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Introduction

Conjugated polymers (CPs) are a strong candidate for use in a

Quantitative comparison of the copolymerisation
kinetics in catalyst-transfer copolymerisation to
synthesise polythiophenest

Yifei He? and Christine K. Luscombe (2 *®

Polythiophenes are one of the most widely studied conjugated polymers. With the discovery of the chain
mechanism of Kumada catalyst-transfer polymerisation (KCTP), various polythiophene copolymer struc-
tures, such as random, block, and gradient copolymers, have been synthesized via batch or semi-batch
(sequential addition) methods. However, the lack of quantitative kinetic data for thiophene monomers
brings challenges to experimental design and structure prediction when synthesizing the copolymers. In
this study, the reactivity ratios and the polymerisation rate constants of 3-hexylthiophene with 4 thio-
phene comonomers in KCTP are measured by adapting the Mayo—-Lewis equation and the first-order
kinetic behaviour of chain polymerisation. The obtained kinetic information highlights the impact of the
monomer structure on the reactivity in the copolymerisations. The kinetic data are used to predict the
copolymer structure of equimolar batch copolymerisations of the 4 thiophene derivatives with 3-hex-
ylthiophene, with the experimental data agreeing well with the predictions. 3-Dodecylthiophene and 3-
(6-bromo)hexylthiophene, which have higher structural similarity to 3-hexylthiophene, show nearly equi-
valent reactivity to 3-hexylthiophene and give random copolymers in the batch copolymerisation. 3-(2-
Ethylhexyl)thiophene with a branched side chain is less reactive compared to 3-hexylthiophene and failed
to homopolymerize at room temperature, but produced gradient copolymers with 3-hexylthiophene.
Finally, the bulkiest 3-(4-octylphenyl)thiophene, despite its ability to homopolymerize, failed to maintain
chain polymerisation in the copolymerisation with 3-hexylthiophene, possibly due to the large steric hin-
drance caused by the phenyl ring directly attached to the thiophene center. This study highlights the
importance of monomer structures in copolymerisations and the need for accurate kinetic data.

practiced on the backbone'® and the side chain.? Since the dis-
covery of the chain mechanism of KCTP by Yokoyama et al.'?
and Sheina et al,'* the monomer sequence has become a new

variety of electronic devices, including organic field effect tran-
sistors (OFETs)," organic photovoltaics (OPVs),” and organic
electrochemical transistors (OECTs)® because of their solution
processability,> mechanical flexibility®” and tuneable elec-
tronic properties.>® To achieve good device performance with
CPs, the control of the morphology and microstructure is
important.'® In addition to the efforts in optimizing the film
formation conditions to control the morphology,'" synthetic
chemistry strategies have been applied to modify the mole-
cular structures of CPs and thus fundamentally tune the chain
assembly behaviour. Such modifications have been vigorously
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structural factor that could be modified to tune the polymer
morphology.

Poly(3-hexylthiophene) (P3HT) and its derivatives are the
most extensively studied model systems synthesized by KCTP.
Various polythiophene copolymers have been developed to
reveal the structure-property relationship in CPs. For example,
random,">'®  block,”™® and gradient polythiophene
copolymers'>'®?**! have shown different solid-state mor-
phologies. Compared to that of the random copolymers of the
same composition, the morphology of the block copolymers
shows further microphase separation, in which the size of the
crystalline and the amorphous domains depends on the feed
ratio of the comonomers.'®'” In between the random and
block distribution patterns, gradient copolymers tend to have
more ordered and separated domains than the random copoly-
mers, but with different properties than the pure block copoly-
mers.'® In the design of copolymers with more than two com-
ponents, the sequence of each segment also plays a role in

This journal is © The Royal Society of Chemistry 2024
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controlling the morphology."®"® An important lesson revealed
by the preceding studies in copolymer design is the necessity
of more precise control over the monomer sequence in tuning
the morphology and thus the properties.

Understanding the effect of the monomer structure on the
kinetics of polymerisation can lay the foundation for the
precise placement of comonomers in KCTP. There is currently
no systematic and quantitative study about the kinetic behav-
iour of thiophene monomers. The lack of kinetic information
leads to laborious tuning of experimental parameters for co-
polymerisation and a misunderstanding of the structure of
the final product. A contradiction between the measured
monomer reactivity and the predicted copolymer structure due
to insufficient kinetic information is observed in the literature.
For example, Schmode et al. have qualitatively measured that
the reactivity of 2,5-dibromo-3-(6-bromohexyl)thiophene is
higher than 2,5-dibromo-3-hexylthiophene, and thus the batch
copolymerisation method was adopted to obtain a gradient
copolymer.>>>* However, Palermo et al. obtained similar reac-
tivity of 2-bromo-3-(6-bromohexyl)-5-iodothiophene (3BrHT)
and 2-bromo-3-hexyl-5-iodothiophene (3HT) and obtained a
random copolymer instead of a gradient copolymer in the
batch copolymerization.?®

With the above inspiration, this study examines the reactiv-
ity of the 3HT monomer and a series of thiophene comono-
mers (Fig. 1(a)-(d)) having different degrees of structural simi-
larity with 3HT in KCTP for one particular concentration. The
chosen comonomers vary by the side chains at their 3 posi-
tions and have been shown to be compatible with KCTP in
either homopolymerisation or copolymerisation.”**~2¢

In addition to the reactivity ratios commonly applied to
describe the relative kinetics of comonomers,>'*”*% we further
calculated the four rate constants, ki1, ki, k»», and k,; that
define the ratios. The more specific kinetic information will
help determine the kinetic difference related to the order of
monomer addition, which is helpful in the synthesis of more
complex copolymer architectures such as triblock copolymers.
We also characterize the monomer consumption rate and the
copolymer structure in the equimolar batch copolymerisation
to verify the obtained reactivity values.

(
l S
\ECB\I'\\

a) b
|

View Article Online

Paper

Experiments

Materials

2-Bromo-3-hexyl-5-iodothiophene (3HT), 2-bromo-3-dodecyl-5-
iodothiophene (3DDT), and 2-bromo-3-(2-ethylhexyl)-5-
iodothiophene (3EHT) were purchased from TCI America
and filtered using silica plugs with hexane before use.
Isopropylmagnesium chloride [i-PrMgCl, 2.0 M in tetrahydro-
furan (THF)], [1,3-bis(diphenylphosphino)-propane]-dichloro-
nickel(u) [Ni(dppp)Cl,] and 1,3,5-trimethoxybenzene (TMB)
were purchased from Sigma Aldrich and directly used. All the
organic solvents used for the polymerisation and monomer
synthesis process were obtained from PureSolv dry stills.
2-Bromo-3-(4-octylphenyl)-5-iodothiophene (30PT) and
2-bromo-3-(6-bromohexyl)-5-iodothiophene (3BrHT) were syn-
thesized based on the previously reported literature.>*

Homopolymerisation kinetics studies via NMR

3HT monomer (0.373 g, 1 mmol) with TMB (16.8 mg,
0.1 mmol) as the reference compound was added to an acid-
washed and oven-dried 50 mL round bottom flask under a N,
environment of the Schlenk line. Anhydrous THF (10 mL)
obtained from the solvent still was added to dissolve the
monomer after the monomer was degassed in vacuo for
30 minutes. After the mixture was stirred at 0 °C for 5 min, 2
M i-PrMgCl solution in THF (0.475 mL, 0.95 mmol) was added
dropwise to the monomer solution. Subsequently, the reaction
mixture was allowed to return to room temperature and react
for an hour. A time 0 aliquot (0.1 mL) was extracted before the
initiation step. Ni(dppp)Cl, (9.03 mg, 0.0167 mmol) solid was
directly added to the reaction mixture. The polymerisation was
allowed to proceed for 120 min at room temperature. During
the polymerisation stage, aliquots (0.1 mL) were taken from
the mixture at times 0, 1, 3, 5, 10, 15, 20, 30, 45, 60, 90, and
120 min. The obtained aliquots were quenched with 5 M HCI
(1 mL) and extracted with chloroform (CHCl;). After passing
through a layer of anhydrous Na,SO,, the solvent of the
extracted organic layer was removed in vacuo and the residuals
were redissolved in d-CHCl; for '"H-NMR characterisation. The
DP of homopolymers was estimated using previously reported

c )

(b) (©)
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Fig. 1 Thiophene monomer structures. (a) 2-Bromo-3-dodecyl-5-iodothiophene (3DDT), (b) 2-bromo-3-(2-ethylhexyl)-5-iodothiophene (2EHT),
(c) 2-bromo-3-(4-octylphenyl)-5-iodothiophene (30PT), and (d) 2-bromo-3-(6-bromohexyl)-5-iodothiophene (3BrHT).
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methods.>® The same experimental procedure was triplicated
for all the thiophene monomers.

Copolymerisation kinetics studies via GC-MS

In two 50 mL acid-washed and oven-dried round bottom
flasks, 3HT (0.373 g, 1 mmol) and 3DDT (0.457 g, 1 mmol)
were added respectively. Anhydrous THF (10 mL) was added to
each monomer flask after the monomers were degassed in
vacuo for 30 minutes. In another dry and acid-washed round
bottom flask, tetradecane (TDC) (50 pL, 0.192 mmol) as the
reference compound was added and degassed under vacuum.
Different ratios of 3HT and 3DDT solutions were added to the
TDC loaded flask to sum up to 2.5 mL. Once the mixture was
stirred at 0 °C for 5 min, 2 M i-PrMgCl solution in THF
(0.119 mL, 0.238 mmol) was added dropwise to the monomer
solution and stirred for an hour at room temperature. Before
the addition of the catalyst, a time 0 aliquot was taken from
the activated monomer mixture. Ni(dppp)Cl, (1.13 mg,
0.00208 mmol) was added to the monomer mixture. After the
reaction proceeded for 1 min and 2.5 min, two aliquots
(0.1 mL) were extracted respectively at these time points. The
whole reaction was then quenched with 5 M HCI (1 mL). The
three aliquots were diluted in MeOH to make GC-MS aliquots.
The calibration procedure of each quenched comonomer and
the calibration curve are summarized in Fig. S1.}

Equimolar batch copolymerisation

Monomer distribution characterisation was performed to
verify the accuracy of copolymer structure prediction, which
could be reflected by the trend of copolymer fraction with
respect to the chain growth.>® In an acid-washed and oven-
dried 50 mL round bottom flask, 3HT (0.187 g, 0.05 mmol)
and 3DDT (0.229 g, 0.05 mmol) with TDC (50 pL, 0.192 mmol)
as the reference were added. After degassing under vacuum for
30 min and switching to the N, environment, anhydrous THF
(10 mL) was added. The mixture was allowed to stir on an ice
bath for 5 min before the dropwise addition of 2 M i-PrMgCl
solution in THF (0.475 mL, 0.95 mmol). After the addition of
the Grignard reagent, the mixture was stirred under dark at
room temperature for an hour. A time 0 aliquot was extracted
before the initiation step. Ni(dppp)Cl, (9.03 mg, 0.0167 mmol)
solid was directly added to the reaction mixture as one batch.
A series of aliquots (0.8 mL) were taken out of the reaction at
different time points. Aliquots were quenched with 5 M HCI
(1 mL) first before being extracted by CHCl;. The extracted
organic layer was later precipitated in MeOH. Polymer precipi-
tates were separated from the solution and washed with extra
MeOH. The eluent was further diluted for the GC-MS charac-
terisation. The procedure is the same for the other three
monomer combinations. The DP of copolymers was estimated
using methods that were previously reported.>®

Copolymerisation of diblock P(3HT-b-30PT) and P(30PT-b-3HT)

In two 50 mL acid-washed and oven-dried round bottom
flasks, 3HT monomer (0.373 g, 1 mmol) and 30PT monomer
(0.477 g, 1 mmol) were added respectively and degassed in
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vacuo for 30 min. The environment was switched to N, once
degassing was performed. 10 mL of anhydrous THF directly
from the solvent still was added to the flasks. The 3HT mixture
was stirred on an ice bath for 5 min and added with 2 M
i-PrMgCl solution in THF (0.475 mL, 0.95 mmol) dropwise.
The mixture was then allowed to warm up to room temperature
and reacted for an hour. After 30 min of the exchange of 3HT
monomer, the same procedure was performed with the 30PT
monomer. Once the 3HT monomer completed the exchange
process, Ni(dppp)Cl, (27.1 mg, 0.05 mmol) solid was added.
The mixture reacted at room temperature for 30 min to achieve
the completion of the growth of 3HT block. 10 mL of activated
30PT solution was subsequently added in one shot. The
mixture was further stirred for an hour at room temperature
and quenched with 5 M HCI (1 mL). Polymers were extracted
with CHCIl; and precipitated in MeOH. The synthesis of
P(30PT-b-3HT) was attempted using the same experiment pro-
cedure with different monomer addition order.

Results and discussion
Homopolymerisation kinetic studies

The conversion of the monomer with respect to the internal
standard, TMB, reveals the homopolymerisation kinetics of
each monomer. As previously studied, KCTP follows the chain
mechanism, which indicates that its kinetic behaviour is first-

order.***
™ .
p =g = kP1M]
[Mo] B 1, rapp
In ™M kp[PJt = KPPt

kPP of each monomer can thus be calculated from the
slope of the linear regime of the semi-logarithmic conversion
plot in Fig. 2 from triplicated polymerisation of each
monomer. The NMR characterization and estimated M, of

1.0
® 3HT
3DDT
s ® 3BrHT

log [Mo]/[My]

100 120

0 20 40 60 80
Time (min)

Fig. 2 The monomer consumption behaviour in homopolymerisation.
The homopolymerisation of 3EHT failed at room temperature.

This journal is © The Royal Society of Chemistry 2024
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each homopolymer are summarized in Fig. S2-S5.f We see
that increasing side chain steric hindrance lowers the homopo-
lymerisation rate constants. The three thiophene monomers
bearing linear side chains, 3HT, 3DDT and 3BrHT, possess
similar homopolymerisation rate constants, while the reactiv-
ity of 30PT homopolymerisation is significantly lower. 3EHT
failed to homopolymerize at room temperature using our
experimental conditions. The synthesis of P3EHT homopoly-
mers or blocks in copolymers via KCTP using the same
Grignard and monomer has been commonly performed at
temperatures above 35 °C.'7***' The required temperature
elevation is due to the increased steric bulk of 3EHT that
impedes the coupling of incoming monomers and chain ends.**

To ensure the strict control of all other factors that may also
impact the reaction kinetics, we approximate the reactivity of
P3EHT homopolymerisation as infinitesimal in the later quan-
titative analysis rather than perform the synthesis at an elev-
ated temperature.

Copolymerisation kinetics study

A couple of models have been discussed for the binary chain
copolymerisation system, among which the terminal model is
widely used for its ease of experimental data collection.?*”** In
a binary copolymerisation system, the Kkinetic behaviour
during the propagation stage could be described by 4 rate con-
stants based on the identity of the chain end and the added
monomer: kq1, k12, k»» and k,;, which are summarized in
Table 1.

Mayo et al. further correlated the four governing parameters
in the forms of reactivity ratios as shown below.*®> The experi-
ment design and the calculation of the reactivity ratio using
Mayo-Lewis equation were based on previous study.> [M;] and
[M,] represent the initial feed of the comonomers measured
by t, aliquots. d[M;] and d[M,] were approximated by the
monomer consumption between 1 min and 2.5 min after the
initiation of copolymerisation. A series of 6 initial feed ratios
covering 2 orders of magnitude of concentration were prepared

Table 1 The scheme of propagation reactions described by the term-
inal model

Growing chain Adding Rate Reaction
end monomer constant product
~eM Lo M1 ki ~e~ V1M e
~~~Mle M2 k1o ~~~“M1M2e
~M2e M1 kay ~~~M2M1e
~ v M2e M2 kas ~~~“M2M2e
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for each comonomer combination. Each series was then tripli-
cated to generate 15-18 valid datasets for the non-linear
fitting. ki, and k,, were approximated by the rate constants
measured from the homopolymerisation kinetic studies of
each monomer as described in section 3.1.3° Thus, the hetero-
polymerisation constants k;, and k,; were calculated based on
the corresponding reactivity ratio and homopolymerisation
constants. The fitted reactivity ratios and calculated rate con-
stants of each pair of comonomer are summarized in Table 2.

dMi] _ [Ma](r1[My] + [Ma])
dM,]  [Mp]([My] + r2[My])
_kn
r = E
ko
Iy = k721

The trend of reactivity ratios also correlates with the dissim-
ilarity of the chemical structures of comonomers with respect
to 3HT. 3DDT and 3BrHT both have reactivity ratios close to 1
with respect to 3HT, which suggests that these two monomers
are kinetically equivalent in the copolymerisation with 3HT.
The result is consistent with their chemical structures, where
both 3DDT and 3BrHT possess simple and linear side chains.
Based on this, the final products of 3HT with either of these
two monomers are expected to be random copolymers. In the
batch copolymerisation of 3EHT and 3HT, r; is greater than 1
and r, is smaller than 1, which suggests that the 3HT
monomer is preferably consumed compared to 3EHT. In
addition, the product of the reactivity ratios is close to 1,
which predicts that the final copolymer will have gradient
monomer distribution along the chain. Moreover, by setting
KPP as infinitesimal based on the failure of homopolymerisa-
tion of 3EHT, k5*° becomes infinitesimal as well. The four rate
constants suggest the necessity to build up a 3HT block first
before the 3EHT block in the semi-batch copolymerisation of
block copolymers. The reactivity ratio of the 3HT and 30PT
monomer pair also indicates the faster consumption of the
3HT monomer in batch copolymerisation, as r; is greater than
1 and r, is close to zero. This pair of reactivity ratios predicts
that the final product of the batch copolymerisation will have
primary 3HT blocks along the chain. Additionally, in the data
fitting of 3HT and 3OPT reactivity ratio, the accuracy of the
model decreases as shown by the R* value. The decrease in the
accuracy is likely the result of direct attachment of the phenyl
ring to the thiophene, which leads to the loss of the catalyst

Table 2 The summary of reactivity ratios and rate constants of the comonomer pairs

M, M, I3 M, R? kq1 [min™"] Kz [min™"] Ky [min™"] kp1 [min™"]

3HT 3DDT 0.89 + 0.07 0.73 +0.23 0.952 0.023 + 0.002 0.018 + 0.007 0.026 + 0.003 0.025 + 0.01

3HT 3EHT 2.15 +0.22 0.42 +0.23 0.939 0.023 + 0.002 Infinitesimal 0.011 + 0.001 Infinitesimal

3HT 30PT 1.47 + 0.50 1.47 x 107*% + 0.46 0.217 0.023 + 0.002 0.010 + 0.002 0.016 + 0.006 6.80 x 10" + 5 x 10*°
3HT 3BrHT 1.08 + 0.32 1.24 +0.84 0.783 0.023 + 0.002 0.027 + 0.003 0.022 + 0.007 0.022 + 0.01

This journal is © The Royal Society of Chemistry 2024
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transfer feature under the current experimental conditions
thus preventing a chain polymerisation.

Characterisation of comonomer distribution

To validate the information provided by the kinetics para-
meters, the equimolar copolymerisation of each pair was
assessed through monomer consumption behaviour and the
resultant copolymer structure. The copolymer products were
characterized via NMR and summarized in Fig. S6-S9.7 The
reactivity ratio of 3HT : 3DDT predicts that in batch copolymer-
isation, the final polymer will be a random copolymer with the
composition ratio equal to the monomer feed ratio. Given the
high similarity of the chemical structures of the two comono-
mers, the copolymer composition is hard to distinguish solely
by NMR signals. Thus, we combined monomer consumption
behaviour via GC-MS and polymer weight distribution via
MALDI-TOF to characterize the copolymer composition as pre-
sented in Fig. 3. 3HT and 3DDT were consumed at a similar
rate in the copolymerisation as shown in Fig. 3(a). Fig. 3(b)
and (c) presents MALDI-TOF spectra of aliquots from the
growing and plateau stages. Both aliquots contain mass peaks
that could only represent copolymers as labeled on the

View Article Online

Polymer Chemistry

spectra. In addition, the ratios of calculated units of 3HT and
3DDT from the signature peaks are close to 1:1. This result
indicates that the 3DDT composition is present in the copoly-
mer throughout the polymerisation and holds a composition
around 50%. The resulting product is a copolymer with
random comonomer distribution, which is aligned with the
prediction from the reactivity ratio.

The reactivity ratio of 3HT:3EHT predicts that the batch
copolymerisation of this combination will produce copolymers
with the monomer composition gradually shifting from 3HT
to 3EHT. The prediction was supported by the monomer con-
sumption rate and NMR characterisation over a series of
polymer aliquots taken throughout the reaction. 3EHT was less
reactive than 3HT, as indicated by the slower monomer con-
sumption rate shown in Fig. 4(a). As shown in Fig. S7,} the
3EHT composition could be represented by the singlet appear-
ing at 6.94 ppm while 3HT signal shows up at 6.98 ppm. By
taking the ratio of the two thiophene hydrogens, we obtain the
composition change plot shown in Fig. 4(b). The linear incre-
ment of the 3EHT composition in the copolymer demonstrates
the gradient distribution of monomers in the final product.
We hypothesize that the different initiating dimers of 3EHT

(a) 1.0
c ® 3HT
(@] 3DDT
o 0.81
o < )
E [ ]
3 0.61 .
c ®
o o
O °
o 0.41 ¢
()
g o
c 0.2
(e}
=
0.01
0 20 40 60 80
Time (min)
b
( ) t =4 min 1164.884 (c) t =60 min 2412.569
2329.228 2496.069
1497.484 s 2579.847
' ‘ 1581.644 |
| ‘ 1 1663.902 l . ‘
|| | J
Mool U
1200 1300 1400 1500 1600 1700 300 2350 2400 2450 2500 2550 2600..‘
T sy ; . 'ALJI.”'J,HJ J'l FIPFRR RN “jllllLLL.
1000 1500 2000 2500 3000 3500 4000 1000 1500 2000 2500 3000 3500 4000
m/z m/z
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1164.223 2 3 2329.228 6 5
1497.533 4 3 2412.569 8 4
1581.457 3 4 2496.069 7 5
1663.902 5 3 2579.847 6 6

Fig. 3
MALDI-TOF spectrum of P(3HT-co-3DDT) at t = 60 min.
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(a) Respective monomer consumption behaviour of 3HT and 3DDT, (b) MALDI-TOF spectrum of P(3HT-co-3DDT) at t = 4 min, and (c)

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00009a

Open Access Article. Published on 10 June 2024. Downloaded on 1/12/2026 10:54:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

=
=}

@
e 3HT

3EHT

Monomer Consumption
© o o o
N » ()] (o0}
[ ]
[ ]
L ] L ]
& )
L ]
o0

)

0 200 40 60 80
Time (min)

(b)

o o
H w
o0

[ J

bt
("]

3EHT Composition
o o
- N

0.0

00 02 04 06 08 1.0
Normalized Chain Length

Fig. 4 (a) Respective monomer consumption behaviour of 3HT and
3EHT and (b) compositional change of 3EHT in P(3HT-co-3EHT).

formed in copolymerisation and homopolymerisation may
lead to contrasting results of the two polymerisations.
Ni(dppp)Cl, as the catalyst leads to the in situ formation of
tail-to-tail dimers as the intiator."* In homopolymerisation,
only 3EHT-3EHT dimers would be formed as the initiation
point of polymer chains. While in the copolymerisation, less
sterically hindered dimers such as 3HT-3HT and 3HT-3EHT
offer more efficient paths to add incoming monomers, which
results in the successful copolymerisation of P(3HT-co-3EHT)
at room temperature.

The close values of the reactivity ratios of 3HT and 3BrHT
predict a random copolymer structure with the comonomer
composition equal to the feed ratio. The consumption rate of
both comonomers is close to each other as expected by the
kinetic values. In Fig. S9,7 the characteristic triplet at around
3.42 ppm represents the fraction of 3BrHT in the polymer.
Taking the ratio of the triplet over the alpha methylene signal,
we obtain the composition plot as shown in Fig. 5(b) with a
stable 3BrHT composition throughout the synthesis. The
result shows that the final copolymer has random monomer
distribution.

Examination of failed chain polymerisation of 3HT : 30PT

Since the Mayo-Lewis fitting for 3HT:3OPT has shown
difficulty given the decreased R> value, we hypothesized that
the deviation from the model resulted from the failed chain
polymerisation for this pair. We validate the hypothesis by
evaluating the dispersity change of 30PT homopolymers and
random copolymers as shown in Fig. 6. The homopolymerisa-
tion of P3OPT gives steady dispersity values of around 1.4
throughout the reaction and linear growth of the molecular
weight with monomer conversion, as shown in Fig. 6(a). On

This journal is © The Royal Society of Chemistry 2024
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the other hand, the dispersities of the equimolar random
copolymerisation of 3HT and 3OPT have increased signifi-
cantly with the apparent loss of linear relationship between
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lation of characteristic peaks. Values marked in blue indicate the loss of CgH;; radicals from 3OPT during characterization.

MW and monomer conversion [Fig. 6(a) and (b)]. The other
combinations showed clear linearity between DP and
monomer conversion (Fig. $S10-S12}). This implies that the
loss of the chain polymerisation comes from the difference in
the structures of the two comonomers.

Further qualitative investigation was performed to under-
stand the kinetics of hetero-monomer addition in the failed
KCTP of 3HT:30PT. The syntheses of diblock copolymers of
P(3HT-b-30PT) and P(30PT-b-3HT) were attempted and charac-
terized with MALDI-TOF. As shown in Fig. 7(a), m/z values of
the most abundant peaks reflect the growth of 30PT blocks
from the 3HT chain ends. However, in the case of P(30PT-b-
3HT), we observed very limited growth of 3HT segments from
the 30PT chain ends (Fig. 7(b)). Moreover, the MALDI spec-
trum of P(3HT-b-30PT) also implies the loss of end group
control as Br/Br chain ends become predominant, as indicated
in Fig. 7(a). These observations possibly result from the inter-
fered association of the 30PT monomer with the Ni catalyst
due to the phenyl group.’”

As a final point, we address the differences observed in the
polymerization of 3EHT and 3OPT. Both are bulkier than the
other monomers. 3EHT fails to homopolymerize, while 30PT
does. 3EHT successfully copolymerizes while 30PT does not.
We speculate that these differences may arise from the differ-
ences in reactive species present due to the Schlenk equili-
brium, where the alkyl thiophenes may form more dimers
exasperating steric issues for 3EHT,”® or because the
additional phenyl unit on 30PT alters the association of the Ni
catalyst.’” These issues may also affect the differences in
monomer conversion, as shown in Fig. 3-5(a). Teasing out
these details will be a topic of future study.

2604 | Polym. Chem., 2024, 15, 2598-2605

Conclusions

In this study, we compared the copolymerisation reactivity of
3HT with four thiophene comonomers in KCTP with different
degrees of chemical structure similarity to explore the impact of
the comonomer identity on reaction kinetics. In addition to the
traditional reactivity ratios, we further investigated the four rate
constants derived based on the terminal model in binary copoly-
merisation. Among the four comonomers, 3DDT and 3BrHT that
possess higher similarity to 3HT show very similar reactivity with
the major comonomer. The product from batch copolymerisation
provides random copolymers with composition equal to the
monomer feed ratio, which is consistent with the prediction of
the kinetic values. On the other hand, the 3EHT monomer is less
reactive than 3HT in the copolymerisation due to the steric hin-
drance caused by the bulky side chain. The product of their reac-
tivity ratio is close to 1, which leads to copolymers with the gradi-
ent feature in batch copolymerisation. Finally, while being able
to undergo KCTP of homopolymers, the most sterically hindered
30PT failed to follow the chain polymerisation with 3HT under
the current experimental conditions. Further examination via
switching the chain end and incoming monomer identities quali-
tatively revealed that different kinetics exist for adding hetero-
monomers to either type of chain end in the case of 3HT: 30PT.
Our systematic study thus indicates the need for special handling
of experimental conditions in the cases of bulky comonomers,
such as temperature, catalyst ligands,”” and choice of Grignard
reagents.>® Understanding the impact of the monomer structure
on the reaction kinetics allows the efficient selection of appropri-
ate comonomers and experimental conditions without tremen-
dous commitment to the trial-and-error process.
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