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Abstract 
 
Flow chemistry has been shown to be an excellent tool for the production of conjugated polymers. In 

some cases, however, this technique reaches its limits because of viscosity increases or precipitate 

formation. Droplet flow can provide an answer but has not been developed yet for the state-of-the-

art push-pull conjugated polymers applied in many prototype organic electronic devices. In this work, 

a droplet flow protocol is established for a near-infrared photoactive [1,2,5]thiadiazolo[3,4-

g]quinoxaline-based alternating copolymer, representing the first implementation of flow synthesis 

for organic photodetector materials. High-quality polymers are obtained, with an enhanced 

consistency in molar mass, dispersity, and photodetector performance.  

Keywords: continuous flow synthesis · droplet flow · reproducibility · organic electronics · near-

infrared photodetectors  
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In recent years, continuous flow chemistry has established itself as a highly efficient and versatile tool 
for the development and production of tailor-made advanced polymers. High-quality materials are 
easily synthesized regardless of the scale, the polymerization mechanism and the type of monomers.1 

Flow chemistry has also been used by a few groups for the synthesis of conjugated polymers 
specifically designed for organic electronics applications such as organic photovoltaics (OPVs) and 
organic field-effect transistors (OFETs).2–9 Due to the fast mixing, rapid heat transfer and the ease to 
apply extreme conditions in flow setups, reaction times can (in general) significantly be reduced. In 
addition, continuous flow chemistry offers a very high control over the reaction conditions, allowing 
the production of advanced polymers with high reproducibility, in contrast to traditional batch 
chemistry. This is particularly helpful in the field of organic electronics, wherein batch-to-batch 
variations in the quality of (push-pull type) conjugated polymers are considered one of the main 
bottlenecks toward large scale implementation and commercialization.5,10,11 Flow chemistry also 
enables high-throughput screening in a straightforward way, speeding up research efforts. Moreover, 
large-scale material production can be foreseen in a cost-effective manner. 

Despite all of the above benefits and the great potential of continuous flow chemistry, it has not been 
widely implemented for conjugated polymer synthesis so far. There is still a need for further 
refinement and dedicated research efforts to overcome important drawbacks inherent to traditional 
flow setups. For instance, reactor fouling can occur in case of highly viscous polymer solutions, or the 
formation of precipitates. This is often the case for the synthesis of conjugated (push-pull) polymers 
with reasonably high molar masses, affording better results in organic electronics devices.9,12–16 This 
problem can potentially be circumvented by using a droplet method in which a flow is generated by 
introducing a reaction mixture into a stream of an immiscible carrier fluid, which causes the formation 
of highly consistent low-volume droplets.17 Preferably, a carrier fluid with a large affinity for the inner 
wall of the tubing (e.g. a perfluorinated solvent in combination with perfluorinated-type tubing) is 
used, which ensures that the generated reaction droplets float through the center of the tubing 
without contacting the inner walls. This results in a reactor that can tolerate large increases in viscosity 
and the formation of small precipitates, and thus circumvents one of the main issues of traditional flow 
reactors. Additionally, droplet flow reactors benefit from a fast equilibration of temperature and 
concentration due to the small droplet size, ensuring a uniform reaction environment.17  

A droplet flow procedure has previously been established for the old workhorse conjugated polymer 
P3HT (poly-3-hexylthiophene),6 but, to the best of our knowledge, no protocol for push-pull 
copolymers has been developed yet.  Push-pull (or donor-acceptor) based copolymers are the state-
of-the-art electron donor components in OPVs and organic photodetectors (OPDs), but also find their 
application in OFETs, organic light-emitting diodes (OLEDs) and organic electrochemical transistors 
(OECTs).18–21 To date, OLEDs based on small molecules are the only organic electronic devices 
successfully being commercialized, in televisions screens and smartphone displays. Polymer based 
OPDs might be next, as they provide a low-cost, light-weight, tunable and flexible alternative to the 
present generation of (inorganic) photodetectors. Nowadays, OPDs can already compete with silicon-
based photodetectors in the visible region.22 However, there is a particular interest in near-infrared 
(NIR) OPDs because the currently used inorganic counterparts (mainly based on Ge, InGaAs or HgCdTe) 
have some important drawbacks, such as a limited pixel size, a high rigidity and a considerable cost.18 
In previous work, we have developed push-pull copolymers based on the electron-deficient bay-
annulated indigo (BAI) monomer, which allowed photodetection beyond 1000 nm in bulk 
heterojunction (BHJ) OPDs, with detectivities up to 1012 Jones.23 Despite this good performance, the 
BAI synthesis is accompanied by low yields and a laborious purification, detrimental for potential 
upscaling. Therefore, new copolymers were designed and synthesized from the electron-poor 
[1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ) precursor, which afforded photodetection up to 1.4 μm 
when applied in BHJ NIR-OPDs and detectivities exceeding 1010 Jones.24 Their easy synthesis and 
upscaling, straightforward wavelength tunability and good performance at high wavelengths – among 
the highest so far for NIR-OPDs in the wavelength range beyond 1 μm – motivate further studies on 
these materials, for instance with respect to their production by continuous flow.  
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In the presented work, we show that a prototype TQ-based NIR-OPD polymer, PTTQ(HD), can 
efficiently be synthesized using droplet flow. The benefits of this method in terms of material 
production, reaction screening, reproducibility and material quality are discussed. 
To illustrate the versatility of continuous droplet flow, a range of polymerization conditions and 
methods were tested toward the production of PTTQ(HD) (Scheme 1). For proper benchmarking, 
traditional batch and flow chemistry approaches were performed as well. All polymerizations were 
done in triplicate on a 100 mg polymer scale in chlorobenzene using Pd2(dba)3/P(o-tol)3 as the catalytic 
system.24 Regular flow experiments were conducted on a home-made setup using two syringe pumps 
and a heated perfluoroalkoxy (PFA) tubular reactor of 11 mL. The droplet flow setup consisted of a 
heated planar PFA tubular reactor of 1.13 mL, a PTFE droplet generator and also two syringe pumps 
(Figure 1).6 Prior to analysis, the polymers were purified by removal of Pd traces and consecutive 
Soxhlet extractions to get rid of remaining monomer and oligomer species. An overview of the applied 
reaction conditions and the resulting polymer molar mass properties is provided in Table 1. Details on 
the batch and flow synthesis procedures are provided in the Supporting Information (SI). 

 

Figure 1: Continuous flow setups used in this work: regular flow (top) and droplet flow (bottom). 

 

Scheme 1: Stille polycondensation reaction affording PTTQ(HD). 

Under regular batch synthesis conditions, the PTTQ(HD) polymer (P1) solution becomes increasingly 
viscous as the polymerization progresses, resulting in large batch to batch variations due to 
inhomogeneity of the reaction mixture (number average molar mass (Mn) of 52.8/22.9/30.5 kg/mol 
for polymerization trials a/b/c, respectively; Table 1).24 Typically, when conducting a transfer from 
batch to flow, the change in viscosity is taken into account by decreasing the concentration of the 
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reagent solutions.8 For the PTTQ(HD) synthesis by continuous flow, a concentration decrease of 50% 
was initially applied (from 60 to 30 mg/mL). Even under these conditions, the polymer (P2) occasionally 
coagulated on the walls of the PFA tubing and sometimes even fouled the reactor. Although the 
concentration decreased, a reasonably high Mn of 32.4/28.1/32.0 kg/mol was still observed, which can 
be attributed to the enhanced mixing and heat transfer in comparison to batch chemistry, which 
eventually yields more uniform products.25–29 To further increase reproducibility and to prevent 
reactor fouling, the transfer to a continuous droplet flow setup was then made.      

For the first polymers prepared by droplet flow (P3), the monomer concentration was further 
decreased to 24 mg/mL. Nevertheless, similar molar masses were obtained (Mn of 35.1/44.0/29.2 
kg/mol). Two follow-up experiments were executed at a lower reaction temperature of 90 °C. Polymer 
P4 was synthesized using a monomer concentration of 24 mg/mL, whereas P5 was prepared with a 
higher concentration of 60 mg/mL. The molar mass of polymer P4 (Mn of 32.3/32.8/27.6 kg/mol) 
diminished slightly in comparison to P3 due to the temperature drop. For P5, however, a sharp increase 
in molar mass was observed as a consequence of the increased concentration (Mn of 81.1/79.4/82.3 
kg/mol). Finally, a polymer batch (P6) was produced using the same conditions as applied for P5, except 
for a shorter reaction time of 1 hour. As expected, a drop in molar mass was observed (Mn of 
31.2/39.1/29.1 kg/mol), which confirms the ease of molar mass tunability using this setup. 

Table 1: Overview of the applied reaction conditions, molar mass and dispersity values for the different PTTQ(HD) samples. 

 Procedure Temperature 
(°C) 

Reaction 
time (h) 

Monomer 
conc. (mg/mL) 

Mn (kg/mol) 
    a†             b             c 

Đ 
   a           b            c 

P1 Batch 120 18 60 52.8 22.9 30.5 2.7 2.2 1.9 

P2 Regular flow 120 2.5 30 32.4 28.1 32 1.7 2.3 2.2 

P3 Droplet flow 120 2.5 24 35.1 44.0 29.2 1.8 1.9 1.7 

P4 Droplet flow 90 2.5 24 32.3 32.8 27.6 2.0 1.9 2.0 

P5 Droplet flow 90 2.5 60 81.1 79.4 82.3 1.5 1.6 1.7 

P6 Droplet flow 90 1 60 31.2 39.1 29.1 2.1 1.9 2.5 
† All reported values are obtained after successive Soxhlet extractions. a, b and c refer to the separate batches prepared under 

all reaction conditions. No significant variations in conversion were observed, with isolated yields of purified polymers 

between 80 and 90%. Figure S2 provides a visualization of molar mass and dispersity trends. 

On average, higher molar masses are (more consistently) observed for the flow experiments (Table 1), 
certainly when using the same concentration. Batch chemistry is always disadvantageous in terms of 
mixing, heat transfer and precise control as compared to continuous flow chemistry, resulting in less 
reproducibility.1 On the other hand, regular flow chemistry suffers from diffusion at the head of the 
injection slug since the reaction mixture comes into contact with pure solvent. Diffusion decreases the 
concentration at the injection head, resulting in shorter polymer chains due to a decrease in reaction 
rate, but it also creates a broad residence time distribution (RTD).9 In contrast, for droplet flow, a 
narrow RTD is expected due to the confined nature of the droplets. This leads to a high consistency in 
molar mass and dispersity (Đ), which is an essential aspect in the quest to reduce batch-to-batch 
variations.30 Another important observation is the narrow Đ and high molar mass for the polymers in 
the P5 series, which can be attributed to an increased polymerization rate. This is an essential asset of 
droplet flow since these high concentrations can not be attained in regular flow reactors. 

For all further material and device analysis, data for the first two batches for each polymerization 
protocol (a and b; see Table 1) were used to simplify comparison. Only minor differences were 
observed in the UV-VIS-NIR absorption spectra of the different polymer samples (Figure 2). In 
chloroform solution, the polymers have a near-identical absorption profile. Batch polymer P1b shows 
a slight blue-shift as a result of the presence of low molar mass fractions, which can clearly be seen in 
the gel permeation chromatography (GPC) profiles (Figure 3 and S3). This effect is more pronounced 
in film, where the differences are in general somewhat larger, which can be attributed to variations in 
polymer stacking tendency. Although polymer P1a also shows strong tailing at the low molar mass side 
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in the chromatogram (Figure 3), this is not apparent in the absorption spectra. Since UV-Vis-NIR 
spectroscopy is not ideally suited to reveal structural differences in the chemical composition of the 
polymer backbone, the materials were also analyzed by MALDI-ToF mass spectrometry (see Figure S4 
and S5). Homocoupling defects can be identified in all mass spectra, as indicated by the imbalance 
between the donor (thiophene) and acceptor (thiadiazoloquinoxaline) building blocks (Figure S5). Such 
structural defects are known to influence the device metrics of organic electronic devices.11 However, 
the MALDI-ToF mass spectra do not indicate significant structural differences between the polymers 
prepared via the different polymerization conditions described above. The applied variation in 
synthesis conditions thus mainly affects the molar mass (distribution). 

 
Figure 2: UV-VIS-NIR absorption spectra in chloroform solution (top) and in thin film (bottom) for the synthesized PTTQ(HD) 

polymer samples (a and b). 
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Figure 3: GPC profiles for the synthesized PTTQ(HD) polymer samples (a and b). 

Since variations in polymer molar mass and the accompanying differences in microstructure and 
stacking tendency have a major influence on material processing and device performance, the 
synthesized polymers were evaluated in prototype OPDs. All devices were fabricated using an inverted 
architecture (ITO/ZnO/polymer:PC71BM/MoO3/Ag) and the previously optimized processing 
conditions.24 Since the specific detectivity (D*) is the main figure of merit for photodetectors, this 
parameter was used for comparison between the different polymer samples. The specific detectivity 
was determined at -2 V, where shot noise is assumed to have the main contribution to noise, via the 
equation  

𝐷∗ =
EQE √𝑞𝛥𝑓𝜆

ℎ𝑐√2𝐽𝐷
 , 

with EQE the external quantum efficiency, q the elementary charge of an electron, Δf the frequency 
range, λ the incident wavelength, h Planck’s constant, c the speed of light and JD the dark current 
density. It is clear that D* is influenced by both the EQE and the dark current, but the latter has a major 
influence as it can vary over several orders of magnitude. Therefore, both the EQE and the current-
voltage (I-V) characteristics in darkness were investigated. The dark I-V curves, EQE spectra and 
resulting D* values (vs wavelength, at -2 V bias) are depicted in Figure 4.  
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Figure 4: Current density-voltage curves under dark conditions (top), EQE spectra measured at -2 V (middle) and shot noise 
limited specific detectivities (vs wavelength) at -2 V bias (bottom) for the NIR-OPD devices based on PTTQ(HD). 
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Comparing device results, it can be seen that the flow polymers generally perform on the same level 
as the batch polymers (see also Figure S6). The device processing protocol was kept constant to keep 
the number of variables minimal. Upon individual processing optimization for the different polymer 
batches, even more similar results are expected. More important to note is the high consistency of the 
performance parameters for all flow samples, and especially the droplet flow samples (Figure 4). The 
batch samples (P1) have the largest average spread in D*. The regular flow samples (P2) already show 
a smaller variation, but the droplet flow samples (P3–P6), yet again, have the smallest average 
difference. The higher degree of control offers a clear advantage in terms of consistency relative to 
batch chemistry. 

In summary, this work illustrates the benefits of continuous droplet flow chemistry for the field of 
organic electronics. A droplet flow protocol has for the first time been developed for push-pull 
copolymer synthesis. Because of its resistance to precipitates and highly viscous solutions, droplet flow 
clearly enhances the scope of traditional flow chemistry. It also facilitates the transfer from batch to 
flow, since changes to the reaction conditions are no longer required. Moreover, the two-phase 
character allows straightforward and consistent molar mass tuning, which clearly benefits the final 
device performance reproducibility. Polymers made by droplet flow outperform the materials 
synthesized using the traditional batch and flow methods in terms of consistency, while affording 
similar device performance. Additionally, droplet flow reactors are very suitable for screening 
purposes. Since a single droplet of a reaction mixture can be injected into the immiscible carrier fluid, 
only very small quantities of a material are required for reaction screening, which is hence very cost-
effective. On the other hand, the system can easily be scaled up, allowing large-scale production. In 
general, this technique allows the preparation of highly uniform, qualitative materials, which is a 
crucial factor for both academic research and industry. 

Supporting Information Available 

Material synthesis (batch and flow) protocols, OPD fabrication and characterization details and 
illustrative MALDI-ToF mass spectra, as well as a short movie illustrating the droplet flow protocol, are 
provided as Supporting Information. 
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