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1. Introduction

Uncovering a radical-mediated mechanism in the
Kumada catalyst transfer polymerization of
glycolated polythiophenes

b

Abdulrahman Bakry,®< Preeti Yadav,? Wissem Khelifi,? Julia Khusnhutdinova and

Christine Luscombe (&) *@

Glycolated polythiophenes are of great interest for their use as organic mixed ionic-electronic conductors
(OMIECs). In this study, we elucidate the polymerization mechanism for the synthesis of poly(3-((2-(2-
methoxyethoxy)ethoxy)methyl)thiophene) (P3MEEMT) using Kumada catalyst transfer polymerization
(KCTP). While the use of i-PrMgCL-LiCl (turbo-Grignard) for monomer activation enabled rapid polymeriz-
ation within 10 min at room temperature, this resulted in lower than expected number-average molecular
weight (M,). We propose that the polymerization proceeds via a radical-mediated pathway, a mechanism
not observed for poly(3-hexylthiophene) (P3HT). This was demonstrated by the complete inhibition of the
reaction by the radical scavenger TEMPO and the detection of radical species by EPR spectroscopy using
DMPO as a spin trap. By introducing MgCl, after Grignard metathesis, a controlled polymerization was
afforded with M,, proportional to the catalyst loading. This work establishes that KCTP of glycolated thio-
phenes proceeds via a radical-assisted pathway and provides a strategy to control the polymer molecular
weight. These findings establish a new principle for controlling polymerizations, where the monomer’s
physical aggregation state is the key factor in enabling a productive, radical-mediated pathway.

systems.”® Organic electrochemical transistors (OECTs) have
emerged as a significant technology in bioelectronics due to

Conjugated polymers are of interest in various scientific and
commercial applications, as they are mechanically flexible,
solution-processable, and have facile molecular design and
synthetic strategies that can be used to tune both their optical
and electronic properties." Conjugated polymers have found
applications in organic solar cells, sensing, and flexible elec-
tronic devices such as circuits and transistors due to their
semiconducting properties,>® solution processability,** flexi-
bility,® large absorption,” adjusted band-gap,*® low
cytotoxicity,'™'" ease of chemical modification and surface
functionalization,’* and their low-cost device fabrication
methods.*® Life science research innovation, particularly in
medical diagnosis and health monitoring, has recently surged
due to the integration of biological systems with electronic
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their high ability to convert biochemical signals into electrical
ones," allowing applications in various fields, including
compact sensors, neuromorphic computing, and neural inter-
facing."®> OECTs utilize electrochemical gating through an elec-
trolyte to facilitate ion movement and generate electrical
signals from the ionic ones.® This necessitates channel
materials possessing mixed conduction properties of ionic and
electronic species,'’™° requiring a balance of carrier mobility
and ion transport for optimal device performance. Conjugated
polymers with ethylene glycol side chains have garnered atten-
tion as organic semiconductors due to their performance in
OECT applications, offering synthetic flexibility, enhanced
capacitance, and biocompatibility.>***> Various molecular
design strategies, including mixed alkyl ethylene glycol
chains,>*¢ altering chain lengths,>*®* and modifying the
backbone,?*" have been explored to improve the performance
of these polymers. Despite significant progress, a controlled
polymerization to synthesize these polymers remains elusive.
Traditional metal-catalyzed polycondensation reactions are pri-
marily used in the synthesis of conjugated polymers, which
lack precise control over polymer characteristics such as regior-
egularity (RR) and number-average molecular weight (M,),
leading to polymers with large dispersities (P).*>"*® Recently,
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there has been a growing interest in cross-coupling polymeriz-
ation employing a chain mechanism, which often relies on
Kumada and Suzuki cross-coupling reactions catalyzed by
nickel or palladium complexes.**** In particular, Kumada
catalyst transfer polymerization (KCTP), commonly used for
the synthesis of polythiophenes, which starts with Grignard
metathesis to activate a dihalomonomer followed by intra-
molecular catalyst transfer during polymerization, facilitates
chain growth with living characteristics.***°

Poly(3-((2-(2-methoxyethoxy)ethoxy)methyl)-thiophene) (P3M-
EEMT), with ethylene glycol-based side chains, has been widely
studied as an organic mixed ionic-electronic conductor
(OMIEC).*" > 1t is usually prepared by KCTP of the dihalomono-
mer using a nickel catalyst, but the M,, values are often low and
not reaching the expected values.>” In our previous study, the
M, trends were surprising, seemingly showing a decreasing M,
with increased reaction time with a maximum M, obtained
within 1 min of the polymerization.>® Other previous synthetic
strategies for PSMEEMT have primarily relied on lithiation or
standard Grignard metathesis, achieving varying degrees of
control. Early work by McCullough et al. used lithium diiso-
propylamide (LDA) followed by transmetalation with MgBr, and
polymerization with Ni(dppp)Cl,. While this method yielded
highly regioregular polymers (99% HT couplings) with high
molecular weights (My ~ 71 000 g mol "), the reaction was slug-
gish (36 hours) and suffered from a broad dispersity (b = 2).>*
Subsequent studies investigated the influence of the catalyst
ligand and monomer activation. Adachi et al. reported that the
polymerization of the iodo-monomer, 2-bromo-5-iodo-3-[2-(2-
methoxyethoxy)ethoxy|methylthiophene, using standard
i-PrMgCl and Ni(dppe)Cl, at 0 °C yielded polymers with narrow
dispersities (1.11-1.15).>> As described later in the paper, this
stands in contrast to our findings using turbo-Grignard
(i-PrMgCL-LiCl). In our study, the activation of the iodo-
monomer with turbo-Grignard resulted in no polymerization.
Further developments in this space include the synthesis of
block copolymers using 2-bromo-5-chloromagnesio-3-hexylthio-
phene. This work confirmed that Ni(dppe)Cl, provided
improved control and narrower dispersities than Ni(dppp)Cl,
for these systems.>®

These counterintuitive and mixed results led us to investi-
gate the mechanism of the polymerization further, focusing
on why monomer conversion was low and what was causing
the unexpectedly large M,, at the beginning of the polymeriz-
ation. We hypothesized that 4 factors potentially drove the
uncontrolled process: 1. undesirable regioisomer formation
during Grignard metathesis potentially affecting monomer
conversion;®” 2. side chain oxygen coordination to Mg and
perhaps to Ni;*® 3. aggregation resulting from the Schlenk
equilibrium;>® 4. formation of radical species also as a result
of the Schlenk equilibrium.®

Here, we report an investigation into this mechanism
(Fig. 1a) and the subsequent optimization that successfully
achieved a controlled polymerization (Fig. 1b). Our investi-
gation revealed that monomer activation produces two regio-
isomers, which both react during the polymerization. The
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polymerization was completely quenched when a radical sca-
venger (2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)) was
added to the polymerization before catalyst addition, indicat-
ing the possibility of a radical-mediated reaction. This possi-
bility was confirmed by reacting the activated monomer
species with benzoquinone (BQ) and identifying the products
by LC-MS. The radical character of this reaction is also evident
in the EPR analysis of the activated monomer. This collective
evidence points to a complex mechanism, distinct from stan-
dard KCTP, which we sought to understand and control.

1.1 Polymerization under standard conditions

A general polymerization procedure is shown in Fig. 2a.
Monomer 2,5-dibromo-3-((2-(2-methoxyethoxy)ethoxy)methyl)
thiophene (Br-3MEEMT-Br) was synthesized according to a lit-
erature procedure.”® After Grignard metathesis, the product
ratio was analyzed by "H NMR (Fig. 2b) using 1,3,5-trimethoxy-
benzene (TMB) as an internal standard. This analysis revealed
a poor regioselectivity that disfavored the desirable product.
The more hindered regioisomer (B) (from 2-position acti-
vation) was the major product (65%), while the less hindered,
more desirable regioisomer (A) (from 5-position activation)
was the minor product. This is in contrast to P3HT synthesis
where it has been reported that the Grignard metathesis of
2,5-dibromo-3-hexylthiophene (Br-3HT-Br) results in two meta-
lated regiochemical isomers where the major product (85%) is
activated in the 5-position.®’ Subsequent polymerization using
[1,2-bis(diphenylphosphino)ethane]  dichloronickel(n)  (Ni
(dppe)Cl,) in 1 mol% was performed to investigate the
polymerization kinetics of PMEEMT and examine the conver-
sion of both regioisomers. Aliquots were taken at 1, 2, 4, 6, 8,
and 10 min, and "H NMR was used to look at the monomer
conversion. The data for the different time points are summar-
ized in Table 1, entry 1, Fig. 2c, with all '"H NMR spectra
shown in Fig. S1-S6.

The "H NMR spectrum taken for the aliquot at 10 min
(Fig. S6 and Fig. 2c), showed that a total monomer conversion
of 44% was reached, where regioisomers A and B were incor-
porated in a 1:1.2 ratio. Given that the regioisomers A and B
were in a 1:1.9 ratio at ¢ = 0 min, this indicates that regio-
isomer A reacts faster than B as reflected in the In [M]o/[M] vs.
monomer conversion plot (Fig. 2e). As a result, despite regio-
isomer A being less abundant after Grignard metathesis, it is
incorporated almost as much as regioisomer B in the final
polymer. This is likely due to lower steric hinderance of regio-
isomer A. The reactivity also contrasts with what is observed
during P3HT synthesis where the more sterically hindered
monomer is not incorporated into the final polymer. These
results indicate that the mix of regioisomers obtained is not
the sole reason for the low monomer conversion and lack of
control.

The M, vs. monomer conversion (Fig. 2d) shows interesting
trends as before. After 1 min (26% conversion), an M, of
26 500 g mol ™" is achieved, after which the M, drops, reaching
a value of 8800 g mol™" after 10 minutes. This indicates that a
small population of monomer polymerizes rapidly initially.

Polym. Chem., 2026, 17, 584-592 | 585
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Fig. 1 Kumada catalyst-transfer polymerization (KCTP) of glycolated polythiophenes. (a) Challenges identified in previous studies and (b) the

present strategy for optimizing the reaction to control molecular weight.

Given a monomer to catalyst ratio of 100:1, an M, value of
21000 g mol™" was expected for complete conversion of both
regioisomers and thus 9200 g mol ™" at 44% conversion.

1.2 Removing the regioisomer issue and indications of a
radical-mediated pathway

Since both regioisomers are active towards polymerization,
with greater reactivity realized in the less hindered one (i.e.,
regioisomer A), we aimed to produce only one activated regio-
isomer from the Grignard metathesis at the 5-position.
2-Bromo-5-iodo-3-((2-(2-methoxyethoxy)ethoxy)methyl)thio-
phene (I-3MEEMT-Br) was synthesized following the procedure
illustrated in Scheme 1, and the structure was determined
using "H NMR and "*C NMR (Fig. S7-S14). After Grignard acti-
vation of the monomer using 1 eq. of i-PrMgCl-LiCl, regio-
isomer A was obtained in 95% and the regioisomer B ratio was
only 5% (Scheme 1, Fig. S15). Unexpectedly, upon addition of
Ni(dppe)Cl,, no polymerization was observed even after
60 minutes. We hypothesized that the reason for the polymer-
ization failure was due to radical quenching by isopropyl
iodide, a side-product during Grignard metathesis.®*®

To investigate the possibility of radical involvement in the
reaction, TEMPO was added as a radical scavenger in a 1:1
ratio to the Grignard-activated Br-3MEEMT-Br monomer

586 | Polym. Chem., 2026, 17, 584-592

before adding the catalyst. This completely stopped the
polymerization process without any noticeable conversion of
both regioisomers (Table 1 (entry 2) and Fig. S16). It is worth
noting that the polymerization still continues when synthesiz-
ing P3HT using the same conditions (Fig. S17). This suggests
that the glycolated side chain of Br-3MEEMT-Br influences the
radical character of the reaction. EPR analysis was conducted
to detect the radical during both the Grignard metathesis and
polymerization processes, comparing P3MEEMT and P3HT
syntheses. Addition of DMPO, used as a spin trap at a 1:1
ratio to the turbo-Grignard reagent, produced a well-resolved
6-line EPR signal with hyperfine splitting constants of a(**N) =
1.39 mT and a('H) = 1.96 mT during the Grignard metathesis
of Br-3MEEMT-Br, as shown in Fig. 3. This matches previously
reported hyperfine splitting parameters for the phenyl radical
adduct of DMPO.®® Conversely, no signal was detected in the
case of 3HT. After the addition of Ni(dppe)Cl,, the radical
character in either polymerization could not be detected using
DMPO as a spin trap at a 1:1 ratio with the catalyst after
10 minutes, even with a higher loading (20 mol%) of DMPO
relative to the catalyst. Additionally, no EPR signal was
observed in either the Grignard metathesis or polymerization
when toluene replaced THF as the solvent, highlighting the
solvent’s influence on radical formation in Br-3MEEMT-Br.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Grignard metathesis and polymerization of 3MEEMT. (b) *H NMR analysis in CD,Cl, of the Grignard metathesis process of SMEEMT. (c)
Monomer conversion vs. time, (d) M,, vs. monomer conversion, and (e) n([M]o/[M]) vs. time under normal conditions.

Table 1 Monomer conversion and polymer characteristics under different reaction conditions

Monomer conversion (%)  (A) relative conversion (%)  (B) relative conversion (%) M, (gmol™") RR P
i-PngC1~LiCl 44 20 24 8800 85 2.6
i-PrMgCL-LiCl (TEMPO) 0 0 0 0 0 0
i-PrMgCI-LiCl (dark) 53 23 30 9200 88 2.8
i-PrMgCI-LiCl (MgCl,) 73 21 52 13 600 84 1.4
i-PngC1~LiCl (DIPEA) 24 13 11 6300 83 2.8
(a)
HO HO RO
[\ THF,N,, NBS f\ DCM, Nz» PBr, / " \/)\OH J\ CHCl,, Acetic acid /A
B — | Br
S in,2h s~ Br g overmght THF, N,, NaH s~ Br NIS, rt, 24 h S
77% 91% m,5h 92% Monomer (75%)
(b) RO RO RO
\ i) THF, -78 °C, 10 min d /[—i :‘1«:1%?;))0 -
| s Br ClMg s Br + | s~ MgCl ——— No polymerization
ii) -PrMgCLLIiCI, rt, 2 h 60 min
Monomer A (95%) B (5%)
R= L,ZL/\/O\/\ o~

Scheme 1 (a) Synthesis, and (b) Grignard metathesis followed by polymerization of 2-bromo-5-iodo-3-((2-(2-methoxyethoxy)ethoxy)methyl)
thiophene.
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Fig. 3 EPR spectrum of Grignard-metathesized Br-3MEEMT-Br

quenched with DMPO in THF. Experimental (blue) and simulated (black)
EPR spectra. Simulation parameters: Ay = 1.39 mT, Ay = 1.96 mT, g =
2.007. Microwave frequency: 9137.6 MHz; recorded at RT.

These EPR results suggest the presence of aryl radicals after
Grignard metathesis of the glycolated monomer in THF. The
results also indicate that the glycolated side chain and solvent
affect radical formation during the Grignard metathesis step.
While the presence of radicals could not be confirmed at the
end of the polymerization, this could be because the radical is
short-lived or because the growing chain-end does not have
radical character. The radical species formation is not photoi-
nitiated,® as the polymerization under dark conditions
behaves similarly to that under normal conditions. In dark
polymerization, no significant change in the conversion ratios
was observed (Table 1 (entry 3), Fig. S18-24) compared to
normal conditions.

The presence of radical species in the Grignard metathesis
was further examined by following a procedure in the litera-
ture, in which diaryl/dialkyl Grignards (R,Mg) have been
reported to facilitate single electron transfer (SET) more so
than aryl/alkyl Grignards (RMgCl).”” This gives rise to different
products being observed when BQ is added to the Grignard
mixture (Scheme 2). Specifically, R,Mg is expected to give rise
to the homocoupled product R,. We quenched both activated
monomers of Br-3MEEMT-Br and Br-3HT-Br with BQ, and ana-
lysed the resulting products via LC-MS. LC-MS showed peaks
at 319, 427, and 613 m/z corresponding to the sodium salts of
Br-3aMEEMT-H, BQH-3MEEMTBr and Br-(3MEEMT),-Br,
respectively (Fig. 4). The presence of the homocoupled
product, Br-(3MEEMT),-Br, confirms that SET had occurred in
our reaction mixture (Fig. 4c) supporting the presence of
R,Mg. In contrast, for Br-3HT-Br, products that would indicate
SET were not observed.
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Scheme 2 Reaction of the aryl/alkyl Grignard vs. diaryl/dialkyl Grignard
with BQ and the expected products.

1.3 The side chain’s role in initiating the radical pathway

Grignard reagents are complex, coordinated species, not
simple RMgX molecules as they are often depicted to be. They
exist in a dynamic Schlenk equilibrium, which generates dia-
rylmagnesium species (Ar,Mg) and magnesium dihalides.®® It
has also been established that this equilibrium can be shifted
by coordinating additives.®® Ethers, such as dioxane, di-
methoxyethane (DME), and other ethylene glycol derivatives
(PEG250, or Me(OCH,CH,),0OMe), have been shown to
promote the formation of these diarylmagnesium species,
often leading to enhanced reactivity (Fig. 5a). Based on this,
we hypothesize that the ether oxygens on the 3SMEEMT side
chains act as coordinating agents. We postulate that this
coordination shifts the Schlenk equilibrium towards the diaryl-
magneisum species (Fig. 5b), facilitating the SET pathway.

1.4 Optimization and achievement of a controlled
polymerization

In order to reduce the radical character in the reaction, we
hypothesized that the addition of MgCl, would push the Schlenk
equilibrium back to the aryl magnesiate species. With this in
mind, polymerization was carried out by adding 1 eq. of MgCl, to
the metathesized monomer. A significantly enhanced total
monomer conversion 74% was achieved of which 21% corre-
sponded to regioisomer A and 53% corresponded to regioisomer
B (Table 1 (entry 4), Fig. 6a, and S25-S35). A linear relationship
was observed between the M, values and monomer conversion
(Fig. 6b and Fig. S48) indicative of a more controlled polymeriz-
ation. While M, vs. conversion does remain linear till high con-
version (Fig. S48), the GPC traces suggest that after 10 minutes,
some chains are beginning to terminate and only some chains
continue to grow, as shown by the constant peak retention
volume and widening dispersity (Table S1).

Comparing the polymerization kinetics under standard con-
ditions to those with added MgCl,, total monomer conversion
increased significantly from 44% to 74%. A notable change was
observed in the reactivity of regioisomer B. While it reacts more
slowly than regioisomer A under standard conditions, the
addition of MgCl, allows regioisomer B to react as fast as regio-
isomer A. This is illustrated in the In [M]y/[M] vs. monomer con-
version plot (Fig. 2e and 6¢). We attribute this enhanced reactivity

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Dioxane shifts the equilibrium towards the dialkyl/diaryl mag-
nesium species. (b) Hypothesized equilibrium of Br-3MEEMT-MgCl with
coordination of the side chain pushing the equilibrium towards the
diaryl magnesium species.

——

to the role of MgCl, as a disaggregating agent, which reduces the
formation of inactive species and effectively diminishes the steric
hindrance surrounding regioisomer B.

Despite the presence of both regioisomers in the final
polymer, the regioregularity remained consistently around

(a) LC-MS spectra of the sodium salt of crude product of the Grignard-metathesized Br-3MEEMT-Br reaction with BQ in THF. (a) Br-

85% across different conditions (Table 1). This regioregularity
was determined by integrating the methylene peak at
4.65 ppm (Fig. S6, S23, S35, and S39). The high degree of
regioregularity, given the simultaneous and differing incorpor-
ation of both isomers, suggests that the reaction proceeds via a
block-like or gradient polymerization rather than a random
incorporation of monomers.

Interestingly, no polymerization was observed when 1 eq. of
TEMPO was added to the monomer after MgCl, addition indi-
cating that the radical species were still present (Fig. S36). This
implies that the addition of MgCl, did not necessarily affect
the traditional Schlenk equilibrium and affect the ratio
between arylmagnesiate vs. diarylmagnesiate. The Schlenk
equilibrium is now understood to be more complex, involving
arylmagnesiate, diarylmagnesiate, aggregations, and oligo-
meric species,> so we believe that the reaction was facilitated
by converting these aggregated/oligomeric species back to the
monomeric species.

The hypothesis that the polymerization is sensitive to the
monomer’s aggregation state was probed using reactions with

a 100 b 16,000 c 2

4 Arelative conversion

+ B relative conversion >
— ¢ Total conversion 16 4
R 75 & ° 12,000

[ ]

'5 ®e ‘ A 4 ; ‘
4 = S 12 A A $
2 % . g o = ] 3
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8 Boe® ° 3 2 ®
5 < £ 084
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Time (min) Monomer Conversion (%) Time (min)
Fig. 6 (a) Monomer conversion vs. time, (b) M,, vs. monomer conversion, and (c) In([M]o/[M]) vs. time for polymerization conducted with MgCl, (1

eq.) after the Grignard metathesis process.
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other coordinating and non-coordinating additives. The reac-
tion was completely stopped with a strongly coordinating addi-
tive when dioxane (1 eq.) was added to the THF solution
(Fig. S37). This suggests that the equilibrium was pushed
toward an inactive, locked aggregated state. Crucially, the
polymerization of 3HT, which is less sensitive to this aggrega-
tion, proceeded in dioxane (Fig. S38), highlighting the specific
role of the BMEEMT side chain. The sensitivity to coordination
was further demonstrated by the addition of N,N-diisopropyl-
ethylamine (DIPEA) 1 eq. where reduced monomer conversion
of 24% was observed (Table 1 (entry 5), Fig. S39 and S40).
Similarly, N,N,N’,N'-tetramethylethylenediamine (TMEDA) 1
eq. reduced monomer conversion to 38% (Fig. S41 and S42).
The addition of LiCl, which is often used to break up the
aggregates in this reaction, was found to completely stop the
polymerization suggesting that the lithium magnesiate is too
stable for this polymerization. Finally, the polymerization was
completely stopped when using a non-coordinating solvent
toluene (Fig. S43), suggesting that the polymerization is extre-
mely sensitive to Grignard speciation. These results reveal that
the polymerization exists in a very delicate and complex equili-
brium. The polar side chain enables a rapid, radical-mediated
pathway; however, the concurrent formation of inactive aggre-
gates is a limiting factor.

The standard KCTP cycles through Ni(0) and Ni(u) oxi-
dation states in the catalytic cycle. Although we could not
observe the radical species during the polymerization, their
presence in the activated monomer cannot preclude the
change in mechanism that involves the Ni(1)/Ni(u)/Ni(mu)
relay®” or a catalytic cycle that involves Ni(1) and Ni(u1) oxi-
dation states especially in the presence of coordinating
solvent.®® Future work will focus on elucidation of this
mechanism.

2. Conclusions

In conclusion, we have demonstrated that the KCTP of
3MEEMT proceeds via a radical-mediated mechanism, a
pathway not observed for P3HT. We found that the coordinat-
ing glycol side chain is responsible for both initiating this
radical pathway and for promoting the formation of inactive
aggregates. Under standard THF conditions, these aggregates
act as a limiting factor, resulting in an uncontrolled polymeriz-
ation with low M, values. This sensitivity to aggregation was
further highlighted by the reaction’s failure in both non-coor-
dinating toluene and strongly-coordinating dioxane, as well as
the addition of LiCl. We discovered that this radical pathway
could be modulated through the addition of MgCl,. We
hypothesize that MgCl, acts as a dis-aggregating agent, sup-
pressing the inactive aggregates and enabling a more con-
trolled polymerization. This work demonstrates that by mana-
ging the aggregation state of the monomer, we can achieve
molecular weight control of this radical-mediated polymeriz-
ation. It also expands the mechanistic scope of KCTP by identi-
fying a hitherto unobserved radical pathway.
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