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A B S T R A C T

Pd(RuPhos) has recently been introduced as an external initiator for Suzuki-Miyaura catalyst transfer con
densative polymerizations (SMCTCPs), exhibiting a controlled polymerization behavior. Paradoxically, the same 
initiator also enables a controlled activation-deactivation polymerization, raising questions about how these 
opposing mechanisms can yield controlled polymerizations. This study investigates key parameters influencing 
control in SMCTCP using poly(3-hexylthiophene) (P3HT), synthesized with a bench-stable, isolated external Pd 
(RuPhos) initiator, thereby elucidating why these two mechanisms can result in a controlled polymerization 
behavior. Our results demonstrate that increasing the water content reduces chain transfer reactions in the 
presence of a chain transfer agent (CTA). Alternative cosolvents, including 1-hexanol and anisole, are explored to 
mitigate water’s other adverse effects, showing a similar beneficial impact, though complete control remains 
challenging. Introducing additional RuPhos significantly reduces transfer reactions, producing P3HT with a 
dispersity of 1.16 compared to 1.28 without additional ligand, indicating improved control even with CTA 
present. The controlled nature of the polymerization is further validated through 1H NMR and MALDI-ToF an
alyses. A 31P NMR study reveals that free RuPhos forms in the absence of additional ligand, compromising 
control during polymerization. A computational survey of the coordination environment of the catalytic palla
dium species and the measurement of reaction rates strongly suggest that water and RuPhos act synergistically: 
water stabilizes the Pd(RuPhos)-polymer complex via a solvent cage, while additional RuPhos prevents diffusion 
of the Pd(RuPhos) complex. These findings reconcile the disparate mechanisms of SMCTCP and activation- 
deactivation polymerization, highlighting the critical roles of water and RuPhos in controlling transfer reactions.

1. Introduction

Conjugated polymers (CPs) represent a cornerstone of modern ma
terials science, holding immense promise across a spectrum of applica
tions from optoelectronics to biomedicine [1–7]. Tailoring these 
polymers in order to meet specific application requirements encom
passes considerations ranging from fundamental parameters as mono
mer selection to nuanced characteristics such as the degree of 
polymerization (DP), the dispersity (Ð) [8], the nature of the end groups 
[9] and defects [10,11]; all of which profoundly influence material 
performance [12]. Traditionally, step-growth polymerization has been 
the route to CP synthesis, but its inherent limitations in parameter 

control necessitate more precise methodologies [13]. In response, 
controlled chain-growth catalyst transfer condensative polymerization 
(CTCP) has emerged as the preferred approach [14]. Suzuki-Miyaura 
CTCP (SMCTCP), in particular, enjoys prominence for its versatility, 
tolerance to diverse functional groups and substrates, low toxicity, and 
mild reaction conditions, making it indispensable for achieving precise 
and efficient synthesis of CPs [15–18].

However, despite its virtues, SMCTCP encounters challenges, 
notably due to the presence of water as a solvent in the reaction mixture. 
While water aids in solubilizing the base and interacting with the 
catalyst [19–21], it also limits the solubility of the apolar, organic 
monomers and conjugated polymers, and it triggers undesirable side 
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reactions, such as protodeboronation and dehalogenation. However, 
Yokozawa et al. highlighted the pivotal role of water in SMCTCP as it 
promotes intramolecular transfer of the Pd catalyst, facilitating a 
controlled polymerization character (Fig. 1a) [22]. In light of these 
complexities, the question arises: what further insights can be gleaned 
into the role of water in SMCTCP?

Recent years have seen a resurgence of interest in Suzuki-Miyaura 
polymerization for CTCP, particularly due to the work of Choi et al., as 
they improved the controlled and living character of the polymerization. 
They demonstrated the synthesis of diverse CPs with low dispersity and 
high regioregularity using bench-stable Buchwald precatalysts in com
bination with monomers containing N-methylimidodiacetic acid 
(MIDA) boronate protection groups and derivatives as boron moiety 
(Fig. 1b) [23,24]. Even with boronic ester monomers, prone to proto
deboronation, a controlled polymerization was achieved when targeting 
a lower degree of polymerization [25]. This controlled process ensures 
that each initiator molecule initiates a single polymer chain and remains 
attached throughout the polymerization, reducing transfer and termi
nation side reactions.

Contrastingly, our earlier research using the same Pd(RuPhos) 
initiator system in a Negishi polycondensation revealed an opposite 
mechanism (Fig. 1c) [26]. In this system, an isolated (Ar)Pd(RuPhos)-Br 
species, similar to the in-situ generated Pd(RuPhos) initiator from 
Buchwald precatalysts, facilitated a controlled polymerization via an 
activation-deactivation process, as introduced by Yokozawa in 2007 
[13]. Here, the catalyst does dissociate from the polymer chain, but 
exclusively oxidatively inserts into growing polymer chains, avoiding 
insertion into the unreacted monomers, thereby maintaining control. 
This is possible as the reactivity of the C-Br bond in the monomer is 
reduced due to the deactivating C-Zn bond. In the growing polymer 
chain, this Zn-C bond is not present and the C-Br bond present at the last 
monomer unit in the polymer chain is activated [10,27]. Despite the 
disparate mechanisms — ring walking in SMCTCP and activation- 
deactivation in this type of Negishi polycondensation — the outcome 
is the same: a controlled polymerization which underscores the versa
tility of the catalyst system. However, it also again raises the question of 
how the same initiator can operate in such opposing manners — staying 
attached in one case or diffusing away and reinserting in another case.

The mechanistic differences likely stem from variations in the re
agents used in SMTCP and Negishi polymerization. Suzuki-Miyaura 
polymerizations require water, while Negishi polymerizations are con
ducted under moisture-free conditions. Additionally, the monomers 
have a different functional group, thereby altering the reactivity and 
polymerization mechanism. Finally, Choi et al. also introduced varying 
amounts of additional dialkyl biaryl monophosphine ligands, primarily 
RuPhos, during initiator synthesis, resulting in significantly reduced 
dispersity for the polymerization of several monomers [23–25,28]. 
Mechanistically, it would seem unnecessary to add more ligand than the 
amount of palladium present during the in-situ synthesis of the external 
initiator, as oxidative insertion of an aryl iodide with RuPhos Pd G3 and 
the following polymerization should not require extra free ligand [29]. 
However, calculations regarding this SMCTCP mechanism using Pd 
(RuPhos) initiators have yet to be performed.

In this study, we aim to unravel the intricate interactions influencing 
control in SMCTCP, thereby focusing on explaining the paradoxical 
character between the SMCTCP and the activation-deactivation Negishi 
polymerization. By isolating the external initiator, control over the 
initiation step is improved. The effect of the amount of water and 
RuPhos, and different cosolvents on the molar mass and the dispersity is 
examined (Fig. 1d). The addition of a chain transfer agent (CTA) further 
elucidates the controlled character. Furthermore, determining the rate- 
determining step and reaction rate pinpoints at what point in the cata
lytic cycle water and RuPhos can affect the polymerization dynamics. 
These experimental findings are supported by a computational study of 
the energetics of different coordination environments of the catalytic 
palladium species, leading to a working hypothesis regarding how 
RuPhos can affect the controllability of the polymerization.

2. Results and discussion

2.1. Synthesis and isolation of the external initiator

For the synthesis of CPs via SMCTCP, the initiator is typically 
generated in-situ. Over the past decade, various approaches have been 
explored to enhance the performance of the palladium initiators and 
catalysts. Currently, the most advanced and controlled polymers utilize 
RuPhos Pd G3 in combination with aryl iodides to synthesize the 
external initiator before the initiation of the polymerization 
[24,25,28,30]. However, the inability to isolate this external initiator 
poses challenges in monitoring conversion rates, determination of the 
exact number of active palladium species and control over the end 
groups. These limitations compromise the controlled nature of the 
polymerization process to some extent.

To overcome these issues, the use of an isolated external Pd initiator, 
(Ar)Pd(RuPhos)-iodine, is proposed. This molecule is synthesized from 

Fig. 1. Different strategies aiming towards control. a) universal chain-growth 
polymerization, and b) SMCTCP, both using PdRuPhos as initiator moiety. c) 
Showing the importance of water in SMCTCP and d) our research investigating 
the impact of water and RuPhos on the controlled behavior of the SMCTCP.
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Pd2(dba)3.CHCl3 (dba = dibenzylideneacetone), RuPhos, and an aryl 
halogenide, e.g., 4-iodo-methyl benzoate, which undergoes oxidative 
insertion and ligand exchange to form the external initiator 2 (Scheme 
1). The chloroform adduct of Pd2(dba)3 is selected for its higher stability 
and purity. Following concentration and filtration through celite, the 
crude product is precipitated using cold pentane. The resulting initiator 
is characterized using 1H and 31P NMR and is air-, moisture-, and solu
tion stable.

2.2. Influence of water on SMCTCPs

As suggested by Yokozawa et al., the presence of water is believed to 
play a crucial role in promoting intramolecular transfer in SMCTCPs. To 
explore the relationship between the water concentration and transfer 
reactions, SMCTCP experiments are conducted using varying ratios of 
THF to water, while maintaining a constant THF concentration and total 
volume. In the first series of experiments, 2-bromo-3-hexylthiophene-2- 
boronic acid pinacol ester M1, is polymerized using the isolated external 
Pd(RuPhos) initiator 2, with a fixed monomer-to-initiator ratio of 30. 
The THF/H2O ratio varies from 60/1 to 40/1 and 10/1. In a second 

series, an additional 20 mol% of a CTA, 4-iodoacetophenone, is added to 
assess the extent of transfer reactions during the polymerization 
(Scheme 2). After polymerization, the obtained P3HT is precipitated in 
methanol and filtered to remove residual monomer and impurities, 
without removing the low molar mass polymer molecules, as this would 
otherwise give a distorted view of the actual obtained material. The 
polymers are characterized using size exclusion chromatography (SEC) 
and 1H NMR to compare the dispersity, number average molar mass 
(Mn), end groups, and, importantly, the top of the polymer distribution 
(Mn, top), among the different samples.

In the series without CTA (Table 1, P1-3), a clear trend emerges. 
Although the Mn, top is comparable across all three samples, the Mn de
creases with increasing water content. In the SEC spectra, the decrease 
in Mn, especially from the sample with the highest water content P1, was 
primarily attributed to the presence of a shoulder on the right side at 
higher elution volumes (Fig. 2a). On the left side, there is also a small 
shoulder visible, and these two shoulders combined are revealing side 
reactions such as transfer reactions, deboronation, dehalogenation and 
disproportionation, thereby impacting the Mn.

Conversely, the second series with CTA presents the opposite trend 
(Error! Reference source not found., P4-6). Although the dispersity 
remains consistent, the Mn and Mn, top of P4 are higher than P5 and P6, 
despite the presence of a shoulder on the right side of the SEC spectrum 

Scheme 1. Synthesis of the isolated external initiator.

Scheme 2. SMCTCP of M1 using external initiator 2 with and without the presence of a chain transfer agent (CTA), 4-iodoacetophenone. MeBenz = methyl benzoate, 
RuPhos = 2-dicyclohexylphosphino-2′6′-diisopropoxybiphenyl.

Table 1 
Influence of water content and the chain transfer agent (CTA) on the molar mass 
and dispersity of P1-P6. Mn, Mn, top and dispersity (Ð) are based on SEC data 
calibrated using polystyrene standards.

Sample THF/H2O CTA (mol%) Mn(kg/mol) Mn, top(kg/mol) Ð

P1 10/1 0 3.3 6.9 1.58
P2 40/1 0 4.6 6.9 1.32
P3 60/1 0 4.9 7.1 1.29
P4 10/1 20 2.2 3.5 1.35
P5 40/1 20 1.9 2.5 1.39
P6 60/1 20 1.9 2.1 1.30
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in the 10/1 THF/H2O ratio sample (Fig. 2b). However, the Mn notice
ably decreases compared to samples without CTA, suggesting that 
intermolecular reactions are occurring. This is further confirmed by 1H 
NMR spectra before Soxhlet extraction. In the absence of transfer re
actions, only signals appearing from the methyl benzoate should be 
visible. In the case of transfer reactions, both methyl benzoate and CTA 
as end groups are present and the ratio of incorporated CTA-to-methyl 
benzoate is used to estimate the controlled character of the 

polymerization. In the 1H spectra of all three samples polymerized with 
CTA, aromatic signals corresponding to both the methyl benzoate and 
the CTA are present, thus indicating transfer (SI S7, P4-6). Interestingly, 
the sample with the highest water content (P4, 10/1 THF/H2O) has the 
lowest ratio of CTA-over-methyl benzoate, being equal to 0.29 
compared to 1.26 and 1.20 for the 40:1 and 60:1 THF:H2O ratios. A 
lower value indicates fewer transfer reactions and better control over the 

Fig. 2. SEC spectra of a) different amounts of water and b) having a different 
water content in the presence of 20 mol% chain transfer agent (CTA).

Scheme 3. Model reaction for the investigation of the rate determining step, with M3 being varied from 2 to 5 equivalents.

Fig. 3. Formation of product and disappearance of M2. Top) using 2 equiva
lents of M3. Bottom) using 5 equivalents of M3.
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end groups (SI S4). This proves that increasing water content reduces 
transfer reactions, although it also negatively impacts the polymeriza
tion process. This role of water in reducing transfer reactions is in line 
with the activation-deactivation mechanism during the Negishi poly
merization. This polymerization is typically performed under moisture- 
free conditions, promoting transfer reactions which are known to occur 
approximately every four monomer insertions [27]. The precise role of 
water in the catalytic cycle remains to be elucidated, prompting an 
investigation into the rate-determining step, which may provide insights 
into where it comes into play.

2.3. Rate-determining step in the SMCTCP using a Pd(RuPhos) initiator

To investigate the rate-determining step in SMCTCP using the Pd 
(RuPhos) initiator, small molecule Suzuki-Miyaura model reactions, 
similar to the monomers employed in the polymerization process, are 
conducted. The reaction involves the coupling of one equivalent of 2,5- 
dibromo-3,4-dimethylthiophene M2 with two equivalents of thiophene- 
2-boronic acid pinacol ester M3 and monitoring the reaction progress 
over time using 1H NMR (Scheme 3). To determine if the trans
metalation (TM) step is the rate-determining step, the experiment is also 
repeated with five equivalents of M3. If TM is rate-limiting, increasing 
the concentration of M3 should accelerate the reaction which can be 
monitored by the formation of mono- and di-reacted product.

Unlike the SMCTCPs, the model reaction is initiated by the addition 
of a base solution, allowing the measurements of a data point t0. 
Consequently, the amount of base used during these model reactions is 
lower than during the SMCTCPs due to solubility limitations. The con
version is measured by taking a fixed volume of the sample and adding it 
to an NMR tube containing 0.250 mL of THF-d8, while the amount of 
non-deuterated THF serves as the internal standard. The conversion is 
plotted as a function of time, focusing only on the initial slope. Upon 
comparing the initial slope of the reactions using two and five equiva
lents of M3, only a small difference in reaction rate is observed (Fig. 3): 
0.0136 ± 0.0004 and 0.0191 ± 0.0032 for two and five equivalents, 
respectively. This modest rate difference does not align with the ex
pected increase from a 2.5-fold increase of M3 if TM were the rate- 
determining step. Then, the reaction rate should scale proportionally 
to [P*][M], meaning the rate would increase by a factor 2.5, assuming 
that just one monomer and the growing polymer chain participate in the 
TM. Accounting for standard errors, the rate difference diminishes even 
further, providing evidence that the TM is not the rate-determining step. 
Given these findings, the rate-determining step was speculated to be 
either oxidative addition (OA), reductive elimination (RE) or ring- 
walking (RW). OA is typically ruled out, as dialkyl biaryl mono
phosphines like RuPhos are generally associated with fast OA due to 
closer approaching of the aryl electrophile compared to L2Pd(0) com
plexes [31–33]. Thus, the rate-determining step in this context is more 
likely to be either RE or RW. It is hypothesized that water may stabilize 
the Pd(RuPhos)-polymer complex during RW, thus reducing the likeli
hood of transfer reactions. To mitigate the negative effects inherently 
related to water, different cosolvents are explored to interact with this 
complex without adversely affecting the polymerization.

2.4. Influence of cosolvents on SMCTCPs

To explore the impact of different cosolvents in mimicking the pos
itive effects of water on transfer reactions and their involvement in the 
catalytic cycle, polymerizations are carried out using a 60/1 THF/H2O 
reaction mixture and replacing 10 vol% of THF with various cosolvents. 
The water content is reduced to minimize its direct influence during the 
polymerization while still ensuring intramolecular transfer and dis
solving the base allowing for the formation of OH–. The investigated 
cosolvents are divided into two groups: alcohol-based (Error! Refer
ence source not found., P9-11) and aromatic compounds (Error! 
Reference source not found., P12-17) in addition to cosolvent-free 

reference samples P7 and P8 (with CTA).
Among the alcohol-based cosolvents, polymerization with methanol 

(P9) obtained a similar Mn, top compared to the sample without cosolvent 
(P7). However, the polymer solution becomes darker and more turbid 
which is likely due to the low solubility of the growing polymer in 
methanol. In contrast, using 1-hexanol (P10), which has a longer apolar 
alkyl chain, improves solubility. This results in an increased Mn, top that 
surpasses the Mn, top of P7. However, the dispersity also increases, from 
1.28 to 1.36, echoing the effect of an increasing water content in the 
absence of CTA. When testing 5-hexen-1-ol as cosolvent, the double 
bond is expected to interact more readily with the Pd(RuPhos) complex. 
In P11, with 5-hexen-1-ol as cosolvent only yields oligomers, thereby 
showing a clear difference with 1-hexanol.

The aromatic cosolvents are expected to interact with the Pd 
(RuPhos) polymer complex, stabilizing and preventing it from dissoci
ating during RW. Among the electron-poor cosolvents, no improvements 
are obtained as BA and BN (P12 and P13, respectively) lead to a sig
nificant increase in dispersity and dramatical decrease of the Mn, top. In 
contrast, polymerizations using more electron-rich cosolvents, such as 
toluene (P14), anisole (P15), and 1,4-dimethoxybenzene (P16) produce 
polymers with similar Mn, top values and dispersity values compared to 
P7. Phenol, despite being electron-rich and a combination of both 
classes, failed to produce a controlled polymerization. This could 
possibly be due to the formation of phenoxide-anions after reaction with 
K3PO4 which can induce side reactions, poison the Pd catalyst, interact 
with the boronic ester functionalities, altering monomer reactivity or 
causing degradation.

Next, cosolvents that achieved similar results compared to P7 are 
polymerized again in the presence of 20 mol% CTA (Table 2, P18-21). 
When 1-hexanol (P18) is used as a cosolvent, the dispersity decreases 
compared to P8, while the Mn, top increases slightly. However, P18 re
mains well below the values of polymers synthesized without CTA, 
revealing the presence of transfer reactions. This result is in line with the 
sample polymerized using an increased water content (Error! Refer
ence source not found., P4). Overall, the amount of water can be 
reduced and can be mimicked by hexanol, but a controlled polymeri
zation is still not obtained. Among the aromatic compounds, only ani
sole, 1,4-dimethoxybenzene and toluene are used in combination with 
20 mol% of CTA. Toluene (P19), being the least electron-rich, results in 
the same Mn, top, but with a lower dispersity compared to P8. 1,4-dime
thoxybenzene (P20) produces similar results as P8, but with a reduced 
dispersity, while anisole (P21) results in a polymer with a small 

Table 2 
Combination of all different cosolvents with and without extra chain transfer 
agents (CTA). Mn, Mn, top and dispersity (Ð) are based on SEC data using poly
styrene standards.

Sample Cosolvent THF/ 
H2O

CTA 
(mol%)

Mn(kg/ 
mol)

Mn, top(kg/ 
mol)

Ð

P7 / 60/1 0 4.8 6.8 1.28
P8 / 60/1 20 1.6 2.9 1.56
P9 MeOH 60/1 0 4.4 6.7 1.34
P10 HexOH 60/1 0 5.0 7.7 1.36
P11 5-Hex-1- 

enol
60/1 0 0.5 1.4 1.98

P12 BA 60/1 0 1.7 2.0 1.42
P13 BN 60/1 0 3.4 4.9 1.56
P14 Toluene 60/1 0 4.6 6.5 1.28
P15 Anisole 60/1 0 4.9 7.0 1.29
P16 DMB 60/1 0 5.0 6.9 1.28
P17 Phenol 60/1 0 1.3 2.0 1.63
P18 HexOH 60/1 20 2.2 3.2 1.31
P19 Toluene 60/1 20 2.1 2.8 1.30
P20 Anisole 60/1 20 2.6 3.7 1.26
P21 DMB 60/1 20 2.4 2.9 1.27

MeOH = methanol, HexOH = hexanol, BA = benzaldehyde, BN = benzonitrile, 
DMB = 1,4-dimethoxybenzene.
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increased Mn, top and a reduced dispersity.
Following Soxhlet extraction, the polymer samples are analyzed 

using MALDI-ToF spectrometry to assess the presence of different end 
groups as this provides additional information regarding the controlled 
nature (SI S9). Aromatic cosolvents P14-16 without CTA show end 
groups similar to those of P7, suggesting a comparable level of control. 
In contrast, P10, using 1-hexanol, exhibited a broader range of end 
groups, indicating less control which is again similar to P1 having a 
higher water content. In polymerizations conducted with the combina
tion of CTA and cosolvents, different observations are made. As 
explained before, the molar mass of these polymers is considerably 
lower due to the inability of cosolvents to prevent all transfer reactions. 
However, in P18 and P20 the amount of polymers with CTA as the end 
group is lower than in P8, while toluene and 1,4-dimethoxybenzene, 
yielding P19 and P21, show negligible differences compared to P8 (SI 
S10). These results show that cosolvents such as 1-hexanol and anisole 
can positively influence the SMCTCP, but the effect remains limited. In 
conclusion, the choice of cosolvents influences the controlled character 
in SMCTCPs and can be used to replace a portion of the water content, 
thereby potentially stabilizing the Pd(RuPhos)-polymer complex and 
improving the solubility. However, the selection of the right cosolvent is 
a delicate balance influenced by solubility, functional groups and elec
tron density and no cosolvent is sufficient to gain full control over the 
SMCTCP.

2.5. Influence of extra RuPhos ligand on SMCTCP

A potential modification to the Pd(RuPhos) initiated SMCTCP in
volves the addition of additional RuPhos. Previous studies have shown 
that when a precatalyst, such as RuPhos Pd G3 is used to synthesize the 
initiator, more than one equivalent of RuPhos is typically employed. 
However, the effect of additional RuPhos equivalents has not yet been 
studied with an isolated Pd(RuPhos) initiator. Since each palladium 

atom in the initiator already interacts with one RuPhos ligand, one could 
expect that additional RuPhos should not significantly influence the 
controlled nature of the polymerization. Nonetheless, research con
ducted by the group of Choi demonstrated that additional RuPhos in 
their in-situ formed initiator dramatically reduced the dispersity [25].

To investigate this further, similar polymerization with and without 
CTA are repeated, using an additional 1.5 equivalents of RuPhos. For 
comparison, the previously established benchmarks P7 and P8 are 
shown in Table 3. In the first SMCTCP conducted with extra ligand 
(P22), the Mn, top of this sample remains unchanged compared to P7, but 
the dispersity decreases from 1.28 to 1.16, representing a significant 
enhancement regarding the controlled character (Fig. 4, blue). Encour
aged by this result, the polymerization is repeated with additional CTA. 
Despite the small amount of free ligand compared to the amount of 
cosolvent used in previous experiments, the result is striking. Comparing 
P8 and P23, the Mn, top increases from 2.9 to 8.0 kg/mol, while the 
dispersity decreases from 1.56 to 1.24 (Fig. 4, brown). Notably, the 
Mn, top of P23 is even higher than that of P22, an unexpected result 
which can only be explained by a weighing error of the Pd(RuPhos) 
initiator. Analysis by 1H NMR, SEC and MALDI-ToF reveals no anomalies 
that can otherwise explain the higher molar mass. Using 1H NMR, the 
ratios of CTA-over-methyl benzoate end groups can again be calculated 
to determine the amount of transfer reactions. In P8 using 20 mol% of 
CTA and a 60/1 THF/H2O, this ratio after purification is equal to 0.68 
whereas for P23 with extra RuPhos, the ratio decreases to 0.09, con
firming the significant effect of the additional ligand.

Given the success of the extra free ligand, the next step is to combine 
cosolvents with RuPhos to further enhance the SMCTCP. Polymeriza
tions are carried out with and without CTA, using hexanol (P24-25) or 
anisole (P26-27) as cosolvent, which had previously shown some 
improvement. However, for both cosolvents, the Mn, top and dispersity 
were similar to those in P22 and P23. Combining cosolvent and RuPhos 
with CTA results in polymers with an improved Mn, top and decreased 
dispersity, but the effects are comparable to the polymer synthesized 
with only RuPhos and CTA, indicating that cosolvents do not offer 
additional advantage when extra RuPhos is already employed. These 
conclusions are supported by MALDI-ToF analysis of P22-27, compared 
to P7 and P8 (SI S9). In general, the samples without CTA are compa
rable, only P22 without extra cosolvent shows fewer different end 
groups, and the methyl benzoate/phenyl end group combination is the 
only dominant signal. For CTA-based samples, the same conclusions 
apply, with the exception that the polymer P27, synthesized using ani
sole, has less CTA-based polymers in its spectrum.

Given the clear impact of RuPhos in enhancing the controlled char
acter of the SMCTCP, further experiments are conducted to investigate 
the species present during polymerization using 31P NMR in the absence 
and presence of extra RuPhos. The influence of the different compounds, 
e.g. external initiator, ligand and base, is investigated first to determine 
if any interactions or new species are formed before the polymerization 
itself. Fig. 5 shows the 31P NMR spectrum of the external initiator 2 in 
d8-THF and D2O, which displays a single signal at 23 ppm. When 1.5 
equivalents of RuPhos are added, a second signal at − 10 ppm appears, 

Table 3 
Influence extra RuPhos on the controlled behavior of the SMCTCP with and without CTA and cosolvent. The equivalents of RuPhos are compared to amount of Pd 
(RuPhos) initiator. Mn, Mn, top and dispersity (Ð) are based on SEC data using polystyrene standards.

Sample RuPhos Cosolvent THF/H2O CTA (mol%) Mn(kg/mol) Mn, top(kg/mol) Ð

P7 / / 60/1 0 4.8 6.8 1.28
P8 / / 60/1 20 1.6 2.9 1.56
P22 1.5 equiv. / 60/1 0 5.5 6.8 1.16
P23 1.5 equiv. / 60/1 20 6.0 8.0 1.24
P24 1.5 equiv. HexOH 60/1 0 6.1 7.9 1.21
P25 1.5 equiv. HexOH 60/1 20 5.0 6.5 1.20
P26 1.5 equiv. Anisole 60/1 0 5.2 6.7 1.25
P27 1.5 equiv. Anisole 60/1 20 4.3 6.1 1.28

Fig. 4. SEC data of P7-8 and P22-23 synthesized with and without extra 
RuPhos in combination with and without chain transfer agent (CTA).
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corresponding to the free RuPhos ligand. No other signals are observed, 
indicating that the formation of a Pd(RuPhos)2 species from the oxida
tively inserted (Ar)Pd(RuPhos)-halide complex is unlikely. After adding 
K3PO4, the spectrum remains mostly unchanged, with the exception of a 
small signal at 44 ppm. This value can possibly be attributed to the 
formation of oxidized RuPhos, which might be formed by the oxidation 
of the external initiator or the formation of a Pd(0)RuPhos particle 
[34,35]. K3PO4 itself is not visible, likely due to the solubility issues or 
phase separation of water and THF at high base concentrations.

To investigate the polymerization process itself, some modifications 
to the general procedure are necessary. The external initiator concen
tration is increased in order to be quantified by the NMR spectrometer. 
To achieve this, the volume of the THF/D2O reaction mixture is reduced 
to obtain a concentration of 0.2 M instead of 0.02 M. Additionally, the 
DP is also reduced in such a way as to increase the amount of initiator. 
The polymerization is performed with and without 1.5 equivalents of 
free RuPhos. Despite the suboptimal shimming of one of the samples due 
to the presence of insoluble inorganic compounds and water in the NMR 
tube, the comparison between the two spectra reveals that the sample 
without extra RuPhos contains a signal of free RuPhos. This indicates 
that at a certain point during the polymerization some of the initiator is 
destroyed, leading to an accumulation of free RuPhos over time, which 
may gradually start to stabilize the polymerization.

2.6. Computational study and hypothesis

Computations were performed at the B3LYP [36] /LANL2DZ level of 
theory. Within this methodology, the core electrons of the heavier atoms 
(10 per phosphorus or sulfur atom and 28 per palladium atom) are 

treated using effective core potentials. Dispersion effects were treated 
with the D3 correction by Grimme including Becke-Johnson damping 
[37]. All calculations were performed using the Q-Chem software 
package [38]. To implicitly describe solvent effects, geometries were 
optimized using the SMD solvation model [39]. Frequency calculations 
were carried out using the SwiG-C-PCM solvation model [40,41] where 
atomic radii by Bondi [42] were used for all elements except hydrogen, 
for which a revised atomic radius [43] was employed. The solvent- 
accessible surface was constructed by using 194 Lebedev grid points 
on all atoms except for hydrogen, where 110 points were used.

To investigate the stability of different complexes of palladium, the 
polymer chain, RuPhos, and the solvent THF, the free enthalpy of 
different species in equilibrium geometries was calculated and 
compared. In the resting phase after the reductive elimination and 
before the insertion into the C-Br bond, the catalyst coordinates the π 
system of the polythiophene. As a simplified equivalent of the polymer 
chain, 2,2′-bithiophene (Th2) was studied. Such a complex is, in prin
ciple, stable towards dissociation, since the reaction 

Pd(RuPhos)-Th2 → Pd(RuPhos) + Th2 ΔG = +65.7 kJ/mol                  

is endergonic. However, in the presence of the solvent, this reaction 
becomes more favorable due to the more efficient coordination of the 
palladium atom in a complex with THF. 

Pd(RuPhos)-Th2 + THF → Pd(RuPhos)(THF) + Th2 ΔG = +32.4 kJ/mol

It can be expected that the decoordination becomes even more 
favorable for a more extended polymer chain, as well as in the presence 
of sterically demanding sidechains or the electron-rich bromine 

Fig. 5. 31P NMR spectra of a) PdRuPhos initiator 2 in d8-THF and D2O, b) PdRuPhos initiator + extra RuPhos, c) PdRuPhos + extra RuPhos + K3PO4, d) SMCTCP 
with extra RuPhos and e) SMCTCP without extra RuPhos.
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substituent which is essential for the polymerization mechanism. How
ever, the coordination of the palladium atom by a RuPhos molecule is 
more favourable than forming a complex with THF. If there is excess 
RuPhos in the solution, the dissociated palladium will form the Pd 
(RuPhos)2-complex, which is confirmed computationally: 

Pd(RuPhos)(THF) + RuPhos → Pd(RuPhos) 2 + THF ΔG = –54.5 kJ/mol

This complex is stable with respect to further dissociation due to the 
high binding energy between palladium and RuPhos: 

Pd(RuPhos)2 → Pd(RuPhos) + RuPhos ΔG = +87.9 kJ/mol                  

This binding energy is not as high as the one corresponding to the 
interaction energy between a palladium atom with a single RuPhos 
molecule: 

Pd(RuPhos) → Pd + RuPhos ΔG = +167.1 kJ/mol                               

However, it is high enough to expect the intermediate formation of 

Pd(RuPhos)2 during the reaction in case of dissociation of the palladium- 
polymer bond.

These results, combined with the evidence of free ligand formation 
during the polymerization, suggest the following tentative hypothesis 
(Scheme 4). During RW, the Pd(RuPhos) complex can start to diffuse 
away from the growing polymer chain due to its relatively low binding 
energy. In the presence of additional RuPhos, when the Pd(RuPhos) 
diffuses away it forms Pd(RuPhos)2, with the second ligand more weakly 
bound. This change significantly increases the size of the Pd species, 
hindering its diffusion and allowing its reintroduction into the growing 
polymer chain before transfer occurs. During polymerizations without 
additional RuPhos, the weakly bound Pd(RuPhos)-polymer complex 
lacks the availability of a second RuPhos ligand to slow down its diffu
sion. As a result, the catalyst may become available for transfer re
actions, as supported by the reactions with CTA, or undergo 
degradation, indicated by the free RuPhos signal in the 31P NMR spectra. 
Over time, the increasing amount of free RuPhos improves in gaining 
control during the SMCTCP.

Scheme 4. Overall Suzuki-Miyaura CTCP mechanism, including the extra step during RW, with and without additional RuPhos.
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In comparison, in a typical activation-deactivation-type of Negishi 
polymerization, the catalyst is allowed to diffuse away. This is not only 
due to the absence of water, but also due to a lack of free RuPhos 
allowing for efficient diffusion and inducing transfer reactions. In the 
SMCTCP, this is avoided due to the combined presence of both water and 
RuPhos, hence explaining the synergetic behavior leading to controlled 
behavior excluding transfer reactions. They allow for the formation of a 
solvent cage on the one hand and a temporary Pd(RuPhos)2 formation 
on the other hand, minimizing effective transfer reactions.

As the strength of the complexation between the growing polymer 
backbone and the Pd(RuPhos) species is monomer dependent, the ratio 
of RuPhos-to-PdRuPhos needed to achieve a controlled behavior should 
be case specific as well. Based on literature from Choi et al. it becomes 
clear that this is indeed the case as the amount of RuPhos varies between 
1.5 and 6 equivalents [24,28,30].

2.7. Reaction rate with and without RuPhos

Since the reversible binding of a second RuPhos ligand during RW is 
possible, the overall polymerization rate is expected to be lower in the 
presence of additional RuPhos, particularly in the initial stages of the 
reaction. To test this, the reaction rate is compared using the previously 
established model reaction with M2 and M3, with and without the 
presence of an additional 1.5 equivalents of RuPhos. In Fig. 6, the con
version as a function of time is visualized. The resulting graph reveals a 
clear difference in initial slopes, 0.0136 ± 0.0004 and 0.0080 ± 0.0003, 
with and without additional RuPhos respectively, indicating distinct 
reaction rates at the start. Over time, however, the reaction rates start to 
become parallel and behave more similarly. This observation aligns with 
the proposed mechanism, where free RuPhos is gradually formed, 
enabling the temporary formation of Pd(RuPhos)2, which influences the 
polymerization mechanism and reaction rate.

3. Conclusion

In summary, the influence of the amount of water on the transfer 
reaction during SMCTCP has been investigated, particularly in the 
presence of CTA. It has been found that a higher water content reduces 
the transfer reactions, which positively impacts the molar mass of the 
polymers. However, a controlled character is not achieved, as the higher 
water content also promotes side reactions and reduces solubility. Next, 
model reactions were conducted to gain insights into where exactly this 
water could impact the catalytic cycle. It was concluded that the TM 
cannot be the rate-determining step and that water should influence RW 
via stabilization of the growing Pd(RuPhos)-polymer complex. To 
mitigate the drawbacks of water, its amount was minimized and 

cosolvents were added to mimic its positive effects. Based on SEC, 1H 
NMR and MALDI-ToF analysis, cosolvents such as 1-hexanol and anisole 
do influence the controlled behavior to some extent, though no complete 
control is achieved. Ultimately, the addition of extra RuPhos ligand has 
been proven to be the crucial factor in achieving full control over the 
SMCTCP, as evidenced by a reduction of the dispersity from 1.28 to 1.16. 
Even in the presence of CTA, a controlled character was obtained as the 
molar mass of the obtained polymers is hardly affected. In conclusion, 
two main conditions should be met for the Pd(RuPhos) initiator to stick 
with one growing polymer chain and achieve a controlled SMCTCP: the 
presence of an optimal amount of water and the addition of excess 
RuPhos. Based on computational results, 31P NMR spectra, and the 
comparison in reaction rates with and without additional RuPhos, a 
plausible working mechanism for the role of additional RuPhos could be 
proposed. The Pd(RuPhos) catalyst is allowed to detach from the 
growing polymer chain during the polymerization process. However, 
the presence of additional RuPhos, either through degradation of Pd 
(RuPhos) or by its direct addition at the start of the polymerization, 
slows the reaction and hinders efficient diffusion. This occurs via the 
temporary formation of the bulky Pd(RuPhos)2, which restricts diffusion 
and the related transfer reactions. Consequently, this mechanism en
ables the SMCTCP to exhibit a controlled behavior with the condition 
that additional RuPhos is present from the beginning. The combined 
presence of water and additional RuPhos introduces a stark and im
pactful difference with the activation-deactivation mechanism of the 
Negishi polymerization, where the catalyst detaches during the process. 
The presence of water (solvent cage) and extra RuPhos (hampered 
diffusion) in combination with different functional groups on the 
monomer explains why the same initiator system can behave differently 
across these two polymerization techniques.
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