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ABSTRACT: The development and optimization of reliable polymerization methods are needed for the synthesis of degrada-
ble imine-based conjugated polymers, which are attractive materials for transient electronics. Direct arylation polymerization 
(DArP) has emerged as a sustainable and atom-economical synthetic method for the preparation of well-defined conjugated 
polymers. Compared to polymerization methods such as imine polycondensation or Stille cross-coupling polymerization 
which require monomer functionalization, direct arylation proceeds via C-H activation and thereby reduces synthetic com-
plexities and toxic by-products. Here we report the first use of DArP for the synthesis of an imine-based indacenodithiophene 
(IDT) copolymer, p(IDT-TIT). Polymers prepared via DArP can result in branched or cross-linked polymer chains due to the 
reactivity of C-H bonds in the monomers. In this report, we demonstrate a systematic study focusing on the reaction condi-
tions needed to prepare p(IDT-TIT) via DArP with tetramethylethylenediamine as a co-ligand. The degradable polymer is 
characterized via nuclear magnetic resonance spectroscopy, high-temperature gel permeation chromatography, and ultravi-
olet-visible-near-infrared spectroscopy. With the simplicity of monomer preparation and reaction conditions, we anticipate 
this efficient synthetic protocol will lead to higher synthetic adoption in the research community to aid the exploration of 
high-performance imine-based degradable materials.

Introduction. Conjugated polymers form the pillar of 
many new technological advances owing to their vast de-
sign space that harmonizes the optical and electronic prop-
erties of inorganic materials with simple solution pro-
cessing and potential lower cost offered by polymers. Using 
conjugated polymers for the next generation of electronic 
devices has attracted significant research attention due to 
distinct advantages such as stretchability, mechanical flexi-
bility, and biocompatibility that can be achieved through 
tunable structure-functional relationships. These 

properties have been leveraged in applications such as in 
organic photovoltaics,1,2 biological sensing and metabolite 
monitoring,3,4 drug delivery and therapeutics,5–7 photother-
mal therapy, 8,9  and bioelectronics.10–12  However, the aspect 
of degradability has not been explored to the same ex-
tent.13,14  We anticipate that such electronics will seemingly 
integrate with our lives in the future; thus, efforts endowing 
conjugated polymers with transience via controlled degra-
dation is needed to enable the development of advanced 

Figure 1. Polymerization approaches towards synthesizing degradable imine-based conjugated polymers. Expanding the synthetic 
toolbox to assess degradable imine-based conjugated polymers by direct arylation polymerization provides an atom-efficient and 
greener alternative to overcome the limitations of current imine polycondensation and Stille cross-coupling polymerization meth-
ods.   
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healthcare devices, and preemptively alleviate electronic 
waste concerns.15–20  

An attractive strategy to impart transience to conju-
gated polymer is incorporating linkages that are susceptible 
to hydrolysis or oxidation along the polymer backbone. This 
allows for the complete chemical breakdown of conjugated 
polymers that can be triggered once the device reaches its 
end-of-life fate.21 Through judicious monomer and polymer 
designs, degradation can occur from an external stimulus, 
such as a specific change in physiological conditions, allow-
ing for fine tuning of degradation lifetimes.17 In some in-
stances, degradation can also lead to the recovery of the 
starting monomers, establishing a circular closed-end loop 
through recyclability.22,23 Although these linkages have 
been investigated, they often compromise electrical perfor-
mance. Recent work has demonstrated that conjugated pol-
ymers containing imine bonds can be readily degraded via 
acid hydrolysis while maintaining electronic performance 
comparable to their non-degradable vinyl counterpart.24,25 
Moreover, the tunable optoelectronic properties of imine-
based conjugated polymers have also been extensively in-
vestigated by Skene and coworkers.26–28 The scope of imine-
based conjugated polymers established by these earlier re-
ports has since motivated new monomer and polymer de-
signs. For example, Bao and coworkers designed thiophene-
imine-thiophene (TIT), which through copolymerization 
with diketopyrrolopyrrole (DPP) and naphthalene diimide 
(NDI), yielded two new degradable polymers.29 Since then, 
Bao and coworkers have explored the tunability of degrada-
tion lifetimes of TIT-based conjugated polymers.30 Collier 
and coworkers leveraged the diverse properties and syn-
thetic versatility of the dihydropyrrolo[3,2-b]pyrrole mon-
omeric scaffold to synthesize a new degradable polymer 
furnished with imine bonds.23 Work from our group demon-
strated that biobased monomers from carotenoids can give 
rise to imine-based, carotenoid-phenylenediamine poly-
mers, which resemble the structure of polyacetylene.31 The 

emergence of new polymers relies on robust and efficient 
polymerization methods to afford well-defined polymers. 
To date, degradable imine-based conjugated polymers are 
mainly synthesized via imine polycondensation or Stille 
cross-coupling polymerization (Figure 1). Imine polycon-
densation involves diamine and dialdehyde monomers, 
which may require additional synthetic steps in their prep-
aration.31 On the other hand, Stille cross-coupling polymer-
ization has proven to be a robust and versatile method since 
the synthetic toolbox to assess aryl halides and stannylated 
reagents is more established than functionalizing aryl mon-
omers with imines and aldehydes.29 However, Stille cross-
coupling polymerizations have poor atom efficiency, and 
their synthesis and purification involves toxic stannylated 
reagents and produces stoichiometric organotin waste. 
These caveats hinder the feasibility of their large scale-up. 
As the investigation of degradable imine-based conjugated 
polymers advances, the synthetic toolbox to synthesize 
them will need to expand to include atom-efficient and be-
nign polymerization methods with direct arylation 
polymerization (DArP) being a prime candidate.32–34 DArP 
circumvents the requirements to pre-functionalize a cou-
pling partner with a sacrificial organometallic moiety, ena-
bling the desired polymer to be synthesized with fewer syn-
thetic steps.  

Herein, we demonstrate the synthesis of a new imine-
based copolymer, in which indacenodithiophene (IDT) is 
copolymerized with dibrominated TIT via DArP. IDT has 
gained popularity as a building block for conjugated poly-
mer due to its high charge carrier mobilities (> 1 cm2V-1s-1) 
and stretchability when copolymerized with benzothiadia-
zole (BT), to form p(IDT-BT).35–38 By copolymerizing with 
dibrominated TIT instead of dibrominated BT, we prepared 
p(IDT-TIT) by DArP, the first example of a degradable IDT-
based copolymer to the best of our knowledge (Figure 1). In 
addition, this work is the first to prepare imine-based con-
jugated polymers by DArP, where p(IDT-TIT) with isolated 

Figure 2. The synthesis of degradable imine-based conjugated polymer p(IDT-TIT) by direct arylation polymerization (DArP) (a) 
General DArP conditions explored to synthesize p(IDT-TIT). (b) 1H NMR spectra of the starting materials IDT and Br-TIT-Br compared 
to the p(IDT-TIT) with a distinct downfield shift of the imine proton from 8.28 to 8.44 ppm. (c) Photographs of the polymerization 
between IDT and Br-TIT-Br, forming p(IDT-TIT) after 22 hours accompanied by a distinct color change from yellowish-brown to 
purple. (d) HT-GPC chromatogram of p(IDT-TIT) from Table 1 entry 10 showing a unimodal peak.  
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with Mn of 12 kg/mol in the hexane fraction and 25 kg/mol 
in the chlorobenzene fraction. p(IDT-TIT) was character-
ized by 1H nuclear magnetic resonance and high-tempera-
ture gel permeation chromatography (HT-GPC), and its acid 
degradation properties were characterized by ultraviolet-
visible-near-infrared (UV-vis-NIR) absorption spectros-
copy. Establishing the use of DArP as an alternative syn-
thetic route to assess degradable imine-based conjugated 
polymers will encourage exploration of future degradable 
polymers via a more sustainable method.  

Synthesis and Polymerizations. p(IDT-TIT) was syn-
thesized via DArP between IDT and dibrominated TIT (Br-
TIT-Br) (Figure 2a). Detailed synthetic protocols and char-
acterization of the polymer and monomer can be found in 
the Supporting Information (SI, monomer: Figure S1-S7, 
polymer: Figure S8-S10). The successful use of DArP as an 
alternative polymerization method to synthesize IDT-
copolymers between IDT as the C-H monomer and dibro-
minated comonomers such as BT, NDI,  thiapyrollodione 
(TPD), and benzopyrroledione (BPD), have been explored 
in recent literature.37,41–43 Inspired by the success of 
Ozawa’s DArP conditions between IDT with other bromin-
ated comonomers, we initially tried to synthesize p(IDT-
TIT) utilizing Pd2dba3, P(o-anisyl)3 with o-xylenes (Table 1). 
Although a color change from dark amber to dark red was 
observed during our preliminary polymerization, a minimal 
amount of solid precipitate was collected when the crude 
was precipitated in methanol (MeOH, Table 1, entry 1). Due 
to the low yield, only high-temperature gel permeation 
chromatography (HT-GPC) characterization was per-
formed, and the Mn was determined to be 3.1 kg/mol. These 
initial results were unsurprising, because of earlier unsuc-
cessful attempts by Wang and coworkers at using DArP to 
synthesize a conjugated polymer consisting of thiophene-
vinyl-thiophene (TVT), an isoelectronic analog of TIT.44 In-
stead, Wang and coworkers studied a fluorinated TVT de-
rivative in which all β- and γ- C-H positions were fluori-
nated, which led to polymers with high Mn (60 kg/mol) via 
DArP. Given our results and these previous literature find-
ings, we hypothesize that non-selective C-H activation at the 
β- and γ- positions of TIT could be occurring, resulting in 
branching defects that would explain the low Mn and yield 
observed with our p(IDT-TIT) system. The adverse effects 
of undesired cross-coupling (i.e. branching, homocoupling) 
associated with DArP, albeit often to a small extent, lead to 
significant hindrance in desired optoelectronic proper-
ties.32,45 The prevention and evaluation of these defects are 
a major limitation with DArP as it often occurs in small 
quantities, specific to the monomers system being studied, 
and poses a challenge to identify.  

Table 1. Optimization of Direct Arylation Polymerization 
(DArP) for p(IDT-TIT).a 

En-
try 

TMEDAa 
(mol%) 

[IDT] 
(M) 

Yielda 
(%) 

Mnb 

(kg/mol) 
Đb 

1 0 0.05 N/Ac 3.1c 2.30c 
2 5 0.05 N/Ac 5.8c 1.24c 
3 10 0.05 28 13.6 1.97 
4 15 0.05 45 12.5 1.94 
5 30 0.05 13 10.7 1.72 
6 10 0.09 23 13.6 1.88 
7 10 0.40 10 11.2 1.67 

8d 10 0.40 20 12.6 1.66 
9 0 0.40 10 12.4 1.55 
10d 10 0.25 26 12.7 1.84 

 aDArP reaction conditions unless otherwise noted: 1:1 stoi-
chiometric ratio between IDT and Br-TIT-Br. Pd2dba3 5 mol%, 
P(o-anisyl)3 10 mol%, Cs2CO3 3.0 equiv., PivOH 1.0 equiv., with 
TMEDA as listed, [IDT] concentration as listed at 110 °C for 22 
h in anhydrous o-xylenes. Yields are isolated yields collected in 
the hexane fraction via Soxhlet extraction. bDetermined by HT-
GPC at 135 °C in 1,2,4-trichlorobenzene. cCrude yield < 1% and 
cannot be isolated for weighing. d1:1 stoichiometric ratio be-
tween IDT (200 mg) and Br-TIT-Br scale polymerization. e1:1 
stoichiometric ratio between IDT and Br-TIT-Br, Pd2dba3 2 
mol%, P(o-anisyl)3 8 mol%, Cs2CO3 3.0 equiv., PivOH 1.0 equiv., 
at 100 °C for 22 h in anhydrous o-xylenes. 

To increase Mn and yields, pioneering work from Ozawa 
and coworkers have identified that adding tetramethyleth-
ylenediamine (TMEDA) as a co-ligand in DArP minimized 
cross-coupling defects in their copolymer system consisting 
of dithienosilole (DTS) and TPD.46 This mixed-ligand ap-
proach, which combines the use of TMEDA and P(o-anisyl)3, 
has since successfully achieved high Mn (> 20 kg/mol) and 
yields (> 80%) in polymer systems that are historically 
plagued with structural defects like DPP, benzodithiophene 
(BDT), and other monomers despite their abundance of po-
tential C-H activation sites.46–48 Inspired by these results, we 
attempted to synthesize p(IDT-TIT) by adding various stoi-
chiometric amounts of TMEDA (0 to 30 mol%) as a co-lig-
and (Table 1). For 10-30 mol% TMEDA, a distinct color 
change was observed upon polymerization from dark am-
ber to dark purple (Table 1, entries 3-5, Figure 2c). In addi-
tion, the crude yield was isolated when precipitated in 
MeOH. This contrasted with the minimal solids obtained for 
polymerization without TMEDA. The crude solids were pu-
rified via Soxhlet extraction with most of the mass recov-
ered in the hexane fraction corresponding to the desired 
p(IDT-TIT) product as characterized by 1H NMR spectros-
copy and HT-GPC. By 1H NMR spectroscopy, successful 
polymerization was confirmed with the downfield shift of 
the signal corresponding to the imine N-H proton from 8.28 
ppm in Br-TIT-Br to 8.44 ppm in p(IDT-TIT) (Figure 2b, Fig-
ure S9). Although 15 mol% TMEDA resulted in a higher 
yield than 10 mol% (45.1% compared to 27.8%), its Mn was 
lower. Interestingly, 5 mol% TMEDA was insufficient at af-
fording the p(IDT-TIT) polymer with an isolated yield and 
HT-GPC data showed only a minor improvement in Mn com-
pared to catalytic conditions without TMEDA (Table 1, en-
try 2). At 30 mol% TMEDA, the Mn was 10.7 kg/mol, lower 
than the 13.6 kg/mol observed for 10 mol% TMEDA. Based 
on these results, 10 mol% TMEDA afforded p(IDT-TIT) with 
the highest Mn.  

Since 10 mol% TMEDA resulted in the highest Mn 

amongst the different TMEDA concentrations studied, in-
creasing the monomer concentration with respect to IDT 
was an additional parameter varied to obtain higher Mn. 
Previous studies have investigated the effects of Mn as a 
function of monomer concentration and observed that high 
monomer concentration led to higher Mn.49–51 These results 
corroborate with kinetic experiments performed by Fagnou 
and coworkers, concluding the first-order dependency of 
the C-H monomer concentration in the direct arylation 
mechanism.52 For our p(IDT-TIT) system, a slight increase 
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in crude (i.e. before Soxhlet) Mn from 13.9 kg/mol to 15.2 
kg/mol when the monomer concentration increased from 
0.05 M to 0.09 M, respectively; however, the Mn isolated 
from the hexane fraction remained similar (Table 1, entry 3 
and 6). We believe this was due to the lack of solubility of 
the higher Mn polymers in the crude to be soluble in hex-
anes. Further increase in monomer concentration to 0.40 M 
resulted in a slightly lower Mn of 11.2 kg/mol with a low 
yield of 10% (Table 1, entry 7). The lower Mn and yield could 
be due to the extremely low volume of solvent in the vial to 
meet the 0.40 M concentration at a 40 mg scale, such that 
stirring and covering all solid reagents in the vial was diffi-
cult. To eliminate this factor, a 200 mg scale polymerization 
at 0.40 M concentration was conducted to ensure all rea-
gents could be dissolved and suspended to maintain con-
sistent stirring. Interestingly, only a slight difference in Mn 
was noticed between the 40 mg scale and the 200 mg scale 
0.40 M concentration batches (Table 1, entry 7 and 8). We 
also conducted a negative control by polymerizing without 
TMEDA at 0.40 M concentration (Table 1, entry 9). This 
would help delineate whether it is the addition of TMEDA 
and/or the increase in monomer concentration from 0.05 M 
to 0.40 M that enabled successful polymerization. To our 
surprise, at the higher monomer concentration of 0.40 M, a 
Mn of 12,600 g/mol was achieved without adding TMEDA, 
which is comparable to the Mn achieved with 10 mol% 
TMEDA. Thus, at 0.40 M concentration, successful polymer-
ization was achieved with or without TMEDA, which con-
trasts with the results observed at 0.05 M concentration, in 
which TMEDA was needed for polymerization to occur. Alt-
hough similar Mn was achieved for the 0.40 M concentration 
with and without TMEDA, there were noticeable differences 
when comparing their 1H NMR spectra, as the polymeriza-
tion without TMEDA had additional signals that suggest the 
presence of structural defects (Figure S11). To address is-
sues with solvation during polymerization, 10 mol% 
TMEDA at 0.25 M concentration was conducted (Table 1, 
entry 10). Although higher monomer concentration is fa-
vorable for DArP to achieve higher Mn, at a certain concen-
tration, unwanted precipitation of the polymer from the re-
action medium occurs, limiting the formation of polymers 
with higher Mn.49,51,53 This was also supported by the gela-
tion observed when polymerizing p(IDT-TIT) on the 40 mg 
and 200 mg scale at 0.40 M concentrations (Figure S12). The 
Mn for the 0.25 M concentration of 12.7 kg/mol was similar 
with that of 0.40 M, even though the polymerization itself 
did not reach gelation but was viscous (Figure 2d).  

Upon further investigation, we noticed significant 
amounts of purple solids that remained in the glass thimble 
at both the 0.25 M and 0.40 M concentrations that were par-
tially soluble in hot chlorobenzene (Figure S13). HT-GPC 
characterization of these solution showed Mn of 25.3 and 
25.2 kg/mol for 0.25 M and 0.40 M concentrations, respec-
tively (Figure S14). These results indicate that synthesizing 
p(IDT-TIT) to higher Mn could be limited due to its solubil-
ity. Our attempts to polymerize with a microwave synthe-
sizer at 160 °C for 40 mins rather than the conventional ap-
proach of using a hotplate in the glovebox did not yield any 
polymeric product (Figure S15). Overall, our attempts to 
synthesize p(IDT-TIT) by adapting existing protocols high-
light the sensitivity of DArP to specific comonomer systems. 
Based on the polymerization conditions tried, the DArP 

parameters consisting of Pd2dba3, P(o-anisyl)3, Cs2CO3, and 
pivalic acid with 10 mol% TMEDA in o-xylenes (0.25 M) at 
110 °C for 22 hours was determined to be optimal for the 
synthesis of p(IDT-TIT) for our studies. Thus, all character-
ization henceforth was from this trial (Table 1, entry 10, Fig-
ure S8-S9).  

Solution Photophysical Properties and Degradation 
Studies. The degradation of imine-conjugated polymers by 
acid hydrolysis is typically investigated to study their deg-
radation profile and lifetimes.22,24,31,54 The degradation of 
the imine bonds were investigated by treating p(IDT-TIT) 
with various % v/v trifluoracetic acid (TFA) and monitored 
with UV-vis-NIR spectroscopy. The resulting absorbance 
shifts are summarized in Table 2.  

The effect of acid concentration on the rate of hydrolysis 
was studied by designing a concentration-dependent degra-
dation investigation. Solutions of p(IDT-TIT) (chloroben-
zene, 0.01 mg/mL) treated with 0 to 2% v/v TFA concentra-
tion were monitored by UV-vis-NIR spectroscopy with the 
hypothesis that higher TFA concentration will result in a hy-
pochromic shift of the spectra as shorter oligomers are 
formed (Figure 3c).24,25 The maximum absorbance wave-
length (λmax) of p(IDT-TIT) was 570 nm, ascribed to its 
charge transfer (CT) band. The λmax is comparable to other 
IDT-copolymer systems.37 Interestingly, instead of hypo-
chromic shift, a large bathochromic shift of approximately 
208 nm was observed from the p(IDT-TIT) with no TFA to 
the 2% v/v TFA. We hypothesize that the bathochromic 
shift, forming a lower energy peak at 778 nm, corresponds 
to the protonated quinoidal structure of the polymer due to 
the increased electron deficiency when the nitrogen of the 
imine is protonated.55 It has been previously demonstrated 
that imine bonds can undergo protonic acid-doping, in 
which the imine bond is protonated, favoring the formation 
of a proposed quinoidal structure of the polymer with exo-
cyclic double bonds (Figure 3a).56,57 Polymers that favor the 
quinoidal structure have been investigated for their appli-
cation in n-type thermoelectric devices and n-type organic 
transistors as they exhibit a profound narrowing of the 
HOMO-LUMO bandgap and exhibit lower-lying LUMO com-
pared to their benzenoidal counterparts.58–61 Although 2% 
v/v TFA showed a prominent shift, the presence of this 
lower energy absorbance peak begins to emerge at 0.03% 
v/v TFA. At 0.09% v/v TFA, the original p(IDT-TIT) peak at 
570 nm was accompanied by approximately an equal inten-
sity peak at 725 nm. The λmax of the lower energy peak 
shifted from 725 nm to 778 nm as its intensity increased to 
become the main peak as the % v/v TFA changed from 
0.09% to 2%. We hypothesize that as higher TFA concentra-
tion was added, the equilibrium between the undoped ben-
zenoidal structure shifts favorably to the doped quinoidal 
structure, in which exocyclic double bonds are formed be-
tween TIT and IDT, rigidifying the polymer backbone and 
narrowing the bandgap.56–61 An isosbestic point was ob-
served at ca. 640 nm, which corroborated the presence of 
only two species – the undoped and doped species, a feature 
observed in other imine-based conjugated polymers.62 The 
bathochromic shift in the UV-Vis spectra was also accompa-
nied by a color change from purple to blue as TFA was 
added, supporting the proposed doped quinoidal structure 
(Figure 3b). Overall, these observations were consistent 
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with the protonation of other imine-based conjugated poly-
mers documented in literature.22,55,56,63 

 
The progression of degradation over time was investi-

gated spectroscopically for samples treated with low 
(0.03%) and high (0.35%) v/v TFA (Figure 3d and 3e). Alt-
hough a minor shoulder ca. 750 nm at 0 min was observed 
for 0.03% v/v TFA, its absorbance did not increase over 
time (Figure 3d). From 1 to 28 days, a shoulder of lower 
wavelength at 471 nm appeared and became more resolved 
as the absorbance of the original peak at 570 nm dimin-
ished. During this same period, the sample visibly turned 

from purple to light purple, then pale peach as p(IDT-TIT) 
degraded (Figure 3b). In contrast, for 0.35% v/v TFA at 0 
min, there was an emergence of the lower energy peak at 
762 nm as the polymer is doped to favor the quinoidal struc-
ture with a narrowed bandgap compared to the original 
p(IDT-TIT) peak at 570 nm (Figure 3e). As expected, the 
imine bonds are more readily hydrolyzed at a higher % v/v 
TFA as shown by a faster decrease in absorbance of the λmax 
compared to what was observed for 0.03% v/v TFA. In ad-
dition, a hypochromic shift was observed from 762 nm to 
722 nm after 6 hours, which we attribute to the formation 
of shorter oligomers as the polymer backbone in the 

Figure 3. Degradation studies of p(IDT-TIT) with various % v/v TFA in chlorobenzene by UV-vis-NIR spectroscopy. (a) Protonation 
of the imine-bond shifts the equilibrium to favor the proposed protonated quinoidal structure (right) over the benzenoidal-structure 
(left), leading to a bathochromic shift of λmax. (b) Photographs of p(IDT-TIT) solution treated with 0-2% v/v TFA and at stated time 
points during the degradation study with low TFA (0.03% v/v) and high TFA (0.35% v/v). (c) Concentration-dependent degradation 
study with 0-2% v/v TFA. (d) Time-dependent degradation study with low TFA (0.03% v/v). (e) Time-dependent degradation study 
with high TFA (0.35% v/v). (f) Degradation of samples treated with various % v/v TFA after ca. two weeks with Th-IDT-Th as the 
degraded model compound.   
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quinoidal structure is hydrolyzed. Similar to 0.03% v/v TFA, 
a lower wavelength peak, ca. 490 nm, appeared after 4 
hours, then fully developed to one peak at 469 nm by 28 
days, at which the peak associated with the doped quinoidal 
structure is no longer present. The color of p(IDT-TIT) 
treated with 0.35% v/v TFA and 0.03% TFA were compara-
ble by 28 days (peach color), suggesting similar degradation 
products are formed (Figure 3b). This color change (purple 
to peach) was observed for all samples treated with varied 
% v/v TFA, which aligns with the appearance of an absorp-
tion peak in the range of 471-478 nm (Figure 3f). 

Since all samples showed similar absorption traces after 
two weeks, we wanted to explore the possibility that p(IDT-
TIT) hydrolyzed to form a new asymmetric IDT-based mon-
omer, which we propose to be an IDT flanked with a thio-
phene-2-carboxaldehyde and a 2-aminothiophene (Figure 
S16). However, we were unable to decipher the matrix-as-
sisted laser desorption/ionization time-of-flight (MALDI-
ToF), direct analysis in real time (DART), and electrospray 
ionization (ESI) mass spectrometry of the degraded prod-
ucts. A similar symmetric IDT-based monomer with flank-
ing thiophenes (Th-IDT-Th) was synthesized to help iden-
tify the degraded products that formed (Figure S16). How-
ever, the absorption spectrum of Th-IDT-Th with a λmax of 
422 nm, which did not align with the λmax (471-478 nm) ob-
served in the spectra from the degradation studies (Figure 
3f). We recognize there is a difference between our pre-
dicted degraded product and the model Th-IDT-Th com-
pound, which could be the reason for the difference in the 
λmax observed. Further investigation to identify these degra-
dation byproducts is merited.   

Thin film studies and TFA vapor doping. Thin film in-
vestigations were conducted to understand the acid-doping 
properties of p(IDT-TIT) in solid-state compared to in solu-
tion. Thin film samples were spin-cast from a chloroben-
zene solution of p(IDT-TIT) onto glass slides and their ab-
sorption spectra were acquired (Figure 4a). Without TFA, a 
minimal shift in the absorption spectra between thin film 
and in solution was noticed and is consistent with other 
IDT-based copolymers, which is attributed to the weak in-
termolecular interactions resulting from the -C16H33 alkyl 
chains of IDT.37 Enclosed with a cuvette saturated with TFA 
vapor, p(IDT-TIT) thin film exhibited a bathochromic shift 
of 282 nm and a λmax at 837 nm. Similar to in solution, a dis-
tinct color change from purple to light blue was observed 
for thin films treated with TFA vapor (Figure 4b). The pro-
nounced spectroscopic and color changes in thin films and 
in solution as a result of protonic acid-doping suggest that 
p(IDT-TIT) displays sensor-like properties.64,65 
 
Table 2. UV-vis-NIR spectroscopic data for concentration-
dependent and time-dependent degradation studies of 
p(IDT-TIT) with TFA.a 

 % v/v TFA Time λmax (nm) 

C
o

n
ce

n
tr

at
io

n
-d
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en
d

en
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d
eg

ra
d

at
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n
 

0 0 min 570 
0.015 0 min 570 
0.03 0 min 570 
0.05 0 min 570 
0.09 0 min 725 
0.13 0 min 743 
0.18 0 min 756 
0.25 0 min 759 

0.35 0 min 762 
0.65 0 min 765 
1.00 0 min 775 
2.00 0 min 778 

T
im

e-
d

ep
en

d
en

t 
d

eg
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ra
d

at
io

n
 (

lo
w

 T
F
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n
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at
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) 

0.03 0 min 570 
0.03 6 h 564 
0.03 24 h 554 
0.03 2 d 507 
0.03 4 d 475 
0.03 7 d 473 
0.03 14 d 472 
0.03 28 d 472 

T
im

e-
d

ep
en

d
en

t 
d

eg
ra

d
at

io
n

 (
h

ig
h

 
T

F
A

 c
o

n
ce

n
tr

at
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n
) 0.35 0 min 762 

0.35 2 h 748 
0.35 4 h 733 
0.35 6 h 722 
0.35 24 h 482 
0.35 14 d 476 
0.35 28 d 469 

aDetailed procedures in setting these degradation studies can 
be found in the SI.  

 
Conclusion. In summary, we present DArP conditions to 

synthesize p(IDT-TIT), a degradable conjugated polymer. It 
was determined that TMEDA facilitates the successful 
polymerization of p(IDT-TIT) at low IDT concentration 
(0.05 M), whereas, in the absence of TMEDA, only short oli-
gomers are formed with poor yields. However, at high IDT 
concentration (0.40 M), the addition or absence of TMEDA 
did not affect Mn, although yields were lower without 
TMEDA, and defects were observed by 1H NMR spectros-
copy. By synthesizing p(IDT-TIT), we demonstrated the ver-
satility of utilizing DArP as a more environmentally sustain-
able, atom-efficient, and benign alternative to synthesize 
imine-based conjugated polymers, especially compared to 

Figure 4. Thin film of p(IDT-TIT) spin-cast onto glass slides 
monitored by UV-vis-NIR spectroscopy. (a) Thin film of p(IDT-
TIT) treated with neat TFA vapor showed a bathochromic shift 
of λmax (purple solid to blue solid), compared to a representa-
tive solution treated with 0.35% v/v TFA (purple dotted to 
blue dotted). (b) Photographs of the thin films in a cuvette 
show a color change from purple to blue once treated with TFA 
vapor. Note: switchover at 900 nm resulted in an uneven step-
wise transition in absorbance values for 900-1200 nm. This 
range was manually corrected when graphing data for thin 
film (purple solid).   
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Stille cross-coupling polymerization. The imine bond incor-
porated within the structure of TIT confers p(IDT-TIT) with 
transient properties, which was investigated spectroscopi-
cally by concentration-dependent and time-dependent acid 
hydrolysis studies with TFA. p(IDT-TIT) undergoes pro-
tonic acid-doping dependent on acid concentration, result-
ing in a pronounced bathochromic shift of the CT band as-
cribed to the proposed quinoidal structure of the proto-
nated p(IDT-TIT). At high acid concentration (i.e. 0.35% v/v 
TFA), p(IDT-TIT) degraded from the quinoidal structure; 
whereas at lower acid concentration (i.e. 0.03% v/v TFA), 
the polymer degraded from the benzenoidal structure. Ei-
ther degradation pathways from the quinoidal or ben-
zenoidal structures led to the formation of degraded prod-
ucts with λmax ca. 470 nm. Our results help establish an al-
ternative sustainable polymerization method to synthesize 
and investigate degradable imine-based conjugated poly-
mers, encouraging future degradable conjugated polymers 
to be explored.  
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Synopsis: This work represents the synthesis of degradable imine-based conjugated polymers by 
direct arylation polymerization, a greener and more atom-efficient method than traditional 
polymerization methods.   
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