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We introduce a straightforward and clean method to synthesize pi-conjugated triblockcopolymers (tri-
BCPs) using RAFT polymerization. The strategy circumvents known disadvantages associated with tran-
sition metal- or nitroxide-mediated radical polymerizations. The method involves the synthesis of a con-
jugated macroinitiator, in this case based on poly(dioctylfluorene) (PFO), followed by a RAFT polymeriz-
ation of styrene or methyl acrylate. The difference in chemistry and polarity between these monomers
confirms the versatility of the method. As shown by NMR and GPC, the molecular weight of the obtained
polystyrene-(PS-b-PFO-b-PS) and poly(methyl acrylate)-(PMA-b-PFO-b-PMA) tri-BCPs is well-controlled
and exhibits a relatively low dispersity of D < 2. Thermally annealed films of the nonpolar PS-b-PFO-b-PS
exhibit domains containing nanostructures with a lateral periodicity commensurate with classical BCP
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phase separated morphologies. PMA-b-PFO-b-PMA self-assembles in water, whereby the PFO blocks
partly organize into the p-phase. The marked red-shift of the luminescence spectrum confirms complete
energy transfer from the amorphous to the p-phase fraction, which can be fully barred by dissolving the

rsc.li/polymers nano-assemblies through titration of THF into the aqueous dispersion.
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Introduction

Semiconducting block-copolymers (BCPs) have attracted con-
siderable attention for optical, optoelectronic and biomedical
applications.’ The reason for this is that BCPs combine two
(or more) functionalities within a single polymer.
Semiconducting BCPs may be all-conjugated, i.e. combining
different (opto)electronic functionalities,® or partly conjugated,
combining semiconducting or light-emitting functionality
with a non-conjugated block.”® As for the latter, the typically
more flexible non-conjugated block provides solubility,
dispersability”'® and/or mechanical properties."""'> BCPs are
known for their capability to self-assemble or microphase sep-
arate into thermodynamically relaxed nanostructures, which
can be tailored to suit various applications.>"*"®> The extent
and dynamics of phase separation depend on block length
and polarity, chain flexibility, glass transition temperature,
etc.'® If the contour length of the conjugated block is small
relative to its persistence length, rod-coil BCPs are obtained
for which additional contributions, such pi-stacking inter-
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actions, may give rise to non-classical morphologies, extending
the portfolio of functional nanostructures.'” >’

The synthesis of conjugated BCPs may either proceed via
prior polymerization of the separate blocks and subsequent
ligation via click chemistries, or via chain extension of the first
block in a subsequent polymerization.>' Both cases require a
conjugated polymer that is end-functionalized with an appro-
priate reactive unit, either to provide a point for coupling/click-
ing, or as macroinitiator. End-functionalities are introduced
through the use of functional end-capping agents in classical
transition-metal catalyzed cross coupling reactions,® or by
initiating chain growth from a dual-initiator moiety, ie. in
case of poly(p-phenylenevinylene) (PPV)-type conducting
blocks.?*** In the chain ligation method,** the coupling of the
preformed blocks has, for instance, been accomplished by
creating an ester linkage,>?® quenching an anionic living coil
polymer®”° or click reaction.*® In addition, Yamamoto coup-
ling® and click chemistry®* have been used to prepare all-
semiconducting BCPs. A general drawback of grafting-to
approaches is that they suffer from steric effects arising from
the reaction between two bulky precursors.** During the chain-
extension approach, which does not bear this disadvantage
and requires a reduced number of reaction steps, the first
block functions as a macroinitiator for the formation of the
second.*® In case of conjugated-nonconjugated BCPs, which
form the focus of this work, the flexible block is often grown
via atom transfer radical polymerization (ATRP),”®3>4°
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although nitroxide-mediated radical
(NMP),**™ anionic living polymerization ring-
opening metathesis polymerization (ROMP)'®*® have also
been used. For completeness, we note that all-conjugated
BCPs have been obtained using the grafting-from method in
combination with oxidative polycondensation,*® catalyst trans-
fer condensative polymerization®® and Suzuki
polycondensation.”>® Despite their regular use, the above
mentioned macroinitiator pathways all have disadvantages, in
particular relating to the use of (toxic) transition-metal cata-
lysts (including ATRP and ROMP), and/or a high reaction
temperature (NMP). The latter imposes the risk of side reac-
tions of the conjugated polymer and largely excludes the use of
methacrylates® for the nonconjugated block. Further, all these
methods require the introduction of suitable initiator func-
tionalities, which typically are not compatible with the con-
ditions of the conjugated polymer synthesis. Their introduc-
tion is thus often tedious.

In this work, we circumvent these disadvantages by synthe-
sizing fluorescent conjugated-nonconjugated BCPs by means
of reversible addition fragmentation chain transfer polymeriz-
ation (RAFT). The RAFT approach is highly attractive as it is
compatible with a broad range of monomers,>™® without
requiring metal catalysts or high temperature.” To our knowl-
edge, a limited number of studies exist on the use of RAFT in
combination with conjugated systems, and only concerning
relatively short conjugated moieties. Xiao et al.°® have applied
RAFT to grow poly(N-isopropylacrylamide) chains from a
bifunctional terfluorene segment. Chen et al.®" applied RAFT
to grow polystyrene or polyacrylate from units based on qua-
terthiophene, oligothiophene or perylene diimide. The
method has so far not been used for the fabrication of true
block-copolymeric functional materials.

We here show that RAFT polymerization can be effectively
and quite generally applied for this purpose, by demonstrating
the synthesis of two semiconducting triblockcopolymers (tri-
BCPs) based on poly(9,9-dioctyl-9H-fluorene-2,7-diyl) (PFO),
combined with either polystyrene (PS) or poly(methyl acrylate)
(PMA) presenting, respectively, a hydrophobic and a hydro-
philic flexible block. We use a simple, yet efficient approach to
introduce the RAFT-typical endgroup on the conjugated
polymer, which can be translated later also to other polymers.

PFO, arguably the best-known blue emitting conjugated
polymer, combines thermal and chemical stability with high
fluorescence quantum yields and solubility in a range of
apolar solvents.”'>®* Besides an amorphous and (liquid) crys-
talline phases,®*® PFO is known to form a metastable
B-phase, comprising planar chain segments in which the
monomers adopt an all-gauge conformation. This results in an
extended conjugation length, leading to a red-shift in of the
absorption and fluorescence spectrum and increased lumine-
scence quantum yield.®®> In what follows, we show that a key
step in our novel procedure is the conversion of distyryl end-
capped PFO into a RAFT macroinitiator, while avoiding pre-
liminary polymerization of the functionalized PFO itself. A
linear increase in molecular weight with conversion during

polymerization
44,45 o4
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subsequent RAFT polymerization of the co-monomer, as well
as a low dispersity of the resulting BCP, demonstrate that the
polymerization is well-controlled. Although this work puts
emphasis on the synthetic procedures, we augment our study
with preliminary data on the self-assembly of the PS-PFO-PS
and PMA-PFO-PMA tri-BCPs, respectively in thin film and
aqueous dispersion.

Results and discussion

RAFT is a representative of reversible deactivation radical
polymerization (RDRP), based on a degenerative transfer equi-
librium between active and dormant chains.

We commenced with the synthesis of a di-end-functional
PFO homopolymer precursor, to be converted into the macroi-
nitiator by subsequent functionalization with a RAFT agent in
a 1,2 radical insertion reaction. Distryryl-capped PFO 2 was
obtained using the Yamamoto cross coupling reaction®®®” in
the presence of 4-bromostyrene (Scheme 1). Although the
Yamamoto method has been known for quite some time, we
chose this approach for its practical convenience. Only a single
(in our case commercially available) monomeric precursor is
required, which guarantees reaching a decent molecular
weight without having to (i) either delicately balance an
A-A:B-B co-monomer ratio due to the Carothers prerequisite,
or (ii) embark on a more involved precursor synthesis of an A-
B monomer, i.e. prerequisites that would apply to, for instance,
a Suzuki polycondensation. Irrespective of the fact that some
studies seem to advocate the Yamamoto route over, for
instance, the polycondensation  to
polyfluorenes,®®®® we stress that our approach is general. As
long as both ends of the conjugated polymer are styryl- or
vinyl-capped, any transition metal-catalyzed cross coupling
polymerization can in principle be used to fabricate the semi-
conducting precursor block.

We took the capping agent-to-monomer ratio such to limit
the molecular weight of the functionalized PFO at M, =
17 000 ¢ mol~" (see Experimental section). Furthermore, since
our approach to synthesizing the PFO block has not been
specifically optimized to control chain length, we applied a
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Scheme 1 Synthesis of RAFT macroinitiator di-CPETTC-PFO 3 via (i)
Yamamoto polymerization of dibromodioctylfluorene 1 to distyrene
end-capped PFO 2 and subsequent functionalization with 2-cyano-2-
propyl ethyl trithiocarbonate (CPE-TTC); COD = cyclooctadiene; AIBN =
2,2'-azobis(2-methylpropionitrile).
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long extraction procedure (see Experimental section) not only
to remove impurities, but also to wash out the low molecular
weight fraction in order to limit molecular weight dispersity.
The 'H NMR spectra of the distyrene-PFO homopolymer (ESI,
Fig. S1}) shows signals at 5.31 ppm, 5.84 ppm and 6.80 ppm,
attributed to the vinyl end groups.

The styryl endgroup is ideal to introduce a further function-
ality via a 1,2-radical insertion reaction. Its reactivity is com-
parable to styrene, which is a common monomer to be poly-
merized via RDRP. The PFO thus serves as a kind of macro-
monomer. Yet, due to its specific reactivity, when reacted with
a RAFT agent, it will undergo a single insertion reaction rather
than polymerization. It is typical for a RAFT process to com-
mence with a 1,2 insertion reaction (conversion from pre- to
main equilibrium), hence side reactions would be scarce.
Polymerization of the PFO macromonomer is further sterically
and entropically disfavored.

Hence, in the following step distyryl-capped PFO 2 was
functionalized with the RAFT agent 2-cyano-2-propyl ethyl
trithiocarbonate (CPETTC) in the presence of azobis(isobutyro-
nitrile) (AIBN), resulting in the bifunctional macroinitiator di-
CPETTC-PFO 3. We used a relatively large excess of RAFT
agent, while maintaining a low concentration of AIBN to drive
the reaction to completion, and to stay on the side of caution
with regards to an undesired termination reaction with AIBN-
derived cyanoisopropyl radicals. AIBN was replenished inter-
mittently as the reaction proceeded. No insoluble material was
obtained, nor was a significant increase in the molecular
weight observed, indicating that our strategy was successful.
The synthesis of our macroinitiator di-CPETTC-PFO 3 was con-
firmed by the complete disappearance of the vinyl signals
(5.31, 5.84 and 6.80 ppm) in the '"H NMR spectrum (see ESI,
Fig. S2t), together with the appearance of the new signals at
5.53, 3.37, 2.4 and 1.58 ppm, ascribed to the CPETTC moiety.
It should be noted that the PFO 2 features styryl endgroups on
either side of the chain. Hence, RAFT endgroups will be added
to both sides and chain extension will lead to symmetric tri-
block copolymer structures.

In the final step we performed the actual chain extension of
the non-conjugated blocks from di-CPETTC-PFO macroinitia-
tor 3 via RAFT polymerization. To show the generality of the
method, we used styrene, as well as the more polar methyl
acrylate to give the corresponding PS-b-PFO-b-PS and PMA-b-
PFO-b-PMA tri-BCPs 4 and 5, respectively, in a controlled
fashion (see Scheme 2). In case of the synthesis of 4, the
initiator 1,1’-azobis(cyanocyclohexane) gave somewhat higher
conversions than observed when using AIBN. As shown below,
tri-BCP 5 is amphiphilic owing to the strong difference in
polarity between the PFO and the poly(methyl acrylate) blocks.
Indeed, this material undergoes self-assembly in aqueous solu-
tion. However, prior to expanding on the self-assembly pro-
perties of both tri-BCPs, we demonstrate more quantitatively
the effectiveness of our procedure by providing a detailed
kinetic analysis of the RAFT polymerization towards 4.

During the reaction, samples were taken at five time inter-
vals and subsequently analyzed by means of "H NMR and GPC
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Scheme 2 Synthesis of triblockcopolymers poly(styrene)-b-poly(dioc-
tylfluorene)-b-poly(styrene) 4 and poly(methyl acrylate)-b-poly(diocty-
Ifluorene)-b-poly(methyl acrylate) 5 via RAFT polymerization starting
from macroinitiator di-CPETTC-PFO 3; VAZO-88 = 1,1'-azobis
(cyanocyclohexane).

to monitor chain growth. The "H NMR spectra of the five
samples are shown in Fig. S3 of the ESL{ At ¢ = 0 minutes, the
spectrum only shows signals corresponding to the PFO homo-
polymer. As the reaction proceeds, polystyrene chain growth is
indicated by the appearance and growth of respective signals.
To provide proof that the PFO block and the growing poly-
styrene chain are indeed covalently attached, we performed
DOSY analysis (see Fig. 1a).”® Besides a chloroform signal, the
spectrum clearly shows one single diffusing polymeric species
containing both PFO- and polystyrene residues, as indicating
by the color-shaded regions of the 'H NMR spectrum. The
corresponding diffusion coefficient of ~107° em® s7' is a
typical value for polymer diffusivity in dilute and semidilute
solution.”*

By quantitative comparison of the integral values of the 'H
NMR signals of PFO, having aliphatic residues represented at
0.85 ppm and 1.20 ppm, with the those of the signals at
1.49 ppm and 1.90 ppm marking the growing polystyrene
blocks (see ESI, Fig. S3t), we estimated the number-average
molecular weight (M) of the resulting tri-BCP. Concurrently,
GPC shows that the unimodal molecular weight distribution
shifts to higher molecular weights with progressing polymeriz-
ation (see Fig. 1b) without exhibiting significant broadening.
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Fig.1 (a) DOSY *H NMR spectrum of PS-b-PFO-b-PS tri-BCP 4 in
deuterated chloroform. The shaded blue and orange regions represent
signals corresponding to the PFO and polystyrene block, respectively. (b)
GPC elutograms of samples of PS-b-PFO-b-PS tri-BCP 4, taken at
different time intervals during the RAFT polymerization of styrene from
macroinitiator di-CPETTC-PFO 3. The GPC runs were performed against
polystyrene standards, using THF as the mobile phase.
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This again proves the absence of homopolymerization and
shows that the growing polystyrene chains are initiated from
the PFO blocks. Plotting M,, obtained from NMR and GPC as a
function of styrene conversion (Fig. 2, black and red symbols)
reveals a linear behavior, as is expected for well controlled
RAFT polymerization. Further, no significant increase in dis-
persity is observed, indicating a comparatively good control
(B, blue symbols).

The fact that molecular weight of distyryl PFO precursor 2,
determined via end group analysis in NMR agrees well with
the number obtained by GPC (i.e. left-most black and red
points in Fig. 2), strongly supports the notion that the PF has
indeed been styryl-capped at both chain ends. In other words,
the pre-assumption of double capping in NMR has, in effect,
been confirmed by GPC.

We note that the agreement between the estimates obtained
from NMR and GPC is quite good, despite the fact that both
data may be subject to some uncertainty. In case of NMR line
broadening may affect the numbers somewhat, whereas for
GPC the considerable chain stiffness of the PFO block” might
lead to some over estimation of the molecular weight at low
styrene conversion. The slight deviation from linearity in the
GPC data might be due to a non-trivial change in the tri-BCP’s
hydrodynamic volume upon the extension of the polystyrene
block. Such deviant behavior may be associated with (i) the
considerable difference in chain stiffness between PFO and
polystyrene, which includes the calibration standards,”® >
and/or (ii) a difference in compatibility between the blocks
with the stationary and/or the mobile phase during GPC.”® Yet,
the observed deviation in GPC is not very large. Besides NMR
and GPC, we have attempted to characterize macro-RAFT-
initiator 3 using mass spectrometry in combination with elec-
trospray ionization (ESI-MS). Unfortunately, no polymer spec-
trum was detectable, likely due to the fact that already for the
PFO block alone the molecular weight significantly exceeds
values considered ideal for this method.””

T T T T 10

50000 -
= from 'H-NMR
o from GPC 1s
A
40000 from GPC ~ .
)
°
3 le £
g £
g 30000 2
= )
= Q
= 14 %
20000 3
<)
a
100004 .. i 42
—— Ak----A--=-"- s
0 L L 1 ! 0
0 1 2 3 P

Styrene conversion (%)

Fig. 2 Number-average molecular weight (M,,) and polydispersity index
(D) of PS-b-PFO-b-PS tri-BCP 5, plotted as a function of styrene conver-
sion during RAFT polymerization. The plot represents data obtained
from *H NMR and GPC, as outlined in the legend. The solid and dashed
lines represent empirical linear fit of the data.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

In a first conclusion, it can be safely summarized that the
RAFT polymerization proceeds well, and in line with expec-
tations. The presence of the PFO does not interfere with the
RDRP process, and generally, high quality block copolymers
are obtained. This opens the door to block copolymers con-
taining any RAFT-compatible monomer, which can span from
styrene over vinyl acetate to water-soluble acrylamides.

The use of conjugated-nonconjugated BCPs as an active
layer in optoelectronic devices requires control of self-assembly
during solution film-processing and/or post-treatment.
Depending on the application, microphase separation, as well
as sub-molecular organization within the different domains, is
desired or to be suppressed. For this reason, we proceed with a
brief discussion of the morphological behavior of thin films of
tri-BCP 4, when subjected to thermal annealing. Since PFO is
known to already exhibit a plurality of phases by itself,”®” it is
of particular interest to reveal any effect on structure formation
associated with the presence of two different blocks. For this
reason, we compare the behavior of films of 4 with that of dis-
tyryl-PFO 2 as a reference. The films (90 nm), prepared by spin-
coating onto glass substrates, were heated at 250 °C for 2h, i.e.
significantly above the glass transition temperature (Tg) of
both PFO and polystyrene®>®' and subsequently conditioned
at 130 °C for 17 h.

The AFM phase images recorded on the polymer films
(Fig. 3) reveal a clear difference between the PS-b-PFO-b-PS tri-
BCP 4 and the distyryl-PFO reference. Although both samples
suffer from minor measurements or casting artefacts (clearly
discernible black defects or spots), it is easily seen that
whereas the film of distyryl-PFO is relatively featureless, the
one of the tri-BCP reveals the formation of “macrodomains”
with typical sizes in the range 100-1000 nm. Within these
domains a micromorphology can be discerned comprising a
disordered lamellar structure with a typical feature size of
~25 nm. Although tri-BCP 4 behaves clearly different in com-
parison to the PFO reference, the observed structure certainly
deviates from a highly ordered classical BCP microphase separ-
ated morphology.®?

Nevertheless, the typical size of the small lamellar features
is in principle consistent with BCP micro-phase separation.
Verduzco et al.®® observed a somewhat similar structure in
solvent vapor-annealed films of the all-conjugated BCP poly-

s

Fig. 3 (a) AFM phase image of a film of PS-b-PFO-b-PS tri-BCP 4, spin-
coated from chloroform and annealed at 250 °C for 2 h and sub-
sequently conditioned at 130 °C for 17h. (b) AFM phase image of a film
of distyryl-PFO 2 that received the same treatment.
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thiohene-b-polyfluorene, but did not report the appearance of
macrodomains. Perhaps our non-classical morphology results
from interference between BCP microphase separation and
crystallization of the PFO block. A full understanding of the
phase behavior of tri-BCP 4 would require extensive morpho-
logical investigation, which we consider outside of the scope
of this work.

In the next step, we extended the scope of our method
towards PMA-b-PFO-b-PMA tri-BCP 5 (see Scheme 2), prepared
from di-CPETTC-PFO precursor 3 using the same RAFT con-
ditions as for tri-BCP 4, though replacing styrene with methyl
acrylate. The molecular weight distribution of the final
product is shown in Fig. 4. Tri-BCP 5 has a number average
molecular weight of M, = 21120 g mol™" and a dispersity of
1.7 (see Experimental section for details). The reason for the
fact that the molecular weight of tri-BCP 5 is not significantly
higher than that of the PFO block itself, is that we deliberately
kept the length of the PMA chains low. The aim of the syn-
thesis of tri-BCP 5 was, besides demonstrating the generality
of our synthetic approach, to test if micelle-like assemblies®*
would form in aqueous environment, whereby the methyl acry-
late block serves as a neutral but polar head group. Previous
work has shown that the stability of self-assembled structures
from amphiphilic BCPs decreases significantly if the size of
the hydrophilic/polar block (significantly) exceeds that of the
hydrophobic block.*>%¢

We produced micelle-like assemblies of BCP 5 using a flow
set-up rather than a classical batch process (see the
Experimental section for details). We have shown in recent
work that continuous flow self-assembly of BCPs yields assem-
blies that are more stable and more reproducible in compari-
son to aggregates obtained via classical methods.’” Fig. 5
shows some exemplary cryo-TEM images of such a nano-
assembly of 5, which have a typical diameter in the range
30-70 nm. Based on the difference in polarity between the
blocks, we expect the aqueous environment to drive the for-

10
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Fig. 4 Molecular weight distribution of PMA-b-PFO-b-PMA tri-BCP 5,
measured by GPC against polystyrene standards and using THF as the
mobile phase.
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a)

Fig. 5 Cryo-TEM images of nanoaggregates of PMA-b-PFO-b-PMA.
Panels a) and b) show two different aggregates.

mation of a shell of the polar PMA around the apolar PFO.
This core-shell architecture seems to be supported by the fact
that the TEM images reveal a defined, relatively dark core sur-
rounded by a lighter colored outer region. The difference in
gray scale may well stem from a difference in mass density
between the PFO and PMA blocks. This formation of nanoag-
gregates in solution is a further good indication for the
success of the block copolymer synthesis procedure.

To examine the effect of the aggregation state of the tri-BCP
5 on its photophysical properties, we recorded its UV-VIS
absorption and photoluminescence (PL) spectra in toluene
and water (see Fig. 6 and 7a). Fig. 6a and b show the normal-
ized absorption spectra of the polar tri-BCP 5 (in toluene and
water), together with those of the apolar tri-BCP 4 and distyryl-
PFO precursor 2 as a reference (both in toluene). Besides, to
confirm that the RAFT end groups do not quench the PL of the

a) —— PFO (obene)

300 350 400 - 450 3%0 400 450
Wavelength (nm) Wavelength (nm)

Fig. 6 Normalized UV-Vis absorption spectrum of (a) PS-b-PFO-b-PS 4
in toluene and (b) PMA-b-PFO-b-PMA 5 in toluene and water. The

absorption spectrum of distyryl-PFO (2) in toluene is added to each
panel as a reference.

——PFO (tolvene)
=== PMABPFO-5PMA (1oluene)
- = = ~PMASPFO-5-PMA (water)

Normalized PL Intensity
3

400 450 500 550 600
Wavelength (nm)

Wavelength (nm)

Fig. 7 (a) Normalized steady state photoluminescence (PL) spectra of
PMA-b-PFO-b-PMA 5 in toluene and water. The PL spectrum of distyryl-
PFO (2) in toluene is added as a reference. (b) Normalized PL spectrum of
5 in water : THF mixtures plotted as a function of THF content (see legend).
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PFO block, we performed comparative PL quantum yield
(PLQY) measurements on 2 and 4 and indeed observed no
difference (see ESI, section S27t). Fig. 6 shows that in an apolar
solvent the spectra of the blockcopolymers are highly similar
to that of the distyryl-PFO homopolymer. The featureless band
with a maximum at ~380 nm is consistent with absorption by
PFO chains with a high conformational disorder.®**"
Strikingly, significant spectral changes are observed upon dis-
persing the amphiphilic PMA-b-PFO-b-PMA tri-BCP 5 in water
(dashed blue spectrum in Fig. 6b). The spectrum becomes
more structured, red-shifts and exhibits a “new” feature at 1 =
436 nm. All these changes are consistent with the formation of
a significant fraction of f-phase PFO upon self-assembly of tri-
BCP 5.89,91,92

The formation of p-phase PFO in the nanoaggregates of 5 is
also expressed by their light-emitting properties, which we
studied by performing photoluminescence (PL) measurements
of the aqueous dispersion. Fig. 7a plots the emission spectrum
(dashed blue line) together with that of 5 in toluene (dashed
red line) and that of distyryl-PFO 2 (black line) as a reference.
As also seen in case of the absorption spectra, in toluene the
emission spectrum of tri-BCP 5 is highly similar to that of 2
and consistent with emission from disordered PFO. However,
upon dispersion of 5 in water, the fine structure becomes
more pronounced upon the rearrangement of the dioctylfluor-
ene monomers in the ordered and rather planarized all-gauge
conformation, characteristic to the f-phase.

The resulting increase in conjugation length suppresses the
HOMO-LUMO gap and causes a red-shift of the dominant
transitions to, respectively, 438, 466 and 500 nm. The fact that
the emission spectrum of the self-assembled aggregates is
fully dominated by p-phase PFO, where it only represents a
minor contribution to the absorption spectrum, is not surpris-
ing. Energy transfer from the amorphous (disordered) phase
to the p-phase is known to be very efficient.”® For this reason,
only a few volume percent of f-phase suffices to fully dominate
the emission spectrum.’*®® We can interpolate between the
emission spectra of the disordered phase and the p-phase by
titrating THF into the aqueous dispersion, which controls the
aggregation state between fully assembled and molecularly dis-
solved. Fig. 7b shows the normalized PL spectrum of 5 as a
function of THF content. For a THF content between ~40%
and 100%, the spectrum is a superposition of f-phase emis-
sion and the more blue-shifted amorphous contribution. At
100% THF the BCP is (almost) completely dissolved, evidenced
by the fact that the spectrum is fully dominated by the dis-
ordered phase (compare: Fig. 7a, red line). This experiment
shows that owing to the combination of its amphiphilicity and
the phase transition in the PFO, the PMA-b-PFO-b-PMA tri-BCP
is capable of sensing the polarity of its aqueous environment.

Conclusions

In this study we introduce a straightforward and clean method
to synthesize conjugated triblockcopolymers (tri-BCPs) using
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RAFT polymerization. The strategy circumvents known disad-
vantages associated with transition metal- or nitroxide-
mediated polymerizations. The method involves the addition
of a RAFT agent to a distyryl-endcapped conjugated polymer,
in this case poly(dioctylfluorene) (PFO), prior synthesized by a
Yamamoto polycondensation. Controlled growth of nonconju-
gated blocks is accomplished by subsequent use of the result-
ing PFO-macroinitiator in a RAFT polymerization. The versati-
lity of the method is confirmed by the use of both nonpolar
(styrene) and polar (methyl acrylate) monomers in the reac-
tion. As shown by NMR and GPC, the molecular weight of the
obtained PS-b-PFO-b-PS and PMA-h-PFO-h-PMA tri-BCPs can be
well-controlled and exhibits a low dispersity. Although the
emphasis of this work is on presenting this novel synthetic
approach, we investigate the self-assembly of both tri-BCPs.
AFM analysis of thermally annealed films of the nonpolar PS-
b-PFO-b-PS reveals domains containing nanostructures with a
lateral periodicity commensurate with classical BCP phase sep-
arated morphologies. The amphiphilic PMA-b-PFO-b-PMA
micellizes in aqueous solution, seemingly into core-shell
nanoparticles with a diameter around 50 nm. Upon micelliza-
tion, the PFO blocks partly organizes into the f-phase, evi-
denced by characteristic features appearing in the absorption
spectrum of the aqueous dispersion of PMA-b-PFO-b-PMA. A
clear red-shift of the luminescence spectrum confirms com-
plete energy transfer from the amorphous to the p-phase frac-
tion. Titration of THF into the aqueous dispersion recovers the
spectrum of amorphous PFO due to dissolution of the
micelles. In short, a simple, clean and general method is intro-
duced to synthesize nonconjugated-conjugated-nonconjugated
triblockcopolymers exhibiting tunable properties, relevant to
diverse optoelectronic applications, both in solution and the
solid state.

Experimental
Materials

The monomers styrene (Merck, >99%) and methyl acrylate
(MA, Merck >99%) were deinhibited over a column of activated
basic alumina prior to use. 2-2-Azoisobutyronitrile (AIBN,
Sigma-Aldrich, 12 wt% in acetone) was recrystallized twice
from methanol prior to use. The RAFT agent 2-cyano-2-propyl
ethyl trithiocarbonate (CPE-TTC) was synthesized according to
literature procedures.”® Bis(1,5-cyclooctadiene)nickel(0)
(Sigma-Aldrich), 2,2"-bipyridine (Fisher Chemical, >99,5%),
1,5-cyclooctadiene (Sigma-Aldrich, >99%), 4-bromostyrene
(Alfa Aesar, >98%) hydrochloric acid (Merck Chemicals,
fuming >37%), ethylenediaminetetraacetic acid disodium salt
dehydrate (EDTA, Merck Chemicals, >99%), sodium bicarbon-
ate (Acros Organics, >99.5%), toluene (Merck, >99%), metha-
nol (Scharlau chemicals, 99.9%), N,N-dimethylformamide
(Merck, >99%), acetone (Chem-Supply, 99.8%), chloroform
(Fisher Chemical, >99.8%), and chloroform-d (Cambridge
isotope Laboratories, 99.8%) or (Sigma-Aldrich, >99%), were
used without further purification.
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Methods

Size-exclusion chromatography (SEC). Analysis of the mole-
cular weight (distributions) of the polymer samples was per-
formed on a PSS SECcurity> GPC system operated by PSS
WinGPC software, equipped with a SDV 5.0 um guard column
(50 x 8 mm), followed by three SDV analytical 5.0 pm columns
with varying porosity (1000 A, 100 000 A and 1 000 000 A) (50 x
8 mm) and a differential refractive index detector using tetra-
hydrofuran (THF, RCI Labscan, 99.9%) as the eluent at 40 °C
with a flow rate of 1 mL min~". The SEC system was calibrated
using linear narrow polystyrene standards ranging from 682 to
2.52 x10° g mol " PS (K = 14.1 x 107> dL ¢"" and a = 0.70).

Nuclear magnetic resonance (NMR) spectroscopy. 1D proton
(*H) NMR were recorded in deuterated chloroform on a Bruker
DRX600 NMR spectrometer (14.1 Tesla magnet). NMR spectra
were collected and analyzed in MestReNova and Bruker’s
TopSpin™ software packages. 2D diffusion-ordered NMR spec-
troscopy (DOSY NMR) measurements were recorded in deute-
rated chloroform on a Bruker DRX 700 MHz Spectrometer
equipped with a commercial Bruker 5 mm 2 channel inversed
probe head with z-gradients. The dstebpgp3s' (2D Double-
Stimulated Echo Experiment (DSTE) using bipolar gradients)
pulse program was used with the following acquisition para-
meters: F2 and F1 spectral widths, 13.99 ppm/2.86 ppm. F2 and
F1 resolution 0.6 Hz per pt and 125.1 Hz per pt. 32 FIDs were
recorded each consisting of 32 scans and 32768 data points
(AQ = 1.67 s). The relaxation delay was 3s. The diffusion time
was 0.1s and the gradient pulses Gz(1) and Gz(2) were 1.5 ms
and 0.6 ms. DOSY NMR spectra were collected and analyzed in
MestReNova and Bruker’s TopSpin™ software packages.

Luminescence spectroscopy. To record photoluminescence
quantum yields and photolumi-nescence (PL) spectra, we used
a HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer, using
FluorEssence software. The solutions studied in the spectro-
fluorimeter were diluted to maintain the absorbance
maximum <0.1.

Atomic force microscopy (AFM). AFM images were taken
with a Bruker-Dimension Icon FS with ScanAsyst using an
OPUS 160AC-NA Cantilever Type at frequency = 300 kHz in
tapping mode.

UV-Vis spectroscopy. The absorption measurements were
recorded using a PerkinElmer Lambda 900 UV-VIS-NIR
Spectrometer.

Film annealing procedure

The films were prepared by spin-coating distyrene end-capped
PFO (0.9 wt%) or PS-b-PFO-b-PS triblockcopolymer (1.4 wt%)
from a chloroform solution onto a glass substrate. The films
were placed under a nitrogen atmosphere, heated at 250 °C for
2h and subsequently conditioned at 130 °C for 17 h.

Titration of PMA-b-PFO-b-PMA triblockcopolymer with
water/THF

The photoluminescence spectra of PS-b-PFO-b-PS triblockcopo-
lymer were recorded from different samples containing
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different ratios of water and THF. The values were changed in
a ratio of 10% each between 100% THF and 100% water.

Synthetic procedures

Synthesis and end functionalizing of distyrene end-capped
PFO. The polymerization was performed by a Yamamoto coup-
ling reaction. To a mixture of 4 g (14.5 mmol, 2.3 eq.) bis(1,5-
cyclooctadiene)nickel(0) and 2.26 g (14.5 mmol, 2.3 eq.) of 2,2'-
bipyridine in 35 mL of DMF and 200 mL of toluene, a solution
of 3.46 g of 1,1-dioctyl-2,7-dibromofluorene (6.3 mmol,
1.0 eq.) in 10 mL of toluene was added. Solutions and flasks
were degassed in advance. The mixture was heated to 80 °C
and kept stirring for 4 minutes under a nitrogen atmosphere.
For end group functionalization, 0.98 mL (8.0 mmol, 1.3 eq.)
1,5-cycloooctadiene and 4.6 g (25.1 mmol, 4.0 eq.) 4-bromos-
tyrene were added. The resulting solution was stirred for
6 minutes and kept under a nitrogen atmosphere. The reaction
was terminated by adding 10 mL of 4 M HCI and the solution
was kept stirring for 15 minutes. After cooling down to room
temperature, the mixture was transferred to a separation
funnel and 200 mL of 2 M HCL was added. After vigorous
mixing, the phases were separated, and the organic phase was
washed with 200 mL of 2 M HCIL The organic phase was
washed with 200 mL of ethylenediaminetetraacetic acid diso-
dium salt dihydrate (EDTA-Na,) solution, 200 mL of sodium
bicarbonate solution and again 200 mL of EDTA-Na, solution.
The resulting organic phase was filtered through silica gel,
concentrated by using a rotatory evaporator and the polymer
was precipitated in excess methanol. Impurities and low mole-
cular weight chains were then removed by a Soxhlet apparatus
with acetone for 5 days. The obtained polymer was then dried
overnight under vacuum and samples for "H NMR and GPC
were collected. GPC (THF): M, = 15 360 g mol™, M,, = 29200 g
mol ™" and P = 1.90; "H NMR (600 MHz, CDCl;) § in ppm: 7.84
(m, 2H, Ar-H), 7.68 (m, 4H, Ar-H), 7.60 (m, 4H, CH), 7.53 (m,
4H, CH), 6.80 (dd, 2H, CH), 5.84 (dd, 2H, CH,), 5.31 (dd, 2H,
CH,), 2.13 (m, 4H, CH,), 1.15 (m, 24H, CH,), 0.83 (m, 10H,
CH,/CHj,).

Synthesis of PFO-macro-RAFT agent (di-CPETTC-PFO).
200 mg (0.012 mmol, 1 eq.) of PFO (approx. 17 000 g mol™")
was added to a flask equipped with a stirring bar and dis-
solved in 20 mL toluene by heating up to 50 °C.
Subsequently, 2 mg (0.012 mmol, 1 eq.) of AIBN and 50 mg
(0.24 mmol, 20.3 eq.) of the RAFT agent 2-cyano-2-propyl
ethyl trithiocarbonate (CPE-TTC) was added to the solution.
The mixture was degassed by purging with nitrogen for
20 minutes. The solution was then heated up to 70 °C and
kept stirring overnight under a nitrogen atmosphere and an
aliquot was collected for'H NMR analysis. Next, 2.5 mg
(0.015 mmol, 1.2 eq.) of AIBN and 1 ml toluene were added
to the mixture. The solution was purged with nitrogen for
5 minutes, heated up to 70 °C and kept stirring overnight
under a nitrogen atmosphere. Afterwards, a sample for 'H
NMR was collected. In order to increase the yield, 3.3 mg
(0.02 mmol, 1.7 eq.) of AIBN and 42 mg (0.20 mmol, 16.7 eq.)
of the RAFT agent (CPE-TTC) were added to the mixture. After
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purging with nitrogen for 10 minutes, the mixture was heated
up to 70 °C and kept stirring overnight under a nitrogen
atmosphere. The endgroup functionalized polymer obtained
was then precipitated twice in excess methanol, centrifuged
and dried overnight under vacuum to obtain 110mg of a yel-
lowish powder. Samples were then collected for '"H NMR and
GPC analysis. GPC in THF: M, = 19500 g mol™', M, =
29450 g mol™" and P = 1.51; "H NMR (600 MHz, CDCl;) § in
ppm: 7.84 (m, 2H, Ar-H), 7.68 (m, 4H, Ar-H), 7.59 (m, 4H,
CH), 7.51 (m, 4H, CH), 5.53 (m, 2H, CH), 3.37 (m, 4H, CH,),
2.13 (m, 4H, CH,), 1.58 (m, 18H, CH;), 1.15 (m, 24H, CH,),
0.82 (m, 10H, CH,/CH3).

Synthesis of the PS-b-PFO-b-PS triblockcopolymer. 20 mg
(0.001mmol, 1 eq.) of di-CPETTC-PFO (approx. 17 000 g mol™ )
initiator was dissolved in 2.3 mL toluene by heating up to
50 °C. 0.20 mg VAZO88 (0.0008 mmol, 0.7 eq.) and 1.14 mL
styrene (10 mmol, 9090 eq.) were added to the solution. The
solution was purged with nitrogen for 20 minutes.
Subsequently the solution was heated up to 90 °C and kept
stirring for 180 minutes under a nitrogen atmosphere. The
polymer was then precipitated in excess methanol and dried
overnight under vacuum. 126 mg of a yellowish powder was
obtained. Samples were collected for "H NMR, GPC, UV-VIS
and photoluminescence analysis. GPC in THF: M,, = 50000 g
mol ™', M,, = 86 000 g mol™ " and P = 1.72; "H NMR (600 MHz,
CDCl;) 6 in ppm: 7.85 (m, 2H, Ar-Hppo), 7.69 (m, 4H,
Ar-Hppo), 7.60 (m, 4H, CH), 7.52 (m, 4H, CH), 7.04 (m, 6H,
Ar-Hps), 6.58 (m, 4H, Ar-Hps), 2.13 (m, 4H, CH,, pro), 1.87 (m,
2H, CHps), 1.44 (m, 4H, CH,, ps), 1.15 (m, 24H, CH,, ppo), 0.82
(m, 10H, CH,/CH3, pro)-

Synthesis of the PMA-b-PFO-b-PMA triblockcopolymer.
40 mg (0.002 mmol, 1 eq.) of PFO-RAFT (approx. 17000 g
mol ™) initiator was dissolved in 2.3 mL toluene by heating
up to 50 °C. 0.04 mg AIBN (0.0016 mmol, 0.1 eq.) and
2.05 mg of methyl acrylate (0.024 mmol, 10 eq.) were added
to the solution. Oxygen was removed from the mixture by a
freeze pump thaw cycle repeated 5 times. Subsequently the
solution was heated up to 70 °C and kept stirring overnight
under an argon atmosphere. The polymer was then pre-
cipitated in excess methanol and dried under vacuum.
A yellowish powder was obtained. A sample was collected for
GPC analysis. GPC in THF: M, = 21120 g mol™', M, =
35440 g mol ™" and P = 1.67.
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