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ABSTRACT: Anfinsen’s famous experiment showed that the
restoration of catalytic activity of a completely unfolded
ribonuclease A is only possible when the correct order of
events is followed during the refolding process. Inspired by this
work, the effect of structural constraints induced by covalent
cross-links on the folding of a synthetic polymer chain via
hydrogen-bonding interactions is investigated. Hereto, meth-
acrylate-based monomers comprising either benzene-1,3,5-
tricarboxamide (BTA)-based or coumarin-based pendants are
copolymerized with n-butyl methacrylate in various ratios via
reversible addition−fragmentation chain-transfer (RAFT) polymerization. To assess whether the folding and single-chain
polymeric nanoparticle (SCPN) formation depend on the order of events, we compare two folding pathways. In the one case,
we first covalently cross-link the coumarin pendants within the polymers in a solvent that prevents hydrogen bonding, after
which hydrogen bonding is activated, inducing folding of the polymer. In the other case, we induce hydrogen-bonding
interactions between tethered BTAs prior to covalent cross-linking of the coumarin pendants. A combination of circular
dichroism (CD) spectroscopy, UV−vis spectroscopy, size-exclusion chromatography (SEC), and dynamic light scattering
(DLS) is employed to understand the effect of the structural constraints on the folding behavior of these synthetic polymers.
The results show that like in ribonuclease A, the order of events matters greatly and determines the outcome. Importantly, a
hydrogen-bond-promoting solvent prevents the formation of SCPNs upon covalent cross-linking and results in multichain
aggregates. In contrast, covalently cross-linking the polymer when no hydrogen bonds are present followed by inducing
hydrogen bonding favors the formation of SCPNs above the UCST of the methacrylate-based polymer. To our surprise, the two
systems show a fundamentally different response to changes in temperature, indicating that also in synthetic polymers
differences in the folding pathway induce differences in the properties of the resultant nanostructures.

■ INTRODUCTION

In the past decades, the self-assembly of small molecules into
supramolecular structures has received significant attention.
Today, a wide variety of self-assembling motifs is known that
assemble into diverse structures via either isodesmic,
cooperative, or even living mechanisms.1−7 Recently, research
groups started to bridge the field of small molecule self-
assembly and the field of controlled polymerization techniques
with the aim to fold synthetic polymers into protein-like,
structured nanoparticles.8−10 In these novel but complex
constructs, the self-assembly of the supramolecular grafts is
utilized to fold the polymer chains into nanoparticles that
comprise a structured interior. Although the conformational
mobility of synthetic polymer backbones may cause steric
constraints that affect the self-assembly of the grafted
supramolecular moieties, recent research has shown that the
supramolecular grafts are still capable to self-assemble into
their preferred supramolecular assemblies.11,12,21−25,13−20

Anfinsen’s famous experiment showed that the restoration of
catalytic activity of a completely unfolded ribonuclease A is
only possible when the correct order of events is followed

during the refolding process.26 This experiment made us
wonder to what extent the presence of structural constraints
will affect the hydrogen-bonding-induced folding of synthetic
polymers. In ribonuclease A, complete unfolding is achieved by
using urea to break up the hydrogen bonds in combination
with 2-mercaptoethanol, which is needed to break the covalent
disulfide bridges. Upon removal of urea, the formation of
specific stabilizing hydrogen bonds folds the polypeptide into
its near-native state. This directs the preorganization of the
cysteine residues and facilitates the formation of the original
disulfide bridges upon the removal of the 2-mercaptoethanol.
As a result, the protein is refolded back into its native state and
fully regains its catalytic activity. However, when inverting the
order of removal by first removing 2-mercaptoethanol, new,
non-native disulfide bonds are formed while the polypeptide is
still in a disordered state. This results in the formation of
disulfide bridges between incorrect cysteine residues, prevent-
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ing the protein from adopting its native fold upon subsequent
removal of the urea. As a result, catalytic activity is lost.
In the past decade, numerous hydrogen-bonding supra-

molecular moieties have been employed to fold single polymer
chains into well-defined, internally structured single-chain
polymeric nanoparticles (SCPNs). Examples have been
presented that apply thymine−diaminopyridine and cyanuric
acid−Hamiltonian wedge pairs as well as ureidopyrimidinones,
ureas, and 2-ureido-5-deazapterinines.13,19,34−36,22,27−33 In our
group, the ureidopyrimidinone unit and the benzene-1,3,5-
tricarboxamide (BTA) moiety have been thoroughly evaluated
as structuring supramolecular grafts.15,37,38 The inherent ability
of BTAs to self-assemble into helical supramolecular
polymersstabilized by 3-fold hydrogen bondingmakes
them suitable to provide internal structure and control the
conformational flexibility of a single polymer chain in
solution.37,39 In addition, different routes have been developed
to control the conformation of single polymer chains via
covalent cross-linking approaches, such as click chemistry,
radical coupling, dimerization, and cyclization reactions. All
these approaches have resulted in stably cross-linked nano-

particles.40,41,50−52,42−49 Inspiring examples have been reported
by the groups of Zhao,53,54 Berda,55 and Barner-Kowollik,56 in
which the photodimerization of coumarin, anthracene, or
pyrene derivatives was used to introduce covalent cross-links.
Not only is the cross-link formation amenable to relatively mild
and noninvasive conditions, it is also easy to monitor their
formation using ultraviolet−visible (UV−vis) absorption
spectroscopy. Furthermore, the coumarin and anthracene
cross-links are in principle reversible, just like the disulfide
bridges found in proteins.
In this work, we study the effect of structural constraints,

induced by covalent cross-links, on the folding of a synthetic
polymer chain via hydrogen-bonding interactions. Hereto,
methacrylate-based monomers comprising either BTA-based
or coumarin-based pendants were copolymerized with n-butyl
methacrylate in various ratios via reversible addition−
fragmentation chain-transfer (RAFT) polymerization. Two
folding pathways are investigated (Figure 1). In the first
pathway, we covalently cross-link the coumarin pendants
within the polymers in a solvent that prevents hydrogen
bonding, after which folding of the polymers is induced by

Figure 1. Schematic representation of the two pathways applied to fold and cross-link the polymers. In the first pathway (top) the coumarin
pendants are first dimerized with UV-A light in THF (a solvent which prevents H bonding), followed by redissolving the particles in DCE, a solvent
that promotes H bonding. In the second pathway (bottom), the BTA pendants are aggregated in DCE, after which the coumarin pendants are
dimerized with UV-A light.

Scheme 1. Synthesis of Monomers 5 and 9 and Their Subsequent Random Copolymerization with Monomer 11 Using
Reversible Addition−Fragmentation Chain-Transfer Polymerization
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hydrogen bonding. In the second pathway, we induce
hydrogen-bonding interactions between tethered BTAs prior
to covalent cross-linking of the coumarin pendants. A
combination of circular dichroism (CD) spectroscopy, UV−
vis spectroscopy, size-exclusion chromatography (SEC), and
dynamic light scattering (DLS) is employed to understand the
effect of the structural constraints on the folding behavior of
these synthetic polymers. To our surprise, the two systems
show a fundamentally different response to changes in
temperature, indicating that also in synthetic polymers
differences in folding pathway induce differences in the
properties of the resultant nanostructures.

■ RESULTS

Synthesis and Characterization of the Monomers and
(Co)polymers. To obtain foldable copolymers containing
photo-cross-linkable groups, methacrylate monomers contain-
ing either a 4-methylcoumarin group or a chiral BTA
supramolecular motif were synthesized (Scheme 1). Hereto,
4-methylcoumarin (1) was coupled to 6-bromo-1-hexanol (2)
via a Williamson ether synthesis. Subsequent reaction of this
product (3) with methacryloyl chloride (4) resulted in the 4-
methylcoumarin-functionalized methacrylate monomer (5).54

Similarly, a BTA-functionalized methacrylate monomer was
synthesized by extending a desymmetrized chiral BTA core (6)
with an 11-amino-1-undecanol linker (7) using an N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride

(EDC) coupling.36 The remaining alcohol group (8) was
reacted with methacryloyl chloride (4) to obtain the BTA-
containing monomer (9).39 All compounds were fully
characterized using 1H NMR spectroscopy, 13C NMR
spectroscopy, FT-IR spectroscopy, and MALDI-TOF MS
(Figures S1−S8).
Monomers 5 and 9 were copolymerized with n-butyl

methacrylate (11) in various ratios using reversible addi-
tion−fragmentation chain-transfer (RAFT) polymerization.
The degree of polymerization (DP) was estimated from the
chain transfer agent (10) to monomer ratio in combination
with the final monomer conversion as determined by 1H NMR
spectroscopy. After purification of the polymers, via precip-
itation in cold methanol, the composition of the polymers was
determined using 1H NMR spectroscopy (see Figure 2 for P3
and Figures S9−S13 for P1−P5). The BTA incorporation was
based on the ratio between the peak corresponding to the
methylene protons next to the amides (δ 3.57−3.31 ppm, 6H)
and the peak associated with the methylene protons next to the
ester groups in the polymer backbone (δ 4.17−3.66 ppm, 6H).
Similarly, the 4-methylcoumarin incorporation was estimated
by comparing the signal corresponding to the methyl group in
4-methylcoumarin (δ 2.40, 3H) with the methylene protons
next to the ester groups in the polymer backbone (δ 4.17−3.66
ppm, 6H). The values obtained for the incorporation of both
the BTA and the 4-methylcoumarin monomer matched well
with the feed ratios (Table 1).

Figure 2. 1H NMR spectrum of P3 in CDCl3.

Table 1. Overview of Polymer Composition, Degree of Polymerization (DP), Number-Average Molecular Weight (Mn), and
Dispersity (Đ)

BTAa (mol %) coumarina (mol %) n-butyla (mol %) conversionb (%) DPc Mn,SEC
d (kg mol−1) Đd

P1 0 0 100 88 370 52.5 1.05
P2 0 15 85 68 140 24.7 1.13
P3 5 10 85 85 250 30.2 1.12
P4 10 5 85 80 230 40.8 1.29
P5 10 10 80 85 340 75.1 1.17

aBased on the feed ratio and confirmed using 1H NMR spectroscopy. bDetermined using 1H NMR spectroscopy. cBased on the conversion as
determined using 1H NMR spectroscopy, dDetermined using SEC in THF, calibrated with poly(styrene).
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Covalent Cross-Linking of Polymers via UV-A
Induced 4-Methylcoumarin Dimerization. Coumarin and
its derivatives photodimerize upon irradiation with ultraviolet
A (UV-A) light (λ = 310−400 nm), also when they are
attached to a polymer backbone.53 This photodimerization
process proceeds via a [2 + 2] photocycloaddition in which the
double bonds of two coumarin moieties are converted into a
single connecting cyclobutane ring.57 To illustrate this process,
we discuss the photodimerization of P2 (Scheme 2) in more
detail.
UV−vis absorption spectroscopy was used to monitor the

dimerization of the coumarin derivatives by probing in time
the change in the conjugated system upon conversion of the
double bonds into single bonds. To promote the intra-
molecular covalent cross-linking of the polymers in solution,
aggregation must be suppressed. Hereto, the covalent cross-
linking is preferably performed in a good solvent at a low
concentration. In the case of reference polymer P2, dynamic
light scattering (DLS) measurements show that the polymer in
THF has a hydrodynamic radius (RH) of 3.8 nm (Figure S14).
This shows that the copolymers are highly soluble in THF,
most likely showing single-chain character up to concen-
trations of at least 10 mg mL−1.58 Upon the prolonged
irradiation with UV-A light (11.5 mW cm−2), the 4-
methylcoumarin moieties start to dimerize as evidenced by
the decreasing band in the 300−360 nm regime of the UV−vis
absorption spectra (Figure 3A, Figures S15 and S19 for P4).
The monotonous decay of this band during 210 min of UV-A
irradiation demonstrates the gradual nature of the covalent
cross-linking process (Figure 3B).
If the covalent cross-linking occurs predominantly intra-

molecularly, the size of the cross-linked polymer is expected to
become smaller. This reduction in size is observed using size-
exclusion chromatography, which probes the hydrodynamic

diameter of the polymers in solution. The SEC trace of P2
shifts to longer retention times after exposure to UV-A light
(Figure 3C), indicating a reduction in the hydrodynamic
volume of the polymer coil. Importantly, the dispersity (Đ) of
the polymer increases only slightly as a result of the cross-
linking step (from Đ = 1.12 to 1.15), indicating the
intramolecular nature of the cross-link formation as well as
the absence of degradation processes. The SEC trace of
reference polymer P1, which does not contain coumarin units,
appears to be mostly unaffected by irradiation with UV-A light
(Figure S20A).

Effect of Covalent Cross-Linking on the Copolymer’s
Folding Behavior. The ability of the chiral BTA grafts to
form helical, hydrogen-bonded assemblies with a preferred
handedness can be used to fold the polymer backbone into a
structured nanoparticle via supramolecular cross-linking. The
presence and formation of such structured domains can be
probed using circular dichroism (CD) spectroscopy. A
negative CD effect is indicative for the formation of left-
handed helical BTA assemblies.59 CD cooling curves are
obtained by monitoring the CD effect at 225 nm as a function
of temperature. The cooling curves provide information about
the stability of the supramolecular cross-links and their self-
assembly mechanism.
As shown in the previous section, THF is an excellent

solvent to intramolecularly form covalent cross-links within the
polymer chains in solution. However, THF also interferes with
the hydrogen-bonding interactions, preventing the self-
assembly of the BTAs. Taking P4 as an example, the polymer
was first covalently cross-linked in THF and after evaporation
of the solvent redissolved in 1,2-dichloroethane (DCE), a
solvent that promotes hydrogen-bond formation. This sample
preparation procedure resulted in a solution that shows a clear,
negative CD effect (Figure S21A). This indicates that despite

Scheme 2. Covalent Cross-Linking of P2 via UV-A-Induced 4-Methylcoumarin Dimerization

Figure 3. (A) UV−vis spectra of P2 in THF as a function of the UV-A irradiation (cpolymer = 1.0 mg mL−1, l = 0.2 cm). (B) Absorbance at 320 nm
as a function of the UV-A exposure time. (C) SEC trace of P2 before and after 2 h of irradiation with UV-A light in THF.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01623
Macromolecules 2018, 51, 8853−8861

8856

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01623/suppl_file/ma8b01623_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01623/suppl_file/ma8b01623_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01623/suppl_file/ma8b01623_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b01623/suppl_file/ma8b01623_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b01623


the presence of covalent cross-links, the system is capable of re-
forming hydrogen bonds between the pendant BTAs. The CD
cooling curve (Figure 4A) is similar to those previously
observed upon intramolecular assembly of chiral supra-
molecular moieties grafted to a polymer backbone.2,15,18,60

We then investigate the behavior of P4 in DCE. Before the
exposure of the polymer solution to any UV-A light, the
cooling curve of P4 in DCE (Figure 4B, red line) is nearly
identical to the one shown in Figure 4A, indicating that
irrespective of the presence of covalent cross-links the systems
behave the same. Remarkably, irradiation of P4 in DCE with
UV-A light, at room temperature, did not significantly alter the
amplitude of the sample’s CD effect at room temperature,
indicating that the extent to which the supramolecular
assemblies are formed is not altered by the formation of the
covalent cross-links (Figure S22). However, irradiation of the
polymer in DCE resulted in a distinct change in the shape of
the cooling curve below T = 20 °C. The nature of the curve
became more and more nonmonotonic upon the prolonged
irradiation with UV-A light, as indicated by the distinct feature
observed in the low temperature regime of the cooling curves
(Figure 4B, blue and black curves). Repeating the experiment
multiple times showed that the transition from the commonly
observed to the nonmonotonic cooling curve was reproducible.
However, the exact magnitude and temperature at which the
additional feature is occurring vary from sample to sample
(Figures 4B,C and 5A, Figures S23 and S24). Furthermore,
time-dependent measurements, probing the CD effect at the
temperature of the maximum of the nonmonotonic feature,
showed that the signal is stable over time (Figure S23).
Moreover, heating and cooling experiments showed that the

process is reversible as a function of temperature (Figure 4C).
Polymer P5, with a higher DP and coumarin content, also
exhibits the nonmonotonic behavior in the CD cooling curves
(Figure S25).
Similar, nonmonotonic cooling curves have been observed in

prior research focusing on the self-assembly of “free” BTAs in
alkane solvents. There, on the basis of changes in the shape of
the CD spectra, it was concluded that the conformation of the
hydrogen-bonded amides of the BTAs in the self-assembled
state changed as a function of temperature.61 Accordingly, the
full CD spectra were acquired at various points along a
nonmonotonic cooling curve. While the magnitude of the CD
signals varied with temperature, the shape of the spectra
remained the same over the entire temperature regime (Figure
S24). This indicates that the nonmonotonic nature of the
cooling curve is proposedly not related to changes in the
conformation of the hydrogen-bonded amides, but rather to a
polymerization−depolymerization mechanism and/or a change
in the P over M ratio of the stacks.
Interestingly, adding 10 vol % of THF to a sample exhibiting

the nonmonotonic behavior causes the cooling curve to adopt
an isodesmic shape (Figure 5B). Besides the change in the
shape of the cooling curve, also the magnitude of the CD effect
decreases significantly. This is attributed to THF’s ability to
interfere with the stabilizing hydrogen-bonding interactions of
the BTA stacks, thereby reducing the supramolecular graft’s
tendency to self-assemble.

Effect of Temperature and UV-A Irradiation on the
Copolymer’s Solubility. To acquire more insight into the
remarkable cooling curves of P4 and P5 after cross-linking in
DCE, the behavior of the copolymers in solution was studied

Figure 4. CD cooling curves of P4 in DCE (cpolymer = 0.18 mg mL−1, λ = 225 nm). (A) CD cooling curve of P4 cross-linked in THF and
subsequently transferred to DCE. (B) CD cooling curves of P4 as a function of the time exposed to UV-A light in DCE. (C) CD cooling curve and
the subsequent CD heating curve of P4 after 2 h cross-linking in DCE.

Figure 5. (A) CD cooling curve of P4 in DCE after 2 h cross-linking in DCE (cpolymer = 0.18 mg mL−1, λ = 225 nm, tUV‑A = 2 h). (B) CD cooling
curve of P4 in DCE:THF = 9:1 after 2 h cross-linking in DCE (cpolymer = 0.16 mg mL−1, λ = 225 nm).
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further by dynamic light scattering (DLS) experiments. Here
we focus on P5 because its higher DP results in slightly larger
nanoparticles, allowing a more accurate analysis using DLS, but
P4 shows similar results. The hydrodynamic radius (RH) of P5
was investigated as a function of temperature. In THF, P5
shows an RH of 6 nm before irradiation with UV-A light
(Figure S16B). These dimensions are comparable to those
found for other individual polymers chains of similar chemical
nature and molecular weight, indicating that the polymer is
present as individual chains in THF.36,62 Consequently, upon
the irradiation with UV-A light, the particles are covalently
cross-linked as individual polymers in solution, and the size of
the particles decreases (Figure S16B). Upon subsequent
evaporation of all of the THF and redissolution of the
intramolecularly cross-linked particles in DCE, a clear
temperature-dependent particle size is observed in DLS
(Figure 6A). At high temperatures, the polymers are present
as small particles (RH = 5.6 ± 0.9 nm). Upon cooling, the
particles start to aggregate into large multichain aggregates.
The temperature-dependent behavior of P5 in DCE, before
any irradiation with UV-A light, reveals a similar temperature
dependence. At high temperatures the polymer solution
consists of small particles (RH = 9.2 ± 1.4 nm) which start
to cluster into large aggregates as soon as the temperature
drops below 34 °C (Figure 6B). To investigate to which extent
this behavior is driven by BTA−BTA interactions, we also
evaluated the temperature-dependent DLS of reference
polymer P1 that lacks pendant BTA units. Also in this case,
an upper critical solution temperature (UCST) behavior is
observed, indicating that the propensity to aggregate is an
intrinsic property of the poly(n-butyl methacrylate) backbone
in DCE (Figure S18).
Based on the observed temperature-dependent behavior of

P4 and P5 in DCE, performing the covalent cross-linking step
at room temperature in DCE should result in the formation of
intermolecularly covalently cross-linked aggregates. If this is
the case, the polymer aggregates are no longer able to
dissociate into individual polymer chains at elevated temper-
atures. As a result of this lack in dynamics, the covalently cross-
linked polymers are expected to remain large over the entire
temperature range. However, experimental verification by DLS
at low concentration failed due to contamination with dust,
which could not be removed via filtration without the
simultaneous loss of the covalently cross-linked polymer
aggregates. When irradiating a polymer solution at a 10-fold
higher concentration in DCE (cpolymer = 1.0 mg mL−1),
aggregates were visible to the naked eye (Figure S27A,B).

These aggregates remained visible up to 70 °C. By contrast,
when cross-linked in THF and subsequently transferred to
DCE, no such aggregates were observed at elevated temper-
atures.

■ DISCUSSION

In THF, BTA-pendant polymers are present as individual
polymer chains in solution (RH = 6 nm). As a result, exposure
to UV-A light results in intramolecular covalent cross-linking of
the polymers. When exchanging the solvent from THF to
DCE, these covalently cross-linked polymers exhibit an
interesting temperature-dependent behavior: upon decreasing
the temperature, the magnitude of the CD effect gradually
increases, but the size of the particles suddenly increases. From
DLS in combination with CD measurements we observe that
above 70 °C the polymers are present as individual
nanoparticles in DCE (RH around 5.6 nm) with no
supramolecular interactions between the BTAs. Upon cooling
the solution, the pendant BTAs start to self-assemble. Initially
the magnitude of the CD effect increases, but the particles
remain small. Below 40 °C, the sudden formation of large,
multichain aggregates with RH > 50 nm is observed (Figure
7A). The reversible nature of this transition suggests that the

Figure 6. Hydrodynamic radius of P5 in DCE (cpolymer = 0.1 mg mL−1) as a function of temperature: (A) after exposure to 2 h of UV-A irradiation
in THF and (B) before any exposure to UV-A light.

Figure 7. Schematic representation of the UCST-driven behavior of
the polymers in DCE, in case the covalent cross-links are formed (A)
intramolecularly and (B) intermolecularly.
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formed aggregates do not entangle significantly at those time
scales and therefore remain dynamic. By comparing the
temperature dependence observed in DLS with the cooling
curve obtained using CD spectroscopy, we conclude that the
CD effect upon cooling from 80 to 38 °C can be attributed to
the self-assembly of BTAs present in a single polymer particle.
Upon further cooling of the solution, the individual polymeric
nanoparticles start to cluster into large aggregates, a result of
the UCST of the polymethacrylate backbone in DCE.
Therefore, the CD effect below 38 °C is attributable to both
intra- and interpolymer BTA self-assembly. Interestingly, at
this transition temperature the slope of the CD cooling curve
seems to become less steep. Presumably, the mobility of the
BTAs is slightly more restricted in the aggregated state
compared to the single-chain state.
In DCE, in contrast, BTA-pendant polymers are present as

small particles (RH = 9.2 ± 1.4 nm) at higher temperatures, but
a sudden and strong increase of the particle size occurs below
34 °C into multichain aggregates with RH > 75 nm at room
temperature. The origin of the sudden increase in size is
attributed to the UCST of the polymethacrylate backbone in
DCE. Also in this case, the magnitude of the CD effect
gradually increases upon decreasing the temperature. As a
result, irradiating the solution at room temperature results in a
covalently cross-linked polymer network in which BTAs are
still capable of aggregation, but the network affects the degree
to which this is possible (Figure 7B). The self-assembly of the
BTAs in this constrained state is characterized by intriguing
nonmonotonic behavior in CD spectroscopy. Above 20 °C, the
BTAs can self-assemble in a normal, rather unhindered, way.
However, below this temperature the network contracts, first
further hampering the BTA self-assembly and later even
disrupting the formed BTA stacks. Interestingly, the non-
monotonic shape of the cooling curves suggests that further
cooling of the solution results in the repolymerization of BTAs
in the network. We speculate that this behavior is observed
because the compactness of the network remains constant in
the low-temperature regime while the tendency of the BTAs to
self-assemble increases with decreasing temperature. This
hypothesis is supported by the observation that the addition
of 10 vol % of THF, a good solvent swelling the cross-linked
aggregates, transforms a nonmonotonic cooling curve into a
typical isodesmic one. Presumably, swelling of the network
reduces the constraints imposed by the cross-links, providing
the BTAs with the space needed to exhibit their typical
isodesmic self-assembly behavior.

■ CONCLUSIONS
The effect of structural constraints, induced by covalent cross-
links, on the folding of a synthetic polymer chain via hydrogen-
bonding interactions was investigated. Hereto, foldable
copolymers consisting of BTA- and coumarin-based pendants
on a poly(n-butyl methacrylate) backbone were studied using a
combination of CD spectroscopy, UV−vis spectroscopy, SEC,
and DLS. The results show that in synthetic foldable polymers
the order of events matters greatly and determines the
outcome of the formation of folded polymers. By use of a
solvent in which hydrogen bonding is in effect prevents the
formation of SCPNs, the subsequent covalent cross-linking of
the system results in fixated multichain aggregates. By contrast,
covalently cross-linking the system when no hydrogen bonds
are present favors the formation of SCPNs. Subsequent
initiation of the hydrogen-bonding interactions by cooling of

the solution results in the intramolecular self-assembly of the
pendant BTAs. However, at a specific temperature the
individual nanoparticles cluster into large multichain aggre-
gates, also allowing intermolecular BTA self-assembly. The
intra- and intermolecularly cross-linked systems show a
fundamentally different response to changes in temperature.
While the intramolecularly cross-linked systems remain
dynamic, the self-assembly dynamics of the BTAs in the
cross-linked multichain aggregates is characterized by intrigu-
ing nonmonotonic behavior in CD spectroscopy. This
indicates that the order of events controls the pathways
leading to different properties in the formed nanostructures.
This research further elucidates the interplay between the

structural design of foldable polymers and their behavior in
solution. Not only does it provide more insight into the effect
of structural constraints on the folding behavior and
mechanism, it also highlights the importance of studying the
system’s response to changes in temperature in more detail.
Furthermore, it offers new understanding in the limits of the
current analytical techniques used to study such supra-
molecular systems.
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Meijer, E. W. The Balance between Intramolecular Hydrogen
Bonding, Polymer Solubility and Rigidity in Single-Chain Polymeric
Nanoparticles. Polym. Chem. 2013, 4 (8), 2584−2597.
(34) Ter Huurne, G. M.; Gillissen, M. A. J.; Palmans, A. R. A.; Voets,
I. K.; Meijer, E. W. The Coil-to-Globule Transition of Single-Chain
Polymeric Nanoparticles with a Chiral Internal Secondary Structure.
Macromolecules 2015, 48 (12), 3949−3956.
(35) Wang, F.; Pu, H.; Jin, M.; Pan, H.; Chang, Z.; Wan, D.; Du, J.
From Single-Chain Folding to Polymer Nanoparticles via Intra-
molecular Quadruple Hydrogen-Bonding Interaction. J. Polym. Sci.,
Part A: Polym. Chem. 2015, 53 (15), 1832−1840.
(36) Ter Huurne, G. M.; De Windt, L. N. J.; Liu, Y.; Meijer, E. W.;
Voets, I. K.; Palmans, A. R. A. Improving the Folding of
Supramolecular Copolymers by Controlling the Assembly Pathway
Complexity. Macromolecules 2017, 50 (21), 8562−8569.
(37) Cantekin, S.; de Greef, T. F. A.; Palmans, A. R. A. Benzene-
1,3,5-Tricarboxamide: A Versatile Ordering Moiety for Supra-
molecular Chemistry. Chem. Soc. Rev. 2012, 41 (18), 6125−6137.
(38) Mes, T.; van der Weegen, R.; Palmans, A. R. A.; Meijer, E. W.
Single-Chain Polymeric Nanoparticles by Stepwise Folding. Angew.
Chem., Int. Ed. 2011, 50 (22), 5085−5089.
(39) Terashima, T.; Mes, T.; De Greef, T. F. A.; Gillissen, M. A. J.;
Besenius, P.; Palmans, A. R. A.; Meijer, E. W. Single-Chain Folding of
Polymers for Catalytic Systems in Water. J. Am. Chem. Soc. 2011, 133
(13), 4742−4745.
(40) Mecerreyes, D.; Lee, V.; Hawker, C. J.; Hedrick, J. L.; Wursch,
A.; Volksen, W.; Magbitang, T.; Huang, E.; Miller, R. D. A Novel
Approach to Functionalized Nanoparticles: Self-Crosslinking of
Macromolecules in Ultradilute Solution. Adv. Mater. 2001, 13 (3),
204−208.
(41) Jiang, J.; Thayumanavan, S. Synthesis and Characterization of
Amine-Functionalized Polystyrene Nanoparticles. Macromolecules
2005, 38 (14), 5886−5891.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b01623
Macromolecules 2018, 51, 8853−8861

8860

http://dx.doi.org/10.1021/acs.macromol.8b01623


(42) de Luzuriaga, A. R.; Ormategui, N.; Grande, H. J.; Odriozola, I.;
Pomposo, J. A.; Loinaz, I. Intramolecular Click Cycloaddition: An
Efficient Room Temperature Route towards Bioconjugable Polymeric
Nanoparticles. Macromol. Rapid Commun. 2008, 29 (12−13), 1156−
1160.
(43) de Luzuriaga, A. R.; Perez-Baena, I.; Montes, S.; Loinaz, I.;
Odriozola, I.; García, I.; Pomposo, J. A. New Route to Polymeric
Nanoparticles by Click Chemistry Using Bifunctional Cross-Linkers.
Macromol. Symp. 2010, 296 (1), 303−310.
(44) Perez-Baena, I.; Asenjo-Sanz, I.; Arbe, A.; Moreno, A. J.; Lo
Verso, F.; Colmenero, J.; Pomposo, J. A. Efficient Route to Compact
Single-Chain Nanoparticles: Photoactivated Synthesis via Thiol−Yne
Coupling Reaction. Macromolecules 2014, 47 (23), 8270−8280.
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