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Abstract

Side chain engineering has been used widely to expand the functionality and enhance the solubility
of conjugated polymers, promoting their utility in various applications. Herein, we report
synthesizing an adenine-functionalized, thiophene-based alternating copolymer via direct
arylation polymerization. This nucleobase-modified, alkyl thiophene-based alternating copolymer
was accessed by copolymerization of a Boc-protected, adenine functionalized thiophene monomer
9-(6-(2,5-dibromothiophen-3-yl)hexyl)-9H-purine-6-amine) (T,q), with 3,3'3",4'-tetrahexyl-
2,2":5',2"-terthiophene, (£T4y). Quantitative post-polymerization deprotection of Boc groups results
in the adenine bearing alternating copolymer (T q-fT4,), Which is soluble in common organic
solvents due to steric hindrance-induced flexibility of the #T4, comonomer allowing structure-
property relationships to be established. In comparison to the unfunctionalized analogue,
interchain hydrogen bonding through the adenine functionality enhances the packing of the
copolymer, resulting in a ~70 °C increase in the glass transition temperature. Furthermore, the

improved solubility of the copolymer and capacity for strong metal ion binding by the nucleobase
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leads to dramatic fluorescence quenching (> 90%) upon the addition of Cu®* ions, which is also
reflected in a high Stern-Volmer constant of 1.28 x 10* M-!. The fluorescence emission is
recovered almost completely after washing the copolymer solution with EDTA-disodium salt
aqueous solution. These findings demonstrate the viability of synthesizing soluble, fully
conjugated copolymers with nucleobase functionality via direct arylation polymerization, as well
as the influence of the hydrogen bonding nucleobase on thermal, optical, and metal-ion sensing

properties.

Introduction

Side chain engineering is used extensively to manipulate optoelectronic or physical
properties of conjugated polymers.!-® Solubilizing side chains minimize the tendency of
conjugated polymers to aggregate or crystallize, which are behaviors driven by n-m stacking
interactions and backbone rigidity.” In addition, side chain functionality also can be used to
manipulate optoelectronic properties. Electron donating or electron withdrawing groups that are
in close proximity to the backbone typically will change the HOMO and LUMO of the conjugated
polymer.? 81 Functional groups at the terminus of the side chain tend to influence electronic
properties of the conjugated polymer indirectly by influencing the morphology, backbone
planarity, or interchain interactions.'!'!3 One useful strategy for controlling morphology while
enhancing thermal stability and solvent resistivity of bulk heterojunction (BHJ) organic
photovoltaics (OPVs) or organic field effect transistors (OFETSs) is to integrate functional motifs
into side chains that interact through hydrogen bonding interactions.!'#!7 For example, Stupp and
coworkers compared the OPV performance of two diketopyrrolopyrrole-based, donor-type small
molecules, where the only difference in design was the presence of either amide or ester

functionalities at the same location in the side chains.'® Although both molecules showed similar
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optoelectronic properties, OPVs based on the amide-functionalized molecule exhibited power
conversion efficiencies (PCEs) that were 50% higher than OPVs made with the ester-
functionalized molecule. They attributed the increase in PCE to the self-complementary hydrogen
bonding between amide groups in the side chains. These non-bonded, pair-wise intermolecular
interactions compete with n-m stacking, resulting in a morphology with a smaller domain size.!®
Additionally, Yao et al. showed interchain packing order of a diketopyrrolopyrrole copolymer is
improved upon introduction of urea functionality in the side chain. The hydrogen bonding ability
of urea groups promoted lamellar stacking that enhanced hole mobility.!® The benefits of hydrogen
bonding (H-bonding) motifs in the side chains of conjugated polymers extend beyond improving
the performance of OPVs or OFETs. A variety of studies have shown that H-bonding groups in
conjugated polymers engenders their use in applications such as optical DNA sensors or ion
detectors.!?27 In total, these studies highlight the utility of hydrogen bonding engineered into side
chains as means to expand or improve the performance of conjugated polymers.

Nucleobases, which are used by nature and offer complementary hydrogen bonding motifs,
have been explored extensively as side chain functionality in polymeric materials, especially in
non-conjugated polymers.?833 Nucleobase-functionalized polymers have shown promise in
numerous applications, including polymer adhesives, self-healing materials, donor and acceptor
compatibilization, and sensors.’> 3* 35 In the realm of conjugated polymers, a promising
improvement in hole transport properties was observed by Cheng et al., who synthesized a uracil-
functionalized polythiophene via oxidative polymerization and used this material as a hole
transport layer.!> Similarly, Yang et al. fabricated an organic field-effect transistor (OFET) device
based on thymine-functionalized diketopyrrolopyrrole copolymer. They observed that hydrogen

bonding between thymine groups located at the terminus of the side chains created interchain
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connectivity, which increased the charge mobility of the conjugated polymer. In the same study,
the ability of metal ions, such as Pd** or Hg?*, to coordinate with thymine was used as a basis to
tailor the selectivity of an OFET-based gas sensor toward gases such as CO and H,S.3¢ This ability
of metal ions to form strong coordinate bonds with nucleobases is also the basis of solution
detection of metal ions.3” In the realm of conjugated polymers, Tang et al. observed that the binding
of Hg?* with a thymine-functionalized analog of poly(3-hexylthiophene) resulted in fluorescence
quenching.?® Similarly, Xing et al. demonstrated that the fluorescence of a thymidine-
functionalized polythiophene was quenched upon addition of Cu?*.1?

Although nucleobase functionalities provide a way to enhance the properties and improve
the performance of conjugated polymers, there remains significant challenges related to synthetic
methodology and solubility of nucleobase-functionalized conjugated polymers. For example,
adenine-, thymine-, and uracil-functionalized polythiophenes have been synthesized via oxidative
polymerization of 3-(w-[nucleobase]hexyl)thiophene, which requires stoichiometric amounts of
iron (III) chloride for polymerization and generally results in a polymer with limited solubility.!>
19,26, 38 Tron (III) chloride is a harmful and highly corrosive, and as shown by Holdcroft et al. and
Sariciftci et al., even intense post-polymerization purification leaves behind substantial amounts
of iron compounds (~1000 ppm).3%- 40 While nucleobase-functionalized conjugated polymers are
conceptually attractive for their utility in biological applications, the presence of these metal
impurities may limit their use in such contexts.*! Additionally, nucleobases are known to have
limited solubility in organic solvents due to their strong hydrogen bonding and mn-stacking. The
adenine-functionalized poly(3-alkylthiophene) reported by Cheng et al. was found to be insoluble

in most organic solvents, even at molecular weights as low as M, = 2.8 kg/mol.’% 4> These
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limitations motivates efforts to explore more benign synthetic methodologies as well as to develop
useful routes to maintain functionality while offering improved solubility.

Recently, direct arylation polymerization, which is commonly referred to as “DArP”, has
become a robust methodology for synthesizing conjugated polymers using diverse comonomer
building blocks.**44 DArP is considered a green, less toxic polymerization method for two reasons.
First, the need for organometallic comonomers is eliminated in DArP due to direct activation of
(hetero)aromatic hydrogens, which simplifies monomer synthesis and reduces the number of
synthetic steps.***% Second, because DArP does not require organometallic comonomers, toxic
byproducts, such as organotin species that are produced in stoichiometric amounts in Stille cross-
coupling polymerizations, for example, are no longer generated. As an illustrative example of these
advantages, for example, Reynolds et al. showed that dioxythiophene-based conjugated polymers
synthesized by DArP contain 100 times less catalyst impurities compared to those made using
oxidative polymerization.*® While DArP has been used to synthesize various conjugated polymers,
especially polythiophenes, its functional group tolerance and more specifically its potential with
nucleobase-functionalized materials remains unexamined.

Herein, we report the synthesis of a soluble adenine-functionalized, alternating
polythiophene copolymers via DArP. Within this effort, the effect of the electron-rich and
chelating adenine functionality on the polymerization is studied in detail. We describe the impact
of'adenine-functionality as a hydrogen bonding active and highly chelating group on photophysical
properties, and thermal transitions. Additionally, chelation-induced fluorescent quenching upon
binding copper ions with adenine and its reversibility are examined. This work expands the
synthetic toolbox for nucleobase-functionalized conjugated polymers, while also providing insight

into functional group tolerance of DArP, exemplifying the importance of monomer design and
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side chain engineering on the synthesis, solubility, and properties of these nucleobase-

functionalized conjugated polythiophenes.

Results and Discussion
Monomer and Polymer Syntheses

Synthetic details as well as results of characterization of all intermediate compounds is
relegated to the Supplementary Information. As highlighted in Scheme 1, lithium-halogen
exchange was used to produce 3-(6-bromohexyl)thiophene from 3-bromothiophene in 70%
yield.’% 3! After purification, the resulting 3-(6-bromohexyl)thiophene was brominated using N-
bromosuccinimide (NBS) to generate 2,5-dibromo(3-(6-bromohexyl)thiophene in 75% yield.>!
Bromination preceded addition of adenine to avoid bromination of adenine at the C-8 position.>?
Finally, adenine-functionality was introduced at the terminus of the side chain functionality under
alkylation conditions, as described by our group? 3* and others.3? 3 3¢ While this results in a
mixture of N-7 and N-9 attachment,’” the N-9 isomer, 9-(6-(2,5-dibromothiophen-3-yl)hexyl)-9H-
purine-6-amine) (M1), was isolated by column chromatography, resulting in an overall yield of
55%. The adenine-functionalized monomer featuring N-9 attachment was chosen for
polymerization due to its similarity to adenosine as well as its ability to participate in multi-dentate
hydrogen bonding with other nucleobases, such as thymine.’” The structure of the adenine-
functionalized thiophene (M1) was confirmed by 2D multiple bond correlation gHMBC NMR

spectroscopy, and relevant correlations are shown in Figure S7.
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Scheme 1. Synthetic pathway used to synthesize the adenine-containing dibromo monomer M1.

Initial efforts to copolymerize M1 with 3-hexylthiophene by applying conditions reported
extensively in the literature for the DArP of thiophenes* 44 48 38 59 were unsuccessful. (See
Scheme S2 of the ESI.) We hypothesized that adenine may interfere with polymerization in two
possible ways: i) The C-H bond at the C-8 position of the purine scaffold may be activated,®
creating a stoichiometric imbalance that inhibits the step-growth polymerization, or ii) the
nucleobase may ligate the palladium catalyst,3” thereby inhibiting the catalyst from participating
in the catalytic cycle. A set of test polymerizations were performed to differentiate between these
two effects. First, a catalytic amount of N-hexyl adenine (0.04 equiv.) was added to a
copolymerization properly constituted with 2,5-dibromo-3-hexylthiophene and 3-hexylthiophene.
(See Scheme S3.) If the issue were stoichiometric imbalance due to activation of the C-H bond at
C-8, this test polymerization would result in low molecular weight polymer; however, if the second
cause —disruption of catalytic activity— was operative, the polymerization would not proceed. As
detailed in Table S1, reactions were performed in both polar and nonpolar solvents using catalysts
that include Pd(OAc),, Hermann-Beller’s catalyst, Pd(PPh;),, and Pd,(dba); with appropriate
ligands, bases and proton shuttles. Regardless of catalyst, solvent, temperature, and auxiliary
ligand, no polymer was observed when a catalytic amount of N-hexyl-adenine was present.

Specific reaction conditions and outcomes are documented as entries 1-14 in Table S1. In addition,
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DArP using Fagnou conditions in the presence of excess Cu®* (provided by Cul) as a sacrificial
complex-forming ion that can coordinate with adenine groups was attempted. (See entries 15 and
16 in Table S1.) In this situation, an oligomer (M, = 2,000 g/mol) was formed at low yield (15%)
when bulky phosphine ligands were added. This screening study suggests that adenine is strongly
binding with the palladium metal center, thereby deactivating the catalyst. This conclusion is
consistent with the ability of nucleobases to bind with various metal ions, which has been reported
widely.61-64

Therefore, a second series of test polymerization were run, this time using a fert-
butyloxycarbonyl (Boc) protected N-hexyl-adenine (0.04 equiv.) as an additive in the reaction
mixture. In this situation, the DArP of 2-bromo-3-hexylthiophene (which is shown in Scheme S5)
produced P3HT at 45% yield with a number-average molecular weight M, = of 5.9 kg/mol and
dispersity of ® = 1.68. These studies indicate that it is necessary to protect the amine functional
group of adenine to enable a successful polymerization via DArP.

These test polymerization results prompted the synthesis of the amine-protected dibromo
monomer, M2, which as shown in Scheme 2, has two Boc protecting groups. The structure of the
amine-protected dibromo monomer is confirmed by 'H, 13C, and 2D gHMBC NMR spectroscopy,
which are presented in Figures S8, S9, and S10, respectively. In addition and as shown in Figure
1, successful protection of the amine is evident from the change of chemical shifts corresponding
to the C-2 and C-8 protons of adenine. Specifically, when M1 is transformed to M2, the C-2 proton
shifts from 8.35 ppm to 8.77 ppm, and the C-8 proton shifts from 7.77 ppm to 8.00 ppm due to the

addition of electron withdrawing Boc groups.
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Figure 1. Overlay of the aromatic regions of 'TH NMR spectra acquired for M1, M2, T oq-Boc-fT 41,
and Tag-fT4,. Comparison of the spectra shows that the C2 and C8 protons shift downfield
(upfield) when adenine is Boc-protected (deprotected), and peak widths broaden and shift slightly
upon polymerization.

By using conditions described by Thompson and coworkers®® 5% as optimized conditions
for DArP of thiophene-based monomers, P3HT was synthesized with 68% yield with a number-
average molecular weight M, = 35.0 kg/mol and dispersity & = 2.10. Therefore, these conditions
were applied to the DArP of M2 with other comonomers. As shown in Scheme 2a, direct arylation
polymerization of M2 with 3-hexylthiophene as the complementary comonomer was successful
using Pd(OAc); (0.06 equiv.) as the catalyst, dimethylacetamide (DMAc) as solvent, K,CO; as the

base, and neodecanoic acid as the proton shuttle. The resulting alternating regiorandom copolymer

10
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comprised of Boc-protected thiophene and 3-hexylthiophene repeating units, which are
abbreviated as T q.poc-T, With subscripts designating the nature of the side chain, was purified and
isolated as a green solid in 56% yield with M, = 6.9 kg/mol and P = 1.37. (See Figure S23 and
Figure S24 for GPC trace and 'H NMR spectrum, respectively.) Deprotection of the Boc
functionality resulted in an insoluble dark-yellow solid. This drastic change in solubility after
cleaving the protecting groups is attributed to strong interchain hydrogen bonding interactions
between adenine groups, with the insolubility exacerbated by the lack of solubilizing alkyl side

chains, which was also reported by Cheng and coworkers.3® 42

In an effort to improve the solubility of adenine-containing conjugated polymers, the
comonomer 3,3',3".4'-tetrahexyl-2,2":5',2"-terthiophene (¢T4,) was synthesized. Here the key
design element is additional solubilizing side chains within a bulkier complementary comonomer.
In comparison to 3-hexylthiophene, this monomer contains more hexyl side chains per thienyl ring,
which is expected to reduce main chain rigidity®>-¢7 and effectively dilute®® the number of network-
forming adenine groups throughout the copolymer, thereby improving copolymer solubility. As
described in the Supplementary Information, T4, was synthesized in 80% yield using Suzuki
cross-coupling between 2,5-dibromo-3,4-dihexyl-thiophene and 3-hexylthiophene-2-boronic acid
pinacol ester in toluene and water biphasic system at 95 °C. (See Figures S11-S14.) Direct
arylation polymerization of M2 with #T4, (Scheme 2b) using optimized DArP conditions® ¥
resulted in Tag.goe-fT4n With M, = 7.0 kg/mol,  =2.01 (72% yield). Regiorandomness of this
alternating copolymer, similar to Taq.poc-T, comes from nature of AA plus BB step-growth
polymerization. However, intrinsic symmetry of the #T4, monomer ensures that the #Tg4y-
containing copolymers has one head-tail connection and one tail-tail connection in each dyad,

regardless of polymerization conditions. Acid catalyzed deprotection of Boc groups using

11
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trifluoroacetic acid (TFA) produced the alternating copolymer designated as Tq-fT4n (M, = 7.0
kg/mol, D =1.82), which was soluble in common organic solvents such as THF and chloroform.
GPC traces of Taqpoc-fTan and Tag-fT 4, are unimodal (Figure S25) and full "H NMR spectra of
the Boc-protected and deprotected copolymers are presented as Figures S26 and Figure S27,
respectively. As a result of the improved solubility, extensive structural characterization of the
adenine-functionalized copolymer Tag-fT4, is possible. As shown in Figure 1, 'H NMR
spectroscopy suggests that amine groups remained protected during polymerization and the Boc
deprotection is quantitative. Specifically, chemical shifts corresponding to protons at the C-2 and
C-8 positions of adenine show retention of Boc functionality during polymerization for both T 4.
Boc-1 and Tagq.poc-fT4n. Following deprotection of Tag.poc-fT4n With TFA, upfield shifts are
observed for protons at the C-2 and C-8 positions of the adenine, which confirms complete

deprotection.

To examine the effect of adenine side chain functionality on thermal and optical properties,
a non-functionalized homologue, identified as T-#T 4, was synthesized from #T4, and 2,5-dibromo-
3-hexylthiophene using optimized DArP conditions (Scheme 2c¢). This copolymer was produced
as a viscous paste in 71% yield and found to have a M, = 8.5 kg/mol and D = 1.64. (See Figure

S28 and Figure S29 for GPC trace and 'H NMR spectrum.)

Thermal Characterizations of Copolymers

Thermogravimetric analysis (TGA) was used to assess the thermal stability of Tagq-fT4n
and T-fT4,. As shown in Figure S30a, T-fT4, has a decomposition temperature (73), which is
defined as the temperature at which a 5% weight loss is registered, of 397 °C. This T4 and ultimate

weight of ~46 wt% agree with values reported for poly(alkylthiophenes).® Alternatively, T sq-fT4n

12
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exhibits a multi-step degradation, as observed in Figure S30b. Tp¢-fT4, has a Tyof 171 °C, which
is the first degradation event, and a second decomposition occurs at ~ 410°C (where the mass loss
is 18%). The first degradation event is attributed to the decomposition of the purine structure in
the side chain, which agrees with our previous studies of purine-based copolymers and donor-
acceptor chromophores.®® 3* The second decomposition is consistent with degradation of the
poly(alkylthiophene)s. Other possible thermal transitions such as crystallization and glass
transition were investigated using differential scanning calorimetry (DSC). Tq-fT4n and T-£T4,
do not show a thermal transition corresponding to crystallization due to their highly flexible
backbones. (See DSC curves presented in Figure S31.) However, comparison of the DSC traces
clearly shows that adenine and its ability to impart interchain hydrogen bonding significantly
affects main-chain flexibility: The glass transition temperature (7,) of the non-functionalized
homologue T-fT4y, is much lower (7, = =18 °C) than that of the adenine functionalized Tsa-fT 4n,
which displays a 7, = 52 °C. An increase in T, due to interchain hydrogen bonding has also been
observed in conjugated'> 7° and non-conjugated’> 7! nucleobase-functionalized polymers and

copolymers.

Optical Properties of Copolymers

Motivated by the possibility of conjugated polymers having site-specific intermolecular
recognition via hydrogen-bonding abilities finding applicability in a variety of sensing,
optoelectronic, and biological applications, the optical properties of the adenine-functionalized
polythiophenes were investigated using absorbance and fluorescence spectroscopies. As illustrated
in Figure 2a, UV-vis absorption spectra of Tsq-#T4, and T-£Tyy in chloroform show an absorbance

maximum (A%25,) at 392 nm and 394 nm, which corresponds to the t-m* transition of a conjugated

polythiophene with bulky side chains.”? The adenine-containing polymer, T sg-fT 4, shows an extra

13
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absorbance transition at 262 nm, which corresponds to the m—n* transition of adenine.”® The same
optical transition was observed for N-hexyl-adenine in chloroform (blue trace in Figure 2a).
Figures S32 and S33 show that absorbance is linearly dependent on concentration across a
concentration range of 0.003-0.05 mg/mL in chloroform, resulting in extinction coefficients of €
=27.8 (mg/mL)"! cm! for T-fT4y, and € = 21.1 (mg/mL)"!' cm! for Tgq-fT4y, (based on absorbance
modes at A%25). This indicates good solubility for both polymers. Both copolymers are soluble at
higher concentrations, but the absorbance intensity exceeds the detection limit of the
spectrophotometer at concentrations >0.05 mg/ml. Additionally, the absence of extra absorbance
shoulders attributed to vibronic fine structure likely originates from the regiorandom nature of the

copolymers and their excellent solubility.”*

1.0+
a) — T TR )
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Figure 2. (a) Normalized UV-vis absorbance spectra of T-fTy;, (black, 0.01 mg/mL), Tq-tT4y
(red, 0.01 mg/mL), and N-hexyl-adenine (blue, 50 uM) in chloroform. (b) Normalized
fluorescence spectra of Tpg-fTyy (red) and T-£T4,(black) in chloroform (0.01 mg/mL).

As shown in Figure 2b, fluorescence spectroscopy measurements show that both T gq-fT4p
and T-£T4, have broad and featureless emission profiles, centered around an emission maximum

of A5k, = 528 nm and A5y, = 536 nm for Tpg-fT4, and T-£Tyy,, respectively. The similarity of the

14
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emission profiles of Tag-fT4n and T-fT4, suggests that the radiative decay pathways for both
polymers mainly originate from the conjugated polythiophene backbone.”-’” In order to gain more
insight of optical properties, fluorescence quantum yields were determined by the comparative
method,>* 78 using Rhodamine 101 in ethanol (+0.01% HCI) as the fluorescence standard (quantum
yield, @ =1.00).7° The T xq-fT4, and T-1T4;, copolymers have similar fluorescence quantum yields
of ~0.1, which is comparable to quantum yields reported for poly(alkylthiophenes).?%- 81 Table 1
summarizes the measured optical properties of T pg-fT 4, and T-£T 4. In addition to similar emission
profiles, the nearly identical quantum yield values indicate an absence of alternative decay
pathways of the excited state, which suggests that the pendant nucleobase functionality does not

interfere with the optical properties of the parent copolymer.

Table 1. Summary of optical properties of Tyg-fT4y and T-£Tyy,.

Copolymer | A%, (nm) | A7, (nm) Stogri;hlft o
Taa-tTan 262,392 528 136 0.11
T-1Tyn 394 536 140 0.14

aStokes shifts are calculated as the difference between absorbance and emission maximums.

bQuantum yields are calculated using the comparative method.

Both the adenine-functionalized copolymer and the corresponding unfunctionalized
copolymer have a large Stokes shift of 136 nm for Tsq-fT4, and 140 nm for T-£Ty;,. These Stokes
shift values are slightly larger than values reported for regioregular P3HT, which has a Stokes shift
of ~130 nm in chloroform?®? but smaller than values of ~150 nm reported by Xu and Holdcroft for
regiorandom P3HT in chloroform.® In addition, a large Stokes shift, which manifests by minimal
overlap of absorbance and emission profiles, minimizes self-quenching and is beneficial for
applications including molecular imaging, molecular recognition, and optical sensing.’4-3¢

Therefore, the large Stokes shift of the Tq-fT4, copolymer, its inherent solubility, and potential

15
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for molecular recognition through hydrogen bonding motivated fluorescent responsiveness

studies.
Fluorescence Quenching Studies

Given the ability of adenine to bind with transition metals and motivated by previous
examples where thymine-functionalized polymers interacted with metal ions,?® we investigated
fluorescence responsiveness of T agq-#T4y, in the presence of a metal ion. T q-#T 4, quickly responded
to the addition of a copper bromide salt (Cu?") solution, whereas T-Ty4, showed no changes in its
fluorescence profile when Cu?* ions were present in solution at 20 uM. (See Figure S35.) In order
to evaluate Cu?" detection via fluorescence quenching, the emission profiles of a 0.01 mg/mL
solution of Tag-fT4, in THF were monitored as a function of [Cu?]. Noticeable fluorescence
quenching occurred in the solution of Tg-fT4, at 2 x 10 M Cu?" without any shift in A5, As
shown in Figure 3a, fluorescence intensity of the Taq-fT4, decreased with increasing [Cu?*],
culminating with a quenching efficiency as high as 91% at [Cu?'] = 5 x 10* M. Here, the

fluorescence quenching efficiency (Qefr) at Ajayis calculated using the following expression:

IO—I(C)
Qeff =1, (1)

In Equationl, I is the fluorescence intensity of the solution in the absence of a quenching reagent
and I(c) is the measured fluorescence intensity of the solution in the presence of the quencher (Cu?*
for these experiments) at concentration c. As shown in Figure 3b, a linear response is observed for
[Cu?*] ranging from 2.0 x 10° M to 9.0 x 10 M. This is indicative of chelation-induced
quenching, which is analyzed by fitting the linear-response region with the Stern-Volmer equation,

which is shown in Equation 2.34 87,88

Iy

-=1+ Kgy[Cu?*] )
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Here, Kgp is the Stern-Volmer quenching constant. Ky is related to the propensity of
complex formation, here between Cu®* and adenine groups, and it reflects the strength of the
association.’® While fluorescence quenching may occur through formation of non-radiative
complexes (static) or chelation-elevated collision between complexes formed (dynamic), the
nature of this behavior can only be determined through fluorescence lifetime studies or temperature
dependent fluorescence measurements, though the linearity over this concentration range suggests
that only one quenching mechanism is governing.”® While Figure S36 shows that [Cu?*] up to 500
UM were examined, which resulted in >90% quenching efficiency, the Stern-Volmer plot for T sq-
T4, only shows linear behavior up to ¢ =9 x 10> M Cu?*. This is reflected in Figure 3b, where
fitting yields K, (rad-rrany = 1.28 x 10* M1, which is similar to values reported for Cu?* and amine-
containing fluorescence probes, such as triphenylamine.?® At [Cu?] > 9 x 10-3 M, the concentration
dependence changes, suggesting that both static and dynamic quenching contribute in chelation-
induced quenching, where the Cu?*-chelated adenine complexes are able to enhance formerly

forbidden intersystem crossing or non-radiative decay of the singlet excited state.!% 8789

Other metal ions, including Cu*, Fe?*, Fe3*, K*, and Na*, were tested to gain more
information about nature and selectivity of fluorescence quenching behavior. In these
experiments, the concentration of T,g-fT4, was fixed at 0.01 mg/mL in THF and metal ion
concentrations of 400 uM were used because of solubility issues. Cu?* and Fe*" showed highest
quenching efficiencies (78% and 72%, respectively), followed by Fe?*, which showed a lower
quenching efficiency (57%) . Other metal ions (Cu*, K*, and Na*) did not affect fluorescence. This
is in agreement with intersystem crossing facilitated by paramagnetic ions/atoms.?’ The results for

quenching in the presence of these other metal ions are shown in Figure S37.
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Figure 3. (a) Fluorescence emission of Txg-fT4, in THF (at a copolymer concentration of 0.01
mg/mL) as a function of the concentration of Cu?". Although the fluorescence responsiveness
persists to much higher concentrations, (b) a linear fluorescence quenching response is observed
for Txq-fT4, at [Cu?"] <90 uM.

Reversibility of fluorescence quenching is examined by subjecting the solution, which
contains complexes formed by association of pendant adenine groups and Cu?* ions, to a stronger
binding ligand, EDTA disodium. As shown in Figure 4, the fluorescence of T sq-fT4p, here at 0.02
mg/mL in chloroform, was recovered almost quantitatively upon washing the solution with excess
aqueous solution containing 1 mM EDTA disodium salt. (99% recovery based on intensity
measured at A;,7,.) The strong multidentate binding offered by EDTA extracts copper ions from
the organic phase, resulting in recovery of the fluorescence emission. This reversibility suggests

that water soluble adenine-functionalized polythiophenes could be useful as fluorescent probes for

biological imaging applications.
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Figure 4. A sequence of measurements demonstrates that fluorescence emission of Tpg-tT4p, 1S
quenched upon addition of Cu?* and subsequently recovered after washing with an aqueous EDTA
solution.

Conclusions

The efficient synthesis of highly-soluble conjugated polymers with functional groups for
site-specific interactions that generate changes in optical properties or control morphological
evolution is conceptually important for myriad applications. Here, we used direct arylation
polymerization (DArP) to synthesize alternating, thiophene-based copolymers containing adenine
functionality in sidechains, which are represented as Tyq-T and Tag-fT4,. The use of Boc
protection circumvented irreversible binding of the Pd catalyst to the amine group of the adenine
pendant along the copolymer backbone, which otherwise prevented polymerization, and the
tendency for decreased solubility due to pendant nucleobase functionality was overcome by
introducing a terthiophene comonomer with additional solubilizing alkyl side chains. By
comparison to an unfunctionalized homolog having the same regioregularity, interchain hydrogen
bonding interactions are believed to impact chain packing through the formation of physical
network, which manifests as a significant increase the in glass transition temperature. Adenine

pendent groups chelate cupric, ferrous, and ferric ions, leading to fast fluorescence quenching that
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is triggered by energy transfer from the conjugated polymer main chain to the adenine-copper
complex formed upon metal ion binding. The reversible binding enables fluorescence recovery,
opening possibilities for metal ion sensing, which paves the way for designing copolymers that
may be useful in bio-related applications. Successful utilization of nucleobase-functionalized,
conjugated copolymers in various applications will be contingent on balancing functionality with
solubility. Therefore, the use of DArP to synthesize adenine-containing copolymers represents a
foundational example that motivates future efforts to create functional, conjugated copolymers that
offer site-specific interactions afforded by nucleobases, thereby opening new possibilities in

sensing and diagnostics, coordination-driven self-assembly, and self-healing materials.
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TOC Graphic

Synthesis of a Soluble Adenine-Functionalized Polythiophene through Direct Arylation
Polymerization and its Fluorescence Responsive Behavior

Sabury et al.

Statement to accompany TOC (limited to 250 characters):

An adenine-functionalized, thiophene-based alternating copolymer is synthesized via direct
arylation polymerization using Boc-protection to overcome catalyst-adenine complexation. The
nucleobase-tagged copolymer is highly soluble and displays reversible fluorescence quenching.
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