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Abstract: This work seeks to understand the role of structural defects in the polymer chain on the 

crystallization and crystal lattice of π-conjugated polymers, which is crucial for being able to 

predict morphology and performance of π-conjugated polymer active layers in optoelectronic 

devices. Such a crucial understanding of device performance has been difficult to establish, 

however, in this work self-assembled nanowires of poly(3-hexylthiophene) (P3HT) are used in 

order to reduce analytical contributions from amorphous domains, allowing a more direct path to 
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probe the effect of regio-defects and chain end-groups on the crystal lattice. Using P3HT 

synthesized to have precisely varied defect concentrations, it was demonstrated that these defects 

can be incorporated into the crystal lattice, particularly regio-defects. However, this incorporation 

comes with a decrease in electronic properties as a result of diminished short-range order and 

lattice distortions. Bulky end-groups can be incorporated into the lattice, although there is a 

preference for their exclusion. However, the use of π-π interacting end-groups, such as toluene, is 

shown to mitigate disruption to the crystal lattice that result from the end-group incorporation. In 

fact, π-π interacting end-groups seem to promote long-range order and crystal growth. 

Additionally, it was found that tuning the molecular weight of the polymer to an integer multiple 

of the observed width of the crystal lamellae, lc, can increase the enthalpy of fusion, ∆Hf, for the 

crystal by as much as 20% by facilitating the exclusion of end-groups from the crystal lattice. 

These results demonstrate that π-conjugated polymer crystal lattices have a high tolerance for 

disruptions to short-range order so that long-range order can be preserved. Further, this study 

underscores the need to consider structural defects in polymer chains and their consequences on 

the crystal lattice during the design and implementation of π-conjugated polymers.

INTRODUCTION 

p-Conjugated polymers (CPs) have seen rapid development since their discovery in the 1970s 

and, within the past decade of research, key insights have brought them to the cusp of commercial 

implementation.1,2 Flexible and stretchable field-effect devices, sensors, and thermoelectric devices 

that are based on these materials have seen significant improvement, and lab-scale CP-based solar 

cells have demonstrated power conversion efficiencies beyond 14%.3–8 Despite these landmarks, 

there are still problems that need to be addressed before reproducible, efficient, and effective 

products can be fully realized. 
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It seems apparent that the disruption of electronic properties and device performance and order 

tends to increase with the number of chemical structure defects in CP chains cast in thin films for 

devices, and further that these effects come as a result of changes in crystallinity and short-range 

order. Despite this, there have been relatively few investigations into understanding precisely why 

this occurs and where these defects reside in the thin film or how their location can be manipulated. 

In other words, there has been little investigation into how or why the defects affect the 

crystallinity. This is not the case for traditional, non-conjugated polymers, as an investigation into 

the role of chemical defects in crystallization began with a reformulation of the Thomson-Gibbs 

equation in 1955 by Flory.29 The resulting equation described an ideal crystalline state that excluded 

defects completely into the surrounding amorphous domains so that the crystal lattice is preserved. 

In this ideal case, increasing the defect concentration also increases the amorphous fraction of the 

film as a result of more polymer being excluded from the crystals. This, in turn, decreases the 

crystal lamellar thickness, lc. So, the melting temperature, Tm, is depressed by an increasing defect 

concentration. Later, Sanchez and Eby further reformulated the Thompson-Gibbs equation to 

describe the more common case, where there is partial inclusion of defects into the crystal lattice, 

which tends to occur in kinetically limited processes.30 Their reformulation includes an enthalpic 

penalty for the incorporation of defects, which distorts the crystal lattice and reduces 

intermolecular interactions, thereby lowering the enthalpy of formation, ∆Hf, for the crystal. In this 

model, Tm is decreased with increasing defect concentration as a result of both decreasing lc and 

diminishing ∆Hf.  

In the past few decades, researchers have developed a much deeper understanding of the 

crystalline behavior of non-conjugated polymers. In particular, polyethylene (PE) has been the 

subject of much research. This is due to a few reasons, namely, PE is one of the simplest possible 
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polymer structures. This drastically simplifies analytical techniques like X-ray diffraction (XRD) 

or nuclear magnetic resonance (NMR), where increased structural complexity can cause increased 

complexity of signals produced, and also reduces computational complexities for simulations. 

Additionally, PE is of high interest for industrial purposes and highly precise polymerizations have 

been developed, which have allowed for detailed structure-property relationships to be 

constructed; phase diagrams of PE at different pressures and varied temperature and Mn have been 

developed, as just a few examples.31,32 The crystal structure of PE throughout ranges of operating 

conditions and polymer profiles (e.g. Mn, Đ, etc.) have been systematically developed and 

corroborated. What’s more, in-depth studies of local variations in crystallinity have shed light 

on semicrystalline polymer behavior.33,34 Such an intimate knowledge of PE has been a significant 

achievement that has improved the implementation and understanding of PE and other non-

conjugated polymers. For CPs, it has been difficult to even simply evaluate which defects are 

incorporated into the crystal lattice and the extent of their incorporation. This is because of the 

difficulties associated with producing CP samples that have a range of discrete defect 

concentrations, and difficulties in analyzing the highly interconnected semicrystalline thin film 

structure of polymers.2,35 

The complex nanostructure of polymer thin films is exemplified in Figure 3, which shows highly 

anisotropic, lamellar domains of crystalline polymer separated by amorphous domains that 

conform to Flory’s model of complete exclusion of defects from the crystal lamellae.36 According 

to that model, all the defects in the chemical structure, which are listed in Figure 3, would be 

excluded to or transported to the amorphous domains to preserve the short-range order of the 

crystal lattice. In the context of CP, this means that regio-defects and end-groups would be 

expected to be excluded in such a model. Conversely, some or all types of defects could be 



 7 

incorporated into the crystal lattice in the model outlined by Sanchez and Eby. Because of the 

complex morphology of these thin films, it has been difficult to determine which model most 

accurately describes CP. In order to reduce the complexity of the CP morphology, we used self-

assembled nanowires of P3HT that were produced through the whisker method.37 The precipitation 

of these nanostructures from a poor solvent is a kinetically limited process, meaning that it can 

still be used to probe the aggregation and close-packing of thin films produced using faster 

processing methods, such as spin-coating or blade-coating. However, the polymer chains in the 

nanowires are also able to reach a much more thermodynamically stable conformation because 

they age in solution for up to 72 hours, as presented in this investigation. The use of these 

nanowires allows for the examination of an upper threshold in the kinetically limited defect 

tolerance of crystalline domains, with minimal interference from amorphous domains. In order to 

precisely alter the defect concentration, we utilized our previously established synthetic routes for 

producing P3HT with high control over RR, molecular weight, Ð, and end-groups.9 This allows 

for nanowires to be made from P3HT with a range of defect concentrations and to have the 

resulting crystal structure examined. By examining different series of nanowire samples, we were 

able to identify the location of regio-defects and end-groups in highly ordered structures and 

elucidate the connections between the defects and their effects on material properties in a 

generalized manner. 







 10 

information. In order to identify the preferential inclusion or exclusion of defects during nanowire 

formation, the P3HT that was unincorporated into the nanowire, which remained in solution during 

centrifuging, was analyzed and compared to the nanowire incorporated P3HT. As seen in Figures 

S1-S7 and summarized in Table S1, the nanowire self-assembly process tends to exclude polymers 

with RR below ~90%. This is assumed to occur because chains with lower RR present too many 

backbone torsions to successfully fold and close-pack with other chains in such a highly ordered 

nanostructure.38 Similarly, there was a decrease in the number of Br end-groups that were 

incorporated into the nanowires. This is identified by a suppression of the Br-H peaks in the 

MALDI-TOF spectra shown in Figures S8, S10, and S12 compared to Figures S9, S11, S13, and 

S14. This is summarized in Table S1, where it is apparent that there is a much smaller Br-H:H-H 

end-group ratio for the nanowire incorporated P3HT than the unincorporated and as-purchased 

P3HT. Finally, there was an exclusion of chains with a degree of polymerization (DP) of less than 

approximately 50 monomer units. Interestingly, this apparent threshold corresponds to lc as 

determined by differential scanning calorimetry (DSC) and outlined in Table S1. The observed 

tendency to incorporate integer multiples of lc will be explored to a greater extent below.  The SEC 

analyses of these nanowires seem to indicate preferential exclusion of long chains from the 

nanowire, however, the most likely explanation for this result is that the longest chains were not 

solvated adequately by the anisole, which is an intentionally poor solvent for P3HT, during the 

self-assembly process, inhibiting their participation in nanowire formation. These results 

complement the findings of Roehling et al., which identified the preference to exclude smaller 

chains during nanowire formation, in part to reduce end-groups in the nanowire structure.38 As the 

aging progressed, there was a noticeable increase in the ∆Hf of the nanowires, which is attributed 

to the increased time to approach a thermodynamically preferred, highly crystalline state.38 Despite 
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Figure 8: A plot generated from data in Table S2. The hole mobility, nanowire width, and x(010) are 

plotted as a function of regioregularity. Linear fits provide visual guides for the data. Error in the 

data is associated with instrumental precision. Changes in regioregularity have drastic effects on 

the short-range order of the nanowires, as measured by both XRD and OFET mobility. 

Table S1 indicated that there is a preference to exclude bulky end-groups, but that they are still 

incorporated into the nanowire. Additionally, there was an observed preference to incorporate 

P3HT with a DP corresponding to integer multiples of lc. In order to investigate these trends and 

the extent to which DP can be used to tune the incorporation of end-groups, a series of nanowires 

made from highly regioregular P3HT with Ð below 1.3 were made. These P3HT samples were all 

synthesized with toluene-H end-groups, because the toluene moieties were expected to be able to 

participate in the π-π interactions of the crystal lattice, which was anticipated to increase the 

incorporation of the end-groups by decreasing their distortion of the crystal lattice. Further, to 

investigate the role of DP in the incorporation of end-groups, the nanowires were formed from 

different P3HT samples with DP corresponding to multiples of the lc that was noted in Table S1, 

which was 50 monomer units. The predicted nanowire structures resulting from integer (harmonic) 

and non-integer (non-harmonic) multiples of 50 monomer units are displayed in Figure 9, the 

results of the analysis of the nanowires are shown in Table S3.  
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graphically described in Figure 9. Similarly, for P3HT of DP = 125, the lc is equal to the remaining 

units of two different chains after folding twice, with 5 folding units in each chain being excluded 

from lc, as shown in Figure 9. Because their end-groups cannot be neatly excluded to the nanowire 

edge, they are incorporated into the lattice and disrupt intermolecular interactions, reducing ∆Hf, 

so that the long-rang order of the nanowire structure is preserved. Further, because the DP = 125 

nanowire has complete folds between the incorporated end-groups, its ∆Hf is larger than the DP = 

75 nanowires. As expected, nanowires that incorporate end-groups into the crystal lattice display 

markedly lower ∆Hf as a result of the lattice distortion introduced by the end-groups and decreasing 

crystallinity by as much as 20% from nanowires made from P3HT chains that can neatly stack 

with end-groups at their edges. When the DP is increased from 50 by integer multiples of lc to 150, 

the ∆Hf grew from 30.8 to 35.5 J/g. Interestingly, despite the increase of ∆Hf, there was an observed 

decrease in x(010) with larger integer multiples of 50, which is visible in the diminishing (010) peaks 

in Figures S21-S25 and Figure 10 as DP increases for harmonic DP. This is attributed to the fact 

that there are more chain folds required for these longer lengths. As the number of required folds 

increases, the likelihood that a folding or stacking fault occurs also increases, thereby decreasing 

x(010). Because the DP = 50 polymers did not have to fold, it is reasonable that those nanowires have 

the highest coherence, since crystals grow by first appending the stem and adsorbing units via 

rearranging and ‘reeling’ in segments to the crystal growth face. Once adsorbed to the width of the 

growth face, the remaining polymer folds to adsorb, creating more opportunities for 

crystallographic faults.45,46 

So far, we have demonstrated that defects in the chemical structure of P3HT can be incorporated 

into the crystal lattice, but that the type of defect and its steric bulk influence the extent of its 

disruption of the crystallization and final structure. Specifically, polymer chains with <10% regio-
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defects and aromatic end-groups are readily incorporated into the crystal lattice. In general, we 

have also seen that the presence of defects frustrates crystallization, with bulkier defects being 

excluded to a greater extent because they reduce structural coherence and short-range order more 

severely. As a result, defects that can interact favorably with the lattice are more readily 

incorporated and can be used to modify and promote short-range order, as with the toluene end-

groups. To directly observe these effects, we formed nanowires from 3 different P3HT samples 

and probed their structure using amplitude-modulated, frequency-modulated (AMFM) force 

microscopy, a bimodal AFM technique that is capable of simultaneously measuring the Young’s 

modulus (E) of a material and topography with a resolution on the 10 nanometer scale (Figure 

11).47,48 AMFM has previously been used to distinguish between crystalline and amorphous regions 

of P3HT thin films.49 In order to distinguish the different polymer samples, they will be referred to 

by their defect types and concentration following the convention: (end-group)-(DP)-(RR)-

(dispersity). So, Tol-200-100-narrow has the lowest defect concentration with toluene-H end-

groups, a DP of 200 (an integer multiple of lc), RR = 100%, and a narrow Ð of 1.1. Br-275-98-

narrow has a slightly higher defect concentration, having bulkier Br-H end-groups, a DP = 275 (a 

non-integer multiple of lc), RR = 98%, and with a narrow Ð of 1.2. Finally, Br-150-91-wide is 

commercially available P3HT with a higher concentration of defects, having Br-H end-groups, a 

DP of 150, RR = 91%, but with a wide Ð of 1.8. 
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much smaller than those shown in the Tol-200-100-narrow sample. While there are visible grain 

segments at these low defect concentrations, there are no discernible crystal grains in the Br-150-

91-wide nanowires. In fact, the nanowires in Figure 11 A and D are remarkably homogeneous. 

The root-mean-square roughness (rrms) of line-scans along the nanowires’ long-axis reflects these 

observations. The Br-150-91-wide nanowires had the smallest rrms variation in both height and 

modulus, (0.3 ± 0.1 nm, and 0.05 ± 0.01 GPa variation) these nanowires have few distinguishable 

structure features along their backbones. Tol-200-100-narrow nanowires were the next smoothest 

(rms roughness in height 0.4 ± 0.1 nm and rms variation in modulus 0.08 ± 0.008 GPa). These 

nanowires had the larger crystal grains and some fluctuations in the E within the grains. Finally, 

the Br-275-98-narrow had similar rrms in height, but the largest variation in modulus (0.4 ± 0.2 nm 

and 0.09 ± 0.03 GPa). This follows, as the Br-275-98-narrow nanowires have smaller segments 

and, correspondingly, more grain boundaries, as well as some fluctuations in E within the nanowire 

segments. The differences in nanowire structure are ascribed to two main effects of the defects– 

slowing crystal growth and the disruption of short-range order. As examined above, the 

incorporation of defects slows down crystal growth by reducing the inter-chain interactions of 

crystallizing stems.46,50 Since the NWs grow from the end by attaching stems, the termination of a 

grain would come from either the lack of stems with low enough defect concentration to participate 

in crystallization, or the presence of defects and the leading edge frustrating further stem 

appending.45,46 So, following this, the area between the grains corresponds to a thin bridging layer 

of P3HT that was still able to crystallize. This description is confirmed by observing that the height 

of these inter-grain domains are ~2 nm, which corresponds to 1 vertical layer of P3HT.44  

Of the three imaged polymers, Tol-200-100-narrow had the fewest defects to incorporate, so its 

nanowire growth was minimally disrupted, short-range order remained high, and large grains were 
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able to grow. Br-275-98-narrow also had relatively few defects, but its DP was non-harmonic, so 

the bulky Br end-groups were forced to incorporate more often into the nanowire structure. As a 

result, the grain growth was interrupted more often, and the grains were correspondingly smaller. 

Finally, the Br-150-91-wide had a high concentration of regio-defects, bulky end-groups, and a 

large Ð. This means that its crystal grain growth was slow because it was interrupted by defects 

often. As a result, the coherence in the [010] direction is minimized and any boundaries between 

the small grains are nearly indistinguishable from the rest of the nanowire. 

These differences in nanowire structures are more clearly visible in Figure 11 D-F, which show 

the corresponding E scans of the nanowires. These scans are essentially a measure of the strength 

of the intermolecular interactions in the nanowires, which can be used to evaluate and describe 

differences in the local crystallinity of the polymer.51,52 As noted above, the Br-150-91-wide 

nanowires are much more homogenous than the other two samples, resulting from the slow and 

frustrated crystal growth. Conversely, the Br-275-98-narrow nanowires are largely dark (E ≈ 1.0 

GPa) but have noticeable lighter grains (E ≈ 1.5 GPa) and areas within the grains. Similarly, the 

Tol-200-100-narrow nanowires have visible fluctuations in E between grains and within each 

grain. Because differences in modulus of P3HT result from varied intermolecular interactions, 

these differences in modulus also correspond to local variations in the ∆Hf of the crystal. The 

fluctuations within the nanowire grains in Figures 11 E and F are seen more than just parallel to 

the scan direction of these images, which is horizontal. Because they occur along many different 

axes, we can conclude that the local fluctuations in ∆Hf are not solely from tip-surface interactions. 

Instead, they are local disruptions in short-range order, presumably as a result of defect inclusion 

into the crystal lattice. The largest fluctuations in E occur between crystal segments of the same 

nanowire, at the grain boundaries. These bridging layers are shown to be stiffer than the nanowire 
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Figure 12. An overlay of the UV-vis absorption profiles for the nanowires shown in Figure 11. 

The absorption peaks corresponding to the 0-0 and 0-1 electronic transitions are marked for 

reference. An increase in the A0-0/A0-1 ratio signifies increased short-range order and electronic 

coherence along the backbone. As discussed, Br-150-91-wide had the most defects, least order 

and, correspondingly the lowest A0-0/A0-1 ratio. Conversely, Tol-200-100-narrow had the fewest 

overall defects and therefore has the highest A0-0/A0-1 ratio. 

CONCLUSIONS 

It has been demonstrated that both regio-defects and end-groups can be partially incorporated 

into the crystal lattice of CPs and that this incorporation disrupts structural coherence and short-

range order. Regio-defects can be included at concentrations as high as 10%, although this comes 

at the cost of decreasing both the charge mobility of the nanowires and ∆Hf of the crystallites. This 

may parallel the observation that CPs have been shown to have high paracrystallinity, even in films 

that are highly crystalline and well aligned.55 In other words, regio-defects may affect the crystal 

lattice to the same degree as typical cumulative disorder, which is highly tolerated by the crystal 

lattice of CP. It has also been demonstrated that end-groups can be incorporated into the crystal 

lattice, although there is a strong preference to exclude them. Particularly in the case of Br, the 

steric bulk of the end-groups severely disrupts the crystal lattice. Importantly, our results reveal 

that end-groups can be selected to participate more easily in the crystal lattice. By choosing small 

end-groups, their incorporation can occur with a significantly reduced enthalpic penalty. Further, 

by selecting end-groups that can participate in π-π interactions, such as toluene, the lattice 

distortions resulting from the end-group incorporation can be mitigated and long-range order can 

be promoted. This underscores the importance of considering the identity of end-groups during the 
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design of a polymer for a given application, where morphology and crystallinity can directly affect 

device performance, such as with OFET and OPV. 

Our results have also pointed to another route to mitigate the inclusion of end-groups, which is 

to ‘tune’ the DP of the polymer to be equal to an integer multiple of the observed lc. By doing so, 

chain-folding ensures that the end-group will be located at the edge of the crystalline domain and 

thereby increase the crystallinity of the nanowire by as much as 20%. This observation is expected 

to be translatable to thin film active layers for optoelectronic devices, and is anticipated to prove 

particularly effective in devices that have their active layers deposited through techniques like 

blade-coating, which align polymer chains into highly crystalline and nano-structured thin films 

via sheer force, because of their structural similarity to nanowires. 
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