Probing the electrostatic aggregation of nanoparticles with
oppositely charged molecular ions

Jianxiang Huang', Damiano Buratto!, and Ruhong Zhou!

1Zhejiang University

November 21, 2022

Abstract

The co-assembly of charged nanoparticles with oppositely charged molecular ions has emerged as a promising technique in the
fabrication of nanoparticle superstructures. However, the underlying mechanism behind these molecular ions in mediating the
repulsion between these charged nanoparticles remains elusive. Herein, coarse-grained molecular dynamics simulations are used
to elucidate the effects of valency, shape and size of molecular anions on their co-assembly with gold nanoparticles coated with
positively charged ligands. The findings suggest that the valency, shape and size of molecular anions significantly influence the
repulsion and aggregating dynamics among these positively charged nanoparticles. Moreover, the free energy calculations reveal
that ring-shaped molecular anions with higher valencies and larger sizes are more effective at reducing the repulsion between
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Abstract

The co-assembly of charged nanoparticles with oppositely charged molecular ions has emerged as a promising
technique in the fabrication of nanoparticle superstructures. However, the underlying mechanism behind
these molecular ions in mediating the repulsion between these charged nanoparticles remains elusive. Herein,
coarse-grained molecular dynamics simulations are used to elucidate the effects of valency, shape and size of
molecular anions on their co-assembly with gold nanoparticles coated with positively charged ligands. The
findings suggest that the valency, shape and size of molecular anions significantly influence the repulsion and
aggregating dynamics among these positively charged nanoparticles. Moreover, the free energy calculations
reveal that ring-shaped molecular anions with higher valencies and larger sizes are more effective at reducing
the repulsion between these gold nanoparticles and thus enhance the stability of the aggregate. This study
contributes to a better understanding of the critical roles of valence, shape and size of ions in mediating the
electrostatic co-assembly of nanoparticles with oppositely charged ions and it also guides the future design
of DNA templates and DNA origami in co-assembly with oppositely charged nanoparticles.
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1| INTRODUCTION

The dynamic nature of the self-assembly of charged nanoparticles mediated by crucial interactions with co-
assembly partners affects a wide range of physical, chemical and biological properties, which leads to the for-
mation of both ordered and disordered superstructures.[!l For instance, spherical nanoparticles functionalized
with multiple charged ligands (also called superions) and nanoscale analogues of simple ions exhibit similar
behaviours in several ways.[?l These oppositely charged ‘superions’ can co-assemble into binary nanoparti-
cle crystals due to the electrostatic attractions and resemble the formation of salt crystals by oppositely
charged ions.I?* 3IDespite the extensive studies of the self-assembly of nanoparticles!*!, there is still critical
information missing on the co-assembly of charged nanoparticles with oppositely charged ions, such as the
effects of valency, shape and size of these superions. Very recently, Bian et al.*lreported that molecular ions
with as few as three electric charges can co-assemble with oppositely charged nanoparticles and effectively
induce attractions between charged nanoparticles in water. These interactions between molecular ions and
nanoparticles can remarkably modulate the formation of colloidal crystals. The Classical Derjaguin-Landau-
Verwey-Overbeek (DLVO) theoryl®ldivides the interactions between colloidal particles in solution into van
der Waals (attractive) and the electrostatic (repulsive) as a function of separation distance.’! The theory
has been widely adopted for the explanations of colloidal stability and rationalization of the forces acting
on colloidal particles. However, this theory is not readily applicable to charged nanoparticles due to the
non-additivity of nanoparticle interactions on the nanoscale.['® '®| In our study, a novel approach in the
fabrication of nanoparticle superstructures has been utilized. The explored mechanism of interactions be-
tween molecular ions and nanoparticles offers several applications in nanoscale synthesis and engineering of
nanoparticle superstructures.

Electrostatic interactions play a major role in the co-assembly of molecular ions and nanoparticles.[”l How-
ever, the detailed co-assembly mechanism of charged nanoparticles and oppositely charged molecular ions
remain to be elucidated. Herein, we focused on probing the electrostatic co-assembly mechanisms of charged
nanoparticles and oppositely charged molecular ions. The study depicts the effects of valency, shape and
size of molecular ions on this co-assembly. Previously, Bian et al.?°l reported the molecular dynamics
simulations (MD) of trimethyl (mercaptoundecyl) ammonium (TMA)-coated gold nanoparticles (denoted
as Au-TMA nanoparticles) and citrates using coarse-grained (CG) Martini 2 force fieldl®). However, the
methodology deployed was an implicit solvent method for the MD simulation. Such, implicit solvent mod-
els may not accurately calculate solvation and sufficiently describe the electrostatic interactions between
Au-TMA nanoparticles and citrates.l! In contrast, we adopted the new Martini 3 force field'° and the
corresponding water model. The explicit water environment is considered more accurate and realistic than
the implicit solvent model for the depiction of electrostatic interactions.[" 11l Moreover, the Martini 3 force
field shows significant improvements and offers broader applications over the Martini 2 force field.!*%: 12|

In our study we performed coarse-grained molecular dynamics (CGMD) simulations of Au-TMA nanoparti-
cles with a gold core diameter of 4.9 nm and phosphoric anions. We used a series of phosphoric anions with
different valences for the depiction of co-assembly with Au-TMA nanoparticles. The anions used in the study
included dihydrogen phosphate (P1°), hydrogen phosphate (P1-2), trimetaphosphate (P3-%), pyrophosphate
(P2), tetraphosphate (P4%) and hexametaphosphate (P6). These anions are denoted as Pn™, where n is
the number of phosphates and m is the net electrical charge. The previous study by Bian et al.*°l suggests
P33, P2* and P66 anions as effective candidates in mediating attractions between Au-TMA nanoparticles.
We speculated that P33 and P24 anions are comparable, with the P33 anion having a slightly larger molec-
ular size and lower charge density than the P2°* anion. Moreover, the P46 anion was used as a reference
to P69 due to its equal charge despite having a smaller molecular size. Similarly, P24 and P4°® anions as
linear molecular anions while P33 and P6-®anions as ring-shaped. In our study, we mainly utilized P1- and
P12 anions due to their relatively low valences. The selection of these molecular anions was then followed
by a systematic investigation of the effects of several parameters including valency, shape and size of these



molecular anions on their electrostatic co-assembly with Au-TMA nanoparticles. Moreover, the selected
phosphoric anions are particularly interesting as they are related to the phosphoric acid backbone of the
DNAs. Therefore, the co-assembly of phosphoric anions and gold nanoparticles in this study may serve as a
motivation for designing the DN A-based nanostructures, such as DNA templates and DNA origami, for their
co-assembly with the positively charged gold nanoparticles into highly ordered superstructures, as reported
by previous experimental studies.[!3]

Our results mainly suggest that P!~ and P12 anions with electric charges less than three may not mediate
sufficient attractions between Au-TMA nanoparticles. However, molecular anions with higher electric charges
(i.e., P33, P24 P4%and P6) successfully induce the aggregations of Au-TMA nanoparticles. Furthermore,
the size and shape of anions have great influences on the distribution and dynamics of adsorbed anions and
the dynamics of nanoparticle aggregates. Our study emphasizes that the valency, shape and size of molecular
anions are important factors in mediating attractions between the Au-TMA nanoparticles. These important
findings also pave the way to provide future guidance for the design of DNA templates and DNA origami
co-assembling with positively charged nanoparticles.

2 | RESULTS AND DISCUSSION
2.1 | Interactions between positively charged Au-TMA nanoparticles and molecular anions

Detailed models of Au-TMA nanoparticle and phosphoric anions are shown in Figure 1A and Figure 1B,
respectively. The model-building methodology of Au-TMA nanoparticle and phosphoric anions are provided
in the Supporting Information. To evaluate the potential interactions, we performed MD simulations of Au-
TMA nanoparticles and a series of phosphoric anions. Initially, two Au-TMA nanoparticles and phosphoric
anions were randomly distributed. Figure 1C shows the final structures of the P1-, P12, P33 and P2
systems after the MD simulations. The results show that the two Au-TMA nanoparticles stay separated
from each other in the P1- and P12 systems while clustered in the P33 and P2 systems (Figure 1C).

To quantitively monitor the aggregations of Au-TMA nanoparticles, the centre-of-mass (COM) distance be-
tween the two gold cores were calculated for all these four systems. During the MD simulations, the distance
between the nanoparticle fluctuated for the P1- and P12 systems, indicating the presence of dominant elec-
trostatic repulsions between the two Au-TMA nanoparticles (Figure 1D). In contrast, the two equally charged
Au-TMA nanoparticles in the P3-3 and P2 systems agglomerated at ~850 ns and ~50 ns, respectively. The
aggregates formed in both systems remained stable during the rest of the simulations maintaining a COM
distance of 8.5 nm. This result showed that both P33 and P4°® anions can mediate efficient attractions
between Au-TMA nanoparticles and were consistent with previous experimental findings!°.

Since the attractions between Au-TMA nanoparticles are associated with negative charges in the interfaces,
it is essential to compute the negative charge near the contact interface of the Au-TMA nanoparticles. We
adopted a cutoff distance of 1.5 nm and counted the number of negative charges of the anions within a
diameter of 71.5 nm around the two Au-TMA nanoparticles. Consistent with the fluctuations of inter-
nanoparticle distance in the P1- and the P12 systems (Figure 1D), the negative interface charge of the two
analyzed systems also fluctuated with the charge number less than 40 (Figure 1E). Interestingly, the negative
interface charges reached ~85 for both the P3-3and P4°¢ systems after the aggregation of the two Au-TMA
nanoparticles. This indicates that interfacial P33 and P4°% anions produce close electrostatic attractions
with the Au-TMA nanoparticles.
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FIGURE 1 MD simulations of Au-TMA nanoparticles and four molecular anions (P17, P12, P33 and
P24). Demonstrating the all-atomic (AA) model of the Au-TMA nanoparticle with 384 TMA ligands (left
panel), the mapping of the TMA ligand to four CG beads (middle panel) and a snapshot of the Martini CG
model of the Au-TMA nanoparticle (right panel) (A). In the AA model of the Au-TMA nanoparticle, gold
atoms are shown as yellow spheres and the TMA ligands are shown as sticks. Carbon, nitrogen and sulfur
atoms are shown in cyan, blue and brown, respectively. Hydrogen atoms are omitted for clarity. In the CG
model of the Au-TMA nanoparticle, the TMA ligands are represented by one positively charged bead and
three neutral beads (also see Figure S4A), and the CG TMA ligands are shown as sticks. The positively
charged bead is shown in blue while the other three neutral beads are shown in cyan. Martini mapping
of P17, P12, P33, P24, P4%and P67 anions is also presented (B). Whereas, the CG beads of P17, P12
P33, P24, P4%nd P6° anions are shown as semi-transparent grey, pink, red, purple, magenta and orange
spheres, respectively. Final configurations of the P1-, P12, P3 and P2 systems (C). The P1- and the
P12 anions are shown in grey and pink spheres, respectively. The P33 and P2 anions are shown in red
and purple sticks, respectively. All the anions within 1 nm distance from the Au-TMA nanoparticle surface
is shown while sodium ions and water beads are not revealed for clarity. Time evolution of COM distances
between Au-TMA nanoparticles for the four systems is also demonstrated (D) whereas the COM distance is
measured by the COMs of the two gold cores. The time evolution of negative interface charge for the four



systems (E). The interface region defined in the demonstrations is measured as space within 1.5 nm around
the two Au-TMA nanoparticles.

Next, we studied the co-assembly of Au-TMA nanoparticles with molecular anions featured with six negative
charges (i.e., P4%and P6). The previous analyses of Au-TMA nanoparticle aggregation in the P1-, P12
P33 and P2 systems were also performed in the P48 and P6¢ systems. Interestingly, the COM distance
of the P46 system converged rapidly to ~8.5 nm (Figure 2A) and was close to the results of the P2 and
P3-3systems (Figure 1D). However, the COM distance of the P67 system reached ~9.5 nm at ~350 ns and
remained steadfast indicating stable aggregations of Au-TMA nanoparticles. Moreover, the final structures
at the end of MD simulations demonstrated a close association between Au-TMA nanoparticles in P46 and
relatively loose contacts of Au-TMA nanoparticles in the P67 systems (inset of Figure 2A). We speculate
that this is due to the fact that P4 is a linear-shaped anion consisting of four beads while P67 is a ring-
shaped anion with six beads. Therefore, the charge density of the P4°% anion is higher than that of the P6¢
anion and contains fewer beads. Despite both the P46 and P67 anions having the same number of negative
charges they still maintain differences in molecular shapes and sizes. This may be the main responsible factor
for obtaining the different COM distances between Au-TMA nanoparticles (more discussion below).
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FIGURE 2 MD simulations of Au-TMA nanoparticles and molecular anions featured six negative charges
(P45 and P6°). Time evolution of COM distance between Au-TMA nanoparticles in the P4¢ and
P6Ssystems. Final configurations of P4°% and P676 systems after MD simulations are also demonstrated. The
P45 and P6%anions are shown in magenta and orange sticks, respectively. (A). Time evolution of negative
interface charge for the P4%and P67 systems (B). The different Stages including/ , II and III separated by
orange dashed lines.

We further calculated the negative charges near the contact interface of the Au-TMA nanoparticles in P46
and P66 systems. Because of the slightly larger COM distance of Au-TMA nanoparticles in the P6¢ system
than that of the P46 system (Figure 2A), we adopted a cutoff distance of 2 nm for the calculations of
negative interface charges. The results show a rapid increase in the number of negative interface charges in
the P46 system while remaining steady at ~150. This indicates that the equilibrium state is attained quickly
after the aggregation of the two Au-TMA nanoparticles (Figure 2B). On the other hand, we observed that
the number of negative interface charges as a function of time in the P6 system, could be divided into three
stages. Stagel corresponds to the sharp increase to ~150 charges during the first “300 ns and remaining
steady until 700 ns. This first stage indicated the encounter of Au-TMA nanoparticles and the formation
of a metastable state. However, the number of negative interface charges increased gradually to ~200 until
71300 ns defining the stagelIl (from ~700 ns to 1300 ns). This second stage is suggesting aggregation of
P6-%anions in the interfacial region. Finally, Stage III is considered as the equilibrium stage occurring after
71300 ns where the number of negative interface charges remained steady. All the representative snapshots



of these three stages are shown in Figure S8. Furthermore, higher negative interface charges in the P6
system (7200) were observed as compared to the P47¢ system (7150) during the final equilibrium stage.
These results suggested the presence of stronger electrostatic attractions in the interfacial P6¢ than those
of the interfacial P46 anions towards the Au-TMA nanoparticles.

These MD simulations predominantly revealed that the negatively charged phosphoric anions are attracted by
the positively charged Au-TMA nanoparticles due to the presence of the electrostatic attractions. Meanwhile,
anions diffuse more quickly than Au-TMA nanoparticles due to their significant smaller sizes. Moreover,
the attained dynamic equilibrium of adsorption and desorption of anions on the Au-TMA nanoparticles
is crucial. These anion densities near the Au-TMA nanoparticle surface play critical roles in mediating
the aggregations of Au-TMA nanoparticles. The surface anion densities are influenced by the valency of
molecular anion as it determines the electrostatic attraction strength with the positively charged Au-TMA
nanoparticles according to Coulomb’s law (more discussion below).

2.2 | Structural analysis of aggregates formed by Au-TMA nanoparticles and ions

Our results showed that P24, P33P4% and P6°® anions can mediate effective aggregations of Au-TMA
nanoparticles. We further evaluated the potentially important role of sodium ions in these aggregations.
This was performed by comparing the positive interface charge which consisted of sodium ions in our four
systems (Figure 3A). Our results suggested a higher number of interface charges of the P33 system (716) as
compared to the positive interface charge of the P2* system (~8). Interestingly, this observation with higher
charges of P24 than the P33 anion indicated that the number of positive interface charges may correlate
with the anion size and shape. Furthermore, we also found more (750) cations in the interfacial regions of
the P67 system as compared to the P40 system (724) during the equilibrium stage (i.e., after ~300 ns). This
evidence further showed that the anion shape and size sustain influence on the interfacial ion distributions.
Figure 3B shows the representative detailed snapshots of the interfacial regions of the P33, P24, P4%and
P69 systems.

Similarly, the positive interface charge results were also consistent with the calculated COM distances of
Au-TMA nanoparticles. The COM distances of Au-TMA nanoparticles during the aggregations were found
comparable (78.5 nm, see Figures 1C and 2B). This is in agreement with the smaller number of sodium
ions in the interfacial regions for P33, P2* and P46 systems (Figure 4). Meanwhile, the COM distance of
Au-TMA nanoparticles was relatively large (79.5nm, see Figure 2B) due to the significantly higher positive
interface charge of the P66 system (Figure 3).
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FIGURE 3 The sodium cations in the interface regions of Au-TMA nanoparticles. The time evolution
of positive interface charge for the P24, P32 P4%and P6¢ systems (A). The contact interface region was
demonstrated as space within a cutoff distance of 1.5 nm around the two Au-TMA nanoparticles. Snapshots
of the detailed interface regions of the P24, P33, P4%and P6° systems (B). Whereas, the green spheres
represent sodium ions.



In the next analysis, we systematically compared the electrostatic interactions in the aggregates by calculating
the charge densities among the four tested systems. The charge distributions were calculated by summing
the number of charges as a function of the distance from the surfaces of the two gold cores over the last 1500
ns of MD simulations. It is important to notice that the initial peaks of the charge density at 1.5 nm for
the four systems correspond to the positive charges of TMA ligands (Figure 4A). During this analysis, the
peak heights of P2"* and P3 3systems observed are lower than those of P46 and P66 systems which may be
attributed to the smaller sizes of P2* and P33 anions. The smaller sizes of these anions also enabled them
to partially penetrate the coating layer of TMA ligands and cause neutralization of the positive charges in
these ligands.

As the positive charges of TMA ligands are further neutralized by the charges of anions, we also observed
valleys for the charge density of these four systems. It can be described as charge reversal at the interface
of Au-TMA nanoparticles. A detailed examination suggests that the valley positions are in the order of
P24 <P33<P4%<P66, which can be attributed mainly to the increase in anion sizes. Meanwhile, the depths
of the valleys are in the same order and correspond to an increase in negative charges near the surface of
Au-TMA nanoparticles. It can be inferred that the electrostatic attractions between Au-TMA nanoparticles
and surface anions are in the same order of P24<P33<P4%<P6°. Final snapshots of systems at the end
of the MD simulation are demonstrated in Figure 4B. In comparison with the P2-*and P33 systems, the
P45 and P66 systems showed much fewer anions in the solutions, especially for the P6¢ system. This also
employs that the molecular anions absorbed onto the Au-TMA nanoparticles reverse the surface charge from
positive to negative and allow sodium ions further attracted towards the surface of Au-TMA nanoparticles.
It is then followed by the appearance of second peaks representing charge accumulations observed at 2.2
nm. Interestingly, the heights of the second peaks were in the similar order of P24<P33<P46<P66. It
also consistently indicates an order of electrostatic attractions between surface molecular anions and nearby
cations.
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FIGURE 4 The charge distribution of aggregates formed by Au-TMA nanoparticles and anions (A). The
grey dashed line marks the position of zero net charge density. Snapshots of the final structure of the P24,
P33, P4%and P67 systems (B). The simulation boxes are represented as black lines.

2.3 | Distributions and fluctuations of anions on the surface of Au-TMA nanoparticles

We analyzed the distribution of anions on the Au-TMA nanoparticles for the P24, P33, P46 and P6
systems. The symmetrical aggregates formed by the two Au-TMA nanoparticles were inspected by consid-
ering two variables (i.e., DIST andRmin ) as performed in a previous studyl®®l. The analysis was aimed to
characterize the positions of anions on the surface of Au-TMA nanoparticles. Herein, the two gold cores are
denoted as I and II , respectively. The distribution of each anion on the Au-TMA nanoparticles was calcu-
lated by its distance to the COMs of the gold core I and IT (denoted ad Dist(I) and Dist(II) , respectively).
The variables DIST andRmin are defined as the absolute difference and minimum ofDist(I) and Dist(II)



, respectively (Figure 5A).The variable DIST characterizes the anion positions on the two nanoparticles,
whereas Rmin indicates the radial distance to the closer Au-TMA nanoparticle.

We calculated the probabilities of anions distributions on the Au-TMA nanoparticles in the P24, P33, P46
and P66 systems as a function of DIST and Rmin over the last 1500 ns of MD simulations. The probability
of anions distribution was firstly normalized by the number of anions in each system. This was necessary
because of the higher number of anions in the P33 ad P2™* systems than those in the P4%and P67 systems
(see Table S4). We found that the P33 anions were distributed mostly on the nanoparticle with DIST values
greater than 2.5 nm while the P24 anions were located mainly on the nanoparticle with DIST values greater
than 3.5 nm (Figure 5B). Meanwhile, as compared to the Rmin distributions of the P3-3system, the Rmin
distribution of the P24system was found wider with an obvious difference of Rmin~4. This result implies
TMA ligands specific higher penetration of P2"* anions in contrast to P33 anions and may be contributed
by the smaller size of P24 anions. On the other hand, the distributions of P4® and P66 on the Au-TMA
nanoparticles were denser. This is consistent with the previous finding of strong electrostatic interactions
between anions featured with six negative charges and Au-TMA nanoparticles. Meanwhile, the distributions
of P46 and P66 on the Au-TMA nanoparticles were found quite similar except for barely seen distributions
of P66 anions in proximity to the interface of the two nanoparticles (i.e., the DIST close to zero). This may
be attributed to the larger COM distance of Au-TMA nanoparticles in the P67 system and aggregation of
the interface region with sodium ions and P6 anions (see Figures 2B and 3B).

Furthermore, we characterized the anions into three classes based on its dynamics on the nanoparticles and
in the solution. The anion in the solution was the first class subjected to this analysis (Figure 5C). Herein, we
adopted a DIST criterion of 2 nm to further classify the two other classes of anions (interface and outer) on
the nanoparticles based upon the anion distribution results (Figure 5B). Finally, the anions on the Au-TMA
nanoparticle surfaces with DIST greater than 2.0 (pink) and DIST equal to or less than 2 nm (green) were
classified as interface anions (the second class) while others as outer anions (the third class), respectively.

We further calculated the transition probabilities of these three regions during the last 1500 ns of MD
simulations. We found that anions in the solutions and the outer regions were quite stable for all the four
systems (Figure 5D). Notably, the anion transition between outer anions and interface anions in the P2
system was more dynamic than that of the P33 system. Similarly, the transition between outer anions and
interface anions was more dynamic in the P49 system than that in the P6 system. Interestingly, close
transition probabilities of outer anions and interface anions were observed for the P33 and P46 systems.
These comparisons briefly summarize that the increase in anion charge mainly reduce the dynamics of anion
transitions. In a similar way, the detailed analysis also employs that the ring structure and larger size of
anions reduce the dynamics of anion transitions in contrast to the linear ones with smaller sizes.
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FIGURE 5 The anions distribution on the Au-TMA nanoparticles and transition probability matrices.
Scheme for the definitions of variables DIST and Rmin (A). The two gold cores are denoted as I and II ,
respectively. Whereas, each anion on the Au-TMA nanoparticles calculated by its distance to the COMs
of gold core I and II are presented (denoted ad Dist(I) andDist(II) , respectively). The variables DIST
and Rmin demonstrate the absolute difference and minimum of theseDist(I) and Dist(II) , respectively. The
probabilities of anions distributions on the Au-TMA nanoparticles as a function of DIST and Rmin are also
shown (B). The schematic representation of the three anion classes (C). Whereas, anions in the solutions
belonging to the first class are shown in grey. The anions on the Au-TMA nanoparticle surfaces with DIST
greater than 2.0 (shown as pink) and DIST equal to or less than 2 nm (shown as green) are classified into
interface anions (the second class) and outer anions (the third class), respectively. The transition matrix
of anions in the P24, P33, P4°% and P67 systems with demonstrated transitions between the three regions
obtained from the last 1500 ns of MD simulations (D). The grey, pink and red squares denote anions in the
solution, outer anions and interface anions, respectively. Whereas, the sum of each vertical column equals
one.



2.4 | Dynamics of Au-TMA nanoparticles

In our last analysis, we measured the effects of molecular anions on the dynamics of Au-TMA nanoparticles in
these aggregates. This was performed by estimations of the relative rotation of two Au-TMA nanoparticles.
Herein, the relative rotation of Au-TMA nanoparticles was calculated by using one Au-TMA nanoparticle
as the reference. The analysis was performed over the last 1500 ns of MD simulations with a time interval
of 4 ns (Figure 6A). In comparison with the rotation angle of the P24 system, the rotation angle of the
P33 system was significantly smaller which indicated a more dynamic rotation of Au-TMA nanoparticles in
the P24 system (Figure 6B). This may be potentially contributed by the higher charge density and smaller
anion size of the P2# anion. On the other hand, the dynamics of the P2 anions in the interface region
were found higher than the interface of anions in the P33 system (see Figure 5D). This may be attributed
to a lower rotational barrier of Au-TMA nanoparticles in the P24 systems than that of the P33 system.
However, the rotation angle of the P33 system is close to that of the P4 system. Interestingly, close
proximity transition probabilities involving anions in the interface region for both P33 and P4 systems
were also observed (see Figure 5D). The data infers that the linear-shaped P4 anion with higher charge
density matches the dynamics properties of the P33 anion because of its stronger interaction with Au-
TMA nanoparticles. Moreover, the rotation angle in the P67 system was much smaller than that of the
P46 system and consistent with the transition probability of these two systems. We speculate that the
interfacial aggregates formed by P66 anions and sodium ions present a significant rotational barrier to the
rotation of Au-TMA nanoparticles. We propose this effect to significantly reduce the dynamics of Au-TMA
nanoparticles within the aggregate.
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FIGURE 6 Rotation angles of the two Au-TMA nanoparticles in the aggregates. Scheme for the definition
of the rotation angle (A) and the results of rotation angles in the P24, P33, P46 and P67 systems calculated
over the last 1500 ns of MD simulations (B). The time interval of the trajectories is 4 ns. The error bar denotes
the standard deviations. The PMF profiles of P24, P33, P4%and P66 systems along the reaction coordinates
were calculated as the distance between the COMs of the two gold cores of the Au-TMA nanoparticles (C).

Hence, the molecular anions play a significant role in mediating the aggregations of Au-TMA nanoparti-
cles and are referred as “ionic glues”['*l. We further evaluated the interactions between the two Au-TMA
nanoparticles by calculating the potential of mean force (PMF) profile. This was performed by analyzing the
distance between the COMs of the two gold cores in the Au-TMA nanoparticles as the reaction coordinate.
The results suggested a higher disassociation free energy barrier in the P46 and P66 systems as compared to
the P33and P2 systems. Specifically, the disassociation free energy barrier of P33 was found slightly lower
than that of P24 system despite a higher electric charge (Figure 6C). In comparison, the PMF profile of
the P6°¢ system showed a significantly larger disassociation free energy barrier than the P4-®system. These
observations further emphasized the critical roles of the shape and size of these anions in mediating the
aggregation of Au-TMA nanoparticles.

Based on the overall results, we speculate two folds effect of anion size and shape on these aggregations.
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Notably, the effects of anion ring structures (P33 and P67¢) are associated with their relative low configura-
tion entropies. It may also serve as a major contributor in altering electrostatic interaction with Au-TMA
nanoparticles and sodium ions. This effect resembles the configurational entropy loss, where the ligand is
rigidified in the classic ligand-protein binding. This configuration entropy loss of ligand is favorable for its
binding to protein'®!. On the other hand, the effects of molecular size can be interpreted as the distributed
charges being superior to collected charges in adsorbing onto the Au-TMA nanoparticles. Molecular anions
with more distributed charges (P33 and P6°) can adsorb efficiently onto Au-TMA nanoparticles. This
infers stronger electrostatic interactions with Au-TMA nanoparticles (see Figure 4A) and further promotes
the adhesions between Au-TMA nanoparticles.

3 | Conclusion

In this work, we mainly studied the effects of valency, shape and size of molecular anions on their co-assembly
with the positively charged Au-TMA nanoparticles. The results of COM distance of gold cores showed that
anions with charges greater or equal to three serve as effective “ionic glues”['4! to the Au-TMA nanoparticles
in consistence with the previous experimental findings(?!. Furthermore, the charge density calculations
suggested that ring-structured P33 anion with a larger size can more efficiently reverse the surface charge
density from positive to negative and has a lower transition probability in the interface region as compared
to the linear P2 %anion. Similar observations were evident from comparison of the linear P46 anion and the
ring-structured P6% anion with a larger size. These findings suggested that ring structures and large sizes of
the anions facilitates the interactions with Au-TMA nanoparticles and reduces the electrostatic repulsions
between Au-TMA nanoparticles. Consistently, the PMF profiles revealed that the disassociation free energy
tends to increase as anion valency increases. In our results, the P6¢ system showed a significantly larger
disassociation free energy barrier than the P46 system. These findings suggested the critical roles of the
shape and size of an anion in mediating the aggregation of Au-TMA nanoparticles. Furthermore, these
Au-TMA nanoparticles in the P6 system show relatively low rotational dynamics but higher dissociation
free energy. However, aggregates are formed by sodium ions and P67% anions in the highly curved interface
regions of Au-TMA nanoparticles mediated by strong electrostatic attractions between sodium ions and
P6%anions. These observations mainly attribute to the combination of the high valency, ring structure and
large size of P6%anions. Our performed study emphasizes that the valency, shape and size of molecular
anions are important factors in mediating attractions between the Au-TMA nanoparticles.

The potential future implication may be based on the P6% system with augmented inter-particle distance
due to increased ion size. This property may aid as a potential method to fine-tune the lattice parameters
of electrostatic co-assembly formed by charged nanoparticles and oppositely charge molecular ions!'®!. Fur-
thermore, the phosphoric anions related to the phosphate backbones of DNA may also be useful. Previously,
DNA and DNA origami have been widely adopted as templates in nanoparticle assembly or co-assembly
with nanoparticlel!”l. Therefore, designing DNA-based nanostructures, such as DNA templates and DNA
origami, for their co-assembly with positively charged gold nanoparticles into highly ordered superstructures
may be inspired by the findings of the current study.
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