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Abstract: Single chain polymer nanoparticles (SCNP) constitute an 
attractive polymer architecture that potentially provides functions 
exclusively seen in folded biomacromolecules. The generation of 
SCNPs, however, is limited by the requirement of a high dilution 
chemical step, necessitating the use of large reactors in order to 
produce reasonable quantities of material. Herein, the chemical 
folding of macromolecules into SCNPs is achieved in both batch and 
flow photochemical processes by the previously described 
photodimerization of anthracene units in polymethylmethacrylate (100 
kDa) under UV irradiation at 366 nm. When employing flow chemistry, 
the irradiation time is readily controlled by tuning the flow rates, 
allowing for the precise control over the intramolecular collapse 
process. In addition, we demonstrate that the flow system provides a 
route at least 4 times more efficient for SCNPs formation, reaching 
higher intramolecular cross-linking ratios 5 times faster compared to 
batch operation. Thus, we provide a new path towards the synthesis 
of larger quantities of SCNPs and thus their applications in different 
fields of soft matter materials science. 

 The pursuit of advanced macromolecular architectures is 
one of the key driving forces in polymer synthesis, as they form 
the basis of functional materials in a range of applications.[1–3] One 
of the most interesting constructs, referred to as single chain 
polymer nanoparticles (SCNPs), is prepared by intramolecular 
chemical folding of polymer chains into single chain 
nanostructures.[4–8] While research into SCNPs is still emerging, 
SCNPs have already excelled in a variety of applications such as 
sensors,[9] catalysts,[10] nanoreactors,[11] drug delivery systems,[12] 
viscosity modifiers,[13,14] mechanochemically resistant 
materials[15,16] and plastics with unique mechanical 
properties.[17,18] Many chemistries, covalent and non-covalent, 
have been successfully used for the preparation of SCNPs.[19–22] 
The general strategy for SCNP formation is the polymerization of 
typically two (or more) monomers into a linear chain, followed by 
a post-polymerization treatment in dilute conditions, typically 
below 1 mg mL-1 to promote intramolecular cross-linking and 
avoid network formation. Some specific chemistries were able to 
overcome this limitation, allowing for the preparation of scalable 
amounts of SCNP under mild and more concentrated conditions. 
Proven strategies include the use of collapse reactants with very 
short life-time,[23] tuning the side-chain polarity to reduce 
intermolecular interactions,[24] adding reactants to kinetically 

control the collapse chemistry or to exploit confinement effects to 
increase the quantum yield of photochemically induced folding 
reactions.[25,26] These individual successes gave access to larger 
amounts of SCNPs constituted of specific monomers, but they do 
not give access to the rich chemistry already developed for 
SCNPs. Research on the fundamental properties of SCNPs as 
well as their possible applications requires access to larger 
amounts of SCNPs with variable chain compositions and side 
chains, and under the current synthetic limitations, very large 
reaction volumes are required, making the synthetic process 
cumbersome and not environmentally friendly. As an example, we 
have demonstrated that SCNP assemblies in the solid state 
present extremely high stretchability above Tg, as well as 
improved strength, modulus and toughness,[18,27] however, 5 L 
reactors were required to generate sufficient material for even 
simple mechanical and thermomechanical characterization using 
small samples. 
 Over the past decade, flow chemistry has found increased 
scope and displays several useful advantages when applied to 
organic syntheses,[28] including in the context of polymerizations 
where controlled and unique chain architectures are desired.[29–31] 
Flow chemistry systems hold many advantages over batch 
production, such as high surface-to-volume ratios, controlled 
quantities and lifespan of highly reactive species as well as facile 
scalability that can provide a pathway to commercial 
production.[32] Therefore, flow chemistry systems can be used to 
address some of the limitations of batch production of SCNPs, 
while providing all the advantages of control over reaction 
conditions and kinetics. Amongst different chemical reactions, 
flow chemistry systems have shown significant advantages in 
photochemical syntheses.[33] Batch photochemical synthesis 
presents issues in adequately distributing the light in the desired 
intensity, potentially creating numerous by-products due to over 
exposure required to achieve higher yields. Therefore, 
photochemical intramolecular collapse was chosen as a proof-of-
concept for the flow production of SCNPs. Numerous 
photochemical processes have been developed for the 
preparation of SCNPs such as the photodimerization of 
styrylpyrene units and radical-mediated thiol−yne coupling.[26,34,35] 
Herein, SCNPs are prepared by the photodimerization of pendant 
anthracene units,[36–41] originally demonstrated by Berda and co-
workers.[42] In batch production, the process was carried out by 
irradiating a dilute solution of the linear polymer at 0.1 mg mL-1 in 
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a quartz cuvette. This extremely low concentration meant that 
only very small amounts of these SCNPs could be produced per 
volume. Here, we reproduce the batch approach and compare it 
to an in-house built flow system, both tailored for this process and 
exploit the possible advantages in terms of production yield, as 
well as the known advantages of photochemical efficiency 
typically seen in flow photochemistry.[43,44] 

 9-Anthracenylmethyl methacrylate (AnM) was prepared by 
reaction of 9-anthracenemethanol with methacryloyl chloride 
(refer to experimental section in the SI). Single electron transfer 
living radical polymerization (SET-LRP) was subsequently carried 
out to generate a linear copolymer composed of 
methylmethacrylate (MMA) and AnM (9.4 mol%). 
Characterization by triple-detector SEC provided accurate weight 
average molecular weight (Mw) and dispersity, and 1H-NMR was 
used to calculate the monomer composition (Table 1). SCNP 
formation was carried out via anthracene photodimerization by 
both batch and flow system approaches, upon irradiation with a 
UV light source (366 nm) at dilute solutions (0.5 mg mL-1) in THF 
(Scheme 1). 

 

Scheme 1. SCNP preparation strategy used in the current study. Me6TREN = 
Tris[2-(dimethylamino)ethyl]amine. 

 

Figure 1. Flow (left) and batch (right) photochemistry systems, using a UV light 
source at 366 nm. 

 In this photochemical process, the degree of intramolecular 
cross-linking (CL) is controlled by the time the solution is exposed 
to the UV source. Therefore, 5 different flow rates were examined 
– 100, 150, 200, 250 and 300 µL s-1 (6, 9, 12, 15 and 18 mL min-

1 respectively, representing productivity of 0.18, 0.27, 0.36, 0.45 
and 0.54 g per h) which is the amount of SCNPs material in grams 
produced per hour. The samples are marked as 100FL, 150FL, 
200FL, 250FL and 300FL, respectively. The same original 
polymer solution was percolated through high purity 
perfluoroalkoxy (PFA) tubing, which was tightly wrapped around 
a ca. 50 cm long UV lamp, cooled to ambient temperature (Figure 
1). The solution volume exposed to UV source is ca. 90 mL, the 

residence times at these flow rates are 15.5, 12.25, 8.67, 6.5 and 
5.5 min respectively. Each flow system was run for variable time 
intervals, until 400 mL of SCNP solution was collected, the volume 
required in batch to cover the lamp. In the batch studies, the time 
intervals tested were the same as the ones required in the flow 
system to produce the same amount of material, therefore 
allowing a comparison in similar productivities. The exposure 
times in batch were 22, 27, 33, 44 and 67 min, reflecting the 
required collection time of 400 mL at flow rates 18, 15, 12, 9 and 
6 mL min-1 respectively. Additional batch reactions were carried 
out using shorter exposure times (5.5, 6.5, 8.67, 12.25 and 15.5 
min) to obtain also results with similar UV exposure time to the 
material that passes in the flow system at different flow rates. The 
batch experiment samples are marked 5B, 6B, 8B, 12B, 15B, 
22B, 27B, 33B, 44B and 67B. In all cases, 400 mL solution (0.2 
g of material) was collected and analyzed by triple-detector SEC 
and 1H-NMR. 

Table 1. Data for linear copolymer and SCNPs from SEC and NMR analyses. 

Sample 
 

Produ
ctivity 
[g h-1] 

Expos
ure 
time 
[min] 

Mw 

[kDa]
[a] 

Đ[a] 

 

Rƞ 

[nm] 
[a] 

Peak 
elution 
volume 
[mL][b] 

AnM 
CL 

[mol%]
[c] 

Linear N/A 0.0 101.2 1.5 7.2 29.16 0.0 

300FL 0.54 5.5 100.5 1.4 7.1 29.98 4.0 

250FL 0.45 6.5 100.3 1.5 6.9 30.06 4.5 

200FL 0.36 8.67 100.1 1.4 6.5 30.13 5.0 

150FL 0.27 12.25 100.7 1.4 6.4 30.38 5.5 

100FL 0.18 15.5 100.2 1.4 6.2 30.60 6.7 

5B 2.2 5.5 103.0 1.5 7.2 29.38 n.m.[d] 

6B 1.8 6.5 100.8 1.3 7.3 29.42 n.m. 

8B 1.4 8.67 101.8 1.4 7.3 29.51 n.m. 

12B 1.0 12.25 100.2 1.3 7.3 29.55 n.m. 

15B 0.8 15.5 102.3 1.6 7.3 29.62 n.m. 

22B 0.54 22 100.7 1.3 7.3 29.69 3.1 

27B 0.45 27 100.8 1.2 7.2 29.75 3.5 

33B 0.36 33 101.3 1.2 7.3 29.79 3.9 

44B 0.27 44 100.6 1.3 6.9 29.85 4.4 

67B 0.18 67 100.5 1.2 6.4 30.14 5.8 

[a] Weight average molecular weight, polydispersity and hydrodynamic radius 
are calculated from triple detector SEC. See the SI for details. 
[b] From UV detector trace at 254 nm. 
[c] Calculated from 1H-NMR spectra. 
[d] n.m. – not measured. 

The linear polymer and the series of SCNPs were 
characterized by triple-detector SEC to track the change in 
properties as a function of intramolecular collapse. As expected, 
polymers produced using smaller flow rates elute at larger elution 
volumes, as the exposure to the UV-source is increased leading 
to higher intramolecular CL ratio, causing a decrease in 
hydrodynamic radius while the polydispersity index (Đ) remains 

10.1002/anie.202010429

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION   

3 
 

approximately the same (Figure 2A, 2C and Table 1). Although 
changing the flow rates changes the exposure time only by a few 
minutes, given the larger surface exposure to the UV-source, the 
variation in SCNP hydrodynamic volume is clear. The actual CL 
degree was readily assessed by 1H-NMR spectroscopy and 
showed good correlation with the SEC results and the flow rate in 
the flow production system (Table 1). At the slowest flow rate, 6 
mL min-1, the calculated degree of intramolecular CL reached 6.7 
mol% (based on max 9.4 mol%), while at the fastest flow rate, 18 
mL min-1, the degree of intramolecular CL reached 4.0 mol% 
(refer to Figures S4 and S8). The intramolecular process was also 
followed by UV-vis spectroscopy, monitoring the disappearance 
of π-π* absorption bands of anthracene, achieved by connecting 
the flow system to a spectrophotometer, or even directly from the 
photodiode array (PDA) detector trace in the SEC (Figure 2B and 
2D). These results correlate well with the NMR spectra, but are 
significantly easier and more quickly obtained. 

Similarly, the batch experiments show the expected trends: 
The peak’s elution volume increases as irradiation time increases. 
However, hydrodynamic radius and Đ show larger variances, with 
less clear trends (Table 1). This is plausibly a consequence of the 
longer and less controlled exposure to the UV-source. From 1H-
NMR spectroscopy data, the intramolecular CL degree for 22B 
and 27B, the least exposed batch samples, are lower than those 
obtained in the highest flow rates tested with the flow system. 
Only when exposed for 33 min in batch (33B), a CL degree (3.9 
mol%) comparable to the fastest flow rate (18 mL min-1 300FL) 
which was exposed to UV-source for only 5.5 min was obtained. 
Importantly, while 0.2 g of SCNPs with this CL ratio are produced 
in 33 min by batch, in 300FL, the same amount is obtained after 
22 min, i.e., the flow system is 50% more effective than the batch 
system, in addition to being safer, tunable and more controlled. 
For the slowest flow rate, 100FL, preparation time of 400 mL 
SCNPs solution takes 67 min and provides SCNPs with 6.7 mol% 
CL degree; while in batch, after 67 min the CL degree reaches 
only 5.8 mol %. Figure 3 summarizes the benefits in SCNPs 

productivity by photochemical flow compared to batch. Naturally, 
achieving higher intramolecular CL degrees requires longer 
reaction times, and therefore lower productivity for both 
approaches. However, for batch, the productivity is lower, 
especially for higher conversions (cross-link densities). In addition, 
we found that the intramolecular CL degree increases linearly with 
UV irradiation time for both batch and flow production; however, 
the slope of this fit is an order of magnitude higher in flow, 0.25 
versus 0.06 for batch, indicating it is much easier to reach high 
CL densities using the flow system. Even though the HPFA tubing 
absorbs and scatters some of the UV light (unlike in batch, where 
the solution is exposed to the UV source with no ‘barrier’), it is 
clear that production using a flow system provides a critically 
advantageous route for SCNPs synthesis, especially if higher CL 
densities are desired. This large advantage is a consequence of 
the higher surface-area-to-volume ratio. Given the low thickness 
of the tubing, the diluted solutions are exposed to a more 
homogeneous and concentrated photon flux for a shorter time 
period. On the other hand, in a photochemical batch reactor, most 
of the reagent in the solution is located far from the lamp for most 
of the time and given the high extinction coefficient of reactants 
and products, only a tiny amount of photons arrive at those 
points.[42,44] The batch test carried out in this study is an almost 
ideal one, in which the reactor is closely encircling the lamp, but 
even in these conditions, increasing the exposure time leads to a 
much slower increase in conversion (Figure 3b, represented as 
CL ratio). Increasing the reaction volume with the same lamp 
would lead to even lower conversion for the same productivity and 
even larger differences between batch and flow production. On 
the other hand, the reaction conversion (intramolecular CL) in the 
flow system is controlled solely by the selected flow rate and the 
time of operation merely determines the amount of SCNPs 
received. Increasing the total time, leads to a significant increase 
in product amount, while maintaining the same CL ratio, unlike in 
batch where each experiment could lead to different CL degrees 
due to slight differences in reaction time or stirring rate. 

 

 
Figure 2. SEC (UV-detector, 254 nm channel) and UV-Vis spectra from the SEC-UV-Vis photodiode array detector of the linear copolymer and SCNPs at different 
flow rates and exposure times (batch) obtained from flow (A, B) and batch (C, D) systems, respectively. 
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Figure 3. Intramolecular CL degree as a function of SCNP productivity (in grams 
per hour) (top) and UV irradiation time (bottom) in flow (blue, ♦) and batch (green, 
●) systems using a polymer containing 9.4% AnM.  

Given the positive results observed with the original 
polymers, we explore a second set of polymers, where the 
number of AnM moieties in the backbone is doubled to 20 mol%. 
Berda and co-workers demonstrated that higher ratios of AnM in 
the linear precursor lead to a relatively higher degree of 
intramolecular CL as a function of irradiation time.[42] This effect 
can be benefited from in flow-chemistry, as the photon density is 
- on average - higher throughout the solution as compared to 
batch systems,[43] generating a larger fraction of excited 
anthracenes. When comparing the dimerization conversion, 
between the two flow experiments, it can be seen that when 20 
mol% AnM is used (refer to the SI, Table S1), the CL ratios 
increase, relative to the polymer with 9.4 mol% AnM by a factor of 
3.4 for the fastest flow rate (300 µL s-1), although this effect is less 
pronounced at slower flow rates (longer reaction times), given 
these results are closer to full conversion. In contrast, the majority 
of the batch results present ca. 2.7 times higher CL ratio 
compared to the polymer containing 9.4 mol% AnM after the same 
irradiation time, and, more importantly, it seems that equilibrium 
is reached at lower relative conversions (refer to the SI, Figure 
S18). 

In summary, we pioneer the continuous production of 
SCNPs in photoflow. We demonstrate that flow systems for SCNP 
synthesis present critical advantages over batch mode, including 
faster reaction kinetics, improved chemical yield at shorter and 
longer times, a safer production line, better control over the folding 
chemistry, in addition to faster and continuous production, 
allowing access to larger quantities of SCNPs. The UV irradiation 
time was significantly reduced using flow chemistry: the fastest 
flow rate tested (18 mL min-1, 5.5 min exposure time) produced 
SCNPs with intramolecular CL rates that required 33 (9.4 AnM %) 
or 44 min (20 AnM%) UV exposure when carried out in batch. The 
intramolecular collapse was readily followed using SEC, UV-vis 

and 1H-NMR spectroscopy. Our technology allows access to 
larger scale, controlled and safe production of SCNPs using 
different chemistries. In addition, through adequate evaporation 
and solvent recovery, this process can be made environmentally 
benign. The exploration of continuous solvent recovery in 
combination with flow is currently under investigation and will be 
reported in due time. 
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