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Abstract

We have used anionic polymerization to synthesize polymers of linear and bottlebrush architecture

each with a polydimethylsiloxane backbone. The blending of polymer architectures has the effect
of changing material properties, e.g. the viscoelasticity, which is connected to the chain
conformation. Thus, we explore the conformation of bottlebrush polymers in a linear host melt
both as a function of the concentration as well as for various molecular weights of the linear host

matrices. Our bottlebrush polymers are seen as shell-only particles with a negligible core size. We
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find a substantial influence of the molecular weight of the linear matrices on the structure of the
bottlebrushes and their interactions. In samples with a low molecular weight matrix that has the
same degree of polymerization as the side chains, the bottlebrush behavior is consistent with an
effective theta solvent condition for all concentrations. With increasing molecular weight of the
host matrix, this condition is only reached at the highest concentration of the bottlebrush polymers.
The increase of the molecular weight of the host matrix leads to a shrinkage of the bottlebrushes
and subsequently to a formation of clusters at higher volume concentrations. None of the scattering
patterns show a pronounced correlation peak, however decreased forward scattering associated

with a structure factor effect is observed.

Keywords

Bottlebrush, Shell-only particle, Star polymer, Colloid-cluster transition, Osmotic shrinkage

Introduction

Bottlebrush polymers are densely grafted macromolecules. They have gained significant
attention in theoretical'® and experimental works,%! because of their architecture and resultant
properties. The main structural features are the covalently bonded side chains on a backbone,
which allows a manipulation of material properties, simply by changing the length of the side
chains, the type of polymer used for the side chains, or the grafting density, i.e. ratio of side chains
to backbone repeating units.*?> Applications include viscosity index manipulation,*® supersoft
elastomers'#® or photonic bandgap materials.*®'” The overall shape of the bottlebrush polymer is
driven by the ratio of the degree of polymerization (DP) of grafted side chains, DPsc, compared to
the backbone DPy,. Bottlebrushes assume a spherical shape for DPs. > DP,,,. By decreasing the

side chain length, at a constant backbone length, a transition into a cylindrical or filament like
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structure occurs.® 18 In the spherical region, the bottlebrush polymer is reminiscent of a star
polymer (Figure 1).1%%° From theory a star polymer is defined as a single molecule with chains
attached to a central point. Experiments attempt to reach this definition as far as possible, but multi-
arm star polymers require a finite sized core because of steric repulsion between the arms. A typical
example is the utilization of a dendritic core.??> The number arms that can be attached to a
dendritic core are given by the functionality, which is directly related with the number of dendrimer
generations. A multi-arm star polymer implies several generations which leads to a finite sized
core.’® 2 In comparison the core size of a bottlebrush is negligible, as illustrated in Figure 1.
Therefore, spherical bottlebrush polymers are an ideal model system for soft particles. Due to the
small core size, and the low dispersity of the side chains, the particles have a narrow dispersity. In
comparison with polymer grafted nanoparticles (core-shell architecture),?* these star-like polymer

can be envisaged as shell-only particles.

Figure 1: Schematic comparison between a) spherical bottlebrush polymer and b) star polymer.
The core of the bottlebrush polymer is vanishingly small compared to the core of the star

polymer.

In this paper we present a structural analysis of a spherical bottlebrush polymer dispersed in linear
host matrices of varying molecular weights, measured by small angle neutron scattering (SANS).
This mixture of architectures effectively represents shell-only particles immersed in linear polymer

melts, allowing to study the molecular weight dependent changes on the morphology at the nano

3
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and mesoscopic length scale of the shell. We focus on a solvent free system which is the limiting
case for existing experiments in the literature on solutions of star polymers where linear chains are
added to the system.?>28 The molecular weight as well as the grafting density are determined by a
combination of multi-angle light scattering gel-permeation chromatography (GPC-MALS) and
nuclear magnetic resonance spectroscopy (NMR). SANS data have been analyzed using the
random phase approximation (RPA) including a modified core-shell model and a Debye form
factor, yielding information on the overall radius R of the bottlebrush polymer, the number of side

chains f and the blob size ¢.

Theory

Model function for single particle form factor P(Q) — Modeling of the SANS
data
The shape of bottlebrushes depends on the ratio of the degree of polymerization of the side

chain, DPsc, with that of the backbone, DPgg. For

DP .
DPSC > 1, they assume a spherical structure.?®
BB

For this case, the bottlebrush polymer can be approximated as a star polymer.2% 3
Form factor P(Q)

The total scattering intensity, 1(Q), is a product of the single particle form factor, P(Q),
describing the shape of the object and the structure factor S(Q), which accounts for the interaction

between neighboring particles. For monodisperse systems,

1(Q)  P(Q) - S(Q) @
whereby for dilute systems S(Q) = 1 and 1(Q) = P(Q) and can be described by a core-shell

model initially derived for micelles and star polymers.3-3 The scattering intensity is:
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total

with the single particle form factor P(Q) of chains attached to a core, following Pedersen® with
“core” referring to the backbone, “shell” to the side chains, ® to the volume concentration and
Viotar 10 the total volume with Viorar = f * Vsner + Veore-
P(Q) = ApZoreVeore A(Q)Zore
+2fApcoreBPsnenVeoreVsneA(Q) core A(Q) sheur
+ApZhenVenenA(@)snenf (f — 1)

+a - fAPGrenViheuP (@ bion

©)

APeore = Peore — Psotvent N APshetr = Pshetl — Psoivent deScribe the contrast of the core and the

shell to the solvent, respectively. The constants pg,.;; and p.o are the scattering lengths densities

Mw;

of the shell and core. The volumes V,,,.. and Vy.;; are defined as V; = with the Avogadro

eiNa
constant N, = 6.022 - 1023 mol, weight average molecular weight M,,, and mass density o;
being associated with the core and the shell, and f denoting the number of side chains per
molecule. The form factor of the blob scattering, P,;,5, can be described with the Beaucage form
factor®* for arbitrary chain statistics, scaled with the prefactor a. It describes the internal chain
conformation within the shell, where each side chain is composed of several blobs with increasing
size by increasing radial dimension from the center to the outside. In this small region the polymer
chain behaves as a Gaussian coil *®

dr

Qké\’
erf| ==
AR WEANTA i) 2

3 g
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Here, k = 1.06 is an empirical constant, ¢ the radius of gyration and d; the fractal dimension of
the scattered particle which is typically dr = 2 for melt or ®-conditions. This parameter is
connected to the Flory exponent v with d = 1/v, giving the typical value of v = 0.5 for melt or
®-condition.®

The normalized scattering amplitude of the core with a constant density profile can be

written as:

3(sin(QR.) — (QR.) cos(QR.))
AQ)core = (OR.)? ®)

with R, as the core radius.
The shell can be described with the normalized scattering amplitude A(Q).;; Obtained by

Fourier transformation of an explicit density profile.

f 1:; 4mr? San(—gr) @ (1) stardr (6)

R
fRC 4nr2Q (1) stardr

A(Q)sheu =

The shell dimension of our particles is finite, therefore we can use the overall radius R for the
upper integration limit instead of co.
The star like density profile ¢ ()4, arises from the scaling theory for star polymers®> ¥

with a star consisting of three different regions (Figure 2): core, unswollen and swollen regions.
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Core r < r,: ¢(r) = const.

Unswollen 7, <r<r;: o(r) ~r"

1-3v/v

Swollen r, <r: o) ~r
Figure 2: Model for star like representation including blobs of three different density regions
originating from scaling theory:3>3" Core, unswollen and swollen regions with v being the Flory

exponent: v = 0.588 for good solvent and v = 0.5 for ®-condition.

Our system comprises a polymer melt as matrix, giving a ®-condition®, with v = 0.5. By taking
this Flory parameter into account, the swollen region reduces to ¢(r) o« r~! and merges together
with the unswollen region. Therefore, only core and shell (unswollen region) are left. The shell
can be described by the following density profile ¢ () gqr: 3%

T'_l

O(M)star = (7

(1+ew (57)

Here the radial dependence of the monomer density distribution*! is multiplied with the Fermi cut-

off function to ensure a smooth density decay at R including the smearing parameter o for

averaging over all chains.
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By considering the scattering lengths of each part of our (h-PDMS)-g-(d-PDMS)
bottlebrush polymer with deuterated side chains, having protonated end groups at the dangling
ends, we have three different contrasts (Figure 3a): core, shell and end group. By including every
contrast into the form factor P(Q) we have a core-shell-shell structure, where the second shell
consists only of the end group contribution. However, the end group still belongs to the side chains
which build up the shell of the bottlebrush polymer, just because of the different contrast we named
it as a second “shell”. The scattering intensities of the core and the end group shell is at least one

order of magnitude weaker in comparison to that of the shell (Figure 3b).
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Figure 3: a) Scattering length density p vs. radius R of the protonated core, the deuterated shell
and the protonated end group. Core and end groups have a constant density profile, whereas
the shell has a radial dependence based on scaling theory (equation 7). b) Scattering intensity,
I(Q) vs momentum transfer Q of the model function together with the intensities from the

individual contributions.
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Therefore, we can approximate the (h-PDMS)-g-(d-PDMS) bottlebrush by only considering the
shell and the blob contribution. As the later analysis demonstrates, these two parts are sufficient to
describe the whole scattering curve (cf. Results and Discussion section). Accordingly, the single

particle form factor P(Q), can be written as:

P(Q)pp = MpheuVineunAQ) henf (f — 1) + a - fFAPZe1VéeuP (@) bion (8)

with the same expressions for the scattering amplitude as described earlier.
For systems composed of different architectures and different isotope labeling - here
deuterated bottlebrush polymers and protonated linear chains - the random phase approximation

(RPA) allows to weight all contributions including the interactions between them.

(Ap)? 1 1 (9)
= — —2v/V
Q) ~ DoaVonP @y T ®1cVicP@popre X0

Here @; and V; correspond to the respective volume fraction and molecular volume of the
bottlebrush polymer with Vgg = f - Vneny @nd the linear chains, V,, is the geometric average
monomer volume with V, = mwhere Vy and V;, are the protonated and deuterated monomer
volume respectively.”? P(Q) pepye is the form factor of the linear chains of the host matrix and is

given by the Debye formula

2
P(Q)penye = W(QZRé — 1+ exp(—Q?R2)) (10)
g

with the radius of gyration R,. R, was calculated based on the relationship (R}) = %(Rge) and the

statistical segment length b = 6.2A of PDMS, which was determined independently
(cf. Supporting Info, Figure S1). For all modelling, R, was fixed to theoretical values. The

formfactor, used for considering the bottlebrush contribution changes from equation (8) to

10
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P(@ss = A@%heuz(f — D +a < P(@piob (11)

f f

Most of the parameters presented above are calculated from the chemistry of the molecules. As
seen in Figure 3a, the whole scattering curve can be described with the shell and the blob
contribution only. Each part can be described with a set of two parameters independent of each

other.
Materials and Methods

Synthesis

All reactions and manipulations were carried out under high vacuum or in a glovebox, with
the oxygen and moisture level below 1 ppm, using standard high vacuum and Schlenk
techniques.** All flasks were equipped with PTFE stopcocks to allow for high vacuum
manipulation without the use of glassblowing. All chemicals and solvents were purchased from
Millipore Sigma, except a,w-divinyl-polydimethylsiloxane (DMS-V42) (Gelest Inc.) and purified
as described below. Benzene was distilled and dried over a tert-butyl lithium —
1,1’diphenylethylene mixture and freshly distilled into the reaction flasks, THF was dried over
CaHy, distilled, dried over Na/K-benzopheneone and freshly distilled into the reaction flask before
use. Hexamethylcyclotrisiloxane (D3) was sublimated and dried in a 10 wt% solution of benzene
over CaHy, distilled, subsequently dried over tert-butyl lithium and distilled into the reaction flask
prior to use. Deuterated hexamethylcyclotrisiloxane (Dz-d18) and octamethyltrisiloxane (Ds-d24)
were synthesized following established procedures.*** Further details can be found in the

respective literature. 434

11
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Synthesis of host matrices:

The two low molecular weight matrices (lin-h-PDMS9k and lin-h-PDMS38k) were
synthesized via kinetically controlled anionic ring opening polymerization (ROP) of Ds, initiated
by lithium ehtynyldimethylsilanolate in a 50:50 mixture of benzene and tetrahydrofurane.*® The
polymerizations were terminated with chlorodimethylvinylsilane, dried, precipitated from toluene
into methanol and dried under high vacuum. The lin-h-PDMS68k was fractionated from
polydisperse PDMS via solution fractionation from a 1.5 volume percent solution in toluene
through the addition of methanol as the third fraction and dried under high vacuum. The lin-d-
PDMS3k was synthesized via cationic equilibrium ROP of Ds-d24 with hexamethyldisiloxane and
triflic acid.*” All polymers are analyzed via GPC-MALS and *H NMR. The molecular weight,
radius of gyration R, and polydispersity M,,/M,, of the linear host matrices and the deuterated
linear PDMS are summarized in Table 1.

Table 1: Weight average molecular weight M,,, number average molecular weight M,

polydispersity M,, /M, and the calculated radius of gyration R;“’C of the linear

poly(dimethylsiloxane) (PDMS) polymer melt, used as the host matrix for the PDMS-g-PDMS
bottlebrush polymer. ®Based on the statistical segment length of PDMS, b = 6.2 A.

(cf. Supporting Info, Figure S1)

Name M,, (g/mol) M, (g/mol) M, /M, RS™e (R)?
lin-h-PDMS9k 10600 8700 1.21 30.2
lin-h-PDMS38k 44700 38000 1.17 62.2
lin-h-PDMS68k 69400 68000 1.02 77.5
lin-d-PDMS3k 3600 3000 1.21 17.0

12
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Synthesis of Bottlebrush PDMS-g-PDMS:
PDMS bottlebrushes were synthesized via the grafting-to method from living PDMS side
chains onto a backbone with chlorosilane functionality (Figure 4).

DC DiC D, (|\33

1, L|\o “Si O(&g > y\

\ cl 2. TMSCI DiC DsC, \SlH([]
‘(,3(\0,), 3. MeOH 0:c \i O\\
(CsHg/THF) \ O

A s

Figure 4: Synthetic scheme towards PDMS bottlebrushes via a grafting-to method of living

PDMS chains onto polychloromethylsiloxane.

The backbone precursor, polymethylhydrosiloxane (PMHS), was synthesized via cationic
equilibrium ROP of tetramethylcyclotetrasiloxane with tetramethyldisiloxane and trifilc acid,
precipitated into acetonitrile and fractionated from dry toluene through addition of dry
acetonitrile.*® The seventh fraction was collected for use and dried under high vacuum. The
backbone is activated through chlorination via an adapted method from Varaprath and Stutts.*°
Trichlorosiocycanuric acid was suspended in dichloromethane and PMHS in dichloromethane was
added dropwise for a constant reflux. The reaction was stirred for two hours and then THF added
dropwise for a constant reflux; the reaction was stirred overnight, dried under high vacuum and
suspended in pentane. The suspension is filtered through a 220 um PTFE filter membrane and
dried, giving polychloromethylsiloxane (PCIMS). The side chains were synthesized via kinetically
controlled anionic ring opening polymerization (ROP) of Ds-d18, initiated by tert-lithium in a
50:50 mixture of benzene and tetrahydrofurane. After completion a small aliquot was taken for
analysis and the remainder added to a solution of PCIMS in benzene. The reaction was stirred for

20 h at 25 °C and terminated via the addition of chlorotrimethylsiloxane. After removal of all

13
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solvents and precipitation from methanol into toluene, the resulting bottlebrush was received as
the first fraction of the precipitative fractionation with toluene and methanol as solvent/non-solvent
combination for the removal of free side chains. The molecular weights and polydispersity of side
chain (d-PDMS), the backbone (h-PDMS), together with values for the whole (h-PDMS)-g-(d-
PDMS) bottlebrush polymer are summarized in Table 2 (cf. Supporting Info, Figure S2). This
gives a grafting density of side chains per backbone repeating unit of 56%, the residual free
grafting sites were terminated with methoxy groups. This value is well above the threshold
between comb and bottlebrush polymer.

Table 2: Molecular weight My, degree of polymerization DP, and polydispersity M,,/M,,, of

the side chain (d-PDMS), the backbone (h-PDMS) and the (h-PDMS)-g-(d-PDMS) bottlebrush

polymer. @Per definition of a bottlebrush polymer.

Name M, (g/mol) M,, (g/mol) DP M,,/M,
Side chain 10800 11400 136 1.07
Backbone 4160 4230 70 1.02
Bottlebrush 404000 446000 709 1.10

Sample preparation:

PDMS-g-PDMS bottlebrush and linear host matrices were weighed into 1.5 mL vials on a

0.3 g total weight scale, dissolved in pentane, shaken for 24 h and dried under high vacuum.

14
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Small-Angle Neutron Scattering (SANS)

Small-angle neutron scattering (SANS) experiments were carried out on the 40 m
QUOKKA®! instrument at the OPAL reactor at the Australian Nuclear Science and Technology
Organization (ANSTO), Sydney, Australia. Three instrument configurations were used, two with
equal source-to-sample and sample to detector distances of 20 and 8 m, and the final configuration
with a source-to-sample distance of 12 m and a sample-detector distance of 1.3 m with a 300 mm
lateral detector offset to increase the maximum accessible Q. Source and sample aperture
diameters of 50 mm and 12.5 mm, respectively, were used. 5 A neutrons (AMA = 10%) were used

at all of these configurations. These configurations provided a @ range of
0.003A' < Q < 0.8 A~ with the momentum transfer Q = 4T’Tsin (g) and scattering angle 9.

The data reduction was performed using the suite of NCNR SANS reduction macros®?, modified
for the QUOKKA instrument, in the IGOR software package (Wave metrics, Oregon, US). After
correction for empty cell scattering, transmission and detector response, the data were radially
averaged and transformed onto an absolute scale by calibration with an attenuated direct beam. All
samples were additionally background corrected, by subtracting the corresponding contributing

volume fraction from the linear PDMS melt and incoherent scattering contribution.

Results and Discussion

Structural Analysis

We conducted SANS studies on the poly(dimethylsiloxane) (PDMS) bottlebrush polymer
((h-PDMS)-g-(d-PDMS)) in  linear PDMS host matrices with molecular weight

M, = 8700,38000,and 68000 g/mol - namely lin-h-PDMS9k, lin-h-PDMS38k, and lin-h-

15



236  PDMS68kK - respectively. The intensities, divided by their respective bottlebrush concentration,

237  are shown in Figure 5 and Figure 6.
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Figure 5: Scattering intensities 1(Q) vs. Q of PDMS-g-PDMS bottlebrush polymers in lin-h-

PDMS9 (a) and lin-h-PDMS38k (b) matrices in double-logarithmic representation.
Concentration series normalized to the respective volume fraction @ including the extrapolated

values that represent I(@ = 0). The full cyan line represents a core-shell model used to describe
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the lowest scattering intensity @ = 0.5% based on equation (9). The errors are within the

symbol size and not shown for clarity.

The scattering intensities of (h-PDMS)-g-(d-PDMS) bottlebrushes in lin-h-PDMS9k
(Figure 5a), superimpose in the intermediate to high Q-region, but show substantial differences at
the low Q. An extrapolation of the concentration series to ® — 0 (yellow stars), by using
® = 0.5%,1%, and 5%, indicates that there is a negligible or no structure factor S(Q)
contribution at the lowest measured volume fraction.>

This region of small momentum transfer is particularly sensitive to the structure factor,
which would be visible as reduced forward scattering through a repulsive interaction. The
scattering at the lowest concentration of ® = 0.5% is therefore consistent with the dilute regime
enabling access to the particle form factor P(Q).

The low Q-range corresponds to the Guinier region, whereas the intermediate Q ~* behavior
reflects the Porod law. As seen in the scattering curve, the transition between Porod and Guinier
region is not accompanied by an additional region of a different slope. This suggests that the
structure of the PDMS based bottlebrushes is consistent with spherical objects. The Q=2 decay in
the high Q-region is a signature of blob scattering,®® whereby only the outermost blob is visible in
SANS experiments.>* One may therefore pose the question as to whether the size of the blobs
changes with distance from the center. In order to tackle this question, we recall that the lin-h-
PDMS9k matrix and the side chains of the bottlebrush have the same molecular weight. Therefore,
we can assume that the mixture physically acts as a concentrated star solution, by considering the
bottlebrushes and the linear chains together. This statement is based on the classification of Daoud
et al.>® which considers two regions - dilute and concentrated solutions - for scaling theory. These

assumptions will be used further. Based on the scaling laws for this region (concentrated region),

17
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all blobs have the same size once they start to overlap.®> 3" % Additionally, the power law in the
blob region observed in our experiments follows Q=% = Q~2. It is connected to the Flory
exponent v by dr = 1/v. Therefore, the experimental v = 0.5 indicates a ®-condition for all
concentrations.

As illustrated in Figure 5b, increasing the molecular weight of the linear host matrix by a
factor ~4 (38kg/mol, lin-h-PDMS38k) does not substantially affect the Q dependence of P(Q),
i.e., the bottlebrush seems to stay spherical. At least at higher bottlebrush volume fractions, the
spherical structure with smooth surface (I < Q~*) is still maintained. A more detailed comparison
with Figure 5a reveals that the concentration dependence changes, since the reduction of the
forward scattering with increasing the concentration is less pronounced than observed in the short
matrix (lin-h-PDMS9k). In the high Q-region, the power law changes with increasing
concentration, but still reaches d; = 2 at 25 %.

The change of the slope indicates a volume fraction-dependent solvent quality. In the lin-
h-PDMS38k matrix the ®-condition withv = 1/2 is only reached for the highest volume fraction,
represented as a power law of Q2. This seems to be plausible because the mutual interpenetration
of the side chains increases with increasing bottlebrush concentration. This leads to the fact that
more chains of equal molecular weight interact. This is supported by measurements of the
bottlebrushes in matrix chains of different molecular weights which exhibit a decrease of the
solvent quality. The reduction of the solvent quality in the higher molecular weight matrix implies
a greater tendency of the samples to form aggregates or different morphologies. Therefore, the
structure factor would be less pronounced, though, there is no indication of aggregate formation
or non-spherical structures in the experimental data. In order to explore this idea further, we

continued to increase the molecular weight of the matrix chains.

18



283 In the next step we increase the molecular weight of the linear host matrix further, to

284 68 kg/mol, lin-h-PDMS68k, which is around 7 times larger than the molecular weight of the side

285  chains (Figure 6).

Ps(Q) @ (%)
1.0
5.0
10.0
25.0

..............

o P> ¢ A

= 2
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2
<
=N iX:
3 10! host_matrlx.
NS M, = 68000 g/mol
R,=775A
100 bottlebrush:
Mnside chain = 10800 g/mol
M Deckbone — 420 g/mol
[ R=428 A
10° ' :
102 107!
0 (A

Figure 6: Scattering intensities 1(Q) vs. momentum transfer Q of PDMS-g-PDMS bottlebrush
polymers in lin-h-PDMS68k matrix in a double logarithmic representation. Concentration
series normalized to the respective volume fraction @.The full cyan line represents the

description of the form factor for @ = 1.0% by only taking the shell contribution of our core-

shell model (equation (9)).

286
287 Most apparent is the almost vanishingly concentration dependence at low Q, and the strong

288  dependence in the high Q-region which reaches a power law of Q=2 at the highest concentration.
289 A more detailed inspection reveals the appearance of an additional power law Q=2 between the
290  low and intermediate Q-region for ® = 25%, the highest volume fraction of bottlebrushes. This
291  suggest the starting point of clustering® or the formation of elongated objects, consisting of several

292  bottlebrushes. Despite these obvious differences, the low concentration sample is very similar to
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the cases in the low molecular weight matrices. In particular, we observe a direct transition from
Guinier to Porod region, and the intensities are very similar, when compared to the bottlebrush in
the lower molecular weight matrices. In this case the data modelling was done with ® = 1.0%
(due to leaking sample of the ® = 0.5% during transport). Based on the behavior of the bottlebrush
polymer in lin-h-PDMS9k and lin-h-PDMS38k, we assume that there is no contribution of the
structure factor even at ® = 1.0% and the assumption of a pure form factor contribution is still
satisfied.

Figure 7 illustrates the volume-normalized intensity at low Q-values to further explore the
influence of the matrix chains on the structure factor. Our data point to a linear increase with the
molecular weight of the host polymer, in a double-logarithmic plot. To a first order approximation,
we obtain a power law, that has a strong relationship with the concentration, with an exponent that

increases from 0.06 + 0.004 (1%) to 1.0 &+ 0.06 (25 %).

(%)

e I: Q(0.0610.0l)
¢ 5 Q(O.Si0.0l)
A 10: Q(O.Si0.0l)
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Figure 7: Scattering intensity, 1(Q — 0), divided by the bottlebrush concentration as a function
of the molecular weight of the linear host matrix, for four concentrations of bottlebrushes, @ =

1%, ® = 5%, ® = 10% and @ = 25%.
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The best model description of the experimental data can be achieved by a modified core
shell model with a core of negligible size, used together with the random phase approximation
(RPA) (equation (9)). The analysis supports our argument accompanying Figure 5 and Figure 6,
that the samples with a low bottlebrush concentration can be well described by the particle form
factor P(Q),, only. This form factor only contains the shell and the blob contributions
(equation (8)).

As expanded below, the density profile depends on the bottlebrush concentration and the
host matrix molecular weight. Therefore, we calculate the average radius R, from the overall
radius R, obtained by using the model function and the smearing parameter ¢ within the density

profile o (r)gq->° (equation (7))

R
R o fo r3. (P(r)stardr (12)
avg *—
! foer ' (P(r)stardr

The best fit values for ® = 0.5% of lin-h-PDMS 9k and in lin-h-PDMS38k are summarized in
Table 3 and for ® = 1.0% in Table 4. As Figure 8 illustrates, R,,, decreases linearly with
increasing molecular weight of the host matrix. The average radius for the highest molecular

weight is already identical with the anticipated value for the lowest limit radius R}l%’. To estimate

Ré‘,’,‘g we assume that the minimum value of the mass density cannot be below the physical density
Qa-ppms = 1.02 g/mol of linear deuterated PDMS. From g4_ppys = %with M =M, /N,,
replacing V by the volume of a sphere, V = 4?” (Ré?,‘g 3 yields:

1
3

(13)

3 Mbottlebrush

Rlow _ w

avg —
4ntNy  Qq—ppus
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By using equation (13) and taking MZ°tt*¢bmush from Table 2, we find a value of RLy% = 55.7 A.
Based on the calculated value for the lower limit of the radius R};:,Vg, the size obtained for the
bottlebrush polymer in the highest molecular weight host matrix, lin-h-PDMS68K, is the smallest
possible value for our system. This statement has a very important consequence because it defines
an upper limit for the matrix molecular weight and thus a miscibility region in which the shell-

only particles are miscible in linear polymer melts.

° Ran at® =1.0% 1
—Ravg « (-0.0009 - Mnhostmatrix)
= =lower limit of Ry

20000 40000 60000 80000
Mnhost matrix ( g/mo l)

Figure 8: Variation in average radius R, of the bottlebrushes with molecular weight of the
host matrix including the lower limit of the average radius (dashed blue line), based on the

density of pure deuterated PDMS.

The associated Flory-Huggins interaction parameter y, obtained by fitting the data with
equation (9), are very small but increase with increasing molecular weight of the linear host matrix.
However, the values are always negative. A similar trend is reported for polybutadiene star

polymers with labeled single arms mixed in two linear host matrices with increasing molecular
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weight.>” In general, two components are only miscible if the y-parameter is negative and
additionally below the critical interaction parameter y...°*° The critical parameter can be

calculated as

2
_1 ! ! (14)
XCT - 2 +

\/DPBottlebrush \/DPlinear chains

With DPgo¢t1ebrush @A D Ppinear chains D€ING the degree of polymerization of the bottlebrushes and
the linear chains of the host matrices, respectively. It follows the same trend as the experimentally
determined values. We note that equation (14) assumes mixtures of linear polymers. Therefore,
we approximate D Pg,:reprusn DY twice the degree of polymerization of the side chains as the
interacting segments, thus, DPgttieprusn = 290. The results are summarized in Table 5. All
obtained values are below y ., and are therefore consistent with our experimental observations of
miscibility.

Table 3: Best fit values of the bottlebrush polymers, mixed with lin-h-PDMS9k and lin-h-

PDMS38k, obtained by modeling the single particle form factor at the lowest concentration

measured @ = 0.5%. All errors are smaller than 1%.

Parameter lin-h-PDMS9k lin-h-PDMS37k
(® = 0.5%) (® = 0.5%)
Overall Radius R (A) 56.3 53.9
Radius of outermost blob & (A) 14.2 8.7
Scaling parameter of blob a 0.14 0.08
Smearing parameter o 0.36 0.39
Number of side chains f 39.0 40.0
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347

348
349

350

Average radius R, (A) 107.5 97.9

Table 4: Best fit values of all systems obtained by modeling the single particle form factor at
@ = 1.0% (cf. Supporting Info, Figure S3). For the largest host matrix, the blob size was not

possible to determine. All errors are smaller than 1%.

Parameter lin-h-PDMS9K | lin-h-PDMS37k lin-h-PDMS68k
(@ = 1.0%) (® = 1.0%) (® = 1.0%)

Overall Radius R (A) 53.6 53.1 42.8
Radius of outermost blob & (A) 14.2 8.7 -
Scaling parameter of blob a 0.14 0.09 -————
Smearing parameter o 0.36 0.39 0.53
Number of side chains f 39.0 40 40.0
Average radius Rg,4 (A) 107.5 85.6 55.6

Table 5: y-parameter obtained from calculation and experiment for PDMS-g-PDMS
bottlebrush polymer in linear host matrices with molecular weight of M,, = 8.7, 38, 68 kg/mol.

The errors are smaller than 1% of the fit value.

X —parameter lin-h-PDMS9k lin-h-PDMS38k lin-h-PDMS68k
Experiment y ey, -3.3-1073 -1.1-1073 —0.64-1073
critical ., 1.01- 1072 4.94-1073 4171073

In the next step we explore the concentration-dependent evolution of the structure factor. From

its typical signatures, we only observe the lowered forward scattering. In Figure 5, a decrease of
24
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the intensity with increasing bottlebrush concentration is seen; remarkably, increasing the
molecular weight lowers this decrease. At the highest molecular weight, the decrease of the
intensity is less pronounced or even disappeared. Moreover, in all cases the typical correlation
peak, associated with the structure factor is absent in our systems.

Both observations (intensity and peak) could have two possible reasons, (i) smearing effect
inherent to the polymer itself or (ii) reduction of the structure peak, known from star/linear polymer
mixtures in solution.

Smearing is expected from the different contributions to the intensity in our samples. The main
contrast is generated between the deuterated shell and the protonated linear chains of the host
matrix. The contributions of the contrast between the protonated core and the protonated end
groups of the deuterated side chains of our bottlebrush polymer are negligible for the form factor
P(Q) (Figure 3). However, they may influence the structure factor S(Q), because of the additional
contrast between the perimeter of the shell and the core. Ultimately, this can cause a broadening
of the correlation peak until it is completely smeared.

Second, a similar behavior is known from star/linear polymer mixtures in solution.*3 28 60-62 |f
we assume that our system represents the limiting case without solvent, we can utilize the same
underlying theory and attempt to explain our observations based on the respective interaction
potentials. In such a mixture, three different interaction potentials are present: star — star Vg, linear
chains — linear chain V., and linear chain — star Vg

The star — star interaction can be described with an ultra-soft potential, which can be written

as: 13, 55, 60, 63-65
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Bss() = (23) 121

\/_(7” — 05)

205

forr < ag

(15)

> forr > ag

with f number of side chains, ds is the so-called corona diameter, equivalent to the star extension,

r is the distance between two star centers, and B = (kzT)~! where kj is the Boltzmann constant

and T the temperature. This potential has a logarithmic dependence at short distances (r < as) and

decays exponentially at long distances (r > a5). With increasing f, the transition to the typical

hard sphere potential is established (Figure 9).

200>

Hard sphere

50 potential
Ultra-soft
potentiall ) )
0 50 100 150 200 250
r(A)

Figure 9:Ultra-soft potential ranging to hard sphere potential for spherical bottlebrush polymer

with outer perimeter of g, = 110 A for different number of side chains f. From left to right:

f =30,50,75,100, 150, and 500. The dotted red line represents our number of side chains

f = 40.

Additionally, the potential describing the interaction between two linear polymer chains V. is

given by®0:
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BYe(r) = () £24 ]

252
2T%0f

1
5\ 3 {(T —In (L)) forr < o,
)fi ZT O-C O-C (16)
exp(—t2(r? — 62)) forr > o,

This potential results from the star-star interaction potential, if the number of side chains is low
(f < 10).The parameter g, measures the size of the polymer chain, r describes the distance
between two linear chains by taking the middle monomeric unit as a center, and T depends on the
number of side chains and is a free parameter. From fitting of computer simulation data, = 1.03
was determined for the case of a two-armed star polymer (f = 2), which reflects a linear chain.®®

The star — chain interaction can be written as:®°

r
—0(f) In (—) +K forr < o,
10}
BVie(r) = s (17)
Vg j ¢(rl)star§0(|r - rll)cdr’ forr > Osc

. 1 5 1 3 3 3 . .
with g, = E(O'S +a.), O(f) = g(m) [(f +2)z — (fz + 22)], K is a constant which can be

evaluated by requiring continuity for V.(r) and its first derivative at r = o, v, is the excluded
volume parameter and ¢ (1) ;4 and @ (7). are the radial dependent density profiles evaluated from
the blob picture of the Daoud-Cotton model.®

The effective interaction potential of a star polymer dispersed in linear chains, resulting
from the three different interaction potentials in the system is derived by Camargo et al.?® %67 and
Mayer et al.b!

In such a system, once linear chains are added, the pure star-star correlation is reduced due
to the linear chains, which are occupying space between overlapping stars. This results in a
decrease in the internal fluctuations. As seen in scattering diagrams, this effect is connected with
a drastic decrease of the structure peak S(Q) compared to a pure star polymer solution at higher
concentration.?
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398 The same effect is visible for spherical bottlebrush/linear polymer mixtures in d/h-toluene
399  (Figure 10). Here we used protonated PDMS-g-PDMS bottlebrush polymers mixed with
400  deuterated linear PDMS chains. The ratio of d/h toluene was chosen so that only the protonated
401  bottlebrush polymer is visible and was determined by an initial SANS contrast variation

402 experiment of deuterated linear PDMS chains (cf. Supporting Info, Figure S4).

12vol% of h-bottlebrush
in d/h-toluene with vol%
of linear d-PDMS chains
o0

o 10
T s 25

Increasing amount
of linear polymer chains

1(Q)/® (cm™)

P(Q)
- S(Q) ... et Ttraean
—1(Q) x P(Q)- S(0).:

.
P
.
........

1072 107
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Figure 10: Scattering intensity 1(Q) vs. Q of PDMS-g-PDMS bottlebrush polymer in d/h-toluene
solution with increasing volume fraction of deuterated linear PDMS chains, normalized to the
volume fraction of bottlebrush polymers. The dashed green line represents a simulation of the
single particle form factor P(Q), based on values for the same bottlebrush polymer in d-toluene.
The dotted purple line represents the pure structure factor S(Q), obtained by using the ultra-soft
potential. The red line represents the total scattering intensity, obtained by combining P(Q) and
S(Q) for the mixture with @ = 0% of linear chains. The ratio of d/h-toluene was chosen based

on the toluene—solvent contrast matching condition for deuterated PDMS.
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In a solution of protonated bottlebrush polymers in d/h toluene, a clear correlation peak in
the intermediate Q-region is visible. This can be described with the form factor P(Q) combined
with the structure factor S(Q). The latter one is obtained by solving the Ornstein-Zernike equation
combined with the ultra-soft potential (equation (15)), as previously reported in the literature for
star polymer solutions.®® The theory differs slightly from the experimental data, which could come
from the experimental resolution which is not included in the theory. By adding linear chains, the
peaks become less obvious, especially with increasing concentration @ (Figure 10), whereby the
high Q-region follows the same power law, Q 1, as the pure bottlebrush solution. The reduction
in intensity of the structure peak is more pronounced by increasing the volume concentration of
the added linear chains, or by increasing the molecular weight of the linear chains.®

The reduction in intensity of the correlation peak arises from a depletion-like phenomenon
with the linear chains as the depletion agent. Further details can be found in the recent work by
Stiakakis et al.?” and Mayer et al.5! The depletion effect was found to be extremely strong in melt
compared to solvent for polymer nanocomposites and polymer/nanoparticle blends near a
substrate.5°™ The resulting osmotic force from the linear chains acts on the star polymers,
especially seen by the changing size, depending on the molecular weight of the linear host matrix.
For mixtures, with linear chains of approximately the same molecular weight, M,,, as one single
arm, the star polymer will swell due to interpenetration with the arms. If the molecular weight of
the linear chains increases, the star polymer will shrink induced by the osmotic pressure.
Additionally, we hypothesize that with increasing molecular weight, the osmotic pressure exerted
on the star polymer increases as well; this is supported by the decreasing size of the bottlebrush
polymers by increasing the molecular weight of the linear host matrix. With increasing

concentration of the bottlebrush polymers in the highest molecular weight host matrix, the osmotic
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pressure forces the bottlebrushes closer together which subsequently leads to a formation of
another structural level with non-spherical symmetry, which can be seen as the start of cluster
formation.?> 72 Similar behavior is known from polymer grafted nanoparticles. For polymer
nanocomposites With M. > 2 - Mg,qf, the particle shell collapses and, subsequently, with
increasing concentration of the polymer grafted nanoparticles, aggregation occurs.”"#

In solution a concentration dependence of the bottlebrush size was observed and
predicted.? > This points our attention to the concentration dependent size. However, at high
concentrations the analysis of the size is more difficult due to the dominant structure factor in the
Guinier region. But the mid Q-region between Q = 0.05 - 0.08 A= can be analyzed regarding
size changes. A change in radius should shift the measured scattering towards higher or lower Q-
values for shrinking or expanding radius, respectively, as illustrated by the simulation of different
radii (cf. Supporting Info, Figure S5). Based on this assumption it can be concluded that the radius
at this length scale is almost concentration independent, as even a change by 5 % is directly
observable.

All these findings are summarized in Figure 11.
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Figure 11: Sketch of bottlebrush polymer mixed with linear chains of the same polymer: a)
bottlebrush polymer in matrix of low molecular weight linear chains, b) bottlebrush polymer
in matrix of high molecular weight linear chains, c) high concentration of bottlebrush polymers

in matrix of high molecular weight linear chains.

Conclusion

We have conducted small-angle neutron scattering experiments to understand the structural
behavior of bottlebrush polymers dispersed in different linear polymer host environments. The
form factor P(Q) can be fully described by applying the random phase approximation to a
modified core-shell model and the Debye form factor. For the high Q-region, a blob model, based
on the Daoud-Cotton scaling theory for star polymers was used. For systems with bottlebrush
polymer dispersed in lin-h-PDMS68kK, the Daoud-Cotton model was unable to describe the data.
The structure of the bottlebrush polymer is maintained over all molecular weights of the host
matrix investigated. However, the overall radius decreases with increasing molecular weight of
the host matrix polymer. Additionally, in the highest molecular weight host matrix, the bottlebrush

polymers start to cluster with increasing bottlebrush concentration. This behavior is similar to
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polymer grafted nanoparticles dispersed in a linear polymer melt and can be seen as a model system
to obtain better insights in the behavior of the ‘shell’ only. In our system, a pronounced structure
factor peak at higher concentrations is absent; however, the lowered forward scattering, which is
associated with interparticle interactions, is present. This absence could be explained by either (i)
the structure peak broadens due to smearing effects of the additional generated contrast between
the protonated core and the protonated end groups in within the deuterated shell or (ii) the structure
peak disappears because of a depletion-like phenomenon whereby the linear chains act as the
depletion agents. According to the literature, the correlation between neighboring bottlebrushes is

reduced. This effect is more pronounced with increasing molecular weight of the host matrix.
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