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How to estimate the surface coverage of polymer
grafted planar substrates and
spherical nanoparticles
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Surface coverage is an important parameter in describing the kinetics of adsorption in interface science,
the adsorption theory of macromolecules (e.g., proteins, DNA) on biomaterial surface, the stability of
colloids with surface modifications and the application of surfactants at interfaces. In this work, we focus
on nanoparticles (NPs) with polymer coatings and, with a mean-field approach, propose a universal
theoretical model for calculating the coverage of polymers on planar or spherical substrates at different
solvent qualities. Validated by molecular dynamics simulations, our model is applicable to a wide range

of polymer morphologies — from partially occluded to completely covered NPs — and provides a novel

rsc.li/soft-matter-journal

1 Introduction

Patchy particles, generated by a decoration with polymeric
molecules, are a class of anisotropic colloids'™ with a variety
of applications in biomedicine,” nanomaterials,® and interface
science.” The fabrication of polymeric patchy particles can be
achieved by attaching polymers in a “grafted-to” or ‘“‘grafted-
from”®° manner to nanoparticles (NPs) with surface pattern-
ing,"”"" such as “Janus” particles.’> Another approach starts
from a uniform polymer brush, where the surface pinned
micelles are formed in response to changes in temperature or
solvent quality."*'* Since the latter approach is reversible and
the surface patches can be permanently preserved by a photo-
crosslinking step, they can be designed as smart surfaces
responding to external stimuli,"”” or to form self-assembled
structures using these chemically distinct patches as cova-
lents.**®® The realisation of these functions relies on the
distinction between NPs and grafted polymers, in particular
the transition from a uniform to a patchy coverage, which can
be described by the degree of surface coverage. Since surface
coverage plays an important role in adsorption kinetics,"’
biomolecule adsorption theory,® surfactant applications,*
etc., it is pre-controlled (such as surface-patterned NPs*?) dur-
ing fabrication. However, measuring the surface coverage of
polymer patches that form through conformational transitions
is rather challenging.
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quantitative approach to characterize this type of polymer patchy particles.

In good solvent, polymer chains grafted on a NP transform
from isolated ‘“mushrooms” to a semi-dilute brush of uniform
thickness as the grafting density or chain length increases.** If
the solvent quality drops subsequently, this brush layer may
under certain conditions break up into varying numbers of
pinned micelles (patches). This process is driven by the effec-
tive inter-monomer attraction and the reduction of the brush
surface tension, as has been investigated in details in
theory,>*° experiments'**”?® and simulations.*** These
works help to provide an understanding of planar brushes
and isotropic spherical brushes in terms of spatial distribution,
free energy and morphological transformations. However, for a
polymer-induced anisotropy of an otherwise isotropic or sym-
metric NP, a general theory to depict the relative properties
(polymer patches versus exposed NP substrate) as a function of
the chain length, the grafting density and the size of the NP, is
still lacking.

In this work, we characterise these anisotropic polymer
patchy particles by defining the surface coverage and develop
a universal theoretical model using a mean-field approach. The
predictions of this model are then validated by the results of
molecular dynamics (MD) simulations. The rest of this work is
organized as follows: in Section 2, we introduce the MD
simulation details and provide the definition of the surface
coverage. A universal method for calculating the coverage of
polymer coatings is presented for the first time. Using the
mean-field approach for polymers in various morphologies,
specific predictions and MD simulation results of the surface
coverage for planar and spherical systems are presented in
Sections 3 and 4, respectively. Finally, conclusions and discus-
sions are summarised in Section 5.
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2 Simulation model and theoretical
analysis of the surface coverage
2.1 MD simulation details

Using the open source LAMMPS software,*"** MD simulations
of polymers decorated on planar and spherical NPs have been
performed with a coarse grained bead-spring (‘Kremer-Grest’)
model.*® Pairwise interactions among monomers are deli-
neated by the shifted Lennard-Jones (L]) potential

ULJ(r) = 45[(d/r)12 - (d/r)6 - (d/rc)lz + (d/rc)6]:r < T (1)

where the depth of the potential ¢ is in energy unit of kg7. With
the monomer-diameter d as the length unit, interactions are
either truncated at the minimum for a fully repulsive force
(re = v/2d, implying an athermal solvent) or at longer ranges to
account for attractive interactions (7. = 2.5d) and varying solvent
qualities. The monomers are given a weak attraction of
¢ = 0.5kgT, at which the system temperature of 7 = 1 (dimen-
sionless absolute temperature by the energy unit of kgT) corre-
sponds to 2/3Tg, yielding a marginally poor solvent condition
(with the longer cutoff) below the @-point.*” A similar shifted L]
potential, with the cutoff at its minimum, is used to describe
the interaction between monomers and the planar or spherical
substrate (¢ = 0.5kgT), creating a purely repulsive force that
prevents the monomers from penetrating the substrate.
Fully repulsive also implies a non-wetting substrate, whereas
an attractive substrate would allow a wetting with the
polymer phase.

The connectivity between bonded monomers is granted
through a finite extensible nonlinear elastic (FENE)
potential,®®

Upene(r) = — 0.5KRy> In[1 — (r/Ry)*] + Uy +e (2

with a spring constant K = 30¢/d” and a maximum bond length
of Ry = 1.5d.

Once we summarise all free energy (eqn (1) and (2)) into a
total potential of Uy, the motion of the particles is described
by the Langevin equation:

dzl',' dl‘i

Uiy
@t T -

n
al‘,'

+F;, 3)

where ( represents the friction coefficient and is set as { = 1. F;
is a Gaussian random force that was used to couple the system
to the heat bath, satisfying the correlation function

(RO (1) = 6kaTCO0(¢ — ). (4)

During the simulation with timestep of At = 0.0027,, where
7o denotes the LJ time unit derived from the pure repulsive L]
potential (eqn (1)) to model the particles.*®

To form a planar brush, we first define an impenetrable
planar substrate in the xy-plane, and fix one end of 64 polymer
chains with the same spacing to the same side of this plane.
Periodic boundary conditions are applied in the extension (x-y
direction) of the substrate, yielding an infinitely large planar
brush with the grafting density ¢ (see Fig. 1(A)). By adjusting
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Fig. 1 Simulation snapshot and schematic illustration of polymers (green
beads and lines) grafted onto (A), (C) planar and (B), (D) spherical NPs. In
the sketches, brushes are uniformly divided into sublayers parallel to the
substrate, with black shading indicating the normal projected area from
the monomer (green bead) in i-th layer.

the chain length (polymerization N) and ¢, we are able to
simulate the planar system in various morphologies. In case
of spherical NPs, we fix the diameter to D = 40d and vary the
number of grafted polymers to achieve the desired value for
(see Fig. 1(B)). To ensure the equilibration of the systems, we
first perform sufficient equilibration time steps (4 x 10 to
1 x 10° time steps, determined by approximately constant
brush thickness and surface coverage), followed by an addi-
tional 4 x 107 steps to collect the required data. For polymers
grafted on a planar substrate, the grafting points are uniformly
distributed with equal spacing of ¢~ /> For polymers grafted on
a spherical substrate, the grafting points are initially allowed to
move freely on the sphere. A spontaneous uniform distribution
of grafting points is achieved through 4 x 107 steps of simula-
tion under good solvent. Subsequently, these grafting points
are fixed, and further simulations are carried out under both
good and poor solvent conditions.

In the reduced units adopted in this work, kT, the mono-
mer diameter d, and the monomer mass m are defined as the
units of energy, length, and mass, respectively, enabling the
derivation of dimensionless forms for all parameters used
herein. For example, the units of spherical diameter, grafting
density, and number concentration can be dimensionlessied by
[D]=d,[¢]=d ?and[c]=d ?, respectively. In order to intuitively
compare the dimensionless units with the practical units, we
take the polystyrene with a molar mass of M, = 104 g mol " as
an example. The chemical bond length between the monomers
is about a ~ 0.3 nm (2 carbon-carbon bonds), and the
persistence length is estimated as L ~ 1 nm.*® Therefore, in
MD simulations of the freely jointed chain model, the dimen-
sionless units of energy, size, and mass correspond to
kT ~ 414 x 10°*" J (at T ~ 300 K), d ~ 1 nm, and m =
LMy/N aa =~ 5.76 x 107 kg in practical units, respectively.

2.2 Definition and calculation of the surface coverage

The surface coverage (denoted by 0) indicates how much of the
substrate is obscured by the polymers, and contributes not only

This journal is © The Royal Society of Chemistry 2025
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from monomers adsorbed on the surface, but also from those
located above the substrate. Therefore, we define 0 as the ratio
of the normal projected area (black shading in Fig. 1(C) and
(D)) of all monomers on the substrate to its total area. To
achieve that, we divide the area of substrate into uniform
lattices with the area of d*> and then project the coordinates
of all monomers onto these lattices. 0 is calculated by recording
the proportion of the number of lattice cells that are hit by the
projections.

To derive a theoretical expression of 6, we start with the
isotropic polymer brushes. Considering the shielding of mono-
mers projected on the same surface lattice, we divide the brush
(with the thickness H) into uniform sublayers (with the thick-
ness [) parallel to the substrate as shown in Fig. 1(C) and (D).
Then, the effective projected area of each monomer in the i-th
layer on the substrate, the monomer number density, and the
volume of the i-th layer can be represented by a;, ¢; and V;,
respectively. Theoretically, we can calculate the coverage of the
i-th layer as a,c;V;/A, where A is the substrate’s area. By assuming
that the coverage of the sublayers are statistically independent,
we obtain the product

H/l e
o=1-]] (1 ——a’c/’lV’) (5)

with the discretization length (the sublayer’s thickness) /. The
statistical independence assumption between sublayers is fun-
damentally rooted in the mean-field approximation, and there-
fore its validity must be verified through ensemble-averaged
configurations. The accuracy of eqn (5) improves with decreas-
ing [ relative to the monomer diameter (in the order of Kuhn
length in the simulations).

For anisotropic system of polymers (patches) on planar or
spherical NPs, we follow the same ‘“slicing” method, but
calculate the coverages within each patch separately. For exam-
ple, for the j-th patch with a vertical extension of R;, the
coverage of the patch over its own projected area S; is obtained
by replacing H and A in eqn (5) with R; and S, respectively.
Assuming P dispersed patches, the total surface coverage is
computed as

|

R/

1< j GV
0=—>"5|1-J (1% .
j=1 ’ i=l< S; )’ (6)

where a; ;, ¢; ; and V; ; stand for the effective single monomer
projection area, the monomer number density, and the volume
of the i-th sublayer inside the j-th patch, respectively. Since
eqn (5) and (6) provide general expressions for 0, regardless of
the substrate and solvent, we will next specify 0 for planar and
spherical cases in the next two sections depending to their
morphology as well as the solvent quality.

This journal is © The Royal Society of Chemistry 2025
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3 Polymers on planar substrates
3.1 Theoretical analysis

We firstly investigate planar mushroom state case composed of
M polymers, i.e., each polymer chain containing N monomers
with one end fixed on a plane forming a “mushroom”*° of size
R. We assume that these dispersed chains are identical and the
monomers are uniformly distributed within each coil with a
number density ¢ = N/R?, making the system equivalent to a
plane with M identical polymer patches. By dividing the mush-
room into sublayers of unity thickness (I = d = 1, d is the
monomer diameter), the effective projected area of each mono-
mer on the plane yields close to d* = 1, simplifying eqn (6) to

_Ms;

0
A

[1 - 7d2ch)R/’] - aSj[l (- c)R}, 7)
where the projected area of each patch is §; ~ R

In good solvent, single-chain mushrooms are swollen with
low number densities, and in the dilute limit (¢ — 0), eqn (7)
can be further simplified to

0 ~ ocR® ~ oN. (8)

As grafting density ¢ or N increase, the mushrooms grow
until they reach overlap, at which point the layer forms a
uniform surface brush,*" being a semi-dilute brush with a
porous structure, for which eqn (5) has to be applied. Taking
the Alexander-deGennes**** mean-field approach for the brush
of height H ~ ¢*°N, the scaling of the thickness of the sublayer
as [ = H/(¢"”*N). Therefore, the number density of monomers is
consistent in the number of ¢'°N sublayers as ¢ = ¢/l
yielding

0=1— (1 _ aho_Z/B)o'l/SN’ (9)

where a;, represents the effective projected area from a mono-
mer in the sublayer of the thickness I. Here we take a mathe-
matical trick to eliminate H/I, since the assumption of density
invariance (for semi-dilute brush) allows us to take any [ with-
out changing the calculation, which fails in the spherical
geometry.

In poor solvent, again starting with polymers in the mush-
room state, monomers in the single-chain mushroom are
packed densely due to mutual attraction. Taking the condensed
limit of ¢ — 1 in case of nonsolvent, the surface coverage with
M mushroom patches (eqn (7)) simplifies to

0 ~ oR* ~ oN*?, (10)

with the mushroom size scaling as R ~ N*°. In contrast to good
solvent, polymer chains in poor solvent tend to form patches
due to the surface tension beyond the mushroom state. Here,
we adopt the concept of octopus “micelle” proposed in Wil-
liam’s work®® to describe the formation of solvent-phobic
patches from multiple polymer chains aggregation in poor
solvent. At this point, those mushrooms grafted within a
circular area of diameter R. on the substrate will merge into a
single octopus micelle with a diameter of Ry,. They satisfy*>*°
Rm ~ ¢°N*® and R. ~ ¢ °N*” respectively, leading to

Soft Matter, 2025, 21, 2915-2922 | 2917
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0 =R,YR2 ~ "N (11)

Comparing eqn (10) and (11), the scaling behaviour of 6
shifts at ¢ ~ N~*°, which is consistent with the condition at
which polymers switch from the mushroom state to the micel-
lar state.?>>%*! Those micelles swell as ¢ and N increase, and
eventually combine to form a uniform brush, accompanied by

the limit of 0 = 1, a fully covered substrate.

3.2 Simulation results

Since eqn (8)-(11) illustrate the relationship between surface
coverage 6 and chain length N for planar substrate under
various conditions, their accuracy can be validated through
MD simulation results, as shown in Fig. 2. It is important to
emphasize that when calculating surface coverage from simula-
tion data, we do not employ the sublayer decomposition used
in the theoretical analysis. Instead, we directly compute the

(A) Brush on planar in good solvent
T T T

a.6=0.001, N=100 €.5=0.001, N=200
I L B alN

a,=0.65, eq.(9)
O =— 5=0.001

I O =—— 5=0.002
5=0.005
I V — =001

-—=~N

o=005 N

(B) Brush on planar in poor solvent
r T S R Ll |

T
10 ¢ "

¥ v
9 ow ¥
c. WV ¢‘¢ ,!/
L v V f ber 5
&
v b AT D
[ e
4 55@ e
0.1 @,/g €"
i /@/ ega'
(& 4 A O ©=0001
Pr-g 0 =000
=] _____N2/3 ch.OOS
¢ "Iy e

Fig. 2 Surface coverage 0 of planar substrate as a function of polymer-
ization N in (A) good and (B) poor solvent, at different grafting densities o.
Simulation snapshots of the top view are shown on the right, where the red
markers (a)—(h) correspond to the labelled data points in the curves,
respectively. The black and red dashed lines in (B) represent the scaling
relations between 6 and N predicted by eqn (10) and (11), respectively.
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projections of all monomers onto the substrate, regardless of
their vertical positions. This approach inherently accounts for
overlapping projections between different monomers, thereby
automatically incorporating inter-layer correlation effects.

In good solvent (Fig. 2(A)), the linear relationship (eqn (8),
black dashed line) only holds for short chains, at which dilute
single chain patches dominate. Beyond the dilute regime, the
predictions of 0 versus N is governed by eqn (9), where a;, serves
as a free parameter to fit the scaling prediction to the simula-
tion results. Adopting a constant of a;, = 0.65, the theoretical
predictions in Fig. 2(A) (solid lines, with different colours
distinguishing the ¢) show a high agreement with the simula-
tion results (symbols). Additionally, although eqn (9) is derived
for the semi-dilute brush, it can be approximated as 6 ~ a,oN
for smaller N and o, reverting to the linear dependence char-
acteristic of the mushroom regime (eqn (8)). This also explains
why the predictions in of eqn (9) remain in good agreement
with the coverage in the mushroom regime.

Fig. 2(B) illustrates 6 vs. N under the poor solvent, at which
the scaling prediction of 0 ~ N*? (black dashed line, eqn (10))
is well satisfied within 0 < 0.1 (mushroom states in snapshots
(a) and (e)). When 6 > 0.1, the scaling relationship shifts to 0 ~
N?/® (red dashed line, eqn (11)), implying the formation of
micelles (snapshots (b), (c), (f), and (g)) which persist until
complete coverage of the substrate is approached (snapshots
(d) and (h)). Therefore, we can infer that the condensed limit
assumption is roughly satisfied. Furthermore, in the case of g =
0.002 (red-circled symbols), we can clearly distinguish the
transition point (N~ 150) in the scaling behavior of 6, which
corresponds to the switch between the mushroom state and the
micelle state.

The constant ay, in fitting the simulation data suggests that
this parameter is insensitive to the chain length and grafting
density in the semi-dilute brush regime. By converting
eqn (9) into

In(1 — 6) = 6"?In(1 — aye*®)N, (12)
we can then rescale the simulation results onto a master curve.
Therefore, In(1 — 0) is proportional to N, and the linear fitting
slope consists the grafting density of polymers ¢, and the
effective projected area of a single monomer aj,.

Fig. 3(A) illustrates the relationship between In(1 — 0) and N
and their linearly fitting curves (solid lines). According to the
fitting slopes at different 6, we compute the relationship
between a;, and ¢ as shown in the inset. We note that a;, tends
to rise with increasing o, but besides ¢ = 0.05, whose surface
coverage converges to the limit of 0 = 1 (see Fig. 2(A)), aj, can be
regarded as varying within a small range around 0.65 (red
dashed line). Therefore, a consistent fitting parameter of
a, = 0.65 used is sufficient to cover most of the simulated
systems. When we convert the horizontal coordinate further to
6"?In(1 — ano®®)N and adopt this constant of a;, = 0.65, the
values of In(1 — 0) (see Fig. 3(B)) fall roughly on the same linear
line (the black dashed line), except for those data points close
to the coverage limit.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Rescaled surface coverage In(l — 60) of planar brushes, with
different grafting density g, as a function of the polymer length N. The
data points in (A) and (B) are consistent as in Fig. 2(A), except that a
different rescaling has been applied to 0 and N. Solid lines in (A) represent
the linear fitting curves, and the inset displays ay, (the effective projected
area of single monomer) calculated from the fitting slopes.

4 Polymers on spherical nanoparticles
4.1 Theoretical analysis

Now, we move from a planar to a spherical substrate and start
with polymers in the mushroom state. As shown in Fig. 4(A), a
polymer containing N monomers fixed with one end to the
spherical NP (with the diameter of D) forms a spherical mush-
room of diameter R. The projection area of the single-chain
mushroom forms a three-dimensional spherical cap on the NP
with the area S, height . and polar angle ¢, respectively. The
right side of Fig. 4(A) shows the cross section along the center-
line of the two spheres, with the edges of the projection
determined by the tangent lines from the centre of the NP to
the mushroom. Based on the similarity of triangles, we can
derive the following equation:
D/2—h. DJ2

Lcos¢p L’ (13)

where L represents the centre-to-centre distance. Therefore, the
height of the spherical cap is

he = 2(1 - cos ),

. (14)
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Fig. 4 (A) Schematic illustration of the projected area of a sphere of
diameter R on a sphere of diameter D. The black shadow in the right
schematic indicates that the projection is a three-dimensional spherical
cap with the area S, height h. and polar angle ¢, respectively. (B) and (C)
illustrate the mushroom and micelle morphology of polymers on the NP,
respectively, where the black region represents the projection area S from
the single-chain mushroom or the multi-chain micelle.

yielding the projection area

(15)
where

(16)

Therefore, the projection area of the single-chain mushroom
is related to the diameter of the NP (D), the diameter of the
mushroom (R) and their center-to-center distance (L), which

can be expressed as
2
(R
2L

For the case of the mushroom being tangent to the NP as
shown in Fig. 4(B), L = (D + R)/2. We can still define 0 using the
simplified eqn (7) by substituting the projected area of the
mushroom as S; = S¢(D,R,(D + R)/2).

In good solvent and near the dilute limit (¢ — 0),

D+R)N

nD?

Se(DR.L) == 1 - 17)

> ) R= aN3/,

0~ aS, (D7 R, (18)
where (1 — ¢)® & Rc ~ N/R” is used in applying eqn (7). Due to
the complexity of calculating S, it is not possible to capture the
behavior of 0 in terms of a simple power law of N. However, we
can fit 6 vs. N numerically, i.e., by using « as a free fit parameter.
Here, we make a crude approximation that the effective single
monomer projection (set to 1) and the number density of
monomers (¢ = N/R*) remain constant regardless of the distance
from the NP. Those assumptions made for the spherical sub-
strate are failing as the limit of ¢ — 0 no longer holds.

Soft Matter, 2025, 21, 2915-2922 | 2919
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For isotropic semi-dilute spherical brushes, we split the
radial thickness H into a number of n = H/I spherical shells
(see Fig. 1(B)). The shell at a distance r from the centre of the
NP contains =~ 4nr*c(r)] monomers, and the projected area of
each monomer (with the diameter of d) in this shell is
a; = S¢(D,d,r). By employing the monomer density derived from
the Daoud-Cotton model,* i.e., ¢(r) = fo?*r *3, the eqn (5)
provides

n 2/3
0=1- H 1- ﬁ4l(o—r) SC(D7 d7 I‘) )

RS 19)
D2 (
i=1

where r = (D + d)/2 + (i — 1)1, f serves as the free fit parameter

and H 1is identified by the boundary condition of
fgﬁ”uc(r)rzdr =agD?N.

Spherical systems in poor solvent with the condensed limit
(¢ = 1) can be considered as follows: for polymers in the
mushroom state, the surface coverage (eqn (7)) yields

D+R
0 ~ oS, (D, R,L), R=9yN'3,

. (20)

where the free parameter y is used to quantify the size of the
single chain patch. Similarly, when polymers form multi-chain
micelles tangent to the NP as shown in Fig. 4(C), we substitute
the size®® Ry, of a single micelle, which contains ~R.*/N
chains, in eqn (20). Then, M polymer chains constitute
~MN/R,,,® micelles, yielding a surface coverage of

D+Rm) N

3 F, Rm = ;VO'I/SN:;/S.

0~ aS, (D, Ry, (21)

We notice that the number of micelles satisfies ~gD*N/Ry,,® ~
D*¢*°N~**, which is consistent with a previously published
model.>® With the free parameters y and 1, we can then fit the
simulation results of the polymers in the mushroom state and
the micelle state, respectively. To ensure physically meaningful

results, eqn (18)-(21) must be truncated when 0 > 1.

4.2 Simulation results

Fig. 5 illustrates the MD simulation results of 0 vs. N for
polymers on a spherical NP. Simulation snapshots corres-
ponding to the data points (labeled (a) to (h)) are shown on
the right, where black and cyan beads indicate the NP of
diameter D = 40 and polymers, respectively. In good solvent
(Fig. 5(A)), polymers are either dispersed on the NP in the form
of independent chains (snapshots (a) and (e)) or forming a
porous semi-dilute brush which dresses the NP. The former
case corresponds to dilute chains in the mushroom state,
which is well described by eqn (18) (solid lines, « = 0.85) at
low ¢ or N. The semi-dilute brushes of higher ¢, as described by
eqn (19) (dashed lines, f§ = 85.4), indicate the formation of the
isotropically decorated NP. The transition between these states
is shown in the case of ¢ = 0.005 (green symbols with green
solid and dashed lines).

In poor solvent, polymers undergo a transition from the
mushroom state to the micellar state as N or ¢ increases.
Fig. 5(B) exhibits the simulation results over a wide range of
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Fig. 5 Surface coverage of spherical substrate 0 as a function of poly-
merization N at various grafting densities. In (A) good solvent, solid and
dashed lines indicate the fitted curves of egn (18) and (19) with the fit
parameters « = 0.85 and f = 85.4 (the sublayer thickness is set as [ = 0.1),
respectively. In (B) poor solvent, solid and dashed lines represent the fitted
curves of egn (20) and (21) with the fit parameters y = 1.63 and /1 = 0.43,
respectively.

coverages 6. Within the range of our simulations (N < 500),
polymers maintain in the mushroom state when the grafting
density is low (¢ = 0.001 and ¢ = 0.002, black and red symbols).
The fitted curves as obtained from eqn (20) (black and red solid
lines) provide a good representation of 0 vs. N with a constant
value of the fit parameter y = 1.63. When ¢ increases (>0.005),
we have to apply eqn (21) to fit the simulation data, in which
the polymers are predominantly in the micellar state. Similarly,
accompanied by a constant fit parameter 4 = 0.43, the data
points fall roughly on the fitted curves (dashed lines) at
sufficient chain lengths. This good match is maintained up to
the limit case at which the NP is fully covered (0 = 1).

In addition, we calculate the difference in surface coverage
of spherical substrates (data in Fig. 5) between good and poor
solvents, denoted by A0 = Ogo0q — Opoor, With respect to grafting
density and polymerization as shown in Fig. 6(A). A0 > 0,
which is maintained under most conditions, indicates that the
polymer coating exposes more area of the NP surface as the

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (A) Difference in surface coverage of spherical substrates in good
and poor solvents at the same grafting density and polymerization.
A = Ogood — Opoor, Where Ogooq and Oy are taken from the data in
Fig. 5(A) and (B), respectively. Snapshots of spherical brushes with ¢ = 0.05,
N = 250 in (B) good solvent and (C) poor solvent.

solvent quality decreases. This tendency intensifies with
increasing o or N, up to the limit of 6 = 1, where A < 0 (cyan
symbols) may occur under certain conditions. This results from
0 reaching its maximum value (6 = 1) in poor solvent, while the
porous structure in good solvent leads to slightly lower cover-
age, yielding negative A0 values (as shown by the snapshots).

5 Conclusions

In conclusion, using a mean-field and scaling approaches, we
derive theoretical models describing the surface coverage of
polymers grafted on planar and spherical substrates. The
approach covers all general cases of polymers morphologies
at different solvent qualities, and its accuracy is verified by MD
simulation results. Starting off with planar substrates and then
generalizing to spherical substrates, we define coverage and
demonstrate how the same can be extracted consistently from
molecular simulation data. After a fit procedure which yields
constant fit parameters, we obtain semi-quantitative agreement
over wide ranges of grafting densities and chain lengths in
good as well as poor solvent. Notably, the theoretical framework
developed for spherical substrates can be extended to cylind-
rical systems. The primary distinction arises from the different
geometric shapes, which manifest in two key aspects: (1) the
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calculation of projected area (eqn (17)) and (2) the radial
distribution of monomers (incorporated into eqn (19)).

Our work thus provides a novel quantitative tool to analyze
the surface properties of polymer-decorated NPs, and to extend
the prediction of their properties over wider ranges of system
parameters. While experimental analysis does not necessarily
require precise knowledge of surface coverage, our work pro-
vides essential constraints on experimental parameters when
the results are highly sensitive to this quantity. This represents
a key contribution of our study, offering guidance for experi-
mental design and interpretation in systems where surface
coverage plays a crucial role. Specifically, our theoretical frame-
work enables experimentalists to establish parameter ranges
and predict system behavior even when complete microscopic
details are not fully characterized.

Among other implications, these findings elucidate how
system parameters influence the proportion of exposed sub-
strates that may come into contact with biological or pharma-
ceutical molecules, providing crucial insights for drug delivery
system design and biomolecular interactions. If sufficiently
small, these molecules may even diffuse through the porous
brush layer onto the substrate. The corresponding penetration
probability relates to 0, as quantified in this paper, and plays a
key role in the design of polymer-dependent oil/gas
transmission®* and energy storage®® devices. Apart from that,
NPs with ‘smart’ surfaces have been extensively developed by
adopting solvent-stimuli responsive polymers,*® which vary the
surface coverage with the solvent quality. Our model predicts
the dependence of the coverage on these system parameters.
Taking the blue symbols in Fig. 5 (o0 = 0.01) as an example, for
N =50, 0 decreases by 20% (0.24 to 0.191) with the switch of the
solvent quality from good to poor, whereas this change is
enhanced to 34% with longer chains of N = 100 (0.369 to
0.244). If we consider the scenario with N = 500, 0 drops from
0.69 to 0.4, implying that with these parameters we can con-
struct polymer-NP systems in which the NP, originally mostly
encapsulated in polymers, exposes 60% of its surface as the
solvent deteriorates. Finally, polymer patchy NPs are the most
important building blocks of self-assembling structures® - the
distribution of patches not only affects the Kkinetic
of the assembly, but also its final microstructure. The surface
coverage of patches on NP provides clues that, in combi-
nation with electron tomography images," allows us to gain
complete structural information about the polymer patchy
particles.
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