Chinese Journal of
POLYMER SCIENCE

RESEARCH ARTICLE

https://doi.org/10.1007/s10118-023-2912-8
Chinese J. Polym. Sci. 2023, 41, 1386-1391

Conformation of an Amphiphilic Comb-like Copolymer in a Selective

Solvent

Peng Hao®*, Xing-Hong Mai®, Qiao-Yue Chen?, and Ming-Ming Ding®°"

@ Xinjiang Laboratory of Phase Transitions and Microstructures in Condensed Matter Physics, College of Physical Science and Technology, Yili Normal University,

Yining 835000, China

b School of Chemical Engineering and Light Industry, Guangdong University of Technology, Guangzhou 510006, China

é Electronic Supplementary Information

Abstract We study the conformation of an amphiphilic comb-like copolymer in a selective solvent by using Brownian dynamics simulations. Our
results demonstrate that, there is an optimal total degree of polymerization to form spherical micelles. Only when the total degree of
polymerization is less than the optimal total degree of polymerization, a unimolecular spherical micelle can be formed, otherwise, the spherical
micelle will be transformed into a cylindrical micelle. When the total degree of polymerization is less than the optimal total degree of
polymerization, the radius of gyration and the stretching factor meet an exponential relationship, where the power exponent decreases with the
increase of the length of hydrophilic side chains. The fundamental principles uncovered here afford insights for the optimization of molecular

design of amphiphilic comb-like copolymers in various applications.
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Comb-like polymers are branched polymers consisting of
polymeric side chains anchored to a linear backbone, differ-
ent from linear homologues, they offer many unique physical
and chemical properties,['-71 which enable various potential
applications such as templates of well-defined nanostruc-
tures, drug carriers, surfactants, and stimuli-responsive mater-
ials.8-171

In theory, Fredrickson,!'8 Borisov,['9201 Schmidt,’2" Dobryn-
in,122] Sing,123241 and Lodge,?%! et al. have successively made
significant contributions in modeling the conformational
characteristics of comb-like chains in solution or melt, to
name but a few. Due to advantages in simulations, numerous
works have investigated the relationship between the micro-
scopic conformational details of comb-like chains and mo-
lecular parameters from the molecular level, including
Yethiraj,26] Hsu and Binder,[27.28] Chatterjee,29 Sing,B3031
Deshmukh,B32 and Schroeder,33-3%1 et al., to name but a few.
Experimentally, Lodge et al. demonstrated that for the smal-
ler grafting density, the effect of graft-graft excluded-volume
interaction on the dimensions of comb-like chain can be ig-
nored, which is consistent with the discussions from the Flory
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approximation.[2536] Conversely, the experimental results of Li
et al. did not support this view, and suggested that the graft-
graft excluded-volume of side chains is important for the
overall conformation.37-391 Recently, using simulations, we
found that the dimension of comb-like chains and the
stretching factor satisfy a quantitative exponential relation-
ship, which effectively validates the different experimental
results.[40!

For the vast majority of comb-like polymers, the backbone
and the side chains are often obtained from different
monomers, including the experiments mentioned
above,12536-391 which results in the backbone and the side
chains being sensitive to the environmental factors such as
temperature and solvent properties show different character-
istics.! Among them, the amphiphilic comb-like copolymers
in which the backbone is hydrophobic and the side chains are
hydrophilic are particularly common. For example, Wang
et al. prepared an amphiphilic biodegradable copolymer with
hydrophobic poly(e-caprolactone) grafted onto a short and
water-soluble maltoheptaose backbone, which produces the
wire-like micelles.*" Kang et al. succeeded in synthesizing
amphiphilic comb-like copolymers possessing a fluorescent
hydrophobic P(NVK-co-VBC) backbone and pH-sensitive hy-
drophilic P(DMAEMA-co-AAc) side chains, which self-as-
sembles into onion-like multilamellar vesicles in aqueous me-
dia.l"" Sheng et al. and Liu et al. studied the structural charac-
teristics and fusion pathways of onion-like vesicles formed by
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amphiphilic comb-like copolymers using dissipative particle
dynamics,#243] respectively.

In reality, to the best of our knowledge, the relationship
between the conformation of a single amphiphilic comb-like
copolymer in a selective solvent and the molecular paramet-
ers is still lacking in academia. Borisov et al. proposed a scal-
ing theory for the conformational behavior of comb-like co-
polymer in dilute solution, and revealed the existence of a
transition from the pearl-necklace structure to unimolecular
cylindrical and spherical micelles upon a decrease in the
solvent quality for the backbone,*4 which is demonstrated
by Monte Carlo and molecular dynamics simulations,#546! re-
spectively. However, for a specific dilute solution, that is, the
hydrophilic and hydrophobic properties of the backbone and
side chains are fixed, the conformational characteristics of
amphiphilic comb-like copolymers remain unclear when the
molecular parameters are adjusted.

In this work, we study the conformation of amphiphilic
comb-like copolymers in dilute solution using Brownian dy-
namics (BD) simulations. As shown in Fig. 1(a), we use a
coarse-grained model in the present work, which is most
commonly used in previous studies.[2627.303247.481 An am-
phiphilic comb-like chain is modeled as a bead-spring chain
consisting of N, hydrophobic backbone beads (red) and N,
hydrophilic beads for one side chain (green), and for simpli-
city, it is assumed that the side chains are uniformly grafted
onto the backbone. The grafting density (o,) is defined as
os = 1/Ns, where Ny denotes the degree of polymerization
between two neighboring grafting points. Adjacent beads in
the backbone and side chains, and the grafting point
between the bead of side chains and the bead of backbone,
are connected by the finitely extension nonlinear elastic
(FENE) potential,*?! Ugene(r) = —0.5kRaIn[1 — (r/Ro)*], where &
denote the spring constant and R, is the maximum separa-
tion distance for the bead-bead distance r. The nonbonded
interaction between two beads accounted for the excluded-
volume interaction is described through the Lennard-Jones
(L)) potential,!5® Uy,(r) = 4€[(a/r)"* - (/r)°], where € and o
denotes the energy and length parameters, respectively. For
the interaction between hydrophobic beads, we set the
cutoff of the LJ potential to be r. = 2.50, which corresponds
to the poor solvent condition.552 While for other pairwise
interactions, including between hydrophilic beads and
between hydrophobic and hydrophilic beads, we only con-
sider the purely repulsive LJ potential, also known as the WCA
potential, by setting r. = 21/60, which corresponds to the
good solvent condition.59 All LJ potentials are shifted so that
ULJ =0atr..

The BD equation of motion for the bead i is described by

0,=0.2

r(t) = —%VU; + %fi(t).[”] Here U; represents the sum of all LJ
and FENE potentials discussed above, and € is the friction
coefficient of a bead in the solvent with the viscosity n, based
on the Stokes-Einstein relation, which can be written as
& =6Tna. f;(t) denotes a random force related to & by the
fluctuation dissipation theorem (f,(t)f(t')) = 2EkgTS;5(t — t')I,
where | is the unit tensor. The equations are integrated with
an Euler integrator, the inertia effect is ignored in this meth-
od, which allows us to compute longer time steps with less
computational effort. In addition, we only focus on the con-
formations of amphiphilic comb-like copolymers, excluding
the dynamic properties such as diffusion, thus, the in-
tramolecular hydrodynamic interactions (HI) are not taken in-
to account, which is a reasonable and economical choice.

We simulate the conformation of an amphiphilic comb-like
chain in a cubic box with dimensions of (D, D, D), where the
periodic boundary conditions are imposed along all direc-
tions. In this work, g, m and ¢ are taken to be the units of
length, mass and energy, respectively, and the unit of time is
7=(mo*/e)'?. We set the FENE parameters as k=30 and
Ry =1.5, which can prevent chains crossing.> We fix the tem-
perature as kgT=1.0, the time step as At=10"*, and the fric-
tion coefficient as £=0.5, respectively. Moreover, the simula-
tion box is fixed as D=150. In each case, 100 samples were
averaged with 2x10° simulation steps. We tune the grafting
density from 0 to 1 (0 < g, < 1), i.e., from no grafting on the
backbone to each backbone bead grafting a side chain, partly
shown in Fig. 1(b), where a transition from a single hydro-
phobic core to the formation of spherical core-shell struc-
tures to cylindrical core-shell structures is observed.

We first calculate the ratio of the radius of gyration of the
amphiphilic comb-like chain and the hydrophobic backbone
itself (Ry/Rqo) as a function of g, in Figs. 2(a)-2(c). When
Np =20 (Fig. 2a), the results show that with the increase of 0s,
Rg/Rgo increases rapidly at first and then slowly, and the in-
crease in the length of side chains would promote this trans-
ition. In reality, when o is low, such as less than 0.2, the side
chains outside the hydrophobic core are relatively sparse. As
0O is increased, a spherical micelle with the core-shell struc-
ture will be formed. And thereafter, the increase in the num-
ber of side chains makes minor contribution to the size of the
spherical micelle.

In order to further prove the shape of the micelle, we calcu-
late the three eigenvalues of the radius of gyration tensor
(A3 = A3 = A?) as shown in Figs. 2(d)-2(f), which corresponds
to the simulation snapshots in Figs. 2(a)-2(c), respectively.
The results in Fig. 2(d) show that the three eigenvalues are al-
most the same, which indicates that the spherical micelles
with the core-shell structure are indeed formed. Then, we

0,=0 0,=0.6 0=1.0

Fig. 1 (a) Model of an amphiphilic comb-like chain with the length of the hydrophobic backbone N, =40 (red), the length of the
hydrophilic side chains Ny=5 (green) and the grafting density o,=0.2; (b) Simulation snapshots of conformations of an amphiphilic
comb-like chain with N, =40 and N, =5, where g; is 0, 0.6 and 1, respectively.
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Fig.2 (a-c) Ratio of the radius of gyration of the amphiphilic comb-like chain and the hydrophobic backbone itself (R /Ry) as a function of the

grafting density (o;) with Ng=1,2,5 and 9, where (a) is N, =20, (b) is N, =40, and (c) is N, =

120, respectively. The representative snapshots of

simulations are also included in (a) to (c). (d-f) Three eigenvalues ()é > )\g > )\f) of the radius of gyration tensor with different grafting densities.
Except 0, =0, the others correspond to the representative snapshots of simulations in (a) to (c), respectively.

study the case of N, =40, as shown in Fig. 2(b), which is simil-
ar to that of N, = 20 in Fig. 2(a), but when o,=1, a sharp in-
crease occurs. According to the simulation snapshots, at this
time, the spherical micelle is transited to the cylindrical mi-
celle. In Fig. 2(e), when o,=0.2 or 0.9, the three eigenvalues
are almost the same, proving that it is a spherical structure,
but when o,=1, )\§ is obviously larger than the other two ei-
genvalues, further confirming that there is a transition from
spherical micelles to cylindrical micelles. Finally, when
Np =120, a different situation occurs, almost showing a trend
that the size of the amphiphilic comb-like chain gradually in-
creases with the increase of g5, and the increase of the length
of side chains leads to this phenomenon more obvious. From
the simulation snapshots in Fig. 2(c) and the three eigenval-
ues in Fig. 2(f), it can be concluded that the transition from
spherical to cylindrical occurs at a lower grafting density.

We then study the effects of Ny, and Ny on the size of am-
phiphilic comb-like chains, respectively, as shown in Fig. S1
(in the electronic supplementary information, ESI). For N,
when o; is low, such as 0,=0.2 or 0.4, Rg/Rgo decreases with
the increase of N,,, which is mainly because the size of the hy-
drophobic core increases with the growth of the backbone,
and the shell formed by the hydrophilic side chains less con-
tribute to the overall size, leading to this downward trend.
However, when g; is high, with the increase of N, it causes
the transition from spherical micelles to cylindrical micelles,
as shown in Figs. 2(b) and 2(c), thus leading to an inflection
point, which is related to the grafting density and the length
of the hydrophobic backbone. For Ny, Ry/Rgo monotonously
increases with the increase of Ny. The determined length of
backbone forms a hydrophobic core with relatively fixed size,
and the increase in Ny or g, can increase the size of the hy-

drophilic shell, thus promoting the continuous increase of the
overall size.

Since different molecular parameters have different effects,
we further explore the relationship between the dimension
and the total degree of polymerization of amphiphilic comb-
like chains, which is calculated by N, + o,N,Ng. As shown in
Fig. 3, we find that a transition region is about
Np + 0sNpNg = 220. When Ny + 0sNpNg is less than 220,
Rg/Rgo decreases with Ny, + o,NpNg. It can be seen from the
comparison with Fig. S1 (in ESI) that the rate at which Ry/Ryo
decreases with Ny, + osNpNg is obviously lower than that with
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Fig. 3 Ratio of the radius of gyration of the amphiphilic comb-like
chain and the hydrophobic backbone itself (Ry/Ry) as a function of
the total degree of polymerization of the amphiphilic comb-like chain
(Ny + 0N,Ng) with different grafting densities. The length of the
hydrophilic side chains is fixed as Ng=5.
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Fig.4 Ratio of the radius of gyration of the amphiphilic comb-like chain and the hydrophobic backbone itself (Ry/Rq4o — 1) as a function
of the stretching factor (osNg) with Ng=1,2,5 and 9, where (a) is Ny, = 20, (b) is N, =40, and (c) is N, =120, respectively. The data in (a)
and (b, except for the last data point of each group) are fitted by Ry /Ry — 1 = (osNg)“, respectively.

N, alone, which indicates that although the effect of N, is
dominant, the increase of Ny can weaken this downward
trend. While when Ny, + o,NpNg is greater than 220, Ry/Rgo
increases with the increase of Ny, + o,N,Ng, where Ny, and Ny
both play a positive role. Combining the results in Fig. 2 and a
large number of simulation snapshots, we conclude that
these two completely opposite regions correspond to spher-
ical micelles and cylindrical micelles, respectively.

Theoretically, for amphiphilic block copolymers, we can
predict the morphology of formed micelles by judging the
competition between the interfacial energy and the conform-
ation entropy of micelles, where always exists an optimal ag-
gregation number to form spherical micelles. When the num-
ber of amphiphilic chains is greater than the optimal aggrega-
tion number, spherical micelles will release the conformation
entropy by stretching to form cylindrical micelles or splitting
to form two sub-micelles. We believe that the formation
mechanism of micelles by the amphiphilic comb-like chain is
similar to this, and we can thus define the optimal total de-
gree of polymerization of the amphiphilic comb-like chain to
form spherical micelles (N*). Our results demonstrate that
N*=%220 with Ny=5, which is independent of N, and o;. In
Fig. S2 (in ESI), we display the cases of Ng=2 and Ng=9, and
find N* is about 120 and 370, respectively. Our results show
that N* increases with the length of hydrophilic side chains.

Finally, we try to use the stretching factor (o;N,) to de-
scribe the conformation of amphiphilic comb-like chains, as
shown in Fig. 4. When N, =20 (Fig. 4a), all data points can well
fall on the fitting curves, and with the increase of the length
of side chains, the power exponent gradually decreases from
0.7 to 0.27. When N, =40 (Fig. 4b), abnormal data points ap-
pear, that is, when o,=1, the data points obviously deviate
from the curves formed by the lower grafting densities. Re-
move the last data point of each group, and the obtained
power exponent decreases from 0.67 to 0.29 along with Ny
from 1 to 9, which is almost consistent with the results of
Np =20 in (Fig. 4a). However, when N, =120, we do not ob-
serve the exponential relationship, and with the increase of
osNg, there will be a sudden increase, which is somewhat sim-
ilar to the last point in Fig. 4(b). By comparing the results in
Fig. 2, we find that the last point of each group in Fig. 4(b) and
the sudden increase in Fig. 4(c) both correspond to the trans-
ition from spherical micelles to cylindrical micelles.

According to the conculsion of Fig. 3, we respectively count

the changes of total degree of polymerization in Figs. 4(a)—4(c),
where 24 < Ny, + o;N, Ny < 200 in Fig.4(a), 48 < Ny, + o,N,Ng <
400 in Fig. 4(b), and 144 < Ny, + 0Ny Ng < 1200 in Fig. 4(c), re-
spectively. Once again, the existence of the optimal total de-
gree of polymerization is verified, that is the total degrees of
polymerization in Fig. 4(a) are always less than N*,in Fig. 4(b),
except for the last data point in each group, are also less than
N*, and while in Fig. 4(c), only the two smallest total degrees
of polymerization are less than N* and the rest are all greater
than N*. Thus, for amphiphilic comb-like chains, the stretch-
ing factor can well describe the change of chain dimensions
when the total degrees of polymerization is less than N*,
which satisfies an exponential relationship and the power ex-
ponent decreases with the increase of the length of hydro-
philic side chains.

In summary, the current study clearly demonstrates that,
for the evaluation of dimensions of amphiphilic comb-like co-
polymers, there is an optimal total degree of polymerization
to form spherical micelles. Only when the total degree of
polymerization is less than the optimal total degree of poly-
merization, a unimolecular spherical micelle can be formed,
otherwise, the spherical micelle will be transformed into a cyl-
indrical micelle, which is essentially the result of the competit-
ive balance between hydrophilic side chains and hydro-
phobic backbone. We further confirm that when the total de-
gree of polymerization is less than the optimal total degree of
polymerization, the radius of gyration and the stretching
factor meet an exponential relationship, where the power ex-
ponent decreases with the increase of the length of hydro-
philic side chains.

However, it should be pointed out that in our work, we did
not observe the previously reported pearl-necklace
structure.*4-461 By comparing with their model parameters,
we believe that the hydrophobic interaction intensity of the
backbone plays a major role. When we reduce the hydro-
phobic interaction intensity of the backbone, does there exist
an optimal total degree of polymerization to form the pearl-
necklace structure? On the other hand, the maximum ratio of
the length of side chains and the length of backbone is 9/20
in this work, which means that the length of side chains is al-
ways smaller than the length of backbone. When the length
of side chains further increases, even far exceeds the length of
the backbone, some unexpected changes may occur. Obvi-
ously, the above issues are worthy of further exploration. In
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short, the fundamental principles uncovered here afford in-
sights for the optimization of molecular design of amphiphil-
ic comb-like copolymers in various applications.
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