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ABSTRACT: Isotactic non-conjugated pendant electroactive polymers (NCPEPs) have recently shown potential to achieve comparable 
charge carrier mobilities with conjugated polymers. Here we report the broader influence of tacticity in NCPEPs, using Poly((N-carbazolyle-
thylthio)propyl methacrylate) (PCzETPMA) as a model polymer. We utilized the thiol-ene reaction as an efficient post-polymerization func-
tionalization method to achieve pendant polymers with high isotacticity and syndiotacticity. We found that a stereoregular isotactic polymer 
showed ~100 times increased hole mobility (µh) as compared to both atactic and low molecular weight syndiotactic PCzETPMA, achieving µh 
of 2.19 x 10-4 cm2 V-1 s-1 after annealing at 120 °C. High molecular weight syndiotactic PCzETPMA gave ~10 times higher µh than its atactic 
counterpart, comparable to isotactic PCzETPMA after annealing at 150 °C. Importantly, high molecular weight syndiotactic PCzEPTMA 
showed a dramatic increase in µh to 1.82 x 10-3 cm2 V-1 s-1 when measured after annealing at 210 °C, which surpassed the well-known conjugated 
polymer poly(3-hexylthiophene) (P3HT) (µh = 4.51 x 10-4 cm2 V-1 s-1). MD simulations indicated short range π – π stacked ordering in the case 
of stereoregular isotactic and syndiotactic polymers. This work is the first report of charge carrier mobilities in syndiotactic NCPEPs and 
demonstrates that the tacticity, annealing conditions, and molecular weight of NCPEPs can strongly affect µh. 

With the development of novel manufacturing technologies, con-
jugated polymers (CP) are emerging as viable materials for many op-
toelectronic applications, such as organic photovoltaics (OPVs),1–3 
organic field-effect transistors (OFETs),4,5 organic light-emitting di-
odes (OLEDs),6,7 batteries,8–10 and bioelectronics11,12 due to their nu-
merous advantages over inorganic analogs. Among various benefits 
of CPs such as lightweight, low cost, low toxicity, and easy processi-
bility, the high charge carrier mobilities of CPs plays a crucial role in 
the fabrication of high-performance devices such as OPVs and 
OFETs.13 

Despite outstanding performance in optoelectronic applications, 
CPs nonetheless are limited by several challenges.14 While ap-
proaches have recently been developed to overcome some of these 
challenges;15–17 notably, CPs still lack effective synthetic methods to 
make narrow dispersity and high molecular weight polymers, which 
are crucial for the fabrication of efficient optoelectronic devices18 
and the development of advanced architectures such as block copol-
ymers.19,20 Poor environmental stability and restricted mechanical 
properties are also limitations of CPs.21,22 

Recently non-conjugated electroactive polymers have been ex-
plored in many fields as an alternative for CPs.23,24 Specifically, non-
conjugated pendant electroactive polymers (NCPEPs), which are 
non-conjugated polymers containing electroactive units in the side 
chain, possess enormous potential. Such polymers offer access to the 
broad range of controlled polymerization techniques of non-conju-
gated polymers that promise access to highly tailored structures with 
diverse architectures.25 With NCPEPs, in analogy to side-chain liq-
uid crystal polymers,26,27 optoelectronic properties are strongly influ-
enced by the structure of the polymer backbone, pendant group, 
spacer (length and identity), and stereoregularity (Figure 1). 

 

 
Figure 1. Structural features impacting properties in NCPEPs: 

Backbone structure, spacer length, pendant group and stereoregu-
larity. 

 
In our recent study, we demonstrated the impact of isotacticity 

relative to atactic polymers, where we found that hole mobility (µh) 
of NCPEPs increases proportionally to the increasing isotacticity, 
achieving µh ~100 times higher than atactic analogs.28 We further 
showed the effect of the spacer length on the µh of NCPEPs, where 
we found that a six carbon alkyl spacer is the optimum flexible spacer 
length to achieve high µh in isotactic NCPEPs using highly isotactic 
poly(N-carbazolylalkyl acrylates) as our model system.29 

Although NCPEPs promise to overcome limitations of CPs, and 
examples exhibiting higher charge carrier mobilities than CPs have 
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been reported,30,31 NCPEPs are generally found to have charge car-
rier mobilities several orders of magnitude lower than CPs.32 Taking 
inspiration from the work of Uryu et al.,33 who showed that highly 
isotactic (m = ~97%) poly(2-N-carbazolylethyl acrylate) (PCzEA) 
had a µh of 1.7 x 10-5 cm2 V-1 s-1; being six times higher than the atactic 
counterpart, we have recently showed clear evidence for the correla-
tion of stereoregularity in PCzEA and µh. We found that µh increased 
from 2.11 x 10-6 cm2 V-1 s-1 to 4.68 x 10-5 cm2 V-1 s-1 in unannealed 
samples as the dyad isotacticity increased from m = ~45% to m = 
~95%, and the µh is further increased to 2.74 x 10-4 cm2 V-1 s-1 with 
thermal annealing of the ~95% isotactic sample, which is as par with 
most of the well-known CPs such as poly(3-hexylthiophene) 
(P3HT).34 

However, our study of the effect of stereoregularity on the µh of 
NCPEPs was limited to isotactic PCzEA, and further work done by 
Ozaki et al.,35 on poly(N-vinylcarbazole) (PVK), was also limited to 
the isotactic polymer. For designing optimized NCPEPs proper un-
derstanding of the structure-function relationships is required. As 
such, here we further investigate the effect of stereoregularity on the 
µh of NCPEPs by comparing isotactic, syndiotactic and atactic poly-
mers, keeping the pendant group, spacer length, and polymer back-
bone constant. 

We report a novel methodology for synthesis of a family of 
poly((N-carbazolylethylthio)propyl methacrylate) (PCzETPMA) 
polymers with different tacticity including isotactic PCzETPMA 
(mm = ~85%), syndiotactic PCzETPMA (rr = ~80%) with two dif-
ferent molecular weights, and an atactic PCzETPMA. Using the pre-
viously determined optimal spacer length of six atoms,29 we find that 
both isotactic and atactic PCzETPMA give comparable results to 
our previously reported isotactic and atactic NCPEPs. Interestingly 
the low molecular weight syndiotactic PCzETPMA gave similar µh 
to the atactic counterpart while the high molecular weight syndio-
tactic PCzETPMA gave comparable µh to the isotactic counterpart. 
However, higher temperature annealing of the high molecular 
weight syndiotactic polymer resulted in µh ten times higher than iso-
tactic PCzETPMA.   

Consistent with our observation for acrylate polymers, anionic 
polymerization gave the best control over tacticity, and hence ani-
onic polymerization was preferred for this study. To avoid the limi-
tations of anionic polymerization, we used a post-polymerization 
route using the thiol-ene reaction, which has been broadly used for 
post-polymerization functionalization.36,37 We used allyl methacry-
late which has proven effective in yielding both isotactic and syndio-
tactic polymers via anionic polymerization38,39 and the allyl group is 
amenable to post-polymerization functionalization.40,41 

Scheme 1. Synthesis of (a) Pendant group, (b) PAMA polymers, and (c) PCzETPMA polymers. 

 
 

N-carbazolylethanethiol chosen as the electroactive pendant for 
the thiol-ene reaction as to achieve the optimized spacer length and 
have the same pendant unit as our previous studies.28,29 Synthesis of 
N-carbazolylethanethiol (4) is depicted in Scheme 1a. To achieve 
the desired polymers (6 – 9), allyl methacrylate was polymerized un-
der different conditions as depicted in Scheme 1b, with molecular 
weight and tacticity data shown in Table 1. To synthesize the isotac-
tic polymer (6), allyl methacrylate was reacted using freshly 

prepared diphenylhexyllithium (DPHL) as the initiator in toluene, 
while syndiotactic polymers (7 and 8) were obtained using DPHL 
as the initiator but using THF as solvent. Similar approaches for allyl 
methacrylate were reported in the literature.39 The difference in ste-
reoregularity using different solvents is based on solvation of the lith-
ium cation. In the case of toluene, the lithium cation is not solvated 
and hence binds with the terminal and penultimate carbonyl ox-
ygens yielding an isotactic polymer,43 while in the case of THF, the 
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lithium cations are fully solvated and hence cannot bind carbonyl ox-
ygens giving syndiotactic polymer.44,45 Finally to achieve the atactic 
polymer (9), we chose reversible addition-fragmentation chain-
transfer (RAFT) polymerization since it yielded a reproducible level 
of tacticty.46 Triad and pentad tacticity for all the polymers were cal-
culated from 1H and 13C NMR respectively (Table 1 and Supporting 
information) and are referenced from PMMA NMR peak shifts.47 
Under the described conditions atactic (9) (rr = ~50%), isotactic 
(6) (mm = ~85%), and syndiotactic (8) (rr = ~80%) PAMA samples 

were achieved with Mn values of 12.6, 36.4, and 24.9 kg/mol, respec-
tively. Increasing the monomer concentration from 5 mmol to 10 
mmol led to a significant increase in Mn with anionic polymerization 
in THF to give polymer 7 (rr = ~80%) of 77.3 kg/mol. The effect of 
monomer concentration on the molecular weight of the PMMA is 
well studied showning similar results in the literature.38 High molec-
ular weight isotactic and atactic polymers were not targeted because 
of the lower solubility in these cases. 

Table 1. Polymer Yields/Conversions, Molecular Weights, Ð, Triad and pentad tacticity and SCLC mobilities for the family of 
PCzETPMA polymers. 

Polymer 

Yielda/ 

Conversionb 

(%) 

Mn 
(kg/mol)c Ð 

Triad 

Tacticityd 

(%) 

Pentad	
Tacticitye	
(%)	

µh	(cm2V-1s-1)f,j	
Unannealed 

µh	(cm2V-1s-1)g,j	
Annealed	at	

120°C		

µh	(cm2V-1s-1)h,j	
Annealed	at	

150°C	

µh	(cm2V-1s-1)i,j	

Annealed	at	
210°C	

6 75a 36.4 1.4 85 (mm) 80 
(mmmm) - - - - 

7 90a 77.3 1.2 80 (rr) 70 (rrrr) - - - - 

8 85a 24.9 1.4 80 (rr) 70 (rrrr) - - - - 

9 55a 12.6 1.4 50 (rr) 50 (rrrr) - - - - 

6a >99b 46.5 2.3 85 (mm) 80 
(mmmm) (6.0±0.75)x10-5 (2.19±0.22)x10-4 (1.6±0.95)x10-4 (1.47±0.55)x10-4 

7a >99b 122.1 1.2 80 (rr) 70 (rrrr) (2.1±0.60)x10-6 (1.1±0.28)x10-4 (1.37±0.52)x10-4 (1.82±0.48)x10-3 

8a >99b 49.4 1.5 80 (rr) 70 (rrrr) (2.59±0.34)x10-7 (2.23±0.41)x10-8 (3.22±0.66)x10-8 (9.81±1.1)x10-7 

9a >99b 26.1 1.6 50 (rr) 50 (rrrr) (1.17±0.62)x10-7 (4.03±0.44)x10-8 (3.79±0.32)x10-8 (4.37±0.70)x10-7 
aPolymerization yield, bThiol-ene conversion, determined by 1H NMR. cDetermined by SEC with polystyrene standards and TCB eluent. 

dDetermined from 1H NMR. eDetermined from 13C NMR. fMeasured from neat, as-cast polymer films. gMeasured from polymer films after 30 
min annealing at 120 °C. hMeasured from polymer films after 30 min annealing at 150 °C. iMeasured from polymer films after 30 min annealing 
at 210 °C. jData represents an average of at-least 20 pixels. 

Polymers 6 – 9 were then subjected to a photochemical thiol-ene 
reaction with compound 4, using 2,2-dimethoxy-2-phenylacetophe-
none (DMPA) as photoinitiator and a 300nm LED as light source. 
The photochemical thiol-ene route gave >99% conversion and was 
highly selective for the anti-Markonikov product as compared to 
other reported reaction conditions.48 Synthesis of polymers 6a – 9a 
is depicted in Scheme 1a, and the method is adapted from literature 
with slight variation.49 This thiol-ene post-polymerization function-
alization technique gives us a pathway to achieve new functional 
NCPEPs with suitable tacticity and molecular weights with minimal 
to no defects. Both syndiotactic polymers (7a – 8a) are readily solu-
ble in chloroform up to 50 mg/ml at room temperature. In contrast, 
the atactic (9a) and the isotactic polymers (6a) were only soluble at 
60  °C in chloroform at 10 mg/ml.   

The space charge limited current (SCLC) technique was used to 
measure the µh of polymer thin films with and without annealing 
(Table 1 and Figure 2). All the SCLC measurements were repeated 
three times, and the data reported are an average of at-least 20 pixels. 
The annealing temperatures were not extensively optimized and an-
nealing above 210  °C was avoided as the atactic polymer (9a) started 
to lose more than 5 % of mass above 220 °C as observed in TGA 
(supporting information). All the polymers were spin-coated from 
CHCl3 to yield films with thickness of 50 – 65 nm. For the atactic 
polymer 9a, annealed and unannealed samples showed µh in the 
range of 10-7–10-8 cm2V-1s-1. For the isotactic polymer 6a, the unan-
nealed sample gave µh of 6.0 x 10-5 cm2 V-1 s-1 which increased to 2.19 
x 10-4 cm2 V-1 s-1 when the film is annealed at 120 °C for 30 mins. With 
annealing at higher temperatures, µh decreased to 1.47 x 10-4 cm2 V-1 
s-1 when annealed at 210  °C for 30 mins. The µh at the 120  °C 

annealing condition is on par with the unannealed µh of well-known 
conjugated polymer poly(3-hexylthiophene) (P3HT)50 and is simi-
lar to our previous NCPEP studies confirming that high µh can be 
achieved with isotactic NCPEPs. 

Interestingly the two syndiotactic polymers gave significantly dif-
ferent results. For the low molecular weight syndiotactic polymer 8a, 
unannealed films gave µh of 2.59 x 10-7 cm2 V-1 s-1, which is two orders 
of magnitude lower than unannealed isotactic polymer 6a and nearly 
identical with the unannealed atactic polymer 9a. On annealing of 
8a, µh decreased to 2.23 x 10-8 cm2 V-1 s-1 when annealed at 120  °C for 
30 mins. However, with annealing at 210  °C for 30 mins 8a showed 
an increased value with a maximum 9.81 x 10-7

 cm2 V-1 s-1 thus show-
ing a similar trend to the atactic polymer (Figure 2). For the low mo-
lecular weight syndiotactic polymer 8a, even after annealing µh is still 
two orders of magnitude lower than its isotactic counterpart which 
has comparable molecular weight (49.4 and 46.5 kg/mol, respec-
tively). 
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Figure 2. Effect of annealing on hole mobility of PCzETPMA pol-

ymers with different tacticity. 
In contrast, with the high molecular weight syndiotactic polymer 

7a, even the unannealed sample gave µh of 2.1 x 10-6 cm2 V-1 s-1. The 
µh of polymer 7a is observed to increase to 1.37 x 10-4 cm2 V-1 s-1 upon 
annealing at 120 °C for 30 mins.  Upon annealing at 210 °C for 30 
mins the µh reached the increased value of 1.82 x 10-3 cm2 V-1 s-1, sur-
passing annealed P3HT and isotactic polymer 6a by an order of mag-
nitude. This result is unprecedented and shows a clear effect of mo-
lecular weight on the µh of the syndiotactic polymer. 

For further comprehension of the mobility – tacticity relation-
ships, we investigated several characterization techniques. First, we 
measured thin film UV–vis absorption, where we saw little to no dif-
ference between all the polymers 6a – 9a for both annealed and un-
annealed samples (supporting information). For all films, character-
istic carbazole π – π* transitions (~295 nm) and n – π* transitions 
(~330 and 344 nm) were observed. The HOMO levels of all the pol-
ymer were also found to be similar as measured by cyclic voltamme-
try (CV) showing no effect of tacticity (5.62 – 5.69 eV) (supporting 
information). The above-mentioned HOMO value is 0.2 eV higher 
than previously reported PCzXA values as in this case the HOMO is 
delocalized to the nearby S atom (Figure 3a). 

In contrast to UV–vis absorption and cyclic voltammetry, Photo-
luminescence (PL) spectra gave some structural insight (Fig 3b and 
3c). For the unannealed films (Fig 3b), we see characteristic 0 – 0 
transitions at 350 nm with a sharper vibronic band at 370 nm, which 
are typical for carbazole and are similar to our previous studies. 
Peaks around 405 to 430 nm corresponding to excimer emission are 
not prominent.51 Both low molecular weight syndiotactic polymer 
(8a) and atactic polymer (9a) show lower PL intensity than isotactic 
(6a) and high molecular weight syndiotactic polymer (7a), implying 
more aggregation in polymers 8a and 9a for unannealed films. Simi-
lar spectral shapes are observed in the case of annealed thin films 
(Fig 3c). For the atactic polymer 9a, there is no effect of annealing 
giving the same PL intensity for both unannealed and annealed thin 
films. Interestingly, for the polymers 6a and 7a, the PL intensity is 
strongly diminished, suggesting aggregation based PL quenching, 
and thus providing some evidence towards enhanced π – π stacking 
on annealing with the isotactic and high molecular weight syndiotac-
tic polymers. On the other hand, for polymer 8a, on annealing the 
PL intensity is increased and the excimer peaks are further dimin-
ished, suggesting reduced π – π stacking. 

 
Figure 3. (a) HOMO and LUMO of PCzETPMA repeating unit. 

(b) PL spectra of PCzETPMA polymers as-cast films. (c) PL spectra 
of PCzETPMA polymers films after annealing at 210  °C for 30 mins. 

To study the morphology more precisely, the thin films were ex-
amined by grazing incidence X-ray diffraction (GIXRD); however, 
no peaks were observed for polymers 6a – 9a with or without anneal-
ing (supporting information), which is in agreement with our previ-
ous studies indicating the polymers are largely amorphous. The find-
ings from GIXRD are also consistent with DSC where no prominent 
peaks were observed (supporting information) expect for a small en-
dothermic peak around 65 °C in the case of polymer 7a which was 
only observed in the first cycle. While GIXRD gave no insight about 
the morphology of the thin films, we moved to atomic force micros-
copy (AFM) which gave some insight for the thin film surface mor-
phology. For thin films of polymer 7a – 9a, the films are very smooth 
with rms surface roughness less than 1 nm observed, while only for 
polymer 6a, the film is slightly rougher with surface roughness of 
2.08 nm (supporting information). For polymer 6a, the thin film 
contains multiple elongated features of ~50 - 60nm, which may be 
due to short-range ordering of isotactic chains, while for atactic pol-
ymer 9a, the film contains multiple isolated circular monticules of 
30nm in height, which can be agglomerations of atactic chains. 
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Similar topology images are obtained in literature for PVK thin 
films.52 For polymers 7a and 8a, the thin film morphology doesn’t 
have any prominent features. 

 
Figure 4. (a) DFT – optimized structures of PCzETPMA polymers with 40 repeating units and highlighted polymer backbone. (b) Mapping 

of carbazole moieties from MD simulated thin films of 64 chains showing short range ordering (blue labelling). 
To gain further insight, we elected to turn to simulations to model 

chain and bulk structures. We used a similar approach as in our pre-
vious study29 using DFT (supporting information). The chains of 
polymers (atactic, isotactic and syndiotactic) were optimized by us-
ing B3LYP/6-31+G in Q-Chem 5.2.53 From the DFT – optimized 
structures with 40 repeating units, there is a significant difference be-
tween the polymers (Figure 4a). The atactic structure is more ran-
domized and clumped with respect to the isotactic and syndiotactic 
structures. In contrast, the isotactic polymer shows an elongated 
structure but with disordered backbone. On the other hand, the syn-
diotactic polymer exhibits a curved helical backbone. This type of 
super helical structure is well known in syndiotactic PMMA poly-
mers.54 While the atactic polymer shows no π – π stacking with dis-
organized pendant units, the isotactic polymer shows some π – π 
stacked dimers and trimers within the polymer chain. Interestingly 
such π – π stacked trimers were missing in the syndiotactic polymer 
and are limited to few π – π stacked dimers.  

To understand the effect of annealing and to see how the polymer 
packs in a thin film, we moved to MD simulations (supporting infor-
mation). From these MD simulations, we observed that as the films 
were annealed, the interactions between the chains are enhanced in 
the case of isotactic and syndiotactic polymers. Upon mapping the 
carbazole moieties (Figure 4b), we see short range π – π stacked or-
dering between multiple chains in the case of isotactic and syndio-
tactic polymers, whereas such ordering is absent in the atactic poly-
mer and is limited to π – π stacked dimers and trimers. Such limited 
π – π stacking in the atactic polymer explains the low µh observed for 
polymer 9a. Although both isotactic and syndiotactic polymers 
show π – π stacked short range ordering between multiple chains 
(not all instances are highlighted in figure 4b), the isotactic polymer 

clearly shows more enhanced π – π stacked arrangements than the 
syndiotactic counterpart, which explains polymer 6a having µh two 
orders of magnitude higher than polymer 8a. All MD simulations 
were done for 20 repeating units and hence, don’t provide any in-
sight for the high molecular weight syndiotactic polymer 7a. More 
intensive studies are required for the high molecular weight syndio-
tactic polymer to understand the dramatic increase in the charge car-
rier mobility.  

Here we have reported the effect of tacticity, annealing and mo-
lecular weight in NCPEPs on the charge carrier mobility using 
PCzETPMA as a model polymer. Specifically, this is the first report 
of charge carrier mobilities in syndiotactic NCPEPs. The isotactic 
polymer gave the most consistent charge carrier mobility compara-
ble with conjugated polymers. While a low molecular weight syndi-
otactic polymer gave similar charge carrier mobility to the atactic 
counterpart, a high molecular weight syndiotactic polymer gave an 
unprecedented result surpassing P3HT by an order of magnitude. It 
is found that enhanced charge carrier mobility in the isotactic poly-
mer is likely due to interchain short range ordering found in thin 
films as simulated via MD and we suspect that the unprecedented 
high charge carrier mobility in the high molecular weight syndiotac-
tic polymer is also due to interchain short range ordering, but further 
experiments are needed to confirm this. These results show that in 
NCPEPs, tacticity, spacer length and molecular weight are not inde-
pendent and show a complex relationship, which in some cases leads 
to charge carrier mobilities exceeding well known conjugated poly-
mers.  
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Syntheses of polymers; 1H and 13C spectra; DSC, TGA, CV traces, 
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