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We describe the photoinduced intrachain crosslinking of 

coumarin-containing copolymers in various organic solvents. 

Analysis of copolymer solvation and comparison to a molecular 

coumarin derivative revealed solvophobicity-driven crosslinking 

kinetics and chain compaction that facilitated the synthesis of 

single-chain nanoparticles. 

Intramolecular crosslinking of single polymer chains affords 

single-chain nanoparticles (SCNPs).
1
 Similar to 

biomacromolecules that acquire form and function from a 

precise chain folding process, the compaction of linear 

polymer chains has provided nanoparticles with promising 

performances in areas such as catalysis,
2-5

 cargo delivery,
6-8

 or 

advanced materials.
9-12

 Control over the crosslinking reaction 

kinetics has proven critical for the successful formation of such 

SCNPs.
13-16

 Here, we demonstrate the potential of the 

solvophobic effect in organic solvents to mediate the 

crosslinking of linear polymers into SCNPs. 

Despite their promise as well-defined nanomaterials, 

preparation of SCNPs is complicated by the requirement of 

high dilution to favor intramolecular crosslinking over 

intermolecular reactions. One effective strategy to direct SCNP 

formation relies on intramolecular collapse of amphiphilic 

polymers in water prior to covalent crosslinking.
17,18

 However, 

formation of more hydrophobic SCNPs necessitates the use of 

organic solvent systems during synthesis and processing. 

Corroborating computational predictions,
19-21

 the groups of 

Simon
22

 and Lederer
23

 have observed that crosslinking under 

poor solvent conditions promotes higher reaction conversions 

and more compacted SCNPs.
22,23

 Among other factors, this 

phenomenon was primarily attributed to decreased polymer 

chain solvation and reduced chain dimensions in poor 

solvents.
23

 Inspired by this work, we wished to further explore 

the potential of exploiting solvent quality to enhance 

intramolecular crosslinking in organic solvents and elucidate 

the relationship between solvent-induced polymer chain 

compaction and crosslinking kinetics.  

Specifically, we studied SCNP formation of coumarin-

containing poly(methyl methacrylate) (PMMA) through 

photoinduced [2+2] cycloaddition
24

 in solvents of varying 

polymer solvation quality (Figure 1). The coumarin 

chromophore allowed reaction monitoring and detailed kinetic 

analysis via UV-vis spectroscopy. By comparing with the 

reaction rates of model small molecules and monitoring the 

intramolecular crosslinking of the analogous polymers by static 

light scattering (SLS) and size-exclusion chromatography (SEC), 

we were able to gain insight into the role of solvophobic 

interactions on the kinetics and efficiency of the crosslinking 

reaction. We believe that such straightforward solvent control 

over chain conformation and reaction kinetics is not only 

highly desirable and easily implementable in SCNP synthesis, 

but also generally applicable to the design of other reactions 

involving macromolecules. 

 

Fig. 1. Intrachain crosslinking of methyl methacrylate-based copolymers through the 

photoinduced dimerization of pendent coumarin units. The addition of poor solvents 

resulted in faster and more efficient crosslinking due to more compacted polymer 

chain dimensions. The [2+2] coumarin cycloaddition typically yields a mixture of 

isomers. For simplicity, only the head-to-tail dimer is shown. 
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Results and Discussion 

Polymer Synthesis  

To study the influence of copolymer composition and solvent 

quality on the photoinduced intrachain crosslinking reaction, 

we synthesized PMMA-based copolymers with 10 and 20 mol% 

coumarin crosslinker content, denoted here as 10 CMA and 20 

CMA, respectively. Both copolymers were synthesized by 

reversible addition-fragmentation chain transfer (RAFT) 

copolymerization (Figure 2). This reversible-deactivation 

radical polymerization technique was employed to obtain 

polymers with narrow molecular weight distributions, a 

prerequisite for obtaining uniform SCNPs.
25

 Specifically, methyl 

methacrylate was copolymerized with a 4-methylcoumarin 

methacrylate derivative (CMA) using 4-cyanopentanoic acid 

dithiobenzoate (CPADB) as the RAFT agent (Figure 2A). 

Analysis of the polymerization kinetics revealed similar 

reaction rates for both monomers, consistent with statistical 

incorporation (Figure 2B). The unimodal shift to shorter elution 

times of the SEC signal of polymerization aliquots (Figure S1) 

and the agreement of number-average molecular weight (Mn) 

with the theoretical values (Figure 2C) indicated a well-

controlled polymerization. To avoid cross-reactivity of the 

photoactive dithiobenzoate moiety during the anticipated 

photoinduced crosslinking, we removed the RAFT agent-

derived ω-end group via aminolysis with hydrazine
26

 followed 

by thia-Michael addition with methyl acrylate.
27

 To ensure the 

stability of the coumarin scaffold during this reaction, we 

conducted control experiments with 7-hydroxy-4-

methylcoumarin, showing no change of the coumarin moiety 

upon exposure to excess hydrazine and thiols  (Figure S2). 

While the thia-Michael product is the most probable polymer 

chain end after this reaction sequence,
27,28

 we cannot exclude 

the possibility that some chains could be terminated by a 

thiolactone formed between the intermediate thiolate chain 

end and the penultimate methyl ester unit.
29

 However, both 

chain end types should be stable towards UV irradiation at 

wavelengths above 350 nm and thus should not have 

interfered with the subsequent photo-crosslinking. 
1
H NMR 

spectroscopy verified complete dithiobenzoate removal from 

the copolymers while maintaining all coumarin resonances 

(Figures S3 and S4). Finally, after purification via precipitation, 

we obtained 10 CMA and 20 CMA with dispersities (Ð) below 

1.05 and an Mn of 19300 (DPn = 162) and 20700 g/mol (DPn = 

150), respectively (Figures 2D and S4).  The final coumarin 

content in the copolymers was determined by 
1
H NMR 

spectroscopy by comparing the coumarin resonances with the 

PMMA methyl ester signal (Figures S3 and S4). Matching the 

initial feed ratios, we found 10.3 and 20.9 mol% coumarin 

incorporation for 10 CMA and 20 CMA, respectively. 

 

Solvent selection  

Fig. 2 Synthesis of 10 CMA and 20 CMA. (A) Reversible addition-fragmentation chain transfer (RAFT) copolymerization of methyl methacrylate (MMA) and a 4-methylcoumarin 

methacrylate derivative (CMA) with 4-cyanopentanoic acid dithiobenzoate (CPADB) followed by end-group removal afforded 10 CMA and 20 CMA with similar degrees of 

polymerization. (B) Pseudo-first-order kinetic plot for MMA and CMA from the synthesis of 10 CMA. (C) Evolution of number-average molecular weight (Mn) and dispersity (Ð) with 

monomer conversion for 10 CMA-DTB (i.e., 10 CMA containing the RAFT agent-derived end groups). (D) Size-exclusion chromatogram of 10 CMA (i.e., after end-group removal). Mn 

and Ð values were obtained by size-exclusion chromatography (SEC) in N,N-dimethylacetamide coupled with multi-angle light scattering detection. 
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With the copolymers in hand (Table S1), we sought to 

investigate the effect of solvent on precursor chain 

compaction and photo-crosslinking. Specifically, we envisioned 

DCM serving as a good solvent for the copolymer and 1/1 (v/v) 

solvent mixtures of dichloromethane (DCM) with methanol 

(MeOH) or hexanes (Hx) for the poor solvent conditions. To 

evaluate the solvent quality for the copolymers prior to the 

crosslinking experiments, we determined the second osmotic 

virial coefficient (B) of a high-molecular-weight 20 CMA model 

copolymer via SLS and Zimm analysis (Figure S5). B relates to 

the concentration dependence of the scattering, whereby B 

decreases to zero for theta solvents and becomes negative for 

poor solvents.
30

 The 20 CMA model copolymer was 

synthesized via RAFT copolymerization according to our 

protocol; however, we raised the molecular weight of the 

model copolymer (Mn,SEC = 63000 g/mol) compared to the 

SCNP precursor copolymer to increase the scattering intensity 

and improve the sensitivity of the SLS analysis. In DCM, B was 

1.1×10
-6

 mol*dm
3
/g

2
 and decreased by almost two orders of 

magnitude to 5.7×10
-8

 mol*dm
3
/g

2
 in 1/1 DCM/MeOH. We 

attempted SLS in 1/1 DCM/Hx; however, the poor solubility of 

the model copolymer in that solvent mixture prohibited 

analysis at concentrations above 5 mg/mL. These results 

suggested the solvent quality for the model copolymer 

decreased substantially from DCM > DCM/MeOH > DCM/Hx.  

 

Chain compaction  

We next investigated the degree of chain compaction upon 

photo-crosslinking of 10 CMA and 20 CMA SCNP precursors in 

DCM, DCM/MeOH, and DCM/Hx (Figure 3A). The copolymers 

were irradiated with UV light (λmax = 365 nm) at low  

concentration (0.1 mg/mL), and the products were analyzed by 

SEC to verify a reduction in hydrodynamic volume
31

 (i.e., chain 

compaction) upon crosslinking and by UV-vis spectroscopy to 

determine the coumarin conversion. SEC bears critical 

limitations in determining absolute SCNP size,
32

 particularly if 

additional enthalpic interactions between polymer and column 

material evolve due to changes of the polymer composition 

upon crosslinking.
33

 Here, chain compaction occurred without 

introducing an external crosslinker, and thus, assuming only 

minimal changes in polymer polarity upon coumarin 

dimerization, the chemical composition should remain 

relatively constant within the respective copolymer series. All 

irradiated copolymers exhibited increased elution times 

compared to their linear parent polymer, indicating successful 

chain compaction (Figures 3B and S6). Under poor solvent 

conditions, the photo-crosslinking resulted in more 

pronounced chain compactions, with DCM/Hx causing the 

most dramatic size reduction, in line with the solvation trends 

observed by SLS.  

To compare the two different copolymer compositions, we 

defined a measure for the relative size reduction by dividing 

the SCNP peak molecular weight (Mp,SCNP) by the peak 

molecular weight of the parent copolymers (Mp,PP; Figure 3C). 

Across all solvent conditions, 20 CMA provided more 

compacted SCNPs compared to 10 CMA, which could be 

attributed to the higher crosslinking density of 20 CMA-derived 

SCNPs resulting in denser particles. This result is in line with 

the findings of Berda and coworkers for disulfide-containing 

SCNPs.
34

  

 The final efficiency of coumarin photodimerization strongly 

depended on the solvent system (Figure S7, Table S2). After 

8.5 h irradiation, the highest conversions were observed in 

DCM/MeOH, followed by DCM/Hx, and finally DCM. Notably, 

despite lower coumarin conversions, crosslinking in DCM/Hx 

still afforded more compacted particles compared to 

DCM/MeOH. In other words, the pre-compacted chains in the 

solvent with the lowest polymer solvation (i.e., DCM/Hx) 

Fig. 3. Solvophobicity effects on the chain compaction. (A) Reaction scheme for SCNP 

formation using UV light (λmax = 365 nm). (B) Representative SEC traces of crosslinked 

SCNPs formed in different solvent systems from linear 20 CMA. SEC was conducted in 

tetrahydrofuran (THF). Coumarin conversions for the 20 CMA SNCPs: 69% (DCM), 86% 

(DCM/MeOH), 79% (DCM/Hx). (C) Bar graph comparing the relative chain compactions 

between copolymer series. Peak molecular weight (Mp) of SCNP and parent polymer 

(PP) were determined via conventional calibration with polystyrene standards in THF. 

Coumarin conversions for 10 CMA SCNPS: 54% (DCM), 78% (DCM/MeOH), 66% 

(DCM/Hx).
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facilitated an arrangement of intrachain crosslinks that 

resulted in smaller nanoparticles.   

 

Crosslinking kinetics 

Intrigued by solvent effects on coumarin conversion, we 

investigated the crosslinking kinetics of SCNP formation with 

10 CMA and 20 CMA in DCM, DCM/MeOH, and DCM/Hx. 

Photodimerization conversion was calculated from the UV 

absorbance value at 319 nm and the molar extinction 

coefficient of the coumarin moieties in the respective solvent 

(Figures S8–S10 and Table S3). Furthermore, we subjected the 

non-polymeric coumarin model compound 7-methoxy-4-

methylcoumarin (CMOMe) to UV irradiation under the same 

solvent conditions as the copolymers (Table S4) to distinguish 

between contributions from coumarin-solvent and polymer-

solvent interactions.  The data were fit to a linearized second- 

order rate law (equation 1): 

 

[ ] 
 

 

[ ] 
    (1) 

where [C] as the coumarin concentration, k is the solvent-

dependent rate constant, and t is the UV exposure time. The 

kinetic analysis revealed the highest dimerization rate constant 

in DCM/MeOH for all the coumarin systems (Figures 4, S11, 

and Table S5). This can be attributed to the polar nature of 

MeOH, which has been shown to increase the quantum yield 

and accelerate the photoinduced dimerization of 

coumarins.
35,36

 However, the copolymers series showed a 

more pronounced rate increase after switching from DCM to 

DCM/MeOH than the analogous small molecule system. This 

result suggests that in  addition to the solvent polarity-induced 

rate increase, polymer-selective solvophobic interactions 

increase the reaction rate in the macromolecular system.  

 Critically, in DCM/Hx, 10 CMA and 20 CMA exhibited a 1.5 

and 1.7-fold rate increase compared to the dimerization rate in 

DCM. Conversely, no significant difference between DCM and 

DCM/Hx could be observed for the photodimerization of the 

small molecule analog. This comparison suggests the addition 

of Hx as a poor solvent selectively accelerates the reaction rate 

in polymeric systems. Considering the trends for polymer 

solvation and SCNP compaction measured by SLS and SEC, we 

believe that this rate increase can be attributed to a chain 

compaction of the linear precursor, arranging the coumarin 

moieties in closer proximity and raising the reaction rate 

through a polymer-selective solvophobic effect.
37

  

Conclusions 

We studied solvent effects on SCNP synthesis by investigating 

chain compaction and photo-crosslinking kinetics of coumarin-

containing methacrylate copolymers. Comparison with a 

molecular coumarin system revealed that solvophobic 

interactions involving the polymer chain of the linear SCNP 

precursors promoted the formation of more compacted SCNPs 

and substantially increased the crosslinking rate constants.
37

  

This  study showcases the potential of the solvophobic 

effect to drive pre-compaction and intrachain crosslinking 

kinetics in SCNP synthesis. Conceptually, this strategy mimics 

disulfide bridge formation in proteins, where covalent bond 

formation is preceded by polypeptide folding.
38

 We believe 

that such solvophobicity-controlled crosslinking in organic 

Fig. 4. Photoinduced [2+2] cycloaddition kinetics for a polymeric (A) and a small molecule (B) coumarin system in different solvents. (A) Representative second-order rate analysis 

for the photo-crosslinking of (A) 20 CMA (R2 = 0.98 (DCM), 0.99 (DCM/MeOH), 0.99 (DCM/Hx)) and (B) 7-methoxy-4-methylcoumarin (CMOMe; R2 = 0.97 (DCM), 0.99 

(DCM/MeOH), 0.99 (DCM/Hx)). 
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solvents opens new opportunities for future advancements in 

SCNP morphology
22

 or synthesis,
16

 and can be further applied 

to other macromolecular materials comprised of copolymers.
39
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