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Abstract

Bottlebrush polymers consist of a linear backbone with densely grafted side chains which impact
the rigidity of the molecule. The persistence length of the bottlebrush backbone in solution is influenced by
both the intrinsic structure of the polymer and by the local environment, such as the solvent quality and
concentration. Increasing the concentration reduces the overall size of the molecule due to the reduction in
backbone stiffness. In this study we map out the size of a bottlebrush polymer as a function of concentration
for a single backbone length. Small-angle neutron scattering (SANS) measurements are conducted on a
polynorbornene-based bottlebrush with polystyrene side chains in a good solvent. The data are fit using a
model which provides both the long and short axis radius of gyration (Rg2and Rg1, respectively), providing
a measure for how the conformation changes as a function of concentration. At low concentrations a highly

anisotropic structure is observed (Rq.2/Rg.1 = 4), becoming more isotropic at higher concentrations (Rg2/Rg,1
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~ 1.5). The concentration scaling for both Ry. and the overall Ry are evaluated and compared with
predictions in the literature. Coarse-grained molecular dynamics simulations were also conducted to probe
the impact of concentration on bottlebrush conformation showing qualitative agreement with the

experimental results.

Introduction

Bottlebrush and comb polymers are a class of branched macromolecules consisting of a linear
backbone and side chains which alter the intrinsic stiffness of the backbone.® The coalescence of a variety
of synthetic approaches has resulted in straightforward fabrication of bottlebrushes with wide ranging
chemistries and high tunable structure, thereby enabling customization of material properties.>® These
materials have potential applications in photonics,”® as pressure sensitive adhesives®!® and in the
biomedical space.5'* This wide suite of potential applications has prompted a significant interest in
understanding the relationship between key molecular parameters — such as the backbone degree of
polymerization (Ng), side chain degree of polymerization (Ns), and grafting density (z) — and the resulting
conformation both in solution and the melt.!>” In addition to the aforementioned parameters, the
conformations of bottlebrush polymers are highly sensitive to concentration.'®2° Previous reports have
applied scaling analyses to predict the relationships between structure and conformation as a function of
concentration.?22® In this work we will use both experiment and simulations to examine the detailed
changes in the conformation of a bottlebrush polymer over concentrations spanning the dilute limit to a

concentrated solution.

The conformational properties of bottlebrush polymers in solution are often studied by a
combination of light scattering and small-angle neutron scattering (SANS). The shape of the polymer can
be described by the radius of gyration (Rg), which can be broken down into a long and short axis to detail
structural asymmetry in the material (shown in Figure 1). Trends in the various metrics of molecular shape
have been reported in recent studies in solution!*?* and in melt'*?® where a crossover from a

spherical/ellipsoidal-like molecular shape (equivalent to star polymers) when the backbone is short relative



to side chains to highly anisotropic molecular shape when the backbone becomes much longer compared
to the side chain length is observed. This crossover is, however, not trivial as the molecular shape of

bottlebrush polymers initially tends to become more spherical with increasing the backbone length until a

critical threshold is reached and bottlebrush polymers become more anisotropic.

Figure 1: Schematic of the bottlebrush structure at low concentrations. The solution shape can be
characterized by a long (Rgy2) and short axis (Rg1). The rigidity of the backbone is quantified through the
persistence length (lp).

Beyond Ry, the structure of a bottlebrush polymer is often described by the persistence length (lp)
of the backbone, which describes the rigidity of the system and is known to be a function of the side chain
length, chemistry, solvent quality, and the local environment.'%2 The experimentally determined I, is by
necessity presented as a single value, but in reality I, is a function of position along the chain. In linear
polymers, the end groups are more flexible relative to the core, which results in I, changing continuously
as a function of chain position. This effect is amplified in bottlebrushes compared to linear chains as the
confinement of the side chains is greatly alleviated near the chain ends. As a result, as the side chain length
increases, the dependence of I, on position along the backbone becomes stronger.'22” This dependence on
backbone length should be considered when comparing values for |, across different materials, and going
forward in this document the discussion will center on the average I, unless otherwise noted. Indeed,
simulation studies on the conformational properties of isolated bottlebrush polymers under athermal solvent

conditions have revealed that for a well-defined persistence length to be extracted at the asymptotic limit,



where the bottlebrush satisfies the self-avoiding walk statistics, requires large molecular masses for the
bottlebrushes.?”? The contributions of the side chains to I, can be represented by Equation 1, which
separately considers the intrinsic persistence length of the backbone (lpo) in the first term and the
contributions from the side chains in the second term (N is the degree of polymerization of the sidechains,
k is the scaling prefactor and n is the scaling exponent). The value of n will be a function of the solvent
quality, grafting density, and backbone length. This also assumes that the system is sufficiently dilute such
that the persistence length is independent of concentration. Unperturbed melt scaling analysis predicts n =
1.375;% when excluded volume effects are included for both the backbone and side chains, n = 1.875.
Previously reported measurements on a series of bottlebrushes with a poly(methacrylate) (PMA) backbone,
polystyrene (PS) side chains, and varied side chain lengths in either d-toluene (a good solvent) or d-
cyclohexane (a near-theta solvent) produced values of n which were very close to the theoretical predictions,
n = 1.42 (cyclohexane) and n = 1.79 (toluene). (These predictions assume a fully grafted chain with flexible
side chains.)!*® These measurements were conducted on polymers with long backbones (Ns >1000) such

that backbone length effects on I, were likely small.
L, = lpo + kNS Q)

Compared to the vinyl class, the norbornene-based bottlebrushes have been reported more recently,
and fewer investigations have been performed into their solution structure.424293! The primary difference
between norbornene-based bottlebrushes and vinyl-based bottlebrushes is that for fully grafted vinyl
systems have one side chain for every two backbone carbons, while fully grafted norbornene systems have
one side chain for every five backbone carbons. This intrinsically limits the grafting density of the
norbornene chemistry, unless there are multiple branches from each backbone monomer.®? Studies on the
norbornene-based bottlebrushes have been largely unable to extract clear scaling relationships, possibly due
to concentration effects, as most measurements were carried out at =~ 1 wt %. As will be shown later in this
document, this is clearly in a region where concentration can have a significant effect on polymer

conformation, even for backbones with moderate length.



The impact of solution volume fraction (¢) on polymer conformation is well understood for simpler
architectures. For linear polymers, Ry is independent of concentration in the dilute regime until the overlap
concentration is reached, at which point Ry scales with ¢7Y8. Star polymers also show a transition from a
concentration independent regime to a semi-dilute regime where Ry ~ ¢ 8.3 Stronger dependencies on ¢
have been predicted at higher concentrations, up to Ry ~ ¢ for star polymers, but to the best of our
knowledge have not been observed experimentally. Several reports on bottlebrushes have begun to explore
their concentration dependence. Small-angle neutron scattering (SANS) measurements on bottlebrushes
composed of poly(2-hydroxyethyl methacrylate) (PHEMA) backbones and poly(t-butyl acrylate) (PTBA)
side chains (Ng = 1600, Ns = 61, z= 0.5) show a reduction in the persistence length from 17.5 nm at infinite
dilution to 5 nm at a volume fraction of 0.038, with a corresponding reduction in Ry.*® The PHEMA-g-
PTBA samples exhibited a dilute, concentration-independent regime, followed by a semi-dilute region
where Ry ~ ¢ 8, and finally a third region where Ry ~ ¢ "%, although the limited number of data points
makes exact extraction of the scaling regimes difficult. The first scaling analysis performed by Borisov et
al. on these systems predicted four separate concentration scaling regimes for the polymer end-end distance
(Re).% For bottlebrush polymers in a good solvent there is initially a dilute concentration independent
regime before increasing concentration results in semi-dilute regime where Re ~ ¢7V8. While it is generally
straightforward to estimate the overlap concentration for a flexible polymer or a fully rigid rod the accurate
prediction of the overlap concentration for a semiflexible polymer is more challenging.® For a rigid rod the
overlap concentration is proportional to M/(N.L?), where M is the molecular mass, N, is avogadro’s number
and L is the rod length. For a semiflexible chain the overlap concentration is proportional to M/(NaL*3)
where L* == (I,L)"2. At higher concentrations the exponent initially increases, Re ~ ¢ 1"/, before moving
to the highest concentration regime where Re ~ ¢ 8. A detailed scaling analysis was recently performed by
Paturej and co-workers which predicted four scaling regimes based on the length scales at which excluded
volume interactions were screened.?! In the first regime beyond the dilute (concentration-independent)
region, the excluded volume effects are screened on a length scale commensurate with the contour length,

resulting in Re ~ ¢ 18, identical to a linear chain under those conditions. At higher concentrations, the



interactions are screened at length scales on the order of the persistence length and Re ~ ¢ 4. At the highest
concentrations they predict that screening of the inter side chain and intra side chain excluded volume leads

to Re ~ ¢ 1 and Re ~ ¢ 2°. Corresponding predictions were also made for the scaling of I, with 4.

There are three general approaches used to model the scattering data from the bottlebrush
architecture, (1) size only, which utilizes a material-agnostic approach such as the generalized Guinier-
Porod (GGP) model to extract length scales and power law slopes,?3¢37 (2) the wormlike chain model41620
and (3) comparison with the Fourier transform of molecular conformations calculated from simulations.2%
While utilizing well benchmarked atomistic simulations would be the most robust approach to fitting the
data, the large size of the bottlebrush makes this computationally prohibitive, although efforts are underway
to tackle those issues.®® Our recent work discussed some of the challenges inherent in using the flexible
cylinder model, showing that while it provides direct access to a value for I,, the correlations between
parameters and multimodality of the goodness of fit space makes utilization of that model challenging.®
The GGP model provides a robust alternative with direct access to both the long and short axis Ry, making
it well suited for general characterization of asymmetric structures in solution. An estimate of I, can then

be extracted from Ry using Equation 2 (L. is the contour length of the backbone based on Ngg)).*°

_ (ko 2 283 Lo/l 1B 1/2
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Coarse grained molecular dynamics simulations play a useful role in guiding the understanding of
structure-conformation relationships in bottlebrush systems but provide limited access to the relevant length
and time scales for these systems. This problem is particularly acute for polymers in solution when the time
scales of interest are longer than that of the solvent dynamics, where the majority of the computational
resources are spent in the description of the solvent particles. Implicit solvent models, where the solvent is
replaced by an effective interaction between the polymer segments, provides significant savings in
computational time. Thus, it is not surprising that many computational studies of polymers*#2 and in

particularly bottlebrush polymers in solution!22°2124 frequently rely on implicit solvent polymer models.



However, a sole reliance on implicit solvent models could lead to erroneous conclusions as various solvent
effects not incorporated into the model may play an important role into the phenomenon of interest. Indeed,
implicit solvent models rely on a higher level of coarse-grained description of the system of interest that
could mean that important structural and dynamical information may be lost in the process of coarse-
graining.*44 Here, we utilize an explicit solvent model for bottlebrush polymers at different concentrations
and we find that our model captures the trends in the molecular conformational changes found in the

experiments.
Materials and Methods

Sample Preparation: Bottlebrush polymers were prepared by the grafting-through ring-opening metathesis
polymerization (ROMP) of polystyrene (PS) macromonomers. The molecular weight and dispersity were
characterized using size-exclusion chromatography. Additional details are provided elsewhere.®® This
report focuses on the bottlebrush PNB1s-0100-PSa0, for which a polynorbornene backbone (Ng = 105) bore
pendant polystyrene side chains (Ns= 40) at 100% grafting density (z =1). The dispersity for the brush was

b =1.03.

Small-angle neutron scattering (SANS): PNB1s-0100-PS40 Was dissolved in d8-toluene, a good solvent for
PS, at a volume fraction of 0.086. SANS measurements were conducted on the 10 m SANS line at the
National Center for Neutron Research (NCNR). Following the measurement, the sample was diluted with
additional d8-toluene and the measurement was repeated. The data were corrected for detector sensitivity,
empty beam scattering, and sample thickness and transmittance and plotted as absolute intensity versus the
magnitude of the momentum transfer vector q = (4n/2) sin 6, where 26 is the scattering angle. The data were
fit using both the GGP model and the flexible cylinder model, both of which were implemented in
SASView.* Optimizations were conducted utilizing the directed evolution Monte-Carlo (DREAM)
algorithm, which samples the parameter space based on the relative goodness of fit, providing direct access
to parameter distributions and uncertainties. Reported uncertainties represent the 95% confidence intervals

for the sampled populations.*’



Simulation methods

Our system consists of bottlebrush polymers in explicit solution; there are N, polymers in the simulation
box. A bottlebrush polymer has two main features, namely a backbone and side chains. The backbone is
composed of N, segments and the side chains each is composed of M segments. Each bottlebrush polymer
has f side chains, where one end is grafted along the backbone in a uniform fashion. Thus, the total number
of interaction centers per bottlebrush polymer is My, = f M + Np. The main focus of the current study is on
the following set of molecular parameters: side chain length M = 10 segments, backbone length N, = 40
segments, and grafting density f/ N, = 1 corresponding to one side chain per backbone segment. The overall
molecular mass of the bottlebrush polymer is My, = 440. Developing exact translations between coarse
grained simulations and experiments is an ongoing challenge, therefore these parameters were chosen to

reflect the approximate structure of the experimentally studied molecule.

The interactions between all types of segments are described by the cut-and-shifted Lennard-Jones
(LJ) potential where € and ¢ define the units of energy and length and set equal to unity, unless stated
otherwise. In explicit solvent simulations, the solvent is represented by single LJ-particles and all the
interactions (segment-segment, solvent-solvent, and segment-solvent) are described by a cutoff distance r.
= 2.5 o. The total number of interaction centers in explicit solvent simulations was N = 252 000. We set the
segment-solvent interaction €sol-seg / € = 1.2, corresponding to a Flory-Huggins parameter y =~ —3.3, which
represents a good solvent.®® The segments along a chain are connected with their neighbors via a stiff
harmonic spring, Vu(r) = k (r — lo), where lo = 0.99 ¢ is the equilibrium length of the spring and k = 2500
€/c is the spring constant. In terms of the units of real polymer chains, the beads should be identified with

statistical segments of a flexible polymer having a typical scale of 1 nm to 2 nm.

Simulations were performed in a cubic box with length L; periodic boundary conditions were
applied in all three directions. We utilized the large-scale atomic/molecular massively parallel simulator
(LAMMPS).* Simulations were performed in the NVT ensemble after equilibration in the NPT ensemble

at the desired temperature. Time-averaging was conducted for O(108) time steps after equilibration. The



time step was set to 6t = 0.005 1, where T = ¢ (m / €)” is the unit of time, where m is the unit of mass.
Temperature and pressure are measured in units of € / ks and 6 / €, respectively. Simulations were performed
at temperature T = 0.8, and < P >= 0.1 in reduced units; these conditions correspond to a temperature well

above the glass transition temperature in the liquid state near atmospheric pressure.
Results and Discussion

In order to study how concentration changes the solution structure of a bottlebrush in a good solvent
PNB10s-g100-PSa0 Was dissolved in d8-toluene and then sequentially diluted, SANS measurements were
conducted at each dilution. The results of these measurements are shown in Figure 2. At ¢ = 0.004, the
measurement results in a scattering curve with a plateau at low g, followed by regions with two distinct
power law slopes, g~ 0.01-0.035 A*and g ~ 0.035-0.07 A%, A third power law region exists for ¢ > 0.09
AL but at low concentrations it is difficult to distinguish this from the background. The lowest
concentrations measured (¢ = 0.002 and 0.0009) do not appear to contain the two distinct scaling regions
prior to approaching the background but it is difficult to determine if this is because of a structural shift or
due to the overall reduction in scattering intensity. As the concentration increases, the curve gradually shifts
to higher g, indicating that the overall size of the structure decreases. At ¢ > 0.0542 there is a clear shift in
the scattering where a structure factor emerges and the concentration dependence of the shape of scattered
intensity is diminished. This also coincides with the disappearance of the two power law slopes and

emergence of a single decay below q = 0.1 A,
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Figure 2: Results of SANS measurements on PNB1os-g-PSa4o as a function of concentration ranging from ¢
=0.0009-0.086 in d8-toluene, a good solvent. A structure factor emerges in the scattering at ¢ > 0.042.
Experimental data is shown in colored circles, and the experimental fits to the data using the generalized
Guinier-Porod model are shown as solid lines.

The scattering data were analyzed with the GGP model (described in detail in the supplemental
information [SI]) which is a structure agnostic model which utilizes a shape factor (s) to account for the
dimensionality (d) of the scattering object (d=3-s).% The two layer model allows for the determination of
both the Ry of the long axis (Rg2) and the short axis (Rq1). The results of these fits are shown in Figure 3A
as a function of the polymer volume fraction. At the lowest volume fraction (¢ = 0.0009), Ry» was found to
be 99.4 + 3.9 A and Ry 1 was 22.5 + 1.3 A (Ry2/Ry1 = 4.42 + 0.18), consistent with the idea that a bottlebrush

of sufficient backbone length will form an anisotropic shape in a good solvent. In addition to Ry, the GGP



uses a shape parameter to describe the mass scaling in each length scale regime. A rod (d = 2) is has a shape
parameter of 1 and a perfect sphere (d = 3) will have a shape parameter of 0, while Gaussian and swollen
polymer coils are described by s = 2 and 5/3, respectively. The shape parameter corresponding to the larger
length scale feature, s, was found to be 1.37 + 0.06 at ¢ = 0.0009, consistent with an elongated cylindrical
shape. The shape parameter corresponding to the smaller length scale feature (s1) was less than 0.1 for all
concentrations, indicating that the g range is sufficient to capture the length scale of the whole molecule.
The overall Ry can be estimated from Ry 2 and Ry 1 assuming than an ellipsoid captures the average shape of

the molecule in solution, this scaling is included in Figure 3A

Increasing concentration is known to decrease the size of branched macromolecules through a
reduction in excluded volume effects, and this behavior is observed here where as the solution concentration
increases both Ry and Ry decrease. The log-log plot in Figure 3A illustrates the emergence of four distinct
scaling regimes: (1) ¢ < 0.0015 the dilute regime where the size of the molecule is concentration
independent, (11) 0.0015 < ¢ < 0.012 the semi-dilute regime where Rg ~ ¢ %! and Ry, ~ ¢ %12 (111) 0.012 <
# < 0.032 a semi-concentrated regime where Rg ~ ¢ %% and Ry = ¢ 2%, and (1V) 0.04 < ¢ the concentrated
regime where Rq ~ ¢ %1% and Ry, ~ ¢ %%, In comparing these observed scaling results to predicted values it
is important to note that the scaling predictions provide values for Re, rather than Rgy. For linear polymers
the scaling behavior for the two values will be identical, but it is not clear whether this will hold for rigid
polymers. The observed values in the semi-dilute regime (I1) for both Ry and Ry are close to Ry = ¢ %, in
good agreement with previous solution scattering measurements of linear, star and bottlebrush polymers in
the semi-dilute region. This suggests a universal concentration dependence for polymers in solution at low
concentrations, regardless of architecture. While the uncertainty is higher for the lowest concentration
measured due to the reduced intensity and scatter in the data, it appears that the value for Ry falls below
value anticipated by the scaling trend, indicating that below this concentration the structure will be
independent of concentration and can be classified as dilute (I). Upon transitioning from the semi-dilute

regime to the semi-concentrated regime (111), the observed scaling exponents for the overall Ry and the long



axis diverge, with Ry (%) having a stronger concentration dependence than the overall Rq (¢°2%). The
structure becomes noticeably more symmetric as it moves through this region, with the short axis Ry
increasing slightly and a corresponding reduction in s1 as Rg2/Rgy1 approaches 1. The measured scaling
exponent for Ry falls between the predicted exponent for the third and fourth regime predicted by Paturej
and Kreer. They predict Re = ¢ '3 when screening occurs between interpenetrating sidechains of different
molecules in their third concentration regime and Re = ¢2° when screening of the free volume for sidechains
on the same molecule. This may imply that those two regions are not distinct, but that the screening occurs
simultaneously between inter- and intra-molecular sidechains. It is also possible that other affects, such as
backbone-solvent interactions, which are still poorly understood, contribute to the size scaling in this region.
The second regime they predict, scaling on the order of the persistence length, is either absent or occurs
over such a small volume fraction region as to be unobservable in the experimental data. At the highest
concentrations measured in this work, a fourth regime is encountered, coinciding with the emergence of a
structure factor in the scattering. When modeling the data using a simple hard-sphere structure factor was
used, the sphere radius was found to be on the order of 60 A, approximately 2x Rq1. The Rg scaling returns
to a smaller value in this region, consistent with Borisov et al’s predictions that at the highest concentrations

of Re = ¢ 18,
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Figure 3: (A) Radius of gyration has a function of concentration for the overall Ry and both the long (Rg2)
and short axis (Rg,1) from fits to the data in Figure 2 using the GGP model. The four regions with different
power law scalings were determined by the changes in the scaling of Ry.. (B) Shape factor (si, left axis)
and ratio of Ry 2/Rg 1 (right axis). The dimensionality (d) of the structure is related to s by d = 3—s. Therefore,
a rod-like structure will have s = 1. The Ryratio provides a measure of asymmetry of the solution structure



and qualitatively tracks with s;. The shapes at the top of the figure represent the shape of the polymer at
that concentration. Error bars represent 95 % confidence intervals and are often smaller than the symbols.
Detailed fit results are also provided in table 1 of the SI.

The persistence length I, was calculated from Ry, and Equation 2 as a function of concentration,
the results are shown in Figure 4. L. was calculated to be 650 A from the contour length of the
polynorbornene backbone. Similar to the trends in R, the I, scaling can be broken down into four regimes.
In the semi-dilute regime (), I, ~ %%, in the semi-concentrated regime (l1) I, ~ ¢713, and in the
concentrated regime (IV) I, ~ ¢ °2. In regime IV the calculated I, was approximately 8 A, which is on the
order of the value estimated for polynorbornene (8.5 A'7 or 7.1 A%). This suggests that while the total
polymer concentration is still modest, the excluded volume effects have been reduced to the point where
the bottlebrush approaches melt-like conformational behavior. This is also smaller than the value estimated
by Dalsin et al., who used self-consistent field theory (SCFT) coupled with experiments on diblock
copolymer bottlebrush melts of varying molecular mass to extract a persistence length of =~ 31 A for
norbornene brush block copolymers in the melt state.>! Separately, molecular dynamics have suggested that
the backbone persistence length in the melt can be approximated by the radius of the brush, which would
estimate the lower bound of I, = 20 A.52 The approach used to extract |, here relies on a number of
approximations, and it is possible that it produces an underestimation of I,, particularly in the concentrated
regime where the scattering pattern loses some of its distinct features. This data was also fit with the flexible
cylinder model, which produced unphysically low values of I, (< 6 A) for samples in the most concentrated
region. The norbornene chemistry produces more lightly grafted chains relative to the vinyl chemistry, and

it is possible that this reduces the impact of the side chains on I, in the more concentrated solutions.
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Figure 4: Log-log plot of I, vs ¢ differentiated into the four different scaling regimes as determined by the
analysis of Ry scaling. The values of the scaling exponents are indicated next to the data for each regime.
The dashed line indicates the estimated value for the persistence length of unfunctionalized polynorbornene,
~7.1 A% Error bars represent 95 % confidence intervals and are often smaller than the symbols

Simulation results

In addition to the experiments, complementary molecular dynamics simulations were performed to
further probe the concentration dependence of bottlebrushes in solution. Ry was calculated based on the use
of the path-integration algorithm ZENO, and the results are presented in Figure 5.5 Initially a weak
concentration dependence is observed, but above c/c* ~ 0.1 the screening of the excluded volume effects
increase rapidly resulting in a rapid reduction in Rq. Eventually, in melt conditions the excluded volume
interactions are screened, leading to the polymer chains having configurations effectively equivalent to
random walk, i.e., Ry ~ My*2.5* This behavior shows qualitative agreement with the experimental results,

where a weaker scaling dependence in the semi-dilute regime switches over to a much stronger scaling



dependence in the more concentrated regime. In the experimental results the highest concentrations result
in 1, which was on the order of the linear norbornene, a result consistent with the simulation recovering a

scaling for a linear random walk.
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Figure 5: Average radius of gyration < Ry > of bottlebrush polymers as a function of the polymer
concentration normalized by the overlap concentration, ¢ / ¢*, where c* is the overlap concentration. The
lowest concentration simulated represents a single bottlebrush in the box, while the highest concentration
simulated approaches the melt concentration. The error bars correspond to one standard deviation.

This analysis can be taken a step further by quantifying the molecular shape through the eigenvalues
of the radius of gyration tensor Sy, as shown in Equation 3. These eigenvalues are denoted below by A1, A2,

and A3 and are related to R¢? as follows (Tr represents the trace operation):
TrS, = (RG) = (A1) + (A2) + (A3) 3)

where A1 < A2 < A3 and the brackets <...> represent time averages. The eigenvalue data are organized by
comparing the two larger eigenvalues with respect to the smallest one. A sphere has <A3>/ <A1>= <Ap>/<\1>
= 1, and an infinitely long, thin rod has <As> / <A1> — o and finite <Ay>/ <A;>. The ratio <\s> / <\>

characterizes the asymmetry an ellipsoidal or cylinder like molecule such as the bottlebrush and the values



for this ratio as a function of concentration are shown in Figure 6 We find that <A3> / <\;> exhibits
approximately the same trends with polymer concentration as with Ry (and [, as will be discussed later).,
Much like the experimental results this trend shows that the change in the molecular size is accompanied
by a shift towards a much more symmetric structure. The ratio <A>>/ <A1> remains approximately at the
same level for all polymer concentrations explored in our study. This means that the bottlebrush polymers
shrink in size along the longest principal axis and explains the similarities between <As>/ <\:>, Rg, and the

persistence length as a function of the polymer concentration.
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Figure 6: Ratio of the radius of gyration eigenvalues (13) / (1,) as a function of the polymer concentration
¢ normalized by the polymer overlap concentration, c*.

The persistent length of macromolecules typically is calculated in simulations by the decay of the
directional correlation of two segments of a macromolecule with the increase of the chain length separating

them. However, there are different types of polymer flexibility.> If the polymer follows Gaussian statistics,



then the directional correlations will diminish exponentially. Thus, I, can be obtained since the mean cosine

between two segments separated by a distance sl along the chain can be written according to Equation 4:

(cos 8(s)) = 2 = el @)
b
where d; is the bond vector along the chain, s = i - j |, and Iy is the bond length between adjacent segments.

However, it has been argued that in dense melts and in 6-solvent conditions {(cos O(s)) scales with a power

law instead of an exponential function (Equation 5),%6-°8
(cos0O(s)) =s73/2 for s*<s<«KN, (5)

where s* is a crossover index s* « [, /1;, between the exponential and the power law regimes. However, it
becomes challenging to disentangle the crossover between the two regimes. Alternative definitions for
persistence length have been proposed; however, no consensus currently exists. For in-depth discussion of

different definitions, see the work by Hsu and coworkers.?’

Here, we utilize the integral definition of persistent length, shown in Equation 6.%° While this
definition also exhibits variation with the backbone length, becoming independent for long backbones, its
attractive feature is that it can consistently applied at different conditions and molecular structures, thus
avoiding shortcomings arising from fitting exponential decay of the bond orientation correlations. For the
molecular parameters chosen for this molecular study, we find that [, exhibits significant variation with c.
The basic trends as presented in Fig. 7 is that [;, exhibits a progressive decrease with increase of ¢, which
is consistent with our experimental observations, compare Figs. 4 and 7. Consistent with the behavior of
Ry, we also observe a deviation between the implicit and explicit solvent case, where the implicit solvent

exhibits a plateau at low ¢ and the explicit solvent shows a gradual change with c.

y = 1y Z324(cos 0()) ~ Iy [, *{cos 8(s)) ds (6)
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Figure 7: Persistent length of the backbone of an isolated flexible bottlebrush polymer as a function of
polymer concentration normalized by the overlap polymer concentration. This was calculated through the
integral definition of the persistence length shown in Equation 6.

Conclusions

The conformations of bottlebrush polymers are highly sensitive to solution concentration. In this
study the concentration dependence of the size and symmetry of a polynorbornene-based bottlebrush
polymer in a good solvent was examined. Low concentrations show size-scaling behavior that matches
linear chains and star polymers, but as the concentration continues to increase the scaling exponents
increase sharply. The scaling exponent in the concentrated region deviates from existing predictions,
suggesting that it may be necessary to consider additional contributions (such as backbone-solvent or
enthalpic interactions between the backbone and sidechain) to fully understand this system. Eventually a
structure factor emerges in the scattering and this combined with the estimated persistence length, suggest

that the chains show features of a melt-like behavior even at relatively low volume fractions. Simulations



show qualitatively similar behavior, with simulations in explicit solvent showing a gradual change in
conformation with concentration in the semi-dilute regime, followed by a more rapid change approaching
the melt state. In the future, it will be worthwhile to explore if and how parameters such as backbone or
side chain length impact the concentration scaling, as there is a rich space available to explore for this class

of systems.
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Supplemental Information

The general Guiner-Porod (GGP) model is described by Equations 1-3.* This model describes the scattering
by using Guinier regions interconnected by power law regimes. Crossover points (Qi, Q2) and scaling
factors (G1,G>) are calculated to ensure self-consistency in the transition between different regions. The
model uses shape factors (s1,52) to describe the approximate shape of the scattering features, where 0
represents a sphere, 1 represents a cylinder or rod, and 2 represents lamellae. A background and intensity
scaling term were also included in the model. The implementation of the general Guinier-Porod model in
Sasview is available in the Sasview marketplace (http://marketplace.sasview.org/), with the model name 2
Layer General Guinier Porod”. The hard sphere structure factor was used where appropriate and its
implementation is described in the sasview documentation.
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Table 1: Fit Results to GGP model (Figures 3 and 4). Uncertainties represent 95% confidence intervals as
evaluated by the Monte-Carlo Markov Chain analysis performed by the Dream algorithm in Sasview.

Volume Fraction | Rg2(A) | Rgi(A) Rg S1 S2 I, (A)

39.8 273 0.74 £

0.0870 0.1 0.1 35.0+0.9 0.13 0 79+0.1
39.0+ 28.6 + 0.68 +

0.0792 0.2 0.1 35509 0.15 0 7.7+0.1
38.3% 294 + 0.98 =

0.0739 0.1 0.1 35.8+1.0 0.18 0 74+0.1
40.5 + 29.2 + 0.82 +

0.0578 0.1 0.1 36.6+1.1 0.12 0 8.2+0.1
41.7 = 30.7 = 0.73 %

0.0504 0.1 0.1 38.0+1.0 0.15 0 8.8+0.1
41.6 + 295+ 0.88 +

0.0424 0.2 0.1 37.2+0.7 0.16 0 8.7+0.1
458 + 322+ 10.7 +

0.0350 0.1 0.1 408+1.4 | 09+0.18 0 0.1
475+ 30.0x 115+

0.0287 0.2 0.1 40.3+1.7| 0.8+0.33 0 0.1
53.2 + 355+ 0.64 + 14.7

0.0232 0.4 0.1 46.3+0.2 0.08 0 0.1
60.3 = 36.4 0.61 % 193+

0.0196 0.3 0.1 50.1+0.2 0.05 0 0.1
66.4 + 295+ 1.01+ 239+

0.0165 0.1 0.1 49.6+0.2 0.08 0 0.1
772 28.6 = 338

0.0124 0.3 0.1 55.2+0.2 | 1.1+£0.09 0 0.2
82.9+ 26.0 + 1.25+

0.0085 0.8 0.1 57.3+0.4 0.10 0.1+001| 40+04
84.1 259 % 124+ 416 =

0.0074 15 0.1 58.0+0.9 0.11 0.2+0.02 0.8
89.0+ 25.8 + 479 +

0.0043 1.2 0.1 60.8+0.6 | 1.3+0.03 | 0.1 +0.01 0.7
96.2 + 225+ 147 + 58.5 %

0.0021 14 0.1 64.1 +0.7 0.04 0.1+£0.02 0.8
995+ 225 + 1.37+ 65.7 +

0.0010 4.0 0.1 66.0 + 2 0.06 0.1 +0.05 2.7
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