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Abstract

The synthesis of polystyrene-block-poly(N,N-dimethylacrylamide) (PS-b-PDMA) via RAFT polymerization was investigated in detail. Two
different RAFT agents — benzyl dithiobenzoate and 3-(benzylsulfanylthiocarbonylsufanyl) propionic acid, were employed to prepare polysty-
rene macroRAFT agents with molecular weights varying between 3000 g mol™"' and 62,000 gmol ™" and polydispersities between 1.1 and 1.4.
Chain extensions with N,N-dimethylacrylamide (DMA) were carried out using a constant monomer to RAFT agent concentration ([DMA]/
[RAFT] = 500), to compare the rate of polymerization in dependency of the polystyrene chain length. A decreasing rate of polymerization
with increasing block length was observed. Depending on the sizes of the first block and type of RAFT agents used, chain extension polymeri-
zation with DMA was found to be incomplete, leading to significant low molecular weight tailing in the GPC analyses. Block copolymers pre-
pared using 3-(benzylsulfanylthiocarbonylsufanyl) propionic acid, followed the expected molecular weight evolutions with polydispersity
indices of 1.2—1.4. In contrast, block copolymers using benzyl dithiobenzoate clearly showed bimodal molecular weight distributions, especially
when the longest PS macroRAFT agent with a molecular weight of 38,000 g mol~' was employed. These amphiphilic block copolymers were
used to fabricate honeycomb structured porous films using the breath figure technique. The regularity of the film was considerably influenced by
the humidity of the environment, which could be controlled by the rate of the airflow or the humidity in the casting chamber. The interaction
between the hydrophilic block copolymer and the humidity was found responsible for the delicate equilibrium during the casting process, which
prevented high pores regularity at very low (below 50%) and at elevated (above 80%) humidity. The interactions of the hydrophilic block with
the humidity were observed to superimpose an additional nano-scaled order onto the hexagonal micron-sized porous array. Pores, which are
created by encapsulation of water droplets, were found to be more hydrophilic than the surface. Confocal microscopy studies were employed
to locate hydrophilic blocks within the film using a fluorescence labeled PDMA polymer.
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1. Introduction

Highly regular porous films have received increasing inter-
ests due to their potential applications as membranes, micro-
reactors and in photonic or opto-electronic devices. Several
fabrication methodologies have recently been described in lit-
erature for the formation of isoporous films, such as litho-
graphic methods and templating techniques. Francois and
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coworkers [1] first described the formation of honeycomb
structured porous films by a simple casting method involving
breath figures. In this process, water droplets from a humid en-
vironment condense on the surface of the polymer solution,
giving rise to the appearance of so-called breath figures. Poly-
mers surrounding these water droplets precipitate and form
solid envelopes. The water droplets therefore act as templates
for these inverse opal structures [2—4]. The hexagonal ar-
rangement of pores and the pore sizes, ranging between
20 nm [5] and 20 pm [6], are influenced by the polymers
used and the casting conditions under which the formation
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of films were completed. A variety of polymers have been em-
ployed in the preparation of honeycomb structured porous
films including polystyrene star or comb polymers [7], rod-
coil polymers [8], conjugated polymers with semi-conducting
properties [9—11], polyimides [12], light-emitting polymers [13],
liquid-crystalline polymers [14], organometallic polymers
[15] and degradable polymers such as poly(e-caprolactone)
[16]. When amphiphilic block copolymers [17,18] are used
in this process, the formation of a nano-scaled suborder is
observed. The precipitation of amphiphilic block polymers
around water droplets yielded pores with high hydrophilicity
while the film surface remains mostly hydrophobic. These
suborder arrangements have been confirmed using XPS [19],
contact angle measurements [20] and bacterial studies [3].
Amphiphilic block copolymers could potentially be utilized
to generate micron-sized reactors with hydrophilic and func-
tional groups located mainly inside the pores.

RAFT polymerization [21—23] is a versatile technique to
synthesize amphiphilic block copolymers without the neces-
sity of protecting the functional groups during polymer synthe-
sis. The formation of polymeric macroRAFT agents with
thiocarbonylthio end groups, as a result of the homopolymeri-
zation in the presence of a RAFT agent, can be considered as
the key component to the successful formation of block copoly-
mers. The so-called macroRAFT agent can then be reinitiated
with a new monomer leading to the formation of diblock
copolymers (Scheme 1). Detailed investigations into the mecha-
nism revealed that besides diblock copolymers the formation
of homopolymers (Scheme 1, IV/(b)) or tri-block copolymers
(Scheme 1, (V)) by terminations can be expected during
RAFT polymerizations.

A crucial step in the successful formation of block copoly-
mers is the stability assessment of the macro-radical of both
polymer blocks. The intermediate radical of the pre-

Formation of Block copolymers: Chain extension

equilibrium phase (Scheme 1, (I)) is the focus when designing
a preparative strategy. The fragmentation of this intermediate
compound can proceed towards either directions, forming
either a macro-radical based on the monomer of the original
macroRAFT agent P(M;) or a macro-radical based on the
new monomer P(M,) [24]. A complete formation of P(M;)
macro-radical is essential for the successful generation of
block copolymers while a fragmentation forming P(M,)
macro-radical can only yield homopolymers [25]. The forma-
tion of the initial polymer block, with macro-radicals of higher
stability, promotes the leaving ability of the macroRAFT agent
and consequently leads to the formation of block copolymers.
It is therefore recommended to prepare methacrylate-based
polymers before carrying out the chain extension polymeriza-
tion process using acrylates or styrene [26]. A range of well
defined amphiphilic block copolymers have been reported
using this technique [24—30].

In this paper, systematic investigations into the synthesis of
amphiphilic block copolymer, polystyrene-block-poly(N,N-di-
methylacrylamide) (PS-b-PDMA), were carried out focusing
on the influence of the sizes of the first polymer block used
in the chain extension polymerization process with DMA. Fur-
thermore, the set of block copolymers prepared was utilized to
generate honeycomb structured porous films using the airflow
technique [31]. Influences of block size and ratios on the cast-
ing process, arrangement and sizes of pore generated were also
investigated.

2. Experimental section
2.1. Materials

The synthesis of benzyl dithiobenzoate I [32] and 3-(benz-
ylsulfanylthiocarbonylsulfanyl) propionic acid II [7] was
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described elsewhere. Styrene (S, 99%) and N,N-dimethylacryl-
amide (DMA, 99%) purchased from Sigma were destabilized
by several passes through columns of basic alumina. N,N-Di-
methylacetamide (DMAc, HPLC) was purchased from Sigma
and used without further purifications. 2,2-Azobisisobutylo-
nitrile (AIBN) from DuPont was recrystallized twice with eth-
anol before use. Carbon disulfide (CS,, 99.9%) from Ajax
Chemicals and dichloromethane (CH,Cl,, 99.5%) from Ajax
Finechem were used as solvents for casting polymer solutions
without further purification.

2.2. Synthesis

2.2.1. Polystyrene macroRAFT agents

Polystyrene macroRAFT agents (PS-I), with dithioester end
group, of molecular weights 3000 g mol ', 9000 g mol™~' and
38,000 gmol ' were synthesized using the experimental pro-
cedures described elsewhere [32]. Polystyrene macroRAFT
agents (PS-II), with trithiocarbonate end group, of molecular
weights of 8000 g mol ', 33,000 g mol ! and 62,000 g mol ",
respectively, were synthesized by mixing 38 g, 190 g and
380 g of destabilized styrene with 1.0 g of RAFT agent (II) —
3-(benzylsulfanylthiocarbonylsulfanyl) propionic acid —
respectively, and degassed with nitrogen for 1h before
polymerizing at 100 °C for 48 h while stirring. After polymer-
ization, the mixtures were quenched and excess monomers
were removed under reduced pressure. The samples were dried
under high vacuum at 50 °C before use.

2.2.2. RAFT polymerization of DMA

PDMA was prepared by mixing 9.913 g, 1 x 10~ mol of
N,N-dimethylacrylamide — DMA, RAFT agent — benzyl dithio-
benzoate I (0.0488 g, 2 x 10~* mol) or 3-(benzylsulfanylthio-
carbonylsufanyl) propionic acid IT (0.0544 g, 2 x 10~ mol)
and AIBN (0.0033 g, 2 x 107° mol) with N,N-dimethylaceta-
mide — DMAC (to obtain a final volume of 50 mL) in a Schlenk
flask. The flask was sealed with septa and degassed with three or
more freeze—pump—thaw cycles. After degassing the mixture
was transferred via a canula into several thoroughly degassed
bottles sealed with septa and copper wire ties. Polymerizations
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were carried out at 60 °C. At regular intervals, depending on
conversion required, a bottle from each sample set was removed
from the water bath, quenched and the solvent was allowed to
evaporate. The conversion was determined gravimetrically.

2.2.3. Amphiphilic diblock copolymer (PS-b-PDMA)

As depicted in Scheme 2, polystyrene-block-poly(N,N-di-
methylacrylamide), PS-b-PDMA, with dithioester end groups:
120g (3000 gmol™"), 3.60g (9000 gmol™ ") or 152¢
(38,000 gmol™") polystyrene macroRAFT agent (PS-I)
(2 x 10~* mol) was mixed with 9.91 g (1 x 10~" mol) N,N-di-
methylacrylamide — DMA, 0.00328 g AIBN (2 x 10> mol)
and N,N-dimethylacetamide (DMAc) to obtain a final volume
of 50 mL, sealed with septa/copper wires and degassed with
three or more freeze—pump—thaw cycles. After degassing
the mixture was transferred via a canula into several thor-
oughly degassed bottles sealed with septa and copper wire.
The polymerization was carried out at 60 °C. At regular inter-
vals a bottle was removed. After evaporation of excess solvent
and monomers the conversion was determined gravimetrically.
Polystyrene-block-poly(N,N-dimethylacrylamide), PS-b-PDMA,
with trithiocarbonate end groups, were prepared employing
a similar procedure as above using polystyrene macroRAFT
agents (PS-II) with molecular weights of 8000 gmol ',
33,000 g mol ' or 62,000 g mol .

2.24. Casting/porous film formation

A ratio of 70:30 v/v% of CS, to CH,Cl, was used for film
casting. This solvent mixture was used to aid solubility of
polymers, especially those with lengthy PDMA blocks which
are partially insoluble in CS,. Honeycomb structured porous
film formation was conducted in a customized Perspex glove
box with controlled airflow, temperature and humidity. Cast-
ings of porous films were done according to the airflow
technique described elsewhere [31]. Polymer solutions of
12—20 pL, dispensed from a precision micro-pipette were
introduced onto 5 mm diameter round glass cover-slips within
the Perspex box and allowed to evaporate to dry, to yield
porous films.
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3. Characterization
3.1. Gel permeation chromatography (GPC)

Molecular weight analysis of copolymers were performed
using size exclusion chromatography (SEC) in a Shimadzu
modular LC system comprising of a DGU-12A solvent
degasser, an LC-10AT pump, an SIL-10AD auto injector, a
CTO-10A column oven (50 °C set temperature), an RID-10A
refractive index detector, with N,N-dimethylacetamide
(DMAc) (HPLC, 0.05% w/v LiBr, 0.05% BHT) at a flow
rate of 1 mLmin~', as eluent. The system was equipped
with a Polymer Laboratories 5.0 um bead-size guard column
(50 x 7.8 mm) followed by four 300 x 7.8 mm linear PL col-
umns (105 s 104, 10® and 500 A). Calibration on the system was
performed with narrow polydispersity polystyrene standards
ranging from 500 g mol ' to 10° gmol .

3.2. FT-NIR (Fourier transformed-near infrared)
spectroscopy

FT-NIR measurements were performed on a Bruker
IFS66\S Fourier transform spectrometer system equipped
with a tungsten halogen lamp, CaF, beam splitter and a liquid
nitrogen cooled InSb detector. Stock solutions in a Schlenk
flask, degassed by three or more freeze—pump—thaw cycles
were transferred into a rubber septa sealed 10 mm IR cell, de-
oxygenated by several vacuum—nitrogen cycles, via a canula
under nitrogen. Monomer conversions were determined via
online FT-NIR spectroscopy by observing the reduction in vi-
nylic stretching overtone intensity of the monomer at approxi-
mately 6140 cm™'. Each spectrum between the spectral
regions of 8000—4000 cm ' was calculated from the co-added
interferograms of 12 scans with a resolution of 4 cm™~'. The con-
version was determined, by selecting a linear baseline between
6180 and 6110 cm ' and subsequently, via Beer—Lambert’s
law, the integrated absorbance between these two points was
used to calculate the monomer to polymer conversion.

3.3. DLS (dynamic light scattering)

The determination of polymer particle size in dichlorome-
thane solution (10 gL™') was performed on a Brookhaven
Instruments ZetaPals Particle analyser system at room tem-
perature (25 °C), using an angle of 90° and wavelength of
678 nm. ZetaPals particle sizing software (version 3.57) was
used to obtain the distributions of hydrodynamic diameter
f(Dy,) for each measurement.

3.4. SEM (scanning electron microscopy)

Scanning electron microscopy (SEM) analysis of the pre-
pared porous films was performed using a Hitachi S-900
FESEM. The porous film samples were affixed to copper stubs
with carbon adhesive tape and sputter-coated with 10 nm of
chromium (EMITECH K575x high resolution) prior to
analysis.

3.5. Quantitative virtual light scattering (QVLS) analysis

Analysis of the pore profile and size was conducted on
SEM images, with the aid of Scion image software (Scion
Corporation) release Beta 4.0.2. The coordinates (X—Y posi-
tional data) of the pores’ geometric centre obtained using
Scion image were later used to yield two parameters; SPAN
and THETA coefficients, using quantitative virtual light scat-
tering (QVLS) analysis [33]. QVLS employs Fourier transfor-
mation to determine the SPAN and THETA coefficients. The
SPAN value is the standard deviation of the distance between
the centers of two neighboring pores; a small value for this pa-
rameter is indicative of a constant positioning of pores. The
THETA value is the standard deviation of the angle formed
by three neighboring pores; a small value for this parameter
indicates an angle of 60° arrangement of the pores, a require-
ment for a hexagonal assembly [7,33,34].

4. Results and discussion
4.1. Synthesis of polymers

In the synthesis of polystyrene-block-poly(IN,N-dimethyl-
acrylamide) (PS-b-PDMA) block copolymers, it is essential
to generate the polystyrene macroRAFT agent polymer block
before chain extension with DMA. Experiments, using PDMA
macroRAFT agent first, resulted in incomplete chain extension
with styrene, evidenced by a bimodal GPC molecular weight
distribution spectrum.

Two RAFT agents, benzyl dithiobenzoate I and 3-(benzyl-
sulfanylthiocarbonyl sulfanyl) propionic acid II agents were
used in this work. Both classes of RAFT agents were tested
to convey a living polymerization process with styrene and
DMA. Polystyrene macroRAFT agents with varying molecular
weights were generated using both RAFT agents. Benzyl
dithiobenzoate I was employed to generate polystyrene
macroRAFT agents (PS-I) with molecular weights of
3000 gmol !, 9000 gmol~' and 38,000 gmol ' while 3-
(benzylsulfanylthiocarbonylsulfanyl) propionic acid II was
utilized to generate polystyrene macroRAFT agents (PS-II)
with molecular weights of 8000 g mol ™', 33,000 g mol " and
62,000 gmol ', All six macroRAFT agents as well as RAFT
agents I and II were employed in the chain extension
polymerization and homopolymerizations of DMA, using sim-
ilar RAFT end group concentrations ([M]/[RAFT] = 500).

Fig. 1A and B reveals that the rates of homopolymerisation
of DMA using I and II deviate considerably from each other.
These results were not surprising and can be attributed to an
increased stability of the intermediate radical of dithioester
mediated polymerization, resulting in strongly retarded poly-
merizations in the presence of I [35].

A significant influence was observed by the chain length of
the PS macroRAFT agent used while all other concentrations
were kept constant. The chain extension polymerization pro-
cess was significantly retarded with increasing PS block
length. The employment of increasing molecular weight mac-
roRAFT agents resulted in higher viscosity which was known
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Fig. 1. Time vs conversion plots as obtained via FT-NIR measurements of the
polymerization of N,N-dimethylacrylamide (DMA) in N,N-dimethylacetamide
(DMAC) at 60 °C in the presence of macroRAFT agents, PS-I (above) and
PS-1I (below). Concentrations: [macroRAFT] =4 x 10> mol L™!, [DMA] =
2mol L', [AIBN] =4 x 10 *mol L™".

to affect several parameters during polymerization. Alteration
of the viscosity can have manifold influences on the polymeri-
zation kinetics such as the decrease of the termination rate co-
efficient or the decrease of initiator efficiency. A decreased
rate of termination, however, results in a faster rate of poly-
merization and therefore cannot explain the delay in this
case. In contrast, increasing the viscosity usually causes lower
initiator efficiencies, thus reducing the concentration of radi-
cals in the system. The reduced initiator efficiency and the re-
sulting reduced rate of polymerization can indeed be suspected
when using trithiocarbonate based macroRAFT agents (PS-II).
Fig. 1B shows an amplified retardation with increasing chain
length of the polystyrene blocks used. The effect of higher vis-
cosity on the radical concentrations should then be observed
during the course of polymerization since the viscosity in-
creases with monomer consumption. Undeniable, the first-
order kinetics plot did not follow a linear relationship and
exhibit a reduction of radical concentrations, which can either

be explained by the decomposition kinetics of AIBN or an
altered initiator efficiency.

The peculiar behavior of the DMA polymerization using di-
thioester based RAFT agent I revealed, however, that the influ-
ences on the rate of chain extension polymerization of DMA
with dithioester based macroRAFT agents (PS-I) were consid-
erably more complicated (Fig. 1A). While the polymerization
of DMA in the presence of I was highly retarded, the rate of
polymerization using a polystyrene macroRAFT agent was ac-
celerated. Similar to chain extension polymerizations with tri-
thiocarbonate based macroRAFT agents (PS-II), the rate of
polymerization was impeded with the length of the polysty-
rene block employed. Comparing polymerizations using mac-
roRAFT agents (PS-I) of varying sizes, a significant increase
in the polymerization rate was observed when polymeric
RAFT agents were employed. Since the influence of the
RAFT agents should be similar, this can only be assigned to
either an increased radical concentration or the decreased rates
of termination at higher chain lengths. Moreover, the reaction
between macro-radical and thiocarbonylthio group may be
chain length dependent, which can be a reflection of the al-
tered accessibility of the RAFT end group within the polymer
coils. Interestingly, when comparing chain extension polymeri-
zations, using different classes of macroRAFT agents but with
comparable polymer block sizes, similar rates of polymeriza-
tion within acceptable errors were observed (Fig. 2). This may
be coincidental, but can also be attributed to similar viscosity
effects. Further investigations are necessary to obtain addi-
tional information on the chain length dependency of the chain
extension RAFT polymerization process.

The homopolymerizations of both monomers (styrene and
DMA) using I and II were confirmed living since the molecular
weight evolved linearly with conversion while the molecular
weight distribution remained narrow (typically between 1.2
and 1.4 for polystyrene and 1.1 and 1.3 for DMA homopolyme-
rization in the presence of I and II). The syntheses of block

—— PS-Il M= 33000 g mol™'

0.6 4| PS-Il M= 8000 g mol'
PS-I M= 9000 g mol’'

-~ PS- M= 28000 g mol’

In(1/1-x)

Timel hours

Fig. 2. Pseudo first-order kinetic plot as obtained via FT-NIR measurements of
the polymerization of N,N-dimethylacrylamide in N,N-dimethylacetamide at
60 °C in the presence of varying PS macroRAFT agents (PS-I and PS-II). Con-
centrations: [macroRAFT] =4 x 10> molL™', [DMA] =2 mol L™, [AIBN] =
4x10"*mol L™
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copolymers, however, were more complicated. As mentioned
above, we expect a chain length dependency on the chain trans-
fers during chain extension polymerization. Additionally, it
should be considered that we attempt to combine a hydrophilic
monomer to a relatively hydrophobic polymer block.

On first inspection, the chain extension of polystyrene
block copolymers with DMA, using II (Figs. 3 and 4) seems
to be complete, showing a monodisperse GPC distribution.
The peaks shifted with conversion to higher molecular weight,
which were especially pronounced when employing low mo-
lecular weight macroRAFT agents. The molecular weights ob-
tained from GPC analysis (using linear polystyrene standards)
exhibited a linear increase in molecular weight with conver-
sion. In addition, the molecular weight distributions remained
below 1.4. Deviation from the expected molecular weight
(solid line in Fig. 4), especially when using longer macro-
RAFT agents, may be assigned to the polystyrene standard cali-
brations on the GPC system. Molecular weight differences
between the theoretical molecular weight and the measured
value can be explained by altered hydrodynamic volumes,
which can significantly be affected in complex architectures.
However, the observed deviation in this case cannot only be
assigned to the GPC calibration. Some strong indications sug-
gest the occurrence of side reactions affecting the molecular
weight distribution. Detailed inspections of the GPC curves re-
vealed that a significant low molecular weight tailing appeared
which became even more noticeable at higher conversions, es-
pecially when using higher molecular weight macroRAFT
agents (Fig. 3). To further investigate into this observation,
the intensity of the GPC curves were recalculated to take
into considerations, that with increasing DMA conversions
the intensity of the original polystyrene macroRAFT block
was skewed. The intensity of each GPC curve was multiplied
with the theoretical number of repeating units of the block co-
polymer Npwma + Nps and divided by the size of the original

r T T T T T N T N T T T T T T T T T T T T T T 1 N T T 1
34 36 38 40 42 44 46 48 50 52 54 56 58 6.0
log MW/ g mol!
Fig. 3. GPC curves (DMACc) of PS-b-PDMA block copolymers using PS mac-
roRAFT agent (PS-II) (dotted lines) with molecular weights of 8000 g mol ™!

(top), 33,000 gmol’l (middle) and 62,000 gmol’l (bottom). Experimental
details are listed in Fig. 4.
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Fig. 4. Molecular weight M,, as obtained via GPC (DMACc) and polydispersity
index (PDI) of the polymerization of N,N-dimethylacrylamide (DMA) in N,N-
dimethylacetamide (DMAc) at 60 °C in the presence of varying PS macro-
RAFT agents (PS-II). Concentrations: [macroRAFT] =4 x 103 molL ™1,
[DMA]=2mol L', [AIBN]=4 x 107* mol L™". The molecular weight of
the PS macroRAFT agent is 8000 g mol ' (square), 33,000 g mol ' (triangle)
and 62,000 gmol ™! (circle).

macroRAFT agent Nps. (It should be noted that this technique
can only provide an estimate given that both polymer blocks
deviate in their refractive indices.) Fig. 5 depicts, the macro-
RAFT agent was only consumed slowly during polymerization
resulting in diblock copolymers with varying DMA block
sizes. Consequently, some block copolymers were generated
earlier than others, and eventually yield polymers with bigger
DMA blocks. Therefore the tailing becomes increasingly evi-
dent and magnified when employing macroRAFT agents of
higher molecular weight. It should also be noted here that
low molecular weight tailing or a second distinct peak of re-
maining macroRAFT agent may also be the result of dead
polymer generated during the synthesis of the macroRAFT

conversion normalized response

4.5
log MW/ g mol™!

Fig. 5. GPC curves of PS-b-PDMA block copolymers based on PS-II
(M, =8000 g mol™!) (above) and PS-1 (M, = 38,000 g mol™') (below) ob-
tained by multiplying the normalized response with the conversion and the
maximum ratio r at 100% conversion, which is then added onto the original

value (N is the number of repeating units); r = NW)%,:NPS = w =17.5.
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agent. It is well known that certain conditions such as heat
[36], light [37], certain pH values [38] and solvents containing
oxidizing species like dioxane or tetrahydrofuran [39] can in-
fluence or even destroy thiocarbonylthio end groups. In addi-
tion dead polymer can be formed during the macroRAFT
agent synthesis by an unfavourable high concentration of radi-
cals, which will result in a substantial amount of termination
reactions. Dead polymer, however, will not result in the slow
consumption of the macroRAFT agent, but will be indicated
as a second peak (or low molecular weight tailing) unchanged
in intensity (when scaling the GPC curves with the monomer
conversion) throughout the polymerization.

This effect was also observed and even more significant
when using dithioester based macroRAFT agents (PS-I) during
chain extension with DMA. The polymerization in the pres-
ence of (PS-I) (Fig. 6) clearly resulted in a bimodal molecular
weight distribution which was again more pronounced with in-
creasing molecular weight of the macroRAFT agent used. The
bimodality was evidently a function of the macroRAFT agent
molecular weight. The chain extension process using a macro-
RAFT agent of a molecular weight of 3000 g mol ™' showed an
initial good extension and almost full chain extension with the
second monomer, with the peaks shifting fully to higher mo-
lecular weights. The chain extension process using a larger
polystyrene macroRAFT block size was clearly incomplete
and deviated from the expected molecular weight (solid line
in Fig. 7). The broadening becomes now very prominent
with a significant increase of the polydispersity (PDI of 2.4).
The polydispersity index increased not only with conversion
but also with block size (Fig. 7).

In comparison, the chain extension polymerization using
PS-II did result in the formation of block copolymers despite
some noticeable low molecular weight tailing, indicative of
a delayed chain transfer process during polymerizations. Mac-
roRAFT agent PS-1, in contrast, showed significant broadening

r T T T T T T T T T - >I = T T T T 1
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Fig. 6. GPC curves (DMACc) of PS-b-PDMA block copolymers using PS mac-
roRAFT agent (PS-I) with molecular weights, 3000 gmol™' (top),

9000gm01’1 (middle) and 38,000gmol’l (bottom). Experimental details
are listed in Fig. 7.
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Fig. 7. Molecular weight M,, as obtained via GPC (DMACc) and polydispersity
index (PDI) of the polymerization of N,N-dimethylacrylamide in N,N-dime-
thylacetamide at 60 °C in the presence of varying PS macroRAFT
agents (PS-I). Concentrations: [macroRAFT] =4 x 103 mol L™, [DMA] =
2molL™!, [AIBN]=4 x 10~*molL~'. The molecular weight of the PS
macroRAFT agent is 3000 gmol_I (square), 9000 g mol™! (circle) and
38,000 gmol ™" (triangle).

of the molecular weight distribution especially when the mac-
roRAFT agent reached a certain size. In both cases, we clearly
observed a chain length dependency of this effect. It seemed
the accessibility of the thiocarbonylthio end group was deter-
mined by the size of macroRAFT agents. Additionally, it
should be considered that the hydrophobic PS macroRAFT
agent is chain extended with a hydrophilic block, which causes
repulsive effects [40]. The observed low molecular weight tail-
ing may additionally be explained by the preferred chain ex-
tension of a polymer chain that has already undergone chain
extension. Hence, the increased hydrophilicity around the thio-
carbonylthio group, caused by the addition of a few DMA
units, facilitates further chain extension. This polarity effect
may also explain the difference between the polymerization
using I or II. RAFT agent I is hydrophobic in contrast to the
carboxy group carrying RAFT agent II. Further investigations
are necessary to quantify the potential effects of chain length
and polarity on the formation of block copolymers. On the
contrary, theoretical modeling studies predicting the decrease
of the polydispersity with conversions in block copolymer syn-
thesis [41] are clearly underestimating the effect of polarity
and polymer chain conformations.

Nevertheless, the formation of block copolymers using PS-
II can be considered suitable for the preparation of PS-b-
PDMA block copolymers since the mono-modal molecular
weight distribution never exceed a polydispersity index of
1.4. Likewise, this exercise illustrated that it is essential to
investigate the shape of GPC curves when preparing block
copolymers via RAFT polymerization.

4.2. Honeycomb structured porous films

In this study, honeycomb structured porous films were
effectively fabricated by a simple casting process, employing
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a polymer solution in a humid environment. The prerequisites
for the class of polymer that support the formation of highly
regular porous films are nonetheless ambiguous [17]. How-
ever, in an empirical fashion it has been shown that an assort-
ment of polymers can be employed successfully. Amphiphilic
block copolymers are unique since these structures are ex-
pected to interfere with the casting process to produce porous
films with interesting morphologies (Scheme 3). The utiliza-
tion of amphiphilic block copolymers in the preparation of
honeycomb structured porous films can lead to a nano-scale
suborder with hydrophilic pores. The block size ratios as
well as the overall molecular weight of amphiphilic block co-
polymers employed are expected to have significant influences
on the pore size and especially on the regularity of the hexago-
nal array formed. The aim of this study is to systematically in-
vestigate the correlations between the block sizes and block
ratios of the polymer used to the outcome of films formed.
The process of casting is highly sensitive towards slight
alteration of casting humidity, airflow and temperature. There-
fore, a customized Casting Perspex glove box [31], integrated
with an adaptable moist air supply system providing control of
several physical casting conditions e.g. humidity, temperature,
airflow rate and airflow directions was designed and built.
With this customized glove box, we were able to complete
our castings to generate honeycomb structured porous films

Scheme 3.

under different conditions while achieving reproducible
results. For the quality of films produced, the primary focus
would be on the topography of porous films, such as pore
arrangement pattern (hexagonal fashion), pore size and pore
homogeneity. Numerous conditions are assumed to influence
the formations of honeycomb structured porous films and
were identified as the following:

1. Materials: type of polymer, architecture of polymer,
polymer molecular weight.

2. Casting conditions: humidity, temperature, moist airflow
rate, moist airflow directions, type of substrate, substrate
surfaces, substrate temperature, type of solvent, concentra-
tions of polymer in solvent, solvent temperature, volume
of casting.

Investigations into all these conditions are beyond the scope
of this study and were discussed in detail elsewhere [2,4,26].
In this work, we focus primarily on parameters, which are
unique to amphiphilic block copolymers such as their interac-
tion with water as well as organic solvent. Therefore, the size
of the hydrophilic block or the ratio of both blocks, respec-
tively, should significantly influence the pore size and
regularity.

4.3. Pre study: interaction of amphiphilic block
copolymer with water

As mentioned, the uniqueness of amphiphilic block copoly-
mers lies in their possible interference of the hydrophilic block
with condensing water droplets. The formation of inverse mi-
celles in typical casting solvents such as methylene chloride
and carbon disulfide can be expected with the hydrophilic
PDMA block forming the core. Upon contact with water,
two possible reactions can occur: firstly, the block copolymers
arrange themselves around the water droplets on the surface.
As a result, the surface tension can be altered and the droplets
show an increased tendency to coalesce. With increasing size
of the hydrophilic block the interfacial tension decreases. Con-
sequently, the coalescence should increase, thus, forming
a more irregular array of pores on the resulting film. However,
it should be considered that a very high interfacial tension was
reported to result in films of lower order, which could be im-
proved by the addition of surface active compounds [17]. Sec-
ondly, the micelles can take up substantial amounts of water
during the casting process resulting in significantly swollen
particles.

To quantify the penetration of water into the micelle, solu-
tions of a range of block copolymers in a typical casting sol-
vent — methylene chloride — were prepared. Both polymer
and solvent were dried thoroughly to allow the investigation
of the block copolymer in the dry state. The hydrodynamic
diameter D), of the inverse micelle in the solvent at
10 mgmL ™" was found to be strongly dependent on both
block sizes in particular, the core forming PDMA block.
With increasing PDMA block size the hydrodynamic diameter
increases noticeably while the hydrophobic polystyrene block
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has only a minor influence. The size of the inverse micelle
increased only gradually with the size of the hydrophobic
shell-forming block (Fig. 8). According to the model devel-
oped by Halperin [42] we can fit the dependency between
the number of repeating units N of both blocks, Npg and
Nppma, and the hydrodynamic diameter Dy, to approximately
Dy o NoZO1NES00S . However, the very small hydrodynamic
diameter — especially when looking at PDMA blocks below
100 repeating units (Fig. 8) — suggest that the aggregation
number is either extremely small or only unimers are present.
In fact, the critical micelle concentration (cmc) in organic sol-
vent is rather high and only a significantly high PDMA block
ratio can lead to a small cmc [43,44].

Water was subsequently added and the solution mixture
was shaken for 2 s and analyzed immediately. The hydrodyn-
amic diameter D), was measured every 10s using dynamic
light scattering (DLS) analysis. Several replicated experiments
were conducted to eliminate uncertainties derived from short
measurement times. The measured hydrodynamic diameter
was observed to increase immediately resulting in micelle di-
ameters of more than 50 nm (Fig. 9). The micelles are now
swollen with water, with a considerable increase in aggrega-
tion number can also be expected [45]. Closer inspection al-
lows the correlation between block sizes and diameter
increase. Within acceptable errors, the rate of swelling was
solely dependent on the hydrophilic PDMA block (Fig. 9).
The typical casting process lies within similar time frames
of up to 1 min. It can therefore be expected that the longer
the PDMA block — independent of the size of the hydrophobic
block — the more water was encapsulated inside the core of
micelle.

From these results, it became evident that a long hydro-
philic block may significantly interfere with the casting condi-
tion. By lowering the interfacial tension a stronger tendency of
droplet coalescence can be expected. Furthermore, water may
be taken up by the micelle leading to a competing process next
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Fig. 8. Hydrodynamic diameter (Dy,) as obtained via DLS in methylene chlo-
ride (10 gL™") in correlation with the theoretical number of repeating units N
of the PDMA block.
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Fig. 9. Increase of hydrodynamic diameter Dy, vs time as a result of water up-
take caused by shaking a solution of PS->-PDMA (10 gL' in methylene
chloride) with water.

to the honeycomb formation. It should also be mentioned that
a hydrophilic block delays the precipitation of polymer around
the water droplets while capturing their shape, which is an es-
sential step in the formation process of honeycomb structured
porous films. An optimum balance between hydrophilic and
hydrophobic block is expected to be a prerequisite. In addi-
tion, the casting conditions, especially the humidity, is ex-
pected to be very influential to the regularity of pores formed.

4.4. Casting under varying humidity

As established, the pores generated in porous films were
due to a natural templating of water droplets, condensed
onto the surface of the polymer solution during evaporation
of solvent. These water droplets came from the surrounding
humid environment, which were introduced during casting.
Hence, the humidity in the environment determines the avail-
ability of moisture to form water droplets.

During our investigations, castings were completed in a cus-
tomized Perspex glove box, setup at humidity levels ranging
between 50 and 90%, and all other parameters were kept con-
stant. As depicted in Fig. 10, films generated using PS;s-b-
PDMAj, at humidity of 50%, have no visible pores. As the
humidity increases to 60%, tiny and non-homogeneous pores
of sizes between 250 and 750 nm were formed with a faint
suggestion of honeycomb arrangements of pores. At humidity
levels of 65%, highly homogeneous pores of 1 pm arranged in
honeycomb fashion were formed while further increase in hu-
midity to 80% only yielded an increase in pore sizes with
ruined honeycomb arrangements of pores. When the humidity
was further increased to 90%, the pores formed were vastly
large, non-homogeneous, and very different in sizes with the
honeycomb porous arrangement totally blemished. This vogue
was evident in all block ratios of PS-b-PDMA copolymers in-
vestigated in this study. Since qualitative analysis of these
films is rather subjective a quantitative analysis technique —
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Fig. 10. SEM images of porous films from block copolymer PS;s-b-PDMAj, obtained from a polymer solution (10 g L") of 70:30 v/v%, CS»/CH,Cl, at constant

airflow and varying humidity (50—90%).

quantified virtual light scattering, which is based on Fourier
transformation — has been employed [7,33,34]. The result of
this analysis is depicted in Fig. 10 confirming the increased
disorder.

These observations can be consequences of the quantity of
moisture in the environment available for water droplet forma-
tion. At low humidity, the availability of moisture concentra-
tion was not sufficient to form droplets on the solution
surface. At higher humidity, these water droplets can increase

in size before polymer precipitation into solid layers around
the droplet. However, when the humidity was excessive, the
downward airflow draft of moisture leading to condensing wa-
ter droplets on the surface may be surplus. As a result, high
volume of moisture results in an increasing size of water drop-
lets. This can happen so rapidly and cause water droplets to
coalesce before precipitation of the polymer around the drop-
lets occur. This behavior is in strong contrast to hydrophobic
polymers. An increasing humidity always seemed to improve
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the regularity. Amphiphilic block copolymers, however, are
hygroscopic and do interact with water during the casting pro-
cess as discussed. The difficulty with increasingly hydrophilic
polymers became evident in the investigation of polymers with
increasing ratio of DMA in the block copolymer. As depicted

in Fig. 11, porous films generated from PS;5-b-PDMA 3, PS+5-
b-PDMAgy, PS75-b-PDMA;40, an increasing hydrophilic
PDMA block size or ratio to PS block, resulted in lower reg-
ularity. This is easily assigned to the enhanced uptake of water
droplets with larger hydrophilic PDMA blocks. However,

PS,-b-PDMA,,
Humidity = 65%

PS;5-b-PDMA,,
Humidity = 60%

PS;5-b-PDMAS,,
Humidity = 50%

Fig. 11. SEM images of porous films from block copolymer PS-b-PDMA obtained from a polymer solution (10 g L") of 70:30 v/v%, CS,/CH,Cl,. The images
depict the best possible pores regularity in correlation with the size of the PDMA block.
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when the PDMA blocks were excessively huge, the uptake can
be so explosive with water droplets increasing in size so rap-
idly and coalesce with each other before surrounding polymers
can precipitate into solid, tarnishing the honeycomb arrange-
ments and homogeneity of pores created initially. This vogue
was also observed in other block ratios of PS-b-PDMA
copolymers in this study.

Another remarkable observation in this humidity study was
the influence of block ratios and size of PDMA blocks in PS-b-
PDMA copolymers employed. As depicted in Fig. 11, porous
films generated from PS,5-b-PDMA;(, PS;5-b-PDMAy(, PS75-
b-PDMA 3,0, with an increasing hydrophilic PDMA block size
or ratio to PS blocks the humidity required to generate the
best possible honeycomb structured porous films was found
to be lower (PS75-b-PDMA3O = 65%, PS75-b-PDMA90 = 60%,
PS;5-b-PDMA349 = 50%). This is easily assigned to the en-
hanced uptake of water droplets with larger hydrophilic
PDMA blocks.

4.5. Casting under varying airflow rate

The time permitted for condensation of water droplets onto
the casting polymer solution is subjected to the evaporation
rate of solvent from the casting polymer solution.

A high airflow rate of moist air supplied increases the evap-
oration rate of solvent, plummeting the opportunities for ap-
propriate condensation. Very small pore sizes were in fact
observed at very high air flows especially when combined
with a low solvent volume [5]. At the same time, a high air-
flow rate of moist air supplied also resulted in additional mois-
ture and can result in opposite effects.

A correlation study of the airflow rate of moist air to the
morphology of porous films generated was obtained with cast-
ings completed in a dry glove box setup (humidity < 25%)
with moist air supplied from a funnel and directed over the
casting at a fixed humidity (85%), controlled at various airflow
rates. The low humidity in the glove box is essential to prevent
initial inceptions of unwanted condensations taking place
before moist air is introduced.

Fig. 12 presents porous films generated using PS;s-b-
PDMAy, at various airflow rates of moist air. At zero airflow
rates, 0 L min~', no pores or non-homogeneous insignificant
pores were generated on the film. This can be assigned to a su-
perior upwards draft of evaporating solvent vapors that may
have prevented the downward draft of moist air settling onto
the casting polymer solution for condensation into water drop-
lets to happen. When the airflow rate was raised to
0.2 L min "', highly ordered pores with homogeneous pore
size of 1.5 um are generated. When the airflow rate was in-
creased further from 0.4 to 0.8 L min ", the size of pores gen-
erated also increased to 1.7 and 3.1 um. The increase in
airflow rate of supplied moist air seemed to have aided the
condensations and swelling of water droplets on the casting
polymer solution even with an increased evaporation rate of
solvent. Unfortunately, at 1 L min~" airflow rate of supplied
moist air, the elegant honeycomb arrangement and homoge-
neous pore sizes generated previously are devastated. This

can be assigned to a surplus of moisture contributing into
swelling the water droplets so rapidly that coalescing of water
droplets took place before the copolymer precipitated, ruining
the size homogeneity and hexagonal arrangement of pores.

Another observation established in this study of airflow rate
of moist air, is the effect of the ratio of PDMA blocks to the PS
blocks in copolymers employed. It was observed that with
a higher ratio of PDMA block to PS block the formation of
pores and honeycomb arrangement can only be achieved
with a low airflow rate of supplied moist air. As depicted
in Fig. 13, porous films generated from PS;s-b-PDMA;,
PS;5-b-PDMAg, and PS;5-b-PDMA sy, respectively, the air-
flow rate of moist air supplied to generate honeycomb struc-
tured porous films with comparable pore sizes is lower. It is
possible to attribute this to a promoted and enhanced uptake
of water droplets by the larger block of PDMA, even at higher
evaporation rate of solvent.

4.6. Effect of block sizes

The results as presented in Figs. 10—13 indicated a strong
influence of the block sizes on the castings outcome. While the
size of the hydrophobic PS block played only a negligible role,
with pores typically decreasing slightly in size with decreasing
block size used, the hydrophilic block interferes significantly
with this water driven process. In general, a lengthy hydro-
philic block impedes the formation of highly regular films
and the resulting porous array is usually of lower order. How-
ever, reducing the moisture content of the environment either
by lowering the humidity in the casting environment or by re-
ducing the rate of the airflow allows significant improvement
of the regularity. These results can be seen in connection
with the interaction of water and PDMA block. The lower sur-
face tensions as well as the higher tendency to take up water
are aspects preventing the formation of hexagonal arrays.
While it is possible to obtain regular films with any block
ratio, a high PDMA content requires careful fine-tuning of
the casting parameters concerning the humidity.

4.7. Internal structure of the pores

The resulting honeycomb structured films do have a closed
pore structure. It has been demonstrated earlier that typical
preparation techniques result in multi-layers of closed pores
[6]. A more membrane-like open pore structure is usually ob-
tained by the presence of surface active compounds such as
polyelectrolytes [46,47].

The interaction of the amphiphilic polymer with water
droplets superimposes a nano-structure onto the apparent hon-
eycomb microstructure. As mentioned earlier, the block copol-
ymer can possibly rearrange around the micron-sized pore-
forming water droplet. As a consequence, the resulting pore
should possess a hydrophilic surface. Secondly, water can pen-
etrate into the micelles formed by the polymer, leading to
water swollen particles.

The uptake of water into the micelle can indeed be con-
firmed upon closer investigation of the final honeycomb
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Fig. 12. SEM images of porous films from block copolymer PS;5s-b-PDMAy, obtained from a polymer solution (10 g L") of 70:30 v/v%, CS,/CH,Cl, at varying
air flows and a constant humidity of 85%.

structured porous films. With increasing hydrophilic block such as on the film surface or within the micron-sized pores
length the appearance of nano-sized pores became more evi- (Fig. 14). The size of these nanopores can be correlated to
dent. These nanopores can be found throughout the films the size of the water swollen micelles (Fig. 9). It seems that

PS75-b-PDMA,, PS;5-b-PDMAg, PS;5-b-PDMAsyq
0.8 Lmin™ 0.6 Lmin™! 0.4 Lmin™

Fig. 13. SEM images of porous films from block copolymers with varying PDMA block lengths obtained using optimized airflow rate. Polymer solution (10 gL ™")
of 70:30 v/v%, CS,/CH,Cl, and at constant humidity of 60%.
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Fig. 14. SEM images of a typical internal structure of porous films prepared from block copolymers with large hydrophilic blocks, showing both micro-pores and
nanopores.

Fig. 15. Confocal microscope of a PS-b-PDMA block copolymer porous film with fluorescence labeled hydrophilic block. The sections in the z-axis are 100 nm
starting from the surface of the film (with the highlighted position of the pore) (upper left) until a penetration into the film of 1.6 um (lower right).
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two competing processes are taking place during the casting
process. Micro-sized droplets lead to the formation of pores
while excess water is encapsulated within the pores. As a
result, a highly porous surface with pores on micron- and
nano-size is obtained.

A further nano-scaled suborder is derived from the rear-
rangement of amphiphilic block copolymers around the mi-
cron-scaled water droplet. This arrangement is expected to
be captured in its current state after the evaporation of solvent
and water. Consequently, these nano- and micron-pores should
have a hydrophilic surface while the overall surface of the film
usually remains hydrophobic, hence, being enriched with sty-
rene. To test this hypothesis, XPS [19] and bacterial adhesion
[3] studies were employed to validate this hypothesis. Further
confirmation can be obtained by using confocal microscopy
studies to obtain more information on the internal structure.
A block copolymer PS-b-PDMA prepared with RAFT agent
II was further chain extended with a few units of fluorescein
o-acrylate (Scheme 3). The resulting fluorescing tri-block co-
polymer was employed during the casting process to mark the
location of the hydrophilic block. Investigations using the con-
focal fluorescence microscope showed the absence of signifi-
cant fluorescence on the surface of the film (Fig. 15). The
surface is therefore enriched with the hydrophobic polystyrene
block. The white rings in Fig. 15 indicated the location of the
pores on the surface. Penetration analysis into the polymer
film showed an immediate increase in the fluorescence inten-
sity and rises even more with increasing depth into the sample
along the z-axis. The pores are now clearly visible as dark
spots. Between the micron-sized pores, nano-sized dark areas
appear. The origin of these dark spots can either be as men-
tioned previously pores (caused by swelling of micelles with
water) or can be an indication of nano-phase separation of
two immiscible polymer blocks. Further penetration along
the z-axis leads to the bottom of the pore showing an intense
fluorescence stain. While these results alone do not confirm
the presence of hydrophilic pores, in combination with earlier
experiments [3] superimposed nano-scaled suborder can
indeed be anticipated.

5. Conclusion

In conclusion, the formation of porous films with the de-
sired pore size and pore arrangement using the breath figure
technique is a multifaceted procedure. With numerous param-
eters, both physical and chemical affecting the formation, deli-
cate selection of each parameter and their combinations are
mandatory to provide the best environment and conditions to
generate the required film with desired structural properties.
Any excessive conditions will ruin either the size homogeneity
of pores or the hexagonal arrangement of pores formed. In ad-
dition, manipulations to the physical aspect of casting can only
offer partial adjustments to the pore size formed without upset-
ting the hexagonal arrangement of pores. On the contrary, the
chemical aspect is the primary element that can provide major
changes to the size of pores while preserving the hexagonal
arrangement. As such, to have honeycomb with large or small

pores, alteration to the chemical aspect, such as a different se-
lections of polymer with different architectures, molecular
weight, chain length, solvent used or polymer concentrations,
can give the desired pore size. The observation of another pop-
ulation of nanopores on the surface and within the pores of
honeycomb, structured porous films generated provided cer-
tain insight into the probable arrangements of PS-b-PDMA,
on the surface and inside the macro-pores within the solid
film generated.
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