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Nanoparticle gels have attracted considerable attention due to their highly tunable properties. One
strategy for producing nanoparticle gels involves using strong local attractions between polymeric
molecules, such as DNA hybridization or dynamic covalent chemistry, to form percolated nanoparticle
networks. These molecules can be used in two distinct roles: as “ligands” with one end grafted to
a nanoparticle or as “linkers” with both ends free. Here, we explore how these roles shape the
phase behavior and mechanical properties of gel-like nanoparticle assemblies using coarse-grained
simulations. We systematically vary the interaction strength and bending stiffness of both ligands and
linkers. We find that phase separation can be limited to low nanoparticle volume fractions by making the
ligands rigid, consistent with previous studies on linked nanoparticle gels. At fixed interaction strength
and volume fraction, both ligand- and linker-mediated nanoparticle assemblies show similar mechanical

Received 4th November 2024, responses as bending stiffness is varied. However, a comparison between the two association schemes

Accepted 21st April 2025 reveals that the linked nanoparticles form rigid percolated networks that are less stretchable than the
DOI: 10.1039/d4sm01301h ligand-grafted gels, despite exhibiting similar tensile strength. We attribute these differences between

ligands and linkers to the distinct structural arrangement of nanoparticles within the gel. Our findings
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1 Introduction

Nanoparticle gels are promising functional materials because
their properties can be modulated through their mesoscopic
structure, which is determined by the physical or chemical
interactions between the nanoparticles."® For example, the
solid-like network structure of gels can give rise to distinct
mechanical properties® as well as optical properties facilitated
by coupling effects such as local surface plasmon resonance.’
Compared to nanoparticle superlattices,"** nanoparticle gels
provide a potentially more robust, processable alternative.
Previous experimental and simulation studies have also shown
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highlight the potential to use different association schemes to tune specific mechanical properties.

that modulating the mesostructure within nanoparticle gels
provides ample opportunities to tune their properties.**™*®
Nanoparticle gels are typically made by inducing a short-
range attraction between the nanoparticles.'” Various strategies
can be used to create attraction, including solvent-mediated
van der Waals attraction and polymer-induced depletion
attraction.”'® The attraction between nanoparticles causes the
fluid-like nanoparticle dispersion to become thermodynami-
cally unstable, then the nanoparticles kinetically arrest as a gel
during their spinodal decomposition into dilute and con-
densed phases.’® This mechanism produces a ‘“nonequili-
brium” gel that is susceptible to aging because the arrested
phase separation can slowly continue over time.?° >
Alternatively, nanoparticles with a limited number of highly
localized attractive sites (so-called ‘“patchy particles”) can form
long-lived networks without phase separation, resulting in an
“equilibrium” gel.**®® Because such networks are thermo-
dynamically stable, equilibrium gels tend to be less susceptible
to aging than nonequilibrium gels. Equilibrium gels have been
formed in simulations of patchy nanoparticles by directly limit-
ing the number of attractive patches®>*! and in experiments
using trivalent and tetravalent DNA nanostars.**>* However,
these types of valence limitation require careful nanoscopic
control that presents challenges for large-scale fabrication
and tunability. One way to overcome these challenges is by
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introducing a secondary “linking” species, such as polymers,*>~’
DNA,**?° and ionic molecules,®>***! whose concentration can be
used to restrict valence macroscopically.*** For example, recent
simulations indicated that adjusting the number ratio of linkers to
nanoparticles and modifying the flexibility of oligomeric linkers
both significantly affected the phase behavior and structure of the
resulting gels.">?"*>

For the strategies described above, both ends of the linking
molecules are not permanently attached to the nanoparticle.
Alternatively, one end of a molecule can be grafted to a
nanoparticle to act as a surface-bound ligand that facilitates
attraction. For example, reversible gel assemblies have been
created using ligands with dynamic covalent chemistry
strategies,’***** and there is growing interest in reversible
assemblies involving DNA-grafted nanoparticles.>*>"*® While
strategies for using linker design to control gelation have been
relatively well-studied,”®**?”** less is known about how
ligand design modulates the phase behavior and mechanical
properties of gels and to what extent ligand-mediated and
linker-mediated gelation differ.

In this work, we employ coarse-grained molecular dynamics
simulations of generic nanoparticles and linear polymers to
investigate how the association mechanism, where the polymers
act either as ligands or linkers, influences the phase behavior and
mechanical properties of nanoparticle gels. Furthermore, we
systematically vary the polymer stiffness, finding that the range
of volume fractions over which phase separation occurs gradually

(@)

Fig. 1
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narrows with increasing stiffness, bearing similarities to linked
nanoparticle gels. Under uniaxial tensile deformation, equili-
brium gels formed through both ligands and linkers showed
noticeable changes in mechanical properties such as their shear
modulus, tensile strength, and network stretchability as the
ligand stiffness varied. Notably, a comparison between ligand-
grafted nanoparticle gels and linked nanoparticle gels revealed
distinct differences in certain mechanical properties, highlighting
the ability to tune the mechanical response of equilibrium
nanoparticle gels solely through the association scheme.

2 Model and simulation methods

Similarly to previous work on DNA-functionalized nano-
particles,” we used a coarse-grained model of a spherical
nanoparticle with surface-grafted ligands. The bare nanoparti-
cle had diameter d. = 60, where ¢ is the unit of length in our
simulations. We created grafting sites for the ligands by sub-
dividing the faces of an icosahedron once and scaling the
resulting 42 vertices to lie on the surface of the bare nano-
particle [Fig. 1(a)]. These vertices were explicitly represented as
particles with mass m and diameter o, where m is the unit of
mass in our simulations. We then iteratively grafted 14 linear
polymers onto the vertex sites, starting from an initial randomly
chosen site that was the same for all nanoparticles, followed
by a site that is farthest from the previous site(s) [Fig. 1(b)].

(b)

(d)

Linker |

Linker Il

(a) Schematic of bare nanoparticle (yellow, not drawn to scale) and 42 potential grafting sites (white), along with the bonds holding their shape.

(b) Schematic of two interacting ligand-grafted nanoparticles. The terminal beads (red) facilitate ligand—ligand attraction. (c) Probability density function
P to observe the terminal beads of the ligands at a distance r from the center of the bare nanoparticle as a function of polymer bending stiffness ks. The
distribution is normalized such that j4n1~2P(r)d1~ = 1. (d) Schematic of the two linker models that were compared to ligands. For linker |, the linker-
attaching terminal beads (red) facilitate linker—linker attraction (controlled by ¢), as for the ligands, but the nanoparticle-attaching terminal beads (green)
facilitate linker-nanoparticle attraction (controlled by ¢.). For linker I, the nanoparticle-attaching terminal beads (green) facilitate only linker-nanoparticle
attraction.
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Each polymer consisted of 10 beads with mass m and diameter
d, = 0. In total, the nanoparticle was represented by one central
particle used to compute the bare nanoparticle interactions
that also had mass m, 42 grafting sites, and 140 polymer beads,
so the total mass of a ligand-grafted nanoparticle was 183m.
We used N. = 1000 nanoparticles and varied the nanoparticle
volume fraction 5 = N.nd.*/(6V) between 0.01 and 0.13 in steps
of 0.02 by adjusting the volume V of the simulation box. All
simulations were performed at constant temperature T.

We modeled the excluded-volume interactions between the
bare nanoparticles and between the bare nanoparticles and
polymer beads using the purely repulsive Weeks—-Chandler-
Andersen (WCA) potential,”®

e[ 1))

0, r> 21/6d(/'

r S 21/6[1(/

()

+1,

where f§ = 1/(kgT), kg is the Boltzmann constant, r is the distance
between particles, and d;; = (d; + d;)/2 is the average diameter of
the two interacting particles having types i and j. We main-
tained the arrangement of grafting sites by connecting them to
their nearest neighbors and to the bare nanoparticle using a
stiff harmonic potential,

BUN) = 20— n ), ©)

where the spring constant is k, = 50006 > and the rest length
r, is set for each bond using the distance in the initial
configuration. Bonds between beads within the polymer chains
were modeled using the finitely extensible nonlinear elastic

potential,”"*?
B keré? \?2
purtr) = -2 1“[‘@ , ®

with spring constant k; = 306> and maximum bond extension
re = 1.50. The terminal bead of a ligand was grafted to the
nanoparticle using eqn (1) and (3).

The polymer flexibility was controlled using a harmonic
bending potential, applied between three consecutively bonded
polymer beads,

BU(0) = =(0 — m)*, (4)

where 0 is the angle between the beads and k is the spring
constant that creates bending stiffness. To classify the polymer
as flexible, semiflexible, and rigid, we varied ks and computed
the probability density function P for the distance r between the
terminal bead of the ligand and the center of the bare nano-
particle for a single ligand-grafted nanoparticle [Fig. 1(c)].
We found that the maximum in P(r) shifted significantly toward
larger r as ks increased, with the most pronounced changes
occurring up to about ks & 6. Since the persistence length in
our model increases almost linearly with k;,>* this behavior is in
line with the expectation that an initially flexible chain will
become semiflexible when its persistence length is comparable

This journal is © The Royal Society of Chemistry 2025
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to its contour length and rigid when its persistence length
exceeds its contour length. Based on our measurements of P(r),
we defined polymers with ks = 0, 6, and 50 as flexible, semi-
flexible, and rigid, respectively.

Attraction between the terminal beads of the ligands on
different nanoparticles was modeled using the Lennard-Jones

(LJ) potential,
BULI(r) = 4e [(%)12—(%)6}7 (5)

where ¢ sets the strength of the attraction. Following common
practice, this potential was truncated and shifted to zero at
r = 3d, to reduce computational costs. We excluded attractions
between ligands within the same nanoparticle to prevent
“loop” formation®”"** that tends to inhibit network formation.
Such a model is similar to a double-stranded DNA-grafted
nanoparticle, for which the interactions between DNA chains
bound to the same nanoparticle can be restricted using
their rigidity and by designing noncomplementary binding
sequences.’*>

To compare ligand-mediated gelation with linker-mediated
gelation, we created two complementary linker models based
on our ligand model [Fig. 1(d)]. Linker I had the same degree of
polymerization as the ligands (10 beads), but featured a term-
inal bead attracted to the grafting sites on the bare nanoparti-
cle. Linker II contained twice as many monomers as linker I
(20 beads) and had only terminal beads capable of connecting
to the grafting sites on the nanoparticles. Hence, linker I can be
regarded as a ligand without a permanent graft to the nano-
particle, while linker II effectively behaves as two linker I
molecules that are permanently and exclusively paired. The
number of linker molecules was chosen to keep the total
number of monomers the same in all simulations. All three
association schemes (ligand, linker I & II) can produce a
comparable chain-like connection between two nanoparticles;
however, different bonding motifs are possible for each model,
and the mechanical properties associated with the connections
may also differ. The attraction between the linker end(s) and a
grafting site was modeled using the L] potential [eqn (5)] with
attraction strength e.; the rest of the linker interactions were
the same as for the ligands.

We performed molecular dynamics simulations using
HOOMD-blue (version 2.9.3)°® with features extended using
azplugins (version 0.10.1).>” The integration time step was
0.005 7, and we maintained the temperature T using a Langevin
thermostat with friction coefficient 0.01 m/t, where t = \/ma?f8
is the unit of time in the simulations. Following previous
studies,”” we prepared configurations under different condi-
tions by slow annealing: first, we created three different initial
configurations by dispersing the N. = 1000 nanoparticles ran-
domly in a large cubic simulation box with edge length L =
17816 and periodic boundary conditions. Initially, there were
no attractions between ligands [i.e., only purely repulsive inter-
actions through eqn (1)], and the box was compressed to the
desired volume fraction n by reducing the edge length at a

Soft Matter, 2025, 21, 4053-4062 | 4055


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01301h

Open Access Article. Published on 23 April 2025. Downloaded on 4/5/2026 11:00:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
b ¢
@ o5 & 50 )8 ©
= 0 -—l—-l—' e e e Ry B _ L
-1 ] 134t
2 0 : 13 4]
£ e
= L J
-2 = e ¢
g [ 0101I L 1 . 1 L 1 L i 0 W ; i . 1 L "
0 2 4 6 8 10 0.0 0.5 1.0 15
t (1057) q (o)
(d) flexible (e) semiflexible (f) rigid
5 ] ] 10
4 1 = 8
3 n N 6 —
& ] ] S
2 . . 4 0
1 1 = 2
1 1 1 1 1 1 1 1 1 | 1 1 1 1 O
8.01 005 0.09 0.13 0.01 005 0.09 0.13 0.01 0.05 0.09 0.13
n n n
Fig. 2 (a) Time evolution of the attractive potential energy per nanoparticle U /N and (b) nanoparticle partial static structure factor S(g) for flexible

ligands with varied ligand—-ligand attraction strengths ¢ when n = 0.01. The inset in (a) shows a zoomed-in view of the potential energy before the large
change associated with phase separation. In (b), the black line corresponds to no attraction between the ligands, and each S(qg) curve is vertically offset by
1 from the one below for clarity. (c) Illustration of a percolated path between nanoparticles for flexible ligands with g = 5 when 5 = 0.13. (d)—-(f) S(0) and
percolation line for (d) flexible, (e) semiflexible, and (f) rigid ligands as a function of 1 and &.

constant rate over a 5 x 10° ¢ time period, followed by an
equilibration period of 5 x 10"t at the required volume frac-
tion. We then gradually introduced attraction between the
ligands by increasing ¢ to 5.0 in steps of 0.5, with each ¢ value
being simulated for a duration of 10°t. We confirmed that for
the initial purely repulsive interactions, both nanoparticles and
polymers were able to diffuse at least the nanoparticle radius
within 1007,°® allowing the system to relax and explore new
configurations (Fig. S1 and S2, ESIt).

An example of the evolution of the attractive potential energy
per nanoparticle fUy;/N. during the annealing process is shown
in Fig. 2(a) for = 0.01 and k; = 0. The final configurations
obtained at each ¢ value were then used to perform an addi-
tional simulation for 10* at each value of ¢, from which 1000
configurations were collected at uniform time intervals for
characterizing the structure and phase behavior. A similar
procedure was used for preparing the linker-mediated assem-
blies, in which we incrementally increased ¢, simultaneously
with ¢ from 0 to 5. We then additionally increased ¢. to 10, with
a time period of 10°t after the increase. We note that all
reported averages are computed over multiple independent
simulations and the configurations collected from each.

3 Results and discussion

3.1 Ligand-grafted nanoparticle assemblies

Following previous studies,>”*> we first investigated the meso-

structure of the ligand-grafted nanoparticle assemblies. To charac-
terize whether the nanoparticles formed a single phase or tended

4056 | Soft Matter, 2025, 21, 4053-4062

toward phase separation, we computed their partial static structure
factor,

e—iq-(r/—r;\.)7 (6)

where q = 2nn/L is the wavevector, n is a vector of integers, and r; is
the position of the jth nanoparticle. We averaged S(q) over
equivalent wavevector magnitudes g = |q| and the 1000 configura-
tions collected from each of our three independent simulations to
obtain an isotropically averaged S(q) [Fig. 2(b)]. A significant
increase in S as ¢ — 0 can be used to demarcate the region in
which the nanoparticle dispersion tends toward separation into
dilute and condensed phases. To this end, we extrapolated S(0) =
S(g — 0) by fitting a Lorentzian functional form to S for the 22
smallest g we calculated.>”** (Note that the “—” in the Lorentzian
functional form in these references is a typographical error and
should be a “+”.) Based on previous work,”*> we considered
S(0) > 10 as indicative of phase separation.

We additionally evaluated the percolation of the nano-
particles into a space-spanning network. Specifically, we con-
sidered two nanoparticles to be connected if the distance
between any attractive particles in their ligands was less than
1.4¢, which corresponds to the approximate location of the first
minimum in the radial distribution function between attractive
particles of ligands on different nanoparticles (Fig. S3, ESIf).
We considered a nanoparticle assembly to be percolated if a
continuous path could be traced between any nanoparticle
in the central simulation box and its periodic images in all
three Cartesian directions [Fig. 2(c)]. These calculations were

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01301h

Open Access Article. Published on 23 April 2025. Downloaded on 4/5/2026 11:00:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

performed using NetworkX.>®> We then defined a percolation
boundary that demarcated the conditions under which more
than 90% of sampled configurations were percolated.

The extrapolated S(0) and percolation lines are shown in
Fig. 2(d)—(f) for flexible, semiflexible, and rigid ligands. Similar
diagrams for other bending stiffnesses are available in Fig. S4
(ESIT). We found that S(0) < 10, indicating that the nano-
particles remained in a single phase, when ¢ < 3 regardless of
1, although percolated networks still formed for sufficiently
large 5. For ¢ 2 3, we found S(0) > 10 over a limited range of ,
indicating phase separation of the nanoparticles. This phase-
separated region narrowed with increasing bending stiffness,
extending until # =~ 0.13, 0.07, and 0.05 for the flexible,
semiflexible, and rigid ligands, respectively. This behavior
contrasts with previous observations for linker-mediated nano-
particle assemblies,** where both flexible and rigid linkers led
to phase separation, whereas semiflexible linkers maintained a
stable fluid phase due to their tendency to bind both ends to
the same nanoparticle in “loop’” motifs. Our model explicitly
prohibits loop formation, supporting the hypothesis of prior
works that loop formation may suppress phase separation.>”*>

We selected 4 = 0.13 and 3 < ¢ < 5 for further investigation
of the mechanical properties of the nanoparticle assemblies
because these conditions produced percolated nanoparticle
assemblies that were not phase separated for all bending
stiffnesses investigated. For each of our three independent
simulations, we subjected the final assemblies from the anneal-
ing to uniaxial tensile deformation along each of the three
Cartesian directions, giving a total of 9 measurements for each
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ligand. We extended the length of the simulation box in the
chosen direction by a factor A that increased at a constant rate
of =5 x 107*7". To conserve the system volume, the lengths
of the simulation box in the other two directions were simulta-
neously compressed by a factor of 22, consistent with a
Poisson’s ratio of 0.5 typical for soft materials.®® We then
computed the engineering stress from the diagonal elements
of the measured stress tensor. As an example, for deformation
in the x direction, we extended the box as 4 = Ly/L,, =1 + )lt,
where L, o and L, are the initial and extended box lengths in the
x direction, respectively. We calculated the engineering stress
as og = [0 — (0yy + 0,)/2]/4, where g, is the diagonal element
for direction o in the stress tensor. Typically, we simulated 4 in
the range of 1.0 to 3.5 (time period 5 x 10°t). Since the
extension rate can affect the tensile behavior of viscoelastic
media, we repeated the uniaxial deformation simulations for
the semiflexible system at half the extension rate (Fig. S5, ESIT).
We found that a lower extension rate leads to a decrease in oy,
consistent with previous studies,®*> but does not significantly
alter the overall trend of the stress curve or the corresponding
mechanical properties. Moreover, in most cases, we found
consistent initial behavior between independent simulations
and extension directions (Fig. S6, ESIT), so we averaged them
together to improve statistics.

We found that og gradually increased for small deforma-
tions for ligand stiffnesses ks < 6, corresponding to flexible and
semiflexible ligands [Fig. 3(a), (b) and Fig. S7, ESIt]. For rigid
ligands, og increased more rapidly with small changes in 4 for
all ¢ values, and also exhibited a narrower peak at smaller A

(a) flexible (b) semiflexible (c) rigid
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Fig. 3 Engineering stress o¢ for ligand-grafted nanoparticle assemblies under uniaxial tensile deformation (extension factor 1) for (a) flexible,
(b) semiflexible, and (c) rigid ligands with varied attraction strength ¢. (d) The same as (a)—(c) for ¢ = 5 and varied bending stiffness ks. The solid lines

are the linear fits used to obtain the shear modulus G for small deformations. (e) Shear modulus G, ultimate tensile strength o
as functions of bending stiffness ks for ¢ = 5, extracted from (a)—(d). Error bars represent the standard error of the

ultimate tensile extension factor AYTE

mean across independent simulations and extension directions.
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values compared to the flexible and semiflexible ligands
[Fig. 3(c) and Fig. S7, ESIt]. This behavior is most apparent
when oy is compared for different bending stiffnesses k; at the
strongest ligand-ligand attraction simulated [¢ = 5, Fig. 3(d)].
To further compare mechanical properties as a function of
ligand flexibility, we extracted the maximum value of o as the
ultimate tensile strength ¢V"S and its corresponding ultimate
tensile extension factor U™ as an indicator of network stretch-
ability from Fig. 3(d). Following a recent study,” we also
determined the shear modulus G, which quantifies the rigidity
of the network, by fitting o = G(4 — 1/4%) in the limit of small
deformations [fitted regions shown in Fig. 3(d)]. We found that
G and ¢”™ increased moderately with increasing & up to k= 6
(i.e., for flexible and semiflexible ligands), and then signifi-
cantly increased for more rigid ligands [Fig. 3(e)]. In contrast,
2YTE showed a distinct transition: it remained around A"™ = 1.4
for k, < 6, but sharply decreased to approximately 2V™" = 1.2 for
more rigid ligands. We attribute this reduction to the more
limited internal molecular degrees of freedom of rigid ligands
[Fig. 3(e)]. These observations highlight that flexible and semi-
flexible ligands produced soft, weak nanoparticle gels that were
more stretchable than those produced using rigid ligands.

3.2 Comparison to linker-mediated nanoparticle assemblies

After characterizing how the mesostructure and mechanical
properties of the ligand-grafted nanoparticle assemblies varied
with ligand-ligand attraction and ligand bending stiffness, we
proceeded to investigate how this behavior was similar or
different from that in linker-mediated nanoparticle assemblies.
As described in Section 2, we studied two different types of
linkers: linker I, having one end that facilitates linker-linker
attraction and one end that facilitates linker-nanoparticle
attraction, and linker II, which is twice as long as linker I and
whose ends facilitate only linker-nanoparticle attraction. For
linker I, we fixed the linker-linker attraction strength to ¢ = 5 to

View Article Online
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compare with the most attractive ligand-grafted nanoparticles.
Linker II does not have this parameter because it is effectively
two linker I molecules that are permanently associated
together. We used these linkers to create nanoparticle assem-
blies and compute their mechanical properties for differ-
ent linker-nanoparticle attraction strengths ¢. at the same
volume fraction (17 = 0.13) that was used for the ligand-grafted
nanoparticles.

We computed the average engineering stress og by applying
uniaxial tensile deformation on the assemblies formed with
linker I and linker II for varying linker stiffness at two attraction
strengths &. = 5 and 10 [Fig. 4(a)-(c) and Fig. S8, ESI{]. We found
that the rate of change in oy at small deformations increased
monotonically with increasing linker stiffness for both linker I
and linker II. In contrast, ligand-mediated nanoparticle assem-
blies only exhibited prominent differences in the stress
response at small deformations when the ligands became rigid,
as shown by comparing the stress response for the ligand- and
linker-mediated assemblies at ¢. = 10 [Fig. 4(a)-(c) and Fig. S8,
ESIt]. Further, whether a maximum in oy was attained using
linker I or linker IT depended on the chain stiffness.

One direct cause of these differences in mechanical proper-
ties could be variation in association resulting from attraction
or bond formation between beads. To clarify the association
of terminal beads, we computed various local coordination
metrics for the nanoparticles and polymers in the different
models. Fig. S9(a) (ESIt) shows that when ¢, = 5, a significant
number of linkers are not attached to the particle surface, but
as & increases to 10, such free linkers are almost absent. This is
also reflected in the weak oy observed for ¢. = 5, whereas at ¢, =
10, the tensile behavior becomes comparable to that of ligand-
mediated nanoparticle assemblies [Fig. 4(a)-(c) and Fig. S8,
ESIt]. We further examined the specificity of the attraction
between linker terminals and surface sites. Fig. S9(b) (ESIT)
shows that the average number of linkers surrounding a

(a) flexible (b) semiflexible (c) rigid
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Fig. 4 Engineering stress o¢ response of linker I-mediated (dashed lines) and linker II-mediated (dotted lines) nanoparticle assemblies to uniaxial tensile
deformation (extension factor 1) at a fixed linker—linker attraction strength ¢ = 5 and two different linker-nanoparticle attraction strengths ¢. for (a)
flexible, (b) semiflexible, and (c) rigid chains. The solid lines in (a)—(c) show results for the ligand-grafted nanoparticle assemblies with ligand-ligand
attraction strength ¢ = 5. Simulation snapshots corresponding to the maximum in g¢ for linker | and linker Il are shown below each panel. Error bars
represent the standard error of the mean across independent simulations and extension directions.
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nanoparticle exceeds 14, which is the number of ligands per
nanoparticle, indicating that the distribution of linkers and
ligands onto nanoparticles also differs.

We also visually noted that the linker-attaching terminal
beads of linker I tended to cluster (Fig. 4), so we quantified this
aggregation and compared the binding of the terminal beads in
the linker I and ligand models (Fig. S10, ESIT). At ¢ = 5, the
linker-attaching terminal beads of both models were mostly
bound to each other [Fig. S10(a), ESIt], and their average
coordination number was around 7 [Fig. S10(b), ESIt]. Notably,
in the semiflexible regime, the difference in terminal bead
aggregation between the ligand and linkers [Fig. S9(b), ESIT]
or between the two types of linkers [Fig. S10(b), ESI{] is
minimal; however, their oy responses differ significantly
[Fig. 4(b)], suggesting that the mechanical behavior of the gels
is likely influenced by the overall network structure rather than
just the aggregation of the terminal beads.

Meanwhile, we also noticed significant variability in the
stress curves of rigid linker II, which we attribute to the for-
mation of lamellar-like structures [Fig. 4(c)]. Once the lamellae
form, the mechanical properties become highly directional
(Fig. S11, ESIt). In the direction perpendicular to the lamellae,
the ¢ increases significantly. Because the orientation of the
lamellae is random, isolating the effects of anisotropy in these
structures is challenging. Therefore, in the subsequent analy-
sis, we continue to average across all extension directions,
which might be regarded as an orientational average.

To better quantify the impact of chain stiffness and asso-
ciation scheme on mechanical properties, we computed ¢,
JYTE, and G for the linker-mediated nanoparticle assemblies.
To compare between the different models, we focused on
& = 10, which yielded similar magnitudes of stress for various
bending stiffnesses [Fig. 5(a)-(c)]. We found that linker I,
despite having the same length and self-interactions as the
ligands, produced nanoparticle assemblies with distinct mechan-
ical properties: the assemblies were more rigid (i.e., higher G) and
less stretchable (i.e., lower V™) compared to the ligand-mediated
nanoparticle assemblies, while exhibiting similar ultimate tensile
strength o™ at all k, values. As we have shown above, the
aggregation behavior of their linker-attaching beads is similar
[Fig. S9(b), ESIt]. Therefore, we attribute the differences in G and
A to the tendency of the nanoparticles to form clusters in the
linker-mediated nanoparticle assemblies” (Fig. S12 and Movies
S1-S6, ESIf), as well as the disruption of attractions between
surface sites and nanoparticle-attaching beads (Fig. S13, ESIY).
When flexible and semiflexible linker II (ie., ks < 6) were used,
the resulting assemblies were softer (lower G) and weaker (lower
¢V™) compared to both the linker I and ligand-mediated assem-
blies, but the extent to which they could be stretched, as indicated
by 2""E, fell in between that of linker I and the ligands, most likely
because of the longer chain length of linker II. This variation in
extension capability may also be related to the dispersion of the
nanoparticles. Visualization showed that the nanoparticles with
linkers tended to locally aggregate (Movies S1-S9, ESIT), reducing
the uniformity of the percolated network, which we hypothesize
may make it more susceptible to deformation than ligand-
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Fig. 5 (a) Shear modulus G, (b) ultimate tensile strength ¢V, and (c) its

corresponding strain AUTE of gels as functions of bending stiffness k, for
ligand-grafted (red), linker | mediated (blue), and linker Il mediated (green)
nanoparticle assemblies. These mechanical properties are extracted from
the strain—stress curves shown in Fig. 3 and 4, respectively. For the linked
nanoparticle assemblies, the properties are shown for linker-nanoparticle
attraction strength of ¢. = 10. Error bars represent the standard error of the
mean across independent simulations and extension directions.

mediated networks. For k; > 10, both ¢"™ and G of the linker
II systems increased rapidly due to the emergence of lamellar-like
structural ordering, which was also highlighted by the presence of
sharp peaks in S(g) (Fig. S14 and S15, ESIf). This lamellar
structure formed when there was sufficient attraction (¢, > 4)
between the rigid linker II chains and the nanoparticles (Fig. S16,
ESIt). Such ordered structures can exhibit high resistance to
tensile deformation before rupturing,® which is consistent with
the high values of ¢"™ and G for rigid linker II (also see Movies

$1-S9, EST+).

4 Conclusions

In this computational study, we investigated the phase behavior
and mechanical properties of gel-like nanoparticle assemblies
produced using associative polymers as either grafted ligands
or free linkers. In the ligand-mediated nanoparticle assemblies,
we found that sufficiently strong ligand-ligand attractions
produced percolated networks over a broad range of nanopar-
ticle volume fractions that gradually narrowed with increa-
sing ligand stiffness. Under uniaxial tensile deformation,
the strength and rigidity of these networks increased with
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increasing ligand stiffness, while the network stretchability
decreased. When we replaced the ligands with comparable free
linkers, the resulting nanoparticle assemblies displayed dis-
tinctly different mechanical properties. The linker-mediated
nanoparticle assemblies were more rigid and less stretchable,
irrespective of the bending stiffness, owing to the closely
packed arrangement of nanoparticles. Nevertheless, both lin-
ker- and ligand-mediated nanoparticle assemblies exhibited
comparable tensile strength. When the linker length was
doubled and association occurred only through linker-nano-
particle attractions, the assemblies became considerably softer,
weaker, and less stretchable compared to the ligand-mediated
assemblies. Our findings provide molecular-level insights into
how different polymer association schemes regulate, and hence
may be used to tune, the thermodynamics and mechanical
response of nanoparticle gels.
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