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1 Introduction

Controlling the anisotropic self-assembly of
polybutadiene-grafted silica hanoparticles by
tuning three-body interaction forcesf

® Simone Mascotto, (2 ¢

xef

Barbara Di Credico, (2 *? Gerardo Odriozola,
Andreas Meyer,? Laura Tripaldi® and Arturo Moncho-Jorda

Recently, the significant improvements in polymer composites properties have been mainly attributed to
the ability of filler nanoparticles (NPs) to self-assemble into highly anisotropic self-assembled structures.
In this work, we investigate the self-assembly of core—shell NPs composed of a silica core grafted with
polybutadiene (PB) chains, generating the so-called “hairy” NPs (HNPs), immersed in tetrahydrofuran
solvent. While uncoated silica beads aggregate forming uniform compact structures, the presence of a
PB shell affects the silica NPs organization to the point that by increasing the polymer density at the
corona, they tend to self-assemble into linear chain-like structures. To reproduce the experimental
observations, we propose a theoretical model for the two-body that considers the van der Waals
attractive energy together with the polymer-induced repulsive steric contribution and includes an
additional three-body interaction term. This term arises due to the anisotropic distribution of PB, which
increases their concentration near the NPs contact region. The resulting steric repulsion experienced by
a third NP approaching the dimer prevents its binding close to the dimer bond and favors the growth of
chain-like structures. We find good agreement between the simulated and experimental self-assembled
superstructures, confirming that this three-body steric repulsion plays a key role in determining the
cluster morphology of these core—shell NPs. The model also shows that further increasing the grafting
density leads to low-density gel-like open structures.

organizations with collective new properties which can differ-
entiate completely from that of a single NP. In recent years, many

Self-assembly is the process by which disordered building
blocks, such as atoms, molecules, or nanoparticles (NPs), spon-
taneously organize into a macroscopic structure with a higher
level of structural complexity," giving rise to novel morphological
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different synthetic and functionalization methods have been
developed for the preparation of a variety of building blocks,
engineering their structure and symmetry for the desired orga-
nization. NPs of different dimensions, shapes (rods, wires, rings,
ellipsoids, cubes, triangular prisms), composition (core-shell),
and surface chemistry have been prepared,”™* creating the
foundations for different studies on their respective.>®

In principle, by controlling the NPs interactions, it could be
possible to obtain different assemblies.”'® Indeed, different studies
have focused on mapping the force fields around them and predict
the self-assembled structures by computer simulation."*™* In
all these cases, an important requirement for the self-assembly
is the NPs mobility: colloidal NPs can organize spontaneously
in a colloidal suspension,'* at interfaces,"® on smooth surfaces,"®
or on a substrate during the evaporation of the solvent."”
A possibility to control self-assembly of inorganic NPs is to graft
polymers onto their surfaces, generating the so-called ‘hairy”
NPs (HNPs), which naturally combine the unique features of
both inorganic NP cores and tethered polymers. It is well
demonstrated that HNPs can assemble in a variety of higher-
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order structures, like sheets, vesicles and percolating clusters,
as either one-component systems, namely matrix-free
HNPs,'®' and in macromolecular matrices producing polymer
nanocomposites.>*** Since NPs spatial dispersion and organi-
zation affect the macroscale materials properties (e.g. mechan-
ical reinforcement, thermal conduction, and selective
permeation of gases), HNPs can be considered promising
building blocks for the synthesis of advanced materials for
several technological applications, such as tire and rubber
industry, nanomedicine, coatings, and water
treatment.

The HNPs organization on shaped-controlled superstructures
depends on several parameters such as particle dimension,
morphology, surface chemistry, polymer type, grafting density,
molecular weight (Mw),"* and even on the grafting mechanism
employees to create the polymer-grafted NP.>® The theoretical
and simulation methods offer an effective way to study the self-
assembly behavior of HNPs at the molecular level and investigate
how the HNPs morphologies depend on the ligand grafting
density, chain length, etc.'”®'"*7732

Recently, the preparation and characterization of SiO, HNPs
were reported, having polybutadiene (PB) chains as polymeric
brushes, which are rarely used with respect to polymer brushes
with higher glass transition temperatures, such as polystyrene
or polymethacrylate. These PB-silica core-shell particles are
able to organize in anisotropic superstructures in a matrix-free
system,*® which suggests that the PB coating, having a mush-
room regime, induces a modification of NP-NP interactions.
The self-assembly capability of these SiO,-HNPs was also studied
by introducing HNPs in a homopolymer PB matrix. The resulting
nanocomposite films exhibited the packing of particles, which
self-organize in ‘‘string-like” superstructures, confirming the
tendency of SiO,-HNPs to create complex arrangements, driven
by a delicate balance of non-covalent attractive and repulsive
intermolecular interactions.

In this scenario, the present work aims to more-in depth
investigate the PB-grafted SiO,-HNPs spatial organization
when dispersed in tetrahydrofuran solvent (THF) thanks to a
combination of experiments, theoretical calculations, and
coarse-grained computer simulations. To our knowledge, no
theoretical study has been performed so far considering effec-
tive three-body contributions to the self-assembly of PB-grafted
SiO, HNPs. Here, we introduce a model for particle-particle
interactions based on the superposition of three contributions
(van der Waals attraction, mixing, and elastic repulsion), and
discuss the necessity of including an orientation-dependent
three-body repulsive interaction in order to account for the
increase of PB polymer density when approaching three SiO,-
HNPs together, as suggested in previous theoretical and simu-
lation studies."™*' Simulation results confirm that the self-
assembled structures observed in the experiments are indeed
caused by the existence of a repulsive three-body interaction
that promotes the formation of nonisotropic structures.
The present study is relevant in highlighting how the attractive
and repulsive intermolecular interactions affect the self-
assembly of HNPs and determining the formation of isotropic
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or anisotropic superstructures on the bases of specific core-
shell particle parameters.

This article is organized as follows. Section 2 reports the
experimental procedures to synthesize the PB-grafted SiO,
HNPs, and describes the morphological and structural char-
acterization performed by thermogravimetric analysis (TGA),
small-angle X-ray scattering (SAXS) analysis and transmission
electron microscopy (TEM) images of bare SiO, NPs and PB-
functionalized SiO, HNPs. The theoretical model for the two-
body and three-body interparticle interaction potential between
hairy silica spheres is described in Section 3. The replica-
exchange Monte Carlo computer simulation method used to
investigate the particle self-assembly is described in Section 4.
Finally, in Sections 5 and 6, we compare the experimental and
simulated self-assembled structures, discuss the results and
summarize the key findings.

2 Experimental section
2.1 Materials

Tetraethyl orthosilicate (TEOS, >99%), 25% aqueous ammonia
solution, and 3-aminopropyltriethoxysilane (APTES, >98%) were
purchased from Sigma-Aldrich. Ethanol (EtOH) (>99.8%) was
purchased from Honeywell, and toluene (99%) from Alfa-Aesar.
Liquid maleated polybutadiene (Polyvest MA75, M,, ~ 3000 g mol ™",
PB) was purchased from Evonik. Tetrahydrofuran (anhydrous,
>99.9%, with 250 ppm butylated hydroxytoluene as inhibitor)
was purchased from Sigma-Aldrich and used without further
purification.

2.2 Samples preparation

Bare SiO, NPs and PB-grafted SiO, HNPs were prepared according
to the procedure reported elsewhere.** Briefly, 31 mL of an
aqueous solution of ammonium hydroxide (25 wt%) and
625 mL of EtOH were added to a 1000 mL two-necked flask
equipped with a reflux condenser. The mixture was stirred at
300 rounds per minute (rpm) and heated at 60 °C. A mixture of
15 mL of TEOS and 17 mL of EtOH was then transferred
to a dropping funnel and added dropwise in ~30 min. The
mixture was then left to react under magnetic stirring for 20 h.
Afterward, the NPs were centrifuged, washed twice with 240 mL
of EtOH, and redispersed in 60 mL of EtOH by ultrasonication.
The bare NPs, obtained by a modified Stober synthesis, were
labeled SiO,-ST.

The suspension of SiO,-ST in EtOH was heated at reflux
under stirring at 300 rpm. Then, 25 pL of 25 wt% of ammonia
solution and 0.4 mL of APTES were added and the mixture was
stirred at 80 °C for 24 h. The particles were then recovered by
centrifugation at 9000 rpm and washed three times with 240 ml
of toluene. The product was centrifuged and washed twice with
180 mL of toluene and redispersed in 60 mL of toluene. The
SiO,-ST functionalized with APTES were labelled SiO,-APTES.

Finally, PB polymer (three different amounts: 0.234, 0.468,
or 0.936 g), was dissolved in 5-10 mL of toluene. The SiO,-
APTES dispersion in toluene and the PB mixture were refluxed
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under stirring at 300 rpm for 24 h. The SiO, HNPs were
obtained after drying at 85 °C under vacuum overnight.
The HNPs were labeled SiO,-HNP_X, where X = 5, 8, 11 is the
weight percentage of PB polymer coating. SiO,-HNP_X samples
were dispersed in THF due to the high solubility of PB and good
dispersion of both bare and functionalized SiO,.

2.3 Morphological, structural, and spectroscopic
characterization

The polymer density and thickness of the external shell are mainly
responsible for the stability and self-assembly behavior.>****
Using TGA (details on method are reported in ESIT), we deter-
mined the surface density of grafted PB chains (opg) of SiO,-ST,
SiO,-APTES and SiO,-HNP_X. TGA curves of SiO,-HNP_X (Fig. S1
in ESIt) clearly show the effective functionalization of SiO,-ST NPs
with increasing amounts of PB coating. To determine opg, the
weight loss obtained from TGA needs to be divided into different
contributions, as shown in eqn (1). This calculation considers the
loss of three surface silanols for each APTES molecule, assuming
that APTES is anchored onto the SiO, surface with all its three
ethoxysilane groups.

TGA
AWt%150710000C = Wt%oun-0rt + Wt% ApTES

t9 3M
W /OAPTES( ‘;H20> +wt%ps (1)

MWAPpTES

where Awt%w® 000-c is the TGA weight loss between 150
and 1000 °C, wt%on.or: is the weight percentage of silanol
and ethoxy groups obtained from the TGA weight loss of bare
SiO,-ST, wt%apres is the APTES weight percentage, Mw,prgs is the
molecular weight of APTES after functionalization, Mwy o is the
molecular weight of water, and wt%pg is the weight percentage
of PB.

Once the wt% of PB was determined, the grafting density
for HNPs was obtained by considering the SiO, NPs specific
surface area (SSA) (273 m* g~ ') obtained from BET analysis,*® as
shown in eqn (2).

hai ) wt%pp - MWpp - N [chains per mol]
ov [chains per nm®] = SSA [m? per mol~!] - 10'8 [nm? per m~—2]

(2)

The degree of APTES functionalization obtained by TGA is
1.58 wt%. The resulting values of functionalization percentage
and grafting density for SiO,-HNP_X are reported in Table 1.

Table 1 Details of the SiO,-ST and SiO,-HNP_X samples: degree of
functionalization, grafting densities (opg), particle radius (a), thickness of
the external polymer PB shell (9), and standard deviation values for the
estimation of the particle size

PB shell opp (chains
Sample (Wt%) pernm™*) a(nm) & (nm) St dev. (%)
Si0,-ST 0 0 13.5 0 11.3
SiO,-HNP_5 4.54 0.03 16.1 2.6 12.8
SiO,-HNP_8 7.57 0.05 16.6 3.1 14.0
SiO,-HNP_11 11.0 0.08 16.7 3.2 14.1
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The morphology of NPs samples and the resulting self-
assembled structures were investigated by TEM analysis.
Regarding the sample preparation, the material was ground
into a fine powder and suspended in toluene by sonication.
Finally, the suspension was dropped onto a carbon-coated
400-mesh TEM grid and the solvent in excess removed by
drying under air. The reported TEM images are explicative
and representative examples of at least six different analyses.
Representative TEM micrographs are depicted in Fig. 1. SiO,-ST
(Fig. 1(a)) and SiO,-APTES (Fig. S4 in ESIf) present uniform
spherical shapes and diameter of about 20-25 nm. They
aggregate forming compact close-packing structures NPs.

Conversely, the packing of SiO,-HNP_X system is remarkably
different. Fig. 1(b), (c) and (d) show representative TEM images
of the resulting structures formed by the systems SiO,-HNP_5,
SiO,-HNP_8, and SiO,-HNP_11, respectively. As observed, the
shape of the polymer-coated NPs is not perfectly spherical, and
instead, they resemble a slighltly ellipsoidal inhomogeneous
morphology as a result of the polymer grafting. The NPs tend to
spontaneously self-organize in nonisotropic structures by
increasing the concentration of grafted polymer. Indeed, TEM
micrographs of SiO,-HNP_5 and SiO,-HNP_8 show a lesser
tendency to form linear arrangements. For the case of SiO,-
HNP_11, string-like aggregates are observed. In addition, we
observed that aggregation rates decrease with increasing opg.
The inhomogeneous nanoparticles arrange independently from
their aspect ratio, showing that their light anisotropy is likely
not affecting the assembly mechanism. Therefore, this suggest
the existence of a different interaction between NPs when the
particle surfaces are functionalized with PB polymer chains.
Anisotropic self-organization, originally observed in homopolymer
matrices,"** depends on polymer PB grafting density and has

Fig.1 TEM micrographs of (a) SiO,-ST, (b) SiO,-HNP_5, (c) SiO,-HNP_S8,
(d) SiO,-HNP_11 samples.

This journal is © The Royal Society of Chemistry 2022
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been predicted to take place also in solvent-free and matrix-free
conditions."®'*?> Additional TEM snapshots of the NPs samples
may be found in the ESIT (Fig. S3-S7).

Finally, SAXS measurements provide structural and morpho-
logical information about the HNPs in solution, such as core size
and polymer shell thickness. For SAXS, the functionalized NPs
present a three-phase system made of a silica core, organic shell,
and the surrounding voids. As in general, the SAXS analysis
proceeds with the assumption of a two-phase system with
uniform electron density, the functionalized material could not
be precisely analyzed.>®*” However, as the scattering difference
between SiO, and the polymer is minimal with respect to the
contrast with the voids (p© = 15.31 x 10°° A72, %% = 18.89 x
107° A7%),*® we considered for the following analysis the func-
tionalized NPs as a single-phase body, the two-phase system
formed by hybrid NPs and surroundings voids. The analysis and
fitting of the SAXS data were performed by using the software
Scatter (ver. 2.5).>*° The curves were modeled by combining a
spherical form factor with a fcc structure factor component,
originated by the NPs aggregation. More details about the SAXS
measurements provided in the ESL¥

SAXS curves of SiO,-ST and SiO,-HNP_X suspensions in THF
are reported in Fig. S2 in the ESI.{ All samples show the typical
form factor oscillation of spherical NPs. SiO,-ST sample pre-
sents the sharpest pattern, which indicates the higher size and
shape homogeneity. Upon functionalization (SiO,-HNP_5 to
SiO,-HNP_11), we observe a shift of the first minimum of the
curve towards lower g values along with a sensitive decrease in
the number of oscillations. As expected, this indicates an
increase in the particle size and a higher shape inhomogeneity,
respectively. More precise information on the NPs morphology
variation is obtained by fitting the SAXS curves (Table 1).

The particle radius (a) as well as the standard deviation
increase by approx. 20% as the surface coverage is increased,
because of the BP polymer shell on the functionalized materials.
The values confirm the experimental data from the TEM
analysis. Interestingly, the radius of the SiO,-HNPs increases
more rapidly and looks independent from the grafting degree,
suggesting that the surface rapidly saturates.

The thickness 0 of the polymer shell in THF, required for the
theoretical calculations, was obtained by subtracting the radius
of bare SiO,-ST from the radius of SiO,-HNP_X. From these
data, the value of 6 goes from 2.6 nm for the SiO,-HNP_5
sample to 3.2 nm for the SiO,-HNP_11 one, which implies an
enlargement of 23% of the PB polymer shell induced by the
increase of its surface coverage.

3 Theoretical approach

The theoretical description of the observed self-assembled
structures must start considering the following features of the
real experimental system. First, pristine SiO,-ST aggregate
forming compact clusters of particles. Second, SiO,-HNPs are
uncharged in THF solvent. Finally, when the particles are
covered with PB chains, SiO,-HNP_X tend to self-assemble to

This journal is © The Royal Society of Chemistry 2022
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form anisotropic (more elongated) structures by increasing the
concentration of grafted PB polymer.

Based on the state of the art, the possible explanations for the
self-assembly behavior of HNPs, shown by TEM and SAXS ana-
lyses, could be multiple: (i) the grafted chains are not uniformly
distributed. That is, the grafted chains are concentrated in spots
or patches. This kind of non-uniform distribution of polymer coils
will lead to the formation of asymmetric structures due to
directional interactions. However, in our case, the experimental
results show that the particle coverage is uniform in all cases, so
chain-like superstructuring cannot be justified in this way. (ii) The
particles possess anisotropic shapes. However, we just showed in
the experimental section that the NPs self-assemble indepen-
dently from their aspect ratio, so their small anisotropy does
not have any significant effect on the assembly mechanism.
(iii) The existence of flow or other non-equilibrium effects.
However, HNPs assemblies are formed in equilibrium conditions
(static self-assembly). (iv) The surface coverage is uniform, but the
particle interactions are affected by three-body contributions. This
is the case of SiO, HNPs.

Indeed, previous computer simulations and experiments of
spherical NPs uniformly grafted with polymer chains have
recently been shown to assemble into anisotropic phases like
strings and sheets."?%*%3132 The resulting three-body contri-
bution is found to be highly repulsive and anisotropic, with the
degree of repulsion rising with increasing angular deviation
from the dimer axis, which can be explained in terms of free
energy. Indeed, the free energy is determined by a competition
between a favorable enthalpic energy gained by forming contacts
between HNPs and an entropic cost associated with compressing
the polymer grafts to create such contacts. When two particles
covered by long polymer brushes bind, the polymer chains
redistribute, resulting in an increase of polymer concentration
close to the contact region. This density increase makes a dimer
more hindered against binding with another particle than a

Fig. 2 Schematic representation of the three-body interaction between
HNPs. The third particle at the top preferentially interacts in region B due
to the enhanced repulsion induced by the polymer shell in region A. The
darker grey region indicates a higher PB concentration.

Soft Matter, 2022,18, 8034-8045 | 8037
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monomer, being more likely to aggregate with another particle at
the points diametrically opposite to its bond.

We can visualize the three-body anisotropic contribution
with the help of the illustration shown in Fig. 2. It depicts a
dimer formed by the binding of two HNPs. When the dimer is
created, the enthalpic (attractive) energy must overcome the
entropic and elastic repulsion exerted by the compressed poly-
mer shells in the region between the particles, where both
polymer shells overlap. The resulting dimer has a region where
polymer concentration is larger (dark gray area). If a third
particle approaches the dimer following path A, it will experi-
ence an enhanced steric repulsion induced by the already
compressed polymer layers of the dimer. This repulsion goes
beyond the pairwise additive interaction picture, as it involves a
three-body contribution. However, if the third HNP tries to bind
through path B, the three-body repulsion will be negligible.
Therefore, this mechanism favors the assembly of HNPs into
linear structures, such as chains.

3.1 Two and three-body interaction potentials

We now discuss a simplified coarse-grained model for particle
interactions between HNPs. If the system has N particles, the
total interaction potential up to third order contribution is
given by eqn (3):

N

UT(l‘|,...,l‘N): Z Uz(l’,'j)
j>i=1
N
+ Y Uslrgoriorp) -, 3)
k>j>i=1

where U,(r;) indicates the pairwise additive particle-particle
interactions and Us(ry,rx15) is the three-body interaction term.
For spherical HNPs uniformly grafted with polymer chains, U,
only depends on the interparticle distance. Since the three-body
energetic contribution depends on the relative positions of the
three particles, it represents a more complex interaction term.
In the following, we propose an analytical model for these
particle interactions. For this purpose, we split the analysis
considering two situations, namely uncoated SiO,-ST and
coated SiO,-HNPs.

3.1.1 Pristine (uncoated) SiO,-ST NPs. In this particular
case, the silica beads are free of grafted polymer (Fig. 6). Thus,
the three-body interaction in eqn (3) is zero (U; = 0). In
addition, since the particles are uncharged, the only interaction
between a pair of particles is the van der Waals potential, U,(r) =
Uyaw(7), given by

An [(2a)?
12| r? r?

T = |

for r < ry and Uyqw(7) = oo for r > ry, r is the distance between
both particle centers, and r, is a short-range distance representing
the separation of maximum approximation between particle
surfaces, which is given by the surface roughness, of about r, =
0.1 nm. Ay is the Hamaker constant of silica dispersed in

THF. It can be estimated from Ay~ (VAn— \/A“)z,
where A,, is the Hamaker constant of silica in vacuum, given by

UvdW (l‘) =
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Ay = 853 x 107%° J.*' Ay, can be determined from** A,; =
yw24nl,?, where yw is the surface tension of THF, given by
yw = 27.4 mJ m 2, and [, = 1.57 x 10~ '° m, which leads to 4,, =
5.095 x 10~2°J.*2 Therefore, the value of the Hamaker constant of
Si0, in THF is Ay = 4.41 x 10> J. Normalizing by the thermal
energy (kgT, with T = 298 K), we find Ay/(ksT) = 1.07.

The van der Waals force is attractive and reaches the
minimum value Ayqw = —10.34 times the thermal energy. In
order to quantify the total amount of attraction, we calculate
the normalized second virial coefficient of this pair potential,
defined as

B, = 3 J (e*b’z(f)/(kaﬂ _ l)rzdr. (5)

_ZO

If B; < — 1.5, the attraction is strong enough to phase separate
the system in stable aggregates. In our particular case, the van
der Waals attraction leads to B; = —70.6, which implies a large
amount of attraction that is able to join together particles into
clusters by an irreversible aggregation process. It is important to
remark that the van der Waals attraction is a very short-ranged
interaction. Indeed, the SiO,-ST NPs will only feel mutual
attraction when they are very close to contact.

At the initial stage, individual particles aggregate to form
dimers. When a third particle gets close to the dimer, it will
naturally tend to aggregate in the region nearby both particles
because the total attraction is larger due to the addition of the
pairwise additive interaction of the third particle with the
particles of the dimer. Consequently, the particles tend to form
a compact and isotropic trimer. With the subsequent binding
of more colloids, this effect is expected to lead to the formation
of compact isotropic aggregates, very similar to the ones
observed in Fig. 1(a) for ungrafted SiO,-ST and SiO,-APTES NPs.

3.1.2 PB-grafted SiO, HNPs. For silica particles grafted
with PB polymer chains, the pairwise interaction between two
SiO, HNPs must include, in addition to the van der Waals
attraction, the steric repulsion induced by the overlapping of
the PB polymer chains when approaching the two HNPs. By
considering a thickness of the polymer layer equal to J, the
steric repulsion splits into two additive contributions, namely
the mixing and elastic terms. On the one hand, the mixing
interaction has an osmotic origin and is caused by the inter-
penetration of the adsorbed polymer chains corresponding to
each interacting surface. These chains “mix” in the overlap
region, generating a high polymer density. Depending on the
affinity between polymer and solvent, the solvent molecules can
migrate toward or away from this region. In the case of a good
solvent, the high polymer concentration generates a flux of
solvent molecules toward the overlapping region, causing the
separation of the interacting particles (repulsion). This effect
occurs as soon as the polymer shells of the approaching
particles overlap, ie., for a surface-surface interparticle dis-
tance % below twice the width of the adsorbed polymer layers,
26, on the other hand, the elastic interaction has an entropic
origin and results from the elastic compression of the adsorbed
chains. This limitation of the available volume leads to a loss in

This journal is © The Royal Society of Chemistry 2022
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the configurational entropy of the chains, which is most
significant when 2 < J.

Hence, the total particle-particle interaction potential is
given by the sum of three contributions, that is

Uz(r) = UvdW(r) + Umix(r) + Uelas(r)- (6)

At this point, we need analytic expressions for the mixing and
elastic contributions. For this purpose, we will assume that the
polymer shell has a uniform density, with a constant polymer
volume fraction denoted by ¢. The values of the thickness of
the polymer shell, J, are shown in Table 1 as estimated from the
SAXS analysis. The mixing interaction Up(r) is given by:**

4drna (1 ho 1 h .
VTHFd) (E_K)(%_Z_IH(S)) 0<h<b
d<h<20

4ra 1 2
i (51)(5-3)
(7)

where y denotes the Flory-Huggins parameter of the polymer in
the solvent, which provides an estimate of the solvent quality.
The value of yx for PB polymers at 25 °C is obtained from linear
extrapolation of the values at 40 °C and 100 °C, leading to y =
0.365. vpgp is the molar volume of the THF solvent.** It is
obtained from its molecular weight and density as:

Umix (I’)

ksT

MwrHE 7211 ¢g mol~!
V = =
THE = Napme  (6.023 x 102)(0.89 g cm3)
=0.135 nm’. (8)

The polymer volume fraction within the shell, ¢, is related to
the surface density of chains attached to the SiO,-ST NP as ¢ ~
ns’opg, where s is the average radius of the PB chain of about
0.2 nm. The elastic interaction comes into play for # < ¢ due
to the deformation of the chains. For a polymer shell with
uniform density, it is given by:

. 2 _ 2
Uas(r) _ 2mad?  1hy ((3 = h/o
kBT VPB 0 o 2

(1)

where vpg is the molar volume of PB chains. Analogously to
VrHF, Vpp IS also obtained from the values of molecular weight
and density,

)

Mwepsg 72.11 g mol ™! .
- = — 524 nm’. (10
VPB Nappg  (6.023 x 1023)(0.95 g cm—3) nm”. (10)

It is important to note that the mixing and elastic contributions
are repulsive and increase with the polymer density. The elastic
term grows linearly, Ue,s ~ ¢, whereas the mixing one scales
with the square in the polymer density, U..s ~ ¢> Conse-
quently, an increase of the polymer concentration of grafted
chains can produce a significant gain of this repulsive force.
For large enough ¢, the steric repulsion can become so large
that it even compensates the van der Waals attraction, leading
to the so-called steric stabilization of the colloidal dispersion.

This journal is © The Royal Society of Chemistry 2022
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opg =0

* —— 0Oy = 0.03 chains/nm?
] —— &y = 0.05 chains/nm?
-101 b) . Opg = 0.08 chains/nm”* -
0.0 05 10 15 2.0 2.5

h (nm)

Fig. 3 (a) van der Waals, mixing, and elastic contribution to the total pair
interaction potential, U,, evaluated for apg = 0.05 chains per nm?. (b) Total
pair interaction potential for different surface density of grafted PB
polymers.

Fig. 3(a) shows the total interaction pair potential between
two SiO,-HNPs together with the three contributions
(mixing, elastic, and van der Waals), calculated for a surface
coverage of polymer of gpg = 0.05 chains per nm?. As observed, the
steric repulsion exerted by the polymer shell reduces the range
and strength of the particle-particle attraction. In particular, the
normalized second virial coefficient for these cases is given by
B; = —37.5. Even though this attraction is weaker than the one
obtained for uncoated SiO,-ST NPs, it is still strong enough to
induce the formation of stable clusters. The total pair interaction
potentials, U,, for different values of the surface coverage, are
shown in Fig. 3(b). The corresponding Bj values for each sample
are shown in Table 2. Increasing the opg, the enhanced repulsion
induced by the elastic and mixing term leads to a reduction of the
net attraction. We emphasize again that, in all cases, the total pair
potential has a very short interaction range compared to the
particle size. For the largest studied surface coverage (system
SiO,HNP_11, gpg = 0.08 chains per nm?), the resulting pair
potential is still attractive, but with less attraction strength
(B; = —19.2).

Once the pairwise interaction has been described, we need
to introduce the additional three-body steric repulsion of HNPs.
As mentioned before, this three-body term represents the extra
repulsion exerted by the anisotropic distribution of polymer
grafted chains that occurs when two HNPs come into close
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Table 2 Interaction parameters for the four samples. Third column shows
the normalized second virial coefficient of the particle—particle pair
interaction deduced in the theoretical model, B; (see Section 3). Forth
and fifth columns depict the values of ¢ and 4 used in the Monte Carlo
simulations, obtained from the theoretical predicted pair potential using
eqn (15) and (16), assuming r. = 2.2a

Sample Opp B; e A
SiO,-ST 0 —70.6 —5.4 0
SiO,-HNP_5 0.03 —56.6 —5.1 0.4
SiO,-HNP_8 0.05 —37.5 —4.8 1.3
SiO,-HNP_11 0.08 —19.2 —4.1 3.1

contact due to the increase in polymer concentration near the
contact region of both particles. This effect, already suggested
by Tang and Arya,®" causes an anisotropic steric repulsive
interaction experienced by a third approaching NP, so that it
has a larger binding probability at the two poles on the long-
itudinal axis of the dimer, thus enhancing the formation of
string-like structures. Therefore, this three-body term depends
on the trajectory direction of the third particle with respect to
the axis of the dimer. We define 0 as the angle subtended by the
line connecting the centers of two SiO,-HNPs forming a dimer
with the line connecting the position of the third particle, as
shown in Fig. 4.

In order to include the three-body repulsive interaction, we
propose the following simplified expression:

2\" .
Us A <7> (1 —+ Ccos 9)" if ra,r3,r3 <re
(r12,113,123) = 3
kgT

0 otherwise,

(11)

where 4 > 0 represents the energy cost of putting together the
three SiO,-HNPs in close contact, and r. is the range of the
three-body repulsion for which we chose r. = 2.2a. Despite its
simplicity, this expression gathers the most important physical

0= 60° 0=180°
s 1.0 ]
< 08 n=1/8
8 0.6/ I
= =1/
>~ 0.4 S -
N
~
Q02 —p=2
n=3_8
0.0 : : )
60" 90° 150° 180

120°
0

Fig. 4 Top: Three different positions of the third particle forming the
trimer. Bottom: Angular dependence of the three-body interaction term as
a function of exponent n (see eqgn (11)).
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features required to reproduce the observed structures. (i) Us is
always repulsive and short-ranged, as expected for the polymer-
polymer interaction. (ii) If one of the particles is separated by a
distance larger that r., then these three particles are not
forming a trimer, so U; = 0. (iii) U; reaches the maximum value
when 6 = 60°, for which U; = 4. Therefore, creating a compact
structure has an additional energy cost (see illustration at the
top left of Fig. 4). (iv) U; decreases to zero as the location of the
third particle goes from 0 = 60° to 180°. Hence, this three-body
interaction promotes the assembly into more linear anisotropic
structures (chains) (top right of Fig. 4). (v) Exponent z controls
the decay of the three-body repulsion with 0. As observed in the
bottom panel of Fig. 4, the decay of this repulsion is faster for
larger values of n. Conversely, we obtain a slow decay of U; for
n < 1. For the particular choice of the polymer-grafted silica
HNPs with a = 13.5 nm and J of about 3 nm, the polymer shell
is rather small, so we expect a short-range three-body inter-
action. We found that n = 4 represents this system quite well.
In the next section, we describe the computer simulation
method and present the results, comparing them with the
experimental data reported in Section 2. The experiments
were performed at a mass fraction of silica particles of 5%.
Knowing that the density of amorphous silica is 2.2 g cm ™ and
the density of THF is 0.889 g em ™, we found that the corres-
ponding volume fraction of silica particles is ¢pa;e = 0.0208.

4 Simulations

The replica-exchange Monte Carlo (REMC) method® ™ was
employed to obtain equilibrium configurations of our system as
a function of the reduced temperature, T = kpT/|¢|. It is custom
within computer simulations to fix ¢ and vary T* instead, but it
must be noted that it produces the same results. A single run
considers M = 12 cubic simulation cells containing N = 500
particles, with a fixed volume V so that the volume fraction of
particles correspond to the experimental one, i.e. ¢pare = (4/3)1a’N/
V = 0.0208. The method sets different temperatures for each
replica while considering swap trial moves. In other words, we
perform 12 computer simulations at 12 different temperatures.
In order to achieve the equilibrium between the 12 system copies
at different temperatures, the simulation procedure swaps repli-
cas among them. These trials allow the replicas to sample from an
expanded ensemble defined by:

M
Qexpanded - H QNVT,i, (12)
i=1

where Qyyr; is the partition function of the ensemble at
temperature 7T; This simulation procedure allows replicas at
high temperatures to travel long distances in configuration
space, improving the sampling of the full expanded ensemble.
To guarantee the fulfillment of the detailed balance condition,
the swap trials between replicas must have the following
acceptance probability:

Pace = min{l,ef(ﬁ’;ﬁj)w’;uj)}, (13)
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where U; — U; is the potential energy difference between
replicas 7 and j, and f; — f; is the difference between the
reciprocal temperatures of replicas i and j.

We start all simulation cells from randomly dispersed con-
figurations and apply periodic boundary conditions for all
directions. Verlet lists are used to improve performance.
In addition, we implemented a CUDA code where these neigh-
bor lists are calculated by the GPUs, while the standard cores
make the remaining calculations. Once the energy reaches a
steady state, we proceed to capture some system snapshots.
In this stage, we have only focused on this feature to try matching
qualitatively the TEM images from the experimental system.

In order to simplify the simulations, we take advantage of
the fact that the pair interactions (U,) have all a very short-range
compared to the particle size since the attractive range does not
extend more than 1 nm (see Fig. 3). Since in our particular case
the assembly process do not depend on the specific details of
the particle interaction, U, can be represented by a simple
square-well potential:

0o r<a+ry

)

2(r)
kT )¢

2a+rg <r<re (14)

0 r>r,

where ¢ < 0 is the depth of the attractive well. In our simulations,
we fixed r. = 2.2a. We emphasize that the value of ¢ cannot be
chosen arbitrarily, but must be selected to correctly represent
the real particle-particle interaction, U,. To establish such
correspondence, the normalized second virial coefficient B5 of
the real U, and the one obtained from the square-well approxi-
mation must be the same. The resulting value of ¢ is given by:

e= —1n<1 —0—17%)
(re/(2a))"—1

For uncovered SiO,-ST NPs (B5 = —70.6) we find ¢ = —5.4. For
PB-grafted SiO,-HNPs we obtain ¢= — 5.2, — 4.7, and — 4.1 for
ops = 0.03 chains per nm?, 0.05 chains per nm”, and 0.08 chains
per nm’, respectively (see Table 2).

To estimate 4 for each polymer surface coverage, it should
be reminded that it represents a three-body repulsive energy
term accounting for the enhanced polymer concentration near
the contact region of the particles forming the dimer. The
repulsive part of the pair potential, Unix() + Uelas(?) = Urep(h),
depends on the polymer volume fraction of each particle, which
we will denote by ¢, for particle 1 and ¢, for particle 2, ie.
Urep(;01,4,). The mixing term is proportional to ¢4¢,, whereas
the elastic one scales us (¢;¢,)"?. For two isolated interacting
NPs, we find ¢, = ¢, = ¢. However, if we consider the
interaction between a third NP (with polymer volume fraction
¢1 = ¢) and an already formed dimer, then the polymer volume
fraction that the third particle experiences is ¢, = 2¢ close to
the contact region of the dimer due to the overlap of the hairy
shells. The value of 4 corresponds to the additional energy
required to approach the third particle to the contact region of
the dimer, that is

(15)
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A = 2Usep(h = 050,2¢) — Urep(h = 050,0)).

This calculation leads to 4 = 0, 0.4, 1.3, and 3.1 for gpg = 0, 0.03
chains per nm?, 0.05 chains per nm?, and 0.08 chains per nm?,
respectively.

(16)

5 Simulation snapshots vs. TEM images

To explore the system behavior, the ¢ (or T*) values were first
varied in the range —3 to —10 and the cutoff distance was set to
r. = 2.2a. We define 4/|¢| in the range 0 to 2.0 and # in the range
2 to 8. 4/|¢| represents the strength of the three-body energy
repulsion compared to the van der Waals attraction for grafted
silica particles at 0 = 60°. In addition, n controls the angular
decay of the three-body repulsion.

Fig. 5 explores the effect of 4, n, and ¢ on the structure of the
final simulated clusters. The influence of n is shown in panels
(a)-(d) for 4/|¢] = 1.2 and ¢ = —10. As shown, values of n above
4 lead to compact structures, whereas n below 4 yields open
and fractal-like structures. Indeed, for n = 2, the three-body
repulsion extends over angles of about 120°, promoting the
formation of linear chains with a few brunches that make the
system percolate. On the other hand, structures for n = 8 are
more compact. However, these organized structures do not
form fcc or hep-like crystallites (as they do in the absence of
three-body interactions) since the three-body repulsion A4/|¢| is
above 1, thus preventing the formation of closed packed trimer
arrangements. For A4/|¢| <1, the three-body repulsion still
makes the closed packed trimer arrangements energetically
expensive, but this is compensated at some point by the fact
that compact structures allow for higher coordination numbers.
The A/|¢| value at which crystallites appear/disappear is expected
to increase with n (by shortening the angular range of the three-
body potential).

The effect of 4/|¢| is depicted by the second row of Fig. 5
(panels (e)-(h)), for fixed values of ¢ and n. We have chosen n =4
since we expect the three-body repulsion to contribute only for
angles below 120° while having some relevant influence at 90°.
In addition, we have not observed string-like chains with n
above 4, with 4/|¢|<2, and thus, n > 4 cannot explain the
string-like structures for a reasonable value of A/|¢|. As
expected, the 4 = 0 case produces compact and crystallite-like
assemblies as the three-body interaction is simply turned off.
Note that hep or fee crystals are only possible in the absence of
polydispersity and for perfectly spherical particles. Thus, we do
not observe these structures in the TEM micrographs of naked
SiO,-ST particles. In fact, with n = 4, A/|¢| = 0.2 is large enough
to hinder the formation of crystal-like aggregates, as shown in
panel (f), but aggregates are still compact. Large but reasonable
values of 4/|¢|, such as 1.4, yield chain-like structures like the
ones observed in the experiments, as shown in panel (g)
(see also panel (b) for n = 4 and = 1.2). We expect these 3D
chains to further align into strings when confined to a quasi-2d
space, as observed in the TEM micrographs. Further increasing
A/|¢| yields more open structures, as shown in panel (h).
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Fig. 5 Different structures as obtained from simulations. From (a)—(d), e = =10, 4/]¢| = 1.2,and n = 2, 3, 4, 6, and 8. From (e)—(h), e = —=10,n = 4 and 4/|e| =
0.0, 0.6, 1.0, 1.4, and 1.8. From (i)=(), n = 4, A/le]l = 1.2, and ¢ = —3.3, —5.0, —6.7, and —8.2.

Finally, the third row of panels in Fig. 5 depicts the effect of ¢
by setting n = 4 and 4/|¢| = 1.2. From the theoretical analysis, we
found that these are reasonable values, capable of producing
chain-like aggregates. A low ¢ value such as —3.3 leads to little
aggregation for the volume fraction we are setting (¢pare =
0.0208), as shown by panel (k). By decreasing ¢ to more negative
values, we observe the growth of branched clusters, some of
them having chain-like resemblance, but they turn a little more
compact for lower ¢ values. We observed that ¢ values in the
range from —7 to —5 produce the desired structures (panels (j)
and (k)). Note that panel (c) of Fig. 5 shows the obtained
structure for the same n = 4 and 4/|¢| = 1.2 values, but for
&=—10. As compared to naked particles, 4 = 0, we need larger ¢
values to grow structures since they are now based on single
bonds contrasting with the multiple bond-forming bare sys-
tems. Note that a central particle inside a crystallite can have up
to 12 bonds when achieving an fcc or hep structure, which
strongly lowers the energy. Conversely, open clusters can have
much fewer bonds. Hence, ¢ = —3.3 is not low enough to grow
structures, and the system keeps outside the vapor-liquid
(or solid) binodal. It is worth mentioning that increasing 4

8042 | Soft Matter, 2022, 18, 8034-8045

has a smaller effect than decreasing n on the system structure
because the assemblies already grow by avoiding the formation
of bond angles lower than 90°.

With the guidance of the structures shown in Fig. 5 and the
4 and ¢ estimates found in the previous section, we build Fig. 6.
This figure compares the experimental TEM images (right
panels) with the structures from simulations (left panels). Here,
the first row corresponds to bare SiO,-ST system. In this case
4 = 0 (i.e. no three-body repulsion) and ¢ = —5.4. The three
different snapshots correspond to equilibrium. The value ¢ =
—5.4 theoretically found produces the desired behavior.
As already explained, differences between experiments and simu-
lations arise because we considered a perfectly monodisperse
system for simulations. It is well-known that attractive monodis-
perse systems crystallize at low temperatures, explaining the
simulated crystal-like arrangements that contrast with the less
ordered structures shown in panel (d).

The second and third rows of panels in Fig. 6 compare
systems SiO,-HNP_5 and SiO,-HNP_11 with our simulations for
A=1.3and ¢=—4.8,and 4 = 3.1 and ¢ = —4.1 (estimated from
the theoretical predictions), respectively. Again, all snapshots

This journal is © The Royal Society of Chemistry 2022
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Fig. 6

Comparison between experimental structures from the TEM images (right) and the ones obtained by computer simulations (left). In this figure, we

have set n = 4 for all simulations. Panels (a)—(c) correspond to 4 = 0 and ¢ = —5.4. Panels (e)-(g) correspond to 4 = 1.3 and ¢= — 4.8. Panels (i)-(k)
correspond to ¢ = —4.1 and 4 = 3.1. TEM micrographs of panels (d), (h), and (I) correspond to SiO,-ST, SiO,-HNP_8, and SiO,-HNP_11 systems,

respectively.

within a row correspond to equilibrium. In the second row of
Fig. 6, panels (e)-(g) of the simulations should behave as SiO,-
HNP_8, and in the third row, panels (i)-(k), as HNP_11. We
observe a good resemblance between the TEM micrographs
and the computer simulation snapshots, which supports our
theoretical analysis. In particular, for the second row, we
reproduce thick linear structures, in which the cross section
of the chain is formed by more than one particle, in good
agreement with the experimental results. Conversely, we find
thinner linear chains in the third row of snapshots due to the
strong three-body repulsion. These chain-like structures are
very similar to the experimentally obtained linear assemblies
formed for the largest polymer surface coverage. The simulation
snapshots also show the existence of individual isolated HNPs
that coexist with linear clusters, in accordance with the experi-
mental observations (see Fig. 1(d)).

The experiments performed with SiO,-HNP_11 system indi-
cate that the aggregation kinetics is slower than in the other
cases, confirming that the two and three-body repulsion exerted

This journal is © The Royal Society of Chemistry 2022

by the polymer corona is most effective in reducing the net
attraction between particles. Although we do not provide
experiments for denser surface coverages, we expect to reach
out full stabilization of the system for large enough opg, in
which the steric repulsion dominates over the van der Waals
attraction.

Our simulations and experiments findings are consistent
with previous coarse-grained computer simulation studies that
explicitly consider the grafted polymers at the monomer level.
In particular, Akcora et al.'' report the formation of compact
spherical clusters for ¢ < 0.03 chains per nm? sheets and
chains for ¢ between 0.03 and 0.1 chains per nm? and
dispersed (non-aggregating) systems for ¢ > 0.1 chains per
nm?, in accordance to our results. In addition, Tang and Arya®"
show that the three-body contribution becomes highly repul-
sive and anisotropic, with the degree of repulsion rising with
increasing angular deviation from the dimer axis.

Finally, it should be emphasized that TEM micrographs are
two-dimensional systems obtained after solvent evaporation,

Soft Matter, 2022, 18, 8034-8045 | 8043
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whereas simulation snapshots depict the full three-dimensional
structures. Therefore, the comparison between experiments and
simulations is performed at the qualitative level. Despite this,
the comparison clearly shows that increasing the surface cover-
age of grafted polymer leads to asymmetric chain-like structures
that can only be explained in terms of the enhanced three-body
interparticle repulsion.

6 Conclusions

In this work, we investigated the self-assembly of PB-grafted SiO,-
HNPs dispersed in THF solvent for different surface coverages,
from opg = 0 to 0.08 chains per nm” For this purpose, we
combined experiments, theory, and replica-exchange computer
simulations. We found that the systems are unstable for all
surface coverages, and the morphology of the final structures
depends on gpg. For uncoated silica beads, particles assemble into
compact uniform aggregates. By increasing the surface coverage,
the obtained structures adopt anisotropic chain-like morpholo-
gies in agreement with previous observations of similar core-shell
systems. We link the anisotropy to the existence of a repulsive
three-body contribution to the interaction potential, which arises
from the exclusion of PB chains close to the contact region of
binding HNPs. This effect gives rise to an anisotropic distribution
of grafted polymer near the surface of binding HNPs, leading to
an additional three-body repulsion that reaches the maximum
intensity when the third particle touches the surfaces of both
already linked HNPs.

In order to reproduce these experimental self-assembled
structures, we proposed a simple theoretical model that
includes two and three-body interaction terms. For the former,
we considered the interplay between the van der Waals attractive
contribution and the polymer-induced repulsive steric inter-
action. For the second, we used a phenomenological potential

2 n
that depends on the orientation 0 as 4 (g) (1 + cos 0)", where 4

is the three-body repulsion strength (in kg7 units) and 7 is an
exponent that controls the decay of the repulsion with 0. In fact,
4 increases with the concentration of grafted polymers, whereas
n decreases with the polymer length. We found good agreement
between the simulated and the experimental self-assembled
structures, thus confirming that this orientation-dependent
three-body steric repulsion is the main responsible for the
formation of chain-like assemblies of polymer-grafted silica NPs.

Finally, it is worth mentioning that although particle aniso-
tropy can indeed modify the 2 and 3-body interaction potentials
between the polymer-coated SiO, NPs, this effect in itself does
not justify the existence of anisotropic self-assembled structures.

In future work, we would like to explore the role that the
parameters involved in the three-body steric repulsion play on
the vapor-liquid phase diagram. In particular, we believe it is
possible to achieve reversible gels and empty liquids as occurs
when dealing with low-valence colloids (patchy particles),*®*°
anisotropic particles,”®>* anisotropic particles,> and clays,>*™°
which should arise for dense and thick polymer shells. Also,
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potential future studies will deal with the execution of
in situ light or X-ray scattering methods in solution to thoroughly
address the assembly mechanism of the hybrid NPs.
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