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ABSTRACT: We report a new strategy for the rapid, efficient synthesis of single-chain 

polymer nanoparticles (SCNPs) having a nearly globular morphology in solution, by 

employing the photoactivated radical-mediated thiol-yne coupling (TYC) reaction as the 

driving force for chain folding/collapse and relatively long cross-linkers. Confirmation of 

SCNP formation was carried out by employing a combination of complementary 

experimental techniques. Size exclusion chromatography (SEC), small-angle X-ray 

scattering (SAXS) and dynamic light scattering (DLS) measurements revealed a 

considerable degree of compaction of the resulting SCNPs. This finding was confirmed by 

molecular dynamics (MD) simulations. The analysis of the scattering form factors provided 

by SAXS revealed a scaling exponent  ≈ 0.37 for the dependence of the SCNP size on its 

molecular weight. This value is close to that expected for globular objects,  = 1/3, and 

much smaller than the usual observation ( ≈ 0.5) for SCNPs synthesized with state-of-the-

art techniques, which instead show sparse morphologies. Insight on the physical origin of 

this fundamental difference with standard SCNPs was obtained from MD simulations. In 

brief, intrachain bonding mediated by relatively long cross-linkers, combined with the use 

of bifunctional groups in the SCNP precursor largely increases the probability of forming 

long-range loops which are efficient for global chain compaction. 
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INTRODUCTION 

Photoactivated synthesis of nanomaterials offers significant advantages when compared to 

classical thermally activated routes such lower temperature, facile access to continuous-

flow processes and the possibility to “switch on / off” the reaction both temporally and 

spatially.
1,2

  Photoactivated reactions have been exploited for the preparation of inorganic-

polymer hybrids, hydrogels, cross-linked surface coatings and patterned ultra-thin films 

over solid substrates, among other uses in materials science. Traditionally, multifunctional 

(metha)acrylate monomers have been employed in industry allowing fast and efficient UV-

curing for various industrial applications such as coatings, printing inks, adhesives, 

photoresist and three-dimensional stereo-lithography.  

However, in recent years the photoactivated radical-mediated thiol-ene coupling (TEC)
3
 

and thiol-yne coupling (TYC)
4
 reactions have emerged as powerful “click” chemistry tools 

providing access, among other advanced materials, to uniform cross-linked networks,
5
 

highly porous polymeric materials,
6
 hyperbranched polymers

7
 and dendrimers,

8
 

multifunctional polymer brush surfaces,
9
 stimuli-responsive star polymers,

10
 

micropatterned biomaterials,
11

 functional lipid mimetics,
12

 clickable hydrogels
13

 and 

functionalized polypeptides.
14

 In fact, TEC and TYC reactions can be carried out under UV 

irradiation in the presence of a photoinitiator with high efficiency and rapid kinetics (in 

certain cases even in the presence of traces of oxygen/water), they do not require the use of 

toxic catalysts and are highly tolerant against a wide range of functional groups. Several 

excellent reviews highlight the potential of TEC- and TYC-based “click” chemistry in 

polymer chemistry, bioconjugation and material science.
15-20

 

In spite of the high versatility and potential of the photoactivated TEC and TYC 

reactions,
15-20

 these “click” procedures have not yet been systematically explored as an 
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efficient synthetic approach for the facile and rapid synthesis of single-chain polymer 

nanoparticles (SCNPs) under mild reaction conditions. SCNPs are unimolecular soft nano-

objects consisting in individual polymer chains collapsed to a certain degree by means of 

intramolecular bonding (i.e., covalent, noncovalent or dynamic covalent bonds).
21-25

 In 

recent years, SCNPs have attracted significant interest due to their potential applications in 

catalysis, sensing and drug delivery.
26-31

 Current synthetic routes to SCNPs are based on 

intrachain homocoupling, intrachain heterocoupling or cross-linker induced collapse 

techniques. Unfortunately, the difficulty to synthesize well-defined SCNP linear precursors 

containing unprotected double or triple bonds along the linear polymer chain has precluded 

the common use of TEC and TYC reactions for the fast and efficient photoactivated 

synthesis of SCNPs. A significant exception, however, is an elegant and recent work by 

Berda and coworkers
32

 in which the photoactivated TEC reaction has been employed for 

the first time during the sequential multi-orthogonal folding of novel electroactive 

polyolefin chains to SCNPs. 

The feasibility of photoactivated synthesis of SCNPs in diluted conditions have 

been recently demonstrated.
32-39

 Hence, in pioneering works by Meijer, Palmans and 

coworkers,
33

 polymers that were functionalized with photolabile protecting groups were 

used to construct responsive, noncovalent bonded SCNPs. Preparation of SCNPs via 

intramolecular photodimerization of coumarin- and anthracene-bearing polymers was 

reported by the groups of Zhao
34

 and Berda,
35

 respectively. Photo-triggered Bergman 

cyclization was integrated with intramolecular chain collapse to yield SCNPs by Hu and 

colleagues.
36

 Functional SCNPs were prepared by Barner-Kowollik and co-workers
37

 by 

using a UV-light-triggered Diels–Alder reaction for the intramolecular cross-linking of 

single polymer chains. The same group has reported the synthesis of fluorescent SCNPs 

through photoinduced nitrile imine intramolecular cross-ligation of linear precursor 
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polymers.
38

 More recently, Bai and colleagues
39 

have prepared SCNPs by intramolecular 

photo-crosslinking of azide polymers. 

In this work, the controlled synthesis of representative SCNP precursors bearing naked 

alkene or alkyne functional groups via redox-initiated RAFT polymerization using 

commercially available monomers is illustrated. Armed with these convenient functional 

precursors, the photoactivated synthesis of SCNPs through facile and rapid radical-

mediated TEC / TYC reactions is demonstrated under mild conditions (r.t., air atmosphere) 

by working at appropriate dilution conditions and using almost odorless 3,6-dioxa-1,8-

octane-dithiol (DODT) as homobifunctional cross-linker. By selecting SCNP precursors of 

similar molar mass and functional group content, the advantages of TYC over TEC “click” 

chemistry for increasing the compaction degree of SCNPs in solution are highlighted, as 

revealed by SEC, SAXS and DLS measurements.  

From a fundamental point of view, the results presented here combining synthesis, 

characterization techniques and MD simulations, have important implications for the 

general problem of folding of single polymer chains into soft nanoparticles. Current SCNPs 

synthesized with state-of-the-art techniques are still far from the globular state in solution. 

Recent results by SAXS, small-angle neutron scattering (SANS) and molecular dynamics 

(MD) simulations
21,28,30,40,41

 have revealed that they actually adopt open, sparse 

morphologies resembling those of linear chains in -solvent or intrinsically disordered 

proteins, with locally compact portions of the chain connected by long open segments. The 

general open character of such morphologies for SCNPs, irrespective of their chemical 

details, has been recently highlighted by compiling literature data in combination with 

simple scaling arguments.
21

 This general trend is rather different from the results reported 

here for SCNPs obtained through photoactivated TYC reaction, which are much closer to 

the globular state. In order to elucidate the physical mechanism behind this substantial 
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difference with standard SCNPs, we have performed MD simulations of a simple but 

qualitatively realistic model mimicking cross-linking through TYC reaction. A simple 

microscopic picture emerges from the simulations, pointing to a novel and efficient route to 

improve compaction of SCNPs with the ultimate target of producing globular soft nano-

objects. This novel route is intrachain bonding mediated by relatively long cross-linkers, 

combined with the use of bifunctional groups in the precursor. Such ingredients largely 

increase, respect to the usual synthesis techniques, the probability of forming long-range 

intrachain loops, which is the key mechanism for global compaction. 

 

EXPERIMENTAL AND SIMULATION DETAILS 

Materials. Methyl methacrylate (MMA) (99%), allyl methacrylate (AMA) (98%), 

progargyl acrylate (PGA) (98%), 2-cyano-2-propyl benzodithioate (CPBD) (>97%), N,N-

dimethylaniline (DMA) (≥99.5%), benzoyl peroxide (BPO) (75% in water), 3,6-dioxa-1,8-

octane-dithiol (DODT) (95%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), 

diethyl ether (≥99.8%) and deuterated chloroform (CDCl3) (99.96 atom % D, containing 

0.03% (v/v) tetramethylsilane, TMS) were purchased from Aldrich and used, unless 

specified, as received. Methanol (MeOH) (synthesis grade) and tetrahydrofuran (THF) 

(HPLC grade) were purchased from Scharlab. MMA, PGA and AMA were purified by 

passing through a neutral alumina column. BPO was recrystallized from a 

chloroform/methanol mixture. 

 

Instrumentation and Analysis. Size-Exclusion Chromatography / Multi-Angle Laser 

Light Scattering (SEC/MALLS) measurements were performed at 30 ºC on an Agilent 

1200 system equipped with PLgel 5m Guard and PLgel 5m MIXED-C columns, a 
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differential refractive index (RI) detector (Optilab Rex, Wyatt) and a MALLS detector 

(MiniDawn Treos, Wyatt). Data analysis was performed with ASTRA Software from 

Wyatt. THF was used as eluent at a flow rate of 1 ml min
-1

. dn/dc values in THF as 

determined using the Optilab Rex detector on line were found to be very similar for the 

precursors and SCNPs, so an average value of 0.084 was used for all the systems 

investigated in this work.
 
The average aggregation number (Nagg) was obtained as the ratio 

of the absolute weight average molecular weight of the SCNP (Mp
N
), as determined by 

SEC/MALLS at the peak maximum, to the absolute weight average molecular weight of the 

precursor (Mp
P
) also obtained from SEC/MALLS at the peak maximum: Nagg = Mp

N
/Mp

P
. 

 
1
H Nuclear Magnetic Resonance (

1
H NMR) spectra were recorded at room temperature 

on a Bruker spectrometer operating at 400 MHz, using CDCl3 as solvent. Fourier 

Transform Infra-Red (FTIR) spectroscopy spectra were recorded at room temperature on a 

JASCO 3600 FTIR spectrometer. Ultra-violet (UV) irradiation experiments were performed 

using a Hamamatsu UV spot light source (LC8, Hg-Xe Lamp, UV intensity: 3.5 W cm
-2

) 

equipped with an A9616-05 filter (transmittance wavelength: 300-400 nm; transmitted 

intensity: 80 %) and the corresponding UV-light guide that was placed vertically at 10 cm 

over the open 20 mL vial (irradiation area: 2 cm
2
) containing 12 mL of solution (see SI, 

Fig. S1). Transmission Electron Microscopy (TEM) measurements were performed using a 

high-resolution transmission electron microscope TECNAI G220 TWIN. The 

measurements were carried out using an accelerating voltage of 200 kV, under low dose 

conditions. Dynamic Light Scattering (DLS) measurements were carried out on a Malvern 

Zetasizer Nano ZS apparatus at room temperature. The “size distribution by number” plot 

was employed in this work.  

Small Angle X-Ray Scattering (SAXS) experiments were conducted on Rigaku 3-

pinhole PSAXS-L equipment operating at 45 kV and 0.88 mA. The MicroMax-002+ X-Ray 
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Generator System is composed by a microfocus sealed tube source module and an 

integrated X-Ray generator unit which produces CuKα transition photons of wavelength λ 

= 1.54 Å. The flight path and the sample chamber in this equipment are under vacuum. The 

scattered X-Rays are detected on a two-dimensional multiwire X-Ray Detector (Gabriel 

design, 2D-200X) and converted to one-dimensional scattering curves by radial averaging. 

This gas-filled proportional type detector offers a 200 mm diameter active area with ca. 200 

micron resolution. After radial integration, the scattered intensities were obtained as a 

function of momentum transfer Q = 4πλ
-1

 sin θ, where θ is half the scattering angle. 

Reciprocal space calibration was done using silver behenate as standard. The sample to 

detector distance was 2 m, covering a Q-range between 0.01 Å
-1

 and 0.20 Å
-1

. The 

measurements were performed at room temperature on solutions of SCNPs or precursors in 

THF at a concentration of 8 mg mL
-1

 in capillaries of 2 mm thickness. The data were 

corrected for background scattering due to capillaries and solvent. Scattering cross-sections 

were obtained in absolute units by using water as calibration standard.  

Differential Scanning Calorimetry (DSC) measurements were carried out in a 

differential scanning calorimeter (DSC-Q2000) from TA-Instruments. All DSC 

measurements were performed under nitrogen atmosphere on samples of about 5 mg placed 

in aluminum pans at a heating rate of 10 K min
-1

 from 173 K to 473 K. The glass transition 

temperature was determined in the second scan using the midpoint method. Thermal 

Gravimetric Analysis (TGA) measurements were performed in a Q500-TA Instruments 

apparatus at a heating rate of 10 K min
-1 

under nitrogen atmosphere from 323 to 873 K. The 

decomposition temperature was determined as the temperature at which 50% of the total 

weight loss takes place. Elemental Analysis (EA) measurements were performed in a Euro 

EA3000 Elemental Analyzer (CHNS). 
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Synthesis of Precursor P1 Bearing Naked Alkene Functional Groups. For the 

synthesis of precursor P1,  MMA (1mL, 9.3 mmol), AMA (0.59 mL, 4.4 mmol), BPO (14.8 

mg, 0.061 mmol), CPBD (4.1 mg, 0.019 mmol), DMA (7.4 µL, 0.058 mmol) and 1 mL of 

THF were placed in a dry glass tube with a septum cap, purged by bubbling argon through 

the reaction mixture for 15 min and then placed in a bath at 25°C under magnetic stirring. 

After 17 h, the resulting precursor P1 was diluted with THF, recovered by precipitation in 

MeOH and dried under vacuum. Yield: 24 %. 
1
H NMR (500 MHz, CDCl3) δ (ppm): 5.92 

(bs CH=CH2), 5.33 (m, CH=CH2), 4.48 (s, CH2CH=CH2), 3.60 (s, OCH3), 1.90-1.44 (m, 

CH2), 1.25-0.83 (t, CH3). AMA content (
1
H NMR): 22 mol %. Mp (SEC/MALLS): 127.2 

kDa. Ð = Mw / Mn: 1.39. 

 

Synthesis of Precursor P2 Bearing Naked Alkyne Functional Groups. For the 

synthesis of precursor P2,  MMA (1mL, 9.3 mmol), PGA (0.44 mL, 4.5 mmol), BPO (14.9 

mg, 0.062 mmol), CPBD (4.1 mg, 0.019 mmol), DMA (7.4 µL, 0.058 mmol) and 1 mL of 

THF were placed in a dry glass tube with a septum cap, purged by bubbling argon through 

the reaction mixture for 15 min and then placed in a bath at 25 °C under magnetic stirring. 

After 17 h, the resulting precursor P2 was diluted with THF, recovered by precipitation in 

MeOH and dried under vacuum. Yield: 27 %. 
1
H NMR (500 MHz, CDCl3) δ (ppm): 4.60 

(m, CH2C≡CH), 3.60 (d, OCH3), 2.50 (s, C≡CH), 1.95-1.58 (bm, CH2, CH), 1.24-0.85 (t, 

CH3). PGA content (
1
H NMR): 23 mol %. Mp (SEC/MALLS): 124.4 kDa. Ð: 1.54. 

 

Procedure for the Photoactivated Synthesis of Single-Chain Polymer Nanoparticles 

through TEC / TYC Reactions. In a typical procedure, to a solution of the precursor (P1: 

30 mg, 0.062 mmol AMA; P2: 30 mg, 0.065 mmol PgA) in THF (60 mL), DODT (P1: 5.1 



10 
 

µL, 0.031 mmol; P2: 11 µL, 0.065 mmol) and DMPA (3 mg, 0.012 mmol) were added. 

Twelve mL of the solution were added to a 20 mL vial that was subject to UV light 

irradiation through an open area of 2 cm
2
 in the 300-400 wavelength range (see SI, Fig. 

S1). After 90 min of reaction time, the resulting solution was concentrated, recovered by 

precipitation with diethyl ether and dried under vacuum at 60 ºC for 24 h. (SCNP1: Yield: 

82 %. Mw (SEC/MALLS): 127.1 kDa. Ð: 1.30. SCNP2: Yield: 81 %. Mw (SEC/MALLS): 

139.1 kDa. Ð: 1.41).  

 

Molecular dynamics simulations. Here we summarize the main aspects of the model 

and simulation method. A detailed explanation is given in the Supporting Information. We 

used the bead-spring model of Kremer and Grest
42

 with purely repulsive excluded volume, 

in order to mimick good solvent conditions. The precursor was modelled as a backbone of 

Nb connected beads with attached small side groups. A 20 % of the side groups, randomly 

distributed along the backbone, contained the reactive functional groups. Cross-linking 

between the functional groups of the precursor was mediated by linear cross-linkers 

("bridges") of 12 beads. Precursors and bridges were propagated by Langevin dynamics. 

Statistical averages were performed over hundreds of realizations of the precursor and 

bridges. Each realization was propagated independently, so that bonding was by 

construction exclusively of intrachain character, in order to mimick synthesis at high 

dilution. A functional group of a given bridge was allowed to form a single bond with a 

functional group of the precursor. A functional group of the precursor was allowed to form 

two bonds with functional groups of the bridges, i.e, the reactive groups of the precursor 

were bifunctional. In this way the model aims to reproduce qualitatively the conditions of 

SCNP formation through TYC reaction. 
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RESULTS AND DISCUSSION 

 

Synthesis of SCNP Precursors Bearing Naked Alkene/Alkyne Functional Groups. 

The difficulty in polymerizing vinyl monomers containing lateral double or triple bonds 

through traditional or controlled radical polymerization techniques is well-known in the 

literature.
43-45

 Also, the cross-linking of some copolymers containing protected triple bonds 

upon deprotection has been sometimes observed.
46

 In general, the high temperature 

imposed by an adequate initiator decomposition rate during radical polymerization, favors 

parasitic reactions involving these lateral unsaturated bonds. To avoid secondary 

branching/cross-linking events, in this work we employ r.t. redox-initiated RAFT 

polymerization (Scheme 1a) as a technique that allows obtaining well-defined random 

copolymers bearing naked alkene/alkyne functional groups by working at low content of 

lateral unsaturated functional groups and relatively low conversion.
47

 In particular, in this 

work we focus on the synthesis of SCNP precursors bearing naked alkene/alkyne functional 

groups with a molar mass of around 125 kDa and a content of 20 mol % of functional 

groups, denoted as P1 and P2, respectively. Hence, these precursors of similar size and 

reactive group content will allow unraveling the effect of photoactivated TEC 

(monofunctional double bonds) vs. TYC (bifunctional triple bonds) reactions on the 

properties of the resulting SCNPs.  

Precursor P1 was prepared via r.t. redox-initiated RAFT polymerization in THF of 

methyl methacrylate (MMA) and allyl methacrylate (AMA) in the presence of 2-cyano-2-

propyl benzodithioate (CPBD) as chain transfer agent and a nearly equimolar ratio of N,N-

dimethylaniline (DMA) / benzoyl peroxide (BPO) as redox-initiator system. The 

composition of the copolymer was determined via 
1
H NMR. The mole fractions of AMA 
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and MMA were deduced from the integrals of the peak area at 3.6 ppm (x), corresponding 

to the three protons of the methoxy group of MMA and the sum of the areas of the three 

allylic protons of AMA (peaks at 5.92 and 5.33 ppm) (y). The molar content of AMA 

repeat units in P1 was then calculated as: %AMA = x / (x + y) × 100. The main 

characteristics of precursor P1 are summarized in Table 1. 

 

Table 1. Characteristics of precursors P1 and P2 bearing naked alkene and alkyne 

functional groups, respectively 

Code Monomers
a
 Monomer 

feed  

 (mol %) 

Reaction 

time 

(h) 

Copolymer 

composition  

 (mol %)
b
 

Mp 

(kDa)
c
 

Ð
d
 Tg 

(K)
e
 

Td 

(K)
f
 

P1 AMA/MMA 32 / 68 17 22 / 78 127.2 1.39 377 602 

P2 PGA/MMA 33 / 67 17 23 / 77 124.4 1.54 359 660 

a
AMA = Allyl methacrylate; MMA = Methyl methacrylate; PGA = Propargyl methacrylate. 

b
As 

determined by 
1
H NMR spectroscopy.  

c
Absolute weight average molecular weight at the SEC peak 

maximum, as determined by SEC/MALLS.  
d
Dispersity of the molecular weight distribution, Ð = 

Mw / Mn. 
e
Glass transition temperature, as determined by DSC.

 f
Decomposition temperature, as 

determined by TGA. 
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Scheme 1. (a) Synthesis of precursors P1 and P2 bearing, respectively, naked alkene and 

alkyne functional groups via redox-initiated RAFT polymerization. (b) Synthetic strategy for 

the preparation of SCNP1 and SCNP2 from P1 and P2 through photoactivated TEC and TYC 

reactions, respectively
a 

a) 

 

 

 

 

 

 

b)  

 

2
2

SCNP1

SCNP2
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a 
Reagents and conditions: (I) THF, BPO/DMA, CPBD, r.t., 17 h; (II) THF, DMPA, UV-light 

irradiation at 300-400 nm, r.t., 90 min, [DODT] / [AMA] = 0.5; (III) THF, DMPA, UV-light 

irradiation at 300-400 nm, r.t., 90 min, [DODT] / [PGA] = 1. 

 

Precursor P2 was also obtained via r.t. redox-initiated RAFT polymerization in THF 

using a very similar recipe as for P1 but replacing AMA by propargyl acrylate (PGA). The 

mole fractions of PGA and MMA were deduced from the integrals of the peak area at 3.6 

ppm (x), corresponding to the three protons of the methoxy group of MMA and the area of 

the alkyne proton of PGA (peak at 2.50 ppm) (z). The molar content of PGA repeat units in 

P2 was then determined from: %PGA = z / (x/3 + z) × 100. The main characteristics of 

precursor P2 are shown in Table 1. 

 

Photoactivated Synthesis of SCNPs via TEC and TYC reactions. The synthetic 

strategy for the preparation of SCNP1 and SCNP2 from precursors P1 and P2 through 

photoactivated TEC and TYC reactions, respectively, is illustrated in Scheme 1b. As 

homobifunctional cross-linker compound we selected 3,6-dioxa-1,8-octane-dithiol, DODT, 

and as photoinitiator we employed 2,2-dimethoxy-2-phenylacetophenone, DMPA. The 

reactions were carried out in THF at r.t. The evolution of the SCNP formation process was 

followed by SEC/MALLS, as illustrated in Fig. 1a,b corresponding to the synthesis of 

SCNP1 through TEC reaction and Fig. 2a,b corresponding to the synthesis of SCNP2 

through TYC reaction. Due to the reduction in hydrodynamic size upon SCNP formation,
48

 

a progressive shift of the initial SEC traces to longer retention times is clearly observed in 

Fig. 1a and 2a, respectively, as a function of reaction time. According to control 

experiments, these shifts in SEC traces are not related to photodegradation of the precursors 

via chain scission (Fig. S2). The shift, and consequently the size reduction, is larger for the 
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case of SCNP2 synthetized through TYC reaction, that can be attributed to the higher 

intrachain cross-linking degree in SCNP2 when compared to SCNP1 (see below). Attempts 

to increase the cross-linking degree of SCNP1 by a 2-fold increase of the amount of DODT 

cross-linker resulted in noticeable inter-particle coupling. 

Using the MALLS technique, we have investigated the effect of the precursor 

concentration on the actual molecular weight of the resulting SCNPs, as shown in Fig.1b 

and 2b (see also Fig. S4 and S5). As can be seen, increasing the precursor concentration (c) 

above 0.5 mg mL
-1

 leads to an increase of the actual SCNP molecular weight (Mp). For 

SCNP1 synthesized through TEC reaction, the average aggregation number (Nagg) defined 

as the ratio of the absolute weight average molecular weight of the SCNP (Mp
N
), as 

determined by SEC/MALLS at the peak maximum, to the absolute weight average 

molecular weight of the precursor (Mp
P
) remains below 2 by performing the synthesis at c = 

0.75 mg mL
-1

 and c = 1 mg mL
-1

. However, only nanoparticles prepared from precursor P1 

at c ≤ 0.5 mg mL
-1

 can be considered as true single-chain nanoparticles (Nagg ≈ 1). For 

SCNP2, the value of Nagg increases at long reaction time from 1.1 (single-chain 

nanoparticles) to 2.3 (double-chain nanoparticles) by increasing c from 0.5 to 0.75 mg mL
-

1
. By working at c = 1 mg mL

-1
, the value of Nagg further increases at long reaction time to 3 

(triple-chain nanoparticles). Hence, the tendency towards multi-chain aggregation on 

concentrating the system during SCNP synthesis was found to be higher for SCNP2 than 

for SCNP1. It is worth of mention that Nagg attains a constant value after 20 and 60 min. of 

UV irradiation for nanoparticles synthesized at c = 1 mg mL
-1 

via TEC and TYC reactions, 

respectively. To our best knowledge, this is the first time that access to, on average, double- 

and triple-chain nanoparticles is demonstrated by controlling the precursor concentration 

during nanoparticle synthesis.  
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Figure 1. (a) SEC/MALLS traces as a function of reaction time during the synthesis of SCNP1 via 

photoactivated TEC reaction from precursor P1 at a concentration of 0.5 mg mL
-1 

(SEC/RI traces 

are shown in Fig. S3). (b) Influence of P1 concentration (c) on the actual molecular weight (Mp) of 

SCNP1 as a function of reaction time during photoactivated TEC reaction at c = 0.5 mg mL
-1

 (red 

squares), 0.75 mg mL
-1

 (blue circles), and 1 mg mL
-1

 (green triangles). The expected molecular 

weights for different values of the aggregation number (Nagg) are indicated as Nagg = 1: red line; Nagg 

= 2: blue line and Nagg = 3: green line. 
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Figure 2. (a) SEC/MALLS traces as a function of reaction time during the synthesis of SCNP2 via 

photoactivated TYC reaction from precursor P2 at a concentration of 0.5 mg mL
-1

 (SEC/RI traces 

are shown in Fig. S3). (b) Influence of P2 concentration (c) on the actual molecular weight of 

SCNP2 as a function of reaction time (t) during photoactivated TYC reaction at c = 0.5 mg mL
-1

 

(red squares), 0.75 mg mL
-1

 (blue circles), and 1 mg mL
-1

 (green triangles). The expected molecular 

weights for different values of the aggregation number (Nagg) are indicated as: Nagg = 1: red line; 

Nagg = 2: blue line and Nagg = 3: green line. 
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The main characteristics of SCNP1 and SCNP2 synthesized at c = 0.5 mg mL
-1

 are 

shown in Table 2.  

 

Table 2. Characteristics of SCNP1 and SCNP2 synthesized from precursors P1 and P2 

via photoactivated TEC and TYC reactions, respectively 

Code c  

(mg mL
-1

)
a
 

Reaction time 

(min) 

Nagg
b 

Mp  

(kDa)
c
 

Ð
d
 Tg 

(K)
e
 

Td  

(K)
f
 

SCNP1 0.5 90 0.99 127.1 1.30 376 624 

SCNP2 0.5 90 1.12 139.1 1.45 346 682 

a
Concentration of precursor during SCNP synthesis. 

b
Defined as the ratio of the absolute weight 

average molecular weight of the SCNP to the absolute weight average molecular weight of the 

precursor. 
c
Absolute weight average molecular weight at the SEC peak maximum, as determined by 

SEC/MALLS.  
d
Dispersity of the molecular weight distribution, Ð = Mw / Mn. 

e
Glass transition 

temperature, as determined by DSC.
 f
Decomposition temperature, as determined by TGA. 

 

Intrachain photoactivated cross-linking of precursor P1 to SCNP1 produces almost no 

change in the glass transition temperature of the material (ΔTg = -1 K) and a significant 

increase in the decomposition temperature (ΔTd = +22 K). In the case of SCNP2, a 

substantial decrease in the glass transition temperature was observed upon SCNP formation 

(ΔTg = -13 K) which was accompanied also by a noticeable increase in the decomposition 

temperature (ΔTd = +22 K) (see Fig. S6 and S7). Presumably, the higher amount of DODT 

cross-linker incorporated into SCNP2 when compared to SCNP1 leads to a higher increase 

in local free volume and hence a larger decrease in Tg for SCNP2. This effect that has been 

observed in some core-cross-linked micelle systems
49

 was not previously observed in 

SCNPs probably as a consequence of the use of shorter cross-linkers and/or lower 

intramolecular cross-linking density. In fact, SCNPs synthesized with the shortest potential 
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cross-linkers (i.e., via Glaser-Hay coupling
47

) show Tg = 370 K, which is 11 K above the 

glass transition temperature of precursor P2 supporting the above hypothesis of DODT-

induced free volume increase. The higher intrachain cross-linking density in SCNP2, 

surprisingly, does not produce a superior ΔTd when compared to that shown by SCNP1 

probably due to the very high Td of precursor P2 (Td = 660 K) when compared to P1 (Td = 

602 K). 

 

Characterization of SCNPs synthesized via TEC / TYC reactions by means of 

NMR, FTIR, EA, TEM, SAXS and DLS. Complementary evidence of the successful 

photoactivated synthesis of SCNP1 and SCNP2 through TEC and TYC reactions, 

respectively, was obtained by means of 
1
H NMR spectroscopy, FTIR spectroscopy, EA, 

TEM, SAXS and DLS measurements. 

Upon intrachain cross-linking of precursor P1 a large reduction in the intensity of the 
1
H 

NMR peaks corresponding to the allylic protons (e, f and g, see Fig. 3a for signal 

assignment) was observed and new peaks (h – l, Fig. 3b) were clearly visible in the 
1
H 

NMR spectrum of SCNP1.The amount of double bonds consumed in the photoactivated 

TEC reaction was 71 %, as estimated from the areas of the peaks denoted as d and h in the 

1
H NMR spectrum of SCNP1. Upon photoactivated synthesis of SCNP2 through the TYC 

reaction, a complete disappearance of the peaks corresponding to the protons of the 

propargylic moieties (e and f, see Fig. 4a for signal assignment) was observed and new 

peaks (h – l, Fig. 4b) were identified in the 
1
H NMR spectrum of SCNP2. Consequently, 

within the limits of uncertainty of 
1
H NMR spectroscopy, the amount of triple bonds 

consumed in photoactivated TYC reaction was almost complete. Furthermore, no sign of 

residual unreacted double bonds was detected in the 
1
H NMR spectrum of SCNP2, suggest- 
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a) 

 

b) 

 

Figure 3. 
1
H NMR spectra of P1 (a) and SCNP1 (b).  
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a) 

 

b) 

 

Figure 4. 
1
H NMR spectra of P2 (a) and SCNP2 (b).  
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ing the formation of the disubstituted product in high yield. Furthermore, the results 

obtained from 
1
H NMR spectroscopy were supported by FTIR spectroscopy measurements 

showing the partial disappearance of the vibration band at corresponding to -CH=CH2 

groups in the FTIR spectrum of SCNP1 and the absence of characteristic vibration bands 

associated to -C≡C-H groups in the FTIR spectrum of SCNP2 (Fig. S8).  

As a complementary technique, elemental analysis (EA) was used to determine the 

amount of DODT cross-linker incorporated into SCNP1 and SCNP2. A comparison of the 

theoretical composition by assuming a degree of thiol-ene / thiol-yne coupling of 100% and 

the corresponding experimental EA composition is shown in Table 3. From the ratio of the 

experimental to theoretical S content, a degree of thiol-ene coupling of 73 % was estimated 

for SCNP1, in good agreement with 
1
H NMR data. For SCNP2, a degree of thiol-yne 

coupling around 80 % was found, which is slightly lower than that estimated from 
1
H NMR 

data (> 99%). We can tentatively attribute this difference to the lack of sensitivity of liquid-

state 
1
H NMR spectroscopy to protons placed in a highly cross-linked, solid-like 

environment. From the data shown in Table 3 we can conclude that SCNP2 contains about 

92 % more DODT cross-linker units that SCNP1 as a consequence of the higher cross-

linking density of SCNP2 when compared to SCNP1.  

 

Table 3. Comparison of the theoretical and experimental composition of SCNP1 and 

SCNP2, as determined by EA 

 

Code 

Theoretical
a
 Experimental 

C% H% O% S% C% H% O%
b
 S% 

SCNP1 58.18 8.01 28.21 5.60 58.03 8.06 29.80 4.11 

SCNP2 55.66 7.68 26.67 9.99 55.38 7.26 29.46 7.90 
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a
Calculated by assuming a degree of thiol-ene or thiol-yne coupling of 100%. 

b
Obtained as O% = 

100 - (C% + H% + S%). 

 

The typical morphology of SCNP1 and SCNP2 upon solvent removal is illustrated in 

Fig. 5, as determined by TEM. The high contrast offered by the electron-rich sulfur atoms 

contained in SCNP1 and SCNP2 allow one to observe the quasi-spherical morphology of 

the individual SCNPs in the dry state without involving staining procedures. Isolated 

SCNPs are clearly seen in Fig. 5 with an average diameter of around 10 nm (± 3 nm). The 

similar size observed for SCNP1 and SCNP2 by TEM in the absence of solvent can be 

attributed to substrate-SCNP interactions leading to a certain spreading of the SCNPs over 

the substrate.  

As mentioned in the Introduction, recent results by SANS, SAXS and MD simulations 

have shown that in general SCNPs in solution are not globular objects but display open 

sparse configurations.
21,28-30,40,41

 We test whether this is also the case for the SCNPs 

synthesized in this work. Fig. 6 represents the SAXS results for the precursors, P1 and P2, 

and the SCNPs, SCNP1 and SCNP2, synthesized through photoactivated TEC and TYC 

reactions, respectively. From the slopes of the scattering curves in the Porod regime 

(indicated by the rectangle in Fig. 6) the effective exponent  was determined as
50 d/d 

𝑄−1/𝜈 . This power-law directly reflects the scaling of the SCNP size vs. its molecular 

weight.
51

 The value obtained for this parameter is  = 0.58 ± 0.02 for both precursors. This 

is in perfect agreement with the Flory exponent for a polymer in good solvent  = 0.59 

(self-avoiding walk).
51

 For SCNP1 we obtained  = 0.51 ±0.02, which is similar to that 

corresponding to a polymer in -solution ( = 0.50).
51

 The scattering curve of SCNP2 in 

solution displays a much more pronounced slope, delivering  = 0.37 ± 0.02. This value is 

close to that of a globular or spherical object ( = 1/3).
51

 Thus the analysis of the exponents 
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a) 

 

b) 

 

 

Figure 5. TEM images of SCNP1 (a) and SCNP2 (b). 
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Figure 6. Differential scattering cross section obtained by SAXS for THF solutions at 8 mg mL
-1 

of 

P1, P2, SCNP1 and SCNP2. The rectangle shows the Porod regime in which the effective 

exponents have been determined (see text).  

 

indicates more compact structures resulting from the TYC route than from the TEC reaction 

in good agreement with the SEC results showed in Figs. 1a, 2a and additional DLS 

measurements (see Fig. S9 and S10) showing a value of average hydrodynamic radius (RH) 

of 4.9 ± 0.3 nm for SCNP1 and 3.6 ± 0.2 nm for SCNP2. In fact, the later value is very 

close to that expected for a globule of Mp = 139.1 KDa and density similar to that of 

PMMA,  ≈ 1.2 g mL
-1

: RH  = [3Mp / (4NA)]
1/3

 = 3.58 nm, where NA is Avogadro´s 

number. In the case of SCNP1, RH is found to be ≈35 % higher than that expected for a 

globule, a percentage that is similar to that observed previously for SCNPs synthesized with 

the shortest potential cross-linkers (i.e., via Glaser-Hay coupling) showing a RH value about 

40 % higher than that expected for a globule.
21, 47 
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Since the differential scattering cross sections, d/d were determined in absolute units, 

we could also estimate the second virial coefficient of the osmotic pressure series 

expansion, A2. We first calculated the apparent molecular mass Mapp from the low-Q limit 

of d/d 
50
i.e.,d/dQ→0) = K c Mapp. Here K is the contrast constant and c the 

concentration. The apparent mass and the weight average molecular mass, Mw, are related 

by: Mapp = Mw / [1 + 2 A2 c Mw + …]. For both precursors the resulting values of A2 are very 

close and about 1.5 × 10
-3

 mL mol g
-2

, qualifying THF as good solvent for these 

copolymers. The value of A2 significantly decreases for the nanoparticles, becoming much 

closer to the -point (i.e., A2 ≡ 0). We obtained A2 ≈ 4 × 10
-4

 mL mol g
-2

 for SCNP1 and A2 

≈ 2 × 10
-4

 mL mol g
-2 

for SCNP2. These results are compatible with the values observed 

for the exponents . We also note that the weak tendency towards bad solvent conditions 

for the case of SCNP2 is in agreement with the observation of the presence of multi-chain 

aggregates when nanoparticle synthesis was carried out at high P2 concentration (see Fig. 

2b).  

 

Microscopic insight from MD simulations. Insight on the physical origin of the nearly 

globular character of SCNP2 in solution is obtained from the MD simulations. Irreversible 

cross-linking is initiated from different statistical realizations of the precursor. Likewise, 

the stochastic character of the bridge growth (see SI), and of the intramolecular dynamics, 

leads to different realizations of the inserted bridges and of the cross-linking process. As 

observed in simulations of related models without explicit bridges
40,41

, the subsequent time 

evolution of each set of precursor and bridges produces SCNPs of polydisperse topology, 

even by starting from equivalent precursors (i.e., same interactions, Nb and fraction of 

functional groups). Fig. 7 shows representative snapshots of two different SCNPs for Nb = 

400, displaying globular and elongated morphologies. The morphological polydispersity of 
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SCNPs obtained from realizations of a same precursor can be characterized by the 

distribution, p(�̅�), of the time-averaged asphericity �̅�. The asphericity parameter a of an 

instantaneous configuration of the nanoparticle can be calculated from their gyration 

tensor,
52,53

 and quantifies deviations of that configuration from a sphero-symmetrical shape 

(a = 0). For each individual SCNP, �̅� is obtained by averaging a over its trajectory, i.e, over 

its conformational dynamic fluctuations.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Typical snapshots of fully cross-linked SCNP2 of Nb = 400 obtained by simulations, with 

globular (left) and elongated (right) morphologies. Orange and green beads are unreactive beads of 

the precursor and the bridges, respectively. Red and blue beads are the functional groups of the 

precursor and the bridges, respectively. 
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Figure 8a shows results (circles) of p(�̅�) for the case Nb = 400. For comparison we 

include the single value of the precursor (�̅� ≈ 0.45), and the corresponding distributions 

(squares and diamonds) for SCNPs obtained from the same precursor (Nb = 400 and 20% of 

functional groups) but using other two different models for intrachain bonding. These are 

the models (denoted SP1 and SP2) investigated in Refs. 40,41. The model SP1 has a single 

type of functional group (as in the usual experimental precursors), whereas the model SP2 

have two types (in identical fractions) of orthogonal functional groups, i.e, bonding is only 

permitted between functional groups of the same type. In the models SP1 and SP2 (see 

Refs. 40,41 for details) the bridges are not included for computational efficiency, and a 

bonding event just occurs when two functional groups of the precursor find each other 

within their capture radius. This simplification leads to significant differences with the 

SCNPs obtained from the model with explicit bridges investigated in this work. In average, 

the SCNPs obtained in this work are more compact than those of the models SP1 and SP2, 

as indicated by the shift of p(�̅�) to smaller values of the asphericity (Fig. 8a). Fig. 8b shows 

the average squared radius of gyration, <Rg
2
> vs. Nb, for the SCNPs obtained from the 

model with explicit bridges (i.e., SCNP2). The data can be described by a power-law <Rg
2
> 

 𝑁2𝜈, yielding an exponent  = 0.41. This is in close agreement with the experimental 

value  ≈ 0.37 observed by SAXS for SCNP2 (Fig. 6), and confirms the simulated model as 

a qualitatively realistic picture of the cross-linking process. Though the model with explicit 

bridges does not yet provide the exponent  = 1/3 expected for globular objects, a 

considerable improvement towards compaction, consistent with the shift to smaller 

asphericities (Figure 8a), has been achieved respect to the models SP1 and SP2, which 

show scaling exponents  ≈ 0.5.
40,41
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Figure 8. (a) Distributions of time-averaged asphericities for SCNP2 obtained from the same type 

of precursors (with Nb = 400 and 20% of functional groups). Different data sets correspond to 

different models for the cross-linking route: i) mediated by explicit bridges (circles, SCNP2, this 

work); ii) without explicit bridges (as in Refs. 40,41), with a single type of functional groups (SP1, 

squares) and two types of orthogonal functional groups (SP2, diamonds). The arrow indicates the 

single value for the precursor P2 (�̅� ≈ 0.45). (b) Average squared radius of gyration (normalized by 

2
) vs.  Nb  (SCNP2, this work). The dashed line is a fit to a power law  <Rg

2
>  𝑁2𝜈, yielding an 

exponent  = 0.41. 
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Now we discuss the microscopic origin of the differences observed between the SCNPs 

obtained from the different models and its consequences for the interpretation of 

experiments and the design of new strategies for SCNP synthesis. As mentioned above, in 

the models SP1 and SP2, bridges are not implemented, and a bond is formed when two 

functional groups of the precursor find each other within their capture radius. It has been 

shown that this simple approach provides a qualitatively realistic picture
40,41

 for SCNPs 

synthesized by the usual experimental protocols, in which SCNP formation occurs by direct 

reaction between the functional groups of the precursor (as e.g., Glasser-Hay homocoupling 

or CuAAC click chemistry), or it is mediated by small cross-linkers (as, e.g., metal 

complexation or Michael addition using small acrylates). Both experimental routes are 

equivalent from a fundamental point of view in the coarse-grained picture of the models 

SP1 and SP2. As mentioned in the Introduction, a very recent review
21

 of literature data for 

experimental sizes of SCNPs confirms that, in general, state-of-the-art techniques produce 

SCNPs with morphologies resembling those of chains in -solvent or intrinsically 

disordered proteins, i.e, with  ≈ 0.5, consistently with the simulation results for the generic 

models SP1, SP2.
40,41

 Such simulations have revealed the underlying physical mechanism 

leading to this general observation.
40,41

 Irrespective of the specific chemical details of the 

precursor, this adopts expanded coil conformations (self-avoding walks)
51

 in the good 

solvent conditions of synthesis. In the usual techniques where bonding occurs directly 

between the functional groups or is mediated by small cross-linkers, long-range loops 

(bonds involving long contour distances along the precursor backbone), which are the 

efficient mechanism for global compactation of the SCNP, are statistically very unfrequent. 

The inhibition of long-range loops is a direct consequence of the self-avoiding character of 

the precursor conformations. As revealed by simulations,
40,41

 most of the bonding events 

involve short contour distances which just lead to local globulation of the SCNPs. The few 
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created long-range loops are insufficient for global compaction, and at the macromolecular 

scale the SCNPs are open sparse objects with conformations resembling those adopted by 

chains in -solvent or intrinsically disordered proteins.
21,28,30,40,41

 This feature is generally 

observed in experiments even by increasing the amount of functional groups in the 

precursor
40

 or using multifunctional acrylate cross-linkers,
28,30

 which just lead to very small 

corrections in the scaling exponent, this remaining as  ≈ 0.5. The use of two orthogonal 

functional groups (as in the model SP2) increases the average contour distance between 

groups that can form mutual bonds. This leads to more compact objects than in the model 

SP1 (Fig. 8a) but these remain far from being globular and still show scaling exponents 

close to  ≈ 0.5.
40,41 

 As discussed in Ref. 41, further increasing the number of different 

types of functional groups beyond two (multi-orthogonal chemistry) leads to a progressive 

compaction approaching the globular state. However, though the use of multi-orthogonal 

chemistry is a priori a promising route to synthesize compact SCNPs, its experimental 

implementation is extremely demanding.  

The model investigated in this work, with explicit and relatively long bridges, and with 

bifunctional groups in the precursor, provides a much more realistic picture for the 

synthesis of SCNPs based on TYC reaction than the models SP1 and SP2 of Refs. 40,41. It 

qualitatively reproduces and rationalizes the scaling behavior observed by SAXS for 

SCNP2, and points to an efficient strategy to improve compaction of SCNPs. This strategy 

is intrachain bonding mediated by relatively long cross-linkers, combined with the use of 

bifunctional (or multi-functional) groups in the precursor, as exemplified here with the use 

of thiol-yne coupling reaction. Thus, the dangling cross-linkers can perform wide 

explorations of their surroundings, increasing considerably the probability of forming loops 

between functional groups separated by long contour distances. This ingredient combined 

with bifunctionality in the SCNP precursor gives the possibility of high compaction through 
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merging of several long-range loops to a single node (see Fig. S11), unlike in the case of, 

e.g., small multifunctional cross-linkers,
28,30

 which cannot perform wide explorations and 

therefore most of the merging events involve short-range loops.  

These features are confirmed by representing the distribution P(s) of contour distances 

between mutually bonded functional groups (direct bond for the models SP1 and SP2 or 

connected by the same bridge for the model of this work). The contour distance, s = |i-j|, is 

just defined (see scheme in Fig. 9) as the number of backbone beads comprised between the 

two backbone beads (i, j) to which the side groups of the mutually bonded functional 

groups are attached. Fig. 9 shows the normalized P(s) for the model with explicit bridges of 

this work, in comparison with the results for the models SP1 and SP2 of Refs. 40,41. 

Again, the comparison is made for SCNPs obtained from the same precursors with Nb = 

400 and 20% of functional groups. As can be seen in the figure, bonding over long contour 

distances is considerably enhanced in the model with explicit bridges, leading to much 

stronger compaction of the SCNP. Thus, P(s > 100) for the model with explicit bridges is 

about one order of magnitude larger than for the model SP1 that qualitatively represents the 

usual synthesis routes. 
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Figure 9. Distributions of contour distances between mutually bonded functional groups, obtained 

from the same type of precursors (with Nb = 400 and 20% of functional groups). The scheme at the 

top-right defines the contour distance s between two functional groups of the precursor (red beads) 

connected by a cross-linker (represented by the green line and its two end groups as blue beads). 

The main backbone of the precursor and the corresponding side groups are represented by orange 

beads and lines, respectively. Different data sets of P(s) in the main frame correspond to different 

models for the cross-linking route: i) mediated by explicit bridges (circles joined by dashed line, 

SCNP2, this work); ii) without explicit bridges (as in Refs. 40,41), with a single type of functional 

groups (SP1, squares) and two types of orthogonal functional groups (SP2, diamonds). Note that 

bonding with s = 0 is not possible (by construction) in the SP1 and SP2 models, but it occurs in the 

model with explicit bridges (the dashed line extends to s = 0). These events are very unfrequent (< 4 

% of the total for Nb = 400) and correspond to a functional group of the precursor bonded to the two 

functional groups of a same cross-linker (this adopting a ring-like conformation, see Fig. S12).  
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CONCLUSIONS 

We have presented a new strategy for the efficient synthesis of single-chain polymer 

nanoparticles (SCNPs) having a near-globular morphology in solution. The photoactivated 

synthesis of SCNPs through facile and rapid radical-mediated thiol-yne coupling (TYC) 

reaction under mild conditions (r.t., air atmosphere) at high dilution (0.5 mg mL
-1

), using 

almost odorless 3,6-dioxa-1,8-octane-dithiol as homobifunctional cross-linker, gives rise to 

near-globular nano-objects in solution, as revealed by SEC, SAXS and DLS measurements 

complemented with MD simulations. Moreover, the outstanding performance of the UV-

activated TYC “click” chemistry when compared to the TEC reaction for increasing the 

compaction degree of SCNPs in solution has been demonstrated.  

SAXS results of SCNPs synthesized via photoactivated TYC reaction have revealed a 

scaling exponent  ≈ 0.37 for the dependence of the SCNP size on its molecular weight. 

This value is close to that expected for globular objects,  = 1/3, and much smaller than the 

usual observation ( ≈ 0.5) for SCNPs synthesized with state-of-the-art techniques, which 

instead show open, sparse morphologies resembling those of chains in -solvent or 

intrinsically disordered proteins.
21

 The microscopic origin of this substantial difference 

with standard SCNPs has been elucidated by MD simulations. The results reported in this 

article constitute a major advance, both from the practical and fundamental point of view, 

in the long way to the ultimate goal of producing globular protein-like SCNPs. A novel and 

efficient synthesis strategy emerges, consisting of intrachain bonding mediated by 

relatively long cross-linkers, combined with the use of bi- or multi-functional groups in the 

precursor. Such ingredients largely increase, respect to the usual synthesis techniques, the 

probability of forming long-range intrachain loops, which is the key mechanism for global 

compaction. 
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