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Highly grafted polystyrene/polyvinylpyridine
polymer gold nanoparticles in a good solvent:
effects of chain length and compositionT
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In this work, the structural features of spherical gold nanoparticles (NPs) decorated with highly grafted
poly(styrene) (PS), poly(vinylpyridine) (PVP) and PS—PVP diblock copolymer brushes immersed in a good
solvent are investigated by means of Dissipative Particle Dynamics (DPD) simulations as a function of
grafted chain length and of homopolymer and copolymer chain composition. For NPs grafted either by
PS or PVP homopolymer brushes (selected as a proof of concept), good agreement between the
Daoud-Cotton theory, experimental evidence, and our DPD simulations is observed in the scaling beha-
vior of single chain properties, especially for longer grafted chains, and in brush thickness prediction.
On the other hand, for grafted chain lengths comparable to NP dimensions parabolic-like profiles of the
end-monomer distributions are obtained. Furthermore, a region of high concentration of polymer
segments is observed in the monomer density distribution for long homopolymers. In the case of
copolymer-decorated NPs, the repulsion between PS and PVP blocks is found to substantially influence
the radius of gyration and the shape of the end-monomer distribution of the relevant polymer shell.
Moreover, for diblock chains, the un-swollen region is observed to be thinner (and, correspondingly, the
swollen layer thicker) than that of a NP modified with a homopolymer of the same length. Finally, the
lateral segregation of PS and PVP blocks is evidenced by our calculations and a detailed analysis of
the corona behavior is reported, thus revealing the key parameters in controlling the surface properties
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and the response of diblock copolymer modified nanoparticles.

prototypical examples of ‘“hairy polymer nano-objects”,**

which are of great actual interest in a variety of advanced

Introduction

Polymer brushes composed of flexible polymer chains tethered
to solid substrates are widely used to tailor surfaces for specific
applications.™? Spherical polymer brushes can be formed from
macromolecules anchored via a special end group to e.g., the
spherical inorganic nanoparticle (NP) surface and extending
outward into the surrounding medium. These systems are
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technological fields such as colloid stabilization,” building blocks
for nanostructured materials and nanocomposites,*” and medical
and biological applications,®® just to mention a few. In addition,
the recent development of precise synthetic pathways has led to
the production of NPs decorated with brushes of very high
grafting density, thereby expanding the application range of these
functional nanomaterials even further.*'%*

While a classical polymer nanocomposite is a blend of
inorganic nanoparticles and a polymer matrix, hairy polymer
nanoparticles (HPNs) represent single-component objects with
an organic component linked directly to the inorganic core.
Thus, the architecture of HPNs is designed to overcome classical
“mixing and stability problems” commonly present in polymer
nanocomposites. Therefore, the possibility to use assemblies of
HNPs in solvent or in solvent-free systems has enormously
attracted researchers’ interest."*™**

Experimental and computational studies of homopolymer
functionalized NPs in the polymer matrix, solvent, and melt
have clearly shown that the properties of these NPs can be
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tailored by modulating molecular parameters such as grafting
density," NP size,'® graft placement,"” graft and matrix mole-
cular weight,"® and NP shape.'® At the same time, NP copolymer
functionalization, as opposed to homopolymer functionaliza-
tion, constitutes an additional tuning parameter of the grafted
sequence and monomer chemistry (or interactions), which
provides further control over the behavior of the polymer
grafted nanoparticles.

When one considers the processing of spherical polymer
brushes in the context of any of the applications mentioned
above, understanding their structure and properties in solvents
of various quality is of fundamental interest.> Unfortunately,
however, the rational design of interface- or surface-active
polymer modifiers still lacks crucial molecular scale informa-
tion about the behavior and structure-property relationships of
the brushes. This is especially true in the regime of dense
brushes, since high grafting densities are potentially outside
the limits of classical polymer brush theory. Thus, for instance,
the known Daoud-Cotton (DC) theory® describing star polymers
can be applied only to some extent to long brushes tethered to
spherical surfaces. Therefore, computer simulations are to be
employed to gain a general theoretical understanding of hairy
polymer nano-objects at the molecular level. Indeed, a number
of studies have appeared dealing with molecular simulations
of these systems at the atomistic level, although they mainly
involved short oligomer-like chains or low grafting densities.*"*>

The structure and scaling behavior of spherical brushes have
been studied also on larger scales (i.e., coarse-graining), where
the chemical specificity is lost. Thus, using a classical bead-
spring model, Binder®® and his group studied the scaling
behavior of spherical brushes in the implicit solvent. Among
other things, they showed that chains with a size comparable to
NP dimensions exhibit a parabolic decay in monomer density
distribution and that chain ends are distributed through the
whole polymer shell rather than being located only at the edge.
Also, they observed a broad crossover between scaling of the
brush height on the flat and curved surface. Their results were
compared against the Daoud-Cotton model with good agree-
ment in scaling behavior. In addition, the same bead-spring
model was used to study the effect of solvent quality on the
rearrangement of grafted chains on spherical surfaces.”*
The effect of the monomer sequence on the arrangement of
copolymer chains grafted to spherical surfaces was investigated
in another study by means of lattice Monte Carlo simula-
tions.>>?® It was shown that the chain architecture (i.e., mono-
mer sequence) influences chain aggregation on the spherical
surface. Specifically, an alternating sequence of monomers
prevents further assembling into larger structures whereas
diblock sequences allow the aggregation of same species into
larger clusters under certain conditions. Nevertheless, the
adoption of lattice-based models of spherical brushes cannot
be extended to the case of high grafting densities.

In addition, several attempts were made to apply mesoscale
models - and specifically Dissipative Particle Dynamics (DPD) -
to flat brushes or to polymer protected nanoparticles.?”"*® Such
studies were very valuable for deriving general dependencies of

brush characteristics on grafting density or chain length, but
for direct comparison to experimental data more specific
models are needed.

Accordingly, in this paper we adopted a promising, alter-
native route towards coarse-grain polymer-grafted NPs, which
retains the fundamental chemical details while taking advan-
tage of mesoscopic simulations at the same time. Specifically,
we present here the application of our mesoscale approach
to linear poly(styrene) (PS)/poly(vinylpyridine) (PVP) homo-
polymer and copolymer chains tethered onto a spherical
gold NPs in the experimentally highly dense polymer regime
(1 chain per nm?) and good solvent environment. We then
analyze and discuss the structural and scaling behavior of the
PS/PVP grafted chains with specific attention to the effect of
chain length and composition. In this respect, the polymer
density profiles around the NPs and the static properties of the
grafted chains are examined. Based on these data, the brush
thickness of the grafted chains is estimated and its scaling
behavior is compared against theoretical models and experi-
mental data, when available.

Models and computational details

Dissipative Particle Dynamics (DPD)***° simulations have been
proved to be an effective tool for modelling structural phenom-
ena like the self-assembly of diblock copolymers in melt and in
solution,*"** polymer nanocomposites,”*>* and membranes>®
under various solvent conditions, just to mention a few.
In a DPD simulation,**?” the actual material (solvents, nano-
particles or polymer chains) is modeled as a collection of spherical
particles that represent lumps of the material. DPD particles are
defined by mass m;, position r;, and velocity v;, and interact with
each other via a total force F that is the sum of a conservative force
FC, a dissipative force F°, and a random force F*:

F=FC+F°+F® @

FC typically includes non-bonded interaction between beads i
and j:

;i 1-— rifre)ri ri < re
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where a; and r; = r; — r; are the maximum repulsion and the
separation vector between particles i and j, respectively, while 7,
is the cut-off distance at which the influence of F© vanishes.
The remaining two forces, F* and FX, which arise from
degrees of freedom neglected by coarse-graining, are given by:
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where "(ry) and w®(r;) are weight functions that vanish for

Ty = I, Yy is the friction coefficient, o;; is the noise amplitude,
v; = v; — v; is the velocity vector, {; = ;; is a Gaussian random
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number with zero mean and unit variance that is chosen
independently for each pair of interacting particles, and At is
the time step. The pair-wise dissipative and random forces
guarantee that the momentum is locally conserved and this, in
turn, ensures correct hydrodynamic behavior.

Espafol and Warren®® showed that a DPD system samples
the canonical ensemble and obeys the fluctuation-dissipation
theorem if the following relationships hold:

@ (ry) = [0 ()] (5)
O',‘j2 = Zyl‘jkBT (6)

where kg is the Boltzmann constant and T is the equilibrium
temperature.
o®(ry) and o®(ry) are typically chosen® as:

)= e)= (1-2) <) g
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Finally, when modeling chains, another force is active in the
system, i.e., a harmonic spring connecting two adjacent parti-
cles 7 and j:

o
FS = Ky (ry = r0)-2 (8
Ty
where K, is the spring stiffness and r, is the equilibrium
distance between the particles.

Polymer-grafted nanoparticle mesoscopic model

Our computational efforts were devoted to modelling spherical
Au NPs grafted by PS, PVP or PVP-PS diblock copolymer (DBC)
chains. In previous experimental studies reported by Kramer
et al*® gold NPs coated by PS chains of different molecular
weights M, (M, = 1500-13 000 Da) with areal chain densities
(or grafting density) ¢ ranging from 0.32 to 1.64 chains per nm”
were synthesized and characterized. The gold core diameter
was approximately in the range of 2-5 nm. Accordingly, in an
attempt to map our models onto these experimental systems,
we set a NP core diameter of 3 nm and a grafting density ¢ = 1
chain per nm” (laying in the high regime of ¢ experimentally
feasible for PS-b-PVP modified Au NPs*°) and varied the grafted
chain length in the range of 3000-18 000 Da. Thus, the total
number of grafted chains G was obtained to be G = 4nr’c ~
28.3 which is approximately 28 chains, with rs being the radius
of the spherical NP.

Au NPs were modeled at the coarse-grained level as a
collection of Au DPD beads connected by a stiff harmonic
spring to preserve the NP shape, whereas each polymer chain
was represented by a flexible chain model of beads connected
by harmonic springs Kj,. Tetrahydrofuran (THF), modeled as a
single bead, was selected as a good solvent for these decorated
NP systems.*’

Each DPD bead in a polymer chain represents a statistical
distribution of PVP or PS monomers. In previous papers*’™* we
showed that the characteristic ratio C, (i.e., the ratio of the
mean square unperturbed end-to-end distance for the chain to

the value expected for a freely jointed chain with the same
number of bonds) is a reliable parameter for mapping the
structure of PVP and PS polymers onto a flexible chain model;
accordingly, here we used the same statistical approach. However,
at variance with our previous work, where we mapped one single
chain length, here we averaged the C ., of the shortest and longest
polymer chains considered to estimate the corresponding cut-off
distance r, = 1.41 nm. When flexible macromolecules are modeled
as Gaussian chains, C, represents also the number of monomers
making up a Kuhn segment (i.e., contained in a single DPD bead,
6.5 in the present case). Therefore, the bead volume Vppp, can be
simply obtained by multiplying the characteristic ratio by the
molecular monomer volume; then, the cut-off distance r, can be
easily derived from the relation r. = (pVppp)"?, where p is the
reduced density usually set to 3.%°

As a consequence, real polymers with M,, = 1500-13 000 Da
were modeled by chains with N = {4, 8, 12, 16, 20, 24, 28} DPD
beads per grafted chain. For DBC chains, the total chain length
is expressed as N = n + m, where n and m are the lengths of the
PVP and PS block, respectively. To evaluate the effect of
the DBC chain architecture, for each total chain length N we
considered different relative compositions of each block,
defined as fpyp = n/(n + m) and, correspondingly, fps =1 — fpyp.
Table 1 summarizes all systems studied in this work.

Table1 Summary of the systems studied in this work. N is the total chain
length, n is number of PVP DPD beads, m is the number of PS DPD beads,
and fpyp is the relative composition of the PVP block

n m Jove n m Jove
N=28 N=24
0 28 0.0 0 24 0.0
14 14 0.5 12 12 0.5
28 0 1.0 24 0 1.0
N=20 N=16
0 20 0.0 0 16 0.00
2 18 0.1 2 14 0.13
4 16 0.2 3 13 0.19
6 14 0.3 5 11 0.31
8 12 0.4 6 10 0.37
10 10 0.5 8 8 0.50
12 8 0.6 10 6 0.63
14 6 0.7 11 5 0.69
16 4 0.8 13 3 0.81
18 2 0.9 14 2 0.87
20 0 1.0 16 0 1.00
N=12 N=8
0 12 0.00 0 8 0.00
1 11 0.08 1 7 0.13
2 10 0.16 2 6 0.25
4 8 0.33 3 5 0.38
5 7 0.42 4 4 0.50
6 6 0.50 5 3 0.62
7 5 0.58 6 2 0.75
8 4 0.67 7 1 0.87
10 2 0.84 8 0 1.00
11 1 0.92
12 0 1.00
N=4
0 4 0.00
1 3 0.25
2 2 0.50
3 1 0.75
4 0 1.00
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During simulation, the spherical shape of gold NPs was
preserved by adopting a high spring stiffness, i.e., K, = 200kgT
(where kg is Boltzmann’s constant and T is the temperature).
Each Au bead was bonded to Au beads falling within a bonding
radius rp; accordingly, each pair of Au beads has a unique
equilibrium distance of the spring bond.

The same K, value was used to bond the first polymer bead
to the NP surface, the equilibrium distance being set to ry =
0.57,. Finally, polymer chain beads were bonded with harmonic
spring K}, = 4kgT and equilibrium distance r, = 0.

Once the mesoscale architecture of each system component
was established as described above, the underlying chemistry
of each DPD system component was accounted for by intra- and
inter-molecular interactions between the DPD segments. The
DPD a; parameters were derived following the procedure out-
lined in our previous studies’®*" and briefly summarized here.
For polymer—polymer interactions, we applied the relationship
proposed by Glotzer and her group™® for block copolymers:

ajr, ajr 39
kéT = k;;+ 3.27(1 +W)X” 9
where y; is the commonly used Flory-Huggins interaction
parameter® between polymer segments, N is the total length
of the flexible chain, kg is the Boltzmann constant and T the
equilibrium temperature. Solvent-polymer mesoscale interac-
tions were derived from the commonly used equation proposed
by Groot®® a;; = a; + 3.27y, where aps_ps = 25 was selected as the
reference base (as in eqn (9)). y; is defined in terms of the
solubility parameters of the i and j components as:

Vppep | 2
L = m(bf — )

where Vppp is the volume of DPD bead and J; is the solubility
parameters of the i-th component, which is in turn related to
the cohesive energy density e.on by:

(10)

E;/Oh — Jem
in which E_., is the cohesive energy of the i-th component and
V is its molar volume at a given temperature. The value of E.,p
for, e.g., THF can be derived from canonical (NVT) ensemble
MD simulation by calculating the difference between the
non-bonded component of the potential energy of a three-
dimensional (3D) periodic structure and the corresponding
value for an isolated parent chain in a vacuum.

All hard-soft interactions (i.e., interactions involving THF
and gold NP beads) were derived from NVT MD interaction
energies as described by us in previous reports.*>*! Shortly, the
interaction energy Ey, tri-au Of @ system composed, for instance,
of THF and Au, may be derived from the corresponding simula-
tions as: Eyrur-au = Frea + Eau — Erur in which the first two
terms represent the potential energy of THF and gold, consisting
of both valence and non-bonded energy terms, and the last term
is the interaction energy between the two components, made up
of non-bonded terms only. Next, the corresponding DPD inter-
action parameters a; are calculated as described in ref. 42
rescaling the relative MD interaction energies.

5= (11)

Table 2 DPD interaction parameters a;r./kgT employed in this work

PS PVP Au Solvent
PS 25.0
PVP apvpP—ps’c 24.1
kgT
Au 29.8 26.2 23.0
THF 26.1 26.4 32.1 25.0

Table 3 DPD interaction parameter apyp_ps for diblock copolymer chains
of chain length N

N apyp—pslec
ke T
4 44.7
8 40.8
12 39.1
16 38.1
20 37.4
24 36.9
28 36.6

All DPD interaction parameters employed in this work are
summarized in Table 2. The DPD interaction parameters for
DBCs as a function of the total chain length N are reported in
Table 3.

Simulation details

All simulation trajectories were generated employing the GNU
simulation software DL_MESO"* suitable for parallel DPD
simulations. Equations of motion were integrated with the
velocity Verlet algorithm with a reduced time step A¢ = 0.03 to
avoid fluctuations in the shape of Au NPs. We adopted standard
DPD units, where 7, is a unit of length, kg7 is a unit of energy
and, since PS and PVP monomers have almost identical molar
mass, we set both PS and PVP bead mass to unity. The reduced
density was fixed to pr.® = 3, except for the NP core for which
higher density was assigned to avoid penetration of either
polymers or solvent beads.

All simulations started from initial configurations where
one polymer-grafted NP was placed in the middle of a simula-
tion box. Polymer chains were grafted radially onto the surface
of NP by one end. In the case of DBC, the PVP block was grafted
to the NP while the PS block constituted the chain free end.

A 20r. x 20r. x 20r. simulation box was used for grafted
chains up to N = 12 while a 30r. x 30r. x 30r. simulation box
was adopted for longer chains. To avoid finite size effects (i.e.,
interaction of the NPs with its periodic images), the distribu-
tion of the solvent from the center of mass (COM) of the NP was
predicted in preliminary simulation runs (see Fig. S1, ESIft).
The distance at which the solvent reaches its maximum (i.e.,
the distance at which it is not perturbed by the presence of the
NP and achieves its bulk value) represents the minimal length
(referred to as the COM of the NP) required to eliminate
artificial particle interactions. Accordingly, this length was
adopted to set the simulation box size.

Each first equilibrated for
1 x 10° time steps. Then, 1 x 10 uncorrelated configurations

initial configuration was
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Fig. 1 DPD snapshots for the initial (left) and equilibrated (right) structure
of the PVP3PSs grafted nanoparticle. Legend: PS, blue; PVP, red; Au, yellow.
Solvent beads are not shown for clarity.

were collected during additional 2 x 10° time steps to calculate
ensemble averages. Fig. 1 shows the initial (left) and final
(right) configuration for the PVP;PS; system.

Details about statistics and correlation analysis are given
in the ESL}

Results and discussion

In this work we employed DPD to systematically investigate the
structure and scaling behavior of PVP,PS,, DBCs of different chain
lengths and relative composition grafted on the surface of gold NP.

First, a validation of the proposed DPD models was per-
formed by predicting the scaling behavior and the brush
thickness of Au NPs grafted with PS homopolymer ligands,
for which a theoretical framework and experimental evidence®”
is available for comparison.

Once the proposed model was validated, we explored the
effect of the chain length and architecture on the characteristics
of the spherical NP grafted DBCs.

From a theoretical standpoint, it is known that, when the
size of the grafted homopolymer chain exceeds the size of
the NP core, the chain scaling behavior can be described by
the Daoud-Cotton model for star polymers.® In this theory, the
radial monomer density profile of a star polymer is captured
through scaling arguments that suggest the presence of up to
three separate asymptotic regions: a dense core where the
radial monomer density is constant, an ‘“unswollen” region
where local density effects screen out excluded volume interac-
tions leading to behaviour reminiscent of #-solvent scaling, and
a “swollen” region where spatial dilation provides enough
room for excluded volumes to enforce self-avoiding walk
(or good solvent) behaviour. It was shown earlier”>** that
scaling behavior of spherical brushes can be described by the
DC model in the limit of long chains and if the number of
grafted chains G >» 1 (a full description of scaling functions for
the structural properties of spherical brushes in the DC frame-
work can be found in the ESIT).

The simulation results for the brush height (H) and mono-
mer number density profiles (¢(r)) for the PS homopolymer
with a chain of length equal to N = {4, 8, 12, 16, 20, 24, 28} are
displayed in Fig. 2 and 3. The mean end-to-end distance (R.),
the mean square radius of gyration (R,”) and end-monomer
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Fig. 2 Brush height H(N) obtained as a maximum of a Weibull distribution
for different chain lengths N. The dotted line represents the scaling of H(N)
while the scaling of the Daoud-Cotton model is shown as a dashed line for
comparison.

number density (@enq(7)) for the above systems are provided in
Fig. S2-S4, respectively, of the ESL.

According to the DC model, R., H and Rg2 data were fitted
only to those chains whose length exceeds the size of the
nanoparticles. Thus, given the R, values of PS homopolymers
listed in Table S2 (ESIT), we typically fitted data for chains with
N > 16. Finally, the behavior of R. and H was fitted to:

1-4
R.=H=0G2 N* (12)
while for R,” we employed the relationship:
R, = aG' AN (13)
Monomer density profiles ¢ were fitted to:
BG'/2r=1 inner part of the profile
o(r) =~ (14)
yG23r=43  outer part of the profile

In the above equations, r is the distance from the center of
mass of the nanoparticle, and o, f, 7, and A are the corres-
ponding scaling coefficients, where for A the DC model predicts
the Flory value of 3/5.

The values of scaling coefficients for the different PS homo-
polymer chains are summarized in the second row of Table 4.

Very good agreement of the scaling behavior of R. and R,” is
observed in our benchmark simulations of Au NP grafted by the
PS homopolymer. The scaling coefficients A = 0.65 £ 0.01 for R,
and A = 0.59 = 0.02 for R,” obtained in our simulations are very
close to the Flory value of 0.6 used in the DC model. Scaling of
R. and Rg2 is further detailed in Fig. S2 and S3 of the ESL}

Pleasantly, the comparison of available experimental evi-
dence of the PS brush thickness H(N) anchored onto 3 nm sized
Au gold NPs dispersed in a dilute solution of good solvent
showed very good agreement with our simulation predictions;
thus, in the case of PS chains with N = 4 we estimated a brush
height of 1.83 nm (Fig. 2), with the experimental counterpart
being 2.03 nm.*" Contextually, we expected®" a brush thickness
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Fig. 3 Log-log plot of PS monomer number density profiles ¢(r) mea-
sured from the center-of-mass of the NP for PS homopolymers grafted
onto spherical Au NPs. The solid line serves as a guide to the eye. (a)
Monomer density profiles ¢(r) for long PS homopolymer chains (N > 16).
(b) Monomer density profiles ¢(r) for short PS homopolymer chains. The
dashed line represents the scaling of the inner part of the profile, while the
dash-dotted line corresponds to the scaling of the outer part of the density
profile. Scaling behavior was fitted for the longest chain in our simulation,
ie. N = 28.

Table 4 Scaling coefficients of the mean end-to end distance R., mean
square radius of gyration Rgz, brush height H(N) and monomer density
profile ¢(r) for spherical Au nanoparticle grafted by PS, PVP homopolymers
or by symmetric PVP,PS,, diblock copolymer. Simulation uncertainties are
given in the last digit as subscripts. Flory values used by the Daoud—Cotton
model predict A = 0.6%°

Re (nm) Ry” (nm?) H(N) (nm) #@)
PS o= 0.635 o =0.07, %= 0.654 B =0.44,
A=0.65 A=0.59, A=0.55, 7 =0.36;
PVP o =0.61, o = 0.066 % = 0.615 B =0.44,
A=0.64, A=0.59, A =0.55¢ 7 =0.365
PVP,PS, %=0.71, o = 0.06, %= 0.616 B =0.435
A=0.63, A =0.58¢ A=0.49; 7 =0.32,

of 4.4 nm for PS homopolymer chains of N =14 and the value of
4.9 nm was found in our calculations (Fig. 2).

Fig. 3 shows monomer density profiles obtained from the
center-of-mass of the nanoparticle for the NP-grafted PS

homopolymer chains. The DC model describes two important
scaling regimes for the monomer density profile: first, the high
density of polymer segments near surface of the NP screens out
the excluded volume effects, and the monomer density profile
scales as G**~*. Then, moving away from the surface of the
NP, the excluded volume effects change the scaling of the
monomer density profile to G**r~**. The first pronounced
peak in the density profiles stems from the first stiff bond
between the first polymer bead and the surface of the Au NP
and was observed also in other simulation studies.**** The
region of high concentration of PS polymer beads is established
for longer chains in our systems, as shown in Fig. 3a, where the
relevant scaling agrees very well with the DC model. Never-
theless, the region with excluded volume effects is very small
due to the soft nature of the interaction potential between the
polymer and the solvent. For short polymer chains (Fig. 3b), the
region with high concentration of polymers is reduced, and
the region with excluded volume effects is no longer detected.
Furthermore, for N = 4 we see that the decay of the relevant
monomer density profile is similar to the parabolic decay
observed for flat planar brushes.?**

As expected, the same analysis applied to simulations per-
formed with PVP homopolymers as grafted chains reveals that
the scaling behavior of PVP homopolymers is utterly similar to
the one exhibited by PS homopolymers (compare scaling coeffi-
cients in Table 4 and Fig. S5-S7, ESIf). Nevertheless, higher
attractive interactions between the PVP segments and the Au
NP tend to reduce the size of the polymer shell, i.e., to reduce
the value of the brush height H(N) (see ESIt for more results).

Simulation results for PS and PVP homopolymers grafted on
the surface of spherical Au NPs proved that our DPD model is
able to properly capture the structure and scaling behavior of
these polymer-grafted NPs.

Next, we went on extending the prediction to PVP,PS,, DBC
chains. These offer additional parameters with respect to homo-
polymers to fine-tune and control the brush behavior. Thus, under-
standing the influence of the block sequence and the chain length is
instrumental in tailoring polymer-modified NP surface properties.

For this purpose, we adopted the same chain lengths
employed for homopolymers, i.e. the total length of the DBC
chain varied to be N = {4, 8, 12, 16, 20, 24, 28}. In addition, for
each chain length we modeled several different chain composi-
tions by varying the PVP block length ratio, fpyp (see Table 1). In
its original formulation, the DC model does not consider the
effect of chemical incompatibility between different blocks in a
DBC chain. Therefore, the comparison of scaling behavior of
symmetric DBCs with scaling of the DC model is more quali-
tative than quantitative. Accordingly, upon discussing our
results for DBC chains we rather focused on the effect of the
chain architecture on monomer distribution, the distribution
of chain free-ends, and the size of the polymer shell.

The scaling behavior for R. and R,” of Au spherical NPs
decorated with symmetric DBC, fpyp = 0.5 is shown in Fig. 4a
and b, respectively. As before, we fit data only for chains
for which the size of the chain exceeds Au NP dimensions
(i.e., N > 16 beads, Table S2, ESIY).
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Fig. 4 Log-log plot of (a) end-to-end distance R, and (b) mean square
radius of gyration Rg2 of the symmetric PVP,PS,, diblock copolymer
grafted onto spherical Au NPs. Dotted lines represent the scaling of Re
and Rg2 obtained for long polymer chains (N > 16) while dashed lines
show the scaling of the Daoud-Cotton model for comparison.

From our results we see that interactions between PVP,, and
PS,, blocks do not influence the scaling of single chain proper-
ties as the scaling coefficients in Table 4 are very close to the
scaling coefficients obtained for homopolymers. In contrast,
the repulsion between PVP, and PS,, blocks modifies the radius
of gyration R,” and the shape of the end-monomer distribution
@end(7), as shown in Table S2 (ESIt) and Fig. 5a, respectively,
from which we see that, in contrast to the case of PS homo-
polymers, more chain ends are distributed throughout the
polymer shell instead of being located only in the outer part
of the shell (as expected from the DC model), and the curvature
of @eng(r) is more pronounced. For comparison, the shape of
@end(7) for the PS homopolymer in Fig. S4 (ESIt) indicates that
more chain ends are located in the outer part of polymer shell.
Moreover, the scaling behavior of the brush height H(N) in
Fig. 5b does not follow the scaling predicted by the DC model,
and the scaling coefficients in Table 4 being smaller.

In addition, the overall distribution of monomers ¢(r)
obtained is displayed in Fig. 6a for long chains and in Fig. 6b
for short chains, respectively. As is apparent from the graphs,
the interactions between PVP, and PS,, blocks suppressed the
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Fig. 5 Log-log plot of the (a) end monomer number distribution @enq(r)
and (b) brush height H(N) for symmetric PVP,PS,, DBCs grafted onto
spherical Au NPs. In panel (b), the dotted line represents the scaling of
H(N) obtained for long polymer chains (N > 16) while the scaling of the
Daoud-Cotton model is shown as a dashed line for comparison.

effect of the first stiff bonding observed for the PS homo-
polymer in Fig. 3, and the relevant peak is much less pro-
nounced. From Fig. 6a, we also see that the region with high
concentration of polymer beads (ie., the inner region) is
reduced and the region with the excluded volume effect
(i.e., the outer region) is established. Nevertheless, the presence
of the outer region stems from the interactions between PVP,
and PS,, blocks and not from the explicit incorporation of
excluded volume interactions due to the soft nature of our
potential. In Fig. 6b, the establishment of the inner and outer
regions for short chains, with the exception of the shortest
chain with N = 4 beads, is evident. The strong repulsion
between the PVP, and PS,, blocks expands the inner region of
the shortest chain, although the size of the chain is still smaller
than the size of the NP.

Fig. 7 shows the partial monomer number density per chain
for PS and PVP blocks as a function of the distance from the
COM of the nanoparticle for symmetric DBC and chain lengths
N =8, 16 and 24, chosen as representative systems. The curves
of PS and PVP beads (full and empty black circles in Fig. 7)
indicate that un-grafted PS blocks are folded inside the brush,
exhibiting some lateral segregation, but without specific order-
ing. In neutral solvents the folding of the PS chain is related to
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Fig. 6 Log-log plot of monomer number density profiles ¢(r) for the
symmetric PVP,PS,, DBC chain grafted onto Au NPs. measured from the
center-of-mass of Au nanoparticles. The solid line serves as a guide to the
eye. (a) Monomer density profiles ¢(r) for long diblock chains (N > 16). (b)
Monomer density profiles ¢(r) for short diblock chains. The dashed lines
represent scaling of the inner part of the profile, while dash-dotted lines
correspond to scaling of the outer part of the density profile. Scaling
behavior was fitted for the longest chain in our simulation, i.e. N = 28.

the chain conformational entropy instead of solvent selectivity.
The described behavior was observed also experimentally for
sufficiently large grafting density and/or high block incompat-
ibility in nonselective good solvents of PS-b-PMA brushes on
flat substrates.*® Moreover, the corresponding homopolymer
PS and PVP profiles (green empty circles and filled red circles,
respectively, in Fig. 7) are shifted more towards the surface of
the Au NP, thus reflecting the repulsive nature between PS and
PVP blocks in the DBC chain. Figures for all chain lengths of
symmetric DBC considered in this work are shown in ESIf,
Fig. S8.

To elucidate more the composition of the copolymer shell
we followed the approach proposed by Meng et al.*’” to measure
the contribution of the PS, and PVP beads on the composition
of the surface layer ¢"(H) calculated as:

¢$L(H) _ J);{‘bi(")dr

- f;{¢(r)dr (15)
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Fig. 7 Log-log plot of monomer number density profiles ¢(r) for (a)
PVP4PS,, (b) PVPgPSg and (c) PVP1,PS;, symmetric DBC chain. Full black/
red circles show density profiles of PVP,, beads in diblock copolymers and
homopolymer chains, respectively; empty white/green symbols show PS,,
beads, in diblock copolymers and homopolymer chains, respectively.

where ¢,(r) is the number density of the block i (PS or PVP) and
¢(7) is the total number density of both blocks at a distance r
from the COM of the nanoparticle (at » > H). As defined, the
surface layer composition ¢;“(H) is measured by the distance
from the COM of the NP corresponding to the brush height #
up to the end of the corresponding density profiles. The values
for ¢25(H) and ¢Pvp(H) in symmetric DBCs are reported in
Fig. 8. As can be seen, the surface layer is always formed mostly
by PS beads, while PVP beads, bonded to the surface of the Au
NP, contribute only marginally. Moreover, the values for ¢ps i
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Fig. 8 Effect of the chain length N on the surface layer composition
SL(H) of symmetric DBCs. Dotted lines serve as a guide to the eye.

and ¢pyp  in symmetric DBCs are very similar, indicating that
the copolymer chain length N has only a weak influence on the
surface composition.

Furthermore, by varying the PVP block length ratio fpyp, we
investigated the effect of chain composition on chain and
polymer shell properties (Fig. 9). The effect of chain composi-
tion for a DBC with N = 12 is reported in Fig. 9a and b as an
example.

In detail, from the end-monomer distribution @enq(7) in
Fig. 9a we see that, by increasing the length of the PVP block
bonded to the surface of the Au NP, the repulsion between
blocks shifts the position of the maxima in @enq(r) away from
the NP surface, see also Fig. 7. Therefore, the size of the chain,
expressed as the end-to-end distance R., increases up to sym-
metric DBC, fpyp = 0.5 (Fig. 9b). When the length of the PVP
block is dominant, the chain behaves more like a homopolymer
(behavior captured also in Fig. 10). This effect is further
presented and summarized in terms of brush height H(N) as
a function of fpyp, for chains with N < 20 beads (Fig. 9c).

The effect of chain architecture, fpyp, on PS and PVP mono-
mer density profiles is illustrated in Fig. 10 for four different
DBC compositions and total chain length N = 12. Profiles of all
chain architectures considered in this work are reported in the
ESIt, Fig. S9.

Modifying fpyp from 0.08 up to 0.92, the shape of PVP,,
distribution radically changes. This originates from the first
stiff bond between the PVP bead and the surface gold bead. The
shape of ¢(r) for PS,, is very similar for all chain compositions,
where the deviation of the profile from the parabolic shape
stems from the favorable influence of gold surface beads. Red
curves in Fig. 10 represent the monomer density profiles for the
corresponding PVP homopolymers. We notice that the effect of
the additional interaction between PS and PVP blocks is less
pronounced as the DBC chain becomes more PVP like. Curves
of PVP homopolymers and the PVP part of the diblock copoly-
mer nearly coincide in Fig. 10d, where the DBC chain is
composed mainly of PVP beads. Moreover, as seen previously,
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Fig. 9 (a) Effect of chain composition on the end-monomer number
distribution geng(r), and (b) end-to-end distance R, of DBC chains with N =
12 grafted onto Au NPs. (c) Brush height H(N) for DBCs with different chain
lengths N and different relative block composition (fpyp). Solid and dotted
lines are guide to the eye.

the un-grafted PS blocks are embedded inside the corona,
regardless of the chain composition and lateral separation
occurs.

The surface layer composition, measured from the brush
height H up to the end of the PS/PVP density profile (eqn (15)),
is reported in Fig. 11 for the DBC chain with N = 12 as a
function of chain composition fpyp. For foyp less than 0.5, the
nanoparticle external layer is mainly constituted by PS seg-
ments. At fpyp values around 0.72 we see a breakeven point and
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Fig. 10 Log-log plot of monomer number density profiles ¢(r) for DBC
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and empty symbols shows PS,, beads. Red curves indicate monomer
density profiles for the corresponding PVP homopolymer.

the surface is equally made by PS and PVP blocks. Finally, when
fevp exceeds 0.8, the presence of PS blocks dramatically
decreases. This was observed for all chain lengths analyzed
(Fig. S10, ESIY), thereby confirming that N is a weak parameter
in controlling the nanoparticle shell composition. More likely,
the surface layer is controlled by chain composition, interaction
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Fig. 11 Effect of the architecture (fpyp) on the surface layer composition
SL(H) of a DBC of total length N = 12.

of PS and PVP beads, and grafting density with the surface of
the Au nanoparticle (see additional data in Fig. S11, ESIT). On
the other hand, this constitutes an extremely interesting result
from a practical standpoint, since varying the percentage of the
blocks is an easy way to tailor the decorated-nanoparticle sur-
face characteristics.

Conclusions

The aim of this study was to thoroughly investigate the scaling
law behavior and structural features of PS/PVP polymer brushes
grafted onto Au nanoparticles under good solvent conditions
using theory and DPD simulations. Accordingly, homopolymer
and diblock copolymer chains were both considered, and the
influence of chain length and block composition on structural
parameters and the scaling behavior was discussed in detail.
Importantly, the model adopted in the present work can treat
length scales accessible to real systems, allowing for direct
comparison with experimental findings.

In summary, a good agreement between the DC theory and
our DPD model for Au spherical NPs grafted either by PS or PVP
homopolymers brushes was observed in the scaling behavior of
single chain properties (i.e., R. and R,’), especially for long
chains (N > 16).

We showed that, when polymers and NPs have comparable
dimensions, the shape of the monomer density profile ¢(r) is
comparable to parabolic decay observed for flat brushes. More-
over, the shape of the end-monomer distribution ¢.nq(7) has a
pronounced curvature as well and deviates from the scaling
behavior of the brush height of longer chains, whose scaling
behavior compares rather well with the DC model. Further-
more, a region of high concentration of polymer segments was
observed in the monomer density distribution for long homo-
polymers. Nevertheless, the region with excluded volume inter-
actions is rather small due to the soft interactions between the
polymer and the solvent. The region with a high concentration
of polymer beads is further reduced, and the region of excluded
volume interactions is even suppressed for short polymers. For
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the PS homopolymer with N = 4 we obtained a parabolic decay
of the monomer distribution, similar to what is observed for
flat planar brushes.

The repulsion between PS and PVP in block copolymers was
found to influence the radius of gyration and the shape of the
end-monomer distribution (i.e. the static properties) of the
polymer shell. Moreover, for diblock chains the un-swollen
region was thinner (and the swollen layer thicker) than that
of the homopolymer of the same length.

Lateral segregation was found to occur regardless of the chain
length and composition due to the high grafting density con-
sidered for these systems. Interestingly, the total chain length
affects the surface composition of the polymer brush only
weakly, while the chain architecture plays a substantial role.

A polymer brush layer grafted on the surface protects the
stability of the particle, at the same time providing a diverse
number of applications for these systems depending on the
responsiveness of the NP decorating brush.

However, notwithstanding the vast array of different appli-
cations that can be envisaged for copolymer-grafted nano-
particles, their systematic study still lags behind those
concerning their homopolymer-functionalized counterparts.
Therefore, given the enormous and highly time-consuming
efforts required to conduct systematic parametric studies for
DBC-modified NPs, we expect that the results reported in the
present work will provide practical guidelines to the design of
smart NP surfaces with diblock copolymer brushes tailored for
specific targeted applications.
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