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A B S T R A C T

Polymer nanocomposites composed of polymer-grafted nanoparticles (NPs) have garnered significant interest
due to their diverse functional applications in various domains. The emerging concept of bimodal polymer
brushes within the grafting-nanoparticle framework offers control over interfacial entropic and enthalpic
interactions. Here, we introduce a novel one-pot strategy that integrates ‘‘grafting-to’’ and ‘‘grafting-from’’
methods to create polymer-grafted bimodal NPs. Utilizing coarse-grained molecular dynamics simulations
with a stochastic reaction model, we explore the factors influencing grafting density and polydispersity
in these NPs. Our findings demonstrate that this one-pot strategy achieves a polydispersity similar to the
two-step ‘‘grafting-from then grafting-to’’ process, while attaining a moderate grafting density comparable
to the ‘‘grafting-to then grafting-from’’ approach. Consequently, we analyze factors such as ‘‘grafting-from’’
reaction rates, and initial feeding ratios, step-addition techniques which collectively influence the final grafting
density and polydispersity index within this one-pot strategy. This comprehensive investigation enhances our
understanding of the kinetics behind synthesizing bimodal polymer-grafted NPs and offers insights for designing
polymer-based nanocomposites with improved performance.
1. Introduction

Polymer nanocomposites, characterized by a blend of polymer ma-
trices as the predominant element and nanoparticles (NPs) as the minor
component, have garnered substantial interest due to their wide range
of technological and industrial applications, including biocompatibility,
colloidal stabilization, sensors, and electromagnetic materials, etc. [1–
4]. In recent decades, polymer nanocomposites incorporating polymer-
grafted NPs, often referred to as ‘‘hairy’’ NPs, have captivated the
attention of both computational and experimental researchers [5–7].
The blending of NPs not only contributes to improved material proper-
ties, but also significantly broadens the scope of potential applications.
The initial incorporation of inorganic nanoparticles into hydrophobic
polymer matrices faced difficulties due to strong segregation of NPs.
Approaches involving monomodal brushes were employed to manip-
ulate the miscibility of grown/ligand chains by covalently grafting
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them onto NP surfaces [8]. However, it is important to note that
monomodal brush-grafted NPs tend to aggregate due to the delicate
balance between entropic and enthalpic interfacial interactions, and the
dispersion state depends on factors such as NP concentration and size,
polymer chain molecular weight, and grafting approach [9,10].

Nowadays, inorganic silica NPs [11–13], Clay [14], Graphene Oxide
(GO) [15], Multi-Walled Carbon Nanotube (MWCNT) [16] and gold
NPs [17–19] grafted with polymer brushes have been extensively in-
vestigated for their ability to enhance the functional performance of
polymer nanocomposites by controlling the dispersion of NPs within
polymer matrices [20]. In addition, it can also be grafted with polymers
to direct their self-assembly into unique architectures in bulk and
at interfaces [21,22]. Careful design of grafted polymer polydisper-
sity holds promise for enhancing NP dispersion. Recent years have
witnessed a surge in scientific inquiries focusing on the influence
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of polydispersity in the stabilization of NPs within nanocomposites
[23–26]. For instance, a judicious design of long and short grafted
chains can lead to reduced interparticle attraction and consequently
promote well-dispersed nanocomposites. Additionally, considerable at-
tention has been dedicated to achieve high grafting densities of NPs,
which can promote complex self-assembled nanostructures [9,27].

A category of polymer-grafted NPs is termed ‘‘bimodal’’ (or bidis-
persed), defined by grafted chains possessing two distinct monodisperse
lengths [28]. These polymer-grafted NPs exhibit superior dispersion
and controlled interactions within polymer matrices in comparison
to the previously mentioned monomodal polymer-grafted NPs [29].
Previous studies have outlined methods to synthesize these bimodal
polymer-grafted NPs. For instance, Minko et al. devised a combined
‘‘grafting-to’’ and ‘‘grafting-from’’ approach to create bimodal brushes
on plate surfaces [30]. Rungta and colleagues outlined a versatile step-
by-step strategy by employing reversible addition-fragmentation chain
transfer (RAFT) polymerization, enabling independent control over
grafting density, molecular weight, composition, etc. [29]. Cheng et al.
presented a novel strategy, merging ‘‘grafting-to’’ and ‘‘grafting-from’’
techniques, to assemble gold NPs with isotropic surface chemistry into
anisotropic plasmonic dimers with high yield. They initially attached
polyethylene glycol (PEG) and an atom transfer radical polymerization
(ATRP) initiator onto 40 nm gold NPs through ‘‘grafting-to’’, followed
by poly (methyl methacrylate) (PMMA) ’’grafting-from’’ growth. The
results demonstrated uniform dispersion of PEG- and PMMA-modified
gold nanospheres in the favorable solvent N, N-dimethylformamide
(DMF) [19]. Chen et al. also introduced a tandem ‘‘grafting-to’’ and
‘‘grafting-from’’ method for producing amphiphilic gold nanocrystals
coated with amphiphilic diblock polymer brushes [17]. This approach
offers a robust means to fine-tune filler dispersion at the NP inter-
face, paving the way for novel nanocomposite material development.
However, due to experimental limitations, in-situ observation of the
grafting reaction process remains challenging, hindering an exploration
of grafted-polymer conformation from a microscopic perspective. Nu-
merical simulation studies, particularly coarse-grained molecular sim-
ulations (CGMD), can not only elucidate the intricacies of the grafting
reaction process in-situ, but also offer efficiency and cost-effectiveness
compared to experimental methods.

In this study, we focus on nanoparticles (NPs) anchored with bi-
modal polymer chains, a configuration achieved through a combina-
tion of grafting-to (GT) and grafting-from (GF) strategies. We employ
CGMD simulations with a stochastic reaction model [28]. Illustrated
in Fig. 1, we have schematically demonstrated the implementation
of three distinct schemes for various grafting reaction processes for
bimodal polymer-grafted NPs. The first scheme employs a two-step
process involving GT followed by GF, where ligand chains are ini-
tially grafted to the NPs, succeeded by the grafting of monomers from
the nanoparticle interface (referred to as GT-GF). The second scheme
reveres the steps (referred to as GF-GT), where monomers are first
grafted from the nanoparticle interface, followed by the grafting of
ligand chains to the NPs. Furthermore a one-pot scheme has also
been formulated, encompassing simultaneous grafting to ligand chains
and grafting from monomers (illustrated in Fig. 1 as GT&GF). Our
simulations show that the one-pot GT&GF scheme exhibits precedence
over the other two schemes, with regard to both grafting density and
the polydispersity. Subsequently, we conduct an in-depth exploration
of several factors, such as reaction rate of the ‘‘grafting from’’ process,
initial feeding ratios, and stepwise addition operation. Our research
aims to provide a clearer understanding of the kinetic processes in-
volved in the fabrication of bimodal brush-anchored NPs through the
one-pot GT&GF strategy. Moreover, the insights gained from our work
are anticipated to offer valuable guidance for the well-informed design
and enhancement of the functional performance of polymer-grafted
2

nanocomposites.
2. Model and computational details

The construction of the NP was achieved through the icosahedral
best covering method, based on the tables of spherical codes with icosa-
hedral symmetry [31]. The incorporation of a hollow NP model was
strategically chosen to substantially enhance computational efficiency,
as a single-layer of covering spheres effectively prevents the infiltration
of other particles into the NP’s interior. As depicted in Fig. 2, eight
NPs of identical size (with a diameter DNP = 10 𝜎) were arranged in
a three-dimensional array with dimensions of 2 × 2 × 2, featuring
06 grafted initiator sites (type A) for the GT process and 126 grafted
nitiator sites (type B) for the GF process. These NPs were positioned
ithin a cubic simulation box measuring 80 𝜎 in length. The initial

onfigurations of monomers (type M) and ligand chains (T-C) were
stablished by randomly placing 12 800 and 3840 within the simulation
ox, ensuring no overlaps. Here, we keep the ratio at ≈4:1 (3840 ligand
hains with 13 monomer/chain to 12 800 monomers) with the initiator
ites of A:B≈4:1. The distinct chemical species have not been addressed
ithin the context of this paper.

We conducted Langevin molecular dynamics simulations, employ-
ng the rigid-body approach [32] for NPs, within an NVT ensemble.
he simulations were executed utilizing the GALAMOST package [33].
ur simulation protocol commenced with the maintenance of a con-

tant temperature and consistent time settings. The consistent time
ettings refers to the total reaction time in GT-GF and GF-GT being
he same as in GT&GF. Specifically, we employed the LJ energy scale
LJ, alongside a temperature of 𝑇 ∗ = 1.0 KBT∕𝜀LJ, and a time step of
𝑡 = 0.001 𝜎(m∕𝜀LJ)1∕2.

The non-bond interactions governing all pairs of beads were mod-
led under a purely repulsive regime, employing the standard LJ po-
ential with truncation at 3.0 𝜎:

𝑖𝑗 =

⎧

⎪

⎨

⎪

⎩

4𝜀𝑖𝑗
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]

, 𝑟𝑖𝑗 < 3.0 𝜎

0 , 𝑟𝑖𝑗 ≥ 3.0 𝜎
(1)

here 𝛼 = 0.4 corresponds to a ‘‘𝛩 solvent’’ condition [28,34,35]. We
hift the standard LJ potential to be zero at 𝑟𝑖𝑗 = 3 𝜎. In this context,
e have defined simulation units by setting 𝑚 = 1, 𝜎 = 1, and 𝜀 = 1 for

simplicity.
The bonding between adjacent C–C and C–T beads, representing

polymer connectivity, is modeled using the finitely extensible nonlinear
elastic (FENE) potential. This potential is defined as follows:

𝑈polymer = −1
2
𝑘𝑟max

2 ln

(

1 − 𝑟2

𝑟2max

)

(2)

where 𝑘 = 30.0 𝜀∕𝜎2, and 𝑟max = 1.5 𝜎 [36].
Initially, a preperiod simulation comprising 102 𝜏 was executed to

mitigate the impact of the initial configuration prior to the grafting
reaction. Subsequently, a grafting reaction period was simulated to
replicate the GT and GF reaction processes. To achieve bimodal poly-
mer brushes, we formulated three distinct schemes: GT-GF, GF-GT, and
GT&GF. In the GT-GF scheme, the grafting process was divided into two
steps. Initially, the grafting of extended ligand chains was conducted for
a duration of 5× 104 𝜏, followed by the growth of shorter ligand chains
via the reaction between monomers (M) and particle B of the NP, again
spanning 5×104 𝜏. Similarly, the GF-GT process followed a comparable
approach. Notably, the GT&GF scheme encompassed a one-pot process,
sustained for 105 𝜏. Further particulars can be found in Table 1. As a
general practice, a set of three parallel samples was employed for each
data point, and unless explicitly specified, error bars are presented in
the figures throughout this article.

The grafting-reaction processes of GF and GT were executed using a
stochastic reaction model, wherein the concept of reaction probability
(𝑃𝑟) was introduced to regulate the rate of grafting reactions. Further
elaboration on this can be found in our previous works [37,38]. In
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Fig. 1. Three schematic illustrations depict the grafting reaction process. The nanoparticle is depicted with 506 grafted initiator sites (red bead), capable of participating in the
Grafting-to (GT) reaction process with the ligand chain (yellow chain). Additionally, 126 grafted initiator sites (blue bead) are present, facilitating the Grafting-from (GF) reaction
process with the monomer (green bead).
Fig. 2. The snapshot obtained from the simulation depicts the initial configurations of
the nanoparticle, ligand chain, and monomer. The nanoparticle, possessing a diameter
of DNP = 10 𝜎, is characterized by 506 grafted initiator sites (type A) capable of
interacting with the ligand chain (T-C, comprised of 13 beads), as well as 126 grafted
initiator sites (B) that facilitate interaction with the monomer (type M).

Table 1
The three different schemes for the preparation of bimodal polymer brushes onto
NPs.

Scheme Step1 (Time, 𝜏) Step2 (Time, 𝜏) 𝑃𝑟

GT-GF 5 × 104 5 × 104 𝑃𝑟(A − T) = 0.5,
GF-GT 5 × 104 5 × 104 𝑃𝑟(B −M) = 1.0,
GT&GF 105 𝑃𝑟(M −M) = 0.002

essence, during specific time intervals within the GF reaction, several
monomers (M) within a predetermined interaction radius approach the
NP’s surface (particle B). From this pool of monomers, one is chosen to
participate in a reaction with the NP. The GT reaction follows a similar
principle, wherein the ligand chain end of particle 𝑇 reacts with NP of
3

particle A. The decision as to whether a monomer connects with active
monomers is based on a comparison between a generated random num-
ber and a predefined 𝑃𝑟. Post-reaction, the connected entities become
the growth centers following the polymerization process as

A∗ + T∗C⋯CCC → A − TC⋯CCC (3)
B∗ +M∗ → B −M∗ (4)

B −M∗ +M∗ → B −M −M∗ (5)

where 𝑃𝑟(A − T) = 0.5 is assigned for the GT reaction process, and
𝑃𝑟(B −M) = 1.0, 𝑃𝑟(M −M) = 0.002 for the GF reaction process. The
consistent reaction interval period 𝛥𝑡 = 0.05 𝜏 is maintained. These
parameter settings effectively account for any negligible impact of
transport constraints related to monomer diffusion to the reaction site
[28].

3. Results

In our simulation setup, the NPs are permitted to move freely
throughout the grafting reaction process. Consequently, we consider
the distinct competitive effects arising from ligand chains and
monomers due to entropic and enthalpic interfacial interactions, re-
spectively. With this consideration, we have devised three distinct
schemes (GT-GF, GF-GT, GT&GF) to execute the grafting reaction
over a cumulative duration time of 105 𝜏. Throughout this process,
we have recorded the complete trajectory to capture the evolution of
grafting density (𝜂) and polydispersity index (Ð) of monomers. Here,
the grafting density is defined as 𝜂 = 𝑛chain∕[4𝜋(DNP∕2)

2], where 𝑛chain
signifies the number of ligand or grown chains (initiator sites grafted
from monomers forming a chain) anchored to the NP’s surface, and DNP
represents the NP’s diameter.

As illustrated in Fig. 3a, both the GT&GF and GF-GT schemes attain
a saturation grafting density of grown chains (𝜂grown = 0.40). The GT-
GF scheme remains at an near-saturation state (𝜂grown = 0.36) within
the allocated reaction time. It is conceivable that when the NP is
extensively grafted with ligand chains, the monomers might encounter
challenges in accessing the NP’s surface freely. In the GT-GF scheme,
the grafting density of ligand chains (Fig. 3b) reaches its highest point
at 𝜂ligand = 0.27, followed by GT&GF (𝜂ligand = 0.10), while the GF-
GT scheme demonstrates an extremely low value of 𝜂ligand = 0.01.
These observations are further elucidated in Fig. 3c, where 𝜂 is
total
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Fig. 3. The variations in (a) 𝜂grown, (b) 𝜂ligand, (c) 𝜂total, and (d) Ð(M) are depicted concerning the progression of grafting-reaction time within three distinct schemes (GT-GF,
GF-GT, GT&GF). The gray and pink regions distinguish the two-step processes.
plotted against reaction time. The analysis implies that achieving a
well-balanced total grafting density within the GT&GF scheme, rather
than employing both GF-GT and GT-GF strategies, shows potential for
guiding the rational design of one-pot GT&GF nanocomposites due to
their inherent convenience.

The variability of grown chains is of paramount concern to re-
searchers, encapsulated by Ð(M). This index is defined as the ratio of
weight-average molar mass to number-average molecular mass:

Ð(M) =
�̄�𝑤

�̄�𝑛
=

∑

𝑖 𝑁𝑖𝑀2
𝑖 ∕

∑

𝑖 𝑁𝑖𝑀𝑖
∑

𝑖 𝑁𝑖𝑀𝑖∕
∑

𝑖 𝑁𝑖
(6)

As depicted in Fig. 3d, the Ð fluctuations observed in the GF-GT
and GT&GF schemes, transitioning from a peak value of 1.40 to a final
level of 1.25, signify these two strategies as more favorable choices
under a sufficiently precise reaction duration. Although the dispersity
index (Ð(M)) in GT&GF remains at 1.25, exceeding the typical values
of approximately 1 observed in other surface living polymerization
methods such as ATRP and RAFT, our focus remains on comparing
the one-pot strategy to the two-step strategies (GF-GT and GT-GF),
which inherently sacrifice some polydispersity. The GT-GF strategy
holds the high value of Ð(M) ≈ 1.50 under the allocated reaction
time. The lower value of Ð(M) observed in both the GF-GT and GT&GF
schemes can be attributed to the early involvement of monomers in
the reaction. In contrast, the GT-GF scheme initiates the GF reaction
only after the GT process of ligand chains, hindering the exposure
of monomers to the surface of NPs and thus leading to a higher
Ð(M) in this scheme. Furthermore, the slightly elevated Ð(M) in the
GF&GT scheme compared to GF-GT also implies that the GT process
significantly influences the grafting of monomers in GF process. In
conclusion, an alternative perspective highlights the profound impact of
grafting order, whether it involves GF, GT, or a combination thereof, on
the ensuing properties of the grafted target products (grown and ligand
chains). Representative snapshots of the grafted nanoparticles obtained
at different times within three distinct schemes (GT-GF, GF-GT, and
GT&GF) can be found in Fig. 4.

We can not only control the chain length in our simulation but also
estimate the chain length or even the mean-squared end-to-end distance
4

Fig. 4. Representative snapshots of the grafted nanoparticles obtained at different times
within three distinct schemes (GT-GF, GF-GT, and GT&GF). For clarity, we show a single
nanoparticle along with its grafted chain at times 5 × 104 𝜏 and 1 × 105 𝜏.

(⟨R2
ee⟩) of each chain. Here, we present the ⟨R2

ee⟩ of grafted grown and
ligand chains as a function of reaction time (Fig. 5). Remarkably, in
both of three schemes, the rate of change of ⟨R2

ee⟩ of grafted ligand
chains have no significant divergence. while the grown chains attain a
uniform value of ⟨R2

ee⟩ = 80 within the GT&GF and GT-GF schemes. The
grafted grown chains in GF-GT scheme keep at a plateau of ⟨R2

⟩ = 50
ee
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Fig. 5. The relationship between mean-square end-to-end distance (⟨R2
ee⟩) of grafted

grown and ligand chains and the progression of grafting-reaction time is illustrated
across three different schemes (GT-GF, GF-GT, GT&GF). The gray and pink regions
distinguish the two-step processes.

even in the first step of ‘‘grafting from’’ process (time < 5 × 104 𝜏).
This observation underscores the superiority of the one-pot GT&GF
scheme, even when compared with the terminal reaction aspect of
GF-GT scheme. These inherent advantages hold significant promise
for enabling industrially controlled processes, facilitating the design of
tailored materials with desired properties.

The graft-layer density (GLD) of a NP, which characterizes the
grafting density surrounding the NP, is a pivotal focus within the
nanocomposites domain [39]. In this context, the GLD is defined as
𝜌GL = 𝑁GL∕{

4𝜋
3 [(R + dR)3 − R3]}, where 𝑁GL signifies the number

of monomers (from either grown chains or ligand chains) within the
grafted layer around the NP, R = DNP∕2 denotes the NP’s radius, and
𝑑R = 0.5 𝜎 represents the thickness of the sliced grafted layer. As
illustrated in Fig. 6a, we have plotted the GLD against the distance
within the sliced graft layer. Within the GF-GT scheme, the 𝜌GL of
grown chains achieves a maximum value (∼0.68) at a distance of 6 𝜎
(the distance from the center of NP to the first monomer), closely
followed by the GT&GF schemes (∼0.63) and GT-GF (∼0.61). The 𝜌GL
of ligand chains in GT-GF scheme demonstrates the highest 𝜌GL value
at 0.79 (Fig. 6b), while both the GT&GF and GF-GT schemes share an
equivalent 𝜌GL value of 0.69 at a distance of 6 𝜎. The 𝜌GL of total chains
is shown in Fig. 6c, where the GT&GF scheme exhibits a moderate
grafting density of total chains. In short, choosing the GT&GF scheme
seems wise because it provides a well-balanced density distribution and
is more convenient in the synthesis process.

Despite this, there is an ongoing challenge associated with various
crucial factors that significantly impact the one-pot GT&GF scheme. In
this regard, we undertake a systematic and comprehensive examination
of factors such as the reaction rate of the ‘‘grafting from’’ process,
the initial total feeding ratio, and the step-addition operation. Our
objective is to investigate the extent to which these factors impact the
ultimate grafting density within the one-pot GT&GF scheme. Through
this analysis, we aspire to chart a pathway towards effectively tuning
nanoparticle composite materials in industrial settings.

We initiated our investigation by configuring a range of ligand chain
grafting probabilities (𝑃𝑟(A − T)) to systematically assess the influence
of the GT reaction process across the three schemes (Fig. 7). This
emphasis stems from the inherently slower motion of ligand chains
compared to individual monomers. Prior to delving into this analysis,
we introduced a parameter 𝜉, representing the ratio between the grafted
density of ligand chains and that of grown chains. With an 𝑃𝑟(A − T),
𝜉 initially rises before reaching a consistent plateau. Notably, in the
region characterized by 𝑃 (A − T) values up to 0.1 (Fig. 7), it becomes
5

𝑟

Fig. 6. The relationship between graft-layer density (𝜌GL) and distance from the
distance of center of the nanoparticle (R) is elucidated for grafted grown chains, ligand
chains, and the overall chain count, using a defined sliced thickness of 𝑑R = 0.5 𝜎.

Fig. 7. The correlation between 𝜉 and the chosen values of 𝑃𝑟(A − T) is investigated
across three distinct schemes. Both the GT-GF and GF-GT strategies involve 5 × 104 𝜏
for each sub-process, while the GT&GF strategy is conducted for a singular 5 × 104 𝜏.
The outcomes are based on data collected at the final reaction time.

evident that the reaction time is too brief to achieve the terminal
plateau. In light of this insight, we designate a universally applicable
value of 𝑃𝑟(A − T) = 0.5 for all GT reaction processes.

Theoretically, 𝜉 exhibits higher trends in the GT-GF and GT&GF
schemes compared to the GF-GT scheme, implying a greater grafting
of ligand chains via GT reaction processes. However, the current re-
search focus on 𝜉 for the chains grown through the GF process. By
evaluating 𝜉 for these three schemes, we conclude that the GT&GF
scheme maintains a lower 𝜉 when comparing to GT-GF scheme. This
trait positions the GT&GF scheme as an optimal choice for fabricating
NP composite materials with two mixed polymer brushes, distinguished
by chemical composition and properties. Importantly, the combination
of the GT&GF scheme bears the potential for facile implementation in
experimental settings.

As previously mentioned, we employ 𝑃𝑟(A − T) = 0.5 as a control
condition (Fig. 8 RefG point), while focusing our subsequent investiga-
tion on the one-pot GT&GF scheme. Within this scheme, the reaction
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Fig. 8. The relationship between the grafting density and polydispersity of the selected
values (𝑃𝑟(M −M)) are examined within the GT&GF scheme.

rate of monomers with initiator sites (𝑃𝑟(M −M)) is crucial. It sig-
nificantly influences the polymerization efficiency of the GF process,
impacting the final fraction of grafted ligand chains by the GF process.
Fig. 8 illustrates the profiles of grafting density (𝜂) versus 𝑃𝑟(M −M). To
determine 𝑃𝑟(M −M), we adopted the half/half method as proposed by
Rosenbloom and colleagues [40]. For instance, a value of 𝑃𝑟(M −M) =
0.0005 was designated for the initial period of 5 × 104 𝜏, where the
reaction between initiator sites (type B) and monomers (type M) varied
as a function of selected 𝑃𝑟(M −M). Subsequently, during the latter
period of 5×104 𝜏, the reaction was held at a fixed value of 𝑃𝑟(M −M) =
0.005 for each 𝑃𝑟(M −M). The trend depicted in Fig. 8 demonstrates
that the grafted ligand chain content increases as 𝑃𝑟(M −M) decreases.
This phenomenon signifies that when the value of 𝑃𝑟(M −M) during
the initial period is low, the polymerization within the GF process
is comparatively limited. Consequently, the ligand chains are more
prone to graft via the GT process. Additionally, Fig. 8 highlights that
the saturation level of grafted monomers in the GF process remains
relatively constant. Crucially, the polydispersity index of Ð(M) main-
tains a low level of 1.20, indicative of effective grafting within the GF
process. Overall, these findings confirm that a lower 𝑃𝑟(M −M) during
the initial period enhances grafting performance for both the GT and
GF processes.

For further inquiry, we delve into the influence of the initial total
feeding ratio of monomers and ligand chains on the grafted content.
In the low concentration (LC) scenario, we set the initial feeding
ratios of monomers and ligand chains as 𝜇 = 1.67, 3.33, and 6.67
respectively, maintaining a constant count of 3840 ligand chains. In
the high concentration (HC) scenario, although the same initial feeding
ratios of 𝜇 are applied as in the low concentration case, we maintain a
fixed number of 12 800 monomers while altering the number of ligand
chains. Here, The concentration in the HC scenario is twice that in the
LC scenario.

Illustrated in Fig. 9, both LC and HC scenarios exhibit relatively
marginal changes in the number of grafted grown chains. However, in
the LC context, despite a decrease in 𝜇 leading to a gradual increase
in the grafting density (𝜂) of grafted ligand chains (ranging from 0.19
to 0.54), the calculated polydispersity of Ð(M) shows a range from
1.23 to 1.40. Conversely, in HC case, as 𝜇 diminishes, the grafting
density of grafted ligand chains sharply increase from 0.24 to 0.70.
Remarkably, the polydispersity of Ð(M) remains around 1.20, indicative
of a well-distributed incorporation of grafted grown chains. In this HC
scenario, the grafted density of grown chains experiences a significant
6

increase compared to the previously mentioned ‘‘changing of reaction
Fig. 9. The relationship between the grafted density (𝜂) and the fraction (𝜇, repre-
senting the initial feeding ratios of monomers and ligand chains) at two different
concentrations within the GT&GF scheme. The concentration in high concentration (HC)
scenario is twice that of the low concentration (LC) scenario.

Fig. 10. The influence of the grafting density and polydispersity on the periodicity
parameter within the GT&GF framework is investigated. The solid black line accom-
panied by squares corresponds to the quantification of surface-grafted monomers onto
nanoparticles, while the black line featuring triangles corresponds to the quantification
of surface-grafted ligand chains.

rate 𝑃𝑟(M −M)’’ method. Simultaneously, the Ð(M) also stays at a low
value (∼1.24).

Recently, Rosenbloom et al. presented a concept concerning the con-
trolled manipulation of polymer molecular mass distribution breadth
and shape in RAFT polymerizations through the employment of chain
transfer agents [40]. This notion provided valuable insights for our
work. Similarly, in our previous study, we translated the step-addition
approach from experimental practice to the simulation realm [41].
herein, we continue to explore the impact of altering the interval period
of changing particle type within the GF process. Our inspiration comes
from the concept of metered additions.

A cluster of 12,800 dormant beads (labeled as type Id) is randomly
positioned outside the NPs within the simulation box. As the polymer-
ization reaction commences, a permanent type transition is executed,
whereby the dormant Id entities transform into active monomers (type
M) for only one Id bead per period. To this end, we systematically
implement a range of diverse changing periods, or says frequency
(𝑓 ), set as 1000, 200, 50, 10, 2, 1, and 0.5 𝜏−1, reflecting the idea
Id→I
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of metered additions. Subsequently, the monomers (type M) react with
the initiator sites of type B on the NPs’ surface.

As depicted in Fig. 10, the results indicate that the grafting den-
sity of ligand chains increases as the frequency 𝑓Id→I decreases. This
suggests a promising strategy for enhancing the incorporation of lig-
and chains. Notably, the grafting of grown chains tends to approach
saturation during the GF process, maintaining a grafting density of ap-
proximately 1.55 chains∕nm2 on each NP surface. At the initial stages of
grafting, the mobility of individual monomers exceeds that of complete
ligand chains, and monomers can swiftly reach the NPs’ surface. In
contrast, the grafting of ligand chains encounters significant challenges
in approaching the NP surface, particularly during the concurrent
monomer polymerization phase (GF process). This competitive scenario
puts the GT process in a disadvantageous position.

As the frequency slow down (from 1000 to 0.5 𝜏−1), the influence
of the GF process decreases significantly. This leads to a substantial
increase in the grafting density of grafted ligand chains, rising from
0.40 to 0.75 chains∕nm2. (black line with triangles in Fig. 10). Although
this approach leads to an increased presence of grafted ligand chains
on the NP surface, we observe an increased tendency of Ð(M) from its
initial value of 1.45 to 1.55 (depicted by the red line in Fig. 10). Al-
though this method does enhance the grafting density of ligand chains,
it compromises the polydispersity of grown chains. Nevertheless, it is
clear that this approach results in a significant increase in the grafting
density of ligand chains.

4. Conclusions

In this paper, we use coarse-grained molecular dynamics (MD)
simulations with stochastic reaction model to design a one-pot GT&GF
strategy, which compared to two-step GT-GF and GF-GT. We find that
this one-pot GT&GF strategy has a comparable polydispersity compared
to a two-step process of the GF-GT strategy. Because of its one-pot
synthesis method, it presents itself as a promising synthetic alternative,
despite exhibiting a moderate grafting density in comparison to the
GT-GF approach.

Given this, a series of factor, i.e., reaction rate of ‘‘grafting from’’,
initial feeding ratio, step-addition operation, that will influence the
final grafting density and polydispersity of this one-pot GT&GF strategy
have been further detailed. It can be affirmed that a reduced value of
the reaction rate of ‘‘grafting from’’ (𝑃𝑟(M −M)) enhances the grafting
conditions for both the GT and GF processes. For instance, reducing
𝑃𝑟(M −M) can lead to an increase in the density of grafted ligand chains
while maintaining the density of grafted grown chains unchanged.
Similarly, in terms of the initial feeding ratio, under high concentration
conditions, reducing the value of 𝜇 also leads to an increased density
of grafted ligand chains. Notably, both of these approaches maintain
the Ð of grown chains at lower values (Ð(M) = 1.24). Conversely, at
lower concentrations, reducing 𝜇 leads to an increase in Ð(M) to 1.40,
which might not be an optimal choice. Furthermore, the utilization of
a step-addition operation, aimed at extending the addition frequency,
while potentially leading to a substantial enhancement in the grafting
density of ligand chains, is not advisable. This is due to its tendency
to induce a pronounced increase in the polymer polydispersity index
(Ð(M)) of grown chains. Generally, our work is desired to help for
better uncovering the kinetics process during the preparation of bi-
modal polymer-anchored NPs by one-pot strategy and could give some
of advices to rationally design and thus improve the performance of
polymer-grafted NPs.
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