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Bimodal Distribution of Side Chains

ABSTRACT: We use a combination of scaling analysis, random phase approximation (RPA) calculations, and coarse-grained
molecular dynamics (MD) simulations to elucidate properties of graft polymers with a bimodal distribution of side chains in a melt.
In our scaling analysis, a two-step approach is used to classify graft polymers with the grafting density of side chains 1/n,, fraction of
short side chains f, and degree of polymerization (DP) of short DP = n., and long DP = n,, side chains into combs and
bottlebrushes. First, a diagram of states of the monodisperse graft polymers with short side chains of DP = n.; and grafting density
1/ng is constructed. During the second step, these graft polymers are considered as backbones with the effective Kuhn length to
which the longer side chains are attached at grafting density (1 — f)/n,. This approach allows the reduction of four-dimensional
architectural parameter space (g fiy1, fiyy, f) into two two-dimensional projections. In the framework of this representation, we
extended the concept of crowding parameter @, describing the degree of mutual interpenetration of the side chains belonging to
neighboring macromolecules, and applied it to derive the effective Kuhn length of graft polymers with two types of side chains as a
function of ®. The predictions of the scaling model for the effective Kuhn length and diagram of states are confirmed by coarse-
grained MD simulations. The evolution of the peak position in the static structure factor S(q) obtained in these simulations is
analyzed by using the expression for S(q) derived in the framework of RPA. In the bottlebrush regime, the peak position in the
scattering function is shown to scale as g*~(n, ) *3***? with the number average DP of the side chains (n,), which is in good
agreement with the result of the RPA calculations, g*~(n,.)™>/%. However, this is a weaker dependence than one expected for g* to
be associated with the inter-backbone distance q*~{n,)™*>.

B INTRODUCTION combs and bottlebrushes is based on the concept of the
Graft polymers (combs or bottlebrushes) are made by graftmg crowding parameter, @, quantifying the degree of inter-
polymer chains (side chains) to linear chain backbones.'~ penetration between side chains and backbones of neighboring
The unique physical properties of this class of polymers are macromolecules.'"***> Graft polymers for which crowding

directly controlled during the synthesis stage by changing the
degree of polymerization (DP) of the side chains, 7, and their
grafting density, 1/n,. Side chains play a dual role by “diluting”
and at the same time stiffening the backbones. This dual nature
of the side chains is manifested in the suppression of the
entanglements,”'® opening a path toward design and
synthesis of solvent-free supersoft elastomers with mechanical
properties mimicking those of biological tissue.'*'"~*
Current understanding of the effect of the side chains on
conformations of graft polymers and their classification into

parameter ® < 1 are called combs, while systems of
macromolecules with @ > 1 are referred to as bottlebrushes.
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Figure 1. (a) Graft polymer with two different types of side chains. Backbone monomers are shown in orange; monomers belonging to short and
long side chains are colored in green and blue, respectively. (b,c) Schematic representation of different blob structure used to describe

conformations of graft polymers with bimodal side chains.

In combs, the side chains dilute the backbone keeping
macromolecular conformations close to those of linear
polymers. In the case of bottlebrushes, the steric repulsion
between side chains results in backbone stiffening. Specifically,
it was shown in the framework of the scaling approach and by
coarse-grained molecular dynamics (MD) simulations that in a
melt, the bottlebrush Kuhn length is proportional to the
crowding parameter.”** This relationship between crowding
parameter and Kuhn length was used to explain the effect of
the graft polymer architecture on entanglement plateau
modulus in the comb and bottlebrush regimes'"”'*'* and was
implemented in design principles of solvent-free elastomer
made of graft polymer strands.'*'¥*'~*} Furthermore, back-
bone stiffening and dilution by side chains were used to explain
self-assembly in copolymers containing linear and graft
polymer blocks and graft polymer blocks alone.**™°

However, despite the success in using graft polymers with a
single type of side chains in the design of the solvent-free
elastomers, the range of achievable variations in the system’s
mechanical properties is limited.'”***" Therefore, to broaden
the range of accessible parameters, we consider graft polymers
with bimodal side chain distribution in a melt. This adds a
degree of complexity in correlating system physical properties
with molecular architecture and at the same time relaxes
restrictions of macromolecular synthesis. To address complex-
ity issues, we use a combination of the scaling analysis and
coarse-grained MD simulations to describe the properties of
this type of graft polymer. We begin with redefining the
concept of the crowding parameter and use it in the
construction of a diagram of states as a function of the
molecular architecture and in the calculations of the effective
Kuhn length. Then, to make a connection to experiments we
calculate the scattering function and correlate its peak position
with the macromolecular structure and properties.

B SCALING MODEL OF GRAFT POLYMERS WITH
BIMODAL DISTRIBUTION OF THE SIDE CHAINS

We begin with an analysis of different conformation regimes of
graft polymers with the DP of the backbone Ny, and two
different types of side chains as illustrated in Figure la. Side
chains with DPs n,; and n, are randomly attached to
monomers of the backbone separated by n, bonds between
two neighboring grafting points. The shorter side chains have
DP ny,, while longer side chains consist of n,, monomers.
The number fraction of the shorter side chains is equal to f
resulting in the average number of the backbone bonds
between short and long side chains to be equal to ngy, = n,/f
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and ng, = ny/ (1 — f), respectively. The backbones and side
chains are made of identical monomers with the bond
projection length /, Kuhn length b, and excluded volume v.

Complexity of the graft polymer chemical structure
described by four structural parameters (ng, 7., fgy £
requires a four-dimensional parameter space to classify
different conformational regimes of this type of graft polymers.
To overcome this complexity and simplify the analysis of the
different regimes, we use a two-step approach in the
classification of graft polymers with a bimodal distribution of
the side chains. This reduces a four-dimensional parameter
state to two two-dimensional projections. In particular, we first
construct a diagram of states of the monodisperse graft
polymers (f = 1) with short side chains of DP = n, and
grafting density 1/n, (Figure 1b). During the second step,
these graft polymers are considered as backbones with effective
Kuhn length to which longer side chains are attached (Figure
1c). The steric interactions between longer side chains make
the graft polymers even stiffer, increasing their effective Kuhn
length and changing their conformations. The results from the
renormalization of the backbone Kuhn length by the shorter
and longer side chains are then used to calculate the diagram of
states of graft polymers with bimodal side-chain distribution in
terms of the effective Kuhn length of the monodisperse graft
polymers with short side chains, DP of the long side chains,
and graft polymer composition.

Diagram of States of Monodisperse Graft Polymers (f
= 1). In our analysis of the different conformational regimes of
graft polymers, we apply the concept of crowding parameter
describing the degree of mutual interpenetration between
different macromolecules in a melt developed in refs 24 and
25. Here, we consider the case of flexible side chains with the
DP ny; > b/l. The degree of interpenetration between graft
polymers is quantified by calculating the volume fraction of
monomers of a test macromolecule within its pervaded
volume. Consider a test macromolecule as a chain of blobs
of size equal to that of the side chains D ~ R, with the
number of monomers g & n,, (see Figure 1b). At low grafting
density, both the side chains and backbones display statistics of
a random walk. A crowding parameter, @, is defined as
volume fraction of the monomers V, belonging to the test
macromolecule within the blob pervaded volume

®, =V, /D’ ~ gp ' v/D’ 1)(117)_3/2(p1_1n_1/2 (1)

sc, 1
where we introduced composition parameter

6”1 = (1 + nsc,l/ng)_1 (2)
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describing partitioning of monomers between a side chain and
backbone spacer between two neighboring side chains. (Note
that this definition of the crowding parameter is only correct
for side chains longer than the spacers between them, n,.; > n,.
If the opposite inequality holds, ny.; < n,, the blobs are spacers
between side chains as discussed in ref 25.) The crossover
between combs and bottlebrushes is defined by setting @, = 1
and solving eq 1 for composition parameter as a function n

¢1—1 ~ v_l(bl)3/2n

sc,1

()

This crossover expression is shown as a solid black line in
Figure 2 representing the different regimes of monodisperse

1/2
sc, 1
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Figure 2. Diagram of states of graft polymers with monodisperse
flexible side chains, n,; > b/, in a melt. SBB—stretched backbone
subregime, SSC—stretched side chain subregime, and RSC—rod-like
side chain subregime. The accessible regimes of the diagram of states
are determined by the chemistry of the backbone which restricts the
maximum number of side chains n;™ per backbone monomer.
Because of this constraint, the upper boundary of accessible regimes is

given by 7' < @k = 1/ ng™ + 1, which is plotted for ny™ = 1.

graft polymers in ny; and @7! coordinates. In the comb
regime, the steric repulsion between side chains is weak and
graft polymers can be considered as unperturbed ideal chains
with the effective Kuhn length being equal to that of the
backbones.
by~ b

~

(4)

In the bottlebrush regime (see Figure 2), the value of the
crowding parameter is @, > 1. Note that the unphysical value
of the crowding parameter ®; > 1 corresponds to a
hypothetical system where backbones and side chains maintain
their ideal conformations even in the case of macromolecules
with densely grafted side chains. Thus, in the real systems to
preserve monomer density p ~ v, the backbone stretches to

decrease the number of side chains within the volume RS, ;.

This subregime is called stretched backbone (SBB) subregime
in Figure 2 to emphasize stretching of the backbone due to
steric repulsion between side chains. Note that this regime is a
dominant regime of bottlebrushes. From the packing condition
(pv = 1), the number of backbone monomers g within the
volume R2 ; decreases with increasing crowding parameter @,
as

g(Pl_l’VRs_c,?’l ~ gD/~ 1 (5)

On the length scales larger than the side chain size, a
bottlebrush can be considered as a flexible chain of blobs each
of size R,.; and with the effective Kuhn length

b, = R}/Nl ~ R. N/gNI ~ b®,

(6)
Crossover to a new subregime takes place when the section

of the backbone consisting of ¢ monomers becomes fully

extended such that gl ~ R, ;. This condition is satisfied for

(7)

which determines the upper boundary of the stretched side
chains (SSC) subregime in Figure 2. Above this line, the side
chains begin to stretch to maintain the constant density in a
melt, pv & 1 (SSC subregime in Figure 2). Taking into account
the packing condition

-1, ~l72
o ~v bl

Rsc,1¢1_l‘V/ZR53c,1 ~ wpl_l/lezc,1 ~ 1 (8)
and solving for the size of side chains, we have
R~ v/ )

The effective Kuhn length of bottlebrushes in the SSC
subregime is

by~ Ry~ (v/p]) (10)

Finally, the side chains become fully stretched, R, = In
for

sc, 1y

-1

3 2
P

-1
~v g,

(11)

Above this line, both side chains and backbones are fully
stretched on length scales smaller than the side chain size Ry ;.
The effective Kuhn length of bottlebrushes in this regime is
equal to b; ~ Ing,. This regime is called rod-like side chain
(RSC) subregime in the diagram of states in Figure 2. Table 1
summarizes the regime boundaries and expressions for the
effective Kuhn length in the different conformational regimes.

Specificity of the chemical structure of the graft polymers
sets the maximum number of side chains which is possible to
graft to a backbone monomer 1/ny™. This imposes an upper

Table 1. Conformational Regimes Shown in Figure 2 and the Corresponding Effective Kuhn Lengths of Graft Polymers with

Flexible Side Chains

Regime Regime boundaries® Kuhn length, by
Comb, ®<1 vg ' <61 nll} b
SBB (171)3/2 nibzl < vgol’I <bl znw v 'Zb’”zq)l"n;jz
Bot;l:l;rlush, 3sC b lznxc’l < (0171 <P ”i , P2 (0171/2
RSC Py, <vg' In,,

“l—monomer projection length, b—Kuhn length of a linear polymer chain, and v—monomer excluded volume.
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boundary ¢7' < @b = ne1/ng™ + 1 on the accessible
regimes in the diagram of states in Figure 2.

Diagram of States of Graft Polymers with Bimodal
Distribution of Side Chains. In describing conformations of
graft polymers with two different types of side chains we take
into account that steric repulsions between short side chains
and sections of the long side chains close to the backbone with
the DP comparable to n,, renormalize the backbone Kuhn
length to b, (see Table 1). The blob structure in this case is
illustrated in Figure lc. This additional stiffening of the
backbone requires consideration of two different cases of
longer side chains whose size, R,., ~ (bln,,)"? could be
larger or smaller than the effective Kuhn length of the
backbone b,. Note that the situation is similar to the case of
graft polymers with backbones and side chains made of
different types of monomers. Equating the size of the longer
side chains R, & (blnscyz)l/ *with the effective Kuhn length of
the backbone b;, we obtain the following expression for the
crossover value of the DP of the side chains

nsc,Z ~ blz/bl (12)

For side chains with DP n,., < b}/bl, the backbones of graft
polymers are rod-like on the length scales on the order of the
side chain size and contain g & R,,/I backbone monomers. In
this case, the crowding parameter, determining crossover
between comb and bottlebrush states, is estimated as

-1 -1
nsc,Z’

q>zggo_1-v/Rs3c,2 ~ il

for | < ny, < bi/bl

(13)

where we introduced graft polymer composition parameter
Q= (1 + (fnsc,l + (1 _f)nsc,Z)/ng)_l (14)

In the case of flexible backbones on the length scale of the
longer side chains, n,, > bi/bl, the number of backbone
monomers within the size of the side chains, R,, is on the
order of g & n,,b/bjand the crowding parameter is written as

-3/2; ~1;-1/2 ~1 —1/2 2
L A forng, > bl /bl (15)
Crossover conditions between comb and bottlebrush
regimes are obtained by setting the value of the crowding
parameter in eqs 13 and 1S5 to unity and solving these
equations for the composition parameter

1/2
blnsc,l )

(bl)l/znsclz, forn,, <ng ., < blz/bl

2
S forn_, > b2/bl

(16)

Figure 3 presents the diagram of states and Table 2
summarizes the regime boundaries and dependence of the graft
polymer Kuhn length on its composition. This diagram of
states is constructed for fixed n, and n,; which determine
backbone effective rigidity reflected in its effective Kuhn length
b,. Note that in writing down boundaries of different regimes
we take into account that the graft polymer composition
parameter changes within the envelop

(1 + nsc,?,/ng)_l = (pz S @ S (pl (17)

and the DP of the longer chains satisfies the inequality n, >
ng.1. We discarded the RSC subregime since it occupies an
insignificant region of the diagram of states.
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Q)-lu

n

sc,2

Figure 3. Diagram of states of graft copolymers with bimodal
distribution of the side chains in a melt, for @, > 1. The black solid
line is a boundary between comb and bottlebrush (SBB) regimes, and
the red line shows upper boundary of the accessible region.

B COMPARISON WITH SIMULATIONS

Coarse-grained MD simulations were performed to test the
scaling model of graft polymers with a bimodal distribution of
the side chains in a melt.***® Graft macromolecules were
represented by bead-spring chains made of beads with
diameter o. All beads in a system interacted through modified
truncated-shifted Lennard-Jones (LJ) potentials. The con-
nectivity of the beads into backbones and side chains was
maintained by the finite extensible nonlinear elastic (FENE)
bonds.>* The explicit form of the interaction potentials is given
in the Methods section below. Each graft copolymer consisted
of a linear chain backbone with the number of monomers Ny
= 130 and grafted side chains having n,.; and n,, monomers
with ng/f and ng/(l — f) backbone bonds between nearest
grafting points of the similar side chains (Figure 1). Table 3
summarizes the studied systems and shows symbols used to
represent simulation results.

Bond—Bond Correlation Function. We first study the
effect of different types of side chains and their composition on
the effective Kuhn length. The stiffening of the backbones
induced by steric repulsion between side chains is quantified
by analyzing the bond—bond correlation function of the
backbones, G(s). This function describes the decay of the
orientational correlations between two unit backbone bond
vectors n; and n,,, separated by s bonds and is defined as
follows™*

Ny,—s

1
G(s) = —— (nyny )
’ Npp =5 E (18)

where the brackets (...) represent the ensemble average over
the backbone conformations during simulation runs. The end
chain effects were minimized by neglecting contribution from
20 bonds on both backbone ends in calculations of the
function G(s). Figure 4 shows typical bond—bond correlation
functions of graft copolymers with different fractions f of the
side chains and their DPs. As expected, with the increasing
fraction of the longer side chains, the graft polymers stiffen.
The effect of the backbone stiffening is quantified by ﬁttinig the
simulation results to a sum of two exponential functions "**

G(s)=(1 - a)exp[—lj—l} +a exp(—lf—l}

1 2

(19)
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Table 2. Effective Kuhn Length of Graft Polymers with Two Types of Side Chains in Different Regimes and Regime

Boundaries
Regime Regime boundaries Kuhn length, bx
voy' <vp < lmbl’zblnjfz, for B’ / bI< .,
Comb, ®<I1 o s 5 by
vor <vp- <I'bn,,forn,, <n,,<b /bl
SBB l3/2b]/2b1n;1722 < V¢7l < Zanlwyz vlfz/zb—l/zgp—ln;/zz
Bottlebrush, 2 1 1 2 1
o1 ssc Ibn,, <vp~ <vgp," and bl <vp (v/(ﬂl)] ?
Pbn,, <vp” <bll and ¢ < ¢}’ by

where @, 4,, and 4, are fitting parameters. This functional form
captures two mechanisms of the induced chain rigidity on
different length scales with corresponding correlation lengths
A1 and 4,. At short length scales, the rigidity of the backbone is
due to local backbone tension, while at long length scales, it is
a result of interactions between neighboring side chains.
Effective Kuhn Length. The backbone bond—bond
correlation function was used to calculate the mean-square
end-to-end distance of a backbone section with s bonds

Npp—s+1 i+s—1

2
I an

j=i

1
(RX(s)) = —————
Ny —s+1 o (20)

where [ is the bond length. The effective Kuhn length by of

graft polymers is expressed in terms of the fitting parameters of
the bond—bond correlation as follows”***

_ (RS

bi = 1((1 = a)h(4) + ah(4,))

S (21)
where function h(4) is given by
1+ e/
h(A) = ———
@) 1—e V4 (22)

The results of these calculations are summarized in Figure
Sa, showing the dependence of the effective Kuhn length of
graft polymers on the crowding parameter ®. In the comb
regime for longer side chains, the graft polymer Kuhn length is
controlled by the short side chains which renormalize the
backbone Kuhn length to b,. With an increasing fraction of the
longer side chains (1 — f), the longer side chains increase
backbone stiffening, resulting in a linear scaling of the effective
Kuhn length with crowding parameter @. Figure 5b shows the
collapse of the data for the mean square end-to-end distance of
the section of the backbone with n bonds, (RZ(n)),
normalized by square of the effective Kuhn length, b, as a
function of normalized contour length nl/by. The stronger
than linear growth of the mean square average end-to-end size
of the section of the backbone for nl/by < lindicates that at
length scales smaller than effective backbone Kuhn length by,
sections of the backbone are stretched. However, for nl/by >
1, graft polymer backbones demonstrate ideal chain behavior
with Kuhn length by.

Diagrams of States. Figure 6 shows diagrams of states for
the simulated systems. To obtain regime boundaries, we take
into account that in a crossover between Comb and
Bottlebrush regimes (see Figure Sa) the value of the crowding
parameter @ ~ ®* =~ 0.7 and use this correction to rewrite eq
16 for @' as a function of the side chain DPs. Figure 6
illustrates two projection classifications of the graft polymers

1822

with a bimodal distribution of the side chains. Thus, to classify
different conformational regimes of graft polymers, we have to
use dual notations (comb, comb), (bottlebrush, comb), and
(bottlebrush, bottlebrush), depending on the values of
corresponding crowding parameters @, and @ to reflect
different conformational regimes of graft polymers with a
mixture of short and long side chains.

B SCATTERING FROM MELTS OF GRAFT POLYMERS
WITH BIMODAL DISTRIBUTION OF SIDE CHAINS

Scattering from melts of graft polymers provides an access to
their conformational properties through analysis of the static
structure factor S(q) which is defined as follows

N, N,

S(q) = %Z 2 ff (expl—ig-(R, = R)1)

i=1 j=1 (23)

where q is the scattering vector, and f; is the form factor of the
i-th bead located at point with the radius vector R;. Summation
in eq 23 is carried out over all (monomers) beads N, in a
system and brackets () denote ensemble averaging.
Calculations of function S(g) in the framework of the
RPA™™ allow for direct evaluation of the elements G,;(q) of
the matrix of pair correlation functions G(q) describing

correlations in density fluctuations of monomers of types a and
559

S(a) = f,1,$0p,()dp;,(=a)) = £,f, Gop(@)

where summation over repeating indexes is used and a = s
corresponds to monomers of the side chains while a = b
represents those of the backbones. In this approximation, the
matrix G(g) of the pair correlation functions is written in terms
of the matrix of structural correlation functions g(q) describing
the arrangement of monomers into macromolecules and the
matrix of the direct correlation functions C(q) characterizing
interactions between monomers>*>%%%

G '(q) =g '(9) — C(9)

Elements g,;(q) of the matrix of structural correlation
function are defined as

(24)

(25)

NN

8@ =y 2 2 (expl—iq:(R, = R)])

where py is the number density of graft polymers with a
bimodal distribution of the side chains which is equal to

Py = p/(nbb + (fnsc,l + (l _f)nsc,Z)
X (my, = (ng +1))/n,) & p/ny, (27)
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Table 3. Summary of Studied Systems and Symbol
Notations

g Tsel e f bklo] o' o) Symbol
1 8 200 779 33 1.26 ]
1 8 32025 659 27 1.03 m
1 8 3205 614 21 0.80 m
1 8 32075 531 15 0.57 [ ]
1 8 2 10 42 9 1.46 [ ]
1 16 32 00 779 33 0.90 ]
1 16 32 025 162 29 0.79 ]
1 16 32 05 716 25 0.68 ]
1 16 32 075  6.06 21 0.57 ]
1 16 32 10 59 17 1.95 ]
2 8 3200 430 17 0.96 v
2 8 32025 381 14 0.79 v
2 8 3205 3.45 11 0.62 v
2 8 32075 324 8 0.45 v
2 8 210 2.84 5 0.81 v
2 16 32 00 430 17 0.75 v
2 16 32 025 395 15 0.66 v
2 16 32 05 3586 13 0.57 v
2 16 32 075 374 11 0.48 v
2 16 32 10 365 9 1.03 v
4 8 3200 287 9 0.62 @
4 8 32025 2.69 75 0.51 @
4 8 32 0.5 2.64 6 0.41 @
4 8 32075 247 45 031 ¢
4 8 32 1.0 235 3 0.49 @
4 16 32 00 287 9 057 *
4 16 32 025 279 8 051 *
4 16 32 05 282 7 0.44 *
4 16 32 075 282 6 038 *
4 16 32 10 253 5 057 *
8 8 3200 231 5 038 A
8 8 32025 230 425 032 A
8 8 205 22 35 027 A
8 8 32075 2.18 2.75 0.21 A
8 8 32 1.0 2.12 2 0.32 A
8 16 32 00 231 5 0.36 A
8 16 32 025 232 45 033 A
8 16 32 05 227 4 0.29 A
8 16 32 075 228 35 025 A
8 16 32 10 222 3 0.34 A
16 8 3200 214 3 0.24 ©)
16 8 322025 211 2.625 021 (0)
16 8 205 207 225 0.18 (o)
16 8 32075 207 1.875 0.15 )
16 8 32 10 2.04 15 0.24 )
16 16 32 00 214 3 023 Y
16 16 32 025 211 275 021 Y
16 16 32 05 208 25 0.19 ®
16 16 32 075 208 225 0.17 Y
16 16 32 10  2.09 2 0.23 ®

“Value of the crowding parameter are calculated as ® = @, =
v(lb)‘yzqol_ln;}l/z for f= 1.0, and ® & vl_3/2hf1h_1/2(p_ln;}z/z for f #
1.0 using the following values for [ = 0.9850, b = 1.980, and v=1/p =
1.256°. Graft polymer composition is defined as ¢~ = 1 + (fn., + (1

- f)nsc,l)/ng'
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Figure 4. Bond—bond correlation functions G(s) of graft polymer
backbones for graft polymers characterized by structural quadruplets
(g e 1y Ny ) (2,8, 32, 0) (red inverted triangles), (2, 8, 32, 0.25)
(orange inverted triangles), (2, 8, 32, 0.5) (green inverted triangles),
(2, 8, 32, 0.75) (blue inverted triangles), and (2, 8, 32, 1.0) (purple
inverted triangles). The lines are the best fits to eq 19.

The summation in eq 26 is carried out over all monomers of
types o and fj located at points with radius vectors R; and R,

and brackets () denote averaging over conformations of graft
polymers. The functions g,;(q) are proportional to intrachain
correlation functions with proportionality coeflicient being
number density of macromolecules. The specific form of the
matrix C(q) depends on the model used to describe
monomer—monomer interactions.

For incompressible melts, the local density fluctuations
should satisfy the incompressibility condition such that the
density fluctuations of the monomers belonging to the side
chains are offset by those from the backbones, dp,(q) =
—8py(q). Taking this into account, the expression for the
scattering function reduces to

S() = (f, = £,)*(Gn(@dn(-9)) = (f, — f,)°

x (g.'(q) + gg, () — 2g,'(q) — 2up)™" (28)

where g;/}(q) are matrix elements of the inverse matrix g'(q),
and y = v(8, — 8,)*/2kyT is the Flory—Huggins parameter for
monomers belonging to side chains and backbones expressed
in terms of the solubility parameters o, of a bead type a. In
obtaining this expression, we used the lattice model to describe
monomer—monomer interactions.

There are two main building blocks in the expression of the
structural correlation functions g,4(q): (i) correlation function
for monomers belonging to the same block and (ii) correlation
function for monomers belonging to different blocks as
illustrated in Figure 7. Here, we call blocks either side chains
or sections of the backbone between two grafted side chains.
Below, we will briefly describe calculations of the structural
correlation functions for graft polymers with two different
types of side chains following formalism developed in ref 20.

Comb Regime. In this regime, conformations of the side
chains and backbones are those of the ideal (Gaussian) chains
and the contribution from each bond to the correlation
functions can be approximated as that from a spring with
spring constant 3kyT/Ib.>****" In this approximation, the

https://dx.doi.org/10.1021/acs.macromol.0c02610
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(a) 10'
Bottlebrus 107 4 P

by/b,
& ;‘1

0 =5 VA".‘g’V

® nl/by

Figure 5. (a) Dependence of the reduced Kuhn length, by/b,, of graft polymers with bimodal distribution of the side chains on the crowding
parameter, @. Values of the crowding parameter are calculated as @ = @, ~ v(lh)_3/2gol_lns_c}1/2 forf=1.0,and ® vl_3/2h1_1h_1/2¢_1n;}2/2 for f# 1.0
using the following values for | = 0.9856, b = 1.985, and v = 1/p = 1.25¢°. Kuhn length b, is the effective Kuhn length of the graft polymers with
monodisperse side chains n, and grafting density 1/n, Comb and Bottlebrush regimes refer to regime classification for the long side chains. (b)
Dependence of the normalized mean-square end-to-end distance of the section of the graft polymer backbone with n bonds on the number of Kuhn

segments. The dashed line corresponds to the worm-like chain model. See Table 3 for symbol notations.

(a) 10°

Bottlebr

Forbidden Region 2
SBB .-

nsc,l
(b) Bdttlebrush | (©) . Bottlebrush
= X
«’g«,\ SBB 40 & SBB
% RS
- ~
= v = ~ 7=
T v T 30 N
S 7 S / [ ]
> 72 (] ~ /2
Q Q “
]
n
l Comb 20 Comb
10" &
10’ 10° 10°
nsc, 2 nsc, 2

Figure 6. Diagrams of states of graft polymers with bimodal distribution of the side chains. (a) Diagram of states of graft polymers with short side
chains only and different grafting densities. (b,c) Diagrams of states of graft polymers with n, = 1, short side chain DPs 8 and 16, and long side
chains DP equal to 32.

intrablock structural correlation function for a block with the where R? = Ibn/6 was introduced. The intrablock correlation

o o o function with one point fixed at the grafting point of the block
DP n is given by the Debye function in the limit ¢*/b < 1 .
has the following form

2exp(—qu,f) + quf -1 N 1 - exp(—qZRj)
&g ¥ n—— 5=

2
&,(9) = on (4R} (29) Q'R (30)
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chains N & Ny/n, > 1 and the interval of wave numbers q’l
< 1, are written as follows

(a) Side chains-side chains correlations: g

2(¢, (9))" exp(=q’R;)

(@) ~ py N (g, (@) + ;
S T AT T (<R
(b) Side chains-backbone correlati F (¢) Backb backbone correlatic Fn ( 2ﬂ2 ( ) ng<§“>c(q)>
4N q) R Py, scqz 2 i 8p\d R PN, SCW
8
(31)
where functions
Figure 7. Schematic diagram used in the calculation of the structural <gnsc(q)> = fgnsc,l(q) + (l B f)g“sc,z(q) (32)
correlation functions. Adapted from ref 20. Copyright ACS 2019.
¢ () =f, (@ + 0 -1 (a) (33)

The structural correlation functions of graft polymers with
the number of side chains N, = (n,, — (ng + 1))/ng are built

reflect averaging over two different types of side chains
distributed along the polymer backbones.

on the functions eqs 29 and 30 modified with summations over
the separating blocks. The structural correlation functions of
graft polymers, in the limit of the large number of the side

To illustrate how polydispersity of the side chains changes
the results obtained for graft polymers with monodisperse side
chains, we first consider a dilute side chain regime, where the

(@) 1" 4 (b) 1¢°
S =
5] 7]
10" 1 107 1
T T
10° 10°
1 -1
gqlo ] qlo ]
(© (d
! -’_/r’ -1
10' 1 3 _-T0O
S 54#“? 0.39 £0.02 0! - oo,.g-'—r
s IOV s = ,ﬁ‘& 0.39 £ 0.02
& I o0&°
P
100 T 5 100 T T
10' 10 10" 10°

(ny,)

Figure 8. Static structure factor S(q) in melts of graft polymers for different fractions of short side chains fand with (a) n, = 1, n; = 8, and n,., =
32 and (b) ny=1,n., =16, and ny, = 32. Lines with different colors correspond to f = 1 (purple), 0.75 (blue), 0.5 (green), 0.25 (orange), and 0
(red). (c) Dependence of the characteristic length scale & = 277/g™* corresponding to the peak position, g*, on the number average DP of the side
chains (ny) = fne, + (1 — fng, for bottlebrushes with n, = 1 and 2. Symbol notations are given in Table 3. (d) Dependence of normalized
characteristic length scale £/1 (1= (b1)"/*y"/*) on the number average DP of the side chains (n,.) for the 51mulatlon data in panel (c) (shown by light
colored symbols in the background) and experimental data sets for bottlebrushes with flexible acrylate backbone (open magenta hexagons), single
arm rigid norbornene backbone® (open cyan hexagons), and double-arm rigid norbornene backbone** (open brown hexagons) and for
bottlebrush blocks of poly(dimethylsiloxane)-methacrylate linear-bottlebrush-linear plastomers*” with bimodal distribution of side chains (ng=1,
n, = 14, n., = 71) and fractions of side chains f = 1 (open purple pentagons), 0.84 (open blue pentagons), 0.66 (open green pentagons), 0.42
(open orange pentagons), 0 (open red pentagons), and poly(dimethylsiloxane) bottlebrushes*” with n,. = 156 (grey open pentagon). Experimental
data are superimposed with simulation results by using shift factors I = 0.5 nm and 0.65 nm for data sets from refs 44 and 47, respectively.
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distance between grafting points of the side chains

(R? (ng)>1/ 2 /lbn, is larger than the size of both short
(R:(nscyl»l/z = [Jlbn,, and long <Re2("sc,z)>l/2 = [Ibn

side chains. Substituting corresponding approximations for
the side chain block functions given by eqs 29 and 30 into eq
31 and taking into account that quﬁg > lone obtains

sc, 1 sC,2

12(n ) 12n
C ~ sc/  C ~ g,
gss (‘1) ~ le\TsC qzlb J] gbb(Q) ~ pMIVsc qzlb }]

c 72

8.(a) ® pyNe—5~

b M q4lzb2 (34)

where the number average side-chain DP is equal to
(nsc> =fnsc,1 + (]‘ _f)nsc,Z (35)

The peak position g* in the scattering function S(gq)
corresponds to the minimum of the function

o g.(a) +g,(q9) —2g,(q)
8,(08,,(1) — g5(a)

(36)

where we use the explicit form of the elements of the inverse
matrix g'(q). Taking the derivative of the expression in
brackets in eq 36 with respect to ¢* and solving it for g, we find
that the peak position scales with the system parameters as

q* ~ (RngR<nsc))_1/2 & (ng<nsc>)_l/4 (37)

Thus, the peak position shifts toward small g-values with
side chain dilution (increasing the DP of the spacer between
side chains) and increasing DP of side chains.

Bottlebrush Regime. In this regime, interactions between
side chains stiffen the backbone, increasing its Kuhn length
from the bare value b to by & b®/®* with increasing value of
the crowding parameter above its crossover value ®*.** Tt is
important to point out that eq 31 can also be used to describe
structural correlations of bottlebrush macromolecules in the
interval of wave numbers, gby < 1, where the bottlebrushes can
be approximated by flexible chains with the effective Kuhn
length equal to by. In this case, inter-side chain correlation
functions are given by eq 31 and the backbone—backbone
correlation function is approximated by the Debye function.*”

Substituting ng = lbgn,/6 and R<2nsc> = Ib{n,.)/6 into eq 31,

the structural correlation functions of the bottlebrush systems
can be written as
];

(ne)  36b 1
gsl:(q)zlszNs{ +

Qb nby (q°1b)°
B " B b 1
8 (1) ® 120y N——; g,(q) ® 72pyN————
° M q lby ° M b (‘12”’)2

(38)
where superscript index “B” stands for bottlebrush. In this
approximation, the location of the peak is

q* ~ 61/2(ng<nsc>bbl(lz)_l/4 & (nsc>_3/8 (39)

This expression is similar to eq 37 where the renormalized
value of the backbone Kuhn length by is substituted into the
expression for R, instead of its bare value b. This is a weaker

dependence than one expected for this length scale to be

1826

associated with the inter backbone distance, g*
<nsc>—045'43—45

Computer Simulations of Scattering. To calculate the
structure factor of graft polymer with a bimodal distribution of
side chains in coarse-grained MD simulations, the monomer
form factors were set to fi, = 1.5 for the backbone beads and f
= 1.0 for the side chain beads. In our calculations of the
structure factor, we have adapted the fast Fourier transform-
based approach developed in ref 46. In this representation, the
actual beads are assigned to the regular grid points with
weights proportional to their distances.

Figure 8a,b shows typical scattering curves for graft polymers
with a bimodal distribution of the side chains. There are two
clearly identifiable peaks in the static structure factor. The high
g-peak corresponds to correlations between those neighboring
along the side chain and backbone monomers. The location of
this peak does not move with changing fraction of the side
chains. The second peak (g* peak) located at low g-range
changes position with the increasing fraction of the long side
chains. It moves toward lower g-values as the fraction of the
longer side chains increases. This is in agreement with a trend
expected from the scaling relation predicted by eq 39. Figure
8c quantifies this scaling relation by plotting dependence of the
characteristic length scale 277/q* as a function of the number
average DP of the side chains (n,). All data points collapse
into one universal line as expected from eq 39 with a slightly
stronger scaling dependence 27/g* o (n,)*****®, In Figure
8d, we plot together simulation and experimental data for
bottlebrushes with monodisperse** and bimodal®” side-chain
distributions. We used constant shift factors to superimpose
simulation and experimental data sets, which does not change
the power-law scaling. There is an excellent agreement
between data sets confirming the origin of the scattering peak.

B CONCLUSIONS

We showed that the graft polymer with a bimodal distribution
of the side chains can be described by approximating them as
macromolecules with effective backbones made of graft
polymers with short side chains to which long side chains
are attached. This approximation allowed us to construct a
diagram of states by using two two-dimensional projections as
illustrated in Figures 2 and 3. In the framework of this
approach, dual notations (comb, comb), (bottlebrush, comb),
and (bottlebrush, bottlebrush) characterize different conforma-
tional regimes of such graft polymers. This representation was
also used to extend the definition of the crowding parameter ®
and was applied to express effective Kuhn length in terms of
the crowding parameter. Note that the developed approach
requires a sufficient separation of the side chain degrees of
polymerization. Developed frameworks are tested by coarse-
grained MD simulations of the graft polymers with bimodal
side-chain distribution in a melt. In particular, we analyze data
for the effective Kuhn length (Figure S) in terms of the
crowding parameter and use crossover value of the crowding
parameter to construct the diagram of states in Figure 6. To
make a connection to experiments, we have calculated static
structure factor S(q) and show that the peak position in S(q)
can be expressed in terms of the number average DP of the
side chains. In the bottlebrush regime, our simulation data for
peak position g* are independent of n, and follow a scaling
dependence (n,.)~***%%% which is close to (1) **">predicted
by eq 39 (Figure 8c). The simulation results are in good
agreement with experimental data as illustrated in Figure

https://dx.doi.org/10.1021/acs.macromol.0c02610
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8d.***” Note that this scaling dependence is weaker than one

advocated in refs .”~* to be related with the inter backbone
distances, q* o (n,)~%°. Furthermore, the derived expression
for the static structure factor can be used for the analysis of
scattering data from graft polymer systems.

B METHODS

We perform MD simulations* of grafted comb-like polymers
(combs) and bottlebrushes with two different types of side chains
in a melt (see Figure 1). Each comb or bottlebrush polymer consists
of a linear backbone chain with the number of monomers Ny, = 130
and two different types of side chains, short side chain n,.;, and long
side chain ny, grafted to the backbone with n, backbone bonds
between the nearest grafting points of the side chains. In our
simulations, the number fraction of short side chain, f, varies between
0 and 1 for g, = 8, 16 and n,, = 32 with n, = 1, 2, 4, 8, 16 (see
Table 3). The grafting points of short side chains are evenly spaced
along the backbone with the grafting density f/n,.

Comb and bottlebrush macromolecules are modeled by the bead-
spring chains made of beads with diameter ¢. The interactions
between monomers separated by distance r are described by the pure
repulsive truncated-shifted 1J potential®>**

Uy(r) = 48[(%)12 - (%]6 - i

0

r< 2%

r> 2% (40)
where & = 1.5 kT (where kj is the Boltzmann constant and T is the
absolute temperature). To describe the connectivity of beads into
graft polymers, an additional FENE potential between neighboring

beads
2
’
Rfm] (41)

was applied with the spring constant k = 30 k;T/6* and the maximum
bond length R, = 1.50. The repulsive part of the bond potential is
modeled by the truncated-shifted L] potential with & = 1.5 kgT and
Tt = 2"/%0. Simulations of combs and bottlebrushes with two different
types of side chains were carried out in a constant volume with 3-D
periodic boundary conditions at a constant temperature ensemble.
The constant temperature was maintained by cou})ling the system to a
Langevin thermostat implemented in LAMMPS.* In this representa-

tion, the equation of motion of the i-th bead is given by

dvi(t)
SVl
dt

UFENE(") = _%erin ln[l -

= E(t) = &w(t) + F(1) (42)
where m is the mass of the bead, v,(t) is the i-th bead velocity, F,(t) is
the net deterministic force acting on the i-th bead, and F{(¢) is the
stochastic force with a zero average and a J-function correlation
(F,R(t)-F}R(t’)) = 6kyTES;6(t — t'). The friction coefficient was set to &
= 0.1 m/z, where 7 = ¢ (m/kyT)"? is the standard L]-time. The
velocity—Verlet algorithm with a time step At = 0.00S5 7 was used for
integration of the equation of motion. All simulations were performed
using LAMMPS.*

Simulations are performed in accordance with the following
procedure.**** M = 100 macromolecules are randomly placed in
a simulation box with monomer number density equal to 0.867°. To
minimize the finite size effect for systems with n,, = 32 and 16, the
simulation box size was increased by a factor of 2 for systems with n,
= 8 and by a factor of 3 for systems with n, = 16. A simulation run
lasting 250 7 with the nonbonded interactions between beads turned
off is performed in order to relax the initial macromolecule
conformations. The strength of LJ-interaction parameter & between
beads is then gradually increased to 1.5kgT. This is followed by a
simulation run continued until the mean square end-to-end distance
of the backbones reach an equilibrium (saturates as a function of
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time). The equilibration run is followed by a product run lasting S X
10° 7 which is used for data collection.
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