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ABSTRACT OF THE THESIS 

 

 

Shape Separation of Colloidal Metal Nanoparticles via Size Exclusion 

Chromatography 

 

by 

 

Sarrah Marvi 

 

Master of Science in Chemical Engineering 

 

University of California, San Diego, 2016 

 

Professor Andrea R. Tao, Chair 

 The inherent polydispersity of solution-based, colloidal nanoparticle syntheses 

has necessitated the development of facile post-processing methods for the purification 

of anisotropic nanoparticles. Here, the use of size exclusion chromatography is explored 

for the shape separation of colloidal silver nanocube and colloidal gold bipyramid 

solutions. Multiple column packing materials, pore sizes, and mobile phases were tested 

to address the prevalent issues of metal adsorption to the high surface area stationary 
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phase and to distinguish differently shaped particles by size in solution. The use of 

diffusion through interstitial spaces to increase the retention time of silver nanocubes in 

cross-linked dextran columns for narrower shape distribution did not reveal a correlation 

between particle size and retention time. To allow particle diffusivity into the pores of 

the stationary phase an irregular silica gel column with sufficient pore size was chosen. 

In addition, the model nanoparticle system was changed to gold bipyramids to allow for 

more quantitative separation analysis based on the extinction spectra alone. Different 

concentrations of surfactant in the mobile phase were tested to optimize the difference 

in particle shape distribution of gold nanoparticles in the eluate. The addition of 

surfactant to the mobile phase may selectively flocculate anisotroptic nanoparticles 

from solution, forming large aggregates monodisperse in particle shape. To resolve the 

issue of cationic surfactant interactions with the stationary phase, an alkyl 

functionalized silica is proposed to simultaneously facilitate diffusion and mitigate 

adsorption.  
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Chapter 1: Current Methods in 

Nanoparticle Separations 

Section 1.1 Applications of metal nanoparticles are size and shape dependent 

The applications of metal nanoparticles are highly dependent on particle size, 

shape, and surface chemistry [1,2]. These physical and chemical characteristics dictate 

important optical, electrical, and catalytic properties of nanoparticles that differ from 

their bulk material counterparts. Nanoscale materials are used across many industries 

for the production and manufacturing of electronics, catalysts, cosmetics, and novel 

drug therapeutic systems.  As such, the synthesis and fabrication of well-defined 

nanoparticles and nanostructures is of great importance. 

Initially, top-down lithographic and templating methods dominated the 

fabrication of nanoparticles with distinct shapes and sizes. However, top-down 

approaches are limited by size, morphology, and scalability [2]. Advances in bottom-up 

methods, on the other hand, have made it possible to synthesize nanoparticles below the 

size limits of top-down methods, and with a variety of morphologies and surface 

chemistries. In addition, colloidal nanoparticle synthesis is capable of producing 

solutions of bulk nanoparticles with monodisperse size and shape.  

Procedures for the bottom-up synthesis of nanoparticles are now well-

established and the current field has shifted to a focus on fabricating self-assembled, 

functional metamaterials from nanoparticle building blocks. However, the realization of 



2 
 

 
 

highly uniform, well-defined nanoparticle arrays is impeded by the inherent 

polydispersity of solutions produced from bottom-up syntheses. Methods of 

nanoparticle separations are being investigated to selectively separate nanoparticles 

based on size and shape. Competitive separation methods must apply to a wide range of 

particles, possess the ability to scale-up, and produce a high yield of target nanoparticles.  

Current methods of nanoparticle separations encompass classical separations 

technology, such as chromatography, electrophoresis, and centrifugation, to methods 

derived from nanoscale specific interactions, including selective precipitation and 

extraction [1]. Unfortunately, the field of nanoseparations still lacks an efficient, high 

throughput post-processing method with high specificity that does not rely on chemical 

interactions to purify target nanoparticles. Below is a table listing the most common 

separations methods used to purify colloidal nanoparticle solutions, all of which have 

been applied, with some degree of success, to the separation of colloidal metal 

nanoparticle solutions (Table 1). The following section outlines some of the most 

common techniques for metal nanoparticle separation and defines areas that are still 

lacking for efficient and successful nanoparticle post-processing.  
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Table 1: Summary of common nanoseparation processes for colloidal, metal nanoparticle 

solutions 

Method Description Advantages  Disadvantages 

Size Exclusion 

Chromatography 

Separates particles 

based on 

hydrodynamic size. 

Largest particles 

elute first. 

Not dependent on 

surface specific 

interactions for 

separation. Potential 

for recycle streams 

and scalability 

Limited availability of 

packing materials with 

acceptable pore size 

range Fractions often 

too dilute for practical 

use 

Centrifugation Separates particles 

based on density by 

applying centrifugal 

acceleration. 

Possible to separate 

according to size, 

shape, and density. 

Inefficient and time 

consuming. 

Nanoparticles of similar 

sizes very difficult to 

separate 

Gel 

Electrophoresis 

Applies charge to 

porous gel matrix, 

particles separate 

according to charge, 

size, and shape. 

Shape influences 

mobility through gel 

matrix 

Difficult to predict and 

characterize mobility 

trends. Low product 

yield. Difficult to scale 

Size Selective 

Precipitation 

Targeted separation 

based on size, 

reactivity, and 

stability of particles 

in solution. 

High resolution. 

High yield for a 

given set of particles 

Surface specific. 

Difficult to redistribute 

particles. 

Membrane 

Filtration 

Membrane pore size 

excludes large 

particles and allows 

smaller particles to 

flow through. 

Removes large 

defects. High 

resolution. 

Mass loss due to 

drying. No separation 

for particles smaller 

than pore size 

Tangential Flow 

Filtration 

Pores allow small 

particles and 

molecules through. 

Large particles stay 

in solution. 

Can process large 

volumes, scalability. 

Can concentrate and 

separate 

simultaneously 

Only small particles 

excluded. No separation 

of remaining large 

particles 
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Section 1.2: Current methods of colloidal metal nanoparticle separations 

Size Selective Precipitation 

Size selective precipitation (SSP) separates nanoparticles according to size-

dependent physical and chemical properties [1]. This process relies heavily on the 

surface properties of nanoparticles and must be specifically designed for a given system 

of nanoparticle composition, surface capping agent, and solvent. One example is the 

separation of 30 nm and 60 nm oligonucleotide functionalized gold nanoparticles 

(AuNPs) using the principles of SSP [3]. Here, AuNP aggregates formed due to DNA 

hybridization, which was dependent on the size of the AuNP and determined the melting 

point, Tm, for the AuNP aggregate (Figure 1). Larger nanoparticles, with a greater radius 

of curvature, exhibit greater DNA hybridization between complementary 

oligonucleotide strands than smaller AuNPs. Thus, by mixing AuNP of different sizes 

at a Tm above that for small particle aggregates but below that of large particles, it was 

possible to collect the large AuNP aggregate precipitate and separate it from the mixed 

nanoparticle solution. These separated aggregates showed purities above 90% with 

respect to nanoparticle size [3]. This impressive result is highly specific to the shape 

and surface interactions between the nanoparticles and the complementary DNA. To 

carry out any surface modifications post-separation, surface etching would be required 

to break the strong Au-S bond utilized to attach DNA to the surface of the gold 

nanoparticles. Thus, although SSP has demonstrated the potential to process large 

amounts of polydisperse nanoparticle solutions and achieve size separation with high 

target particle yield, it lacks in diversity and versatility.  
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Figure 1: Schematic of the selective precipitation process used to size separate AuNPs. AuNPs are 

surface functionalized with complementary strands of DNA that hybridize in solution [5]. 

 

Selective precipitation has also been used to separate AuNPs by shape using the 

surfactant mediated aggregation of the target, anisotropic nanoparticles. This extraction 

method separated gold nanorods (AuNR) from similar size nanospheres and 

nanoplatelets based on shape-dependent metal-surfactant interactions [4].  The addition 

of excess surfactant, cetyltrimethyammonium bromide (CTAB), to concentrated gold 

nanorod solution directed the formation of higher order structures consisting primarily 

of nanorods (Figure 2). The aggregate structures were precipitated and separated from 

similar size spheres and platelets still in solution to achieve high purity solutions of 

monodisperse AuNR.  
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Figure 2: Transmission electron micrograph (TEM) image of shape separated AuNR aggregate [6] 

 

The formation of this nanorod aggregate is due to the instability of anisotropic 

nanoparticles in the presence of a strong electrolytes [5]. Because the stability of gold 

particles is determined by a balance of repulsive and attractive electromagnetic and 

inteparticle interactions, adding charge to a solution of positively charged gold 

nanoparticles decreases repulsive forces and causes nanoparticles to aggregate. The flat 

surfaces of platelets and the high lateral surface area of the nanorods provides greater 

contact area than high-curvature spheres of the same size. Other studies explored this 

phenomenon further by adding NaCl to as-synthesized solutions of gold nanorods with 

platelet and spherical impurities, destabilizing the anisotropic particles and causing 

them to precipitate out of solution [5]. Since platelets have large available surface area, 

they can be separated from nanorods by precipitation at even lower salt concentrations. 

The shape selective precipitation method is able to separate particles of similar sizes 

and different shapes, however, still relies on interparticle interactions to achieve 

monodisperse nanoparticle solutions. Additionally, this method requires target 

nanoparticles to be repeatedly crashed out of solution to achieve high resolution; the 
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consecutive destabilization makes it difficult to redisperse the particles back into 

colloidal solutions.   

Centrifugation 

Centrifugation is a long-standing separation technique that has been applied to 

the separation of almost all colloidal solutions. Centrifugation separates particles 

according to density in a given solvent, successfully isolating particles according to 

mass, size, and shape. However, the resolution of centrifugation for the separation of 

nanoparticles is low due to the similarity of defects to the mass and size of target 

particles, resulting in all particles in solution having similar velocities under the 

application of centripetal acceleration. Thus, centrifugation is difficult to use for 

systems that require sensitivity and specificity for separation. In addition, increased 

separation resolution requires multiple steps of centrifugation and re-dispersion, 

resulting in a time intensive and inefficient process. While large defects, such as rods 

and wires, can be easily separated and precipitated in polydisperse solutions of smaller 

nanoparticles, same size defects remain in solution [6]. Often, orders of magnitude 

differences in size or mass are required for the effective and efficient purification of 

colloidal nanoparticle solutions. Centrifugation is also a highly time dependent process, 

if centrifuged for longer than the calibrated time the nanoparticles will return to their 

equilibrium distribution and no separation will be achieved [1]. The inherent nature of 

polydispersity in colloidal nanoparticle solutions requires a facile method of post-

processing that can eliminate both large and same-size particle defects from solution. 

Centrifugation may be effective for removing large defects that result from the 
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unrestrained reduction of metal on uncapped crystal faces, but lacks in the ability to 

produce solutions of narrow size- and shape-distribution in prevalence of aberrations on 

the scale of target nanoparticle size and mass.   

Tangential Flow Filtration 

Recently, tangential flow filtration (TFF) has emerged as a method to purify and 

concentrate solutions of colloidal, metal nanoparticles. This method of cross flow 

filtration utilizes diafiltration to remove small particles, excess ligand, and solvent 

molecules from as-synthesized nanoparticle solutions. Traditionally used to separate 

proteins from salts and other small molecules in solution based on size, TFF has been 

adopted for nanoparticle post-processing to concentrate and purify silver nanoparticle 

solutions by removing excess solvent molecules, ligand, and small particle defects from 

the bulk solution. TFF has been successful as an alternative to ultracentrifugation 

because it simultaneously concentrates and purifies nanoparticle solutions while 

avoiding aggregation and the time intensive, repetitive precipitation and re-dispersion 

steps. This process circulates colloidal nanoparticle solutions tangentially across a 

porous membrane where particles and molecules small enough to diffuse through the 

pores are removed through the permeate (or filtrate) and target nanoparticles are kept in 

the retentate (Figure 3).  
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Figure 3: TFF schematic showing the flow of bulk AgNP through the diafiltration membrane for 

nanoparticle separation by size [8] 

 

While the application of TFF to nanoparticles has significantly improved upon 

the inefficiency of widespread centrifugation methods used to concentrate and purify 

nanoparticle solutions, it still does not solve the issue of removing same size particle 

defects required to produce pure solutions of target nanoparticle shape and size. Thus 

far, published data for TFF has only demonstrated the size separation and concentration 

of silver nanospheres (AgNS) on the order of 10 nm [7, 8]. With the correct pore size, 

this method should be able to purify solutions of particles with much larger average 

diameters. However, since this filtration process relies entirely on removing particles 

much smaller than the target particle size through pore exclusion, it would be difficult 

to tailor for the shape separation of particles similar in scale.  
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Chapter 2: Plasmonic Silver and Gold 

Nanoparticles 

 

Section 2.1:  Defining the surface plasmon 

Metal nanoparticles support surface plasmon resonances, which is the collective 

oscillation of the free electrons on the surface of conductive nanoparticles with the 

incident electromagnetic wave (Figure 4). The propagation of this wave is called a 

surface plasmon polariton mode, and can be used to localize, guide, and manipulate 

light [9].  

 

Figure 4: Schematic illustrating the generation of surface plasmon polariton modes on the 

surface of an isotropic metallic nanoparticle [9]. 

 

Previously, dielectric materials monopolized the ability to direct and focus light. 

These materials, however, are diffraction limited and can only localize light to areas 

larger than λ/2.  Where λ is the wavelength of light [nm]. Conversely, surface plasmons 

are limited by the size of the nanoparticle that supports them, meaning that the 

propagated light can be manipulated with subwavelength precision.  Surface plasmons  
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are localized and guided by tuning the size, shape, and environment of the nanoparticle 

that supports them. Plasmonic nanoparticles can be used as nanoattenae to guide light 

and as building blocks for the formation of complex, optically active metamaterials. 

Applications of plasmonic materials are heavily size and shape dependent, as the 

plasmon resonance directly correlates to these physical properties of the nanoparticles. 

Thus, monodispersity in shape and size is of critical importance for the full realization 

of plasmonic applications.  

Silver and gold are notable plasmonic materials due to their ability to support 

surface plasmons in the visible (vis) and near infrared (NIR) ranges. Silver is especially 

important because it supports surface plasmons from 300 nm to 1200 nm and has the 

highest extinction cross section (Cext) of all plasmonic materials [9]. Unfortunately, the 

toxicity of silver makes it incompatible for biological applications, a field where 

sensitivity and specificity in the detection of different biomolecules is greatly enhanced 

by the surface resonance of plasmonic nanoparticles. Gold, on the other hand, is 

extremely stable and bio-inert, making it the most viable option for in-vivo applications. 

Table 2 lists different plasmonic materials used to form nanostructures and their 

properties.  
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Table 2: Characterization of different plasmonic metals. Here ‘quality factor’ corresponds to 

strong LSPRs and large Cext. Interband transition refers to the wavelength where electrons are 

excited from the conduction band to higher energy levels. For Au and Cu, this transitions 

manifests in LSPRs that can only exists at wavelengths larger than the interband transition. 

Table reproduced from reference [9] 

Metal 

 
Plasmonic 

ability 
Chemical 

Nanostructure 

formation 

Cost 

(per 

ounce) 

Aluminum 

(Al) 

 

Good in UV 

region 

Stable after 

surface 

passivation 

Very few 

nanostructures, 

used in 

lithographic 

patterning 

$0.049 

Copper 

(Cu) 

 Interband 

transitions 

below 600 nm 

Easy oxidation 
Very few 

nanostructures 
$14.8 

Gold 

(Au) 

 Interband 

transitions 

below 500 nm; 

high quality 

factor 

Very stable, 

biocompatible 

Many 

nanostructures 
$950 

Palladium 

(Pd) 

 Low quality 

factor; not 

suitable for 

plasmonics 

Stable 
Many 

nanostructures 
$265 

Platinum 

(Pt) 

 Low quality 

factor, not 

suitable for 

plasmonics 

Stable 
Many 

nanostructures 
$1,207 

Silver 

(Ag) 

 
Highest in 

quality factor 

Oxidation, 

biocompatibility 

issues 

Many 

nanostructures 
$13.4 

 

Nanoparticle shape is key for tuning the optical response of noble metals and for 

imposing high specificity in functional nanostructures. Anisotropic nanoparticles are 

coveted for their highly unique scattering responses, which result from localized charge 

polarization at the edges and corners of nanoparticles and result in multiple plasmon 
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resonance peaks. Whereas isotropic nanocrystals produce a single resonance peak. In 

addition, the many distinct features of anisotropic nanoparticles and the high surface-

area-to-volume ratio allow for greater specificity through surface chemistry. The active 

role of nanoparticle geometry in the function of plasmonic materials makes shape 

homogeneitiy integral to the efficacy of plasmonic applications. The next section 

delineates the importance of shaped nanoparticles and discusses applications where 

shape plays a key role in nanoparticle function. 

Section 2.2: Applications of shaped plasmonic nanoparticles 

Catalysis:   

Good catalysts are characterized by excellent specificity at active sites and a 

high turnover rate. Tunable nanoparticles with high surface-area-to-volume ratios are, 

thus, ideal candidates for catalysis. Silver nanoparticles (AgNP), have been used to 

increase catalytic efficiency by coupling thermal energy and low-intensity photon-flux 

through the absorption of visible light to drive catalytic oxidation [10].  Currently, all 

commercially available heterogenous catalysts are driven by thermal energy. However, 

the large activation energy required by the rate-limiting step of catalytic oxidation 

reactions necessitates the use for high reaction temperatures. These temperatures can 

destroy the catalyst and decrease selectivity by damaging the active sites. Using AgNPs 

to couple thermal energy and low-intensity visible photons to catalytic oxidation 

reactions lowers the otherwise high operating temperatures used for these reactions. As 

a bonus, the use of low-intensity visible light on the order of solar energy to generate 
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chemical energy makes it possible for a significant fraction of the activation energy to 

come from sunlight [10, 11]. 

 

Figure 5: The presence of 60 nm silver nanocubes enhanced the oxidation reactions of carbon monoxide 

and ammonia by a factor of 4. This enhancement can be attributed to both the plasmonic resonance of 

silver and the anisotropic geometry of the cubes. Error bars come from the standard deviation of 

systematic error [10]. 

 

 Not only do the plasmonic properties of AgNPs make them more efficient 

substitutes for chemical oxidation reactions, but, by using cubic geometries the catalysts 

were made more selective and its anisotropy enhanced catalytic performance more than 

an isotropic geometry would have. Both the nanoparticle size and shape plays an 

important role in the application of silver nanoparticles reactions described above. 

Cubic nanocrystals were chosen for their epitaxial selectivity of the adsorbate. The edge 

length of the nanocubes, 60 nm, was determined for its optimal combination of its 

extinction cross section and catalytic performance. In the presence of visible light, silver 

nanocubes increased oxidation rates by a factor of four compared to bulk silver catalysts 

(Figure 5). Without light, silver nanocubes are able to achieve the same oxidation rates 

as bulk silver, but at much lower temperatures.  The consequences of lower operating 
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temperatures are more energetically efficient processes and long-term stability of 

temperature sensitive catalysts.   

Self-Assembly 

The scientific mantra, “structure dictates function,” plays an important role in 

materials science when designing nanoparticles for applications in self-assembly. Self-

assembly encompasses any process where discrete parts come together to make a 

complex, multi-component system [12]. Within nanotechnology, self-assembly is used 

to bridge the focus on single crystals with the study of particle ensembles to form 

functional materials.  

Nanoparticles can be self-assembled using either top-down or bottom-up 

methods. Direct-write and photo- lithographic techniques offer impressive spatial 

control, however, struggle to fabricate particle distances below 10 nm and have 

restricted scalability [13]. In addition, lithographic methods struggle to achieve arrays 

of nanostructures extending outside of the xy-plane. Conversely, bottom-up methods 

are limited only by the quality of nanoparticles used. Bottom-up self-assembly uses 

nanoparticle building blocks to construct nanostructure arrays that have the potential to 

scale infinitely. In addition, bottom-up methods can achieve nanojunctions on the scale 

of a few nanometers [13]. This allows for the formation of highly localized 

electromagnetic “hot-spots” for optically active materials. Finally, nanoparticles can 

simultaneously assemble in the 2D and 3D planes relying only on how the particle 

surface is programmed, not on equipment constraints. Solution based nanoparticle 

syntheses are already competitive alternatives to lithographic methods, and developing 
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protocols to increase the yield and purity of colloidal nanoparticle solutions will all but 

eliminate the need for top-down fabrication techniques.  

The bottom-up self-assembly of polymer-grafted silver nanocubes was 

successfully demonstrated just a few years ago; this technique has since been developed 

to show how nanocubes can be used to achieve modular self-assembly extending to the 

z-direction [13]. The polymer grafting method is unique from other bottom-up self-

assembly methods as it relies only on non-specific steric interactions to direct particle 

orientation and is assembled within a dielectric (Figure 6). 

 

Figure 6: a) Schematric showing how the nanoparticle graft polymer influences particle orientntation 

during self-assembly b) Schematic showing method of AgNC embedding and annealing  in  a polymer 

thin film before diffusing to create self-assembled chains [12] 

Silver nanocubes (AgNC) were used in these studies due to the high contact area 

available in cubic geometries for assembly and for the unique optoelectronic properties 

of these anisotropic nanoparticles. Coding the nanoparticle surface was key in 

controlling distinct particle orientation.  The programmability of the nanoparticle 

surface allows for particle orientation to be predicted and designed using free energy 

calculations. Mobility of the nanoparticles within the polymer thin-film matrix was 
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guided by phase segregation between the hydrophobic dielectric and the hydrophilic 

polymer-grafted nanocubes. Nanoparticle assembly was mediated purely by Van der 

Waals and steric interactions, foregoing the need for face selective surface chemistries 

[14]. This elegant approach to nanoparticle self-assembly allows for facile device 

integration and fabrication of state-of-the-art nanocomposites. However, this method 

was limited in its control of nanoparticle groupings; the assembled particles exhibited a 

distribution of string lengths and branching.  

Studying the influence of polymer surface ligands on the formation of 

nanojunctions and nanoparticle orientation has helped further the understanding of 

polymer-grafted nanoparticle self-assembly. Varying the length of the grafting polymer 

(L) and varying polymer-surface interactions (εps) played a crucial role in determining 

the orientation of nanocubes within the polymer matrix. It was demonstrated that the 

transition from face-to-face to edge-to-edge orientation occurred when L was increased 

and eps was decreased [15]. Nanoparticles with sufficiently long polymer surface 

ligands oriented according to the predominant steric interactions, not Van der Waals 

interactions. Long polymer grafts drive the nanoparticles to minimize steric repulsion 

by adopting the edge-to-edge orientation. Further studies also showed that nanoparticle 

orientation was governed, in part, by interactions between the ligand terminal groups 

and the adjacent nanoparticle [15]. These interactions lead to graft inter-digitation and 

affect the εps for a given surface ligand. Overall, the polymer-metal interactions 

observed in these experiments validated the effect of molecular interactions on global 

materials properties.  
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A better understanding of the importance of polymer-metal interactions for 

large-scale self-assembly lead to a shift in the design of oriented nanostructure arrays. 

Modular nanoparticle assembly was developed to gain better precision and control over 

large-scale, uniform nanoparticle orientation.  

 

Figure 7: a) Embedding the AgNC in a polymer thin film and subsequent programming of the surface to 

produce novel nanostructures b) Scanning electron microscope (SEM) images of unique 

nanoarchitectures created from bottom-up modular assembly methods [13]. 

 

By programming and preparing specific nanoparticle surfaces available for 

binding, nanoparticles can be directed to form the desired nanojunction. This method 

avoids the formation of clusters, branches, and heterogeneous particle orientation that 

previously impeded the design of graft-polymer driven nanoparticle assembly. Modular 

self-assembly was achieved by partially embedding a disperse film of silver nanocubes 

into a polymer dielectric thin-film [13]. The embedding depth of the particle dictated 

which crystal faces were available to form nanojunctions with other nanocubes. 

Modifying the immobilized, exposed crystal faces with a molecular linker provided a 

point for a second nanocube to covalently bind. This method achieves large-scale, layer-



19 

 

19 
 

by-layer assembly to form metasurfaces with optical properties that can be tuned by 

modifying the size and shape of the embedded nanoparticle.  

Section 2.3: Inherent polydispersity of solution-based syntheses 

Bottom-up syntheses are important for the bulk production of monodisperse 

nanoparticles. Solution-based syntheses afford tighter control over size, shape, and 

surface chemistry than top-down methods, such as lithography. Where lithographic 

fabrication requires expensive, specialized equipment, solution-based syntheses can be 

made with relatively accessible materials. In addition, reactions such as the polyol 

reaction for the synthesis of plasmonic nanoparticles, control nanoparticle growth from 

the atomic level. This allows for much greater control over the chemistry and 

morphology of plasmonic nanoparticles. Finally, colloidal nanoparticles allow for the 

straight-forward implementation of solution based applications, e.g, functionalizing the 

nanoparticle surface or self-assembly in solution. Here, the polyol synthesis of silver 

nanocubes will be used as the model example of the bottom-up synthesis of plasmonic 

nanoparticles.  

The polyol process has been successfully applied to the synthesis of many 

different shapes of plasmonic nanoparticles. By changing the crystal structure of the 

nanoparticle seed and the affinity of the surface ligand to specific crystal faces, the 

morphology of the resultant nanoparticle can be changed [9].  The silver nanoparticles 

used in this research were synthesized using the polyol process. This process uses a 

polyol, such as 1,5-pentanedioll, as both the reducing agent and solvent for solution-

based syntheses. The capping agent, poly(vinylpyrrolidone) (PVP), and a silver 



20 

 

20 
 

precursor are injected into the pre-heated polyol. The silver precursor, in the form of a 

salt AgNO3, is reduced and nucleates in solution to form silver seeds. It is still unclear 

if the initial nuclei are formed from zero-valent silver atoms that aggregate and grow to 

form nanostructures, or if the decomposed precursor ions form nuclei prior to reduction 

[16]. As these nuclei clusters grow, they become increasingly stable and settle into a 

well-defined structure. Seed structures can be single-crystalline, singly-twinned, or 

multiply-twinned seeds and can co-exist in solution. Single-crystalline seeds initially 

grow into cuboctahedra and, as additional atoms are added, the corners sharpened to 

form nanocubes enclosed by {100} faces. Singly-twinned seeds grow into right 

bipyramids and multiply-twinned seeds grow into decahedrons and isosahedrons [9,16]. 

As will be quantified in the characterization of silver nanocubes later, the most common 

defects of silver nanocube solutions are right bipyramids and pentagonal rods. To drive 

the growth of single-crystal seeds and promote the formation of nanocubes, oxidative 

etchants are introduced into the reaction to dissolve the singly- and multiply-twinned 

seeds. Capping agents added alongside the silver precursor act to stabilize select crystal 

faces and limit growth in certain directions. PVP preferentially binds to the {100} 

surface of silver and, thus, is used as the stabilizer for nanocube synthesis.   

Table 3 and Figure 8 show the populations of silver bipyramids (AgBP) in target 

AgNC solutions after filtration. Current AgNC filtration methods yield over 90% purity 

of colloidal AgNC, however, the prevalent AgBP fail to completely separate from the 

target nanoparticle due to their similarity in size.  The edge-length of AgBP is similar 

to that of the AgNCs, making these defects difficult to separate using centrifugation and 
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membrane filtration; the two components of the current post-processing procedure. 

Figure 9 shows a schematic of the vacuum filtration post-processing method used to 

filter as synthesized solutions of AgNC. This process uses a series of membranes with 

pore sizes of 650 nm, 450 nm, and 220 nm, to separate out defects larger than the AgNC 

from solution. A series of 10 membranes are usually required to achieve the high AgNC 

purity standard, and the nature of vacuum filtration results in significant mass loss due 

to adsorption and drying of the nanoparticles on the membrane filter. Following this 

time-intensive process, the nanoparticles are concentrated through centrifugation at 3.7 

krpm for 60 min. Overall, the synthesis and filtration of a 25 mL batch of AgNC takes 

over 6 hours. The inefficiency this of procedure and presence of same-size bipyramidal 

defects obviates the need for a highly selective nanoparticle separations method that can 

process bulk nanoparticle solution without exhibiting significant mass loss.  

 
Figure 8: SEM images of filtered AgNC solutions of a) 67 nm, b)  87 nm, c) 98 nm, and d) 107 nm 



22 

 

22 
 

Table 3: The relative populations of AgBP and AgNS after membrane filtration of the as-

synthesized AgNC solution. The AgBP are difficult to filter out due to their similarity in size 

to the target AgNC  

Type of Particle Number of Particles Average Size % of bipyramid defects 

Cubes 100 67.10 ± 5.58 
14.00 

Bipyramids 14 73.88 ± 16.14 

Cubes 107 87.29 ± 7.00 
5.61 

Bipyramids 6 67.10 ± 5.58 

Cubes 98 98.27 ± 7.52 
11.22 

Bipyramids 11 94.51 ± 31.97 

Cubes 104 106.09 ± 24.37 
3.85 

Bipyramids 4 142.17 ± 27.24 

 

\  

Figure 9: Vacuum filtration post-processing schematic of as-synthesized silver nanocube 

solution. This process requires the use of over 10 membrane filters, rangin from 650-220 nm, 

to achieve purities of greater than 90% AgNC in solution 
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Protocol for Silver Nanosphere Synthesis 

Silver nanospheres were synthesized using a polyol reaction with AgNO3 metal 

precursor and PVP capping agent in ethylene glycol. 50 mL ethylene glycol was 

measured into a 100 mL round bottom flask, 1.28 g of bulk PVP was added to the 

reactor flask and the solution was heated and stirred vigorously in silicone oil at 150 C 

and 1100 rpm, respectively. The metal precursor solution was prepared by dissolving 

0.2 g of AgNO3 into 1 mL of DI H2O. After heating the reactor flash for 10 min, 1 mL 

of AgNO3 precursor was added via quick injection. This solution was allowed to react 

for 1 hour. Size of the AgNS-PVP could be adjusted by controlling reaction 

temperature, lower temperatures yielded smaller size nanospheres. 

Protocol for Silver Nanocube Synthesis 

Silver nanocubes were synthesized using a polyol reaction. The metal precursor 

solution was prepared by dissolving 0.2 g of silver nitrate (AgNO3) in 10 mL of 1,5-

pentanediol. After complete dissolution of the silver salt, 40 µl of 0.043 M copper 

chloride (CuCl2) was added.  The capping ligand solution was prepared by dissolving 

0.10 g of 55k MW polyvinylpyrrolidone in 10 mL of pentanediol. The reactor vessel 

was prepared by heating 10 mL of pentanediol in a 50 mL round bottom flask with a 

continuous 170 rpm stir rate to 193C in silicone oil. The pentanediol in the reactor 

vessel was pre-heated for 3 min before starting the injections of the AgNO3 and PVP 

precursor solutions. After pre-heating, fast injections of 500 µL AgNO3 precursor was 

added every minute while the PVP precursor was steadily added at a rate of 320 µL/30 

sec. The injections continued until the solution turned an opaque green/grey color 
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(after about 10 min of injections). The as-synthesized solution was centrifuged at 2.7 

krpm for 10 min to remove large wires and rods and the supernatant was filtered via 

vacuum filtration using a series of successive, decreasing pores sizes of 650 nm, 450 

nm, and 220 nm membranes (PVDF hydrophilic Durapore filters, Milipore). The 

filtered solution was then concentrated by centrifuging at 3.7 krpm for 60 min. The 

final solution was redispersed to 30 mL in EtOH.  
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Chapter 3: Size Exclusion 

Chromatography for Colloidal Metal 

Nanoparticle Shape Separation 

Section 3.1: Introduction to size exclusion chromatography 

Chromatography is a classical separations technique conventionally used to 

separate organic and inorganic molecules based on their respective diffusivities through 

a packed column. This method of separation was first developed by scientist Mikhail 

Tswett in 1906 to separate the plant pigments chrolophyll, carotene, and xanthophyll 

according to their respective adsorptive affinities to filter paper soaked in different 

solvents [17]. Here, the solvent in which the analyte being separated is dissolved is 

defined as the mobile phase and the porous media through which the mobile phase flows 

is defined as the stationary phase or packing material. The different components of the 

analyte mixture separate according to their affinities, or partition coefficients, between 

the mobile and the stationary phase. As such, most chromatography techniques rely on 

the adsorptive interactions between the analyte molecule and the different phases in the 

column.  

Size exclusion chromatography (SEC) was developed more than fifty years later 

to separate macromolecules solely through steric interactions with a porous stationary 

phase [18]. Initially, SEC was used to determine the molecular weight and molecular
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weight distributions of proteins and polymers. To separate these macromolecules 

through size exclusion alone, the analyte cannot have interactions with either the mobile 

or stationary phases. Instead, separation is achieved through steric interactions of the 

analyte with two different types of void spaces that exist in the column (Figure 10). The 

first are called interstitial spaces, which characterize the void space between different 

particles of the stationary phase. The second are pores, which are defined as the void 

spaces within a particle of the stationary phase. The pores are smaller than the interstitial 

spaces and allow only the diffusion of macromolecules with a stokes radius smaller than 

the pore size. Thus, molecules that are too large to diffuse through the pores can only 

travel through the interstitial spaces and are ‘excluded’ from the pores in the column. 

Analyte particles that diffuse through the interstitial spaces alone, have a shorter path 

length than smaller molecules that are able to diffuse into the pores. Therefore, 

macromolecules excluded from the column pores elute first and macromolecules that 

diffuse into the pores elute later. The time required for a particle to diffuse through the 

void spaces within the column is defined as the retention time, tr. Any interactions 

between the analyte macromolecule and the stationary phase changes the retention time 

and the degree of separation, if any, that takes place. Therefore, choosing the correct 

pore size and stationary phase material is crucial to achieving separation between 

different size particles.  
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Figure 10: Schematic showing the mechanism of SEC. Small particles diffuse into the pores of 

the stationary phase, have a longer path length, and elute later. Particles excluded from the pores 

diffuse through interstitial spaces only, have a shorter path length, and elute more quickly 

The mobile phase also plays an important role in the mass transfer of 

macromolecules through the porous stationary phase. The viscosity of the mobile phase 

affects mass transfer of the analyte macromolecules into and out of the stationary phase; 

changing the viscosity of the mobile phase also changes the retention time of the analyte 

and effects the resolution of separation [18]. The mobile phase must also mitigate any 

energetic interactions between the stationary phase and the analyte (e.g. adsorption) and 
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must be able to carry the analyte as a continuous solution to allow molecular diffusion 

into and between stationary phase particles. In addition, favorable interactions between 

the mobile phase and the packing material are required for complete wetting of the pores 

in the column without changing pore size by swelling or drying. It is essential for the 

mobile phase, stationary phase, and analyte to work together harmoniously to achieve 

high resolution separation. Any interactions between the column and the analyte 

material, or adverse interactions between the mobile phase and the packing material, 

deviate from the steric exclusion conditions required for SEC and may diminish 

separation resolution.  

 

Section 3.2: The state-of-the-art of SEC for plasmonic nanoparticle separation 

The application of SEC for the separation and purification of metal nanoparticles 

was extensively studied throughout the 1990s. This research focused on both size and 

shape separation of gold nanoparticles less than 100 nm in size [19-22]. As control over 

nanoparticle size and shape through bottom-up synthesis was well established at this 

time, a shift in focus from synthesis to purification took place. The motivation was to 

develop an efficient, high resolution post-processing technique that did not rely on 

chemical interactions and could be scaled indefinitely.  

SEC is a good candidate for fulfilling the separation requirements described 

above because it relies solely on steric interactions to separate molecules. Colloidal 

nanoparticle solutions contain nanoparticles of uniform material and surface 

chemistries, thus, purification must be achieved by separating nanoparticles according 

to their physical properties of shape and mass. Centrifugation works to effectively 
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separate particles of different mass, however, does not possess the resolution required 

to separate nanoscale particles that have relatively similar velocities under the 

application of centripetal acceleration. As was outlined in Chapter 2, the problematic 

defects in the bottom-up synthesis of colloidal silver and gold nanoparticles are similar 

in size and mass, respectively. Therefore, these defects cannot be distinguished from the 

target nanoparticles in centrifugation or size-based membrane filtration processes. 

Conversely, the high surface area of the porous packing material in SEC increases the 

retention time of particles through the filtering media and tighter control over the 

interactions between the analyte, mobile, and stationary phases allows the mobility of 

differently shaped particles to be changed within the column. For practical purposes, 

SEC also offers the benefits of reliable re-usability and scalability. Once an SEC an SEC 

column is calibrated, reproducible separation can be achieved indefinitely and the 

column can easily be scale-up to process bulk nanoparticle solutions. Finally, SEC also 

offers potential to add recycle streams to deliver material back into the column also 

presents a straightforward method of increasing resolution.  

The first use of SEC for the purification of plasmonic nanoparticles was used to 

separate, by size, colloidal solutions of AuNP with a range of 1.3-20 nm [19]. These 

AuNP were functionalized with citrate and separation took place in an un-modified 

silica column with 50-100 nm pore size. A calibration curve confirming the linear 

relationship between the logarithm of the diameter of the spherical particles and their 

retention time proved that, indeed, the nanometer sized particles diffused through the 
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column by steric interactions alone (Figure 11). implemented as a high resolution 

system for metal nanoparticle separation based on steric interactions only.  

 
Figure 11: Linear relationship between ln[d] and retention time illustrating that plasmonic 

nanoparticles can be separated by size purely through steric interactions [19] 

This relationship between particle diameter and retention time comes from the 

application of Fractal theory discussed in the following section. The theory behind 

deriving this relationship will be explored more in depth during a discussion of 

hindered liquid mass transfer. This first proof-of-concept publication illustrated that 

SEC could be successfully applied to the separation of colloidal metal nanoparticles 

through steric interactions alone.  

Following the initial use of SEC for the size-separation of colloidal metal 

nanoparticles, a series of experiments explored the effect of adding surfactant to the 

mobile phase to mitigate adsorption and investigate the potential for shape separation 

through SEC. Interactions between a charged surfactant in the mobile phase and 

polymeric stationary phase have been extensively studied [22]. At concentrations below 

the critical micelle concentration (CMC), the hydrophobic tail of surfactant in the 
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mobile phase adsorbs to the surface of a polymeric stationary phase, leaving the 

negatively charged head-group exposed to the analyte.  

 
Figure 12: SEM image of SDS coated AuNS adsorbing to hydrophbic surface functionalized silica 

column. This suggests parallel interactions between AuNS and non-polar surfactant tail [23]. 

Here, the charged surfactant used was sodium dodecyl sulfate (SDS) and the 

polymeric stationary phase was a 100 nm sulfonated spherical polystyrene 

divinylbenzene polymer matrix. The 5.3 nm -38.3 nm AuNS used to study the effects 

of SDS in the mobile phase were capped with citrate, making the nanoparticles 

negatively charged as well. Thus, the gold nanoparticles were repelled from the 

negatively charged surface of the stationary phase and sorption effects were decreased 

significantly.  

Later, shape separation was achieved by promoting weak, shape dependent, 

interactions between the nanoparticles and the stationary phase [20, 21, 23]. A 100 nm 

sulfonated, spherical polysturene/divinylbenzene polyer matrix was used as the 

stationary phase and AuNP with a cationic surfactant, CTAB, capping agent were used 

in this separation study. The CTAB on the AuNP was displaced using SDS to make the 

surface of the nanoparticles negative to prevent adsorption due to repulsing from the 
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SDS adsorbed to the packing material through the mobile phase. While the addition of 

SDS to the mobile phase was able to inhibit adsorption effects, the difference in particle 

size was not significant enough to achieve separation by size exclusion.  To address this, 

a nonionic surfactant (Brij-35) was used to displace some of the SDS on the surface of 

the AuNP. The addition of the nonionic surfactant saw a return of metal nanoparticle 

adsorption, though not as strong as adsorption without SDS, to the stationary phase 

which resulted in a shape dependent increase of retention time. By adjusting the ratios 

of anionic and cationic surfactant in the mobile phase, an optimum composition was 

found that maximized the difference in retention time of the two particle shapes and 

avoided adsorption of the metal to the stationary phase. However, even with the use of 

mixed surfactant mobile phase to maximize the difference in retention time between 

differently shaped nanoparticles, definitive separation of the two shapes in colloidal 

AuNP solution was not resolved.  

Challenges that inhibit the wide-spread implementation of SEC for nanoparticle 

separation include: unavailability of packing materials with a range of sufficient pore 

sizes, adsorptive interactions between nanoparticles and the stationary phase, and over-

dilution of nanoparticle solutions leading to desorption of capping ligands and 

nanoparticle aggregation. Since SEC is traditionally used to separate polymer and 

protein macromolecules, there are not many materials available to support the diffusion 

of nanoparticles of greater than 100 nm in size into the pores of the stationary phase. In 

addition, the high surface area of the porous stationary phase interacts with metal 

nanoparticles and causes significant sorption effects. This issue, at least, has been 
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studied extensively and has been addressed through the addition of stabilizing agents to 

the mobile phase. In addition, solution based nanoparticle solutions require the use of 

capping ligands to stabilize selective crystal faces during growth and to prevent 

aggregation during nanoparticle storage. The effect of band widening inherent to SEC 

dilutes the injected nanoparticles solutions, causing the capping agents to desorb and 

the nanoparticles to aggregate. While these disadvantages have yet to be overcome, SEC 

remains a viable solution for the post-processing of colloidal nanoparticles due to its 

demonstrated ability to distinguish nanoparticle shape in solution while maintaining the 

potential for scalability and reliable re-usability.  

Section 3.3 Liquid hindered mass transfer to model diffusion through SEC 

column 

Molecular mass transfer through porous media is an exceptionally important and 

extensively studied phenomenon in the field of chemical engineering. Industrial 

processes that involve heterogeneous catalytic reactions use porous catalysts for the 

high surface area available for reaction. The use of porous iron catalysts for the 

industrial scale-up of the revolutionary Haber-Bosch process is one example of the 

impact heterogenous catalysts have on the food and munitions industry [24]. The mass 

transfer of reactant particles through the tortuous pores of a solid catalyst can be 

described using Knudsen flow or Knudsen diffusion. This mechanism, derived from the 

kinetic theory of gases, describes a system where the pore diameter of a porous solid is 

on the order of the diffusing particle diameter using Equation 1.  
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𝐷𝐾𝐴 = 4850𝑑𝑝𝑜𝑟𝑒 [
𝑇

𝑀𝐴
]

1

2
    (1) 

Where dpore is the pore diameter in cm, MA Is the molecular weight of the molecule in 

[g/mol], and T is the temperature of the process. The square root term describes the 

mean speed of the molecule and is inversely proportional to the molecular weight of the 

diffusing species. Thus, according to Knudsen diffusion, heavier molecules diffuse 

more slowly than lighter molecules.  

The Knudsen equation in its form above cannot be applied to the diffusion of 

molecules in a size exclusion column. Since Knudsen diffusion is derived from the 

kinetic theory of gases, it neglects solute/solvent interactions present when particles are 

diffusing through liquid. These interactions were accounted for using hydrodynamical 

theory at low Reynolds number and liquid-mass diffusivity has been quantified using 

the Stokes-Einstein equation (Equation 2).  

𝐷 =  
𝑘𝐵𝑇

6𝜋𝜂𝑟
     (2) 

Where D is the diffusion constant, kB Botlzmann’s constant, T is temperature, η is 

dynamic viscosity, and r is the radius of the particle.  However, the Stokes-Einstein 

equation applies to systems where solute molecules are moving according to Brownian 

motion. Therefore, a corollary to Knudsen diffusion in the form of hindered solute 

diffusion through solvent filled pores was developed to account for both solute-solvent 

interactions and the hindrance of liquid-mass diffusion in the presence of pores. 

Hindered diffusion reduces the diffusivity of typical liquid-mass diffusion through 
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correction factors that are functions of the reduced pore diameter, ϕ.  This reduced 

diffusivity assumes the form of Equation 3.  

𝐷𝐴𝐸 =  𝐷𝐴𝐵𝐹1(𝜙)𝐹2(𝜙)    (3) 

Where 𝜑 =  
𝑑𝑠

𝑑𝑝𝑜𝑟𝑒
=

𝑠𝑜𝑙𝑢𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑝𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 

When ϕ > 1 the solute molecule is too big to diffuse through the pore and its diffusivity 

goes to zero. The steric partition coefficient, F1(ϕ), is given by Equation 4.  

𝐹1 =  𝐹𝑙𝑢𝑥 𝑎𝑟𝑒𝑎 =  [
𝜋(𝑑𝑝𝑜𝑟𝑒− 𝑑𝑠)

2

𝜋𝑑𝑝𝑜𝑟𝑒
2 ] =  (1 −  𝜑)2      (4)  

The hydrodynamic hindrance factor, F2(ϕ), is much more difficult to calculate due to 

the many different factors involved in hindering Brownian motion when a solute 

molecule interacts with a small, capillary pore. Most analytic models of F2 neglect 

anything other than steric interactions between the solute-solvent-pore wall system and 

neglect pore tortuosity.   

Mass transport with metal nanoparticles through porous media via totally steric 

interactions can also be modeled using the theory of hindered solute diffusion through 

solved filled pores. The relationship between particle size and retention time can be 

derived from fractal theory, which explains that the diffusion of particles characterized 

by their Stokes radius (Rs) is governed by contact with the surface fractals of the column 

particles [25]. This theory results in Equation 5, which illustrates the linear relationship 

between ln(Rs) and ln(1-Kd).  
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ln(𝑅𝑠) =
1

(3−𝐷𝑡)∗ln (1−𝐾𝑑)
+ ln (𝐿)       (5) 

Where Rs is the macromolecular Stokes radius, Kd is the partition coefficient, L is the 

hydrodynamic diameter of the largest pores of the packing material, and Dt is the fractal 

dimension of the surface. The partition coefficient is related to the retention volume 

through Equation 6, though it is unclear how the retention volume relates to 

macromolecular retention time.  

𝑉𝑅 =  𝑉0 +  𝐾𝑝𝑉1     (6) 

Thus, there also exists a linear relationship between the ln(Rs) and VR of a particle 

diffusing through a size exclusion column. Empirically, however, it is the linear 

relationship between ln(Rs) and tR, the retention time, that is plotted to verify that 

spherical metal nanoparticles interact with the column packing material through steric 

interactions only [19, 20, 26]. 
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Chapter 4: AgNC and AuBP Shape 

Separation via SEC 

Section 4.1: Porous dextran stationary phase to increase retention time and 

shape-selectivity of colloidal nanoparticles 

The current AgNC filtration procedure passes the as-synthesized colloidal 

solution through a series of membranes by vacuum filtration (Figure 9). The 650 nm, 

450 nm, and 220 nm membranes are effective at filtering out large defects from the 

AgNC solution, however, fail to remove defects that are on the order of, or smaller than, 

the AgNC size. This is apparent in the significant population of bipyramids present even 

in the filtered AgNC solution. In addition, the use of a dry membrane coupled with 

pulling vacuum results in visible mass loss due to AgNP adsorption and drying onto the 

membrane filters. While the synthesis of these particles cannot be modified easily, the 

inefficient and time consuming post-processing filtration and concentration can be 

modified to prevent mass loss and more selectivity to remove bipyramidal defects that 

are similar in size to the target AgNC particles. 

SEC was chosen to design a more efficient, solution-based process for AgNC 

purification to reduce the effects of mass loss and improve the highly involved vacuum 

filtration procedure. The stationary phase chosen was a cross-linked dextran-

epichlorohydran called Sephadex G-75 with a fractionation range of 30-80 kDa and 

particle size of 22-143 µm (Figure 13). The fractionation range describes the molecular 



38 
 

 
 

weight range of globular proteins able to diffuse into the pores of the stationary phase. 

The upper limit of this range corresponds to a Stokes radius of 3 nm. Clearly, this pore 

size is too small to allow any AgNP diffusion, however, the interstitial spaces do support 

AgNP diffusion and can be used to increase the retention time of the AgNP through a 

porous medium. This material was chosen mirror the effects of membrane filtration 

while keeping the nanoparticles in solution and, possibly, allow for more selectivity 

between nanoparticles of different shape as they slowly diffuse through the porous 

column. The continuous porosity of the column was meant to mimic the effect of 

stacking many membrane filters in series. 

 

Figure 13: SEM image of Sephadex G-75 Superfine 30-80 kDA fractionation range 

 

The diffusion of a filtered solution of 83 nm AgNC through the Sephadex 

column did not show a change in the size or size distribution of the particles between 

different eluate fractions. Fractions of eluate were taken every 10 minutes starting from 

the injection of 500 µl of AgNC solution into the flow adaptor. Extinction spectra of 
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each fraction was analyzed by tracking the shift of the dipolar mode LSPR peak 

wavelength and full-width-half-maximum (FWHM). The dipolar mode of the AgNC 

extinction spectra corresponds to the average size of AgNC in solution, a blue-shift of 

this peak would be indicative of decreasing cube size. The FWHM corresponds to 

particle monodisperisty in solution, a decrease in the FWHM indicates an increase in 

size and shape monodispersity of the AgNC. These values were supported by dynamic 

light scattering (DLS) measurements of the hydrodynamic diameter (dH) and 

polydispersity index (PDI). Figure 14a shows the extinction spectra for the AgNC used 

in this experiments, and b and c show how particle size changes over time. 
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Figure 14: a) extinction spectra of 83 nm AgNC b) dipolar mode wavelength of AgNC fractions  

over time c) hydropdynamic diameter of AgNC fractions as they elute from column d) FWHM 

of dipolar mode peak e) PDI of AgNC fractions. Error bars for fitted data derived from standard 

fit error. Error for DLS measurements come from standard deviation of multiple runs.  

A maximum of 17 nm decrease in the dipole mode wavelength and 

corresponding 20 nm change in hydrodynamic size infers that, indeed, particle size is 

changing as the AgNC diffuse through the column. The corresponding FWHM and PDI 

measurements also suggest that the distribution of particle size and shape is changing 

as the AgNC diffuse through the porous media of the column. However, SEM images 

of fractions taken at 20 min, 30 min, and 70 min do not show a change in the size or 

size distribution of the particles eluting. In fact, the increase in particle size and decrease 
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in monodispersity after 60 min can be attributed to large aggregates that most likely 

form due PVP desorption from the particle surface in the dilute fractions that elute at 

the tail end of the AgNC band diffusing through the column. 

 To test if Ag-PVP particles of different sizes could be distinguished by diffusion 

through the interstitial spaces of the Sephadex column, the retention time of different 

sizes of silver nanospheres (AgNS) capped with PVP was measured. Retention time was 

measured by tracking the intensity of the LSPR peak for isotropic Ag-PVP particles. 

The retention time of three differently sized particles was tested: 81 nm, 58 nm, and 12 

nm AgNS-PVP were eluted through the column to see if nanoparticle size would affect 

diffusivity (Figure 15).  

 

Figure 15: Extinction intensity change  of a) 81 nm AgNS-PVP with time, elution time measured 

was 25 min b) 58 nm AgNS-PVP with time, elution time measured was 25 min c) 12 nm AgNS-

PVP with time, elution time measured was 23 min. Error bars for extinction intensity reported 

from standard deviation measurements of extinction spectra. 

These particles did not show a consistent change of mobility with size, both the 81 nm 

and 58 nm particle exited the column at 25 min while the 12 nm particle eluted at 23 

min. The lack of characterize-able trend inferred that diffusion through the interstitial 

spaces fails to achieve particle separation. This is supported by the theory of hindered 

liquid mass transport, which asserts that diffusion into the pores of the column is 
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necessary for the stationary phase to distinguish between particles of different sizes. 

Particles totally excluded from the column travel the same path length and elute from 

the column at the same time.  

Section 4.2: CTAB mobile phase affects diffusion of AuBP through irregular silica 

gel 

Due to the lack of diffusion into the pores of the Sephadex packing material and 

the difficulty in distinguishing between populations of particle shape and size using Ag-

PVP particles, both the stationary phase and nanoparticle were changed. An un-bonded 

silica packing material with 250 nm pore size and a particle size of 90-130 µm was 

chosen as the stationary phase to allow nanoparticle diffusion into the pores of the 

packing material and achieve mass transfer according to size exclusion chromatography. 

The pores of the irregular silica form from the sponge-like structure of amorphous silica 

particles. Below is a SEM image of the silica packing material showing a large 

distribution of pore sizes available for nanoparticle diffusion in the column.  

 
Figure 16: SEM image of irregular silica gel with 250 nm pore sixe 
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Lacking a defined relationship between particle size and elution time, it proved 

difficult to characterize the diffusivity of AgNP of different shape and size. AgNCs do 

not show a significant change in the peak wavelength or FWHM of the dipolar mode 

before and after membrane filtration, when it was clear that large defect particles were 

being removed from the as-synthesized colloidal solutions. Therefore, tracking the 

dipolar peak was not an effective way at determining particle shape distribution as the 

nanoparticles diffused through the SEC column. Conversely, colloidal solutions of 

CTAB capped gold bipyramids (AuBP) have two distinct nanoparticle shape 

populations. The as-synthesized solution of AuBP has a 30:70 ratio of AuNS:AuBP, 

where the AuNS are 36 nm in diameter and the AuBP are 69.4 nm in length and 29 nm 

in diameter. Another benefit of using AuBP to assess the efficacy of SEC as a means 

for nanoparticle shape separation is the presence of two independent LSPR peaks that 

come from AuNS and AuBP. The AuNS peak is located at 533 nm while the AuBP peak 

is at 766 nm, complete separation of AuNS defects from AuBP should result in a single 

AuBP peak at 766 nm. Common separation methods have failed to purify the AuBP 

solution due to a similarity in mass between the two particle shapes. Therefore, 

centrifugation cannot be used to separate the particles. Thus far, the most successful 

technique of separating AuBP colloidal solutions is surfactant mediated selective 

flocculation. Here, benzyldimethyl-hexadecyl ammonium chloride (BDAC) was used 

to selectively flocculate nanoparticles with high facial surface area, in this case, the 

AuBP (Figure 17) [27].  
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Figure 17: Selective aggregation of AuBP particles in the presence of high concentrations of 

the cationic electrolyte, BDAC [27] 

The cationic surfactant acts as an electrolyte, destabilizing the electrostatic and Van der 

Waals interactions in solution and causing the nanoparticles to aggregate. Anisotropic 

nanoparticles, due to greater available contact area, aggregate at lower charged 

surfactant concentrations than the small radius-of-curvature spheres. Thus, it was 

possible to precipitate the AuBP out of solution and obtain highly monodisperse 

nanoparticles. However, re-dispersing the AuBP after flocculation has proven a 

problem. SEC presents a method for separating AuBP and AuNS by shape while 

maintaining all the particles in solution.  

Characterization of the as-synthesized AuBP solution by DLS showed that the 

AuBP and AuNS were indistinguishable by size in solution and significant adsorption 

of Au to the silica packing material necessitated the need for the use of surfactant in the 

mobile phase (Figure 18).  
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Figure 18: a) extinction spectra of AuBP. Peak at 530 nm corresponds to AuNS, and peak at 

760 nm corresponds to AuBP b) Particle intensity distribution as measured by DLS showing 

that both shape populations have the same mobility in solution c) SEM image showing shape 

distributions of AuBP and AuNS in as-synthesized solution. 

The intensity distribution of particles in the AuBP solution show peaks at 2.7 nm and 

68 nm. Since the AuBP are synthesized with CTAB capping agent, it can be confidently 

discerned that the peak at 2.7 nm represents CTAB micelles in solution [28]. Therefore, 

the single peak at 68 nm represents both the AuNS population and the AuBP population 

in solution. This delineates that the two different particle shapes cannot be distinguished 

in solution and, therefore, will not have different diffusivities within the SEC column. 

This fact, coupled with the significant adsorption of Au to the silica packing material, 

calls for the addition of a stabilizing agent that will prevent adsorption and selectively 

enlarge the effective diameter of one population of nanoparticles in the polydisperse 

solution. 

To mitigate adsorption and alter particle interactions in the column, the effect of 

CTAB at various concentrations in the mobile phase was studied. Concentrations 

ranging 1 mM, 20 mM, and 50 mM CTAB in the mobile phase played differing roles in 

lessening metal adsorption to silica and instigating AuNP aggregation within the 

column. At 1 mM CTAB concentration, AuBP resolution in the eluate increased but 
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visible adsorption was still apparent. Analysis of eluate fractions taken every 3 minutes 

show an increased resolution of AuNP diffusing through the column, suggesting that 

the addition of surfactant does act to protect the nanoparticles from adsorption to the 

silica stationary phase. While complete separation of the AuBP was not achieved due to 

the presence of the AuNS peak in all eluate fraction, analyzing the AuBP:AuNS peak 

ratio over time showed a change in shape distribution (Equation 7 ).  

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) =  (

𝐼𝐴𝑢𝐵𝑃
𝐼𝐴𝑢𝑁𝑆

− 
𝐼𝐴𝑢𝐵𝑃
0

𝐼𝐴𝑢𝑁𝑆
0

𝐼𝐴𝑢𝐵𝑃
0

𝐼𝐴𝑢𝑁𝑆
0

) ∗ 100   (7) 

To optimize this difference in shape distribution and eliminate sorption effects, the 

mobile phase concentration was tested at 20 mM and 50 mM (Figure 19) 

 

Figure 19: Shape enrichment within eluate fractions at  a) 1 mM CTAB b) 20 mM CTAB c) 50 

mM CTAB in the mobile phase. Points above the blue zero line represent fractions more 

enriched with AuBP, points below the zero line represent points enriched with AuNS. Error bars 

derived from standard deviation of reported with absorbance values. 

Analyzing the eluate fraction at different CTAB concentrations, it is apparent 

that the majority of fractions are more enriched in AuNS than the initial solution. While 

adsorption interactions decreased visibly with increasing CTAB concentration, the lack 

of AuBP present in the eluate fractions may be due to adsorption of AuBP aggregates 
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to the silica packing material. CTAB in the mobile phase may be adsorbing to the 

nanoparticles as described in Figure 17, and because the anisotropic AuBP particles 

have more available contact area for agglomeration, the AuBP selectively form 

aggregates at lower concentrations of CTAB than the AuNS. The formation of these 

aggregates selectively increases the effective diameter of the AuBP population in 

solution and may successfully allow the two shapes in solution to be distinguished from 

one another. Figure 20 compares the shift in the AuBP peak and the AuNS peak from 

their respective initial peak wavelengths.  

 

Figure 20: LSPR wavelength shift for  a)  1 mM CTAB b) 20 mM CTAB c)  50 mM CTAB in 

the mobile phase. At 1 mM, a change between the shift of AuBP and AuNS is not apparent, 

however, the consistently greater LSPR shift at 20 mM and 50 mM suggest that the CTAB may 

be selectively aggregating AuBP. 

The AubP consistently red-shifts more than the AuNS peak, which could be due 

to the formation of a higher scattering cross section from AuBP aggregates. However, 

the source of the red-shift is not conclusive as diffusion through the column could be 

contributing to the red shift of the two LSPR peaks as well. The fast increase of AuNS 

peak shift at the end of the 50 mM run may also be due to aggregation of the AuNS in 

the eluate at high CTAB concentration. The fact the AuBP do not exhibit a similar 

increase in shift towards the end of the experiment may be indicative of a critical 



48 
 

 
 

aggregation size for anisotropic particles in solution. This point was not examined 

further. To determine the source of the red-shift, spectra of the AuBP solution in 1 mM, 

20 mM and 50 mM CTAB can be measured before the particles diffuse into the column. 

In addition, DLS measurements can confirm if the addition of CTAB in causing AuBP 

to selectively aggregate by showing a third peak in the intensity distribution. While it is 

clear that the addition of CTAB effects interparticle interactions in solution, the 

consequence of these effects cannot be confidently determined with the data at hand.  

Unfortunately, the lack of AuBP present in the eluate implies that potential 

AuBP aggregates not eluting are adsorbing to silica. Studies report that both AuNP and 

a silica stationary phase associate with the hydrophic tail of an anionic surfactant, 

leaving the surfaces with like charges that prevent adsorption through repulsion as the 

AuNP diffuse through the column [23]. For a cationic surfactant, such as CTAB, 

published data shows that a surfactant biplayer forms on the surface of AuNP with the 

charged head-group associating with the Au surface [27]. This creates an overall 

positive charge on the surface of the AuNP. However, interactions between silica 

packing material and a cationic surfactant have not been tested, therefore, it is unclear 

what the interactions between the surfactant and the column are.  If the hydrophobic tail 

of the surfactant is adsorbing to the silica, then the packing material with have a 

positively charged surface and will repel the like charged AuNP. Hydroxyl groups on 

the surface of silica may electrostatically associate with the positively charged head-

groups of CTAB, leaving the hydrophobic tails exposed on the surface. The decreased 

affinity of the hydrophilic mobile phase to the, now, hydrophobic stationary phase and 
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decrease the retention time of the AuNP. This decrease in retention time of AuNP as 

CTAB concentration increases is apparent, however, because the maximum solubility 

of CTAB in water is 100 mg/mL recrystallization at 20 mM and 50 mM proved a serious 

issue during column elution and may have effected retention time as well (Figure 21). 

 

Figure 21: Au retention time in silica columns. Black curve represents AuNS retention time, 

while red curve is for AuBP retention time. These graphs show decreasing retention time of 

Au with increasing concentrations of CTAB. Second peak at 15 min on 50 mM CTAB graph 

is a result of very small fractions collected at 11 min and 12 min due to recrystallization within 

column slowing flow rate. Column was readjusted for increased flow rate at 15 min.  

 Recrystallized CTAB may have clogged pores available for AuNP diffusion, 

also causing the retention time of the nanoparticles to decrease. Selective adsorption of 

the AuBP to the stationary phase may be explained by the higher positive charge of 

AuBP aggregates interacting more strongly with the surface of the silica. The 

interactions of CTAB with the silica stationary phase can be better defined by modifying 

the surface of the packing material with a hydrophobic moiety, like C18. Use of CTAB 

in the mobile phase will ensure that the hydrophobic tails of the surfactant interact with 

the hydrophobic surface of the modified stationary phase. The cationic heads of the 

surfactant will then be exposed to the mobile phase and the CTAB-coated, positively 

charged AuNP. The like charges on the surface of the silica and Au will repel each other 

while maintaining affinity between the mobile phase and the stationary phase, 
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preventing adsorption and allowing for diffusion of the nanoparticles into the pores of 

the stationary phase. This solution avoids post-processing of the AuBP to a different 

capping agent and maintains the benefits of using a surfactant in the mobile phase to 

induce selective flocculation of anisotropic particles. 
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Chapter 5: Conclusions 

 Shape separation of AgNC using the Sephadex columns to increase retention 

time did not result in a change of average size or size distribution of AgNC in the eluate. 

This is confirmed by hindered liquid mass theory and experimental results which assert 

that particles excluded from the pores of an SEC column will not be distinguished by 

diffusivity through the porous material. The need for particles with distinct mobility 

within an SEC column necessitated a stationary phase with pore size sufficient for 

nanoparticle diffusion. For this reason, irregular silica gel with 250 nm pore size was 

chosen as the new packing material.  

 In addition, the model nanoparticle system was changed from AgNC to AuBP 

to facilitate quantitative analysis using the extinction spectra of the plasmonic 

nanoparticles. The AgNC did not exhibit a marked changed in the dipolar mode 

wavelength or full-width-half-max even after large wires and bars were removed from 

solution through vacuum filtration. As such, it was difficult to characterize the effect of 

SEC on AgNC diffusion through the porous media. Conversely, the LSPR peaks from 

the different shape populations in the as-synthesized AuBP solution changed 

significantly after separation. Examining the ratio of the AuBP LSPR peak to the AuNS 

LSPR peak provided information as to the relative concentration difference of each 

shape in the eluate. Possible adsorption of AuBP aggregates to the silica packing 

material may be resolved by using a silica surface functionalized with a hydrophobic 

group. 
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The results of this research indicate that SEC is a viable option for the separation 

of similarly sized nanoparticle shape defects in solution. This non-specific separations 

process does not require changes in particle surface chemistry while retaining the 

potential for high-resolution purification. SEC provides the added benefit of scalability 

and tunability in terms of resolution. However, possible issues with this technique 

include: over dilution of analyte resulting in desorption of stabilizing ligands leading to 

particle aggregation and adsorption of nanoparticles to stationary phase. These issues 

have been partially resolved by using surfactant in the mobile phase and large analyte 

nanoparticle volumes compared to published work, however, the process of SEC for 

nanoparticle shape separation requires optimization before the desired results are fully 

realized. 
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