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Abstract

The single-chain physics of bottlebrush polymers plays a key role in their macroscopic 

properties. Although there has been effort in understanding the behavior of single isolated 

bottlebrushes, studies on their behavior in crowded, application-relevant environments have been 

insufficient due to limitations in characterization techniques. Here, we use single-molecule 

localization microscopy (SMLM) to study the conformations of individual bottlebrush polymers 

by direct imaging. Our previous work focused on bottlebrushes in a matrix of linear polymers, 

where our observations suggested their behavior was largely influenced by an entropic 

incompatibility between the bottlebrush side chains and the linear matrix. Instead, we focus here 

on systems where this effect is reduced: in solvent-swollen polymer materials and in systems 

entirely comprised of bottlebrushes. We measure chain conformations and rigidity using 

persistence length (lp) as side chain molecular weight (Msc) is varied. Compared to a system of 

linear polymers, we observe greater flexibility of the backbone in both systems. For bottlebrushes 

in bottlebrush matrices, we additionally observe a scaling relationship between lp and Msc that more 

closely follows theoretical predictions. For the more flexible chains in both systems, we reach the 

edge of our resolution limit and cannot visualize the entire contour of every chain. We comment 

on this limitation by discussing the aspect ratios of the features within the super-resolution images.
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Introduction

The applications of bottlebrush polymers are widespread, ranging from electronics,1,2 

biomedical materials,3–6 additive manufacturing,7,8 and recyclable materials.9 Often, these 

applications utilize bottlebrush polymers in crowded systems such as bulk materials or 

concentrated solutions, where the behavior of individual chains within a field of neighboring 

chains determines many of the resulting properties. For example, the soft mechanical properties of 

bottlebrush elastomers arise from their rigid conformations that result in decreased entanglements.4 

In another example, concentrated polymer solutions exhibit unique flow properties, such as low 

entanglements and strain hardening due to side chain interactions.10–14 A deeper understanding of 

single-chain physics in crowded environments would enable better materials design for myriad 

applications. 

In crowded environments, our knowledge of bottlebrush behavior has been limited. For 

dilute solutions, small-angle neutron scattering has revealed transitions between globule and rod-

like geometries at different molecular architectural regimes and a concentration dependence of 

polymer size and rigidity.10,15,16 However, these studies are often limited to conditions below the 

necessary concentrations for applications, such as inks for additive manufacturing.7 In studying 

solid bottlebrush materials, scattering techniques have also revealed that backbones possess higher 

degrees of rigidity depending on their position within self-assembled structures of multiblock 

systems.17,18 However, because scattering is indirect and requires model fitting, it is difficult to 

reveal details about single polymer chains. Helium ion microscopy is a powerful imaging tool that 

has been applied to bulk bottlebrush systems, and studies utilizing this method have revealed 

phenomena such as liquid crystal-like chain alignment in annealed samples. However, this surface-

specific technique may not accurately characterize behavior within the bulk of a material.19 
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Instead, single-molecule localization microscopy (SMLM) has the ability to probe within crowded 

systems and shows great promise in studying single bottlebrushes to understand their single chain 

behavior.20,21 

Previously, we have used SMLM to study bottlebrushes dispersed within a solid matrix 

composed of linear polymers.22,23 These studies were insufficient for investigating bottlebrush 

conformations in the bulk, because the surrounding linear matrix introduced potential 

immiscibility effects with the side chains of the bottlebrush polymers. Studying a wider range of 

systems provides a deeper knowledge of bottlebrush behavior within other relevant environments. 

For example, many applications rely on solution-based casting methods, where the addition of 

solvent is likely to affect chain behavior. In many processes involving solution-based casting, 

materials transition from dilute to concentrated solution and then to the solid state, so studying 

behavior at these intermediate junctions is highly relevant to understanding their final 

morphology.24,25 Additionally, bottlebrushes within a linear matrix insufficiently capture behavior 

within many applications, where materials are often entirely comprised of bottlebrush polymers.6,26 

There are numerous theoretical studies that dive into the question of chain behavior in bottlebrush 

melts,27–29 but currently there is a deficit in experimental techniques to explore similar systems. 

Diversifying the systems studied by SMLM is attractive because there is interest in understanding 

their behavior in many other application-relevant environments.

In this work, we focus on the effects of changing the environments around bottlebrush 

polymers and compare these results to our previous studies in linear matrices. We first investigate 

bottlebrush conformations within linear matrices swollen by a good solvent. These solvent-swollen 

systems are analogous to concentrated polymer solutions. We also study the conformation of 

bottlebrush polymers within a bottlebrush matrix. Studying these systems significantly builds upon 

Page 3 of 23 Nanoscale



4

our earlier work by reducing the immiscibility effects previously observed between linear and 

bottlebrush polymers. Furthermore, it expands the scope to more application-relevant systems that 

rely on bulk or crowded environments.

Methods and Materials

All materials were acquired from Sigma-Aldrich unless otherwise stated. Bottlebrush 

polymers were synthesized using previously published methods using a grafting-from approach.30–

32 Poly(hydroxyl-ethylmethacrylate) (Polymer Source Mn = 245.6 kg/mol, Đ = 1.19) (PHEMA) 

was functionalized by coupling with α-bromoisobutyryl bromide to form poly(2-(2-

bromoisobutyryloxy)ethyl methacrylate) (PBIEM). The dye-labeled species were synthesized and 

characterized in a past study.23 Unlabeled bottlebrush polymers for the polymer matrices of melts 

were synthesized using the same method. Characterization of the side chain molecular weight of 

the matrix polymers was performed by gel permeation chromatography (GPC) using an Agilent 

1260 Infinity II system equipped with two columns in series (PLgel MIXED-B LS, 7.5 x 300 mm, 

10 µm) and a light scattering detector (Wyatt Dawn 8) operated with chloroform. The dn/dc value 

used for PMMA in chloroform was determined to be 0.065 mL/g. The side chain molecular weight 

was determined by cleaving the side chains from the backbone by methanolysis and characterized 

using the same GPC procedure as above.23

Polymer film samples were prepared by spin coating solutions comprised of 1 wt% 

polymer solutions in anisole, where the polymer was 0.03:1 dyed to unlabeled polymer by weight. 

For films used in the solvent swelling experiments, the unlabeled polymer was a 350,000 g/mol 

linear PMMA. Synthesized bottlebrush polymers were used as the matrices for the bottlebrush 
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melt samples. All films were prepared on Piranha-treated #1.5 thickness coverslips by spin coating 

at 800 RPM for 10 seconds and then 3000 RPM for 1 minute to produce 40 nm thick films.

SMLM experiments on polymer films were performed using the same previously reported 

optical setup.23,31 This setup features a custom modified Olympus IX73 inverted microscope 

equipped with optical components from ThorLabs. All super-resolution images were comprised of 

10,000 frames taken at 10 ms exposure times. Super-resolution images were analyzed using the 

imaging processing toolbox in Matlab to trace a central line through relevant features, determining 

a tangent-tangent correlation function C(s) from these traces, and extracting a persistence length 

value by the fitting ensemble-average C(s) to an exponential decay. These methods are described 

in greater detail in earlier work.23 

Solvent experiments were performed by using a custom-built sample chamber with an inlet 

for solvent vapor (Figure S1a). The amount of solvent within the system was controlled by two 

mass flow controllers (MFCs) (Alicat MCS-100SCCM-D/5M). One MFC bubbled nitrogen gas 

through toluene while the other streamed directly to the chamber at a total flow rate of 100 sccm 

(Figure S1b-c). The ratio between the two flows allowed for control over the vapor pressure of 

toluene within the chamber. During in situ imaging experiments, the flow rates on the MFCs were 

kept constant for two hours before imaging at each solvent condition to ensure the sample reached 

an equilibrium swelling condition. The conditions used ranged from 30-70% of the saturated 

toluene stream, resulting in swelling ratios between 5-30%. Swelling ratio is defined by the 

fractional mass increase relative to the original mass of the dry film, given by, 

(1)𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =  
𝑊𝑠 ― 𝑊𝑖

𝑊𝑖
 

where Ws is the weight of the swollen film and Wi is the weight of the dry film before swelling. 

The swelling ratio was later confirmed using quartz crystal microbalance (QCM) (Advanced Wave 
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Sensors, Valencia, Spain) with a N2PK impedance analyzer (Thornhill Canada), equipped with a 

near-identical solvent setup. More on QCM measurements can be found in Section 3 of the 

Supporting Information. 

Results and Discussion

To study the effects of the local environment on the conformation and behavior of 

bottlebrush polymers, we devised a set of single-molecule localization microscopy (SMLM) 

imaging experiments on bottlebrushes within linear matrices swollen with solvent and within 

materials entirely occupied by bottlebrush polymers. For these studies, we revisit the fluorescently-

labeled bottlebrush polymers previously reported and investigated in earlier SMLM studies (Table 

1).23 These polymers were prepared using a grafting-from approach, beginning with a poly (2-(2-

bromoisobutyryloxy)ethyl methacrylate) (PBIEM) backbone and polymerizing poly(methyl 

methacrylate) (PMMA) side chains directly from the backbone. These polymers were prepared 

such that each backbone BIEM repeat unit is expected to have one side chain. By using the same 

set of polymers as our previous study, we can make direct comparisons between the originally 

investigated hybrid system to the solvent-swollen system and the bottlebrush melt system 

discussed in this work.

Table 1: Molecular Weight of Bottlebrush Polymers

Msc (g/mol) Fluorescent 
Labeling* Đsc

Mbb, Theoretical 
(kg/mol)**

640 Labeled 1.10 1,380

1,100 Labeled 1.31 2,240

2,030 Labeled 1.22 3,980

2,860 Labeled 1.22 5,540
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3,500 Labeled 1.27 6,730

750 Unlabeled 1.36 1,580

1,000 Unlabeled 1.23 2,050

2,100 Unlabeled 1.58 4,110

2,700 Unlabeled 1.82 5,230

4,020 Unlabeled 1.23 7,700

*The labeled bottlebrushes in this table were synthesized for a previous study and studied again here. The unlabeled 

bottlebrushes were synthesized for this study.

**The theoretical molecular weight of the full bottlebrush is used as an approximation for comparison. In actuality, 

the molecular weight is closer to approximately 90% of this value based on our previous measurements.23
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Figure 1: (a) Structure of bottlebrush polymers composed of PMMA side chains and a PBIEM backbone. The 

fluorescent label is a photoswitchable diarylethene as previously reported.31,33 (b-c) Schematic and representative 

features within solvent-swollen linear-bottlebrush hybrid systems and bottlebrush melts. (b) represents a linear matrix 

swollen with solvent with a dilute amount of labeled bottlebrushes dispersed, and features are single bottlebrush chains 

(Msc = 3,500 g/mol). (c) represents bottlebrush polymers within a bottlebrush matrix, and features are single 

bottlebrush chains (Msc = 3,500 g/mol).

In order to test the local environment effects on bottlebrush conformations, we swelled 

toluene into polymer films comprised of bottlebrushes in a linear matrix. We imaged the five dye-
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labeled PMMA bottlebrush polymers with different side chain molecular weights (Msc) in linear 

matrices comprised of PMMA (350,000 g/mol) (Figure 1) in 40 nm thick polymer films. This 

thickness is convenient because it is easily within the depth of field of our microscope objective, 

so 3D conformations can be projected onto 2D images. Additionally, 40 nm is an order of 

magnitude larger than the expected Rg of the side chains, which should thus be unaffected by 

confinement effects. Since conformation is driven by the behavior of the side chains, confinement 

is expected to have negligible effects on the bottlebrushes. In our previous work, we also confirmed 

that confinement has minimal effect on backbone conformation, using Monte Carlo simulations to 

show that our established analysis methods can accurately determine a persistence length value 

from simulated chains in a confined film.23 Each film was prepared by spin coating and annealed 

for 2 hours under nitrogen at 180°C. For each of the five bottlebrush conditions, the films were 

swollen by 70% saturated toluene vapor in situ for two hours using a custom sample chamber 

mounted directly on the microscope (see Supporting Information, Figure S1). resulting in an 

equilibrium swelling ratio of 0.20. This degree of swelling is not expected to drastically increase 

the thickness of the sample beyond 20% of the original thickness. The swelling ratio was 

determined by quartz crystal microbalance (QCM) measured ex situ on films in a similar solvent 

vapor setup (see Supporting Information). Attempting swelling ratios above 0.20 resulted in large 

fluctuations in the measured mass and were thus unreliable. From these images, we determined an 

ensemble-averaged persistence length (lp) for each Msc condition from the tangent-tangent 

correlation function of the skeletonized trace of the feature. Further details of this analysis are 

discussed in our previous work.23 The persistence length results are summarized in Figure 2. We 

observe a decrease in lp for each of these bottlebrush conditions for non-swollen to swollen 

systems. Additionally, we observe a minimal change in the scaling relationship between lp and Msc. 
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However, because we have large uncertainties in our determined lp values, and we only have a few 

data points that do not span a large range, we hesitate to extract definitive conclusions from these 

scaling exponents.

Figure 2: Persistence lengths of PMMA bottlebrush polymers in non-swollen and 20% toluene-swollen linear 

PMMA films as a function of side chain molecular weight. Each data point consists of 350 chains. Error bars are 

90% confidence intervals, which were determined by calculating the standard deviation in lp based on 10 sets of 350 

wormlike chains from simulation (see previous work for details).22,23 Lines represent power law fits. Due to 

uncertainties in our technique, we are less confident in lower lp values. Fitting the highest three points of the solvent-

swollen series results in a scaling exponent of 0.22. Note that the data spans less than one decade in the abscissa, so 

we encourage caution in interpreting the power law fit in general. 

To further probe the effects of solvent on bottlebrush conformations within linear matrices, 

we also explored different swelling ratios under the same Msc condition. Here, we imaged a 

bottlebrush polymer with Msc of 3,500 g/mol within a linear matrix at swelling ratios of 0-20% 
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toluene. The lowest swelling condition of 5% was set by the lowest solvent vapor saturation of 

30% to produce a mass increase significant from noise. Each condition was held for two hours 

before imaging to ensure equilibrium conditions. We observed a relatively high persistence length 

of 290 nm at the no solvent condition, that decreases sharply to 250 nm upon swelling to only 5%. 

Upon further swelling, the lp quickly reaches a plateau value of approximately 230 nm. This is 

rather surprising that only a small amount of solvent in the environment has a large effect on 

conformation. Perhaps this demonstrates a hard threshold between a highly concentrated regime 

and neat polymer, where the presence of the solvent at even low concentrations already plays an 

impact on the physics affecting the system.

Figure 3: Persistence length of PMMA bottlebrush polymers in linear-bottlebrush hybrid systems at various 

swelling ratios of toluene (Equation 1). The Msc of the bottlebrush polymer was 3,500 g/mol. Each data point 

consists of 350 chains. Error bars are the 90% confidence intervals, based on the 10 sets of 350 wormlike chains 

from simulation. 
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Based on the difference in the persistence lengths between non-swollen and swollen 

polymer films, our SMLM experiments suggest that the presence of solvent promotes chain 

flexibility. This phenomenon can be explained by considering the effects of solvent on the side 

chains, which largely drive the conformation behavior of the bottlebrush backbone. In our previous 

work, we hypothesized that autophobic dewetting largely affects the behavior of side chains, which 

in turn drives the conformation of the entire bottlebrush.23 Autophobic dewetting occurs in systems 

with short grafted chains and long matrix chains of the same chemical identity, because it is 

entropically unfavorable for the matrix chains to interpenetrate into the pervaded volume of the 

grafted chains.34 Instead, there are more overall configurations if the grafted chains collapse to a 

smaller space and the matrix chains occupy the resulting larger separate space. This causes the 

side chains to behave as hard spheres rather than Gaussian chains, which increases backbone 

rigidity due to higher degrees of steric repulsion from the bulky groups close to the backbone. 

Here, we introduce a good solvent into the local environment surrounding the 

bottlebrushes, which may relax the side chains from collapsed spheres to swollen coils. This 

change in behavior drives the overall flexibility of the backbone. The radius of gyration for coils 

scales as Rg ~ N1/2 and for collapsed spheres as Rg ~ N1/3, where N is the number of repeat units on 

the chain and equivalent to Msc here. Based on theory, the persistence length of a bottlebrush in a 

melt is expected to scale as the size of the side chains lp ~ Rg.27 However, to our knowledge there 

is no study in the literature that specifically relates, Msc to lp under the effect of solvent swelling, 

and so we propose an explanation for our results here. Although coils are expected to be larger 

because they are swollen, they are no longer hard spheres and thus their pervaded volumes should 

easily interpenetrate into each other and with the matrix chains, which decreases steric effects on 

the backbone and promotes chain flexibility of the entire molecule (Figure 4). 
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Figure 4: Schematic depicting the effects of autophobic dewetting on bottlebrush conformation. In a dry film 

comprised of a linear chain matrix, the bottlebrush polymers are rigid due to their collapsed side chains. The addition 

of solvent relaxes the side chains, and the conformation of the bottlebrushes become more flexible. In a bottlebrush 

melt, where no autophobic dewetting effects occur, the side chains outstretch, penetrating the pervaded volumes of 

neighboring chains, allowing them to conform around one another.

Although this proposed mechanism offers a simple explanation for the change in 

persistence length with respect to solvent swelling, it does not explain the change in the scaling 

relationship between lp and Msc. Because we expect the behavior of the entire bottlebrush chain to 

be driven by the behavior of the side chains as previously hypothesized,27 we would expect a 

change in the scaling behavior in addition to the change in rigidity discussed previously. However, 

we do not observe a significant change in the scaling exponent. While we are cautious to make 

conclusions on the scaling behavior due to the large uncertainties for lp values, and the limited 

less-than-one-decade range over which our data spans, one would expect some variation to reflect 
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the change in environment. The failure to observe this variation may be an artifact because we are 

close to the resolution limit of our SMLM imaging technique. As discussed in our previous study, 

super-resolution microscopy has an implicit resolution limit that affects the accuracy of localizing 

the fluorescent labels on the bottlebrush. This introduces an uncertainty in fitting the bottlebrush 

images and extracting an accurate lp value. From our analysis, we found that this accuracy 

decreases for lp values below 200 nm.23 Therefore, the persistence lengths determined for the lower 

Msc conditions are less reliable, and this may explain the discrepancy when comparing our results 

to the theoretically expected scaling relationship. Because our analysis tool often overestimates lp 

under these conditions, a higher scaling exponent could be expected without this resolution limit. 

Excluding the lowest two points leads to a scaling exponent of 0.22. However, because of the 

inherent uncertainties, it is difficult to make a strong assertion from this result. Nevertheless, we 

do observe a consistent and reliable decrease in persistence length for many of the Msc condition, 

so we assert that solvent has some effect promoting chain flexibility.

Despite being close to the resolution limit of our technique and facing difficulty resolving 

the entire contour of the bottlebrush chains, we do observe a qualitative difference in the features 

between non-swollen and swollen films (Figure 5a). For conditions with shorter side chains (Msc 

= 640 and 1,100 g/mol), we observe many more features that are coiled and fewer that are rod-like 

than we would typically expect. These features are much larger than artifacts that arise from 

fluorescent impurities, which are generally less than 100 nm in size. Because of this, we suspect 

we are observing the effects of solvent increasing chain flexibility to such a degree where they no 

longer appear elongated. We test this theory by studying the aspect ratio of the features found in 

these swelling experiments. Here, we define an aspect ratio as a ratio between the major and minor 

axes of an ellipse fit to the feature (Figure 5b), derived from the eigenvalues of the covariance 
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matrix of the positions of the fluorophore localization events in the SMLM experiment. From this 

ratio, we can quantify the shape of each feature, where a lower value indicates a more coiled 

conformation and a higher value indicates a more rod-like conformation. Prior to swelling with 

solvent, we observe a greater population of higher aspect ratio features (Figure 5c). Additionally, 

we compared two different Msc conditions (Msc = 640 and 3,500) swollen with toluene at a 20% 

swelling ratio, which shows this aspect ratio also decreases with Msc. Therefore, these results 

suggest that for lower Msc conditions only, the solvent induces flexibility to such an extent that 

their entire contour is no longer visible with the resolution capabilities of SMLM. As we reach this 

limit, we can no longer reliably determine the persistence lengths, resulting in large uncertainties 

and scaling relationships that deviate significantly from theory. Although the resolution limits of 

our technique result in these uncertainties, the aspect ratio analysis provides additional confidence 

that solvent swelling indeed increases backbone flexibility, consistent with the mechanism of 

reduced autophobic dewetting. 
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Figure 5: (a) Representative data showing solvent effects on low Msc conditions. Bottlebrushes here have Msc = 1,100 

g/mol. The two images show different regions within the same sample before and after swelling with solvent, but they 

do not reflect the same bottlebrushes. (b) Schematic determining major and minor axes from super-resolution images. 

(From left to right) The first panel shows the super-resolution image of a single bottlebrush feature. The second panel 

is the same image with the localizations superimposed on top. The blue dots represent localizations that fall within the 

pixels belonging to the bottlebrush feature, which is determined by our analysis procedure. Red dots are localizations 

that fall outside of this feature. This process is described in more detail in our previous work.23 The third panel displays 

only the localizations with the fitted ellipse plotted over the points. The red arrows represent the major and minor axes 

of the ellipse. (c) Histogram of aspect ratios from swollen (at 20% swelling ratio) and unswollen sample. These data 

reflect the same sample, where Msc = 640 g/mol. Each condition consists of 1,000 features. Triangles indicate the 
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mean of each condition (2.21 for swollen, 3.18 for unswollen) (d) Histogram of aspect ratios of two different swollen 

samples with different side chain lengths. Both conditions are swollen at 20% swelling ratio. Each condition consists 

of 1,000 features. Triangles indicate the mean of each condition (2.21 for 640 g/mol, 3.02 for unswollen 3,500 g/mol). 

While ideally an even more powerful experiment would track the exact same chains under 

different solvent swelling conditions, we do not currently have the technical capabilities to perform 

such experiments. One of the challenges that limits our abilities is the lifetime of the dye under 

photobleaching conditions. Currently, it is difficult to perform long time-lapse experiments 

because as dyes photobleach, the quality of the resulting super-resolution image drops. 

Additionally, chains are expected to migrate and change in conformation as a result of solvent 

swelling. Compounded with sample drift and photobleaching, this makes it difficult to ensure that 

features observed early in acquisition are the same features later into an in situ experiment. We 

therefore rely on analyses that average over a large ensemble to make conclusions on effects of 

solvent swelling.

To further explore the effect of the surrounding environment on bottlebrush conformations, 

we study systems where the matrix is entirely composed of bottlebrushes. In these systems, 

autophobic dewetting is not expected to occur at all because there are no large molecular weight 

differences between side chains of neighboring bottlebrushes. We synthesized five different 

bottlebrush polymers containing no fluorescent labels for the matrix of these samples, each 

matching one of the five dye-labeled bottlebrush polymers previously used (Table 1). Each labeled 

system was blended with their corresponding unlabeled matrix and persistence lengths were 

extracted using the same methods as previously discussed (Figure 6). The persistence lengths 

decreased for each of the melt systems compared to those previously reported for linear matrices. 

Additionally, the lp vs. Msc scaling exponent appears to increase from 0.16 to 0.39, though we 
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caution the reader about overinterpretation similarly to above, due to the relatively large 

uncertainties and small span of the data. 

Figure 6: Persistence lengths of bottlebrush polymers in linear and bottlebrush matrices with respect to side chain 

molecular weight. The linear matrix data is identical to Figure 2. Each data point is based 350 chains. Error bars are 

the 90% confidence intervals, based on 10 sets of 350 simulated wormlike chains. Lines represent a power law fit. 

Due to uncertainties in our technique, we are less confident in lower lp values. Fitting the highest four points of the 

bottlebrush matrix series results in a scaling exponent of 0.47. Note that the data spans less than one decade in the 

abscissa, so we encourage caution in interpreting the power law fit in general. 

When transitioning from a linear to a bottlebrush matrix, the decrease in persistence lengths 

and increase in lp vs. Msc scaling are consistent with the removal of autophobic dewetting effects. 

In a matrix comprised of bottlebrushes rather than linear polymers, there is no large molecular 

weight mismatch, and the number of configurations is not reduced when the side chains 
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interpenetrate with those of neighboring bottlebrushes (Figure 4). Therefore, there is no entropic 

penalty for the side chains to behave as Gaussian chains, leading to much greater backbone 

flexibility. This is reflected in our extracted lp values, where we observe a decrease for each of the 

Msc conditions. Additionally, the scaling exponent of 0.39 is closer to the expected value of 0.5 for 

bottlebrush melts, which has been reported in various theoretical studies.27–29 As previously 

discussed, because of the resolution limitations in our super-resolution imaging and analysis tool, 

the lower extracted persistence length values at the lowest Msc conditions are potentially 

overestimations of the true value. Eliminating the lowest data point leads to a scaling exponent of 

0.47. However, because we are near this resolution limit, we are cautious to extract definitive 

conclusions on the scaling behavior. The overall trends observed here do provide some evidence 

that bottlebrushes within a bottlebrush matrix deviate from those within a linear matrix, where 

autophobic dewetting effects may largely drive behavior. Overall, the increased flexibility and 

scaling behavior observed through these SMLM experiments is consistent with explanations 

proposed for our previous work and with theoretical studies on bottlebrush melts.

Conclusion

In this work, we expanded on our previous investigations using SMLM to study single 

chain conformations of bottlebrush polymers to understand the effect on chain rigidity from 

changes to local environments around the bottlebrush. From our previous experiments, we 

hypothesized that autophobic dewetting in linear-bottlebrush hybrid systems caused highly rigid 

bottlebrushes that diverged greatly from expected behaviors based in theory. Here, we introduced 

conditions that opposed these entropic effects and reduced autophobic dewetting. Although we 

observed more flexible chains within these solvent-swollen systems, the expected scaling behavior 
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between lp and Msc did not precisely follow our expectations, which may be due to the resolution 

limit of our imaging technique. We additionally investigated neat systems entirely comprised of 

bottlebrush polymers. Here, we also observed greater flexibility and a scaling relationship closer 

to theoretical predictions. Despite working close to the SMLM resolution limit, our results indicate 

a change in the scaling relationship that more closely resembles theoretical studies on similar 

systems. Overall, expanding on our SMLM experiments provides evidence that local environment 

plays a large role on chain conformation, further supporting our previous theories that autophobic 

dewetting significantly affects bottlebrush rigidity.
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