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Abstract:

Fundamental properties of conjugated copolymers are sensitively linked to their constitution and 

features of their repeat unit design that govern assembly and organization across multiple length 

scales, ultimately impacting device performance. Herein we report the efficient synthesis and 

characterization, and optical, electrochemical and transport properties of complementary pairs of 

nucleobase-functionalized, fully conjugated copolymers based on benzo[1,2-b:4,5-b’]-dithiophene 

(BDT) and 3-hexylthiophene (3hT), which is a quintessential low bandgap polymer. Stille cross-

coupling polymerizations enable access to high molecular weight, alternating copolymers of 

modest dispersity containing pendant adenine or thymine groups in each repeating unit, which 

provide the capacity to direct molecular assembly. Variations in nucleobase type and design of 
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alkyl side chains on BDT units give rise to a strongly red-shifted absorbance onset for the 

copolymers containing thymine and adenine functionality in comparison to solution and dried 

films. Higher hole mobilities were also observed and attributed to the tendency of the nucleobase 

inclusion to heighten organization. The influence of the nucleobases on the organization is further 

revealed when thermal pre-treatment is used during film formation: Modest heating before casting 

the non-functionalized BDT-3hT copolymers leads to increases in the mobility, optical absorbance 

and fluorescence, while copolymers with adenine or thymine pendant groups do not show 

analogous improvements, suggesting that the nucleobases have promoted nanoscale organization, 

which is consistent with assessments of hydrogen bonding interactions. Given the structure-

directing ability of nucleobases through hydrogen bonding, π-stacking, and complementary base 

pairing, these novel materials engender myriad opportunities to examine how specific molecular-

level interactions that cue self-assembly affect optoelectronic properties and device-level 

performance. 
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Introduction

Conjugated polymers have been used in numerous types of organic electronic devices, such 

as light-emitting diodes, field-effect transistors, photodetectors, and solar cells, as well as in 

applications like electrochromic windows and sensors, batteries and supercapacitors.1-6 A rich 

variety of modifications to either the main chain or side chains have been utilized to enhance key 

performance attributes of conjugated polymers.7-8 For instance, the incorporation of fused ring 

monomeric units such as carbazole, fluorene, and benzo[1,2-b:4,5-b’]-dithiophene (BDT) are 

shown to extend the conjugation length, narrow the band gap, and thus increase the light 

absorbance limits.7, 9-11 Diketopyrrolopyrrole (DPP)-based polymers show promising charge 

transport properties and application in organic electronics that emerges from enhanced 

interconnectivity of polymer chains due to DPP polar backbone.12-13 Similarly, BDT-based 

polymers have received considerable attention, where modulating the constituents of the polymer 

backbone and adding electron withdrawing halogenated thienyl units to BDT have recently been 

shown to deepen HOMO levels of the donor-acceptor type polymers, which along with 

enhancements in planarity of the chain, lead to dramatic improvements in photovoltaic 

performance.14-16 

Side chain engineering also is widely used to tailor the properties of conjugated polymers, 

oligomers, and small molecules with changes in functionality or design affecting the photophysical 

properties, solubility, phase separation, and intermolecular packing.12, 17-23 Beyond varying the size 

or branch location in alkyl side chains,24-26 as discussed by Bao et al., integrating ionic, polar, or 

other types of functionality within side chains provides a means to enhance optoelectronic 

properties and expand the applicability of conjugated polymers.18 Within this pursuit, a handful of 

works have focused on functionalities that participate in hydrogen bonding. For example, Yao et 
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al. showed that when urea groups were present in side chains of DPP-based copolymers, higher 

hole mobilities were observed. This improvement was attributed to hydrogen bonding that 

enhanced ordering and increased domain sizes upon self-aggregation.20 Ocheje et al. similarly 

showed that hydrogen bonding interactions provided by amide groups present in alkyl side chains 

of DPP-based conjugated polymers improved charge carrier mobility and nanoscale 

organization.23 Hydrogen bonding interactions can also be used to organize small conjugated 

molecules, as shown by Lam et al.27 Specifically, hydrogen bonding between carboxylic acid end 

groups on small molecules generated pseudo-conjugated polymer structures. With these self-

organized pseudo-polymers, optimal device performance was achieved with as-cast films rather 

than thermally annealed samples.27 In addition to reducing the reliance on thermal or solvent 

annealing and promoting molecular organization to enhance device performance, hydrogen 

bonding motifs also provide a viable strategy for surface immobilization and improving resistance 

to removal by solvent.28-30 In total, these studies illustrate the close connections between improving 

optoelectronic properties of conjugated materials and structural features, as the ability to control 

structure across length scales ranging from molecular-level to mesoscopic not only affects chain 

conformation, packing, crystallization and domain sizes, but also impacts fundamental material 

properties and performance of organic electronic devices.31-34

Among the variety of structure-directing functionalities, nucleobases represent an 

intriguing type of functionality that may be used as an order-inducing motif.35-36 Inspired by the 

potential for biomimicry, a well-known capacity for complementary, multi-dentate hydrogen 

bonding (as well as self-complementary hydrogen bonding), π-stacking, and the ability to bind 

cations, polymeric17, 37-38 or oligomeric39-40 materials containing nucleobase functionalities have 

been widely explored. For instance, nucleobases have been examined in applications such as 

Page 4 of 39Polymer Chemistry



5

adhesives, self-healing materials, sensors, and templated arrays of nanoparticles, and they 

represent an emerging concept in organic electronic devices.17, 41-47 Bäuerle and co-workers  

studied self-organization and functionality of π-conjugated oligomers appended with nucleosides 

and other biomolecules.48-50 Guanine-functionalized oligothiophenes exhibited liquid crystalline 

and ion responsive behaviors due to the ability of guanine motifs to participate in self-

complementary hydrogen bonding and form complexes with ions.51 In the realm of polymeric 

materials, uracil, which is one of the four nucleobases of RNA, has been used as a pendant group 

in poly(alkyl thiophene) side chains. Cheng et al. used oxidative polymerizations or post-

polymerization “click” reactions to create uracil-containing polythiophenes with different degrees 

of regioregularity and evaluated their impact as hole injection layers in OLED devices. 

Improvements in device characteristics were observed, with uracil-functionalized polythiophenes 

of low regioregularity displaying a significantly higher external quantum efficiency, brightness, 

and luminance efficiency compared either to devices without the hole injection layer or to devices 

made using a hole injection layer comprising high regioregular, uracil-tagged polythiophene (made 

by post-polymerization functionalization by an azide-alkyne click reaction). They attributed this 

improvement to physical connectivity between polythiophene chains brought on by self-

complementary hydrogen bonding.43 In a later study, Cheng et al. used Suzuki cross-coupling 

polymerizations to produce the first complementary pair of thymine- and adenine-functionalized 

polycarbazoles, and evaluated their impact as hole injection layers in OLEDs. While these 

copolymers were of modest molecular weight (~5 kDa), similar to the behavior exemplified in 

studies of uracil-functionalized poly(thiophene)s, physical cross-linking attributed to 

complementary adenine-thymine hydrogen bonding enhanced the performance of organic light-

emitting diodes (OLEDs) relative to the performance of OLEDs constructed using poly(3,4-
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ethylenedioxythiophene):poly(styrene sulfonate) as the hole injection layer.52 Recently, Yang et 

al. harnessed the ability of nucleobases to bind metal ions, creating organic field effect transistors 

(OFETs) based on DPP/bithiophene alternating copolymers in which 5 mol% of DPP repeat units 

contained thymine-terminated, alkyl side chains. OFETs based on the resulting terpolymer, when 

first exposed to either Pd2+ or Hg2+ ions, demonstrated remarkable selectively toward CO or H2S 

gases, respectively. In addition, the terpolymers containing thymine at the terminus of the side 

chain displayed higher mobilities due to enhanced crystallinity, which was attributed to the 

directional H-bonding interactions between thymine groups.17  

The combination of these themes of research – altering conjugated polymer type, changing 

side chain design, and adding structure-directing motifs – exemplify the premise of molecular 

engineering, which relies on deliberately manipulating molecular constituents and connectivity, 

and precisely encoding molecular-level interactions that operate at the nanoscale to generate new 

and useful material systems having enhanced properties and improved macroscopic performance. 

This represents a compelling challenge in the field of conjugated polymers, as organic 

semiconductors are marked by a strong interdependence between electronic and geometric 

structure,53-54 and fundamental properties such as charge carrier mobility and excited state 

lifetimes, which are crucial to device performance, depend on efficient intermolecular contact, 

either in ordered structures or interconnected aggregates.1, 12, 55-56 Moreover, interfacial 

properties,24, 57 domain sizes,58-59 composition,11, 60 and connectivity19 also play crucial roles.  

Motivated by the premise of harnessing non-bonded physical interactions to influence 

inter-chain interactions in semiconducting conjugated polymers, in this study we describe the 

synthesis of well-defined alternating copolymers based on BDT and 3-hexylthiophene (3hT) in 

which the hexyl side chains are terminated with either thymine (Thy) or adenine (Ad) nucleobases 

Page 6 of 39Polymer Chemistry



7

as pendant functionality. The BDT repeating units have either linear alkyl (dodecyl) or branched 

alkoxy (ethyl hexyloxy) side chains. In addition to the four nucleobase-modified copolymers, the 

analogous copolymers without nucleobases in the side chain are synthesized and studied in order 

to begin to elucidate the impact of nucleobase functionality on optical, electrochemical and 

photophysical properties in solution and thin films. 

Results and Discussion 

Copolymer synthesis and characterization

A series of high molecular weight alternating copolymers based on benzodithiophene 

(BDT) and 3-alkyl thiophene were synthesized by Stille cross-coupling, as shown in Figure 1. 

Within this series, the side chains on BDT were either dodecyl (BDTd) or branched ethyl hexyloxy 

(BDTeho) and hexyl side chains on thienyl repeating units were terminally functionalized with 

either adenine (3hTAd) or thymine (3hTThy) pendant groups. These variations give rise to four 

distinct alternating, fully conjugated polymers that are identified by their alternating repeating 

units: BDTd-3hTAd, BDTd-3hTThy, BDTeho-3hTAd, and BDTeho-3hTThy. In addition and for 

comparison purposes, two alternating copolymers of BDT and 3-hexylthiophene were also 

synthesized, and these are referred to as simply BDTd-3hT and BDTeho-3hT. Macromolecular size 

and dispersity of these six fully conjugated, alternating copolymers are presented in Table 1. 

Although we maintained synthesis conditions, including monomer concentration and catalyst 

loading, consistent across all samples, the alternating copolymers containing nucleobase 

functionalities were of lower molecular weight, likely due to limited solubility of the nucleobase-
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functionalized polymer61 as well as potential undesired catalyst-nucleobase interactions, which we 

described recently.38 

Figure 1. Synthesis scheme of BDT-3hT alternating, regiorandom copolymers prepared by Stille 
cross coupling polymerization. These are generally referred to as BDTR-3hTX copolymers, with 
the identity of R and X defined herein.

Although solubility issues are not uncommon with fully conjugated polymers, the presence 

of the nucleobases heightened these challenges: For example, Stille cross-coupling polymerization 

of 2,5-bis-(trimethylstannyl)thiophene with 2,5-dibromo-3-(6-adenine)hexylthiophene (3hTAd) 

produced a polymer that was soluble only in hot DMF, rendering it impossible to characterize. 

Similarly, in the case of a semi-random terpolymer produced by Stille cross-coupling 

polymerization of 2,5-bis-(trimethylstannyl)thiophene, 2,5-dibromo-3,4-dihexylthiophene, and 

3hTAd, only the material recovered after Soxhlet extraction with acetone could be redissolved
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Table 1. Characteristics of BDTR-3hTx Alternating Copolymers.

Copolymer Mn (g mol-1)a Ð Yield (%)
Nucleobase 

attachment

BDTd-3hTAd 17,300 2.36 55 N9

BDTd-3hTThy 16,000 2.40 88 N1

BDTeho-3hTAd 11,300 1.50 64 N9

BDTeho-3hTThy 19,900 1.55 85 N1

BDTd-3hT 45,000 1.43 53 -

BDTeho-3hT 36,900 1.58 79 -

a measured by GPC; relative to PS standards.

and characterized by GPC (2900 g mol-1, Ð = 1.2). As a result, BDTd and BDTeho were used as 

comonomers to help mitigate these solubility issues. While the data in Table 1 clearly suggests 

that Stille polymerizations are effective for the synthesis of nucleobase-functionalized, fully 

conjugated copolymers, we found that if those copolymers were dried as part of a purification 

process, their redissolution was challenged. This phenomenon is also observed in self-aggregating 

colloidal dispersions, where slow solvent removal step promotes irreversible aggregations and thus 

results in a non-processable solid.62 Inspired by efforts to mitigate aggregation driven by pi-

stacking in graphene-polymer nanocomposites 63 and hydrogen bonding in pharmaceuticals 64 we 

developed a solution-based processing step to exchange the solvent from chloroform – the 

extraction solvent used in post-polymerization purification – to the desired, higher boiling-point 
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solvent, such as dioxane. By avoiding aggregation, the solvent transfer method proved to be 

effective for casting homogeneous and smooth thin films. To prepare samples for GPC, or 1H 

NMR analysis, after completing the solvent-transfer to dioxane, the samples were subjected to 

freeze-drying. Freeze-drying has been used to overcome irreversible aggregations in palygorskite 

which is a type of clay shown that organizes by strong hydrogen bonding interactions in the solid 

state.65 Dioxane is an excellent choice for freeze-drying because of its accessible triple point (~ 11 

°C). After freeze-drying, samples for analysis by GPC or 1H NMR spectroscopy were dissolved in 

THF or CDCl3, respectively. We expect that our method of solvent transfer, which is shown in 

Figure S9, also will be applicable to other marginally-soluble or self-aggregating conjugated (or 

non-conjugated) polymeric materials. 

All polymers exhibit high thermal stability, with BDTd-based copolymers showing higher 

stability compared to BDTeho-based copolymers. Unfunctionalized copolymers were more 

thermally stable than Ad-functionalized copolymers, which were more stable than Thy-

functionalized copolymers. An extra feature in the degradation profile, ostensibly corresponding 

to loss of ethyl hexyloxy side chains, was observed in thermogravimetry studies of BDTeho-based 

copolymers. (This occurred in the range of ~400 °C – 500 °C, representing ~10% weight loss; see 

ESI for all TGA results.) Although DSC measurements did not show evidence of a distinct glass 

transition, it is noted that similar behavior (no Tg by DSC) has been reported for a variety of BDT-

based conjugated polymers.25, 66-69 Also, no crystallization peaks were observed in thermograms 

recorded by DSC for any of the 6 copolymers. This lack of crystallinity is attributed to regiorandom 

incorporation of 3hT repeating units and consistent with wide-angle x-ray scattering studies of 

thins films described later.
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Hydrogen bonding ability of nucleobase functionalities

Self-complementary hydrogen bonding between nucleobase functionalities (Thy⋯Thy and 

Ad⋯Ad) have the potential to influence charge transport properties by altering the organization of 

the chains. 1H NMR studies were utilized to assess the hydrogen bonding ability and its strength 

of the pendant Ad and Thy groups, as it is known that these interactions can be observed by 

downfield shifts of the hydrogen atoms involved in the complementary interactions between the 

nucleobases.70 A suite of approaches involving 1H NMR have been used previously to assess the 

chemical shift of hydrogens involved in H-bonding: self-complementary H-bonding interactions 

may be assessed through (i) variable temperature/constant concentration experiments or (ii) 

constant temperature/variable concentration experiments; while complementary interactions may 

be examined through (iii) guest-host titration studies.71-73 Unfortunately, both types of direct 1H 

NMR monitoring to examine self-complementary H-bonding (methods I and ii) did not provide 

reliable or conclusive results due to the fact that the 1H NMR signals of the relevant protons are  

broadened in the polymeric materials and solubility range for BDTR-3hTThy/Ad copolymers is 

limited. Similar complications were reported by Long et al. in their studies of acrylate copolymers 

functionalized by nucleobases.70, 74 Thus, we adopted their approach of studying small molecules 

analogs in order to demonstrate that these fully conjugated, nucleobase-functionalized copolymers 

are capable of hydrogen bonding. In order to analyze the Thy⋯Thy and Ad⋯Ad interactions, we 

performed concentration-dependent 1H NMR study on the small molecules, adenine-N9-hexyl and 

thymine-N1-hexyl, in deuterated chloroform using concentrations ranging from 1 mM to 18 mM. 

As shown in Figure 2a for adenine-N9-hexyl (structure inset in Figure 2b), the NH2 protons 

gradually shift downfield from 5.48 to 5.61 as the concentration was systematically increased 

from1 mM to 17 mM. Nonlinear regression analysis of the observed chemical shift, δobs, of the 
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NH2 protons resulted in the dimerization constant (Kdimer) of Kdimer, Ad-Ad = 17 M-1 for adenine-N9-

hexyl. Similarly and as shown in Figure 2c, the signal from N3-H of thymine-N1-hexyl shifted 

downfield from 7.95 to 8.27 as the concentration was increased from 1 mM to 17 mM. Nonlinear 

regression analysis yielded a dimerization constant Kdimer,Thy-Thy = 19 M-1 for thymine-N1-hexyl 

(structure inset in Figure 2d). These values are in good agreement with reported values for 

nucleobase-containing molecules75 and consistent with the idea that self-complementary 

Thy⋯Thy and Ad⋯Ad hydrogen bonds are weaker than Thy⋯Ad host-guest interactions. To 

assess this quantitatively, we performed titration experiment in which adenine-N9-hexyl was 

systematically added to thymine-N1-hexyl (concentration = 8 mM). As shown in Figure S18 (ESI), 

the measured chemical shift of the N3-H proton of thymine-N1-hexyl as a function of adenine-

N9-hexyl was analyzed using the Benesi–Hildebrand model,76 which yielded a host-guest 

association constant, KHG = 29 M-1
 in chloroform. The dimerization association constants resulting 

from these studies support the contention that side chain functionalities present in the conjugated 

copolymer lead to interbase hydrogen bonds.
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Figure 2. Small molecule analogs are used to assess self-dimerization of pendant nucleobase 
functionalities. Changes in the chemical shift of a) NH2 and c) N3-H protons upon hydrogen bond 
dimerization as a function of concentration. Structures (R′ = hexyl) and self-association constants 
determined by nonlinear regression analysis are shown for b) adenine-N9-hexyl and d) thymine-
N1-hexyl.

Insights about hydrogen bonding in the solid state were obtained by FTIR spectroscopy 

and by testing resistance of thin films to removal by solvent (solvent resistivity). It is reported that 

hydrogen bonding in alternating copolymers in the solid state can improve surface immobilization 

and solvent resistivity.28-30 Thin films of BDTR-3hTX copolymers were fabricated on glass slides 

from dilute (1 mg/mL) chloroform solutions (3 samples for each copolymer). One sample was 

used as the control sample, one thin film was rinsed in chloroform twice for 20 s each time, and 

the third sample was sonicated in methanol for 20 minutes. (Methanol was used because it is a 

non-solvent that can participate in hydrogen bonding.) Images of the samples are shown in Table 
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S1 (ESI) with the results presented in Figure 3. Here, the relative solvent resistivity is derived by 

normalizing the optical absorbance intensity of solvent-exposed films by the absorbance intensity 

of the as-cast film. The results show that the control copolymers, BDTd-3hT, and BDTeho-3hT, 

have the lowest chloroform resistivity, with the former having only a 34% absorbance retention 

and the latter having only 15% absorbance retention after two chloroform rinses. Methanol 

resistivity did not show a specific pattern; however, it is notable that the nucleobase containing 

polymers showed moderate to high adhesion to glass slide where we tried to weaken hydrogen 

bonds using methanol. The adenine-functionalized copolymers showed highest solvent resistivity, 

with relative retention of absorbance intensities of 96% and 81% for BDTd-3hTAd and BDTeho-

3hTAd, respectively, followed by the thymine-containing copolymers, BDTd-3hTThy and BDTeho-

3hTThy, which retained 60% and 53% absorbance, respectively. Although it is prudent to refrain 

from direct quantitative comparisons because the Ad- and Thy-functionalized copolymers have 

different solubility toward chloroform (and presumably methanol), the essential point is that the 

ability of the nucleobase functionalized copolymers to interact through self-dimerization between 

groups is reflected in their relative solvent resistivity as compared to the non-functionalized 

copolymers. 
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Figure 3. Relative solvent resistivity of BDTR-3hTX copolymers, which results from normalizing 
the optical absorbance intensity of solvent-exposed films by the absorbance intensity of the as-cast 
thin film samples. 

In addition to somewhat qualitative assessments of solvent resistivity, additional 

information can be extracted by examining the intensity and shift in vibrational energies, as they 

are influenced by the hydrogen bonding environment.77 FTIR spectra acquired from the BDTeho 

and BDTd series of copolymers dry powder samples are shown in Figure 3. Signatures due to C−H 

bond stretching of the side chains at 2855 cm-1 and 2920 cm-1 are more prominent for the BDTd-

3hTX series than for the BDTeho-3hTX copolymers, as expected.78 The presence of adenine in 

BDTR-3hTAd copolymers is evident from the band at 1130 cm-1, which is due to C−N bond 

stretching of the pyrimidine ring, and the mode at 1610 cm-1 correlates to both C=C and C=N 

stretches of the six-membered ring of adenine. In addition, the broad peak above 3000 cm-1 is 

attributed to stretching of N−H bonds (of the NH2 group) and the mode at 1640 cm-1 derives from 

a scissoring mode of the NH2 of adenine.79-81 The spectra for the BDTR-3hTThy copolymers show  

characteristic bands due to the presence of thymine pendent groups. Specifically, broad bands due 
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to vibrational modes of C(2)=O, C(4)=O, and C(5)=C(6) are seen ~1680 cm-1, a band arising from 

C(5)−CH3 bending is present at 1380 cm-1, and the endocyclic C−N stretching mode is seen at 

1260 cm-1.80, 82 

Previous studies report that the peak positions of out-of-plane N−H bending in thymine 

and NH2 wagging in adenine are most sensitive to the hydrogen bonding environment.79-80 In the 

BDTeho-3hTThy, and BDTd-3hTThy copolymers, the out-of-plane N−H bending peaks are observed 

at 845 cm-1 and 810 cm-1, respectively, which is similar to that of N1-methylthymine in the solid 

state (845 cm-1). It is worth noting that the out of plane N−H bending of single-crystalline N1-

methylthymine is reported at 882 cm-1
,
80, 82 while the peak for isolated N(3)−H out-of-plane 

bending is estimated to be at 664 cm-1.79 Thus, the relative position of these modes suggest slightly 

stronger Thy⋯Thy hydrogen bonding in BDTeho-3hTThy compared with BDTd-3hTThy. For the 

BDTd-3hTAd and BDTeho-3hTAd copolymers, the NH2 wagging band is observed at 646 cm-1. NH2 

wagging band of N9-methyladenine in the solid state81 and in single-crystalline80 and matrix-

isolated79 forms are reported at 636 cm-1, 690 cm-1, and 530 cm-1, respectively. The presence of 

this band at 646 cm-1 confirms that there is relatively strong hydrogen bonding in the adenine 

containing alternating copolymers, despite differences in their molecular weight. Small but 

noticeable differences between ethyl hexyloxy- and dodecyl-solublized polymers were observed 

in their FTIR spectra. Slightly sharper peaks in the region of 1600-1800 cm-1 and an extra shoulder 

peak are observed for the ethyl hexyloxy-substituted copolymers. These may be due to the ether 

groups of the side chains participating in hydrogen bonding, which has been reported for other 

alkoxyl groups.83-84 It is hard to conclusively compare O⋯nucleobase hydrogen bonding and 

nucleobase⋯nucleobase hydrogen bonding due to presence of multiple absorbance bands in that 
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region from 1600-1800 cm-1; however, it is expected that the ether-nucleobase hydrogen bonding 

interactions are weaker than hydrogen bonding between nucleobases.

Figure 4. FTIR spectra of a) BDTd-3hTx and b) BDTeho-3hTx copolymers. Characteristic 
vibrational peaks for adenine and thymine groups in the region of 1600-1800 cm-1 are labeled. 
Bands that are correlated to NH2 wagging ( ) and N(3)−H out of plane bending ( ) are 𝜔𝑁𝐻2 𝛿𝑁(3) ― 𝐻
specified.   

Optical and electronic characterizations

As these alternating copolymers are novel, we used a variety of methods to assess the 

impact of the nucleobase functionality on the optical and electronic properties of the polymers. 

Results of UV-Vis and fluorescence spectroscopy for each of the copolymers in solution are shown 

in Figure 5. The unfunctionalized BDTd-3hT copolymer shows an onset absorbance that is red- 

shifted by 50 nm from the BDTeho-3hT copolymer, and this translates to a lower optical band gap 

energy as seen in Table 2. Both unfunctionalized copolymers exhibited very distinct absorbances 

with the BDTd-3hT exhibiting three intense singlet transitions (S0 – SN,  - *) from 475 – 600 

nm, whereas the BDTeho-3hT exhibited a strong absorbance peak at 500 nm and a shoulder at 550 

nm. The absorption characteristics of the four functionalized copolymers show similar absorbance
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Figure 5. UV-Vis (a) and fluorescence (b) spectra of alternating copolymers in solution. 
Concentrations vary from 0.2-1.0 mM with emission spectra collected at 476 nm excitation. 
(Spectra were acquired using THF as the solvent, with the exception of BDTd-3hTAd, which 
required a 1:1 mixture of DMSO and dichlorobenzene.) Line colors representing each copolymer 
are preserved between the two plots. 

maxima (max = 450 – 500 nm) with absorbance onsets ranging from 550 – 600 nm, and are all 

blue-shifted from the unfunctionalized copolymers (BDTeho-3hT and BDTd-3hT). As evident 

from Figure 5, the fluorescence spectrum of each of the alternating copolymers in dilute solution 

show nearly identical emission profiles. Fluorescent quantum yields were F = 0.16 and F = 0.19 

for the unfunctionalized copolymers and ranged from F = 0.11 – 0.26 for the BDTd-3hTAd, 

BDTd-3hTThy, and BDTeho-3hTThy. Although no clear trend in fluorescence yield was observed 

in solution, polymer conformation at low concentrations can impact the fluorescence intensity.85 

The addition of adenine pendant groups to the BDTeho-3hT copolymer lowered the fluorescence 

yield to F = 0.11 whereas the addition of a thymine group (BDTeho-3hTThy) increased the 

emission intensity to F = 0.23. For the BDTd-3hT copolymers, the quantum yields increased for 

the addition of both adenine and thymine pendant groups. Overall, the radiative rates of emission, 

ks presented in Table 2 (or fluorescence lifetime, ) are similar for all of the copolymers. Slightly 
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varied quantum yields and radiative rates may be related to emission quenching or polymer 

conformations in solution induced by the nucleobase groups.86 

In the solid state, solution cast thin films exhibited a red-shifted absorbance spectrum, 

which is common with close packing and  -  interactions in conjugated molecular materials.87 

The red-shifted peak absorbance (compared to solution) for the unfunctionalized BDTeho-3hT was 

small ( = 4 nm), whereas the analogous copolymer having the thymine or adenine pendant 

groups resulted in a red-shifted absorbance spectrum of  = 28 nm (BDTeho-3hTThy) and  = 

36 nm (BDTeho-3hTAd) (Figure 6). The variation between thin film and solution absorbance is 

 

Figure 6. UV-vis absorbance spectra of alternating copolymers in solution (THF) and thin films 
drop-cast from THF for a) BDTeho-3hT, b) BDTeho-3hTThy, and c) BDTeho-3hTAd.

even greater with the BDTd-3hT functionalized polymers with a peak absorbance red-shift of  

= 47 nm for BDTd-3hTThy and  = 41 for BDTd-3hTAd. (See data in Table 2 and Figure S19.) 

The optical band gaps and slight absorbance shift for the unfunctionalized BDTd-3hT and BDTeho-

3hT are consistent with behaviors reported by Yang et al. for a donor-acceptor alternating 

copolymer consisting BDT (with didodecyl oxide side chains) and thiophene.88 For both types of 

nucleobase functionalized copolymers (BDTd-3hTThy and BDTeho-3hTThy) there is a large 

spectroscopic impact, presumably as a result of its impact on thin film structure and polymer chain 
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packing.17 Interestingly, the optical band gaps measured using the absorbance onset of the thin 

films are nearly identical for all of the functionalized and unfunctionalized copolymers (Table 2). 

This is encouraging and potentially useful for the development of polymer electronics, as it 

indicates that nucleobase pendant groups can be added to conjugated polymers for modulating 

their organization without strongly affecting their optical properties.

Table 2. Photophysical Properties and Molecular Energy Levels of BDTR-3hTx Copolymers

Copolymer max-soln (nm)
max-film (nm)

Egap-opt (eV)a F
b   (ps)

ks (×108 s-1)
Eox (V)c HOMO

(eV)d
LUMO
(eV)d

BDTeho-3hT 503 
(507) 2.12 0.16 855

(1.87)
0.99 -5.39 -3.27

BDTeho-3hTAd
472

(505) 2.13 0.11 979
(1.12)

0.88 -5.28 -3.15

BDTeho-3hTThy

469
(502) 2.11 0.23 855

(2.69)
0.85 -5.25 -3.14

BDTd-3hT 519
(516) 2.10 0.19 897

(1.91) 1.00 -5.40 -3.30

BDTd-3hTAd
477

(518) 2.07 0.26
886

(2.94)
0.79 -5.19 -3.12

BDTd-3hTThy
473

(520) 2.09 0.22
828

(2.66)
0.97 -5.37 -3.28

a Estimated from the UV-vis onset absorbance of the thin films
b Measured by comparison method using fluorescein standard
c Thin film electrochemical onset potentials are reported vs. SCE
d EHOMO (eV) = -(Eox-onset + 4.4) eV, ELUMO calculated using Egap-opt

Two different protocols were used with spin coating to further understand packing effects 

in thin films. One protocol involved preheating the solution and glass substrates to 60 °C before 

spin coating, while another used preheating at 120 °C. BDT-3hT thin film absorbance and 
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fluorescence (both BDTeho and BDTd derivatives) was higher when spin cast at 120 °C than films 

spin cast at 60 °C. The increased absorbance and emission were less in BDT-3hTThy derivatives, 

while BDT-3hTAd thin films changed very little when spin cast at 120 °C, compared to 60 °C 

(Figure S20). This enhancement in film thickness or advantageous polymer packing behavior is 

attributed to the ability of nucleobases to promote organization or improve chain packing. 

Unfortunately, grazing incidence wide-angle x-ray scattering (GIWAXS) showed minimal 

crystallinity in the spin cast thins films of each of the copolymers with 1-2 weak diffraction peaks 

observable in films cast at both temperatures. In general, processing the thin films of BDT-3hT 

copolymers (those without nucleobase functionality) at higher temperatures resulted in the greatest 

changes in spectroscopic intensity, which could be most readily observed in the emission spectra 

of BDTeho-3hT and BDTd-3hT copolymers, which are presented in Figure S20 along with 

corresponding results from the nucleobase-functionalized copolymers.  

Annealing the polymer thin films was also studied to deliver additional insight into packing 

changes due to hydrogen bonding interactions. When the films were annealed at 120 °C for 15 

min, the absorbance spectra (Figure S21) for BDTeho-3hT, BDTeho-3hTThy, and BDTd-3hTThy 

only changed slightly, whereas the absorbance of the adenine-functionalized copolymers, BDTeho-

3hTAd and BDTd-3hTAd, decreased more. The non-nucleobase functionalized BDTd-3hT showed 

the largest change in absorbance when annealed, particularly in the number of peaks, which 

changed from 2 strong peaks to one broad absorbance band. Based on these results, we conclude 

that preheating the co-polymer solutions prior to solution casting had a larger effect on the packing 

and morphology of the polymer films than annealing after spin casting. 

The electrochemical oxidative properties of all the copolymers were evaluated as dried 

films on glassy carbon electrodes. As seen in Figure 7, electrochemical characterization shows the 
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onset of oxidation at 1.0 vs. SCE for the BDTd-3hT and BDTeho-3hT unfunctionalized  

copolymers respectively (Table 2). The addition of adenine and thymine pendant groups to the 

BDTeho-3hT copolymer, shifts the onset of oxidation to more negative potentials, with a prominent 

strong oxidation peak indicating the presence of the nucleobases. The parent, non-nucleobase 

copolymer with (BDTeho-3hT) had an oxidation onset of 0.99 V vs. SCE, which decreased with 

the addition of the adenine pendant group (BDTeho-3hTAd) to 0.88 V vs. SCE and 0.85 V vs. SCE 

for thymine containing copolymers (BDTeho-3hTThy). In the case of dodecyl side chain 

copolymers, the parent copolymer (BDTd-3hT) had an oxidation onset of 1.00 V vs. SCE, which 

decreased to 0.97 V vs. SCE for BDTd-3hTThy and 0.79 V vs. SCE for BDTd-3hTAd. This 

observation agrees with previous reports of electrochemical oxidation of adenine and thymine.89 

The BDTd-3hTAd and BDTd-3hTThy copolymers also show a more negative oxidation onset than 

the non-nucleobase parent copolymer; however, the adenine and thymine oxidation waves are 

hidden by the strong oxidation of BDT and thiophene heterocycles present in the backbone.

Figure 7. Cyclic voltammograms (electrochemical oxidative characterization) of alternating 

copolymers (dry films run in 0.1 M TBAP CH3CN, 100 mV s-1).
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The charge transport properties of the copolymers were examined by solution processing 

thin films in hole-only devices for measuring the space charge limited current (SCLC) regime.53 

Devices consisted of spin coating the dissolved alternating copolymers onto PEDOT:PSS coated 

patterned ITO electrodes followed by thermal evaporation of a gold top contact. Due to variations 

in solubility, each copolymer required a particular solvent (or blend of solvents) to obtain uniform 

thin films. Film thicknesses measured by AFM were 8-38 nm, and these thicknesses agreed with 

model films produced on silicon wafers that were measured by spectroscopic ellipsometry.

Figure 8. Hole mobility (Log J – Log V) for BDTeho-3hT and BDTeho-3hTThy copolymer devices 

(ITO/PEDOT:PSS/BDTR-3hTx/Au) with structures and average mobilities inset in the plot. The 

individual lines correspond to tests of replicate devices. (Film thicknesses were 38 nm for BDTeho-

3hT and 30 nm for BDTeho-3hTThy.)

Charge mobility, μh, for the BDT copolymers were determined from the slope of the current 

density (J) versus applied potential (Va) and fit to the simplified Mott-Gurney equation:

     (1)𝐽 =  
9
8𝜀𝜀0𝜇ℎ

𝑉2
𝑎

𝐿3
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In this expression, L is the measured polymer film thickness, 0 is the absolute permittivity and 

relative permittivity taken as  = 3. A representative plot, expressed as log J versus log V, is 

presented as Figure 8, which compares the behavior of BDTeho-3hT and BDTeho-3hTThy. The 

devices show slopes ranging from 1.4 to 2.3 in close agreement with SCLC charge mobility 

model.90 For each copolymer, an average hole mobility derived from measurements of three to six 

device mobilities is reported in Table 3. Unfunctionalized BDTeho-3hT showed the lowest hole 

mobility with little device-to-device variation and an average hole mobility of 3.9 × 10-8 cm2 V-1 

s-1. Higher mobilities were observed for the unfunctionalized dodecyl-functionalized BDT 

copolymer, BDTd-3hT, which displayed an average hole mobility of 7.1 × 10-6 cm2 V-1 s-1. 

Although molecular weight can have a significant impact on mobility, polymer chain packing is 

also a strong contributing factor for conjugated polymeric materials.91 The hole mobility for BDTd-

3hT is similar to values previously reported for BDT-based polymers.92 A significant enhancement 

of hole mobility was shown with the addition of nucleobases for the BDTeho-3hT copolymers. The 

parent, non-nucleobase BDTeho-3hT yielded a hole mobility of h = 3.9 × 10-8 cm2 V-1 s-1, but 

adenine pendant group copolymer (BDTeho-3hTAd) increased the hole mobility to h = 1.8 × 10-7 

cm2 V-1 s-1, while thymine pendant group copolymer (BDTeho-3hTThy) yielded even higher hole 

mobility of h = 4.9 × 10-6 cm2 V-1 s-1. The dodecyl-functionalized BDT copolymers had similar 

hole mobilities of h = 7.1 × 10-6 cm2 V-1 s-1 for BDTd-3hT, h = 6.1 × 10-6 cm2 V-1 s-1 for BDTd-

3hTAd and h = 1.5 × 10-6 cm2 V-1 s-1 for BDTd-3hTThy. Although the nucleobase functionalized 

copolymers have slightly lower hole mobilities than the parent BDTd-3hT, they are also one-third 

the molecular weight, as seen in Table 1. This molecular weight difference may offset the impact 

of the nucleobase-induced organization.
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The mobility enhancements observed with BDTeho-3hTThy and BDTeho-3hTAd correlate 

with close and well-organized packing, which has been shown to greatly improve charge mobility 

in thymine-containing conjugated polymers.17 The dodecyl side chain of the BDTd-3hTThy may 

influence the copolymer stacking such that the probability of H- bonding interactions between

 

Table 3. Charge (Hole) Mobility Measurements of BDTR-3hTx Alternating Copolymers

Copolymer
h 

(cm2 V-1 s-1)a

h 

(cm2 V-1 s-1)b

Nucleobase 

attachment

BDTeho-3hT 3.9 × 10-8 
+ 1.9 × 10-8

3.8 × 10-6

+ 1.9 × 10-6 -

BDTeho-3hTAd
1.8 × 10-7

+ 3.1 × 10-8
1.0 × 10-7

+ 2.6 × 10-9 N9

BDTeho-3hTThy
4.9 × 10-6

+ 6.5 × 10-6
1.2 × 10-6

+ 7.3 × 10-7 N1

BDTd-3hT 7.1 × 10-6

+ 4.1 × 10-7
7.7 × 10-7

+ 2.3 × 10-7 -

BDTd-3hTAd
6.1 × 10-6

+ 6.6 × 10-7
5.2 × 10-6

+ 5.7 × 10-6 N9

BDTd-3hTThy 1.5 × 10-6

+ 4.7 × 10-7
2.5× 10-6

+ 9.6 × 10-7
N1

a average mobility of three to six devices (device configuration ITO/PEDOT:PSS/BDTR-3hTx/Au) when 
BDTR-3hTx was spin cast at 60 °C.
b average mobility of three to five devices (device configuration ITO/PEDOT:PSS/BDTR-3hTx/Au) 
when BDTR-3hTx was spin cast at 120 °C.

nucleobases on adjacent copolymer chains is reduced, and therefore lowers organization and free-

charge carrier conduction. Taken in aggregate, these results demonstrate a slightly more intricate 
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overall picture of nucleobase inclusion on organization and interactions of conjugated polymers, 

which along with the robust and generally facile syntheses, provides opportunities to further tune 

their optoelectronic properties using subtle structural variations through side chain engineering.  

Finally, to examine whether enhancing the solubility and breaking interbase hydrogen 

bonding affected mobility, we increased the temperature to heat the solutions before casting from 

60 °C to 120 °C. As seen in Table 3, the hole mobility for BDTeho-3hT increased by two orders of 

magnitude while the hole mobilities of the BDTeho-3hTAd and BDTeho-3hTThy copolymers were 

minimally affected. Considering that heating was necessary for the BDTeho-3hT to achieve 

mobilities consistent with devices made using BDTeho-3hTThy, one striking conclusion that can be 

inferred from these behaviors is that thymine groups in the side chains can improve the 

morphology or nanoscale organization in a manner similar to thermal annealing. In the case of 

dodecyl-functionalized copolymers, the hole mobility measured for the non-nucleobase containing 

BDTd-3hT copolymer decreased when the 120 °C spin coating protocol was implemented, while 

the mobilities measured for films made from the BDTd-3hTAd and BDTd-3hTThy were minimally 

affected, suggesting better organization stability due to interbase interactions.

Conclusions

Stille cross-coupling polymerizations provide access to complementary pairs of donor-

acceptor conjugated copolymers based on BDT and 3-alkyl thiophenes in which side chains 

contain adenine or thymine functionalities. The facility of the synthetic approach engenders 

opportunities to examine links between copolymer design, self-complementary and 

complementary H-bonding interactions, and π-stacking interactions on fundamental material 
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properties and performance. Evidence from a variety of studies on small molecules and conjugated 

polymers demonstrate that nucleobase functionalities can have significant effects on polymer 

stacking and solid-state electronic properties, with vibrational spectroscopy and solvent resistivity 

studies demonstrating inter-nucleobase hydrogen bonding in the solid state. The observation of 

enhancements in free charge carrier mobility has been reported previously, and we have also 

observed this phenomenon with adenine and thymine pendant groups attached to a novel BDT-

containing conjugated copolymer having ethylhexoxy solubilizing side chains. The dodecyl-

functionalized BDT copolymers also suggest this phenomenon, since the adenine and thymine 

nucleobase containing copolymers have hole mobilities similar to the parent non-nucleobase 

containing copolymer, even though they are one-third the molecular weight. Both results align 

with the degree of red-shifted absorbance onset observed when comparing solution and dried films, 

ultimately, providing early clues of copolymer organization that is influenced by inter-base 

hydrogen bonding in the adenine- and thymine-functionalized copolymers. Hole mobility of the 

polymers with nucleobase pendant groups are less dependent on the processing and thermal 

treatments, a behavior that also is attributed to inter-base hydrogen bonding in the solid state.  

These studies also suggest that there is a sensitive interplay between the strength, type, and number 

of non-bonded intermolecular interactions present in these copolymers. Additionally, this study 

provides spectroscopic clues of fluorescence quenching by an adenine pendant group, and the 

onset of electrochemical oxidation of the nucleobase pendant groups at lower potentials than the 

copolymer primary chain. Taken together, these materials show a range of exciting properties most 

notably, moderate hole mobilities and strong light absorbing and emission properties, which are 

useful for organic photovoltaic and light-emitting diode molecular electronic applications. 
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Moreover, they offer the potential to tease apart connections between molecular design, 

organization, and properties.

Experimental Section

Synthesis of Nucleobase-functionalized Monomers. Nucleobase containing comonomers, 2,5-

dibromo-3-(6-adenine)hexyl-thiophene, 3hTAd, and 2,5-dibromo-3-(6-thymine)hexylthiophene, 

3hTThy, were synthesized from 3-(6-bromohexyl)thiophene by lithiation of 3-bromothiophene and 

subsequent addition of 1,6-dibromohexane, using procedures described in literature. 93 This 

monomer then was brominated following well known procedures to produce 2,5-dibromo-3-(6-

bromohexyl) thiophene.93 After isolation and purification, nucleobases (either adenine or thymine) 

were attached to 2,5-dibromo-3-(6-bromohexyl)thiophene by alkylation conditions,94 thereby 

yielding either 3hTAd or 3hTThy. Complete synthetic details and results of 1H NMR and mass 

spectrometry are provided in the Electronic Supplementary Information.

Copolymer Synthesis. As depicted in Figure 1, two different bis(stannylated)-BDT monomers with 

either dodecyl or 2-ethylhexyloxy side chains were used along with 3hTAd or 3hTThy to produce 

four different nucleobase-functionalized alternating copolymers, BDTd-3hTAd, BDTd-3hTThy, 

BDTeho-3hTAd, and BDTeho-3hTThy. In addition, non-functionalized homologues, BDTd-3hT and 

BDTeho-3hT, were synthesized using Stille cross coupling polymerization of 2,5-dibromo-3-

hexylthiophene with either BDTd, and BDTeho. Complete synthetic details and results of 1H NMR 

and gel permeation chromatography (GPC) characterizations are provided in the ESI. 

Thermal Characterizations. Thermal stability of the polymers was determined using TA 

Instruments Q50 Thermogravimetric Analyzer (TGA) in an inert atmosphere of N2 by ramping 
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from room temperature to 800 °C at a heating rate of 20 °C min−1. For TGA measurements, the 

analytes were loaded in a platinum pan. Thermal properties were examined by differential 

scanning calorimetry (DSC) using a TA instruments Q-2000 DSC and a protocol consisting of a 

heat–cool–heat cycle from 50 °C to 270 °C with a heating rate of 10 °C min−1 and a cooling rate 

of 10 °C min−1 under an inert N2 atmosphere. Samples (~5 mg) were sealed in standard aluminum 

pans.

Photophysical Measurements. Absorbance and fluorescence measurements were performed by 

making micromolar solutions of the polymers in tetrahydrofuran (THF). Molar absorbtivity of 

BDTd-3hTAd was measured in 1:1 DMSO:1,2-dichlorobenzene. This also includes fluorescence 

quantum yield and molar absorptivity measurements. Thin films for UV-vis measurements were 

prepared by drop-casting from THF solutions. These measurements were performed using a Varian 

Cary Bio 300 UV-vis spectrophotometer and a Shimadzu RF-5301PC spectrofluorophotometer.

Electrochemistry. The oxidation of all 6 copolymers were determined by drop-casting each 

polymer onto a glassy carbon working electrode. Toluene was used to make films of BDTeho-3hT 

and BDTeho-3hTThy, chloroform was used for BDTeho-3hTAd, chlorobenzene was used for BDTd-

3hT and BDTd-3hTThy, and THF was used for BDTd-3hTAd. A platinum flag counter electrode 

was used with a saturated calomel reference electrode in a 0.1 M tetrabutylammonium 

hexafluorophosphate in acetonitrile solution. The copolymers are not soluble in acetonitrile, so all 

of the copolymers remained on the working electrode. After purging the solution with argon for 5 

min, each copolymer thin film was scanned 0 to 2 V at a scan rate of 100 mV/s. Three cycles were 

performed each time to prove that all the deposited polymer was oxidized after one cycle. When 

the second and third cycles were performed, the oxidation peak(s) disappeared. When scanned -2 

to 2 V, the polymers were irreversibly oxidized. 
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Device Preparation and Hole Mobility Measurements: Patterned ITO glass (6 pixel) substrates 

from Ossila were cleaned by sonicating in DI water for 15 min, acetone for 15 min, then isopropyl 

alcohol for 15 minutes. Substrates were dried with nitrogen and treated in a UV/ozone ProCleaner 

for 10 min before PEDOT:PSS (Heraeus Clevios™ AI 4083) was applied by spin coating. Solution 

preparation and spin coating were performed under ambient conditions. The PEDOT:PSS (10 nm) 

was spin coated at 5000 RPM for 50 seconds with 90 μL using a Chemat Technology KW-4A spin 

coater. The ITO edge contacts were wiped off before annealing at 125 °C for 15 minutes. The 

BDTR-3hTX copolymers were spin coated on top of the PEDOT:PSS. BDTeho-3hT was spin 

coated at 2000 RPM for 20 seconds with 45 μL from a 15 mg/mL 1,2-dichlorobenzene solution 

that was heated to 60 °C. BDTd-3hT was dissolved in 1,2-dichlorobenzene at 10 mg/mL and spin 

coated with 90 μL at 5000 RPM for 50 seconds, after being heated to 60 °C. The BDTeho-3hTAd 

and BDTd-3hTAd polymers were spin coated at 2000 RPM for 50 seconds using 45 μL of 5 mg/mL 

solutions with 1,2-dichlorobenzene/DMSO (1/1 by volume). BDTeho-3hTThy and BDTd-3hTThy 

were spin coated from 10 mg/mL 1,2-dichlorobenzene/THF (1/1 by volume) at 5000 RPM for 50 

seconds with 90 μL after being heated at 60 °C. When testing heating protocols, all devices were 

spin cast at 2000 RPM for 50 seconds using 45 μL of solution, with heating of the solution and 

substrates to either 60 °C or 120 °C. BDTeho-3hT and BDTd-3hT were dissolved in 1,2-

dichlorobenzene at 10 mg/mL. The BDTeho-3hTAd and BDTd-3hTAd were spin coated using 5 

mg/mL solutions with a mixed solvent of 1,2-dichlorobenzene/DMSO (1/1 by volume). BDTeho-

3hTThy and BDTd-3hTThy were dissolved in 1,2-dichlorobenzene/THF (1/1 by volume) at 10 

mg/mL. The multilayer devices (ITO glass/PEDOT:PSS/BDTR–3hTX copolymer) were then 

capped with a gold contact through thermal evaporation using a MB-EVAP system inside an 

MBRAUN glovebox. The gold films were deposited under high vacuum (10-6 mbar) and the 
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thickness was controlled with a SQC-310C Deposition Controller. The gold was evaporated from 

a tungsten boat at a rate of approximately 1 Å s −1. During deposition, the samples were rotated at 

15 RPM and the source-to-film distance was 28 cm. A push-fit test board for pixelated anode 

substrates from Ossila was used with a Keithley 2602 A System SourceMeter® to measure J – V 

curves. 
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