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a b s t r a c t

A synthetic strategy has been developed giving facile access to well-defined single-chain polymer
nanoparticles (SCNPs) from styrene-, acrylate- and methacrylate-based polymers. Random copolymers
(polydispersity indices 1.10e1.15) of methyl (meth)acrylate, benzyl methacrylate or styrene containing
protected thiol monomers (xanthate and thioacetate vinyl monomers) were obtained via reversible
additionefragmentation chain transfer (RAFT) polymerization. Through aminolysis of the xanthate and
thioacetate moieties, copolymers with free thiol moieties were obtained. The thiol bearing polymers
were cross-linked with bifunctional acrylates under mild conditions. Precursor polymer dependent size-
reductions between 30 and 90% were verified by gel permeation chromatography (GPC) measurements.
Furthermore, the SCNPs were characterized by 1H NMR, atomic force microscopy (AFM) and dynamic
light scattering (DLS). Characteristic patterns for SCNPs were observed in the AFM phase mode. Thiol-
Michael addition is demonstrated to be a versatile tool, which can easily be employed in the prepara-
tion of versatile well-defined functional polymer nanoparticles in the 3e10 nm size range.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Developments in the fields of organic chemistry and polymer
chemistry over the last decades have resulted in a plethora of
synthetic techniques that can be used to fabricate tailor-made
polymeric materials, with a large degree of freedom in structure,
composition and functionality [1e3]. The synthesis of polymeric
nanoparticles has been extensively developed over the past decade,
notably by applying techniques such as solvent evaporation [4],
nanoprecipitation [5], salting-out [6], spray-drying [7], controlled
cross-linking polymerization [8,9], and emulsion polymerization
techniques [10]. Owing to their versatility, polymer nanoparticles
have found abundant use in nanotechnology with specific focus on
the development of novel biomedical applications, such as imaging
[11], gene transfection [12,13], and drug delivery [14,15], as well as
therapeutics [16]. Additionally, polymeric nanoparticles are

investigated as additives in composite membranes for CO2 capture
[17e19], dye separation [20] and water purification [21]. However,
widespread industrial application of polymeric nanoparticles is still
pending.

Especially for biomedical application of nanoparticles, particle
size is known to be of key importance [22]. Nanoparticles below
10 nm in size are particularly of interest as they are rapidly excreted
by the kidney and therefore bypass the urgent need of biodegrad-
ability [23e26]. Through rapidly establishing equilibria with the
vascular compartment, as well as with the lymphatic vessels,
nanoparticles with an effective size comparable to that of proteins
(<6 nm) exhibit short clearance times in the body [26]. However,
only a limited number of methods is currently available for prep-
aration of polymer nanoparticles smaller than 10 nm. These
methods include employing (metallo)surfactants or polymer
matrices, which function as template during the preparation
[27e30].

An elegant and convenient way of achieving smaller, size-
controlled polymeric nanoparticles is to cross-link polymer
chains intramolecularly, while simultaneously avoiding intermo-
lecular cross-links, yielding so-called single-chain polymeric
nanoparticles (SCNP) [31,32]. Under these conditions, nanoparticle

* Corresponding author. Department of Biomaterials Science and Technology,
MIRA Institute for Biomedical Technology and Technical Medicine, Faculty of Sci-
ence and Technology, University of Twente, P.O. Box 217, 7500 AE Enschede, The
Netherlands.

E-mail address: j.m.j.paulusse@utwente.nl (J.M.J. Paulusse).

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier .com/locate/polymer

http://dx.doi.org/10.1016/j.polymer.2017.05.040
0032-3861/© 2017 Elsevier Ltd. All rights reserved.

Polymer 120 (2017) 119e128

mailto:j.m.j.paulusse@utwente.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2017.05.040&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2017.05.040
http://dx.doi.org/10.1016/j.polymer.2017.05.040
http://dx.doi.org/10.1016/j.polymer.2017.05.040


properties, such as molecular weight, dispersity and polarity, are
directly related to the polymeric precursor. In this respect,
controlled polymerization techniques provide for a straightforward
way to produce well-defined polymer precursors and hence well-
defined nanoparticles.

The first SCNPs were already described in 1962 by Kuhn and
coworkers [33], but their development stagnated due to difficulties
with characterization and isolation of the particles, as well as the
need for ultra-high dilution conditions and the lack of well-defined
precursor polymers [32,34e36]. In 2002, Hawker and coworkers
devised a method to avoid the need for special separation tech-
niques and ultra-high dilution conditions by designing benzylcy-
clobutane functional polymers, which only cross-link at elevated
temperatures [37]. Through slow addition of the polymer to a
heated solution, the need for dilution is reduced to the time period
of the cross-linking event (cyclobutane dimerization), since the
resulting product particles can be considered chemically inert.
However, the harsh reaction conditions limited the practicality of
this approach.

In 2009, the same group further refined the system by designing
a 2-component system consisting of an isocyanate functional
polymer and a diamine as an external cross-linker [38]. The so-
called cross-linker mediated chain-collapse bears the advantage
that cross-linking does not occur before the two reactive species are
combined [31]. Owing to slow, continuous addition of the reactive
polymer to the cross-linker, intramolecular coupling at higher
concentrations was achieved at room temperature [38]. Since then,
the development of intramolecular coupling techniques, driven by
the demand for mild and orthogonal reactions, has undergone
tremendous progress [32,37,39]. The reactivity of the components
required in the different cross-linking techniques unfortunately
restricts the number of functional comonomer species that can be
incorporated and, likewise a variety of crosslinking techniques is
necessary for broad applicability of SCNPs. The portfolio of alter-
native cross-linking strategies includes click-chemistry [39], pho-
todimerization [40], olefin and alkyne cross-metathesis [41,42], and
even non-covalent interactions [43], such as hydrogen bonding
[44,45] and metal coordination [46], providing means to design
size-controlled nanoparticles with practically any type of func-
tionality [47]. These techniques have in common that the employed
crosslinking reactions are extremely fast, thereby vastly promoting
intramolecular cross-link formation. Previously, thiol chemistry
was utilized in SCNP formation by thiol-ene, thiol-yne [48] and
disulfide exchange reactions [49,50]. Furthermore, classical
Michael addition cross-linking was employed in the formation of
SCNPs, although the reaction speeds limited its practicability
[51,52].

Michael addition of thiols to acrylates is in general a rapid re-
action, but Hoyle and Lowe demonstrated that the use of phos-
phines as catalyst results in an exceedingly fast nucleophile-
initiated thiol-Michael addition [53]. Besides serving as a catalyst
for thiol-Michael addition, phosphines further act as reducing
agent to suppress thiol oxidation. Thiol-Michael addition is referred
to as a ‘click-reaction’ due to its mild reaction conditions, high
yields, and its high efficiency and selectivity, all of whichmake it an
ideal technique for polymer modification [54e56]. Employing thiol
chemistry on polymers, raises the challenge to incorporate either
the acrylate group or the thiol into a defined polymer, both of which
interfere with controlled radical polymerizations [57,58]. Thiols in
particular can initiate chain transfer fragmentation reactions and
lead to undesired side reactions during radical polymerization, but
effective approaches to circumvent this via protective group
chemistry have been reported [59]. Nicolaÿ et al. investigated the
tolerance of thiol protection groups towards controlled polymeri-
zation techniques such as reversible addition-fragmentation chain

transfer (RAFT), showing that neither xanthate, nor thioacetate
moieties initiated chain transfer reactions, hence enabling incor-
poration of thiols into polymers [60]. Furthermore, the thiols are
protected from disulfide formation and can be liberated when
required.

In this work, we introduce SCNP formation via thiol-Michael
addition as a mild cross-linking technique that can be performed
at room temperature and in the presence of water. Xanthate- and
thioacetate-functional monomers were prepared (Fig. 1) and
incorporated into (meth)acrylate and styrene polymers via RAFT
copolymerization. To compare the effects of polymer length,
incorporation ratio and monomer type, a range of copolymers was
prepared and used in the preparation of SCNPs, which were char-
acterized in detail (Fig. 2).

2. Experimental section

Materials. Potassium ethyl xanthogenate (96%), 2-
bromoethanol (95%), potassium thioacetate (98%), thioacetic acid
(96%), potassium hydroxide (85%), methacryloyl chloride (98%),
acryloyl chloride (97%), methyl methacrylate (99%), methyl acrylate
(99%), benzyl methacryate (96%), chlorobenzene (99.9%), 2-cyano-
2-propyl benzodithioate (97%), 2,20-azobis(2-methylpropionitrile)
(AIBN, 98%), hydrazine monohydrate (98%), 1,4-butanediol dia-
crylate (90%), tri(n-butyl) phosphine (93.5%), 2-(dimethylami-
noethyl) acrylate (DMAEA, 98%), 2-naphthol (99%), styrene (99%)
and 4-vinylbenzene chloride (90%) were purchased from Sigma
Aldrich. Acetone (100%), dichloromethane (100%), ethyl acetate
(99.9%), methanol (100%), n-heptane (99.8%) and tetrahydrofuran
(THF, 100%) were purchased from VWR. Triethyl amine ("99%) was
purchased from Fisher and chloroform ("99%) was purchased from
Merck. All chemicals were used without further purification unless
stated otherwise. 2-(Butylthiocarbonothioylthio)propionic acid
was prepared following a literature procedure [61]. 4-Vinylbenzyl
chloride, methyl methacrylate and benzyl methacrylate were
filtered over neutral alumina prior to usage to remove inhibitors. 4-
Vinylbenzyl thioacetate was synthesized following a literature
procedure [62] and stored with hydroquinone at 4 #C. When stated
as dry, solvents were treated with molecular sieves (4 Å) 24 h
before usage.

1H NMR (400 MHz) and 13C NMR spectra were recorded on a
Bruker 400 spectrometer. Chemical shifts are reported in ppm and
referenced to chloroform. Gel permeation chromatography (GPC)
was performed on a Waters e2695 Separations Module equipped
with an Agilent PLgel 5 mm MIXED-D 300 $ 7.5 mm column and
Waters photodiode array detector (PDA 2998), fluorescence de-
tector (FLR 2475) and refractive index detector (RI 2414). Chloro-
form was employed as eluent and molecular weights were

Fig. 1. Employed vinyl monomers with protected thiol moieties.
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calibrated relative to linear polystyrene. Dynamic Light Scattering
(DLS) measurements were carried out in chloroform on a Malvern
Instruments Zetasizer ZS. Samples for DLS and GPC were prepared
in chloroform, followed by filtration using GE HealthcareWhatman
SPARTAN 13/0.2 RC 0.2 mm syringe filters.

Atomic force microscopy (AFM) images were recorded using a
custom-built atomic force microscope. For processing of AFM im-
ages, Scanning Probe Image Processor software (version 2.3206) by
Image Metrology ApS was used in conjunction with Gwyddion
software (version 2.41) by the Czech Metrology Institute. AFM
images were plane corrected using line-wise leveling with a third-
degree least mean squares fit.

For AFM sample preparation, a 1 mg/mL solution of the product
in chloroform was filtered using a GE Healthcare Whatman
SPARTAN 13/0.2 RC 0.2 mm syringe filter and diluted with chloro-
form to 10%10 mg/mL. After each step of the serial dilution, the
solution was sonicated for 5 min. Immediately after the last soni-
cation, 20e25 mL samples were drop-casted on freshly cleaved
mica.

Scanning transmission electron microscopy (STEM) images
were recorded on a Zeiss Merlin HR-SEM with an add-on STEM
detection system. 5 mL of the sample at a concentration of 10%4 mg/
mL in chloroformwere drop-casted on formvar coated copper grids
and incubated for 60 s. Subsequently, the excess of the solutionwas
removed via filter paper. For staining, the grid was incubated for
20 s with 5 mL of a 1% (w/v) uranyl acetate solution.

Monomer synthesis. 2-(Ethyl xanthate) ethyl methacrylate (1)
was prepared via a 2-step synthesis following earlier reports [63].
4-Vinylbenzyl thioacetate (4) was synthesized according to a
modified literature procedure [62].

Synthesis of S-2-hydroxyethyl-O-ethyldithiocarbonate. A
250 mL round bottom flask was charged with potassium ethyl
xanthogenate (20.0 g, 125 mmol) in acetone (75 mL). Under
continuous stirring, a solution of 2-bromoethanol (17.2 g,
137 mmol, 1.1 eq.) in acetone (50 mL) was added dropwise over
5 min to the solution. The mixture was stirred at room temperature
overnight. Solids were removed via filtration and washed with
acetone. The filtrate was concentrated under reduced pressure and
dissolved in chloroform (200 mL). Subsequently, the solution was
washed with brine (3 $ 100 mL). The organic fractions were
combined and dried over MgSO4 and solvent was removed under
reduced pressure. Excess 2-bromoethanol was removed by dis-
solving the liquid in toluene (2 $ 50 mL), followed by evaporation
under reduced pressure, yielding a yellow liquid (14.0 g, 68% yield).
1H NMR (400 MHz, CDCl3) dH: 4.59 (q, 2H), 3.79 (t, 2H), 3.28 (t, 2H),
3.02 (1H, OH),1.37 (t, 3H). 13C NMR (100MHz, CDCl3) dC: 214.4, 70.4,
60.5, 38.2, 13.7.

Synthesis of 2-(ethyl xanthate) ethyl methacrylate (1). A
solution of S-2-hydroxyethyl-O-ethyl dithiocarbonate (14.9 g,
90 mmol) and triethylamine (16 mL, 116 mmol, 1.3 eq.) in dry
dichloromethane (100 mL) was cooled down in an icebath. A

solution of methacryloyl chloride (10.8 mL, 112 mmol, 1.2 eq) in
dry dichloromethane (40 mL) was added dropwise to the stirred
solution, resulting in the mixture turning red. After addition was
complete, the reaction mixture was left to stir at room tempera-
ture overnight. Water (10 mL) was added to neutralize any
remaining methacryloyl chloride. The mixture was washed
consecutively with water (2 $ 150 mL), aqueous hydrochloric acid
(2 $ 150 mL, 0.5 M), sodium hydroxide solution (2 $ 150 mL,
0.5 M) and brine (1 $ 150 mL). The combined organic phases were
dried over MgSO4 and concentrated under reduced pressure.
Following silica column chromatography (n-heptane and ethyl
acetate (90:10) as eluent) an almost odorless, pale yellow liquid
was obtained (17.9 g, 85% yield). 1H NMR (400 MHz, CDCl3) dH:
6.13 (m, 1H), 5.59 (m, 1H), 4.66 (q, 2H), 4.39 (t, 2H), 3.45 (t, 2H),
1.95 (m, 3H), 1.43 (t, 3H). 13C NMR (100 MHz, CDCl3) dC: 213.8,
167.2, 136.1, 126.2, 70.5, 62.3, 34.5, 18.4, 13.9.

Synthesis of S-(2-hydroxyethyl) ester. A 250 mL round bottom
flask was charged with potassium thioacetate (11.4 g, 100 mmol) in
acetone (100 mL). Under continuous stirring, a solution of 2-
bromoethanol (13.8 g, 110 mmol, 1.1 eq.) in acetone (40 mL) was
added dropwise over 5 min to the solution. The mixturewas stirred
at room temperature overnight and solids were removed via
filtration and subsequently washed with acetone. The filtrate was
concentrated under reduced pressure and dissolved in chloroform
(150 mL). Subsequently, the solution was washed with brine
(3 $ 100 mL). The organic fractions were combined and dried over
MgSO4 and solvent was removed under reduced pressure as
washed with brine (3 $ 100 mL). Excess 2-bromoethanol was
removed by dissolving the liquid in toluene (2 $ 50 mL), followed
by evaporation under reduced pressure, yielding a yellow liquid
(10.0 g, 83% yield).

1H NMR (400 MHz, CDCl3) dH: 3.76 (t, 2H), 3.08 (t, 2H), 2.36 (s,
3H). 13C NMR (100 MHz, CDCl3) dC: 196.3, 61.3, 31.8, 30.5.

vSynthesis of 2-(acetylthio) ethyl methacrylate (2). A solu-
tion of methacryloyl chloride (8.5 mL, 81 mmol, 1.3 eq) in dry
dichloromethane (30 mL) was added dropwise over 5 min under
stirring to an ice-cold solution of S-2-hydroxyethyl-thioacetate
(7.5 g, 62 mmol) and triethylamine (11.0 mL, 81 mmol, 1.3 eq) in
dry dichloromethane (75 mL). The mixture was stirred for 1 h in
an ice-bath and was left stirring at room temperature overnight.
Water (6 mL) was added to neutralize any remaining meth-
acryloyl chloride. The mixture was washed with water
(2 $ 150 mL) and aqueous hydrochloric acid (2 $ 150 mL, 0.5 M).
The organic phases were combined and dried over MgSO4 and
concentrated under reduced pressure. Following silica column
chromatography (n-heptane and ethyl acetate (90:10) as eluent)
an almost odorless, pale yellow liquid was obtained (17.9 g, 85%
yield).

1H NMR (400 MHz, CDCl3) dH: 6.11 (s, 1H), 5.58 (m, 1H), 4.24 (m,
2H), 3.18 (t, 2H), 2.35 (s, 3H), 1.93 (s, 3H). 13C NMR (100MHz, CDCl3)
dC: 194.9, 167.0, 136.0, 126.0, 63.0, 30.5, 27.9, 18.3.

Fig. 2. Schematic representation of polymer chain collapse via thiol-Michael addition.
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Synthesis of 2-(acetylthio) ethyl acrylate (3). A solution of
acryloyl chloride (8.7 mL,108mmol, 1.3 eq) in dry dichloromethane
(50 mL) was added drop wise over 5 min under stirring to an ice-
cold solution of S-2-hydroxyethyl-thioacetate (10.0 g, 83 mmol)
and triethylamine (11.5 mL, 83 mmol, 1.0 eq) in dichloromethane
(150mL). The mixture was stirred for 1 h in an ice-bath andwas left
stirring at room temperature overnight. Water (10 mL) was added
to neutralize any remaining acryloyl chloride. The mixture was
washed with water (3 $ 250 mL) and aqueous hydrochloric acid
(3 $ 250 mL, 0.5 M). The organic phases were combined and dried
over MgSO4 and concentrated under reduced pressure. Following
silica column chromatography (n-heptane and ethyl acetate (90:10)
as eluent) an almost odorless, clear liquid was obtained (3.30 g, 23%
yield).

1H NMR (400 MHz, CDCl3) dH: 6.41 (dd, 1H), 6.11 ppm (dd, 1H),
5.85 (dd, 1H), 4.26 (t, 2H), 3.18 (t, 2H), 2.35 (s, 3H). 13C NMR
(100 MHz, CDCl3) dC: 195.0, 165.9, 131.4, 128.2, 63.0, 30.7, 28.0.

Synthesis of S-(4-vinylbenzyl) thioacetate (4). In a 250 mL 3-
necked round bottom flask, equipped with a condenser, potas-
sium hydroxide (8.50 g, 152 mmol, 1.16 eq) was dissolved in
methanol (100 mL) and heated to 60 #C. Thioacetic acid (9.72 mL,
138 mmol, 1.06 eq) was added dropwise and subsequently, 4-
vinylbenzyl chloride (18.5 mL, 131 mmol) was added slowly. The
reaction mixture was stirred under reflux conditions for 2 h. After
cooling the mixture down to room temperature, the solids were
removed by filtration and washed with methanol and the filtrate
was concentrated under reduced pressure. After addition of
dichloromethane (100 mL), the solution was washed with water
(3 $ 100 mL). Silica column chromatography (n-heptane and ethyl
acetate (90:10) as eluent) resulted in a colorless liquid (14.1 g, 56%
yield). 1H NMR (400 MHz, CDCl3) dH: 7.33e7.22 (m, 4H), 6.68 (dd,
1H), 5.72 (dd, 1H), 5.23 (dd, 1H), 4.11 (s, 2H), 2.35 (s, 3H). 13C NMR
(100 MHz, CDCl3) dC: 195.3, 137.3, 136.8, 136.5, 129.2, 126.6, 118.8,
33.4, 30.5.

Synthesis of 2-naphthyl acrylate (5). A solution of acryloyl
chloride (2.3 mL, 28 mmol, 1.0 eq) in dichloromethane (10 mL) was
added slowly under nitrogen atmosphere to a stirred solution of 2-
naphthol (4.0 g, 28 mmol) and triethylamine (5.0 mL, 36 mmol, 1.3
eq) in dichloromethane (20 mL). The mixture was stirred for 2 h.
Water (6 mL) was added to neutralize any remaining methacryloyl
chloride. Subsequently, the mixture was extracted with dichloro-
methane (40 mL) and washed with brine (2 $ 40 mL). The organic
phases were combined and dried over MgSO4 and concentrated
under reduced pressure. Following silica column chromatography
(n-heptane and ethyl acetate (90:10) as eluent) a white solid was
obtained (3.33 g, 60% yield).

1H NMR (400 MHz, CDCl3) dH: 7.85 (m, 3H), 7.62 (m, 1H), 7.49
(m, 2H), 7.28 (dd, 1H), 6.67 (dd, 1H), 6.39 (dd, 1H), 6.06 (s, 1H). 13C
NMR (100 MHz, CD (100 MHz, CDCl3) dC: 164.9, 148.3, 133.8, 132.9,
131.6, 129.6, 128.1, 127.9, 127.8, 126.7, 125.9, 121.2, 118.7.

Synthesis of poly(2-(ethyl xanthate)ethyl methacrylate d
methyl methacrylate) [XAMA-MMA], poly(2-(ethyl xanthate)
ethyl methacrylate d benzyl methacrylate) [XAMA-BMA] and
poly(2-(ethyl thioacetate methacrylate d methyl methacrylate)
[TAMA-MMA] copolymers (P1 þ P2 þ P3). Monomer 1 and 2
(XAMA and TAMA) were copolymerized with methyl methacrylate
(MMA, P1 and P3) or respectively benzyl methacrylate (BzMA, P2)
inmolar ratios of 1:20,1:10 or 1:5. For example, monomer 1 (0.40 g,
1.71 mmol), methyl methacrylate (1.60 g, 15.98 mmol) 2-cyano-2-
propyl benzodithioate (11.0 mg, 0.050 mmol, stock solution in
chlorobenzene, 100 g/L) and AIBN (1.63 mg, 0.010 mmol, stock
solution in chlorobenzene, 10 g/L) were combined with chloro-
benzene (2 mL) in a polymerization flask fitted with a rubber
septum. After purging for 10 min with nitrogen, the flask was
heated in an oil bath at 70 #C. After 24 h, dichloromethane (2 mL)

was added to the cooled flask and the polymer was precipitated in
n-heptane.

P1: 1H NMR (400 MHz, CDCl3) dH: 4.73e4.63 (br, q, CH2),
4.26e4.13 (br, t, CH2), 3.70e3.52 (br, s, CH3), 3.46e3.37 (br, t, CH2),
2.09e1.74 (br), 1.49e1.39 (br), 1.25e1.19 (br), 1.06e0.97 (br),
0.89e0.74 (br).

P2: 1H NMR (400 MHz, CDCl3) dH: 7.38e7.22 (br, m, ArH),
5.02e4.80 (br, s, CH2), 4.68e4.56 (br, q, CH2), 4.22e3.99 (br, t, CH2),
3.40e3.17 (br, t, CH2), 2.19e1.51 (br), 1.49e1.28 (br), 1.18e1.09 (br),
1.07e0.85 (br), 0.85e0.52 (br).

P3: 1H NMR (400 MHz, CDCl3) dH: 4.11e4.02 (br t, CH2),
3.67e3.55 (br s, CH3), 3.21e3.11 (br t, CH2), 2.41e2.37 (br s, CH3),
2.09e1.74 (br), 1.49e1.35 (br), 1.34e1.18 (br), 1.06e0.97 (br),
0.90e0.79 (br).

Synthesis of poly(2-(ethyl thioacetate acrylate d methyl
acrylate) [TAA-MA] and poly(4-vinylbenzyl thioacetate d sty-
rene) [TASty-Sty] copolymers (P4 þ P5). Monomer 3 and 4 (TAA
and TASty) were copolymerized with methyl acrylate (MA, P4) or
respectively styrene (Sty, P5) in a molar ratio of 1:10. For example,
monomer 4 (0.64 g, 3.35 mmol), styrene (3.15 g, 30.25 mmol), 2-
(butylthiocarbonothioylthio)propionic acid (5.00 mg, 0.021 mmol,
stock solution in chlorobenzene, 100 g/L) and AIBN (0.69 mg,
0.004 mmol, stock solution in chlorobenzene, 10 g/L) were com-
bined with 4 mL of chlorobenzene in a polymerization flask fitted
with a rubber septum. After purging for 10 min with nitrogen, the
flask was heated in an oil bath at 70 #C. After 16 h (P4) or 24 h (P5),
dichloromethane (5 mL) was added to the cooled flask. P4 was
precipitated into n-heptane and P5 was twice precipitated into
methanol.

P4: 1H NMR (400 MHz, CDCl3) dH: 4.24e4.06 (br, t, CH2),
3.75e3.57 (br, s, CH3), 3.17e3.07 (br, t, CH2), 2.42e2.22 (br, s, CH3)
overlapping with 2.37e2.33 (br), 1.99e1.85 (br), 1.82e1.36 (br).

P5:1H NMR (400 MHz, CDCl3) dH: 7.28e6.70 (br, m, ArH),
6.70e6.25 (br, m, ArH), 4.13e3.94 (br, s, CH2), 2.38e2.25 (br, s, CH3),
2.11e1.19 (br, m).

General procedures for thiol aminolysis of the copolymers.
P1 (500mg, 0.44mmol equiv. thiol monomer) was dissolved in THF
(10 mL) and purged with nitrogen for 10 min in a sealed round-
bottom flask. Under nitrogen flow, hydrazine (42.7 mL, 0.88 mmol,
2.00 eq) was added. The solution was stirred for 30 min in the case
of P1 and P2, 3 h for P3 þ P4 and 24 h in the case of P5. Copolymer
solutions were filtered and immediately used in nanoparticle for-
mation. For 1H NMR measurements, the polymer was precipitated
into n-heptane (P1-P4) or methanol (P5).

P1: 1H NMR (400 MHz, CDCl3) dH: 4.16e4.04 (br t, CH2),
3.70e3.52 (br, s, CH3), 2.83e2.72 (br, t, CH2), 2.09e1.49 (br),
1.49e1.39 (br), 1.25e1.19 (br), 1.09e0.95 (br), 0.89e0.79 (br).

P2: 1H NMR (400MHz, CDCl3) dH: 7.38e7.22 (br, ArH), 5.02e4.80
(br, s, CH2), 4.05e3.87 (br, t, CH2), 2.72e2.51 (br, t, CH2), 2.19e1.51
(br), 1.49e1.28 (br), 1.18e1.09 (br), 1.07e0.85 (br), 0.85e0.52 (br).

P3: 1H NMR (400 MHz, CDCl3) dH: 4.15e4.06 (br t, CH3),
3.67e3.55 (br s, CH3), 2.83e2.73 (br t, CH2), 2.09e1.74 (br),
1.49e1.35 (br), 1.34e1.18 (br), 1.06e0.97 (br), 0.90e0.79 (br).

P4: 1H NMR (400 MHz, CDCl3) dH: 4.28e4.11 (br, t, CH2),
3.75e3.57 (br, s, CH3), 2.80e2.71 (br, t, CH2), 2.42e2.22 (br),
1.99e1.85 (br), 1.82e1.36 (br).

P5: 1H NMR (400 mHz, CDCl3) dH: 7.28e6.70 (br, m, ArH),
6.70e6.25 (br, m, ArH), 3.75e3.58 (br, s, CH2), 2.11e1.19 (br, m).

Xanthate nanoparticle formation (NP1, NP1-N, NP2, NP3,
NP4). In a 3-necked round bottom flask, equipped with dropping
funnel, dichloromethane (100 mL) was purged with nitrogen.
Subsequently, 1,4-butanediol diacrylate (82.7 mL, 44 mmol, 1.00 eq)
and a catalytic amount of tri(n-butyl) phosphine (19.8 mL,
0.08 mmol, 0.18 eq) were added to the purged dichloromethane.
The solution of deprotected copolymer (500 mg) in THF (10 mL)
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was dropwise added to the continuously stirred cross-linker solu-
tion over 30 min. After stirring for an additional 2 h, 2.6 mL methyl
acrylate (24 mmol) or respectively 1.1 g of monomer 5 (5 mmol),
was added to react with any remaining thiols and the solution was
left stirring overnight. In case of labeling with monomer 5 (NP1-N),
2 mL of methyl acrylate (20 mmol) was added the next morning to
react 1 additional hour. After concentrating the solution under
reduced pressure and addition of 5 mL methanol to NP1, the
nanoparticles were precipitated. NP1, a white powder, was isolated
by precipitation in diethyl ether followed by centrifugation (for
NP1), whereas NP2 was obtained through precipitation in n-hep-
tane, followed by precipitation in methanol. NP3 and NP4 were
precipitated into n-heptane. (150 mg).

NP1: 1H NMR (400 MHz, CDCl3) dH: 4.25e4.04 (br, t, CH2),
3.68e3.52 (br, s, CH3), 3.06e2.71 (br, CH2), 2.70e2.59 (br, CH2),
2.54e2.38 (br, CH2), 2.09e1.33 (br), 1.26e1.19 (br), 1.12e0.94 (br),
0.93e0.71 (br).

NP1-N: 1H NMR (400 MHz, CDCl3) dH: 7.90e7.77 (br m),
7.60e7.55(br), 7.53e7.44 (br m), 7.26e7.20 (br), 4.25e4.04 (br, t,
CH2), 3.68e3.52 (br, s, CH3), 3.06e2.71 (br, CH2), 2.70e2.59 (br,
CH2), 2.54e2.38 (br, CH2), 2.09e1.33 (br), 1.26e1.19 (br), 1.12e0.94
(br), 0.93e0.71 (br).

NP2: 1H NMR (400 MHz, CDCl3) dH: 7.38e7.22 (br, ArH),
5.02e4.80 (br, s, CH2), 4.22e3.90 (br, t, CH2), 3.76 (s, CH3),
2.95e2.55 (br, CH2), 2.53e2.43 (br, CH2), 2.19-1.49-1.28 (br),
1.18e1.09 (br), 1.07e0.85 (br), 0.85e0.52 (br).

NP3: 1H NMR (400 MHz, CDCl3) dH: 4.25e4.06 (br t, CH3),
3.67e3.55 (br s, CH3), 3.06e2.71 (br, CH2), 2.70e2.60 (br, CH2),
2.54e2.40 (br, CH2), 2.09e1.35 (br), 1.34e1.18 (br), 1.10e0.95 (br),
0.93e0.75 (br).

NP4: 1H NMR (400 MHz, CDCl3) dH: 4.28e4.09 (br, t, CH2),
3.75e3.57 (br, s, CH3), 2.86e2.79 (t, CH2), 2.79e2.71 (br, t, CH2),
2.67e2.60 (t, CH2), 2.54e2.43 (br), 2.42e2.22 (br), 1.99e1.85 (br),
1.82e1.36 (br).

4-Vinylbenzyl thioacetate nanoparticle formation (NP5). In a
3-necked round bottom flask, equipped with dropping funnel,
dichloromethane (100 mL) was purged with nitrogen. Subse-
quently, 1,4-butanediol diacrylate (83.1 mL, 0.44 mmol) and a cat-
alytic amount of tri(n-butyl) phosphine (19.9 mL, 0.81 mmol, 0.18
eq) were added to the purged dichloromethane. The deprotected
copolymer was dissolved in 10 mL THF and was added to the
continuously stirred cross-linker solution dropwise over 30 min.
After stirring for an additional 4 h, a) methyl acrylate (3.0 mL,
28.06 mmol) or b) 2-(dimethylaminoethyl) acrylate (3.0 mL,
19.61 mmol) was added to react with any remaining thiols. The
solutionwas left stirring overnight. After concentrating the solution
under reduced pressure to 10 mL, the nanoparticles were precipi-
tated in methanol and centrifuged. For 1H NMR measurements, the
nanoparticles were precipitated in n-heptane. (100 mg).

NP5a: 1H NMR (400 MHz, CDCl3) d: 7.26e6.22 (br, m, ArH),
4.51e4.32 (br), 4.24e4.04 (br, CH2), 3.88e3.52 (br s, CH2),

3.00e2.75 (br, CH2), 2.75e2.40 (br, CH2), 2.26e1.10 (br, m).
NP5b: 1H NMR (400 MHz, CDCl3) d: 7.26e6.22 (br, m, ArH),

4.25e4.16 (br), 3.71e3.52 (br, s, CH2), 2.71e2.40 (br, CH2), 2.26e1.10
(br, m).

3. Results and discussion

3.1. Monomer and copolymer synthesis

For the preparation of well-defined thiol-functional polymers, a
xanthate methacrylate monomer (1) was synthesized following a
2-step literature procedure and copolymerized togetherwith either
MMA (P1) or BzMA (P2) via RAFT polymerization. The theoretical
molecular weight was calculated based on monomer conversion as
observed by 1H NMR spectroscopy (Table 1). GPC (gel permeation
chromatography) data confirmed polymer molecular weights were
close to the targeted molecular weights, with low polydispersities
(PDI ~ 1.1). A second polymer thiol system was prepared from thi-
oacetate monomers (2, 3, 4) to yield copolymers (P3-P5). Ethyl
thioacetate methacrylate (2) was synthesized based on potassium
thioacetate, similar to monomer 1, whereas 4-vinyl benzyl thio-
acetate (4) was obtained through nucleophilic substitution of vinyl
benzyl chloride with thioacetic acid [62]. Through RAFT polymer-
ization of 2, 3, 4 with MMA, MA and styrene respectively, polymer
precursors with the targeted molecular weights and generally low
polydispersities (PDI ~ 1.2) were obtained (Table S1). For all poly-
mers, monomer incorporation ratios were in good agreement with
the feed ratios.

3.2. Thiol deprotection

Before nanoparticles were prepared from the polymers, thiol
moieties were deprotected via aminolysis with hydrazine (Scheme
1). Hydrazine was chosen for the aminolysis, since it can rapidly
cleave the thiol protecting groups, but also because of its strong
reducing properties preventing possible disulfide formation [64].
Complete aminolysis of xanthate moieties for copolymers P1 and
P2was confirmed by 1HNMR spectroscopy, as theO-ethyl signals at
4.6 ppm vanished (signal c, Fig. 3), while the CH2 group adjacent to
the sulfur shifted from 3.3 to 2.6 ppm (signal b, Fig. 3). The 1H NMR
studies of the aminolysis step did not reveal significant differences
between hydrazine (2 equivalents) in THF and n-butylamine (4
equivalents) in DMF, neither in reaction kinetics, nor in reaction
products.

When comparing FTIR spectra of P1 before and after depro-
tection, the strong signal at 1045 cm%1, which is attributed to C¼S
stretching vibrations, is drastically diminished (Fig. S1). Further-
more, decreasing absorptions at 1112 and 1237-1223 cm%1 in the
area of C-O-C stretching vibrations were observed. A very weak
signal at 2572 cm%1 indicates the presence of thiols.

The aminolysis of the ethyl thioacetatemoieties of P3, P4 and P5

Table 1
Comparison of molecular weights of xanthate copolymers with different chain lengths and their corresponding nanoparticles.

Mn;theo
a

Polymer
(kg,mol%1)

Mw;GPC
b

Polymer
(kg,mol%1)

PDIb

Polymer

cSH Mw
b

SCNP
(kg,mol%1)

PDIb

SCNP
DMW

c rH;GPCd

Polymer
(nm)

rH;GPCd

SCNP
(nm)

rH;DLSe

SCNP
(nm)

MMA
(P1)

Chain length variation P1a 32.0 35.5 1.06 10% 15.8 1.29 55% 5.1 3.3 3.3
P1b 47.4 50.1 1.05 10% 17.7 1.52 65% 6.2 3.5 3.8
P1c 101.0 96.0 1.15 10% 21.7 1.62 77% 9.0 3.9 4.9

BzMA
(P2)

Chain length variation P2a 57.6 26.3 1.14 9% 20.9 1.33 21% 4.3 3.8 4.1
P2b 92.0 43.2 1.16 10% 23.5 1.41 46% 5.7 4.1 6.9
P2c 165.7 97.6 1.30 9% 10.3 3.58 89% 9.1 2.6 9.1

a) Estimated through 1H NMR. b) Determined by GPC, relative to polystyrene standards. c) Reduction in apparent weight-average molecular weight, calculated as ((MW,SCNP -
Mw,Pol)/MW, SCNP)∙100%. d rH ¼ 1.44∙10%2∙(MW, GPC)0.561 [66]. e) Measured in chloroform.
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was tracked via 1H NMR spectroscopy through the disappearance of
the methyl ketone peaks at 2.3e2.4 ppm (signal c, Fig. S6).
Furthermore, the ethyl peak shift from 3.1 to 2.8 ppm for P3 and P4
and from 4.0 to 3.6 ppm for P5 in 1H NMR measurements (signal b,
Fig. S6). The FTIR spectrum of P5 gives additional evidence for a
successful deprotection of the thioacetate group through the sig-
nificant disappearance of the thioester carbonyl band at 1691 cm%1

(Fig. S2).
Whereas the aminolysis step is rather fast for the xanthate ester

polymers P1 and P2 (below 30 min) and slightly slower for the
ethyl thioacetate polymers P3 and P4 (3 h), the deprotection of
thioacetate styrene polymers P5 took 24 h. Hydrolysis of P5 with
hydrochloric acid (1 M in methanol) as an alternative deprotection
method proved even slower (57% deprotection after 24 h), than the

deprotection by aminolysis. The difference in aminolysis rates for
ethyl xanthate and ethyl thioacetate confirms that alkyl thio-
acetates are less electrophilic and hence less reactive than xan-
thates [60]. However, the significantly longer reaction times
observed for thioactetate styrene as compared to the ethyl thio-
acetates may be caused by increased steric hindrance of the thiols
in P5. Accordingly, longer reaction times for cross-linking and thiol
capping were employed for P5.

3.3. Preparation of single-chain polymer nanoparticles

Without further purification, the deprotected thiol-functional
polymer THF solution was slowly added to the cross-linker solu-
tion in CH2Cl2, containing phosphine catalyst, in order to prepare

Scheme 1. Aminolysis of xanthate copolymer P1 and synthesis of single-chain nanoparticles NP1.

Fig. 3. 1H NMR spectra of (1) protected precursor polymer P1, (2) deprotected polymer and (3) nanoparticle NP1. * residual solvent signals: diethyl ether and tetrahydrofuran.
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SCNPs. To avoid polymer-polymer coupling, a slow addition rate
was chosen (i.e. 0.5 mL/min). Finally, methyl acrylate was added
after polymer addition was complete to react with remaining thiol
moieties and to prevent future side reactions and cross-linking
(Scheme 1).

The thiol-Michael addition crosslinking can be observed by 1H
NMR spectroscopy for all polymers (P1-P5), as peaks of the thiol-
ene coupling occur between 2.4 and 2.9 ppm and additionally
alkoxy signals appear at 4.0 ppm (Fig. 3, Figs. S3-S6). Moreover, the
successful thiol-Michael addition product results in signals be-
tween 4.1 and 4.2 ppm in the 1H NMR spectrum from the butylene
ester groups of the cross-linker. However, due to overlapping sig-
nals, 1H NMR spectroscopy neither enables distinguishing between
thiol capping and cross-linking in this case, nor between intra- and
intermolecular cross-linking. In addition, acrylate peaks between
5.8 and 6.5 ppm indicate that also monoaddition of the cross-linker
occurs.

To gain information about the hydrodynamic radii of the SCNPs
dynamic light scattering (DLS) measurements were performed. DLS
measurements in chloroform support the presence of 10 nm spe-
cies for all nanoparticles. However, the random coiled linear poly-
mer chains and single-chain nanoparticles do not necessarily differ
significantly in size (Fig. S16). Furthermore, DLS data showed
additional species above 100 nm in size for both polymers and
nanoparticles that influenced the quality of the measurements,
especially for measurements of P1 and NP1. This peak was not
stable through the measurements and occurs therefore only
intermittently. The peak is attributed to the interaction between
polymers and the solvent [65]. Both P2 polymers and NP2 nano-
particles display much less aggregation behavior, but rather more
pronounced size differences between polymers and nanoparticles
(Fig. S17). Possibly, the DLS measurements were affected by poly-
mer and nanoparticle agglomerates in solution that appear at
higher sizes.

GPC shows drastic changes between the precursor polymers
and the resulting nanoparticles (Table 1 and Table S1). Methyl
methacrylate copolymers P1 and P3 show comparable size re-
ductions between 60 and 70% for 40e50 kDa precursor lengths. P4
and P5 display a reduction of approximately 45% for polymers in
the same size range. These differences in relative size reduction
between styrene and the (meth)acrylates copolymers may be
caused by differences in the hydrodynamic volume due to polar-
ity. Hydrodynamic radii of the nanoparticles were calculated from
the Mw values obtained from GPC analysis, revealing overall
agreement with the radii obtained from DLS measurements
[66,67].

Decreases in apparent molecular weights of the cross-linked
polymers between 30 and 90% as observed by GPC measurements
in combination with 1H NMR spectroscopy measurements confirm
successful intramolecular cross-linking. The GPC values should not
be understood as absolute values, but as apparent molecular
weights relative to the external calibration. As can be seen in the
substantial discrepancies in molecular weights estimated through
GPC and NMR (Table 1), GPC can only give molecular weight values,
and therefore changes in hydrodynamic radius, in comparison to
polystyrene standards.

To validate whether the observed molecular weight changes
were caused by reduction in hydrodynamic radius or by changes in
polarity in the final nanoparticle structure (owing to the cross-
linker and deprotected thiol moieties), P1 was also functionalized
by reacting the thiol moieties with excess methyl acrylate. The GPC
traces of native copolymer P1 and the methyl acrylate functional-
ized copolymer P1MA did not display significant differences
(Fig. S13). Hence, the decreases in apparent molecular weight are
assigned to intramolecular cross-links, which reduce the degrees of

freedom of the polymer chains and concomitantly its occupied
volume (hydrodynamic radius). In order to verify whether the
polymer concentration is sufficiently low to prevent intermolecular
crosslinking, nanoparticle formation was also performed under
higher dilution. However, two-fold dilution did not result in
noticeable additional reductions in particle size as verified by GPC
(Fig. S14).

Particle size dependence on precursor polymer length and
cross-linker ratio.

The relationship between precursor polymer and resulting
nanoparticle was evaluated by varying the lengths (molecular
weights) of the precursors, P1 and P2, and comparing the resulting
nanoparticles by GPC (Table 1, Fig. 4 and Fig. S9).

While the short P1a polymer (Mw ¼ 30 kDa) decreased 55% in
size, the medium length polymer (P1b, Mw ¼ 50 kDa) decreased
65%, and the largest polymer (P1c, Mw ¼ 100 kDa) decreased up to
77% in hydrodynamic radius. For P2, the changes in hydrodynamic
radius are more pronounced: while the short P2a polymer
(Mw ¼ 30 kDa) decreased approximately 20% in size, the largest
polymer (P2c, Mw ¼ 100 kDa) decreased even up to 90% in hy-
drodynamic radius. When taking into account the monomer mo-
lecular weight employed in the different polymers, i.e. MMA and
BzMA for P1 and P2 respectively, excellent agreement is observed
for the size reductions (Fig. 5a and Fig. S15). Provided the formed
SCNPs are indeed composed of single polymer chains, particle size
is directly dependent on the precursor chain length. A comparison
of GPC data of SCNPs with varying molecular weights indeed dis-
plays a more pronounced reduction in apparent molecular weight
with increasing precursor polymer chain length. The length-
dependent size reduction is caused by more possibilities for
intramolecular cross-links due to the presence of more cross-
linkable groups along the polymer chain.

Similarly, a comparison was made of the size reductions
observed for particles prepared from P2 polymers with different
xanthate fractions (5%, 10%, 20%), while maintaining molecular
weight constant between 30 and 40 kDa (Fig. 5b, Table 2). A low
content of cross-linkable units (5%) in P2 resulted in a 30% size
reduction, whereas 20% cross-linkable units resulted in a 76%
reduction in apparent molecular weight.

As the total number of cross-linkable groups per polymer in-
creases, either due to polymer length or thiol fraction, poly-
dispersities of the SCNPs increase markedly. This effect is a result of
the increasing number of potential conformations of the SCNPs.
P2c, especially, suggests a distribution of several collapsed states.

5 6 7 8 9 10
elution time / min

P2a
P2b
P2c
NP2a
NP2b
NP2c

Fig. 4. Overlay of GPC traces for the BzMA-XanthateMA copolymer precursors (P2a-c)
with different chain lengths and their corresponding nanoparticles (NP2a-c).
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Nanoparticles from 20% xanthate polymers were rather ill-defined
and isolation was impeded.

3.4. Particle imaging

SCNP morphology was investigated by atomic force microscopy
(AFM) on NP1, prepared from a 50 kDa polymer P1 precursor and
the three different sizes of cross-linked P2 polymers (i.e. NP2). The
particles imaged here in AFM were around 0.9 nm of height and
around 30 nm in radius, which indicates that these SCNPs do not
maintain a globular structure (Fig. 6 and Fig. S18), but the coils
rather spread out on the surface as reported earlier [68,69]. Mackay
and coworkers for example, observed that moderately cross-linked
SCNPs collapse into a flat shape and lose their conformational en-
tropy on a high-energy substrate surface such as mica [68]. Particle
height and radius as observed by AFM were used to determine the
dimensions of a spherical conformation in solution as proposed by

Berda et al. [69] The observed structures correspond to 5e8 nm
spherical particles (Table S3), which is in the same range as radii
obtained from DLS and GPC (Table 1, Figs. S16e17). NP1 displayed a
radius of 40 nm and a height of 0.5 nm and hence, the AFM values
can be related to spherical nanoparticles of 7.4 nm (Fig. 6). All three
NP2 nanoparticle species were below 10 nm in size, while the
lowest molecular weight precursor polymer resulted in the small-
est nanoparticle (5.6 nm).

Interestingly, the individual particles display a darkened core in
the AFM phase image (Fig. 6b). Berda et al. observed a similar effect
for reversible SCNPs and ascribed the darkened core to stacking
interactions of the employed hydrogen-bonding cross-linking units
[69]. Although the pattern is not an ideal round shape, it is already
apparent in the polymer precursor (Fig. S19).

Scanning transmission electron microscopy (STEM) measure-
ments on NP2a nanoparticles confirmed a radius of the surface
adsorbed particles of approximately 20 nm (Fig. 7), which is in

Fig. 5. Plots of apparent size reduction of the SCNP versus (a) the degree of polymerization and (b) the thiol content of the precursor polymers.

Table 2
Comparison of molecular weights of P2 with different composition with their corresponding nanoparticles.

xSH Mn;theo
a

Polymer
(kg,mol%1)

Mw;GPC
b

Polymer
(kg,mol%1)

PDIb

Polymer
(kg,mol%1)

Mw;NP
b

SCNP
(kg,mol%1)

PDIb

SCNP
DMW

c

BzMA
(P2)

Thiol content variation 5% 68.8 43.4 1.22 30.6 1.66 30%
10% 92.0 43.2 1.16 23.5 1.41 46%
20% 67.1 32.5 1.16 7.9 e 76%

a) Determined by 1H NMR. b) Determined by GPC, relative to polystyrene standards. c) Reduction in apparent weight-average molecular weight, calculated as ((MW,SCNP -
Mw,Pol)/MW, SCNP)∙100%.

Fig. 6. AFM height (a) and phase (b) images of NP1 nanoparticles.
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excellent agreement with AFM data (radsorbed ¼ 21 nm); a similar
particle flattening as observed by AFM is likely occurring. As the
height of the particles cannot be estimated with STEM, no further
validation was performed.

3.5. Functionalization of SCNPs via monoacrylates

The endcapping step with monoacrylates may be exploited as a
means to modify the nanoparticle surface. To demonstrate the
versatility in endcapper use, NP5 and NP1c were capped with
different acrylates, i.e. N,N-dimethylaminoethyl acrylate and 2-
naphthyl acrylate (monomer 5).

The resulting NP5 nanoparticles were isolated in the same way
as methyl acrylate functionalized NP5 and did not demonstrate any
significant differences in GPC to the original system. The presence
of the DMAEA was confirmed by the peaks at 4.21, 2.58 and
2.29 ppm in the 1H NMR spectrum. Through DMAEA incooperation,
positive charges, in the form of quaternary amine catium, may be
introduced onto the nanoparticles.

Modification of SCNPs with 2-naphthyl acrylate (monomer 5)
was followed by exposure of the nanoparticles to methyl acrylate
prior to their isolation to ensure that even sterically hindered thiols
were capped. Distinct peaks of the naphthalene ring were observed
in the 1H NMR spectrum of NP1c-N confirming that substantial
endcapping with monomer 5 took place (~25% of thiols, Fig. S7).
The modification did not affect isolation of the nanoparticles and

the size reduction in the GPC of the naphthyl-functionalized NP1c-
N was comparable to those observed for SCNPs endcapped with
methyl acrylate (Fig. 8). Importantly, the labeled nanoparticles
displayed fluorescence signals in the GPC traces. The excitation and
emission spectra of the nanoparticle peak, displayed an excitation
maximum at 273 nm and an emission maximum at 324 nm,
whereas the polymer does not show any significant fluorescence
(Fig. 9).

4. Conclusions

Single-chain polymer nanoparticles were successfully prepared
via intramolecular thiol-Michael addition between thiol polymers
and bifunctional acrylates. Formation was confirmed by 1H NMR
spectroscopy and GPC, and nanoparticles were visualized by AFM
and STEM. Size-controlled SCNPs were achieved by employing
different polymer lengths and different fractions of thiols in the
polymers. Besides providing modularity through monomer choice
in the preparation of precursor polymers, residual thiol moieties
can act as an additional handle for particle functionalization
through the use of different endcappers. Thiol-Michael addition has
thus been introduced as a robust and versatile approach to build

Fig. 7. STEM image of stained NP2a.

Fig. 8. Overlay of GPC traces for the MMA-XanthateMA copolymer precursor (P1c) and the corresponding 2-naphthyl-labeled nanoparticles (NP1c-N). Left: refractive index de-
tector. Right: emission spectra of fluorescence detector (excitation at 270 nm).

Fig. 9. Fluorescence excitation and emission spectra of NP1c-N at 6.65 min elution
time. The excitation spectrum was recorded at an emission at 324 nm and the sample
was excited at 270 nm for the emission spectrum.
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well-defined SCNPs under benign conditions. Our current in-
vestigations focus on further extending the modularity of this
promising class of materials, as well as exploring their potential in
biomedical applications, such as drug delivery and imaging.
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