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ABSTRACT: Fluorescent and catalytically active single chain nanoparticle
(SCNP) systems allow for the visualization and tracing of the catalyst’s
distribution in a reaction system. We herein report a synthetic strategy to
such SCNPs, generated through a photoactivated reaction at visible light
(λmax = 415 nm) irradiation. Notably, the compaction reaction generates a
fluorescent entity via a pro-fluorescent precursor. A polymer backbone (Mn =
21,000 g mol−1 and Đ = 1.3), carrying phosphine ligands for the coordination
of catalytically active gold complexes and the photoreactive ortho-
methylbenzaldehyde units and complementary alkyne moieties, was
constructed based on nitroxide-mediated polymerization. The synthetic
protocol entails an intermediate protection sequence for the catalyst-carrying
phosphine unit to enable the installation of the cross-linking entities. The successful compaction of the SCNPs is demonstrated by a
reduction in the chain’s hydrodynamic volume via size exclusion chromatography and diffusion-ordered NMR spectroscopy.

■ INTRODUCTION
The last decade has seen substantial progress in the synthesis
and application of single chain nanoparticles (SCNPs), which
are currently discussed as tailored and recyclable macro-
molecular catalytic systems. Combining the advantages of
homo- and heterogeneous catalysis, SCNPs demonstrate high
turnover rates inherent to reactions in homogeneous solution
with simplified isolation and recycling of the catalyst.1,2 SCNPs
are compacted polymer chains having typical sizes between 3
and 40 nm in hydrodynamic diameter, carrying bespoke
functionalities to enable applications as catalysts, sensors,
nanoreactors, and in nanomedicine.3 Often, these systems take
inspiration from their natural analogues,4,5 that is, enzymes, yet
lack the precision design of catalytically active biomolecules.
However, they are far easier to synthesize, typically relying on
reversible deactivation radical polymerization6,7 to control the
constituting polymer chains’ length and functionality. A wide
array of methodologies to generate SCNPs from linear polymer
precursors has been introduced, including folding by thermal
or photochemical bond formation and through intramolecular
interactions such as (reversible) hydrogen bonding. The
incorporated functionalities include metal complexes (includ-
ing those affecting the intramolecular cross-linking reaction),
luminescent entities, biologically active small molecules, or
chlorine functionalities (employing SCNPs as multifunctional
initiator for atom transfer radical polymerization).3,8,9 Our
team has exploited photochemical reactions to compact single
polymer chains using photochemically generated ortho-
quinodimethanes that serve as [4 + 2] cycloaddition
intermediates and highly reactive 1,3-dipoles such as nitrile
imines.10,11 In the confined environments afforded by solvated,
coiled polymer chains, the quantum efficiency of many

bimolecular photochemical processes increases dramatically,
thus rendering photochemical approaches to SCNP design
highly efficient.12,13 In addition to photochemical SCNP
synthesis, photoluminescent properties of SCNPs allow
monitoring of the cross-linking reactions and tracking of
SCNP distributions, enabling imaging applications.14−17

Similarly, SCNP systems have been shown to be effective
catalysts allowing the control of the solubility of the polymer
backbone, which gives the opportunity to recycle the catalyst
or increase the turnover frequency (TOF).18−22 Herein, we
introduce a type of SCNP that fuses both fluorescence and
catalytic activity, thus enabling the visualization of the catalyst
in the reaction solution upon light excitation (Figure 1).
Photochemically induced [4 + 2] cycloadditions can be

achieved by photoenolization of oMBA and subsequent Diels−
Alder reaction with electron-deficient dienophiles. Mechanis-
tically, the 1,5-hydrogen atom transfer taking place on the
triplet manifold leads to a (Z)-enol, constituting a highly
reactive diene.23−25 When alkynes are used as dienophiles, the
initially formed non-fluorescent 1,4-dihydro-1-naphthole cyclo-
adduct can be quantitatively converted to the respective
fluorescent naphthalene via E1-elimination in the presence of
catalytic amounts of acid.
We herein follow a photochemical strategy toward SCNPs

utilizing the [4 + 2] cycloaddition to cross-link the polymer
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chain into a more compact structure. The emerging
naphthalene cross-links are photochemically and thermally
stable fluorophores reporting the cross-linking reaction itself
and allowing us to trace the resulting SCNPs in reaction
vessels.26 In addition, a protected phosphine ligand was
introduced as a monomer during the nitroxide-mediated
polymerization (NMP) and utilized to coordinate gold after
SCNP formation. The phosphine was protected to avoid
oxidation during the polymer synthesis. Subsequent depro-

tection allows for gold coordination. NMP is a reliable, metal-
free polymerization technique to obtain a defined polymer
backbone with functional groups and a high end-group fidelity,
especially for styrene systems.27

Gold complexes are able to catalyze a range of organic
reactions such as the addition of nucleophilic heteroatoms,
hydroarylation, and cycloaddition reactions, often starting with
the activation of unsaturated carbon bonds by forming π-
complexes.28−31

Figure 1. Overview of the SCNP synthesis in four steps. Polymerization and exchange reaction affording a styrene-based copolymer containing the
S�PPh2Sty (orange) ligand and bromomethylstyrene (BMS, yellow), followed by the post-functionalization with an ortho-methylbenzaldehyde
(oMBA) (green) and an alkyne (red), which are utilized to fold the polymer chain into SCNPs with fluorescent naphthalene cross-links (light blue)
in the third step. In the final step, the phosphine ligands are coordinated with a catalytically active gold complex (metallic yellow).

Figure 2. Top: Synthesis of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid (3) starting with tert-butyl 4-aminobutanoate (1). Left:
Photoreaction of oMBA with the alkyne (2) in benzene (red numbers), initially leading to the non-fluorescent 1,4-dihydro-1-naphthole (blue
numbers) and benzocyclobutane as side product (pink numbers), resulting in two regioisomers of the fluorescent naphthalene through an E1-
elimination (green numbers). Right: Reaction monitoring via 1H NMR spectroscopy in benzene-d6. The top spectrum was recorded prior to the
irradiation. The middle spectrum was obtained after 20 min of irradiation at λmax = 415 nm. The bottom spectrum was recorded after the addition
of p-TsOH.
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■ RESULTS AND DISCUSSION
Herein, fluorescent SCNPs are synthesized via a photo-
chemical cross-linking reaction of linear precursor polymers,
which are subsequently equipped with catalytically active metal
complexes (SCNP-AuCl). The synthesis commences with the
generation of the polymer backbone (P1) containing sulfur-
protected triarylphosphine (S�PPh2Sty) along with chlor-
omethylstyrene (CMS) units, exchanged with bromide (P2) to
enable the following post-functionalization with a photoactive
oMBA and an electron-deficient alkyne (P3). Both units react
in a light-introduced Diels−Alder cycloaddition forming
fluorescent cross-links, affording the SCNPs (SCNP1). In
the final step, the triarylphosphine is used to coordinate
gold(I), resulting in fluorescent and catalytically active SCNPs
(SCNP-AuCl).
The key step in the synthesis of the SCNPs is the light-

introduced [4 + 2] cycloaddition of the oMBA with an alkyne,
leading to a fluorescent naphthalene.32 An oMBA thioether
allows for the photoreaction to proceed under visible light
irradiation (λmax = 415 nm) in agreement with earlier
reports.33,34 Increasing the reactivity of the dienophile toward
the oMBA aids in generating a high density of cross-links,
leading to strongly folded SCNPs, yet concomitantly decreases
the [4π] electrocyclization of the oMBA in a side reaction. In
comparison with terminal alkynes, bifunctional alkynes can
carry two electron-withdrawing groups increasing the reac-
tivity. However, to attach these alkynes to the polymer
backbone, it is necessary that they carry a functional handle on
one side.
The synthesis of a functional unsymmetric electron-deficient

alkyne is depictured in Figure 2.35 We start with tert-butyl 4-
aminobutanoate (1), which was converted to an isocyanate
using triphosgene and reacted further with deprotonated
methyl propiolate to form an electron-deficient alkyne. The
starting material already contains a carboxylic acid group in the
form of a tert-butyl ester to allow the post-functionalization in a
simple SN2-reaction with the pendant BMS in the polymer

shown in Figure 3. The resulting tert-butyl-protected 4-(4-
methoxy-4-oxobut-2-ynamido)butanoic acid (2) was used in a
small molecule photoreaction to establish if it is a suitable
alkyne for the Diels−Alder cycloaddition. Therefore, a reaction
mixture of oMBA and the alkyne in deuterated benzene was
irradiated at λmax = 415 nm for 20 min, and the reaction
progress was monitored by 1H NMR spectroscopy. The
conversion of the oMBA can be observed by the disappearance
of the aldehyde resonance at δ = 10.68 ppm. After 20 min, the
reaction reached full conversion of the oMBA and yields two
regioisomers of the non-fluorescent 1,4-dihydro-1-naphthole.
Adding a catalytic amount of acid, two regioisomers of the
fluorescent naphthalene were obtained through an E1-
elimination and observed by the appearance of new resonances
between 7.5 and 9.5 ppm of the naphthalene.
In a side reaction, benzocyclobutane is formed during

radiation via a [4π] electrocyclization, as described in the work
of Feist and Rodrigues et al.32 In comparison with conditions
in SCNPs, the local concentration of the reactants is lower, and
therefore, the unimolecular [4π] electrocyclization is favored.
In SCNPs, featuring high local concentrations, this reaction is
disfavored in comparison with the bimolecular Diels−Alder
reaction.
To introduce cross-linking units into the polymer and to use

the formed SCNPs for metal coordination, a synthesis strategy
considering the functional group compatibility36 and stability
during the consecutive polymer modification reactions is
required. The synthesis commences with the NMP of styrene,
CMS, and the sulfur-protected 4-(diphenylphosphino)styrene
(S�PPh2Sty), successfully avoiding side reactions between
CMS and the phosphine, resulting in the formation of co-
polymer poly(Sty-co-CMS-co-S�PPh2Sty) (P1,Mn = 21 000 g
mol−1). The monomer composition of P1 was determined by
two methods giving similar results. First, from the conversion
of the monomers during polymerization�monitored by 1H
NMR spectroscopy using an internal standard�resulting in a
composition containing 18 mol % CMS and 6 mol % S�

Figure 3. Overview of the detailed synthetic strategy showing the poly(Sty-co-BMS-co-S�PPh2Sty) (P2) and the post-functionalization with the
DA reagents, the oMBA, and alkyne (P3), as well as the resulting cross-links of SCNP1 and the final gold(I) coordinated SCNPs (SCNP-AuCl).
The tetrahydrofuran−SEC and diffusion coefficients, D, measured by DOSY of P3, SCNP1, and SCNP-AuCl. Both analytic methods show a
significant decrease in the hydrodynamic radius after cross-linking.
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PPh2Sty. The second method compared the integrals of
specific resonances within different functional groups of the
repeating units with the integrals of the identical polymer
backbone. Using the integral of the CH2 resonance of CMS
and aromatic resonance of S�PPh2Sty allows calculating the
monomer composition by comparing it with the CH−CH2
resonance intensities of the polymer backbone. According to
this method, the composition of P1 was determined at 23 mol
% CMS and 5 mol % S�PPh2Sty (for further discussion, refer
to Supporting Information, section S4).
To increase the reactivity for the following post-functional-

ization of the CMS with the cross-linking units, the chlorine
was exchanged by bromine using lithium bromide, affording
poly(Sty-co-BMS-co-S�PPh2Sty) (P2). The reaction of CMS
to BMS was monitored by 1H NMR spectroscopy and
indicates high conversion. However, the resonances are not
sufficiently separated to calculate an exact value for the
conversion.
The sulfur protection group of the S�PPh2Sty further

prevents the phosphine from reacting with the alkyne during
the post-functionalization of both the oMBA and alkyne in an
esterification reaction with the BMS repeating units P3 (Mn =
17,000 g mol−1, D = 1.55 10−10 m2 s−1, and RH = 2.48 nm).
Utilizing cesium as the counterion increases the solubility of
the carboxylate in dimethylformamide and enables a faster
reaction compared to sodium salts,37 resulting in a conversion
of 53% of BMS repeating units, monitored by 1H NMR
spectroscopy, with a ratio of oMBA and alkyne of 1:0.6. The
post-functionalization also allows the use of highly reactive
alkynes, which are not stable during NMP.
Subsequently, SCNP1 (Mn = 15 000 g mol−1, D = 2.09 10−10

m2 s−1, and RH = 1.84 nm) was formed by light-induced [4 +
2] cycloaddition as described above, resulting in a more
compact structure. The compaction process was monitored by
size exclusion chromatography (SEC) and diffusion-ordered
spectroscopy (DOSY). Both analytic methods indicate a
decrease in the hydrodynamic radius, RH, after cross-linking.
DOSY experiments separate 1H NMR resonances based on
their diffusion coefficient, and thus confirm that the oMBA
(10.7 ppm) and the alkyne (3.8 ppm) are part of the polymer.
The diffusion coefficients, D, increased by 34.8% after cross-
linking, and consequently, the calculated hydrodynamic radius
decreases, RH.

Next, the obtained SCNPs were prepared for metal
coordination. However, to prevent side reactions of the
remaining functional groups such as the remaining BMS and
the unreacted alkyne with the triarylphosphine or the
deprotection agent (tributyl phosphine (PBu3)), both need
to be deactivated. A simple way is the esterification of BMS
with cesium acetate, which concomitantly eliminates the left-
over alkynes. Monitored by 1H NMR spectroscopy, the
reaction was continued until full conversion. Subsequently,
the sulfur-protected triphenylphosphine units were depro-
tected using PBu3 at 120 °C and monitored by 31P NMR
showing full conversion.
The final step is the metal coordination of the deprotected

SCNP. Chloro(tetrahydrothiophene)gold(I) (AuCl(tht)) was
reacted with the triarylphosphine-containing SCNPs to form
the desired gold(I)-decorated nanoparticles (SCNP-AuCl, Mn
= 15,000 g mol−1, D = 2.61 × 10−10 m2 s−1, and RH = 1.47 nm).
The 31P NMR spectrum of the gold complex shows a
resonance at 32.2 ppm (chloro(4-(diphenylphosphino)-
styrene)gold(I) (AuCl-PPh2Sty): 32.5 ppm) associated with
this phosphor species and indicating full conversion. Addi-
tionally, the presence of gold complexes was confirmed via
UV/vis spectroscopy, which shows an increasing absorption
below 300 nm after gold complexation similar to the chloro(4-
(diphenylphosphino)styrene)gold(I) complex (shown in
Figure 5).
The fluorescent character of the naphthalene cross-links

provides a further clear indication that the linear precursor
polymer formed SCNP1 by a photoinduced Diels−Alder
cycloaddition. The recorded emission and excitation fluo-
rescence spectra are similar to the spectra of the respective
non-polymer-bound small molecule 4 used as verification of
their structure (shown in Figure 4).
The fluorescence spectra of SCNP-AuCl show a red shift

originating from the reaction of cesium acetate with SCNP1.
To investigate the cause for this red shift, 4 was subjected to
similar reaction conditions used during the removal of
remaining BMS groups to be able to compare the fluorescence
spectra with the chemical structure, resulting in a similar, yet
less pronounced, red shift compared to SCNP-AuCl.
Subsequent liquid chromatography coupled mass spectrometry
indicates that the ester and amid group attached at the
naphthalene formed a phthalimide or an isobaric structure,

Figure 4. Fluorescence spectra of SCNP1 and gold-coordinated SCNPs (SCNP-AuCl) in comparison with the small molecule model of the
fluorescent cross-links. The fluorescence spectra of the SCNP1 and the small molecules 4 show an emission and excitation band at the same
wavelength, but red-shifted emission and excitation band for SCNP-AuCl.
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causing the red shift of the emission spectrum. However, this
side reaction has no effect on the functionality as SCNPs or on
the following catalysis (for further discussion, refer to
Supporting Information, section S2).
To evidence the catalytic activity of SCNP-AuCl, we

performed an intramolecular hydroamination of an amino-
alkyne (5), which was recently published by Bohlen and
Kulendran et al.38 and functions as a benchmark reaction
(Figure 5). Furthermore, the SCNPs were compared with
linear polymer chains with incorporated AuCl-PPh2Sty units
(P4) and AuCl-PPh2Sty complexes to study the effect of the
local surroundings of the SCNPs. A cocatalysts Na[B(C6F5)4]
was used and tested in a control experiment, which showed no
catalytic activity (for further discussion, refer to Supporting
Information, section S5). The catalyst and ferrocene (internal
standard) were dissolved in CDCl3 and mixed with the
cocatalyst. After dissolving, the mixture was frozen and the
substrate (5) was added. The sample was thawed before
recording the 1H NMR spectra over time. The calculated
conversion of the catalytic reaction with different concen-
trations of SCNP-AuCl is depictured in Figure 5. The gold
fraction was calculated using 31P NMR spectroscopy with
triphenyl phosphate as the internal standard and is based on
the amount of substrate. The results demonstrate the catalytic
activity of SCNP-AuCl in the intramolecular hydroamination
of 5. After 24 h, the catalysis with 0.8 mol % [Au] per substrate
reaches a conversion of >90%. Also expected were the higher
catalytic activities of P4 and AuCl-PPh2Sty in comparison.
However, the goal of SCNPs is not to be the faster catalysts
but rather more selective�as their natural analogues, that is,
enzymes. Calculating the TOF also reveals the significant
increase in activity. The TOF of the unfolded polymer chain
P4 (68 h−1) is 13 times higher than that of the folded SCNP-
AuCl (5 h−1). However, by comparing SCNP-AuCl with P4
(poly(Sty-co-CMS-co-AuCl-PPh2Sty), Mn = 20,000 g mol−1), it
must be considered that both polymers are not identical in
molecular weight and chemical structure. In addition, the
determination of the gold fraction by 31P NMR spectroscopy is
beset with a significant error. Kinetic studies also showed that
the catalytic hydroamination is a first-order reaction (for
further discussion, refer to Supporting Information, section
S5.5).

■ CONCLUSIONS
We report SCNPs that are fluorescent and catalytically active,
based on linear poly(Sty-co-CMS-co-S�PPh2Sty), containing
protected phosphine moieties and CMS, functionalized with a
photocaged diene and alkyne moieties, yielding a photoreactive
parent polymer (P3). Irradiation with blue light (λmax = 415
nm) induced a [4 + 2] cycloaddition, affording pro-fluorescent
intramolecular cross-links within the compacted SCNP1. The
compaction process was monitored by SEC and DOSY. Both
analytical methods show a decrease in the hydrodynamic
radius after cross-linking. The diffusion coefficients, D,
increased by 34.8%. Seizing this modular SCNP platform,
gold-complexes were readily introduced to enable catalysis. An
intramolecular hydroamination was monitored by 1H NMR
spectroscopy using SCNP-AuCl as a catalyst showing >90%
conversion after 24 h for 0.8 mol % [Au] per substrate.
Importantly, the fluorescent properties of SCNP-AuCl result
directly from its cross-linking and not from attachment of an
additional fluorophore. Fluorescence enabling cross-linking is
especially promising for the development of catalytically active
SCNPs, as it allows monitoring the cross-linking reaction itself
and may allow to track the distribution of the resulting SCNPs
in catalytic applications through a facile fluorescence read out.
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