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ABSTRACT: We study the effect of backbone rigidity on the conformation k=05 18

" k=40, a= 151

of comb-like chains in dilute solution by using Brownian dynamics o k=30, a=219

simulations. Our results demonstrate that the backbone rigidity can control
the effect of side chains on the conformation of comb-like chains; that is, the
relative strength of the excluded-volume interactions from backbone
monomer-graft and graft—graft to backbone monomer—monomer gradually
weakens with the increase of backbone rigidity. Only when the rigidity of the
backbone tends to be flexible and the grafting density is high is the effect of
excluded volume of graft—graft on the conformation of comb-like chains
significant enough, and other cases can be ignored. Our results show that the
radius of gyration of comb-like chains and the persistence length of the

backbone are exponentially related to the stretching factor, where the power
exponent exhibits an increase with the increase of the strength of bending energy. These finds provide new insights for characterizing

the structure properties of comb-like chains.

1. INTRODUCTION

Comb-like polymers are branched polymers with a linear
backbone grafted by multiple side chains'~” that have emerged
as an intriguing class of materials for a wide range of potential
applications, including supersoft elastomers, nanocarriers,
surfactants, and stimuli-responsive coatings.'’”"® Compared
with homologous linear polymers, the side chains provide
additional steric repulsions, resulting in considerable stiffening
of the backbone or even the side chains, which is the origin of
many special physical and chemical properties. Three
molecular parameters, the degree of polymerization of
backbone (N,), the degree of polymerization of side chains
(N,) and the grafting density (o), which is defined as the
reciprocal of the degree of polymerization between two
neighboring branching points, constitute a set describing the
conformations of comb-like polymers. Therefore, it requires
quantitative knowledge between the molecular parameters and
the conformations of comb-like polymers to lay a foundation
for various applications.

Theoretically, many researchers have proposed a variety of
different models to explain the influence of steric repulsions
caused by side chains on the conformation of comb-like
chains.'°"** Among them, the Flory approximation is more
used due to its simplicity, where the free energy of comb-like
polymers is composed of the entropic elasticity and the
excluded-volume interactions, i.e.
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Here, kg denotes the Boltzmann constant and T represents the
absolute temperature, respectively. Because the degree of
polymerization of side chains is often much smaller than that
of the backbone, the elastic entropy in the first term on the
right side of eq 1 only includes the contribution of the
backbone, where R, represents the radius of gyration and a is
the Kuhn length. The second, third, and fourth terms represent
the excluded-volume interactions, where v,a%, v,V3, and v;R>,
are the backbone monomer—monomer excluded volume, the
backbone monomer—graft excluded volume, and the graft—
graft excluded volume, respectively. Minimizing with respect to
Rg, we can get
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where Ry, is the radius of gyration of backbone. Simplified
further, it can be written as
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R,/R,, = (1 + ag, + pol)’s 3)

where o and B denote two prefactors that reflect the relative
strength of the excluded-volume interactions from backbone
monomer—graft and graft—graft to backbone monomer—
monomer, respectively.

Recent advances in polymerization techniques have made
possible the synthesis of comb-like chains with well-controlled
molecular architectures, yielding characterizing data for their
structure properties in experiments. For example, by grafting
short poly(ethylene glycol) (PEG) onto methylcellulose
(MC), Lodge et al. demonstrated that the effect of a graft—
graft excluded-volume interaction on the dimensions of comb-
like chains can be ignored ( = 0 in eq 3) when the grafting
density is in the range of 0.07 < o, < 0.33.>">* Conversely, via a
set of poly(propargyl acrylate) (PPA)-g-polystyrene (PS)
comb-like samples, Li et al. found that the effect of the
graft—graft excluded-volume interaction always exists at
different grafting densities.”*>® With the advantage of accurate
and controllable molecular parameters, numerous simulation
works have explored the relationship between the microscopic
conformational details and the molecular parameters from the
molecular level.”’~** Recently, using Brownian dynamics (BD)
simulations, we found that the dimensions of comb-like chains
and the stretching factor (o,N,) satisfy a quantitative
exponential relationship, Wthh quahtatlvely validates the
different experimental results.*®

Although the academic community has made significant
progress in theory, experiment, and simulation, the effect of
backbone rigidity on the conformation of comb-like chains has
not been paid attention, which may be one of the core factors
that make it difficult to compare different results. For example,
in experiments, the selection of backbone is not arbitrary but
depends on the selected synthesis methods, such as MC and
PPA mentioned above, which are different in their own
softness.”">>72° For theoretical and simulation works, more
attention is paid to the impact of the introduction of side
chains on the stiffness of the backbone. For example, Hsu et al.
reported a series of works explaining the impact of the side
chains in bottle-brush chains on the persistence length of the
backbone and the entlre conformation and compared with the
experimental results.**~>” However, the existing studies do not
distinguish the “intrinsic” rigidity (persistent length) of the
backbone and the “induced” rigidity due to the steric
repulsions resulting from the side chains. Therefore, clarifying
the effect of backbone rigidity on the excluded-volume
interactions of backbone monomer—graft and graft—graft can
afford new insights for characterizing structure properties of
comb-like chains.

In this paper, we study the effect of backbone rigidity on the
conformation of comb-like chains by using BD simulations.
Our article is structured as follows: In section 2, we focus on
the simulation details and specific parameters. In section 3, we
discuss the effect of backbone rigidity on the conformation of
comb-like chains and find the relative strength of the excluded-
volume interactions from backbone monomer—graft and
graft—graft to backbone monomer—monomer gradually
weakens with the increase of backbone rigidity. In section 4,
we draw some conclusions and provide an overview.

2. MODEL AND METHODS

As shown in Figure la, a coarse-grained model in which a
comb-like chain is modeled as a bead—spring chain consisting

(b)
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Figure 1. (a) Model of a comb-like chain with N, =5 and 6, = 0.2.
(b) Simulation snapshots of conformations of comb like chains with
= 5 and o, = 0.2, where k is 0.0, 0.5, and 2.0, respectively.

of Nj, backbone beads and N, beads for one side chain is used
in the current study, which is commonly adopted in relevant
reports,”>7?%3032353840783 e yse the purely repulsive
Lennard-Jones (LJ) potential to account for the excluded-
volume interactions between two beads,* i.e.

4e[(o/r)"* —
1/6,

0, r>2 (4)

(6/r)1+¢€ r< 2/
UWCA(r) =

where r is the bead—bead distance and € and o represent the
energy and length parameters, respectively. Adjacent beads in
the backbone or side chains, including the grafting point
between the beads of side chains and the backbone, are both
connected by the finitely extension nonlinear elastic (FENE)
potential,** i.e

Uppng(r) = —0.5kRZ In[1 — (r/R,)*] (5)

where « is the spring constant and R, represents the maximum
separation distance for r. The backbone rigidity is introduced
by adding an angle-dependent bending energy between

4637 .
successive bonds, ie.

Upena(60) = k(1 — cos 6) (6)

where 6 is the complementary angle between subsequent bond
vectors and k denotes the strength of the bending energy.

We use the BD simulations to calculate the motion of the
bead i,*® ie.

() = VU + L£(1)

¢ ¢ (7)
Here, U, is the sum of all WCA, FENE, and bending potentials
discussed above, and & denotes the friction coefficient of beads
in a solvent with viscosity 7, based on the Stokes—Einstein
relation, which can be calculated as & = 67na. f(t) represents a
random force related to & by the fluctuation dissipation
theorem (f(t)f(t')) = 25ksT5;6(t — t')I, where L is the unit
tensor. The equations are 1ntegrated with an Euler integrator,
and the intramolecular hydrodynamic interactions are not
taken into account, which allows us to compute longer time
steps with less computational effort. In this work, we only focus
on the conformation of comb-like chains, ignoring the dynamic
properties such as diffusion; therefore, this choice is reasonable
and economical.
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We simulate the conformation of a comb-like chain in a
cubic box with dimensions of (D, D, D), where the periodic
boundary conditions are imposed along all directions. In this
work, 6, m, and € are taken to be the units of length, mass, and
energy, respectively, and the unit of time is 7 = (mo?/€)"/% We
set the FENE parameters as k = 30 and R, = 1.5, which can
prevent chains crossing.’” We fixed the temperature as kT =
1.0, the time step as At = 107%, and the friction coefficient as &
= 0.5, respectively. In addition, the simulation box is fixed as D
= 150, and the length of the backbone is fixed as N, = 120. We
assume that the side chains are uniformly grafted onto the
backbone with different grafting densities, which are in the
range 0 < o, < 1. In each case, 100 samples were averaged with
5 X 1 X 10® simulation steps. We tune k to investigate the
conformation of comb-like chains, partly shown in Figure 1b,
where a comb-like chain that is more and more extended with
the increase of k is observed.

In order to distinguish the backbone rigidity, we specify that
the backbone with k > 0 is a semiflexible chain, and the
backbone with k = 0 is a flexible chain. As shown in Figure 2a,
the ratio of the radius of gyration of the semiflexible backbone
and flexible backbone (Rg’b/ RgO) continues to increase with the
increase of k, which indicates that the backbone is significantly
stretched. In addition, we calculate the persistence length of

(@ 2.5

20r

Ry /Ry

Figure 2. (a) Ratio of the radius of gyration of semiflexible backbone
and flexible backbone (Rg,b/ Rgo) as a function of the strength of
bending energy (k). (b) Ratio of the persistence length of semiflexible
backbone and flexible backbone (lp’,,/ lpo) as a function of the strength
of bending energy (k).

the backbone by the projection of the end-to-end distance
vector (R,) on the ith bond vector (r;;,,) of the backbone, i.e.,
l;, = (r,-,m/lr,-‘,-ﬂl-Re).35’50 Due to the greater freedom of the two
ends of the backbone, [, is the smallest at the ends of the
backbone and develops a well-defined plateau in the middle,
whose average value is defined as the effective persistence
length (1,). As shown in Figure 2b, the ratio of the persistence
length of the semiflexible backbone and flexible backbone (lp,b/
lpO) increases with the increase of k, and when k = 4, the
persistence length of the semiflexible backbone is as much as
five times that of the flexible backbone, which demonstrates
that we can change the backbone rigidity by adjusting the value
of k. With these foundations, we can examine the constraint of
the backbone rigidity on the stiffening of backbone caused by
side chains and then clarify its effect on the conformation of
comb-like chains.

3. RESULTS AND DISCUSSION

We first calculate the ratio of the radius of gyration of comb-
like chains and the semiflexible backbone (R,/R;;) as a
function of o, in Figure 3, which indicates that R,/R,, increases
gradually with the increase of o, for different k. In Figure 3a, we
assume f = 0 in eq 3, i.e,, ignoring the graft—graft excluded-

(@) 1.8
m k=40, ax1.51

e k=30, ax2.19

A k=20, a~3.03 o
1.6 k=15, a~4.15
k=10, 2~ 643
k=0.5, a=8.00
k=0.0, a~9.68

" (=40, a~ 191, B~-0.53

o k=30, a~249, f~-0.41

A =20, ax2.69, f~047

1.6 - k=15, a=3.07, f~ 149
k=10, a~4.16, f~3.24
k=0.5, a~582, f~524 4

* k=00, a~5.53, f~9.66

Figure 3. Ratio of the radius of gyration of comb-like chains and the
semiflexible backbone (Rg/ Rg,b) as a function of the graft density (o)
with different k, where the data are fitted by R./R,;, = (1 + ac)® (a)
and R/Ry, = (1 + ao, + P25 (b) in eq 3, respectively. The length
of the side chains is fixed as N, = 5. All hollow symbols refer
specifically to the points that offset the fitting curves.
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Table 1. Summary of Values of & and # Obtained by Fitting eq 3

a
k N, =1 N, =3 N, =5 N, =7
0 0.82 291 5.53 6.67
0.5 0.70 2.61 5.82 6.86
1 0.28 1.74 4.16 5.54
LS —0.31 0.59 3.07 3.92
2 —0.48 0.19 2.69 3.73
3 —0.55 —0.11 2.49 3.32
4 —0.67 —0.29 191 2.53

B
N, =1 N, =3 N, =5 N, =7
1.08 3.62 9.66 18.67
0.68 1.64 5.24 12.71
0.63 0.77 3.24 7.53
0.85 0.79 1.49 4.08
0.89 0.73 0.47 1.71
0.85 0.64 —0.41 —0.12
0.82 0.58 —0.53 —0.57

volume interaction, and find that most of the data points can
fall on the fitting curves. The results show that a gradually
decreases as the increase in k (from 9.68 to 1.51), suggesting
that the enhancement of backbone rigidity significantly
weakens the relative strength of the excluded-volume
interactions from backbone monomer—graft to backbone
monomer—monomer. Only when k = 0 or k = 0.5 and o is
close to 1 do a few data points obviously deviate from the
fitting curves. For k = 0 (the flexible backbone), when o,
approaches 1, there are data points that do not conform to the
assumption of f = 0. As we discussed in the previous work,
under these conditions, the influence of the graft—graft
excluded-volume interaction on conformations begins to
become significant.”> Importantly, we find that for k = 0.5
(the semiflexible backbone, [,,/1,0 & 1.2 in Figure 2b), similar
to the results of k = 0, abnormal data points appear when o
tends to 1, which suggests that the increase of backbone
rigidity is not enough to shield the effect of excluded-volume of
side chains. But for most semiflexible backbones (lp,b/ lo> L5
in Figure 2b), the assumption of # = 0 is reasonable, which
indicates that the graft—graft excluded-volume interaction can
be ignored in the whole graft density range. Our results show
that the change of backbone rigidity, especially the transition
from flexible to semiflexible, has a significant impact on the
relative strength of the excluded-volume interactions from
graft—graft to backbone monomer—monomer.

We then examine the case when # # 0 in Figure 3b. The
results show that all data points fall on the fitting curves, and a
and f decrease simultaneously with the increase of k, indicating
that the relative influence of backbone monomer—graft and
graft—graft excluded-volume interactions is gradually weak-
ened. In addition, j is greater than @ on the rate of reduction,
and when k = 3 or 4, the value of f§ is negative. In fact, when k
=2 (I,4/l,0 ® 3 in Figure 2b), the value of § tends to zero,
which means that the graft—graft excluded-volume interaction
has little effect on the conformation of comb-like chains. From
Figure 3a,b, we can conclude that, for the conformation of
comb-like chains, the influence of excluded-volume inter-
actions from the backbone monomer—graft always exists, and
with the increase of backbone rigidity, its relative strength to
the backbone monomer—monomer gradually weakens. How-
ever, the influence of graft—graft excluded-volume interaction
appears and becomes important only when the backbone
rigidity is relatively weak.

Finally, we summarize the values of @ and f obtained by
fitting different lengths of side chains in Table 1. We find that,
for N, = 1, the values of a and f are almost all less than 1,
which means that when the length of side chains is a Kuhn
length, the strength of the excluded-volume interactions from
backbone monomer—graft and graft—graft is always lower than
that of the backbone monomer—monomer. For other longer
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side chains, with the increase in k, the values of & and f§ both
show a decreasing trend. The difference is that the value of
decreases faster, which indicates that the graft—graft-excluded
volume interaction is more sensitive to the backbone rigidity.
Based on existing data, we find that the growth of N, can lead
to the increase of @ and f; that is, the relative strength of the
excluded-volume interactions from backbone monomer—graft
and graft—graft to backbone monomer—monomer increases
gradually, but the increase of k can reduce the values of @ and
B, that is, it gradually shields the effect of steric repulsions
caused by side chains. Our results demonstrate that the
stiffening of the backbone can control the effect of excluded-
volume interactions from the backbone monomer—graft and
graft—graft, and it is meaningless to compare the impact of side
chains without defining the backbone rigidity.

As shown in Figure 4, we explore the influence of the
existence of side chains on the persistence length of the

351 = k=40
k=3.0
30l k=20 .
k=15
k=1.0
:32.5 r k=05
=~ L)
~5 * k=00
20+
1.5}F
10 1 L 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. Ratio of the persistence length of the semiflexible backbone
with grafting side chains and the semiflexible backbone (lp/ l},'b) as a
function of the grafting density (o,) with different k.

semiflexible backbone with grafting side chains. When we keep
increasing o, the ratio of the persistence length of semiflexible
backbone with grafting side chains and the semiflexible
backbone (1,/1,,) increase almost linearly. Our results show
that the steric repulsions caused by side chains increase the
persistence length of the semiflexible backbone, but the
influence gradually weakens with the increase of backbone
rigidity. For example, for k = 4, when o, is changed from 0 to 1,
the persistence length of the backbone increases by about 1.5
times, while for k = 0.5 it increases by about 3 times. In this
work, we fix the length of the backbone as N, = 120, whose
persistence length is [, % 4, indicating N/l & 30. But when k

p
= 4, the persistence length of semiflexible backbone is lp’b ~ 23,
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indicating N/, ~ S, which suggests that the backbone is
relatively rigid. Within this stiffening range, our results
demonstrate that the existence of side chains not only
increases the persistence length of the backbone but also
increases the size of comb-like chains. This trend slows with
the increase in backbone rigidity.

In essence, increasing the grafting density or the length of
side chains will increase the probability of contact between or
within side chains, resulting in stronger steric repulsions,
thereby changing the persistence length of the backbone and
the conformation of the entire comb-like chain. Therefore, it is
an effective way to describe the comb-like chains by the
stretching factor (GSI\Tg). In Figure 5, we use the stretching

@ k=40, A~ 1.16
[ ] =4.0, ~ 1. 2 %
0.9F ¢ k=30 a~107 Re/Rgp-1~(ONy)
A =20, L~ 1.06
071 © k=15 r=102
’ k=10, »~0.89
— k=05, »~081
o 0.5 k=0.0, A~0.78 .
gGl)
=03
0.1
_0'1 L 1 L 1 1 L 1
0 1 2 3 4 5 6 7
O'SNg
(b) 3.5
m k=40, y:1.28 171 1~(ON. vV (]
o k=30, y~120 P'Pb @ §)
A k=20, y~123
25F © k=15, y~126
k=10, y~1.11
— k=05, y~1.03
! k=0.0, y~0.98
215 7 A
= .
0.5
_0'5 1 1 1 Il Il 1 1
0 1 2 3 4 5 6 7
O'SNg

Figure S. (a) Ratio of the radius of gyration of comb-like chains and
the semiflexible backbone (Rg/Rg/b — 1) as a function of the stretching
factor (asNg) with different k, where the data are fitted by R,/R,;, — 1
~ (GSNE)A. (b) Ratio of the persistence length of semiflexible
backbone with grafting side chains and the semiflexible backbone (lp/
Ly — 1) as a function of the stretching factor (GsNg) with different k,
where the data are fitted by [,/1,;, — 1 ~ (GSNg)".

factor to describe the size of comb-like chains and the
persistence length of backbone. The results show that the
radius of gyration of the comb-like chains and the persistence
length of the backbone are exponentially related to the
stretching factor, but the stiffness of the backbone is different,
showing different exponential changes. For the radius of
gyration of the comb-like chains, with the increase of k, its
power exponent changes from less than 1 to more than I,
where the quasi linear relationship is that k is about 1.5 or 2.0.
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At this time, the persistence length of the semiflexible
backbone is about 2.5 times that of the flexible backbone
(Figure 2b). Differently, the persistence length of the
semiflexible backbone with the grafted side chains changes
from a quasi linear relationship to a power exponent greater
than 1. Our results show that we can deduce the rigidity of the
backbone by the power exponent between the size of comb-
like chains and the stretching factor.

4. CONCLUSIONS

In summary, the current study clearly demonstrates that the
backbone rigidity can control the effect of side chains on the
conformation of comb-like chains; that is, the relative strength
of the excluded-volume interactions from backbone monomer-
graft and graft—graft to backbone monomer—monomer
gradually weakens with the increase of backbone rigidity.
Only when the rigidity of the backbone tends to the flexible
and the grafting density is high is the effect of the excluded
volume of graft—graft on the conformation of comb-like chains
significant enough, and other cases can be ignored. Our results
show that the radius of gyration of comb-like chains and the
persistence length of the backbone are exponentially related to
the stretching factor, where the power exponent exhibits an
increase with the increase of the strength of bending energy.
In this work, we mainly focus on the semiflexible backbone,
where the maximum ratio of the length of backbone to the
persistence length is about S. Obviously, when we continue to
increase the stiffness of the backbone, especially for rigid
chains, the steric repulsions caused by side chains will not be
able to continue to increase the persistence length of the
backbone. Therefore, the above will no longer apply to this
special case. On the other hand, for short graft chains, it seems
that the effect of their own stiffness should also be considered.
However, since the graft chain is usually much shorter than the
backbone, we speculate that their effect may be limited,
especially in the case of high graft density, such as a bottle-
brush chain. In conclusion, our work explains the effect of
backbone rigidity on the conformation of comb-like chains and
uncovers the contribution of excluded-volume interactions
from side chains with different backbone rigidities, which
provides a new insight for characterizing comb-like chains.
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