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ABSTRACT 

 

Synthesis, Surface Modification, and Stabilization of Hollow Plasmonic Metal 

Nanoparticles and Perovskite Nanocrystals 

 

Melissa Guarino-Hotz 

Nanomaterials composed of metals and semiconductors have been studied as 

powerful tools for various applications in the fields of diagnostics, therapy, sensing, 

and photovoltaics. Based on the specific application, these nanomaterials can be 

tuned and optimized to achieve their best performance. Modifications can be made to 

alter the size, shape, surface morphology, and surface passivation of these 

nanoparticles. In this dissertation, the effect of these changes on the optical 

characteristics necessary for effective performance of hollow plasmonic nanoparticles 

and perovskite nanocrystals are investigated. 

 In chapter 1, a comprehensive literature review was completed on hollow 

plasmonic nanoparticles, their synthetic procedures, and their applicability to the 

biomedical field.  This chapter, describes the physical properties of hollow plasmonic 

structures, such as hollow gold nanospheres (HGNs), by discussing SPR and Mie 

theory.  Numerous synthetic methods leading to hollow structures, including galvanic 

exchange, and ways to effectively tune size, shell thickness, and surface properties 

were described.  Finally, hollow plasmonic particles’ ability to sense, image, 
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diagnose, and treat diseases were assessed based off the changes in their physical 

properties. 

 In chapter 2, HGNs, hollow gold nanostars (HNSs), and silver coated hollow 

gold nanostars (AgHNSs) were synthesized and compared for their SERS 

applicability.  It was demonstrated in this work that both HNSs and AgHNSs exhibit 

tunable structural and optical properties.  Using rhodamine 6G as a probe molecule, it 

was determined that HNSs reported an order of magnitude higher relative 

enhancement over previously reported HNSs and AgHNSs have a four-fold increase 

in SERS signal compared to HNSs reported herein.  Theoretical analyses were 

compared to the experimental findings, which suggested that the increase in 

enhancement was not completely due to the addition of silver, but also potentially the 

branching of individual spikes or increased binding efficacy of the analyte to the 

nanoparticle.  To further explore the applicability of these nanoparticles, capping 

ligand exchange was completed from citrate to pentanethiol to increase their 

interaction with negative analytes like bovine serum albumin. 

 In chapter 3, methylammonium lead bromide magic sized clusters (MSCs) 

and quantum dots (QDs) were synthesized using a new heated ligand assisted 

reprecipitation method.  A mixture of QDs and MSCs were tuned to monodispersed 

MSCs by increasing the temperature of the precursor solution.  Additionally, the size 

of the MSCs themselves was tuned by increasing the temperature of the precursor 

solution and increasing the concentration of capping ligand.  The MSCs were 

analyzed with Raman spectroscopy and determined to be similar to bulk perovskite.  
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Using IR, mass spectrometry, and control experiments it was determined that 

oleylamine was the primary capping ligand on the surface of the magic-sized cluster 

and therefore that the surface must be cationic in nature. 

 In chapter 4, a comparison of the stability of previous ligand assisted 

reprecipitation method and newer temperature dependent synthesis of MSCs was 

made.  The MSCs were placed under ambient conditions and exposed to water and 

observed until they no longer emitted light.  Then, they were stabilized with 

noncoordinating polymer matrix, paraffin, and the solution was then similarly 

exposed to water and observed until both particles degraded.  The paraffin MSCs 

mixtures were then dried as a film.  The LARP MSCs degraded after 3 hours, but the 

HLARP MSCs remained luminous for 8 days when stabilized with paraffin.  Both 

solids were analyzed with Raman spectroscopy.  HLARP MSCs were then 

characterized using X-ray diffraction and TEM.  It was determined that HLARP 

MSCs are more ordered that LARP MSCs and have an orthorhombic quasi-crystalline 

structure. 
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Chapter One 

1 Structural Control and Biomedical Applications of Plasmonic 

Hollow Gold Nanospheres: A Mini Review 

 

1.1 Abstract 

Hollow gold nanospheres (HGNs) are core/shell structures with core being a 

dielectric material such as solvent and shell being the gold metal.  Such structures 

have two metal/dielectric interfaces to allow interaction between the gold metal with 

the interior and external dielectric environment.   Upon illumination by light, HGNs 

exhibit unique surface plasmon resonance (SPR) properties compared to solid gold 

nanoparticles.  Their SPR absorption/scattering can be tuned by changing the 

diameter, shell thicknesses, and surface morphologies.  In addition to the low toxicity, 

easy functionalization, resistance to photobleaching, and sensitivity to changes in 

surrounding medium of gold, the enhanced surface-to-volume ratio and tunable SPR 

of HGNs make them highly attractive for different applications in the fields of 

sensing, therapy, and theranostics.  In this article, we review recent progress on the 

synthesis and structural control of HGNs and applications of their SPR properties in 

biomedical sensing and theranostics. 

1.2 Introduction 

Nanoplasmonics is the study of nanoparticles typically composed of noble 

metals, e.g., copper, silver, and gold, that exhibit the interesting phenomenon of 
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surface plasmon resonance (SPR).  SPR absorption occurs when light is on resonance 

with the intrinsic oscillating frequency of conduction band electrons in plasmonic 

metal nanostructures.1  The interaction between light and plasmonic nanoparticles can 

be described using Mie theory based on Maxwell’s equations to describe SPR 

position and a particle’s interaction with surrounding media.2  One important 

characteristic of the SPR plasmonic nanoparticles is their strong dependence on shape 

and, to a lesser degree, on size.2,3  Plasmonic metal nanoparticles with strong visible 

light extinction have been used for biomedical sensing, diagnosis, and therapy.  

Elemental composition, size, and surface morphology can be tuned to optimize 

desired performance.4–7 

Gold, in particular, has been used for medical applications due to its stability, 

low toxicity, and biological compatibility. Indeed, it has been in vivo without eliciting 

a proinflammatory response.8  Moreover, gold can be functionalized to interact and 

bind to biological systems.  A number of biologically relevant linkers can be 

conjugated to the surface of gold nanoparticles including antibodies9, peptides10, and 

oligonucleotides11 allowing particles to bind in close proximity to diseased tissue.11,12  

Additionally, gold nanoparticles exhibit strong photothermal effects and are capable 

of transferring light to heat through electron-phonon coupling.13  They can also 

provide enhanced electromagnetic fields that are important for applications such as 

surface enhanced Raman scattering (SERS).14   

Optical performance is affected by the shape of the nanoparticle.  Gold 

nanoparticles can be synthesized to form many shapes such as solid nanospheres, 
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nanorods, nanocages, or hollow gold nanospheres (HGNs).  Solid nanospheres 

typically absorb light around 520 nm.15  This is a limiting factor for a number of 

therapeutic techniques.  Tissue and blood also absorb light in the visible region of the 

spectrum.  Thus, nanoparticles with visible light extinction compete with blood and 

tissue for irradiated light.  For biomedical applications, particles should ideally absorb 

in the near infrared (NIR) window (650 nm – 1700 nm), where tissue and blood do 

not interfere.16   There are a number of gold nanoparticles with SPR that can be tuned 

to the NIR window, including gold nanorods, gold nanocages, and HGNs.  Gold 

nanorods exhibit two plasmon modes, transverse and longitudinal, resulting in two 

SPR peaks.  However, many techniques perform better with a single, narrow 

absorption peak.17  Nanocages, which are cubic and hollow, often have broad SPR.18  

HGNs have the advantageous combination of strong, tunable, and narrow NIR SPR.  

HGNs are solvent-filled, hollow shells of gold with tunable SPR from 540 

to1000 nm.19–21  Their tunability arises from changing the size and aspect ratio of the 

structure and allows them to be used in a large number of applications.19,20,22,23  Their 

hollow structure affords them an internal and an external surface, whose coupling 

creates an enhanced electromagnetic field useful in the field of SERS.24  These 

internal and external surfaces also result in increased contact with the surrounding 

media, increasing sensitivity for refractive index sensing.25  The increased surface to 

volume ratio also makes them ideal for drug loading.26–28    Unfortunately, the 

synthesis of HGNs is non-trivial and requires the use of a sacrificial template.  This 

requirement makes their production more difficult. Therefore, many studies have 
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focused on gaining precise control over their physical and optical properties by 

controlling their size, shell thickness, and surface morphology.19,22,23,29,30 

The ability to precisely tune the optical properties of HGNs combined with 

their biological compatibility and ease of functionalization control has allowed them 

to be applied and ameliorate several fields.   In this review, we introduce the HGN 

synthesis as well as progress made in tuning the size, shell thickness, and surface 

morphology. We also discuss how the advantageous HGN structure and how its 

optical properties have enhanced biomedical applications, including refractive index 

sensing,31–33 SERS,34–36 photoacoustic imaging,37–40 photothermal ablation 

therapy,27,41,42 drug delivery,26–28 and gene silencing.43  Moreover, we show the 

multimodal capabilities that allow HGN’s to be used for diagnosis and multiple 

therapies to be performed simultaneously27,44. 

1.3  Structural Control in HGN Synthesis 

1.3.1  Synthesis via galvanic exchange 

Galvanic exchange is a common approach to synthesize hollow 

nanostructures.   In this method, one metal is reduced by the oxidation of another, in 

an electrolytic solution, driven by the difference between their reduction potentials.  

In the case of HGNs, a low-reduction-potential metal is used to form a sacrificial 

nanoparticle scaffold. To deposit a gold shell, gold ions are introduced, and galvanic 

exchange occurs spontaneously due to the difference in reduction potentials. Gold is 

reduced onto the framework of the scaffold as the scaffold oxidizes and returns to 
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solution.45  Residual scaffold can then be removed with further oxidation, leaving a 

solvent-filled shell of gold. 

Silver22,46,47 and cobalt-based19,21–23,48,49 nanoparticles are often used as 

templates for making HGNs because they have appropriate reduction potentials 

(0.7996 V and -0.28 V, respectively) as compared to that of gold (1.498 V).50  While 

using silver as a template can yield NIR light emitting particles, there has been less 

work done to optimize and fine tune their synthesis and particles tend to be more 

polydispersed.22,46,47 Additionally, the higher reduction potential of silver often results 

in an alloyed structure with a broadened SPR. Using cobalt as a sacrificial template, 

the resulting HGNs tend to be more uniform with narrow SPR, partially due to the 

ease of scaffold oxidation and removal.51  Moreover, much work has been done to 

optimize the parameters involved in synthesis, resulting in improved reproducibility.19  

As such, this review focuses on HGNs synthesized through galvanic exchange with 

cobalt-based templates. The following paragraphs provide details for each step of the 

synthesis: cobalt-based nanoparticle formation, galvanic exchange, and subsequent 

core oxidation. 

In the first step, cobalt nanoparticle templates are typically prepared by 

reducing cobalt (II) chloride with sodium borohydride in an anaerobic environment 

and in the presence of sodium citrate stabilizing agents.19,21,22,52  Cobalt coalesces to 

form particles until it reaches a stable size.53,54   The scaffold mechanism has been 

intensely studied, but some disagreement exists as to the final product.  Although 

many have described nanoparticles produced by this method as elemental cobalt, 
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various cobalt borides have been experimentally identified as the main products.48,49,55  

The commonly accepted reaction mechanism with a cobalt boride product is provided 

in Equation (1). 

 

2𝐶𝑜𝐶𝑙! + 4𝑁𝑎𝐵𝐻" + 9𝐻!𝑂 → 𝐶𝑜!𝐵 + 4𝑁𝑎𝐶𝑙 + 12.5𝐻! + 3𝐵(𝑂𝐻)#	  (1) 

 

 The formation mechanism has been recently studied using XANES and XPS 

to confirm that elemental cobalt was not a product of this reaction, also suggesting a 

cobalt boride product.19   

In step two, a gold salt solution is added to induce galvanic exchange. As 

mentioned above, the gold metal deposits onto the cobalt scaffold as it oxidizes into 

solution.  In step three, oxygen is introduced to oxidize the residual cobalt core 

(Figure 1-1).45,56 Steps two and three can also be carried out simultaneously.57  

Conducting the synthesis in three separate steps and carrying out galvanic exchange 

in absence of oxygen enables formation of smooth and continuous shells. The 

continuous shells can be made thinner and reach more red-shifted SPRs.  It is a 

common misconception that cobalt remains a part of the structure when HGNs are 

synthesized in this way.58 However, with proper washing and post-synthetic 

treatment, ICP-OES has shown that cobalt ions can be efficiently removed and 
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negligible amounts remain in the final HGN structure.29 

 

Figure 1-1) Galvanic exchange protocols for HGN synthesis. Anaerobic protocol: 
galvanic exchange and oxygenation steps are separated, and the gold salt is deaerated 
so that galvanic exchange may be carried out in the absence of environmental oxygen. 
A representative SEM image is provided for the cobalt nanoparticle (Co2B NP) 
formed in step I and representative HRTEM images are provided for the Co2B 
NP/Au core/shell structures and resultant HGNs formed in steps II and III, 
respectively.19  

 
1.3.2  Tuning size and shell exchange 

Since the optical properties of the HGN are dictated by aspect ratio (ratio of 

shell thickness to diameter), precise control over the particle structure is essential for 

achieving the desired optical properties.  In general, the SPR of the HGN can be 

shifted to longer wavelengths by two mechanisms: increasing the overall diameter or 

decreasing the shell thickness (Figure 1-2).  Particles with SPR in the NIR window 

are especially attractive for many biomedical applications due to deeper tissue 

penetrations.  Additionally, for many of these applications, particles between 30-50 

nm are most beneficial because they can be internalized into a cell.59,60  Unlike solid 

particles, which can only red-shift by increasing diameter, the HGN diameter and 
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SPR can be tuned separately by changes in the shell thickness. The same size particle 

can be made at different SPRs, and the same SPR can be achieved with different 

diameters (Figure 1-2). 

Figure 1- 2: Demonstration of twofold tunability. (a) relationship between SPR, size, 
and aspect ratio (b) Normalized extinction for HGNs with the same outer diameter 
but different SPR: 48 nm HGNs with 635, 700, and 765 nm SPR. (c) Corresponding 
HRTEM images with average diameter (d), shell thickness (t), and aspect ratio (AR) 
as indicated; scale bar 10 nm. (d) Normalized extinction for HGNs with a different 
outer diameter but the same SPR: 73 ± 6, 48 ± 6, and 37 ± 4 nm HGNs with 700 nm 
SPR. After normalization, the 48 ± 6 and 73 ± 6 nm extinctions were offset on the y-
axis by 0.25 and 0.50 OD, respectively. (e) Corresponding HRTEM images with d, t, 
and AR as indicated; scale bar 10 nm. 19 

 
While, in principle, the diameter and shell thickness of HGNs can be tuned, 

precise experimental control is not trivial.  As such, much of the previous work has 

concentrated on tuning and optimizing synthetic parameters for control of size and 

uniformity. The effects in relation to changing these parameters are listed in Table 1 

below. 
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Table 1-1) Modifications of HGN Synthesis and Subsequent Effect on Particle and 

SPR 

Modification Effect on Particle Effect on SPR 

Increase [Citrate-] capping 

agent 

Decrease cobalt 

nanoparticle size 

Blue-shift23 

Increase [BH4
-] Decrease cobalt 

nanoparticle size 

Blue-Shift22 

Increase [B(OH4)/BH4] Increase cobalt 

nanoparticle size, more 

monodispersed 

Red-shift, smaller 

FWHM19 

Increase temperature Decrease cobalt 

nanoparticle size 

Blue-Shift21 

Increase rate of addition of 

cobalt nanoparticle to gold 

salt 

More monodispersed Smaller FWHM, blue 

shift1,22,61 

Increase [HAuCl4] Increase HGN shell 

thickness 

Blue-Shift22 

 

 In terms of size control, one can vary the concentration of capping ligand or 

reducing agent.  Schwartzberg et al. reported that increasing the concentration of 

citrate capping ligand decreases the size of the resulting particles.  The more citrate 

on the surface of the cobalt nanoparticles, the sooner they are stabilized and reach 
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their critical radius, limiting their growth.22   Alternatively, Schwartzberg et al. also 

showed that the cobalt size also decreases with increasing concentrations of reducing 

agent.22  The degree to which the initial concentration of cobalt is reduced will 

determine the free cobalt in solution available to form nanoparticles.  Increasing the 

concentration of borohydride forms more nucleation centers, which creates smaller 

particles. Using these methods in conjunction, it was possible to synthesize a range of 

particles from 25 nm to 71 nm.22 

Size can also be tuned by changing the reaction temperature.  According to Pu 

et al. increasing the temperature during the nucleation of cobalt ions created smaller 

cobalt nanoparticles.21 The critical radius is dependent on temperature through its 

dependence on total free energy of a system.21,62 

𝑟$%&' =
(!)
*+!

= !),
-"./0(2)

            (2) 

where critical radius is rcrit, surface free energy is 𝛾, and total free energy of a bulk 

crystal is ΔG.  As the temperature of the system is increased, less surface energy is 

necessary to reach the critical radius and form a stable nanoparticle.  Thus, as the 

temperature is increased the nanoparticle size decreases.  By varying the synthesis 

temperature it was possible to change the size of the HGN from 24 nm to 122 nm.21 

Previous methods that achieved large size ranges were prone to polydispersity 

in the resultant structures. To solve this problem, Lindley et al. introduced B(OH)4
- as 

a growth agent during the BH4 reduction of the cobalt nanoparticle.  B(OH)4
- is the 

final product of the hydrolysis of BH4.19 It promotes coalescence by slowing down the 

nucleation of cobalt nanoparticles, leading to large scaffold diameters.  The success of 
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the introduction of B(OH)4 was two-fold: By adding the B(OH)4, it was possible to 

access a decent size range, from 19 nm to 76 nm, while also achieving 

monodispersity.19  

Much work has also been carried out to control the thickness and quality of 

the gold shell formed during galvanic exchange. The shell thickness may be 

controlled simply by the concentration of gold used in the galvanic exchange step, 

where higher concentrations of gold result in thicker shells (and blue-shifted SPR) 

while lower concentrations of gold result in thinner shells (and red-shifted SPR).23  

However, it is important to note that the speed of the addition is also important for the 

homogeneity of the particle.  For instance, Adams et al. changed the rate at which 

cobalt nanoparticles were added to a gold salt solution.23  Slow addition of cobalt 

nanoparticles resulted in a broad distribution of shell thicknesses and blue-shifted 

particles.  This was due to the nonuniform mixing in the cobalt nanoparticles that 

were added first and introduced to high concentrations of gold ions and thus formed 

thick shelled particles. However, cobalt nanoparticles toward the end of the addition 

were among significantly lower concentration of gold ions and thus formed thinner-

shelled particles. The HGNs synthesized with fast addition during galvanic exchange 

were significantly red-shifted and more monodispersed.23  In addition to thickness, the 

morphology of the shell wall has also been controlled, as discussed in the following 

section. 

1.3.3  Surface morphology 
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Since the optical properties of plasmonic structures are shape dependent, the 

applicability of plasmonic particles can be improved by changing the shape or surface 

morphology of a nanoparticle. These changes can significantly alter the scattering, 

absorption, and surface to volume ratios allowing them to be tuned for specific 

applications and changing their ability to interact with their surrounding media.63,64   

Bumpy and spikey HGNs have been engineered for use in sensing and 

theranostic applications29,65.  Control of surface morphology has been primarily 

achieved by surfactant-directed seed-mediated growth, or template-directed growth.  

The synthetic parameters used to control morphology are outlined in Table 2. 

Table 1-2) Modifications of Two Syntheses that Increase the Rugosity of a HGN 

Type of Synthesis Modification Resulting morphology 

Template-directed Using PVP as a stabilizing 

agent23 

Bumpy 

Template-directed Increasing [HAuCl4]22,29 Lightly Bumpy 

Template-directed Switching from anaerobic 

addition of gold to 

aerobic19 

Bumpy 

Template directed Adding increasing OH- 

addition to cobalt 

nanoparticles29 

Bumpy to highly rugose 

(See Figure 1-4) 
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Surfactant-assisted 

seed-mediated growth 

Increase volume of growth 

solution66 

Spikey 

Surfactant-assisted 

seed-mediated growth 

Change Surfactant 

(CTAC to CTAB)66 

Ranging from bumpy to 

spikey (see Figure 1-4) 

Surfactant-assisted 

seed-mediated growth 

Increase [NaBr]66 Spikey 

 

 One surface control method can actually be achieved by changing the 

stabilizing agent.  According to Adams et al., using PVP results in bumpier surface 

morphology due to an unequal coating of gold.23  However, this also results in 

relatively polydispersed particles that are difficult to biologically functionalize.20,52   

Another method is to simply increase the amount of gold available for 

galvanic exchange; higher concentrations of gold results in thick shells with slightly 

bumpy surface morphology.23  Although the reaction of gold salt with the cobalt 

nanoparticle scaffold occurs almost instantaneously, when the gold is added, a second 

shell-mediated growth may take place on a longer time scale, creating thicker and 

bumpier shells due to the reduction of gold by citrate.22  Used independently, this 

technique is rather limited in its results and produces particles with minimal rugosity.   

The presence of oxygen during galvanic exchange may be used in order to 

increase the rugosity of particles to a larger extent.19,29  When the gold salt is 

efficiently deaerated and galvanic exchange is carried out in an air-free manner, 

smooth and continuous shells can be formed. However, if the gold salt is not 
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deaerated and galvanic replacement is carried out in an aerobic environment, both 

galvanic replacement and removal of cobalt occur at the same time (Figure 1-3). This 

competition encourages patchwork deposition of gold and aids the formation of 

bumpy particles.29  

 

Figure 1-3) Aerobic protocol: cobalt nanoparticles (Co2B NP) are prepared by wet-

chemical reaction between cobalt ions and sodium borohydride, galvanic exchange is 

carried out by the introduction of Co2B NP  to aqueous gold ions, and the Co2B NP 

core is simultaneously oxidized out of the shell by interaction with environmental 

oxygen resulting in bumpy surface morphology19 

 

A more recent technique was developed utilizing the addition of OH- ions.  It 

was hypothesized that OH- attaches to the surface of the cobalt nanoparticles 

inhibiting the ability of Au+3 ions to access the surface and promoting the formation 

of a bumpy shell.29  By varying the concentration of free OH-, it was possible to 

synthesize particles ranging from mildly bumpy to extremely rugose (Figure 1-4).29  

Figure 1-4a shows the particles morphology that results after aerobic addition of gold, 

with no addition of NaOH.  Figure 1-4b-d show how the surface morphology changes 

when increasing volumes of NaOH are added to the gold salt before galvanic 
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replacement. The rugosity increases with increasing amount of OH- (Figure 1-4a-c) 

until structural integrity is lost (Figure 1-4d).  Interestingly, when the OH- was 

allowed to equilibrate with the gold salt before galvanic exchange, the rugosity 

decreased. During equilibration, the pH of the solution decreases as the OH- displaces 

the chlorine ligands of the gold salt. Figure 1-4e shows the maximum addition of 

NaOH (same as Figure 1-4d) with a 60 minute equilibration before galvanic 

exchange.  The surface structure of Figure 1-4e is more similar to that of Figure 1-4a 

(no OH) than Figure 1-4d.  This result indicated that the increased rugosity of the 

nanoparticle is due to free OH- in the solution, not speciation of the gold salt.  As the 

volume of OH- was increased and the shell morphology became more rugose, the 

particle diameters increased from 70 nm to 90 nm.29 

 Changing the surface morphology affects the resultant optical properties. For 

the HGNs shown in Figure 1-4a, with no addition of NaOH, the SPR was sharp and 

symmetric around 630 nm. However, as the structure became more rugose, the SPR 

broadened and red-shifted. In Figure 1-4d, when the shells lost structural integrity, the 

resultant extinction was flattened, lower, and broader, barely resembling an SPR.29  

 In syntheses, using surfactant directed seed mediated growth there is no use of 

the cobalt scaffold.  Instead, numerous small silver seed particles were synthesized on 

negatively charged carboxylate-modified polystyrene beads.30,66,67 These polymer 

particles were then added to a growth solution containing HAuCl4, ascorbic acid, 

AgNO3, and cationic surfactants. The standard reduction potentials of Ag+(aq)/Ag(s) 

and AuBr2
–(aq)/Au(s) are 0.962 and 1.11 V, respectively, allowing gold precursors to 
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be reduced on polymer beads through both galvanic exchange and catalytic reduction, 

forming spikey HGNs.   There are a number of ways to modify this synthesis to 

change the surface morphology of these particles.  Similar to the above syntheses, it 

was also reported that increasing the volume of growth solution, ie. increasing the 

amount of gold, produced shells with longer spikes.66  Halides have also been used to 

control spike formation.  Changing the surfactant from cetyltrimethylammonium 

chloride (CTAC) to cetyltrimethylammonium bromide (CTAB) increases the rugosity 

of the shells (see Figure 1-4g-j).30,66,67  Using CTAC as the surfactant resulted in 

rounded protrusions on the particles (Figure 1-4g).  Moving to CTAB the structure 

moves to a spikey structure (Figure 1-4h).  Finally, using CTAC with an addition Br- 

(CTACBr) resulted in even finer spikes (Figure 1-4i-j).66  Moreover, increasing 

additions of NaBr increased the spikey character of the gold shell.66  This is likely 

explained by the preferential binding of bromide ions to selective facets of gold or 

silver, which has been found to promote the growth of anisotropic particles resulting 

in nanorods or spikes.66,67  
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Figure 1-4) (a-d) SEM and TEM images of Bumpy Hollow Gold Nanospheres made 
using template directed method and increasing concentrations of OH- from left to 
right. (e)  SEM and TEM image of bumpy hollow gold nanospheres with maximum 
addition of NaOH and 60-minute wait time before injection of NaOH.  SEM scale 
bars are 100 nm.  TEM scale bars are 50 nm29. (f) Uv-Vis spectra of corresponding 
Bumpy HGNs29 (g-k) SEM images of Spikey HGNs synthesized using the surfactant-
assisted seed-mediated method  Through Change of Surfactant (g) CTAC (h) CTAB 
(i and j) CTACBr (k) Uv-Vis spectra of corresponding Spikey HGNs66 

Similar to the bumpy particles shown in Figure 1-4a-d.  The spikier particles 

(Figure 1-4g-j) showed a broadened and red-shifted SPR broadened and red-shifted.  

This is also likely due to the increased size, 176 nm to 212 nm.66  Moreover, smooth 

HGNs and spiky HGNs with differing lengths of spikes were compared for single 

particle scattering measurements.  Smooth particles had significantly lower scattering 

intensities than spikey HGNs and scattering intensity increased with the rugosity of 

the particle.67 
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Since structure dictates function, major strides have been made in the ability 

to control the size, shell thickness, and surface morphology of HGNs.68  Tuning the 

thickness and rugosity of a nanoparticle changes its optical extinction and its 

performance in absorption, or scattering, based applications.  Synthesizing particles 

with rugose surface morphology red-shifts the SPR significantly, creating another 

synthetic pathway to produce NIR light absorbing particles for biological 

applications.  However, the particles tend to be larger, which could make it more 

difficult to internalize them into a cell.69  Nevertheless, the increased surface area 

makes them ideal for drug loading and catalysis.29  These particles also have the 

potential of increased local field enhancements for sensing.70  The advantages of 

increased synthetic control are presented and discussed in the next section. 

1.4  Enhanced Performance in Biomedical Applications 

1.4.1  Sensing 

The hollow structure, stability, enhanced electromagnetic field, resistance to 

photobleaching, biocompatibility, NIR absorption, and high surface to volume ratio 

of HGNs make them ideal for multiple applications in the field of sensing, allowing 

for earlier detection, higher sensitivity, and lower limits of detection.  Recent 

developments in refractive index sensing, SERS, and imaging are outlined below. 

1.4.1.1 Refractive Index Sensing  

Refractive index (RI) sensing is the use of changes in spectral profiles in response to 

environmental RI changes to detect molecules.  It is used to make biosensors that 

detect the adsorption of target molecules for label-free detection of analyte/receptor 
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interactions such as antibodies and antigens or DNA hybridization.71  The SPR of 

plasmonic nanoparticles is very responsive to changes in the surrounding medium, 

with the SPR red-shifting with increase in refractive index.  Biological materials 

usually have a higher refractive index than the surrounding medium, increasing the 

surrounding mediums refractive index and causing the SPR of the nanoparticle to red-

shift.  HGNs have been shown to make excellent substrates for RI sensing due to their 

hollow structure, which increases the surface area in contact with the surrounding 

medium.33,64  Additionally, hollow particles show stronger plasmonic fields than their 

solid counterparts from the coupling between internal and external surface plasmon 

fields.32  In a study done by Tuersun et al., the geometrical parameters of HGNs and 

silica-core gold nanoshells were compared and investigated with Mie Theory.  HGNs 

of the same diameter were determined to have a higher RI sensitivity than the same 

sized silica core counterparts.72  Similarly, in a number of studies, it was shown that 

HGNs outperformed solid gold nanospheres.25,32   Refractive index sensitivity is 

compared by using sensitivity factors, described by the shift in SPR per surrounding 

medium refractive index unit (RIU).64  The reported sensitivity factors of HGNs are 

subject to change from study to study, but are typically reported around 400 

nm/RIU.64  This is twice as sensitive as a 2-D photonic crystal used in RI sensing 

technology and can detect a change of 0.001 RIU.73,74  Sun et al. attributed their 

improvement to the change in dielectric sensitivity of hollow nanostructures25 while 

Mamoud et al. attributed it to the stronger surface plasmon fields from the coupling 

of an interior and exterior wall.32 Mamoud et al. also showed that sensitivity factors 
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increase linearly with aspect ratio and confirmed with DDA calculations.32  With their 

increased sensitivity, HGNs have been incorporated into optical fiber biosensors that 

have been used to detect thyroglobulin with an impressive LOD of 0.19 pg/ml75 and 

rabbit IgG with a LOD of 0.019 𝜇g/ml.31 

It should be noted that gold nanorods often report sensitivity factors higher than those 

of HGNs, around 490 nm/RUI.64  However, while much research has been conducted 

to optimize the functionality of thin-shelled HGNs, the high aspect ratios of spikey 

HGNs would also prove to be effective for RI sensing.  According to Pallares et al., 

spikey solid gold nanoparticles exhibited increased sensitivity factor to 533 nm/RUI 

due to their high surface-area-to-volume ratio,76  higher than those typically reported 

for gold nanorods.  One may expect that hollow bumpy and spikey HGNs with their 

increased SPR and surface area would also produce even higher sensitivity factors for 

RI sensing 

1.4.1.2  Surface enhanced Raman scattering 

Raman spectroscopy measures the polarizability of a molecule.  It is 

molecularly specific and has low interference with water, making it very useful in the 

detection of biological molecules.  However, it has a very low quantum yield.  

Therefore, SERS is employed to increase the low quantum yield by allowing 

molecules to interact with a roughened metal surface, scattering incident light and 

creating a strong electromagnetic field.77  It is highly desirable for SERS substrates to 

be monodispersed and stable to allow for consistent and reproducible collection of 

data.  With the continued optimization of the HGN synthesis, HGNs have become 
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more desirable as SERS substrates.78,79  Silver substrates are commonly reported to 

have increased SERS signal over gold.80  However, silver is much more reactive than 

gold, which can produce inconsistent results.81  According to Schwartzberg et al. 

using HGNs over silver substrates led to 10-fold signal consistency and increased 

sensistivity.79  Moreover, the spherical shape of HGNs leads to improved consistency 

and sensitivity over gold nanorods due to the angle dependence of SERS signal 

intensity.82 

Moreover, HGNs are well-positioned to serve as in vivo SERS substrates.  As 

mentioned, they maintain the biological compatibility and ease of functionalization of 

their solid gold counterparts.   However, they are tunable to the NIR window and 

remain in biologically relevant size ranges.  HGNs, like most gold nanoparticles, may 

be functionalized using heterobifunctional polyethylene glycol, that protects the 

nanoparticle, allowing them to be circulated in the bloodstream, and attached to a 

biologically useful molecule like an antibody, peptide, or oligonucleotide.12,29,35,39,40  

However, unlike solid gold nanoparticles, the SPR is tunable to the NIR window 

while the particle diameter remains in biologically relevant size ranges.  Additionally, 

HGNs have a stronger LPSR than solid gold nanospheres83 and more intense 

electromagnetic field due the coupling of interior and exterior surface fields.24   This 

combination of attributes has led to numerous successful trials in detecting cancer 

phenotypes,84 tumor antigens,78 and multiple biomarkers simultaneously through the 

use of reporting molecules.35   
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This is exemplified by a study on the rapid and sensitive detection of breast 

cancer phenotype markers.  Three different nanotags with different Raman reporter 

molecules were conjugated to HGNs.  Each nanotag was designed to attach to a 

different phenotype using specific antibodies, allowing for fast identification of 

cancer cell phenotypes using Raman mapping without the need of complicated data 

analysis.   Showing marked improvement from fluorescent tagging, HGNs can test 

phenotypes and quantify proteins simultaneously.84  Wang et al. have also used a 

SERS based immunoassay for neuron-specific enolase and S100-𝛽 protein.  The 

concentrations of these compounds in blood are useful in the preliminary 

determination of brain injuries.  HGNs, through the use of reporting molecules like 

mercaptobenzoic acid, produced an accurate and sensitive immunoassay with a linear 

detection range of 0.2 to 22 ng/mL for both biomarkers.  Interference studies were 

conducted in human serum samples with bovine serum albumin, glucose, 

carcinoembryonic antigen, and neuron specific enolase which were in good 

agreement with the commonly conducted enzyme-linked immunosorbent assay 

method.  This SERS based immunoassay provided a more specific and sensitive 

technique than currently used methods and allows for earlier detection of brain 

injuries.34  HGNs are proving to be a more sensitive substrate for immunoassays with 

much improved multiplexing capabilities. 

Since SERS relies on a field enhancement from a roughened metal substrate,77 

spikey HGNs were employed as an alternative substrate.  Spikey HGNs are less 

monodispersed than smooth HGNs but show a marked enhancement in SERS signal 
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due to an increase in locally enhanced electric fields and generation of hot spots 

between the junctions of the tips.85  Using single particle measurements, it was 

determined that spikey HGNs with longer spikes showed red-shifted SPR and had 

more scattering than smooth particles.  Since these spikes are arranged at all angles, 

any polarization of incident light can produce significant localized electric fields at 

every spike.  These particles allow single particle detection of mercaptobenzoic 

acid.67  The increased scattering properties of spikey and bumpy HGNs make them 

ideal, sensitive candidates for SERS. 

1.4.1.3  Imaging 

  HGNs have been used for magnetic resonance, nuclear, fluorescent, and 

photoacoustic imaging of disease markers.86  We focus our discussion on 

photoacoustic imaging, a modality which does not require the coupling with another 

particle.   

Photoacoustic imaging uses the generation of an acoustic wave resulting from 

the absorption of optical energy.  Incident radiation causes a rapid thermoelastic 

expansion of tissue and contrasting agents, creating an ultrasonic wave which can be 

used to create an image.38–40,87  Contrasting agents should have a low quantum yield, 

be resistant to photobleaching, have low toxicity, and be biologically compatible and 

easily functionalized.88  HGNs make excellent contrasting agents due to their strong 

resonant absorption tuned to the NIR window, biocompatibility, and biological 

functionalization.40  HGNs can be functionalized to attach to tumor cells for targeted 

imaging.  Moreover, they can circulate the bloodstream to detect if cancer is 
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beginning to metastize.39   This allows for early detection of the spread of cancers.   It 

is non-invasive with high spatial resolution (as low as 5𝜇m) at depths as low as 5-6 

cm.87   According to Lu et al., functionalized HGNs improved the contrast of brain 

vasculature in a mouse brain when injected into the middle cerebral artery, yielding 

significantly higher resolution images than intrinsic optical contrast of blood alone.40    

Figure 1-5A shows photoacoustic imaging of the mouse brain pre-injection to 

illustrate baseline intrinsic contrast.  Figure 1-4F shows an open skull photograph of a 

mouse brain.  Figures 1-5B and 1-5C show the same image at 5 minutes and 2 hours 

post-injection, respectively.  Structural detail is noticeably improved. The differential 

images shown in Figure 1-5D and 1-5E, obtained by removing the baseline signal 

shown in Figure 1-5A, illustrate the extent of resolution improvement achieved post-

injection. Importantly, the vital organ tissue samples of the mice showed no acute 

toxicity or inflammation in response to injection.40   
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Figure 1-5) Noninvasive PAT imaging of a mouse brain in vivo employing PEG-
HGN and NIR light at a wavelength of 800 nm. Photoacoustic image acquired (A) 
before injection, (B) 5 min after injection, and (C) 2 h after the intravenous injection 
of PEG-HGN. (D) and (E) Differential images that were obtained by subtracting the 
pre-injection image from the post-injection images (F) Open-skull photograph of the 
mouse brain cortex obtained after the data acquisition for PAT. Bar = 2 mm.  

Gold nanorods with aspect ratios 3 and 4 are reported to provide better 

contrast than HGNs because of higher optical scattering.37 However, it is possible to 

tune the scattering and absorption properties of HGNs by changing the size and 

surface morphology.21  Moreover, though untested, spikey and bumpy HGNs are 

likely strong contrast agent candidates.  However, while HGNs can be used to 

produce relatively detailed images, the real improvement made to photoacoustic 

imaging with HGNs is in the combination with other techniques, as discussed in the 

following section. 

1.4.2  Theranostics 
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The photothermal effect, based on light to heat conversion, is the foundation 

for several theranostics and combinative therapy approaches. In photothermal therapy 

(PTT), metal particles with strong light absorption, ideally in the NIR region, are 

conjugated with targeting molecules, such as antibodies, that can bind to antigens on 

tumor cell surface.  Upon illumination with light, the particles absorb light and 

convert it into heat, which induces hyperthermia in the cells.89   

 Effective PTT requires the use of particles that are biologically compatible, 

easily functionalized, and easy to deliver, with strong NIR optical adsorption and high 

photothermal conversion.41  HGNs benefit from the ease of functionalization 

associated with all gold nanoparticles and can be successfully attached to a biological 

linker that will bind to an overexpressed receptor27,42,90,91. Typically binding is done 

with small peptides43 or antibodies,92 and now DNA oligonucleotide aptamers that 

bind to a receptor on a cell of diseased tissue.42  HGNs can also be linked to diseased 

tissue by encapsulating them inside of micellular structures to be accepted and 

internalized into a cell.93,94  The strong, narrow emission in the NIR window, resulting 

from its spherical shape, lead to more efficient photothermal effect than gold 

nanorods and nanocages.41 

  While PTT has proven effective, tumor cells have defense mechanisms that 

prevent cell death during hyperthermia.  Heat shock proteins are overexpressed in 

response to lethal heat and allow cells to resist hyperthermia.43  Therefore, the 

efficacy of PTT is often improved by combining it with other therapies. A common 

coupling is photothermal therapy with drug delivery or gene silencing.  In these 
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techniques, particles are coated with a cancer therapy drugs or small interfering RNA 

(siRNA) that are released when particles are irradiated with laser light.  Thus, heat 

induced destruction of tumors is combined with targeted drug release or gene 

silencing therapy.26,28,43,86,94,95  While this technique works with solid particles, the 

hollow cavity and subsequent increased surface area of HGNs are highly 

advantageous.  HGNs can load pharmaceuticals on both their interior and exterior 

surfaces, increasing the drug delivery load significantly. A number of therapeutics 

have been photothermally released from the surfaces of HGNs, including but not 

limited to doxorubicin (DOX),28,90 paxlitacel,94 chlorin,95 and small interfering RNA 

(siRNA).43,86   You et al. achieved a 3.5-fold increase in drug loading of DOX when 

compared to solid gold particles.   While the HGNs’ release of DOX could readily be 

controlled using a NIR laser, the gold nanoparticles did not release any DOX in 

response to NIR light.  By combining targeted hyperthermia with effective loading 

and release of DOX, melanoma cell apoptosis was greatly increased.   PTT alone 

resulted in 40.6% cell apoptosis, while the combination more than doubled the 

outcome, resulting in 86.4% cell death.90  

The same technique can be applied for gene silencing.  SiRNA silence the 

generation of heat-shock proteins that protect tumors from hyperthermia.  Wang et al. 

conducted in vitro and in vivo studies combining PTT and controlled release of 

siRNA. In vitro studies conducted on glioma tumor cells determined that introducing 

siRNA therapy with photothermal therapy resulted in more rapid temperature 

elevation.  This will allow for shorter, more effective treatments. Moreover, the 
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temperature to induce cell death was lowered by ~2 degrees to 48°C with the addition 

of siRNA resulting in less collateral damage of surrounding tissue. The in vivo effects 

of PTT gene silencing treatment were monitored with fluorescent imaging over a 

period of 24 hours showing the retention of siRNA conjugated HGNs and improved 

fluorescence over unconjugated ones (Figure 1-6a).  Infrared thermal images of 

glioma tumor bearing nude mice after PTT were taken using siRNA conjugated 

HGNs and unconjugated HGNs.  It was confirmed that temperature rapidly raised to 

46.4°C in 8 minutes, while unconjugated HGNs only reached 39.6°C (Figure 1-6c).  

Moreover, mice treated with PTT and gene silencing therapy showed a 70% increase 

survival rate when compared to those that did not receive treatment.43 HGNs are well-

suited substrates for this therapy due their larger surface area, high photothermal 
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effect, and combinative therapy capabilities.43

 

Figure 1-6) In vivo biodistribution and photothermal effects of HGNs and siRNA 
conjugated HGNs (HGN-siHsp70). a) Fluorescence imaging of HGN-siHsp70 and 
HGN at 15 min, 2 h, 6 h, 12 h, and 24 h after intravenous injection. b) Tumor to 
normal tissue ratios of glioma tumor bearing mice at different time points after 
injection. c) Infrared thermal images of glioma tumor bearing mice i.v. injected with 
HGN and HGN-siHsp70 within 8 min under 765 nm laser irradiation. d) Temperature 
changes on tumor sites according to the imaging in (c).96 

 

 Finally, many studies have highlighted the impressive multimodal capabilities 

of HGNs.27,29,44  While Wang et al. was able to use HGNs for PTT, targeted gene 

silencing treatment, and fluorescent imaging, it is possible to go further and 

simultaneously use photoacoustic imaging.96  Lee et al. utilized fluorescence imaging, 

photoacoustic imaging, photothermal therapy, and targeted drug delivery of DOX in 

the same study.  DOX conjugated HGNs were injected into murine tumor bearing 



 

 30  

mice.  HGNs were used to enhance fluorescent images taken of the mice.  

Additionally, since HGNs exhibit the photoacoustic effect, which is dependent on 

temperature, they can be used to take temperature measurements.  During PTT, the 

temperature was raised from 37°C to 50°C and NIR laser light was used to 

simultaneously control the release of DOX.  This resulted in 64% cell death compared 

to the 7% cell death of the untreated tumors.  In this way, imaging and temperature 

measurements were done concurrently to monitor the efficacy of treatment.27 These 

measurements have traditionally required invasive insertion of a thermocouple to 

measure temperature and expensive MRI imaging.  This underlines the outstanding 

multimodal capabilities HGNs. 

 However, HGNs are capable of more than just photoacoustic imaging and 

fluorescent imaging.  In a study done by Vickers et al., HGNs were used for both two 

photon photoluminescence (2PPL) and photothermal therapy.44  Two photon 

photoluminescence is used in high resolution imaging, especially of biological 

tissues, because of the quadratic dependence of absorption on excitation intensity.97  

The traditional substrates for this technique have drawbacks; organic dyes have poor 

photostability98 and quantum dots are prone to photoblinking99 and high 

cytotoxicity.100  Gold substrates are highly photostable, do not exhibit photoblinking, 

are non-cytotoxic, and have large two-photon cross section.44  While gold nanorods 

are commonly used for their two photon action cross sections from the “lightning rod 

effect”,101,102  Vickers et al. conducted in vitro studies on HeLa cervical cancer cells 

and demonstrated an impressive, estimated 1.5x10-4 2PPL quantum yield, greater than 
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what has been reported for gold nanorods,103 using HGNs.44  Moreover, the fine 

control over the synthesis of HGNs allowed them to determine that while thicker 

shelled particles with blue-shifted absorptions had a higher two photon 

photoluminescence cross sections, 820 nm NIR absorbing particles still had higher 

cross sections than gold nanorods.  In addition to multiphoton microscopy, the HGNs 

also administered highly targeted and effective photothermal treatment while 

requiring less laser exposure and shorter power density than gold nanorods.44   

 While many theranostic studies have been conducted with smooth HGNs, 

there is great potential for bumpy and spikey HGNs.  Lindley et al. synthesized 

bumpy HGNs and demonstrated experimentally and theoretically that smooth and 

bumpy particles with identical radius of their inner cavities produced the same 

amount of heat when irradiated.  Smooth HGNs had 99% photothermal conversion 

efficiency while bumpy HGNs had 96-97% photothermal conversion efficiency, 

which are among the highest reported for gold structures in literature.29,104–106  Thus, 

the highly effective light-to-heat converting capabilities of HGNs are not diminished 

by changing their surface morphology.  Moreover, bumpy particles have higher 

surface area for drug loading, making them excellent candidates for theranostics.29 

1.5  Summary 

Hollow gold nanospheres have strong, narrow, tunable surface plasmon 

resonance to the near infrared window, enhanced electromagnetic fields due to their 

solvent filled inner cavity, high photothermal conversion, low cytoxicity, and are 

easily functionalized. Recent developments in the precise synthetic control over their 
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size, shell thickness, and surface morphology have allowed greater control of their 

optical and surface properties leading to growing use in the fields of biomedical 

research.  HGNs have been established as highly attractive plasmonic structures for 

refractive index sensing, SERS, imaging, photothermal therapy, drug delivery, and 

theranostics.  While smooth NIR light absorbing particles have dominated most 

fields, bumpy and spikey particles are starting to find their uses in the fields of SERS 

and PTA.  HGNs remain a novel and important tool in the field of nanotherapeutics 

and diagnostics. 
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2 Near-Infrared Light Absorbing Silver Coated Hollow Gold 

Nanostars for Surface Enhanced Raman Scattering Detection of 

Bovine Serum Albumin Using Capping Ligand Exchange 

2.1 Abstract 

Two novel urchin-like plasmonic nanostructures, hollow gold nanostars 

(HNSs) and silver-coated hollow gold nanostars (AgHNSs), were synthesized using 

hollow gold nanospheres (HGNs) as a template.  The particle morphology was 

assessed by transmission electron microscopy (TEM), optical properties were 

characterized by UV-Vis spectroscopy, and elemental composition was evaluated by 

both inductively coupled plasma-optical emission spectrometry (ICP-OES) and 

energy dispersive X-ray (EDX) analysis.  Both the HNSs and AgHNSs exhibit 

tunable structural and optical properties. Their unique star-shaped structure provides 

desired “hot spots” for enhancing the electromagnetic (EM) field for surface 

enhanced Raman scattering (SERS) applications, while their near-infrared (NIR) 

absorption is ideal for biomedical applications.  A comparative analysis of the relative 

SERS enhancement using Rhodamine 6G (R6G) showed that HNSs reported herein 

have an order of magnitude higher relative enhancement over previously reported 

HNSs.  Moreover, AgHNSs have a four-fold increase in SERS signal compared to 

HNSs.  Discrete dipole approximation (DDA) simulations of electric field 

enhancement were used to corroborate the experimental findings.  The comparison 

between the experimental and theoretical results suggests that the significant increase 
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in SERS enhancement cannot be completely explained by the larger dielectric 

constant of silver.  The branching of individual spikes, or increased binding efficacy 

of the analyte to the nanoparticles, likely also plays an important role.   To further 

explore the applicability of these novel structures, successful capping ligand 

exchange from citrate to pentanethiol was used to switch the surface charge from 

negative to positive to facilitate the SERS detection of dried bovine serum albumin 

(BSA).  AgHNSs are a stable and effective NIR absorbing substrate for SERS 

detection of biological samples.  Elemental analyses of the AgHNSs, in conjunction 

with DDA simulations, provide insights into their enhancement mechanism. 

2.2 Introduction 

Raman scattering is a molecularly specific technique based on the 

measurement of the vibrational frequency of molecules.  However, most biological 

molecules have low polarizability, yielding a low Raman signal.1,2 Therefore, surface 

enhanced Raman scattering (SERS) is often used to increase the Raman signal by 

allowing molecules to interact with the enhanced electromagnetic (EM) field due to a 

roughened metal surface or metal nanoparticles.3  SERS has been particularly useful 

in the detection of biological molecules that have weak normal Raman signals.2–4   

Serum albumins are the most abundant proteins in the circulatory system and 

contribute to osmotic blood pressure.  They play a major role in drug deposition and 

success.5  As an example of such proteins, bovine serum albumin (BSA) in both its 

dried and liquid forms has often been studied as a model system.6  Like most proteins, 

BSA has a weak Raman signal but has been successfully detected using SERS with 
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different nanoparticles.7–9  However, as BSA is negatively charged at low to neutral 

pH,10 it does not bind well on negatively charged nanoparticles, especially when 

dried. Thus, positively charged particles are desired for improved BSA detection,11 

especially for detecting samples in dry form.12  Dried samples are used as references 

as they often yield 1-2 orders of magnitude increased Raman signal and remove 

solvent background.13  These benefits are particularly useful in diagnostic studies and 

biopsies.12 

Plasmonic nanostructures, typically composed of coinage metals like copper, 

silver, and gold, are common and effective substrates for SERS.  They exhibit tunable 

optical and electronic properties due to their structure-dependent surface plasmon 

resonance (SPR).14  Among the different plasmonic metals, gold nanoparticles are 

often utilized for biological applications due to their low toxicity, stability, tunability, 

and biological compatibility.15–17 Gold nanoparticles such as solid nanospheres18, 

nanorods19,  hollow nanospheres (HGNs)20–22, and solid nanostars have been used for 

SERS.  Nanostars have shown increased SERS activity, with reported enhancement 

factors 2-5 orders of magnitude higher than their solid spherical counterparts.23  The 

increased SERS activity has been attributed to the spikes that act as antennae to 

produce strong EM field enhancements.  Additionally, analytes are more likely to be 

trapped in between spikes of the nanoparticles.24–26  Thus, nanostars exhibit both tip 

and gap hot spots without the need for aggregation.27  Hollow structures such as 

HGNs are highly tunable with both internal and external surfaces, whose coupling 

further enhances the EM field as well as their SERS capabilities.28  Moreover, the 
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hollow core allows for an added degree of structural control in tuning the SPR by 

varying shell thickness.29  Our lab has recently demonstrated that it is possible to 

introduce spikes on the surface of HGNs, which allows the combination of the 

properties of HGNs with those of gold nanostars into one structure, hollow gold 

nanostars (HNSs), with improved SERS activity.65 

While gold is well situated for biological studies, silver is generally a more 

sensitive SERS substrate.30  However, silver is less stable than gold.31–33  As a result, 

bimetallic Ag-Au nanoparticles have been studied with the combined stability of gold 

and strong SERS of silver.34  Likewise, solid gold nanostars have been coated with 

silver for SERS applications, however, most do not have the same level of tunability 

or do not retain their spikes and their NIR absorption after coating.35,36  Silver coated 

HNSs (AgHNSs) retain their NIR absorption and their spiky structure, however, they 

are often capped with negatively charged species such as citrate, limiting their use 

with negatively charged analytes.  By exchanging negatively charged capping ligands 

like citrate for those with positive charges, one may facilitate SERS detection of 

negatively charged molecules like BSA even when samples are dried.37–41 

In this work, we have synthesized three hollow, plasmonic nanoparticles for 

comparative study of their SERs activities.  Their morphology was assessed by TEM, 

optical properties were analyzed by UV-Vis spectroscopy, and elemental composition 

was evaluated by both ICP-OES and EDX.  Detailed analysis of the relative SERS 

enhancement of the HNSs and AgHNSs, combined with DDA simulations, was used 

to gain insight into the mechanism of the enhancement, which is attributed to both the 
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EM effect and chemical effect of silver.42  Additionally, successful capping ligand 

exchange from citrate to pentanethiol was used to switch the surface charge from 

negative to positive to facilitate the SERS detection of dried BSA.  AgHNSs are a 

stable, versatile, and effective NIR absorbing substrate for SERS detection of dried 

biological samples.  

2.3  Materials and Methods 

2.3.1 Synthesis of Cobalt Nanoparticles 

Cobalt (II) chloride hexahydrate (CoCl2·6H2O) was purchased from 

Mallinckrodt, trisodium citrate dihydrate (Na3C6H5O7·2H2O) was purchased from 

VWR International, and sodium borohydride (NaBH4) was purchased from Fisher 

Scientific. All water used in synthesis was ultrapure in quality, with a resistivity of 

18.3 MΩ cm.  

Cobalt nanoparticles were synthesized according to the procedure found in 

Lindley et al.29   Briefly, 100 μL of 0.40 M cobalt (II) hexahydrate and 930 μL of 0.40 

M trisodium citrate dihydrate were added to 100 mL of ultrapure water in a 500 mL 

round-bottom flask.  This solution was magnetically stirred at 700 rpm and deaerated 

with nitrogen for one hour. 

 A 300 μL mixture of freshly prepared aqueous 1.0 M NaBH4 and 1.0 M 

NaB(OH)4 was prepared in a ratio of 1:2.  The mixture was immediately injected into 

the cobalt solution while it continuously stirred under nitrogen.  The solution was 

stirred for two minutes and turned from pale pink to dark brown, indicating the 

reduction of Co2+ ions and the formation of Co2B nanoparticle scaffold.  To ensure the 
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complete reaction of borohydride, the nanoparticles were allowed to react for 90 

minutes. 

2.3.2 Synthesis of Hollow Gold Nanospheres 

HGNs were synthesized using well documented sacrificial cobalt nanoparticle 

template method.29,43,44  Chloroauric acid (HAuCl4) was purchased from Fisher 

Scientific.  Ultrapure water with a resistivity of 18.3 MΩ cm was used.  A 15 mL 

solution of 0.667 mM chloroauric acid and ultrapure water was deaerated with 

nitrogen for one hour while stirring at 700 rpm.  The gold salt solution was injected in 

its entirety into the cobalt nanoparticle solution and allowed to stir for five minutes 

under a nitrogen atmosphere.  The solution was exposed to air and allowed to react 

until the color changed from brown to blue, indicating the oxidation of the cobalt 

scaffold and the formation of the gold shell. 

2.3.3 Synthesis of Hollow Gold Nanostars 

The surface morphology of HGNs was changed to make HNSs by following a 

previously published protocol from the Vo Dinh group.27  Chloroauric acid (HAuCl4), 

L-Ascorbic acid, silver nitrate (AgNO3), and 38.0% hydrochloric acid (HCl) were 

purchased from Fisher Scientific. All water used in synthesis was ultrapure in quality 

with a high resistivity.  A gold salt solution containing 20 mL of water and 50 µL of 

HAuCl4, a 1.0 mL 1.0 M HCl solution, 20 mL of 3.0-4.2 mM AgNO3 solution, and 10 

mL of 100 mM ascorbic acid solution were made.  Immediately after the preparation 

of the ascorbic and silver nitrate solutions, 20 µL of 1.0 M HCl and 200 µL of the 

hollow gold nanosphere solution were added to the entirety of the gold salt solution 
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into a 50 mL beaker.  Then, 200 µL of the silver nitrate solution and 100 µL of the 

ascorbic acid solution were added quickly and simultaneously.  The addition caused 

an immediate color change from clear to blue-grey, indicating the formation of spikes 

on the surface of the hollow gold nanosphere seed particle. 

2.3.4 Synthesis of Silver Coated Hollow Gold Nanostars 

L-Ascorbic acid and silver nitrate (AgNO3) and were purchased from Fisher 

Scientific. Milli-q water was used for the synthesis.  Silver coating protocol was 

modified from Olsen et al. and Sonay et al.45,46 First, 3.0 mL of as-prepared HNSs 

were added to a 50 mL beaker.  Then, 2.24 mL of 0.10 mM ascorbic acid were added 

respectively to 3.0 mL of the HNS solution.  A 1.0 M silver nitrate solution was 

added to the ascorbic acid and nanoparticle solutions in 20 µL aliquots every 30 

seconds while stirring with a magnetic stir bar at 1000 rpm.  A total of 390 µL of 

silver nitrate solution was added to the HNS solution.  The HNS solution changed 

from blue-grey back to blue, indicating the replacement of silver on the surface of the 

hollow gold nanostars. 

2.3.5 Characterizations 

UV-vis spectra were obtained using an Agilent Technologies Cary 60 UV-Vis 

spectrophotometer using a 700 µL quartz cuvette with 10 mm optical path length.  

The extinction measurements were performed on all plasmonic particles as prepared. 

Zeta potential measurements were taken on a Malvern Panalytical zetasizer nano 

ZS90 with 1.0 mL disposable folded capillary cells for three trials with automated run 
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times. Energy dispersive X-Ray (EDX) mapping of the HNS and AgHNS samples 

was performed using an FEI TitanX electron microscope operating at 200 kV. 

ICP-OES was conducted using 38.0% hydrochloric acid (HCl) and 70.0% 

nitric acid (HNO3) purchased from Fisher Scientific. All water used in sample 

preparation was ultrapure in quality, with a high resistivity.  All samples and gold 

standard solutions were mixed with a gold blank solution composed of 5.0 mL of HCl 

and 9.0 mL of HNO3 in up to 100 mL of water. A 20 ppm gold solution was prepared 

and diluted to 10 ppm, 5 ppm, 2 ppm, and 1 ppm.  To create an HGN sample, 600 𝜇L 

of as prepared HGN solution was added to 5400 𝜇L of the gold blank solution.  In 

order to make the HNS and AgHNS sample solutions, two 1 mL aliquots of each as-

prepared sample were washed by centrifugation at 13,000 rpm for one minute, the 

supernatant was disposed of, and the concentrated particles were combined and 

diluted to 1.0 mL with water.  Then, 600 𝜇L of the washed particles were added to 

5400 𝜇L of the gold blank solution respectively.  Silver standards were prepared with 

a silver blank solution.  The silver blank solution was composed of 13 mL of HNO3 in 

up to 100 mL of water. A 10 ppm silver standard solution was prepared and diluted to 

5 ppm, 2 ppm, 1 ppm, and 0.5 ppm.  The silver blank was used in subsequent washing 

protocols between samples. All elemental analyses were taken on a Thermo iCap 

radial view inductively coupled plasma optical emission spectrometer (ICP-OES).  

Internal standardization was carried out with Sc and Y internal references. Two Au 

wavelengths (242.795 and 267.595 nm) and one Ag wavelength (328.068 nm) were 

used for analysis. 
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Scanning electron microscopy (SEM) was performed at the W.M. Keck 

Center for Optofluidics at the University of California, Santa Cruz on an FEI Quanta 

3D field emission microscope operated at 10.0 kV acceleration voltage. All samples 

were dropped onto hexagonal, 400 mesh copper grids with a carbon support film of 

standard 5−6 nm thickness (Electron Microscopy Sciences) and allowed to air dry. 

High-resolution transmission electron microscopy (HRTEM) was performed on an 

FEI UT Tecnai microscope operated at 200 kV acceleration voltage. Diameter 

measurements were taken directly from electron microscope images using ImageJ 

software. HGN solutions were centrifuged twice under ambient conditions at 13,000 

rpm for two minutes and resuspended in ultrapure water. HNSs and AgHNSs and 

washed once at 13,000 rpm for one minute. For each sample, 30 HGN diameters were 

used to calculate the average diameter.   

2.3.6 Simulations 

Using the discrete dipole approximation (DDA) method, the extinction spectra 

and the enhanced electric field of the nanostars were calculated with different 

numbers of spikes.  In the simulations, the dielectric constants of the silver and gold 

were taken from Palik’s handbook.47 The length of the discrete dipole used was one 

nanometer and the medium of the nanoparticle was water, which is the same as that in 

the experiment.  The structure parameters of the nanostars are taken from 

experimental measurements. The diameter of the core in the central core-shell 

structure is 13 nm and the diameter of the outer layer of the core is 39 nm.  The spike 

is 34 nm in length and 10 nm in diameter, however, the spike will become thicker at 
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the bottom with a cone shape. Simulations were run for nanostars composed of pure 

gold, pure silver, and Ag/Au alloys containing 8% in weight (HNSs). We also 

calculated nanostars where the core is composed of Ag/Au alloy with 8% silver 

weight while the alloy in spikes is 14% silver in weight (AgHNSs).   

2.3.7 Raman and SERS Spectroscopies 

Rhodamine 6G (R6G) was purchased from Acros Organics.  All water used in 

sample preparation was ultrapure in quality.  A concentrated 10-3 M solution of R6G 

in water was prepared and serial dilution was conducted to produce 10-4,10-5, 10-6, 10-

7, and 10-8 M using HGN, HNS, and AgHNS solutions. The HGNs and AgHNSs were 

used as prepared, while the HNSs were diluted by 42.7% before adding R6G to keep 

the number of particles constant between HNSs and AgHNSs.  The samples were 

focused on using the Olympus BH2-UMA microscope using a 633 nm laser at 12 

mW for 30 seconds with two accumulations.  This was used for its ability to better 

analyze liquid samples. 

 Pentanethiol was purchased from Alfa Aesar and 96.0% solid bovine serum 

albumin (BSA) was purchased from Sigma Aldrich.  First, capping ligand exchange 

was conducted by adding 1.0 mL of 0.60 mM pentanethiol solution to 1.0 mL of with 

HNSs or AgHNSs. Then, BSA was added to 100 𝜇L pentanethiol capped particles to 

make a 10-4 M solution.  The resulting solution was dropped onto a stainless-steel 

plate and allowed to dry for one hour.  Raman measurements were conducted on a 

Thermo Fisher DRX3 785 nm laser at a power of 1 mW for 30 seconds and three 

accumulations using a 100x objective.  Multiple measurements were taken, and all 
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measurements were taken on the dark outer ring of the dried sample to remove the 

drying pattern as a variable (see image below).   While the higher wavelength of laser 

likely reduced the intensity of the Raman spectrum, this system was used for its 

mapping capabilities and is ideal for dried samples. 

 

Figure 2-1: Mapping of dried BSA sample on stainless steel. 

2.4 Results and Discussion 

2.4.1 Optical and Structural Properties 

Solid gold nanospheres exhibit a size-dependent SPR band around 540 nm.48  

As SPR is also greatly dependent on the shape, creating a hollow cavity, like in 

HGNs, allows tuning of the SPR into the NIR region.29,43,49,50  Three types of hollow 

plasmonic nanostructures were synthesized for comparative study in this work.   The 

HGNs are smooth and spherical with an average outer diameter of 30 nm (Figure 2-

1b), with a strong, relatively narrow SPR band peaked around 560 nm (Figure 2-2a), 

due to their monodispersity and spherical shape.29   
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Upon the addition of gold ions, ascorbic acid, and silver nitrate to the HGN 

solution, HNSs with urchin-like protrusions are produced (Figure 2-2c,d,e).  This 

results in a significantly broadened SPR peaked around 860 nm with a shoulder at 

540 nm (Figure 2-2a).  The resulting spectrum is similar, although shifted, to the 

characteristic spectra of solid gold nanostars.26,51,52  The 540 nm shoulder likely 

corresponds to the HGN core of the particle, blue-shifted due to the thickening of the 

gold shell.  The 860 nm band can be attributed to the gold spikes.24,26   The broadening 

of the spectrum is likely due to the branching on each spike and polydispersity.  The 

structural and optical properties of these HNSs were tuned by increasing the 

concentration of silver cations available during gold spike formation, which resulted 

in increased spike length and branching of individual spikes. 

Finally, reducing silver ions on the surface of the existing HNSs to form 

AgHNSs did not result in a noticeable change in structure (Figure 2-2 f, g, h).  The 

resulting nanostructures retain their urchin-like characteristics, however, their SPR 

changes significantly.  There is a slightly more pronounced SPR band peaked around 

540 nm attributed to the HGN core, indicating that the core is relatively unchanged in 

size.  This is supported by TEM results.  However, the peak at 840 nm is blue-shifted 

to 720 nm (Figure 2-2a).  Since the primary structure remains relatively unchanged, 

the shift can be attributed to the replacement of gold with silver.  Moreover, since no 

peak appears at 420 nm, which is often associated with the SPR of silver 

nanoparticles, it does not seem that silver nanoparticles were generated as a 

byproduct.  The combination of the 120 nm blue shift without the appearance of a 420 
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nm peak indicates a silver coating.53  The silver addition can further be understood 

with a closer look at the spikes under HRTEM (Figure 2-2 e, h).  The lattice spacing 

of the HNSs and the AgHNSs both match those for gold from the International Centre 

for Diffraction Data, 54   This indicates that although there was a significant impact on 

the SPR, the silver addition did not impact the existing gold crystal lattice and likely 

exists as a thin layer on the HNS surface.  AgHNSs retain their NIR absorption as a 

consequence of their hollow core, unlike their solid silver-coated gold nanostar 

counterparts.35,55  These characteristics make them better situated for in vivo studies 

that require experiments to be conducted where blood and tissue are transparent. 
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Figure 2-2 UV-Vis spectra (a), SEM images (b, c, f) of HGNs, HNSs, and AgHNSs, 

respectively. HRTEM images of HNSs (d, e) and AgHNSs (g, h).   

2.4.2 Elemental Composition and Surface Properties 

Given the lack of change in structure with the addition of the silver coating, we 

sought to explore the extent to which silver was incorporated into the system.  ICP-

OES was employed to compare and quantify the concentration of silver and gold 

incorporated into the nanoparticles’ structures (Table 1 dark grey).  As silver is only 

used in small amounts as a catalyst during the synthesis of HNSs, it was not expected 

to be significantly incorporated into the HNS structure.  However, from these 

concentrations, it was determined that HNSs are compositionally ~8 wt% silver.  

Thus, any resulting EM enhancement could potentially be attributed, not only the 

shape of the nanostructure, but also chemical composition.  By contrast and as 

expected, AgHNSs contain nearly twice the weight percent in silver than that of 

HNSs.  This suggests successful deposition silver.  The specific concentration values 

of gold and silver for each sample are given in Table S1.    

Additionally, the surface layer elemental composition of both HNSs and 

AgHNSs was determined by EDX elemental mapping with a penetration depth of 

0.45 nm.  The surface of the HNS is only 2.04 wt% silver.  The combination of the 

EDX and the ICP-OES data suggests that silver is fully embedded in the structure.  

However, the surface of the AgHNS structure was found to be 13.76 wt% silver 

(Table I light grey).  Therefore, the silver found in the is structure is predominantly 

on the surface of the nanoparticle.  
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Table 2-I Weight Percentage of Gold and Silver as Determined by ICP-OES (Bulk) 

and EDX (Surface) 

Sample Weight 
Percent Gold 

(%) 

Weight 
Percent Silver 

(%) 

Surface 
Weight 

Percent Gold 
(%) 

Surface 
Weight 
Percent 

Silver (%) 
HGN 100 - - - 

HNS 92.3 7.69 97.96 2.04 

AgHNS 84.07 15.93 86.26 13.76 

 

The above data help to provide some insight into the growth mechanism of the 

nanostructures.  The synthesis of HNSs uses similar principles to that of gold 

nanorods,54 using silver as a catalyst to assist in anisotropic growth of gold spikes 

onto the surface of the HGN seed particle (Figure 2-3).  In this process, we observe a 

small amount of silver trapped in the gold crystal lattice. 

However, using the same reagents in different concentrations, silver 

deposition on the surface of the HNSs is achieved to form AgHNSs.  Ascorbic acid is 

used as a weak reducing agent and cannot reduce silver ions without the presence of 

gold seed particles. In this case, HNS seed particles lower the reduction potential of 

the salt allowing the silver to be catalytically reduced onto the surface of the HNSs 

(Figure 2-3).  Silver is added slowly, keeping its concentration sufficiently low, thus 
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favoring the heterogenous nucleation and growth of silver films onto HNSs (Figure 2-

2).2   

 

Figure 2-3 Schematic of the HGN seed templated synthesis of HNSs of varying 

rugosity and silver coating.  

 

 While silver deposition is often used to enhance the Raman signal, it can 

cause stability issues.  To explore the effects of the spikes and silver coating, zeta 

potential measurements were taken for the HGNs, HNSs, and AgHNSs and 

determined to be -36.7, -40.7, -30.3 mV respectively.  Zeta potential results indicate 

the charge on the surface of a particle and therefore the degree of repulsion between 

similarly charged particles, which prevents aggregation.  The instability of silver can 

result in zeta potential measurements as low as 10 mV.56    The as-prepared hollow 

plasmonic particles are negatively charged due to citrate capping ligands.   
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 HGNs, HNSs, and AgHNSs all have zeta potential magnitudes above 30 mV, 

indicating a relatively high level of stability for a nanoparticle, making them well 

situated for in vivo work where stability is paramount.  Furthermore, we can conclude 

that the silver coating does not significantly increase the likelihood of aggregation of 

AgHNSs, which is usually undesired since it often leads to inconsistent Raman 

measurements.57  

2.4.3 Surface-Enhanced Raman Scattering Spectra and Mechanism 

SERS spectra were obtained for all substrates, using a 633 nm laser system ideal for 

liquid samples.  The probe molecule R6G was used to examine, and compare, 

sensitivity and consistency before and after the silver coating on the gold 

nanostructures.  A requisite spectrum comparing R6G at 10-6 M is provided in Figure 

2-4. The SERS spectra of R6G combined with HNS and AgHNS solutions have been 

reduced by a factor of 100 to better overlay the spectra.   
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Figure 2-4 SERS spectra for a 10-6 M solution of R6G in HGNs (red), HNSs (orange), 

and AgHNSs (blue).  

The relative intensities of the 1507 cm-1 peak are used to calculate 

enhancement factors relative to HGNs.58  A description of the methods used to find 

these enhancement factors is provided in the SI.  The HNSs exhibited 1280 times 

enhancement over HGNs for the 1507 cm-1 vibrational mode.  Our lab has recently 

observed an analytical enhancement factor of 6.2x105 for HGNs alone using the same 

vibrational mode of R6G.59  The HGNs benefit from the  enhancement of the EM field 

by both the interior and exterior surfaces.20  With the addition of the spikes, the 

relative enhancement factor increased by three orders of magnitude, which can be 

explained by the increase in the number of active binding sites for the analyte 

molecules, and by the antenna effect of the spikes.51  The relative enhancement factor 

shown here is an order of magnitude higher than previously reported HNSs,59  likely 
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due to the increased amount of silver, causing an increased spike tip length and 

branching, leading to a further enhanced EM field and number of hot spots. 

Finally, with the addition of a silver layer to the HNSs, AgHNSs exhibit a 

5630-fold enhancement from HGNs.  Comparing this to the relative enhancement 

factor of HNSs alone, we can conclude that the light silver coating on AgHNSs does 

yield a 439% increase in signal.  This is expected as silver is known to be a better 

SERS substrate than gold.60    As evidenced by EDX, the surface of the AgHNSs is 

~14%, over 6x that of the HNSs, which is likely responsible for the improved SERS 

enhancement.  Using the known analytical enhancement factors of HGNs previously 

reported in our lab as a reference point,59 the projected enhancement of the HNSs and 

the AgHNSs are ~7.95x108 and ~3.49x109 respectively (see SI for more details).   

To corroborate these findings, DDA simulations were done to examine the 

optical and electric properties and evaluate the enhancement observed.61,62  Raman 

enhancement is dependent on many variables, including shape and composition of the 

substrate, wavelength of the incident field, and many others that will not be discussed 

herein.  The size and composition of the substrate affect the EM field, which is 

proportional to the enhanced electric field, |E|2, at the excitation wavelength which is 

633 nm as well as at the Stokes shifted wavelengths. We calculated both the |E|2 at 

excitation and two Stokes shifted wavelengths corresponding to the Stokes shift of 

500 cm-1 (at 658 nm) and 1500 cm-1 (at 700 nm).  In the calculations, the incident 

light propagates along the X-axis and the contour plot is in the YZ plane and through 

the particle center.   It should be noted that the simulations were conducted for a 
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chemical composition nearly identical to that of the HNS, based on the combination 

of both ICP-OES and EDX data.  However, for computational ease, the model 

assumes 12 uniform, unbranched, protruding spikes while the average HNS and 

AgHNS do experience both branching and polydispersity.  

 

 

Figure 2-5 DDA Simulations of the Electric Enhancement Mapping of Pure Au 

Nanostars (top left), HNSs (top right), AgHNSs (bottom left), and Pure Ag Nanostars 

(bottom right). |E|2 represents the highest enhanced electric field. 

 
 Electric fielding mapping was conducted for four nanoparticles, two 

experimental, HNSs and AgHNSs, and two theoretical, composed of pure gold and 

pure silver (Figure 2-5).  As expected, the pure gold hollow nanostar exhibits the 

lowest electric field enhancement across four wavelengths, including the including 
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the incident wavelength 633 nm, the two stokes shifted wavelengths, and the 

resonance wavelength (Figure 2-5 top left).  Contrastingly, the pure Ag hollow 

nanostar shows an order of magnitude higher electric field at each wavelength except 

at 800 nm (Figure 2-5 bottom right). 

The simulations for the HNS composed of 8% (Figure 2-4 top right) show a 

50% increase in the electric field at the stokes shifted wavelength 700 nm.  This 

corresponds to the mode at 1500 cm-1, nearly equivalent to the 1507 cm-1 which were 

compared for the experimental R6G enhancement factors.  Thus, since the previously 

reported HNSs contain proportionally less silver, this might be a reason for their 

lower relative enhancement.  

 The simulation of AgHNS shows a 17% increase in the electric field 

compared to the HNS without a silver coating at the same stokes shifted wavelength 

of 700 nm and mode of 1500 cm-1. (Figure 2-5 bottom left).  While the composition 

of silver is represented accurately, experimental data showed a 439% increase over 

HNSs at the same concentration.  This indicates that the differences in the dielectric 

constants of gold and silver affecting the EM field are not sufficient to describe the 

experimentally observed enhancement factor.  It is possible that the branching of 

individual spikes observed in the experimental structure accounts for some of the 

discrepancy by the production of more hot spots, thus, acting as a multiplier for the 

EM enhancement of silver over gold.  It is also possible that silver acts as a more 

effective substrate for R6G due to more effective analyte-substrate interaction, 

producing a chemical enhancement.63  R6G is known to bind effectively to both silver 
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and gold, but a possible difference in binding efficacy of silver and gold is not 

established.64  However, it has been shown that analytes, such as glutathione, do bind 

preferentially to silver over gold leading to increased chemical enhancement.40  Also, 

as the interaction between substrate and analyte becomes stronger, the chemical 

enhancement becomes more substantial.63  It is possible that the increased SERS 

signal from AgHNSs and R6G is partially due to increased chemical enhancement.  

Additionally, the lower zeta potential of the AgHNS might result in aggregation 

creating even more hot spots and increased enhancement factors. 

2.4.4 Detection of Bovine Serum Albumin 

To further explore the applicability of these novel structures, four 1.5x10-5 M 

solutions of BSA containing either HNSs or AgHNSs were prepared using citrate 

capped and pentanethiol capped nanoparticles and allowed to dry.  Zeta potential 

measurements were conducted again on the pentanethiol capped nanoparticles.  HNSs 

switched to 31.3 mV and AgHNSs switched to 25.7 mV.  Comparing these reported 

zeta potentials with citrate capped particles, we see that the nanoparticles switch from 

negative to positive surface potential with the ligand exchange, and the pentanethiol 

capped particles retain similar zeta potential magnitudes.  This indicates that stability 

is not lost with the replacement of the capping ligand.  While pentanethiol is often 

used as a capping ligand,65,66 its effect on surface potential is not usually mentioned.  

Here we observe that pentanethiol capped nanoparticles are noticeably positively 

charged.  This is slightly unexpected due to the neutrality of pentanethiol.  However, 

the positive charge could be due to weak induction, causing the electron density from 
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the alkane to be situated on the sulfur.  It is also possible that the acidic pH of the 

solution may be donating electrons and causing a positive charge.   

A 785 nm laser was used to excite the pentanethiol and citrate capped 

particles and analytes as the instrument was better able to map and analyze dried 

samples.  While SERS cross section is function of excitation wavelength and SPR 

signal depends on SPR wavelength, since the SPR of these samples is sufficiently 

broad, it is unlikely that this dependence would be significant.67  However, the 

positively charged surface proved to be more effective at interacting with the 

negatively charged analyte, BSA.  The more stable citrate capped HNSs and AgHNSs 

were less successful at yielding SERS signal, yielding little to no signal, under the 

same parameters as the pentanethiol capped particles using dried samples.  The SERS 

spectra of pentanethiol capped HNSs and AgHNSs are shown in Figure 2-6. 
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Figure 2-6 Raman Spectra for a 1.5 10-5 M solution of BSA in water (black), SERS 

spectra for 1.5 10-5 M solution of BSA in HNSs (orange), and AgHNSs (blue). 

 
 Vibrational analysis of SERS spectra in Figure 2-6 can be found in SI (Table 

S2).  As both BSA and the citrate capped nanoparticles are negatively charged, it is 

likely that upon the drying of the sample, the analyte and nanoparticle would repel 

each other, drying on separate portions of the stainless steel, yielding little to no 

SERS signals.  However, by conducting ligand exchange and changing the surface 

potential from negative to positive, the BSA and analyte dry near each other, yielding 

a significant enhancement.  Moreover, the nanoparticles resonance peak wavelengths 

will be shifted during drying in comparison to those in water, similarly changing the 

SERS signal.  By changing the capping ligand of these nanoparticles, we ameliorated 

their use for dried Raman samples.  This is particularly useful for analytes that are 

difficult to analyze in solution.  It should also be noted that AgHNSs retain their 

higher enhancement over HNSs even with dried samples and a different analyte, 

likely due to both their electromagnetic and chemical enhancement from the addition 

of silver.  This is encouraging for their use with other analytes. 

2.5 Conclusion 

In summary, the structural and surface properties, optical characteristics, 

elemental composition, and SERS activities of HGNs, HNSs, and AgHNSs have been 

systematically studied and compared.  The combined spiky surface morphology and 

strong NIR light absorption of the HNSs and AgHNSs are desired for NIR SERS 
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applications.   ICP-OES and EDX, elemental analyses of HNSs and AgHNSs were 

conducted to confirm the silver deposition into the crystal lattice of the HNSs and the 

surface of the AgHNSs.  The efficacy of these particles for SERS was compared 

using R6G yielding a relative enhancement factor of 1280 for HNSs and 5630 for 

AgHNSs when compared to HGNs.   Ligand exchange was conducted on the spiky 

HNSs and AgHNSs originally capped with citrate with pentanethiol.  These 

pentanethiol capped particles yielded SERS spectra of BSA while the citrate capped 

particles did not.  This indicates the successful switch to a positively charged capping 

ligand that is more effective for SERS for negatively charged analytes.  AgHNSs 

present themselves as a novel and effective substrate well situated for biomedical 

applications due to their combined significant EM enhancement from the star 

structures and NIR absorption due to the hollow core. 
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Chapter Three 

 

3 Near-Infrared Light Absorbing Silver Coated Hollow Gold 

Nanostars for Surface Enhanced Raman Scattering Detection of 

Bovine Serum Albumin Using Capping Ligand Exchange 

3.1 Abstract 

Methylammonium lead bromide perovskite magic-sized clusters and quantum 

dots were synthesized using a new heated ligand assisted reprecipitation (HLARP) 
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technique using organic amines and acids as capping ligands.  The optical properties 

of these nanoparticles were analyzed using UV-vis electronic absorption and 

photoluminescent spectroscopy.  Varying the temperature of the precursor solution 

while keeping the antisolvent temperature consistent allows for tuning between 

perovskite magic-sized clusters (MSCs) and quantum dots (PQDs) without the need 

to use excessive concentrations of capping ligand.  Higher precursor solution 

temperatures favor MSCs, while lower temperatures favor PQDs.  Furthermore, 

increasing the temperature of the system shifts the original emission band from 436 

nm to 453 nm, potentially through the introduction of surface defects.   Low 

frequency Raman spectroscopy reveals that MSCs have similar vibrational 

frequencies to bulk perovskite.  Electrospray mass spectrometry and infrared 

spectroscopy were used to probe the ligands on the surface of the MSCs, indicating 

that amine is the primary capping ligand and the surface presumably cation rich. 

3.2 Introduction 

Perovskite quantum dots (PQDs) have been studied extensively for their 

unique properties, such as high photoluminescence (PL) quantum yield and tunable 

optical properties.1   Their emission can be easily tuned over the entire visible 

spectrum by controlling the crystal size,2,3 capping ligand,4,5 and elemental 

composition.6,7  These distinctive optoelectronic properties make them promising 

substrates for applications in the fields of photovoltaics for light-emitting devices,8,9 

photodetectors,10,11 and sensing.12,13  PQDs’ tunable emission stems from their 

quantum confinement and high surface to volume (S/V) ratio.14,15  By comparison, 
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perovskite magic-sized clusters (MSCs) are smaller, more monodispersed, and have 

narrower, bluer optical absorption bands. 4,5,16–21  They are often described as kinetic 

products or stable intermediaries of PQDs.22  Understanding the relationship between 

PQDs and MSCs can aid in fundamental studies of the growth mechanism of 

quantum dots and bulk perovskite. 

As MSCs have such a high S/V ratio, they are susceptible to surface dangling 

bonds and defect sites leading to instability.23,24  Thus, MSCs are typically formed by 

increasing the concentration of molecular capping ligands with appropriate anchoring 

functional groups to increase surface protection.  To date, a significant amount of 

work has been put into tuning between MSCs and PQDs by varying ligand 

composition and concentration.5,18,25,26  These syntheses typically employ ligand-

assisted reprecipitation (LARP) at room temperature.  For instance, Xu et al. 

demonstrated that an increase in trivalent metal hydrated nitrate coordination 

complexes yields monodispersed MSCs.4  Using a similar process, Li et al. 

demonstrated that increasing the concentration of organic acid and amine ligands also 

yields MSCs exclusively.  Moreover, increasing the concentration of organic amine 

alone also favors the production of MSCs.5  It was determined that amine was likely a 

strong capping ligand, which allowed it to more effectively passivate a smaller 

particle.  However, nanocrystal formation is dependent on a multitude of variables.  

By varying the temperature, quantum dots have been synthesized using the hot 

injection method.27  This requires high temperatures (120-140°C) and are typically 

performed in an air-free environment, heating both precursor and antisolvent 
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solutions, but typically results in an increase of monodispersity and particle 

stability.28,29  However, for MSCs, other variables have barely been explored, and 

little research has been done using temperature for tuning.30    In the Gibb’s 

Thompson equation, the temperature and critical radius are inversely proportional.  

Thus, increasing temperature results in smaller nanoparticles by imparting 

more energy to the surface, allowing them to stabilize at smaller sizes.31 However, in 

the synthesis presented herein, the solution is rapidly cooled from an elevated 

temperature to around 20°C.  Rapid cooling during a crystallization process decreases 

the size of crystal formation by increasing the number of collisions and speeding up 

the formation time scale.32  Moreover, rapid cooling increases the number of 

nucleation sites, encouraging many particles to form at the same time and more 

rapidly depleting available resources, causing smaller particles to form.33  However, 

rapid cooling can cause more defects in the crystal structure, as it forms the kinetic, 

not thermodynamic, product.34  Defects can lead to modifications in the Stokes shift, 

where emission occurs a at a longer wavelength than absorption,35 and defect 

engineering can be useful to tune the optical properties of nanoparticles for different 

applications like solar cells or photovoltaics.36   

In this work, MSCs and PQDs are synthesized using a new heated ligand 

assisted reprecipitation (HLARP) technique using organic amines and acids as 

capping ligands.  The optical properties of these nanoparticles were analyzed using 

UV-vis and photoluminescent spectroscopy.  Higher precursor solution temperatures 

favor MSCs, while lower temperatures favor PQDs.  Moreover, increasing the 
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temperature of the system allows the formation of stable states of MSCs to be tuned 

from the original emission band of 436 nm to 453 nm.  Low frequency Raman was 

used to gain structural insights.  Electrospray mass spectrometry and Infrared 

spectroscopy were used to determine that MSCs are primarily capped with amine, 

indicating that the surface of the MSCs is cation rich.   

3.3 Methods 

3.3.1 Materials 

Methylammonium bromide (MABr, 99.9%, Greatcell Solar), PbBr2 (99.999%, 

Alfa Aesar), valeric acid (99.0% Alfa Aesar), n-octanoic acid (98.0%, Tokyo 

Chemical Industry), oleic acid (90%, Sigma Aldrich), n-octylamine (98.0%, Tokyo 

Chemical Industry), N,N-dimethylformamide (DMF, 99.9%, Fisher Scientific), 

hydrobromic acid (HBr, 48%, Honeywell) and toluene (99.9%, Fisher Scientific) 

were commercially available. All chemicals were used as received without any 

further purification. 

3.3.2 Synthesis of MAPbBr3 PQDs and MSCs 

In a modified LARP synthesis process of PQDs and MSCs, MABr (0.080 

mmol, 9.0 mg), PbBr2 (0.20 mmol, 73.0 mg), and 400 μL of DMF were added to a 

borosilicate vial, and the solution was sonicated in a water bath between 20°C-70°C 

until all solid dissolved. Next, organic acid (oleic, octyl, or valeric) of varying 

amounts was added to the solution and sonicated at this temperature for 30 s. Then, 

amine (oleyl or octyl) of equimolar amounts was added to the solution and sonicated 

for 30 s at temperature. One hundred microliters of the precursor solution were 
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injected at a fast rate into 5.0 mL of toluene under vigorous stirring.  Particles were 

washed through centrifugation, first at 5000 rpm, retaining the supernatant, and then 

twice at 10,000 rpm keeping the pellet. 

Control experiments were conducted by repeating this process without the 

addition of oleic acid, doubling the amount of oleic acid, or replacing oleic acid with 

an equimolar amount of hydrobromic acid. 

3.3.3 Spectroscopic Measurements 

Ultraviolet-visible (UV–vis) absorption spectra were measured with an 

Agilent Technologies Cary 60 UV–vis spectrophotometer, and the PL spectra were 

measured using a Cary Eclipse spectrofluorometer using a quartz 700 µL 

microcuvette at room temperature and an excitation wavelength of 400 nm.  FTIR 

spectra were obtained with a PerkinElmer FTIR spectrometer (Spectrum One, a 

spectral resolution of 4 cm–1), where the samples were prepared by dropping the 

MAPbBr3 nanoparticle solutions onto salt plates for analysis. 

3.3.4 Mass Spectrometry 

The washed particles with less than 10 mM concentration in 50% methanol 

were analyzed by direct sample injection from a syringe needle with 10 𝜇l/min flow 

rate on a Thermo Electron Finnigan LTQ mass spectrometer positive mode or 

negative mode over a full scan range of m/z 50–1000.  The voltage was set to 5.0 kV 

with a capillary temperature was 275℃.  Data were analyzed by using the XCalibur 

software. 

3.4 Results and Discussion 
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3.4.1 Tuning Between PQDs and MSCs 

MAPbBr3 nanoparticles of varying sizes capped with 0.15 mmol of oleylamine and 

oleic acid were synthesized using a new heated ligand assisted reprecipitation 

(HLARP) method.  Precursor solution was heated to 20, 40, 60, or 70ºC and injected 

into room temperature anti-solvent.  Nanoparticles formed at different precursor 

temperatures with 0.15 mmol of capping ligand are subsequently labeled MSC20A-

MSC70A.   Their UV-Vis absorption and PL spectra are shown in Figure 3-1.  Three 

absorption bands are observed for MSC20A and MSC40A at 430 nm, 450 nm, 519 

nm.  In the case of MSC60A and MSC70A, there is only one absorption band at 430 

nm.  According to previous studies, the range of 450-520 nm broader excitonic 

absorption peaks are attributed to PQDs.5,37,38 while the single sharp excitonic 

absorption peak at around 430 nm is assigned to MSCs.5,25,26,39 

 

 

Figure 3-7 (left) Normalized UV-vis absorption (right) Normalized PL spectra of 

MAPbBr3 PQDs and MSCs capped with 0.15 mmol of oleylamine and oleic acid with 

various precursor temperatures. 
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In the PL spectra, three emission peaks at 455 nm, 473 nm, and 528 nm were 

observed for MSC20A and MSC40A.  Two emission peaks are observed for 

MSC60A at 450 nm and 473 nm.  Finally, only one monodispersed emission peak at 

453 nm was observed for MSC70A.   The PL emission peak at 528 nm and 473 nm 

corresponds to PQDs of differing sizes, while the strong and sharp excitonic emission 

peak at 450 nm is assigned to MSCs.  It should be noted that MSCs synthesized with 

the HLARP method use 15% less capping ligand than previously reported LARP 

methods.5  HLARP MSCs formed with less capping ligand with rapid cooling and 

exhibit a Stokes shift of 23 nm, compared to previous reports with 6 nm shift 

produced with the LARP method with excess octylamine and octanoic acid at room 

temperature.5  Details of the UV–vis absorption and PL emission peaks of 

MAPbBr3 PQDs and MSCs with various ligands at differing temperatures are 

summarized in the Supporting Information. 

 This synthesis is predicated on the principles that increasing the temperature 

increases the surface free energy necessary to decrease the critical radius31,40 of a 

nanoparticle and that rapid cooling causes crystal formation to occur on a faster time 

scale.41–43  Thus, increasing the temperature of the precursor solution increases this 

free energy, allowing for the formation of smaller particles.  Moreover, increasing the 

temperature increases the solubility of the capping ligands allowing for better 

nanoparticle/capping ligand interaction, leading to more effective passivation, which 

helps to stabilize at a smaller size.44  Additionally, by injecting heated precursor into a 

room temperature anti-solvent, the solution supersaturates due to two factors,  both 
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solvent and temperature changes.45  Thus, the equilibrium is shifted towards 

crystallization on a shorter timescale than those synthesized using the LARP method.  

Rapid cooling also facilitates the production of more nucleation sites, which 

decreases the concentration of precursors, inhibits Ostwald ripening, and thus forms 

smaller particles.33  Since MSCs synthesized using HLARP form more rapidly, they 

are not the most thermodynamically stable product but a stable intermediary.  

 The HLARP synthesis of MAPbBr3 PQDs and MSCs was repeated using 

double the amount of oleic acid and oleylamine, 0.30 mmol, at a lower temperature 

range of 20-60ºC.  Figure 3-2 shows UV-vis absorption and PL spectra with a similar 

trend.  Here there are fewer absorption bands compared to 0.15 mmol of capping 

ligand as shown in Figure 3-1.  MSC20B-60B produce one major absorption band 

around 427 nm.  The intensity of the shoulder from 470 nm to 510 nm, indicating 

PQDs, diminishes with the increase in temperature of the precursor solution.  As 

expected, the increase in capping ligand increases the production of MSCs.  However, 

it also arrested the production of the 450 nm absorbing particles.  The growth of 

MSCs is typically described as discrete, where there is a thermodynamic barrier to the 

growth of a larger size.46  It is possible that the addition of excess capping ligand is 

preventing collisions that provide energy to overcome this barrier and form a larger 
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crystal.  

 

Figure 3-8 (left) Normalized UV-vis absorption (right) Normalized PL spectra of 

MAPbBr3 PQDs and MSCs capped with 030 mmol of oleylamine and oleic acid with 

various precursor temperatures. 

In the PL spectra, there is one broad emission peak at 515 nm, attributed to 

PQDs, and one sharp peak ranging from 440 nm to 446 nm associated with MSCs.  

As the temperature increased, the 515 nm peak disappeared, and the 446 nm peak 

blue shifts to 440 nm.  MSC60B show one narrow peak at 440 nm.  Increasing the 

capping ligand concentration of the synthesis blue shifted the MSCs, which likely 

indicates a reduction in particle radius.  Here monodispersity is achieved at a lower 

temperature.  However, their Stokes shift is 13 nm and thus still larger than many 

reported LARP methods,4,5,17 but smaller than the 23 nm shift of MSC70A.   

3.4.2 Tunability of MSCs 

The monodispersed MSCs from Figures 3-1 and 2 are compared directly in 

Figure 3-3 to the original LARP synthesis and show the tunability of the MSCs 

emission band.  A characteristic feature of MSCs is their discrete, monodispersed 
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size.5,45  There is a 17 nm difference in the emission position between the MSC70A 

and the MSCs from the original LARP method (Figure 3-3D), which emit at 453 nm 

and 436 nm, respectively.  The Stokes shift also increases from 13 nm to 23 nm using 

the HLARP synthesis.  MSC60B emission peak is red shifted by 4 nm from the 

original LARP MSCs, but both have a Stokes shift of 13 nm. 

 

Figure 3-9 Combined normalized UV-vis and PL data for (A) MSC70A (B) MSC60B 

(C) MAPbBr3 oleylamine and oleic acid synthesized using the original LARP method 

(D) Normalized PL spectra of MSC70A, MSC60B, and LARP MSCs compared 

directly. 
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The optical properties of these nanoparticles are governed by quantum 

confinement,14 and thus, changing their size will affect their bandgap.  Size-dependent 

bandgap can be made with the Brus method,38,39,47 

                 𝐸4(𝑀𝑆𝐶𝑠) = 𝐸4(𝑏𝑢𝑙𝑘) +
5#

6%#
E 7
8$
+ 7

8%
F                                             (2) 

where Eg(MSCs) is the band gap of MSCs, Eg is the bandgap of bulk perovskite, h is 

Planck’s constant, r is the radius, me is the mass of the electron, mh is the mass of the 

hole.  From previous reports, Eg (bulk) was previously determined to be 2.30 eV48 and 

E 7
8$
+ 7

8%
F was determined to be 2.37x1030 7

9:
 .21   

The sizes of MSCs LARP, MSC60B, and MSC70A were calculated to be 

3.05, 3.13, and 3.41nm, respectively.  As MSCs have such a high S/V ratio, they are 

particularly vulnerable to trap states formed through surface defects.49  By 

synthesizing MSCs with less capping ligand, a higher temperature is required to form 

monodispersed MSCs.   Increasing the temperature also introduces rapid cooling, 

which has been shown to introduce more defects into the nanoparticle.34,36   Thus, they 

likely have more crystal defects that create trap states, slow radiative recombination, 

and create the larger Stokes shift.  By contrast, using a larger concentration of 

capping ligand, a lower temperature was needed to synthesize MSCs with a bluer 

shifted emission for MSC60B.  The MSCs surface defects were more effectively 

passivated, and crystal formation could occur on a slightly larger timescale.  As these 

crystals are likely more “perfect”, they have less defects to create trap states. Thus, 

radiative recombination occurs without as much electron-phonon coupling.50  This 
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would agree with the previously reported MSCs synthesized with excess capping 

ligand forming at room temperature. They are likely to have a decrease in defects or 

trap states, resulting in a smaller Stokes shift.  This tunability allows them to be 

optimized for different applications.  A larger Stokes shift is desirable for solar cell 

applications to minimize photon reabsorption,51,52  while a smaller Stokes shift is 

more applicable for photovoltaics to achieve a higher power conversion efficiency.52,53 

3.4.3 Structural Properties 

Figure 3-4 shows the low frequency Raman of the MSCs in solution.  The MSCs 

vibrational modes were compared to methylammonium lead bromide bulk.  The 

characteristic mode at 53 cm-1 indicates octahedra distortion54 and the bending of lead 

halide bonds.55  The modes at 69 cm-1 and 94 cm-1 are due to lurching 

methylammonium,54 and the mode at 107 cm-1 is due to methylammonium libations.55  

Comparing to theoretical spectra of MAPbBr3 in its tetrahedral-1, tetrahedral-2, and 

orthorhombic phases, the 94 cm-1 is well accounted for in tetrahedral-2 formation and 

in the octahedral, not in the tetrahedral-1.  All four modes of the nanocrystal are in 

good agreement with bulk methylammonium lead bromide.54  This is somewhat 

unexpected since, given their small size, one might expect higher vibrational 

frequencies than bulk.  Future theoretical studies may help to provide some 

explanation or new insight into this. 
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Figure 3-10 Low frequency Raman spectrum of MAPbBr3 MSCs in solution 
measured with 785 nm laser. 

3.4.4 Surface Ligand Binding 

Figure 3-5 compares the IR spectra of oleic acid, oleylamine, and MSCs 

emitting at 453 nm.  Oleylamine shows characteristic modes of oleyl groups.  The 

peaks at 2851–2853 and 2922–2925 cm-1 are due to the symmetric and asymmetric 

CH2 stretching modes, respectively, and peaks at 3003–3006 cm−1 are assigned to the 

ν(C–H) mode of the C–H bond adjacent to the C=C bond.  It also shows C-H bending 

modes at 1468 cm-1.  The spectrum is distinguished by the sharpness of the modes at 

2922–2925 cm-1 and 2851–2853 cm-1.56     

Oleic acid similarly shows the characteristic modes of oleyl groups at 2851–

2853, 2922–2925 cm-1, 3003–3006 cm−1, and 1468 cm-1.  However, it has 

characteristic modes of the carboxylic acid group.  The ν(C=O) mode is observed as a 

sharp, strong peak at 1707 cm-1, an additional C-H bending mode at 1450 cm-1, and a 
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broad shoulder in the region between 3100 and 3500 cm-1, which could be assigned to 

dimers of oleic acid in a bilayer structure.56   

 

Figure 3-11 IR spectra of oleylamine (red), oleic acid (black), and MSCs (blue). 

The FT-IR spectra of MSCs show all the oleyl group modes.  It also shows a 

peak at 1707 cm-1 that can be attributed to the carbonyl group of oleic acid.  The low 

intensity of the peak indicates a low concentration.  The spectrum also shows the 

characteristic sharp peaks at 2923 cm-1 and 2852 cm-1, characteristic of oleylamine, 

suggesting both amine and acid ligands are present on the surface.57  Moreover, a 

combination of the protonated and deprotonated form of each capping ligand is likely 

to interact due to a proton transfer reaction between the two.  However, the 

protonated and deprotonated forms of these compounds are difficult to distinguish 
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using IR.  Moreover, the IR alone is unable to quantify the molar ratio of ligands on 

the surface thus mass spectrometry was employed to gain insight.56 

 

Figure 3-6 Positive Scan Mode Mass Spectrum of MSCs capped with oleylamine and 
oleic acid. 

 
Figure 3-6 shows the positive ion mass spectrum of MSCs emitting at 453 nm.  

Washed particles were injected directly into an ESI mass spectrometer and positive 

and negative ion spectra were obtained.  The positive ion spectrum shows a 

characteristic peak at 268 m/z, indicating ionized oleylamine or oleyl ammonium 

(Figure 3-6).  As equimolar amounts of oleylamine and oleic acid were used in the 

synthesis of these MSCs, an oleic acid or oleate peak would be expected.  However, 

the requisite 281 m/z peak is not present on the negative ion spectrum.  This is 

intriguing as common passivation theories of metal halide perovskites accept the 
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cocktail approach, using many types of capping ligands to passivate different 

defects.24  While oleic acid is still present on the surface, as shown by the IR 

spectrum, oleylamine or oleyl ammonium is the predominant capping ligand.  To 

confirm these findings, MSCs were synthesized with exclusively oleylamine and 

oleyl ammonium as capping ligands.  Oleylamine alone could effectively result in the 

generation of MSCs.  Two control experiments were conducted using oleyl 

ammonium, which was generated from oleylamine using an excess of oleic acid and 

with an equimolar amount of hydrobromic acid.  The acidified mixtures yielded a 

mixture of MSCs and PQDs.  Thus, acidification of oleylamine does not yield 

monodispersed MSCs.  Since oleylamine by itself does yield MSCs, it is likely the 

primary capping ligand. 

These results are consistent with Liu et al.’s findings that increased 

oleylamine yields more MSCs.5  However, here we confirm that oleylamine is the 

primary capping ligand bound on the surface of the MSCs.  Since capping ligands are 

used to passivate surface defects, we can infer a significant amount about the surface 

chemistry based on which capping ligand is on the surface.  The FTIR confirms the 

presence of oleylamine and a small amount of oleic acid.  The presence of oleic acid 

is shown in the FTIR, but nothing about its binding to the surface is known. As 

oleylamine and oleic acid interact via an acid-base neutralization to form oleyl 

ammonium and oleate,5 thus we likely have oleyl ammonium and oleate present on 

the surface as well.  As is consistent with the literature, the combination of these 

ligands will effectively passivate several anionic and cationic defects more effectively 
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than one ligand alone.24  However, with such a large, confirmed presence of 

oleylamine present on the surface, the MSC surface is likely cation rich as oleylamine 

acts as an electron donator.49 

 

Figure 3-7 (A) Potential cationic surface dangling bonds capped by oleylamine and 

oleyl ammonium on the surface of MSCs (B) Describing growth mechanism to tune 
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between MSCs and PQDs using Temperature, Capping Ligand Concentration, and 

Rapid Cooling (C) Comparison of Size of MSCs, defects, and bandgap, PNC-

perovskite nanocrystal. 

As shown in Figure 3-7A, we propose that the surface of MSCs is primarily 

capped with oleylamine and a small amount of oleyl ammonium.  Different defects 

are usually anticipated for perovskite nanocrystals, such as MSCs and PQDs, in 

relation to different components,  MA+, Pb2+, or Br-.49  When both oleylamine and 

oleic acid are used as ligands, they react to form oleyl ammonium and oleate.  Thus, 

oleylamine, oleyl ammonium, oleate, and oleic acid are all expected to play some role 

in passivating the cationic and anion defects, as observed in PQDs.24  It is expected 

that these ligands passivate with similar molar amounts, as observed in the mass 

spectrum of CsPbI3 PQDs.58  However, Liu et al. showed that MSCs formation occurs 

with an increase in amine concentration, and the mass spectrum presented herein, 

along with control experiments (not shown), shows MSCs are predominantly capped 

using oleylamine in its deprotonated form.  Thus, the surface seems cation rich, with 

likely methylammonium and lead defects dominating over halide anions.  There are 

likely a small percentage of Br- defects on the surface that are passivated by oleyl 

ammonium.  Li et al. proposed that amines could act as a stronger capping ligand,5 

and long chain primary amines provide excellent surface coverage, leading to more 

effective passivation and smaller particle size.59  This suggests a correlation between 

smaller particles and cationic surface environments. 
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Figure 3-7B illustrates the tuning effects of temperature and capping ligand 

concentration on MSCs and PQDs.  In this work, we see the equilibrium shift to 

MSCs from PQDs by increasing the capping ligand concentration and the temperature 

of the precursor solution.  Using excessive capping ligand usually leads to better 

passivation and reduced particle size.4,5  Capping ligands help lower the surface free 

energy and stabilize particles at a smaller critical radius.33,42,43  Meanwhile, increasing 

the temperature helps to overcome the energy barriers for formation and results in the 

stabilization of smaller particles.33,42,43 It also facilitates the formation of nucleation 

sites and increases the solubility of capping ligands, both of which favor smaller 

particles.60  Moreover, the nanocrystals also undergo rapid cooling during formation, 

which inhibits Ostwald ripening, similarly lowering the critical radius.33  Both of 

these variables used in conjunction not only allow for the tuning between MSCs and 

PQDs, but also for varying the size of MSCs.  

As quantum size confinement affects both MSCs and PQDs, tuning their size 

has significant implications on their bandgaps (Figure 3-7C). 61  While the tunability 

of PQDs has been well established1,62–70, the tunability of MSCs is less explored since 

they are often described as discrete.45,71  In this work, MSCs show a tunable emission 

from 436 nm to 453 nm.  This emission band shift may also be due to a change in 

band edge defect states (Figure 3-7C).  In addition to the size difference, there is also 

an increase in the magnitude of the Stokes shift when switching from smaller 

particles, like MSC LARP and MSC60B, to larger particles, MSC70A.35  MSC70A 

were formed using a 50°C temperature differential from rapid cooling.  Rapid cooling 
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results in smaller particles and causes crystal formation to occur on a shorter 

timescale.  This can also lead to more defects often responsible for trap state 

emission.34  Thus, the kinetic barrier is overcome, but there is no time to reach 

thermodynamic equilibrium. By increasing the temperature in conjunction with 

increasing capping ligand concentration, MSCs exhibit tunable emission bands 

through both potential defect introduction and size variability. 

3.5 Conclusion 

Methylammonium lead bromide magic-sized clusters and quantum dots are 

synthesized using a new heated ligand assisted reprecipitation technique using 

organic amines and acids as capping ligands.  UV-vis and PL spectroscopy were used 

to confirm the changes between PQDs and MSCs by varying the temperature of the 

precursor solution while keeping the antisolvent temperature consistent, without the 

need to use an excessive concentration of capping ligand.  It was found that higher 

precursor solution temperatures favor MSCs, while lower temperatures favor PQDs.  

Moreover, increasing the temperature of the system allows MSCs’ emission band to 

be tuned from 436 nm to 453 nm along with increased Stokes shift from 13 nm to 23 

nm through the introduction of surface defects.  Low frequency Raman results agree 

with that of bulk MAPbBr3, suggesting that the core of the MSCs has a very similar 

crystal or unit cell structure as bulk, which is interesting given their small size that 

one may expect higher vibrational frequencies than bulk.  Since the HLARP synthesis 

utilizes less capping ligand, IR spectroscopy and mass spectrometry could be used to 
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determine that amine was the primary capping ligand bound on the surface of the 

MSCs.  This indicates that the surface of the MSCs is cation rich.  
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Chapter Four 

 

4 Structural Study of Paraffin-stabilized Methylammonium Lead 

Bromide Magic-Sized Clusters: Implications in Photonics 

4.1 Abstract 

Metal halide perovskites, such as methylammonium lead bromide, have recently 

attracted considerable attention due to their interesting and useful photoelectric 

properties.  Here, two types of methylammonium lead bromide magic-sized clusters 

(MSCs), passivated with oleylamine and oleic acid, were synthesized using ligand 

assisted reprecipitation (LARP) and heated LARP (HLARP) methods.  The optical 

properties of these MSCs were characterized using UV-Vis electronic absorption and 

photoluminescence (PL) spectroscopy.  The HLARP synthesis resulted in an increase 

in the PL quantum yield of the MSCs by two-fold to 76%.  The stability of the MSCs 

was tested using time-dependent PL spectroscopy.  LARP MSCs in solution degraded 

completely after 14 days under ambient conditions, while HLARP MSCs lasted for 

26 days.  To stabilize them, the MSCs were added to a non-coordinating matrix, 

paraffin.  Both MSCs showed significantly improved resistance to water with the 

addition of paraffin.  Solid LARP MSCs lost all luminescence with and without the 

addition of paraffin by about three hours.  Solid HLARP MSCs without paraffin 

started to aggregate after three hours, but paraffin stabilized HLARP MSC films were 

stable for eight days.  This improved stability in solid state form allowed for analysis 
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using Raman spectroscopy, X-ray diffraction (XRD), and transmission electron 

microscopy (TEM).  Raman spectroscopy revealed that the HLARP MSCs show an 

additional peak at 147 cm-1 compared to LARP MSCs, which is attributed to 

methylammonium.  XRD and TEM confirm that MSCs have a quasi-crystalline 

orthorhombic structure.  The significantly extended stability of the solid HLARP 

MSCs with paraffin has important implications for potential device applications.  

4.2 Introduction 

Perovskite quantum dots (PQDs) have been studied extensively for their 

tunable optical properties and high photoluminescence (PL) quantum yield.1   Their 

emission window can be broadly tuned by controlling the crystal size,2–5 capping 

ligand,6,7 and elemental composition.8,9  These fascinating optoelectronic properties 

make them promising substrates for applications in photovoltaics for light emitting 

devices,10–12 photodetectors,13–15 and sensing.16–18  PQDs are characterized by their 

tunability, which stems from their high surface-to-volume (S/V) ratio and quantum 

confinement.19,20  Perovskite magic-sized clusters (MSCs) share many of these 

characteristics with PQDs but are smaller with higher monodispersity and narrower, 

bluer optical absorption and emission bands. 6,21–25  They are often described as 

discrete,26 meta-stable intermediaries of PQDs.27  While MSCs can be formed in a 

variety of ways using a variety of temperature ranges and environments, LARP is 

typically used for its simplicity.28  HLARP introduces temperature variability but 

remains straightforward without the need for an air-free environment.  Moreover, it 

allows the size of the nanocrystals to be tuned.29  MSCs can be used to understand the 
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relationship between PQDs and MSCs and provide insight into the growth 

mechanism of PQDs and bulk perovskite.  They also present themselves as a potential 

substrate for blue-light emitting devices. 

As MSCs have a high S/V ratio, they are susceptible to instability due to 

surface dangling bonds or defect sites.30–32  Thus, MSCs are typically formed using an 

excess concentration of capping ligand using the LARP method.6,7,24  However, a 

newer synthesis utilized 15% of the capping ligand with the heated ligand assisted 

reprecipitation (HLARP) method, resulting in a slightly larger particle size and more 

red-shifted emission.29  Little is known about the differences between the properties 

of these MSCs other than their size. The change to the synthetic procedure, however, 

has potential stability benefits, as excess oleylamine has been shown to play a role in 

the moisture-driven structural degradation mechanism of PQDs.33  Oleylamine reacts 

with water, forming a reactive hydroxide salt that strips the 3D perovskite structure 

by layers, eventually forming non-emissive lead bromide.33 

Perovskite can also degrade with light, oxygen, or water, creating a huge 

barrier for solid characterization and thin film device applications.34–40  Light and 

oxygen react in tandem to form free radicals that deprotonate the methylammonium 

cation.41,42  Additionally, water has been shown to penetrate the perovskite structure, 

forming hydrate perovskite structures, and weakening the bond between the cation 

and lead bromide, causing degradation of the perovskite structure.43,44  Thus, 

preventing the interaction of perovskite nanocrystals with light, oxygen, and water is 

paramount to increasing their stability. 
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In addition to externally driven degradation, there are various obstacles that 

impede the ability of perovskite MSCs to be characterized as a solid.  For instance, 

drying effects and aggregation can make powder XRD (PXRD) measurements 

difficult or inaccurate7 and TEM is often deemed inadequate due to weak contrast, 

poor resolution, and high beam sensitivity.45  Therefore, little is known about their 

solid structure and there is an impetus to stabilize these MSCs to glean more accurate 

measurements.  The hydrophobic nature of paraffin has been shown to increase shelf 

life by creating a non-reactive hydrophobic barrier to prevent aggregation,46,47 while 

the hermetic nature of paraffin seals the material from the effects of oxygen.48 

In this work, LARP and HLARP MSCs were characterized using UV-Vis 

electronic absorption and photoluminescent spectroscopy.  We employ a simple, 

green and low-cost method to encapsulate MSCs in paraffin, improving their oxygen 

and water stability, and allowing them to maintain their luminous intensity for longer.  

The stability of both HLARP and LARP MSCs was compared in solution under 

ambient conditions with and without paraffin and in the presence of water with and 

without paraffin. The samples were also dried to make films and compared with and 

without the presence of paraffin.  LARP MSCs degraded rapidly but remained stable 

enough to obtain Raman data.  However, UV-Vis and PL results show that the 

HLARP MSCs film did not aggregate or degrade for up to eight days, allowing for 

analysis using both X-ray diffraction and Raman spectroscopy.  Moreover, HLARP 

MSCs proved stable enough to image nonaggregated MSCs for the first time. 

4.3 Methods 
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4.3.1 Materials 

Methylammonium bromide (MABr, 99.9%, Greatcell Solar), lead bromide 

PbBr2 (99.999%, Alfa Aesar), oleic acid (90%, Sigma Aldrich), n-oleylamine (98.0%, 

Tokyo Chemical Industry), N,N-dimethylformamide (DMF, 99.9%, Fisher Scientific), 

paraffin wax cake (Fisher Scientific), and toluene (99.9%, Fisher Scientific) were 

commercially available. All chemicals were used as received without any further 

purification. 

4.3.2 Synthesis of MAPbBr3 MSCs 

Two types of MSCs were synthesized using LARP and HLARP syntheses, 

MABr (0.080 mmol, 9.0 mg), PbBr2 (0.20 mmol, 73.0 mg), and 400 μL of DMF were 

added to a borosilicate vial, and the solution was sonicated in a water bath at room 

temperature or between 20°C (LARP) or 70°C (HLARP) until all solid dissolved.  

Next, 0.15 mmol (HLARP) or 1 mmol (LARP) of oleic acid was added to the solution 

and sonicated at the same temperature for 30 s. Then, an equimolar amount of 

oleylamine was added to the solution and sonicated for 30 s at the same temperature. 

100 µL of the precursor solution was quickly injected into 5.0 mL of toluene under 

vigorous stirring. The formation of these MSCs was analyzed over time. To stabilize 

the MSCs, 12 mg of paraffin was dissolved in 100 µL of as prepared solution.  Solid 

samples were prepared by drop casting the as prepared solution and paraffin mixture 

onto borosilicate glass slides. 

4.3.3 Stability Tests 
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4.3.3.1 Open Air 

The as prepared LARP and HLARP samples were sealed and left under 

ambient conditions and exposed to light and air.  Aliquots of sample were removed 

and tested using UV-Vis and PL spectroscopes over the course of 14 (LARP) to 26 

days (HLARP) until the sample was no longer luminous.  For paraffin stabilized 

samples, 12 mg of paraffin was added to 100 μL of the as prepared solution and 

tested every week. 

4.3.3.2 Water Stability Test 

To test water stability, 10 𝜇L of water was added to 5 mL of as prepared 

LARP and HLARP solutions.  These samples were then tested using UV-Vis and PL 

spectroscopes until they no longer emitted light.  For paraffin stabilized samples, the 

as prepared solution was mixed 600 mg of paraffin and similarly tested. 

4.3.3.3 Solid Samples 

For solid samples, 50 𝜇L of as prepared sample was drop cast onto 

borosilicate glass slides.  This process was repeated for paraffin stabilized samples, 

where the as prepared solution was mixed with 600 mg of paraffin.  These samples 

were similarly analyzed using absorption and PL spectroscopies. 

4.3.3.4 Spectroscopic Measurements 

Ultraviolet-visible (UV–vis) absorption spectra were measured with an 

Agilent Technologies Cary 60 UV–vis spectrophotometer, and the PL spectra were 

measured using a Cary Eclipse spectrofluorometer using a quartz 700 µL 
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microcuvette at room temperature and an excitation wavelength of 400 nm.  Raman 

measurements were conducted on a Thermo Fisher DRX3 785 nm laser at a power of 

1 mW for 30 seconds and three accumulations using a 100x objective. 

4.3.3.5 X-Ray Diffraction 

Using the unwashed MSCs stabilized in paraffin, 50 µL were drop cast onto a 

borosilicate slide and analyzed using a Rigaku American Miniflex Plus powder 

diffractometer at a voltage of 40 kV and current of 30 mA, with a scanning angle 1.4–

32 (2θ) and a rate of 0.05 degrees/ min and a step size of 0.02 degrees over the course 

of ten hours. 

4.3.3.6 Transmission Electron Microscopy 

High resolution transmission electron microscopy (HRTEM) and high-angle 

annular dark field (HAADF) scanning transmission electron microscopy (STEM) 

were performed at the National Center for Electron Microscopy (NCEM) facility in 

Molecular Foundry, Lawrence Berkeley National Laboratory on an FEI UT Tecnai 

microscope, operated at an acceleration voltage of 200 kV.   The sample was diluted 

225-fold and dropped onto 10 nm thick lacey carbon grids.  10 µL were dropped and 

blotted twice and allowed to dry for 10 min before being analyzed. 

4.4 Results and Discussion 

4.4.1 Optical Properties of MAPbBr3 

The normalized overlayed absorption and PL spectra were measured for two types of 

methylammonium lead bromide MSCs synthesized by LARP and HLARP methods.  
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In the 400-600 nm region, the LARP MSCs show a single absorption band peaked at 

423 nm and a single PL band peaked at 436 nm when excited at 400 nm (Figure 1A).  

The HLARP MSCs exhibit red shifted absorption and PL bands peaked at 432 nm 

and 450 nm, respectively.  This red-shift of both the absorption and PL bands 

indicates the formation of larger MSCs and is in good agreement with previous 

reports.7,29  The PL bands of both samples have a narrow full width at half maximum 

(FWHM) of 20 nm, indicative of a narrow size distribution. 

 

Figure 4-12. A) Normalized UV-Vis Electronic Absorption and PL Spectra for LARP 

and HLARP Syntheses; B) Images of MSCs made with LARP and HLARP under 

ambient light and UV light. 

HLARP MSCs have a PLQY of 76%, over double that of the LARP MSCs at 

36%.  This is expected as higher temperature syntheses, such as those in PQD hot 

injection, often lead to nanoparticles with higher PL quantum yield (QY) (Figure 

1B).49,50  Moreover, HLARP MSCs’ absorption band is ten times as intense as LARP 
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MSCs’, showing an increase in concentration and product yield.  The increased 

temperature leads to more collisions, increasing the number of nucleation sites and 

the rate of the reaction.29  Thus, the HLARP synthesis produces a more concentrated 

solution of MSCs with higher PLQYs. 

4.4.2 Stability Analysis 

The long-term stability of MSCs in solution was monitored until the sample fully 

degraded and lost luminous intensity (Figure 2).  The time-dependent PL spectra of 

LARP MSCs under ambient conditions indicate that they retain their 436 nm 

emission without shifting but completely degrade after 14 days (Figure 2A).  The 

time-dependent PL spectra of HLARP MSCs under similar ambient conditions show 

that the HLARP MSCs have ~20 times the initial PL emission intensity of LARP 

MSCs but show a different degradation mechanism (Figure 2B).  The initial emission 

band starts at 450 nm and shifts to 456 nm after 24 hours.  This indicates that the 

MSCs are growing slightly due to Ostwald ripening and reaching a larger metastable 

state.51–53  The intensity of the solution increases for up to five days, more than 

doubling in intensity before starting to diminish and degrade.  This is likely due to 

leftover starting reagents in the unwashed solution forming new nucleation sites, and 

thus new MSCs.  The leftover capping ligand in the solution does not appear to be a 

detriment at this concentration, as HLARP MSCs take 26 days to fully diminish.  
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Both degradation processes plotted over time show the increased stability of HLARP 

over LARP MSCs in ambient conditions (Figure 2G). 

 

Figure 4-13. Time-dependent PL stability analysis of LARP and HLARP over time: 

A) LARP MSCs under ambient conditions, exposed to light and air; B) LARP MSCs 
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after the addition of 10 𝜇L of water; C) LARP MSCs after the stabilization in paraffin 

and the addition of 10 𝜇L of water; D) HLARP MSCs under ambient conditions, 

exposed to light and air; E) HLARP MSCs after the addition of 10 𝜇L of water; F) 

HLARP MSCs after the stabilization in paraffin and the addition of 10 𝜇L of water; 

G) PL Intensity over time comparing LARP and HLARP MSCs under ambient 

conditions; H) PL Intensity over time comparing LARP and HLARP MSCs with the 

addition of water.  

MSCs can degrade due to water, light, oxygen, or excess capping ligand.44  

The only difference between the LARP and HLARP MSCs is the size and the amount 

of capping ligand left over in the solution.  In general, larger nanoparticles show 

increased stability over smaller nanoparticles, at least partially justifying HLARP’s 

improved stability.53  Additionally, LARP MSCs are synthesized with 667% more 

capping ligands than the HLARP synthesis.  Since oleic acid and oleylamine were 

used as stabilizing ligands and they readily react with each other, this may result in 

the reaction of bound and unbound ligands, causing the detachment of bound ligands, 

and resulting in aggregation of the nanoparticles.54  Secondly, oleylamine can react 

with water to form oleyl ammonium salt, which reacts and causes a moisture-induced 

structural degradation.33  Therefore, increasing the amount of oleylamine in the 

solution leaves MSCs more susceptible to water destabilization.  By synthesizing 

HLARP MSCs with less capping ligands, they do not undergo these capping ligand 

degradations as readily and are less susceptible to the oleylamine moisture-driven 
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degradation, making them more stable under ambient conditions.  HLARP MSCs 

stabilized in paraffin remain stable for at least three months under ambient conditions. 

 To further test the stability and resilience against humidity, 10 𝜇L of water 

was injected into the 5.0 mL as-prepared sample.  The LARP MSCs with this addition 

proved to be highly unstable in water, as the time-dependent PL spectra fully 

diminished in four minutes (Figure 2C).  In comparison, the time-dependent PL 

spectra of HLARP MSCs showed they remained luminous for 30 minutes (Figure 

2D).  Typically, when water molecules in the air interact with the perovskite crystal, 

strong hydrogen bonds form with the organic cations, weakening the bond between 

the cation and the PbBr2, allowing for faster deprotonation of the organic cation, 

leaving the crystal more susceptible to external stressors.44,55  Moreover, as stated 

above, the excess oleylamine can react with water to speed up moisture-driven 

structural degradation.33   

To reduce degradation, paraffin was introduced as a non-coordinating solvent 

and stabilizing matrix.56  Long-chain hydrophobic polymers have been shown to 

greatly increase water stability by preventing the interaction between water and the 

PQDs.57  Here, we see significant improvements to the stability of MSCs with the 

addition of paraffin.  The time-dependent PL spectra of the LARP MSCs show that 

the MSCs remained luminous for nearly seven times longer, retaining 

photoluminescence for 27 minutes (Figure 2E).  The time-dependent PL spectra of 

the paraffin stabilized HLARP MSCs also show an improvement and emitted for over 

90 minutes (Figure 2F). 
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Paraffin has been shown to aid PQDs largely with water degradation and 

partially with oxygen degradation, acting as a hermetic barrier.48,55–57  With the 

addition of water, LARP MSCs shifted from 436 nm to 423 nm before the PL 

intensity diminished.  This indicates that the MSCs are breaking into smaller particles 

before losing luminescence.  In the case of the HLARP MSCs, the longevity of the 

MSCs is improved by a factor of about three.  HLARP MSCs degraded without 

exhibiting peak shifting and retained their 450 nm emission.  The small addition of 

water significantly increases the degradation of the MSCs.  Both LARP and HLARP 

MSCs retain their PL on the scale of weeks when exposed to light and air, but the 

addition of water, even in the presence of a stabilizing matrix, degrades them in a 

matter of minutes.  Thus, water degradation appears to be the main cause of structural 

degradation.  The addition of paraffin significantly improved the stability and shelf 

life of these materials and facilitated their characterization in solution.  The 

comparison of the diminishing PL intensities due to water degradation is shown in 

Figure 2H. 

For applications and structural characterizations, it is important for the MSCs 

to be stabilized as a solid.  However, MSCs degrade in the solid form as particles 

aggregate or fall apart upon drying due to local supersaturation.45,58,59  The LARP 

MSCs were drop cast onto borosilicate glass slides and analyzed after three hours.  

Their PL spectrum was indistinguishable from the borosilicate background, retaining 

no luminescence. To stabilize the LARP MSCs, paraffin was added prior to drop 

casting. Similarly, after three hours, the LARP MSCs lost all luminosity.  Excess 
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capping ligands could severely limit the ability of these nanoparticles to stabilize as a 

solid.  Thus, if the smaller sized LARP MSCs are desirable for applications, washing 

protocols may improve stability. 

The PL spectra of HLARP MSCs in solution and their dried counterparts were 

compared, as shown in Figure 3.  The solution PL spectrum has one band peaked at 

450 nm, while the dried HLARP MSCs without paraffin have the same band with a 

peak at 450 nm, but with a new band appearing at 473 nm (Figure 3A), indicative of 

the formation of larger particles.29  However, with the addition of paraffin, the MSCs 

keep the one emission band but shift slightly from 450 nm to 456 nm (Figure 3A).  

This is the same shift that was seen in the solution after one day, attributed to slightly 

more stable and larger MSCs after possible Ostwald ripening.60  The paraffin-

stabilized HLARP MSC film was left under ambient conditions and remained stable 

for eight days (Figure 3B).  This is important for their potential device applications 

and characterization in solid state form. 

 

Figure 4-14. Stability of HLARP MSCs as a solid, determined by PL Intensity of A) 

Normalized spectra of the solution compared to dried HLARP MSCs as prepared and 



 

 136  

dried HLARP MSCs stabilized in paraffin after three hours; B) Paraffin stabilized 

HLARP MSCs over 8 d; C) Images of LARP and HLARP MSCs dried after 3 hours 

with and without paraffin. 

4.4.3 Structural Analysis 

The Raman spectra in high frequency and low frequency regions were 

measured for the solid LARP and HLARP MSCs, immediately upon drying and 

before aggregation, as shown in Figure 4.  In the high frequency region above 700 

cm-1, both LARP and HLARP confirm the presence of the primary capping ligand, 

oleylamine (Figure 4A).61  All modes in the low frequency region are in good 

agreement with methylammonium lead bromide bulk perovskite (Figure 4B).  The 

peaks at 107 cm-1 and 118 cm-1 are indicative of lurching methylammonium, and the 

broad peak at 240 cm-1 due to torsional vibration of methylammonium is present in 

both LARP and HLARP.  However, the 147 cm-1 nodding donkey around C is 

prominent and only shown in the HLARP MSCs.62  This mode corresponds to a 

rotational vibration of the cation around the methylammonium carbon.  This mode is 

presumably affected by octahedra tilting, and distortions of the crystal lattice, due to 

the hydrogen bonding with the halogen and thus provide some measure of the 

coupling between the molecule and the inorganic framework.  The presence of this 

mode in the HLARP MSCs, and not the LARP MSCs, suggests that the larger MSC is 

more ordered and that upon the growth of the nanocrystal, the methylammonium 

becomes more firmly bound in the nanocrystal due to a distortion of the framework.63  
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This distortion could play a role in the improved stability of HLARP MSCs over 

LARP MSCs.   

 

Figure 4-4. Comparison of oleylamine, LARP MSCs, and HLARP MSCs using: A) 

high and low frequency Raman spectra; B) zoomed in low frequency Raman spectra.   

 Paraffin stabilization of the HLARP MSCs allowed for PXRD analysis.  The 

XRD patterns of HLARP MSCs are shown in Figure 5. Sharp peaks at ~ 2°, 4°, 6.5°, 

21.5° and 23.9° (2θ) due to paraffin are observed. Broad features at 12.4°, 13.8° and 

14.9° (2θ) are attributed to HLARP MSCs. The distinct peak at 14.9° correlates well 

with the expected (020) plane of the orthorhombic MAPbBr3 perovskite. This peak is 

further confirmed by the higher order amorphous hump (~ 26-31.5° 2θ). Paraffin with 

oleylamine and oleic acid capping ligands dried in a similar manner produce no 

features in the 12-15° area of interest. The diffraction data of the HLARP MSCs share 

common perovskite d-spacings and likely have a distorted perovskite structure.  The 

14.9° peak is slightly shifted towards a smaller 2θ.  This indicated the shift to larger 

d-spacings from the theoretical 14.95° (5.92 Å) peak of the orthorhombic MAPbBr3.  
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Moreover, the peak is significantly broader, indicating its smaller size.64  Organic 

ligand passivation can cause lattice strain near the surface, which typically relaxes 

within a few monolayers.65  However, due to the small size of MSCs, there are likely 

five (020) lattice planes.  Since their size is so small, ligand passivation at the surface 

strains most of the MSCs’ perovskite structure, which would similarly agree with the 

broad diffraction peaks. Given that LARP MSCs show less order in their low 

frequency Raman spectra, it is likely that LARP MSCs would show even less 

crystalline character.  This is further supported by their estimated smaller size since 

larger nanocrystals have more layers to satisfy Bragg’s law and produce sharper 

reflections with increased intensity.66   

 

 

Figure 4-5. X-Ray Diffraction Patterns for HLARP MSCs, Paraffin and Capping 

Ligand, and Theoretical Spectrum of methylammonium lead bromide (Left) from 0-

30° (Right) from 10-20°. 

HR-TEM images of HLARP MSCs (Figure 6) indicate the average size was 

2.46±0.15 nm by 3.20±0.19, for an average of 2.8 nm, smaller than anticipated with 
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the Brus method.29  Moreover, the MSCs shown here are around 2 nm smaller than 

previous reports of TEM images where aggregation was not prevented.7  These 

measurements indicate that the MSCs have low crystallinity.  The fast Fourier 

transform (FFT) of the HR-TEM reveals a lattice spacing of ~0.30 nm, which is 

consistent with the (040) Miller index (Figure 6C).  Every two lattice spacings are 

consistent with the (020) Miller index, a d-spacing of ~0.6 nm, and the 14.9° 

diffraction peak in the PXRD (Figure 6C).  The (040) with a 2θ of ~30° is 

represented as a very broad and weakly diffracting reflection.  Both (020) and (040) 

miller indices are indicative of the orthorhombic crystal structure.64,67 The TEM image 

shows lattice planes perpendicular to the b-axis lattice constant (Figure 6C). The b-

axis is approximately 1.5 times longer than a or c axes, which correlates with the 

shape of the MSCs.  The lattice spacing is not present in all the images, likely due to 

beam sensitivity and particle movement.  This makes it hard to characterize the other 

spacings exactly and also explains the broadness shown in the PXRD pattern.  Lattice 

spacings of around 0.36 nm are also present, which could account for the 12.4° 

powder peak, but there are very few layers to concretely determine this. 
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Figure 4-6. Images of HLARP MSCs at various resolutions using: A-C) HR-TEM; D-

F) HAADF STEM. 

 If the concentration is too high, some MSCs aggregate into PQDs.  These 

nanoparticles are ~5 nm in size and show much higher crystallinity by contrast.  They 

show lattice spacing of 0.30 and 0.25 nm, which are in good agreement with the 

theoretical methylammonium lead bromide powder pattern. Thus, it is possible to 

structurally distinguish between MSCs and PQDs. MSCs have perovskite 

characteristics but are quasi-crystalline.  PQDs show higher crystallinity, and 

therefore, are more similar to the perovskite crystal structure. 

 A potential mechanism of paraffin stabilization and a model of a quasi-

crystalline MAPbBr3 LARP and HLARP MSCs can be hypothesized (Figure 7).  The 
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HLARP and LARP MSCs differ in many characteristics.  While the HLARP MSCs 

are slightly harder to make, they possess double the PLQY of the LARP MSCs.  The 

LARP MSCs’ decrease in PLQY could be due to an increased number of defects or 

trap states which give alternative pathways to radiative recombination and can 

significantly decrease the quantum yield.8,68–72  This would be contrary to previous 

hypotheses surrounding the LARP and HLARP MSCs.29  Additionally, the LARP 

MSCs were estimated to be around 3.04 nm in size using the Brus model.29  However, 

using TEM, it was determined that the larger HLARP MSCs are an average of 2.8 nm 

in size.  Therefore, by modifying the Brus approximation methods, LARP MSCs are 

likely 2.5 nm in size (Figure 7).24  This smaller size could lead to their relative 

instability.53  In contrast, the HLARP MSCs are formed using a minimal amount of 

capping ligand at an elevated temperature.  This extra step increases the particle size 

to 2.8 nm, but also doubles the PLQY to 76%.  The increase could be due to the 

higher temperature, providing sufficient energy to allow the MSCs to reach a more 

stable state.  The HLARP MSCs’ improved stability allowed them to be characterized 

with PXRD and TEM.  They show lattice spacings of 0.30 nm, which suggests that 

they are orthorhombic (Figure 7).  Contrastingly, the instability of the LARP MSCs 

hindered their ability to be characterized as a solid. 
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Figure 4-7. Scheme illustration of the differences between LARP and HLARP MSCs 

and the major effects on their stabilization. 

LARP and HLARP MSCs also differ in the capping ligand concentration during 

synthesis and the order within their structures.   LARP MSCs are synthesized with 

667% more capping ligands.  Excess capping ligands have been shown to play a key 

role in the degradation of MSCs.  There are two potential mechanisms.  Since there 

are both free acid and amine ligands present in the solution, they have the ability to 

react with ligands bound on the surface of the MSC, leading to aggregation.54   

Furthermore, oleylamine has been shown to react strongly with water and provide a 

mechanism for moisture-driven structural degradation (Figure 7).33  This likely 

contributes to the increased instability of LARP MSCs over HLARP MSCs.  Thus, to 

improve the stability of the LARP synthesis, washing protocols must be optimized.  
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HLARP MSCs are also more crystalline than LARP MSCs, suggested by the 

additional Raman mode at 147 cm-1.  This indicates an additional bond between the 

methylammonium and the inorganic framework.  Water molecules destabilize 

perovskite crystal structures by binding to their organic cation and weakening its 

bond to the crystal structure,41 the HLARP MSCs are more resilient to water and 

excess capping ligand degradation, likely due to their increased structural order.  

Using paraffin as a stabilizing matrix, the HLARP MSCs were stable for eight days as 

a solid and over three months in solution exposed to light, oxygen, and water.  These 

data suggest that MSCs can be stabilized for future applications in photonics. 

4.5 Conclusion 

Two types of methylammonium lead bromide MSCs, passivated with 

oleylamine and oleic acid, were synthesized using LARP and HLARP methods.  

These MSCs were characterized using UV-Vis electronic absorption and PL 

spectroscopy.  The HLARP synthesis resulted in an increase in the PL quantum yield 

of the MSCs by two-fold to 76% and showed increased product yield.  The stability 

of the MSCs was tested using time-dependent PL spectroscopy.  LARP MSCs in 

solution degraded completely after 14 days under ambient conditions, while HLARP 

MSCs lasted for 26 days.  To stabilize them, the MSCs were added to paraffin to 

create a hydrophobic and hermetic barrier and protect them from the degrading 

effects of water and oxygen.  Both paraffin stabilized MSCs showed increased 

resilience to the addition of water.  Solid LARP MSCs lost all luminescence with and 

without the addition of paraffin by about three hours.  Solid HLARP MSCs without 
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paraffin started to aggregate after three hours, but paraffin stabilized HLARP MSC 

films were stable for eight days.  This improved stability in solid state form allowed 

for analysis using Raman spectroscopy, PXRD, and TEM.  Raman spectroscopy 

revealed that the HLARP MSCs show an additional peak at 147 cm-1 compared to 

LARP MSCs, which is attributed to methylammonium, indicates a more highly 

ordered structure, and may have implications in HLARP’s increased stability.  PXRD 

and TEM confirm that MSCs have a quasi-crystalline orthorhombic structure.  The 

significantly extended stability of the solid HLARP MSCs with paraffin shows 

promise for future use in photonics.  
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