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ABSTRACT: The stereoregular non-conjugated pendant electroactive polymer (NCPEP) poly((N-carbazolylethylthio)propyl methacrylate)

(PCzETPMA) has recently shown charge carrier mobilities that are on par with conjugated polymers. Here, we increased the complexity of the

architecture for this NCPEP by introducing a polystyrene (PS) block via an anionic, living polymerization yielding a family of PS-b-PCzZETPMA

block-copolymers as the first examples of NCPEP-block-copolymers with controlled stereoregularity of the NCPEP-blocks. Through this
methodology we were able to control the molar masses, PS to PCZETPMA block ratios and tacticities of the PCzZETPMA-blocks. We found all
three parameters to significantly impact the hole mobilities (1) of the resulting copolymers which increased with higher molar masses, longer
PCzETPMA-blocks and higher isotacticity of the PCzZETPMA-block, giving the best £ 0f 2.33 x 10° cm®/V's after annealing at 150 °C for the
highest molar mass copolymer with a dominant isotactic PCZETPMA-block. This work is the first reported synthesis of a block-copolymer

bearing a NCPEP-block with a controlled tacticity and demonstrates that such complex polymer architectures can be realized with NCPEPs

while maintaining control over their stereoregularity and without significantly suppressing the hole mobility in the resulting copolymers.

Conjugated polymers (CPs) are gaining increasing attention for use
in applications such as organic field-effect transistors (OFETs)," organic
photovoltaics (OPVs),** organic light-emitting diodes (OLEDs),*
electrochromics,® and bioelectronics owing to their electrochemical,
optical and semiconducting properties.® They offer significant
advantages over their inorganic counterparts including lightweight,
flexibility, low cost, biocompatibility and easy roll-to-roll processing.”®
Despite great advances, CPs still suffer from critical limitations, namely
poor mechanical properties,” low environmental stability,'” low molar
masses,' and limited synthetic methodologies that generally do not
allow access to more complex architectures such as block copolymers.'

In recent years nonconjugated pendant electroactive polymers
(NCPEPs) have gained interest for providing promise to overcome
limitations of CPs. NCPEPs are based on a nonconjugated
backbone with electroactive, pendant groups that connect to the
backbone through a spacer of fixed length and nature. We note that
poly(dibenzofulvene) and derivatives represent highly n-stacked
non-conjugated polymers, albeit with limited molar mass and
solubility.”> While charge carrier mobilities for NCPEPs are
typically orders of magnitude lower than for CPs,' recent work in
our group has demonstrated that optimizing parameters such as the
spacer length and the stereoregularity of the backbone can
significantly increase hole mobilities, even outperforming the well-
established CP poly(3-hexylthiophene) (P3HT).’""” The impact
of stereoregularity on mobility in NCPEPs is analogous to the
impact of regioregularity and structural regularity in general on the
properties of conjugated polymers.'®"?

Past work, most notably by Thelakkat et al., has further shown that
hierarchically ordered structures, namely block copolymers, can be
realized with NCPEPs through synthetic methodologies incompatible
with traditional CPs.”® While those block copolymers did not have
stereoregular backbones and gave low efficiencies in OPV devices, they
demonstrated a path for accessing more advanced polymer
architectures.

Here we report for the first time a family of block copolymers in which
one block is a stereoregular NCPEP. Poly(styrene)-b-poly(allyl
methacrylate) polymers (PS-b-PAMA) with both atactic and isotactic
PAMA-blocks were synthesized via living anionic polymerization and

the PAMA-block was functionalized with carbazole as the electroactive
pendant group through post-polymerization functionalization. We were
able to show that significant hole mobility (u) is maintained in the
functionalized block copolymers despite the introduction of an
insulating PS-block and that the stereoregularity as well as the relative
ratio of the electroactive PAMA-block in the copolymer heavily impacts
tn. This study showcases that complex polymer architectures with
controlled tacticities can be realized with NCPEPs and demonstrates
that desired properties such as hole mobility are maintained.

For this study block-copolymers with one electroinactive block,
atactic  PS, and one electroactive  block,  poly(N-
carbazolylethylthio)propyl methacrylate) (PCZETPMA), were chosen
to study how electronic properties, namely u; change when
transitioning from PCzZETPMA homopolymers to block-copolymers
where PCZETPMA is now only making up one of the blocks as
schematically shown in Figure 1. PAMA functionalized with N-
Carbazolylethanethiol was chosen as the electroactive block for
consistency with our study on analogous NCPEP homopolymers.'**
The carbazole pendant groups are attached via a six-atom spacer based
on our previous study on isotactic poly(N-carbazolylalkyl acrylates)
reporting a six atom spacer to give the highest z.'*'® Introduction of the
pendant group was achieved via post-polymerization functionalization
of the PAMA-block in photochemical thiol-ene reactions.'®' PS was
chosen for the electroinactive block because of its well-established
synthetic procedures in block-copolymers and the extensive

characterization of PS (block-(co-)) polymers available in literature.?>?3

The PS-b-PAMA polymer family was synthesized via living anionic
polymerization using nBulLi as the initiator (Scheme 1). Since the PS-
block was meant to be atactic, higher reaction temperatures could be
used than what was required for the synthesis of the stereoregular
PAMA-blocks which aids in ensuring full conversion of styrene prior to
addition of allyl methacrylate. Therefore, PS was chosen as the first
block. Moreover, for PS, the presence of living chains can be verified
through a distinct orange coloration so that it was synthetically more
practical to verify the successful initiation of the PS polymerization and
its transfer onto the second block. The synthesis of the PS-block was
based on previous work by Hall et al. which found formation of a styrene
macroinitiator from the alkyl lithium with a few drops of styrene to be a



critical step. Once the development of maximum color indicated the
complete conversion of alkyl lithium to styryl anions (instantaneous in
THF/toluene and after ~4Sminutes in toluene) the remaining styrene
was added dropwise.”* Molar mass and D for the PS-blocks (via
aliquots) and detailed reaction conditions for all copolymers can be
found in the supporting information.
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Figure 1. Increasing complexity of NCPEP architecture when
transitioning from linear homopolymers to block-copolymers.

Synthesis of the PAMA-blocks was guided by our previous findings
for stereoregular PAMA homopolymers showing that anionic
polymerization in toluene at low temperatures yields highly isotactic
PAMA as well as work by Brownstein et al. demonstrating that addition
of as little as 2.5 vol-% THEF to the toluene leads to atactic PAMA.!5%

Using these methods, we synthesized nine PS-b-PAMA block
copolymers indicated as B1.-B9. (Table 1), where the subscript u
indicates an unfunctionalized PAMA block. Here, we varied the molar
mass, the tacticity of the PAMA-block and the relative ratio of the PS and
PAMA blocks. As listed in Table 1, B1,-B4. are copolymers with lower
molar masses ranging from 2.36-7.82 kg/mol while copolymers BS.-B9u
range from 15.61-41.82 kg/mol. Table 1 also lists the block ratios for
each copolymer as determined by "H-NMR. Additionally, the tacticity
of the PAMA-blocks was controlled to give both isotactic and atactic
blocks with the triad tacticities also listed in Table 1. Triad tacticities
were determined from 'H-NMR according to our previously published
method for PAMA homopolymers.'®

The PS-b-PAMA copolymers, Bl,-B9., were reacted with N-
Carbazolylethanthioate under UV-irradiation (A = 300 nm) in the
presence of the photoinitiator 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) affording the functionalized block-
copolymers PS-b-PCzETPMA, B1+-B9, following our previously
established post-polymerization functionalization procedure.* For
B1:-B9f the subscript findicates functionalized copolymers. For the
thiol-ene reaction either 1,2-dichlorobenzene or toluene were used
as the reaction solvent. The choice of solvent was dictated by the
solubilities of the unfunctionalized block-copolymers Biu-Bou. As
summarized in Table 1, this yielded polymers with >94%
functionalization of the PAMA-blocks for eight out of the nine
polymers. In the 'H-NMR spectra, functionalization can be

followed via the disappearance of the characteristic alkene PAMA-
peaks and the appearance of the aromatic peaks of the carbazole
pendant group and the aliphatic spacer peaks. After
functionalization with the thiol-ene reaction, all polymers were
precipitated in methanol, dried, and characterized by 'H NMR (see
Supporting Information). The absence of sharp aromatic peaks
corresponding to unreacted molecular N-carbazolylethanthioate
indicated the effective removal of the molecular species in all cases
except for B3y, where residual molecular species is likely still present
(Figure S14). This is consistent with our reported results for the
functionalization of PAMA homopolymers."’

‘While B1,-B4., copolymers with either a dominant PS or a dominant
PAMA block were synthesized, it proved more difficult to realize
copolymers with a dominant PAMA block in the higher molar mass
range, especially under conditions required for atactic PAMA.
Therefore, PS is the dominant block in BS, and B6., however the relative
ratio of the blocks was varied to range from a clearly dominant PS-block
to two blocks of roughly the same length with B6.. In both B7. and B8,
isotactic PAMA is the shorter block, however B7. has a significantly
more dominant PS-block. For B9, a dominant isotactic PAMA-block
was achieved.

The successful formation of block copolymers was confirmed
through '"H-NMR and gel permeation chromatography (GPC) of
aliquots of the PS-blocks and the final copolymers as well as additional
control studies (vide infra). The '"H-NMR spectra confirm the presence
of styrene and allyl methacrylate blocks. GPC traces, which are shown in
the supporting information, were used to verify the synthesis of true
covalently linked block-copolymers rather than mixtures of
homopolymers. Specifically, for each copolymer, GPC traces of the PS-
aliquot show one single peak with a positive refractive index (RI) and a
very narrow D of ~1.20 indicative of a living polymerization. After
growth of the second block, the GPC traces show a wave-shaped pattern
with a negative Rl associated with the PAMA block (which is consistent
with previous studies on PAMA homopolymers), that immediately
transitions into the PS-peak with a positive RI without leveling out on
the baseline in between.'s After functionalization of the PAMA-block,
the copolymers show just one peak with a positive RI at a shifted molar
mass compared to the PS-peak.

As an additional control study, described in depth in the supporting
information, we synthesized both PS and PAMA homopolymers and
made a physical mixture of the two which was stirred in boiling acetone,
which is known to dissolve lower molar mass PS.2?® After filtering the
solution, we found PS and small amounts of PAMA in the filtrate
whereas the filtered off solids were exclusively comprised of PAMA. The
same experiment with the block copolymer B9. gave no polymer in the
filtrate and showed the same 'H-NMR and GPC trace for the filtered off
solids as before (supporting information).

All PS-b-PAMA (Bl.B9.) and PS-b-PCZETPMA (B1+B9)
polymers were characterized via differential scanning calorimetry
(DSC). While no significant features could be observed for the
unfunctionalized copolymers or the lower molar mass functionalized
polymers (B1¢-B4s), endothermic peaks around 75 °C and 100 °C
respectively can be observed in the first cycles for B5~B9r which
disappear in the second cycles. These transitions are believed to stem
from smectic liquid crystalline phase transitions which are known to
occur within this temperature ranges for PS-block-copolymers bearing
liquid crystal side-chains.” Carbazole is established to induce liquid



crystalline behavior.**!

observed for any copolymers.

No melt or crystallization transitions were

The functionalized copolymers, both unannealed and annealed at
150 °C for 30 minutes, were further analyzed by thin-film UV-Vis
absorption, showing little to no differences across the family of
copolymers (supporting information) and did not show any change in
features after annealing. For all functionalized samples characteristic -

" transitions around 295 nm and #-7r" transitions around 330 and 344
nm for the carbazole pendant group were observed which is consistent
with what is observed for PCzETPMA homopolymers. PS
homopolymers are known to exhibit an absorption band around 290 nm
ascribed to the formation of intramolecular excimers. Consequently,
absorption bands stemming from the PS-block in the copolymers are

expected to largely coincide with the carbazole 77" transition.>***

Scheme 1. General synthesis of PS-b-PAMA block copolymers and functionalization with N-Carbazolylethanethioate to give PS-b-PCzZETPMA .
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Table 1. Molar Mass, D, Yield/Conversion, Triad Tacticity and Block Ratios for the PS-b-PCzZETPMA Copolymers.

Triad Tacticity [%]

Copolymer M [kg/mol] D Yield [%]*® (mm/m/rr) PS:PAMA
Bl. 3.08 1.18 15/32/53 1.75:1
B2, 236 1.40 28/35/37 1:1.26
B3. 448 1.18 88/8/4 1.96: 1
B4, 7.82 1.27 83/12/6 1:1.27
B5. 15.61 1.14 17/23/60 1.53:1
B6u 1598 1.19 11/30/59 1.11:1
B7. 41.82 1.14 83/10/7 358:1
B8. 2593 1.24 83/13/4 1.88:1
B9 27.55 1.21 80/11/9 1:1.22
Bl: 331 1.12 >99° 15/32/53 1.75:1
B2: 343 1.58 28/35/37 1:1.26
B3¢ 4.56 1.18 >99° 88/8/4 1.96: 1
B4+ 10.13 1.30 >99° 83/12/6 1:1.27
B5¢ 16.62 1.10 17/23/60 1.53:1
Bo6¢ 19.38 1.31 11/30/59 1.11:1
B7: 3727 1.27 83/10/7 358:1
B8t 19.96 1.25 83/13/4 1.88:1
BO: 28.17 1.22 >99° 80/11/9 1:1.22




“Isolated polymerization yields after purification. *Thiol-ene conversions as determined from 'H-NMR.

Additionally, photoluminescence (PL) spectra for all annealed and
unannealed functionalized copolymers were measured. The spectra for
the high molar mass polymers (BS+B9r) are shown before annealing in
Figure 2a and after annealing at 150 °C for 30 minutes in Figure 2b. For
all samples characteristic carbazole 0-0 transitions at 350 nm with a
more sharply defined vibronic band at 370 nm were observed which
match our observations on PCzETPMA homopolymers.'*30'533
Similarly, excimer emission peaks around 405-420 nm were absent
across the entire family of copolymers as previously shown for
PCzETPMA homopolymers which suggests a limited degree of m-
stacking of the pendant groups.'*'$32'51635 For the unannealed low
molar mass copolymers B1+B4 (supporting information) and to a lesser
degree also for BS-B9; (Figure 2a), a broad shoulder around 400-5S00
nm can be seen. This feature likely stems from optical centers that are
formed in the PS-blocks upon exposure to UV light, a phenomenon
observed in a study on PS-homopolymer-films that found formation of
fluorescing diphenylpolyene centers giving rise to fluorescence bands in
the 330-520 nm region.*
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Figure 2. (a) PL spectra of PS-b-PCzETPMA copolymers BSq-B9; for
as-cast films. (b) PL spectra of PS-b-PCzZETPMA copolymers BSq-B9;
after annealing at 150 °C for 30 min.

After annealing the same features in very similar relative intensities
are observed with the exception of B6r which shows an increase in
intensity for the shoulder around 400-500 nm relative to the carbazole
vibronic band. PL intensities are reduced across all annealed samples
implying aggregation-based PL quenching which could be indicative of
a more pronounced 7-T stacking within the PCZETPMA-blocks in the

annealed films.?738

The space charge limited current (SCLC) technique was used to
measure /4 for all functionalized copolymers. Measurements for each
sample were repeated three times and the reported data is the average
over at least 20 pixels. All copolymers were spin-coated from CHCl; and
gave film thicknesses of 43-94 nm (supporting information). Based on
previous studies on PCzZETPMA homopolymers showing instances of
significant increases in 4, when the polymers are annealed, SCLC was
also measured after annealing at 150 °C, however, no efforts were made
to optimize the annealing temperature. No significant trends were
identified for samples B1-B4s, which gave mobilities between 1.41 x 100
7cm?/V's and 2.89 x 10 cm?/ Vs, likely owing to the low molar masses
of the four copolymers (supporting information). Comparison with BS-
B9 supports the hypothesis that molar mass has a significant influence
on the mobilities of the copolymers since these higher molar mass
samples show mobilities that are up to two orders of magnitude higher.
The hole mobilities for unannealed and annealed copolymers BS+-B9¢
are depicted in Figure 3.
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Figure 3. Hole mobilities of copolymers BS~B9r as cast and after
annealing at 150 °C for 30 min.

For the higher molar mass samples (Figure 3) certain trends are
identified. First, after annealing, u increases for all five copolymers but
has a more significant effect when PCzZETPMA is the dominant block as
seen with B9:. Second, the stereoregularity of the PCZETPMA-block
significantly impacts the relative increase in mobility after annealing
upon increase of the PCZETPMA-ratio in the copolymers. Specifically,
going from atactic BSs to atactic B6r the ratio of the PCZETPMA-block
increases by a factor of 1.21 and a 2.02-fold increase in mobility was
measured after annealing. In comparison, when going from isotactic B8¢
to isotactic B9r the PCZETPMA-block ratio increases by a factor of 1.6
but for the mobility a much more significant 372-fold increase was
measured. Additionally, when looking at s for copolymers with
comparable block-ratios that only differ in the tacticity of the
PCzETPMA-block, BS versus B8 and B6r versus BY;, the isotactic
copolymers considerably outperform the atactic ones; a trend that is
more pronounced when PCzZETPMA is the dominant block with B9t
giving a 4, that is higher by an order of magnitude when compared to
B6r. Within the entire family of copolymers B9;, the only higher molar
mass copolymer with a dominant isotactic PCZETPMA-block, gives the
highest 1 upon annealing of 2.33 x 10° cm?/V's which is consistent
with our previous findings that higher levels of stereoregularity and
higher molar masses correspond to increased u; in NCPEP-
homopolymers.'>"”

While the previously reported isotactic PCZETPMA homopolymer
gave a superior ux of 2.19 x 10* cm?/V's upon annealing, molar mass
differences between the polymers have to be considered, where M. =



46.5 kg/mol was reported for the homopolymer and M, = 28.2 kg/mol
for the copolymer (B9) in this study.'*!S Given the noticeable impact of
molar mass on x when going from B1¢B4¢ to BS+-B9;, the even higher
molar mass of the homopolymer could serve as one explanation for its
superior mobility. Additionally, the reported homopolymer has a higher
triad isotacticity of 85% compared to 80% for B9r which likely further
contributes to the higher . of the homopolymer. Interestingly,
annealing of the reported homopolymer only led to a 2.7-fold increase
in uxn while in B9 a 19.7-fold increase was measured suggesting that
achieving a favorable morphology for hole transport in the electroactive
block is increasingly more dependent on thermally induced
rearrangements once a second block is introduced to the polymer
structure.

As an outlier, annealed B7: with a significantly longer PS-block than
B8 gave a higher mobility, 1.27 x 10* cm?/V"s, compared to 6.26 x 10
cm?/V's, indicating that PS-blocks are not just innocent bystanders but
likely affect the ordering of the copolymers resulting in a more favorable
morphology for hole transport. Overall, the SCLC data indicates that
established principles for NCPEP homopolymers hold true. Specifically,
the importance of controlling stereoregularity and achieving high molar
mass to improve mobilities even when a second, electroinactive block is
added to the structure. As such, having a more complex block-
copolymer architecture does not significantly suppress hole
mobility in cases with higher molar mass and tacticity.

In conclusion, we report a family of PS-b-PCzETPMA block-
copolymers with varied molar masses, tacticities and relative block ratios
as the first examples of non-conjugated block copolymers with an
electroactive block having controlled stereoregularity. Our approach
allowed us to maintain control over the stereoregularity of the NCPEP-
block and synthesize well-defined block-copolymers for which the
relative ratios of the two blocks was tuned. Through SCLC
measurements we were able to show that significant hole mobilities are
PCzETPMA
homopolymers. Trends previously observed in the homopolymers held

maintained in the copolymers compared to

true in the copolymers, most notably significant increases in hole
mobility with higher molar mass and superior mobilities for
stereoregular isotactic NCPEP-blocks over atactic ones with the highest
molar mass copolymer featuring a dominant isotactic PCZETPMA-
block, B9;, giving the best mobility of 2.33 x 10° cm?/V's. It was also
found that annealing is significantly more critical for increasing mobility
in these copolymers than in homopolymers suggesting that introduction
of a second block into the structure strongly affects packing of the
copolymer chains. Overall, this study demonstrates that having a more
complex block-copolymer architecture does not suppress hole mobility
to a significant extent. This is a promising result for potential future
application of pendant block-copolymers featuring multiple
electroactive blocks as active materials that could allow hierarchical self-
organization. Future work will center around more in-depth
morphological characterization of the block copolymers.
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