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ABSTRACT: In the search for semiconducting polymer alternatives to conjugated polymers, stereoregular non-conjugated pendant electro-
active polymers (NCPEPs) have recently shown competitive hole mobilities with conjugated polymers and a dramatic increase in mobility
relative to atactic analogues. Here we investigate one of the key structural variables of NCPEPs: the flexible alkyl spacer that separates the
electroactive pendant from the backbone. We investigate a straightforward post-polymerization functionalization synthetic method to synthe-
size such polymers with high isotacticity using poly (N-carbazoylalkyl acrylate) as model system, where the alkyl chain spacer in the NCPEPs
is varied from 2 to 12 carbons. We observed that the hole mobility increased from the 2-carbon spacer, resulting in the highest mobility upon
thermal annealing with a 4-carbon spacer for 75% isotactic polymers and with a 6-carbon spacer for 87% isotactic polymers. As such, we have
demonstrated an important role of the spacer chain in influencing mobility. For all spacer lengths, higher mobilities were measured with the
more isotactic polymer. While physical characterization of the largely amorphous polymers yielded little insight into the structure-function
relationships, DFT and MD simulations indicated helical structures for the polymers where intermolecular short range T-stacking is observed
and is affected by spacer chain length. This work demonstrates that both degree of stereoregularity and spacer chain length play a role in de-

termining the hole mobility in NCPEPs.

Conjugated polymers (CPs) are appealing for many electronic
applications,"” including organic light emitting diodes (OLEDs),?
organic photovoltaics (OPVs)," organic field effect transistors
(OFETs),” batteries,® and bioelectronics’ due to their optical, semi-
conducting, biocompatibility and electrochemical properties. CPs
also have numerous advantages over inorganic analogues such as
lightweight, low-cost, flexibility, low toxicity and compatibility with
roll-to-roll processing.® In recent years optimized polymers have led

to high performance devices.””"

However, CPs do suffer from several deficiencies including poor
environmental stability," limited mechanical properties,"* low mo-
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lecular weights,”® and limited synthetic methodologies to achieve
advanced architectures. While there have been advancements to-
wards achieving CPs with controlled polymerizations;'® it is still
challenging to synthesize polymers with narrow dispersity (£), high

molecular weight, and control over end groups.'”'*'**

Non-conjugated electroactive polymers have garnered interest
over the years due to the limitations of CPs.*"** Studies have shown
that non-conjugated polymers containing electroactive pendant
groups, also called non-conjugated pendant electroactive polymers
(NCPEPs), possess enormous potential. In analogy to side chain
liquid crystal polymers (SCLCPs),*** it is expected that the proper-
ties of these polymers will be strongly influenced by the structure of
the main chain, pendant group, spacer chain, and stereoregularity
(Figure 1).”*° NCPEPs are attractive because of their easy pendant
modification, high achievable molecular weights, diversity in acces-
sible synthetic methodologies and the potential for precise control
over hierarchical assemblies enabled by advanced architectures. Due
to these strengths, they have been explored for use in organic elec-
tronics, notably in the work of Thelakkat.””*
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Figure 1. Structure of the NCPEP poly(2-N-carbazoylethyl acrylate
(PCzEA) indicating the structural variables (left) and an isotactic pol-
ymer PCzEA (right).

NCPEPs are also of potential interest in flexible electronics due
to analogy with insulating polymers (e.g., HDPE) that have been
demonstrated to improve mechanical properties in polymer and
polymer/fullerene blends.***' Despite such potential advantages,
NCPEPs are generally reported to have charge carrier mobilities
several orders of magnitude lower than CPs.”

Inspired by Uryu et al,*® who showed that highly isotactic poly(2-
N-carbazoylethyl acrylate) (PCzEA) (Figure 1) had a hole mobility
() six times higher than the atactic counterpart and the theoretical
proposition of improvement in s with increased backbone stere-
oregularity of poly(N-vinylcarbazole) (PVK);**** we have recently
shown clear evidence of the monotonic increase in us with increas-
ing isotacticity in PCzEA. We found that s increased from 2.11 x
10°cm® V' s' to 4.68 x 10° cm® V"' s in unannealed samples as the
dyad isotacticity increased from ~45% to ~95%, and s is enhanced



to 2.74x 10" cm’ V' s with thermal annealing of the 95% isotactic
sample, rivalling poly(3-hexylthiophene) (P3HT).* Later work has
shown that g was increased with tacticity for PVK.”

However, there are several structural variables that can potential-
ly influence g, including the main chain, pendant group, spacer,

and stereoregularity,’**

and understanding the structure-function
relationships is essential for designing higher performing polymers.
In our previous report on PCzEA, the alkyl spacer was kept constant
at two carbons and only the effect of stereoregularity on g was stud-
ied. Here we investigate for the first time the role of spacer length on
charge-carrier mobility in stereoregular electroactive pendant poly-

mers.

Hence, we report the synthesis of a family of poly(A
carbazoylalkyl acrylate) (PCzXA) polymers with different even
number alkyl spacers ranging from two to twelve carbons. We inves-
tigate these spacers on two different isotactic PCzXAs of ~75% and
~87% dyad isotacticty. We find that as the spacer length increases
from two carbons to either four or six carbons, the usincreases. With
spacers longer than six carbons, the effect of the isotacticity is dimin-
ished as the degrees of freedom are increased and the y decreases.

Although odd-even effects have been observed for thermal and
physical properties with SCLCPs*** we have limited our work to
even spacers. In our previous work we used direct polymerization of
N-carbazoylethyl acrylate and found that anionic polymerization
gave the highest isotacticity. Anionic polymerization was preferred
as it gives high stereocontrol under living polymerization condi-
tions, which is important for extension to advanced architectures.”
However anionic polymerization can pose a limitation due to func-
tional group
polymerization functionalization with transesterification of acry-

tolerance. Hence, here we explored post-
lates, which has been shown to be quantitative under several condi-
tions.*”** Another advantage of post-polymerization functionaliza-
tion is that it allows an “apples-to-apples” comparison as one can

examine a structural variable on otherwise identical backbones.

We did however attempt the direct polymerization route. The di-
rect synthetic route is depicted in Scheme S1 (Supporting Infor-
mation). Synthesis of the 2-C acrylate, was achieved according to
the literature.* Monomers with four, six and eight carbon spacers
were also synthesized. Monomers were polymerized using n-BuLi in
toluene. While the polymers gave reasonable dyad isotacticities of
~80%, the molecular weights were low, ranging from 6.2 kg/mol to
2.8 kg/mol (Table S1).

Table 1. Polymer Yields/Conversions, Molecular Weights, D, Dyad Isotacticity and SCLC mobilities for family of isotactic PCzXA

polymers with different alkyl chain spacers.

pomer | amver | YW/Comeniot ] L b | sy [ Vi [ ety
9 - 40° 33.4¢ LS 74.3 - -
9b - 45 13.5¢ 2.0 86.7 - -
10a 2 99® 24.9¢ 24 743 (3.0£0.22)x105 (5.5+0.39)x105
11la 4 98P 26.4¢ 2.8 74.3 (4.2+0.74)x10°5 (72+0.27)x105
12a 6 97" 27.2¢ 2.7 74.3 (2.9+0.45)x105 (3.5£0.15)x10-5
13a 8 98b 29.6¢ 24 74.3 (8.9+0.40)x10-6 (1.4%0.09)x10-5
14a 10 99° 3174 2.8 743 (5.5£0.18)x10-6 (1.1£0.53)x10-5
152 12 98b 32.3¢ 2.1 743 (2.7£0.62)x106 (9.1£0.57)x106
10b 2 99° 21.4¢ 3.0 86.7 (4.5£0.41)x105 (1.1£0.14)x10-4
11b 4 97° 22.7¢ 2.7 86.7 (6.2£0.29)x10-5 (1.5£0.35)x10*
12b 6 98® 24.3¢ 2.6 86.7 (7.4£0.44)x105 (2.0£0.27)x10-4
13b 8 98® 27.0¢ 22 86.7 (9.0£0.77)x10-6 (9.7£0.62)x10-5
14b 10 99® 27.8¢ 2.9 86.7 (5240.35)x10-6 (8.8+1.10)x105
15b 12 98b 29.3¢ 24 86.7 (4.7£0.53)x106 (7.5+0.47)x105

“Polymerization yield, “Transesterification conversion, determined by 'H NMR. ‘Determined by SEC with polystyrene standards and THF eluent.
dDetermined by SEC with polystyrene standards and o-DCB eluent. “Determined from 'H NMR. Measured from neat, as-cast polymer films.

#Measured from polymer films after 30min annealing at 150 °C. “Data represents an average of at-least 12 pixels.

The observation of decreasing molecular weight as the spacer
length increased is conjectured to be due to intramolecular interac-
tion between the aromatic ring and the lithium counterion coordi-
nated with the acrylate, which hinders chain propagation.

To target higher molecular weights and to have a more accurate
comparison of spacer length, we moved to post-polymerization
functionalization (Scheme 1), specifically taking inspiration from
the transesterification of poly(methyl acrylate) (PMA) using
ZnTac24 as catalyst.” Synthesis of 2 was achieved according to the
literature.** Compounds 7b-7f, were synthesized based on a litera-
ture procedure.”’ PMA was synthesized at two different levels of

isotacticity. Polymer 9a was synthesized using n-BuLi in toluene at -
20 °C,* yielding dyad tacticity of 74.3% with an Mn of 33.4 kg/mol.
Polymer 9b was synthesized using PhMgBr in toluene at 0 °C *
resulting in 86.7% dyad tacticity with an Mn of 13.5 kg/mol. The
polymers were synthesized using standard Schlenk techniques and
extraordinary measures commensurate with rigorous anionic
polymerization were not applied for this model structure-function
study as is consistent with the dispersities of 1.5 and 2.0. The differ-
ence in dyad isotacticity is due to stronger coordination of Mg" with
the terminal and penultimate carbonyl oxygens as compared to Li",
enforcing a higher percentage of meso placement.*



Scheme 1. Synthesis of monomers, PMA polymers, and PCzXA
polymers.
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Polymers 9a and 9b were subjected to transesterification with
compounds 2 and 7b-f using ZnTac24.° Polymers 10a-15a were
derived from the lower tacticity 9a, and polymers 10b-15b were
derived from the higher tacticity 9b. All transesterifications pro-
ceeded with high conversions of >97%, as calculated from '"H NMR
(Table 1). The lower tacticity polymers 10a-15a were soluble in
chloroform at 10 mg/ml and the solubility increased as the spacer
length increased. The higher tacticity polymers 10b-15b were only
soluble after stirring at 60 °C in chloroform at 10 mg/ml with solu-
bility also increasing as the spacer length increased. This method of
post-polymerization functionalization promises a method to make
new NCPEPs which would otherwise be inaccessible via direct ani-
onic polymerization.

We used the space charge limited current (SCLC) technique to
measure the hole mobilities of polymer thin films with and without
annealing (Table 1 and Figure 2). All the polymers were dissolved
in chloroform, and then spin coated to yield films of thickness of
SSnm - 65nm.
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Figure 2. Relationship of hole mobility of as cast and annealed films for
the polymers with different spacer chain lengths.

For the unannealed polymers with isotacticity of ~75% (10a-
15a), as the spacer length increased from two carbons to four car-
bons, the u increased from 3.0 x 10° cm® V' s (10a) to 4.2 x 10°
cm’ V' s* (11a) and then gradually decreased with longer spacers to
2.7 x 10° cm® V' 5" for the twelve-carbon spacer (15a). Even
though the s decreases after four carbons, there is little change
cross the longer spacers (8-12 carbons). The effect of alkyl spacer
length was similar for the unannealed polymers with ~87% isotac-
ticity (10b-15b). However, in this case, the u peaks with the six-
carbon spacer. Hence the g increases from 4.5 x 10° em® V' s for
the two-carbon spacer (10b) to 7.4 x 10° cm® V"' s for six-carbon
spacer (12b) and then sharply drops to 9 x 10° cm® V' s for the
eight-carbon spacer (13b) and gradually decreases thereafter. Based
on the results of the unannealed films, the optimal spacer length for
high s is based on the degree of isotacticity, which show that the
influence of isotacticity and spacer length are not independent.

Similar trends were observed for the annealed films but with
higher values for g The annealing conditions were not optimized
and our previously reported conditions for PCZEA of 150 “C for 30
mins were used. With the 75% isotactic polymers, the trend was the
same before and after annealing, but the annealed samples with two
and four-carbon spacers showed slightly higher mobilities. For spac-
er lengths of six to twelve carbons there was almost no change in-
duced by annealing.

For the 87% isotactic polymers, annealing did not change the
trend, but did result in dramatic increases in mobility for all samples.
Specifically, a g of 1.1 x 10* cm® V' s was measured for the two-
carbon spacer (10b), which increased to 2 x 10™* cm? V"' 5! for six
carbons (12b) (competitive with most conjugated polymers known
in literature®') and then sharply drops down to 9.7 x 10° cm® V' s
for the eight-carbon spacer (13b) and further gradually decreases.
Even though s of the annealed six-carbon spacer (12b) reached 2.0
x 10* em® V' ¢, it still falls short of our previously reported u for
the annealed ~95% isotactic PCzEA, which suggests that even high-
er u can be achieved with higher control over tacticity.

To gain insight into the mobility-spacer length-tacticity relation-
ship we sought to look beyond primary structure correlations. Asa
first step we investigated thin film UV-Vis absorption which was
found to be mostly invariant but we observed a slight blue shift
(supporting information) in the case of the two-carbon spacer for
both levels of tacticity indicating the possibility of H-aggregation
with the two-carbon spacer.*” For all films characteristic carbazole 7-
7* transitions (~295 nm) and n-7* transitions (~330 nm and 344
nm) were observed. Similarly, the HOMO levels of all the polymers
were found to be the same as measured by cyclic voltammetry (5.82
-5.86eV).

Photoluminescence (PL) spectra yielded some structural insight
(Supporting Information). In general, 0-0 transitions were observed
at 350 nm with another vibronic band at 368 nm. Sharper peaks
were observed from 40S to 430 nm corresponding to excimer emis-
sion, which is diagnostic of m-stacking.** For the 75% isotactic pol-
ymers (10a-15a), with spacers longer than four carbons, the excim-
er emission peaks are no longer prominent. A similar trend is also
observed for the 87% isotactic polymers (10b-15b), where with
spacers longer than eight carbons, the excimer peaks are not as
sharp. It can be inferred that with polymers of lower isotacticity, -
stacking is more favorable only at shorter spacer lengths. This corre-
sponds well with the hole mobility data. With higher isotacticity, 7t-
stacking remains favorable to longer spacer lengths, which is again
consistent with the mobility data.
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Figure 3. DFT optimized structures of atactic PCzEA and isotactic PCzEA (with inset showing helical backbone) (top) and isotactic polymer chains
of PCzXA with increasing spacer chain length (bottom). The polymer backbones are highlighted and all polymers have 40 repeat units.

To study the morphology more directly, thin films were further
analyzed by grazing incidence X-ray diffraction (GIXRD); however,
no peaks were observed for any of the films, in agreement with what
we had seen previously with PCzEA. The results from GIXRD are
also consistent with DSC where no prominent peaks were observed
for any samples (Supporting information). As such, these polymers
appear to be largely amorphous and it is difficult to gain deep insight
into the bulk structure and m-stacking.

We therefore elected to turn to simulations to model chain and
bulk structure. A database of atactic and fully isotactic PCzXA
chains with 20 and 40 monomers for each spacer length was gener-
ated. These chains were optimized using B3LYP/6-31+G(d) in Q-
Chem 5.0.°* From the DFT optimized structures (Figure 3) with 40
repeating units, there is clearly a significant difference between the
atactic and isotactic structures. Where the atactic structure is more
randomized and clumped, the isotactic structures are elongated with
all the pendant units surrounding the helical backbone. As the spac-
er is increased from two to twelve carbons for the isotactic polymers,
the orientation of pendant units becomes more disorganized and
tends toward 7-stacked dimers even though the backbone remains
helical. This type of helical structure is seen in many isotactic poly-
mers.*>* Looking down the axis of the polymer chains, we see that
the carbazoles are nicely oriented around the backbone with the
four-carbon and six-carbon spacers, as opposed to the two-carbon
spacer, which is more compact and slightly puckered. As the spacer
length increases from eight carbons to twelve carbons, the favorable
orientation is deviated and the pendant groups are more randomly
organized.

To understand the effect of annealing and how the polymers pack
in a thin film, we turned to MD simulations (Figure 4). The initial
topology files for 20 monomer chains (MD calculations used 20
monomers because of computational limitations) were obtained

from Automated Topology Builder (ATB) and Repository (Version
3.0).” Chains of each polymer were permitted to relax for 1ns in
isolation at 300K (using the LAMMPS suite), according to the in-
tramolecular components of the GROMOS_54A7 force field, thus
mimicking their arrangement in solution. A total of 64 relaxed
chains for each polymer were placed in a bounded simulation box at
periodic positions and orientations, with sufficient space between
chains to avoid interchain interactions. This simulation volume was
then compressed over a period of 40 ps at 300K until the density
reached an average of 1.2 g/ml (density of PVK)*®, mimicking the
effect of solvent evaporation. The morphologies were simulated
with varying temperature from 300K to 425K for 4ns. The annealed
films were finally cooled down to room temperature over a further
4ns period, before equilibrating at 300K for a final of 4ns. Figure 4a
illustrates the case of the six-carbon spacer (detailed calculation
steps for all spacers are in the supporting information).

From these MD simulations, it was observed that as the films
were annealed, the interactions between chains increases signifi-
cantly. Upon mapping the carbazole moieties, we see an enhanced
71 stacked short range ordering between multiple chains (Figure
4b) and the highest interchain 7-7 stacking is observed for the six-
carbon spacer. These simulated results with 100% isotactic polymer
help to explain why the 87% isotactic polymer shows the highest
mobility with a six-carbon spacer. However, the 75% isotactic poly-
mer shows the highest mobility with the four-carbon spacer. We
propose that as the polymer becomes more atactic, that extended
interchain interactions (to form continuous pi-stacked pathways)
become less favorable in the more disordered system and intrachain
interactions become more important to the overall mobility. We
observe in the DFT models that the degree of intrachain ordering of
the carbazole units increases as the spacer length decreases. As such,
isotactic sequences based on shorter spacers are expected to give
rise to more local (intrachain) ordering and dominate the mobility.



We notice that there is little difference between the mobility for the
2 and 4 carbon spacers in the case of the 75% isotactic sample (with
and without annealing). We postulate that the 4-carbon spacer leads
to a somewhat higher mobility than the 2-carbon spacer due to
slightly enhanced intermolecular interactions that are favored with
the longer spacer.

Figure 4. a) MD simulations of 64 chains of PCzHA (six-carbon spac-
er) packed into a thin film configuration after annealing. b) The stack-
ing of different carbazole units from multiple chains showing short
range ordering (blue labelling).

Here we have reported the effect of spacer lengths in NCPEPs on
the charge carrier mobility in stereoregular polymers. Specifically,
the hole mobility was observed to increase as the spacer length in-
creases from two carbons to four carbons for the 75% isotactic pol-
ymer and up to a six-carbon spacer for the 87% isotactic polymer.
With further increase in the spacer length, the hole mobility de-
creases rapidly and the effect of tacticity is diminished. It is found
that this increase in hole mobility is likely due to a helical orienta-
tion in the isotactic polymers which increases the short range -1t
stacked ordering in the thin films, especially with annealing, as simu-
lated via DFT and MD. Considering the potential advantages of
NCPEPs over CPs, these results show that NCPEPs can be de-
signed to rival the mobility of conjugated polymers by tuning not
only degree of isotacticty, but also the spacer length.
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