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Abstract: An analytical theory describing the variety of different morphological structures that
spontaneously self-assemble in layers of amphiphilic homopolymers tightly grafted to spherical
nanoparticle is proposed. For this purpose, the following structures were identified and outlined:
hedgehogs, in which macromolecules are combined into cylindrical aggregates; chamomile, when
cylindrical aggregates are connected by their ends into loops; multipetal structure with macro-
molecules self-assembling into thin lamellae; and unstructured, swollen and uniformly compacted
shells. The results are presented in the form of state diagrams and serve as a basis for the directional
design of the surface pattern by varying system parameters (particle radius, grafting density and
degree of polymerization) and solvent properties (quality and selectivity).

Keywords: amphiphilic homopolymers; self-assembly; nanoparticles

1. Introduction

Nanoparticles coated with a polymer layer are actively used to design modern com-
posite materials and find application in divers’ areas from drug delivery [1–3] to oil pro-
duction [4,5].

The grafted macromolecules create a protective shell [6–8], preserve nanoparticle
aggregation and, at the same time, due to their polymeric nature, they are capable of being
structured and responding to external influences [9–13].

An undoubted advantage of such systems is the huge possibility of varying their
properties by changing the parameters of the grafted layers, such as the grafting density
and polymer length [11,14], regularities in the distribution of grafting points [15,16], combi-
nation of different macromolecules [6,10,17–19], etc. Additionally, thanks to the modern
methods of synthesis and subsequent post-polymerization modification many of these
options and most possible combinations of them can be implemented practically [20–25].

In the simplest case of homopolymer macromolecules, in a good solvent, the poly-
mer layer will create a protective shell of swollen macromolecules (“hairy nanoparti-
cles”) [17,26–28]; in a poor solvent, it will collapse, and, depending on the grafting density,
completely or partially cover the nanoparticle surface, forming patchy patterns [12,15,17,28,29].

Grafted layers, made from different macromolecules and/or copolymer chains, self-
assemble in very different structures. The type of structures depends on many additional
parameters, including the compatibility of various monomer units with each other and sol-
vent. In general, they aggregate in such a way that more soluble macromolecules/monomer
units are exposed to the solvent, and less soluble units are maximally protected from contact
with it [10,30,31].

If polymer blocks of different nature are combined into a comb-like copolymer, it can
be expected that in the grafted layer they self-organize into cylindrical strands. Another
possible option may be a striped, lamellar structure diverting from the grafting surface. Both
expected structures—cylindrical strands and striped morphology—were experimentally
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observed in [32–34]. The amphiphilic comb-like copolymers, reported in [32,34], were
designed via interpolymer complexation of polyanionic brushes with polycation-b-PEO
copolymers. These comb-copolymers have hydrophobic (polyanion-polycation) backbone
and hydrophilic PEO pendants. The self-assembly to microphase-separated structures
allows to hide hydrophobic backbone and to increase the contact of PEO with solvent.

The divergent cylindrical strands and lamellas were reported also for the spherical
nanoparticles coated with amphiphilic homopolymers [35–37]. The structures are referred
to as hedgehogs and multipetalers, correspondingly. These figurative names were chosen
because the lamellas on the surface fold akin to petals in buds; and concentrated solutions
of nanoparticles with cylindrical aggregates resemble a solution of sea urchins. Notably,
other cases of hedgehog and urchin structures with spikes of very different nature are also
described in the literature [38–40].

The amphiphilic homopolymers are macromolecules composed of identical monomer
units each containing both hydrophobic and hydrophilic groups [41–44]. The effective
coarse-grained model represents such monomer units as a dumb-bell of two beads [41]. The
dumb-bell monomer units are connected into chains such that some beads form backbone
and the others are pendant groups. Additionally, amphiphilic homopolymers can thus be
treated as a limiting case of comb-like copolymer with short side chains [45].

Firstly, the cylindrical strands and lamellas morphology are addressed for amphiphilic
homopolymers tightly grafted in a flat surface [46]. The strands, composed of few macro-
molecules, are arranged perpendicular to the surface in hexagonal order and observed in
the solvent being selectively good for pendants and poor for mainchains. The lamellas are
expected in mirror-inverse case, with the solvent being poor for pendants and good for
backbone. The lamellae are oriented perpendicular to the flat surface and are characterized
by two slightly different periods [47]. The transitions between the lamellas with different
periods occur through an intermediate (“parking-garage”) structure when lamellae with
different periods coexist and are spaced in height.

Similarly, it can be assumed that in the case when amphiphilic macromolecules are
grafted to spherical surface, the macromolecules are preferably assembled into cylindrical
branches in the solvent, being selectively good for pendants and poor for mainchains
(“hedgehogs”), and they are collected into lamellae in mirror-inverse case (“multipetalers”).
Under these assumptions, the analytical theories were developed for each of these cases
separately and results were presented in the form of state diagrams indicating the fields with
different numbers of spikes and petals for hedgehogs and multipetalers, correspondingly.
In the latter case, the data were confirmed by specially designed computer experiments [37].

The difference in morphologies observed in mirror-inverse solvents can be explained
by the dissimilarity in entropy constraints during clustering of pendant and mainchain
groups. With clustering caused by attraction between the side groups, the loss in entropy is
much greater, due to significant restrictions imposed on the mobility of the pendants [48].
The restrictions favor the cluster fusion in poor for pendant solvent and lead to the effecting
orientation-induced attraction. The orientation-induced attraction is purely entropic in na-
ture, and its impact has made the cylindrical branches almost unprofitable for such solvent.

In solvent, being selectively good for pendant and poor for mainchains, the orientation-
induced attraction is negligible, and it can be expected that both cylindrical and lamellae
structures can be stable within noticeable regions.

The aim of this study is to develop a theoretical approach that allows us to describe
various structures formed during self-assembly of amphiphilic homopolymers grafted to a
spherical nanoparticle and to outline the areas of their stability. We examine the previously
described hedgehog and the multipetal structures, and introduce the chamomile structure.
In chamomile, the cylindrical branches are bent and connected at the ends. We propose a
theoretical model considering the conformation and energy of individual macromolecules,
taking into account the structures of individual aggregates and of their interaction with
each other. This allows us to describe in detail the morphology of these complex structures
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as function of nanoparticle size, grafting density, polymerization degree, affinity of different
groups to solvent and each other.

2. Model

In accordance with the main objective of the article, we will consider a decorated
nanoparticle covered with a tightly grafted layer of an amphiphilic homopolymer.

Let the nanoparticle be an impenetrable sphere with radius R, and the grafted layer
consists of M polymer chains with a degree of polymerization N, N >> 1. The poly-
mer chains are long, flexible and obey Gaussian statistics [49]. They consist of identical
monomeric units, each containing groups with different affinity to the solvent. This is taken
into account by presenting monomer units in the form of A-graft-B dumb-bells made of two
A and B beads, with the same volumes v and different affinity to the solvent (Figure 1a).
A beads are interconnected into chain backbone, B beads are pendants (Figure 1b). The
hairy nanoparticle is immersed into selective solvent, being poor for A backbones and
good for B pendants (Figure 1b). Let vs be volume of a solvent molecule: vs = v; εBs be the
interaction energy of side B groups with solvent, εBs < 0; εAA be the interaction energy of
hydrophobic groups, εAA < 0. The interaction energy parameters are expressed in the units
of kT and account for the affinity of side B beads to solvent and effective attraction of A
groups, which avoid contacts with solvent and pendant groups. In selective solvent, the
grafted macromolecules combine with each other into complex morphologies in such a
way that groups A are protected from contact with the solvent, and groups B are exposed
to it as much as possible.
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Figure 1. Model of a dimer unit (a) and amphiphilic homopolymer chain (b).

We have identified the most characteristic morphologies and will determine the areas
of their stability. They are shown in Figure 2. These are the so-called hedgehogs [35], when
macromolecules combine into spikes radially diverging from the nanoparticle (Figure 2a);
chamomile, when these spikes unite at the ends and form loops (Figure 2b) and multi-
petalers [36], when macromolecules combine into thin membrane-like lamellae arranged
in a symmetrical manner (Figure 2c). The depicted structures are very different, but what
they have in common are that (i) grafted macromolecules are joined into several basic
components (spike, loop or petal); (ii) the basic components have solvophilic surface from B
beads; A beads are hidden inside; (iii) the volume fraction ϕ of monomer units inside basic
component (spike, loop or petal) is high, close to unity: ϕ~1; (iv) the basic components can
stretch, curve and interact with next to components (either spike, loop or membrane-like
petal) with excluded volume repulsion and van der Waals attraction [49–52].

In that way, the free energy of the multi-component structure has to include con-
tributions describing macromolecular interaction and conformation, surface free energy
and those for elasticity and interaction of basic components; thus, it is determined by the
complete morphological pattern on the surface of the decorated nanoparticle.

The free energies of elasticity of the basic components (spikes, loops or membrane-like
petals) and their steric interactions were addressed in Helfrich approximation [50–52]
adapted to describe core–shell structures of amphiphilic homopolymers [36,53]. For each
of the structures (hedgehog, chamomile, multipetaler), all Helfrich terms were written
out; then, their contributions were evaluated and only the significant ones were left. In
paper, we have excluded the intermediate stages and present the resulting expressions for
free energies.
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In the following items, we consider each of the described morphologies consistently,
propose a more specific and detailed model, write down the free energies and a way to
minimize them.
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3. Free Energy
3.1. Hedgehog

According to the above, in the hedgehog, the macromolecules combine into spike-like
aggregates, radially diverging from the surface of the nanoparticle. Let K be the total
number of spikes and assume that each spike has a cylindrical shape with length L, cross
—section radius r and volume fraction of polymer ϕ (determined above).

The total free energy of hedgehog structure fh is a sum of the mixing free energy f int.h,
the surface free energy f surf.h, the free energy of spike bending f curv.h, and that of spike’
steric interaction f ster.h:

fh = fint.h + fsur f .h + fcurv.h + fster.h (1)

where all contributions are normalized on the total number of monomer units MN and
expressed in kBT units.

The mixing free energy fint.h accounts for the pair interactions and translational entropy
of solvent molecules [49]:

fint.h =
ε

2
ϕ +

v
vs

(
1− ϕ

ϕ
ln(1− ϕ)

)
(2)

where ε = εAA − 2εBs < 0 is the effective interaction energy; and a coil conformation is
taken as a reference state.

The surface free energy can be accounted for within the approximation generally
accepted for such systems. It is written as the interaction energy of monomer units in thin,
one-monomer units-thickness layer [54] and accounts for the differences in the structure of
such layers on the side face and the end of the spike (Figure 2a):

fsur f .h(ϕ) =
K

NM
(Msideσside + Mendσend) (3)
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where Mi and σi are the total number of monomer units and the energy benefit for monomer
units being within the near-surface layers at the corresponding part of spike (i = side
and end).

Mi ≈ ϕSi/v2/3, where Si is surface area: Sside = 2πrL (i = side) and Send = πr2

(i = end).
On side surface, the protective shell consists only of B groups (Figure 2a) and σside ∼

εBs ϕ/2 [54]. The end surface is made of both A and B groups (Figure 2a), and the energy
benefit per one monomer units can be estimated as σend ∼ εϕ/2.

Given the above and that the volume of spike is V = πr2L, the surface free energy per
one monomer unit is rewritten as:

fsur f .h(ϕ) = εBs ϕ
v1/3

r
+

ε

2
v1/3

Lϕ
(4)

The Helfrich free energy of spike bending can be written as (see Supplementary Materials):

fcurv.h(ϕ) =
v

r2 ϕ

(
k1

v1/3 +
k2

r

)
(5)

where k1 and k2 are spontaneous and mean bending moduli, correspondingly.
The free energy of spike steric interaction reads as:

fster.h(ϕ) =
3π3K2r

4RkcNM
(6)

where kc is dimensionless elastic modulus.
It was obtained by the summarizing of the Helfrich free energy of the interaction

between the neighboring spikes (see Supplementary Materials).

3.2. Chamomile

In chamomile, the nearest spikes are connected by their end surfaces, forming K/2
loops (Figure 2b). The loops have cross-section radius r and volume fraction of the polymer
inside ϕ.

The free energy fc of chamomile structure, normalized on the total number of monomer
units NM and temperature, is sum of four contributions:

fc = fint.c + fsur f .c + fcurv.c + fster.c (7)

where fint.c describes the polymer-solvent interaction and is given by Equation (2).
The surface free energy fsurf.c, taken within approximation described above, reads as:

fsur f .c(ϕ) = εBs ϕ
v1/3

r
(8)

The bending energy fcurv.c accounts for that in the loop the cylindrical aggregates are in
bending state with the curvature C2 ∼= 2

√
1− 4R2/L2K/L (see Supplementary Materials)

and reads as:

fcurv.c(ϕ) =
4k1v2/3

ϕr2 +
8πK
NM

(
k1r
v1/3 + kG

)
+

4k2v
ϕr3 (9)

where k1, k2 and kG are the spontaneous, mean and Gaussian bending moduli.
The free energy of steric interaction fsurf.c is slightly different from one, obtained

for spikes (see Supplementary Materials); here, we use the same expression given in
Equation (6).
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3.3. Multipetal Structure

In the multipetal structure polymer chains are arranged into K thin flat petals of
thickness ∆ interacting with each other. The bending energy of flat bilayers is negligible
compared with the free energy of their interaction with each other [35]; thus, free energy fm
of the multipetal structure (per monomer unit) is the sum of three contributions: mixing
free energy f int.m; surface free energy fsurf.m, and Helfrich intra-petals interaction fster.m:

fm = fint.m + fsur f .m + fster.m (10)

where the first term fint.m is given by Equation (2); and the following two terms are derived
in the approximation of non-curved petals (see Supplementary Materials):

fsur f .m(ϕ) = εBs ϕ/(2∆) (11)

fster.m(ϕ) =
3π

2R2kc
K3 ln

(
NMv2/3

πKR2 ϕ∆
+ 1

)
(12)

Thus, the total free energies of hedgehog, chamomile and multipetal structures are
written as functions of the number of basic structural components, K, their radius, r
(for spikes and loops) or width ∆ (for petals) and polymer volume fraction inside the
corresponding basic components ϕ.

Next, we obtain the minimal values of the free energy for all structures and compare
them with each other. The minimization parameters are the number K of basic components
(spikes, loops or petals), their characteristic size (cross-section radius r, or petal thickness
∆) and polymer volume fraction ϕ.

4. Equilibrium Parameters of the Structures and Free Energies Comparison

In this section, we report results of the free energy fi (i = h, c, m) minimization and
discuss the dependence of equilibrium values of structure parameters (total number Ko,i
of basic components, and their main characteristics ro,i and ∆o) on solvent quality and
selectivity.

In all the cases, the minimization of the free energies fi (i = h, c, m) allows us to
transform the free energies to the function of the only variable—volume fraction of polymer
ϕ and derive analytical expression for the equilibrium values of structure parameters.

The results of calculations for each of the structures are presented below. The charac-
teristics radii ro,i and width ∆o are normalized on bead size v1/3:

Hedgehog:

fh =
ε

2
ϕ +

v
vs

(
1− ϕ

ϕ
ln(1− ϕ)

)
−

ε2
Bs

8k1
ϕ2 − 16ε2

3NM
R

v1/3
ϕkc

|εBs|3
(13)

Koh ≈
4ϕk1kc

3π

R
v1/3

|ε|
|εBs|

roh =
4k1

|εBs|ϕ

(14)

Chamomile:

fc =
ε

2
ϕ +

v
vs

(
1− ϕ

ϕ
ln(1− ϕ)

)
−

ε2
Bs ϕ2

8k1
− 32kcR

(NM)3v1/3
(k1 + kGεBs)|kG| (15)
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Koc ≈
8kcR

3πNMk1v1/3 |εBs|ϕ
(
|kG| −

4k2
1

|εBs|ϕ

)

roc =
4k1

|εBs|ϕ +
16kcR

(NM)3v1/3
k2

G

(16)

Multipetal structure:

fm =
ε

2
ϕ +

v
vs

(
1− ϕ

ϕ
ln(1− ϕ)

)
− 2ϕ3R3

vNM

√
1
3

ε2
Bskc (17)

∆o ≈
4NM

3πϕ2
√

2kc|εBs|
v

R3

Kom ≈
√

2kc|εBs|ϕ
R

v1/3

(18)

where kc, k1 and kG are the elastic spontaneous, mean and Gaussian kG bending moduli,
respectively (kc > 0; k1 > 0; kG < 0). They are determined by the surface of basic components
and depend on solvent-B interaction parameter εBs [53,55]. In this article, the calculations
are performed at: kc = k1 = −εBs and kG = −5|εBs|.

The expressions are obtained under the natural assumption that the nanoparticle
radius is much larger the cross-section of aggregates (R >> ri, ∆). The details of calculation
for each case are reported in Supplementary Materials.

Thus, for each set of εAA and εBs, characterizing solvent quality, it is possible to estimate
the minimum of free energy, and then to determine the resulting structure.

Examples of the dependences of free energy on the polymer volume fraction ϕ for
different εAA and εBs values and different possible structures are shown in Figures 3–5.
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The dependencies of hedgehog free energy fh are presented in Figure 3.
It is seen that in all the cases the free energy is nonmonotonic function with minimum

at rather high ϕ. Such a minimum at large ϕ indicates the presence of stable hedgehog
structures. At εAA =−5 and εBs =−1 (Figure 3a), the minimum free energy falls on ϕmin~0.9.
Additionally, the structure parameters calculated using Equation (14) are as follows: the
total number of spikes Koh = 11 and their radius roh = 4.4. With increasing the affinity of B
groups to the solvent |εBs|, the minimum of free energy shifts to the lower ϕ values, the
total number of spikes increases and their radii become smaller: at εBs = −1.2, Koh = 13 and
ro = 3.7; and at εBs = −2, Koh = 14 and ro = 2.2 (Figure 3a).

At εBs = −2.4, the profile of free energy has two minima, and lower one is at ϕmin~0.01.
It means that the grafted macromolecules do not aggregate; they swell freely. The transition
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from hedgehog to the uniform shell of swollen chains proceeds sharply within narrow
intervals around εBs~−2.4, ϕ~0.7, Koh = 16.

The hedgehog structure, observed at εBs~−2 and εAA = −5 (ϕmin~0.7, Koh = 14), is
destroyed with decrease in A-A attraction (Figure 3b). It is seen that at εAA = −4.5, the
minimum of free energy is at ϕ~0.01. However, the profile of free energy now exhibits
the only minimum: it indicates smooth hedgehog–coiled shell transition. Increase in A-A
attraction (growth of absolute εAA values) calls shifts of free energy minima to the high
values and to disintegration and compaction of spikes.

Figure 4 shows the dependencies of chamomile free energy fc on polymer volume
fraction ϕ.

One can see that the chamomile also can be stable within the same interval of solvent
quality parameters: the free energies have minimum at ϕ >> 0.

At εBs = −1 and εAA = −5 (Figure 4a) the minimum free energy is at ϕmin~0.88 and
Koc = 3 and roc = 4.2. With increasing |εBs|, i.e., affinity of B groups to the solvent, the
minimum of free energy shifts to the lower ϕ values, the total numbers of loops increases
and their radii become smaller: εBs = −1.2, ϕmin~0.89, Koc = 4 and roc = 3.7; εBs = −1.6,
ϕmin~0.85, Koc = 6 and roc = 3; and εBs = −2, ϕmin~0.7, Koc = 8 and roc = 2. At εBs = −2.4, the
macromolecules do not aggregate (ϕmin~0.01) and make a swollen shell around nanoparticle.

Similarly to a hedgehog, the chamomile is destroyed when attraction A-A decreases,
i.e., when the quality of the solvent for A groups improves, the total number of loops
increases and they become thinner with worsening solvent quality for A groups (Figure 4a).

In Figure 5, the dependencies of multipetaler free energy fm on ϕ are shown.
At εAA = −5 (Figure 5a), fm (ϕ) are nonmonotonic functions, having a minimum at

ϕ ≤ 1, within a narrow εBs interval: −1 ≤ εBs ≤ −0.5. At εBs < −1, fm (ϕ) are convex
functions. In this region, other structures – hedgehog or chamomile – are energetically
favorable. At εBs > −0.5, the free energy drops to minimum values outside valuable
interval: ϕ > 1, and grafted macromolecules are uniformly compacted around nanoparticles
(compacted brush).

It is seen that the multipetal structure can be realized at much lower affinity of B groups
to solvent and at stronger A-A attraction than hedgehog and chamomile (sf. Figures 3–5).
Additionally, the petals are much denser than the hedgehog spike and chamomile loops.
The volume fraction of polymer ϕ within petal varies from ϕmin~0.88 up to ϕ~1. Corre-
spondingly, the total number of petals varies from K= 5 (εBs = −0.8; εAA = −5) to K = 10
(εBs = −1.1; εAA = −5); and their width ∆o, measured in number of monomers, changes
from ∆o = 15 to 4.

At fixed affinity of B groups to solvent (εBs = −1, Figure 5b), the growth of A-A
attraction |εAA|, i.e., worsening of solvent quality for A groups, calls shift of the free
energy minima to larger value of ϕ up to ϕmin~1. Within this interval the total number of
petals increases from K = 7 (εAA = −4) to K = 10 (εAA = −8).

Figure 6 presents the dependencies of free energies on volume fraction of polymer for
various structures, calculated at fixed values of solvent parameters. Comparing the relative
positions of the graphs and their minimum values, we can draw the following conclusions.
With εAA = −5, εBs = −0.8, multipetalers are the most preferable; at εAA = −4, εBs = −1, the
chamomiles have smallest free energy; and the hedgehogs can be detected at εAA = −6,
εBs = −2.

Consistently applying this procedure for different sets of parameters, we determined
the stability regions of various structures and outlined their borders as lines with equal
minima of free energies of neighboring structures. The results are summarized in the form
of state diagrams.
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5. State Diagrams

In Figure 7, the state diagrams in variables |εAA| and |εBs| are presented for different
radii of nanoparticle R and the same total number M of grafted macromolecules and their
degree of polymerization N.
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M = 100.

The diagram highlights the area with hedgehogs, chamomiles, and multipetal struc-
tures. Additionally, the regions of swollen and compacted brushes are distinguished.
Within these regions, the grafted macromolecules do not segregate and form either swollen
or compacted homogeneous shells, correspondingly.
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The position of the boundary between the swollen brush with coiled chains and the
structured grafted layer was estimated by equating the effective interaction parameter to
zero: χ = ε + v/vs = 0. At χ > 0 the cumulative second virial coefficient is positive, and
attraction between A groups is not strong enough for them to aggregate. The borderline
between swollen coil brush and structured brushes is shown by thick violet line. The
borderline of compacted brush is shown by a dark blue dash line. It has been defined
numerically as an edge state, starting from which the minimum of free energy goes out
of the physically significant interval of ϕ: ϕ ≥ 1 (an example is given above, see Figure 5a
and discussion).

The grafted macromolecules stay in swollen state when both the attraction between
A-A units and affinity B groups to solvent are weak (Figure 7a,b). At high A-A attractions,
grafted macromolecules either self-assemble to different structure or collapse on the surface
of the nanoparticles. The homogeneously compacted brushes are observed when the
affinity of B groups to solvent is negligibly small. Noticeable values of |εBs| lead to the
brush structuring; its growth favors the formation of structures with larger surface and
calls the transition to multipetal, chamomile, hedgehog structures. At high |εBs| values,
the grafted macromolecules preserve swollen state even at very strong A-A attraction. It is
seen that the chamomiles have the smallest area in state diagrams, placed at intermediate
values of A-A attraction and rather weak B-s affinity. At R/v1/3 = 15, the chamomile area is
almost indiscernible (Figure 7b).

Possible sequences of morphological transitions with worsening solvent quality for
A-A groups are as follows. At a significant affinity of B groups to solvent (|εBs| > 1.5
for R/v1/3 = 10 and |εBs| > 1 for R/v1/3 = 15), swollen brush transforms to hedgehog
and then to multipetal structure. At weaker B-s affinity, the sequences of morphological
transformations include also chamomile structure which can be intermediate state between
hedgehog and multipetaler or follow right after the swollen brush. A significant part of the
diagram is occupied by the area of a compact unstructured shell. Such a uniformly compact
shell can be observed with a slight affinity of B groups and solvent. It is formed either as
a result of the fusion of the petals of a multipetal structure (|εBs| > 0.25 for R/v1/3 = 10
and |εBs| > 0.75 for R/v1/3 = 15), or as a result of the collapse of a uniformly swollen shell
(|εBs| < 0.25 for R/v1/3 = 10 and |εBs| < 0.75 for R/v1/3 = 15).

A cascade of morphological transitions can also be triggered by fixing |εAA| and
changing parameter |εBs| characterizing affinity of B groups to solvent. It is seen that the
most complete set of possible states is realized at intermediate fixed values |εAA|.

Schematic images of the sequence of morphological transformations for fixed εAA
and different |εBs| are shown in Figure 8. At small |εBs|, the grafted macromolecules
are compacted; then, the compacted layer splits first into four dense petals, and then into
seven petals. Further increase in |εBs| makes more stable chamomile structure with three
and then with six loops. Then, six chamomile’s loops divide, and hedgehog with twelve
and then with sixteen spikes is formed. Finally, with strong B-s affinity (large |εBs|), the
macromolecules disaggregate, and swollen shell is formed around nanoparticle.
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Figure 7a,b, were calculated for different nanoparticle radius R and the same total
number M of grafted macromolecules and their degree of polymerization N. Thus, the
nanoparticles differ in grafting densities of macromolecules: ρ = M/R2. It is extremely high
(ρ~1) for R/v1/3 = 10, and twofold lower (ρ~0.44) for R/v1/3 = 15. It is with a decrease in the
density of grafting chains that we associate with a reduction in the chamomile area. Rarely
grafted chains, combined into rarely cylindrical aggregates, are unprofitable to bend to
loops. Analysis shows that starting from R/v1/3 = 18 (ρ~0.3), one-hundred macromolecules
(M = 100), each with one-hundred monomer units (N = 100), are unable to self-assemble
into chamomile.

6. Conclusions

In this article, we proposed, for the first time, the generalizing theory of the self-
organization of amphiphilic homopolymers grafted to a spherical surface. The amphiphilic
homopolymers are macromolecules made of identical monomer units exhibiting groups
with very different properties and affinity to solvents. We consider amphiphilic homopoly-
mers within the framework of the commonly used coarse-grained two-beads A-graft-B
model and assume that the main chain A beads are hydrophobic, and the side pendants
B are hydrophilic. The amphiphilic structure of monomer units causes the self-assembly
of macromolecules to cylindrical spikes, loops, and petals-like membrane, in which hy-
drophobic groups are collected in the inner part, and hydrophilic groups are exposed to
the solvent. The basic aggregates (spikes, loops, and petals) are distributed in a complex
way on the surface, forming hedgehog, chamomile, and multipetal structures. The theory
accounts for both the properties of individual macromolecules (their energy and elasticity)
and the properties of emerging aggregates (their bending and steric interactions). The
latter were described within the framework of the Helfrich approximation, developed
earlier for the surfaces made by amphiphilic monomer units. This approach allows us
to determine the conditions for the emergence of such structures, to describe these struc-
tures in detail, and to outline the areas of their stability. The results are presented in the
form of state diagrams and are in qualitative agreement with the computer modeling of
amphiphilic homopolymers and experimental data on comb-like macromolecules grafted
to nanoparticles.

It is necessary to emphasize the timeliness and relevance of this theoretical research
nowadays, when more and more papers are devoted to the creation and application of
nanoparticles with a structured and stimuli-sensitive surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14204358/s1.

Author Contributions: Conceptualization, A.S.U. and V.V.V.; software, formal analysis, data curation,
writing—original draft preparation, A.S.U.; writing—original draft preparation, review and editing,
supervision, V.V.V. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Ministry of Science and Higher Education of the Russian
Federation (Contract/agreement No. 075-00697-22-00).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/polym14204358/s1
https://www.mdpi.com/article/10.3390/polym14204358/s1


Polymers 2022, 14, 4358 13 of 14

References
1. Doane, T.L.; Burda, C. The unique role of nanoparticles in nanomedicine: Imaging, drug delivery and therapy. Chem. Soc. Rev.

2012, 41, 2885–2911. [CrossRef]
2. Elsabahy, M.; Wooley, K.L. Design of polymeric nanoparticles for biomedical delivery applications. Chem. Soc. Rev. 2012, 41,

2545–2561. [CrossRef]
3. Gromadzki, D.; Rychter, P.; Uchman, M.; Momekova, D.; Marcinkowski, A.; Koseva, N.S.; El Fray, M.; Marić, M. Multifunctional

amphiphilic nanoparticles featuring (bio)degradable core and dual-responsive shell as biomedical platforms for controlled release.
Macromol. Chem. Phys. 2015, 216, 2287–2301. [CrossRef]

4. Chauhan, P.S. Review of nanoparticle applications in petroleum engineering: Recent advancements and challenges. In Proceedings
of the SPE-199778-STU, SPE Annual Technical Conference and Exhibition, Calgary, AB, Canada, 30 September–2 October 2019.

5. Fakoya, M.F.; Shah, S.N. Enhancement of filtration properties in surfactant-based and polymeric fluids by nanoparticles. In
Proceedings of the SPE- 171029-MS, SPE Eastern Regional Meeting, Charleston, WV, USA, 21–23 October 2014.

6. Zoppe, J.O.; Ataman, N.C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.-A. Surface-initiated controlled radical polymerization:
State-of-the-art, opportunities, and challenges in surface and interface engineering with polymer brushes. Chem. Rev. 2017, 117,
1105–1318. [CrossRef]

7. Lin, J.; Zhang, H.; Morovati, V.; Dargazany, R. PEGylation on mixed monolayer gold nanoparticles: Effect of grafting density,
chain length, and surface curvature. J. Colloid Interface Sci. 2017, 504, 325–333. [CrossRef]

8. Wu, L.; Glebe, U.; Boker, A. Surface-initiated controlled radical polymerizations from silica nanoparticles, gold nanocrystals, and
bionanoparticles. Polym. Chem. 2015, 6, 5143–5184. [CrossRef]

9. Hore, M.J.A. Polymers on nanoparticles: Structure & Dynamics. Soft Matter 2019, 15, 1120–1134.
10. Chancellor, A.J.; Seymour, B.T.; Zhao, B. Characterizing polymer-grafted nanoparticles: From basic defining parameters to

behavior in solvents and self-assembled structures. Anal. Chem. 2019, 91, 6391–6402. [CrossRef]
11. Fujii, S.; Suzaki, M.; Nakamura, Y.; Sakai, K.; Ishida, N.; Biggs, S. Surface characterization of nanoparticles carrying ph-responsive

polymer hair. Polymer 2010, 51, 6240–6247. [CrossRef]
12. Zhang, Q.; Liao, Y.; He, L.; Bu, W. Spherical Polymer brushes in solvents of variable quality: An experimental insight by TEM

imaging. Langmuir 2013, 29, 4181–4186. [CrossRef]
13. Yana, J.; Bockstaller, M.R.; Matyjaszewski, K. Brush-modified materials: Control of molecular architecture, assembly behavior,

properties and applications. Prog. Polym. Sci. 2020, 100, 101180. [CrossRef]
14. Eriksson, M.; Hamers, J.; Peijs, T.; Goossens, H. The influence of graft length and density on dispersion, crystallisation and

rheology of poly(ε-caprolactone)/silica nanocomposites. Molecules 2019, 24, 2106. [CrossRef]
15. Chastek, T.T.; Hudson, S.D.; Hackley, V.A. Preparation and characterization of patchy particles. Langmuir 2008, 24, 13897–13903.

[CrossRef]
16. Varadharajan, D.; Turgut, H.; Lahann, J.; Yabu, H.; Delaittre, G. Surface-reactive patchy nanoparticles and nanodiscs prepared by

tandem nanoprecipitation and internal phase separation. Adv. Funct. Mater. 2018, 28, 1800846. [CrossRef]
17. Asai, M.; Cacciuto, A.; Kumar, S.K. Quantitative analogy between polymer-grafted nanoparticles and patchy particles. Soft Matter

2015, 11, 793–797. [CrossRef]
18. Modica, K.J.; Martin, T.B.; Jayaraman, A. Effect of polymer architecture on the structure and interactions of polymer grafted

particles: Theory and simulations. Macromolecules 2017, 50, 4854–4866. [CrossRef]
19. Coleman, B.R.; Moffitt, M.G. Amphiphilic inorganic nanoparticles with mixed polymer brush layers of variable composition:

Bridging the paradigms of block copolymer and nanoparticle self-assembly. Chem. Mater. 2018, 30, 2474–2482. [CrossRef]
20. Tan, K.Y.; Ramstedt, M.; Colak, B.; Huck, W.T.S.; Gautrot, J.E. Study of thiol-ene chemistry on polymer brushes and application to

surface patterning and protein adsorption. Polym. Chem. 2016, 7, 979–990. [CrossRef]
21. Liu, X.; Yang, Y.; Urban, M.W. Stimuli-responsive polymeric nanoparticle. Macromol. Rapid Commun. 2017, 38, 1700030. [CrossRef]
22. Chen, K.; Cao, L.; Zhang, Y.; Li, K.; Qin, X.; Guo, X. Conformation study of dual stimuli-responsive core-shell diblock polymer

brushes. Polymers 2018, 10, 1084. [CrossRef]
23. Appel, E.A.; Tibbitt, M.W.; Webber, M.J.; Mattix, B.A.; Veiseh, O.; Lange, R. Self-assembled hydrogels utilizing polymer–

nanoparticle interactions. Nat. Commun. 2015, 6, 6295. [CrossRef]
24. Narupai, B.; Poelma, J.E.; Pester, C.W.; McGrath, A.J.; Toumayan, E.P.; Luo, Y.; Kramer, J.W.; Clark, P.G.; Ray, P.C.; Hawker, C.J.

Hierarchical comb brush architectures via sequential light-mediated controlled radical polymerizations. J. Polym Sci. A Polym.
Chem. 2016, 54, 2276–2284. [CrossRef]

25. Zou, H.; Wu, S.; She, J. Polymer/Silica nanocomposites: Preparation, characterization, properties, and applications. Chem. Rev.
2008, 108, 3893–3957. [CrossRef] [PubMed]

26. Lin, Y.; Hu, S.; Wu, G. Structure, dynamics, and mechanical properties of polyimide-grafted silica nanocomposites. J. Phys. Chem.
C 2019, 123, 6616–6626. [CrossRef]

27. Chen, Y.; Wang, Z.; He, Y.; Yoon, Y.J.; Jung, J.; Zhang, G.; Lin, Z. Light-enabled reversible self-assembly and tunable optical
properties of stable hairy nanoparticles. Proc. Natl. Acad. Sci. USA 2018, 115, E1391–E1400. [CrossRef]

28. Verso, F.L.; Yelash, L.; Egorov, S.A.; Binder, K. Effect of the solvent quality on the structural rearrangement of spherical brushes:
Coarse-grained models. Soft Matter 2012, 8, 4185. [CrossRef]

http://doi.org/10.1039/c2cs15260f
http://doi.org/10.1039/c2cs15327k
http://doi.org/10.1002/macp.201500235
http://doi.org/10.1021/acs.chemrev.6b00314
http://doi.org/10.1016/j.jcis.2017.05.046
http://doi.org/10.1039/C5PY00525F
http://doi.org/10.1021/acs.analchem.9b00707
http://doi.org/10.1016/j.polymer.2010.10.041
http://doi.org/10.1021/la400016z
http://doi.org/10.1016/j.progpolymsci.2019.101180
http://doi.org/10.3390/molecules24112106
http://doi.org/10.1021/la8017375
http://doi.org/10.1002/adfm.201800846
http://doi.org/10.1039/C4SM02295E
http://doi.org/10.1021/acs.macromol.7b00524
http://doi.org/10.1021/acs.chemmater.8b00718
http://doi.org/10.1039/C5PY01687H
http://doi.org/10.1002/marc.201700030
http://doi.org/10.3390/polym10101084
http://doi.org/10.1038/ncomms7295
http://doi.org/10.1002/pola.28128
http://doi.org/10.1021/cr068035q
http://www.ncbi.nlm.nih.gov/pubmed/18720998
http://doi.org/10.1021/acs.jpcc.8b12519
http://doi.org/10.1073/pnas.1714748115
http://doi.org/10.1039/c2sm06836b


Polymers 2022, 14, 4358 14 of 14

29. Gong, M.; Yu, Q.; Wang, C.; Wang, R. Simulating surface patterning of nanoparticles by polymers via dissipative particle dynamics
method. Langmuir 2019, 35, 5534–5540. [CrossRef]

30. Yi, C.; Yang, Y.; Liu, B.; He, J.; Nie, Z. Polymer-guided assembly of inorganic nanoparticles. Chem. Soc. Rev. 2020, 49, 465.
[CrossRef]

31. Chen, C.; Tang, P.; Qiu, F. Binary hairy nanoparticles: Recent progress in theory and simulations. J. Polym. Sci. B Polym. Phys.
2014, 52, 1583–1599. [CrossRef]

32. Malho, J.; Morits, M.; Löbling, T.I.; Majoinen, N.J.; Schacher, F.H.; Ikkala, O.; Gröschel, A.H. Rod-like nanoparticles with striped
and helical topography. ACS Macro Lett. 2016, 5, 1185–1190. [CrossRef]

33. Löbling, T.I.; Haataja, J.S.; Synatschke, C.V.; Schacher, F.H.; Müller, M.; Hanisch, A.; Gröschel, A.H.; Müller, H.E. Hidden structural
features of multicompartment micelles revealed by cryogenic transmission electron tomography. ACS Nano 2014, 8, 11330–11340.
[CrossRef] [PubMed]

34. Synatschke, C.V.; Nomoto, T.; Cabral, H.; Fortsch, M.; Toh, K.; Matsumoto, Y.; Miyazaki, K.; Hanisch, A.; Schacher, F.H.; Kishimura,
A.; et al. Multicompartment micelles with adjustable poly(ethylene glycol) shell for efficient in vivo photodynamic therapy. ACS
Nano 2014, 8, 1161–1172. [CrossRef] [PubMed]

35. Pu, W.-F.; Ushakova, A.; Liu, R.; Lazutin, A.A.; Vasilevskaya, V.V. Self-assembly in amphiphilic spherical brushes. J. Chem. Phys.
2020, 152, 234903. [CrossRef]

36. Ushakova, A.S.; Lazutin, A.A.; Vasilevskaya, V.V. Flowerlike multipetal structures of nanoparticles decorated by amphiphilic
homopolymers. Macromolecules 2021, 54, 6285–6295. [CrossRef]

37. Lazutin, A.A.; Vasilevskaya, V.V. Matrix free polymer nanocomposites from amphiphilic hairy nanoparticles: Solvent selectivity
and mechanical properties. Polymer 2022, 255, 125172. [CrossRef]

38. Qiao, L.; Kaifeng, D. Magnetic field-induced self-assembly of urchin-like polymeric particles: Mechanism, dispersity, and
application in wastewater treatment. Sep. Purif. Technol. 2022, 299, 121742. [CrossRef]

39. Montjoy, D.G.; Hou, H.; Bahng, J.H.; Eskafi, A.; Kotov, N.A. Photocatalytic omnidispersible microscale colloids with nanoscale
polymeric spikes. Chem. Mater. 2020, 32, 9897–9905. [CrossRef]

40. Montjoy, D.G.; Hou, H.; Bahng, J.H.; Eskafi, A.; Jiang, R.; Kotov, N.A. Photocatalytic hedgehog particles for high ionic strength
environments. ACS Nano 2021, 15, 4226–4234. [CrossRef]

41. Vasilevskaya, V.V.; Khalatur, P.G.; Khokhlov, A.R. Conformational polymorphism of amphiphilic polymers in a poor solvent.
Macromolecules 2003, 36, 10103–10111. [CrossRef]

42. Savariar, E.N.; Aathimanikandan, S.V.; Thayumanavan, S. Supramolecular assemblies from amphiphilic homopolymers: Testing
the scope. J. Am.Chem. Soc. 2006, 128, 16224–16230. [CrossRef] [PubMed]

43. Vasilevskaya, V.V.; Govorun, E.N. Hollow and vesicle particles from macromolecules with amphiphilic monomer units. Polym.
Rev. 2019, 59, 625–650. [CrossRef]

44. Zhang, J.; Liu, K.; Mullen, K.; Yin, M. Self-assemblies of amphiphilic homopolymers: Synthesis, morphology studies and
biomedical applications. Chem. Commun. 2015, 51, 11541–11555. [CrossRef]

45. Gartner, T.E.; Jayaraman, A. Modeling and simulations of polymers: A roadmap. Macromolecules 2019, 52, 755–786. [CrossRef]
46. Larin, D.E.; Lazutin, A.A.; Govorun, E.N.; Vasilevskaya, V.V. Self-assembly into strands in amphiphilic polymer brushes. Langmuir

2016, 32, 7000–7008. [CrossRef] [PubMed]
47. Lazutin, A.A.; Kosmachev, A.N.; Vasilevskaya, V.V. Lamellae and parking garage structures in amphiphilic homopolymer brushes

with different grafting densities. J. Chem. Phys. 2019, 151, 154903. [CrossRef]
48. Buglakov, A.I.; Larin, D.E.; Vasilevskaya, V.V. Orientation- and cosolvent-induced self-assembly of amphiphilic homopolymers in

selective solvents. Polymer 2021, 232, 0032–3861. [CrossRef]
49. Lifshits, I.M.; Grosberg, A.Y.; Khokhlov, A.R. Some problems of the statistical physics of polymer chains with volume interaction.

Rev. Mod. Phys. 1978, 50, 683. [CrossRef]
50. Helfrich, W. Elastic properties of lipid bilayers: Theory and possible experiments. Z. Fur Nat. C 1973, 28, 693–703. [CrossRef]

[PubMed]
51. Helfrich, W. Steric interaction of fluid membranes in multilayer systems. Z. Für Nat. A 1978, 33, 305–315. [CrossRef]
52. Helfrich, W.; Servuss, R.-M. Undulations, steric interaction and cohesion of fluid membranes. Il Nuovo Cimento D 1984, 3, 137–151.

[CrossRef]
53. Maresov, E.A.; Semenov, A.N. Mesoglobule morphologies of amphiphilic polymers. Macromolecules 2008, 41, 9439–9457.

[CrossRef]
54. Ushakova, A.S.; Govorun, E.N.; Khokhlov, A.R. Globules of amphiphilic macromolecules. J. Phys. Cond. Matter 2006, 18, 915–929.

[CrossRef]
55. Mikhailov, I.V.; Darinskii, A.A.; Birshtein, T.M. Bending rigidity of branched polymer brushes with finite membrane thickness.

Polym. Sci. Ser. C 2022. [CrossRef]

http://doi.org/10.1021/acs.langmuir.9b00066
http://doi.org/10.1039/C9CS00725C
http://doi.org/10.1002/polb.23528
http://doi.org/10.1021/acsmacrolett.6b00645
http://doi.org/10.1021/nn504197y
http://www.ncbi.nlm.nih.gov/pubmed/25195820
http://doi.org/10.1021/nn4028294
http://www.ncbi.nlm.nih.gov/pubmed/24386876
http://doi.org/10.1063/5.0008896
http://doi.org/10.1021/acs.macromol.1c00467
http://doi.org/10.1016/j.polymer.2022.125172
http://doi.org/10.1016/j.seppur.2022.121742
http://doi.org/10.1021/acs.chemmater.0c02472
http://doi.org/10.1021/acsnano.0c05992
http://doi.org/10.1021/ma0350563
http://doi.org/10.1021/ja065213o
http://www.ncbi.nlm.nih.gov/pubmed/17165775
http://doi.org/10.1080/15583724.2019.1599013
http://doi.org/10.1039/C5CC03016A
http://doi.org/10.1021/acs.macromol.8b01836
http://doi.org/10.1021/acs.langmuir.6b01208
http://www.ncbi.nlm.nih.gov/pubmed/27267357
http://doi.org/10.1063/1.5120383
http://doi.org/10.1016/j.polymer.2021.124160
http://doi.org/10.1103/RevModPhys.50.683
http://doi.org/10.1515/znc-1973-11-1209
http://www.ncbi.nlm.nih.gov/pubmed/4273690
http://doi.org/10.1515/zna-1978-0308
http://doi.org/10.1007/BF02452208
http://doi.org/10.1021/ma801260g
http://doi.org/10.1088/0953-8984/18/3/010
http://doi.org/10.1134/S1811238222700199

	Introduction 
	Model 
	Free Energy 
	Hedgehog 
	Chamomile 
	Multipetal Structure 

	Equilibrium Parameters of the Structures and Free Energies Comparison 
	State Diagrams 
	Conclusions 
	References

