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Abstract

Dendrimers provide a means to control the synthesis of gold nanoparticles and stabilize their
suspensions. However, design of improved dendrimers for this application is hindered by a
lack of understanding how the dendrimers and synthesis conditions determine nanoparticle
morphology and suspension stability. In the present work, we evaluate the effect of
polyamidoamine (PAMAM) dendrimers terminated with different functional groups (-OH or
—NHs*) and different synthesis conditions on the morphology of the resulting gold
nanoparticles and their stability in solution. We leverage molecular dynamics simulations to
identify the atomic interactions that underlie adsorption of PAMAM dendrimers to gold
surface and how the thermodynamics of this adsorption depends on the terminal functional
groups of the dendrimers. We find that gold nanoparticles formed with hydroxyl-terminated
PAMAM (PAMAM-OH) rapidly aggregate, while those formed with PAMAM-NH3" are stable
in solution for months of storage. Synthesis under ultrasound sonication is shown to be more
rapid than under agitation, with sonication producing smaller nanoparticles. Free-energy
calculations in molecular dynamics simulations show that all dendrimers have a high affinity
for the gold surface, although PAMAM—-OH and its oxidized aldehyde form (PAMAM—-CHO)
have a greater affinity for the nanoparticle surface than PAMAM—-NHs*. While adsorption of
PAMAM-OH and PAMAM-CHO has both favorable entropy and enthalpy, adsorption of
PAMAM-NHz3" is driven by a strong enthalpic component subject to an unfavorable entropic
component.
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Introduction

Metal nanoparticles have attracted great interest because of their use in a wide range of
applications such as medicine’, microelectronics?, catalysis® and biotechnology*. Due to
their high surface-area-to-volume ratios, the physicochemical properties of nanoparticles
strongly depend on their size and morphology, in contrast to bulk materials®’. Some
nanosized catalysts have a strong tendency to agglomerate, diminishing their utility®.
Stabilizers based on polymers, surfactants and chelating agents serve to attenuate their
propensity to agglomerate®, acting as “armor” around the metal nanoparticles. Dendrimers
have been shown to serve as patterns for synthesis and stabilizers of metal nanoparticles™.
These hyper-branched polymers are globular nanoscale macromolecules characterized by
a strictly controlled structure, definite molecular weight, near monodispersity, and
biocompatibility’’. They have a branched structure, consisting of a core, a controllable
number of branching levels and terminal functional groups'?. Polyamidoamine (PAMAM)
dendrimers are an important class of dendrimers with repeating amide functionalities,
tertiary amines at the branching points and primary amines at the termini of the branches,
and have been used with increasing frequency in the synthesis of nanoparticles'. At neutral
pH, primary external amines typically remain protonated''S, allowing nonspecific ionic
interaction with biological and inorganic interphases' 6. The termini of the branches of
PAMAM type dendrimers can also be functionalized with other chemical groups such as
carboxylic acids or hydroxyls, which may impact the reactivity and solubility of the polymer.

Among the different sizes of dendrimers, generation 4 has been reported to be an
excellent platform for the synthesis of different type of nanoparticles such as Pt'", Pd'® and
Cu'. Gold nanoparticles have also attracted wide attention in different fields mainly because
of its chemical inertness'®, facile synthesis?*?!, and biocompatibility??>. To date, the main
subject of several studies has been the production of stable gold nanoparticles in the
presence of PAMAM dendrimers?*24, Both PAMAM G4-NHs;* (PAMAM-NH3*) and —OH
(PAMAM—-OH) have been successfully applied for the synthesis of gold nanoparticles with
sizes starting from approximately 2 nm?.

Different methods for the synthesis of gold nanoparticles have been developed. In
the case of the dendrimer-assisted synthesis, the most common methodology involves the
application of a gold salt like HAuCls, which is mixed with the dendrimer in aqueous solution
to enable the interaction between gold and the coordination sites of the polymer. The
complexation starts with the interaction of the AuCls~ ions with the terminal groups of the

dendrimer? through electrostatic interactions, covalent bonds formation, and/or physical



complexation®”-2, displacing water molecules coordinated to the terminal sites. After mixing,
a reducing agent like ascorbic acid, sodium citrate or sodium borohydride is added to reduce
the Au(lll) centers to metallic gold, as the following semi-reaction represents:

AuCls+ 3e~ — Au + 4CI (1)

Dendrimers of different generations can be applied as patterns for the synthesis of
gold nanoparticles. High generation dendrimers (G5 and above) have densely packed
branches and take on a roughly spherical shape, while lower generation dendrimers (GO-
G4) adopt more disc-like conformations with interior solvent-filled voids. Major differences
have been found in the mechanism of nanoparticle stabilization by higher and lower
generation dendrimers. Previous studies reported that higher generations adopt a globular
three-dimensional structure, providing internal coordination sites that can act as an effective
protective shell for the formation of nanoparticles inside the dendrimer?®. On the other hand,
lower generation dendrimers (G0—G4) stabilize gold nanoparticles by forming a coordination
shell of multiple dendrimer molecules around the nascent nanoparticles®*%, as Figure 1
schematically illustrates. Nanoparticles are first formed at the surface of the dendrimer and

are subsequently capped by contact with multiple dendrimer molecules.
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Figure 1: Schematic synthesis of gold nanoparticles using PAMAM G4.
—NH;5*" or -OH in PAMAM-NH;* and PAMAM-OH, respectively.

The effect of PAMAM surface end groups on the architecture of the nanoparticles
has been also investigated®. Gold nanoparticles synthesized in the presence of PAMAM-
OH are more prone to aggregation than those stabilized by PAMAM-NH3*’, due to the
premature reduction of AuCls~ions®. Nanoparticles synthetized with PAMAM-OH coalesce
almost instantaneously after formation, showing low stability in comparison to PAMAM—
NH;*3°. Esumi and coworkers described the strong capacity of hydroxyl-modified dendrimers

to spontaneously reduce metals without the addition of any reducing agent*®. These “sugar



ball” dendrimers showed an ability to reduce Au(lll) to metal nanoclusters through the
several —OH terminal groups that were thereby oxidized to aldehydes.

Currently, there is a lack of understanding of the atomic level interactions that give
different terminal groups their capacities for gold nanoparticle stabilization, impeding the
rational design of improved stabilizers. Hence, here we perform experiments to compare the
action of PAMAM-NH3z* and PAMAM-OH dendrimers as stabilizers in gold nanoparticle
synthesis, leveraging molecular dynamics simulation to reveal the interaction between gold

nanoparticles and these dendrimers at the atomic level.

Experimental

Reagents

Reagents were of analytical grade of the highest commercially available purity and were
used as received. Fourth generation amino (PAMAM-NH3*) and hydroxyl terminated
(PAMAM-OH) PAMAM dendrimers with an ethylenediamine core were purchased from
Sigma-Aldrich as a 10% solution in methanol. Gold (Ill) chloride hydrate, HAuCls-3H20, was
purchased from Sigma-Aldrich. Trisodium citrate dihydrate was obtained from Merck.
Solutions were prepared with ultrapure water of resistivity not less than 18 MQ cm (Milli-Q,
USA).

Synthesis of Dendrimer-Encapsulated Au Nanoclusters

The preparation of the gold nanoparticles with the hydroxyl terminated PAMAM (PAMAM—
OHJAu) and similar nanoparticles with the amino terminated dendrimer (PAMAM—-NH3*|Au)
was performed according to the literature with some modifications*'. Most of the studies
have employed stirring procedures for the synthesis. In the present work, two methodologies
of syntheses were applied: magnetic stirring and ultrasound sonication using an Elmasonic
S30H ultrasound bath. Briefly, 0.5 mL PAMAM (0.1 mM) was stirred (40 min) or sonicated
in an Eppendorf tube (10 min) with 0.5 mL of HAuCls. Different gold concentrations were
selected to study the effect on the particle size. The selected gold concentrations were
between 0.3 and 2.4 mM. Then, the reducing agent, 0.5 mL of sodium citrate with a
concentration equal to the gold concentration used for each sample, was added to the
resulting mixture. The mixtures were stirred for 4 hours or sonicated for 30 min. Beakers and

Eppendorf tubes were covered with aluminum foil to avoid gold salt decomposition by light.



Characterization was made immediately after the end of the synthesis by UV-vis

spectroscopy.

Characterization

UV-visible spectra were recorded with a Jasco V-630 UV-visible spectrophotometer. All
measurements were taken at room temperature. High Resolution Scanning electron
microscopy (HR-SEM) was carried out using a FEI equipment model INSPECT-F50. Atomic

force microscopy (AFM) was performed with a Bruker, Innova AFM.

Construction of Atomistic Models

In order to study the structural interaction between PAMAM-NH;*and PAMAM-OH and gold
nanoparticles, molecular models were constructed using the program VMD 1.9.2%2
Considering the experimental evidence related to the spontaneous oxidation of the hydroxyl
terminal groups of PAMAM—-OH to aldehydes in the presence of Au(lll), the oxidized species,
PAMAM-CHO, was also considered in the simulations. To reduce the computational
expense and obtain sufficient sampling, we used PAMAM GO as a model for PAMAM G4.
Although the surface of PAMAM G4 has a higher density of terminal groups than PAMAM
GO, the identical chemical nature of the terminal groups of the two dendrimers suggests that
simulations with GO should be sufficient to identify particular interactions and their strength.
Atomic interaction parameters for PAMAM—-NH3;*, PAMAM-OH, and PAMAM-CHO were
obtained consistent with the CHARMM General Force Field (CGenFF)* using the
ParamChem website (http://www.paramchem.org)**#®. Conventional classical MD is
incapable of reproducing protonation and deprotonation of certain groups during the
simulation. Although simulation methods for constant pH ensembles exist, they introduce
many practical difficulties in performing the simulations. Therefore, to approximate
experimental conditions, each one of the 4 terminal amines in the molecular model of the
dendrimer was set to a positive charge of +1e (PAMAM-NH3").

The gold nanoparticle was approximated as a gold {111} surface (6.25%6.25 nm?),
constructed with a lattice parameter of 2.93 A%, according to the model reported previously
by Wright and coworkers*’ based on first-principles calculations. The Wright model includes
dynamic polarization of gold atoms, represented by virtual particles that are fixed to each
gold atom and reorient according to changes in the local electric field, as well as virtual
interaction sites to ensure the adsorption of species on top of the gold {111} surface atoms

rather than in their interstices. Gold atoms were assigned with a charge of —0.300e, while



the virtual particles carried the opposite charge. The simulation box was periodic along all
three axes and was built taking into account the gold surface dimension, placing water
molecules below and above the gold layer to give an equilibrium height of approximately 6

nm along the z axis, as Figure 2a shows.

Molecular Dynamics (MD) Simulations

MD simulations were run using an isobaric-isothermal (NPT) ensemble, where the number
of particles, the pressure and the temperature were held constant, using the computational
code NAMD 2.1148, A Langevin thermostat was employed to keep a mean temperature of
300 K, and the Langevin piston*® method was used to maintain a mean pressure of 1 atm
(101.325 kPa). Non-bonded interactions were calculated using particle-mesh Ewald full
electrostatics® (grid spacing < 1.2 A). Long- and short-range electrostatic interactions were
calculated every 2 steps using a multiple-time stepping scheme. A smooth 0.8—0.9 nm cutoff
of van der Waals forces was employed. The TIP3P water model®' standard to the CHARMM
force field®?5% was used. The equations of motion were integrated with a 2.0 fs time step,
with SETTLE® and RATTLE®® algorithms used to constrain the geometry of the water
molecules and the length of covalent bonds to hydrogen atoms.

All systems were independently subjected to 2000 steps of energy minimization
followed by 5 ns of equilibration simulation before beginning the free-energy calculations.
All simulation systems had the shape of rectangular prisms, and periodic boundary
conditions were enforced in all three directions. Suitable numbers of ClI~ ions were added to
the PAMAM-NHs" simulation system to obtain neutrality. The area of the systems in the
plane of the gold surface (the xy plane) was kept fixed, and the Langevin piston acted only
at the z axis. VMD 1.9.2 software was used to visualize and analyze the simulations and to

perform molecular rendering*?.

Free-energy Calculations

The adaptive biasing force method®¢-%® was used to calculate the adsorption free energy of
the dendrimers, beginning from equilibrated system configurations. In the case of PAMAM-
OH and PAMAM-CHO, only one transition coordinate was selected: Z=z(dendrimer)-z(Au)
to sample the distance from the center of mass of the dendrimer to the gold surface. For
PAMAM-NHs*, two transition coordinates were used to more fully describe the free energy
of the system and obtain adequate sampling of conformational changes of the dendrimer.

These coordinates were: the distance between the dendrimer and gold surface



Z=z(PAMAM-NH3*)-z(Au) and dz, defined as the z-displacement between the core of the

dendrimer and the terminal amino groups of PAMAM, as depicted in Figure 2b.

dz=0

Figure 2: (a) Schematic view of the simulation box where explicit water molecules are
represented as a transparent blue surface and gold atoms are depicted by yellow spheres.
The dendrimer is depicted in a bonds representation with H, C, N, and O atoms shown in
white, green, blue, and red, respectively. For clarity, the interstitial surface particles and
charged particles for polarizability prescribed by the Wright model for gold {111} are not
shown. (b) Depiction of the second transition coordinate (dz) applied to the PAMAM—NH3*

system.

When the dendrimer is near the surface, negative values of dz correspond to contact
between the terminal groups of the dendrimer and the gold surface, while positive dz values
indicate contact between the core and the surface. Finally values equal to zero are linked to
an extended configuration on gold. The adaptive biasing force methodology was
implemented through the Colvars module®® of NAMD 2.1148, For PAMAM-OH and PAMAM-—
CHO, the collective variable Z was sampled on a single window 2 = Z < 20 A, while for
PAMAM-NH;*, a single window of 3.7 <Z <20 A and -5 < dz <5 A was used. For each

dendrimer, the free-energy calculations constituted a simulation time of at least 3000 ns.

Results and discussion



PAMAM-NHs;* and PAMAM-OH Encapsulated Gold Nanoparticles

With the aim of studying the effect of HAuCls concentration on the final particle size,
different molar concentration ratios of PAMAM:HAuUCIs were used. Once the PAMAM and
gold (l1) solution were mixed, the pale-yellow color of the solution changed spontaneously
to light pink at ratios higher than 1:15 in the case of PAMAM-NH3" and to purple at ratios
higher than 1:3 in the case of PAMAM-OH, as Figure S1 displays. The capacity of hydroxyl
terminated dendrimers to spontaneously reduce metals without the addition of an additional
reducing agent has previously been reported. “Sugar ball” dendrimers, first reported by
Esumi and coworkers*®’, were able to reduce gold (lll) to metal nanoclusters through the
several —OH terminal groups that can be oxidized to carbonyl moieties. PAMAM—-NH3" has
also been reported as a reducer of gold cations®%", demonstrated by the change of color of
the solution without the addition of another reducing agent. However, its reducing power is
lower than the hydroxyl terminated PAMAM, consistent with the larger concentration of gold
needed to see the pink color in the solution as Figure S1 shows. This evidence is in
agreement with reports describing that hydroxyl terminal groups trigger the automatic
reduction of cationic gold without the presence of a reducing agent, causing the
spontaneous oxidation of the terminal groups of the dendrimer°.

After the mixing time, a mild reducing agent was added to each mixture (sodium
citrate). In concentrations of HAuCl4 higher than ratio 1:9, the color of the PAMAM—NH3*
reaction changed to fuchsia while the PAMAM-OH reactor changed to deep purple
indicating that PAMAM-Au complexes were formed. At the end of the reaction, all samples
were characterized via UV-vis spectroscopy, shown in Figure 3. As the concentration of gold
increased, the UV-vis spectra showed a broad and intense band, between 520 nm and 540

nm, characteristic of zero-valent gold particles not covalently bonded to the dendrimer®2-%3,
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Figure 3: UV-vis spectra of gold nanoparticles synthesized with PAMAM—-NHs" (0.5 mL 0.1
mM) and PAMAM-OH (0.5 mL 0.1 mM) with different PAMAM:HAuCl4 molar concentration
ratios. 0.5 mL of sodium citrate in equimolar concentration with HAuCl, was added to each
tube. Photographs of the corresponding suspensions are shown to the right of the plots to

illustrate their colors.

In the case of PAMAM-OH, at PAMAM:Au ratios from 1:6 to 1:18, there is a broad
and undefined band at long wavelengths related to high dispersion. The first zone
corresponding to the peak around 530 nm was assigned to the formation of gold
nanoparticles. The second peak at longer wavelength, approximately 650 nm, is related to
the coagulation of the samples®’. At higher concentration, the peak at shorter wavelength
was more defined, evidence of lesser dispersion, while the lower energy peak progressively
vanished, indicating minor agglomeration. As the concentration rises, more of the external
hydroxyl sites react with gold and are oxidized to carbonyl groups. Then, not all the gold
atoms are immediately reduced by the —OH moieties. In this way, some of the Au(lll) atoms
are stabilized and capped by the dendrimer shell, diminishing the tendency to coalesce.

Considering Mie theory that relates the particle diameter to the maximum of the
absorption peak, it can be stated that color is a function of the size and shape of the metal
nanoparticles®%. In the case of PAMAM-NH3" and independent of whether stirring or
sonication was used, as the concentration of gold increased, the band associated with
metallic gold was shifted to higher energy indicating that the size of the nanoparticles
decreased. As Figure 3 shows, at the highest ratio of gold (1:24) the PAMAM—-NH;3* spectra
shows a peak at 530 nm and at 527 nm, while PAMAM—OH has its maximum at 527 nm and



534 nm, for stirring and sonication methodologies, respectively. Both methodologies
resulted in stronger zero-valent gold bands for PAMAM-NH3*.

SEM microphotographs were taken for nanoparticles synthesized with a 1:12
PAMAM:Au ratio and the ultrasound methodology (Figure 4), confirming the greater
agglomeration of the PAMAM—-OH sample. Particle size measurements with the software
ImageJ® showed that PAMAM-NH3* give rise to smaller gold nanoparticles (~2 nm) than
PAMAM-OH (~4 nm). The size distribution analysis suggested mean sizes near 7 nm for
PAMAM-NHs;* and 10 nm for PAMAM-OH. AFM characterization of nanoparticles
synthesized with PAMAM-NHs3" at a 1:12 PAMAM:Au ratio displayed an average particle
height of 2.1 nm as Figure S2 shows.
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Figure 4: SEM microphotographs of gold nanoparticles synthesized with PAMAM-NH3*
and PAMAM-OH at a PAMAM:Au ratio of 1:12, using the ultrasound methodology.

Considering these results, PAMAM—-NH3* is an appropriate stabilizer for the
synthesis of smaller gold nanoparticles. PAMAM-NH3* appears to be a more efficient
candidate for gold nanoparticle stabilization at the synthesis conditions applied in this work,
owing to less agglomeration and a stronger zero-valent gold band compared to PAMAM-
OH. On the other hand, for PAMAM-NH3*, the sonication method turned out to be faster and
simpler than the stirring methodology and gave rise to smaller nanopatrticles.

When the UV-vis profiles were analyzed, a second, high-energy band could be
distinguished at 285 nm for PAMAM-NHs" and at 286 nm for PAMAM-OH (Figure 3). Figure

5 shows the spectra of solutions of PAMAM dendrimers alone, together with the spectra of



gold solution alone. Before reduction, AuCls has a strong peak at 220 nm and a shoulder at
290 nm due to the ligand to metal charge transfer. PAMAM-NH3* and PAMAM-OH show
weak absorption bands at 280 nm and 284 nm, respectively. Once the reducing agent was
added, the band at 220 nm disappeared indicating that the contribution of Au(lll) to the
spectra can be discarded because of the excess of the reducing agent. Then, the intense
band at low wavelengths of PAMAM-NH3*|Au and PAMAM-OH|Au can be assigned in one
part to the ligand to metal charge transfer (LMCT), which is similar to previous studies
performed with chitosan and Au(ll1)¥’, and also, to the oxidation of the terminal groups of the

dendrimers, as demonstrated by Giorgetti and coworkers®.
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Figure 5: UV-vis spectra of PAMAM—NH;* (0.1 mM), PAMAM—OH (0.1 mM), HAuCls (0.1

mM) and gold nanoparticles synthetized with both dendrimers.

Most synthesis of PAMAM nanoparticles are based on the agitation method.
Nonetheless, the sonication procedure takes less time, requires simpler mounting, and
results in smaller gold nanoparticles. PAMAM—NH;3* samples were stable for 3 months at
room temperature, with no signs of alteration. On the contrary, PAMAM—OH samples
showed precipitation of black aggregates after 48 h, confirming the instability of
nanoparticles formed with this dendrimer. Considering this evidence, PAMAM—-OH does not
operate as an effective protective system, being unable to prevent coalescence, at least
under the conditions considered here. The better suspension stability of PAMAM—-NH3*
coated nanoparticles is likely due to the electrostatic repulsion of the NHs* terminal groups

inhibiting aggregation.

Molecular Simulation and Free Energy Profiles of the Interaction of PAMAM and gold.
Free-energy calculations were performed to study the binding of PAMAM to a gold
nanoparticle surface at the atomic level. Previous studies reported by Mandal and
coworkers®®, identified the gold {111} facet as the most stable when interacting with PAMAM

dendrimers. Therefore, a gold {111} surface as modeled by the force field of Wright et al.*’



was selected as an approximation for the gold nanoparticle. The free-energy calculations
were implemented in simulation boxes with explicit solvent, placing the center of mass of
the dendrimer at a starting distance of 10 A from the surface, as Figure 2a shows. The
adaptive biasing force®®%® methodology was used to determine the free energy. In the case
of PAMAM-NH3", the use of one transition coordinate resulted in poor sampling and
therefore, inadequate description of the interaction energy. Two collective variables were
defined to improve sampling and description of conformational states. The first collective
variable, Z, was defined as the distance between the center of mass of the dendrimer and
the plane passing through the first layer of gold atoms. The second coordinate (dz) was
defined as the projected distance between the core of the dendrimer and the terminal amino
groups of PAMAM-NH3*, as Figure 2b describes. Both coordinates were subjected to
multiple walker adaptive biasing force methods™7'. For the systems PAMAM-OH and
PAMAM-CHO, only the coordinate Z appeared to be necessary to obtain adequate
sampling of different PAMAM conformations.

Figure 6 illustrates the free-energy landscape (potential of mean force, PMF) for
PAMAM-NHs" in two dimensions: coordinate Z and dz and conformations of the dendrimer

in six different areas of the free-energy plot.
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Figure 6: 2D free-energy plot for PAMAM-NH3* and conformations associated to the
letters marked in the free energy graph.



The blue regions correspond to high affinity interaction between the dendrimer and the gold
surface, while the red areas are related to unfavorable interactions. The global free energy
minimum is located at point (a), where the strongest interaction between the dendrimer and
the gold {111} surface was registered, with Z= 4.1 A and dz = -0.95 A. As Figure 6a depicts,
all the branches and terminal groups of the dendrimer are in contact with the surface,
favoring the interaction with gold. The ethylenediamine core, carbonyl sites of amido groups
and terminal —NHs" moieties are located in direct interaction with the Au atoms. As illustrated
in Figure 2b, there are three different cases for the values for the coordinate dz
corresponding to different orientations of the terminal groups. Figure 6b represents a local
maximum (Z = 4.7 A and dz = -4.15 A) associated to dz less than zero and Z near to the
limiting value -5 A. This structure has only four anchoring points to gold, and has a high
degree of stress. Likewise, Figure 6d which represents the opposite orientation: dz values
greater than zero, and Z close to the limiting value 5 A. This conformation is also very
strained, leaving terminal —NHs" groups as far as possible from the surface, diminishing the
contact points with the gold surface, and therefore, generating a thermodynamically unstable
structure. Figure 6¢ shows a more stable conformation in comparison to (b), where the
structure is less strained, and the orientation of the dendrimer allows the interaction of three
of the terminal groups and part of the core. It is interesting to note when the dendrimer is at
an intermediate distance from the surface (Z>5 A), conformations like that in Figure 6e, with
the core relatively closer to the surface than the terminal groups and dz>0, are more
favorable than those with dz<0, a trend that reverses at short distances (Z<4.5 A).

Figure 7 shows the free-energy landscape for PAMAM—-OH as a function of the
distance between the dendrimer and the gold surface (i.e., as a function of the coordinate
Z). Figure 7a depicts the typical conformation of the global minimum. Like PAMAM-NHs",
the most stable interaction is related to a planar conformation (a), that maximizes the contact
between the functional groups of the dendrimer and the gold {111} surface. Figure 7b and
¢ show typical conformations at local features in the free-energy landscape of PAMAM-OH.
Conformation (c) displays the formation of the first contact between the dendrimer and gold
surface through a terminal hydroxyl group, while (b) shows a more advanced state of

coordination, where three branches of PAMAM are already in contact with gold.
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Figure 7: 1D free-energy profiles of PAMAM-OH and PAMAM-CHO along the transition
coordinate Z and snapshots of the conformations of PAMAM-OH/Au and PAMAM-

CHO/Au , corresponding to the letters marked in the plots of energy.

The free-energy profile was also determined for the oxidized PAMAM-OH system:
PAMAM-CHO, with terminal aldehyde groups. As can be seen in Figure 7, the free-energy
profile was similar to that obtained for PAMAM—-OH. The lowest free energy (Figure 7d), was
associated to an extended geometry, favoring the contact between the core, amido and
terminal groups with gold, similar to the PAMAM—OH and —NH;* systems. At Z = 5.25 A,
PAMAM-CHO exhibits a marginal local minimum (e), which is associated with three
branches of the dendrimer making contact with the surface. Overall the free-energy
minimum of PAMAM-CHO is shallower than that of PAMAM-OH, implying weaker
adsorption. At a distance Z = 11 A, PAMAM—-CHO adopts conformation (g), shown in Figure
79, with two branches of the dendrimer making contact with gold. Such a conformation was
observed in 70% of the simulation frames at this distance. At the same Z value, PAMAM-
OH has only one branch contacting the surface; however, the interaction energy is similar (-
0.5 kcal-mol ).



To allow direct comparison to the results with PAMAM—-OH and PAMAM-CHO, the
two-dimensional potential of mean force of PAMAM-NHs* was integrated to a one-
dimensional potential of mean force. Figure 8a compares the free-energy landscape of the
three dendrimers as a function of Z. In all cases, the free-energy reaches a plateau with Z
values greater than 13 A, and rapidly decreases as the distance between the dendrimer and
the surface diminishes, reaching the global minima at approx. 4.1 A, being slightly greater
for PAMAM-NH3* (4.15 A). At distances shorter than that, the free-energy rapidly increases

due to steric interactions preventing the dendrimer from penetrating the surface.
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Figure 8: a) 1D free-energy profiles for each dendrimer along the transition coordinate Z.
b) Magnification of the global free-energy minima including estimates of the statistical

uncertainty (error bars).

When dendrimers’ free-energy minima were compared (Figure 8b), PAMAM-OH (-
10.2 kcal-mol™"), was shown to be approximately 2 kcal-mol' more stable than PAMAM—
NHs* (-8.2 kcal-mol') and 1 kcal-mol" more stable than PAMAM-CHO (-9.1 kcal-mol™).
Taking into account the experimental evidence of the spontaneous oxidation of PAMAM-
OH to PAMAM-CHO in the presence of Au(lll), it is probably more appropriate to compare
the PAMAM-CHO results to experiment rather than those with PAMAM-OH. The
simulations suggest that PAMAM-CHO has a slightly higher affinity for the gold—water
interface than PAMAM-NH3;*, which does not, evidently, translate into better performance
as a stabilizing agent. It is likely that the positive charge of the PAMAM-NH3"|Au complexes
inhibits aggregation, while the neutral PAMAM-CHO|Au complexes are prone to
agglomeration.

Previous studies on amino-terminated PAMAM of the second generation reported
the interaction free energy with gold nanoparticles using umbrella sampling®. Even though
gold was not represented with polarizable effects, the value for the protonated system (-8
kcal-mol™') was quite close to our results. On the other hand, in previous work reported by

our group’?, the interaction energy between small gold clusters (Aun-2.s atoms) and PAMAM



GO0-OH, —-NH3;* and —CHO systems, was studied using the Density Functional Theory (DFT)
approximation, not considering the explicit or implicit introduction of solvent. These results
showed stronger binding between gold and PAMAM-NH3*, creating complexes with gold
nanoclusters 5 kcal-mol™ more stable on average than PAMAM-OH and PAMAM-CHO.
However, in aqueous solution, desolvation of the charged NH3* groups likely incurs a greater

free energy penalty than desolvation of neutral hydroxyl or aldehyde groups.

Thermodynamic Decomposition of Calculated adsorption Free Energies.

To better understand the role of the solvent and conformational changes in the
dendrimer, we decomposed the adsorption free energy into different thermodynamic
components. For each dendrimer, we performed a 100 ns simulation (without ABF) in which
the coordinate Z was restrained to remain near the position of minimum free energy,
beginning from a frame of the ABF calculation consistent with this position. Similar
simulations were performed with each dendrimer restrained to a position far from the gold
surface (Z=20 A). From these simulations, we were able to calculate the difference in
potential energy between the gold-adsorbed and free states of the dendrimer (AUiotal), which

is shown in Table 1.

Table 1: Thermodynamic decomposition of the free energy for adsorption of the dendrimers

onto the gold surface.

Potential PAMAM- PAMAM- PAMAM-

(kcal/mol) NHs* OH CHO
AGiotal -82+05 -10.2+0.6 -9.1+0.2
AUrotal -59.3+0.3 -55+0.2 -2.6+0.2
PAV 9.1x10%3 1.3x1073 1.2x1073
—TASotal 51.1+0.6 -4.7+0.6 -6.5+0.4
AUpamAM-PAMAM 21.8+0.1 -1.4+0.1 -0.8+0.1
AUgold—gold 1.7+0.1 -0.8+0.1 -0.5+0.1
AUsolvent-solvent -745+03 -180+£0.2 -19.7+0.2
AUpamAM-gold -80.3+£0.2 -54.0%+0.1 -51.9%0.1
AUramAM-solvent 8.0+0.3 19.1+£0.3 221+0.3
AUgoig-solvent 64.0+ 0.5 50.1+£03 483zx0.3




Interestingly, PAMAM—-NH;", the charged dendrimer, shows a much more negative
change in potential energy than the other two. Adding the pressure—volume work, pAV, to
AUwta gives us the total enthalpic contribution to the free energy. We find that pAV is
insignificant compared to the other terms and their uncertainties, which is not unusual for
molecular binding in agueous systems’3; hence, the change in potential energy is essentially
the same as the change in enthalpy, AUwta=AHwta. The entropic contribution to the
adsorption free energy can be calculated by — TASicta=A Giotal = AHiotal. Both PAMAM-OH and
PAMAM-CHO exhibit favorable entropic and enthalpic contributions to their adsorption free
energy. We find that adsorption PAMAM-OH is driven by nearly equal contributions of
entropy and enthalpy, while the adsorption of PAMAM—-CHO has a significantly larger
contribution from entropy. PAMAM-NH3;* exhibits cancelation between a highly unfavorable
entropy term and a highly favorable enthalpy. Invoking the Van ‘t Hoff equation, we predict
that the equilibrium constant for adsorption of PAMAM—-NH;" onto gold should exhibit a much
stronger temperature dependence than the equilibrium constants for adsorption of PAMAM-
OH and PAMAM-CHO, owing to the much larger magnitude of AHital.

The enthalpic contributions can be further broken down into potential energies acting
within and between different subsystems. The lowest free energy configuration of PAMAM—
NHs* brings the charged terminal amines closer than they are on average in the unbound
dendrimer (see Figure 6b). Hence, there is a markedly unfavorable change in the
electrostatic potential energy of the dendrimer upon adsorption (AUravam—pamam), as
indicated in Table 1.

On the other hand, changes in intramolecular energy for PAMAM-OH and PAMAM-
CHO upon adsorption to gold are slightly favorable. Given that the positions of the gold
atoms are fixed in simulations, the change in intra-gold potential energy (AUgold—gold) iS
entirely due to electrostatic interactions between the charged particles that give polarizability
to the gold model. The charged PAMAM-NHs" causes alignment of the gold dipoles in a
matter that is slightly energetically unfavorable in the absence of the dendrimer. For the
uncharged dendrimers, there is little change in the alignment of the dipoles when the
dendrimer absorbs; therefore, AUgod—god is small in magnitude in these cases. Similar logic
can be applied to the electrostatic interactions of the solvent, which is solely water in the
case of PAMAM-OH and PAMAM-CHO and water and 4 CI” ions in the case of PAMAM-
NHs*. The presence of the charged solute causes alignment of water molecules and
migration of ions in a manner that is unfavorable in the absence of this solute. Placing this

charged solute at the water—gold interface rather than in the middle of the water is much



more favorable for the intra-solvent energy (AUsovent-soivent), accounting for a large portion the
favorable total enthalpy of PAMAM-NH3* adsorption. AUsolent-solvent remains favorable for the
uncharged dendrimers, but to a much lesser extent. In all cases, the direct interaction
between the dendrimer and the gold surface (AUramav—goid) is the largest magnitude enthalpy
and highly favorable. However, adsorption of the dendrimer requires desorption of water
molecules; hence, favorable AUramam—goid is partially counteracted by the loss of favorable
water—gold interactions (AUgois-soivent). Partial desolvation of the dendrimer, required for
adsorption, is also moderately unfavorable (AUpamam—soivent)-

The above simulations demonstrate that the adsorption thermodynamics of the
charged PAMAM-NH3* dendrimer are quite different from the uncharged PAMAM-OH and
PAMAM-CHO dendrimers. Adsorption of a single GO PAMAM-NH3* has a greater AGiotal
(weaker affinity) than PAMAM-OH; however, when the particular interaction between the
dendrimer and the gold surface is analyzed, the potential energy AUpamam-goid i
approximately 30 kcal-mol”' lower compared to the other two dendrimers. This quantity
indicates a strong interaction between both interphases, which could play a key role in the
stabilization of the gold nanoparticles by the dendrimers. However, due to the charged
nature of PAMAM-NH;", there is an unfavorable change in solvent entropy upon adsorption,
owing to the substantial rearrangement of water molecules and ions. It should be noted that
the above simulations are only roughly representative of the experimental procedure, since
they consider PAMAM GO and the adsorption of a single dendrimer on an isolated gold {111}
surface. Although PAMAM GO has a lower density of terminal groups on its surface than
PAMAM G4 and a smaller size, PAMAM GO is very similar to the terminal branches of
PAMAM G4. Studying PAMAM GO should be sufficient to identify particular atomic-scale
interactions with the gold surface and determine the strength of these interactions, while
avoiding the computational expense of simulating a full G4 dendrimer. However, solvation
effects may differ between PAMAM G4 and PAMAM GO because the higher density of
terminal groups of the G4 dendrimer implies less water accessibility. Overall, the larger
PAMAM G4 dendrimers used in the experiments likely show much stronger adsorption to
gold than the GO dendrimers. Furthermore, the surfaces of the gold nanoparticles are likely
covered with a sufficiently large density of dendrimers that interactions between multiple

dendrimers on the surface become significant.

Conclusions



In the present work, we analyzed the effect of synthesis conditions, gold
concentration, and the chemistry of the PAMAM terminal group on the morphology and
suspension stability of gold nanoparticles. We conclude that PAMAM-NH3* is superior to
PAMAM-OH in producing a stable suspension, with less aggregation. Ultrasound sonication
of solutions containing gold salts and PAMAM dendrimers appears to be faster and simpler
than mechanical agitation and is preferable if smaller nanoparticles are desired. Our
molecular dynamics simulations demonstrate that the gold adsorption thermodynamics of a
charged dendrimer like PAMAM-NH3"* differ significantly from those of neutral dendrimers
like PAMAM—-OH. Free-energy calculations in molecular dynamics simulations show that all
dendrimers have a high affinity for the gold surface. PAMAM-NHs* has the lowest affinity
for the nanoparticle surface; however, when the calculated free energies are decomposed,
it can be observed that the adsorption of PAMAM-NH;s" to gold is driven by a strong
enthalpic component subject to an unfavorable entropic component. The enthalpic
component of PAMAM-NH;* is 50 kcal-mol less than that the other two dendrimers, which
can be related to better stabilization of gold nanoparticles by this dendrimer. Energetically,
this term is compensated by a change in entropy owing to the reorganization of water

molecules and ions due to the charged nature of the dendrimer.
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