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Precision polymerization techniques offer the exciting opportunity to manufacture single-chain nano-
particles (SCNPs) with intramolecular crosslinks placed in specific positions along the polymer chain.
Earlier studies showed that synthetic polymer chains can fold into defined SCNP conformations through a
reversible two-state process, similar to that observed for small peptides and proteins — yet far behind in
its structural sophistication. While the natural structures of proteins arise from polypeptides of perfectly
defined stereochemistry, the role of main-chain stereochemistry on SCNP folding remains largely unex-
plored. To investigate the effect of tacticity on SCNP architectures, the development of specific simulation
strategies is critical to provide reliable data. Herein, we investigate the structural transitions of SCNPs of
different stereochemistries, i.e. atactic, syndiotactic and isotactic of various lengths (L = 10 to L = 30)
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using all-atom Monte-Carlo simulations. The results indicate that structural transitions occur in syndiotac-
tic polymers at lower temperature compared to atactic and isotactic polymer chains. The effect of main
chain stereochemistry on the transition temperature was found to be especially pronounced for shorter

Open Access Article. Published on 14 April 2020. Downloaded on 7/13/2025 12:39:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/polymers

Introduction

Mimicking complex macromolecular architectures of natural
biomacromolecules, such as proteins, yet on the basis of
entirely synthetic polymeric systems, provides a promising
pathway to design functional single-chain polymers.
Polymeric single-chain nanoparticles (SCNP) and dendrimers
have been widely investigated to mimic the assembly prin-
ciples of natural polymers, comprising well-defined macromol-
ecular structures that can be modified for different purposes.*
In SCNPs, the main chain of a precursor polymer is decorated
with crosslinking points, which can form either covalent or
non-covalent bonds.>” Upon a specific stimulus, the for-
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polymer chains of length L = 10 to L = 20.

mation of bonds between these crosslinking entities over
extended distances along the backbone transforms the macro-
molecules into compact conformations.®® In analogy to bio-
logical systems, we refer to these structures in the following as
‘folded’ conformations. In these distinct conformations, the
SCNP may perform specific functions, such as sensing or cata-
lysis, and even enable applications in nanomedicine.’
Architectures of SCNPs can be readily adjusted by varying the
polymer backbone, the chemical nature of the crosslinking
points, and functional side chains to generate stable polymeric
nanoparticles with the desired function.” "> Synthetic access to
well-defined precursor polymers is enabled by reversible de-
activation radical polymerization processes, such as reversible
addition-fragmentation chain-transfer (RAFT),">™* nitroxide-
mediated polymerization (NMP)'>'® or combinations of atom
transfer radical polymerization (ATRP)">'”*° with modular lig-
ation protocols.”*>?

In the context of single-chain folding technology, two dis-
tinct synthetic strategies are generally applied: ‘selective point
folding’ and ‘repeat unit folding’.""** In selective point
folding, well defined 3D structures are generated by placing
complementary recognition units at defined positions along
the lateral polymer chain. While this approach provides
control over the folded structure, inserting the recognition
motifs along the polymer chain is synthetically
challenging.>*?° On the other hand, the repeat unit folding

Polym. Chem., 2020, 11, 3439-3445 | 3439


www.rsc.li/polymers
http://orcid.org/0000-0002-7541-115X
http://orcid.org/0000-0002-6745-0570
http://orcid.org/0000-0001-9487-4689
http://crossmark.crossref.org/dialog/?doi=10.1039/d0py00133c&domain=pdf&date_stamp=2020-05-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py00133c
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY011020

Open Access Article. Published on 14 April 2020. Downloaded on 7/13/2025 12:39:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

NH—K‘ [ N=N
o=( _%\/\/\/\o NS

QQ”

Isotactic

)

Syndiotactic

s
Ao

Miﬁwgu

Atactic

View Article Online

Polymer Chemistry

Ry wotactic / Rasyndi

i / Rg,atactic

Scheme 1 Single chain folding of isotactic, syndiotactic and atactic a,o-functionalized polystyrene chains occurring at different temperatures and

yielding different radii of gyration (Rg).

approach is synthetically more accessible, however, it leads to
folded polymers of less defined structures.’*® By combining
orthogonal crosslinking chemistries in a single polymer chain,
it is possible to fine-tune the assembly properties. In compari-
son to biological macromolecules with well-defined secondary
structures, the precise conformation of current SCNPs remains
largely uncontrolled. The critical lack of perfectly defined
SCNP conformations raises the question whether it is possible
to place crosslinking groups along the polymer chain in a dis-
tance that essentially constrains the conformation of the back-
bone to a unique three-dimensional structure. Comparison
with naturally occurring macromolecules - such as enzymes -
suggests that a spatial control with an accuracy of a few A is
still sufficient to ensure potential functions, such as binding
to other molecules or enzymatic reactions.***> As a model
system, we herein investigate SCNP folding driven by specially
designed hydrogen donor/acceptor moieties positioned along
the lateral polymer chain, which have the additional benefit
that the rigidity of the hydrogen bond donor acceptor pair
helps to constrain the backbone.'®?*** Further development
of the underlying selective point folding approach may enable
the design of structurally well-defined polymer units, which
assemble into biomimetic systems that surpass the stability of
their biological counterparts.®'* However, one of the syn-
thetic limitations is the lack of control over the stereochemistry
of the macromolecule during synthesis. It has been shown
that the properties of polymers, such as thermal and mechani-
cal behavior, are strongly influenced by the stereochemistry of
the polymer chain.>® While the stereochemistry of polypep-
tides in nature is highly defined comprising r-amino acids, the
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effect of stereochemistry on the folding synthetic polymer
chains remains largely unexplored. Therefore, it is important
to investigate the influence of polymer chain tacticity on the
folding of SCNPs. The required thorough investigation is only
possible through extensive atomistically resolved molecular
simulations for a range of temperatures and polymer chain
lengths, resulting in a full thermodynamic characterization of
the structural transitions and a detailed view of the confor-
mational distribution of these polymers, which are presently
difficult to obtain experimentally. Using all atom Monte-Carlo
(MC) simulations, we investigate here the single-chain folding
of a,w-functionalized polystyrenes of specific tacticities carry-
ing complementary binding sites at both chain termini as
depicted in Scheme 1, which can link reversibly by the for-
mation of hydrogen bonds.

Methods

Herein, a,o-functionalized polystyrene chains with different
stereochemistries, i.e. atactic, syndiotactic and isotactic are
investigated with different chain lengths of L = 10, 12, 14, 16,
18, 20 and 30. While for the syndiotactic and isotactic poly-
mers there is only one stereochemistry, respectively, there are
many possible sequences for the atactic polymers for each
chain length. The different random stereochemistries of
atactic polymer chains studied in this work (shown in Fig. S1
and S27) are labelled as A-1, A-2, A-3, A-4 and A-5. For clarity,
we investigate in one simulation always configurations for a
fixed stereochemistry of the polymer backbone, which does

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Model system of a polystyrene precision designed polymer with
o,w-donor—acceptor for single chain self-assembly. Hydrogen bonds are
shown with dashed lines.

not change during a simulation. Each polymer has two
hydrogen bonding recognition units based on six-point cya-
nuric acid (CA) Hamilton wedge (HW) interaction (Fig. 1).
The CA-HW pair configurations were optimized using a
semiempirical quantum chemistry PM7 method. We applied
the same workflow as described in ref. 19 for all simulations.
For each chain length, L, a very long all-atom Metropolis Monte
Carlo simulation at constant temperatures in the range from
280 K to 330 K was performed using SIMONA.>” Each simu-
lation comprises of O(10°) steps resulting in hundreds of
opening-closing transitions to characterize fully the thermo-
dynamic equilibrium as a function of chain-length and stereo-
chemistry. To model the conformation of the polymers,
the General Amber Force field (GAFF) was used and partial
charges were computed according to the AM1-BCC method.*®
Experimental measurements of vdW dispersion forces between
alkyl chains and different solvents have shown that the vdW
interaction energies in solutions are an order of magnitude
smaller than the energies between alkyl chains and vacuum.*®
Therefore, we scaled the vdW contribution in the force field by
a factor 0.1 to implicitly take into account the effect of van der
Waals interaction with solvent. The binding energy of the
CA-HW recognition pair lies at 57.7 k] mol™" according to QM
calculations."

Using the force field parameters with ¢ = 1, the energy
difference of AE = 130.5 k] mol™' were obtained which is
much larger than the value predicted by QM calculations.
Therefore, the ¢ = 2.6 was used in all simulations to match the
QM and force field calculations. The radius of gyration R, was
calculated from Monte Carlo trajectories using VMD consider-
ing only the backbone atoms of each polymer system (« and o
end groups are excluded).*®

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Thermodynamic parameters and transition temperature

At each temperature, a probability density function p(E) can be
calculated as a function of the potential energy from the
Monte Carlo trajectories, allowing to calculate the free energy
F as a function of the potential energy p(E):

F(E) = —RT In p(E) (1)

where R is the gas constant. The potential energy E of the
system can be used as a reaction coordinate because opening
or closing the CA-HW pair results in the most significant
energy change in the system. The occupation probability
density at two temperatures for syndiotactic and isotactic and
a sample sequence of an atactic polymer, each of L = 14 is
depicted in Fig. 2. The maxima of the probability density rep-
resent the closed and open configurations of the polymer are
shown in the insets. The maxima in the occupation profiles
can be used to define two states (closed (A) and open (B)) for
which representative configurations are shown in Fig. 2(a). We
compute the difference in the free energy AF, using the prob-
ability density using eqn (1). The value of folding temperature
(Tm) was defined by the condition AF(T,,) = 0. In analogy to
protein folding, the folding temperature (or transition temp-
erature) is the temperature at which the equal occupancy of
the open and closed conformations exist. We choose this
expression inspired by protein-folding because we are inter-
ested in folded conformations that are structurally unique,
mimicking their natural inspiration.

Conformational transitions

As illustrated in Fig. 3(b) for one particular atactic polymer
sequence, we can observe hundreds of opening-closing tran-
sitions to fully characterize the thermodynamic equilibrium
as a function of chain-length and stereochemistry. Fig. 3(a)
is a sample trajectory for one of the five atactic chains inves-
tigated from which two recurring values of radius of gyra-
tions and energy could be observed. In Fig. 3(b), configur-
ations with a large R, correspond to fully open CA-HW pairs,
while conformations with low-R, correspond to fully closed
CA-HW pair. Intermediate conformations, in which not all
hydrogen bonds of the CA-HW pair are closed exist, yet are
so transient that they are not visible in the Fig. 3(b).
Comparison of the closed conformation of the Hamilton
Bridge in the molecular mechanics conformation shows
excellent agreement with Density-functional theory (DFT) cal-
culations regarding the angle of the two groups and the rela-
tive angle between them, independent of the configuration
of the polymer.*®

The simulations were performed for polymers of various
lengths as a function of temperature. Based on these data, we
computed free-energy diagrams for the radius of gyration vs.
temperature in a potential-of-mean force approach using the
occupation probabilities for each radius of gyration.
Representative probability plots for five configurations of
atactic polymers with random stereochemistries are shown in

Polym. Chem., 2020, 1, 3439-3445 | 3441
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Fig. 2 Probability density for (a) syndiotactic (b) isotactic (c) atactic
polymers of L = 14 at two temperatures. The simulation temperatures
are indicated in the legend boxes. In all simulations two maxima are
found, corresponding to the open and closed conformations of the CA—
HW pair. The relative occupancy depends on the temperature. The
insets illustrate representative conformations associated with the open
(red) and closed (blue) conformations, respectively.

Fig. 4(a)-(e) and for isotactic and syndiotactic polymers are
depicted in Fig. 4(f) and (g) for the chain length of L = 14. The
corresponding probability plots for polymer chains of length
L =18, 20 and 30 are also illustrated in Fig. S3-S5.1 In each
plot, we observe a high relative population of the enthalpically
favoured closed conformation at lower temperatures and a
high relative population of the entropically favoured open con-
figuration at higher temperatures. The data illustrates a clear
two-state behaviour, allowing us to define a “folding” or
“closing” temperature as the temperature of equal occupancy

3442 | Polym. Chem., 2020, 1, 3439-3445
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Fig. 3 Energy and radius of gyration vs. Monte Carlo steps (x108) for
A-1 atactic polymers of L = 14.

of the folded and the open conformation, which is shown as a
dashed line in each plot.

As illustrated in Fig. 4, thermodynamic properties of the
five atactic configurations investigated do not differ signifi-
cantly. We observe folding temperatures of 301.4, 305.6, 312.5,
314.3 and 305.9 K for A-1, A-2, A-3, A-4 and A-5 atactic poly-
mers of L = 14 which is comparable to the T,, = 305.7 for the
isotactic polymer configuration of the same length. For the
syndiotactic polymers we found a somewhat lower folding
temperature of 292.1 K, which is related to the stereochemistry
of the backbone in syndiotactic polymers. The stereochemistry
may therefore influence interatomic energetics mediated by
vdW and hydrogen bonding which has been also shown in
earlier studies.*"

Thermodynamic parameters including AH, AS and folding
temperatures (Ty,) for all studied systems are reported in
Table S1.1 As is shown in Table S1,7 the folding temperature
for atactic polymers has fluctuations up to 10 degrees for the
same chain length. The atactic polymers investigated form a
representative sample of the large possible set of confor-
mations that can be constructed for a given chain length.
Fig. 5(a) illustrates folding temperatures for isotactic, syndio-
tactic and atactic polymers as a function of chain length. It
shows that the folding temperature for chain lengths smaller
than L = 20 depends on the tacticity of the polymer chains, e.g.
syndiotactic polymers display lower folding temperatures than
isotactic and atactic polymers. This is in a good agreement

This journal is © The Royal Society of Chemistry 2020
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conformations of atactic polymers of length L = 14 derived from the tra-
jectories. The “folding” temperature corresponding to equal occupancy
of the open and closed conformation is shown as a dashed line in each
plot. (f) Free energy diagram of a syndioactic polymer of the same
length. (g) Free energy diagram of isotactic polymer of the same length.

with the corresponding trend of AS values illustrated in
Fig. 5(b), where syndiotactic polymers of chain lengths smaller
than L = 20 have higher AS values than those of atactic and iso-
tactic polymers. These results indicate a tacticity dependence
on the SCNPs’ behaviour at chain length smaller that L = 20,
which is driven by entropy effects. However, for polymer
chains of L = 30 very close folding temperatures for atactic, iso-
tactic and syndiotactic polymer chains were observed,
suggesting that the folding temperature is less affected by the
stereochemistry of longer polymer chains. Next, we subdivide
the trajectories into open and closed conformations according
to the thresholds derived from the free-en ergy diagrams,
enabling us to independently characterize the closed confor-

This journal is © The Royal Society of Chemistry 2020
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mations, a task that would be difficult to achieve experi-
mentally. All data presented in the following refers to the
subset of closed conformations. Fig. 6(a) shows the radius of
gyration for atactic, isotactic and syndiotatctic polymer chains
as a function of chain length. Isotactic polymers have slightly
smaller radius of gyration than atactic and syndiotactic poly-
mers. As R, values reported in Fig. 6(a) are the mean values,
Fig. 6(b) illustrates the width of distribution of radius of gyra-
tion (o) as a function of the chain length. For isotactic polymer
chains, ¢ is smaller compared to atactic and syndiotactic
chains. Reduced fluctuation of radius of gyration for isotactic,
atactic and syndiotactic polymers as a function of L are shown
in Fig. 6(c).

For isotactic polymer chains, reduced fluctuation of radius
of gyrations are smaller than those of atactic and syndiotactic
polymers for all chain lengths, indicating that collapsing into
a unique structure is more probable for isotactic polymers.
Highly ordered adjacent neighbouring units cause more pro-
nounced steric effects and therefore lower the flexibility in iso-
tactic polymers, which induce immersion of unique folded
structures. However, for small chain length polymers of L = 10,
all polymers have very similar reduced fluctuations of radius of
gyration, suggesting that for small chain lengths polymers
SCNPs of all stereochemistries collapse into unique folded
structures.

Polym. Chem., 2020, 11, 3439-3445 | 3443
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Conclusions

Herein, we explore the effect of tacticity on the folding behav-
iour of different single polymer chain lengths using Monte-
Carlo simulation, which allowed sampling of a very large con-
formational space. Thermodynamic properties of reversible
single chain polymer folding were calculated using probability
density histograms obtained from simulations containing hun-
dreds of opening-closing transitions. We find that syndiotactic
polymers have lower folding temperatures compared to isotac-
tic and atactic chains, which is driven by entropic effects. Our
results demonstrate that the tacticity dependence of folding
temperatures is especially pronounced for polymers of shorter
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chains (shorter than L = 20) compared to longer polymer
chains of lengths (L = 30). From the calculated reduced fluctu-
ation of the radius of gyration, it is concluded that isotactic
polymers collapse more probably into a unique structure, due
to the steric effects and low flexibility of the polymer chain.
Moreover, short chain polymers of L = 10, can collapse into
unique folded structures which is independent of tacticity. To
enable a direct comparison of our theoretical results with
experimental investigations in the future, scattering tech-
niques such as small-angle neutron and X-ray scattering (SANS
and SAXS) are ideal tools to reveal radii of gyration and chain
conformations of SCNPs in solution. Our results underline the
importance of the main chain stereochemistry in designing
short chain SCNPs. From an experimental point of view it is
critical to understand the polymer architecture that lead to
SCNPs capable of folding into a unique structure, which is a
prerequisite for the synthesis of functional SCNPs with struc-
tures as defined as their natural paragons - i.e. proteins.
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