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ABSTRACT

We simulate the packing of citrate3– and H2citrate– onto gold nanoparticles (AuNPs) to understand 

how citrate anions cap and stabilize AuNPs. We determine the molecular configurations of citrate 

on 4, 6, and 8 nm AuNP surfaces as a function of charge state and packing density and find that 

both the distribution of configurations and maximum packing density are independent of AuNP 

size. A combination of molecular dynamics simulations and in situ Fourier transform infrared 

spectroscopy (FTIR) is employed to compare the molecular configurations, stability, and density 

of citrate on 4 nm citrate-coated (cit-AuNPs) and within polycation-wrapped 4 nm cit-AuNPs.                 

FTIR experiments indicate the presence of H2citrate– within polycation-wrapped cit-AuNPs with 
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coordination between the H2citrate– layer and polycation layer in agreement with simulations. 

Intermolecular hydrogen bonding between terminal carboxylic-acid groups of H2citrate– stabilizes 

the anionic layer at the interface between cit-AuNPs and adsorbing charged molecules. The 

calculated total density of H2citrate– on AuNPs decreases from 3.3  10-10 mol/cm2 to 3.0  × ×

10-10 mol/cm2 upon adsorption of a polycation due to some displacement of dangling H2citrate– 

hydrogen bonded to the surface-bound layer. The density of the surface-bound layer is consistently 

2.8  10-10 mol/cm2 with and without polycation adsorption. We provide all-atom level insight ×

into the distribution and organization of experimentally derived binding modes of citrate on bare 

and coated cit-AuNPs. The citrate density and surface charge density are determined for all-atom 

and coarse-grained modeling of cit-AuNPs, their functionalization, and transformations in 

complex environments.

1. Introduction

Citrate anions act as both reducing and capping agents in the synthesis of gold nanoparticles 

(AuNPs) through the Turkevich method.1-2 They consequently make up the first natural layer 

coating engineered AuNPs. Once synthesized, AuNPs can be functionalized for use in biomedical 

applications, such as molecular sensing, drug delivery, and photothermal therapy.3-4 In this latter 

process, the citrate layer must be readily displaced for the thiol functionalization5-7 of AuNPs via 

citrate-thiol ligand exchange, and must also be stably adsorbed on the AuNP surface as the initial 

charged layer for layer-by-layer polyelectrolyte assembly.8-10 An accurate characterization of 

citrate anions on the AuNP surface is, therefore, essential to characterize the structural and 

dynamic properties of the functionalized layer in the presence of citrate, and thereby the 
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transformations of these functionalized AuNPs in biological environments that might promote or 

impede their intended function.11-12

The charge state, ligand density, structure, and stability of citrate on the AuNP surface are 

key measurables that influence AuNP functionalization though the correlations between them have 

not yet been fully resolved in the literature. Characterization of citrate-coated AuNPs (cit-AuNPs) 

has, thus far, focused on experimental techniques that require dried samples13-16 and in vacuo 

density functional theory (DFT) calculations.16 Further, computational characterization has largely 

focused on minimum-energy binding of a single citrate3– or H2citrate– anion to a metal-nanoparticle 

surface16-19 and reactive simulations limited to small time- and length-scales.20 Using attenuated 

total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), characteristic peaks of 

hydrogen-bonded carboxylic acid groups were detected after sealing and isolating the citrate layer 

with long-chain alkanethiol functionalization, suggesting that citrate exists in the H2citrate– state 

on the AuNP surface.14 These ATR-FTIR studies further suggest the dominant citrate species as 

that involving the coordination of citrate to the AuNP surface via the central carboxylate group 

with terminal carboxylate groups also near the surface to promote intermolecular hydrogen 

bonding. Several possible relative orientations of the carboxylate groups to the AuNP surface are 

shown in Figure 1B, and the chemical structure of H2citrate– is included in Figure S1 in the 

Supporting Information. The central carboxylate group is directly connected to the -C–OH group, 

while the terminal carboxylate groups are each separated from the -C–OH group by a -CH2 group. 

The previous ATR-FTIR studies cited above also indicate the presence of a second dangling layer 

of H2citrate–, forming bilayered H2citrate– complexes on the AuNP surface with an ideal 

organization of two surface-bound H2citrate– hydrogen-bonded to one dangling H2citrate–. To 

understand the binding modes of citrate, peaks from 13C solid-state nuclear magnetic resonance 

Page 3 of 34

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(SSNMR) spectra of cit-AuNPs synthesized under varying initial citrate:Au molar ratios were 

assigned to molecular configurations of citrate3– extrapolated from DFT calculations of fully 

deprotonated acetate, succinate, and glutarate anions on gold surfaces.16 These studies show that 

the binding of both terminal carboxylate groups to the AuNP surface with central carboxylate and 

hydroxyl groups free is preferred at low packing density and that the binding of a single terminal 

carboxylate group to the AuNP surface is preferred at high packing density.

In addition to the wide variation in  the reported charge states of citrate on the AuNP surface 

in the literature, the surface citrate density has also been seen to range widely from 2.8  10-10 ×

mol/cm2 to 7.8  10-10 mol/cm2.9,13-14 We use these units to be consistent with the reported ×

literature, and note that they translate to the range of 1.7 molecules/nm2 to 4.7 molecules/nm2 in 

terms of natural units at the nanoparticle scale. The range for surface charge density widens, 

starting from 2.8 10-10 mol e/cm2 up to 2.34  10-9 mol e/cm2, if the charge state of citrate can ×  ×

include either H2citrate– or citrate3– on the AuNP surface. Several factors contribute to this broad 

range for ligand density. To approximate the surface citrate density, a geometric calculation14  was 

performed by Park and Shumaker-Parry assuming that each adsorbed citrate has a rectangular 

covering of the surface with an area approximately equal to 28 Å2. Their calculation 

underestimates the ligand density because it assumes that citrate anions adsorb along the length of 

the molecule with the central carboxylate group bound and terminal carboxylic-acid groups near 

the surface and does not consider other binding modes16 of citrate. Elemental analysis of carbon13 

in cit-AuNPs has previously been used to determine citrate density, but this method also samples 

oxidized byproducts of citrate on AuNPs, overestimating the ligand density. Another factor that 

can lead to overestimates in the experimentally-determined ligand density arises from the drying 

process for preparing samples in both elemental analysis and ligand-density analysis by X-ray 
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photoelectron spectroscopy (XPS)9,15 as it leads to aggregation of ligands. Although AuNP shape, 

size, and effective surface charge are routinely reported in the characterization of engineered 

AuNPs,21 reports on experimentally-determined ligand densities are less common; for citrate, such 

values not only range widely but are also limited. This is largely in part because citrate anions are 

present at high concentrations in solution, making it difficult to characterize and isolate the citrate 

anions on the AuNP surface in situ from those in the bulk solution, and are assumed to be readily 

displaced7 upon functionalization of AuNPs. Most prior experiments have centered on the effective 

negative surface charge of cit-AuNPs and its effect on the acquisition of electropositive protein 

coronas22-25 and cytotoxicity.9-10 Generally, cationic AuNPs are considered more toxic than anionic 

AuNPs.26-27 Beyond general toxicity, attention is increasingly being brought to molecular-level 

mechanistic understanding of how exposure to different ligand types with the same effective 

charge, such as citrate and anionic thiols and polyanions with varying hydrophobicity, elicits 

different gene-expression levels and other biological responses,9-10,12,28-31 emphasizing the need, 

addressed here, for an accurate characterization of the structure and density of the citrate layer on 

AuNPs.

Several computational approaches have been used to model functionalization and 

biomolecular corona formation on cit-AuNPs and the nano-bio interface more generally.32-33 In 

all-atom molecular dynamics simulations of polycation functionalization onto cit-AuNPs, citrate3– 

molecules were explicitly modeled and fixed at a density of 2.8  10-10 mol/cm2 on the AuNP ×

surface.34 In similar coarse-grained simulations, surface gold atoms were negatively charged to 

represent the citrate layer, and to construct the polycation-coated AuNP and investigate lipid self-

assembly on such AuNPs.35 Three possible models36-37 for fibrillogenic-protein binding to cit-

AuNPs have been reported recently. In one study,36 the AuNP surface was homogeneously coated 
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with citrate molecules at a density of 4.4  10-10 mol/cm2, and only 10% of the molecules were ×

charged as citrate3– with 90% left neutral to account for local pH effects. In the other study,37 both 

an all-atom and a coarse-grained point-charge model were used. For the all-atom model, surface 

gold atoms were positively charged to promote adsorption of citrate3– at a surface density of 2.8 

 10-10 mol/cm2 with a surface charge density of 8.4  10-10 mol e/cm2. For the coarse-grained × ×

model, point charges were homogeneously distributed on a spherical NP, following the same 

surface charge density used in the all-atom model. Fixed point-charge coated nanoparticle models 

with varying surface charge density have also been used for top-down coarse-grained simulations 

of nanoparticle-membrane interfaces,38-40 but experimental validation and bottom-up coarse-

graining approaches are needed to predict reliably the biological outcomes of nanoparticle 

exposure.32,41 In all cases, citrate molecules are explicitly modeled as an all-atom citrate3–, or 

implicitly (in coarse-grained models) through a surface charge density on the order of what would 

be a high density of citrate3– on the AuNP surface. These simulations assume that the density of 

citrate on the AuNP surface is constant and uniformly distributed in a monolayer and that citrate3– 

molecules stay fixed on the surface at charged nano-bio interfaces. Recent simulation studies by 

other groups have investigated citrate adsorption onto gold surfaces to reveal face-dependent 

binding of citrate and its effects, such as in DNA adsorption onto cit-AuNPs,42 and have 

determined the structure of citrate adlayers at a range of surface citrate densities ranging from 1.49 

to 2.98 mol  10-10 per cm2 of an Au(111) slab,43 but to our knowledge only the citrate3– state ×

was considered.

We perform all-atom molecular dynamics simulations to investigate the density, structure, 

and stability of both citrate3– and H2citrate– on AuNPs. We use implicit-solvent simulations to 

examine the maximum packing density and changes in the coordination modes of citrate3– and 
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H2citrate– on the surface of 4, 6, and 8 nm AuNPs with increasing packing density. We find from 

implicit-solvent simulations that the maximum packing density and coordination modes of both 

citrate species on the AuNP surface are independent of nanoparticle size. Explicit-solvent 

simulations are used to determine if the structures of citrate3– and H2citrate– layers on 4 nm AuNPs 

are consistent with those from implicit solvent. The coordination modes and spatial distribution 

for H2citrate– is independent of solvent condition but differ significantly for citrate3– between 

implicit and explicit solvents. The coordination modes of citrate determined previously from ATR-

FTIR14 and 13C SSNMR16 experiments agree with those found for the H2citrate– state in our 

explicit-solvent simulations. Representative images of the coordination modes of citrate examined 

in this study and structures of 4 nm cit-AuNPs in implicit and explicit solvent are shown in Figure 

1. Representative structures of 6 and 8 nm cit-AuNPs in implicit solvent are shown in the 

Supporting Information. These structures also qualitatively show face-dependent binding of citrate 

on metal nanoparticles, which has been shown for citrate and other ligands by experiment14 and 

simulation.18,44-47

We test the stability of citrate3– and H2citrate– layers by depositing a 200-mer polycation 

poly(allylamine hydrochloride), PAH200, on cit-AuNPs. We find that PAH200 highly disrupts the 

citrate3– layer on the AuNP surface. In contrast, PAH200 displaces the dangling H2citrate– layer, but 

there is no change in the density of the surface-bound H2citrate– layer. Representative structures 

of PAH-wrapped cit-AuNPs (PAH-cit-AuNPs) are shown in the Supporting Information. We use 

in situ ATR-FTIR on PAH-cit-AuNPs to show that citrate exists as H2citrate– at highly charged 

interfaces. The intermolecular hydrogen bonding between H2citrate– stabilizes the negatively 

charged layer in the presence of adsorbing positively charged molecules, such as PAH200. The 

density of H2citrate– on AuNPs including the dangling H2citrate– layer totals 3.3  10-10 mol/cm2 ×
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and is 2.8  10-10 mol/cm2 for the surface-bound layer. The total density of H2citrate– across the ×

two layers decreases slightly to 3.0  10-10 mol/cm2 upon adsorption of PAH200 due to some ×

displacement of the dangling second H2citrate– layer, and the density of the surface-bound 

H2citrate– layer remains consistent. The surface charge density contributed by H2citrate– directly 

on the AuNP surface is 2.8  10-10 mol e/cm2 nonuniformly distributed due to face-dependent ×

binding. 

Through a combination of molecular dynamics simulations and in situ ATR-FTIR 

spectroscopy, we determine an ensemble of binding modes that collectively stabilize the citrate 

layer capping the metal nanoparticles on bare and polycation-coated AuNPs and ultimately 

determine its structure and density. We provide a consensus citrate density for the citrate3– and 

H2citrate– states to aid in the experimental characterization of as-synthesized and functionalized 

cit-AuNPs, a surface density of H2citrate– that is appropriate for the implementation of all-atom 

and coarse-grained models, and a surface-charge density for fixed-charge coarse-grained models 

of cit-AuNPs.
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A1) A2) A3) A4)

B1) B2) B3) B4) B5)

Figure 1. Representative 4 nm cit-AuNPs in row A (top), and citrate configurations in row B
(bottom): (A1) Citrate3– monolayer maximally packed on AuNPs in implicit solvent, (A2) 
H2citrate– monolayer maximally packed on AuNPs in implicit solvent, (A3) citrate3– on AuNPs in 
explicit solvent, and (A4) H2citrate– on AuNPs in explicit solvent; (B1) Tall, (B2) bridge, (B3) 0-
arm, (B4) 1-arm, and (B5) 2-arm citrate configurations on AuNPs described in this study. The 
"tall" configuration has a single terminal carboxylate group bound to the AuNP surface. The 
"bridge" configuration has both terminal carboxylate groups bound to the surface with the central 
carboxylate and hydroxyl groups free. The 0-, 1-, or 2-arm configurations have either the central 
carboxylate or hydroxyl group bound to the surface with 0, 1, or 2 terminal carboxylate groups 
also bound, respectively. Cit-AuNPs consist of gold (yellow), carbon (gray), oxygen (red), and 
hydrogen (white) atoms. Na+ ions are shown in purple; water and counterions outside the solvent 
shell are removed for clarity in row A. Configurations are shown in the H2citrate– state in row B.

2. Methods

2.1. Molecular Dynamics Simulations. To simulate the packing of citrate, we applied a 

steering force of 0.1 kcal/(mol Å) on citrate anions toward the nanoparticle center until they were 

within 7.5 Å from either the bare nanoparticle surface or a monolayered citrate surface depending 

on the initial condition of the simulation. Beyond this cutoff distance, the steering force is no 

longer applied, and the citrate anions remain within the 10 Å cutoff for pairwise interactions such 

that citrate anions can weakly interact with and potentially adsorb to the gold surface. Steering 

forces in the range of 0.1-5.0 kcal/(mol Å) were initially tested (data not shown), and a weak 

steering force of 0.1 kcal/(mol Å) was chosen to ensure that citrate anions were dispersed in solvent 
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without artificial jamming in the vicinity of the cutoff distance of the steering force. The steering 

force was not employed during equilibration, enabling desorption of excess citrate from the 

nanoparticle surface. All simulations were carried out using LAMMPS,48 using periodic boundary 

conditions and a 1.0 fs timestep. Specific details on the simulation setup and force-field parameters 

are provided in the Supporting Information.

For implicit-solvent simulations, five simulations for the adsorption of citrate3– and five 

for H2citrate– adsorption onto AuNPs were run for each AuNP size. The implicit solvent was 

modeled using Langevin dynamics at 300 K with a damping constant of 10 ps-1 and a dielectric 

constant of 80.1, with the particle-particle particle-mesh (PPPM) method used for long-ranged 

electrostatic calculations.  

For explicit-solvent simulations, we ran five simulations each of the adsorption of citrate3 

and H2citrate onto 4 nm AuNPs in TIP3P solvent and five simulations each of PAH200 deposition 

onto the equilibrated 4 nm AuNPs coated with citrate3 and H2citrate under constant NPT 

conditions —that is, for  number of atoms N, pressure P at 1.0 atm, and temperature T at 300 K— 

using the PPPM method for long-ranged electrostatic calculations.

2.2. Cit-AuNP Synthesis. Cit-AuNPs of about 4 nm in diameter were synthesized by a 

flow reactor system according to the reported procedure.49 In a typical synthesis, 1600 mL 

nanopure water and 20 mL of 0.01 M HAuCl4·3H2O were mixed in a 2 L Erlenmeyer flask and 

were wrapped with aluminum foil. Freshly prepared 10 mL 0.10 M NaBH4 was added to ice-cold 

1616 mL nanopure water in another 2 L Erlenmeyer flask. Both solutions were sent through a flow 

reactor with a peristaltic pump at a flow rate of 40 mL/min. Cit-AuNP dispersion was orange in 

color and had a concentration of about 4 nM (of particles).
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2.3. PAH-Cit-AuNP Synthesis. 32 mL of 100 mM NaCl and 100 mL of PAH solution 

(Mw 17.5 kDa) (10 g/L in 1 mM NaCl) was added separately to the above synthesized cit-AuNP 

dispersion with vigorous stirring. Stirring continued overnight, and the nanoparticle dispersion was 

concentrated to 60 mL by diafiltration cassettes (Tangential flow filtration capsules, 50k MWCO, 

VWR). The concentrated nanoparticle dispersion was first filtered through a SFCA membrane 

filter (Syringe filter, 0.45 µm, Corning), then was purified by two rounds of centrifugal filtration 

(Ultra centrifugal filter, 10k MWCO, Amicon), and redispersed in nanopure water. Finally, particle 

dispersion was diluted to 10 mL after two rounds of centrifugal filtration. PAH-cit-AuNP 

dispersion was wine red in color and had a concentration of about 150 nM (of particles). Additional 

characterization of PAH-cit-AuNPs is provided in the Supporting Information.

2.4. ATR-FTIR Spectroscopy. ATR-FTIR spectra of PAH-cit-AuNPs were acquired 

using a Pike GladiATR attachment equipped with a triple-bounce diamond IRE on a Bruker Vertex 

70 FTIR instrument. Each spectrum was acquired at a resolution of 4 cm-1 and signal-averaged 

over 500 scans. All absorbance spectra were taken in solution and are referenced to ultrapure water.

3. Results and Discussion 

3.1. Maximum Packing Density of Citrate3– Monolayers, H2citrate– Monolayers, and 

H2citrate– Bilayers on 4, 6, and 8 nm AuNPs. To simulate the packing of citrate anions onto 

AuNPs using molecular dynamics simulations, we first randomly distributed 3 citrate3– or 

H2citrate– molecules nm-2 (5  10-10 mol cm-2) in a simulation box with a 4, 6, or 8 nm AuNP ×

fixed at the center. A steering force toward the center of the AuNP was applied to citrate anions 

until the anions were 7.5 Å from the AuNP surface. This process was run for at least 10 ns until 

the AuNP surface was saturated with citrate (Figure 2). Simulations were run for an additional 10 
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ns without a steering force and with data collected during the last 5 ns to analyze the citrate anions 

that remain packed on the AuNP surface. 

In implicit solvent, we find that citrate3– maximally packs into a monolayer and that the 

development of high surface charge density prevents bilayer formation. We used this distinction 

to calculate a minimum Au–O distance between surface gold atoms and oxygen atoms of citrate 

needed to consider a citrate anion as bound to the AuNP surface in our simulations. We find that 

the number of citrate3– attached to the AuNP surface as a function of Au–O distance saturates 

beyond an Au–O distance of 3.5 Å, showing that this Au–O distance accounts for all citrate3– in 

the adsorbed monolayer (Figure S2 in Supporting Information). We, therefore, define the condition 

for which citrate3– or H2citrate– being bound to the surface according to when the anion has an Au–

O distance that is less than 3.5 Å.  

The initial packing density of 3 molecules nm-2 corresponds to 150 citrates on a 4 nm 

AuNP, 340 citrates on a 6 nm AuNP, and 600 citrates on an 8 nm AuNP. The number of citrate3– 

attached after equilibration is lower than the initial packing density, whereas nearly all H2citrate– 

adsorb onto the AuNP surface (Figure 2). The greater rate of H2citrate– absorption and number of 

H2citrate– adsorbed on AuNPs compared to citrate3– highlight the increased stability imparted to 

the anionic citrate layer by the intermolecular hydrogen bonding between H2citrate– anions. We 

placed each of the equilibrated structures of AuNPs coated with H2citrate– in a simulation box, to 

which we randomly distributed an additional 3 H2citrate– molecules per nm2 of gold surface. A 

steering force toward the center of the AuNP was applied to the newly added citrate anions until 

they were 15 Å from the AuNP surface. This process was run for 10 ns to promote H2citrate– 

bilayer formation on the AuNPs. For calculations at the packing density of the dangling second 

layer in bilayered H2citrate–, any unbound molecule that has a maximum intermolecular O–H 
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hydrogen-bonding distance within 4.0 Å with surface-bound H2citrate is considered to be in the 

second layer. The conservative choice of this cutoff distance is consistent with the maximum of 

the observed range of O–H bond distances.50 Simulations were run without the steering force for 

25 ns, and desorption of excess H2citrate– was observed (Figure 3). The maximum packing density 

of each layer in bilayered H2citrate– was determined from additional 5 ns production runs. Table 1 

shows the increase in packing density from citrate3–, to monolayered H2citrate–, and to bilayered 

H2citrate– at 3.74, 5.67, and 8.42  10-10 mol/cm2, respectively, for 4 nm AuNPs. The maximum ×

packing density is largely consistent between 4, 6, and 8 nm AuNPs (Table 1). A slightly higher 

packing density for all citrate species on 4 nm AuNPs could be attributed to greater curvature of 

this AuNP surface relative to larger sized AuNPs. By dividing the maximum packing density of 

H2citrate– in the surface-bound monolayer (H2citrate–
Layer 1) by that of H2citrate– in the dangling, 

second layer (H2citrate–
Layer 1+2  H2citrate–

Layer 1) in Table 1, we determine a ratio of 2.06 for the ―

number of H2citrate– in the surface-bound layer to the number in the dangling second H2citrate– 

layer on 4 nm AuNPs, 2.05 on 6 nm AuNPs, and 2.38 on 8 nm AuNPs. These values are close to 

the ideal distribution predicted by Park and Shumaker-Parry,14 supporting the use of our simulation 

parameters and implicit-solvent model for the ideal, maximally packed H2citrate–-coated AuNPs.  

Our results suggest that the maximum citrate density reported in the literature9 referenced in Table 

1 can only be reached through some combination of bilayered H2citrate– on the AuNP surface and 

aggregation of citrate anions upon drying of samples for characterization.
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Figure 2. Number of citrate adsorbed onto 4, 6, and 8 nm AuNPs vs. time in implicit solvent, 
according to an Au–O cutoff distance of 3.5 Å and with an initial density of 3 citrate nm-2 randomly 
distributed in the simulation box. Trajectories are distinguished by color with no association 
between like colors in different panels.
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Figure 3. Number of H2citrate– adsorbed onto 4, 6, and 8 nm AuNPs vs. time in implicit solvent 
with an additional density of 3 H2citrate– nm-2 randomly distributed in the simulation box (totaling 
6 H2citrate– nm-2) to saturate the surface-bound layer (Layer 1), promote the adsorption of a 
dangling second layer (Layer 2), and form bilayered H2citrate– (Layer 1+2). Trajectories are 
distinguished by color with no association between like colors in different panels.

Table 1. Maximum packing densities of citrate3–, H2citrate– monolayers, and H2citrate– bilayers 
compared to ligand densities calculated from experiment. 

                       Maximum packing density (mol cm-2 x 10-10)
Simulation Experiment

citrate3– H2citrate–
Layer 1 H2citrate–

Layer 1+2

4 nm 3.74 + 0.04 5.67+0.09 8.42+0.20 7.80a

6 nm 3.36 + 0.03 4.97+0.05 7.39+0.10
8 nm 3.48 + 0.04 5.19+0.03 7.37+0.09
aFrom reference9
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3.2. Molecular Configurations of Citrate as a Function of AuNP Size and Packing 

Density. We used the Au–O cutoff distance of 3.5 Å to determine if each citrate is bound to the 

AuNP surface via the terminal carboxylate, central carboxylate, or hydroxyl group. We defined 

molecular configurations according to the groups bound to the surface (Figure 1B). The "tall" 

configuration is defined as a citrate that has an oxygen from a single terminal carboxylate group 

within the cutoff distance from the AuNP surface. The "bridge" configuration is distinguished by 

both terminal carboxylate groups of citrate bound to the surface with the central carboxylate and 

hydroxyl groups free. The configurations are considered 0-, 1-, or 2-arm if either the central 

carboxylate or hydroxyl group is bound to the surface with 0, 1, or 2 terminal carboxylate groups 

also bound, respectively.

Figure 4 shows the distribution of molecular configurations for surface-bound citrate 

anions on 4, 6, and 8 nm AuNPs. For monolayered citrate3–, the dominant configurations are 1-

arm and 2-arm, which combined make up ~78% of the configurations. Approximately 38-51% of 

monolayered H2citrate– are in the 2-arm configuration across AuNP sizes, which is consistent with 

previous experimental findings by ATR-FTIR14 that intermolecular hydrogen bonding between 

terminal carboxylic-acid groups of H2citrate– stabilizes the citrate layer on AuNPs. The 1-arm and 

bridge configurations each make up ~21-26% of monolayered H2citrate– configurations. We find 

that the bridge configuration, previously attributed to citrate3– at low packing density,14 is 

significantly present in monolayered H2citrate–. For the surface-bound layer on an AuNP coated 

with a bilayer of H2citrate– (H2citrate–, saturated), the percent distribution of 2-arm configurations 

decreases, accompanied by commensurate increases in the percent distribution of tall and bridge 

configurations. We find that the distribution of these configurations in monolayered citrate3–, 

monolayered H2citrate–, and saturated H2citrate– does not change with respect to AuNP size.
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As the surface-bound H2citrate– layer becomes saturated, the changes in molecular 

configurations reflect the need to maximize packing and promote bilayer formation. The bridge, 

1-arm, and 2-arm configurations, each with at least one terminal carboxylic-acid group bound to 

the AuNP surface, stabilize monolayered H2citrate–. The bridge configuration maximizes packing 

compared to 2-arm, which can explain the increase in the percent distribution of the bridge 

configuration and decrease in the percent distribution of the 2-arm configuration in response to 

saturating the H2citrate– layer. The percent distribution of the 1-arm configuration does not 

significantly change upon saturating the H2citrate– layer. The 1-arm configuration maximizes 

packing and has one surface-bound and one free terminal carboxylic-acid group that can stabilize 

the surface-bound layer and promote bilayer formation, respectively. Lastly, there is a significant 

increase in the percent distribution of the tall configuration upon saturating the surface. The tall 

configuration has a free central carboxylate group and only one of the two terminal carboxylic-

acid groups bound, maximizing packing on the AuNP surface. One of the two free groups in the 

tall configuration can potentially hydrogen bond with a free group from another tall configuration 

or the free central groups in the bridge configuration, while the remaining free group can hydrogen 

bond with a dangling citrate in the second layer. Such intermolecular interactions thereby 

maximize packing, stabilize the surface-bound layer, and promote bilayer formation, while 

maintaining the ideal 2:1 surface-bound to dangling citrate organization.
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Figure 4. Distribution of molecular configurations in a monolayer of citrate3–, monolayer of 
H2citrate–, and the saturated surface-bound layer of H2citrate– within bilayered H2citrate– on 4, 6, 
and 8 nm AuNPs in implicit solvent.

3.3. Density and Stability of Citrate3– and H2citrate– on 4 nm Cit-AuNPs and PAH-

Cit-AuNPs. We randomly distributed citrate3 and H2citrate equivalent to their maximum 

packing density on 4 nm AuNPs in a simulation box with the 4 nm AuNP fixed at the center. A 

steering force was applied on citrate3 and H2citrate onto 4 nm AuNPs in explicit TIP3P solvent 

at constant NPT until the anions were 7.5 Å from the AuNP surface for 20 ns. The citrate molecules 

were, then, kept frozen, and the solvent was equilibrated for 5 ns. The constraints on citrate were 

released, and the system was equilibrated for 10 ns. Lastly, a production run of 5 ns was performed 

with data collected at 10 ps intervals.
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The polycation PAH200 was deposited on the equilibrated structures of cit-AuNPs along 

with desorbed excess citrate to test the stability of the citrate layers, and the system was re-solvated 

in TIP3P solvent (Figure 5). A steering force was applied to PAH200 toward the AuNP surface for 

0.05 ns to promote adsorption of the polycation. The system was equilibrated for a total simulation 

time of 20 ns followed by a 5 ns production run. The numbers of adsorbed citrate molecules, 

following the construction and equilibration of cit- and PAH-cit-AuNPs, shown in Figs. 6 and 7, 

do not significantly change during the production runs.  

In explicit solvent, we find that citrate3– molecules do not adsorb into a monolayer (Figures 

1, 5, and S4 in Supporting Information). Rather, citrate3– anions coordinate with Na+ ions and 

distribute radially from the AuNP surface due to the accumulation of high surface charge density 

on the AuNP surface in agreement with previous simulations.43 Because citrate3 anions do not 

form a distinct monolayer in explicit solvent, we track the density and spatial distribution of 

citrate3  by distance from the AuNP surface in 3.5 Å increments. We calculate that approximately 

28 citrate3 are directly bound to the surface of each AuNP (Figure 6). Beyond 17.5 Å, the number 

of citrate3 between increments does not significantly change, indicating that there is a total of 

approximately 82 citrate3 in the adsorbed layer and a surface charge density of 8.1  10-10 mol ×

e/cm2, distributed radially from face-dependent sites on the AuNP surface. The remaining citrate3 

in the simulation box are free in solution. The difference in the number of citrate3 between 

increments signifies the number of citrate3 per layer. This spatial charge distribution changes upon 

adsorption of PAH (Figure 6). The intermolecular interaction between citrate3 through 

coordination with Na+ ions becomes disrupted, and citrate3 detaches from the AuNP surface, 

preventing complete adsorption of PAH (Figure S4).
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The density of H2citrate bilayers is determined by the 3.5 Å Au–O cutoff distance for the 

first layer and an intermolecular O–H distance within 4.0 Å between surface-bound and unbound 

H2citrate for the second layer. The density of H2citrate and surface charge density are 3.3  ×

10-10 mol/cm2 and 3.3  10-10 mol e/cm2, respectively (Figure 7). We find that the dangling second ×

layer of H2citrate is easily displaced by PAH, but the surface-bound layer is highly stable (Figure 

7). The density of the surface-bound H2citrate layer remains fixed with a surface charge density 

of 2.8  10-10 mol e/cm2, and the total surface charge density of the H2citrate bilayer is 3.0  × ×

10-10 mol e/cm2 upon adsorption of PAH. 

The stability of the H2citrate layer on AuNPs is in agreement with previous ATR-FTIR 

experiments, which found that the citrate layer on AuNPs is resistant to thiol functionalization,4 

and suggests that citrate anions are in the H2citrate state on AuNPs. 
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Figure 5. Simulation snapshots of (A) citrate3– and (B) H2citrate– layers on 4 nm AuNPs in the 
presence of PAH at the initial configuration (0 ns), after steering PAH to the AuNP surface (0.05 
ns), and at the end of equilibration and production runs (25 ns). Gold (yellow), carbon (gray), 
oxygen (red), hydrogen (white), nitrogen (blue), sodium (purple), and chloride (orange) atoms are 
shown. Water molecules are not shown for clarity.
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Figure 6. Number of citrate3– within 3.5 Å incremental distances from the 4 nm AuNP surface vs. 
time in explicit solvent without and with PAH adsorbed. Each curve is an average of five 
trajectories. There are 27.9 + 2.6 citrate directly bound to the surface on 4 nm citrate-coated 
AuNPs. Beyond 17.5 Å, there is no significant change in the number of citrate between 3.5 Å 
increments, and free citrate are included in the count. There are 81.7 + 2.9 citrate within 17.5 Å of 
the AuNP surface. The number of surface-bound citrate3– is consistent at 27.2 + 4.0 molecules near 
the AuNP surface, but overall number and spatial distribution of citrate3– near the surface decrease 
upon adsorption of PAH. 
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Figure 7. Number of H2citrate– in the surface-bound layer (Layer 1), dangling second layer (Layer 
2), and the total bilayer (Layer 1+2) on 4 nm AuNPs vs. time in explicit solvent without and with 
PAH adsorbed. Trajectories are distinguished by color with no association between like colors in 
different panels. The number of H2citrate– in Layer 1 is 84.7 + 2.1 without PAH and 83.9 + 1.7 
H2citrate– with PAH adsorbed. The total number of H2citrate– in the bilayer on 4 nm AuNPs is 
100.7 + 3.3 without PAH and 90.3 + 3.9 H2citrate– with PAH adsorbed. 

 

3.4. Molecular Configurations of Citrate3– and H2citrate– on 4 nm Cit-AuNPs and 

PAH-Cit-AuNPs. The distribution of citrate3– configurations on gold differs between implicit and 

explicit solvents, but the distribution of H2citrate– is in agreement between the solvent conditions 

(Figures 4 and 8). The different distribution of citrate3– configurations between implicit and 

explicit solvent is attributed to differences in structure observed between solvent conditions.
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Comparison of the distribution of molecular configurations between citrate3– and H2citrate– 

in explicit solvent suggests that the tall configurations16 previously reported to be on 4 nm cit-

AuNPs based on 13C SSNMR indicate the presence of either citrate– or H2citrate–, but larger 

contribution by H2citrate–. The bridge configurations16 are exclusive to and indicate the presence 

of H2citrate– (Figure 8). The oxygen atoms in the central carboxylate and hydroxyl groups of citrate 

are solvent-exposed in the tall and bridge configurations. Of the 0-, 1-, and 2-arm configurations 

observed in the simulations, we determined whether a central-carboxylate oxygen, the central-

hydroxyl oxygen, or both are bound to the AuNP surface. We find that all hydroxyl oxygen in 

citrate3– are bound to the surface, exposing the carboxylate groups to solvent to coordinate with 

Na+ ions and that a small percentage of the hydroxyl oxygen in H2citrate– are free (Figure S6). 

These configurations are in agreement with previous simulations of citrate3– adlayers on an 

Au(111) surface43 and with ATR-FTIR experiments, which found that the hydroxyl group is free 

below pH 9, and that citrate3– binds to the AuNP surface via both hydroxyl and carboxylate groups 

above pH 11.14 

Upon adsorption of PAH, we observe a decrease in the surface-bound layer of the least 

stable citrate3 configurations—tall and 0-arm—which only have one carboxylate or hydroxyl 

group bound. For H2citrate–, there is a slight decrease in bridge, tall, and 1-arm configurations and 

an increase in 2-arm configurations. The intermolecular hydrogen bonding between 2-arm 

H2citrate configurations stabilizes not only the adsorbed citrate anions within the citrate layer but 

also the interface between the citrate monolayer and adsorbing cationic molecules.

We performed in situ ATR-FTIR on multilayered PAH-cit-AuNPs to understand the 

coordination between citrate within the anionic citrate layer and between the anionic citrate layer 

and adsorbing polycation layer. Figure 9 shows ATR-FTIR spectra of PAH-cit-AuNPs in solution 
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and after drying. In the region between 3600 and 2800 cm-1, the peak at 3440 cm-1 is assigned to 

the O–H stretching in water clusters that are hydrogen bonded to carboxylic-acid groups.51 After 

the sample of PAH-cit-AuNPs is dried, this peak for the water clusters disappears, and the peak at 

3385 cm-1 is assigned to N–H stretching in PAH.52 The small peaks at 3041 and 2600 cm-1 indicate 

O–H stretching between hydrogen bonded carboxylic-acid groups,14,53 which shift slightly after 

drying the sample. The peak at 2937 cm-1 suggests either O–H stretching from the carboxylic-acid 

group in citrate or a C–H stretch.53 

In the fingerprint region, characteristic peaks at 1734 cm-1 and 1704 cm-1 for carbonyl 

stretches in carboxylic-acid dimers were isolated by Park and Shumaker-Parry14 after sealing 

surface-bound H2citrate– hydrogen bonded to a dangling H2citrate– using long-chain alkanethiols. 

Our simulations show that the dangling H2citrate– layer is displaced upon adsorption of PAH and, 

thus, this peak is not observed in our FTIR spectra of PAH-cit-AuNPs. The peaks between 1277-

1261 cm-1 are assigned to C–OH stretching in the carboxylic-acid group of H2citrate–.53-54 The 

peak at 1614 cm-1 that shifts to 1603 cm-1 in the dried sample is assigned to (C=OO–) from a salt-

bridge formation between a carboxylate group in citrate and NH3
+ group from PAH, as was 

previously observed in FTIR spectra of the amino acid glycine (NH3
+CH2COO–).53 These peak 

assignments are in agreement with simulations showing that 40% of H2citrate– on the AuNP 

surface are in the bridge configuration with terminal carboxylic-acid groups bound to the surface, 

leaving the central carboxylate group free to interact with PAH (Figure 8). ATR-FTIR experiments 

combined with molecular dynamics simulations on multilayered PAH-citrate-coated AuNPs 

further show the importance of H2citrate–
, particularly the bridge configuration, in stabilizing the 

citrate layer via hydrogen bonding of terminal carboxylic-acid groups and the interface between 

the citrate layer and adsorbing polycation via salt-bridge formation between the central carboxylate 
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group of citrate and amine group of PAH. This analysis on the coordination of the polycation PAH 

with amine terminal groups can be broadly applied to study association of protein coronas on cit-

AuNPs.

 
Figure 8. Distribution of molecular configurations in surface-bound citrate3– and H2citrate– on 4 
nm AuNPs in explicit solvent without and with PAH adsorbed.
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Figure 9. The ATR-FTIR spectrum of PAH-cit-AuNPs in solution (top row) and dry (bottom 
row): The full (from 4000 cm-1 to 1000 cm-1), OH region (from 3700 cm-1 to 2300 cm-1) and 
fingerprint region (from 1800 cm-1 to 1200 cm-1) spectra are shown from left to right.

4. Conclusion

We characterize the structure, stability, and density of citrate3– and H2citrate– on AuNPs, using 

molecular dynamics simulations. For structure, we find the distribution of tall, bridge, and 2-arm 

configurations, which are analogous to binding modes of citrate reported in the literature.14,16 

Through implicit-solvent simulations, we confirm that the population of tall configurations 

increases with increasing packing density16 and that the distribution of configurations sampled and 

packing density are independent of AuNP size. Both citrate3– and H2citrate– can be in the tall 

configuration, as shown in explicit solvent, but this configuration is more significantly adopted by 

H2citrate–. For citrate3–, the tall configuration can serve to maximize charge separation at high 

surface charge density. For H2citrate–, the tall configuration maximizes packing, stabilizes the 

monolayer, and promotes bilayer formation. We find that the bridge configuration is only adopted 
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by H2citrate– and suggest its significance is in stabilizing the monolayer and increasing packing. 

There is a significant presence of the 2-arm configuration compared to other configurations for 

H2citrate– in agreement with previous ATR-FTIR experiments,14 as the terminal carboxylic-acid 

groups of H2citrate– in this configuration participate in intermolecular hydrogen bonding to 

stabilize the AuNP surface. However, there is a greater cumulative distribution of 1-arm, tall, and 

bridge configurations that maximizes packing, thereby yielding a greater density than previously 

predicted.14 

We use a combination of molecular dynamics simulations and in situ ATR-FTIR 

experiments to characterize the citrate layer of 4 nm PAH-cit-AuNPs. ATR-FTIR experiments 

confirm the presence of H2citrate– within PAH-cit-AuNPs and agree with configurations between 

citrate molecules and between citrate and PAH predicted by simulations. We find that the 

H2citrate– layer is highly stable upon PAH adsorption in simulations. In particular, there is a high 

population of bridge configurations that enables intermolecular hydrogen bonding between citrate 

via terminal carboxylic-acid groups and salt-bridge formation between the free central carboxylate 

group in citrate and the amine group in PAH. In contrast, the citrate3– layer is disrupted, and 

removal of citrate3– from the AuNP surface is observed in the presence of an adsorbing cationic 

molecule, highlighting the differences in the stability of citrate3– and H2citrate– layers, particularly 

at charged interfaces. The similarity of the distributions between H2citrate– and citrate3– 

configurations across AuNP sizes in implicit solvent, of the distributions of H2citrate– 

configurations between implicit and explicit solvent conditions, and in the structure of citrate3– 

layers on 4 nm AuNPs and on planar Au(111) surfaces43 suggests similar structure of citrate layers 

in larger sized nanoparticles and local response to adsorbing charged molecules at the site of 

adsorption. For larger sized nanoparticles, the adsorption of multiple polycations or protein 
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coronas must also be considered, and we obtained an all-atom structure for the H2citrate– layer and 

charge density useful for bottom-up coarse-graining simulations of these larger-scale systems.

We determine the density of citrate3– on the AuNP surface to be 2.7  10-10 mol/cm2 and ×

the surface charge density to be 8.1  10-10 mol e/cm2, spatially distributed across 17.5 Å radially ×

from the AuNP surface. However, this spatial charge distribution fluctuates upon adsorption of 

charged molecules. We determine the density of bilayered H2citrate– to be 3.3  10-10 mol/cm2. ×

Upon PAH adsorption, the density of monolayered H2citrate– remains consistent at 2.8  10-10 ×

mol/cm2 with H2citrate– distributed nonuniformly in a face-dependent manner, and total density 

and surface charge density decreases to 3.0  10-10 mol/cm2 and 3.0  10-10 mol e/cm2, × ×

respectively, due to some displacement of the dangling, second H2citrate– layer by PAH. These 

values of citrate density and surface charge density are significantly lower than predicted from 

experimental characterization in dried samples of cit-AuNPs.9,13 The stability of H2citrate– layers 

justifies the use of fixed-charge models for the representation of the citrate layer in simulations. 

This also provides an all-atom level determination of the distribution of configurations and 

coordination modes of citrate predicted by experiment in as-synthesized, functionalized, and 

transformed cit-AuNPs.

ASSOCIATED CONTENT

Supporting Information. Computational and experimental methods, force-field parameters and 
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