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Abstract

Bottlebrush polymers (BBPs) of different architecture are of considerable interest for a
broad range of applications, including nanomedicine, electronics, and self-healing materials.
Using atomistic molecular dynamics simulations, we investigate and compare the structural
and hydration properties of cyclic and linear poly(vinyl alcohol)-graft-poly(ethylene oxide)
(PVA-g-PEOnsc) BBPs in aqueous solution as functions of PEO side chain length, Nsc. We find
that overall cyclic BBPs are smaller than the corresponding linear BBPs and their shape
changes from donut-like to disk-like to star-like with increasing side chain length while
linear BBPs vary in shape from expanded coil to a rod/cylinder. The radius of gyration of
cyclic BBPs increases with an increase of the side chain length at a somewhat slower rate
than the linear BBPs but follows the same scaling Rg~NS¢58 in the limit of long side chains.
For short grafts we determine that the persistence length, I, for both cyclic and linear BBPs
increases in a similar manner following an lp~N2é54 dependence. In the long side chain limit,
the persistence length (1) of cyclic BBP saturates, while for linear BBPs I, strongly increases
following the expected scaling relation lp~N51§/8 .We propose a scaling model that shows the
side-chain fraction located inside the cyclic BBPs depends on the radius of the backbone ring
and significantly decreases with an increase of graft length. For both cyclic and linear BBPs
the hydrogen bonding between PEO side chains and water is somewhat reduced near the
backbone, where local chain stretching is observed, while reaching full hydration on the
periphery. Overall, the hydration shell within 1nm of the cyclic BBP backbone is found to be

more dynamically stable compared to linear BBPs.



INTRODUCTION

Bottlebrush polymers (BBPs) have attracted considerable interest due to their unique
properties originating from chain architecturel-3 and have found a wide range of
applications, such as super soft elastomers,* nanomedicine,>¢ electronics’ and self-healing
materials.? Recently, cyclic BBPs have emerged as a very interesting material. Experiments
have established that the difference in backbone topology results in different molecular
properties, e.g., cyclic BBPs exhibit a more compact shape and less interchain association?10
than their linear analogs. Although experiments®°-13 as well as dissipative particle dynamics
simulations4 have elucidated many macroscopic properties of cyclic BBPs such as viscosity
and self-assembled structures, the molecular level details of structure and dynamics are still
missing. Obviously, it would be informative to investigate the similarities and differences in
the conformational behavior and properties of cyclic and linear BBPs in order to achieve a
fundamental understanding of the chain topology effect. Atomistic simulations can provide
such details concerning the structural (e.g., size, shape) and hydration properties of cyclic
and linear BBPs. In this manuscript using atomistic molecular dynamics simulations we
investigate the structural and hydration properties of cyclic poly(vinyl alcohol)-graft-
poly(ethylene oxide) (PVA-g-PEO Nsc) BBP as a function of side-chain length in comparison

with the linear analog.

Linear BBPs in solution have been extensively studied experimentally,11131516
theoretically,17.18 and by Monte Carlo 1°-21 and molecular dynamics (MD) simulations.22-24
The structure of linear BBPs in melts or networks have also been examined.*25 It is
established that the steric interaction of the grafted side chains alters the backbone

conformation, causing a coil-to-rod transition upon increasing the length of the side chain.2¢



It has also been determined that side chain flexibility affects the backbone conformation,
namely rigid side chains induce more rigidity to the backbones than flexible ones.2 However,
there is still an ongoing debate regarding the effect of side chain length on backbone rigidity
for flexible backbones and side chains. A scaling analysis by Birshtein et al.2” and Monte Carlo
simulations by Saariaho et al.202829 indicate only moderate stretching with the persistence
length I, of the backbone scaling as Ny. (with v typically in 0.6~0.8). On the other hand,
strong stretching of the backbone is expected for long grafts with lp~N51§/8 according to
Fredrickson26 and confirmed by coarse-grained (CG) MD simulations.1” Similarly, Subbotin
et al3031 and Nakamura and Norisuye32 obtained 1,~Ng. for long grafts. It was argued by
Borisov et al that the lack of strong backbone stretching in computer simulations is
attributed to the short graft length18 typically used in simulations. It is obvious that graft
length plays an important role in determining the effective rigidity of the backbone of linear
BBPs. However, so far no discussion of the persistence length dependence of cyclic BBPs on
the side chain length has been reported in the literature. We will test both limits of short and
long side-chains in our atomistic molecular dynamics simulations for cyclic BBPs in
comparison to the linear analog. Moreover, for biomedical applications of bottlebrush
polymers, e.g., drug delivery, it is important for the BBPs to maintain good hydration, i.e.,
their ability to form stable hydrogen bonds with water. MD simulations with atomistic
resolution and explicit solvent consideration, e.g., water, such as presented in this paper, are

necessary to address correctly the conformational and hydration properties of BBPs .

Using atomistic MD simulations with explicit water, we investigate the structural and
hydration properties of hydrophilic poly(vinyl alcohol)-graft-poly(ethylene oxide) BBPs

with cyclic and linear backbones. In the results presented here we consider the high grafting
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density limit: one graft per repeat unit of backbone and vary the graft length Nsc over the
range 4~40 to cover the short and long graft range (experimentally?2 Nsc < 100) with a
backbone length Nuvb=50. We investigate how the backbone topology and graft length affect
the chain conformation, rigidity, and overall shape of linear and cyclic BBPs. We also analyze
the hydration of the side chains near and away from the backbone and how quickly water
exchanges near the backbone for BBPs of different architecture. Understanding these
conformational and hydration differences can provide fundamental insights and be useful in

guiding experimental design of hydrophilic bottlebrush-based nanomaterials.

PVA50-g-PEO4 PVA50-g-PEOS PVA50-g-PEO30
/}?" oo b2

Figure 1: MD simulation snapshots of linear (top) and cyclic (bottom) bottle brush polymers
differing in PEO side chain lengths: Nsc=4, 8, 15, and 30. The PVA backbone (Nvb = 50) is
shown in violet, the PEO side chains are in cyan (carbon) and red (oxygen). Water is not
shown for clarity. The snapshots were produced using VMD.33



SIMULATION DETAILS

The atomistic molecular dynamics simulations of dilute aqueous solutions of cyclic and
linear PVA-g-PEO bottlebrush polymers were performed using Gromacs 2020.4 with GPU
acceleration34 on the Extreme Science and Engineering Discovery Environment (XSEDE)3>
and the Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support
(ACCESS). Linear and cyclic bottle brushes with PVA backbone of 50 repeat units
(terminated by methyl groups for linear BBPs) were studied. Each PVA repeat unit was
grafted with a PEO side chain of 4 to 40 repeat units terminated by a hydroxyl group. The
OPLS-AA force field3¢ was used for PVA backbone and modified OPLS-AA force field for PEO
to correctly reproduce the conformation and hydration properties.3” Each simulation setup
contained a single linear or cyclic BBP solvated in SPC/E water38 corresponding to dilute
solutions. The box size (with periodic boundary conditions applied in all directions) varied
depending on the system size to ensure at least 3 nm distance between polymers and the
boundary. The minimum and maximum box sizes are listed in Table S1 in the Supporting
Information. All systems were firstly equilibrated in an NPT ensemble for at least 10 ns using
the Berendsen thermostat with a time constant of 0.1 ps at 300K and the Berendsen barostat
with a time constant of 5.0 ps at 1 bar pressure. For the production run at least 200 ns for
the linear BBPs (300 ns for Nsc=6) and more than 100 ns for the cyclic BBPs were used with
the V-rescale thermostat and the Parrinello-Rahman barostat (with the same parameters as
that in the initial equilibration stage). A 1.0 nm cutoff was used for short-range pair and
electrostatic interactions. The long-range correction for the pair interactions was applied for

the pressure and energy calculation, and the long-range electrostatic interactions were



calculated by the PME method with a Fourier spacing of 0.12 nm. A time step of 2 fs was used

with the LINCS bond constraint enforced for all chemical bonds with hydrogens.

For data analysis, we used the standard Gromacs modules to characterize the structural and
hydration properties such as the radius of gyration, end-to-end distances, persistence length
(using gmx polystat in Gromacs), and hydrogen bonding (the distance between a donor and
the acceptor less than 0.35 nm and the angle between a hydrogen atom of water, the oxygen
atom of the same water, and the acceptor of PEO oxygen atoms less than 30°). For side chain
stretching, the hydration number and water residence correlation function calculation we

employed VMD tcl/tk scripting.33

RESULTS AND DISCUSSION

Characteristic sizes of the bottlebrush polymers. Typical equilibrated structures of linear
and cyclic PVA-g-PEO bottle brush polymers with different PEO side chain lengths are shown
in Figure 1. One can see that the backbones of the linear BBPs become more rigid upon
increasing the PEO side chain length, consistent with many previous studies.}2 For cyclic
BBPs the backbone also becomes more elongated, but the overall structure remains more
compact compared to the linear counterpart. Previous experiments have shown that cyclic
BBPs are more compact and assume a smaller hydrodynamics volume than the
corresponding linear ones.? To quantitatively compare the range of conformations that
bottle brushes explore, we calculated the frequency distribution of the radius of gyration (Rg)
of the cyclic and linear BBPs, shown in Figure 2. For both BBPs, the Rgincreases with an
increase of the side chain length, while the cyclic BBPs have a narrower distribution than
their linear counterparts, as the linear BBPs have a larger range of possible conformations.
Furthermore, as the side chain length increases, the width of the Rg distribution increases

along with the average Rg value for cyclic BBPs, while for the linear BBP the distribution



becomes narrower as the backbone assume a more rigid-rod shape that is less susceptible

to conformational changes until side chain contribution starts to dominate and distribution

width starts to increase (for Nsc=30) We note that in the limit of very long side-chains

(Nsc>>Nbb) both cyclic and linear BBPs are expected to behave like star polymers (with a

more compact core for cyclic BBPs) and the distributions for linear and cyclic PPBs will

coincide.
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Figure 2: Frequency distribution for the radius of gyration for cyclic (blue) and linear (red)
BBPs with different side chain lengths: Nsc=4, 6, 8, 15, 20, and 30 from the top to the bottom.



To quantify the dependence of the Rg on the side chain length, we show in Figure 3 the
average Rg of the whole BBPs as a function of the side chain length. Overall, it demonstrates
that the Rg of both BBPs increase with the side chain length, consistent with the images
shown in Figure 1. One can also see that the Rg of cyclic BBPs is smaller than that of its linear
analog, consistent with experimental observations 13 for linear poly(chloroethyl vinyl ether)-
graft-polystyrene BBPs with Nbb in 500~900 and Nsc=100 and 170. Furthermore, cyclic and
linear BBPs have a somewhat similar two-regime dependence of Rg on the side chain length.
For short grafts the contribution from side chains to Rg is weaker than from the backbone,
as the backbone-backbone excluded volume interactions dominate.2¢ In this regime, the Rg
of cyclic BBPs scales as Rg;~Ng:*?, while Rg of linear BBPs agrees within error bars with the
N2:36 scaling reported in experiments and predicted by mean-field theory.3940 For example,
Rouault and Borisov3? obtained a R;~NJ:® scaling for linear BBPs using a Flory-type mean
field approach, and Pan et al.#0 found the same scaling experimentally using linear
poly(propargyl acrylate)-graft-polystyrene bottlebrush polymers in a good solvent
condition for 620<Nbb<1780 and 17<Nsc<150. The difference in scaling exponents between
cyclic and linear BBPs is likely attributed to the stronger conformational limitations for the
backbone of cyclic BBP. For long grafts, the side chains contribute more to the Rg of BBPs as

discussed in more detail below and the Rg scales as Rg~NS¢58 for cyclic BBP and approaches

this scaling for linear BBPs in the long graft limit. This scaling is consistent with experimental
observations for linear BBPs with long grafts in solution.#142 For example, Zhang et al.41
obtained a scaling exponent v = 0.57+0.05 for chemically identical backbone and side chain
monomers using poly(t-butyl acrylate) and poly(n-butyl acrylate) at a high grafting density
in THF (good solvent condition) with Ng. in the range 28~157. In addition, Zhang et al.#2
found v = 0.56~0.67 using polymethacrylate-graft-polystyrene bottlebrushes (Ng. in the

range 6~33) in toluene and cyclohexane (good solvent condition).
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Figure 3: The average radius of gyration of the cyclic (blue) and linear (red) bottlebrush
polymers as functions of the side chain length Nsc (log-log scale).

For cyclic BBPs, in the limit of long grafts, the snapshots of our MD simulations show that
BBPs enters the star polymer regime where Ry~Ng, is expected with v being the scaling
exponent expected for a linear chain of the same polymer in solution.4344 For PEO in aqueous
solutions, v=0.6 was reported by atomic MD simulations*> and v=0.583 by experiments.*6
Therefore, our MD simulation results for the radius of gyration for the linear and cyclic BBPs
agree well with both experiments and previous MD simulations of linear BBPs, indicating
that for a given backbone length with much longer grafts (Nsc>>Nbb) both cyclic and linear

BBPs are expected to behave like star polymers.

To examine the structural change of the backbone upon side chain length increase, we
calculated the radius of gyration of the backbone, shown in Figure 4a. One can see that the
radius of gyration of the backbone of linear BBPs increases firstly with side chain increase,

and then saturates at the long side chain limit, in qualitative agreement with previous CGMD
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simulations of a poly(norbornene)-graft-poly(lactide) (PNB-g-PLA) linear bottlebrush.1> In
contrast, Rg of cyclic BBP backbone firstly remain practically unchanged and then increases
exhibiting a less significant change compared to the linear ones, as is seen in Figure 4a, due
to the topology constraint of the backbone ring (no free chain ends). To rationalize the
difference in the behavior of the backbone R¢’s, the principle components of the backbone
Rgbb were analyzed (Rgq pp = Rgzbb = Rgspp) as functions of graft length, as shown in Figure
S1 of the Supporting Information. For cyclic BBPs the largest component Rg1 decreases with
an increase of side chain length, while the Rg2 increases compensating each other (with the
smallest component Rgs remaining constant) that results in the plateau of Rg for the cyclic

backbone for Nsc<8 in Figure 4. In other words, the backbone becomes more circular and

less anisotropic, as will be discussed below. Upon further increase in Nsc the smallest
component Rg3 starts to decrease as well leading to an increase in Rgpb. In contrast, for linear
BBPs, the largest component Rgi increases as the backbone expands from a coil to rod-like
and the other two components decrease resulting in an increase of both Rgpb and the aspect
ratio for the backbone of linear BBPs (Figure S2) of the Supporting Information. This
indicates that the backbone of cyclic BBPs becomes more ring-like and the linear backbone
is more rod-like as the graft length increases, as is further analyzed below using a

dimensionless scaling comparison.

We evaluated the ratio of the radius of gyration of the linear backbone to that of the cyclic
backbone, which provides insights on the effect of grafted chains on the rigidity of the
backbone, as shown in Figure 4b. One can see that this ratio at Nsc=4 is close to v/2 (yellow
dashed line), which is expected for the ratio of Rg’s of an ideal linear and a cyclic polymer of

the same length N without grafts:#7
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Rg,linear _ Nl/zb/\/g _

- = (1)
Rg,cyclic Nl/zb/\/ﬁ

where b is the Kuhn segment length. This implies a rather weak effect of grafting for BBPs
with short grafts, which can also be observed from the equilibrated structures shown in
Figure 1. With an increase of the side chain length the backbones of both cyclic and linear
BBPs approach their long-graft limit, ring- and rod-like, respectively and thereby the ratio
for linear and cyclic bottle brush polymers reaches a plateau of /+/3 (magenta dashed line

in Figure 4b) corresponding to the ratio between R¢’s of a rod and a perfect ring:

Rg,rod _ Nb/\/E — l (2)
Rg,ring Nb/Zﬂ \/§

A rod-like structure for the linear BBP is seen from the snapshot in Figure 1 and follows from
the dependence of the end-to-end distance and the aspect ratio for the backbone of the linear
BBPs, as shown in Figure S2 in the Supporting information. The end-to-end distance

increases and saturates with the side chain length increase, while the aspect ratio increases

from about v/6 (expected for a coil) to /12 (expected for a rod).4
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Figure 4: (a) The backbone radius of gyration of the linear and cyclic bottlebrush polymers
as a function of the side chain length Nsc (log-log scale). Rg for the cyclic BBP is scaled by a

factor V2. (b) The ratio of the backbone radius of gyration of the linear and cyclic BBPs as a
function of the side chain length N in a semi-log scale. Yellow dashed line shows v/2 and

magenta dashed line 7/+/3 limits according to Egs. (1) and (2). Lines in both plots are guides
for the eye.

It is therefore evident that the backbone for both cyclic and linear BBPs gains rigidity upon
side chain length increase. To quantify this change, we calculated the persistence length (in
terms of the number of monomers) for the backbones, as shown in Figure 5. For short grafts

(Nsc=20), in the limit of a long backbone, Nvb>>1, there should be a negligible difference
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between the persistence lengths I, for cyclic and linear BBPs which follow lp~Ngé54 ,
indicating that for short grafts the backbone gains similar rigidity locally. We note that for a
finite backbone length as in this work, the backbone ring topology may induce a higher initial
rigidity for cyclic BBPs compared to the linear PPBs that could lead to a somewhat slower
rigidity increase for cyclic BBPs with graft length. The shorter the backbone of a cyclic BBP
the larger deviation from the linear chain behavior can be expected. For the longer grafts,
there are distinctive scaling differences between cyclic and linear BBPs. In the case of cyclic

BBPs the persistence length saturates at a long graft limit as the backbone approaches a

. . . . o .
perfect circle and is constrained by the curvature of the backbone ring [, ;ong = Npp P with

cosf =e~ 1

related to the bond-bond correlation function decay (Equation S3 and Figure S3
of the Supporting Information). On the contrary for the linear BBPs the persistence length
drastically increases for side chains lengths exceeding 20 (Nsc>20), i.e., when it exceeds about
half the backbone length (Nvb=50). We note that for the longest side chains the persistence
length for a linear BBP is of the same order of magnitude as the contour length of the
backbone, for which the calculation is less accurate.1042 Nonetheless, in the long side chain
limit (Nsc>20) in Figure 5 we observe the scaling exponent of 15/8 for the persistence length.
Similar results have been obtained by Chatterjee and Vilgisl” using CG simulations for linear
BBPs based on the bead spring model: the scaling of the persistence length changes with the
graft length including 15/8 exponent in the long side-chain limit. The change of the
persistence length of linear BBPs from short to long grafts was predicted by a theoretical
model by Fredrickson,2¢ who reported a 3/5 exponent for short grafts and 15/8 in the long

graft limit. Similarly, Subbotin and Semenov3! and Nakamura and Norisuye3? predicted a

1p~N§C scaling for the long grafts based on a free energy analysis.
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Figure 5: Log-log plot of the persistence length of the backbone of the cyclic (blue circle) and
linear (red square) BBPs as a function of the side chain length. Grey line is the fit for short
side chains, red line is for the linear BBPs and blue line for cyclic BBPs for long side chains.
The blue line is a guide for the eye.

In addition to the structural change of the backbone induced by a side chain length increase,
it is also interesting to investigate if the difference in the backbone topology affects the side
chain conformation. To that end, we have calculated the mean-square distance between the
oxygen closest to backbone to oxygens along the side chain as a function of the oxygen index
starting from the backbone, as shown in Figure 6. One can see that the data for side chains
grafted on cyclic and linear backbones almost perfectly overlap and correspondingly show
comparable scaling characteristics: Rendsc ~ N2:8 | except for the end segments (last two
repeat units) which bend back in order to participate in intramolecular hydrogen bonding
via the end hydroxyl group. This scaling is similar to v = 3/4 predicted by a self-consistent
field theory (SCFT) for poly(L-lysine)-graft-poly(ethylene glycol),18 v = 0.64 obtained in
CGMD simulations of PNB-g-PLA system,23 and v = 0.68 found in a Monte Carlo simulation of
CG bottlebrush polymers (Nsc=5~100).20 In addition, the radius of gyration of PEO follows a

Rgsc ~ N266 scaling, as shown in Figure S4 of the Supporting Information. This indicates a
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~N0-583

slightly stretched chain conformation, compared to Rg of PEO in aqueous solutions

NO.60

found experimentally4¢ and in previous MD simulations.*> This scaling is also

consistent with CGMD simulations of PNB-g-PLA linear BBPs in dilute solution that
demonstrated a Rgsc~ NJ7° scaling?? and experimental observations*! reporting a Ng:*’

scaling for poly(t-butyl acrylate) BBPs (with chemically identical backbone and side chains

and Ng. in the range 28~157).

Comparing the radius of gyration of PEO side chain of Nsc = 20 of linear or cyclic BBPs to that
of a single linear PEO chain in an aqueous solution, we found that Rgsc/Rgo = 1.1 (where
Rg0=0.92 nm for PEO in an aqueous solution*?), while for the longest chains studied, Nsc = 30,
the aspect ratio Rendsc/Rgsc is about 2.8, only slightly larger than 2.4 expected for a coil-like
chain but much smaller than 3.5 expected for a rod-like chain conformation (Figure S5 in the
Supporting Information). Our observations are consistent with previous scaling analysis and
CGMD simulations of linear BBPs which showed that the side chains are only weakly
stretched.8 In fact, when plotting the expansion ratio a? = r2/r¢ of neighboring oxygen-to-
oxygen mean-square distance (r2) along PEO side chains to that for PEO chain in aqueous
solutions (r#), we found that only the first 5 repeat units of PEO near the grafting point are
slightly stretched with @? = 1.01~1.06 as shown in Figure S6 in the Supporting Information.

This is to be expected as the steric effect is much stronger near the backbone.
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Figure 6: The mean-square distance from the oxygen closest to the backbone to oxygen of
the side chain normalized by the average mean-square neighboring oxygen-oxygen distance
of PEO in aqueous solutions as a function of the index of the oxygen atoms starting from the
grafting point for linear BBPs (lines) and cyclic BBPs (symbols). Inset: snapshot showing a
PEO side chain (carbon atoms are shown in cyan, oxygen atoms in red, and the PVA backbone
atoms in violet) and the calculated distance, shown in the plot.

BBP shape changes. To quantify the change of shape for linear and cyclic BBPs upon an
increase of side chain length , we calculated the chain anisotropy:4?

3 R%* +R%* +R% 1
k2=-—8 8 8 - (3)

2 (RZ, +R%, + R§3)2 2

where Rzgi, (i=1, 2, and 3), are the principal moments of the gyration tensor sorted in the
order Rél = Réz = R§3. The anisotropy describes the mass distribution of a polymer and
varies within 0 tol where k? = 0 corresponds to a sphere-like shape while k? = 1 to a rod-

like shape.

As shown in Figure 7, the overall anisotropy of cyclic BBPs is much smaller than that of their

linear analogs, implying a more compact and more isotropic distribution of mass for cyclic
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BBPs. With an increase of the side-chain length, the anisotropy of cyclic BBPs decreases
monotonically, approaching zero, indicating a spherical shape, consistent with the snapshots
shown in Figure 1 and Figure 7, and the density plot shown in Figure S7 of the Supporting
information. As can be seen from these figures, the cyclic BBPs start from a donut-like shape
for short grafts, transition to disk-like and then finally become sphere-like or star-like for
long grafts. In contrast, for linear BBPs, the anisotropy firstly increases and then decreases
upon an increase of the side chain length. To rationalize the dependence of linear BBPs we
calculated the principle components of the backbone Rg and aspect ratio Rendbb/Rgbb
(Figures S1 and S2 of the Supporting Information). For the shortest side chain length Ns.=4,
the aspect ratio is about 2.48, implying a coil-like conformation (with V6 expected for a
random coil), consistent with results shown in Figure 4b for short grafts. With an increase
of the side chain length, the largest component of Rg and the aspect ratio for the backbone
increase (Figures S1 and S2 of the Supporting Information) leading to an increase of

anisotropy for the linear BBP as the chain assumes a more expanded conformation. The

aspect ratio for the backbone saturates reaching rod-like limit /12 at about Nsc=8 (Figure
S2), at which point the overall BBP anisotropy reaches a maximum (Figure 7). As the side
chain length increases further the thickness of the bottle brush continues to increase,
thereby decreasing the anisotropy. In the limit of very long side chains exceeding the
backbone (Nsc>>Nbb), the overall shape for linear BBPs would become star-like or sphere-
like (similar to cyclic BBPs) with a very low anisotropy value. The non-monotonic
anisotropy change of the linear BBPs with the increase of side chain length is consistent with

a recent Monte Carlo simulation study>® of poly(2-(2-bromoisobutyryloxy)ethyl
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methacrylate)-graft-poly(methyl methacrylate) bottlebrush polymer with Npb=102 and Nsc

in 28~113.
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Figure 7: The anisotropy of cyclic and linear BBPs as a function of the PEO side chain length,
calculated using Eq. (3). Lines are guides for the eye. Shown on the top are the MD simulation
snapshots for cyclic BBPs with side chain lengths Nsc = 4, 15, and 30. Backbone (Nvb=50) is
colored in violet and side chains are shown in cyan (carbon atoms) and red (oxygen atoms).

To summarize, the linear BBPs undergo a coil to rod/cylinder change of shape upon

increasing the graft length and are expected to transition to a sphere-like shape for very

long grafts (Nsc>>Nbb); while the cyclic BBPs start from a donut-like then turn into a disk-like

shape and finally assume a sphere-like shape for long grafts, as shown in Figure 1, Figure 7,

and the density plot in Figure S7 of the Supporting Information.
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Figure 8: The number of side chains residing inside the cyclic backbone ring as a function of
the side chain length obtained in MD simulations (symbols) and the prediction of our model
using Eq. (4) (green solid curve). A simplified scaling model, i.e., Eq. (5) is shown as a black
dashed line. Inset: schematics of the grafted chains and the backbone ring for the scaling
analysis leading to Eq. (4).

Side-chain arrangements in the cyclic BBPs. While for the linear BBPs the side-chain
arrangements are symmetric, as is seen from snapshots in Figure 1, for cyclic BBPs, the
available space for PEO side-chains inside and outside of the backbone ring is different,
potentially leading to different chain arrangement. Moreover, since BBPs have potential
applications in drug delivery,®12 it is of fundamental interest and practical importance to
quantify the local crowdedness, e.g., the number of chains residing within the backbone ring
of the cyclic BBPs, as this clearly could impact encapsulation and/or adsorption of potential
payloads. To quantify this property from our simulations, we employed the following criteria
to define when a side chain resides inside the ring: (1) the distance between the center of

mass (COM) of the backbone ring and the grafting point is larger than the distance between
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the COM of the side chain and the COM of the backbone; and (2) the angle (between the COM
of the graft to the grafting point and grafting point to the COM of the backbone ring) is less
than 60 degrees. The angle criterion was required to ensure that the side chain is located
within the interior of the ring, not above or below it, with the angle value chosen was based
on the visualization of cyclic BBP accounting for fluctuations in the ring plane and shape. The
results obtained from our MD simulations are shown in Figure 8. As is seen the number of
chains residing within the ring center significantly decreases with an increase of side chain
length. It would be of great value also to develop a predictive model which can provide an
evaluation of the number of chains residing within the interior of the cyclic BBP. To this end
we estimate the maximum number of side-chains that can fill the inner area of the ring by
comparing the circumference of a ring to a cross-sectional diameter of side-chain coil. The
schematic for the model is shown in the inset of Figure 8 where the backbone ring with a
radius of Rgpbb is represented by the black circle and two filled grey circles of a radius Rgsc
show two neighboring side chains located inside the ring. The dashed red circle (with a

circumference 2m(Rgpp — Rgsc)) in comparison to side-chain coil diameter, 2Rgsc therefore

determines how many side chains can reside inside cyclic BBP:

_ 2T[(Rg,bb - Rg,sc Rg,bb .

N; =T 1 (4)
o ZRg,SC (Rg,sc >

where it’s assumed that Rgpb > Rgsc.

The values of Rgpb (Figure S8 of the Supporting Information) and Rgsc (Rgsc = 0.13N2:66 based
on fitting our MD simulation data, Figure S4 of the Supporting Information) are easily

obtained from MD simulations and can be used in Eq. (4). The comparison of the prediction
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by the scaling model, Eq. (4) and direct MD simulation data is shown in Figure 8, which
demonstrates a good agreement between the two. In this model, we assumed that the size of
the side chains located inside and outside of the backbone ring is comparable, which is
indeed the case, as is seen in our simulations (Figure S9 of the Supporting Information), with
the possible exception of the longest side-chains considered, when the number of side chains
located inside is too small to achieve statistical accuracy. Based on the results shown in
Figure 8, side chains can reside inside the backbone ring only when the grafts are shorter
compared to the ring radius (Rgsc < Rgbb) and the backbone is far from in the perfect ring

conformation. This fact can be used for deriving a simplified scaling model, detailed below.

While our model, Eq. (4) provides a good prediction for the number of side chains residing
inside the circumference of the cyclic BPP, for practical purposes the values of Rgbb and Rgsc
are not always readily available or known. To deliver a rough estimate as a starting guide for
experiments, we note that one can use a good solvent chain model, i.e., the backbone ring
Rgpb can be estimated as R, = gNppb?/6, where the g-factor: g = RS yqic/R3 jinear 1S
normally in the range of 0.52~0.6 in a good solvent based on experiments, theory and

simulations.51-53 R ¢ for the side chain can be estimated as R} 5. = N3?b?/6. Thus, Eq. (4)

can be written as:

Nin = n(ﬁ(ﬁ‘i’) -1 (5)

where it's assumed that both backbone and the side chain have a comparable Kuhn length b.
This simplified model gives the prediction shown as the black dashed line in Figure 8 (with

g=0.55 used for plotting). While this model slightly underestimates the number of side-
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chains located within the ring, it provides a satisfactory agreement proving that it can be

used to guide experimental design.

Hydration properties of BBPs. Hydration is very important for water soluble polymers,
such as PVA or PEO, because their solubility relies on their ability to form hydrogen bonds
with water. To examine and compare the hydration properties of the cyclic and linear BBPs
we calculated a) the hydration number per PEO repeat unit, b) the average number of
hydrogen bonds with water per PEO repeat unit and c) the water residence correlation

function.

The hydration number is defined as the number of water molecules with either its oxygen or
hydrogen atoms residing within 0.35 nm from the BBP atoms. The hydration number per
PEO repeat unit averaged over time (10 ns) and all chains is shown in Figure 9a as a function
of the side chain length. As is seen, the hydration number increases with the side chain length
for both cyclic and linear BBPs, due to the increase of accessible volume for water away from
the backbone especially for BBPs with longer side chains. It also shows that only for the
longest grafts on linear BBPs the hydration number reaches about 5.8 as expected for PEO
in aqueous solutions.3” Compared to their linear analogs, cyclic BBPs have a somewhat
smaller hydration number due to larger chain crowding especially in the region close to the

backbone ring, as discussed above.

The average number of hydrogen bonds formed between the BBPs and water is found to be
less sensitive to the backbone topology (Figure S6b of the Supporting Information), as it

depends on the local water concentration near PEO oxygens, similar to what was found for
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a planar PEO brush.5* Near the backbone the polymer concentration is higher and
accordingly water concentration is lower leading to somewhat lower degree of hydrogen
bonding with water with negligible difference between linear and cyclic BBPs (Figure S6b
of the Supporting Information) The PEO segments close to the linear or cyclic BBP backbone
within about 5 repeat units are somewhat less hydrated while the remaining segments are
well hydrated with an average 1.2 hydrogen bonds with water as expected for PEO in an
aqueous solution.3” We note that the intramolecular hydrogen bonding via hydroxyl groups
at the end of the PEO side chains is very low, about 2.5~2.6 hydrogen bonds per BBP or
0.0017 per PEO monomer for Nsc=30) compared to the PEO-water hydrogen bonding and

also independent of BBP topology (linear or cyclic).
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Figure 9: (a) The average hydration number per PEO monomer as a function of the side chain
length for linear and cyclic BBPs. Lines are guides for the eye. (b) The water residence
correlation function for the linear (open symbols) and cyclic (solid symbols) BBPs with side
chain length Nsc = 4 (black), and 20 (green) calculated using Eq. (6). Inset: screenshots for
the hydration layer (water is shown in red and white) within 1nm distance to the backbone
of the linear and cyclic BBPs.

While the hydration number and number of hydrogen bonds are informative for static
hydration properties, they do not provide any dynamic information about water exchange.

To characterize the stability of water residing within a 1 nm shell from the backbones of
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BBPs (see the snapshots in Figure 9b), we calculated the water residence correlation

function:

Nw (D)
Ny (0)

where Nw(0) is the number of waters residing within the 1nm shell of the backbone at t=0

C(® = ( ) (6)

and Nw(t) is the number of these same “marked” waters remaining in the shell after time t.
The comparison of the water residence correlation functions for the cyclic BBPs and their
linear counterparts as functions of time are shown in Figure 9b. As is seen, water in the shell
of cyclic BBP decays slower, indicating that the water layer near the cyclic BBP is more
dynamically stable than that near the linear BBP with the same graft length. This is due to
the compactness of the cyclic BBP backbone leading to enhanced crowding of the PEO side-
chains. This difference is more significant for longer side chains. As can be seen, for the short
grafts Nsc=4, both cyclic and linear BBPs have similar decay, with about 15% and 12% initial
waters left after 1ns. While for the longer grafts, Nsc=20, there are about 35% waters remain

for cyclic BBPs and 20% for the linear BBPs.

Therefore, both backbone topology and graft length affect the hydration number and water
mobility near the BBPs, leading to less hydrated cyclic BBPs with more stable hydration layer

around the backbone compared to the linear BBPs.

CONCLUSIONS
Using atomistic MD simulations, we have investigated the structural and hydration
properties of cyclic and linear BBPs to reveal the dependence of these properties on the

backbone topology and the graft length. We found that cyclic BBPs are more compact and
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explore a narrower conformational space compared to their linear analogs (Figure 1 and
Figure 2) until the limit of very long side-chains is reached (Nsc>>Nbb) when both linear and
cyclic BBPs become star-like. The radius of gyration of cyclic BBPs increases with an increase
of the side chain length at somewhat slower rate than the linear BBPs (Figure 3), due to the
difference in backbone topology, while in the limit of long side-chains both cyclic and linear
BBPs follow the same scaling behavior R,~N2?8, as previously observed experimentally for
linear BBPs.4142 For short grafts the backbone rigidity increases upon an increase of the graft
length (Figure 4) with a similar scaling of the persistence length (in the limit of a long
backbone Nbb>>Nsc) for both cyclic and linear BBPs: 1,~N2>*. In the long side chain limit the
persistence length of cyclic BBP saturates, but the persistence length of the linear BBPs
strongly increases approaching the scaling lp~N;C5 /8 as predicted by Fredrickson2¢ and
observed in CGMD simulations!” (Figure 5). In both linear and cyclic BBPs the side chains
are only slightly stretched with the expansion ratio (Rgsc/Rgo) of about 1.1 compared to that
in aqueous solutions (for Nsc=20) and demonstrate little dependence on the backbone
topology (Figure 6). Side chain segments near the backbone are more stretched due to steric

effects while assuming similar conformation to PEO chains in aqueous solutions (expansion

ratio about 1.0) further away from the backbone (Figure S6a of the Supporting Information).

The topology of the backbone and side chain length affect the overall shape of the cyclic and
linear BBPs (Figure 7). Upon a graft length increase cyclic BBPs change shape from donut-
like to sphere-like or star-like, while the linear BBPs shape transforms from a coil-like (Nsc
<< Nbb) to rod-like or cylinder-like and is expected to transform into star-like for very long

grafts (Nsc >> Nbb).
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To quantify the side-chain spatial distribution in cyclic BBPs, we have proposed a scaling
model to evaluate the fraction of side-chains located inside (near the center of) the cyclic
BBPs (Figure 8 and Eq.(4)). The model shows that the side-chain fraction residing inside the
backbone ring depends on the size of the ring and decreases with an increase of graft length.
A more general, but less precise model is also presented (Eq. (5)) for the case that the specific
polymer parameters are not known for the cyclic BBP components. These predictions can be
used for guidance in designing payload bearing carriers based on cyclic BBPs, e.g., for drug

or nanoparticle delivery or solubilization.

The aforementioned structural differences between cyclic and linear BBPs result in different
hydration properties (Figure 9). As cyclic BBPs are more compact the hydration number per
monomer of PEO side-chain is smaller than that for the linear BBPs and in both cases
increases as the side-chain length increases, as the accessible volume for water expands. The
hydrogen bonding between BBPs and water is somewhat reduced near the backbone (about
0.8~0.9) while away from it reaches 1.2 hydrogen bonds per PEO repeat unit as expected for
well-hydrated PEO in aqueous solution (Figure S6b of the Supporting Information).
Furthermore, the compactness of cyclic BBP results in more stable hydration shell within
1nm of cyclic BBP backbone compared to that for the linear BBPs. These observations can
have important implications for cyclic bottle brush solubility, their potential for biomedical
applications (e.g., drug or nanoparticle encapsulation) and stability against self-aggregation

or interactions with co-solutes.
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