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ABSTRACT: Bottlebrush polymers have densely tethered side
chains grafted to a linear polymer backbone, resulting in
stretching of both the side chains and backbone. Prior studies
have reported that the side chains are only weakly stretched
while the backbone is highly elongated. Here, scaling laws for
the bottlebrush backbone and side chains are determined
through small-angle neutron scattering analysis of a systematic
series of poly(lactic acid) bottlebrush polymers synthesized via
a “grafting-through” ring-opening polymerization. Scattering
profiles are modeled with the empirical Guinier–Porod, rigid
cylinder, and flexible cylinder models. Side chains are found to

be only weakly stretched, with an end-to-end distance proportional to N0.55, while the overall bottlebrush increases in size
proportional to N0.77. These results demonstrate that the bottlebrush backbone is not fully extended and that both side chains
and backbone have significant conformational flexibility in
C 2016 Wiley Periodicals, Inc. J. Polym. Sci., Part B:
solution. V
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INTRODUCTION
Bottlebrush polymers represent a unique
class of highly branched polymers, often with one or more
grafted side chain per backbone repeating unit, resulting in
steric repulsion between side chains and an extended cylindrical conformation. These types of polymers are of interest
for a broad range of applications, from responsive surface
coatings to nanoscale materials for drug delivery, as detailed
in a number of recent reviews.1–5 The conformation of bottlebrush polymers impacts their physical properties. For
example, a sphere-to-globule transition with increasing backbone lengths is reflected in an extremely high entanglement
molecular weight and weak dependence of the zero-shear
viscosity of bottlebrush melts with molecular weight.6 In
another example, the length of the side chains has been
shown to govern entropic de-wetting and segregation of bottlebrush polymers in blends.7,8

through analysis of the end-to-end distance as a function of
the degree of polymerization (N). In general, studies have
found that the side chains are only weakly stretched while
the backbone is strongly elongated. Scaling theories predict
that the side chain end-to-end distance scales with N3/4 and
N2/3 in good and theta solvents, respectively, compared with
N3/5 and N1/2 for free chains.9–12 Simulations predict weaker
stretching of the side chains in a good solvent, with an endto-end distance that scales with N1/2.13

A number of studies have sought to understand the conformation of bottlebrush polymers and quantify the degree of
stretching of both the backbone and side chains.1 The conformation of the backbone and side chains can be described
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neutron scattering

Both experimental work and computational simulations have
shown that the backbone is extended. Analysis of bottlebrushes adsorbed to a surface have reported a fully extended backbone (end-to-end distance scales with N),14,15 while
experiments on bottlebrush block copolymers have reported
a domain spacing that scales approximately with N0.9,16–19
suggesting that bottlebrush backbones are not fully elongated and have some conformational flexibility.16 Simulations
have predicted an extended but more flexible backbone, with
an end-to-end distance that scales with N0.71 in a good
solvent.13

Additional Supporting Information may be found in the online version of this article.
C 2016 Wiley Periodicals, Inc.
V
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A number of studies have characterized the conformation of
bottlebrushes in solution through scattering measurements,20–29 but very few have analyzed a series of samples
varying in backbone and side chain length. Furthermore, only
a few investigations have studied bottlebrushes made using a
“grafting-through” approach,22–24 which guarantees full grafting density. We previously analyzed poly(norbornene)-graftPS (PNB-g-PS) bottlebrushes through small-angle neutron
scattering (SANS) measurements of dilute bottlebrush polymer solution.22 Analysis of the scattering profile of dilute bottlebrush solutions provided the single molecular form factor,
which revealed a shape transition from spherical to elongated
bottlebrush polymers when the backbone degree of polymerization (DP) was sufficiently long (DP > 120).22 This finding
has been corroborated in subsequent scattering and rheological studies.6,23 However, a limitation of our prior SANS study is
that the series of bottlebrush polymers studied varied in both
the length of the side chain and backbone, which made it difficult to quantify the conformation of the bottlebrush backbone
and side chain separately.
Here, we seek to quantify the backbone and side chain conformation through quantitative analysis of a systematic, welldefined series of bottlebrushes in solution. We focus on a
series of bottlebrush polymers with poly(lactic acid) (PLA)
side chains. We characterize and analyze the series of bottlebrush polymers by SANS to extract a scaling relationship for
the radius and length as a function of side chain and backbone DPs. Side chains are found to be only weakly stretched,
with an end-to-end distance proportional to N0.55 while the
overall bottlebrush increases in size proportional to N0.77.
These results demonstrate that the bottlebrush backbone is
not fully extended and that both side chains and backbone
have significant conformational flexibility in solution.
EXPERIMENTAL

Materials
Lactide, stannous octoate, and solvents were purchased from
commercial suppliers. Lactide was recrystallized from ethyl
acetate twice prior to use. Anhydrous dichloromethane (DCM)
was degassed with nitrogen prior to use. Modified Grubbs’
catalyst ((H2IMes)(pyr)2(Cl)2RuCHPh)30 and N-(hydroxypentanyl)-cis-5-norbornene-exo-2,3-dicarboximide31 were synthesized as previously described. The identification of commercial
products does not imply endorsement by the National Institute of Standards and Technology nor does it imply that these
are the best for the purpose.
Synthesis of Norbornene-Poly(D,L-Lactic Acid) (NB-PLA)
NB-PLA was synthesized via ring opening polymerization in
a procedure modified from a previous study.32 In a representative reaction, lactide (16.8 mmol, 2.42 g), N-(hydroxypentanyl)-cis-5-norbornene-exo-2,3-dicarboximide (0.67 mmol,
167.3 mg), and stannous octoate (0.013 mmol, 5.45 mg)
were mixed and heated to 120 8C for 4 hours. The polymer
was collected by precipitation in methanol to yield NB-PLA-
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57(Mn 5 4361 g mol21, Ð 5 1.29). NB-PLA-37: (Mn 5
2678 g mol21, D 5 1.41).
Synthesis of Poly(Norbornene)-Graft-Poly(Lactic Acid)
Bottlebrush Polymers (PNB-g-PLA)
Ring-opening metathesis polymerization (ROMP) of the NBPLA macromonomers afforded bottlebrush polymers with
polynorbornene backbones and PLA side chains. In a procedure modified from our previous report,22 macromonomer
NB-PLA-57 (0.101 g, 0.023 mmol) was added to a 5 mL
round bottom flask equipped with a stir bar. The flask was
vacuum dried and backfilled with nitrogen three times, followed by the addition of degassed DCM (0.05 mol L21). A
stock solution of modified Grubbs’ catalyst (0.01 g in 1.0 mL
DCM) was added to the macromonomer solution at specified
molar ratios. After 2 hours, the reaction was quenched by
the addition of butyl vinyl ether (0.1 mL) followed by precipitation in 100 mL cold methanol. GPC analysis for all samples is provided in Figure S1.
Instrumentation
Gel-Permeation Chromatography (GPC)
Polymer molecular weights and molecular weight dispersities Ð were obtained using an Agilent 1200 module
equipped with three PSS SDV columns in series (100, 1000,
and 10,000 Å pore sizes), an Agilent variable-wavelength
UV/vis detector, a Wyatt technology HELEOS II multiangle
laser light scattering (MALLS) detector (k 5 658 nm), and a
Wyatt Technology OptilabreX RI detector. THF was used as
the mobile phase at a flow rate of 1 mL min21 at 40 8C. For
bottlebrush polymer synthesis, macromonomer conversion
was determined by comparing the integrated areas corresponding to bottlebrush polymer and unreacted macromonomer. Bottlebrush polymer dn/dc values were calculated by
assuming 100% mass recovery.
Nuclear Magnetic Resonance Spectroscopy (NMR)
Proton NMR (1H NMR) spectra were recorded using tetramethylsilane as an internal standard in CDCl3 on a 400 MHz
Bruker multinuclear spectrometer. Samples were placed in
5 mm o.d. tubes with a concentration of 10 mg mL21.
Small-Angle Neutron Scattering (SANS)
SANS measurements were performed at the National Institute of Standards and Technology Center for Neutron
Research on the NG3 and NG7 30 m instruments with a neutron wavelength of k 5 6 Å. Three sample-detector distances
were used (1.3, 4, and 15 m), providing an overall q range of
0.0014 Å21 < q < 0.4 Å21. Polymer samples were prepared
at a mass fraction of 1% in 1,4-dioxane-d8 and allowed to
equilibrate at RT for at least 4 hours before measurement.
The series of samples was also analyzed in toluene-d8, but
they were found to aggregate strongly, precluding analysis to
determine the single molecular form factor (see Figure S2).
Temperature control was provided by a water circulation
bath and was held constant at T 5 25 8C. Scattering data
were corrected for the solvent baseline with a scale factor
(0.95–1.02) appropriate for the mass fraction of solvent.
Model fitting was performed using NCNR Data Analysis IGOR
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SCHEME 1 Synthesis of PNB-g-PLA bottlebrush polymers through ROMP of NB-PLA macromonomers.

PRO software33 and the Guinier–Porod,34 rigid cylinder,35,36
and flexible cylinder37 models. Model fitting was performed
through nonlinear least squares and parameter uncertainty
is determined through reduced chi-squared analysis to
assign a confidence interval which represents one standard
deviation of the Gaussian spread for each parameter.38

463 kg mol21, molecular weight dispersity Ð less than 1.1,
and macromonomer conversions greater than 90%. PNB-gPLA bottlebrushes with NSC  60 have Mw 172–
969 kg mol21, molecular weight dispersity Ð less than 1.22,
and macromonomer conversions greater than 95%. GPC
analysis for all samples is provided in Figure S1.

Transmission Electron Microscopy (TEM)
TEM was performed on JEOL 2010 TEM. Polymer solutions
(0.1–1 mg mL21 polymer in chloroform) were drop-cast
onto carbon grids, dried, stained with 10% phosphotungstic
acid (PTA), and immediately transferred to the microscope
for imaging.

Selected samples were analyzed by transmission electron
microscopy (TEM), as shown in Figure 1. These measurements provided a size estimate for samples in the range of
15–28 nm for bottlebrushes tested (Table S1). While the bottlebrushes appear spherical, we note that this measurements
are for dry bottlebrushes adsorbed to a substrate. We expect
that adsorption to the substrate or solvent evaporation during casting can have an impact on polymer conformation
and, therefore, provide only a rough estimate of bottlebrush
size in solution.

DISCUSSION

PNB-g-PLA bottlebrush polymers were prepared by ringopening metathesis polymerization (ROMP) of norbornene
terminated PLA macromonomers (see Scheme 1). Details on
sample preparation, synthesis, and preliminary characterization are provided in the Supporting information. Due to
extremely high reactivity and fast kinetics32 of NB-PLA macromonomer, this chemistry allows for the synthesis of a welldefined series of bottlebrush polymers with systematically
increasing backbone lengths (see Table 1). Side chain PLA
macromonomers have molecular weights of approximately
2600 and 4300 g mol21, which corresponds approximately
to side chain degrees of polymerization (NSC) of 30 and 60,
respectively. The precise molecular weights and NSC values
for all samples are reported in Table 1. PNB-g-PLA bottlebrushes with NSC  30 have molecular weights (Mw) 64.6–

We carried out small-angle neutron scattering (SANS) to quantify the conformation of the bottlebrushes as a function of side
chain and backbone degrees of polymerization, NSC and NBB,
respectively. SANS experiments were performed by dissolving
PNB-g-PLA bottlebrushes at 1 wt% in 1,4-dioxane-d8. The
series of samples was also analyzed in toluene-d8, but they
were found to aggregate strongly, precluding analysis to determine the single molecular form factor in this solvent (see Figure S3 for corresponding scattering traces).
SANS data for PLA bottlebrushes in dioxane-d8 are shown in
Figure 2. The SANS traces can be qualitatively interpreted by
focusing on three key regions.22 Scattering at low-q

TABLE 1 Characteristics of NB-g-PLA Bottlebrushes Analyzed by Small-Angle Neutron Scattering

Bottlebrush (PLA NSC–NBB)

Mn,SCa
(g mol21)

[MM]/cat.

Mw,BBb
(g mol21)

NSC

Ð b (Mw/Mn)

NBBc

% MM
Convd

dn/dc

PLA30–25

2630

PLA30–50

2680

34

25

64,600

1.06

25

90

0.051

34

50

138,000

1.10

52

98

0.056

PLA30–90
PLA30–140

2680

34

100

234,000

1.09

87

99

0.052

2680

34

150

386,000

1.11

144

100

0.051

PLA30–170

2680

34

200

463,000

1.11

173

99

0.050

PLA60–40

4550

60

50

172,000

1.22

38

95

0.049

PLA60–100

4360

57

100

421,000

1.11

97

99

0.045

PLA60–150

4360

57

150

643,000

1.13

147

99

0.046

PLA60–220

4360

57

200

969,000

1.14

222

99

0.042

a

Determined from 1H NMR end-group analysis.
Absolute weight-averaged molecular weight and molecular weight
dispersity of bottlebrush polymers calculated from GPC light-scattering
analysis.
b
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c
Calculated using Mw for bottlebrush polymers and Mbranch  Mn,SC for
PLA side chains.
d
Conversion of NB-PLA calculated using GPC-RI analysis.
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FIGURE 1 TEM micrographs of selected PNB-g-PLA bottlebrushes. (A) PLA30–50; (B) PLA30–200; (C) PLA60–40; and (D) PLA60–200.
All scale bars are 50 nm.

(q < 0.03 Å21) reflects the overall size and shape of the bottlebrush, and an upturn in the scattered intensity (q < 0.01 Å21)
indicates some degree of intermolecular aggregation in solution. The middle-q region (0.03 Å21 < q < 0.1 Å21) provides
information about bottlebrush polymer length, shape, and
cross-sectional area, and the high-q region (q > 0.1 Å21)
reflects molecular-level thermal fluctuations. Within each
series of PLA bottlebrushes with identical side chain lengths,
the samples exhibit near quantitative overlap in the middle-q
region, reflecting a constant cross-sectional area for bottlebrushes with similar side chain lengths. Bottlebrush polymers
with longer backbones exhibit a pronounced upward slope in
the q-range from 0.01 to 0.03 Å21, consistent with a more
elongated molecular structure.
All samples exhibit some evidence for intermolecular aggregation, evidenced by a sharp upturn in scattering below
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q 5 0.01 Å21. Clustering (observed as low-q upturn) has been
reported both synthetic polymers and biomacromolecules in
polar solvents.39,40 Recent work has elucidated the potential
sources of clustering in polar solvents, but the cause and
structure of clusters is not fully understood.39,41,42 We are
unable to estimate a size for the aggregates since only an
upturn in scattered intensity is observed. However, the features of the scattering curve corresponding to the molecular
form factor are clearly separated from the upturn at low-q. In
this work, we focus only on the region for which q > 0.01 Å21
in order to extract the bottlebrush molecular form factor.
To quantitatively analyze the SANS data and extract single
molecular details, we first apply the Guinier–Porod model,
which is an empirical model applicable to objects of arbitrary shape.34 This model is used as a starting point to
understand general properties of the solution conformation
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with our prior study, where we concluded that Rg from the
Guinier–Porod model reflects the bottlebrush radius.22 As
shown in Table 2, the dimension parameter s increases with
NBB, and thus the model of the scattered intensity indicates
the bottlebrushes transition from spherical to rod-like globules with increasing NBB. This was observed in our prior
study with PS bottlebrushes22 and has been observed
others.6,24 Although a completely empirical model, the
Guinier–Porod model successfully captures the sphere-to-rod
transition in the bottlebrush series with increasing backbone
DP.

FIGURE 2 SANS traces for PNB-g-PLA bottlebrushes with
NSC 5 30 (top) and NSC 5 60 (bottom) in 1,4-dioxane-d8. Statistical uncertainties correspond to one standard deviation. [Color
figure can be viewed at wileyonlinelibrary.com].

of the bottlebrushes. The Guinier–Porod model contains a
total of three adjustable parameters: two parameters related
to the molecular form factor (radius of gyration Rg and the
dimension parameter s) and one (Porod factor P) related to
scattering at high-q. The dimension parameter s reflects the
anisotropy of the scattering particles, with 0 corresponding
to a spherical globule and 1 a rod-like object. Intermediate
values correspond to intermediate anisotropies. The Porod
factor P sets the slope for I(q) in the high-q region. More
detailed discussion of this model is available in the published literature.34,43 The model produces a reliable fit to the
scattered intensity, as shown in Figures S3 and S4.
As shown in Table 2, the Guinier–Porod model predicts similar values of the radius of gyration Rg for bottlebrushes with
the same side chain DP. For bottlebrushes with NSC 5 30,
the Guinier–Porod model gives Rg, between 37.7 and 50.4 Å,
while for NSC 5 60 the Rg is 53.4–60.4 Å. This is consistent
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We next analyzed the scattering data using a rigid cylinder
and flexible cylinder models. The rigid cylinder model contains two adjustable parameters, the radius R and bottlebrush length L, and assumes that the bottlebrush is a rigid
cylinder.35,36 The model adequately reproduces the scattered
intensity in the mid- and low-q regions, as shown in Figures
S65 and S6. We note that the model is not extended to the
high-q region since this portion of the scattered intensity is
not captured by a molecular form factor, but rather a powerlaw decay as in the Porod model. Parameter values along
with uncertainties are presented in Table 2. The rigid cylinder model predicts a bottlebrush radius that is close to the
Rg values predicted by the Guinier–Porod model but much
more consistent across samples with similar side chain
lengths, roughly 44.8 6 2.0 Å for NSC 5 30 and 59.6 6 3.1 Å
for NSC 5 60. Error bars obtained from fitting correspond to
one standard deviation. The cylinder length L increases with
the backbone DP for both side chain series. Consistent with
the predictions of the Guinier–Porod model, the rigid cylinder model indicates that as the backbone DP increases, the
bottlebrush aspect ratio increases significantly. The bottlebrush radius remains constant, but the overall sample length
increases rapidly with backbone DP.
Next, we analyzed the scattered intensity using the flexible
cylinder model.37 The flexible cylinder model contains three
adjustable parameters: the contour length (CL), Kuhn step
length (kK), and a radius (R). Using the values from the rigid
rod model as a starting point along with an initial guess of
TABLE 2 Results from Best-Fit of Guinier–Porod Model to Scattered Intensity for PNB-g-PLA Bottlebrushed in 1,4-Dioxane-d8
Polymer

S

Rg (Å)

P

PLA30–25

0.0

41.1 6 0.07

3.5 6 0.02

PLA30–50

0.05 6 0.02

48.0 6 0.47

3.0 6 0.01

PLA30–90

0.31 6 0.01

47.0 6 0.37

3.1 6 0.01

PLA30–140

0.67 6 0.01

38.6 6 0.40

3.0 6 0.01

PLA30–170

0.72 6 0.01

37.2 6 0.60

3.1 6 0.01

PLA60–40

0.0

59.8 6 0.10

3.5 6 0.01

PLA60–100

0.38 6 0.02

60.4 6 0.75

3.1 6 0.01

PLA60–150

0.51 6 0.02

56.6 6 0.65

3.2 6 0.01

PLA60–220

0.63 6 0.02

53.4 6 0.63

3.3 6 0.01

Statistical uncertainties correspond to one standard deviation.
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TABLE 3 Results from Best-Fit of Rigid and Flexible Cylinder Models to Scattered Intensity for PNB-g-PLA Bottlebrush Polymers in
1,4-Dioxane-d8
Cylinder
Polymer

L (Å)

Flexible Cylinder
R (Å)

CL (Å)

R (Å)

kK (Å)

PLA30–25

78 6 29.7

47.2 6 8.1

81.2 6 1

41.5 6 0.1

142 6 2

PLA30–50

150 6 1.1

43.2 6 0.2

149 6 1

42.7 6 0.3

187 6 10

PLA30–90

213 6 1.7

43.6 6 0.1

227 6 4

43.0 6 0.3

160 6 4

PLA30–140

241 6 3.7

46.7 6 0.2

319 6 5

40.3 6 0.2

169 6 4

PLA30–170

297 6 4.0

43.3 6 0.2

386 6 26

37.3 6 1.3

105 6 12

PLA60–40

156 6 1.0

54.0 6 0.2

151 6 1

50.7 6 0.1

257 6 4

PLA60–100

264 6 3.0

60.5 6 0.2

451 6 24

50.2 6 0.6

112 6 11

PLA60–150

306 6 3.9

60.0 6 0.2

462 6 33

51.2 6 1.0

116 6 15

PLA60–220

425 6 12.4

59.8 6 0.2

482 6 30

51.8 6 0.3

126 6 14

Statistical uncertainties correspond to one standard deviation.

168 Å for kK,44 we were able to converge on best fit solutions
with the flexible cylinder model for all samples in the series.
The resulting parameter values are provided in Table 3, and a
plot of the experimental data and model predictions are
shown in Figures S7 and S8. In comparing the flexible cylinder
model predictions to the rigid cylinder, the flexible cylinder
predicts a modestly smaller R. The contour lengths are similar
between the two models for backbone DPs less than 50, but
for longer bottlebrushes the contour length CL is predicted to
be much greater than the rigid rod length L. Plots comparing
the model parameters predicted from the rigid cylinder and
flexible cylinder model are shown in Figure S9.
The Kuhn lengths predicted from the flexible cylinder model
fall in the range of 100–200 Å, consistent with prior scattering
studies of bottlebrushes,21,22,26,29,44 but no clear trend is
observed in our model fitting results with either backbone or
side chain lengths. While theoretical and computational studies uniformly predict that the persistence length of bottlebrush
should increase with both side chain and backbone
lengths,10,11,13,20,45,46 experimental findings have been less
clear. Several studies have measured a persistence length independent of backbone and side chain length for bottlebrush
polymers,21,22,24,47 while other experimental studies have
found that the backbone of persistence length is a strong function of side chain length.27,28,44,47–51 Our results are consistent
with the former studies, but it is important to note that these
various experimental studies report bottlebrush polymers that
vary in a number of molecular parameters: side chain and
backbone lengths, side chain composition, and grafting densities. For example, we would expect a very different rigidity
and step-length for bottlebrushes based on a PNB backbone as
in the present study compared with bottlebrushes based on a
poly(methacrylate) backbone.21 Furthermore, as Hsu et al.13
note, simulations and scaling analysis predict a persistence
length and rigidity for the bottlebrush backbone, while experiments measure rigidity for the entire bottlebrush polymer.
A comparison of the present set of materials to those studied
previously by scattering can provide insight into the results
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of the model fit. For the particular samples under study, the
overall bottlebrush length is roughly 2–3 times the expected
Kuhn length and the ratio of the Kuhn length to the bottlebrush radius kK/R is 2–4. By comparison, in the studies by
Rathgeber et al.21 the backbone lengths exceeded 100 nm,
and the ratio of the Kuhn length to the radius kK/R was
roughly a factor of 10. Bolisetty et al.26 reported bottlebrushes with very long backbones (DP of 1600 monomer
units) and a ratio of kK/R exceeding 10. Similarly, in the
studies by Zhang and Gr€
ohn et al. studied bottlebrushes with
backbone DPs exceeding 1000 and side chains of 30 units or
less, and for their samples the ratio kK/R was larger than 10.
Zhang et al.24 studied bottlebrush polymers of a similar
backbone and side chain size to those in the present study
and found that both an ellipsoidal and a rigid cylinder model
provided an accurate representation of the scattering data
(results from a flexible chain model were not reported). In
the present study, we note that the flexible chain model does
provide an adequate fit for the scattered intensity, and the
parameter values for the Kuhn lengths (10–20 nm) is comparable to what has been reported previously. However, the
Kuhn length is found to decrease with increasing side chain
length, and the flexible cylinder model predicts values with
significant uncertainty, as shown in Table 3. We attribute
this to the much longer side chains and shorter backbones
relative to the studies discussed above, and conclude that we
can only provide an estimate of the Kuhn length but not a
trend with side chain or backbone length.
Using the rigid cylinder model for the radius R and length L,
respectively, we can extract a power-law scaling for the endto-end distance for both the side chains and backbone:
vSC
R5lSC 3 NSC

L5lBB 3 NBvB
where R is the end-to-end distance of the side chain, L is the
end-to-end distance of the backbone, lSC the size of a side
chain repeat unit, lBB is the size of a backbone repeat unit,
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NSC is the degree of polymerization of the side chains, NB is
the degree of polymerization of the backbone, mSC is the scaling parameter for the side chain, and vB is the scaling exponent for the backbone. Using a size of a PLA and PNB repeat
unit of 5.8 and 7.3 Å, derived from calculated bond radii,52,53
we find a power-law exponent for the side chains of
mSC 5 0.58 (R2 5 0.986). For the series of PLA bottlebrushes
with NSC 5 30 and 60, the scaling result predicts a backbone
scaling exponent of mB 5 0.74 (R2 5 0.993) and 0.79
(R2 5 0.967), respectively. Power-law fits for the side chains,
and backbone is shown in Figure S10.
Assuming the solvent is a theta-solvent,54 side chains are
only weakly stretched relative to free polymers in solution.
This is a smaller exponent than what is predicted through
scaling theories9–12 but consistent with simulations, which
have found that the side chains are approximately Gaussian
chains.13 The bottlebrush backbone is more extended than
the side chains but retains significant conformational flexibility (a fully extended chain would have an end-to-end distance that scales linearly with NBB). Our measurements
indicate significantly greater flexibility for bottlebrushes in
solution compared to those in the melt (scaling exponent of
0.916), and our results are in good quantitative agreement
with the simulation predictions by Hsu et al. for a bottlebrush polymer in a good solvent, in which they predict
vSC 5 0.5 and vB 5 0.7.
CONCLUSIONS

A series of well-defined bottlebrush polymers with PLA side
chains were analyzed by small-angle neutron scattering.
Three different models were applied to interpret the neutron
scattering data, the empirical Guinier–Porod model, rigid cylinder, and flexible cylinder models. The rigid cylinder model
was found to provide the best fit of scattered intensity, and
parameters from this model were used in estimates for the
end-to-end distances for bottlebrush side chains and backbone. Analysis of the series of bottlebrushes indicates that
the side chains are only weakly stretched relative to free
Gaussian chains while the backbone is more elongated and
has an end-to-end distance scales approximately with N0.77.
This indicates that bottlebrushes retain significant conformational flexibility in solution.
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