP) homopolymers were prepared by
RAFT bulk polymerization at 80 °C using either a carboxylic acid functionalized trithiocarbonate or a non-
functionalized trithiocarbonate RAFT agent. The P4VP and P2VP macroRAFT agents acted as stabilizers in
the subsequent RAFT-mediated polymerization-induced self-assembly (PISA), when they were chain
extended via RAFT aqueous-alcoholic dispersion polymerization of styrene at 70 °C. Following this proto-
col, high styrene conversions between 86-99% were achieved, leading to a series of well-defined, high
molecular weight PVP-b-PS diblock copolymers with narrow molecular weight distributions as confirmed
by proton nuclear magnetic resonance (*H NMR) spectroscopy and gel permeation chromatography
(GPC). The bulk and surface morphologies of the diblock copolymers were investigated via transmission
electron microscopy (TEM), atomic force microscopy (AFM), and scanning electron microscopy (SEM).
The solution-cast and spin-coated thin films of the P4VP-b-PS and P2VP-b-PS diblock copolymers
exhibited microphase-separated structures with spherical or cylindrical order according to their compo-
sitions. Spin-coated PVP-b-PS diblock copolymer films with weight fractions of the minority PVP block
ranging from 17-24% were converted into porous surfaces by a controlled alignment and swelling strat-
egy, exploiting the distinct selectivities of different solvents for the individual blocks.

ations are still of high interest today, the well-controlled
polymerization of slowly-propagating radicals, such as reso-

Over the past decades, controlled reversible deactivation
radical polymerization (RDRP) has been developed into a ver-
satile and widely used technique to synthesize well-defined
polymers." Nowadays, it is an established method of choice
to design precisely structured block copolymers via radical
polymerization.*” Initially, RDRP techniques, including the
extensively studied atom transfer radical polymerization
(ATRP), nitroxide-mediated polymerization (NMP) and revers-
ible addition-fragmentation chain transfer (RAFT) polymeriz-
ation, were conducted as homogeneous polymerizations in
bulk, organic solvents, or water.®® Although such polymeriz-
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nance-stabilized styrenics, appeared challenging for decades.’
Since a long time, polystyrene latexes are produced mostly by
free radical heterogeneous polymerizations stabilized and con-
trolled by surfactants as emulsifiers.'®*> Those polymer col-
loids dispersed in aqueous systems are formed by free radical
emulsion (or ‘latex’) polymerizations.”> Commonly, they are
stabilized by a surfactant, which stabilizes the emulsion at the
beginning and the monomer-swollen micelles as well as the
latex particles towards the end of the polymerization.”"*
However, on the one hand, surfactants may separate from the
particles, which may lead to particle coagulation. On the other
hand, it is difficult to remove the surfactant completely from
the final polymer. Surfactant-free emulsion polymerization
systems were developed in the 1970s in order to avoid the
adverse side effects that arose from surfactant-controlled emul-
sion polymerizations." This polymerization technique, which
gained importance during the Second World War, has devel-
oped into a global industry."> Nowadays, the combination of
RDRP methods with emulsion or dispersion polymerization

This journal is © The Royal Society of Chemistry 2021
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techniques is a feasible approach to produce research and
industrially relevant copolymers with predetermined mole-
cular weights and architectures."®"” These methods provide
efficient heat transfer, low viscosity during the entire reaction
time and enable the production of well-defined
polymers.'* 16718

Dispersion polymerization initially involves a completely
homogeneous solution."®**> However, the resultant polymer is
not soluble in the polymerization medium.”*® In RAFT dis-
persion polymerization, a previously synthesized soluble
homopolymer, a so-called macromolecular chain transfer
agent (macroRAFT agent), is used as the stabilizer of the fol-
lowing dispersion polymerization. Initially, the second block
grows continuously in the homogenous phase. With increasing
length of the second block, the forming amphiphilic diblock
copolymer chains become increasingly insoluble in the reac-
tion medium. Once a critical block length exceeds the critical
micelle degree of polymerization (CMDP), the amphiphilic
diblock copolymers self-assemble into sterically stabilized
spherical micelles.” This phase separation process is called
polymerization-induced self-assembly (PISA) and is caused by
the insolubility of the second block in the polymerization
medium during the continuous chain 24-28
Especially for the commonly slow polymerization of monomers
like styrene,*® PISA has proven to be a viable approach to accel-
erate RAFT polymerizations.’* > Over the years, PISA has
evolved into a versatile technique for the efficient synthesis of
block copolymer nanoparticles.**® In recent years, numerous
polymerization protocols for aqueous emulsions, aqueous dis-
persions or non-aqueous polymerizations have been devel-
oped. In particular, RAFT formulations in alcoholic media
have received considerable attention.?”*° PISA formulations in
pure alcoholic media often showed incomplete monomer con-
versions and slow reaction rates. Several research groups inves-
tigated the influence of water, as co-solvent, on alcoholic PISA
formulations. Charleux et al. studied the polymerization of
benzyl methacrylate (BzMA) in dispersion polymerizations
when using a poly(methacrylic acid-co-poly(ethylene oxide)
monomethyl  ether  methacrylate)  (P(MAA-b-PEOMA))
macroRAFT agent.*® Similarly, Zhang et al. investigated the dis-
persion polymerization of styrene in ethanol/water using a 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(BDMAT) RAFT agent.*' Their results showed that the use of
water as co-solvent in alcoholic media significantly increased
the polymerization rates. Based on these findings, Armes et al.
examined the chain extension of poly(2-(dimethylamino)ethyl
methacrylate) (PDMA) macroRAFT agent with benzyl methacry-
late (BzMA) in ethanol/water mixtures and also found a signifi-
cant increase in reaction rates.*”> They attributed this increase
to the insolubility of the monomer in water, which then prefer-
entially enters the growing particles, increasing the local
monomer concentration and thus increasing the rate of
polymerization.®*> Furthermore, water as a co-solvent reduces
the solubility of the growing polymer chains, which lowers the
CMDP. The initial (slow) homogeneous polymerization turns
more rapidly into a faster dispersion polymerization.***>

extension.
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During the past years, there has been a growing interest in
nanostructured materials for technological applications, such
as nanostructured membranes, templates and data storage
media. Amongst others, near-monodisperse diblock copoly-
mers, which consist of two incompatible blocks, were brought
into focus.”*™” Sriprom et al. studied the microphase separ-
ation of diblock copolymers synthesized via RAFT polymeriz-
ation, containing one monodisperse (poly(methyl methacry-
late) (PMMA) block and one polydisperse (poly(butyl acrylate)
(PBA) block, in thin films.*®* The PMMA-b-PBA diblock copoly-
mers microphase-separated into regularly ordered domains
with high reproducibility and long-range order. However, they
observed that an increase in dispersity led to a shift of the
morphological transitions to more asymmetric volume frac-
tions, in comparison to a monodisperse system. Essentially
the same observations were previously reported by Hillmyer
and co-workers.* Their predictions suggested that the domain
spacing increased as the dispersity of one block was increased,
while the dispersity of the other block remained constantly
narrow.

In order to control the orientation of the block copolymer
microdomains precisely, numerous techniques have been
developed.’®>* Especially methods that rely on external
stimuli are important since they do not alter the chemistry of
the block copolymer components on a molecular level.>*
External constraints that eliminate orientational and topologi-
cal defects of self-assembled block copolymers could be temp-
erature gradients, solvent annealing or shear.>® In particular,
extensively studied solvent vapor annealing presents an
effective and non-destructive way to influence the orientation
of block copolymer microdomains in thin films.*”>"*%>”

A convenient approach to synthesize medium molecular
weight poly(3-vinylpyridine)-b-polystyrene via RAFT emulsion
polymerization and their thin film morphology were presented
before.'® In the present study, poly(4-vinylpyridine) (P4VP) and
poly(2-vinylpyridine) (P2VP) were employed as macroRAFT
agents. Here, a two-step synthetic route to poly(4-vinylpyri-
dine)-b-polystyrene and poly(2-vinylpyridine)-b-polystyrene is
described via a RAFT aqueous-alcoholic dispersion polymeriz-
ation, which takes advantage of the PISA approach. The first
block contains 4VP or 2VP polar moieties, which are expected
to stabilize the dispersion polymerization and to enable PISA.
The two isomers P2VP and P4VP are characterized in their
chemical behavior by the functionality of nitrogen within the
aromatic system.>® Simple alcohols such as methanol tend to
dissolve both isomers quite well due to the formation of hydro-
gen bonds, whereas polystyrene is not dissolved in common
alcohols. The RAFT dispersion polymerization used in this
work takes advantage of these different solubilities. The
trithiocarbonate terminated P4VP/P2VP block is synthesized
via RAFT bulk polymerization in the first step at 80 °C, fol-
lowed by a surfactant-free RAFT dispersion polymerization of
styrene at 70 °C in an 80 : 20 methanol/water mixture. For this
purpose, either a carboxylic acid functionalized trithiocarbo-
nate or a non-functionalized trithiocarbonate RAFT agent were
used to investigate the effect of the end group functionality on
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PISA and the dispersion stability. Since PISA is a promising
way to generate accurately tunable diblock copolymer compo-
sitions and thus a variety of accessible diblock copolymer mor-
phologies, the synthesized P4VP-h-PS and P2VP-b-PS (for the
sake of simplicity PVP-b-PS) diblock copolymers were investi-
gated with respect to their film formation behavior. The PVP-b-
PS diblock copolymers were characterized by gel permeation
chromatography (GPC) and proton nuclear magnetic reso-
nance ("H NMR) spectroscopy. Their bulk and film surface
morphologies were analyzed via transmission electron
microscopy (TEM), atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM), respectively. To further inves-
tigate the effects on the surface morphology of the diblock
copolymer in the thin films, thermal annealing was combined
with solvent annealing. Distinct selectivities of different sol-
vents for the individual blocks made it possible to obtain
different types of porous surface structures.

Experimental
Materials

Experiments were carried out with Ultrapure water (resistivity
>18.2 MQ cm ') obtained from a Millipore (Merck, Germany)
Direct-Q® UV water purification system. 2,2"-Azobis(2-methyl-
propionitrile) (AIBN, 98%, Sigma-Aldrich, Germany, stored at
4 °C), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-sulfanyl|penta-
noic acid (CDTPA, 97%, Sigma-Aldrich, stored at 4 °C),
2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC, 97%,
Sigma-Aldrich, stored at 4 °C), chloroform (CHCl;, >99.8%,
VWR, Germany), N,N-dimethylacetamide (DMAc, >99.9%,
Sigma-Aldrich), methanol (99.9%, Sigma-Aldrich), ethanol
(>99.8%, Sigma-Aldrich), 2-propanol (>99.5%, Sigma-Aldrich),
tetrahydrofuran (THF, 99.8%, Merck), 1,4-dioxane (>99.5%,
Sigma-Aldrich), N,N-dimethylformamide (DMF, >99.5%,
Merck) and iodine (I, 99.5%, VWR) were used as received.
Styrene (99%, Sigma-Aldrich, contained methyl ether hydro-
quinone as an inhibitor, stored at 4° C) was freshly percolated
through a column of basic aluminum oxide (>98%, Sigma-
Aldrich) prior to use to remove the inhibitor. 4-Vinylpyridine
(4VP) (97%, Sigma-Aldrich) and 2-vinylpyridine (2VP) (97%,
Sigma-Aldrich) were dried over CaH, (>95%, Sigma-Aldrich)
overnight and distilled under reduced pressure prior to use.
Synthesis of P4AVP macroRAFT agent by RAFT bulk polymer-
ization. A typical synthesis of P4VP via RAFT bulk polymeriz-
ation was conducted as follows: CDTPA (43.0 mg, 107 pmol, 1
eq.) and AIBN (0.7 mg, 4 pmol, 0.04 eq.) were dissolved in 4VP
(3.15 g, 30 mmol, 281 eq.) ([4VP]/[CDTPA]/[AIBN] = 281/1/0.04).
The solution was degassed by purging with nitrogen for
15 min at 0 °C. The bulk polymerization was conducted in a
thermoshaker (CellMedia, Germany) at 80 °C and 850 rpm for
4 h and then quenched by ice-cooling and exposure to air.
Subsequently, the crude polymer was dissolved in 2-propanol
and precipitated in ice-cold n-hexane twice. The polymer was
dried in vacuum at 40 °C for 24 h and obtained as a light
yellow powder. A final 4VP conversion of 69% was calculated
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using "H NMR spectroscopy. The corresponding "H NMR spec-
trum is shown in Fig. S1 (ESI).T The apparent number average
molecular weight was determined via GPC: M, ,,, = 20 kDa,
(theoretical number average molecular weight as calculated
by '"H NMR: M, = 20 kDa), molecular weight dispersity:
D =1.08.

The RAFT polymerization of 4VP with CPDTC was per-
formed similarly. Monomer conversion: 62%, GPC: My, app =
16 kDa (M, ¢, = 18 kDa), D = 1.08.

Synthesis of P4VP-b-PS via RAFT dispersion polymerization.
A typical procedure was as follows: The P4VP macroRAFT
agent/macro-stabilizer (121.4 mg, 6.1 pmol, 1 eq.) was dis-
solved in methanol/H,O (80/20, v/v) (3.55 mL). Following that,
AIBN (0.1 mg, 0.6 pmol, 0.1 eq.) dissolved in methanol
(100 pL) was added to the solution. Finally, styrene (609.4 mg,
5.8 mmol, 961 eq.) was added. The total solids content in the
formulation amounted to 20 wt%. The solution was degassed
by purging with nitrogen for 15 min at 0 °C. The subsequent
polymerization was conducted for 24 h at 70 °C and 850 rpm.
The polymerization was quenched by ice-cooling and exposure
to air. The crude polymer was isolated by removing methanol
and H,O under reduced pressure. The polymer was dissolved
in THF and poured into an excess of ice-cold n-hexane while
stirring. This procedure was repeated twice. The polymer was
dried in vacuum at 40 °C for 24 h and obtained as a light
yellow powder. The corresponding "H NMR spectrum is shown
in Fig. S2.1 Monomer conversion: 99%, GPC: My, ,pp = 104 kDa
(M, = 119 kDa), D = 1.29.

Synthesis of P2VP macroRAFT agent by RAFT bulk polymer-
ization. In order to synthesize the P2VP macroRAFT agent,
CDTPA (30.7 mg, 7.6 pmol, 1 eq.) and AIBN (0.5 mg, 3 umol,
0.04 eq.) were dissolved in 2VP (3.5 g, 3.3 mmol, 438 eq.)
([2vP)/[CDTPA]/[AIBN] = 438/1/0.04). The experimental work-
up was the same as described above for the synthesis of the
P4VP macroRAFT agent. The corresponding "H NMR spectrum
is shown in Fig. S1.+ Monomer conversion: 53%, GPC: My, app =
21 kDa (M, ¢, = 25 kDa), D = 1.26. The RAFT polymerization of
2VP with CPDTC was performed accordingly. Monomer conver-
sion: 53%, GPC: My, app, = 21 kDa (M, ¢, = 25 kDa), b = 1.25.

Synthesis of P2VP-b-PS via RAFT dispersion polymerization.
For a typical synthesis of P2VP-b-PS, the P2VP macroRAFT
agent (469 mg, 2.4 pmol, 1 eq.) was dissolved in methanol/
H,O (80/20, v/v) (11.82 mL). AIBN (0.4 mg, 2.4 umol, 0.1 eq.) in
methanol (100 pL) was added to the solution, followed by the
addition of styrene (1.9 g, 1.9 mmol, 775 eq.). The subsequent
experimental procedure was the same as for the synthesis of
P4VP-b-PS. The corresponding "H NMR spectrum is shown in
Fig. S2.7 Monomer conversion: 91%, GPC: My, app, = 109 kDa
(M, 1 = 93 kDa), D = 1.06.

Characterization

'H NMR spectroscopy. "H NMR spectroscopy experiments
were performed using a Bruker AV500 spectrometer. '"H NMR
spectra were recorded applying a 10 ms 90° pulse at a sample
temperature of 298 K. 16 scans were recorded with a relaxation
delay of 3 s. Sample concentrations were 20 g L' in THF-dg or

This journal is © The Royal Society of Chemistry 2021
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CDCl;, respectively. The NMR spectra were analyzed with the
software MestReNova 10.0.

The conversion of 4VP was determined in CDCl; by 'H
NMR from the integral ratio of the aromatic P4VP signal at
8.48-8.09 ppm and the monomer signal at 8.55 ppm. The con-
version of styrene in the dispersion polymerization, deter-
mined in THF-dg, was calculated from the decrease of the inte-
gral of the monomer peaks. Therefore a reference sample was
taken prior to and at the end of the polymerization. The aro-
matic P4VP signal at 8.48-8.09 ppm was used as a reference.
The conversion in P2VP and P2VP-H-PS experiments was esti-
mated analogously.

Gel permeation chromatography (GPC). The molecular
weights of the PVP homopolymers and PVP-b-PS diblock copo-
lymers were obtained using a DMAc GPC at 50 °C with the
addition of lithium chloride (0.1 M). A Waters 717 plus instru-
ment equipped with PSS GRAM columns [GRAM pre-column
(dimension 8-50 mm) and two GRAM columns of different
porosity (3000 A and 1000 A)] with dimensions of 8 x 300 mm
and a particle size of 10 pm was employed. The samples were
measured at a flow rate of 1 mL min~" using a VWR-Hitachi
2130 pump and a Shodex RI-101 refractive index detector. GPC
was calibrated with narrow PS standards and data were ana-
lyzed using PSS WinGPC UniChrom software.

Atomic force microscopy (AFM). AFM images were
obtained on a Bruker MultiMode 8 atomic force microscope
(BrukerNano, Germany) operating in PeakForce QNM®
(Quantitative Nanomechanical Mapping) mode at room temp-
erature using SCANASYST-AIR cantilevers (spring constant
0.4 N m™, silicon tip of 2 nm radius). The images were
evaluated with the Nanoscope 9.2 Software (BrukerNano).
Thin films for AFM measurements were prepared as follows:
Silicon (Si) wafer substrates sized 1 cm x 1 cm were rinsed
with CH,Cl,, further cleaned with a mixture of H,O, H,O,
and NH,OH (60/20/20, v/v/v), rinsed with H,O and directly
before use treated with H,/O, plasma. Thin films with a
thickness of about 150 nm were generated by spin-coating
2 wt% diblock copolymer solutions in CHCl;, a rather non-
selective solvent for both blocks, onto the Si wafer substrates.
A spin-coater G3P-8 (Specialty Coating Systems, USA) was
operated at 3000 rpm for 60 s. The samples were stored in a
desiccator at room temperature.

Additional, thermal annealing of the samples was con-
ducted at a temperature Tanpealing = 180 °C in vacuum for 15 h.
For the topography microphase reconstruction two different
methods were followed: (a) the spin-coated samples were
exposed for 10 min in 1,4-dioxane vapor at room temperature
followed by dip-coating in ethanol for 5 min and drying under
vacuum at room temperature for 10 h and (b) the samples
were dip-coated in dimethylformamide for 3 s, exposed to air
for 5 min and subsequently immersed in water for 3 h fol-
lowed by air exposure for 10 h.

Scanning electron microscopy (SEM). SEM images were
taken with a scanning electron microscope Merlin (Carl ZEISS,
Germany) at accelerating voltages of 0.7-2.0 kV of 150 nm
thick P4VP-p-PS and P2VP-b-PS films on Si wafer substrates

This journal is © The Royal Society of Chemistry 2021
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prepared for the AFM measurements. To obtain a better con-
trast between the microphases, PAVP and P2VP were selectively
stained in I,-vapor for 15 min, following a process previously
published.>® These samples were not sputter coated and inves-
tigated at low acceleration voltage with the use of an energy
selective backscattered (EsB) electron detector or a secondary
electron (SE) detector. For the estimation of the surface pores
the samples were sputtered with 0.5 nm platinum and exam-
ined using an SE detector.

Transmission electron microscopy (TEM). The morphology
of the diblock copolymers was investigated via TEM using a
Tecnai G2 F20 electron microscope (Thermo Fisher Scientific,
The Netherlands), operating at an accelerating voltage of 120
kv in bright field mode. Polymer films were cast from solu-
tions in CHCl; and slowly dried in the presence of solvent
vapor in a desiccator for 2 weeks. The P4VP-)-PS films were
further annealed thermally, stepwise, up to 160 °C in vacuum.
Analogously, the P2VP-p-PS films were annealed thermally,
stepwise, up to 125 °C in vacuum. Ultrathin sections of
approximately 50 nm were cut with a Leica Ultramicrotome
EM UCT (Leica Microsystems, Germany) equipped with a
diamond knife (Diatome AG, Switzerland). P4VP and P2VP
were selectively stained in I,-vapor for 2 h.

Results and discussion

For RAFT-mediated dispersion polymerization, the choice of
the macroRAFT agent and solvent are crucial in order to poly-
merize a certain monomer. The macroRAFT agent acts as a
steric stabilizer and plays a key role in keeping the system
stable and obtaining monodisperse block copolymers. In the
present work, RAFT dispersion polymerizations of styrene were
conducted using PVP macroRAFT agents. The PVP-h-PS
diblock copolymers were prepared via a two-step RAFT
polymerization (Fig. 1). Either CDTPA or CPTTC-terminated
PVP was synthesized first via bulk polymerization and then
used as the macroRAFT agent in the dispersion polymerization
of styrene, forming the desired PVP;-PS,, diblock copolymers
with k and m being the mean degrees of polymerization (DPs)
of PVP and PS, respectively. An 80 : 20 methanol/water mixture
was selected as the continuous phase for these RAFT dis-
persion polymerization formulations.

RAFT bulk polymerization and surfactant-free RAFT
dispersion polymerization

The RAFT bulk polymerizations were stopped at monomer con-
versions <70% to maintain a high fidelity of the trithiocarbo-
nate functionality and avoid the occurrence of an excess of ter-
mination products from coupling reactions.®®®’ Moreover,
early termination facilitates further processing by prevention
of excessive viscosity of the bulk sample. The two homopoly-
mers PAVP and P2VP vary in molecular weight as well as the
RAFT end-group. One aim of this study was to identify suitable
RAFT agents for the subsequent PISA with styrene through
RAFT-mediated dispersion polymerization. Table 1 summar-

Polym. Chem., 202,12, 2210-2221 | 2213
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Fig. 1 (a) Exemplary synthetic route to P4VP,-PS,, diblock copolymers using the CDTPA RAFT agent. Synthesis of the P4VP-CDTPA macroRAFT

agent by RAFT bulk polymerization followed by the synthesis of P4VP,-PS,, via surfactant-free RAFT dispersion polymerization in methanol/water
(80/20, v/v). The synthesis of P2VP,-PS,, was conducted accordingly with a P2VP-CDTPA macroRAFT precursor; (b) chemical structure of the two

trithiocarbonate RAFT agents used in this study.

Table 1 Summary of the synthesized P2VP and P4VP homopolymers with assignment of their end group according to the RAFT agent used

Homopolymer* M, app” [kDa] My app” [kDa] Conv. [%] M, o [kDa] D RAFT agent
P4AVP, g6 20 22 69 20 1.08 CDTPA
PAVP, o4 16 18 62 18 1.08 CPDTC
P2VP,s, 21 27 53 25 1.26 CDTPA
P2VP,, 21 26 53 25 1.24 CDTPA
P2VP,s, 21 26 53 25 1.25 CPDTC
P2VP,,5 19 23 52 23 1.20 CDTPA
P2VP, g6 20 25 46 20 1.27 CDTPA

“Superscripts denote the mean DPs as determined by "H NMR spectroscopy. ” The apparent molecular weights M, app and My, 5, Were deter-
mined by DMAc GPC calibrated with PS standards. “ M, , was calculated as follows: M), i, = [monomer]/[RAFT] X Myonomer X MONomMer conversion

+ Mgarr- M: molecular weight.

izes the PVP homopolymers and their respective analytical
data.

For the following RAFT dispersion polymerization
(Fig. 1), the PAVP macroRAFT agent was dissolved in an 80

:20 methanol/water mixture. The comparison of the

Hansen solubility parameters shows
styrene is higher in methanol than
However, the styrene solubility in

that the solubility of
in water (Table S1f).
the chosen reaction

medium is kept sufficiently high to justify a true dispersion
polymerization mechanism, which initially proceeds homo-
geneously until a critical PS block length is exceeded. More
importantly, water as a co-solvent significantly worsens the
solvency for the growing polystyrene chains.*’ This lowers
the critical mean DP required for micellar nucleation.
The initial (slow) homogeneous polymerization more
rapidly turns into a faster dispersion polymerization, in

2214 | Polym. Chem., 2021, 12, 2210-2221

which the polymerization occurs within the monomer-
swollen micelles.***

Characterization of the PVP-b-PS diblock copolymers via 'H
NMR and GPC

P4VP/P2VP served as macroRAFT agent and macro-stabilizer in
the RAFT dispersion polymerization of styrene in methanol/
water (80/20, v/v) and AIBN as the initiator of the reaction.
Styrene, as well as the PAVP macroRAFT agent and AIBN are
soluble in the 80:20 methanol/water mixture. Thus, the
polymerization, or more precisely the chain extension of PVP
with styrene, starts homogeneously until a critical PS block
length is exceeded and the PVP-b-PS chains start to self-assem-
ble into micelles. In the dispersion polymerization of styrene,
a quantitative monomer conversion (93-99%) was reached, as
indicated by "H NMR. The apparent number-average molecular

This journal is © The Royal Society of Chemistry 2021
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weights (M, .pp) of the PVP-b-PS diblock copolymers were
obtained via GPC. The GPC curves of the P4VP-b-PS diblock
copolymers reveal that the curves corresponding to the diblock
copolymers significantly shift towards higher molecular
weights compared to the respective macroRAFT agents (Fig. 2).
Additionally, the GPC traces show dispersities of b = 1.14-1.29,
which indicate well-controlled RAFT dispersion polymeriz-
ations. This is further evidenced by the observation of hardly
any homopolymer impurities in the GPC traces. The PS frac-
tion in the P4VP-H-PS diblock copolymers is approximately
79-83% by weight as obtained by 'H NMR. The respective
diblock copolymers as well as "H NMR and GPC data are
depicted in Table 2.

The RAFT agent, which contains a dodecyl end-group on
the o-terminal-end of the polymer chain and a carboxylic acid
group as well as a cyano group on the o-terminal end, is
slightly more hydrophilic compared to the RAFT agent with
similar chain length but only a cyano-group on the a-terminal

(@)

—— P4VP,;; macroRAFT
—— P4VP 3-PSy5
—— P4VP3-PSys,

7883

/

104 105
Molar Mass / Da

(b)

—— P4VP g macroRAFT
= P4VP,4-PSg;,

104 105
Molar Mass / Da

Fig. 2 GPC curves recorded for (a) a P4VP;g¢ macroRAFT agent and the
corresponding P4VPig¢-PS,,, diblock copolymers. The shift of the
diblock copolymer curves towards higher molecular weights indicates
the successful RAFT dispersion polymerization, (b) a P4VPeg
macroRAFT agent and the corresponding P4VP,4g-PS,, diblock copoly-
mer. A well-controlled RAFT dispersion polymerization is indicated by
low dispersities (B = 1.14-1.29) of the final P4VP-b-PS diblock
copolymers.

This journal is © The Royal Society of Chemistry 2021
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end. To quantify this statement, the n-octanol-water partition
coefficient log P, a measure of the hydrophilicity of a chemical
compound, is determined. It is negative for polar substances
and positive for non-polar substances. The values obtained
were calculated logP (Clog P) values using ChemDraw 13.0
(PerkinElmer, United States of America). The ClogP for
CDTPA was calculated as 6.76, while the Clog P for CPDTC was
determined to be 7.64. Hence, CDTPA is slightly more hydro-
philic than CPDTC. Surprisingly, exchanging the carboxylic
acid on the o-terminal end with a less hydrophilic residue
does not significantly influence PISA. Hence, the RAFT dis-
persion polymerizations of styrene with CDTPA- or CPDTC-ter-
minated macroRAFT agents exhibit similar monomer conver-
sions. The difference between the monomers 4VP and 2VP,
especially regarding the molar masses and dispersities
achieved in the homopolymerizations, is probably more deci-
sive than the choice of RAFT agent regarding the two trithio-
carbonates to be compared. If 4VP is replaced by 2VP, an
isomer that differs only in the position of the nitrogen atom,
the homopolymerization results in approximately 10% lower
monomer conversions. From GPC traces (Fig. 3), it becomes
evident that the results for P2VP-h-PS are similar compared to
the P4VP-p-PS experiments. However, for P2VP,;,-PSee; and
P2VP,;,-PS,3, there are a residual amount of P2VP,;,
macroRAFT agent in the diblock copolymer GPC traces. This
homopolymer impurity, which accounts for approximately 5%
of the total polymer, can probably be attributed to unreacted
macroRAFT agent chains. For other P2VP,;5-PSe;, and
P2VP,5-PSs95 diblock copolymers, hardly any macroRAFT resi-
dues were visible in the GPC traces. When evaluating the chro-
matograms quantitatively, however, it becomes apparent that
the P2VP-b-PS diblock copolymer peaks on their own show
very low dispersities (P = 1.06-1.11) and, due to styrene conver-
sions of almost 90%, as indicated by "H NMR, in most cases,
also exhibit high molecular weights of over 100 kDa (Table 2).

To summarize, the chosen RAFT aqueous-alcoholic dis-
persion polymerization method is suitable for producing high
molecular weight diblock copolymers under simple reaction
conditions in acceptable reaction times. This synthetic route,
which does not require surfactants or other additives, not only
demonstrates the preparation of PVP-b-PS diblock copolymers
with molecular weights above 130 kDa (M .pp), but also
enables the synthesis of relatively narrow molecular weight dis-
tributed polymers with monomer conversions of 86-99%.
Hence, this RAFT-mediated PISA approach enables the syn-
thesis of diblock copolymers in molecular weight ranges and
qualities that are normally only obtained by anionic polymeriz-
ation methods.®*"**

Morphological investigation of PVP-b-PS diblock copolymers

Transmission electron microscopy (TEM). To investigate the
bulk morphology, transmission electron microscopy (TEM)
measurements were performed on the PVP-b-PS diblock copo-
lymer films, obtained from solution casting from CHCIl;. The
solvent was slowly evaporated in the presence of solvent vapor
and the films were further annealed above the glass transition

Polym. Chem., 202,12, 2210-2221 | 2215
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Table 2 Summary of the synthesized PVP-b-PS diblock copolymers
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PVP-PS composition® My app” [kDa] My app” [kDa] Conv. [%] M, o [kDa) D Sfove [Wt%] RAFT agent
P4VP, 46-PSos, 104 135 99 119 1.29 17 CDTPA
P4VP, 4c-PSos, 122 147 99 120 1.20 17 CDTPA
PAVP, 5-PSers 70 79 99 88 1.14 21 CPDTC
P4AVP,4c-PSgss 125 155 93 112 1.24 19 CDTPA
P2VP,3,-PSes 137 152 87 105 1.11 24 CDTPA
P2VP,34-PSces 130 144 87 94 1.11 27 CDTPA
P2VP,34-PS,50 136 150 87 102 1.11 24 CDTPA
P2VP,34-PSseq 119 131 86 84 1.10 29 CPDTC
P2VP,15-PSers 109 116 91 93 1.06 24 CDTPA
P2VP,;5-PSsos 92 97 86 85 1.06 27 CDTPA

“Superscripts denote the mean DPs as determined by "H NMR spectroscopy. b Determined by DMAc GPC calibrated with PS standards. For
P2VP;-PS,,, the GPC curve peaks were analysed separately and assigned as precursor and diblock copolymer peak. M, was calculated as
follows: My, 1, = [monomer]/[macroRAFT] X Muonomer X MONOMer conversion + Mmacrorart

(@)

— P2VP,,;, macroRAFT
—— P2VP,;,-PSg;
— P2VP,;,-PS;5

104 108
Molar Mass / Da

(b)

—— P2VP,,; macro RAFT
—— P2VP,,5-PS;y;
— P2VP,,;-PSq;,

104 108
Molar Mass / Da

Fig. 3 GPC curves recorded for (a) a P2VP,3, macroRAFT agent and the
corresponding P2VP,34-PS,, diblock copolymers; (b) a P2VP,i5
macroRAFT agent and the corresponding P2VP,;5-PS,, diblock
copolymers.

temperature of both blocks. Ultrathin sections of approxi-
mately 50 nm were cut and P4VP and P2VP microphases were
selectively stained in I,-vapor for 2 h.

Fig. 4 shows TEM images of the P4VP-b-PS and P2VP-)H-PS
diblock copolymers. For PAVP,g45-PSgs;, with a PAVP weight frac-

2216 | Polym. Chem., 2021,12, 2210-2221

tion of 17% PAVP and an M, 4, of 119 kDa a spherical mor-
phology of PAVP spheres in a continuous PS matrix was identi-
fied. The sample P4VP,g-PSe7,, with an increased PAVP weight
fraction of 21% and a lower M,, ., of 88 kDa, shows the coexis-
tence of hexagonally arranged cylinders and spheres (Fig. 4c
and d). Areas with perpendicularly and parallel cut cylinders
are observed elongated and oriented in a mutual direction.
Considering the different sample positions and sections,
spherical areas were identified as directly adjacent to the
cylindrical areas. Due to their size and arrangement, the per-
pendicularly cut cylinders could be easily distinguished from
the spheres, which are smaller and do not show a hexagonal
arrangement. For a P2VP,;5-PSs;, bulk film, with a P2VP
weight fraction of 24% and a total M, 1, of 93 kDa, a cylindrical
morphology with hexagonally arranged P2VP cylinders was
observed, with the cylinders found parallel and perpendicu-
larly oriented to the plane (Fig. 4e and f). The results show,
that the homopolymer impurities do not alter the mor-
phologies of the PVP-h-PS diblock copolymers.

Atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Thin block copolymer films exhibit ordered
periodic microdomains such as spheres, cylinders and lamel-
lae. The size, shape and orientation of the microdomains can
be controlled by chain length, chemical composition, weight
fraction of the blocks and external factors such as solvent and
temperature.’” The surface morphology of thin PVP-b-PS films
with different molecular weights and weight fractions of the
diblock copolymers was examined via atomic force microscopy
(AFM) and scanning electron microscopy (SEM). For AFM and
SEM measurements, diblock copolymer thin films were pre-
pared by spin-coating of 2 wt% PVP-b-PS in CHCI; solutions
onto silicon-wafer substrates. CHCIl; was chosen because of its
low boiling point and lack of selectivity with respect to one of
the two blocks. Spin-coating was followed by thermal and
solvent annealing to optimize the microstructures of the
diblock copolymers. Thermal annealing was conducted at
Tannealing = 180 °C in vacuum, above the glass transition temp-
erature (Ty) of both blocks. In order to increase the chain
mobility, thermal annealing was combined with solvent
annealing. The chosen solvents are known to confer greater

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 TEM images of the PVP-b-PS bulk films. The bright areas correspond to the polystyrene microphase in the TEM images. (a and b) TEM image
of a P4VP;g¢-PSgs; bulk structure; (c and d) TEM image of a P4VP;¢g-PSs7, bulk structure; (e and f) TEM image of a P2VP,15-PSe7, bulk structure.

chain motion within thin films and interact selectively with
the two blocks.®® On a microscopic level, the microdomains of
the diblock copolymer are swollen and dried during solvent
annealing. A combination of 10 min 1,4-dioxane vapor anneal-
ing followed by 5 min dip-coating in ethanol was chosen. 1,4-
Dioxane, which is a selective solvent for the PS block,
mobilizes the PS matrix while ethanol, selective for PVP,
softens and swells the PVP phase leading to a nanoporous film
with the minor PVP phase located in the pore as well as on the
surface of the film. This process is well described in the
literature.>>®*°” For example, Park et al. discovered that it did
not affect either the order or orientation of the P4VP micro-
domains in a PS matrix.°® Of particular interest are cylindrical
oriented microdomains {perpendicular to the surface} because
degradation and removal of the minor component transforms
these structures into nanoporous templates.®®”® However, this
process is irreversible as it alters the chemical composition. In
order to overcome this disadvantage, Park et al. developed a
fully reversible surface reconstruction process for the prepa-
ration of nanoporous films without eliminating the minor
polymer component.®®

Fig. 5 shows six AFM QNM height images of pristine and
annealed spin-coated diblock copolymer films. Pristine spin-
coated films of the diblock copolymers show a relatively flat
but microphase-separated surface, with the respective mor-
phology depending on both layer thickness and copolymer
composition. However, all of the pristine sample films show
not perfectly delimited microstructures. The PS phase (Fig. 5a,
d and g) appears bright and the PVP phase dark. Upon

This journal is © The Royal Society of Chemistry 2021

Fig. 5 Surface topography studies via QNM AFM height images (1 pm x
1 um) of spin-coated thin films of (a) P4VP1g6-PSgs; pristine, (b) P4VP;g¢-
PSos; thermally annealed at 180 °C followed by 10 min 1,4-dioxane
vapor annealing, (c) P4VP,g¢-PSgs; after thermal annealing at 180 °C fol-
lowed by 10 min 1,4-dioxane vapor annealing and subsequent dip-
coating in ethanol for 5 min; (d) P4VP;gg-PSe7, pristine; (e) P4VPigg-
PSs7> thermally and 1,4-dioxane vapor annealed; (f) P4VP;¢g-PSe7, dip-
coated in ethanol; (g) P2VP,15-PSe7, pristine; (h) P2VP,15-PSe7, thermally
and 14-dioxane vapor annealed; (i) P2VP,;5-PSe7> dip-coated in
ethanol. The PS phase appears bright.
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thermal annealing, the chain mobility is increased and the
surface is flattened (Fig. S3 and S471). Additional AFM images
were taken after the two-step solvent annealing process. The
AFM height image of a thin spin-coated P4VP;gs-PSos; film,
with a PAVP weight fraction of 17%, shows distinct spherical
P4VP microdomains in a continuous PS matrix after 1,4-
dioxane vapor annealing, which enhanced the microphase sep-
aration and diminished defects in the microstructure of the
diblock copolymer. The PS phase (Fig. 5b, e and h) appears
dark and PVP bright, due to swelling of the phase. Subsequent
dip-coating in ethanol generated a porous spherical micro-
structure due to the collapse of the PAVP microphase. The PS
phase (Fig. 5¢, f and i) appears bright, the pores appear dark
and the PVP phase, which is collapsed, appears as a bright
ring surrounding the pores. For a chosen diblock copolymer,
with a higher PAVP weight fraction of 21% (P4VP;65-PSe7,) and
a lower M, ¢, of 88 kDa, a cylindrical microstructure was found
in AFM height images after solvent annealing. Dip-coating in
ethanol produced a porous cylindrical surface microstructure.
Regarding P2VP-b-PS, a diblock copolymer with a P2VP weight
fraction of 24% and a total M, g, of 93 kDa (P2VP,;5-PSsy2),

View Article Online

Polymer Chemistry

shows a porous cylindrical microstructure after the two-step
solvent annealing process. Fig. 6 shows SEM images of the
PVP-b-PS diblock copolymer thin films. The images were taken
of the pristine films, after therma 1 annealing followed by 1,4-
dioxane vapor annealing and after final dip-coating in ethanol.
The PS phase (Fig. 6) appears dark and the PVP phase bright.
The brighter rings surrounding the pores (Fig. 6c, f and i) can
be assigned to the electron-rich iodine, which selectively
stained the PVP phase.”" Due to its high atomic number (53),
iodine leads to strong backscattering of electrons.’® Although
SEM and AFM produce similar representations of the thin film
surface structure, SEM enabled to capture a large area view of
the surface structure at once, while AFM only allowed to view
1 pm x 1 pm areas. Hence, SEM images confirmed that large-
scale porous surface structures were created by the surface
reconstruction annealing process. In order to further investi-
gate the impact of solvent annealing, to control the alignment
of the thin film topography, as well as to obtain a modified iso-
porous topographical structure, a further annealing technique
was developed. Based on results from the structure formation
of isoporous membranes by non-solvent induced phase separ-

Fig. 6 SEM images (EsB detector) of spin-coated thin films of a 2 wt% PVP-b-PS CHCl;z solution prior to and after thermal combined with solvent
annealing. (@) P4VP1gs-PSgs; pristine spin-coated thin film, (b) P4VP1g¢-PSgs: thermally annealed at 180 °C followed by 10 min 1,4-dioxane vapor
annealing, (c) P4VP,gg-PSos; after thermal annealing at 180 °C followed by 10 min 1,4-dioxane vapor annealing and subsequent dip-coating in
ethanol for 5 min; (d) P4VP;¢g-PSg7, pristine; () P4VP1gg-PSe7> thermally and 1,4-dioxane vapor annealed; (f) P4VP;g5-PSe7, dip-coated in ethanol;
(g) P2VP,15-PSe7, pristine; (h) P2VP215-PSg72 thermally and 1,4-dioxane vapor annealed; (i) P2VP;,15-PSe7, dip-coated in ethanol. PS appears as dark
grey, P4VP as light grey and the pores appear black. In (c), (f) and (i) the brighter rings around the pores can be assigned to the P4VP phase stained
by the electron rich iodine.

2218 | Polym. Chem., 2021, 12, 2210-2221 This journal is © The Royal Society of Chemistry 2021
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ation (NIPS),”>”* a process partially imitating NIPS was fol-
lowed. To investigate the effects of solvent exchange on the
topography, the thin film on the Si-wafer was first dip-coated
in a solvent {selective for one block} and then immersed into a
non-solvent for both blocks. More precisely, the thermally
annealed diblock copolymer thin film was dip-coated in DMF
for 3 seconds, dried for 5 minutes in the presence of air and
finally immersed into a water bath for 3 hours. Dry DMF was
found to completely dissolve the thin film within 3 s.
Therefore, water was added to DMF in amounts of 5-12 vol%.
A DMF/water mixture of 92/8 v/v led to the best results regard-
ing pore formation and was used for further experiments. Dip-
coating in DMF, which is a good solvent for both blocks of the
diblock copolymer but a selective solvent for the PVP block,
{according to the solubility parameters of the solvents and
blocks’*”?} leads to highly swollen, soft PVP domains. Upon
immersion in water, a non-solvent for both blocks, the initial
microstructure is conserved and the PVP chains collapse with
their domains forming open pores.”” According to the previous
assumption, the AFM height image of a DMF/water annealed
P4VP 46-PSos; film shows an isoporous spherical microstruc-
ture with more uniformly arranged pores (Fig. 7) compared to
a 1,4 dioxane/ethanol annealed P4VP,g4-PSgs; film (Fig. 5 and
6). The diblock copolymer (Fig. 7) appears grey (SEM) or bright
(AFM) while the pores appear dark.

In order to correlate the different porous structures
obtained by the two different solvent annealing techniques

Fig. 7 AFM and SEM studies of spin-coated thin films of a 2 wt% PVP-
b-PS CHCl;3 solution. The films were dip-coated in DMF for 3 s, exposed
to air for 5 min and immersed in water for 3 h. Surface topography via
QNM AFM height images (1 pm X 1 pm) and SEM images (SE detector) of
the isoporous thin films. The diblock copolymer appears grey (SEM) or
bright (AFM) while the pores appear dark. (a) AFM image and (b) SEM
image of a DMF/water annealed P4VP1g6-PSgs; thin film; (c) AFM image
and (d) SEM image of a DMF/water annealed P2VP,;5-PSg7, thin film.

This journal is © The Royal Society of Chemistry 2021
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quantitatively, the pore sizes were determined from SEM
images of samples sputter coated with 0.5 nm platinum using
the software Imagic IMS (Imagic Bildverarbeitung AG,
Switzerland). Measurements yielded mean pore diameters for
a DMF/water annealed P4VP;g-PSg5;, film and a 1,4 dioxane/
ethanol annealed P4VP,4-PSos; film to be 17.6 nm + 4.0 nm
and 11.7 nm + 5.5 nm, respectively. Hence, the mean pore dia-
meter of the DMF/water annealed P4VP;4s-PSqs5, film was 1.5
times larger than the mean pore diameter determined for the
1,4 dioxane/ethanol annealed P4VPg6-PSos51 film.
Furthermore, the DMF/water annealed P4VP,g-PSys, film
shows a lower standard deviation of the mean pore diameter
and a higher order in terms of pore diameter distribution. The
median pore diameter is 17.7 nm for the DMF/water annealed
sample and 10.5 nm for the 1,4-dioxane/ethanol annealed
sample, which for the latter shows a significantly larger devi-
ation from the mean pore diameter and thus a more inhomo-
geneous pore size distribution. A similar pore diameter devi-
ation was found for P2VP,;5-PSs;, when comparing the two
annealing processes. The mean pore diameter determined for
the P2VP,,5-PSs;, thin film after DMF/water annealing (Fig. 7)
was 21.3 nm + 3.5 nm (median pore diameter 21.8 nm) and
15.4 nm + 6 nm (median pore diameter 14.0 nm) for the 1,4-
dioxane/ethanol annealed film (Fig. 6). Thus, DMF/water
annealing led to a 1.4 times larger mean pore diameter and a
narrower pore size distribution.

Regarding the self-assembly properties, the PVP-b-PS
diblock copolymers of this work are well comparable with the
self-assembly properties of PS-b-PVP diblock copolymers
obtained via anionic polymerization, previously mentioned in
literature. Gallei et al. and Jung et al. investigated the structure
formation of isoporous membranes of PS-b-P4VP and PS-b-
P2VP, respectively.”®”” The examined diblock copolymers had
similar molecular weights and block compositions in the
region wherein PVP is expected to form spherical or cylindrical
domains in bulk.

Conclusions

In this work, the synthesis of high molecular weight PAVP-b-PS
and P2VP-p-PS diblock copolymers was performed in a two-
step process of a RAFT bulk polymerization followed by a sur-
factant-free RAFT dispersion polymerization. A series of PAVP
and P2VP homopolymers with dispersities ranging from
1.08-1.27 were prepared via RAFT bulk polymerization at 80 °C
using two different trithiocarbonate RAFT agents. The choice
of RAFT agent did not show significant effects on monomer
conversion or dispersity.

A PVP macroRAFT agent was chain extended via RAFT
aqueous-alcoholic dispersion polymerization of styrene at
70 °C and 20% w/w solids content, reaching quantitative con-
version within 24 h as indicated by "H NMR. A series of PVP-b-
PS diblock copolymers was prepared with high M, between 70
and 137 kDa and low dispersities as evaluated by "H NMR and
GPC. The proposed particle formation mechanism is the
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polymerization-induced self-assembly (PISA), which involves
the in situ formation of micellar objects after initial chain
growth in the aqueous-alcoholic phase. In the bulk state the
block copolymers microphase separate into regularly ordered
cylindrical or spherical morphologies, as revealed by TEM.

Spin-coated PVP-b-PS diblock copolymer films with weight
fractions of the minority PVP block ranging from 17-24% were
converted to porous structures by a selective alignment and
swelling strategy and investigated via AFM and SEM.

A comparison of two annealing procedures aiming to obtain
isoporous thin films was performed. The first approach com-
bined thermal annealing with 1,4-dioxane vapor annealing, fol-
lowed by dip-coating in ethanol. The second technique com-
prised thermal annealing, followed by dip-coating in DMF and
immersion into water. Both procedures led to porous structures,
but with structural differences. DMF/water annealed P4VP;g4-
PSos; and P2VP,;5-PS¢,, films showed an isoporous spherical
surface microstructure with more uniformly arranged pores
compared to the corresponsing films annealed in 1,4 dioxane/
ethanol. Moreover, measurements revealed that the mean pore
diameter of the filmes annealed in DMF/water were approxi-
mately 1.5 times larger with a lower standard deviation than the
mean pore diameter of the corresponding films annealed in 1,4
dioxane/ethanol. The modified porous topographical structures
were obtained by distinct selectivities of the different solvents
for the individual blocks. Hence, the study showed a variable
pore alignment and pore swelling by solvent annealing with
different solvent combinations. When annealing with DMEF/
water, isoporous thin films could be prepared when using
either P2VP-b-PS or PAVP-b-PS diblock copolymers.
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