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Nanoparticles (NPs) are used in an increasingly large number of applications ranging from 

coatings to sensing. Gold (Au) NPs, in particular, are emerging as some of the most well-studied 

and versatile particle types due to their facile synthesis, high stability, and wide range of 

morphologies. For these and all colloidal NPs, the surface chemistry can significantly impact 

physical properties and performance in downstream applications. The first step in leveraging this 

tunability is to develop analytical approaches to describe surface chemical features. Here, we 

introduce analytical approaches and resulting chemical insights that allow one to quantify, 

predict, and control the extent of ligand exchange on a range inorganic NPs. 

We present data to establish the dynamic range, chemical resolution, and substrate 

generality of our NMR-based ligand quantification approach. First, we determine ligand density 

values for thiolated single-moiety ligand shells. We then use these data to describe ligand 

exchange behavior with a second, thiolated molecule to identify trends in AuNP 

functionalization efficiency as a function of ligand properties and exchange methodologies. 

Finally, we use our quantification method to analyze a diversity of particle shapes, sizes, and 

compositions. 

In the studied systems, several trends emerge that ultimately serve as design rules for the 

generation of well-controlled ligand shells on metal NPs. In particular, we find that AuNPs 

functionalized with thiolated molecules exhibit a range of exchange efficiencies that strongly 

depend on the structure of the existing ligand shell. Further, we demonstrate that ligand 
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incorporation into the final ligand shell varies based on the strength of the ligand binding moiety 

and binding affinity to the AuNP, with stoichiometric loading more closely achieved in cases 

where the ligands have a weaker affinity for the NP as well as with ligands that exhibit limited 

intermolecular interactions. Finally, we discuss the ligand loading trends in relation to particle 

size, composition, and shapes to probe how these aspects of particle morphology may or may not 

influence the ligand loading. Taken together, the reported results provide advances in the 

fundamental understanding of mixed ligand shell formation and are important for the use of 

AuNPs in a variety of applications. 
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1.0 LIGAND DENSITY QUANTIFICATION ON COLLOIDAL INORGANIC 

NANOPARTICLES 

(Portions of this work were previously published and reprinted with permission from Smith, A. 

M.; Johnston, K. A.; Crawford, S. E.; Marbella, L. E.; Millstone, J. E., Analyst. 2017, 142, 11-29. 

Copyright 2017, The Royal Society of Chemistry.) 

1.1 INTRODUCTION 

Nanoparticles (NPs) demonstrate a myriad of new and potentially useful properties that deviate 

from those observed in their bulk or molecular counterparts. A key component of these structure-

function relationships is the surface chemistry of the NPs. Surface chemistry is defined by both 

the crystallographic features of the particle surface as well as the ligands appended to it. Here, 

ligands refer to species adsorbed to the NP surface and can range from monoatomic ions to large 

macromolecules. Ligands can be used to control the growth of the particle,
1-3

 to provide stability

to particles once formed,
4-6

 and also to direct their functionality.
7-12

 For example, ligands may

influence charge transfer in NP-based devices
13

 or targeting in biological systems.
14

 On extended

solid surfaces, correlations between surface ligand architectures and the function of the material 

have been well-documented,
15-17

 in no small part because of the thorough characterization of the

ligand architecture itself.
18-21

 However, the study and use of ligand arrangements on colloidal
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inorganic NPs present unique (and sometimes deceptively mundane) challenges including 

polydispersity in NP samples, determination of NP surface area, and purification of particle 

conjugates from unbound ligands. 

The analytical methods used to assess NP ligand architectures depend on the questions 

one asks about the ligand shell structure. Three fundamental aspects of this structure are the 

identity of the constituent ligands, the quantity of each ligand type, and the spatial arrangement 

of those ligands, both with respect to each other and to the NP core. Therefore, a crucial first step 

towards understanding and leveraging NP surface chemistry is to describe each of these 

architectural features, the most basic of which is the quantity of ligands appended to the NP 

surface. Ligand quantification studies may be used in a variety of ways including to assess as-

synthesized particle ligand densities, ligand densities after post-synthetic modification (e.g. 

ligand exchange), or following particle exposure to, or operation in, various environments.
22, 23

Ligand identification and quantification then provides a robust foundation from which to study 

additional features of the NP ligand shell including aspects of its arrangement and dynamics,
24, 25

as well as NP efficacy in downstream applications, including drug delivery
26, 27

 and

heterogeneous catalysis.
28, 29

Here, we review techniques that determine NP ligand density, focusing on methods that 

yield a quantitative ligand analysis (i.e. an absolute ligand density as opposed to relative ligand 

ratios). In Section 1.2, we outline characteristics of both the NP and the ligand that inherently 

influence particle ligand densities as well as the analytical methods used to evaluate them. We 

then discuss the implementation of these approaches in detail, with the discussion divided into 

sections based on the analytical approach. Thermogravimetric analysis, the first widely 

implemented technique for ligand quantification, is discussed in Section 1.3. Subsequently, we 
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highlight various spectroscopic methods, including optical (Section 1.4), atomic (Section 1.5), 

nuclear magnetic resonance (Section 1.6), and vibrational (Section 1.7) spectroscopies. We also 

include brief reviews of niche or emerging techniques including electrospray-differential 

mobility analysis (Section 1.8), pH-based methods (Section 1.9), and X-ray photoelectron 

spectroscopy (Section 1.10). We have summarized the ligand density results of the highlighted 

studies in the table below (Table 1). In order to facilitate comparisons between methods, we 

report all ligand densities in units of ligands/nm
2
, using information contained in the specific

reports to make unit conversions when necessary.  

1.2 GENERAL CONSIDERATIONS FOR LIGAND QUANTIFICAITON 

An ideal method to quantify ligands on a particle surface would be to isolate an individual NP 

and count ligands directly bound to that structure only. However, since techniques have not yet 

been developed to characterize particles in such detail, all current analytical methods for 

determining particle ligand densities involve analysis of the bulk colloid in some way. Below, we 

outline general considerations when quantifying ligands on a NP surface, including 

characteristics of the NP core (Section 1.2.1) and ligand shell (Section 1.2.2). 

1.2.1 Core Considerations 

Measurements of NP concentration and core morphology strongly influence the accuracy of 

ligand density determination because both parameters are needed to determine the total surface 

area of the particle sample. This total surface area is then used to extract ligand density values. 
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1.2.1.1 Particle Concentration and Surface Area Calculation 

In order to determine particle ligand densities, the general approach is to divide the total amount 

of ligands measured by the total amount of particle surface area measured. This method of ligand 

density determination is necessary because single particle ligand counting is not yet feasible 

(vide supra). Therefore, although we focus here on quantification of NP ligands, quantification 

of particle ligand densities also critically depends on the measurement of total particle surface 

area. Surface area can be determined directly using methods such as gas sorption approaches
30-34

 

or may be determined indirectly by calculating surface area from NP core concentrations and 

average particle dimensions (where dimensions may be determined by techniques including 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), or dynamic light 

scattering (DLS)).  

However, whether particle surface area is measured directly or indirectly, particle 

concentration must also be determined in order to quantify per particle ligand densities. There 

are multiple methods to measure NP core concentrations. Two of the most common approaches 

are absorption spectroscopy and atomic spectroscopies such as inductively coupled plasma mass 

spectrometry/atomic emission spectroscopy (ICP-MS/AES). For absorption spectroscopy 

measurements, absorbance of the NP sample at a specific wavelength is recorded. Then, using 

the particle molar extinction coefficient at this wavelength, the particle concentration can be 

determined.
35-38

 Absorption spectroscopy, especially in the solution phase, has several 

advantages including the ability to perform measurements in situ (e.g. assessing NP 

concentration as a function of ligand exchange or modification reactions). However, because 

each NP has an extinction coefficient (at a given wavelength) that varies as a function of NP size, 

shape, and surface chemistry, dispersity in these parameters influences the calculated NP 
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concentration when using a single average extinction coefficient. Polte and co-workers have 

conducted a detailed study of these dispersity-induced errors, including particle size variation, 

NP surface modification, and metal oxidation state.
39

Unlike absorption measurements, ICP-MS/AES measures the total number of atoms of 

interest in the NP sample. Then, the atom concentrations are combined with experimentally 

determined NP sizes and shapes to derive the total surface area of the sample. Therefore, ICP-

MS/AES approaches have the same shortcomings introduced by NP dispersity as discussed 

above.
40-43

 However, ICP-MS/AES measures atom concentration directly and is unparalleled in

atom detection sensitivity regardless of NP size, surface chemistry, or oxidation state (detection 

limits vary depending on instrument, experimental conditions, and analyte of interest but can 

range as low as parts-per-trillion for Au detected with high resolution ICP-MS).
44

Taken together, each NP surface area determination approach ultimately assumes an 

average particle size and shape and determines a total particle surface area from those values. As 

a result, the error in calculated ligand density is fundamentally limited by the dispersity of the 

particle sample in terms of both size and shape, regardless of the method selected (see Appendix 

A for sample calculation methodology). 

1.2.1.2 Core Morphology 

Even if single particle ligand counting was possible, different surface features can be exhibited 

within a single particle and each unique surface will likely have a distinct ligand density for any 

given ligand of interest. NP properties that may produce this heterogeneity include core 

composition, size, and shape. Particle size and shape influence parameters such as the population 

of exposed crystal facets and surface radii of curvature, which can influence inter-ligand 

interactions. Composition also influences the population of exposed Miller planes (and 
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corresponding surface atom densities) for any given particle, and ligands may arrange differently 

depending on these features.
45, 46

 Further, in multi-element NPs (e.g. alloyed or metal 

chalcogenide NPs), ligand binding and arrangements will vary depending on which atoms are 

present at the NP surface and the affinity of the ligand for each atom (or site) type.
47-49

 It is 

important to note that in the ligand quantification approaches discussed here, facet- or atom-

specific ligand quantification is not resolved, although recent nuclear magnetic resonance (NMR) 

studies have shown promise for determining these details.
50

  

Finally, particle core properties not only influence intrinsic ligand binding motifs, they 

also impact the selection of analytical approaches for evaluating those motifs. For example, in 

certain absorption spectroscopy techniques, ligand-dependent shifts in particle optical features 

such as localized surface plasmon resonances (LSPRs) are exploited.
51, 52

 For these techniques, 

particles must be of both a composition and a size that exhibit spectroscopically discernible 

LSPRs, among other factors. Likewise, the composition of the NPs may impact the use of 

techniques such as ICP-MS/AES, where challenges including spectral interferences between 

analyte elements can occur.  

1.2.2 Ligand Property Considerations  

While a wide variety of chemical moieties may act as NP ligands, organic small molecules are 

some of the most common and are the most widely studied with respect to quantification. These 

ligands have three key regions (Figure 1). First is the particle binding moiety (e.g. -SH, -PR3, -

NH2) which is directly appended to the NP surface. The density of ligands on the surface of a NP 

is fundamentally limited by the space this functional group occupies.
53-55

 The second region is 

the intra-molecular portion, and there is a wide array of chemical functionalities that can be 



7 

present at this site. Interactions between adjacent intra-molecular regions (i.e. inter-molecular 

interactions) can also influence ligand density limits via factors such as steric effects and 

noncovalent interactions. Last, there is the solvent-facing portion of the molecule. Each region, 

and/or all regions in concert, may influence not only the fundamental limits on the physical space 

occupied by the ligands but also the dynamics of these ligands in ligand exchange equilibria,
56, 57

surface ligand migration (i.e. translational motion),
58, 59

 and ligand conformation with respect to

the surface (e.g. tilt, cant, or intra-ligand conformers).
60-62

Figure 1. Scheme representing three key regions of small molecule capping ligands: 1. the particle binding moiety, 

2. an intra-molecular region, and 3. a terminal group. N. B. Components in regions 2 and 3 can also interact with the

NP surface under certain conditions (vide infra). 

All of these dynamic factors can play key roles in the accuracy of any given ligand 

quantification approach. For example, in preparing NP-ligand conjugates for quantification 

analysis (and typically, for subsequent applications), the conjugates must be washed thoroughly 

in order to remove any unbound or non-specifically bound ligands from solution. However, if the 
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ligands are not strongly associated with the particle, such as trisodium citrate on AuNPs,
15

 the 

on-particle ligand density will be modified during the purification steps, and accurate ligand 

quantification may not be possible with current capabilities.  

These ligand dynamics also impact variation in ligand density from sample to sample as a 

function of several factors. First, variability can occur from ligand dissociation during particle 

washing procedures as mentioned above. Second, ligand adsorption is a dynamic process, and 

therefore depending on how long the sample is exposed to excess ligand, some variability is 

expected. Consequently, it is helpful to analyze ligand density by conducting both a binding 

isotherm study as well as a time-based quantification study at constant ligand excess, in order to 

assess whether consistent ligand loading values are achieved during the functionalization 

procedure selected. In this report, standard errors or deviations in ligand density values are 

included for all cases where they are available from the original report. 

 

 

 
Table 1. Compilation of ligand densities (in units of ligands/nm

2
) reported by papers reviewed in chapter 1. 

Particle 

Type 
Ligand Identity 

Reported NP 

Size
a
 (nm) 

Packing Density 

(Ligands/nm
2
) 

Quantification 

Technique 
Source 

Ag 
MUA 4.5 ± 1.3 6.4 TGA 88 

1 kDa PEGSH 25.4 ± 2.1 2.11 ± 0.06 NMR 130 

Au 

MPA 5 6.7 ICP-OES 120 

MPA 13.2 ± 1.4 6.26 ± 0.59 ICP-MS 119 

Thioctic acid 11.6 ± 1.0 1.72 XPS 155 

DDT 5.6 4.67 TGA 77 

MUA/DPPBA 1.8 ± 0.4 5.50 ± 0.88 NMR 25 

MUA 2.4 ± 0.5 14 pH 150 

MUA 12.6 ± 1.2 4.97 XPS 154 

MUA 13 ± 1 4.5 ± 0.1 NMR 54 

MUA 13.8 ± 0.9 4.68 ± 0.05 UV-vis 52 

tetradecanethiol 2.0 ± 0.8 5.81 ± 0.14 TGA 66 

tetradecanethiol 3.9 ± 0.5 4.35 TGA 71 

EG4-SH 3.4 4.17 TGA 75 

HS(CH2)11−(EG)6−OH 1.3 ± 0.3 3.8 ± 0.7 XPS 153 
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Particle 

Type 
Ligand Identity 

Reported NP 

Size
a
 (nm)

Packing Density 

(Ligands/nm
2
)

Quantification 

Technique 
Source 

Au 

1 kDa PEGSH 60 1.4 IR 23 

2 kDa PEGSH 5.7 ± 2 2.38 TGA 67 

2 kDa PEGSH 4.9 ± 1.0 7.04 ± 2.97 TGA 68 

2 kDa PEGSH 11.7 ± 1.4 2.25 ± 0.01 TGA 64 

2.1 kDa PEGSH 15 ± 1.8 3.93 TGA 63 

5 kDa PEGSH 2.8 ± 1 2.88 TGA 79 

1 kDa NH2PEGSH 16.9 ± 0.26 0.36 ± 0.05 TGA 74 

3 kDa PEGNH2 50
‡

2.21 ± 0.18 UV-vis 98 

0.6 kDa TA-PEG-Mal 10 0.83 ± 0.06 UV-vis 110 

740 Da HCO2-PEGSH 4.1 ± 0.8 1.33 pH 149 

3.4 kDa FITC-PEGSH 27.6 ± 2.1 5.56 TGA 76 

2 kDa PS-SH 4.4 ± 1.2 3.45 TGA 70 

7 kDa PNIPAM 5.2 0.83 TGA 73 

4.7 kDa cumyl-NIPAM 2.2 ± 0.8 2.2 TGA 72 

HS-DNA (10 bp) 20 0.69 ES-DMA 146 

HS-DNA (12 bp)
ψ

15.7 ± 1.2 0.21 ± 0.01 PL 97 

HS-DNA (25 bp) 10 0.21 ± 0.04 PL 101 

HS-DNA (25 bp) 15 0.23 PL 100 

HS-DNA (32 bp)
Γ

15.7 ± 1.6 0.17 ± 0.01 PL 102 

BSA 20 0.13 ± 0.01 PL 109 

BSA 30 0.03 ES-DMA 148 

tiopronin 3.9 ± 1.7 3.83 TGA 81 

MBI 13 3.44 ± 0.03 Raman 144 

MBI 13 3.80 ± 0.05 Raman 61 

1-pyrenebutanethioic

acid S-butyl ester
12.5 ± 1.5 4.08 ± 0.17 PL 108 

MMC 5.3 ± 2.1 0.86 UV-vis 51 

calix[4]arene 

enantiometers 
4.7 ± 1.3 1.10 UV-vis 112 

calix[6]arene derivatives 4.2 ± 0.9 0.42 ± 0.03 UV-vis 113 

calix[8]arene 

phosphinoxides 
4.3 ± 0.8 0.44 UV-vis 114 

CdS thiophenol 2.4 ± 0.1 1.37 ± 0.34 NMR 126 

CdSe 

oleate 3.5 ± 0.1 4.6 ± 0.4 NMR 139 

oleate 4.2 4.1 NMR 22 

oleate/tetradecanoate 3.3 ± 0.2 2.9 ± 0.5 NMR 57 

oleate/tetradecanoate 3.5 4.2 ± 0.7 NMR 131 

1 kDa LA-PEG-CHO 6.2 1.66 ± 0.09 UV-vis 111 

TOPO/TOPSe 3.7 ± 0.4 3.72 NMR 143 

CH3-TP 3.7 4.1 ± 2.7 NMR 24 

Fe3O4 
350 Da SiPEG 30-40 0.79 TGA 87 

glycine 14 1.27 TGA 85 
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Particle 

Type 
Ligand Identity 

Reported NP 

Size
a
 (nm) 

Packing Density 

(Ligands/nm
2
) 

Quantification 

Technique 
Source 

InP TOPO 4.7 3 NMR 138 

PbS oleate/tetradecanoate 3.1 4.3 ± 0.5 NMR 131 

PbSe 

oleate 3-7 4.2 NMR 123 

oleate 4.9 3.18 NMR 22 

oleate/tetradecanoate 3.7 3.1 ± 0.5 NMR 131 

Pd 

1-octyne 2.5 ± 0.3 7.69 TGA 29 

DDT 2.2 ± 0.7 3.49 TGA 91 

DDT 3.4 ± 1.0 4.57 TGA 28 

butylphenyl 2.2 ± 0.4 4.76 TGA 89 

Pt 
chlorophenyl 1.9 ± 0.3 12.50 TGA 94 

butylphenyl 2.9 ± 0.5 17.24 TGA 95 

Ru 1-octynyl 2.6 ± 0.2 6.67 TGA 93 

SiO2 

2 kDa PNIPAM 54.3 ± 3.7 0.58 TGA 82 

alanine 7 2.02 ± 0.13 TGA 84 

lysine 7 2.3 ± 0.2 TGA 83 

SiO2@

Au 
pMA-PEG2000-Fl 

90 nm core, 

17 nm shell 
0.28 ± 0.13 Raman 145 

ZnO DDA 3.6 ± 0.4 1.2 ± 0.2 NMR 142 
a 

For all reported sizes where a standard deviation is not given in the table, a standard deviation 

was not reported in the original text. For NP size ranges, a size range (as opposed to a standard 

deviation) was reported in the original text. 

ψ 
In addition to a terminal thiol, this DNA sequence also includes a C6 alkane spacer moiety 

before and after the ssDNA sequence. 
Γ
 In addition to a terminal thiol, this DNA sequence also includes a hexyloxy spacer moiety 

between the thiol group and the ssDNA sequence. 
 

‡
The size reported for this NP is an edge length of Au nanocages. 

1.3 THERMOGRAVIMETIC ANALYSIS (TGA) 

One of the earliest and most common methods used to assess NP ligand density is TGA.
63-76

 In a 

typical experiment, the sample is thoroughly dried and its dry mass recorded. Then, the sample is 

heated (rates range from 5-20 °C/minute), and its change in mass is recorded as a function of 

temperature. The temperature of mass loss is related to ligand identity. After heating, the 

percentage of mass loss within a ligand-specific temperature range can be correlated with the 
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number of ligands appended to the particle. The corresponding NP concentration is typically 

determined from the remaining mass after heating. 

Early studies of TGA-based NP ligand quantification were reported by Murray and co-

workers. The authors examined various thiolated ligands appended to small, pseudospherical 

AuNPs (d = 1.5 – 5.2 nm).
77-80

 Throughout these studies, the authors found that ligand density

varied only slightly depending on particle size and ligand identity. For example, the studies 

found that dodecanethiol (DDT) ligand densities were approximately 4.6 ligands/nm
2
 for both

2.8 nm and 5.2 nm diameter AuNPs.
77

 Larger ligands such as α-methoxy-ω-mercapto-

poly(ethylene glycol) (PEGSH, molecular weight (MW) = 5 kDa) on similarly sized NPs (d = 

2.8  1 nm) produced lower ligand densities (2.88 ligands/nm
2
),

79
 demonstrating that larger

ligands may pack less densely on AuNP surfaces, even when the surface has a high radius of 

curvature.  

The authors extended their studies to more diverse ligands, including the thiol-

terminated, biologically relevant molecule tiopronin. Tiopronin (MW = 163 Da) is smaller than 

PEGSH but sterically bulkier than DDT and exhibits a ligand density of 2.68 ligands/nm
2
 on 3.1

 1.2 nm diameter AuNPs. Interestingly, this tiopronin ligand density is markedly lower than for

either the polymeric ligand or the alkanethiol. In this case, the decreased ligand density was 

attributed to the steric bulk directly surrounding the NP binding moiety.
81

 Taken together, these

studies indicate that for a given particle binding moiety (and NP surface), the steric bulk directly 

at this molecular region is the limiting factor in determining ligand surface coverage, 

independent of both the size of the remainder of the molecule (e.g. the case of PEGSH) and the 

particle radius of curvature. 
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Thiol-terminated PEG ligands (range of MWs = 2.1 - 51.4 kDa) on AuNPs (d = 15 - 170 

nm) were also studied using TGA by Holmes and co-workers.
63

 The authors observed a decrease 

in surface ligand density as polymer MW increases, consistent with other studies of thiol-

terminated polymeric ligands (Figure 2). Colvin and co-workers also investigated the ligand 

density of various thiolated PEG molecules using TGA, and importantly, compared those results 

with ligand density values obtained by two other methods: analytical ultracentrifugation (AU) 

and total organic carbon analysis (TOC). The authors found that ligand loading densities were 

similar for all three methods with values that deviated by less than 22% across a variety of 

PEGSH MWs (MW = 1 - 20 kDa) and particle diameters (d = 5, 10, 15, or 20 nm).
64
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Figure 2. Number of PEGSH ligands on 15 nm AuNPs as a function of PEGSH molecular weight, showing that 

ligand density decreases as ligand chain length increases; inset plots “grafting” (i.e. ligand) density as a function of 

PEGSH molecular weight. Modified from ref. 63 with permission from The Royal Society of Chemistry. 
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While AuNP-ligand conjugates are the most thoroughly studied NPs using TGA, TGA 

has also been used to study ligand densities on other particle types, including silica,
82-84

 

magnetite,
85-87

 Ag,
88

 Pd,
28, 29, 89-92

 Ru,
93

 and Pt.
94-96

 These studies have been conducted primarily 

in conjunction with catalysis or biomedical studies that draw connections between NP ligand 

density and particle performance in a given application. For example, Shon and co-workers 

investigated the correlation between ligand density and catalytic activity of PdNPs in the 

isomerization of allyl alcohols to their carbonyl analogues. Using a variety of alkanethiol and 

thiosulfate ligands, the authors found that NPs with lower ligand densities exhibited enhanced 

catalytic activity.
28, 91, 92

 Various other reports also correlate ligand densities on Pd and Pt NPs to 

catalytic figures of merit, including activity.
29, 89, 94, 95

  

For biological investigations, Davis and co-workers have found that lymph node uptake 

of magnetite NPs (d = 40 - 50 nm) was influenced by the ligand density of pendant PEG 

molecules (PEG terminally substituted by trimethoxysilane, SiPEG; MW = 350, 550, 750, or 

1,000 Da).
86

 By comparing different ligand densities with various MWs of SiPEG, the authors 

found that the biodistribution of these particles could be tuned for optimized lymph node uptake. 

The highest uptake was observed for magnetite particles capped with 750 Da SiPEG with a 

maximum loading of 0.8 μmol/m
2
 (0.48 ligands/nm

2
), although improved lymph node uptake 

was observed in nearly all cases with the addition of SiPEG compared to the un-PEGylated 

magnetite NPs.
86

  

The above studies demonstrate that TGA is an effective technique for ligand 

quantification for a wide range of both ligand and particle types. However, it is important to note 

that this method is limited in the characterization of multicomponent ligand shells (i.e. particle 
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ligand shells that contain more than one ligand type), since often it is not possible to distinguish 

between ligand removal temperatures, especially for ligands with similar masses.  

1.4 OPTICAL SPECTROSCOPY 

Ligand quantification using optical spectroscopy includes both absorption and 

photoluminescence (PL) measurements. These techniques frequently exploit optically active 

indicators, such as fluorescein, which are used to label ligands appended to the particle surface. 

Typically, these labelled ligands are released for measurement by digesting the particle. The 

optical signal from the labelled ligands is then compared to a calibration curve prepared from 

standards to determine unknown ligand concentrations. Colorimetric or fluorescence assays may 

also be used to quantify the concentration of free ligand before and after the introduction of 

particles, where the change in concentration after particle introduction is attributed to ligands 

attaching to the particle surface. For plasmonic particles, techniques have been developed to 

correlate changes in the LSPR to ligand densities. Additionally, if optically active ligands are 

used, techniques such as time-correlated single photon counting (TCSPC) or measurements of 

ligand excimer PL can be used to measure the amount of ligand present in a sample. Following 

quantification of ligand concentrations by the above methods, the corresponding NP 

concentration is typically determined using either atomic or absorption spectroscopy.  
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1.4.1 Photoluminescence (PL) Spectroscopy 

A variety of PL techniques have been developed to quantify ligand density and functionality. 

These methods require ligands that are inherently fluorescent, ligands that are labelled with a 

fluorophore, or the addition of a fluorescent indicator. Both steady-state and time-resolved 

techniques have been used.  

1.4.1.1 Fluorescently-labelled Ligands 

In 2000, Mirkin and Letsinger used PL spectroscopy to quantify oligonucleotide loading on 

AuNPs (d = 15.7 ± 1.2 nm) and established relationships between various ligand properties and 

the extent of DNA hybridization on the NP surface.
97

 Specifically, the authors used fluorescein

to label individual thiolated oligonucleotides (12 base pair (bp) single-stranded DNA (ssDNA) 

with a hexanethiol spacer before and after the DNA sequence) and then exploited the quenching 

properties of AuNPs as a signal mediator. AuNPs and other metals are known to quench the 

emission of nearby luminophores through decay pathways such as nanosurface energy transfer 

(NSET), in which conduction electrons in the metal interact with the luminophore dipole.
98, 99

Therefore, in these experiments, no PL was observed from the fluorophore-labelled ligands when 

appended to the NPs. After incubating the AuNPs in 2-mercaptoethanol, the thiolated ssDNA 

was displaced, and after separation from remaining AuNPs via centrifugation, PL from the 

displaced oligonucleotides was measured at 520 nm. The concentration of released ssDNA was 

determined by comparing this PL signal to a standard calibration curve and used to calculate a 

ligand density of 0.21  0.01 ligands/nm
2
.
97

 Using similar methods, the authors also showed that

only 4% of particle-bound ssDNA hybridized with a complementary strand when the 

oligonucleotide sequences were directly appended to the AuNP via a terminal thiol linkage. 
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However, hybridization efficiency increased to 44% if a 20 base pair “spacer” sequence was 

added between the thiol and the DNA sequence of interest.
97

This general method of quantification via the release of fluorescently-labelled ligands has 

been slightly modified to study a variety of particle morphologies and ligand types.
98, 100-105

Mirkin and co-workers expanded their initial studies to quantify ligand density on different sizes 

of AuNPs (d = 10 - 250 nm) and investigated how parameters such as salt concentration and 

post-conjugation treatments (e.g. sonication) impacted final DNA density on the NPs.
100-102

 In

these studies, dithiothreitol (DTT) was used to displace the fluorescein-labelled ligand shell 

(Figure 3). The ligand density decreased with AuNP size from 0.20 ± 0.04 ligands/nm
2
 for 10 nm

AuNPs to 0.06 ± 0.01 ligands/nm
2
 for planar Au.

101
 The same group used these quantitative

values to establish surface ligand-dependent particle properties. For example, the authors 

observed a positive correlation between AuNP cellular uptake and oligonucleotide loading 

density.
103

 Liu and co-workers have also used fluorescence-based techniques to analyze DNA

loading on AuNPs (d = 50 nm) in different salt concentrations and in a 2% PEG solution (MW = 

20 kDa), where the PEG in solution does not adsorb to the particles but is thought to improve 

particle stability.
104
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Figure 3. Scheme illustrating the quantitative analysis of oligonucleotide-functionalized AuNPs of various core 

diameters. Here, AuNPs are functionalized with fluorescein-labelled oligonucleotides in the presence of salt, 

purified, and then exposed to DTT, which removes the ligands from the NP surface. The released ligands are then 

quantified using photoluminescence spectroscopy. Adapted with permission from ref. 100. Copyright 2006 

American Chemical Society. 

In addition to total ligand density, fluorophore labelling has also been used to quantify 

the density of functional groups available for modification. For example, Fiammengo and co-

workers quantified the number of “modifiable” amino groups on AuNPs (d = 29 - 41 nm) capped 

by different fractions of amine- and carboxylic acid-terminated PEGSH (MW = 600 Da or 3 

kDa). The amine-functionalized ligands were post-synthetically labelled with 5(6)-

carboxylfluorescein NHS ester, displaced using DTT, and then quantified using PL 

spectroscopy.
105

 While this technique does not provide a full quantitative description of ligands

on the AuNP surface, it instead reports on the number of amino groups that are available for 

functionalization, as not all of the amino groups were able to be fluorescently labelled. 

1.4.1.2 “Turn on” Fluorescent Indicators 

Another class of PL-based methods uses “turn on” fluorescent indicators to quantify ligand 

density and/or functionality. In these techniques, an indicator is used that only shows 



 19 

luminescence in the presence of specific analytes. For example, Perry and Heinz used 

fluorescamine, which exhibits PL in the presence of primary amines, to investigate peptide 

loadings on silica particles as part of a wider study on silica NP surface chemistry.
106

 The 

fluorescamine assay also has been used by Weller and co-workers, who quantified the number of 

accessible amino groups on 3-sulfanylpropyltrimethoxysilane-capped AuNPs (d = 2.2 ± 0.5 nm) 

after the NPs underwent silane polycondensation with 3-aminopropyldimethylethoxysilane.
107

 

1.4.1.3 Optically Active Ligands 

Similarly, certain ligands may exhibit unique PL properties that are dependent upon their 

chemical environment. For instance, Katz and co-workers investigated the ligand density of 1-

pyrenebutanethioic acid S-butyl ester and thiocarbonic acid O-(4-pyren-1-ylbutyl) S-butyl ester 

ligands on AuNPs (d = 12.5 ± 1.5 nm) and exploited the fact that, when appended to the NP 

surface, the hydrophobic pyrene moieties aggregate, which leads to an approximately 25 to 35-

fold increase in the excimer emission band area.
108

 In these experiments, known concentrations 

of citrate-stabilized AuNPs were titrated into a solution that contained a known concentration of 

either the thiocarbonate or thioester ligands. The fluorescence area between 360 and 600 nm was 

measured following each AuNP addition, and the titration continued until the fluorescence area 

reached a maximum, indicating saturation of the AuNP surface. This experiment was repeated at 

several different ligand concentrations, and a linear plot of the AuNP concentration at the 

saturation point versus the corresponding ligand concentration was obtained. The slope of the 

line corresponds to the number of ligands per saturated AuNP, and a ligand footprint of 24.5 ± 

1.0 Å
2
 (4.08 ± 0.17 ligands/nm

2
) was determined.

108
 

An additional method using optically active ligands exploits differences in the 

luminescent lifetime between the ligand luminophores when they are on or off a particle surface. 
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Franzen and co-workers used TCSPC to determine the number of [Ru(bipy)2bipy-

C6H12S]
2+

(RCBS)-labelled bovine serum albumin (BSA) ligands on AuNPs (d = 20 nm).
109

Emission from RCBS is partially quenched when appended to AuNPs, resulting in a shorter 

lifetime. The AuNPs were incubated in an excess of the RCBS-labelled BSA ligands (500:1 

ligand:AuNP ratio), and a biexponential lifetime was observed. From these data, two distinct 

lifetimes could be extracted, consistent with RCBS on and off particle. The coefficients of the fit 

for each lifetime corresponded to the relative ratios of each species in solution, and, in 

combination with the measured quantum yields, the concentration of the RCBS on and off 

particle could be determined. This method was validated using a second PL technique, in which 

a known concentration of the AuNPs was incubated in rhodamine B isothiocyanate-labelled BSA 

and then the particle-ligand conjugates were removed via centrifugation. The fluorescence of the 

BSA was measured before and after AuNP introduction and compared to a standard curve; the 

decrease in fluorescence (and therefore ligand concentration) was attributed to the BSA 

appended to the NP.
109

1.4.2 Absorption Spectroscopy 

Ligand quantification using absorption spectroscopy typically requires the use of indicators, 

labels, or particles that produce optical signals that quantitatively correlate with ligand loading 

values. 

1.4.2.1 Ligands Tagged with Optically Active Labels 

Absorption spectroscopy methods may monitor the absorbance of the ligand, the particle, or an 

external indicator to assess ligand density. Mattoussi and co-workers monitored the absorbance 
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of a ligand by synthesizing a modular molecule consisting of a thioctic acid anchoring unit, a 

PEG chain, and a maleimide terminal group (TA-PEG-Mal). This ligand was then appended to 

AuNPs (d = 10 or 15 nm).
110

 The particle-bound maleimide was coupled to a peptide and Cy5 

dye in a two-step reaction. Following particle purification, the Cy5 concentration was measured 

at 649 nm; extinction from non-Cy5 coupled AuNPs was subtracted as a blank. Footprints of 

1.20 ± 0.08 and 1.27 ± 0.10 nm
2
 (0.83 ± 0.06 and 0.79 ± 0.06 ligands/nm

2
) were measured for 

the 10 and 15 nm AuNPs, respectively. However, the authors point out that these values 

underestimate ligand concentration because they are based on the assumption that both coupling 

steps were 100% efficient.
110

 The same group used an analogous technique to investigate the 

loading of aldehyde-terminated ligands (lactic acid-PEG-CHO) on CdSe@ZnS semiconductor 

NPs (d = 6.2 and 6.8 nm) by conjugating 2-hydrazinopyridine to the aldehyde, which forms a 

chromophore with distinct absorption at 350 nm. In these experiments, the authors found that the 

ligand density was relatively insensitive to core size but that the ligand density decreases with 

increased ligand denticity.
111

  

1.4.2.2 Plasmonic NPs 

For plasmonic AuNPs, the LSPR can also be used to monitor ligand loading. Katz and co-

workers have reported a number of such studies. In 2008, the authors found that titrating 

5,11,17,23-tetrakis-mercaptomethyl-25,26,27,28-tetrapropoxylcalix[4]arene (MMC) into a 

known concentration of tetraoctylammonium bromide (TOAB)-capped AuNPs (d = 5.3 ± 2.1 

nm) produced a linear red-shift in the LSPR.
51

 Upon saturation of the AuNP surface with MMC, 

the LSPR ceased to shift in response to additional ligand. The ligand concentration at the 

saturation point and the AuNP concentration are both known, providing a quantitative 

assessment of ligand footprint, which was 116 Å
2
 (0.86 ligands/nm

2
).

51
 The same group has also 
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used this technique to quantify calix[4]arene enantiomers (1.10 ligands/nm
2
),

112
 calix[6]arenes

(0.42 ± 0.03 ligands/nm
2
),

113
 and calix[8]arenes (0.44 ligands/nm

2
).

114
 Similarly, Weinstock and

co-workers observed a consistent blue shift in the LSPR as function of 11-mercaptoundecanoic 

acid (MUA) addition to a solution of AuNPs (d = 13.8 ± 0.9) originally terminated by the 

inorganic cluster -AlW11O39
9-

. Upon saturation of the AuNP surface with MUA, no further

change in the LSPR wavelength was noted, and the concentration of ligand added at this 

saturation point was used to determine the ligand footprint (Figure 4).
52

Figure 4. Ligand exchange of the α-AlW11O39
9-

 cluster-capped AuNPs with MUA. (A) Absorption spectra of the

AuNP LSPR during the ligand exchange, and (B) plot of the change in LSPR absorbance at the initial λmax of 526 nm 

as a function of added MUA concentration. Adapted with permission from ref. 52. Copyright 2012 American 

Chemical Society. 
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1.4.2.3 Optically Active Indicators 

Finally, the absorbance of an external indicator can also be used to study ligand loading. Liang 

and co-workers quantified the conjugation of the therapeutic peptide p12 and a targeting peptide 

onto tiopronin-capped AuNPs (d = 2 nm) using the colorimetric bicinchoninic acid assay and 

observed 65% and 90% conjugation efficiency for the therapeutic and targeting peptides, 

respectively.
115

 Similar techniques have been used to quantify peptide
116

 and ssDNA
117

 loadings 

on AuNPs. In these studies, the free ligand concentration was monitored by UV absorption 

before and after AuNP incubation, which demonstrates that dye-free, absorption-based ligand 

quantification is also possible.  

Xia and Chen used a ninhydrin assay as part of their investigation of α-amino-ω-

mercapto-poly(ethylene glycol) (NH2PEGSH) density as a function of polymer molecular weight 

(MW = 3, 5, or 20 kDa) on various sizes of Au pseudospherical NPs, nanorods, and nanocages 

(Figure 5). Ninhydrin reacts with primary amines to produce a dark purple color with an 

absorbance peak at 565 nm.
98

 A known concentration of the AuNPs was incubated in a known 

concentration of NH2PEGSH. Aliquots of the free NH2PEGSH were removed before and after 

this incubation step and were mixed with ninhydrin. The change in absorbance before and after 

particle incubation was measured at 565 nm and compared to a standard curve, which allowed 

the change in NH2PEGSH concentration (i.e. the concentration of ligands on particle) to be 

quantified. This method indicated that the ligand densities ranged from 2.21 to 0.21 ligands/nm
2 

for 3 kDa and 20 kDa NH2PEGSH, respectively, on 50 nm Au nanocages.
98

 The authors 

compared this method to several other techniques, where the ninhydrin assay consistently 

indicated higher ligand loadings compared to other approaches including a fluorescamine assay 

(see Section 4.1.2; 2.21 ligands/nm
2
 versus 1.64 ligands/nm

2 
for 50 nm Au nanocages). While the 
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fluorescamine assay had a lower detection limit (~250 nM versus 500 nM), it was more sensitive 

to discrepancies in sample preparation (e.g. whether or not all AuNPs had sedimented prior to 

measurement). Consequently, the authors recommended the ninhydrin assay as a more robust 

technique for quantification.  
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Figure 5. Scheme demonstrating 4 different techniques for the quantitative characterization of NH2PEGSH on 

AuNPs: (i) a fluorescamine photoluminesence assay, (ii) a ninhydrin-based absorption spectroscopy method, (iii) 

fluorescein labelling of terminal amines on the appended ligand, and (iv) Cu
2+

 labelling of terminal amines, an ICP-

MS method. Techniques (i) and (ii) quantify ligand density, whereas (iii) and (iv) quantify the amino groups 

available for functionalization. Adapted with permission from ref. 98. Copyright 2012 American Chemical Society. 
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Chan and co-workers have used an external indicator to investigate the impact of PEGSH 

grafting on both the serum protein absorption and subsequent macrophage uptake of AuNPs. 

Here, they incubated AuNPs (d = 15, 30, 60, or 90 nm) in various concentrations of PEGSH 

(MW = 5 kDa) and assumed all pendant thiol groups were unavailable for further reaction. After 

incubation, the remaining thiol content was quantified using 5,5’-dithiobis(2-nitrobenzoic acid), 

which reacts with thiols in a stoichiometric fashion to produce an absorption band at 412 nm.
118

The intensity of this band can then be monitored and compared to a standard curve in order to 

extract a quantitative value of unreacted thiol, which can be used to infer a quantity of thiols that 

had been adsorbed to NP surfaces. 

Despite broad use, it is important to note that these optical spectroscopy methods can be 

limited because either the particle core or the ligands must be spectroscopically active or 

modified to be so post-synthetically. Such modifications can have undesired consequences for 

the ligand architecture. For example, changes can occur in ligand density due to an increase in 

ligand size as a result of fluorophore labelling. Further, when labelling is used, the efficiency of 

the labelling reaction is typically not 100%. Finally, absorption or luminescence from metal or 

semiconductor NPs may interfere with ligand-based PL or absorption measurements and 

therefore the ligand of interest must be extensively purified or spectroscopically distinct from the 

NP core optical features.  

1.5 ATOMIC SPECTROSCOPY 

ICP is an atomic spectroscopy method that uses high temperature plasma to decompose an 

analyte into its constituent atoms, and these atomized products can be subsequently analyzed by 
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either a MS or AES detector. ICP is most commonly used in the quantitative analysis of 

transition metals. However, it can also be used to detect lighter elements such as sulfur
119, 120

 or 

phosphorus
121, 122

 under certain conditions, which allows NP concentration and ligand 

concentration to be determined simultaneously in some cases.  

For example, Lämmerhofer and co-workers used ICP-MS to quantify gold:sulfur ratios 

for AuNPs with various diameters between 13.2 ± 1.4 and 26.2 ± 4.4 nm.
119

 They demonstrated a 

linear relationship between ligand density and ligand chain length with various mercaptoalkanoic 

acids (MAAs) and examined NP ligand density with thiolated oligo EGs. The authors report 

average ligand densities of 4.96 ± 0.27 and 4.29 ± 0.45 ligands/nm
2
 for shorter (MW = 282 Da) 

and longer oligo ethylene glycols (EGs, MW = 459 Da), respectively, and these values are 

consistent with other ligand densities reported for oligo EGs appended to AuNPs. While 

atmospheric interferences (e.g. oxygen or nitrogen with sulfur) can be a challenge for sulfur atom 

concentration quantification using ICP-MS, Lämmerhofer used an internal standard as well as 

spike recovery experiments to validate their sulfur detection approach. Here, spike recovery 

experiments involve adding a known amount of the compound of interest to standards that 

already contain this compound. The sample is then analyzed, and the standard concentration is 

subtracted from the total sulfur concentration in order to confirm that the added amount is 

retained.
119

 Further, since Au concentrations can be much higher than sulfur concentrations for 

large AuNPs, this method incorporates operating parameters that reduce the Au signal to as little 

as 0.1% to prevent it from overloading the detector. By reducing the amount of Au signal 

reaching the detector, this method can simultaneously measure both the sulfur signal from the 

thiolated ligands and the Au signal from the NPs.  
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ICP-AES has also been used to quantify ligand densities. Hackley and co-workers 

examined the gold:sulfur ratio for a variety of particle sizes, observing that packing density is 

largely independent of particle size (d = 5 - 100 nm). Working without an internal standard in 

this case, Hackley cautions that the particles and ligands must be sufficiently concentrated to 

ensure that the sulfur is present at a significant percentage of the total sample mass for accurate 

quantification.
120

 Weiss and co-workers have applied similar techniques to study phosphorus-

containing ligands on CdSe NPs.
121, 122

 Importantly, by observing the number of ligands post-

purification in conjunction with NMR data, Weiss was able to establish particle binding 

equilibria for these ligands (vide infra).
121

While not demonstrated yet, it is straightforward to envision expanding these atomic 

spectroscopy methods to examine mixed-moiety ligand shells, provided that each ligand contains 

spectroscopically distinct elements. 

1.6 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

Given the distinct advantages of NMR spectroscopy for small molecule characterization, 

significant efforts have been devoted to developing NMR approaches for ligand density 

determination. A common method to study ligand densities using NMR involves the addition of 

an internal standard. With this method, a known concentration of a molecule that has NMR 

resonances distinct from the ligands of interest is added to the NP solution. The internal standard 

peak is then integrated along with the ligand peak of interest, and the concentration of the ligand 

can be determined by one of two methods. The first method uses comparison to a calibration 

curve, which is generated by plotting the ratio of the integrated ligand peak divided by the 
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integrated internal standard peak against the known ligand concentrations.
54

 The alternative 

approach involves quantification based on the number of 
1
H nuclei contributing to the internal 

standard peak and the ligand peak of interest and does not necessarily require a calibration curve. 

Here, a known concentration of internal standard is added to the unknown sample. The 

concentration of the unknown sample can be determined by comparing the integral of an internal 

standard peak to the integral value from the sample ligand peak of interest, both of which must 

correspond to a known number of protons.
123

 In these experiments, NMR offers the advantage of 

being able to analyze multi-component ligand shells under various conditions. Further, unlike 

many of the other methods discussed, NMR has the additional capability to probe ligand 

dynamics and arrangement in addition to ligand quantities in real time. Here, we primarily focus 

on ligand densities but discuss additional findings from NMR, if reported. 

The expanded capabilities of NMR come with several technical considerations that 

strongly influence spectral interpretation. The major consideration for analyzing the NMR 

spectra of molecules appended to a colloidal surface are related to how that surface and core 

material may change the observed NMR features of the appended ligands. Specifically, ligands 

bound to NP surfaces typically exhibit broader NMR linewidths and/or differences in chemical 

shift compared to the ligands free in solution. These changes in NMR signals can necessitate 

reassignment of the particle-bound spectra (e.g. using 2D NMR analysis such as homonuclear 

correlation spectroscopy (COSY) and/or heteronuclear single quantum correlation (HSQC) to 

determine the segment of the ligand that corresponds to the new NMR resonances upon NP 

binding) and often result in lower (in some cases, prohibitively low) signal to noise ratios. The 

physical underpinnings of this line broadening vary depending on the system, but they can 

generally be attributed to either inhomogeneous line broadening (e.g. chemical shift 
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distribution),
124, 125

 homogeneous line broadening (e.g. dipolar coupling due to ligand packing
126

or electron-nuclear coupling
127

), or a combination of both.
128, 129

Unfortunately, this line broadening can obscure quantification in some cases. For 

example, when ligands bind to NPs with a high population of free carriers (e.g. metal NPs or 

doped semiconductor NPs), the NMR resonances from nuclei on the ligand that are in proximity 

to the carriers are attenuated by ligand-carrier spin interactions. The degree of attenuation is 

related to the distance between the nuclei and free carriers, and thus inaccurate quantification can 

occur if all nuclei corresponding to a particular resonance are not accounted for in a given peak 

integration. Regardless of whether the analysis is performed on or off particle, the NP 

concentration for these methods is typically determined by either absorption or atomic 

spectroscopy methods.  

1.6.1 “Off particle” NMR Analysis 

To avoid the adverse effects associated with line broadening and chemical shift changes, ligands 

can be removed from the NPs for routine, quantitative NMR analysis. In the case of metal 

NPs, which have a high concentration of conduction electrons, ligands must be removed from the 

particle surface to achieve accurate quantification. In other systems, quantification of unbound 

species may be employed as a matter of convenience to provide higher resolution spectra and 

avoid spectral reassignment. In addition, when monitoring dynamic processes, such as ligand 

exchange, the species of interest may be released from the particle surface during the reaction. 

Here, we will discuss literature examples from each of these scenarios in which off particle 

species were analyzed.  
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In our laboratory, we have shown that a combination of TEM for AuNP sizing, ICP-MS 

for Au quantification, and 
1
H NMR for ligand quantification can reveal physical processes 

underpinning the formation and properties (e.g. final ligand density) of both single and mixed 

ligand shells on metal NPs. Here, we use acetonitrile (ACN) as an internal standard and use a 

calibration curve to perform quantitative analysis of ligand shells (Figure 6). The accuracy of this 

method was verified by synthesizing a molecule that was detectable by both our method using 
1
H 

NMR as well as ICP-AES (using a Se tag). Both NMR and ICP-AES were in statistical 

agreement, indicating that the NMR quantification approach is reliable for metal NPs.
54

 In this 

work, we found that PEGSH (MW = 1 kDa) is easily displaced by incoming MAAs and is 

amenable to post-synthetic modification. In contrast, more densely packed monolayers (e.g. if 

the original ligand shell is composed of MAAs) are not readily modified, exhibiting exchange 

efficiencies as low as 2% with other thiolated ligands, likely due to inter-ligand interactions (e.g. 

van der Waals forces) between neighboring alkyl chains. This NMR-based approach can be 

applied to a wide range of particle and ligand types, limited only by chemical resolution in the 

NMR spectrum.
25, 130
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Figure 6. Scheme of a typical off particle NMR analysis. Here, NP conjugates are digested for quantification by 

ICP-MS, while the released ligands are quantified by 
1
H NMR. Adapted with permission from ref. 54. Copyright 

2015 American Chemical Society. 

This work was preceded by studies of semiconductor NP systems. For example, Owen 

and co-workers have used a ferrocene internal standard to quantitatively study the displacement 

of cadmium carboxylate from CdSe NPs.
131

 In this study, the original particles remained intact,

but the as-synthesized ligands (carboxylate complexes) were displaced using one of several 

different reagents (such as N,N,N’,N’-tetramethylethylene-1,2-diamine (TMEDA)). Serial 

precipitation and centrifugation of the NPs (to which TMEDA had been added) were performed, 

followed by collection of the supernatant, which was then dried under vacuum. The 

concentration of free carboxylate ligands that had been displaced from the NPs by TMEDA was 

determined. Similar experiments quantified the species displaced during ligand exchange on 

CdS, PbSe, and PbS NPs. From the quantitative NMR analysis, the authors demonstrated that the 

composition changes due to metal-carboxylate displacement could be correlated to 

optoelectronic features of semiconductor NPs, including specific absorption transitions as well as 

PL quantum yield.
131

 Likewise, Weiss and co-workers have used ferrocene as the internal
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standard for the quantification of 4-hexylphenyldithiocarbamate (C6-PTC) on CdS NPs.
132

 The 

NPs were originally functionalized with oleate and underwent a ligand exchange with C6-PTC. 

The number of C6-PTC ligands bound to the particles was obtained by quantifying bound and 

unbound oleate (based on the differences in peak shape and chemical shift) and also determining 

the stoichiometry of the ligand exchange, where one bound C6-PTC displaces at least two oleate 

ligands.
132

 

Even in semiconductor NP systems, line broadening upon particle attachment can be 

extreme, making on particle quantification approaches prohibitively time consuming. In order to 

overcome this barrier, Weiss and co-workers demonstrated that CdSe NP ligand densities could 

be quantified by 
1
H NMR using an alternative external standard approach, in which only 

unbound species are observed.
24

 To measure ligand densities of methylthiophenolate (CH3-TP) 

on CdSe NPs, the authors compared NMR spectra from the NP sample and a sample of CH3-TP 

that did not contain NPs. The NMR response of the sample was compared to the NMR signal 

obtained from mixing the CdSe NPs with the same amount of CH3-TP as in the external 

standard. Here, an assumption is made that any ligands that attach to the NP surface will be 

shifted and dramatically dephased and thus too broad to distinguish from the spectral baseline. 

Therefore, since both the reference and the sample contain the same quantity of ligands, the 

signal from the ligand + NP sample comes only from the unbound ligands free in solution, and it 

was inferred that the remaining quantity has adsorbed to the particle surface. Using this 

approach, the measured difference in NMR signal between the NP-free sample and the NP-

containing sample is proportional to the number of bound CH3-TP ligands. From this study, 

typical ligand densities ranged from 1.4 - 7.6 ligands/nm
2
 for CdSe NPs with a variety of 

diameters between 2.26 - 4.74 nm.
24
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1.6.2 “On Particle” NMR Analysis 

On particle ligand quantification is feasible in NP systems with low free charge carrier densities 

(e.g. intrinsic semiconductors), because line broadening is likely the result of factors such as 

ligand packing,
126

 chemical shift distributions from faceting on the particle surface,
133

 and slow

tumbling
134, 135

 rather than a result of coupling to free carriers. Therefore, all species contributing

to a specific resonance can be accounted for. However, on particle approaches, even where 

physically possible, can be significantly more expensive than their off particle analogues in terms 

of time and material due to lower signal to noise ratios and in some cases, the need for additional 

spectral assignment.
136, 137

 Despite these challenges, on particle NMR analyzes of ligand shells is

attractive because of the potential to not only characterize ligand quantity but also to elucidate 

features such as ligand arrangement and binding affinity on the particle surface all within a 

single experiment. 

Early work developing on particle NMR quantification was performed on intrinsic 

semiconductor NPs. Here, Pines and co-workers used the internal standard method without a 

calibration curve for the quantification of thiophenol on CdS NPs exhibiting different core sizes 

(d = 1.18 ± 0.1 – 1.92 ± 0.1 nm).
126

 Using dichloromethane (DCM) as the internal standard, the

authors found that as the size of the NPs increases, the number and percent coverage of 

thiophenol ligands decreases, indicating that larger NPs have less dense ligand shells. 

Interestingly, the authors noticed that as particle size was reduced, 
1
H NMR lines were 

broadened, contrary to what is expected given the faster tumbling rate of the smaller NPs. 

Detailed models of selective spin-spin relaxation (T2) measurements showed that the increase in 

linewidth was most likely the result of tightly bundled thiophenol islands on the surface of the 

CdS NPs, providing not only quantitative information on the NP ligand shell but also 
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information on the ligand arrangement as a function of NP size.
126

 The insight provided by NMR 

allowed the authors to correlate ligand shell morphology in terms of packing arrangement with 

ligand density – parameters that influence the resulting NP physical behavior. 

More recent work exploring on particle NMR ligand quantification was conducted by 

Hens and co-workers, analyzing both InP
138

 and PbSe
123

 NPs with dibromomethane as the 

internal standard. When PbSe NPs (d = 3 - 7 nm) are capped with oleate, an average ligand 

density of 4.2 oleate/nm
2
 was determined.

123
 The authors have also studied oleate densities using 

Quantas software that is derived from the pulse-length-based concentration determination 

(PULCON) method, where the software adds an artificial peak of standard intensity.
22, 139

 This 

simulated peak can then be integrated along with the ligand peaks to determine the ligand 

concentration. The authors analyzed the impact of washing with NP nonsolvents on oleate ligand 

densities on CdSe and PbSe NPs. They found that the ligand density decreases as a consequence 

of increased methanol washing steps, from an initial 4.1 oleate/nm
2
 to 3.2 oleate/nm

2
 and 3.18 

oleate/nm
2
 to 1.16 oleate/nm

2
 for CdSe and PbSe NPs, respectively.

22
 The ligand density for 

PbSe NPs obtained with the Quantas approach is lower than that found using the internal 

standard approach (further interpretation likely requires additional information about the particle 

dispersity). Finally, Hens and co-workers also used the Quantas approach to determine the ligand 

density of oleate on the surface of the CdSe NPs (d = 3.5 ± 0.1 nm) to be 4.6 ± 0.4 oleate/nm
2
 in 

the absence of additional methanol washing steps.
139

 The ligand densities for CdSe NPs without 

additional methanol washing steps are comparable, which is expected given the synthetic 

similarities between the studies. 

In order to understand the relationship between optical properties and surface chemistry 

in semiconducting NPs, Owen and co-workers again used ferrocene as an internal standard to 
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determine ligand density on CdSe NPs before and after ligand exchange.
57

 Here, ferrocene was

used to provide distinct resolution between proton chemical shifts of the standard versus the 

ligands of interest, due to the deshielding effects noted for many metal-containing compounds.
140

In this report, the particle concentration was measured using the absorbance and molar extinction 

coefficient of the NPs. The authors found that the original carboxylate-terminated CdSe NPs 

undergo a quantitative (> 99%) ligand exchange with tri-n-butylphosphine (Bu3P). After 

replacement of carboxylate with Bu3P, the CdSe NPs are then replaced by various n-alkylamines, 

and an aliquot of n-alkylamine-capped NPs was placed into deuterated medium for analysis 

following washing to remove unbound ligands. The resulting ligand shells were more dense than 

the Bu3P ligand shells,
57

 leading the authors to conclude that n-alkylamine ligands provide higher

surface coverage than Bu3P. This increase in amine ligand density was then correlated to higher 

NP quantum yields.  

Apart from metal chalcogenide particles, on particle NMR-based ligand quantification 

has also been used to analyze ligand shells on a variety of other NP cores, including silica
141

 and

metal oxides.
142

 For example, Mayer and co-workers determined the density of dodecylamine

(DDA) ligands on the surface of zinc oxide (ZnO) NPs using trimethoxybenzene as an internal 

standard, where NP concentration was determined with ICP-AES.
142

 The authors found that there

were both “strongly” and “weakly” bound DDA populations present on the surface of the NPs 

and were able to quantify the contributions of each type of ligand to the overall ligand density. 

The average density of the strongly bound ligands was 1.0 ± 0.3 DDA/nm
2
, while the average

density of both the strongly and weakly bound ligands was higher at 1.9 ± 0.4 DDA/nm
2
.

Interestingly, these ligand densities are much lower than anticipated based on the estimated 

maximum surface coverage on an extended flat surface of ZnO (Figure 7). Particle surface 
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coverage could be increased by annealing the NPs to remove surface hydroxide ligands, which 

may block surface sites and make them unavailable for DDA binding. Indeed, after annealing, 

the average strongly bound ligand density increased to 3.5 ± 0.3 DDA/nm
2
.
142
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Figure 7. Ligands/nm
2
 as a function of NP diameter for ZnO NPs. Particle ligand densities are lower than predicted 

for a self-assembled monolayer (SAM) of DDA ligands on a flat ZnO surface. Adapted with permission from ref. 

142. Copyright 2014 American Chemical Society.
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In addition to solution phase NMR techniques, solid state NMR has also been used to 

quantify NP ligand densities. For example, Griffin and co-workers measured the number of 

trioctylphosphine oxide (TOPO) and trioctylphosphine selenide (TOPSe) ligands on CdSe NPs 

(d = 3.7 ± 0.4 nm) using a 
31

P spin counting method by comparing to a known amount of gallium

phosphide.
143

 In this work, the authors used a combination of isotropic 
31

P chemical shift and

31
P-

77
Se rotational echo double resonance (REDOR) techniques in magic-angle spinning 

experiments to distinguish between TOPO and TOPSe ligands, which are bound to Cd atoms on 

the surface of the NPs. Quantitative analysis assumed the CdSe NPs to be stoichiometric in the 

Cd and Se composition and found an average of 150-170 ligands/particle (3.72 ligands/nm
2
).

From a combination of synthetic manipulation of growth conditions and computational 

modelling, the authors established that all the Cd sites on the particle surface are passivated, 

while no binding occurs at the Se sites. This observation was supported by spin echo 

measurements that were consistent with an average P-P distance of 8-10 Å, indicating capping of 

alternate sites on the particle surface.  

 In summary, NMR quantification overcomes many of the limitations imposed in the 

previously discussed methods, such as the ability to simultaneously identify multiple ligand 

types while avoiding the need for post-synthetic modification of the ligand itself, as is often the 

case for optical spectroscopy methods. Further, NMR techniques are amenable to a variety of 

experimental conditions (e.g. temperature or solvent), can assess ligand arrangement and 

dynamics, and have the potential to perform quantification studies in situ. However, there are 

drawbacks to the approach, including potential challenges of spectral peak assignment, and 

depending on sample concentration, long experiment times due to the inherently low sensitivity 

of NMR. 
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1.7 VIBRATIONAL SPECTROSCOPY 

Another method that has been explored for NP ligand quantification is vibrational spectroscopy, 

which includes Raman and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopies. For both of these spectroscopies, ligand signal must be calibrated before 

concentrations can be determined. Analogous to the NMR methods discussed above, an internal 

standard can be added to samples in a surface-enhanced Raman spectroscopy (SERS) 

measurement to extract quantitative ligand values. In the work discussed here, NP concentrations 

are typically found by measuring the absorbance at a certain wavelength and then converting to 

concentration using the molar extinction coefficient. 

1.7.1 Raman Spectroscopy 

Zhang and co-workers used an isotope-encoded surface-enhanced Raman spectroscopy internal 

reference (IESIR) method to quantify mercaptobenzimidazole (MBI) on the surface of AuNPs.
144

In this method, the internal standard used was of identical structure but different isotopic 

substitution than the ligand of interest. Using this identical structure helps to eliminate 

quantification errors arising from matrix interferences or variations in SERS substrate activity. 

First, a calibration curve was prepared with varying ratios of MBI-d0 and MBI-d4. Next, AuNP 

samples were incubated in a known amount of MBI-d0. The AuNP samples were centrifuged to 

remove the MBI-capped AuNPs, and MBI-d4 was added to the supernatant, which was used to 

measure the SERS spectra. The data was fit to a Langmuir isotherm, which gave a maximum 

MBI packing density of 571 ± 4.6 pmol/cm
2
 (3.44 ± 0.03 ligands/nm

2
).

144
 Zhang and co-workers

subsequently extended their analysis to various solution pH values, which changed the form of 
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the MBI ligand on the AuNPs (thione at low pH versus thiolate at higher pH).
61

 The change in

the MBI form altered the binding constants and packing density, with a higher density at low pH 

and a lower density at high pH. 

Halas and co-workers have used SERS to quantify p-mercaptoaniline-PEG-fluorescein 

(pMA-PEG-Fl) on silica@Au nanoshells.
145

 The authors first constructed a Langmuir isotherm

to calibrate the SERS response of pMA molecules adsorbed on the Au nanoshells by taking 

SERS spectra at various pMA concentrations. A binding constant of 9.48 x 10
3
 ± 884 M

-1
 was

found, representing the affinity of the pMA for the nanoshell surface. Then, the packing density 

of pMA-PEG-Fl could be determined by referencing this calibration. The packing density of 

pMA-PEG2000-Fl is 46.7 ± 20.8 pmol/cm
2
 (0.28 ± 0.13 ligands/nm

2
), and the packing density of

pMA-PEG5000-Fl is 15.3 ± 7.9 pmol/cm
2
 (0.09 ± 0.05 ligands/nm

2
).

145

1.7.2 Infrared Spectroscopy 

ATR-FTIR spectroscopy has also been used to quantify NP ligand density. Hackley and co-

workers used ATR-FTIR to quantify PEGSH and MPA on AuNPs and subsequently confirmed 

their method via comparison to ES-DMA measurements (vide infra).
23

 The authors generated

calibration curves by plotting the intensity of IR absorbance versus the concentration of free 

ligand to quantify the maximum surface density of PEGSH with different molecular weights 

(MW = 1, 5, or 20 kDa). The ligand density of PEGSH was found to be inversely proportional to 

the molecular weight. In addition, since IR allows multiple ligands to be distinguished, the 

authors studied the effects of the addition of a secondary ligand either simultaneously (co-

loading) or sequentially (backfilling) on PEGSH surface density. When MPA was added at the 

same time as PEGSH, the amount of PEGSH that was adsorbed to the AuNPs was reduced. 
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When BSA was added to an already existing PEGSH monolayer, there was a decrease in the 

amount of PEGSH adsorbed if the molecular weight of the PEGSH was small (here, 5 kDa or 

less). However, if the molecular weight of the PEGSH was larger (20 kDa), the amount of 

PEGSH adsorbed remained the same.
23

Similar to the optical methods, vibrational spectroscopy methods require 

spectroscopically active molecules to be effective. However, like NMR (vide supra), as long as 

those molecules have spectroscopically distinct features, vibrational spectroscopy can 

simultaneously quantify multiple ligand types. 

1.8 ELECTROSPRAY-DIFFERENTIAL MOBILITY ANALYSIS (ES-DMA) 

Electrospray-differential mobility analysis (ES-DMA) aerosolizes and then separates NPs based 

on their electrical mobility. The electrical mobility of the particles is dependent on both particle 

charge and size and results from the particle acceleration that occurs in an electric field in the 

differential mobility analyzer, balanced by a drag force. Particles with larger or more ligands 

appended to them have a higher drag force than particles with smaller or fewer ligands on the 

surface. The applied voltage in the DMA is varied with time in order to scan the particle size 

distribution, which is then detected by a condensation particle counter. By comparing the particle 

sizes before and after the introduction of ligands, the ligand density can be determined. An 

advantage of this technique is that no specific labelling is needed, and the surface coating 

thickness can be determined relatively easily. However, a disadvantage is that in order to convert 

the surface coating thickness to ligand coverage, the conformation of the ligands must be known 
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a priori. In these measurements, NP size instead of concentration is used to determine ligand 

density as described above.  

Zachariah and co-workers have used ES-DMA to find the ligand density of ssDNA on 

AuNPs (d = 20 nm).
146

 The authors first measured the surface coating thickness and then

converted to surface coverage based on the known random coil conformation of poly-T ssDNA 

ligands. Depending on the length of the ssDNA, the model for DNA packing, and the 

concentration of salt, the surface coverage ranges from 2.0x10
12

 to 6.9x10
13 

ligands/cm
2
 (0.02 to

0.69 ligands/nm
2
), with the shorter strands having the higher surface coverage, consistent with

the ligand densities found in other studies of ssDNA on AuNPs in the presence of salt.
146

Hackley and co-workers have also used ES-DMA to quantify the competitive adsorption of 

PEGSH (MW = 5 kDa) and mercaptopropionic acid (MPA) on AuNPs (d = 30 or 60 nm).
23, 147

The authors found that as the amount of MPA added to the NPs increased, the surface density of 

PEGSH decreased. 

In an attempt to avoid the need for a priori knowledge of ligand conformation mentioned 

above, Zachariah and co-workers modified their technique by coupling an aerosol particle mass 

analyzer (APM) to the ES-DMA system to study AuNPs (d = 30 nm) capped with BSA.
148

 First,

the size distribution of citrate-capped AuNPs was measured, and then NPs with a selected 

mobility were analyzed with the APM to determine their mass distribution. This analysis was 

repeated for the BSA-functionalized AuNPs. The mass difference between these two types of 

NPs was then used to calculate the ligand coverage. At the highest amount of BSA added to the 

AuNPs, the coverage was determined to be 3 mg/m
2
 (0.03 ligands/nm

2
).

148
 However, although

this modified technique does not require knowledge of the ligand conformation to determine 
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ligand density, there is another limitation in that the mass of the ligand on the NP before 

functionalization (in this case citrate) is neglected, and the particles are assumed to be “bare.” 

While a wide range of molecules can be analyzed without specialized modification, this 

technique remains limited by the approximation of ligand conformation unless APM is used. 

Further, neglecting initial ligand mass on the NP sample when using APM can lead to 

overestimations of the mass of the original NPs, which yields a ligand density that is lower than 

the true value.  

1.9 PH TITRATIONS 

Another approach for ligand quantification uses pH titration.
149, 150

 In this process, acid or base is 

titrated into a known amount of NPs. The pH change is monitored, and based on the equivalence 

point, the ligand concentration can be extracted. Of course, this technique requires that the 

particles are not sensitive to aggregation caused by changes in pH and that the ligand has some 

well-known pH response. For these studies, ICP-AES is used to determine the corresponding 

AuNP concentration.  

Latham and Williams demonstrated this method on AuNPs by titrating a potassium 

hydroxide solution into a known amount of carboxylic acid-terminated PEGSH-capped AuNPs 

(MW = 700 Da, d = 4.1 ± 0.8 nm).
149

 In contrast to unbound ligand, where a sharp transition 

occurs, the transition for AuNP-bound ligands was longer and occurred at more basic pH values. 

With the known particle concentration, the equivalence point of the titration corresponded to the 

quantity of ligands on the particle. However, the authors cautioned that the particle mass was 

estimated without taking the mass of the ligands bound to the particle into account and therefore 



45 

the ligands/particle may actually be a 10-15% underestimation.
149

 Parak and co-workers

presented a similar method for quantifying MAAs and an amphiphilic polymer on AuNPs. The 

authors also observed a broadening of the pH curve and shift in the pKa of the bound MAA 

ligands relative to the free ligand. The authors emphasized that the pH data also provides 

information regarding colloidal stability of the NP solutions.
150

While using pH titrations to quantify particle ligand density is relatively simple, the main 

disadvantage is that it can only be used with ligands that have a pH-sensitive component. 

1.10 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

XPS measurements have long been commonplace for studying the elemental composition of flat 

surfaces and have been applied to NP films as well.
151, 152

 Therefore, it seems expected that the

technique would also be explored for quantification of NP ligand shells. However, because XPS 

is a surface-sensitive technique, the use of XPS for NP ligand density determination is nuanced. 

ln a recent report, Hamers and co-workers used XPS to quantify the density of -(1- 

mercaptoundec-11-yl)hexa(ethylene glycol) carboxylic acid (HS-(CH2)11(EG)6-COOH) ligands 

on AuNPs (d = 1.3 – 6.3 nm). By dropcasting their samples onto silicon wafers, the authors find 

an average ligand density of 3.9 ± 0.2 ligands/nm
2
. Further, they found that the radius of

curvature of small (d < 2 nm) NPs must be taken into account for dropcast samples.
153

 Several

additional studies have also demonstrated the use of dropcast samples for an XPS quantification 

approach.
154-156

Another method for XPS ligand quantification was demonstrated by Alivisatos and co-

workers examining phosphorous-containing ligands on CdSe NPs.
157

 By analyzing only a single
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monolayer of NPs and accounting for the escape depths of the electrons for the different 

elements, they established NP size dependent (range, d = 0.9 – 3.0 nm) surface coverages of 

between 30-60% TOPO ligands on CdSe NPs, with higher coverages on smaller NPs.
157

However, the article implies several caveats to XPS for ligand quantification. First, the authors 

demonstrate that a monolayer of particles is needed to extract accurate ligand quantities. The 

authors also note that in order to form the monolayer, some portion of the original ligand may be 

displaced with substrate-binding moieties and therefore the method might systematically 

underestimate total ligand quantities.  

Taking all factors together, XPS is a particularly complex approach for ligand 

quantification. In addition to particle curvature and substrate coverage densities, the technique, 

by definition, does not probe the core concentration directly (i.e. electron escape depth is much 

shorter than the particle diameter in many cases). It is also important to note that because of the 

surface bias, the signal to noise ratio for core and surface elements will be different, especially in 

the case where the ligand moieties facilitate adsorption of adventitious carbon. 

1.11 SUMMARY AND OUTLOOK 

Given the diversity of techniques used and systems studied, how does one select a method to 

quantify ligand density in their NP systems and evaluate the meaning the resulting values? For 

example, do different ligand quantification techniques agree with one another? If not, are there 

systematic deviations between methods? For example, compare results for a well-studied system 

such as PEGSH-terminated AuNPs (MW = 1-2 kDa, NP diameters above 6 nm). While TGA and 

NMR techniques agree that ligand densities are approximately 2.5 ligands/nm
2
, other
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quantification approaches such as absorption spectroscopy give much smaller values. Likewise, 

absorption spectroscopy also finds lower ligand densities when examining other systems such as 

DNA appended to AuNPs (d = 15-20 nm), indicating that absorption spectroscopy may 

systematically underestimate ligand densities. However, despite some discrepancies, careful 

sample preparation and measurements seem to facilitate general agreement in ligand densities 

between methods when the NP systems are comparable (Table 1). Therefore, method selection is 

primarily driven by particle properties. For example, one must evaluate experimental constraints 

such as whether the ligand and/or NP is optically active or whether the NMR chemical shifts of 

the ligand are spectroscopically discernible. 

Collectively, these studies also make it clear that important barriers remain for the 

determination and accuracy of ligand quantification approaches both with respect to total ligand 

density and surface-specific ligand densities within a single given particle. The major obstacles 

include dispersity in NP size and shape as well as NP concentration determination. As these 

challenges are met, methods that can not only quantify NP ligands but also determine their 

arrangement and ultimately their dynamics will be needed. Motivation to address these 

challenges is clear: even for the information already in hand, strong correlations between surface 

chemistry and particle behavior are observed. We expect that the studies summarized here will 

be both a foundation and springboard to selectively, reproducibly, and effectively use surface 

chemistry to control the formation and properties of colloidal NPs. 
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2.0 QUANTITATIVE ANALYSIS OF THIOLATED LIGAND EXCHANGE ON 

GOLD NANOPARTICLES MONITORED BY 
1
H NMR SPECTROSCOPY

(Portions of this work were published previously and are reprinted with permission from Smith, 

A. M.; Marbella, L. E.; Johnston, K. A.; Hartmann, M. J.; Crawford, S. E.; Kozycz, L. M.;

Seferos, D. S.; Millstone, J. E., Anal. Chem. 2015, 87, 2771-2778. Copyright 2015, American 

Chemical Society.) 

2.1 INTRODUCTION 

The surface chemistry of nanoparticles (NPs) can impact nearly every aspect of their behavior 

including growth,
158-160

 optoelectronic properties,
161, 162

 and toxicity.
163, 164

 Gold (Au) NPs

exhibit particularly versatile surface chemistry including straightforward functionalization with 

thiol-,
21

 selenol-,
165

 phosphine-,
166

 and carbene-terminated
167

 ligands. A key aspect of

understanding and tailoring this surface chemistry is developing analytical strategies to measure 

basic features of surface molecular architectures such as ligand identity, quantity, and 

arrangement. 

Several methods have been developed in an effort to describe AuNP surface chemistry, as 

described above. For example, inductively coupled plasma mass spectrometry and optical 

emission spectroscopy (ICP-MS and ICP-OES, respectively) have been used to monitor S to Au 
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ratios in samples of thiol-functionalized AuNPs.
168, 169

 Thermogravimetric analysis (TGA) has

also been applied to measure the number of ligands appended to AuNPs.
63, 79, 81

 While each of

these methods is useful in determining the total number of ligands, they are limited in 

distinguishing between ligand types. Spectroscopic techniques, such as fluorescence-based 

methods and Raman, have been used to provide quantitative descriptions of ligand shells and can 

also yield information about molecular identity via molecular labeling. These spectroscopic 

methods provide the added benefit of ligand identification in addition to quantification, however, 

they require either the alteration of the original ligand through fluorescent labeling or are limited 

to SERS-active substrates.
19, 108, 145, 170-173

 Of the commonly used and widely available analytical

methods to analyze surface chemistry, nuclear magnetic resonance (NMR) spectroscopy has 

become a particularly attractive technique. For example, NMR has been used to study patterns in 

molecular arrangement on metal NPs
50, 56, 174-176

 and to monitor ligand chemistry and dynamics

on semiconductor NPs.
57, 139, 177

Here, we use NMR methods to quantify the extent of ligand exchange between different 

types of thiolated molecules on the surface of AuNPs. Specifically, we determine ligand density 

values for single-moiety ligand shells and then evaluate how these ligand loadings change based 

on temperature and salt concentration. We identify trends in AuNP functionalization efficiency 

with respect to ligand type, concentration, and reaction time. While well-studied in thin films,
20, 

178, 179
 many of these trends are still to be elucidated in basic metal NP systems. The reported 

findings have important implications for how AuNP surface chemistry can be modified and used 

in a wide variety of applications. 
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2.2 EXPERIMENTAL 

2.2.1 Materials and Methods 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 · 3H2O, 99.999%), 16-

mercaptohexadecanoic acid (MHDA, 99%), 12-mercaptododecanoic acid (MDA, 96%), 8-

mercaptooctanoic acid (MOA, > 95%), 6-mercaptohexanoic acid (MHA, >90%), 4-

mercaptobutryic acid (MBuA, technical grade), O-(2-mercaptoethyl)-O′-methylhexa(ethylene 

glycol) (≥ 95%), poly(ethylene glycol) methyl ether tosylate (PEG-tosylate, average Mn = 900 

Da), potassium selenocyanate (KSeCN), and sodium citrate tribasic dihydrate (citrate, ≥ 99%) 

were obtained from Sigma-Aldrich (St. Louis, MO). Poly(ethylene glycol) methyl ether thiol 

(PEGSH, average Mn = 1,000 Da, 2,100 Da, or 4,800 Da), was obtained from Laysan Bio, Inc. 

(Arab, AL). 11-Mercaptoundecanoic acid (MUA, 98%) was obtained from Santa Cruz 

Biotechnology (Dallas, TX). Sodium chloride (NaCl, certified ACS), potassium chloride (KCl, 

certified ACS), magnesium chloride hexahydrate (MgCl2, certified ACS), sodium fluoride (NaF, 

certified ACS), sodium bromide (NaBr, certified ACS), sodium iodide (NaI, certified), potassium 

bromide (KBr, certified ACS), potassium iodide (KI, certified ACS), acetonitrile (ACN, 99.8%), 

dimethyl sulfoxide (DMSO, ACS grade), and chloroform (certified ACS) were obtained from 

Fisher Scientific (Waltham, MA). Deuterium oxide (D2O, 99.9%), chloroform-d (99.8%), and 

dimethyl sulfoxide-d6 (d-DMSO, 99.9%) were obtained from Cambridge Isotope Laboratories, 

Inc. (Tewksbury, MA). All reagents were used as received unless otherwise indicated. 

NANOpure™ (Thermo Scientific, > 18.2 MΩ · cm) water was used in the preparation of all 

solutions, and all reagent solutions are aqueous unless otherwise noted. Before use, all glassware 

and Teflon®-coated stir bars were washed with aqua regia (3:1 ratio of concentrated HCl and 



 51 

HNO3 by volume) and rinsed thoroughly with water. Caution: Aqua regia is highly toxic and 

corrosive and requires proper personal protective equipment. Aqua regia should be handled in a 

fume hood only. 

2.2.2 AuNP Synthesis 

AuNPs were synthesized using a modified Frens procedure.
180, 181

 In a 1 L, 3-neck round bottom 

flask containing a stir bar, 500 mL of aqueous HAuCl4 (1 mM) solution were prepared. The 

solution was heated to vigorous reflux while stirring until a rapid drip rate was achieved (drip 

rate ~1 per second). Meanwhile, a 50 mL aqueous solution of citrate was prepared 

(concentrations used to generate various sizes of AuNPs are listed below in Table 2). This citrate 

solution was rapidly added to the refluxing HAuCl4 solution. After addition, the reaction mixture 

changed from yellow, to colorless, to black, to purple-red within 1 minute. The resulting AuNP 

solution was allowed to reflux for 5 minutes before it was removed from heat. This mixture was 

cooled to room temperature and transferred to a clean glass media bottle for refrigerated storage 

(~4 °C). 

 

 

 
Table 2. Conditions for synthesis of AuNPs with different diameters. 

Molar Ratio 

(Au:Citrate) 

Amount 

HAuCl4 · 3H2O 

(g) 

Amount 

Trisodium Citrate 

(g) 

Particle Size by 

TEM* 

(nm) 

1:3.31 0.1970 0.4857 13.01 ± 0.84 

1:2.02 0.1971 0.2990 30.94 ± 1.13 

*N ≥ 200 for all particle sizes, with average ± standard deviation. 
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2.2.3 UV-vis-NIR Analysis of AuNPs 

Particles were characterized by ultraviolet-visible-near infrared (UV-vis-NIR) absorption 

spectroscopy using a Cary 5000 spectrophotometer (Agilent, Inc.). Spectra were baseline 

corrected with respect to the spectrum of water. In order to obtain each spectrum, the AuNP 

solution was diluted by 1/3 with NANOpure water. 

2.2.4 TEM Analysis of AuNPs for Size Determination 

An aliquot from each final AuNP solution was diluted 1/5 with NANOpure water prior to drop 

casting onto a Formvar-coated copper transmission electron microscopy (TEM) grid (Ted Pella, 

Inc.). Samples were allowed to air dry and then dried under vacuum before characterization 

using an FEI Morgagni TEM at 80 kV. The size distributions of the AuNPs were determined 

from TEM images of at least 200 AuNPs from various areas of the grid. ImageJ 1.47d (National 

Institutes of Health, USA) was used to measure and count all particles. 

2.2.5 Synthesis of PEGSeCN 

KSeCN (60 mg, 0.416 mmol) was dissolved in anhydrous ethanol (0.22 mL) and heated to 80
°
C

in a 3-neck round bottom flask with a reflux condenser under an argon atmosphere. PEG-tosylate 

(333 mg) was added dropwise and an additional 0.2 mL of anhydrous ethanol was used to rinse 

the storage vessel. The mixture was stirred for 3 hours under reflux with an additional 1.2 mL of 

ethanol being added periodically over the course of the reaction to maintain constant volume and 

ensure dissolution of the salts. The mixture was then cooled to room temperature, and the solvent 
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removed by rotary evaporation. The crude product was then dissolved in ether (5 mL) and 

washed with 0.1 M NaOH (3 x 5 mL) and brine (3 x 5 mL). The aqueous fraction was 

concentrated, and the resultant solid stirred with ether (50 mL) for 20 minutes and filtered. This 

was repeated 3 times, and the combined ether washes were concentrated to give the product as a 

pale yellow semi-solid (124 mg). 
1
H NMR (400 MHz, D2O) δ 3.62 (s, 64H), 3.30 (s, 3H), 3.09 (t,

3H).  

2.2.6 Ligand Exchange of Citrate-capped AuNPs 

Prior to use, AuNPs were filtered using a polyvinylidene fluoride (PVDF) filter membrane with a 

pore size of 0.45 μm (25 mm GD/XP disposable filters, Whatman, Inc). Immediately after 

filtration, the AuNPs were concentrated by separating 1 mL aliquots into 1.5 mL centrifuge tubes 

and centrifuging the solution at 20,000 rcf for 5 minutes (Eppendorf 5424 centrifuge). The 

supernatant was removed, and another 1 mL aliquot of filtered particles was added. The pellet 

was resuspended, and the process was repeated until 3 mL of filtered particles were concentrated 

to 1 mL in centrifuge tubes. The particles were centrifuged once more, and the supernatant was 

removed. The resulting pellet was resuspended in 50 μL of PEGSH (various concentrations and 

molecular weights) and 950 μL of water. This mixture was then placed on a temperature 

controlled mixer (Eppendorf R Thermomixer) for 4 hours at 1,000 rpm and 25 °C. After 4 hours, 

the particles were washed twice. Here, washing indicates centrifuging the sample and removing 

all supernatant followed by resuspension in water. After the second washing cycle, the particles 

were resuspended in a mixture of 990 μL of water and 10 μL of phosphate buffer (100 mM, pH 

10) and placed on a temperature controlled mixer overnight at 1,000 rpm and 25 °C. After this

time, the particles were washed with phosphate buffer twice, followed by two washes in water 
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and two washes in D2O. After the last wash cycle, the supernatant was removed to yield a 

concentrated pellet of PEGSH-capped AuNPs (Figure 8).  

Figure 8. Scheme for ligand exchange of citrate-capped AuNPs. 

An identical procedure was followed for ligand exchanges with MUA, MOA, MHA, or 

MBuA using 250 μL of the mercaptoalkanoic acid solution (various concentrations) and 750 μL 

of water. Together, this process replaces the capping ligand on the AuNPs from citrate molecules 

to a thiolated molecule.  

N. B. Buffer washes and overnight incubation in buffer are used to disrupt hydrogen 

bonds between carboxylic acid-terminated ligands, which may lead to multi-layer formation. 

While this step is only necessary for the mercaptoalkanoic acids, we chose to use the same 
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conditions for all ligands in order to facilitate comparison between particle samples. We 

conducted controls to assess the impact of these washes in two ways. First, we compared the 

measured ligand loading of PEGSH under the conditions described above to the PEGSH loading 

on AuNPs where the overnight buffer incubation had been eliminated, and all 4 aqueous washes 

were conducted with pure water. In this control, no significant loading difference was observed 

(Figure 9). The second control was to determine the amount of ligand that desorbs from the 

particle during overnight incubation in buffer, and this is also negligible (< 2% of the total ligand 

shell) compared to an overnight incubation in water (Figure 9). 

Figure 9. Comparison of PEGSH footprint measured from particles analyzed immediately after purification, 

analyzed after purification and subsequent incubation overnight in base (phosphate buffer, 10 mM, pH = 10), and 

analyzed after purification and subsequent incubation overnight in pure water, where error bars represent standard 

error of at least 5 trials. No significant difference is observed between the sets of AuNPs. 
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2.2.7 Ligand Exchange of Citrate-capped AuNPs in Organic Solvents 

Prior to use, AuNPs were filtered using a PVDF filter membrane with a pore size of 0.45 μm (25 

mm GD/XP disposable filters, Whatman, Inc). Immediately after filtration, the AuNPs were 

concentrated by separating 1 mL aliquots into 1.5 mL centrifuge tubes and centrifuging the 

solution at 20,000 rcf for 5 minutes. The supernatant was removed, and another 1 mL aliquot of 

filtered particles was added. The pellet was resuspended, and the process was repeated until 3 

mL of filtered particles were concentrated to 1 mL in centrifuge tubes. The particles were 

centrifuged once more, and the supernatant was removed. The resulting pellet was resuspended 

in 50 μL of MUA, MDA, or MHDA (1 mM) and 950 μL of DMSO. This mixture was then 

placed on a temperature controlled mixer for 4 hours at 1,000 rpm and 25 °C. After 4 hours, the 

particles were washed twice with DMSO and twice with d-DMSO. After the last wash cycle, the 

supernatant was removed to yield a concentrated pellet of mercaptoalkanoic-capped AuNPs in 

DMSO. Working in organic solvent precludes the formation of hydrogen bonds between the 

terminal carboxylic acids, eliminating the need for base washes. An identical procedure can be 

followed for AuNPs in chloroform.  

2.2.8 Ligand Exchange of Citrate-capped AuNPs in Salt Solutions 

Prior to use, AuNPs were filtered using a PVDF filter membrane with a pore size of 0.45 μm (25 

mm GD/XP disposable filters, Whatman, Inc). Immediately after filtration, the AuNPs were 

concentrated as outlined above until 3 mL of filtered particles were concentrated to 1 mL in 

centrifuge tubes. The particles were centrifuged once more, and the supernatant was removed. 

The resulting pellet was resuspended in 50 μL of PEGSH (various concentrations and molecular 
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weights) and 950 μL of 158 mM aqueous salt solution. This mixture was then placed on a 

temperature controlled mixer under the conditions outlined above. After the base incubation, the 

particles were washed with phosphate buffer twice, followed by two washes in water and two 

washes in D2O. After the last wash cycle, the supernatant was removed to yield a concentrated 

pellet of PEGSH-capped AuNPs. 

2.2.9 Ligand Exchange of Citrate-capped AuNPs at Various Temperatures 

The AuNPs were prepared as discussed above. After the pellet was resuspended in the desired 

ligand, the mixture was placed on either a temperature controlled mixture for the elevated 

temperature samples or in a 4 °C refrigerator for the decreased temperature samples. 

2.2.10 ICP-MS Analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was performed using an argon 

flow with a NexION spectrometer (PerkinElmer, Inc.). An aqua regia solution was prepared with 

a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, > 99.999% trace metal basis): nitric acid 

(Sigma-Aldrich, > 99.999% trace metal basis) and diluted with water for a 5% (by volume) aqua 

regia matrix. AuNP samples were taken from the concentrated pellet after ligand exchange and 

digested overnight in ~5 µL of fresh and concentrated aqua regia solution. From the digested 

solution, 1 μL was further diluted to 15 mL using 5% aqua regia matrix, and the remainder of the 

digest was reserved for 
1
H-NMR analysis (vide infra).

Unknown Au concentrations were determined by comparison to a 5-point standard curve 

with a range of 1 - 30 ppb (1, 5, 10, 20, and 30 ppb prepared by volume) from a gold standard for 
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ICP (Fluka, TraceCERT 1,001 ± 2 mg/L Au in HCl) diluted in the 5% aqua regia matrix. All 

standards were measured 5 times and averaged, while all unknown samples were measured in 

triplicate and averaged. A 5 minute flush time with 5% aqua regia matrix was used between all 

runs, and a blank was analyzed before each unknown sample to confirm removal of all residual 

metals from the instrument. 

2.2.11 ICP-OES Analysis of PEGSeCN 

ICP-OES analysis was performed using an argon flow with an Optima spectrometer (Perkin 

Elmer, Inc.). An aqua regia solution was prepared with a 3:1 ratio of hydrochloric acid (Sigma 

Aldrich, > 99.999% trace metal basis): nitric acid (Sigma Aldrich, > 99.999% trace metal basis) 

and diluted with water for a 5% v/v aqua regia matrix. AuNP samples capped with the 

PEGSeCN ligand were taken from the concentrated pellet after ligand exchange as described 

above and digested overnight in ~5 µL of fresh and concentrated aqua regia solution. The 

digested solution was diluted to a volume of 500 μL in D2O for 
1
H NMR analysis. After analysis 

by NMR, 400 μL was further diluted to 2.5 mL using the 5% aqua regia matrix. Unknown Se 

concentrations were determined by comparison to a 5-point standard curve with a range of 0.10 - 

10 ppm (0.10, 0.50, 1.0, 5.0, and 10 ppm prepared by volume), from a selenium standard for ICP 

(Fluka, TraceCERT 1000 ± 2 mg/L Se in HNO3) diluted in 5% aqua regia matrix. All standards 

were measured 5 times and averaged, while all unknown samples were measured in triplicate and 

averaged. A 7 minute flush time with 5% aqua regia matrix was used between all runs, and a 

blank was analyzed before each unknown sample to confirm removal of all residual metals from 

the instrument. 
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2.2.12 1
H NMR Analysis

All NMR measurements were performed on a Bruker 400 Ultrashield™ magnet with an 

AVANCE III 400 Console or a Bruker 600 Ultrashield™ magnet with an AVANCE III 600 

Console (Bruker Biospin, Billerica, MA) at 298 K. For all experiments, a minimum recycle delay 

of 5 seconds was used, which was sufficiently greater than T1. NMR samples were prepared as 

described above by concentrating the AuNPs, followed by digestion with 1 drop (~5 μL) of 

concentrated aqua regia. These samples were allowed to digest overnight before dilution with 

D2O to a total volume of 600 μL. An ACN reference was used for the determination of unknown 

ligand concentrations. To each sample, 5 μL of dilute ACN (0.24 % v/v; 15 μL of ACN in 6 mL 

of D2O) was added. The unknown ligand concentrations were determined by comparison to a 5-

point standard curve with a range of 1.00 – 0.01 mM ligand (1.00, 0.50, 0.10, 0.05, and 0.01 

mM, prepared in D2O). For each standard, the integral of a specific ligand peak was divided by 

the integral of the ACN peak and plotted against the known concentration of ligand (Figure 12). 

For all quantitative analyzes, a minimum signal-to-noise ratio of 360 was used. Following an 

internal standard approach for the unknown concentrations of ligand on the AuNP,
182

 the ligand

peak was integrated and similarly divided by the known integrated ACN peak to yield the 

concentration upon comparison with the calibration curve. See Appendix A for representative 

NMR spectra with labelled peaks for ligand quantification. 

2.2.13 Minimum Ligand Footprint and Ligand Excess Determination 

In order to form a full monolayer of surface-adsorbed species, the concentration of ligand must 

be in some excess of available surface sites. Here, we estimate excess with respect to total 
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available surface area of the AuNPs and the minimum theoretical footprint area of the incoming 

ligand on a flat gold surface. The total available surface area of the AuNPs is calculated from the 

concentration of AuNPs (determined by ICP-MS) and the average core diameter (determined by 

TEM) (Figure 11). The minimum theoretical footprint of the incoming ligand was determined 

using a model system generated by the Avogadro molecular editor,
183

 which was also used to aid

in the measurement of atomic distances (Figure 10). Specifically, the geometry of an alkane thiol 

on a flat gold slab was geometrically optimized by relaxation with the universal force field 

(UFF) to an average force of 10
-4

 kJ/mol/atom before bond lengths and angles were obtained.

The length of carbon-hydrogen bonds were measured to be 1.112 Å and 1.111 Å for each 

carbon-hydrogen bond, with the slight (0.001 Å) variation observed depending on the presence 

of adjacent molecules (Figure 10). This measurement is from one atom center to the other. 

Therefore, the van der Waals sphere must also be considered, where the van der Waals radius for 

hydrogen was estimated to be 1.09 Å.
184

 The linear distance between carbon atoms in the alkane

chain was calculated to be 0.509 Å by considering the triangular geometry indicated below. By 

summing the bond lengths (Figure 10B), we obtain an overall molecular diameter estimate of 

0.491 nm and corresponding minimum footprint of 0.189 nm
2
/ligand. From this footprint, a

maximum of 2,813 ligands could be added to the surface of a 13 nm AuNP. This minimum 

footprint value is used only to estimate percent excess incoming ligand with respect to AuNP 

surface area. 
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Figure 10. Representative molecule for minimum ligand occupation area of alkane thiol ligands on a flat gold 

surface (A) and corresponding calculation for ligand “diameter” based on the estimated geometry (B). 

2.3 RESULTS AND DISCUSSION 

2.3.1 Ligand Quantification Method 

For a given ligand and NP surface, there are two primary factors that will influence the extent of 

incoming ligand adsorption during mass-action ligand exchange: incoming ligand concentration 

and reaction time in excess incoming ligand (i.e. incubation time). Here, we define excess ligand 

with respect to total NP surface area and a modeled minimum “footprint” of the incoming ligand 

(Figure 10).  



62 

To determine reaction times and ligand concentrations that produce constant ligand 

loading values with respect to a given parameter, we evaluate the NP ligand loading as function 

of both ligand concentration at a fixed incubation time, as well as at various incubation times at a 

fixed ligand concentration. For all ligand quantification experiments, the number of ligands on 

the AuNP surface was quantified using 
1
H NMR. Specifically, the integrated peak intensity

associated with a given resonance is compared to a standard curve of known ligand 

concentrations and an internal standard, as described above. In order to facilitate comparison of 

findings reported here with ligand quantification in other systems including metal clusters,
72, 79

metal NPs,
63, 168, 171

 and quantum dots,
131, 185, 186

 we use three figures of merit to describe the

ligand shell: (i) the total number of ligands obtained per particle, (ii) ligand footprint (nm
2
), and

(iii) ligand density (ligands · nm
-2

).

For all ligand exchange experiments, we considered two commonly used AuNP sizes 

with average diameters of 13 and 30 nm. Both NP sizes were synthesized using a modified Frens 

method and characterized by TEM and UV-vis-NIR spectroscopy.
180, 187

 Particles exhibited

characteristic extinction maxima for both 13 ± 1 nm and 31 ± 1 nm AuNPs (Figure 11).  
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Figure 11. Representative UV-vis-NIR spectra for 13 nm (A) and 30 nm (B) NPs and corresponding TEM images, 

(C) and (D). Insets are histograms for 13 nm and 30 nm NPs generated from measurements of at least 200 NPs.

Scale bars are 100 nm. 
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After basic AuNP characterization, ligand exchange of the citrate-stabilized AuNPs was 

performed and evaluated by 
1
H NMR. To construct the calibration curve, proton peaks from both

PEGSH and ACN are integrated. For PEGSH, the peak corresponding to the methylene protons 

of the ethylene glycol repeat unit (excluding the terminal methyl group of the PEGSH and those 

adjacent to the thiol) is used. For ACN, only a single peak is observed, which corresponds to 

three methyl protons. The PEGSH integration value is divided by the ACN integration value, and 

this ratio (y) is plotted against the known ligand concentration (x), with the intercept forced 

through zero. Using this procedure, linear agreement is achieved, with an average R
2
 value of

0.9999 (over at least 15 independent trials in all cases reported here). Ligand concentration of the 

unknown samples was determined using the linear regression equation obtained from these 

curves (Figure 12). 

Figure 12. Sample calibration curve obtained for PEGSH by plotting integrated ratios of PEGSH/ACN against the 

concentration of PEGSH. PEGSH protons used for this analysis are highlighted in red. 
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It is well-known that 
1
H NMR signals from ligands bound to NPs typically display broad

linewidths (Figure 13). All particle-bound ligand 
1
H resonances experience slower molecular

tumbling and correlation times in solution as a result of attachment to a structure with a 

hydrodynamic radius that is much larger than the free ligand. These factors can decrease 

transverse relaxation time (T2), which leads to line broadening according to the following 

equation:
137

𝒗𝒇𝒘𝒉𝒎 =  
𝟏

𝝅𝑻𝟐
 Equation 1 

where νfwhm is the full width at half maximum of the NMR peak.
77

 Additionally, ligand segments

close to the particle surface exhibit line broadening associated with the chemical shift 

distribution that arises from adsorption to different crystallographic sites on the AuNP
188

 and the

coupling of 
1
H resonances to conduction electrons from the metallic AuNP. The paramagnetic

contribution to dipolar transverse relaxation depends on the average electron-nuclear distance, R, 

and can be described by the proportional relation:
189, 190

𝟏

𝑻𝟐
 ∝  

𝟏

𝑹𝟔  Equation 2 

In this case, R represents the average distance between the 
1
H nuclei on the ligand and the

electrons on the AuNP surface. This T2 decrease leads to additional line broadening according to 

equation 1. 
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Figure 13. Representative 
1
H NMR spectra of PEGSH on-particle (red line) and off-particle (blue line) in D2O for

13 nm AuNPs. Line broadening observed with the on-particle spectrum can obscure accurate quantification. 
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Together, these 
1
H NMR line broadening mechanisms obscure accurate ligand 

quantification via signal integration for ligands appended to a solid metal surface.
188, 191-193

 To

eliminate the effects of NP-induced line broadening, all AuNP samples analyzed in this study 

were digested after purification in order to release NP-bound ligands into solution. The resulting 

mixture was then analyzed by both NMR and ICP-MS. It is important to note that analyzing the 

same solution ensures that there is direct correlation between the measurements of AuNP 

concentration (ICP-MS) and the measurements of ligand concentration (NMR). 

To test the validity of this approach, we developed a specialized molecule containing a 

selenocyanate binding moiety in place of the thiol. This selenium-containing ligand could be 

quantified by both NMR using our method, and ICP (via Se detection) in order to obtain a 

secondary confirmation of ligand counts. Here, we used an analogue of PEGSH, poly(ethylene) 

glycol selenocyanate (PEGSeCN). The PEGSeCN ligand exhibits a peak at 3.62 ppm in the 
1
H-

NMR spectrum, which corresponds to the methylene protons in the polymer backbone and is 

used for ligand quantification (Appendix A, Figure 55). The PEGSeCN also contains a selenium 

atom that can be analyzed using ICP-OES, which allows the same molecule to be quantified 

using two different analytical approaches. (N. B. Se could not be detected using ICP-MS due to 

argon interferences). 

When comparing ligand density values obtained by 
1
H NMR versus ICP-OES, a ligand

footprint of 0.32 ± 0.01 nm
2
 is obtained via NMR, while a footprint of 0.34 ± 0.01 nm

2
 is

obtained via ICP-OES. The differences in the results from the two methods are not statistically 

significant at a 95% confidence interval.
194
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2.3.2 Ligand Concentration and Incubation Time 

With a reliable quantification method in hand, we determined the minimum incoming ligand 

excess and minimum incubation time necessary to establish ligand loading values that do not 

increase with increased ligand excess or with increased incubation times. First, at a high ligand 

excess (50× with respect to total NP surface area), we determine the amount of time required for 

each ligand exchange to proceed until no further changes were observed in the ligand footprint. 

For both 13 and 30 nm AuNPs, replacement of the as-synthesized citrate capping ligand with 

PEGSH occurs on the timescale of minutes. This exchange is indicated by the negligible change 

in ligand footprint observed across even the initial time points (Figure 14), where an average 

ligand footprint of 0.44 ± 0.01 nm
2
/PEGSH (1,200 ± 40 ligands/NP) for 13 nm AuNPs and 0.45

± 0.01 nm
2
/PEGSH (6,800 ± 200 ligands/NP) for 30 nm AuNPs is established within the first 30

minutes. 
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Figure 14. Plots of PEGSH footprint on the AuNP surface as a function of time in excess PEGSH (50×) for 13 nm 

(A) and 30 nm (B) AuNPs. Results indicate that ligand loading reaches a steady state (with standard errors of < 10% 

for at least 5 trials) on the timescale of minutes under the conditions tested. 

 

 

 

Similar experiments were conducted for both MUA and MOA, using an excess of ligand 

(50×) to evaluate the necessary time of exchange for these thiolated small molecules. With MUA 

(Figure 15) and MOA (Figure 16), a consistent ligand footprint was reached within 2 hours with 

little fluctuation observed after this point for both AuNP sizes (standard errors of < 10%). While 

the exact time is dependent upon ligand identity, ligand exchange of citrate with a thiol-

functionalized ligand is on the timescale of minutes to hours, which is consistent with self-

assembled monolayer (SAM) formation observed on 2D Au surfaces.
195, 196

 In general, for all 

three thiol-functionalized ligands, 4 hours is sufficient for the ligand footprints to reach a 

consistent value with standard errors of < 10%.  
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Figure 15. Plots of MUA footprint on the NP surface as a function of AuNP time in excess MUA (50x) for 13 nm 

(A) and 30 nm (B) AuNPs, where error bars represent the standard error of at least 5 trials. Results indicate that

ligand loading reaches a plateau on the timescale of 2-3 hours under the conditions tested. 

Figure 16. Plots of MOA footprint on the NP surface as a function of AuNP time in excess MOA (50x) for 13 nm 

(A) and 30 nm (B) AuNPs, where error bars represent the standard error of at least 5 trials. Results indicate that

ligand loading reaches a plateau on the timescale of 2-3 hours under the conditions tested. 
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With a time frame for functionalization defined, we then determined the ligand loading 

values as a function of ligand concentration. Various concentrations of PEGSH were tested with 

both 13 and 30 nm AuNPs for a 4 hour exchange period. After reaching 20× excess (with respect 

to total particle surface area, vide supra), little change in the ligand footprint is observed 

(standard errors of < 10%) with an average footprint of 0.45 ± 0.01 nm
2
/PEGSH and 0.47 ± 0.02 

nm
2
/PEGSH for the 13 and 30 nm AuNPs, respectively (Figure 17). Similarly, for MUA (Figure 

18) and MOA (Figure 19), the ligand footprint reaches a plateau at ligand excesses above 20×. 

Overall, for both AuNP sizes and all three thiolated ligand types, a consistent ligand footprint 

was reached at ≥ 20× excess ligand with respect to the total NP surface area. From these 

experiments, we conclude an excess of 50× is sufficient to ensure that incoming ligand 

concentration will not be a limiting factor in achieving maximum ligand loading on the AuNPs 

studied. 

 

 

 

 

Figure 17. Graphs displaying PEGSH footprint as a function of PEGSH excess with respect to NP surface area after 

4 hours for 13 nm (A) and 30 nm (B) AuNPs. Results indicate that maximum loading under the conditions evaluated 

reaches a steady state at an excess above 20× (with standard errors of < 10% for at least 5 independent trials). 
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Figure 18. Graphs displaying MUA ligand footprint as a function of MUA excess with respect to surface area after 

4 hours for 13 nm (A) and 30 nm (B) AuNPs, where error bars represent the standard error of at least 5 trials. 

Results indicate that loading reaches a consistent value at a ligand excess above 20x. 

Figure 19. Graphs displaying MOA ligand footprint as a function of MOA excess with respect to surface area after 

4 hours for 13 nm (A) and 30 nm (B) AuNPs, where error bars represent the standard error of at least 5 trials. 

Results indicate that loading reaches a consistent value at an excess above 20x. 
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2.3.3 Ligand Densities in Single-Moiety Ligand Shells 

The ligand excess and reaction time conditions determined in the experiments above (50× and 4 

hours, respectively), were used to perform all subsequent ligand exchanges (Table 3). Under 

these conditions PEGSH yields a ligand footprint that is similar for both the 13 and 30 nm 

AuNPs (0.47 ± 0.02 nm
2
/PEGSH and 0.44 ± 0.02 nm

2
/PEGSH, respectively). MUA yields the

smallest ligand footprint (0.22 ± 0.01 nm
2
/MUA and 0.23 ± 0.01 nm

2
/MUA for the 13 and 30 nm

AuNPs, respectively). In all cases, the NP radius of curvature seems to play a negligible role in 

determining ligand density. This observation is consistent with geometric calculations (Figure 

20). Plotting curvature as a function of particle diameter, one can identify a particle diameter 

“threshold” (~10 nm), above which little change in curvature is observed as function of particle 

size with respect to ligand size. In other words, we compare the radius of curvature to the size of 

the ligand considered, and just like a human does not perceive the curvature of the earth due to 

the scale discrepancy between the two, so does a certain size of nanoparticle arise such that the 

ligand no longer “perceives” surface curvature. Our experiments and calculations suggest that 

this diameter is 10 nm. Murray et al describes a similar transition where the ligand no longer 

behaves as if it is on a 3D surface, but instead packs as if experiencing a 2D surface.
77

 Therefore,

it may be expected that ligand loading values on pseudo-spherical NPs with diameters > 10 nm 

do not exhibit marked size dependence. 
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Table 3. Ligand densities for 13 and 30 nm AuNPs (average size ± standard deviation) functionalized with PEGSH, 

MUA, or MOA, where the errors represent standard error for at least 20 trials. 

Particle 

Size 

(nm) 

Ligand Type 
Ligands/ 

Particle 

Ligand 

footprint 

(nm
2
)

Ligands/nm
2

13 ± 1 PEGSH 1,200 ± 30 0.47 ± 0.01 2.1 ± 0.1 

31 ± 1 6,900 ± 200 0.44 ± 0.02 2.3 ± 0.1 

13 ± 1 MUA 2,500 ± 60 0.22 ± 0.01 4.5 ± 0.1 

32 ± 1 13,000 ± 500 0.23 ± 0.01 4.4 ± 0.2 

14 ± 1 MOA 2,100 ± 20 0.26 ± 0.01 3.9 ± 0.1 

31 ± 1 12,000 ± 300 0.25 ± 0.01 4.0 ± 0.1 
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Figure 20. Surface curvature as a function of particle diameter. The figure illustrates that for particles with 

diameters larger than 10 nm, change in curvature as a function of particle diameter decreases dramatically. 
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PEGSH likely exhibits a larger footprint than the two carboxy-terminated alkane thiol 

ligands because the polymer chains may interact with the Au surface via van der Waals 

interactions as well as exhibit both intra- and intermolecular hydrogen bonding, leading to a 

random coil morphology that is sterically cumbersome.
26, 197, 198

 Therefore, while the thiol-

functionality is most likely anchored to the surface, it is unlikely that the chains will remain 

extended in a conformation that could maximize on-particle loading.
26, 198

For comparison, MUA and MOA form more dense monolayers on the AuNPs (consistent 

for both AuNP sizes). MUA has the smallest ligand footprint, indicating that it forms the most 

densely packed monolayer. Van der Waals interactions between adjacent methylene units in the 

alkane chains may provide a driving force for ordered assembly of both MUA and MOA on the 

NP surface. However, the shorter chain length of MOA decreases the total number of inter-

ligand interactions and may limit the ordering of (or increase defects in) the SAM of NP ligands. 

Such observations are consistent with formation of alkanethiol SAMs on Au thin films.
15, 17, 199

2.3.4 Influence of Ligand Chain Length on Ligand Loading 

Given that we have observed that the longer polymeric PEGSH ligands pack less densely than 

the smaller thiolated MUA or MOA ligands, it is desirable to understand the ligand loading 

trends with respect to ligands that are identical except for chain length. In order to probe this type 

of system, various MWs of PEGSH (350, 1000, 2000, or 5000 Da) or mercaptoalkanoic acids 

can be used. Given that no significant differences in ligand loading were observed between 13 

nm and 30 nm AuNPs, trends will be examined on 13 nm AuNPs. 

Consider first the PEGSH system, where the ligand shell reaches a steady state within 4 

hours and at a 50x excess (Figure 21) for all molecular weights. From the trends observed above 
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with the mercaptoalkanoic acids and the 1 kDa PEGSH, it is expected that the shortest PEGSH 

(here, 350 Da) will load with the highest number of ligands, while the longest PEGSH (5 kDa) 

will have fewer ligands per particle. As predicted, the shorter chain length of the PEGSH packs 

with the highest number of ligands, with a footprint of 0.21 ± 0.05 nm
2
, while the 5 kDa PEGSH

has the largest footprint of 2.31 ± 0.12 nm
2
, and the intermediate 1 kDa and 2 kDa chain lengths

fall in between with footprints of 0.47 ± 0.01 nm
2
 and 1.14 ± 0.09 nm

2
, respectively (Figure 22).

Given the range of ligand footprints that are accessible for PEGSH ligands that can be tuned 

based solely upon chain length, a wide library of NPs with various ligand footprints can be 

prepared with this system.  

Figure 21. Plots of PEGSH footprint on 13 nm AuNPs as a function of time in excess PEGSH (50×) (A) and 

PEGSH excess with respect to surface area after 4 hours (B) for different MWs of PEGSH, where error bars 

represent the standard error of at least 5 trials. Results indicate that loading reaches a consistent value at a ligand 

excess above 20x and above 4 hours under the conditions tested. 
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Figure 22. Graph of number of PEGSH ligands per particle as a function of PEGSH chain length, where error bars 

represent the standard error of at least 5 trials. Shorter polymer chains have fewer ligands per particle than longer 

chains. 

While the polymeric PEGSH ligands follow the expected trend, significant deviations are 

observed with the mercaptoalkanoic acid system, which includes MBuA (4 carbons), MHA (6 

carbons), MOA (8 carbons), and MUA (11 carbons) (Figure 23). While the shortest MBuA 

ligand loads with the highest number of ligands, as expected, the 8 and 11 carbon chains display 

a trend opposite to what would be expected, indicating that chain length is not the only factor 

that dictates ligand loading. Here, we hypothesize that the longer ligands have stronger inter-

ligand interactions that facilitate higher ligand loading. Preliminary 2D NMR experiments (see 

Appendix A, Figure 61) indicate that MUA may form “islands” on the particle surface, 

supporting the cooperative mechanism hypothesis. Such cooperative behavior has also been 

observed in other NP systems,
50

 as well as for alkane thiol SAMs on gold films.
200
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Figure 23. Graph of number of mercaptoalkanoic ligands per particle as a function of chain length, where error bars 

represent the standard error of at least 5 trials. 

Given the deviations from the expected behavior with the 4, 6, 8, and 11 carbon chain 

mercaptoalkanoic acids, studying longer chain lengths could also yield important insights into 

AuNP ligand exchange behavior. In order to facilitate this study, a solvent other than water is 

necessary due to solubility concerns with chain lengths longer than 11 carbons. Controls were 

conducted with MUA in water, DMSO, and chloroform to ensure that performing the ligand 

exchange in organic solvent did not affect the final MUA ligand density. No evidence of altered 

ligand loading was observed in either DMSO or chloroform (Figure 24). 
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Figure 24. Graph of number of MUA ligands per particle in various solvents, where error bars represent the 

standard error of at least 3 trials. No significant difference is observed in ligand loading in organic solvents.  

Working in DMSO for ligand solubility, the effect of ligand chain length on a longer 

series of mercaptoalkanoic acids was examined using MUA (11 carbons), MUDA (12 carbons), 

and MHDA (16 carbons). With this group of mercaptoalkanoic acids, the expected trend is 

observed, where the shorter ligand (here, MUA with 11 carbons) has a higher number of ligands 

than the MUDA or MHDA (Figure 25). This return to the expected trend with the 

mercaptoalkanoic acids indicates that for ligand chains longer than 11 carbons, the inter-ligand 

interactions are no longer enough to ensure cooperative behavior. The longer chain lengths begin 

to behave more similarly to the polymeric PEGSH ligands, where the chains are not fully 

extended to allow for maximum ligand loading.  
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Figure 25. Graph of number of mercaptoalkanoic ligands per particle as a function of chain length, where error bars 

represent the standard error of at least 5 trials. The shorter ligands have a higher ligand density.  

2.3.5 Influence of Salt and Temperature on Ligand Loading Density 

When considering homogeneous ligand shells, it may be of interest to maximize ligand loading 

for the densest possible ligand shell, either to improve stability or enhance functionality. Both 

incubation in salt and higher temperatures have been shown to increase DNA loading on 

AuNPs.
100

 In order to evaluate the impact of salt during ligand exchange, PEGSH ligand

exchanges were completed in the presence of 150 mM of various salts (Figure 26). The identity 

of the salt influenced the PEGSH loading, where the anion identity has a more pronounced effect 

than the cation, which did not have a significant impact on loading. Interestingly, the anion with 

the largest ionic radius (I
-
) yields NP ligand shells with a decreased number of ligands, while the
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anion with the second largest ionic radius (Br
-
) produced no change when compared to unsalted

solution. The anions with smaller ionic radii (Cl
-
 and F

-
), however, yielded particles with a

higher number of ligands. This increased loading results from the smaller anions’ ability to 

screen the inter-ligand interactions between the PEGSH ligands on the particle surface, reducing 

their charge repulsion for a more dense ligand shell.
201

Figure 26. Plot of the number of PEGSH ligands per particle as a function of salt identity. The identity of the salt 

impacted the PEGSH loading on the basis of ionic radius. 

Given the increase in the 1 kDa PEGSH loading observed with NaCl above, the impact of 

NaCl on the higher MWs of PEGSH was evaluated (Figure 27). While an increase of only 23% 

in ligand loading was observed for the 1 kDa PEGSH ligand, increases of 24 and 43% in 150 

mM NaCl were observed in the 2 kDa and 5 kDa PEGSH cases, respectively, when compared to 
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a 0 mM NaCl solution. The enhanced impact of the salt on the higher MWs of PEGSH can likely 

be attributed to the salts screening the nonspecific interactions between the longer polymeric 

chains. Ligand exchanges in salt were also conducted for the MUA and MOA ligands, but no 

significant change in the number of ligands was observed for either. Finally, ligand exchanges 

conducted at temperatures other than room temperature were also evaluated with PEGSH (Figure 

28). Working at both an elevated (37 °C) and a decreased (4 °C) temperature, the PEGSH excess 

experiments were completed in the same way as outlined above. However, no significant change 

in ligand loading was observed at either temperature at the highest ligand excess. Thus, 

performing the ligand exchanges in salt results in PEGSH ligand shells with a higher number of 

ligands.  

 

 

 

 

Figure 27. Plot of the number of PEGSH ligands as a function of NaCl concentration. Increased loading is only 

observed for the 1 kDa PEGSH, likely due to the longer chain lengths with the 2 kDa and 5 kDa PEGSH. 
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Figure 28. Plot of the number of PEGSH ligands as a function of PEGSH excess at various temperatures. No 

significant change in ligand loading is observed at elevated or decreased temperatures. 

2.4 CONCLUSION 

Taken together, these experiments suggest that ligand addition mechanisms are strongly 

influenced not only by the ligand functionalities directly interacting with the NP surface (here, a 

thiol moiety) but also by intermolecular interactions within the ligand shell itself. Specifically, 

the current results indicate that PEGSH SAMs on AuNPs can present a wide range in the number 

of ligands in a ligand shell, modifiable through a variety of means including ligand chain length 

and salt incubation during ligand exchange. Mercaptoalkanoic acid ligands generally form ligand 

shells with a higher number of ligands on AuNPs, dictated by both chain length and inter-ligand 

interactions. We expect these findings will have important implications for routine surface 
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characterization of AuNPs as well as using surface chemistry to enhance or expand AuNP use in 

a wide variety of biomedical and electronic applications. 
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3.0 QUANTITATIVE EVALUATION OF LIGAND BACKFILLING AND CO-

LOADING ON GOLD NANOPARTICLE FUNCTIONALIZATION 

(Portions of this work were published previously and are reprinted with permission from Smith, 

A. M.; Marbella, L. E.; Johnston, K. A.; Hartmann, M. J.; Crawford, S. E.; Kozycz, L. M.;

Seferos, D. S.; Millstone, J. E., Anal. Chem. 2015, 87, 2771-2778. Copyright 2015, American 

Chemical Society. Other portions of this work are being prepared for submission as Smith, A. 

M.; Johnston, K. A.; Marbella, L. E.; Millstone, J. E. 2017, in preparation) 

3.1 INTRODUCTION 

Gold nanoparticles (AuNPs) are versatile materials,
202-205

 but the performance of these particles

strongly depends on their ligand shell.
25, 103, 115, 206

 Among the parameters one can tune within

ligand shell architectures, ligand shell identity and composition are foundational. In terms of 

composition, ligand shells can either be composed on one ligand type (homogenous) or two or 

more ligand types. For a NP with a homogeneous ligand shell, there are currently two primary 

methods to then create a multicomponent ligand shell: “backfilling” by sequentially adding the 

desired ligands to the NP surface or “co-loading” by simultaneously adding multiple ligands to 

the NP surface. In order to truly understand the factors that will allow for control of the final 

ligand shell architecture, ligand properties and loading method must be systematically probed. 
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The efficiency of these mass-action ligand exchange techniques depends upon several 

aspects of the system including properties of both the NP (e.g. size, shape, and composition) and 

the ligands (both those coming off and going onto the NP) as well as temperature, reaction time, 

and solvent. A common way to vary the composition of a mixed ligand shell is by altering the 

initial molar ratio of ligands added to the NP system. However, the concentration of ligands 

attaching to the NP from these ligand mixtures varies significantly from system to system, and 

the final ratio of ligands does not always match with the ratio of ligands that was added.
51, 131

Because of this discrepancy, it is important to use a method of characterization that can 

distinguish and quantify multiple ligands. In this work, we investigate the influence of loading 

method and ligand properties on final NP ligand shell compositions to begin to establish design 

rules that will allow for enhanced tailorability of ligand shells for ultimate use in various 

downstream applications.  

3.2 EXPERIMENTAL 

3.2.1 Materials and Methods 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 · 3H2O, 99.999%), 11-

mercaptoundecylphosphoric acid (MUPA, 95%), 8-mercaptooctanoic acid (MOA, > 95%), 6-

mercaptohexanoic acid (MHA, 90%), 11-aminoundecanoic acid (AUA, 97%), 8-aminooctanoic 

acid (AOA, 99%), 6-aminohexanoic acid (AHA, ≥ 98.5%), 3-mercaptopropionic acid (MPA, ≥ 

99%), hydrochloric acid (HCl, > 99.999% trace metal basis), nitric acid (HNO3, > 99.999% trace 

metal basis), and sodium citrate tribasic dihydrate (citrate, ≥ 99%) were obtained from Sigma-
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Aldrich (St. Louis, MO). Poly(ethylene glycol) methyl ether thiol (PEGSH, average MW = 1,000 

Da), was obtained from Laysan Bio, Inc. (Arab, AL). Biotin-terminated poly(ethylene glycol) 

methyl ether thiol (biotinPEGSH, > 95%, average MW = 1,000 Da) and methoxylpoly(ethylene 

glycol) amine (PEGNH2, > 95%, average MW = 1,000 Da) were obtained from NanoCS 

(Boston, MA). 11-Mercaptoundecanoic acid (MUA, 98%) was obtained from Santa Cruz 

Biotechnology (Dallas, TX). 11-Amino-1-undecanethiol hydrochloride (AUT, ≥ 90%) was 

obtained from Dojindo Molecular Technologies, Inc. (Rockville, MD). Acetonitrile (ACN, 

99.8%), and sodium hydroxide (NaOH, ≥ 97%) were obtained from Fisher Scientific (Waltham, 

MA). Deuterium oxide (D2O, 99.9%) was obtained from Cambridge Isotope Laboratories, Inc. 

(Tewksbury, MA). All reagents were used as received unless otherwise indicated. NANOpure™ 

(Thermo Scientific, > 18.2 MΩ · cm) water was used in the preparation of all solutions, and all 

reagent solutions are aqueous unless otherwise noted. Before use, all glassware and Teflon
®
-

coated stir bars were washed with aqua regia (3:1 ratio of concentrated HCl and HNO3 by 

volume) and rinsed thoroughly with water. Caution: Aqua regia is highly toxic and corrosive 

and requires proper personal protective equipment. Aqua regia should be handled in a fume 

hood only. 

3.2.2 AuNP Synthesis 

AuNPs were synthesized using a modified Frens procedure.
180, 181

 In a 1 L, 3-neck round bottom

flask containing a stir bar, 500 mL of aqueous HAuCl4 (1 mM) solution were prepared. The 

solution was heated to vigorous reflux while stirring until a rapid drip rate was achieved (drip 

rate ~1 per second). Meanwhile, a 50 mL aqueous solution of citrate was prepared 

(concentrations used to generate various sizes of AuNPs are listed above in Table 2). This citrate 
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solution was rapidly added to the refluxing HAuCl4 solution. After addition, the reaction mixture 

changed from yellow, to colorless, to black, to purple-red within 1 minute. The resulting AuNP 

solution was allowed to reflux for 5 minutes before it was removed from heat. This mixture was 

cooled to room temperature and transferred to a clean glass media bottle for refrigerated storage 

(~4 °C). 

3.2.3 UV-vis-NIR Analysis of AuNPs 

Particles were characterized by ultraviolet-visible-near infrared (UV-vis-NIR) absorption 

spectroscopy using a Cary 5000 spectrophotometer (Agilent, Inc.). Spectra were baseline 

corrected with respect to the spectrum of water. In order to obtain each spectrum, the AuNP 

solution was diluted by 1/3 with pure water. 

3.2.4 TEM Analysis of AuNPs for Size Determination 

An aliquot from the final AuNP solution was diluted 1/5 with water prior to drop casting onto a 

Formvar-coated copper transmission electron microscopy (TEM) grid (Ted Pella, Inc.). Samples 

were allowed to air dry and then dried under vacuum before characterization using an FEI 

Morgagni TEM at 80 kV. The size distributions of the AuNPs were determined from TEM 

images of at least 200 AuNPs from various areas of the grid. ImageJ 1.47d (National Institutes of 

Health, USA) was used to measure and count all particles. 
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3.2.5 Initial Ligand Exchange of Citrate-capped AuNPs 

Prior to use, as-synthesized AuNPs were filtered using a polyvinylidene fluoride (PVDF) filter 

membrane with a pore size of 0.45 μm (25 mm GD/XP disposable filters, Whatman, Inc). 

Immediately after filtration, the AuNPs were concentrated by separating 1 mL aliquots into 1.5 

mL centrifuge tubes and centrifuging the reaction mixture at 20,000 rcf for 5 minutes (Eppendorf 

5424 centrifuge). The supernatant was removed, and another 1 mL aliquot of filtered particles 

was added. The pellet was resuspended, and the process was repeated until 3 mL of filtered 

particles were concentrated to a pellet in centrifuge tubes. For thiolated PEG ligands, the 

resulting pellet was resuspended in 50 μL of 5 mM PEGSH (or biotinPEGSH) and 950 μL of 

water. This mixture was then placed on a temperature-controlled mixer (Eppendorf R 

Thermomixer) for 4 hours at 1,000 rpm and 25 °C. After 4 hours, the particles were washed 

twice. Here, washing indicates centrifuging the sample and removing all supernatant followed by 

resuspension in water. After the second washing cycle, the particles were resuspended in a 

mixture of 990 μL of water and 10 μL of phosphate buffer (100 mM, pH 10) and placed on a 

temperature-controlled mixer overnight at 1,000 rpm and 25 °C. After this time, the particles 

were washed with phosphate buffer twice, followed by two washes in water and two washes in 

D2O. After the last wash cycle, the supernatant was removed to yield a concentrated pellet of 

PEGSH- or biotinPEGSH-capped AuNPs. An identical procedure was followed for ligand 

exchanges with MHA, MOA, MUA, or MUPA using 250 μL of the desired thiolated ligand 

solution (1 mM) and 750 μL of water. 

To introduce aminated ligands to citrate-terminated NPs, the citrate-capped, concentrated 

pellet was resuspended in 50 μL of 5 mM PEGNH2, 50 μL of 0.1 M NaOH, and 900 μL of water. 

This mixture was then placed on a temperature-controlled mixer for 4 hours at 1,000 rpm and 25 
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°C. After this time, the particles were washed with the NaOH solution twice, followed by a wash 

in water and in D2O. After the last wash cycle, the supernatant was removed to yield a 

concentrated pellet of PEGNH2-capped AuNPs. An identical procedure was followed for ligand 

exchanges with AHA, AOA, or AUA using 250 μL of the desired ligand solution (1 mM), 50 μL 

of NaOH (0.1 M), and 700 μL of water. N.B. 0.1 M NaOH is used with all aminated ligands 

instead of phosphate buffer (which is used for the thiolated ligands) in order to maintain a 

deprotonated amine. The pH of the NP solution with NaOH upon aminated ligand addition is 12. 

3.2.6 Backfilling of PEGSH-capped AuNPs with a Second Thiolated Ligand 

A freshly washed, concentrated pellet of PEGSH-capped particles (whose synthesis is outlined 

above) was resuspended in 250 μL of the new thiolated ligand (1 mM of either MUA, MOA, 

MHA, or AUT) and 750 μL of water. The resulting mixture was placed on a temperature-

controlled mixer for 4 hours at 1,000 rpm and 25 °C. Immediately after 4 hours, the particles 

were washed twice with water. After the second wash cycle, the particles were resuspended in a 

mixture of 990 μL of water and 10 μL of phosphate buffer (100 mM, pH 10). This mixture was 

placed on a temperature-controlled mixer overnight at 1,000 rpm and 25 °C. After this time, the 

particle conjugates were washed with phosphate buffer twice, followed by two washes in water 

and two washes in D2O. After the final wash cycle, the supernatant was removed to yield the 

concentrated pellet. An identical procedure was followed for backfilling with biotinPEGSH, 

resuspending the PEGSH-capped particles in 50 μL of 5 mM biotinPEGSH and 950 μL of water. 
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3.2.7 Backfilling of PEGNH2-capped AuNPs with a Second Aminated Ligand 

Starting from the freshly washed, concentrated pellet of PEGNH2-capped particles, whose 

synthesis is outlined above, the pellet was resuspended in 250 μL of the new aminated ligand (1 

mM of either AUA, AOA, or AHA), 50 μL of 0.1 M NaOH, and 700 μL of water. The resulting 

mixture was placed on a temperature-controlled mixer for 4 hours at 1,000 rpm and 25 °C. After 

this time, the particles were washed with phosphate buffer twice, followed by a wash in water 

and a wash in D2O. After the final wash cycle, the supernatant was removed to yield the 

concentrated pellet. 

3.2.8 Backfilling of Mercaptoalkanoic Acid-capped Particles with PEGSH 

Starting from the freshly washed, concentrated pellet of MUA-, MOA-, or MHA-capped 

particles, whose synthesis is outlined above, the pellet was resuspended in 50 μL of 5 mM 

PEGSH and 950 μL of water. The resulting mixture was placed on a temperature-controlled 

mixer for 4 hours at 1,000 rpm and 25 °C. Immediately after these 4 hours, the particles were 

washed twice with water. After the second washing cycle, the particles were resuspended in a 

mixture of 990 µL of water and 10 μL of phosphate buffer (100 mM, pH 10). This mixture was 

placed on a temperature-controlled mixer overnight at 1,000 rpm and 25 °C. After this time, the 

particles were washed with the phosphate buffer twice, followed by two washes in water and two 

washes in D2O. After the final wash cycle, the supernatant was removed to yield the 

concentrated pellet. 
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3.2.9 Backfilling of Aminoalkanoic Acid-capped Particles with PEGNH2 

Starting from a freshly washed, concentrated pellet of AUA-, AOA-, or AHA-capped particles, 

whose synthesis is outlined above, the pellet was resuspended in 50 μL of 5 mM PEGNH2, 50 μL 

of 0.1 M NaOH, and 900 μL of water. The resulting mixture was placed on a temperature-

controlled mixer for 4 hours at 1,000 rpm and 25 °C. After this time, the particles were washed 

with the 0.1 M NaOH solution twice, followed by a wash in water and a wash in D2O. After the 

final wash cycle, the supernatant was removed to yield the concentrated pellet. 

3.2.10 Backfilling of MUA-capped Particles with MUPA and MUPA-capped Particles with 

MUA 

Starting from the freshly washed, concentrated pellet of MUA-capped particles, whose synthesis 

is outlined above, the MUA-capped pellet was resuspended in 250 μL MUPA and 750 μL of 

water. The resulting mixture was placed on a temperature-controlled mixer for 4 hours at 1,000 

rpm and 25 °C. Immediately after these 4 hours, the particles were washed twice with water. 

After the second washing cycle, the particles were resuspended in a mixture of 990 µL of water 

and 10 μL of phosphate buffer (100 mM, pH 10). This mixture was placed on a temperature-

controlled mixer overnight at 1,000 rpm and 25 °C. After this time, the particles were washed 

with the phosphate buffer twice, followed by two washes in water and two washes in D2O. After 

the final wash cycle, the supernatant was removed to yield the concentrated pellet. An identical 

procedure was followed for MUPA-capped particles backfilled with MUA.  
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3.2.11 Co-loading of Ligands on AuNPs 

The resulting citrate-capped concentrated pellet described above was resuspended in either 

thiolated or aminated ligand mixtures. For thiol-capped particles, the resulting pellet was 

resuspended in 750 μL of water. To this solution, a mixture of 2 ligands was added: either 125 

μL each of any combination of MUPA, MUA, MOA, or MHA or 25 μL of PEGSH and 125 μL 

any one of the previously listed five ligands. This mixture was then placed on a temperature-

controlled mixer for 4 hours at 1,000 rpm and 25 °C. After 4 hours, the particles were washed 

twice. After the second washing cycle, the particles were resuspended in a mixture of 990 μL of 

water and 10 μL of phosphate buffer (100 mM, pH 10) and placed on a temperature-controlled 

mixer overnight at 1,000 rpm and 25 °C. After this time, the particles were washed with 

phosphate buffer twice, followed by two washes in water and two washes in D2O. After the last 

wash cycle, the supernatant was removed to yield a concentrated pellet of co-loaded AuNPs.  

For amine-capped particles, the resulting pellet was resuspended in 700 μL of water and 

50 μL of 0.1 M NaOH. To this solution, a mixture of 2 ligands was added: either 125 μL each of 

any combination of AUA, AOA, and AHA or 25 μL of PEGNH2 and 125 μL of either AUA or 

AOA. This mixture was then placed on a temperature-controlled mixer for 4 hours at 1,000 rpm 

and 25 °C. After this time, the particles were washed with 0.1 M NaOH twice, followed by a 

wash in water and a wash in D2O. After the last wash cycle, the supernatant was removed to 

yield a concentrated pellet of co-loaded AuNPs. 
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3.2.12 ICP-MS Analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was performed using an argon 

flow with a NexION spectrometer (PerkinElmer, Inc.). An aqua regia solution was prepared with 

a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, > 99.999% trace metal basis): nitric acid 

(Sigma-Aldrich, > 99.999% trace metal basis) and diluted with water for a 5% (by volume) aqua 

regia matrix. AuNP samples were taken from the concentrated pellet after ligand exchange as 

described above and digested overnight in ~5 μL of fresh and concentrated aqua regia solution. 

From the digested solution, 1 μL was further diluted to 15 mL using 5% aqua regia matrix, and 

the remainder of the digest was reserved for 
1
H-NMR analysis (vide infra). Unknown Au

concentrations were determined by comparison to a 5-point standard curve with a range of 1 - 30 

ppb (1, 5, 10, 20, and 30 ppb prepared by volume) from a gold standard for ICP (Fluka, 

TraceCERT 1,001 ± 2 mg/L Au in HCl) diluted in the 5% aqua regia matrix. All standards were 

measured 5 times and averaged, while all unknown samples were measured in triplicate and 

averaged. A 5 minute flush time with 5% aqua regia matrix was used between all runs, and a 

blank was analyzed before each unknown sample to confirm removal of all residual metals from 

the instrument. 

3.2.13 1
H NMR Analysis

All NMR measurements were performed on a Bruker 400 Ultrashield™ magnet with an 

AVANCE III 400 Console or a Bruker 600 Ultrashield™ magnet with an AVANCE III 600 

Console (Bruker Biospin, Billerica, MA) at 298 K. For all experiments, a minimum recycle delay 

of 5 seconds was used, which was sufficiently greater than T1. NMR samples were prepared as 
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described above by concentrating the AuNPs, followed by digestion with 1 drop (~5 μL) of 

concentrated aqua regia. These samples were allowed to digest overnight before dilution with 

D2O to a total volume of 600 μL. An ACN reference was used for the determination of unknown 

ligand concentrations. To each sample, 5 μL of 0.24% ACN (15 μL of ACN in 6 mL of D2O) 

was added. The unknown ligand concentrations were determined by comparison to a 5-point 

standard curve with a range of 1.00 – 0.10 mM ligand (1.00, 0.75, 0.50, 0.25, and 0.10 mM, 

prepared in D2O). For each standard, the integral of the ligand peak was divided by the integral 

of the ACN peak and plotted against the known concentration of ligand. Following an internal 

standard approach for the unknown concentrations of ligand on the AuNP,
182

 the ligand peak was

integrated and similarly divided by the known integrated ACN peak to yield the concentration 

upon comparison with the calibration curve. 

3.3 RESULTS AND DISCUSSION 

For a given AuNP, we hypothesize that the method of ligand loading and the initial molar ratios 

of the added ligands will impact the final composition of the ligand shell. We expect that the 

ligand loading trends will also be influenced by the ligand binding moiety and ligand 

intermolecular regions. When co-loading or backfilling two ligands of similar affinity for the Au 

surface, such as two thiolated ligands or two aminated ligands, it remains unclear what factors 

(i.e. ligand moiety binding strength to the AuNP, initial molar ratios of the ligands, etc.) 

determine whether or not stoichiometric loading is observed in the final ligand shell architecture.  

In order to probe how variations in ligand identity (i.e. intermolecular region, binding 

moiety, and terminal functional group) influence the composition of the ligand shell, we examine 
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both ligand loading methods (co-loading and backfilling) to produce mixed ligand shells on 13 

nm AuNPs (Figure 29). In both cases, the weakly bound citrate ligand is fully displaced by the 

incoming ligands, regardless of binding moiety (e.g. thiol or amine). However, upon addition of 

a second thiolated or aminated ligand with relatively equal affinity for the AuNP surface (based 

on the ligand’s binding functionality), both ligands will be present to some extent in the ligand 

shell. With the backfilling method, ligand exchange proceeds sequentially in two steps, where 

the first thiolated or aminated ligand is added to the citrate-capped AuNPs and allowed to 

exchange. After 4 hours, the second thiolated or aminated ligand is added to the particles that are 

capped with the first ligand, and this mixture is allowed to react for 4 hours to form the final 

AuNP ligand shell that is subsequently purified. Meanwhile with the co-loading method, the 

mixed ligand shell is formed by adding the two pre-mixed thiolated or aminated ligands to the 

citrate-capped AuNPs concurrently. This mixture is allowed to sit for 4 hours before purification. 

(N.B. As we demonstrated above,
54

 4 hours is sufficient time for the thiolated ligand shell to

reach a steady state, where no significant change is observed in the number of ligands. Amine 

time studies confirm 4 hours is sufficient for these ligands as well (Figure 30).) For comparison, 

ligand exchanges were also performed with mixtures of thiolated and aminated ligands, which do 

not have relatively equal affinities for the AuNP surface; in all cases the thiolated ligand 

dominated the ligand shell population across all loading methods (Figure 31). Representative 
1
H

NMR spectra and further particle characterization after ligand exchange are shown in Appendix 

B.
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Figure 29. Scheme depicting the two types of ligand addition used in this study to form mixed thiolated ligand 

shells on AuNPs. An analogous process is used to form aminated mixed ligand shells.  

 

 

 

 

Figure 30. Plot of PEGNH2 (gray triangles), AUA (blue circles), and AOA (green squares) densities on the NP 

surface as a function of AuNP incubation time in presence of the aminated ligand for 13 nm AuNPs where the error 

bars represent standard error of at least 5 trials. Results indicate that ligand loading is consistent for all the time 

points studied after 4 hours. 



99 

Figure 31. Comparison of the ligand loading values for PEGSH with AOA (A) and PEGNH2 with MOA (B) for 13 

nm AuNPs. In both cases of combining a short chain amine with a longer thiol and combining a short chain thiol 

with a longer amine, the thiol dominates the ligand shell in all three systems of backfilling and co-loading. 

3.3.1 Quantification of Thiolated Mixed Ligand Shells 

For a ligand shell comprised of a single ligand (vide supra), it is of interest to understand the 

extent of exchange when a second ligand with the same NP binding moiety is added to the 

system. Here, we investigated the result of this addition using PEGSH-, MUA-, and MOA-

functionalized AuNPs. See Appendix B for additional AuNP characterization after ligand 

exchange. 

First, PEGSH-functionalized AuNPs were incubated with AUT, MUA, MOA, or MPA. 

Trials were conducted to confirm that the incubation time of the AuNPs in the secondary ligand 

was sufficient to obtain consistent ligand shell compositions (Appendix B). These secondary 

thiolated ligands were used to investigate the effect of intermolecular region as well as terminal 

functional group on exchange with the existing AuNP ligand shell. Interestingly, for all of the 

small molecule ligands tested (AUT, MUA, MOA, and MPA) significant but not complete 
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displacement of the existing PEGSH shell is observed for AuNPs of both 13 and 30 nm (Figure 

32), and the total number of ligands appended to the AuNP increases. This pattern of 

displacement suggests that since the existing PEGSH monolayer is has a low number of ligands 

it can be significantly altered by the addition of a small molecule ligand which can take 

advantage of this loosely packed monolayer.
56, 207

 

 

 

 

 

Figure 32. Comparison of the amount of PEGSH displaced upon secondary ligand exchange with a smaller thiolated 

ligand of various chain lengths and terminal functional groups, where error bars represent standard error for at least 

20 trials. Gray = PEGSH, burgundy = AUT, blue = MUA, green = MOA, and peach = MPA.  

 

 

 

Smaller incoming ligands may be expected to more easily take advantage of defects or 

unpassivated sites in the existing monolayer and add more extensively. However, MUA, with the 

longest carbon chain tested, yields the highest number of additional ligands and exhibits the 

highest exchange efficiencies of the 4 ligands tested (92% and 95% for the 13 and 30 nm AuNPs, 

respectively). These high exchange efficiencies are consistent with a cooperative binding 

mechanism, where the interligand interactions play a large role in determining the composition 
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of the ligand shell. The terminal functional group of the ligand may also influence exchange with 

the PEGSH layer, as the 11 carbon chain, carboxylic acid-terminated MUA adds in significantly 

higher numbers than the 11 carbon chain, amine-terminated AUT (> 90% exchange efficiency 

for MUA vs. ~70% exchange efficiency for AUT), which also has an 11 carbon chain but 

contains a terminal amine. 

3.3.2 Influence of Existing Thiolated Ligand Shell on Ligand Exchange Efficiency 

We compared exchange mechanisms observed for the loosely packed PEGSH-functionalized 

AuNPs with those observed for densely packed monolayers with MUA- and MOA-

functionalized AuNPs (Figure 33). In the case of MUA- and MOA-functionalized AuNPs, 

exposure to PEGSH produced little to no modification in the total number of ligands present on 

the particle surface, and very few PEGSH ligands are added (less than 2% exchange efficiency 

for both AuNP sizes functionalized by either MUA or MOA). These results indicate that almost 

none of the original small molecule ligand is displaced. This low displacement is consistent with 

a limited backfill mechanism in which the PEGSH adds only to unpassivated or monolayer 

defect sites in the existing MUA or MOA shell and further that there is not rapid exchange of the 

existing ligand shell with the surrounding medium.  
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Figure 33. Comparison of the amount of MUA or MOA displaced upon secondary ligand addition with either 

PEGSH or MPA, where error bars represent standard error for at least 15 trials. The first bar in each series 

represents the homogeneous ligand shell of MUA (blue bar) or MOA (green bar). Blue = MUA, green = MOA, 

peach = MPA, and gray = PEGSH (same color scheme as in Figure 32). 

The lack of PEGSH addition is likely a combination of a dense initial ligand shell with 

the mercaptoalkanoic acid (MAA) SAMs and the significantly longer chain length of the 

incoming ligand. For example, the PEGSH may be too large to take advantage of some smaller 

monolayer defect sites, even when they occur.
20

 Meanwhile, the 3 carbon chain MPA is more

likely to have steric accessibility to these AuNP surface sites, and in addition, does displace 

some of the existing ligand from the NP surface (16% with the MUA shell and 23% with the 

MOA shell for both particle sizes). However, in both cases the total particle ligand loading 

decreases and suggests that although MPA is able to either exchange with the mercaptoalkanoic 

acid SAMs or bind in SAM defect sites (to a moderate degree), a resulting MPA-containing layer 

is less dense than the other MAAs studied.  
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These studies indicate that the two primary routes of ligand addition to an existing ligand 

monolayer, ligand shell exchange or ligand shell “backfilling” (Figure 34), are strongly 

dependent on the identity of the existing ligand shell. Importantly, this identity includes not only 

the ligand binding moiety (i.e. the thiol group) but also the intermolecular interactions between 

the ligands themselves. It is also important to note that the two addition pathways are not 

mutually exclusive and may occur to differing extents within the same system (e.g. addition of 

MPA to MUA- and MOA-capped AuNPs). With this information, we can begin to build design 

parameters. For instance, with a loosely-packed PEGSH ligand shell, an exchange mechanism is 

predominantly observed, with the number of PEGSH ligands significantly decreasing as the new 

thiolated ligands add to the AuNP surface. On the other hand, denser SAMs of MAAs exhibit 

little exchange with either larger or smaller molecules. 

 

 

 

 

Figure 34. Scheme depicting two possible pathways of secondary ligand addition. 
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3.3.3 Co-loading of Thiolated and Aminated Ligands on AuNPs 

To further elucidate correlations between ligand loading method and ligand chemical properties, 

thiolated mixed ligand shells were also formed by co-loading with a variety of MAAs and 

PEGSH on 13 nm AuNPs (Figure 35). Here, the ligand binding moiety and terminal functionality 

are held constant while only varying the intermolecular region. At all of the studied 

MUA:PEGSH, MOA:PEGSH, and MHA:PEGSH ratios, the MAA tends to dominate the ligand 

shell, adding in numbers higher than those that would reflect the initial ratios. The smallest 

deviations from 1:1 incorporation are observed at the highest (i.e. 90:10) and lowest ratios (i.e. 

10:90) of MAA addition, with the larger deviations occurring in the middle regions (i.e. 50:50). 

In this system, all of the thiol ligands have a high and relatively comparable affinity for the 

AuNP surface. Due to this similar affinity for the AuNP surface, the intermolecular interactions 

between the ligands are likely playing a dominate role in the final ligand shell stoichiometry. 

As stated above, at all of the ratios where the ligands have a strong affinity for the AuNP 

surface, significant deviations from 1:1 loading are observed, and interligand interactions appear 

to play a key role in these deviations. To probe the role of these interligand forces in the 

formation of the co-loaded ligand shell, we moved to a ligand system with weaker affinity for the 

AuNP surface, varying the binding moiety but working within the same family of ligands. 

Aminated ligands are ideal for this situation, as they adsorb to the AuNP to form stable particles 

but are bound more weakly than the thiolated ligands.
208, 209

 Using a similar approach to the

thiolated system, aminated mixed ligand shells were formed by co-loading with a variety of 

aminoalkanoic acids (AAA) and PEGNH2 on 13 nm AuNPs (Figure 36). 
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Figure 35. Comparison of the percent loadings of MUA (A, B), MOA (C, D), or MHA (E, F) in the final ligand 

shell when co-loaded with PEGSH, where error bars represent the standard error of at least 5 trials. 
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Figure 36. Comparison of the percent loadings of AUA (A, B), AOA (C, D), or AHA (E, F) in the final ligand shell 

when co-loaded with PEGNH2, where error bars represent the standard error of at least 5 trials. 
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Unlike in the case of MAAs, where significant deviations from the initial ratio were 

observed, the aminated ligands load in quantities that closely reflect the initial molar ratio. These 

results suggest that a key factor in obtaining ligand shell compositions that reflect the initial 

stoichiometry of ligands added is the magnitude of the ligand affinity for the particle surface. 

Specifically, our observations indicate that stoichiometric loading can be achieved in co-loaded 

ligand shells when the ligands have a relatively weak affinity (i.e. aminated ligands) to the AuNP 

surface compared with thiolated compounds. On the other hand, non-stoichiometric loading that 

does not agree with the initially added ratio will be observed when the ligands exhibit a strong 

affinity for the particle surface, and especially when they also have strong intermolecular 

interactions, as in the case of the thiolated ligands studied here. However, it is important to note 

that as ligand chain lengths are increased (i.e. as is the case for AUA), deviation from a 1:1 

incorporation behavior is observed compared to shorter chain ligands, indicating that after a 

certain chain length (C ≥ 11) the additive effect of inter-ligand interactions begins to play a role 

in amine addition to AuNP surfaces. Even for shorter ligands, such as the MHA with less 

availability for intermolecular interactions (~1.6 kJ/mol per methylene-methylene interaction),
210

the strongly binding thiol group prevents stoichiometric loading and allows the MAA to 

dominate the ligand shell. 

3.3.4 Backfilling of Thiolated and Aminated Ligands on AuNPs 

As we have demonstrated in previous work,
54

 for single ligand loading, both MUA and MOA

form dense shells on the surface of AuNPs possibly via cooperative binding mechanisms. In 

contrast, PEGSH and MHA load onto the particle in much smaller final numbers. For 

comparison with the 50:50 co-loading method, two different variations were observed with the 
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three MAAs backfilled with PEGSH as well as PEGSH backfilled with each MAA. Consistently, 

the mixed-moiety ligand shells present different final compositions based on ligand loading 

method (Figure 37). For MAA ligands under back-filling conditions, as the ligand chain length 

decreases, the amount of PEGSH added to the mixed ligand shell on the AuNP increases. MUA 

shows the highest loading across all trials, followed by the MOA. In all backfilling cases, like 

with all co-loading compositions, the MAA dominates the ligand shell, with very little PEGSH 

found in the final ligand shell composition.  
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Figure 37. Comparison of single ligand loading of PEGSH and various MAAs (A) and of ligand loading when co-

loading at a 50:50 ratio of PEGSH with a MAA, MAAs backfilled with PEGSH, and PEGSH backfilled with each 

MAA (B-D), where error bars represent standard error of at least five trials. 
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Conversely, when aminated analogues of the MAAs are used (i.e. AAAs) (Figure 38), we 

find that AAAs load in statistically similar numbers to each other. Likewise, similar to PEGSH, 

PEGNH2 adds with the lowest overall amount of ligands. Despite this similar overall trend where 

AAAs load with higher numbers than the PEGNH2, the amine ligands tend to add in much 

smaller numbers than their thiolated analogues (i.e. ~2,500 ± 100 vs. ~780 ± 50 for the C = 11 

ligands). Similar to the co-loading trends, this discrepancy can likely be attributed to differences 

in binding affinity of thiols vs. amines to the Au surface.
209, 211
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Figure 38. Comparison of single ligand loading of PEGNH2 and the AAAs (A), and of ligand loading when co-

loading at a 50:50 ratio of PEGNH2 with each AAA, AAAs backfilled with PEGNH2, and PEGNH2 backfilled with 

each AAA (B-D), where error bars represent standard error of at least five trials. 
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For comparison purposes, the aminated backfilling cases are again presented alongside 

the 50:50 co-loading results. In the backfilling cases, two variations in the loading method were 

studied: AAA backfilled with PEGNH2 and PEGNH2 backfilled with AAA (Figure 38B-D). 

Again, the mixed-moiety ligand shells exhibit different final compositions based on the ligand 

loading method in all cases. In the samples with PEGNH2 backfilled with the AAAs, similar 

results to the MAAs are observed, where the AAA dominates the ligands shell. However, for the 

AAAs backfilled with PEGNH2, additional incorporation of the incoming PEGNH2 ligand is 

observed, indicating that the AAA layers on the AuNP surface are less dense or more easily 

displaced compared to the monolayers formed with the analogous MAAs. For the aminated 

ligands, where the binding moieties have a lower affinity for the Au surfaces than thiols, the 

larger equilibrium disassociation constant likely facilitates ligand loading composition to be 

closer to the initially added ligand molar ratios. Only when using molecules with longer chain 

lengths (AUA, C = 11) do intermolecular interactions begin to play a role in ligand loading, 

manifesting as an AAA-rich ligand shell composition. In terms of design rules, the final ligand 

loading that closely reflects the initially added ligand ratios suggests that ligands with a weaker 

affinity for the AuNP yield final ligand shells may be able to overcome limitations imposed by 

strong intermolecular interactions (although not completely) and more closely reflect the initial 

molar ratio introduced. 

3.3.5 Examining the Factors that Dictate Final Ligand Shell Composition 

Ultimately, these studies are an important foundation for understanding and predicting which 

intrinsic and extrinsic factors will influence the final composition of a NP ligand shell. For 

example, we consider the relative influence of incoming ligand structure versus the chemical 
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structure of the ligand initially present on the AuNP surface. In order to probe that question, 

ligand exchanges were performed with two sets of similar thiolated ligands which share both a 

binding moiety and the same intermolecular region. The ligands compared in these experiments 

differ only in their terminal functionality (Figure 39). The first set included MUA and its 

phosphoric acid analogue (MUPA), where both ligands exhibited a thiol binding moiety and a 

chain length of 11 carbons. The second set was composed of methyl-terminated PEGSH 

(PEGSH) and biotin-terminated PEGSH (biotinPEGSH) with the same molecular weight and 

thiol binding moiety. By comparing ligands with similar intermolecular regions and binding 

groups (but that have at least one distinct 
1
H NMR peak), we can distinguish if the original

ligand shell or the incoming ligand more greatly influence the final ligand shell composition. 



114 

Figure 39. Comparison of similar ligand loading between two 11-carbon MAA analogues with backfilling and 

50:50 co-loading (A), as well as various co-loading ratios (C, D) and two PEGSH analogues with backfilling and 

50:50 co-loading (B), as well as various co-loading ratios (E, F), where the error bars represent standard error of at 

least five trials.  
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In the first set of ligands which vary only in terminal functionality, both MUA and 

MUPA load in high, yet statistically different, numbers when they are the only ligand on the 

AuNP (Figure 39A). Further, both ligands add in roughly similar numbers when co-loaded at a 

50:50 ratio of MUA:MUPA. In the cases of other co-loaded ratios, the final ligand shell 

architecture roughly follows a 1:1 incorporation (Figure 39C-D). However, when combined with 

their respective counterpart, differing only in terminal functionality, the ligand added first 

dominates the ligand shell, and the ligand added second is present only in very small quantities. 

We hypothesize that this discrepancy in loading is due to the conformation of the ligand shell 

before the addition of the second ligand. For instance, if MUPA is added to a AuNP capped with 

MUA, the initial MUA shell is quite dense (4.5 ± 0.1 MUA/nm
2
). Therefore, few incoming

MUPA ligands succeed in penetrating the existing MUA shell or finding space on the NP surface 

to form a bond on the particle surface. A dense MUA shell allowing only very little ligand 

exchange is consistent with the previous observations, where the PEGSH addition to the MUA-

capped AuNPs was extremely limited.
54

Conversely, for the PEGSH ligand set (Figure 39B) the single-ligand loading is 

statistically the same at a 95% confidence interval for the two PEG ligands, with statistically 

similar loading in the co-loading case with a 50:50 ratio of PEGSH:biotinPEGSH. Examination 

of other co-loaded ratios reveals that the final ligand shell architecture again roughly follows a 

1:1 incorporation, with a trend similar to the MUA:MUPA system (Figure 39E-F). Therefore, we 

conclude that when both ligands have roughly equal affinity for the AuNP and similar 

intermolecular regions, incorporation close to 1:1 will be achieved, even when the terminal 

functional group is markedly different. For the backfilled particles, both with PEGSH added to 

an existing biotinPEGSH ligand shell or biotin PEGSH added to an existing PEGSH ligand shell, 
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statistically similar (within a 95% confidence interval) loading of the two ligands is again 

observed in both backfilling situations. Likewise, this loading behavior can again be attributed to 

the conformation of the existing ligand shell on the AuNP, similar to the MUA/MUPA system. 

Both the PEGSH and its biotin analogue form less dense ligand shells than the MUA, allowing 

the incoming ligand access to the NP surface. 

3.4 CONCLUSION 

In conclusion, we report ligand shell compositions obtained using two common ligand loading 

methods (backfilling and co-loading). Using each method, we compare final ligand compositions 

obtained using both thiolated and aminated ligands and specifically consider the impact of ligand 

intermolecular region, binding moiety, and terminal functionality. Taken together, these findings 

suggest certain design rules for obtaining AuNP ligand shells with specific stoichiometries using 

these specific ligand types. For instance, in cases of backfilling for thiolated ligands, polymeric 

ligands that yield less densely packed ligand shells are amenable to displacement, but MAA 

ligands shells are not (< 2% exchange efficiency), due to the dense initial ligand packing. We 

observed that in all cases, co-loading or shorter ligands produce the most dense ligand shells. 

Additionally, the strength of the ligand head group interaction with the AuNP surface governs 

the stoichiometries obtained when using the co-loading functionalization method, where for 

thiolated ligands, which interact strongly with the AuNP surface, significant deviations from 1:1 

incorporation are observed. However, when co-loading aminated ligands, stoichiometric addition 

is more straightforward to achieve. We expect these studies, and the emerging design rules they 

provide, will have important implications for using surface chemistry to enhance or expand 
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AuNP use in a wide variety of biomedical and electronic applications, by facilitating the 

synthesis of specifically tailored ligand shells for these applications. 
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4.0 EXPANDING LIGAND SHELL DESIGN RULES TO PHOSPHINES AND 

TERNARY THIOL SYSTEMS 

4.1 INTRODUCTION 

Gold nanoparticles (AuNPs) are popular materials due to their potential to advance a variety of 

fields ranging from biomedicine
202, 212

 and drug delivery
205, 213

 to catalysis.
203, 214, 215

 We have

previously described a method for ligand quantification and presented detailed studies of both 

thiolated and aminated ligand shell formation. From these studies, we extracted a set of design 

rules for the synthesis of binary ligand shells from a selected set of molecular ligands.
54, 216

 The

next step in advancing these design parameters with the ultimate goal of exact synthetic control 

over ligand shell formation for multiple applications is to characterize a greater variety of 

functionalities within the ligand shell (where, in the ideal case, both ligand quantity and 

arrangement are known. Here, we consider only ligand quantities that arise as a result of 

synthetic route). A NP ligand shell is composed of three distinct regions (the particle-binding 

moiety, the intermolecular region, and terminal functionality) that each contribute to the 

tunability and activity of the final NP ligand shell functionality (Figure 1). In previous chapters, 

we have shown that terminal functionality has little impact on the final stoichiometries of binary 

NP ligand shells. Further, there is significant variation in terminal functional groups used 

throughout the literature because these species are typically designed for functions such as cell 
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targeting or sensing, and are therefore highly application specific.
65, 217

 Therefore, in expanding 

our understanding of multi-component ligand shell formation, this chapter focuses on 

preliminary studies of new particle binding moieties as well as ligand shells that contain three or 

more ligands (where binding moiety is constant and intermolecular regions are distinct). 

4.2 EXPERIMENTAL 

4.2.1 Materials and Methods 

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 · 3H2O, 99.999%), 8-mercaptooctanoic acid 

(MOA, > 95%), 3-mercaptopropionic acid (MPA, ≥ 99%), 8-aminooctanoic acid (AOA, 99%), 

bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt (BSPP, 97%), 4-

(diphenylphosphino)benzoic acid (4-DPPBA, 97%), and sodium citrate tribasic dihydrate 

(citrate, ≥ 99%) were obtained from Sigma-Aldrich (St. Louis, MO). Poly(ethylene glycol) 

methyl ether thiol (PEGSH, average Mn = 1,000 Da), was obtained from Laysan Bio, Inc. (Arab, 

AL). Methoxyl poly(ethylene glycol) amine (PEGNH2, > 95%, average Mn = 1,000 Da) was 

obtained from NanoCS (Boston, MA). Acetonitrile (ACN, 99.8%) and sodium hydroxide 

(NaOH, certified ACS) were obtained from Fisher Scientific (Waltham, MA). Deuterium oxide 

(D2O, 99.9%) was obtained from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). All 

reagents were used as received unless otherwise indicated. NANOpure™ (Thermo Scientific, > 

18.2 MΩ · cm) water was used in the preparation of all solutions, and all reagent solutions are 

aqueous unless otherwise noted. Before use, all glassware and Teflon®-coated stir bars were 

washed with aqua regia (3:1 ratio of concentrated HCl and HNO3 by volume) and rinsed 
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thoroughly with water. Caution: Aqua regia is highly toxic and corrosive and requires proper 

personal protective equipment. Aqua regia should be handled in a fume hood only. 

4.2.2 AuNP Synthesis 

13 nm AuNPs were synthesized using a modified Frens procedure.
54, 180

 Briefly, in a 1 L, 3-neck

round bottom flask containing a stir bar, 500 mL of aqueous HAuCl4 (1 mM) solution were 

prepared. The solution was heated to vigorous reflux while stirring until a rapid drip rate was 

achieved (drip rate ~1 per second). Meanwhile, a 50 mL solution of citrate (33 mM) was 

prepared. This citrate solution was rapidly added to the refluxing HAuCl4 solution. After 

addition, the reaction mixture changed from yellow, to colorless, to black, to purple-red within 1 

minute. The resulting AuNP solution was allowed to reflux for 5 minutes before it was removed 

from heat. This mixture was cooled to room temperature and transferred to a clean glass media 

bottle for refrigerated storage (~4 °C). 

4.2.3 Absorption Spectroscopy 

Particles were characterized by ultraviolet-visible-near infrared (UV-vis-NIR) absorption 

spectroscopy using a Cary 5000 spectrophotometer (Agilent, Inc.). Spectra were baseline 

corrected with respect to the spectrum of water. In order to obtain each spectrum, the AuNP 

solution was diluted by 1/3 with pure water. 
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4.2.4 Transmission Electron Microscopy (TEM) 

An aliquot from the final AuNP solution was diluted 1/5 with water prior to drop casting onto a 

Formvar-coated copper transmission electron microscopy (TEM) grid (Ted Pella, Inc.). Samples 

were allowed to air dry and then dried under vacuum before characterization using an FEI 

Morgagni TEM at 80 kV. The size distributions of the AuNPs were determined from TEM 

images of at least 200 AuNPs from various areas of the grid. ImageJ 1.47d (National Institutes of 

Health, USA) was used to measure and count all particles. 

4.2.5 Initial Ligand Exchange of Citrate-capped AuNPs 

Prior to use, as-synthesized AuNPs were filtered using a polyvinylidene fluoride (PVDF) filter 

membrane with a pore size of 0.45 μm (25 mm GD/XP disposable filters, Whatman, Inc). 

Immediately after filtration, the AuNPs were concentrated by separating 1 mL aliquots into 1.5 

mL centrifuge tubes and centrifuging the reaction mixture at 20,000 rcf for 5 minutes (Eppendorf 

5424 centrifuge). The supernatant was removed, and another 1 mL aliquot of filtered particles 

was added. The pellet was resuspended, and the process was repeated until 3 mL of filtered 

particles were concentrated to a pellet in centrifuge tubes. The resulting pellet was resuspended 

in 250 μL of 1 mM of the desired ligand (for MOA, AOA, 4-DPPBA, or BSPP) or 50 μL of the 

PEG ligand (PEGSH or PEGNH2), 50 μL of 100 mM NaOH, and 700 μL of water or 900 μL of 

water for the PEG ligands. This mixture was then placed on a temperature-controlled mixer 

(Eppendorf R Thermomixer) for 4 hours (for the thiolated or aminated ligands) or 8 hours (for 

the phosphine-containing ligands) at 1,000 rpm and 25 °C. After this time, the particles were 
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washed with 10 mM NaOH twice, followed by two washes in water and two washes in D2O. 

After the last wash cycle, the supernatant was removed to yield a concentrated pellet of AuNPs. 

4.2.6 Backfilling of BSPP-capped AuNPs with a Thiolated or Aminated Ligand 

A freshly washed, concentrated pellet of BSPP-capped particles (whose synthesis is outlined 

above) was resuspended in 250 μL of the -OA ligand (1 mM of either MOA or AOA), 50 μL of 

100 mM NaOH, and 700 μL of water. The resulting mixture was placed on a temperature-

controlled mixer for 4 hours at 1,000 rpm and 25 °C. After this time, the particles were washed 

with 10 mM NaOH twice, followed by two washes in water and two washes in D2O. After the 

final wash cycle, the supernatant was removed to yield the concentrated pellet. An identical 

procedure was followed for backfilling with PEG (either PEGSH or PEGNH2), resuspending the 

BSPP-capped particles in 50 μL of 5 mM PEG, 50 μL of 100 mM NaOH and 900 μL of water. 

4.2.7 Sequential Addition of Three Ligands 

A freshly washed, concentrated pellet of PEGSH-capped particles (whose synthesis is outlined 

above) was resuspended in 250 μL of 1mM MOA, 50 μL of 100 mM NaOH, and 700 μL of 

water. The resulting mixture was placed on a temperature-controlled mixer for 4 hours at 1,000 

rpm and 25 °C. After this time, the particles were washed with 10 mM NaOH twice, followed by 

two washes in water and two washes in D2O. After the final wash cycle, the supernatant was 

removed to yield the concentrated pellet. The concentrated pellet of PEGSH and MOA-capped 

particles was then resuspended in 250 μL of 1mM MPA, 50 μL of 100 mM NaOH, and 700 μL 

of water. The resulting mixture was placed on a temperature-controlled mixer for 8 hours at 
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1,000 rpm and 25 °C. After this time, the particles were washed with 10 mM NaOH twice, 

followed by two washes in water and two washes in D2O. After the final wash cycle, the 

supernatant was removed to yield the concentrated pellet with a three component ligand shell.  

4.2.8 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis was performed using an argon 

flow with a NexION spectrometer (PerkinElmer, Inc.). An aqua regia solution was prepared with 

a 3:1 ratio of hydrochloric acid (Sigma-Aldrich, > 99.999% trace metal basis): nitric acid 

(Sigma-Aldrich, > 99.999% trace metal basis) and diluted with water for a 5% (by volume) aqua 

regia matrix. AuNP samples were taken from the concentrated pellet after ligand exchange and 

digested overnight in ~5 µL of fresh and concentrated aqua regia solution. From the digested 

solution, 1 μL was further diluted to 15 mL using 5% aqua regia matrix, and the remainder of the 

digest was reserved for 
1
H-NMR analysis.

Unknown Au concentrations were determined by comparison to a 5-point standard curve 

with a range of 1 - 30 ppb (1, 5, 10, 20, and 30 ppb prepared by volume) from a gold standard for 

ICP (Fluka, TraceCERT 1,002 ± 2 mg/L Au in HCl) diluted in the 5% aqua regia matrix. All 

standards were measured 5 times and averaged, while all unknown samples were measured in 

triplicate and averaged. A 5 minute flush time with 5% aqua regia matrix was used between all 

runs, and a blank was analyzed before each unknown sample to confirm removal of all residual 

metals from the instrument. 
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4.2.9 1
H NMR Spectroscopy 

All NMR measurements were performed on a Bruker 400 Ultrashield™ magnet with an 

AVANCE III 400 Console or a Bruker 600 Ultrashield™ magnet with an AVANCE III 600 

Console (Bruker Biospin, Billerica, MA) at 298 K. For all experiments, a minimum recycle delay 

of 5 seconds was used, which was sufficiently greater than T1. NMR samples were prepared as 

described above by concentrating the AuNPs, followed by digestion with 1 drop (~5 μL) of 

concentrated aqua regia. These samples were allowed to digest overnight before dilution with 

D2O to a total volume of 500 μL. An ACN reference was used for the determination of unknown 

ligand concentrations. To each sample, 5 μL of 0.24% ACN (15 μL of ACN in 6 mL of D2O) 

was added. The unknown ligand concentrations were determined by comparison to a 5-point 

standard curve with a range of 1.00 – 0.01 mM ligand (1.00, 0.50, 0.10, 0.05, and 0.01 mM, 

prepared in D2O). For each standard, the integral of the ligand peak was divided by the integral 

of the ACN peak and plotted against the known concentration of ligand. Following an internal 

standard approach for the unknown concentrations of ligand on the AuNP,
182

 the ligand peak was

integrated and similarly divided by the known integrated ACN peak to yield the concentration 

upon comparison with the calibration curve. Relevant representative 
1
H NMR spectra can be

found in Appendix C.  
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4.3 PHOSPHINE LIGANDS 

4.3.1 Introduction 

Both in our work, and in the broader literature, sulfur-containing molecules are the most well-

studied ligands,
21

 enabling the production of NPs that are both stable and easily functionalized

for specific applications.
218

 Although amines do not interact as strongly with the Au surface as

thiols, amines shown promise as capping ligands in both AuNP synthesis
219, 220

 and for

bioconjugation applications.
221

 A third interesting class of AuNP binding moieties are

phosphines, which have also long been studied and used to synthesize AuNPs that are amenable 

to post-synthetic modification.
25, 65

 However, despite their widespread utility, the ligand loading

behavior of this phosphine class has yet to be described in detail. Herein, we quantify the ligand 

loading behavior of single-moiety phosphine ligand shells and then probe the interaction of this 

common, water soluble phosphine ligand with well-studied straight chain thiol and amine ligands 

to describe the final ligand shell compositions under conditions of co-loading and sequential 

ligand addition (backfilling). 

4.3.2 Phosphine Ligand Densities 

Bulky phosphine ligands on AuNPs are prevalent in the literature, both as the as-synthesized 

ligand
222

 and as a result of successful ligand exchange.
223, 224

 Given this precedence, ligand

exchanges were attempted with two common phosphines, 4-DPPBA and BSPP ligands in acidic 

(pH = 1.5), neutral (pH = 7), and basic (pH = 11.5) solutions. (N. B. 4-DPPBA is sparingly 

soluble in water. The addition of 20 mM NaOH was necessary to ensure solubility.) While the 
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exchanges conducted in acidic solution did not yield stable particles, both the neutral and basic 

exchanges were successful. Moving forward, all phosphine ligand exchanges with both 4-

DPPBA and BSPP were performed in basic conditions for consistency with previous thiol and 

amine studies.
54, 216

  

 Since both BSPP and 4-DPPBA yield stable AuNPs after undergoing ligand exchange 

from citrate to the phosphine ligand, the subsequent ligand densities of the resulting phosphine-

capped AuNPs can be quantified after allowing the ligand exchange to proceed for 24 hours at a 

50x ligand excess with respect to NP surface area (Table 4). BSPP ligand shells are 

approximately twice as dense as those formed from 4-DPPBA. Moving forward, while both 

phosphine ligands yield stable NP systems, BSPP will be evaluated with the thiol and amines 

ligands due to its superior water solubility over 4-DPPBA. 

 

 

 
Table 4. Comparison of the number of ligands and the ligand densities for BSPP- and 4-DPPBA-capped AuNPs 

after 24 hours at a 50x ligand excess with respect to NP surface area. 

Ligand Identity Number of Ligands/Particle 
Ligand Density 

(Ligands/nm
2
) 

BSPP 870 ± 140 1.61 ± 0.23 

4-DPPBA 410 ± 70 0.75 ± 0.12 

 

 

 

Because, the particle binding moiety of a ligand can influence both the necessary ligand 

concentration and incubation time for the ligand shell to reach a steady state (i.e. a ligand shell 

where the ligand composition and quantity do not change with increased ligand incubation times 

or concentration), we must first establish parameters for a robust ligand exchange with BSPP. 

For both aminated and thiolated ligands, a steady state is reached after 4 hours and at a ligand 
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excess of 25x. Interestingly, the BSPP ligand requires both a longer time (~8 hours) and a higher 

ligand excess (~30x) for the ligand shell to reach a steady state when undergoing ligand 

exchange from citrate to BSPP (Figure 40). In subsequent experiments, all ligand exchanges with 

BSPP were allowed to incubate for 16 hours at a 50x ligand excess to ensure that neither time 

nor excess would limit the ligand shell density.  

Figure 40. Plots of the BSPP ligand density as a function of time at a 50x ligand excess (A) and incubation in 

various ligand excesses for 16 hours (B). Results indicate that ligand loading reaches a steady state after 

approximately 8 hours and at a ligand excess of 30x. 

BSPP is a sterically bulky ligand, subsequently it is anticipated that fewer BSPP ligands 

should be able to pack on the AuNP surface when compared with straight chain ligands. Indeed, 

a BSPP ligand density of only 1.65 ± 0.08 BSPP/nm
2
 (870 ± 90 BSPP/particle) is obtained. For

comparison, 1 kDa PEGSH, a long polymeric thiolated ligand, yields a ligand density of 0.47 ± 

0.01 PEGSH/nm
2
 (1,200 ± 30 PEGSH/particle), while MUA, a short chain thiolated ligand, gives

a ligand density of 0.22 ± 0.01 MUA/nm
2
 (2,500 ± 60 MUA/particle) and AUA, a short chain
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aminated ligand, loads with a ligand density of 1.33 ± 0.04 AUA/nm
2
 (730 ± 90 AUA/particle).

54
 

With such a low density of BSPP ligands on the AuNP surface, this loosely packed ligand 

provides an interesting NP ligand shell from which to further study ligand packing. Previous 

studies have indicated that loosely packed ligands on AuNPs are more amenable to post synthetic 

modification,
54

 so BSPP presents a phosphine-based ligand platform to probe the interaction of 

straight chain thiols and amines with this bulky phosphine. Moving forward, we will study the 

ligand loading of BSPP in conjunction with two thiolated ligands (MOA and PEGSH) and two 

aminated ligands (AOA and PEGNH2) to learn how these well-understood ligand types both co-

load and add sequentially into final ligand shells with BSPP.  

4.3.3 Ligand Shell Quantification of BSPP-containing Mixed Ligand Shells 

With the following series of experiments, while the structure of the phosphine ligand is markedly 

different from either the thiolated or aminated ligands, we can gain insight into the behavior of 

this bulky molecule in the presence of these well-studied straight chain ligands. In all cases when 

the BSPP is co-loaded with thiolated or aminated ligands (either short alkanoic acids or longer 

polymeric ligands), the number of BSPP ligands is reduced (Figure 41). Marked differences, 

however, are observed in the total number of ligand loadings between the BSPP/thiol and the 

BSPP/amine cases. When the BSPP is co-loaded with either short straight chain or longer 

polymeric thiolated ligands, the overall number of ligands nearly doubles with respect to only 

BSPP-capped AuNPs, while the number of BSPP ligands is reduced to nearly 1/6 of their 

original numbers. Consistent with previous studies (vide supra), the shorter MOA adds in higher 

numbers than the longer polymeric PEGSH ligand. When the amines are co-loaded with the 

BSPP, however, the overall number of ligands remains unchanged. Interestingly, while the 
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number of BSPP ligands is still reduced compared to BSPP-only ligand shells, the decrease is 

much less dramatic than in the thiol co-loading cases. For example, in the thiol co-loaded ligand 

shells, the number of BSPP ligands decreases by ~80%, while in the amine co-loaded ligand 

shells, the number of BSPP ligands shows only a ~20% decrease.  

Figure 41. Plots of the total number of ligands for BSPP particles as well as when they are co-loaded with thiolated 

ligands (A) or aminated ligands (B). Markedly different ligand shells are obtained by changing the identity of the co-

loaded ligand. 

Ligand shells initially composed of BSPP can also be backfilled with either thiolated or 

aminated ligands (Figure 42). Consistent with previous observations, thiolated ligands load in 

higher numbers than amines due to the thiol’s higher affinity for the AuNP surface. A significant 

difference in total number of ligands is also observed between BSPP backfilled with the thiols 

and the BSPP backfilled with the amines. These cases can be compared to their inverse 

situations, where the BSPP is backfilled into originally thiolated or aminated ligand shells 
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(Figure 43). In all of these cases, the number of BSPP ligands is significantly reduced from 

homogeneous BSPP ligand shells. With the exception of the MOA backfilled with the BSPP 

ligand shell, all final shells have decreased number of ligands compared to most other loading 

methods.  

 

 

 

 

Figure 42. Plots of the total number of ligands for BSPP particles when they are backfilled with either thiolated (A) 

or aminated ligands (B).  

  



131 

Figure 43. Plots of the total number of ligands for AuNPs when thiolated (A) or aminated (B) ligand shells are 

backfilled with BSPP. 

4.3.4 Ongoing and Future Work 

Given that the BSPP ligand used in the above studies is structurally dissimilar from the classes of 

thiol and amine ligands, it is desirable to probe if the ligand behavior, such as lower ligand 

density compared to thiolated ligands, results from the binding moiety or whether it results from 

the bulky ligand structure compared to the straight chain ligands used.  

In our first series of ongoing experiments, we aim to distinguish between the effects of 

ligand structure and binding moiety. Conditions for ligand exchange with a structurally similar 

phosphine, ideally a ligand such as PH2R (where R is an alkane straight chain) will be 

established. Here, we have selected 4-aminobutylphosphine, with a phosphine particle binding 

moiety and an amine terminal group, as our phosphine ligand. This ligand can be made via 

reduction of a butyl azide by lithium aluminum hydride under nitrogen.
225

 With the ligand in

hand, we will then examine its ligand shell formation behavior alone, and in combination with 
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various thiolated and aminated straight chain ligands as well as BSPP for a bulky phosphine 

comparison, under both backfilling and co-loading scenarios.  

While still in progress, already completed experiments suggest that the bulky phosphine 

ligand studied, BSPP, can form mixed ligand shells with both the thiols and amines. 

4.4 TERNARY LIGAND SHELLS 

4.4.1 Introduction 

Beyond altering the particle binding moiety, ternary and higher order ligand shells have emerged 

as desirable targets due to their potential to enhance the role of NPs in downstream applications. 

For instance, two-moiety ligand shells, here composed of 3-mercapto-1-propanesulfonic acid and 

octanethiol, showed enhanced catalytic activity compared to traditional zeolite-based 

materials.
226

 However, NP functionality can be expanded even further through the incorporation

of three distinct ligands into a single ligand shell. Siriwardana and coworkers started to illustrate 

this point when they demonstrated that the final ligand shell composition of adenine, glutathione, 

and PEGSH on AuNPs critically depends on both the sequence of ligand addition and ligand 

concentration.
227

 Ligand shells consisting of three or more ligand varieties are the frontier in NP

functionalization that needs to be more thoroughly understood, both in terms of preparation and 

on-particle architectures. Here we discuss expanding our emerging AuNP ligand shell design 

rules to ternary systems through sequential ligand addition of three thiolated ligands.  
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4.4.2 Selection of Three Ligands 

Given that our NMR method can quantify any number of ligands as long as they have at least 

one distinct 
1
H NMR signal, it is crucial to select ligands for the test system that will present

well-separated, distinct NMR chemical shifts. PEGSH is a well-studied ligand that yields stable 

AuNPs while loading in modest numbers for a loosely packed monolayer. Given that the PEGSH 

is thiolated, the other two ligands must also be thiolated in order to allow them to load onto the 

NP without being out-competed by the strongly binding sulfur moiety. MOA would make an 

ideal choice for the second ligand. We have previously demonstrated the MOA will load in high 

numbers into an existing PEGSH ligand shell, yielding a particle with both ligands on the 

surface. The selection of the third ligand is more challenging; it must have peaks on the NMR 

distinct from the PEGSH and MOA and have the ability to bind to the NP through the already 

dense ligand shell. MPA, a thiolated ligand that is too short to stabilize 13 nm AuNPs alone, 

presents a good option since it will give the necessary discrete NMR peaks while being small to 

allow it to take advantage of low existing number of ligands (see Appendix C for relevant 

spectra).  

4.4.3 Sequential Addition of Three Thiolated Ligands 

With the selection for the three model ligands in hand, the AuNPs were sequentially loaded with 

the ligands. Citrate-capped NPs underwent ligand exchange to yield a PEGSH ligand shell. 

These PEGSH-capped particles where backfilled with MOA for a ligand shell composed of both 

components. Finally, dual ligand-capped particles where backfilled again with MPA for ligand 

shells with three components (Figure 44). As expected, the primary component of the ligand 



134 

shell was MOA, comprising 62% (Figure 45A). MPA and PEGSH composed the rest of the 

ligand shell with 35% and 3%, respectively. Consistent with previously observations, the MOA 

displaced the existing PEGSH ligand shell. Interestingly, however, MPA was able to bind to the 

particle in greater numbers than the remaining PEGSH, likely due to the PEGSH interrupting a 

well-formed MOA monolayer. 

Figure 44. Representative 
1
H NMR spectrum of three component ligand shells in D2O after AuNP digestion.

Labelled peaks correspond to peaks used for ligand quantification compared to the integrated intensity of the ACN 

peak. 
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Figure 45. Graphs depicting the ligand incorporation for two different backfilling sequences: PEGSH backfilled 

with MOA backfilled with MPA (A) and MOA backfilled with MPA backfilled with PEGSH (B). 

The observed loading raises the question as to if the final three component ligand shell 

composition can be changed by altering the ligand loading sequence. In order to test the final 

composition, the backfilling sequence began with MOA-capped particles. These particles were 

backfilled first with MPA and subsequently with PEGSH. After this loading sequence, MOA 

remained the majority component of the ligand shell, with 90% (Figure 45B). The MPA, 

however, was reduced to only 9% with the PEGSH at only 1%. This composition supports the 

hypothesis that the MPA in the first case was able to take advantage of the low number of 

ligands in the existing ligand shell to load in higher numbers. Here, the high number of MOA 

ligands (2,470 ± 310 ligands) prevents significant amounts of either MPA (240 ± 70 ligands) or 

PEGSH (25 ± 10 ligands) from adding to the AuNP. Sequential loading with three ligands 

contributes to the evolving set of rational NP ligand shell design rules. For example, if a 

maximally dense ligand shell is desired, three thiolated ligands can be sequentially loaded, 

yielding a relatively dense final ligand shell.  
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4.4.4 Ongoing and Future Work 

Overall, ternary ligand systems are promising for expanding NP functionality beyond what is 

accessible through only two-component systems. Sequentially loading three distinct thiolated 

ligands yields new compositions and denser final ligand shells compared to binary ligand shells, 

and which could be appealing in terms of both particle stability and enhanced functionality. 

However, ongoing experiments focus on further clarifying factors that influence the formation 

and final compositions of these ternary systems, including studies of both ligand identities and 

loading methods. It is hypothesized that final ligand shells with varying thiol compositions can 

be accessed through co-loading. Additionally, thus far only thiol-based ternary systems have 

been examined. However, we have observed previously that significant differences in final 

ligand shell composition are observed by altering only the particle binding moiety. Thus, 

working with ligands that have a weaker affinity for the AuNP are expected to yield final ligand 

shells that have a more evenly distributed composition of the three components.  

4.5 CONCLUSION 

Considered together, these experiments expand our understanding of the broad range of methods 

available to access and characterize a diversity of ligand shell compositions that will be 

necessary for NP use in downstream applications.  
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5.0  ESTABLISHING METHOD GENERALITY: APPLYING LIGAND 

QUANTIFICATION TO VARIOUS NP SIZES, SHAPES, AND COMPOSITIONS 

(Portions of this work were published previously and are reprinted with permission from 

Crawford, S. E.; Smith, A. M.; Andolina, C. M.; Marbella, L. E.; Johnston, K. A.; Straney, P. J.; 

Hartmann, M. J.; Millstone, J. E., J. Am. Chem. Soc. 2015, 137, 14423-14429 and Johnston, K. 

A.; Smith, A. M.; Marbella, L. E.; Millstone, J. E., Langmuir 2016, 32, 3820-3826. Copyright 

2015 and 2016, American Chemical Society.) 

5.1 INTRODUCTION 

Nanoparticles (NPs) have shown to be effective in a wide variety of fields, from sensing
228-230

 to

biomedical applications.
231-233

 While pseudospherical gold (Au) NPs are among the most highly

cited particle types in the literature,
203, 234, 235

 other core types, such as silver (Ag)
236, 237

 or

palladium (Pd),
238, 239

 as well as other shapes, including rods,
240, 241

 prisms,
242, 243

 and stars,
244

 are

emerging with new and exciting properties to enhance and expand NP applicability.
245-247

 In all

NP systems, regardless of size, shape, or composition, the NP behavior depends strongly upon 

the composition of its ligand shell. Therefore, a robust, widely applicable method to analyze the 

ligand shell, both in terms of composition and ligand quantity, is imperative for the 

implementation of these materials in all fields of interest. 
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Here we demonstrate the versatility of our previously reported ligand quantification 

method beyond the quantification of thiolated
54

 and aminated
216

 ligands on 13 nm AuNPs and

test the validity of the proposed rational design rules on other particle sizes, compositions, and 

shapes. We highlight system-specific modifications and demonstrate the applicability of a 

combination of TEM, 
1
H NMR, and ICP-MS on various sizes, shapes, and core compositions,

including small AuNPs, AgNPs, and Au nanoprisms. Method alterations such as washing 

procedures for pure samples, matrix and digestion considerations, and atom per particle 

calculations are detailed so that our method may be accurately applied to other NP systems, both 

those outlined and others through extrapolation. We believe this demonstration of method 

expansion will allow for more wide-spread ligand quantification approach to broaden the utility 

of NPs in a range of applications.  

5.2 EXPERIMENTAL 

5.2.1 Materials and Methods 

4-(diphenylphosphino)benzoic acid (4-DPPBA, 97%), hydrogen tetrachloroaurate(III) trihydrate 

(HAuCl4, ≥ 99.9%), sodium borohydride (NaBH4, ≥ 99.9%), 3-mercaptopropionic acid (MPA, ≥ 

99%), 4-mercaptobutyric acid (MBuA), 6-mercaptohexanoic acid (MHA, 90%), 8-

mercaptooctanoic acid (MOA, 95%), thioglycolic acid (TGA, ≥ 98%), bis(p-

sulfonatophenyl)phenyl phosphine dipotassium dihydrate salt (BSPP, 97%), nitric acid (HNO3, > 

99.999% trace metal basis), hydrochloric acid (HCl, > 99.999% trace metal basis), silver nitrate 

(AgNO3, 99.9999%), poly(vinylpyrrolidone) (PVP, average MW = 10,000 Da), L-ascorbic acid 
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(reagent grade), tannic acid (puriss. grade), hexadecyltrimethylammonium bromide (CTAB, 

99%), L-ascorbic acid (99%), sodium iodide (NaI, 99.999%), and sodium citrate tribasic 

dihydrate (citrate, ≥ 99%) were purchased from Sigma-Aldrich (St. Louis, MO). Deuterium 

oxide (D2O, 99.9%) was obtained from Cambridge Isotope Laboratories (Andover, MA). 

Poly(ethylene glycol) methyl ether thiol (PEGSH, average MW = 1,000 Da) was obtained from 

Laysan Bio, Inc. (Arab, AL). 11-amino-1-undecanethiol hydrochloride (AUT, 99.2%) was 

purchased from Dojindo (Rockville, MD). 11-Mercaptoundecanoic acid (MUA, 98%) and 3-

mercapto-2-methylpropanoic acid (MMPA, 97%) were acquired from Santa Cruz 

Biotechnology, Inc. (Dallas, TX). Acetonitrile (ACN, ≥ 99.9% Certified ACS), isopropanol 

(IPA, certified ACS plus), and sodium hydroxide (NaOH, ≥ 97% Certified ACS) were purchased 

from Fisher Scientific (Waltham, MA). All reagents were used as received. All aqueous solutions 

were prepared using NANOpure water (Thermo Scientific, > 18.2 MΩ · cm), and all solutions 

were aqueous unless otherwise noted. Prior to use, all glassware and Teflon-coated stir bars were 

rinsed with aqua regia (3:1 ratio of concentrated HCl to HNO3) and rinsed copiously with water 

prior to drying in an oven. Caution: aqua regia is extremely toxic and corrosive, and should be 

handled in a fume hood only, using proper personal protection equipment. 

5.2.2 Synthesis of 4-DPPBA-Terminated AuNPs 

To a clean 250 mL round-bottom flask, 81.25 mL of water, 6.75 mL of a 10.0 mM 4-DPPBA 

solution (prepared in 20 mM NaOH), and 2.00 mL of a 20.0 mM HAuCl4 solution were added, 

while stirring at 1150 rpm using a benchtop stir plate, under ambient conditions. After 20 

seconds, 10.00 mL of a 20.0 mM NaBH4 solution were added, producing a red-orange colloid. 

The solution was stirred for 1 additional minute, and the particles were allowed to rest for 1 hour. 
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Afterward, the particles were centrifuged through 30 kDa molecular weight cutoff (MWCO) 

filters (Amicon Ultra-4, Millipore, Inc.) for 10 minutes at 4,000 rcf (Eppendorf centrifuge 5804R 

with swing bucket rotor A-4-44). The particles were then rinsed four additional times in a 3.30 

mM NaOH solution (∼4 mL) to ensure that the carboxylic acid groups remained deprotonated, 

thereby mitigating hydrogen bond formation and/or ligand multilayer formation.
54, 248

 These

conditions were used during all exchanges to maintain consistency between samples. Following 

purification, the particles were diluted with water to 1.00 mL, and 6 aliquots of 166 μL of the 

particles were added to separate 1.5 mL Eppendorf centrifuge tubes. To each tube, 50.0 μL of 

1.00 M NaOH, 684 μL of water, and 100.0 μL of 10.0 mM thiolated ligand solution were added. 

The particles were then placed on a temperature controlled mixer (Eppendorf R Thermomixer), 

where they were mixed at 1,000 rpm and 25 °C for ∼16 hours. After mixing, particles were again 

centrifuged through 30 kDa MWCO filters for 10 minutes at 4,000 rcf. The particles were rinsed 

an additional four times with 3.30 mM NaOH.  

5.2.3 Synthesis of Citrate-Capped AgNPs 

AgNPs capped with citrate were prepared using a previously reported procedure.
249

 To

synthesize ∼25 nm AgNPs, a 100 mL aqueous reaction mixture containing citrate (5.00 mM) and 

tannic acid (0.40 mM) was prepared in a 3-neck round-bottom flask equipped with a reflux 

condenser. The molar ratio of tannic acid to citrate was 0.08:1. The reaction mixture was heated 

to reflux while stirring until a rapid drip rate was achieved (drip rate ∼1/s). Then, 1.00 mL of 

AgNO3 (25.00 mM) was injected. After addition, the reaction mixture quickly changed from a 

slight yellow color (due to the tannic acid) to a dark yellow within 1 min. This mixture was 
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cooled to room temperature and transferred to a clean glass media bottle for refrigerated storage 

(∼4 °C). 

5.2.4 Synthesis of Citrate-capped AuNPs 

13 nm AuNPs were synthesized using a modified Frens procedure.
54, 180

 Briefly, in a 1 L, 3-neck 

round bottom flask containing a stir bar, 500 mL of aqueous HAuCl4 (1 mM) solution were 

prepared. The solution was heated to vigorous reflux while stirring until a rapid drip rate was 

achieved (drip rate ~1 per second). Meanwhile, a 50 mL solution of citrate (24 mM) was 

prepared. This citrate solution was rapidly added to the refluxing HAuCl4 solution. After 

addition, the reaction mixture changed from yellow, to colorless, to black, to purple-red within 1 

minute. The resulting AuNP solution was allowed to reflux for 5 minutes before it was removed 

from heat. This mixture was cooled to room temperature and transferred to a clean glass media 

bottle for refrigerated storage (~4 °C). 

5.2.5 Synthesis of PVP-capped AgNPs 

AgNPs capped with PVP were synthesized using a modified literature procedure.
250

 To make the 

AgNPs, first, seeds were prepared by quickly injecting 0.60 mL of NaBH4 (0.10 M) into a 

solution containing 5.00 mL of PVP (5 mM with respect to the number of PVP chains), 10 μL of 

HAuCl4 (0.25 M), and 5.00 mL of H2O. The seeds were then aged for 2 hours. Next, to 

synthesize AgNPs that were ∼25 nm in diameter, 2.00 mL of PVP, 2.00 mL of ACN, 200 μL of 

ascorbic acid (0.10 M), and 2.00 mL of H2O were mixed. The reaction mixture was placed in a 

cold water bath at 10 °C. Then, 150 μL of AgNO3 (0.10 M) was added. Finally, 10 μL of the 
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seed solution was quickly injected while stirring. After addition, the reaction mixture slowly 

changed from clear, to yellow, to dark yellow, to dark yellowish-brown within 15 minutes. 

5.2.6 Au Nanoprism Synthesis 

Au nanoprisms were synthesized according to a modified literature protocol.
251

 Briefly, Au seeds

were prepared by adding 0.25 mL of 0.1 M NaBH4 to a rapidly stirring solution containing 9.0 

mL of H2O, 0.25 mL of 0.01 M HAuCl4, and 0.25 mL of 0.01 M trisodium citrate. The solution 

was stirred for 30 seconds, and then allowed to rest undisturbed at room temperature for two 

hours to allow degradation of remaining NaBH4. After the aging period, three growth solutions 

were prepared (referred to as A, B, and C). Here, A was prepared by adding 2.5 mL of 0.01 M 

HAuCl4 , 0.5 mL of 0.1 M NaOH, and 0.5 mL of 0.1 M ascorbic acid to 90.0 mL of 0.05 M 

CTAB solution that was also 50 µM in NaI. The solution was mixed by hand after the addition of 

each reagent and was optically transparent after all reagents were added. Solutions B and C were 

prepared in an identical manner, except that the volume of all reagents was decreased ten-fold 

(for example, the volume of 0.05 M CTAB/0.05 mM NaI solution was decreased from 90.0 mL 

to 9.0 mL). Au nanoprisms were synthesized using an iterative seed addition protocol, where 

growth was initiated by adding 1.0 mL of the seed solution to C. Immediately after seed 

addition, C was mixed by hand for two seconds (as measured by standard lab timer) and a 1.0 

mL aliquot was quickly removed and added to B. After mixing B for two seconds, the entire 

contents of B was added to A, which was then mixed by hand for 10 seconds and allowed to 

react for ~ 2 hours until nanoprism growth was complete. 
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5.2.7 Purification of Au Nanoprisms 

Two hours after addition of the seed solution to the growth solution, the reaction mixture was 

heated in a water bath to 37 °C for one minute to dissolve any CTAB that may have 

recrystallized during the growth period which can interfere with purification by centrifugation. In 

order to purify the prisms from pseudospherical impurities and excess reagents, 90 mL of the 

reaction mixture was divided into 15 mL conical tubes and centrifuged at a gentle 820 rcf 

(Eppendorf centrifuge 5804 with swing bucket rotor A-4-44). After centrifugation, the 

nanoprisms deposit as a thin film on the walls of the conical tube, so both the supernatant and 

pellet were removed. The nanoprism film was resuspended in 1.0 mL of water, and this solution 

was then vortexed to yield a slightly green, translucent colloid. The mixture was subsequently 

transferred to a 1.5 mL centrifuge tube and purified one additional time by centrifugation (5 

minutes at 2200 rcf using a Spectrum mini-centrifuge (SC1006-R)). After removal of the 

supernatant, the nanoprism pellets were resuspended in 1.0 mL of water and recombined in a 15 

mL centrifuge tube. 

5.2.8 Ligand Exchange of Citrate-Capped AgNPs 

The citrate-capped AgNPs were concentrated by centrifuging a 1.50 mL aliquot at 20,000 rcf for 

6 minutes. The supernatant was removed, and the particles were resuspended in another 1.50 mL 

aliquot of AgNPs and centrifuged again. The supernatant was removed, and the particles were 

resuspended in 1.00 mL of water. The particles were then washed by centrifuging once more. 

The supernatant was again removed, and the particles were resuspended in 1.00 mL of water. 

Then, the PEGSH was added in two separate addition steps. In the first addition, 15 μL of 
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PEGSH (12.90 mM) was added to each tube. This mixture was then placed on a temperature-

controlled mixer for 15 minutes at 800 rpm and 25 °C. After 15 minutes, the second addition of 

PEGSH was completed by adding PEGSH (12.90 mM) to each tube. The mixture was then 

replaced on the temperature-controlled mixer. Immediately after the desired mixing time, the 

particles were washed twice with H2O and twice with D2O to remove excess PEGSH. After the 

last wash cycle, the supernatant was removed to yield the concentrated pellet of AgNPs used in 

subsequent ligand analyzes. 

5.2.9 Ligand Exchange of Citrate-Capped AuNPs 

Prior to use, AuNPs were filtered using a polyvinylidene fluoride (PVDF) filter membrane with a 

pore size of 0.45 μm (25 mm GD/XP disposable filters, Whatman, Inc). Immediately after 

filtration, the AuNPs were concentrated by separating 1 mL aliquots into 1.5 mL centrifuge tubes 

and centrifuging the solution at 20,000 rcf for 5 minutes. The supernatant was removed, and 

another 1 mL aliquot of filtered particles was added. The pellet was resuspended, and the process 

was repeated until 3 mL of filtered particles were concentrated to 1 mL in centrifuge tubes. The 

particles were centrifuged once more, and the supernatant was removed. The resulting pellet was 

resuspended in 5 mM PEGSH, 50 μL of 10 mM NaOH, and 945 μL water. The amount of 

PEGSH added to each tube was determined by calculating a PEGSH excess with respect to the 

total surface area of the AuNPs and the calculated minimum area that one PEGSH molecule 

would occupy on a Au(111) surface (0.189 nm
2
).This mixture was then placed on a temperature

controlled mixer for 4 hours at 1,000 rpm and 25 °C. After 4 hours, the particles were washed 

with 1 mM NaOH twice, followed by two washes in water and two washes in D2O. After the last 
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wash cycle, the supernatant was removed to yield a concentrated pellet of PEGSH-capped 

AuNPs. 

For PVP-capped AuNPs, the NPs were filtered as described above. Immediately after 

filtration, the particles were separated into 45 mL aliquots in 10 Falcon tubes and centrifuged for 

40 minutes at 10,000 rcf (Eppendorf 5804 R centrifuge). The supernatant was removed, and the 

pellet in each tube of NPs was resuspended in 40 mL of water. All 10 tubes were combined in a 

glass media bottle containing a stir bar. While stirring, 11.2 mL of PVP (5 mM) was added to the 

solution, and the solution was allowed to stir overnight. The PVP-capped AuNPs were then 

separated into 1.5 mL aliquots in 1.5 mL Eppendorf tubes and spun down at 14,500 rpm for 5 

minutes. The supernatant was removed, and another 1.5 mL aliquot of particles was added. This 

process was repeated until 6 mL of particles were concentrated into each tube. The pellet was 

then resuspended in 1 mL of water. The desired amount of PEGSH was added in one step (1.5 

μL to 41.5 μL PEGSH (13 mM)). The mixture was then placed on a thermomixer for the desired 

amount of time (1 to 24 hours). Immediately after this mixing time, the particles were washed 

twice with water and twice with D2O. After the last wash cycle, the supernatant was removed to 

yield the concentrated pellet of NPs. 

5.2.10 Ligand Exchange of PVP-Capped AgNPs 

Prior to use, 1.50 mL aliquots of as-synthesized PVP-capped AgNPs were centrifuged at 6,000 

rcf for 2 minutes in 1.50 mL centrifuge tubes to remove any large aggregates (Eppendorf 5424 

centrifuge). The supernatant was removed, transferred to a new centrifuge tube, and used for the 

subsequent steps. The AgNPs were then concentrated by centrifuging the 1.50 mL aliquot at 

20,000 rcf for 6 minutes. The supernatant was removed, and the particles were resuspended in 
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1.00 mL of water. The particles were then washed by centrifuging once more. The supernatant 

was again removed, and the particles were resuspended in 1.00 mL of water. Then, the PEGSH 

was added in two separate addition steps. In the first addition, 15 μL of PEGSH (12.90 mM) was 

added to each tube. This mixture was vortexed and then placed on a temperature-controlled 

mixer for 15 minutes at 800 rpm and 25 °C. After 15 minutes, the second addition of PEGSH 

was completed by adding PEGSH (12.90 mM) to each tube. The amount of PEGSH added to 

each tube was determined by calculating a PEGSH excess with respect to the total surface area of 

the AgNPs and the calculated minimum area that one PEGSH molecule would occupy on a 

Ag(111) surface (0.189 nm
2
). PEGSH excesses ranging from 1 to 40 times were used in the

reported experiments. The mixture of AgNPs and PEGSH was vortexed and then replaced on the 

temperature-controlled mixer for 24 hours. Immediately after this mixing, the particles were 

centrifuged and washed twice with H2O and twice with D2O to remove excess PEGSH. After the 

last wash cycle, the supernatant was removed to yield the concentrated pellet of AgNPs used in 

subsequent ligand analyzes. 

5.2.11 Ligand Exchange of Au Nanoprisms 

To functionalize the CTAB-coated Au nanoprisms with a thiolated ligand (AUT, MUA, or 

MMPA), 2.0 µL of 2 mM ligand solution was added to 1.0 mL of the purified Au nanoprism 

stock solution (O.D. = 1.0 a.u. at λmax (approx. 1260 nm)) in a 1.5 mL centrifuge tube and mixed 

at 800 RPM for 12 hours at room temperature. After functionalization with the thiolated ligand, 

the Au nanoprisms were purified three times by centrifugation (5 minutes at 2200 rcf) and 

resuspended in 1.0 mL of H2O. 
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5.2.12 ICP-MS of AuNPs 

Inductively coupled plasma-mass spectrometry (ICP-MS) analysis was performed using an argon 

flow with a NexION spectrometer (PerkinElmer, Inc.). An aqua regia solution was prepared with 

a 3:1 ratio of hydrochloric acid:nitric acid and diluted with water to produce a 5% v/v aqua regia 

matrix. AuNP samples were taken from the concentrated pellet after ligand exchange and 

purification and digested overnight in ∼5 μL of fresh and concentrated aqua regia solution. From 

the digested solution, 1 μL was further diluted to 5 mL using a 5% aqua regia matrix for ICP-MS 

analysis, while the remainder of the digest was reserved for 
1
H NMR analysis (vide infra).

Unknown Au concentrations were determined via comparison to a 5-point standard curve with a 

range of 1−30 ppb (1, 5, 10, 20, and 30 ppb prepared by volume) from a Au standard for ICP 

(Fluka, TraceCERT 999 mg ± 2 mg/L Au in HCl) diluted in the 5% aqua regia matrix. All 

standards were measured 5 times and averaged, while all unknown samples were measured in 

triplicate and averaged. A 5 minute flush time with 5% aqua regia matrix was used between all 

runs, and a matrix blank was analyzed before each unknown sample to confirm removal of all 

residual metals. 

5.2.13 ICP-MS of AgNPs 

ICP-MS analysis was performed using an argon flow with a NexION spectrometer (PerkinElmer, 

Inc.). A nitric acid (Sigma-Aldrich, > 99.999% trace metal basis) solution was diluted with water 

for a 5 % volume nitric acid matrix. AgNP samples were taken from the digested and diluted 

NMR samples as described below. From this solution, 1 μL was further diluted to 15 mL using 

5% nitric acid matrix. Unknown Ag concentrations were determined by comparison to a 5-point 
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standard curve with a range of 1−30 ppb (1, 5, 10, 20, and 30 ppb prepared by volume) from a 

Ag standard for ICP (Fluka, TraceCERT 1000 ± 2 mg/L Ag in HNO3) diluted in the 5% nitric 

acid matrix. All standards were measured 5 times and averaged, while all unknown samples were 

measured in triplicate and averaged. A 5 minute flush time with 5% nitric acid matrix was used 

between all runs, and a blank was analyzed before each unknown sample to confirm removal of 

all residual metals from the instrument. 

5.2.14 Ligand Quantification/Ligand Density Determination by 
1
H NMR

Ligand density measurements were conducted using our previously reported method.
54

 Briefly,

following ICP-MS analysis, the remainder of the digested particles was diluted to a final volume 

of 500 μL using D2O, and analyzed via 
1
H NMR. Acetonitrile (ACN, 5 μL of 0.24% v/v) was

added to AuNPs samples as an internal standard, while isopropanol (IPA, 5 μL of 0.24% v/v) 

was added to AgNPs samples. Specific proton peaks, typically those corresponding to the carbon 

backbone of the ligand, were integrated with respect to the standard, and a five-point calibration 

curve ranging from 0.1 to 1 mM was prepared for each ligand considered. The signal from each 

sample was used in conjunction with the equation of the calibration curve to determine ligand 

concentrations. Ligand densities were calculated by dividing the ligand concentrations by the 

concentration of particles, providing the number of ligands per particle (note that the ICP-MS 

and 
1
H NMR values were always obtained from the same sample solution). Representative 

1
H

NMR spectra are included in Appendix D.  
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5.3 RESULTS AND DISCUSSION 

5.3.1 NP Size Effects 

In a previous study,
54

 we demonstrated that NP size seems to play a negligible role in

determining ligand loading above 10 nm. This observation is consistent with geometric 

calculations, where little change in curvature is experienced by the ligand at these ratios of ligand 

dimensions with respect to particle curvature (Figure 20). Therefore, while it is expected that 

ligand loading values on pseudospherical NPs with diameters greater than 10 nm do not exhibit 

marked size dependence, particles under this threshold should have ligand densities that depend 

on their size. We can probe the ligand loading on small AuNPs with a well-defined size and 

various thiolated ligands. AuNPs capped with various thiolated ligands will allow for direct 

parallels to the previously studied 13 nm particles. 

Working with smaller NPs, however, presents an interesting challenge for purification. 

Washing though serial centrifugation and resuspension is ineffective, as the NPs are too small to 

centrifuge out of solution. Therefore, we used molecular weight cut-off (MWCO) filters, which 

allow for the NPs to be caught by the filters and the excess ligand can pass through for 

purification. All the particle samples were washed at least five times to ensure that all excess 

ligand is removed from solution. 1.8 ± 0.3 nm AuNPs were initially synthesized with 4-DPPBA, 

a phosphine terminated ligand.
25

 With a ligand density of 4.52 ± 0.59 ligands/nm
2
 (46 ± 6

ligands/particle), the phosphine ligand shell is significantly denser than a phosphine ligand shell 

on the larger AuNPs (1.65 ± 0.08 ligands/nm
2
 measured with BSPP ligands on 13 nm AuNPs).

While not a direct comparison between the same ligand type, 4-DPPBA and BSPP are both 

bulky phosphines where each ligand’s phosphorous is surrounded by three phenyl rings. The 



150 

denser ligand shell on the smaller AuNPs is likely a direct result of the higher radius of 

curvature, which allows for the bulky ligands to pack with less steric interference from 

surrounding ligands.  

Ligand density on the small AuNPs can also be studied under conditions of ligand 

exchange. The initially 4-DPPBA-capped AuNPs were backfilled with various mercaptoalkanoic 

acids ranging from 3 to 11 carbon atoms in length (Figure 46). In all cases, these ligand 

exchanges yielded particles with a mixed ligand shell since the incoming thiolated ligand did not 

fully displace the existing 4-DPPBA ligand shell. Interestingly, similar to the larger AuNPs 

where MUA and MOA backfilled into existing PEGSH ligand shells load in statistically similar 

numbers, we observe no statistical differences in either the number of thiolated ligands or the 

total number of ligands between any of the small AuNP ligand conjugates considered, with the 

exception of the MBuA-capped AuNPs. These particles have the same total number of ligands as 

all other samples tested, but MBuA−AuNPs exhibited a slightly lower number of thiol ligands. 

However, these statistical similarities are a marked difference from the addition of thiolated 

ligands to existing phosphine ligand shells for the larger AuNPs, where there is observed to be a 

significant increase in overall ligand loading, unlike with these smaller AuNPs.  
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Figure 46. Total number of ligands per particle before and after the AuNPs underwent ligand exchange with 

thiolated ligands. Error bars represent the standard error of at least three measurements. 

The mixed ligand shell on the small AuNPs introduces new properties, the most notable 

of which is photoluminescence, which can be tuned by the ligand chain length.
25

 Although some

similarities can be drawn between the ligand loadings on the small versus the large AuNPs, 

significant differences are also observed. Many of these differences can be attributed to the high 

radius of curvature for a small particle, whereas the larger particles have curvatures that 

approximate flat surfaces. The various densities and properties between small and large AuNPs 

work to enhance NP applicability and expand uses. However, we do note that the design 

parameters for sequential ligand exchange on these small AuNPs deviate from those observed in 

their larger counterparts. 
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5.3.2 NP Composition 

As we demonstrated above and previously,
25, 54, 216

 NP size plays a significant role in ligand

packing density due largely to the radii of curvature of the NPs. Composition of the NPs would 

also impact ligand packing density due to the different exposed facets from the constituent 

elements. AgNPs are an interesting parallel to our study of AuNPs and are used in a wide range 

of applications, including antimicrobial coatings,
252-254

 photocatalysis,
255, 256

 and sensing.
257, 258

However, AgNPs will require alterations to both the ICP-MS and NMR portions of our ligand 

quantification method. Due to the formation of AgCl precipitate, AgNPs cannot be digested with 

aqua regia (due to the presence of HCl), so a new digestion component as well as a different 

ICP-MS matrix will be necessary. Nitric acid presents an alternative that can be used both to 

digest the AgNPs for NMR and ICP-MS, and it can be diluted to serve as the ICP-MS matrix. 

Further, due to the role of ACN in the AgNP synthesis, an alternative internal standard must be 

employed to avoid incorrect integration values due to ACN already being present in the samples. 

Here, we use IPA as the alternative internal standard for all AgNP samples.  

25 nm AgNPs and 25 nm AuNPs were synthesized as described above with citrate as the 

initial capping ligand. These particles subsequently underwent ligand exchange with PEGSH to 

investigate if differences between the two particle core types are observed in the time and ligand 

excess necessary for ligand exchange to reach a steady state (Figure 47). In both the time and the 

ligand excess studies, the ligand density for AuNPs and AgNPs plateaus at significantly different 

values, 2.22 ± 0.22 PEGSH/nm
2
 and 1.53 ± 0.14 PEGSH/nm

2
, respectively. Interestingly,

however, these steady states are reached at nearly identical points: at four hours for the time and 

at an excess of around 20x. Thus, although the ligand densities for the two cores are markedly 

different, they reach their maximum densities on roughly the same time and excess scale.  
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Figure 47. PEGSH ligand density plotted against time (A) and ligand density versus PEGSH excess with respect to 

surface area (B) for AuNPs (gray squares) and AgNPs (red circles) originally functionalized with citrate after ligand 

exchange with PEGSH. Error bars represent the standard error of at least five independent trials. 

In order to gain a deeper understanding of ligand exchange on this particle core, AgNPs 

can be synthesized with different initial capping ligands and undergo ligand exchange with 

PEGSH to elucidate the role of the initial ligand in the final ligand density. Citrate as well as 

various MWs of PVP produce monodisperse AgNPs of approximately 25 nm.
130

 AgNPs that

were initially capped with citrate, 10 kDa PVP, or 40 kDa PVP underwent ligand exchange with 

PEGSH (Figure 48). For citrate-AgNPs, the PEGSH density is low at short incubation times. 

Conversely, for PVP-AgNPs a ligand density plateau is reached almost immediately. Similarly, 

when a low excess of PEGSH is added to the citrate-AgNPs at constant, long incubation times 

(24 hour), the PEGSH density is low, but for the PVP-AgNPs, a ligand density plateau is reached 

almost immediately. Both experiments support the conclusion that PVP is easier to remove from 

the AgNP surface than citrate. 
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Figure 48. PEGSH ligand density plotted against time (A) and ligand density versus PEGSH excess with respect to 

surface area (B) for AgNPs originally functionalized with citrate (red), 5 mM 10 kDa PVP (black), and 5 mM 40 

kDa PVP (purple) after ligand exchange with PEGSH. Error bars represent the standard error of at least five 

independent trials. 

It is desirable to compare to the ease of removal of PVP and citrate on AuNPs as well as 

AgNPs. Since no synthesis currently exists to produce monodisperse 25nm AuNPs with PVP as 

the initial capping ligand, the AuNPs underwent ligand exchange with 10 kDa PVP. The 
1
H

NMR spectrum indicates complete displacement of the citrate by the incoming PVP. The now 

PVP-capped AuNPs were then ligand exchanged with PEGSH to investigate the necessary time 

and excess for ligand exchange to reach a steady state (Figure 49). With an initial PVP ligand 

shell, we find that the ligand density for both AgNPs and AuNPs plateau around 1.93 ± 0.22 

ligands/nm
2
, significantly lower than the packing density of 2.32 ± 0.13 ligands/nm

2
 for initially

citrate-capped AuNPs. Another marked difference is the time required for the ligand exchange 

for the PVP-capped AuNPs to reach a steady state. In all of the initially citrate-capped AuNP 

ligand exchanges, 4 hours is sufficient; however, in this case, 12 hours is required. While the 
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necessary ligand excess remains consistent regardless of initial capping ligand, the time data 

supports the conclusion that citrate is easier to remove than PVP from an AuNP, which is the 

opposite of the trend observed for AgNPs. 

Figure 49. PEGSH ligand density plotted against time (A) and ligand density versus PEGSH excess with respect to 

surface area (B) for AuNPs (blue triangles) and AgNPs (black squares) functionalized with PVP followed by ligand 

exchange with PEGSH. Error bars represent the standard error of at least three independent trials. 

5.3.3 NP Shape 

A third aspect of the NPs that can impact their ligand loading density is the NP shape. A wide 

variety of Au shapes have been synthesized, ranging from rods
240

 and prisms
259, 260

 to more

complex nanostars.
261

 These anisotropic AuNPs have shown promise in applications ranging

from gene delivery
262, 263

 to photovoltaics.
264

 However, despite these impactful uses, little is

known about ligand packing on these particle shapes. Our method can be used to gain more 

insight into the ligand behavior and evaluating if our design parameters are shape-general, using 
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Au nanoprisms as a model case. However, one particular modification is necessary in calculating 

the number of atoms per particle. In all previous cases, the volume of the pseudospherical NPs 

was approximated with the volume of a sphere. Here, given that we know the edge lengths as 

well as the prism height, we can calculate the prism volume as that of a triangular prism. With 

this value, the number of ligands per prism can be calculated in the same manner as 

pseudospherical NPs.  

Au nanoprisms were synthesized according to literature protocols to yield particles 

initially capped with CTAB.
251, 265

 Due to CTAB’s low affinity for the Au surface and its high

exchange rate with the surrounding media, CTAB cannot be reliably quantified, as no ligand 

steady state can be achieved. However, the prisms can undergo ligand exchange with various 

strongly binding molecules to probe their ligand density on the nanoprisms. The nanoprisms 

underwent ligand exchange with AUT (an eleven carbon thiol with an amine end functionality), 

MUA (analogous to AUT, except with a carboxylic acid terminus), and MMPA (a short thiol). 

On the nanoprisms, MUA loads with the highest ligand density (2.7 ligands/nm
2
), followed by

AUT (1.8 ligands/nm
2
) and MMPA (1.0 ligands/nm

2
). While MUA only differs from AUT in the

terminal functionality, the increased MUA ligand loading is consistent with our previous results 

on pseudospherical AuNPs.
54

 We attribute this higher loading to cooperative behavior of the

MUA ligand that is not observed with the AUT, consistent with observations on pseudospherical 

AuNPs. Interestingly, these ligand loading trends can be used to control secondary metal 

deposition on the Au nanoprism surface due to the degree of their surface passivation on edges, 

faces, and vertices.
266
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5.4 CONCLUSION 

In summary, our ligand quantification method can be applied to a wide range of NP systems, 

with various NP sizes, core compositions, and NP shapes with only a few specific modifications. 

For instance, with NP size, the washing procedure must be altered to ensure that all ligands that 

are not particle-bound are removed before analysis. Further, for core compositions, both the ICP-

MS and digestion matrix can be changed to ensure complete metal solubility. The internal 

standard is amenable to modification based on the specific system, to avoid synthetic reagents as 

well as ligand peak overlap. Overall, by demonstrating the applicability of our ligand 

quantification method to a wide range of systems, we expect this method will have far reaching 

implications for routine surface characterization of NPs to expand NP use in a wide variety of 

applications. 
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APPENDIX A 

SAMPLE CALCUATIONS FOR NANOPARTICLE LIGAND DENSITY, 

REPRESENATIVE 
1
H NMR SPECTRA, AND GOLD NANOPARTICLE

CHARACTERIZATION AFTER LIGAND EXCHANGE 

Figure 50. Flowchart depicting the process for calculating the number of gold atoms per particle for ligand density 

determination for pseudospherical particles. 
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Figure 51. Flowchart depicting the process for calculating the number of ligands per particle for ligand density 

determination for pseudospherical particles. 

Figure 52. Flowchart depicting the process for ligand density determination for pseudospherical particles. 
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Figure 53. Representative calibration curves obtained for AUT (A), MUA (B), MOA (C), and MPA (D) by plotting 

integrated ratios of specific protons from each respective ligand/ACN against the concentration of that ligand to 

yield the equation for the line that will generate the unknown concentrations for each ligand. 
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Figure 54. Representative 
1
H NMR spectra of PEGSeCN (red) and PEGSH (blue). The discrepancy in the peak at 

3.1 ppm (for the PEGSH) and 2.68 ppm (for the PEGSeCN) is due to the location of the protons on the carbon 

adjacent to either the sulfur (in PEGSH) or the selenium (in PEGSeCN). 
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Figure 55. Representative 
1
H NMR spectrum of PEGSH in D2O with its labeled structure corresponding to plotted

1
H NMR peak locations. For calculation of PEGSH concentration, Peak A is integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 56. Representative 
1
H NMR spectrum of AUT in D2O with its labeled structure corresponding to plotted 

1
H

NMR peak locations. For calculation of AUT concentration, Peak C is integrated and compared to the integrated 

intensity of the ACN peak. Peaks from both the thiol and amine protons are not observed, as they exchange with the 

surrounding deuterated medium. 
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Figure 57. Representative 
1
H NMR spectrum of MUA in D2O with its labeled structure corresponding to plotted 

1
H 

NMR peak locations. For calculation of MUA concentration, Peak D is integrated and compared to the integrated 

intensity of the ACN peak. 



165 

Figure 58. Representative 
1
H NMR spectrum of MOA in D2O with its labeled structure corresponding to plotted 

1
H

NMR peak locations. For calculation of MOA concentration, Peak D is integrated and compared to the integrated 

intensity of the ACN peak. 
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Figure 59. Representative 
1
H NMR spectrum of MPA in D2O with its labeled structure corresponding to plotted 

1
H 

NMR peak locations. For calculation of MPA concentration, Peaks A and B (due to peak overlap) are integrated and 

compared to the integrated intensity of the ACN peak. 
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Figure 60. Representative 
1
H NMR spectrum of PEGSeCN acquired in D2O.
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Figure 61. 
1
H-

1
H Nuclear Overhauser Effect Spectroscopy (NOESY) of 13 nm AuNPs capped with PEGSH and 

ligand exchanged with MUA acquired with a 400 ms mixing time. MUA does not show any cross peaks with the 

PEGSH ligand, consistent with a segregated ligand shell architecture consisting of MUA and PEGSH domains. The 

formation of thiolated, small-molecule islands that are segregated from the original PEGSH shell are consistent with 

a cooperative binding mechanism for ligand exchange. The peaks at 4.7 ppm in the indirect dimension result from 

incomplete water suppression. The positive artifacts (red) on the PEGSH diagonal are residual T1 noise that could 

not be completely removed. 
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Figure 62. UV-vis spectra for all 13 nm PEGSH-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B).  

Figure 63. UV-vis spectra for all 30 nm PEGSH-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B). 
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Figure 64. UV-vis spectra for all 13 nm MUA-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B). 

Figure 65. UV-vis spectra for all 30 nm MUA-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B). 
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Figure 66. UV-vis spectra for all 13 nm MOA-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B). 

Figure 67. UV-vis spectra for all 30 nm MOA-functionalized AuNPs before and after secondary ligand addition 

(A). No significant change in particle size is observed (average ± standard deviation) (B). 
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APPENDIX B 

REPRESENATIVE 
1
H NMR SPECTRA AND GOLD NANOPARTICLE

CHARACTERIZATION AFTER LIGAND EXCHANGE 

Figure 68. Representative UV-vis-NIR spectrum for 13 nm NPs (A) and corresponding TEM image (B). Inset is a 

histogram for 13 nm NPs generated from measurements of at least 200 NPs. 

Below are representative 
1
H NMR spectra of the ligands after AuNP digestion. Spectra are taken

in D2O and at 298 K. In all cases, the indicated ligand peaks are compared to an ACN internal 

standard. Peaks from both the thiol and alcohol protons are not observed because they exchange 

with the deuterated medium. 
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Figure 69. Representative 
1
H NMR spectrum of PEGSH after AuNP digestion. For calculation of PEGSH 

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 70. Representative 
1
H NMR spectrum of MUA after AuNP digestion. For calculation of PEGSH 

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 71. Representative 
1
H NMR spectrum of MOA after AuNP digestion. For calculation of PEGSH 

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 72. Representative 
1
H NMR spectrum of MHA after AuNP digestion. For calculation of PEGSH 

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 73. Representative 
1
H NMR spectrum after digestion of co-loaded AuNPs with PEGSH and MUA. For 

calculation of ligand concentrations, the peaks labeled PEGSH and MUA are integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 74. Representative 
1
H NMR spectrum after digestion of backfilled AuNPs with MOA backfilled with 

PEGSH. For calculation of ligand concentrations, the peaks labeled PEGSH and MOA are integrated and compared 

to the integrated intensity of the ACN peak. 
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Figure 75. Representative 
1
H NMR spectrum of PEGNH2 after AuNP digestion. For calculation of PEGNH2

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 76. Representative 
1
H NMR spectrum of AUA after AuNP digestion. For calculation of AUA concentration, 

the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 77. Representative 
1
H NMR spectrum of AOA after AuNP digestion. For calculation of AOA concentration, 

the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 78. Representative 
1
H NMR spectrum of AHA after AuNP digestion. For calculation of AHA concentration, 

the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 

  



183 

Figure 79. Representative 
1
H NMR spectrum after digestion of co-loaded AuNPs with PEGNH2 and AOA. For

calculation of ligand concentrations, the peaks labeled PEGNH2 and AOA are integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 80. Representative 
1
H NMR spectrum after digestion of backfilled AuNPs with AUA backfilled with 

PEGNH2. For calculation of ligand concentrations, the peaks labeled PEGNH2 and AUA are integrated and 

compared to the integrated intensity of the ACN peak. 
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Figure 81. Representative 
1
H NMR spectrum of MUPA after AuNP digestion. For calculation of MUPA 

concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 82. Representative 
1
H NMR spectrum after digestion of MUPA and MUA co-loaded AuNPs. For calculation 

of ligand concentrations, the peaks labeled MUA and MUPA are integrated and compared to the integrated intensity 

of the ACN peak. 
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Figure 83. Representative 
1
H NMR spectrum of biotinPEGSH after AuNP digestion. For calculation of 

biotinPEGSH concentration, the labeled peak is integrated and compared to the integrated intensity of the ACN 

peak. 
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Figure 84. Representative 
1
H NMR spectrum after digestion of biotinPEGSH and PEGSH co-loaded AuNPs. For 

calculation of ligand concentrations, the peaks labeled biotinPEGSH and PEGSH are integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 85. Graph of the total number of ligands on PEGSH AuNPs backfilled with MUA as a function of time for 

13 nm AuNPs, where the error bars represent the standard error of at least 5 trials. Results indicate that ligand 

loading reaches consistent values on the timescale of 2-3 hours under the conditions tested. 
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Figure 86. Graph of the total number of ligands on MUA AuNPs backfilled with PEGSH as a function of time for 

13 nm AuNPs, where the error bars represent the standard error of at least 5 trials. Results indicate that ligand 

loading reaches consistent values on the timescale of 2-3 hours under the conditions tested. 
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Figure 87. Graphs of the total number of ligands on MUA AuNPs backfilled with MPA as a function of time for 13 

nm AuNPs, where the error bars represent the standard error of at least 5 trials. Results indicate that ligand loading 

reaches consistent values on the timescale of 2-3 hours under the conditions tested. 
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Figure 88. UV-vis-NIR spectra for all 13 nm AuNPs before and after ligand exchange from citrate to a thiolated 

ligand (A), after co-loading with two thiolated ligands (B), after backfilling PEGSH-capped particles with a 

secondary thiolated ligand (C), and after backfilling with PEGSH from other thiolated ligand-capped particles (D). 
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Figure 89. UV-vis-NIR spectra for all 13 nm AuNPs before and after ligand exchange from citrate to an aminated 

ligand (A), after co-loading with two aminated ligands (B), after backfilling PEGNH2-capped particles with a 

secondary aminated ligand (C), and after backfilling with PEGNH2 from other aminated ligand-capped particles (D). 
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APPENDIX C 

REPRESENATIVE 
1
H NMR SPECTRA

Below are representative 
1
H NMR spectra of the ligands after AuNP digestion. Spectra are taken

in D2O and at 298 K. In all cases, the indicated ligand peaks are compared to an ACN internal 

standard. Peaks from both the thiol and alcohol protons are not observed because they exchange 

with the deuterated medium. 
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Figure 90. Representative 
1
H NMR spectrum after digestion of BSPP-capped AuNPs. For calculation of ligand 

concentrations, the peak labeled BSPP is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 91. Representative 
1
H NMR spectrum after digestion of BSPP and PEGSH co-loaded AuNPs. For 

calculation of ligand concentrations, the peaks labeled BSPP and PEGSH are integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 92. Representative 
1
H NMR spectrum after digestion of BSPP and MOA co-loaded AuNPs. For calculation 

of ligand concentrations, the peaks labeled BSPP and MOA are integrated and compared to the integrated intensity 

of the ACN peak. 
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Figure 93. Representative 
1
H NMR spectrum after digestion of BSPP and PEGNH2 co-loaded AuNPs. For 

calculation of ligand concentrations, the peaks labeled BSPP and PEGNH2 are integrated and compared to the 

integrated intensity of the ACN peak. 
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Figure 94. Representative 
1
H NMR spectrum after digestion of BSPP and AOA co-loaded AuNPs. For calculation 

of ligand concentrations, the peaks labeled BSPP and AOA are integrated and compared to the integrated intensity 

of the ACN peak. 
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APPENDIX D 

REPRESENATIVE 
1
H NMR SPECTRA

Below are representative 
1
H NMR spectra acquired in D2O of the ligands after digestion of

AuNP conjugates by aqua regia. Spectra below are taken at 298 K. Ligand peaks are compared to 

an ACN internal standard, unless otherwise noted. In all cases, peaks from both the thiol and 

carboxylic acid protons are not observed because they exchange with the deuterated medium.  
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Figure 95. Representative 
1
H NMR spectrum of 4-DPPBA after digestion of the AuNPs with its labeled structure 

corresponding to plotted 
1
H NMR peak locations. For the calculation of 4-DPPBA concentration, Peaks A-E (due to 

peak overlap) are integrated and compared to the integrated intensity of the ACN peak. 
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Figure 96. Representative 
1
H NMR spectrum of TGA-exchanged AuNPs following digestion with aqua regia with 

its labeled structure corresponding to plotted 
1
H NMR peak locations. Due to overlap of the impurity peak (+) with 

the ACN internal standard peak, isopropanol (IPA) is used as an internal standard. The impurity peak (*) is residual 

polymeric material (glycerol) from the molecular weight cut-off filters. 
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Figure 97. Representative 
1
H NMR spectrum of MPA-exchanged AuNPs following digestion in aqua regia with its 

labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of MPA concentration, Peaks 

A and B are integrated and compared to the integrated intensity of the ACN peak. 
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Figure 98. Representative 
1
H NMR spectrum of MBuA-exchanged AuNPs following digestion in aqua regia with 

its labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of MBuA concentration, 

Peak B is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 99. Representative 
1
H NMR spectrum of MHA-exchanged AuNPs following digestion in aqua regia with its 

labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of MHA concentration, Peak 

B is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 100. Representative 
1
H NMR spectrum of MOA-exchanged AuNPs following digestion in aqua regia with 

its labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of MOA concentration, 

Peak D is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 101. Representative 
1
H NMR spectrum of MUA-exchanged AuNPs following digestion in aqua regia with 

its labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of MUA concentration, 

Peak D is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 102. Representative 
1
H NMR spectrum of PEGSH-exchanged AgNPs following particle digestion in nitric 

with its labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of PEGSH 

concentration, peak A is integrated and compared to the integrated intensity of the IPA doublet peak at 1.17 ppm. 
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Figure 103. Representative 
1
H NMR spectrum of PEGSH-exchanged AuNPs following particle digestion with its 

labeled structure corresponding to plotted 
1
H NMR peak locations. For the calculation of PEGSH concentration, 

peak A is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 104. Representative 
1
H NMR spectrum of AUT-exchanged Au prisms following digestion with aqua regia 

with its labeled structure corresponding to plotted 
1
H NMR peak locations. For calculation of AUT concentration, 

Peak D is integrated and compared to the integrated intensity of the ACN peak. 
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Figure 105. Representative 
1
H NMR spectrum of MUA-exchanged Au prisms following digestion with aqua regia 

with its labeled structure corresponding to plotted 
1
H NMR peak locations. The peak labelled with (*) indicates trace 

amounts of residual CTAB remaining after the ligand exchange. For calculation of MUA concentration, Peak B is 

integrated and compared to the integrated intensity of the ACN peak. 
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Figure 106. Representative 
1
H NMR spectrum of MMPA-exchanged Au prisms following digestion with aqua regia 

with its labeled structure corresponding to plotted 
1
H NMR peak locations. For calculation of MMPA concentration, 

Peak C is integrated and compared to the integrated intensity of the ACN peak. 
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252. Panáček, A.; Kvítek, L.; Prucek, R.; Kolář, M.; Večeřová, R.; Pizúrová, N.; Sharma, V. 
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