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with poly(amidoamine) (PAMAM) dendrimers of several different generations as 

shown in Figure 4-21 (A).21  Due to interactions between the carboxylic acid and 

amine functionalities, the dendrimers self-assemble among the gold particles.  As 

the space between particles increases with dendrimer generation, the SPR was 

tuned over an 84 nm range21  The absorption maximum shifted to lower wavelength 

with increasing generation due to decreased electromagnetic coupling.21 

In addition to the number of particles and the inter-particle spacing, the observed 

plasmonic shift also varies with orientation of the particle assemblies.  

Electromagnetic coupling phenomena are typically only observed when the particles 

are aligned with the polarization of the incident light.55  The optical effects observed 

in a solution of randomly-oriented dimers are often insignificant.55  Novak et al.12,27 

A B

Figure 4-21. (A) Schematics of gold particles with carboxylic acid functionalities, PAMAM 
dedndrimers, the self-assembly of gold particles with dendrimers and the decreased 

coupling that occurs with increasing dendrimer generation  (B) Optical absorption spectra 
for gold nanoparticles self-assembled in the presence of dendrimers.  Images taken from 

Srivastava et al.21 
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observed the changes in the optical properties for a solution of 8 nm gold 

nanoparticles upon the addition of an OPE linker (Figure 4-22 (B)).  Only a slight 

shift and broadening were observed as dimers were formed.  This small shift could 

be attributed to the dimers being randomly oriented in solution and the fact that this 

spectrum represented the average properties of the isolated particles, dimers and 

trimers in solution (Section 4.1.4).  Similar results have been observed for 12 nm 

gold-citrate particles linked by diruthenium-bis(OPE) compounds (Figure 4-14).17  A 

slightly larger red-shift (20 nm) 

was observed for solutions of 

dimers synthesized using the 

solid-phase approach to mono-

functionalization (Figure 4-16), 

which could simply be due to 

the larger concentration of 

dimers in solution (60-70%).14 

The magnitude of the spectral 

shift observed upon 

nanoparticle coupling also 

depends upon the composition 

of the metal nanoparticles.  The 
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O

O
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Figure 4-22.  (A) Optical absorption spectra of 
8 nm gold nanoparticles both before (lower 
spectrum) and after (upper spectrum) the 

addition of the OPE linker in (B).  The inset 
shows the time evolution of the absorbance at 
535 nm.  Figure taken from McConnell et al.27
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optical shift observed upon coupling silver particles was significantly greater than 

that observed for gold.24,27  The more obvious shifts have been attributed to 

narrower plasmon bands, which are a result of the smaller imaginary dielectric 

constant associated with silver.31  Calculated spectra for dimers of silver 

nanoparticles are shown in Figure 4-23 (A).  A small red-shift was observed for silver 

particles separated by 30 nm.24,27  As the distance between particles decreased, the 

red-shift increased and a high-energy shoulder (~ 370 nm) appeared.  Figure 

4-23(B) shows data collected for silver particles in the presence of linkers of different 

lengths.  The absorption maximum red-shifted with decreasing linker length and a 

shoulder appeared in the presence of a 3-ring OPE (sulfur-sulfur distance = 2 nm).27  

The differences 

between the 

experimental and 

the calculated 

spectra were 

attributed to both 

the orientation of 

dimers and the 

presence of 

monomers and 

A B

 
Figure 4-23.  Optical spectra for silver nanoparticle dimers 

(A) Spectra calculated for 60 nm silver particles as a function of 
inter-particle distance.  Figure taken from Jensen et al.24 

(B) Optical absorption spectra for 30 nm silver nanoparticles linked 
by OPE molecules.  From bottom to top the spectra correspond to 
isolated silver particles, dimers connected by a 9-ring OPE, dimers 
connected by a 7-ring OPE, and dimers connected by a 3-ring OPE.  
Spectra were offset along the absorbance axis for clarity.  Figure 

taken from McConnell et al.27
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higher-order aggregates in solution.27 

Most of the literature describes the linking of particles composed of the same 

material.  The formation of heterodimers could involve the coupling of two different 

plasmon bands with some interesting consequences.  This has been demonstrated 

through the assembly of particle multi-layers on a surface with a bifunctional cross-

linker according to the method shown in Figure 4-24 (A).32  Strong inter-particle 

A

B

 
Figure 4-24. (A) Method for assembling nanoparticle multi-layers on a surface  (B) 
Photograph of Au, Au/Ag and Ag nanoparticle multilayer samples.  Au multilayers 

shown in row 1 are from left to right: Au colloid monolayer (a), after five treatments of 
colloid and four of 2-mercaptoethylamine (b) 12 colloidal Au layers (c) 20 colloidal Au 

layers.  Row 2: Au/Ag mixed-nanoparticle multilayers with exposures to either Au or Ag 
colloid and HSCH2CH2OH.  The film compositions are: (a) Au monolayer (b) Au/Ag/Ag (c) 

Au/Ag/Ag/Ag/Au 
(d) Au/Ag/Ag/Ag/Au/Ag/Au  Row 3: HSCH2CH2OH/Ag colloid multilayers after 3 (a), 5 (b), 

7 (c) and 9 (d) Ag treatments, respectively.  Image taken from Musick et al.32 
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coupling was observed, and the optical properties changed with both the thickness 

and composition of the multi-layers as shown in Figure 4-24 (B).  Mixed multi-layers 

exhibited plasmon bands associated with both gold and silver particles creating the 

possibility of tailoring the optical properties over most of the visible spectrum.  It was 

also noted that when the bifunctional cross-linker was less than 0.8 nm long, the 

films exhibited properties similar to those of the bulk material.32 

As discussed in Section 2.1.4.1.1, the optical properties of a nanostructure are 

strongly dependent upon its shape with nanorods exhibiting both transverse and 

longitudinal SPR modes.  Thus, the coupling between nanorods depends upon their 

orientation with larger shifts observed for the coupling of longitudinal plasmons upon 

end-to-end dimerization compared to the coupling of transverse plasmons upon 

side-by-side dimerization.53  In the case of side-by-side linkages, a blue shift was 

observed in the longitudinal plasmon band and a red-shift was observed for the 

transverse plasmon band.31,53  The strength of both coupling modes increased with 

the aspect ratio of the nanorods.53 

For the case of gold nanoparticle dimers synthesized through controlled aggregation 

(Figure 4-7 (B)), the optical properties resembled those of a nanorods.  Peaks were 

observed for both transverse (530 nm) and longitudinal (600 nm) modes.  For 

asymmetrical aggregates such at those shown in Figure 4-9 and Figure 4-10, 

electronic interactions between the two materials can affect the optical properties.  
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For example, an 18 nm red-shift was observed for gold-Fe3O4 dimers relative to the 

SPR of pure gold particles.18  This behavior was attributed to an electron-deficiency 

in the gold particles, which occurs upon Fe3O4 nucleation. 

4.1.7. Summary 

Several different techniques have been used to synthesize a wide variety of 

nanoparticle assemblies, all with different properties.  Two-dimensional particle 

arrays have been formed on surfaces using self-assembled monolayers.  These 

structures were extremely stable over long periods, and particles did not aggregate 

with each other or with the surface.  In addition, narrower size-distributions have 

been observed for surface-bound particles relative to those in solution, suggesting a 

higher binding affinity for some particle sizes over others.  These concepts were 

extended to the formation of covalently-linked particle networks.  Two-dimensional 

arrays have been synthesized by linking adjacent particles in a surface-bound 

monolayer, and three-dimensional arrays have been formed through multi-layer 

deposition. 

Nanoparticle networks have also been synthesized in solution.  Covalently-linked 

networks have been formed upon the addition of dithiol to a solution of gold 

nanoparticles and from particles functionalized with dithiol capping ligands.  

Similarly, the addition of a complimentary DNA strand to a solution of particles 

functionalized with oligonucleotides led to the reversible formation of an extended 
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network.  Networks have also been formed through reactions between adjacent 

capping ligands.  However, these types of reactions are limited to those with 

conditions mild enough not to affect particle stability. 

The synthesis of isolated dimers and trimers proved to be significantly more 

challenging and required more control over reaction conditions.  The formation of 

dimeric nanoparticle aggregates without a linker molecule has been achieved 

through controlled aggregation processes.  In these cases, the dimeric structures 

were held together either through the addition of additional precursor material or the 

addition of a polymer shell.  The yields of dimers achieved using these methods 

were typically low, varying between 20-50% depending upon the particle material 

and size.  As the yield of dimers increased, so did the number of higher-order 

aggregates. 

Heterodimeric structures have also been synthesized through the controlled de-

wetting of silica particles coated with gold, the thermal decomposition of iron 

pentacarbonyl in the presence of gold particles and the nucleation of silver on Fe3O4 

particles at a micellar interface.  As these aggregates were formed through the 

deposition or nucleation of one particle onto another one rather than aggregation 

processes, the yields of dimers were high and higher-order aggregates were not 

typically observed. 
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The goal of this work, however, was to synthesize nanoparticle dimers and trimers 

using a molecular linker.  These types of assemblies have been obtained using 

DNA, which was an ideal template as it is similar in size to many nanoparticles.  

However, multiple purification steps were required to isolate the dimers from isolated 

particle and other reaction side products.  The formation of nanoparticle assemblies 

using smaller, organic molecules proved difficult due to the tendency for more than 

one linker to bind to each particle which resulted in higher-order aggregates.  

Attempts to limit this behavior included using low concentrations of both particles 

and linker.  However, the frequency of collisions between particles and linker 

decreases at low concentrations and limits the efficiency of dimer formation.  The 

yield of dimers achieved using these methods ranged from 30-50%, and post-

synthetic separation techniques were required in order to isolate the dimeric product. 

Higher yields of dimers (55-70%) were obtained using a solid-phase place-exchange 

reaction to mono-functionalize particles.  However, these yields reflected the number 

of particles that formed dimers after being cleaved from the solid resin.  One report 

claims that the efficiencies of particle loading onto the resin and subsequent cleaving 

are quite low.  In addition, these methods are limited to small particles.  With the 

density of functional groups on most commercial resins, larger particles would likely 

be bound by more than one functional group. 
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An alternative to mono-functionalization is an asymmetrical functionalization 

process.  This method limits the formation of higher-order aggregates and is 

applicable to many different particle sizes.  The yield of homodimers varied between 

46% and 65%, depending upon particle size.  Higher order aggregates were more 

prevalent in solutions containing particles of multiple sizes.  This behavior was 

attributed to the greater surface area of the larger particles accessible to binding 

more than one of the smaller particles. 

While there has been at least one reported attempt at synthesizing heterostructures 

using orthogonal self-assembly, the only evidence that CdS and TiO2 particles 

interacted with one another was observed electron transfer between the two 

materials.  No microscopy was performed, and the morphology of the nanoparticle 

assemblies and the extent of binding were not characterized.  This lack of data 

creates uncertainty regarding the success of these experiments. 

When the distance between nanoparticles is less than the sum of their radii, which is 

often the case in nanoparticle assemblies, their plasma dipoles interact resulting in a 

change in their optical properties.  These changes are dependent upon the nature of 

the particle, the number of particles bound together, the inter-particle distances and 

the orientation of the assembly relative to the polarization of the incident light.  While 

drastic changes in optical properties have been observed, only modest changes 

have been observed for gold nanoparticle dimers.  This behavior is attributed to the 
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broad plasmon resonance, the low yield of dimers in solution and their random 

orientation in solution.  The interaction of particles with different plasmon resonances 

through the formation of heterodimers could yield some interesting behaviors.  

However, with the exception of gold, most of the particles used in this work were not 

optically active. 

4.2. Results and Discussion 
The syntheses of homodimers, homotrimers and heterodimers in this work were 

performed by adapting the methods reported by Novak et al.12,46-49  While the yields 

reported were somewhat low (~30%), these methods proved effective for bridging 

nanoparticles with conductive, OPE molecules.  While solid-phase place exchange 

produced higher yields, mono-functionalization required extremely small particles 

sizes (< 2 nm).  In addition, the techniques involving both mono- (Figure 4-16 and 

Figure 4-17) and asymmetrical (Figure 4-18) functionalization methods involved 

reactions between aliphatic capping ligands on two adjacent particles.  As will be 

discussed later, adapting these methods to conjugated bridges without an insulating 

functional group would be significantly more challenging. 

Before these methods were applied to the synthesis of heterodimers, they were 

used to synthesize homodimers and trimers consisting of citrate-capped gold 

particles.  The variables affecting the synthesis of these structures, their stability, 

and characterization were evaluated before being applied to heterodimer formation. 
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4.2.1.  Synthesis of Gold Homodimers and Homotrimers 

Homodimers consisting of citrate-capped gold nanoparticles were synthesized using 

a method adapted from Novak et al.12  As discussed in Chapters 2 and 3, water-

soluble particles were desirable for synthesizing nanoparticle assemblies as they 

can be synthesized without sterically-bulky capping ligands, which would inhibit 

dimer formation.  In addition, several of the characterization methods discussed in 

subsequent chapters required aqueous solvents.  However, the OPE molecules 

used in this work (Figure 4-25) were only soluble in organic solutions.  Therefore, the 

linker molecules were introduced to the aqueous particle solution in a 2:3 ratio of 

THF/ethanol, which was miscible.  In addition, aromatic thiols typically react to form 

disulfides.  For this reason, the thiols were protected by an acetyl group, which was 

removed in-situ under mildly basic conditions.  A sodium citrate solution was added 

to increase the solution pH from approximately 5-6 to 8,∗ and facilitate deprotection. 

                                            
∗ The pH of the gold particle solutions increased with size.  Solutions of 5 nm particles had pH = 5 and 
200 nm particles (not used here) had a pH < 9. 
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Figure 4-25. Oligomeric phenylene ethylene (OPE) molecules used to synthesize 
homodimers of gold nanoparticles (A) 3-ring linker  (B) 5-ring linker  (C) 7-ring linker.  The 

alkoxy groups are present to enhance solubility.
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The addition of organic solvent 

and sodium citrate had 

consequences regarding 

particle stability.  As discussed 

in Section 2.1.1.1, the stability 

of electrostatically-stabilized 

particles decreases with ionic 

strength due to the 

compression of the electrical 

double-layer.  In addition, 

solvent molecules shield 

repulsive electrostatic 

interactions and also affect 

particle stability.  Both of these 

factors will be addressed both 

in this chapter and the 

following chapter. 

Figure 4-26 shows gold homodimers observed using TEM.  The dimer yields 

observed were approximately 30%, which is consistent with the values reported in 

the literature.12,17,47  However, it is difficult to determine whether or not these 

A

B

 
Figure 4-26.  TEM images of gold nanoparticle 

homodimers (A) Solution containing 15 nm 
citrate-capped gold homodimers (B) Homodimer 
of 20 nm citrate-capped gold particles. Dimers 

were linked with linked with a 3-ring OPE (Figure 
4-25 (A)) 
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particles were actually linked with a molecular linker.  As discussed in Section 2.1.3, 

particles often self-assemble into lattices.  In this scenario, the inter-particle 

distances are determined by the sum of the attractive and repulsive forces.  It is 

therefore likely that particles could have come together during preparation of the 

TEM grids even in the absence of linker.  As discussed in Section 4.1.4, the 

distances measured between particle assemblies synthesized using these methods 

do not correlate with the linker length due to uncertainties in the thiol-gold bond 

angle and the orientation of dimers on the TEM grid, which may be angled away 

from the view.  This behavior increases the difficulty in determining whether adjacent 

particles are covalently linked.  For these reasons, particle solutions were also 
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Figure 4-27.  (A) Graph shows the percentages of particles that appeared to be in dimers on 
a TEM grid for citrate-capped gold particles of various sizes both without and with the 

addition of an OPE linker ((Figure 4-25 (A)).  These values reflect an average measured for 
2-3 experiments (B) The percentage of particles that appeared to be in dimers in the 

presence of three different linker molecules (Figure 4-25). 
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imaged in the absence of linker. 

Figure 4-27 (A) shows the number of dimers counted both with and without linker.  

To eliminate as many variables as possible, the particle solutions without linker also 

contained sodium citrate and organic solvent.  Some dimers were observed even in 

the absence of linker.  These data create some uncertainty about the dimer yields 

observed in the presence of the molecular linker.  The fact that three times as many 

dimers were observed in the presence of the molecular linker suggests that some 

covalently-linked dimers were present.  In addition, Novak et al.12 confirmed the 

presence of the molecular linker for similar structures using Raman spectroscopy, 
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Figure 4-28.  Three-armed oligomeric phenylene ethylene (OPE) molecules used to 

synthesize gold nanoparticle trimers (A) Linker with 7 rings  (B) Linker with 10 rings 
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and Na et al.58-60 reported current measurements through these structures that 

confirmed the presence of the molecular linker.  Regardless, characterizing these 

structures using electron microscopy remains a challenge. 

Similar experiments were performed for nanoparticle trimers, which were formed by 

linking gold particles using the molecules shown in Figure 4-28.  Images of 

nanoparticles trimers are shown in Figure 4-29.  While the distance between 

particles linked with the 10-ring linker molecule (Figure 4-29 (C)) appeared to be 

larger than that between particles linked with the 7-ring linker molecule (Figure 4-29 

A

B C

 
Figure 4-29.  TEM images of gold nanoparticle trimers (A) Solution containing 5 nm citrate-
capped gold trimers linked with a 10-ring three-armed OPE (Figure 4-28 (B)).  (B) Trimer of 

15 nm particles linked with a 7-ring OPE (Figure 4-28 (A)).  (C) Trimer of 15 nm particles 
linked with a 7-ring OPE (Figure 4-28 (B)). 
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(B)), this behavior was not consistent for all samples images and there was again 

some uncertainty about whether groups of particles on the TEM grid were bound 

together.  However, the number of trimers observed in the presence of linker was 

significantly higher as shown in Figure 4-30 (A).  These data support the formation of 

covalently-linked nanoparticle assemblies. 

In contrast to the data collected for dimers shown in Figure 4-27, the observed trimer 

yields appeared to be dependent upon nanoparticle size.  A significantly greater 

number of trimers were observed for 15 nm particles compared to the smaller 

particle sizes.∗  There have been a few other reports of size-dependent processes in 

                                            
∗ Trimers were not synthesized with larger particles due to geometrical constraints, which are 
discussed in Appendix 2 (Table A-2-4). 
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Figure 4-30.  (A) Graph shows the percentage of particles that appeared to be in trimers on 
a TEM grid for citrate-capped gold particles of various sizes both without and with the 
addition of a three-armed OPE linker (Figure 4-28 (A)).  These values reflect averages 

measured for 2-3 experiments (B) The percentage of 15 nm particles that appeared to be in 
dimers and trimers in the presence of two different linker molecules (Figure 4-28). 
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the literature; however, no rational has been provided for these observations.  For 

example, Colvin et al.6 observed a narrower size distribution for surface-bound 

cadmium selenide nanoparticles relative to those in solution and suggested that 

kinetic or thermodynamic factors could favor the binding of one particle size over 

another.  The synthesis of silica dimers through controlled aggregation was also 

reported to be size-dependent.23  The yield of dimers was 33% for 330 nm particles 

and 50% for 280 nm particles.  For dimers synthesized through asymmetrical 

functionalization, the yield for 16 nm particles was 65% while the corresponding 

yields for 30 nm particles and 41 nm particles were 57% and 46%, respectively.30 

There are a few possible reasons why the yields of trimers were greater for 15 nm 

particles than for smaller particles.  The synthesis of citrate-capped gold particles 

was described in Section 2.2.2.1, which describes how tannic acid was used in the 

synthesis of particles smaller than 12 nm.  Figure 2-18 shows that tannic acid is a 

significantly larger molecule than citric acid.  Thus, it is possible steric considerations 

limited the formation of trimers for the smaller particles.  Steric factors would likely 

be more significant for nanoparticle trimers as the each particle is bound to two other 

particles and the gap between particles is smaller (Table A-2-5).  Another 

consideration could be the magnitude of the attractive forces between particles.  As 

mentioned in Section 2.1.1.1, the magnitude of the attractive van der Waals forces 

increases with particle size.61  However, it is unlikely that these forces would 
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contribute to the significantly higher yields observed for larger particles, esp. as this 

behavior contradicts the other reports in the literature.  The yields for both the 

dimerization of silica23 and gold were greater for smaller particles.30  It is also 

possible the concentration of particles in solution could affect the yield of 

nanoparticle trimers.  As shown in Table 4-3, the gold particle concentration 

decreases with increasing particle size.  However, it seems unlikely that the yield of 

trimers would increase with decreasing particle concentration. 

The effects of linker length on the yields of dimers and trimers were also 

investigated.  While it was hypothesized that the yields would be higher for longer 

linker lengths, Figure 4-28 (B) shows negligible differences in dimer yields for the 

series of OPEs used here.  The length differences among these molecules are small 

and it is possible that greater differences may be observed for longer chain lengths.  

Figure 4-30 shows a slight increase in the percentage of both dimers and trimers 

observed in the presence of the longer linker.  However, these differences are small 

and additional experiments with longer linkers would be required in order to confirm 

this trend. 

The optical properties of these nanoparticle assemblies were also investigated.  As 

discussed in Section 4.1.6, Novak et al.12,27 observed a 10 nm red-shift in the optical 

absorption spectra of 8 nm gold particles upon dimerization.  Similar trends are 

shown in Figure 4-31 for assemblies of both 5 nm and 15 nm particles.  The peak at 
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520 nm observed for 5 nm particles red-shifted to 534 nm and broadened upon the 

formation of dimers and trimers.  Some peak broadening was observed when 

additional sodium citrate and organic solvent was added to the particle solution, 

even in the absence of linker.  This behavior could be due to either a change in the 

solution dielectric constant or a small number of aggregation events, which occured 

due to the decreased stability of particles in the presence of these additives.  

Similarly, the peak at 522 nm observed for 15 nm particles red-shifted to 540 nm and 

broadened upon the formation of dimers and trimers.  A small shift to 526 nm was 

observed when sodium citrate and organic solvent were added to the particle 

solution.  Again, the origin of this shift is unclear.  The extent of these red-shifts was 
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Figure 4-31.  Optical absorption spectra for citrate-capped gold nanoparticle solutions 

containing dimers and trimers.  (A) Solutions of 5 nm particles  (B) Solutions of 15 nm particles 
** indicates a particle solution containing additional sodium citrate and organic solvent  The 

spectra were off-set along the y-axis for clarity. 
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likely dependent upon the yield of dimers and trimers in solution. 

These experiments demonstrated the assembly of citrate-capped gold nanoparticles 

into dimers and trimers using a molecular linker.  There were some uncertainties 

about the yields of these assemblies.  Some dimers and trimers were observed on 

the TEM grid even in the absence of the molecular linker, and the distance between 

particles could not be correlated with the linker length.  However, a significantly 

greater number of assemblies were observed in the presence of the linker, 

supporting the conclusion that assemblies were formed.  The yield of dimers did not 

appear to be dependent on either particle size or linker length; however, the yield of 

trimers increased significantly as the particle size increased from 5 nm to 15 nm 

particles.  The stability of particles in the presence of additional sodium citrate and 

organic solvent also came into question. 

4.2.2.   Synthesis of Nanoparticle Gold-Platinum Heterodimers 

There are many different variables which could contribute to the effectiveness and 

the yield of heterodimer formation.  In addition to the interactions between the 

particles and the bifunctional linker, the interactions between the two different 

particles and their capping ligands could be significant.  If interactions between 

particles of the same type are significant, particle mixing and heterodimer formation 

will likely be inhibited.  In the case of homodimers, there have been several reports 

indicating that particle size plays a role in the efficiency of dimerization.23,30  The 
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concentration and length of the OPE linker molecules are also significant.  In order 

to properly evaluate these variables, effective characterization methods are required.  

As will be discussed in subsequent chapters, such methods have not yet been 

developed.  This work was intended to demonstrate heterodimer formation; 

however, as is elaborated below, not all variables could be explored due to the 

unavailability of adequate characterization techniques. 

The synthesis of nanoparticle heterodimers was carried out using methods similar to 

those used for gold homodimers.  A stoichiometric amount of the OPE linker 

molecule in organic solvent was added to an aqueous solution containing two 

different types of particles in a 1:1 ratio and additional sodium citrate to facilitate the 

in-situ deprotection of the acetyl group.  Citrate-capped gold particles were 

commercially available, and the remainder of the particles were synthesized 

according to procedures described in Chapters 2 and 3.  While the concentrations of 

citrate-capped gold particles were provided by the manufacturer as indicated in the 

Experimental 

Section (Table 

4-3), the 

concentrations of 

the other 

nanoparticles 
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Figure 4-32.  Bifunctional linkers used to link gold particles to 
platinum and nickel 
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used in this work were more difficult to determine.  Calculations assumed 100% yield 

of the molecular precursor used in the particle synthesis.  The approximate volume 

of an individual particle was calculated from its diameter determined by TEM 

measurements.  This value and the density of the material were then used to 

determine the final concentration of the particles.  As these values were only 

approximate, the concentrations had to be altered, in some cases, to observe a 1:1 

particle ratio using TEM. 

The first attempts at heterodimer formation involved linking citrate-capped gold 

particles (20 nm) with mercaptobenzoic acid-capped platinum particles (Section 

A
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Figure 4-33.  TEM images of citrate-capped gold particles (20 nm) and mercaptobenzoic-acid-

capped platinum paticles (7 nm) in the presence of the bifunctional linker shown in 
Figure 4-32 (A) 
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2.2.3.4, Figure 2-22) using the linker molecule shown in Figure 4-32.  As discussed 

in Chapter 1, it was predicted that the thiol functionalities would bind to gold and the 

isocyanide would bind to platinum in order to create a heterodimer.  The TEM 

images in Figure 4-33 show that heterodimers did form.  However, in addition to 

isolated heterodimers, there were also gold particles that appeared to be bound to 

more than one platinum (Figure 4-33 (D, E)), gold homodimers, platinum 

homodimers, 

and assemblies 

containing both 

gold and 

platinum 

(Figure 4-33 

(C)). 

The numbers 

of particles 

within these 

different 

structures are 

reported in 

Table 4-1.  

Table 4-1.  Statistics obtained for heterodimer assemblies consisting of 
citrate-capped gold particles (20 nm) and mercaptobenzoic acid-
capped platinum particles 

Total # Au Particles Imaged 118 

# isolated Au particles 15 (13%) 

# Au particles isolated in heterodimers 19 (16%) 

# Au bound to more than one Pt 21 (18%) 

# Au particles isolated in homodimers 14 (12%) 

#  Au particles in groups containing both Au-Au and Au-Pt 49 (41%) 

# Au Particles bound to at least one Pt. 61 (54%) 

Total # Pt Particles Imaged 164 

# isolated Pt particles 45 (27%) 

# Pt particles isolated in heterodimers 19 (12%) 

# Pt particles in assembles where more than one Pt is 
bound to a single Au 24 (15%) 

# Pt particles isolated in homodimers 14 (9%) 

# Pt particles in groups of more than two 29 (18%) 

# Pt particles in groups containing both Au-Au and Au-Pt 33 (20%) 

# Pt Particles bound to Au 90 (55%) 
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These numbers were obtained by counting particles observed using TEM, and do 

not necessarily reflect the statistics of the entire solution.  While approximately 54% 

of gold particles were bound to at least one platinum particle, only 16% appeared to 

be isolated in heterodimers.  More control over reaction conditions would be required 

in order to limit the formation of higher-order aggregates.  As was the case with 

homodimers, it was difficult to determine whether or not these particles were 

covalently bound with a molecular linker.  A control experiment was necessary in 

order to determine how many particles appeared to be bound together in the 

absence of linker.  However, as described in Section 2.2.3.4, the synthesis of these 

mercaptobenzoic acid-capped platinum particles was irreproducible due to varying 

concentrations of the thiol and disulfide in the reaction.  Therefore, additional 

experiments using these particles could not be performed. 

Heterodimer formation was also attempted using mercaptobenzoic acid-capped 

platinum particles synthesized using a modified method (Figure 2-23).  However, 

these attempts yielded only large aggregates.  As discussed in Section 2.2.3.4, 

attempts at purifying these particle solutions resulted in irreversible aggregation.  

These solutions of platinum particles likely had high concentrations of chloride, 

hydroxide and borohydride ions in addition to excess mercaptobenzoic acid and 

methanol.  While the sterically-stabilized platinum particles were stable under these 

conditions, the combination of high ionic strength and methanol likely facilitated the 
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aggregation of gold particles.  In 

addition, the organic solvent and 

sodium citrate solution present during 

heterodimer formation could have led 

to aggregation of the platinum 

particles.  The composition of the 

large aggregates observed in TEM 

images could not be determined.  It 

was unclear whether the aggregates 

consisted primarily of gold or platinum.  Isolated particles of both types were also 

observed. 

Attempts to synthesize 

heterodimers using both 

tiopronin-capped 

platinum particles and 

mercaptoethanesulfonat

e-capped particles were 

unsuccessful.  Figure 

4-34 shows a TEM 

images taken after 

 
Figure 4-35.  TEM image of citrate-capped gold particles 

(10 nm) and platinum particles capped with 2-
mercaptoethanesulfonate in the presence of the linker 

shown in Figure 4-32 (B) 

 
Figure 4-34.  TEM image of citrate-capped gold 
particles (5 nm) in the presence of tiopronin-

capped platinum particles and the bifunctional 
linker shown in Figure 4-32 (A) 
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tiopronin-capped platinum particles were mixed with citrate-capped gold particles 

(5 nm) in the presence of the bifunctional linker shown in Figure 4-32 (A).  No 

platinum particles were observed suggesting the selective aggregation or 

precipitation of platinum particles under these reaction conditions.  While the 

presence of the OPE linker cannot be confirmed using TEM, a significant number of 

homodimers were observed suggesting that the isocyanide functionality bound to 

gold particles in the absence of platinum. 

In the case of 2-mercaptoethanesulfonate-capped platinum particles, platinum 

aggregates were observed as shown in Figure 4-35.  This behavior was not 

completely unexpected as these particles were only soluble in a few hydrophilic 

solvents, including formaldehyde.62  Irreversible aggregation occurred upon attempts 

to suspend μM concentrations of these particles in aqueous solution (Section 

2.2.3.5).  It was speculated that, at the low particle concentrations used in the 

synthesis of heterodimers (nM), the solubility of these platinum particles would be 

less of a problem.  In addition, it was predicted that the solubility of these particles 

would improve upon binding to the water-soluble gold particles.  While the solubility 

of these platinum particles did appear to be greater under these conditions, small 

aggregates were still observed.  In contrast to the assemblies shown in Figure 4-34, 

homodimers were not observed. 
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It was unclear whether or not any changes in optical properties would be observed 

upon heterodimer formation.  Figure 4-31 shows a small red-shift observed upon the 

formation of gold homodimers, which was attributed to inter-particle electromagnetic 

coupling.  As platinum particles do not exhibit a strong absorption in the visible 

region (Section 2.1.4.2), it was difficult to predict what, if any, coupling phenomena 

would be observed. 

Figure 4-36 (A) shows the optical absorption spectra for solutions of citrate-capped 

gold particles (20 nm) and mercaptobenzoic acid (MBA)-capped platinum particles in 

the presence of the bifunctional linker.  While the general protocol for synthesizing 

heterodimers involved adding the linker molecule to a solution containing both gold 

and platinum particles, this particular experiment was designed to determine if there 
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Figure 4-36.  Optical absorption spectra of gold and platinum particles upon the addition of 

a bifunctional linker (A) 20 nm gold particles with mercaptobenzoic acid (MBA) – capped 
platinum particles  (B) 10 nm gold particles with tiopronin-capped platinum particles 
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was any change in the optical properties of gold particles upon linker addition.  While 

no changes were observed in the optical spectrum for gold particles immediately 

upon linker addition, a small red-shift and a decrease in absorption intensity were 

observed after approximately 18 hours.  This result may be due to the formation of a 

small concentration of homodimers.  The magnitude of these changes increased 

upon the addition of platinum particles.  It is unclear whether these changes were 

due to interactions between the gold and platinum particles or due to further 

aggregation of gold particles.  Also, the intensity of the shoulder at approximately 

260 nm increased upon the addition of platinum, and then decreased with time.  As 

this shoulder overlaps a small speak at 260 nm in the spectrum of the MBA-capped 

platinum particles, which is associated with the MBA absorption (Figure 2-22), it is 

unclear whether this behavior reflects changes in the spectrum for gold or that of 

platinum.  Further investigation coupled with theoretical calculations would be 

required in order to determine the origin of these optical changes. 

Figure 4-36 (B) shows the optical absorption spectra for solutions of citrate-capped 

gold particles (10 nm) and tiopronin-capped platinum particles in the presence of the 

bifunctional linker.  In this case, the linker molecule was added to a solution 

containing both gold and platinum particles.  Again, a decrease in the intensity and a 

small red-shift was observed along with some peak broadening.  According to TEM 
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data, heterodimers were not formed for this case.  Therefore, the changes in the 

optical spectra were attributed to the formation of gold assemblies. 

4.2.3. Synthesis of Nanoparticle Gold-Nickel Heterodimers 

Nickel particles were also investigated for heterodimer formation as strong binding 

has been reported between isocyanides and nickel surfaces.63-65  Attempts were 

made to bind gold particles to nickel particles stabilized with both 

cetyltrimethylammonium bromide (CTAB) and phenyltrimethylammonium bromide 

(PTAB).   

As described in Section 2.2.4.2, high concentrations of the ionic stabilizing ligands 

were required to achieve monodispersed nickel particles, and all attempts to purify 

these particle solutions resulted in aggregation.  These particle solutions therefore 

contained ammonium and bromide ions, chloride ions, sodium and hydroxide ions 

and hydrazine, all of which could affect the stability of a particle solution.  When 

CTAB-capped nickel particles were added to a solution of citrate-capped gold 

particles, immediate precipitation was observed.  This was attributed to the high 

ionic strength of the nickel particle solution, which destabilized the gold particles and 

resulted in aggregation.  Immediate precipitation was not observed upon the addition 

of PTAB-capped nickel particles to solution of citrate-capped gold particles; however 

the TEM image in Figure 4-37 shows that aggregation of gold particles did occur 

over a longer time-scale.  This image was taken approximately 18 hours after the 
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particle solutions were 

mixed.  It was speculated 

that interactions between 

the gold particles and the 

long alkyl chain associated 

with the CTAB contributed 

to the faster aggregation 

kinetics. 

Figure 4-37 shows 

aggregated gold particles 

(10 nm), but nickel particles (3.6 nm) were not observed.  As the concentration of 

nickel particles in this solution was based only on approximate calculations, it was 

possible that the actual concentration of nickel particles was much lower than the 

concentration of gold particles.  In order to rule out this possibility, a second 

experiment was performed in which a large excess of nickel particles was added.  

The TEM images taken of the resulting solution were similar and no nickel particles 

were observed.  These data suggest that nickel particles precipitated.  Both the gold 

and the nickel particles were stable separately, but exhibited aggregation and 

precipitation upon mixing.  It is also likely that the additional sodium citrate and 

 
Figure 4-37. TEM image of aggregated citrate-capped 

gold particles (10 nm) in the presence of PTAB-capped 
nickel particles  



 348

organic solvent added for heterodimer formation contributed to the precipitation of 

nickel particles. 

Heterodimer formation requires particles that can be easily purified to eliminate 

problems associated with impurities.  In addition, both types of nanoparticles must 

be stable under the same conditions.  As discussed in Chapter 2, there is a tradeoff 

between particle stability and reactivity.  Significant difficulties were encountered in 

synthesizing stable nanoparticles without sterically-bulky capping ligands.  These 

experiments demonstrated that particle stability can be further decreased in mixed 

particle solutions. 

4.2.4. Synthesis of Nanoparticle Gold-Metal Oxide Heterodimers 

As carboxylic acids have been reported to bind selectively to metal oxides, 

heterodimer synthesis has also been attempted using the bifunctional linker shown 

in Figure 4-38.  As before, the thiolate functionality was intended to bind to gold 

particles after in situ deprotection of the acetate functionality while the carboxylic 

acid was intended to bind to metal oxide particles, specifically TiO2 and Fe3O4.  

These types of assemblies were of interest as a non-conductive particle will be 

required for the eventual assembly of a three-terminal device.  In addition, the 

selectivity between the thiol and the carboxylic acid functionalities was expected to 

be greater than that associated with the thiol and isocyanide functionalities. 
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Attempts were made to 

synthesize heterodimers 

by binding citrate-capped 

gold particles (15 nm) and 

succinic acid-capped TiO2 

particles.  As described in Section 3.2.1.6, the synthesis of TiO2 using solvothermal 

methods yielded stable, dispersed, spherical particles; however, these particles 

often transformed to nanorods upon ligand-exchange with hydrophilic capping 

ligands.  As TiO2 particles maintained their spherical shape during initial attempts at 

ligand-exchange (Figure 3-39 (B)), these particles were chosen for heterodimer 

formation.  Figure 4-39 shows a TEM image of citrate-capped gold particles and 

succinic acid-capped TiO2 in the presence of the bifunctional linker shown in Figure 

4-38.  Negligible binding was observed.  Repeated experiments were not performed 

due to the irreproducibility of the TiO2 particle synthesis (Section 3.2.1.6). 

More promising results were obtained upon binding citrate-capped gold particles to 

tartaric acid-capped Fe3O4 particles.  As discussed in Section 3.2.2.2, tartaric acid-

coated Fe3O4 particles completely adhered to a stir bar, while Fe3O4 particles 

sonicated in the presence of succinic acid and glycerol did not.  This behavior 

suggested that these particles were pure Fe3O4 while other oxide or hydroxide 

species may have been present in the other solutions.  In addition, the magnetic 
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Figure 4-38.  Bifunctional linker used to link gold 
particles to TiO2 and Fe3O4 
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properties of the tartaric 

acid-coated particles 

facilitated their removal 

from solution allowing 

them to be washed and re-

dispersed in pure water.  

Effective purification 

methods had not been 

developed for the particles 

capped with succinic acid 

or glycerol.  For these reasons, the tartaric-acid coated Fe3O4 particles were used 

for the formation of heterodimers. 

Figure 4-40 shows TEM images of heterodimers formed between citrate-capped 

gold particles (15 nm) and tartaric acid-capped Fe3O4 particles.  As was the case for 

heterodimers formed between gold particles and mercaptobenzoic acid-capped 

platinum particles (Figure 4-33), TEM indicated the presence of many different types 

of structures.  In addition to isolated heterodimers, there were also gold particles that 

appeared to be bound to more than one Fe3O4 (Figure 4-40 (C)), gold homodimers, 

Fe3O4 homodimers, and assemblies containing both gold and Fe3O4. 

 
Figure 4-39.  TEM image of citrate-capped gold particles 

(15 nm) with succinic acid-capped TiO2 particles (9 nm) in 
the presence of the bifunctional linker shown in Figure 

4-38 
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The numbers of particles within these different structures are reported in Table 4-2 

at the end of this section.  These numbers were obtained by counting particles 

observed using TEM, and do not necessarily reflect the statistics of the entire 

solution.  As described in Section 4.2.2 (page 337), in reference to platinum 

particles, the concentrations of Fe3O4 particles were difficult to determine.  A 

‘molecular’ weight for these particles was approximated based on their diameter 

determined by TEM measurements and the density of Fe3O4.  As the tartaric-acid 

capped Fe3O4 particles could be isolated from solution, they were then weighed to 

make stock solutions of approximately-known concentrations.  As these 

concentrations were only approximate, they required further altering in order to 

A B

C

 
Figure 4-40.  TEM images of hetero-assemblies formed between citrate-capped gold 

particles (15 nm) and tartaric acid-capped Fe3O4 particles (7 nm) 
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observe a 1:1 particle ratio using TEM.  Figure 3-43 (D) shows that tartaric acid-

capped Fe3O4 particles formed large aggregate structures in addition to discrete 

particles.  It is therefore possible that the number of discrete particles observed in 

heterodimer experiments does not reflect the true particle concentration. 

Table 4-2 shows the results for three different heterodimer experiments both with 

and without the bifunctional linker molecule.  In the first experiment, the number of 

Fe3O4 particles observed was approximately 2-3 times greater than the number of 

observed gold particles.  The Fe3O4 concentration was then altered to achieve the 

approximate 1:1 ratios observed in experiments 2 and 3.  The statistics recorded for 

experiment 3 are highlighted as they represent not only comparable numbers of gold 

and Fe3O4 particles, but also similar numbers of particles were counted for samples 

both with and without the bifunctional linker.  As was the case with both homodimers 

(Section 4.2.1, page 328) and heterodimers formed with mercaptobenzoic acid-

capped platinum particles (Section 4.2.2, page 337), it was difficult to determine 

whether or not these particles were covalently bound with a molecular linker.  As 

discussed in Section 2.1.3, particles often self-assemble into lattices.  A control 

experiment was performed in order to determine how many particles appeared to be 

bound together in the absence of linker.  To eliminate as many variables as possible, 

the particle solutions without linker also contained sodium citrate and organic 

solvent. 
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As with both homodimer and previous heterodimer experiments, some dimers and 

larger-order aggregates were observed even in the absence of linker.  While the 

percentage of gold particles bound to at least one Fe3O4 was slightly higher when 

the Fe3O4 nanoparticle concentration was larger (experiment 1), this value 

approximately doubled in the presence of linker for all experiments.  The number of 

isolated heterodimers also approximately doubled in the presence of linker.  These 

data suggest that some covalently linked dimers were present in the presence of 

linker, although there was some uncertainty regarding their exact concentrations. 

While the distances measured between particles have not correlated with the linker 

lengths in previous experiments due to uncertainties in the thiol-gold bond angle and 

the orientation of the dimers of the TEM grid (Section 4.1.4, page 301), these values 

were measured here in attempt to determine if there were significant differences 

between the samples with and without the molecular linker.  If the distances between 

particles were significantly different in the presence of the linker, this information 

could support the presence of covalently-linked assemblies.  While the distance 

measured between the thiolate and carboxylic acid functionalities for the linker 

shown in Figure 4-38 was 2.0 nm,∗ the distance measured between particles in the 

presence of the linker molecule was 1.13 ± 0.25 nm.  This finding was not 

unexpected as both Novak et al.12 and Ying et al.17 also measured inter-particle 
                                            
∗ This distance was measured using ChemDraw 3D software after MM2 energy minimization. 
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distances that were shorter than the linker length.  However, the distance measured 

between particles in the absence of linker was 1.11 ± 0.25 nm.  As there were 

negligible differences between these two values, these data could not be used to 

support the presence of the molecular linker between the two particles.  The large 

deviations on these values were attributed to differences in particle orientation on 

the TEM grid and the low-resolution of the images. 

While it was predicted that the selectivity between the thiol and carboxylic acid 

functionalities would be greater than that associated with the thiol and isocyanide 

functionalities, only 30% of gold particles were bound to at least one Fe3O4 particle 

compared to the 54% of gold particle bound to at least one mercaptobenzoic acid-

capped platinum particle.  However, similar percentages of heterodimers (16% vs. 

18%) were observed for both systems.  It is difficult to make a direct comparison 

between the two systems, because counts were not performed for citrate-capped 

gold particles and mercaptobenzoic acid-capped platinum particles in the absence of 

linker.  The affinity of the different particles may vary between the two systems.  It is 

noted that the percentages of Fe3O4 particles isolated in homodimers (14-18%) and 

the percentages of Fe3O4 particles in group so greater than two (10-39%) are 

greater than similar percentages observed for mercaptobenzoic acid-capped 

platinum particles (9% and 18%, respectively).  These data suggest that tartaric 

acid-capped Fe3O4 particles may have a higher affinity for one another than 
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mercaptobenzoic acid-capped platinum particles.  This could be due to the magnetic 

forces between the particles or hydrogen bonding interactions between the capping 

ligands.  Significant inter-particle interactions could limit particle mixing and 

consequently heterodimer formation. 
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Table 4-2.  Statistics Obtained for Heterodimer Assemblies Consisting of Citrate-capped Gold Particles (15 nm) and Tartaric-acid-
Capped Fe3O4 Particles 

 

Experiment 1  Experiment 2  Experiment 3 

No Linker  Linker  No Linker  Linker  No Linker  Linker 

Total # Au Particles Imaged  116  72  152  249  200   230  

# isolated Au Particles  70 (60%)  30 (42%)  64 (42%)  102 (41%)  149 (75%)  137 (60%) 

# Au particles isolated in heterodimers   9 (8%)  14 (19%)  11 (7%)  28 (11%)  16 (8%)  41 (18%) 

# Au particles bound to more than one Fe
3
O
4

5 (4%)  2 (3%)  3 (2%)  5 (2%)  5 (2%)  12 (5%) 

# Au particles isolated in homodimers   12 (10%)  12 (17%)  38 (25%)  60 (24%)  26 (13%)  16 (7%) 

#  Au particles in groups containing both Au‐Au and Au‐Fe
3
O
4

20 (17%)  14 (19%)  36 (24%)  54 (22%)  4 (2%)  24 (10%) 

# Au Particles bound to at least one Fe
3
O
4

23 (19%)   29 (40%)  25 (16%)  75 (30%)  28 (14%)  69 (30%) 

Total # Fe
3
O
4
 Particles Imaged 258  264  133   260   201  216 

# Isolated Fe
3
O
4
 Particles 60 (23%)   126 (48%)  44 (33%)  60 (23%)  66 (33%)  71 (33%) 

# Fe
3
O
4
 particles isolated in heterodimers  9 (3%)  14 (5%)  11 (8%)  28 (11%)  16 (8%)  41 (19%) 

# Fe
3
O
4
 particles in assemblies where more than one Fe3O4 is bound to 

a single Au 
0 (0%)  2 (1%)  2 (1%)  4 (2%)  5 (3%)  2 (1%) 

# Fe
3
O
4
 particles isolated in homodimers  46 (18%)  4 (2%)  14 (11%)  48 (18%)  16 (8%)  30 (14%) 

# Fe
3
O
4
 particles in groups of more than two 101 (39%)  87 (33%)  45 (34%)  53 (20%)  79 (39%)  21 (10%) 

# Fe
3
O
4
 particles in groups containing both Au‐Au and Au‐Fe

3
O
4

42 (16%)  31 (11%)  17 (13%)  67 (26%)  19 (9%)  51 (23%) 

# Fe
3
O
4
 Particles bound to Au 35 (14%)  48 (18%)  28 (21%)  99 (38%)  25 (12%)  78 (36%) 

Samples with ‘No Linker’ contained particle mixtures in addition to a sodium citrate solution and organic solvent 
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4.2.5. Summary and Conclusions 

The assembly of citrate-capped gold nanoparticles into dimers and trimers using a 

molecular linker was demonstrated although there was some uncertainty in the 

yields of these assemblies.  Some dimers and trimers were observed on the TEM 

grid even in the absence of the molecular linker, and the distance between particles 

could not be correlated with the linker length.  However, a significantly greater 

number of assemblies were observed in the presence of the linker supporting the 

conclusion that assemblies were formed.  The yield of dimers did not appear to be 

dependent on either particle size or linker length; however, the yield of trimers 

increased significantly as the particle size increased from 5 nm to 15 nm particles.  

The stability of particles in the presence of additional sodium citrate and organic 

solvent also came into question. 

The synthesis of nanoparticle heterodimers was carried out using methods very 

similar to those used for gold homodimers.  However, these procedures presented 

additional challenges, the most significant of which appeared to be the synthesis of 

particles that were stable in a solution containing citrate-capped gold particles, 

sodium citrate and organic solvent.  Tiopronin-capped platinum, 

mercaptoethanesulfonate-capped platinum, CTAB-capped nickel and PTAB-capped 

nickel particles all aggregated in these solutions.  In addition, the high ionic strength 

of the nickel particle solutions caused the gold particles to aggregate.  Chapters 2 
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and 3 described the difficulties associated with synthesizing stable particles without 

sterically-bulky capping ligands.  These methods would need to be further developed 

in order to successfully synthesize a wide variety of heterodimeric structures. 

Preliminary TEM data suggested the formation of heterodimers consisting of citrate-

capped gold particles and mercaptobenzoic acid-capped platinum particles.  

Approximately 54% of the gold particles were bound to at least one platinum and 

16% of the gold particles were isolated in heterodimers.  Other structures included 

gold particles that were bound to more than one platinum, gold homodimers, 

platinum homodimers and assemblies containing both gold and platinum.  As with 

the homodimer experiments, it was difficult to confirm the presence of the molecular 

linker.  Further experiments could not be performed due to the irreproducibility of this 

particle synthesis.  Attempts to synthesize heterodimers using mercaptobenzoic 

acid-capped platinum particles synthesized using a different method were 

unsuccessful.  Aggregation of both the gold and platinum particles was observed. 

Preliminary TEM data also suggested the formation of heterodimers consisting of 

citrate-capped gold particles and tartaric acid-capped Fe3O4 particles.  

Approximately 30% of the gold particles were bound to at least one Fe3O4 particle 

and 18% were isolated in heterodimers, double the values observed in the absence 

of the bifunctional linker.  While it was predicted that the selectivity between the thiol 

and carboxylic acid functionalities would be greater than that associated with the 
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thiol and isocyanide functionalities, only 30% of gold particles were bound to at least 

one Fe3O4 compared to 54% of gold particles bound to at least one 

mercaptobenzoic acid-capped platinum.  It was speculated that this difference could 

be due to greater interactions between Fe3O4 particles, which could limit mixing and 

the efficiency of dimerization. 

While preliminary data does suggest the formation of heterodimers, additional 

experiments are required to verify this behavior.  The sole characterization technique 

used here was TEM.  As shown in Table 4-1 and Table 4-2, the statistics obtained 

using TEM were based on a few hundred particles and do not necessarily reflect the 

composition of the entire solution.  In addition, nanoparticle assemblies were 

observed even in the absence of the bifunctional linker, which created some 

uncertainty as to whether these structures were covalently linked.  A solution-based 

characterization technique could provide data that was representative of the entire 

solution and avoid the ambiguity associated with lattice formation upon TEM sample 

preparation. 

There are many different variables that could affect the yield of dimers in solution, 

including the particle sizes and concentrations, the concentration and length of the 

linker molecules, the nature of the particle capping ligands and the solvent 

composition.  An efficient characterization method is also necessary in order to 

properly evaluate each of these variables and maximize the efficiency of 
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dimerization.  The rest of this work is therefore focused on developing 

characterization methods for nanoparticle assemblies in order to both verify the 

presence of dimeric structures and as a means to evaluate reaction variables. 

4.3. Experimental 

4.3.1. Sample Preparation 

Gold-citrate particles were obtained from Ted Pella, Inc. as aqueous solutions with 

trace amounts of citrate, tannic acid and potassium carbonate.  All other 

nanoparticles were synthesized according to procedures reported in Chapters 2 and 

3.  The OPE linker molecules were synthesized by Chandra et al., and these details 

are published elsewhere.66 

Gold homodimer and homotrimer samples were prepared according to previously 

reported procedures.67,68  A 2 mL aliquot of gold particle solution as received from 

Ted Pella, Inc. was diluted with 2.5 mL 3 mM sodium citrate solution.  The pH of this 

solution (~8) was sufficient for deprotection of the thioacetate functionality on the 

linker molecule.  A stoichiometric amount of linker from a 1 μM linker solution was 

diluted to 500 μL with a 2:3 THF/ethanol solution and added to the gold particles in 

50 μL aliquots over a period of several minutes.  The solutions were then allowed to 

stir overnight.  Attempts at scaling up these reactions were unsuccessful.  When 
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larger volumes were desired, several small scale reactions were performed and the 

resulting solutions combined. 

As discussed in Section 2.2.2.1, the concentration of gold particles decreased with 

increasing particle diameter.  The concentrations of particles as received are listed in 

Table 4-3 along with the concentrations of particles after the addition of sodium 

citrate and linker solutions. 

Heterodimers were synthesized according to a similar procedure.  A 2 mL aliquot of 

gold particle solution as received from Ted Pella, Inc. was added to a stoichiometric 

amount of a second particle solution.  The concentrations of particles synthesized in 

house were approximated based on their size (determined by TEM), their density 

and the amount of precursor added during the nanoparticle synthesis.  The 

nanoparticle mixture was then diluted with 2.5 mL 3 mM sodium citrate solution.  A 

stoichiometric amount of linker from a 1 μM linker solution was diluted to 500 μL with 

a 2:3 THF/ethanol solution and added to the gold particles in 50 μL aliquots over a 

period of several minutes.  The solutions were then allowed to stir overnight. 

Table 4-3.  Concentrations of gold particles
Particle 

Size 
(nm) 

Initial 
concentration 
(particles/mL)* 

Initial 
concentration 

(nM)* 

Concentration 
after linker 

addition (nM) 
5 5.0 × 1013 83.0 33.2 
10 5.7 × 1012 9.46 3.78 
15 1.4 × 1012 2.32 0.93 
20 1.4 × 1012 1.16 0.46 

* as received from Ted Pella, Inc. 
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4.3.2. Particle Characterization 

TEM Images were taken with a Philips CM12 TEM operated at 100 kV.  Images 

were captured using a Gatan 780 camera and DigitalMicrograph software.  A 

minimum of 200 particles were counted when determining yields of nanoparticle 

assemblies.  Large assemblies of particles on the grid were not considered in these 

calculations.  The distances between particles were measured using Image J 

software, a freeware program obtained from http://rsbweb.nih.gov/ij/. 

Optical absorbance measurements were made using a Hewlett-Packard 8452A 

Diode Array Spectrometer and a path length of 1.0 cm. 
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5. Size-Exclusion Chromatography of Particles and 
Particle Assemblies 

As discussed in Chapter 4, the main analytical tool used to characterize 

nanoparticles and nanoparticle assemblies is transmission electron microscopy 

(TEM).  While TEM is a useful technique for examining small numbers of 

nanoparticles, it lacks the ability to provide statistical information and size 

distributions representative of an entire particle solution.  As discussed in Section 

2.1.3, particle arrays have been formed upon depositing particles onto a TEM grid 

and evaporating the solvent.  This phenomenon makes it difficult to distinguish 

molecularly-linked dimers from particles that happen to lie next to one another.  

Moreover, there have been reports of size-separation processes which occur during 

this drying process.1-3  Arrays form between particles of similar sizes and are often 

not representative of the entire sample.2  Data might be biased by the arbitrary 

choice as to which areas on the grid to image.  In addition, TEM is time-consuming 

and not ideal for routine analysis.  There have also been reports of particles that are 

unstable under the high-vacuum conditions and intense electron beams required for 

TEM.2,11  The development of solution-based characterization techniques was 

therefore desirable.  These methods could be used as routine analytical tools, and 

could provide more accurate statistical information.  While chromatographic methods 

have been extensively studied for small organic molecules, similar techniques for 

colloids (particularly inorganic colloids) are significantly less-developed. 
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One technique evaluated for the characterization of nanoparticles and particle 

assemblies was size-exclusion chromatography (SEC).  As discussed in detail 

below, there are several factors that affect the resolution of nanoparticles in size-

exclusion experiments which must be understood in order to determine separation 

conditions and interpret data.  In addition to size-exclusion, there are likely other 

mechanisms contributing to these nanoparticle separations. 

5.1. Introduction and Background 

5.1.1. Size-Exclusion Chromatography – General Theory 

SEC is a chromatographic technique developed to separate large molecules 

according to size.  An SEC column consists of porous micron-sized particles, 

typically made from a polymer or silica-based material.1,12,13  As solvent flows 

through the column at a constant rate, a sample is introduced.  The smaller analytes 

 
Figure 5-1.  Schematic of column used for size-exclusion chromatography 
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readily penetrate into the pores while larger species are excluded and traverse the 

column at a faster rate.  This general concept is represented in Figure 5-1.  The time 

a solute spends within the SEC column is typically reported as retention volume, the 

volume of mobile phase required to elute the species.  However, the terms retention 

volume and retention time are often used inter-changeably.  As shown in Equations 

5-1 and 5-2, the retention volume is determined by a solute distribution coefficient, 

which reflects the concentrations of the analyte associated with both the stationary 

and mobile phases. 

iSECR VKVV += 0  

VR = retention volume 
V0 = free volume outside the gel particles 

Vi = volume of solvent within the pores 
KSEC = solute distribution coefficient 

5-1 

m

s

i

R
SEC c

c
V

VV
K =

−
=

)( 0  

cs = concentration of analyte in stationary phase 
cm = concentration of analyte in mobile phase

5-2 

In order for the size-exclusion mechanism to be dominant in a chromatographic 

separation, there should ideally be no interactions between the analytes and the 

column material.  However, in some cases, it may not be possible to eliminate 

specific chemical interactions.  This behavior introduces elements of traditional liquid 

chromatography into the separation.  In traditional chromatography, separation is 

achieved based on different chemical affinities of molecules for both the stationary 

and mobile phases.  The retention time of a molecule is determined by a 
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chromatographic retention factor, which reflects the affinity of a species for the 

station stationary phase (Equation 5-3). 

MAMR tktt '+=  
tR = retention time 

tM = time for an average molecule of the mobile phase to pass through the column 
kA’ = chromatographic retention factor 

5-3 

While chromatographic separations are typically not reported in terms of retention 

volume, the expression in Equation 5-3 was multiplied by the flow rate to achieve 

these units as shown in 5-4. 

)'( MAMR tktuV +=  

u = flow rate 
5-4 

A modified form of this equation was combined with Equation 5-1 in order to 

generate an approximate expression for the chromatographic retention volume of an 

analyte size-exclusion and tradition chromatographic mechanisms (Equation 5-5). 

MAiSECR tukVKVV '0 ++≈  5-5 

Again, this equation is not directly found in the literature nor is it intended to be 

completely accurate; it is included here solely to indicate that an additional 

chromatographic term applies when interactions between an analyte and a size-

exclusion column are non-negligible.  In this case, the retention volume is larger than 

that associated with a pure size-exclusion mechanism.  As retention volumes in SEC 
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increase with decreasing particle size, larger retention volumes due to chemical 

interactions can lead to an under-estimation of the analyte size.1,2 

In the absence of any specific chemical interactions, the retention volume for an 

analyte in SEC is proportional to the log of the hydrodynamic diameter.1-3,14-16  The 

size of a molecule or particle can therefore be determined from a logarithmic 

calibration plot.  If a log relationship is not observed, there are likely other separation 

mechanisms occurring.  Due to the high surface activity of nanoparticles, chemical 

interactions can often result in the irreversible adsorption of particles on the 

column.1,3,4,7,10,13,17-19  Chemical interactions and adsorption phenomenon are also 

indicated by asymmetrical peak shapes, which tail towards longer retention times.1,2  

Changes in retention volumes with higher analyte concentrations are also indicative 

of chemical interactions.2 

For nanoparticle separations, significant efforts were expended to limit chemical 

interactions and adsorption on the column.  In addition, the column composition and 

the flow rate were optimized to achieve maximum resolution.  For this reason, a brief 

discussion of factors affecting chromatographic resolution is included below. 

The plate height associated with a chromatographic separation is related to the flow 

rate according to the van Deemter equation (Equation 5-6).12 
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Cu
u
BAH ++=  

H = plate height 
A = coefficient related to multiple flow paths 

B = coefficient related to longitudinal diffusion 
C = coefficient related to mass transfer between phases. 

 

5-6 

The coefficient, A, is independent of the flow rate and is related to zone broadening, 

which occurs due to the variety of pathways by which an analyte can traverse a 

column.  The uniformity of possible analyte paths improves with smaller particle 

sizes within the column.  Thus, the magnitude of this term decreases with particle 

size, which can significantly increase the efficiency and resolution of a 

separation.10,12,16  The coefficient, B, is a longitudinal diffusion term.  The longer an 

analyte remains in a column, the more time it has to diffuse along the length of the 

column, which leads to brand-broadening.10,12  This term is therefore directly 

proportional to the diffusion coefficient of the analyte and inversely proportional to 

the flow rate.  The coefficient, C, is a mass transfer coefficient which reflects how 

much time it takes for equilibrium to occur between the mobile and stationary 

phases.  As the flow rate increases, there is less time for equilibrium to occur 

resulting in decreased resolution.  The plate height as a function of flow rate is 

plotted in Figure 5-2 along with each term in Equation 5-5.  There is an optimum flow 

rate for which the plate height is minimized (i.e. resolution is maximized). 
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The goal of this work was to 

achieve efficient, high-

resolution separations of 

nanoparticles and nanoparticle 

assemblies that reflect the 

statistical distributions present 

within a solution.  The 

discussions include methods 

utilized to limit chemical 

interactions with the column 

and maximize resolution.  The 

variables considered include the column material, the composition of the mobile 

phase and the flow rates.  As traditional chromatographic effects cannot be 

eliminated, these are also discussed throughout this work.  Before describing the 

experiments performed for this project, a brief overview of literature reports 

describing nanoparticle chromatography is presented. 

5.1.2. Liquid Chromatography of Nanoparticles in Organic Solution 

While chromatographic techniques are not nearly as well-developed for 

nanoparticles as they are for organic molecules, there have been several reports of 

nanoparticle separations performed in both organic1,2,6,10,13,16-18,20 and 

u

H A
B/u
Cu
H

Figure 5-2.  Sample van Deemter plot calculated from 
Equation 5-6 indicating the effects of flow rate on the 

plate height of a chromatographic separation
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aqueous3,4,7,9,10,14,15,19,21 media.  Separations in organic media have typically 

involved small clusters (1–3 nm) stabilized by organic ligands.  For these cases, 

there was a delicate balance between size-exclusion and other chromatographic 

separation mechanisms.13  In contrast to size-exclusion, when chemical interactions 

dominate, smaller particles typically elute first.6,17,18  One report attributed this 

behavior to the higher solubility of smaller particles in the mobile phase.17  Another 

claimed that smaller alkanethiol-capped gold particles were effectively more polar 

than larger particles, limiting their interactions with a nonpolar stationary phase.6 

The separation mechanism for particles varies with the nature of the particle capping 

ligands.  For example, when hexanethiol-capped gold particles were separated in a 

reverse-phase column, the smallest particles were eluted first indicating a 

chromatographic 

separation 

mechanism.17  

These same 

particles capped 

with a mixed 

monolayer of 

hexanethiol and 

mercapto 

 
Figure 5-3.  Chromatograms of monodispersed hexanethiol-

capped gold nanoparticles before and after ligand-exchange with 
a ferrocenyl-octanethiol ligand.  Figure taken from Song et al.6 
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undecanoic acid (MUA) were eluted in the reverse order indicating a size-exclusion 

mechanism.17  This behavior was rationalized by the increased polarity of the 

particles containing MUA ligands.  These particles exhibited a decreased affinity 

towards the stationary phase, which facilitated separation by size-exclusion.17 

Differences in particle capping layers can also facilitate separation.  Multiple peaks 

have been observed for particles with uniform core sizes suggesting some 

polydispersity in the number of capping ligands attached to each particle.6,17  

Differences in capping layers have been exploited to enhance the separation of 

differently-sized particles.  For example, one peak was observed for the separation 

of hexanethiol-capped gold particles.6  These particles were then subject to ligand-

exchange with ferrocene-terminated thiols.  The extent of ligand-exchange varied 

with particle size; more ferrocene ligands were detected on smaller particles.  These 

differences therefore increased the resolution of the particle separation as shown in 

Figure 5-3.6 

In several cases, the sizes of the nanoparticles determined by SEC were in close 

agreement with those determined by TEM after correcting for the thickness of the 

capping layer.10,15  In other cases, SEC provided more information about the sample 

than could be obtained using TEM.  As mentioned previously, there have been 

reports of size-separation processes which occur during the preparation of samples 

for TEM imaging.1,2  The image in Figure 5-4 (A) shows an array of dodecanethiol-
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capped gold particles, most of which appeared to be 3-4 nm in diameter.2  Smaller, 

lower-contrast particles were also observed in this region, approximately 1.4-1.6 nm 

in diameter.  However, assuming no selective particle adsorption, the SEC 

chromatogram in Figure 5-4 (B) indicates that the majority of particles in this sample 

had cores of approximately 1.6 nm.  This value was calculated by subtracting the 

thickness of the capping ligand (2.4 nm) from the observed diameter.  This example 

demonstrates the utility of chromatographic techniques for obtaining statistical 

information about a nanoparticle solution, not reflected by TEM. 

As mentioned previously, one of the major difficulties associated with the 

chromatographic separation of nanoparticles is the aggregation and adsorption of 

particles.  During separation, weakly bound stabilizing ligands can desorb from the 

1.6 nm core

3.7 nm core

A B

Figure 5-4.  (A) TEM image of dodecanethiol-capped gold particles.  The majority of 
particles appeared to be 3-4 nm, but lower contrast particles of approximately 1.4-1.6 nm 
were also observed in this region.  (B) Size-exclusion chromatograms of dodecanethiol-

capped gold particles.  The trace corresponding to the TEM image is marked with red 
squares.  The core sizes marked on the chromatogram were determined after subtracting 

the thickness of the capping layer (2.4 nm).  Figure adapted from Wilcoxon et al.2 
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particle surfaces leading to aggregation.14  Alkanethiols have been added to the 

mobile phase to limit both particle aggregation and interactions with the 

column.2,10,14,16  Interactions with column were reportedly more significant when 

particle sizes were greater than 5nm.14  In other cases, the columns were washed 

with toluene following each run in attempt to remove any adsorbed particles.17,18 

5.1.3. Aqueous Chromatography of Nanoparticles 

One of the first reports of SEC on aqueous nanoparticles involved the separation of 

citrate-capped gold particles using an unmodified silica column.14  Unmodified silica 

was chosen as it was predicted to exhibit fewer interactions with the organic citrate 

ions than organically-modified silica.14  The mobile phase contained additional 

sodium citrate in attempt to limit particle adsorption.  Separation was achieved using 

a column consisting of 25 μm silica particles; however, irreversible adsorption 

occurred when 7 μm silica particles were used.14  While smaller particles yield higher 

resolution separations (Section 5.1.1, page 369), they also have a greater surface 

area which is attributed to the observed adsorption.  Even with the larger particles, 

some gold particles were adsorbed on the column.  This behavior was more 

prominent for larger (i.e. 20 nm) gold particles.14 
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In organic solution, the thickness of the capping monolayer was reflected in the 

effective diameter determined by SEC.  Similarly, the effective diameter for 

electrostatically-stabilized particles was affected by the thickness of the electrical 

double layer.3,9,19,22  As the thickness of the double layer decreases with ionic 

strength (Section 2.1.1.1), so does the effective particle diameter.  Figure 5-5 shows 

increases in retention times observed for cadmium sulfide particles as the ionic 

strength of the mobile phase was increased.9  It was also observed that the peak 

area decreased and the extent of tailing increased with increasing ionic strength, 

both of which indicate adsorption.9  The electrical double layer likely limited 

adsorption to the column; as its thickness decreased, adsorption became more 

prevalent.  The possibility 

that increased interactions 

with the column could have 

contributed to the increasing 

retention times was also 

explored.  However, no 

increases in retention time 

were observed for similar 

experiments involving a 

column in which no size-

 
Figure 5-5.  Chromatograms of CdS particles (5.7 nm) 
obtained using Nucleosil 500 C4 and Nucleosil 1000 C4 

columns in series at various sodium chloride 
concentrations.   Figure taken from Fischer et al.9 
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exclusion behavior was expected (i.e. smaller pore size so that no particles were 

exclude).  These data supported the conclusion that the increases in retention time 

shown in Figure 5-5 were due to decreases in the effective particle size.9 

In contrast to the 

unmodified column used 

for citrate-capped gold 

particles,14  the cadmium 

sulfide particles were 

characterized using a 

silica column modified with 

either C49 or C18.3  When 

unmodified silica was 

used, particle growth 

occurred on the column.3  

It was speculated that the 

silanol groups on silica 

surface catalyzed particle 

growth.  This behavior was 

not observed when C18-

modified silica was used.3  

A

B

C

D

E

 
Figure 5-6.  Size-exclusion chromatograms of citrate-

capped gold particles (5.3 nm and 38.3 nm) with varying 
concentrations of sodium dodecyl sulfate in the mobile 

phase.  (A) 0 mM  (B) 0.1 mM  (C) 1 mM  (D) 5 mM  (E) 
80 mM.  Figure taken from Wei et al.7 
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Particle growth was further suppressed through the addition of stabilizers to the 

mobile phase.3 

One approach to decreasing the aggregation and adsorption of particles on an 

aqueous SEC column 

is through the addition 

of a surfactant such as 

sodium dodecyl sulfate 

(SDS) to the mobile 

phase.4,7,19  Figure 5-7 

shows the effects of 

SDS on the SEC 

separation of citrate-

capped gold particles.  

Both the peak height 

and resolution 

increased in the 

presence of SDS.7  

The increase in peak 

height was partly 

attributed to 

SiO2

C

B

D

Na+

SO O
O

O-

= sodium dodecyl sulfate

= alkyl chain bound to column material

A

 
Figure 5-7.  Schematics of possible interactions between 
sodium dodecyl sulfate (SDS) and both gold particles and 
size-exclusion chromatography columns  (A) Interactions 

between SDS and silica column material coated with an alkyl 
chain (B) No interactions between SDS and gold particles; 

SDS micelles act independently of gold particles 
(C) Hydrophobic tails of SDS associate with gold particles 

(D) Inter-digitated bi-layer structure
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interactions between the surfactant and the column packing material.  Figure 5-7 (A) 

shows possible interactions between the hydrophobic tail of SDS and alkyl-

functionalized silica.  Electrostatic repulsion between this negatively-charged layer 

and the negatively-charged particles reduced adsorption.4,7 

These data also indicate a slight decrease in the retention time at low SDS 

concentrations followed by an increase at higher SDS concentrations.  It was 

speculated that the initial decrease was due to interactions between the particles 

and SDS, which increased the apparent particle size.  At higher SDS concentrations, 

the effects of the ionic strength of the thickness of the electrical double layer were 

dominant.  The effective size of the particles decreased with surfactant concentration 

yielding longer retention times.  The decrease in peak area observed at high SDS 

A B

Figure 5-8.  (A) Effects of the sodium dodecyl sulfate (SDS) concentration on retention 
the times of gold nanorods (a) and gold nanoparticles (b) in size-exclusion experiments.  
(B) Effects of the concentration of Brij-35 added to a mobile phase consisting of 40 mM 

SDS.  Figures taken from Wei et al.4 
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concentrations was also attributed to decreased double layer thicknesses.4  Another 

report indicates increases in retention time with SDS concentration; however, the 

initial decrease was not observed (Figure 5-8 (A)).4 

Liu et al.19 presented a modified version of Equation 5-1 to account for differences in 

the effective diameter for particles in the presence of SDS.  Equation 5-7 includes 

terms to account for the reduction in the effective particle diameter with increased 

ionic strength and the enlarged effective diameter due to interactions between the 

particle and SDS. 

iPiTiSECR VKVKVKVV −++= 0  

KT = correlation factor associated with the double-layer thickness of gold particles 
KP = correlation factor associated with the interactions between particles and SDS 

5-7 

This equation indicates that there are several variables contributing to the retention 

time of nanoparticles within a chromatographic column, making it difficult to directly 

correlate retention time to core diameter.  If there are other chromatographic 

 
Figure 5-9.  Schematic of SDS hemimicelles formed at a moderately-charged gold 

electrode.  Image taken from Burgess et al.8
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contributions to retention time, an additional term could add even more complexity to 

this relationship (Equation 5-5). 

While it is speculated that SDS interacts with particles, the exact nature of this 

interaction remains unclear.  It is possible that above the critical micellar 

concentration SDS micelles form, which act independently of the particles (Figure 

5-7 (B)).  The presence of micelles in between particles could limit aggregation.  

There have also been several reports claiming that the hydrophobic tail of SDS 

associates with gold particles as shown in (Figure 5-7 (C)).7,19,22  This speculation 

was supported by the fact that when citrate-capped gold particles were passed 

through C18-capped silica gel, they appeared to be largely retained on the stationary 

phase.7,19,22  While these experiments suggested that gold particles interact with 

alkyl chains, they do not take into account the competing presence of the sulfate ion, 

which may also interact with the particle surfaces.  These interactions were also 

supported by the fact that SDS has formed hemimicelles on moderately-charged 

gold electrodes (Figure 5-9).8  In this case, both the sulfate ions and the alkyl chains 

interacted with the gold surface.  These hemimicelles rearranged to form a 

monolayer at upon application of a sufficiently positive potential.8 

Another report that supported the interaction of SDS with gold particles involved 

electrophoretic measurements of gold particles in the presence of SDS.4  In the 

presence of SDS, gold particles stabilized by cationic surfactants behaved as 
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negatively-charged species in the presence of an electric field.  While an 

electropherogram of these gold particles in the absence of SDS was not presented 

for comparison, these data do suggest a strong interaction between these two 

species. 

Wei et al.,7 on the other hand, presented data to suggest limited interaction between 

SDS and gold particles.  When analytes interact with a micelle, a linear relationship 

is observed between Vi/(VR-V0) and the surfactant concentration,7,23-25  As this 

relationship did not hold, it was assumed that interactions did not occur.  However, 

as discussed in relationship to Equation 5-7, there are many variables contributing to 

the retention of particles under these conditions.  It is therefore possible that these 

data do not absolutely rule out interactions between particles and SDS micelles. 

While data has been presented to suggest that the hydrocarbon tail of SDS 

associates with gold particles as shown in Figure 5-7 (C), it is also possible that SDS 

forms an inter-digitated bilayer structure (Figure 5-7 (D)).  In this case, the sulfate 

anion would likely displace the citrate anion on the gold surface.  Similar structures 

have been observed for cationic surfactants on the surface of both gold26 and 

nickel27 particles.  Spectroscopic data for tetraoctylammonium bromide and 

cetyltrimethylammonium bromide on gold suggested that the positively-charged 

bromide ions underwent hydrogen bonding with water molecules in the vicinity of the 

particle surfaces.26  These interactions facilitated the formation of the inner-layer. 
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It has been demonstrated that the 

presence of SDS enhances the 

resolution for SEC separations of gold 

particles and limits particle adsorption on the column.  However, the exact nature of 

the interactions between SDS and the particles remain unclear.  Further studies are 

required in order to fully understand how SDS affects the apparent diameter of 

particles in a chromatographic separation. 

While the resolution of particle separations increased in the presence of SDS, this 

resolution was still not sufficient to resolve different shapes of nanoparticles.  Wei et 

al.4 attempted to separate gold particles from gold nanorods using SEC.  The 

hydrodynamic diameter for a gold nanorod with a diameter of 9.7 nm and a mean 

aspect ratio of 4.8 was calculated to be 18.8 nm (Appendix 2).  Despite the different 

shape, this value was similar to the diameter of the 19.3 nm spherical particles used 

in this these experiments, making separation difficult.4  Separation was enhanced in 

the presence of a mixed-surfactant system consisting of SDS and Brij-35® (Figure 

5-10). 

It was speculated that the limited adsorption that occurred in the presence of SDS 

was due to electrostatic repulsion between the negatively charged particles and SDS 

adsorbed onto the column material. (Figure 5-7 (A)).  The non-ionic surfactant, Brij-

35®, likely interacted with the column material as well.  As these molecules do not 

  O
OH
23  

Figure 5-10.  Structure of Brij-35®, 
polyoxyethylene (23) lauryl ether 
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repel the particles, some degree of adsorption likely occurred for this system.  This 

argument was supported by the longer retention times observed in the presence of 

Brij-35® (Figure 5-8 (B)).  Under these conditions, both size-exclusion and surface 

adsorption contributed to the separation mechanism.  As it was believed that the 

adsorption behavior of gold particles is shape-dependent, the addition of Brij-35® 

was utilized to improve size-separation.4  The greatest resolution was achieved 

when the mobile phase consisted of 40 mM SDS and 30 mM Brij-35®.4  The 

detection of both species was enhanced by using a diode array detector.  Nanorods 

exhibit a longitudinal plasmon resonance at significantly longer wavelengths than the 

transverse mode (Section 2.1.4.1.1).  This absorbance can be clearly identified in 

nanorods

particles (5.3 nm)

particles (19.3 nm)

 
Figure 5-11.  Three-dimensional size-exclusion chromatogram for a solution containing 

gold nanoparticles (5.3 nm and 19.3 nm) and nanorods.  Mobile phase = 40 mM SDS with 
10 mM Brij-35®.  Figure adapted from Wei et al.4 
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the three-dimensional chromatogram shown in Figure 5-11. 

5.1.4. Recycling Size-Exclusion Chromatography 

Recycling size-exclusion chromatography (RSEC) is a technique that has been used 

to enhance the resolution in nanoparticle separations.10  These techniques 

effectively increase the length of the chromatographic columns without the large 

increases in pressure associated with long columns.  Figure 5-12 (A) shows the 

configuration of a closed-loop RSEC system, which re-directs the solvent and the 

sample back through the column multiple times.  The resolution increased with each 

pass through the column and exhibited a square root dependence on the number of 

cycles.10  Data obtained from the RSEC of dodecanethiol-capped gold particles are 

A B

 
Figure 5-12.  Closed-loop recycling chromatography of broadly distributed 1-

decanethiol-gold nanoparticles  (A) The configuration of the closed-loop recycling 
system.  The detector, pump, and the column are all in a single closed loop.  The dotted 

line in the valve indicates the direction of the flow when the valve is switched for 
collection.  (B) Closed-loop recycling chromatogram of 1-decanethiol-gold nanoparticles 

taken on a 1000 Å column with a flow rate of 0.5 mL/min.  The initially broad peak 
resolved into two features, which quickly dissipated due to extensive broadening 

introduced by recycling.  Figure taken from Al-Somali et al.10 
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shown in Figure 5-12.  While the resolution of particles increased from 0.5 to 1.2 

during the cycling, significant peak broadening was also observed.  This behavior 

was attributed to the fact that the sample repeatedly traversed the dead volume 

associated with both the pump and the detector.10 

The alternating RSEC configuration shown in Figure 5-13 (A) proved to be more 

effective for improving resolution.  This method involved two identical columns used 

0 10 20 30 40 50 60
Retention Time (min)

Cycle 2

Cycle 3

Cycle 5

Cycle 6

Cycle 7A B

 
Figure 5-13.  Alternate-recycling chromatography of broadly distributed 1-decanethiol-
gold nanoparticles  (A) configuration of the alternate-recycling system.  The solvent is 

continually run through two columns in alternating turns.  The sample first traverses the 
column 1 sample loop (red) followed by the column 2 sample loop (blue).  At this point 
the sample can either go to the detector or re-enter column 1.  Each column must be 

identical in dimensions and pore size to avoid high-pressure fluctuations.  Solid arrows 
in the valve indicate the direction of the flow in position one.  The dotted arrows 
indicate the direction of the flow when the valve is switched to position two.  (B) 
Alternate-recycling chromatograms for a broadly distributed 1-decanethiol-gold 

nanoparticle sample at a flow rate of 1.0 mL/min.  The ongoing evolution of RSEC data 
is shown here as a function of cycle number.  Figure adapted from Al-Somali et al.10  
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in series.  After traversing the first column, the sample entered the second column.  

The flow was regulated by a low-volume, high speed, six-port valve.  As with the 

closed-loop system, the resolution increased with the square root of the cycle 

number.10  However, the sample did not go through the pump and the detector with 

each cycle so the data were not subject to the band-broadening associated with this 

processes.  As shown in Figure 5-13 (B), the peak heights remained approximately 

constant through multiple cycles.  This behavior also indicated minimal loss of 

material due to particle adsorption.  The major drawback of this RSEC method is the 

limited peak capacity, or the number of peaks that can be resolved.  There was a 

small peak observed at 11.6 min after cycle 2 (Figure 5-13 (B)), which was lost 

during the process as the other peaks were essentially magnified.10 

5.1.5. SEC of Nanoparticle Assemblies 

Novak et al.5,28 used SEC to separate assemblies of citrate-capped gold 

nanoparticles linked with oligomeric phenylene ethylenes (Figure 4-13).  Figure 5-14 

(A) shows chromatograms of 10 nm and 30 nm gold particles and a solution 

containing both.  While these data indicated that two different particle sizes can be 

separated using SEC, they also showed the presence of higher-order aggregates 

(peak at 13.5 min).  It is unclear whether these aggregates existed in solution before 

injection onto the column or whether they aggregated during the separation.  The 
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mobile phase in these experiments consisted of 40 mM SDS in attempt to limit both 

particle aggregation and adsorption.5 

Figure 5-14 (B) shows SEC chromatograms of solutions containing nanoparticle 

assemblies.  In addition to peaks corresponding to individual particles, these 

chromatograms show peaks at shorter retention times indicative of larger structures.  

The retention time for the trimer was shorter than that for the dimer, which was 

consistent with the expected behavior. 

A B

Figure 5-14. (A) Size-exclusion chromatogram showing the retention times of citrate-
capped gold nanoparticles:  (a) 10 nm particles (b) 30 nm particles (c) solution containing 
both 10 nm and 30 nm particles  (B) Chromatograms for assembles if 10 nm particles:  (a) 

isolated particles (b) solution containing nanoparticle trimers (c) solution containing 
nanoparticle dimers.  Figures taken from Novak et al.5 
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5.1.6. Summary 

While chromatographic methods for nanoparticle separations are not nearly as well 

developed as comparable techniques for organic species, there have been several 

reports of nanoparticle separations using SEC.  In some cases, specifically with 

organic capping ligands, specific particle/stationary phase interactions have also 

played a role in particle separations.  The mechanism of separation has varied with 

the nature of the particle capping ligands, and separation has been observed for 

similarly-sized particles functionalized with different molecules.  Due to the high 

surface energy associated with nanoparticles, adsorption to the column has been a 

significant and could make it difficult to obtain accurate statistical information. 

Particles have also been separated according to size in aqueous solution.  These 

separations have been performed using both modified and unmodified silica 

columns.  For electrostatically-stabilized particles, the thickness of the electrical 

double layer contributes to the particle diameter observed using SEC.  At high ionic 

strengths, the thicknesses of the electrical double layers decreased leading to 

increased adsorption on the columns. 

Sodium dodecyl sulfate has been added to the mobile phase in order to limit particle 

adsorption and increase resolution.  The effects of SDS are multi-faceted.  

Interactions with between SDS and the column are believed to decrease adsorption.  

It was also speculated that SDS interacts with the particles; however, the exact 
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nature of this interaction remains unclear.  Particle interactions with SDS would 

increase their effective diameter while the increased ionic strength decreases the 

size of the electrical diameter and thus the overall diameter.  The effects of ionic 

strength appeared to be dominant and retention times increased with SDS 

concentration.  Beyond an optimum SDS concentration, continued increases in ionic 

strength led to particle adsorption. 

The goal of this work was to separate nanoparticle assemblies using SEC.  Data 

reported by Novak et al.5,28 suggested this was possible.  Several variables were 

explored in order to optimize these separations.  These include the column material, 

the composition of the mobile phase and the flow rate. 

5.2. Results and Discussion 

5.2.1. Organic SEC 

Several attempts were made to characterize hexanethiol-capped gold29 and 

platinum30 particles using SEC.  A Jordi Gel DVB (divinylbenzene) column with a 

500 Å pore size was used for these experiments with little success.  Sigificant 

particle adsorption was observed for both particles, even when dodecanethiol was 

incorporated into the mobile phase as indicated in the literature.2,10,14,16  In several 

experiments, no peaks due to eluting particles were observed.  In others, very broad 

peaks were observed at high retention volumes and with very little consistency 

between runs. 
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As there are several literature reports of successful nanoparticle separations in 

organic solvent, 1,2,6,10,13,16-18,20 it is possible these negative results were an artifact of 

this particular column, which had been previously been used for polymer 

separations.  Successful separations may have been possible with a new column 

and further optimization of the separation parameters.  However, as mentioned in 

previous chapters, the focus of this work was on aqueous particle assemblies.  

Nanoparticles which are soluble in organic solvents typically have long capping 

ligands, which would sterically hinder heterodimer formation.  In addition, it was 

predicted that the success of SEC separations would be greater in aqueous media 

as there have been several reports of surfactants in the mobile phase which both 

limit adsorption and enhance resolution. 

5.2.2. Aqueous SEC 

5.2.2.1. Normal Phase Chromatography 

Initial attempts to separate nanoparticles were based on the work of Novak et al.5,28 

as the authors claimed to have successfully separated individual nanoparticles from 

dimers and trimers in solution.  These separations were reportedly carried out using 

two silica Microsphere (Alltech, Inc) columns in series, with 500 and 350 Å pore 

sizes, and a mobile phase containing 40 mM SDS.  A few assumptions were made 

in trying to replicate these conditions.  The manufacturer claimed not to carry a 

Microsphere column, and that publication was likely referring to their Macrosphere® 
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product line.  They had also recently discontinued columns with pore sizes greater 

than 300 Å.  Initial separations were therefore performed using a Macrosphere® 

(Alltech, Inc.) column with a 300 Å pore size.  It was assumed that this was the same 

column material used by Novak et al.,5,28 and that these columns were unmodified 

silica as initially indicated by the manufacturer and reported in the literature.  After 

many experiments and multiple conversations with the manufacturer, it was 

determined that these silica columns were modified.  However, the composition of 

the ‘diol-silica’ was deemed proprietary and the exact chemistry is not known. 

Before injecting nanoparticle assemblies onto the column, citrate-capped gold 

particles of several sizes were characterized.  Figure 5-15 (A) shows the SEC 
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Figure 5-15. (A) SEC Chromatograms of various sizes of citrate-capped gold particles 
(B) Plot showing linear relationship between retention volume and log(particle diameter).  
Data was obtained using Alltech Macrosphere® Column (7 μm particles, 300 A pore size), 

40 mM SDS and a flow rate of 1.0 mL/min 
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chromatograms.  While separation was observed between different particle sizes, 

baseline resolution was not achieved.  The logarithmic relationship shown in Figure 

5-15 (B) indicated that the separation mechanism was primarily size-exclusion.1-3,14-

16  However, this relationship did not hold when particles of different compositions 

were injected onto the column.  Table 5-1 lists retention volumes for platinum 

particles with three different capping ligands along with the retention volumes 

expected for citrate-capped gold particles of the same size.  These values were 

calculated from the linear equation shown in Figure 5-15 (B). 

The retention volume observed for polyacrylate-capped platinum particles correlates 

with that expected for gold.  However, the retention volumes for particles capped 

with tiopronin and mercaptobenzoic acid were larger than the expected values.  This 

result suggests that these particles exhibit a greater affinity for this column than the 

citrate-capped gold particles and that chemical interactions contributed to the 

separation mechanism. 

Table 5-1.  Retention Volumes Observed for Platinum Particles with Different Capping 
Ligands 

Capping Ligand 
Approximate 

Diameter 
(nm) 

Retention 
Volume 

(mL) 

Predicted 
Retention Volume 
for Gold Particles 
of this Size (mL) 

Polyacrylate 3 6.9 7.0 
Tiopronin 2 8.0 7.1 

Mercaptobenzoic 
Acid 6 7.9 6.9 

Retention volumes observed using a Macrosphere® Column (300 Å pore size), 40 mM SDS, 
and a flow rate of 0.25 mL/min 
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After characterization of individual particles, solutions containing nanoparticle dimers 

were injected onto the column.  Figure 5-16 (A) shows SEC chromatograms of 

citrate-capped gold particles as a function of time after the addition of an OPE linker 

molecule.∗  In addition to the peak at 6.6 mL corresponding to isolated particles 

                                            

∗ The synthesis of nanoparticle assemblies is discussed in Chapter 4 
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Figure 5-16.  SEC Chromatograms (A) citrate-capped gold particles (5 nm) upon addition 
of OPE linker molecule; chromatograms were taken as a function of time after linker 

addition and offset along the y-axis for clarity.  (B) citrate-capped gold particles (10 nm), 
mercaptobenzoic acid-capped platinum particles, and a solution of both particles after 
incubation with a bifunctional linker molecule.  Chromatograms were obtained using a 
Macrosphere® (Alltech, Inc). column with a 300 Å pore size, a mobile phase containing 

40 mM SDS and a flow rate of 0.25 mL/min 
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(5 nm), a broad peak grew in at approximately 6.2 mL.  Based on the calibration plot 

shown in Figure 5-15 (B), this value correlates to a hydrodynamic diameter of 

7.8 nm.  The calculated hydrodynamic diameter for two, linked 5 nm diameter 

particles was 8.2 nm (Table A-2-1).  The similarity between these two values 

suggests that the peak at 6.2 mL was likely due to the presence of gold 

homodimers.  However, there was significant overlap between the peaks associated 

with isolated particles and dimers; greater resolution was desired in order to 

accurate obtain statistical information regarding the concentration of both species in 

solution.  

Similar conditions were used in attempt to detect heterodimers consisting of citrate-

capped gold particles and mercaptobenzoic acid-capped platinum particles.  Figure 

5-16 (B) shows chromatograms for both the gold and platinum particles both before 

and after linker addition.  Despite the tailing optical absorbance of platinum particles 

(Section 2.1.4.2), they could be detected at a wavelength of 520 nm at sufficient 

concentrations.  At the low concentrations used for heterodimer formation, minimal 

absorption was observed.  A detection wavelength of 520 nm was used in 

heterodimer experiments to detect the shift in the retention volume of the gold 

particles upon dimerization.  Chromatograms obtained using lower detection 

wavelengths were often obscured by the presence of other organic species in 

solution. 
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The observed interactions between the platinum particles and the column 

complicated the detection of heterodimers using SEC.  The hydrodynamic diameter 

of a gold particle was predicted to increase upon binding to a platinum particle, 

leading to a decrease in the retention volume.  However, the platinum particle had a 

higher affinity for the column as indicated in Table 5-1, which could lead to increases 

in the particle retention times.  

These competing effects were 

predicted to make resolution 

of heterodimers difficult.  

Figure 5-16 (B) shows a peak 

at 5.6 mL, which was 

observed after heterodimer 

formation.  The peak at 

6.9 mL, which corresponded 

to isolated gold particles 

(10 nm) did not agree with 

previous measurements in 

which a retention time of 

6.1 mL was observed.  These 

data suggest that the 
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Figure 5-17.  SEC chromatograms of citrate-capped 

gold particles with varying mobile phase compositions.  
Chromatograms were obtained using a Macrosphere® 

(Alltech, Inc). column with a 300 Å pore size. 
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performance of the column shifted with time and made it difficult to correlate the 

peak at 5.6 mL with the calibration curve. 

Based on the calibration curve, the hydrodynamic diameter corresponding to a 

5.6 mL was approximately 20.4 nm, which is significantly greater than the predicted 

hydrodynamic diameter of approximately 12 nm (Table A-2-2).  This observation, 

combined with the facts that the retention times for gold particles appeared to be 

increasing with the life of the column and the platinum particles exhibited a greater 

affinity than gold for the column, led to the conclusion that the observed peak was 

due to larger aggregates rather than isolated heterodimers.  TEM data obtained for 

these structures (Section 4.2.2) indicated the presence of many different structures 
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Figure 5-18.  SEC Chromatograms (A) citrate-capped gold particles  (B) citrate-capped gold 
particles after ligand-exchange with BSPP.  Data obtained using two columns in series, 
Macrosphere® (300 Å) and Nucleosil (500 Å), 40 mM SDS and a flow rate of 0.25 mL/min 
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within this solution.  Again, greater resolution was desired in order to effectively 

separate isolated particles from heterodimers, gold particle bound to more than one 

platinum particle and larger aggregates. 

Wei et al.4 demonstrated improved resolution between particles of different shapes 

when Brij-35® (Figure 5-10) was added to the mobile phase.  Figure 5-17 shows that 

significant particle adsorption occurred when Brij-35® was added to the mobile 

phase.  A similar surfactant, Brij-30®, was also used with better results.  This 

molecule contains four oxyethylene repeat units compared to Brij-35®, which 

contains twenty-three.  It was speculated that the longer polar segments associated 

with the Brij-35® contributed to particle adsorption.  While Brij-30® yielded better 

results than Brij-35®, significant peak broadening was observed, which would likely 

impede the resolution of nanoparticle dimers. 

Another attempt to improve resolution involved 

adding another column in series.  As 

mentioned previously, Macrosphere® columns 

with pore sizes greater than 300 Å were no 

longer available.  Based on the assumption 

that these columns were composed of 

unmodified silica, another silica column was 

used for this purpose, (Nucleosil, 500 Å).  The 
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Figure 5-19.  Bis(p-
sulfonatophenyl) 

phenylphosphine (BSPP) 
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use of Nucleosil columns had also previously been reported for gold nanoparticle 

separations.14,19  Figure 5-18 (A) shows chromatograms of citrate-capped particles 

injected into this series of columns and indicates significant particle adsorption.  Very 

broad peaks were observed with minimal peak areas.  No peak was observed for 

10 nm gold particles.  This behavior was the first indication that the Macrosphere® 

column was not unmodified silica. 

In attempt to stabilize the particles against adsorption on the column, the gold 

particles were subject to ligand-exchange with bis(p-

sulfonatophenyl)phenylphosphine (BSPP, Figure 5-19), which has been shown to 

increase particle stability.5,31,32  The chromatograms shown in Figure 5-18 (B) 
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Figure 5-20.  (A) SEC chromatograms of BSPP-capped gold particles.  Chromatograms 
were obtained using a Macrosphere (Alltech, Inc). column with a 300 Å pore size.  (B) 

Normalized peak areas as a function of particle size for different separation conditions.  
Normalized peak areas were calculated from the ratio of the peak areas observed for 

particles after passing through the column(s) to the area observed for particles which did 
not traverse the column(s).  The lines here are not meant to indicate any type of 

relationship and are included only to guide the eye. 
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indicate that this process effectively reduced particle adsorption and improved 

separation.  While baseline separation was still not obtained, the resolution was 

greater than that observed using a single column. 

For comparative purposes, gold particles were then characterized using the single 

Macrosphere® column (300 Å).  These chromatograms, shown in Figure 5-20 (A), 

appeared to be less-resolved than those obtained for citrate-capped gold particles 

under the same conditions (Figure 5-15 (A)).  The normalized peak areas were 

calculated from the ratio of the peak areas observed for the particles after passing 

through the column(s) to the area observed for particles which did not traverse the 

column(s), and are shown in Figure 5-20 (B).  While there were no apparent trends 

in the normalized peak areas between the citrate-capped and BSPP-capped gold 

particles on the Macrosphere® column, the peaks associated with BSPP-particles 

were significantly broader and not as tall.  These data suggest that particle 

interactions were greater between BSPP-capped particles than citrate-capped 

particles on the Macrosphere® column.   This behavior contradicts that observed for 

the Nucleosil columns, again indicating that the Macrosphere® columns were not 

unmodified silica.  These data also indicate the sensitivity of nanoparticle 

separations to the nanoparticle composition and suggest that chemical interactions 

do contribute to the separation mechanism. 
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Before 

attempts were 

made to 

analyze 

nanoparticle 

assemblies 

using both 

column in 

series, 

additional 

experiments 

were 

performed to 

optimize 

resolution by 

varying the 

SDS 

concentration 

and the flow rate.  Figure 5-21 shows SEC chromatograms of gold particles after 

ligand-exchange with BSPP at several SDS concentrations.  The retention times, 

which are also shown in Figure 5-22 (A) increased with SDS concentration, which is 
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Figure 5-21.  SEC chromatograms of BSPP-capped gold particles at 
variousSDS concentrations.  Data obtained using two columns in 

series, Macrosphere (300 Å) and Nucleosil (500 Å) and a flow rate of 
0.25 mL/min 
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consistent with the behavior reported by Wei et al.4,7 (Figure 5-6 and Figure 5-8 (A)).  

As discussed in Section 5.1.3 (page 378), the exact interactions between gold 

particles and SDS are unknown and likely complex.  The increases in retention times 

were attributed to decreases in the thickness of the electrical double layer, which 

decreased the effective particle diameter and likely contributed to particle 

adsorption.  Particle adsorption is indicated by peak tailing and broadening. 

The resolution between the 5 nm and 20 nm particles was calculated for each case, 

and as shown in Figure 5-22 (B) exhibited a maximum between 10 and 30 mM SDS.  

Due to the tailing observed at the base of each peak, the peak width in these 

calculations was approximated as twice the width at half height. 
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Figure 5-22.  (A) Retention of BSPP-capped gold particles as a function of SDS 

concentration in the mobile phase (B) Resolution between 5 and 20 nm particles as a 
function of SDS concentration.  The lines here are not meant to indicate any type of 

relationship and, are included only to guide the eye. 
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The flow rate was then varied using a mobile phase consisting of 10 mM SDS.  

According to the van Deemter Equation (Equation 5-6), which is plotted in Figure 

5-2, there is a flow rate at which a minimum plate height (i.e. maximum resolution) is 

achieved.  The plate height was calculated according to Equations 5-9 and 5-10, and 

is plotted for each particle along with the overall resolution in Figure 5-23. 
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LH =  

L = length of column 
5-10 

The optimum flow rate was determined to be 0.30 mL/min.  Attempts to separate 

nanoparticle homodimers were therefore performed using a mobile phase of 10 mM 

SDS and a flow rate of 0.30 mL/min.  However, even under these conditions, there 

were difficulties with characterizing nanoparticle dimers. 

As discussed in Section 4.2.1, the synthesis of nanoparticle assemblies in this work 

required the addition of organic solvent to solubilize the OPE linker, and sodium 
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citrate to deprotect the thioacetate functionalities.  Both of these added reagents 

have consequences regarding particle stability.  For these reasons, the stability of 

particles with these additives was also evaluated on the SEC columns.  Figure 5-24 

shows chromatograms of BSPP-capped particles both with and without solvent and 

citrate additives at several SDS concentrations.  In the absence of SDS, differences 

in retention volumes were observed in the presence of additives; however, no clear 

trends were noted.  In the presence of SDS, particle aggregation was observed in 

the presence of additives, which appeared to be dependent upon SDS 

concentration.  Optical absorption spectra of the particle solutions in the presence of 

SDS did not indicate 

aggregation (i.e. no red shift in 

the absorption maximum) 

suggesting that aggregation 

occurred under the higher 

pressure conditions of the 

column chromatography. 

The particle aggregation 

observed in the presence of 

solvent and citrate made it 

difficult to detect particle dimers 
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in solution as two peaks were observed for some particles even in the absence the 

molecular linker.  This behavior also brought into question the data obtained by 

Novak et al.5,28 (Figure 5-14 (B)) as the authors did not perform this control 

experiment.  However, the differences in retention times observed for the dimer and 

trimers supports the fact that the additional peaks observed in these experiments 

were due to molecularly-linked species. 

The aggregation behavior shown in Figure 5-24 was more prominent for larger 

particle sizes.  A few experiments were performed in attempt to detect nanoparticle 

assemblies comprised of smaller gold particles.  Figure 5-25 shows SEC 

chromatograms for dimers and trimers of 5 nm gold particles.  After synthesis, some 
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Figure 5-24.  SEC chromatograms of BSPP-capped gold particles at (A) 0 mM SDS, (B) 
10 mM SDS and (C) 40 mM SDS. Data was obtained using two columns in series, 

Macrosphere® (300 Å) and Nucleosil (500 Å) and a flow rate of 0.30 mL/min 
** indicates particles with organic solvent and sodium citrate (thinner lines) 
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of the assemblies were subject to ligand-exchange with BSPP.  Consistent with 

previously reported behavior (Figure 5-18), significantly less adsorption occurred for 

the assemblies stabilized by BSPP.  Small shoulders were observed in the SEC 

chromatograms for solutions containing dimers and trimers suggesting the presence 

of another species (Figure 5-25 (A)).  However, resolution was poor and no 

conclusions could be drawn. 

The same assemblies were characterized in the absence of BSPP.  As shown in 

Figure 5-25 (B), the peak associated with isolated 5 nm particles was significantly 

smaller under these conditions (peak height comparable to the shoulder visible in 

(A)).  However, under these conditions, small peaks were resolved which were 
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Figure 5-25.  SEC chromatograms of gold nanoparticles (5 nm) and particle assemblies 
(A) After ligand-exchange with BSPP  (B) In the absence of BSPP  Data was obtained 

using two columns in series, Macrosphere® (300 Å) and Nucleosil (500 Å) and a flow rate 
of 0.30 mL/min.  The absorbance units are arbitrary, but were included here for 

comparative purposes. 
** indicates particles with organic solvent and sodium citrate 
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attributed to the presence of dimers and trimers in solution.  Based on the 

logarithmic calibration plot, the dimer and trimer peaks were correlated with 

hydrodynamic diameters of 14.3 nm and 24.2 nm, respectively.  These differ from 

the calculated hydrodynamic diameters for these structures, 8.2 nm and 40.9 nm 

(Appendix 2).  However, as discussed in Appendix 2, there was a significant margin 

of error associated with these calculations (esp. for trimers).  In addition, if the 

separation mechanism is not solely size-exclusion, some discrepancies would also 

be expected in these values.  The differences in retention volumes between the two 

samples suggest that these peaks can be attributed to nanoparticle dimers and 

trimers in solution. 

Despite the effort taken to optimize the separation conditions, the Macrosphere® 

and Nucleosil columns did not provide sufficient resolution for the separation of 

nanoparticle assemblies.  While small peaks were observed for the assemblies in 

the absence of BSPP, no relevant statistical information can be obtained from these 

data due to obvious particle adsorption. 

5.2.2.2. Reverse-Phase Chromatography 

Nanoparticle separations were also attempted using non-polar stationary phases.  

Figure 5-26 shows chromatograms obtained using a silica column modified with an 

octyl capping layer (C8).  The column pore size was only 80 Å; therefore, separation 

was not expected.  This experiment was performed to evaluate the extent of particle 
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adsorption in a reverse-phase column.  Very narrow, reproducible peaks were 

observed indicating minimal adsorption.  The size of these peaks did not change in 

the presence of BSPP. 

Size-exclusion experiments were then performed using a silica-C18 column with a 

500 Å pore size.  The C18 column was chosen for several reasons.  First, the C8 

material was not available at pore sizes greater than 150 Å.  In addition, Fischer et 

al.3 reported improved separation of semiconductor particles using a silica-C18 

column compared to a silica-C4 column.  It was reported that the C18 capping layer 

was more effective at 

shielding the particles 

from the silica cores of 

the particles in the 

stationary phase.  It was 

also predicted that 

interactions between SDS 

and the alkyl capping 

layer (Figure 5-7 (A)) 

would be greater for the 

longer alkyl chain, a 

behavior that was also 
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Figure 5-26.  SEC Chromatograms of citrate-capped gold 
particles.  Chromatograms were offset along the y-axis 
for clarity.  Data were obtained using a silica-C8 column 

(80 Å) a mobile phase consisting of 40 mM SDS and a 
flow rate of 0.25 mL/min. 
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predicted to limit adsorption. 

Contrary to predictions, the chromatograms in Figure 5-27 indicated that the extent 

of adsorption was greater on the C18 column compared to the C8 column.  Also, the 

peak associated with 5 nm particles, which appeared to be just a shoulder in 

previous experiments using normal-phase columns (Figure 5-14 (A) and Figure 5-25 

(A)) was dominant in this case, especially at high SDS concentrations.  This peak 

was attributed to tannic acid, which is used in the synthesis of smaller gold particles 

(Section 2.2.2.1).  Figure 5-28 shows that this peak corresponded to the retention 

volume of tannic acid, which, in contrast to other organics, exhibited at least some 
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Figure 5-27.  SEC Chromatograms of citrate-capped gold particles at various SDS 

concentrations.  The chromatograms in (B) do not show the larger peaks associated with 
20 nm and 5 nm particles.  Data was obtained using a silica-C18 column (500 Å) and a flow 

rate of 0.25 mL/min
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degree of absorption at 520 nm. 

The adsorption behavior was dependent upon particle size as shown in both Figure 

5-27 (A) and Figure 5-29.  Figure 5-29 compares the normalized peak areas for 

citrate-capped gold particles to the data collected for the silica and C8 columns.  The 

data collected for the C8 column is not an accurate comparison as these data were 

obtained using a mobile phase containing 40 mM SDS compared to the 10 mM SDS 

used in the other experiments.  As decreases in peak area were observed with 

increasing SDS concentration, it is possible that these peak areas would have been 

greater under these conditions.  Regardless, the extent of particle adsorption was 

significantly greater for 

the C18 column than 

either the C8 column or 

the silica columns in the 

presence of BSPP. 

The logarithmic 

relationship shown in 

Figure 5-30 (A) indicates 

that the primary 

separation mechanism 

was size-exclusion.  
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Figure 5-28.  SEC chromatograms of citrate-capped gold 

particles and tannic acid.  Data obtained using a silica-C18 
column (500 Å), a mobile phase consisting of 10 mM SDS 

and a flow rate of 0.25 mL/min.
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While the slope of this plot was less than that obtained using the silica columns in 

series, the peaks were significantly narrower resulting in greater overall resolution 

according to Equation 5-8 (Figure 5-30 (B)).  The highest resolution for the C18 

column was achieved using an SDS concentration of 10 mM. 

As with the Macrosphere column®, chemical interactions were evident when 

particles of different compositions were injected onto the column.  Table 5-2 lists 

retention volumes for both 

platinum and iron oxide 

particles with the retention 

volumes expected for 

citrate-capped gold particles 

of the same size.  These 

values were calculated from 

the linear equation shown in 

Figure 5-30 (A).  The 

retention volume for the 

tartaric acid-capped 

particles correlates with that 

expected for gold.  

However, the retention 
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Figure 5-29.  Normalized peak areas for citrate-capped 
gold particles characterized with several different SEC 

columns.  The mobile phase consisted of 10 mM SDS for 
the silica columns and 40 mM SDS for the C8 column.  

Normalized peak areas were calculated from the ratio of 
the peak areas observed for particles after passing 

through the column(s) to the area observed for particles 
which did not traverse the column(s).  The lines here are 

not meant to indicate any type of relationship and, are 
included only to guide the eye. 
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volumes for tiopronin-capped platinum particles were lower than the expected 

values.  These results are consistent with those observed on the Macrosphere® 

column (Table 5-1).  These particles exhibited a greater affinity for the polar column 

than the citrate-capped gold particles, and fewer interactions with the non-polar C18 

column.  While the size-exclusion and chromatographic processes were determined 

to be competitive for heterodimer separation on a polar column, these effects are 

likely additive for the C18 column.  Higher-resolution heterodimer separations were 

therefore predicted for the C18 column. 

The effects of the organic solvent and sodium citrate necessary for dimer formation 

on the SEC behavior were evaluated.  The peak broadening and particle adsorption 

observed for the silica columns (Figure 5-24) did not occur.  However, the behavior 
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Figure 5-30. (A) Plot showing linear relationships between retention volume and 
log(particle diameter) for citrate-capped gold particles in both Macrosphere (300 Å) and 

Nucleosil (500 Å) columns in series and a silica-C18 column (500 A)  (B) Resolution 
between 5 and 20 nm particles as a function of SDS concentration.  The lines here are 
not meant to indicate any type of relationship and, are included only to guide the eye.
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in the presence of the molecular linker was quite unexpected.  Figure 5-31 shows 

SEC chromatograms for gold-citrate particles (10 nm) upon the addition of a 

stoichiometric amount of an OPE linker molecule.  Not only did a peak grow in 

indicating the presence of nanoparticle dimers, but both peaks grew drastically with 

time.  The peak associated with isolated particles was barely visible on the scale of 

the subsequent chromatograms. 

There are several factors that could have contributed to the increase in peak area.  

As previously described, significant particle adsorption was observed for initial 

particle measurements.  If the extent of adsorption decreased with time, this would 

be indicated by an increase the peak area.  The normalized peak area of the 

isolated 10 nm particles grew from approximately 1.5% (Figure 5-29) to 96%.  This 

behavior was extremely reproducible and independent of any other samples were 

injected onto the column during the time frame of the experiment.  This phenomenon 

Table 5-2.  Retention Volumes Observed for Platinum Particles with Different Capping 
Ligands 

Particle 
Approximate 

Diameter 
(nm) 

Retention 
Volume 

(mL) 

Predicted 
Retention Volume 
for Gold Particles 
of this Size (mL) 

Tiopronin-capped 
platinum 2 2.0 2.4 

Tartaric acid-
capped Fe3O4 

8 2.1 2.0 
Retention volumes observed using a silica-C18 column (500 Å pore size), 10 mM SDS, and a 

flow rate of 0.25 mL/min 
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indicates that the increases in peak size could not be attributed to changes in the 

stationary phase. 

It is also possible that chemical changes on the particle surfaces could reduce the 

particles’ affinity for the stationary phase, thus reducing adsorption.  In order to 

determine whether the presence of additional sodium citrate or organic solvent could 

have caused these changes, chromatograms were taken of a gold nanoparticle 

solution containing sodium citrate and organic solvent as a function of time.  Figure 

5-32 shows that while the peak area did increase somewhat upon the addition of 

these additives (normalized peak area of about 4%), no further changes were 

observed in this chromatogram over a period of five days.  The OPE linker was 
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Figure 5-31.  (A) SEC chromatograms of citrate-capped gold particles (10 nm) as a 
function of time after the addition of an OPE linker molecule.  (B) Magnified view of 

chromatograms shown in (A).  Data were obtained using a silica-C18 column, a mobile 
phase consisting of 10 mM SDS and a flow rate of 0.25 mL/min.  The values on the y-

axis are arbitrary and included only for comparative purposes 
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added in a 

stoichiometric amount 

so that there was 

approximately one 

molecule for every two 

particles.  It was 

therefore doubtful that 

the presence of this 

species would have 

contributed greatly to 

the adsorption behavior 

of the particles in the 

column.  

Another contributing 

factor to the peak area 

observed in SEC chromatograms is the optical absorption behavior.  The SEC 

chromatograms reported in this work were obtained using a UV-VIS detector at 

520 nm.  An increase in the absorption at this wavelength throughout the 

dimerization process would also cause an increase the observed peak areas.  

Optical absorption spectra were also taken for the dimer solution as a function of 
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Figure 5-32.  SEC Chromatograms of a solution of citrate-

capped gold particles (10 nm) in a solution containing 
additional sodium citrate and organic solvent taken as a 
function of time.  Data were obtained using a silica-C18 

column, a mobile phase consisting of 10 mM SDS and a flow 
rate of 0.25 mL/min.  The values on the y-axis are arbitrary and 
included only for comparative purposes.  The peak heights are 
significantly lower than those observed in the presence of the 

molecular linker (Figure 5-31) 
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time.  A slight increase and red-shift in the absorbance maximum was observed, 

which is consistent with the formation of nanoparticle dimers (Section 4.1.6).  

However, it is unlikely that this small increase in absorbance could account for the 

observed 100-fold increase in peak area. 

The optical absorption spectra also show two peaks at 430 nm and 460 nm, which 

appear with time and then decrease in intensity as shown in the inset of Figure 5-33.  

These two peaks do 

not correspond to 

the molecular linker.  

Additional 

experiments with 

several other OPE 

molecules indicated 

that these 

absorbances were 

independent of the 

OPE structure; 

similar behavior 

was repeatedly 

observed. 
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Figure 5-33.  Optical absorption spectra for a solution of citrate-

capped gold particles (10 nm) as a function of time after the 
addition of a molecular linker.  The inset shows the absorption at 
460 nm and 520 nm as a function of sqrt(time).  The lines here are 
not meant to indicate any type of relationship, and are included 

only to guide the eye.
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SEC chromatograms were also taken as a 

function of time after the addition of a 

stoichiometric amount of the singly-terminated 

molecule shown in Figure 5-34.  This 

molecule was expected to bind to the nanoparticles, but not result in dimer 

formation.  As shown in Figure 5-35 (A), an increase in peak area was observed for 

these experiments although no dimer peak was observed.  The corresponding 

optical absorption spectra Figure 5-35 (B) indicated small fluctuations in the 

absorbance maxima without the red-shift observed in the presence of the 

bifunctional linker. 

The increase in peak area can therefore be attributed to interactions between the 
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Figure 5-34.  OPE molecule used in 

control experiment 
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Figure 5-35. (A) SEC chromatograms of a solution of citrate-capped gold particles 
(10 nm) as a function of time after addition of the molecule shown in Figure 5-34  (B) 
Optical absorption spectra corresponding to the sample in (A).  The inset shows the 
absorption at 460 nm and 520 nm as a function of sqrt(time).  The lines here are not 
meant to indicate any type of relationship, and are included only to guide the eye. 
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particles and the molecular linkers.  Again, it seems unlikely that the significant peak 

growth can be attributed solely to reductions in particle adsorption when only one 

molecule is expected to bind to each particle.  However, this phenomenon was not 

observed when normal phase columns were used.  The optical spectra shown in 

Figure 5-33 and Figure 5-35 indicate some changes in the optical spectra even in 

the absence of dimerization.  A better understanding of the electronic and optical 

properties associated with these structures is required in order to explain these 

changes, which may also contribute to the observed increases in peak area. 

Similar experiments were performed using particles of different sizes and different 

linker molecules with similar results.  Figure 5-36 shows chromatograms obtained for 
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Figure 5-36.  (A) SEC chromatograms of citrate-capped gold particles (10 nm) as a 

function of time after the addition of a three-armed OPE linker molecule.  (B) Magnified 
view of chromatograms shown in (A).  Data were obtained using a silica-C18 column, a 

mobile phase consisting of 10 mM SDS and a flow rate of 0.25 mL/min.  The values on the 
y-axis are arbitrary and included only for comparative purposes 
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citrate-capped particles (10 nm) in the presence of a three-armed OPE, which 

indicated the presence of trimers.  However, the retention volume of the peak 

associated with trimers was the same as that observed for dimers.  It is possible that 

for this particular column the retention of particles within the column pores is similar 

for both dimer and trimer structures.  Increases in the peak area were also observed. 

The peak heights observed in the SEC chromatograms were plotted as a function of 

the sqrt(time) after several measurements indicated that these values grew at a rate 

proportional to the peak areas.  If these changes were due to binding of the OPE to 

the gold particles, this linear relationship suggests a diffusion-limited process.33,34  

However, no claim was made to this effect.  These plots are intended only as a 
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Figure 5-37.  Peak heights observed in SEC chromatograms plotted as a function of 
sqrt(time).  These data correspond to chromatograms shown in Figure 5-31 and Figure 
5-36.  (A) Observed heights for peaks associated with individual particles (B) Observed 

heights for peaks associated with dimers and trimers 
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means to compare data from multiple experiments. 

The slopes and maximum peak heights are reported in Table 5-3 along with the 

retention volumes and corresponding hydrodynamic diameters for each peak.  Data 

are not reported for 5 nm trimers as a second peak was not observed for these 

samples.  This may be due to the fact that the trimers yields observed using TEM 

were typically lower for 5 nm particles (Figure 4-30A).  According to the data 

collected, the peak growth rates and maximum peak heights increased with particle 

size.  The maximum peak heights were similar for dimers and trimers comprised of 

10 nm particles; however, the observed growth rates were greater for trimers.  While 

Table 5-3.  Data Obtained from SEC Chromatograms of Nanoparticle Assemblies 
‘Particle Peak’ ‘Dimer/Trimer Peak’ 

Sample VR 
(mL) 

DH* 
(nm) Slope** 

Peak 
Max 

(Abs) 

VR 
(mL) 

DH* 
(nm) 

DH ** 
(nm) Slope** 

Peak 
Max 

(Abs) 

5nm 
dimer 1.79 5.6 13.8 1000 1.51 20.2 8.2 2.9 150 

10nm 
dimer 1.70 8.4 22.4 2200 1.48 23.2 15.8 10.4 450 

10nm 
trimer 1.70 8.4 37.6 2200 1.48 23.2 20.2 - 

42.3*** 17.0 550 

15nm 
dimer 1.56 16.0 NA**** NA**** 1.29 55.8 23.3 NA**** NA**** 

15nm 
trimer 1.56 16.0 NA**** NA**** 1.29 55.8 29.3 – 

54.8*** NA**** NA**** 

* The corresponding hydrodynamic diameters based on the calibration curve in Figure 5-30 (A) 
** The slopes were obtained from plots of peak height vs. sqrt(time) 

*** The hydrodynamic diameters calculated in Appendix 2; a wide range was calculated for trimers 
**** No kinetic data was obtained for assemblies of 15 nm particle assemblies 
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the phenomena contributing to peak growth are not understood, this behavior 

appears to be dependent upon the size and geometry of the assemblies.  

Preliminary data (not shown here) also suggested this behavior was dependent 

upon the structure of the OPE linker.  

Dimers and trimers consisting of gold particles were detected using reversed-phase 

chromatography; however, the apparent particle adsorption observed for isolated 

particles and the peak growth upon linker addition suggest several other processes 

occurring which are not clearly understood.  As a result, this technique cannot be 

used to obtain statistical information regarding the relative amounts of dimers and 

trimers in these solutions. 
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Figure 5-38.  SEC chromatograms of mixed particle solutions (A) citrate-capped gold 
particles (5 nm) with succinic acid-capped titania particles  (B) citrate-capped gold 

particles (5 nm) with glycerol-capped iron oxide particles.  Data were obtained using a 
silica-C18 column, a mobile phase consisting of 10 mM SDS and a flow rate of 

0.25 mL/min. 
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Attempts to detect 

nanoparticle 

heterodimers were 

unsuccessful.  Figure 

5-38 shows 

chromatograms of 

citrate-capped gold 

particles (5 nm) in the 

presence of both 

succinic-acid-capped 

TiO2 and glycerol-

capped Fe3O4 

particles.  The peak at lower retention volumes attributed to tannic acid is not shown.  

Neither of these metal oxide particles absorbed at 520 nm so the only peaks 

expected were those associated with gold.  However, in both cases, additional 

peaks observed for particle mixtures in the absence of linker, which made it 

impossible to detect dimerization.  Tartaric acid-capped Fe3O4 particles exhibited an 

absorbance at 520 nm, which made the SEC chromatograms even more difficult to 

interpret.  As shown in Figure 5-39, multiple peaks were observed, which did not 

correlate to either of the isolated particles.  Further changes in all three 
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Figure 5-39.  SEC chromatograms of particle solutions 

containing citrate-capped gold particles (5 nm) and tartaric 
acid-capped Fe3O4 particles.  Data were obtained using a 

silica-C18 column, a mobile phase consisting of 10 mM SDS 
and a flow rate of 0.25 mL/min. 
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chromatograms were observed as a function of time.  This behavior made it even 

more difficult to detect dimerization. 

5.2.3. Summary 

The goals of this work were to separate nanoparticle assemblies from isolated 

particles and larger aggregates and obtain statistical information regarding the 

relative concentrations of these species in solution.  Despite the apparent simplicity 

of the size-exclusion mechanism (Figure 5-1), interactions between nanoparticles 

and the column materials appeared to be quite complex. 

Particle separations in organic solvent were unsuccessful due to irreversible 

adsorption on the column.  While it is possible a new column and further optimization 

of separation parameters could have improved the results, efforts were shifted to the 

characterization of aqueous nanoparticles. 

The separation of aqueous particles was attempted using both normal-phase and 

reverse-phase chromatographic columns.  Particle separation was achieved using a 

300 Å Macrosphere® diol-silica column; however, resolution was limited and larger 

pore sizes were not available for this material.  The logarithmic relationship between 

particle size and retention volume indicated that size-exclusion was the primary 

separation mechanism.  However, this relationship did not hold when particles of 

different compositions were injected onto the column.  This behavior suggested 

chemical interactions contributed to the separation mechanism.  Peaks were 
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observed which indicated the presence of both homo- and heterodimers; however, 

these peaks were not clearly resolved and statistical information could not be 

obtained. 

Adsorption of citrate-capped gold particles was significant when an unmodified silica 

column was used.  This adsorption was significantly reduced for particles, which 

underwent ligand-exchange with BSPP.  This behavior contradicted that observed 

for the Macrosphere ® column for which peaks were broadened for BSPP-capped 

particles compared to those stabilized by citrate.  This phenomenon suggested that 

chemical interactions were very sensitive to the particle surface chemistry.  Particle 

aggregation was observed on the column for particles in the presence of sodium 

citrate and organic solvent.  This behavior was more significant for larger particle 

sizes, and made it difficult to detect nanoparticle assemblies.  Attempts to detect 

nanoparticle dimers and trimers composed of smaller particles, for which 

aggregation was not observed, were unsuccessful despite significant efforts to 

optimize the separation conditions (i.e. SDS concentration and flow rate). 

While limited particle adsorption was observed for citrate-capped particles on a 

silica-C8 column (80 Å), adsorption was significant when a silica-C18 column was 

used.  In this case, ligand-exchange with BSPP did not affect any changes.  While 

the differences in retention volumes for this system were not as great as those 

observed for the normal phase columns, the peaks were significantly narrower and 
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the resolution was greater.  Peaks attributed to nanoparticle dimers and trimers were 

observed for several different particle sizes.  However, the peak areas increased 

with time making it difficult to obtain statistical information about the particle solution.  

If the behavior contributing to the peak growth were understood, it is possible these 

experiments could provide information regarding binding kinetics.  Attempts were 

made to detect heterodimers using this column were unsuccessful due to the 

presence of multiple peaks even in the absence of the molecular linker.  Both 

particle solutions likely contained excess ligands, and mixing the two could have 

affected changes in the particle surface chemistry and the retention volumes.  In 

addition, aggregation on the column could have contributed to the presence of 

additional peaks. 

As particle separations were sensitive to the surface chemistry of the particle in 

addition to the nature of the mobile and stationary phases, heterodimer detection 

using SEC will likely be quite difficult.  It is unlikely that the conditions suited for the 

characterization of one particle will also be ideal for another.  It is possible that 

further experiments could prove useful in detecting homodimers and trimers.  While 

the pore size of the silica-C8 column was too small for nanoparticle separation, the 

extent of particle adsorption was significantly less than that observed for the silica-

C18 column.  If appropriate pore sizes of this material could be located, these 

columns could prove useful in particle separations.  However, due to the apparently 
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unavoidable problem of particle adsorption, a behavior which seems to be size-

dependent, it is unlikely that accurate statistical information could be obtained from 

these data.  If nanoparticle separation were to be achieved, SEC could be used to 

observe relative changes in a particle solution as the conditions of the dimer 

synthesis were changed.  However, quantitative data will not likely be achievable. 

5.3. Experimental 
Citrate-capped gold particles were obtained from Ted Pella, Inc. as aqueous 

solutions with trace amounts of citrate, tannic acid and potassium carbonate.  All 

other nanoparticles were synthesized according to procedures reported in Chapters 

2 and 3.  Dimers and trimers were synthesized according to methods described in 

Chapter 4.  For SEC kinetic experiments, approximately 30-40 μL of the nanoparticle 

solutions were removed at several points throughout the course of the reaction.  For 

UV-VIS kinetic experiments, the nanoparticle solutions were transferred from the 

reaction vials into a cuvette for analysis and then returned to the appropriate vial. 

The SEC instrumentation consisted of an isocratic HPLC pump equipped with a 

Rheodyne 7512 Manual Injector, and a Vestec UV-VIS detector connected to a 

Power Mac 7200/90 through a Remove Measurements Systems ADC-1 Analog-to-

Digital Converter.  Unless otherwise indicated, the detection wavelength was set to 

520 nm.  The sample loop was 20 μL and five different columns were used as 

indicated in the text. 
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• For organic separations, a Jordi Gel DVB column (Alltech, Inc.) was used.  

The particle size was 5 μm, the pore size 500 Å and the column dimensions 

10 mm × 250 mm. 

• Macrosphere® (Alltech, Inc.) 300 Å column with 7 μm particles and 

dimensions of 7.5 × 300 mm.  The column material was a ‘diol-silica’, the 

chemistry of which the manufacturer would not disclose. 

• Nucleosil unmodified silica column (Macherey-Nagel) with a 500 Å pore size, 

7 μm particles and dimensions of 4.6 × 250 mm 

• Econosphere® (Alltech, Inc) 500 Å column with of 7 μm silica-C8 particles 

and dimensions of 4.6 × 250 mm 

• Nucleosil Silica-C18 column (Macherey-Nagel) with a 500 Å pore size, 7 μm 

particles and dimensions of 4.6 × 250 mm 

HPLC grade THF and toluene were purchased from Fischer Scientific, and used for 

separations in organic solvent after filtering through a 0.20 μm nylon filter membrane 

(Alltech) and degassing using a vacuum aspirator. 

The water for aqueous mobile phases was obtained from a Milli-Q50 Ultrapure 

Water System.  The concentration of sodium dodecyl sulfate (MP Biomedicals, Ultra 

Pure) varied from 0 mM to 100 mM as indicated in the text.  All solutions were 
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filtered through a 0.20 μm nylon filter membrane (Alltech) and degassed using a 

vacuum aspirator. 

The columns were washed with an SDS solution in between each sample injection.  

Several measurements were repeated to ensure reproducibility. 

Optical absorbance spectra were obtained using a Hewlett-Packard 8452A Diode 

Array Spectrometer and a path length of 1.0 cm. 
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6. Electrophoresis of Particles and Particle Assemblies 

Another technique explored for the separation of nanoparticles and particle 

assemblies was electrophoresis.  Analytical and preparative-scale separations were 

performed using gel, capillary and continuous free-flow electrophoresis.  As 

discussed in detail below, there are several factors that affect the mobility and 

resolution of nanoparticles in electrophoretic experiments which must be understood 

in order to determine separation conditions and interpret data.  While the general 

theory of electrophoretic separations is the same for all three techniques discussed 

here, each one has its own set of variables which must be considered in order to 

achieve separation. 

6.1. Background and Introduction 

6.1.1. Electrophoresis – General Theory 

Electrophoresis refers to the movement of a charged molecule or particle under the 

influence of an applied electric field.  The velocity of a charged species is 

proportional to the applied field strength as shown in Equation 6-1 where ν is the 

electrophoretic velocity, μep is electrophoretic mobility and E is the electric field 

strength.  The electrophoretic mobility is determined by the charge-to-size ratio as 
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shown in Equation 6-2 where q is the total charge on a particle, η is the solution 

viscosity and r is the hydrodynamic radius of the molecule or particle.   

Eepμυ =  6-1 

r
q

pe πη
μ

6
=  6-2 

Separation is achieved according to differences in electrophoretic mobilities among 

charged species in solution as shown in Figure 6-1.  Positively charged species 

migrate toward the anode, exhibiting positive mobilities while negatively charged 

species migrate towards 

the cathode exhibiting 

negative mobilities 

The first platform 

established for 

electrophoretic 

separations was gel 

electrophoresis in which 

the sample was dissolved 

in a buffer that was 

‐

+
+

‐
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Figure 6-1. Electrophoretic velocity of charged 
molecules in an electric field is dependent upon charge-

to-size ratio 
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contained the pores of a semi-solid gel.  The process has been compared to thin 

layer chromatography in that multiple samples can be spotted on the same gel.  

After an electric field has been applied for a period of time, the separated bands are 

observed visually or through staining.  This method is routinely used for the 

separation of biological molecules such as proteins, amino acids and DNA.8-12 

6.1.2. Capillary Electrophoresis 

Capillary electrophoresis (CE), as the name suggests, involves electrophoretic 

separations within a buffer-filled capillary.13  Charged molecules injected into the 

capillary exhibit an electrophoretic velocity under an applied potential.  In addition, 

they are subject to electroosmosis, the net flow of solvent through the capillary under 

the influence of an electric field.  Most capillaries used for CE are made of fused 

silica, which contains surface silanol groups.  In the presence of a buffer with a pH > 

3, these silanol groups ionize creating a negative charge along the capillary wall.  

Cations in the buffer are attracted to the negatively-charged capillary wall creating 

an electrical double layer as shown in Figure 6-2(A).  These cations migrate toward 

the cathode, and as they are solvated, they create a net flow of solvent through the 

capillary.  The rate of electroosmotic flow (EOF) is the same for all dissolved species 

regardless of size or charge, and the total velocity of a sample is determined by the 

sum of the electrophoretic and electroosmotic components (Equation 6-3).  In 

general, EOF is towards the cathode and exhibits a velocity greater than the 
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electrophoretic velocity of charged solutes so that all species elute from this end of 

the capillary as shown in Figure 6-2 (B).  This allows for the use of an on-column 

detector similar to those commonly used for chromatography, smaller sample 

volumes and higher-resolution detection.  The direction of EOF can be reversed by 

coating the capillary wall with a cationic surfactant. 

As shown in Figure 6-2(B), the order of elution is (1) cations with greatest mobility, 

(2) cations with lesser mobility, (3) neutral species, (4) anions with lesser mobility 

and (5) anions with greatest mobility.  Anions with the greatest mobility migrate 

last.8,13,17 
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μeo = electroosmotic mobility  
V = applied voltage 

L = length of capillary

6-3 

 

The rate of EOF can significantly affect the resolution of analytes. High rates 

decrease the amount of time each species spends in the capillary.  While this 

decrease limits effects such as longitudinal dispersion and band-broadening, it also 

limits the selectivity of the separation and consequently the resolution.  Highest 

resolution is achieved when the rate of EOF (towards the cathode) balances the 

electrophoretic velocity of anions (towards the anode); however, these conditions 

result in longer analysis times.13  The rate of EOF can be adjusted by controlling the 
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pH, solution viscosity, ionic strength, voltage and the dielectric constant of the 

buffer.13  Higher pH values can yield a higher degree of silanol ionization, creating 

+ ‐EOF
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+
‐

+
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‐

Electrophoretic velocity
Rate of electroosmotic flow
Total velocity

B

 

Figure 6-2. (A) Electrical double layer along capillary wall creates electroosmotic flow (B) 
The total velocity of ions is determined by the sum of the elecrophoretic and 

electroosmotic components 
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more charge in the electrical double layer and greater EOF rates.  On the other 

hand, an increase in the ionic strength will decrease the thickness of the double 

layer along the capillary wall and consequently limit the rate of EOF.13,17  While 

buffer conditions can be altered to control the relative rates of EOF, these values are 

often irreproducible due to different conditions of the fused silica surface, especially 

in cases where solutes adsorb on the capillary affecting its overall charge.  

Variations in EOF can be limited by using solutions containing ionic surfactants such 

as sodium dodecyl sulfate (SDS) which possess relatively constant values over wide 

pH ranges.13,17  There have been also been attempts to control EOF by using 

polymeric coatings which exhibit more consistent charge distributions than silica 

over wide pH ranges and that are less prone to solute adsorption.13,21 

Changes in buffer composition not only affect the rate of EOF, but also have 

consequences on the electrophoretic velocity of analytes.  While lower pH values 

can be desirable to limit the rate of EOF, higher pH values can increase the degree 

of ionization of solution anions increasing their mobility and improving resolution.  In 

addition, adsorption of solutes onto the capillary wall can cause peak tailing and 

reduce separation efficiency.  These effects are minimized in the pH range 8-11.  In 

this range, many proteins are negatively charged and electrostatic repulsion 

between them and the negatively-charged capillary wall limit adsorption.13 
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Another consideration when performing electrophoretic separations is Joule heating.  

When voltage is applied across the capillary, the resulting electric current generates 

heat.  If not properly dispersed, this heat leads to a radial temperature profile within 

the capillary and band broadening.  Smaller capillary diameters can reduce this 

effect by allowing for more efficient cooling and limiting the extent of the parabolic 

temperature profile.  The most commonly reported capillary diameter in the literature 

is 75 μm; solvent boiling has been reported for larger capillaries.22  The tradeoff here 

is that the larger surface-to-volume ratio inside the capillary can, in principle, lead to 

higher degrees of wall adsorption.  Joule heating increases with the ionic strength of 

the buffer solution and with applied voltage for non-thermostated systems.  It has 

been shown that using a thermostated system with cooling capabilities can 

significantly reduce the voltage dependence on resolution.18 

For general capillary electrophoretic separations, there are tradeoffs associated with 

the choice of both the ionic strength and the pH of the buffer.  Greater ionic 

strengths decrease the rate of EOF, but can lead to more significant Joule heating 

which degrades resolution.  Lower pH values decrease the rate of EOF, but also 

decrease the degree of ionization of both the capillary wall and solute anions.  This 

can lead to higher degrees of adsorption along the capillary and limited 

electrophoretic velocities, which can impede separation.  These variables have 
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additional consequences when looking at more complex electrophoretic systems 

such as those involving micelles and larger particles. 

6.1.3. Micellar Electrokinetic Chromatography 

As described above, electrophoretic separations require charged analytes.  

However, incorporating micelles into electrophoretic experiments can facilitate the 

separation of both charged and neutral solutes.  In this technique, commonly called 

micellar electrokinetic chromatography (MEKC), micelles act as a pseudo-stationary 

phase similar to those encountered in chromatographic separations.17,23-25  For 

neutral analytes, the separation mechanism is based on the chromatographic 

partitioning between the micellar phase and the aqueous mobile phase.  This 

combines the high efficiency associated with CE with a chromatographic separation 

mechanism.  Most often micelles are formed from an anionic surfactant such as 

sodium dodecyl sulfate (SDS).  Anionic micelles migrate towards the anode, the 

opposite direction of EOF, and therefore move slowly through the capillary.  Organic 

solutes distribute themselves between the micellar and aqueous phases according 

to their relative hydrophobicity.  Neutral solutes that exhibit no interactions with the 

micelle, move through the capillary at the rate of EOF and elute at time, t0.  Solutes 

that are irreversibly solubilized within the micelle migrate at the same rate as the 

micelle and elute at time, tmc.  All other neutral solutes elute in between these two 

values. 
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The efficiency and resolution of separation in MEKC can be affected by  

both the elution range of the micelle and the retention factor associated with each 

analyte.  The elution range is defined by the ratio of t0/tmc, which, for neutral solutes, 

ranges between 0 and 1.  As tmc approaches infinity, the elution ranges tends to zero 

and the micellar phase becomes stationary.  The literature reports values of approx. 

0.25 for t0/tmc; however, resolution can be improved by decreasing this ratio to as low 

as 0.01-0.03.23  Decreasing this value can be achieved by reducing the rate of EOF, 

which is commonly done by adding organic modifiers to the mobile phase or coating 

the capillaries.23  The retention factor for an analyte in an MEKC separation can be 

calculated according to Equation 6-4 as a function of the analyte retention time, tR, t0 

and tmc.  This value can also be correlated to the concentration of surfactant 

according to Equation 6-4.  For low micelle concentrations, the retention factor, and 

consequently, the retention time of each analyte increases linearly with the 

surfactant concentration.  At higher surfactant concentrations, the micelle shape can 

change from spherical to rod-like or cylindrical, which can change the partitioning 

behavior. 

The separation conditions for each analyte can be optimized in MEKC.  If the analyte 

elutes too closely to either t0 or tmc, resolution is poor.  The retention factor for 

optimum resolution is given by Equation 6-5.  The optimum surfactant concentration 

can then be calculated by combining Equations 6-4 and 6-5 to get Equation 6-6. 
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P = partition coefficient – defined by concentration of solute in micellar 
phase/concentration in aqueous phase 

V = molar volume of surfactant 
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The separation of charged solutes by MEKC is slightly more complicated as both 

chromatographic and electrophoretic effects must be taken into account.  

Electrostatic interactions between charged solutes and micelles also need to be 

considered.  Depending on the relative charges, either ion-pairing or Coulombic 

repulsion between solute and surfactant can occur.  A charged analyte can therefore 

traverse the capillary either by itself in the aqueous phase, ion-paired with surfactant 

monomer or partitioned into the micellar phase.25   In contrast to neutral solutes, a 

charged analyte can elute at times greater than tmc.  In addition to the effects of pH 

on the electrophoretic velocity of analytes and the rate of EOF as discussed above, 

pH affects the partitioning of charged solutes in MEKC.  For example, the partition 
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coefficient of an acidic solute decreases with increasing pH as the higher charge 

increases its solubility in the aqueous phase as well as the electrostatic repulsion to 

the micelle.  

The presence of micelles in the separation of charged solutes adds additional 

complexity to an electrophoretic separation.  Buffer conditions such as pH, ionic 

strength and surfactant concentration affect the efficiency of separation in more 

ways than those discussed in reference to traditional CE.  These variables have 

further consequences when looking at larger particles in an electrophoretic 

experiment. 

6.1.4. Particle Electrophoresis 

While the electrophoretic force experienced by an ion or small molecule in an 

electric field is only opposed by the viscous resistance of the medium, the 

electrophoretic motion of a charged particle is slightly more complicated.  The 

following discussion of particle mobility assumes that all particles are non-

conducting.  However, it has been shown experimentally that mercury droplets 

demonstrate the behavior described below and this theory can therefore be 

extended to conducting particles.6  It also assumes significantly small concentrations 

of particles in solution so that particle-particle interactions can be ignored.  However, 
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there have been many works published indicating that particle-particle interactions 

under the influence of an electric field can be non-negligible.26-32 

Figure 6-3 shows the four forces acting on a particle as outlined in the works of 

Wiersema5 and O’Brien1  In addition to the force exerted by the electric field (k1) and 

the frictional force (k2), there are two additional forces associated with the electrical 

double layer.5  The electric field exerts a force on the ions in the double layer.  The 

counterions, in turn, generate an electric field which creates a retarding force (k3) in 

the opposite direction of particle motion.1,5,6  The relaxation effect (k4) is attributed to 

the fact that, while the negatively-charged particle is attracted to the anode, the 

cations in the double layer are attracted to the cathode.  As a result, the double layer 

k1
k3

k4

k2

+ ‐

 

Figure 6-3. Forces acting on a charged particle in an electric field 
k1 = electrophoretic force exerted on particle by electric field; k2 = Stokes friction; k3 = 

retarding force; k4 = force due to relaxation effect 
Figure adapted from Wiersema’s work, ‘Calculation of the Electrophoretic Mobility of 

a Spherical Particle’5 
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lags behind the particle.  This deformation creates a viscous drag on the particle 

which is greater than the frictional force exerted on an uncharged particle.  In the 

majority of discussions related to particle electrophoresis, the relaxation effect is the 

most significant opposing force, and leads to the different behavior of particles in an 

electric field compared to that observed for smaller ions. 

Charged particles in an electric field are often characterized by the value, κa, which 
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Figure 6-4. The limits of Smoluchowski and Huckel in terms of particle radius and 
double-layer thickness compared to the domain in which the majority of colloids 

exist.  The second x-axis represents concentrations of a 1:1 electrolyte solution that 
correspond to these κ values. 

Huckel’s theory only applies to small particles at very low ionic strengths (large 
double layer) while Smoluchowski’s limit applies to larger particles at high ionic 

strengths (thin double layer).  Relaxation effects need to be considered for the area in 
between these limits. 

Figure adapted from Heimenz et al.6 
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is the ratio of the particle radius to the thickness of the double layer; a is the particle 

radius and κ-1 is the double layer thickness.  Smoluchowski calculated the mobility of 

particles in the limit of large κa, i.e. where the double layer is small compared to the 

radius of the particle.  For this case, the relaxation effect is not a considerable 

contribution and the expression he derived for mobility is a function of the particle’s 

ζ-potential, the viscosity and dielectric constant of the solution (equation 6-8).3,5,14  

Likewise, Huckel derived an expression for the mobility of particles in the limit of 

small κa, i.e. where the double layer is large compared to the radius of the particle 

(equation 6-8). 3,5,14  Again, relaxation effects are negligible.  Note that in both of 

these limits, the mobility is independent of the particle radius. Rather, it increases 

linearly with ζ-potential.  The expressions of Huckel and  Smoluchowski are 

proportional, differing only by a factor of 1.5.14 

η
εζε

μ
2

3 0r
pe =  

Smoluchowski Limit (large κa) 
ζ = zeta potential of particle 

εr = dielectric constant of medium 
ε0 = dielectric constant of vacuum 

η = viscosity of medium 
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ep =  

Huckel limit (small κa) 
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However, as shown in Figure 6-4, most particles fall somewhere between these 

limits.  For moderate values of κa, i.e. 0.01 < κa < 100, the relaxation effect is more 

prominent and these simple analytical solutions are no longer sufficient.1,5  Henry 

took into account the effects of the double layer and determined mobility as a 

function of κa which varied between the Smoluchowski and Huckel limits.3,5,14,33   

However, these calculations did not  take into account the deformation of the double 

layer.  Wiersema5 and  O’Brien1 both performed extensive calculations to account for 

these forces and  their effects on particle mobility. To eliminate the effects of 

temperature and viscosity, Wiersema reported all values in terms of dimensionless 

mobilities and ζ-potentials which are defined according to Equations 6-9 and 6-

10.5,34  He calculated dimensionless mobility (E) as a function of κa for different 

values of dimensionless ζ-potential (y0) and showed that particle mobility decreases 

with κa, exhibits a minimum in the range 1 < κa < 10 and then increases again.  As 

the value of κa increases beyond the Huckel limit, the double-layer thickness 

becomes finite and the relaxation effect becomes more prominent reducing overall 

particle mobility.  There is a point at which continued increases in ionic strength 

decrease the thickness of the double-layer so that relaxation forces are weaker and 

mobilities again increase.  This behavior is shown later in Figure 6-6 where it is 

compared to experimental data.  
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Figure 6-5. Variation of mobility with zeta 

potential for a spherical colloidal particle in KCl 
at ka values > 3 

Figure taken from O’Brien and White1 

epkT
eE μ

ε
πη6

=  

E = dimensionless mobility 
k = Boltzmann’s constant 

6-9 

kT
eyo
ζ

=  

yo = dimensionless ζ-potential 
6-10 

O’Brien got similar results, only he plotted E as a function of y0 for various κa values.  

Figure 6-5 was taken from O’Brien’s 

work showing the data for κa >3.5,34  

At low values of ζ-potential, all 

values approach those obtained by 

Huckel’s equation regardless of the 

κa value.  Above ka ~ 4, the mobility 

increases with ζ-potential, exhibiting 

a maximum in the range of 4 < y0 < 

7, with higher values corresponding 

to higher κa values.  It is noted that 

at high κa values, E(y) curves tend 

to the linear Smoluchowski form 

(E=1.5y0) although they never 

become totally independent of κa.  
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The behavior is explained by the fact that with increasing ζ- potential, the retarding 

force and relaxation effects increase at a faster rate than the electrophoretic driving 

force.   For ζ-potentials less than 25mV and at low κa values (< 2.75) there is 

minimal distortion of the double layer and these effects are not observed. 

The predictions of the theory developed by both Wiersema5 and O’Brien1 have  been 

observed experimentally.  Both Figure 6-5 and Figure 6-6 show that above a 

threshold value, mobility increases with κa.   Larger particle sizes and higher ionic 

strengths both contribute to larger κa values and consequently larger mobilities.  

Thus, for particles of equal ζ-potential and intermediate κa values, size-dependent 

separations can be achieved with larger particles exhibiting greater mobilities.35  

Electrophoretic mobilities have been shown to increase linearly with radius for 

polystyrene particles,16,35-37  gold particles,4,15,38 and gold/silver core/shell particles.39  

Larger silica particles have also exhibited greater mobilities than smaller ones.16,35  It 

has also been shown that particles exhibit greater mobility at higher ionic strengths, 

improving overall resolution in size-dependent separations.16,34  Liu et al. suggest 

that, as with size-exclusion chromatography (SEC), the decrease in the double layer 

thickness corresponding to high ionic strengths increases mobility due the decrease 

in the effective particle diameter.4  However, according to the calculations of 

Wiersema and O’Brien, these effects should not be as significant as those due to 

relaxation. 
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Other studies have 

reported behavior which 

seemed to be 

contradictory to that 

predicted by Wiersema5 

and O’Brien1.  Schnabel 

et al.14 observed 

electrophoretic mobilities 

of gold particles that 

decreased with 

increasing diameter.  

This behavior was 

attributed to interactions 

with the capillary walls, 

which created more of a 

chromatographic type of 

separation mechanism.  However, Figure 6-6, taken from Bucking et al.,3 compares 

the results of this and several other works to the theoretical calculations perfomed by 

Wiersema, and shows that the κa values in this study are below  the mobility 

minimum in Wiersema’s calculations.  In this regime, all other factors being the 

same, smaller particles exhibit greater mobilities.  The mobility minimum reported by 

Figure 6-6. Electrophoretic mobility of nanoparticles with ζ-
potential of 102.6 mV 

Figure taken from Bucking et al.3 

▬ Theoretical prediction by Wiersema et al.5 
 Gold nanoparticles reported by Bucking et al.2 

▲ Gold nanoparticles reported by Schnabel et al.5 
 Gold nanoparticles reported by Liu and Wei3 
• Gold nanoparticles reported by Liu at al.6 
∗ Silica particles reported by Vanifatova7 

× Latex nanoparticles reported by Petersen and Ballou4,5 
⊕ Polystyrene nanoparticles reported by Hwang et al. 
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Wiersema corresponds to the point at which the relationship between particle size 

and particle mobility is reversed.3  Bucking et al.3 and Peterson et al.2 also reported 

separations of gold particles where smaller particles exhibited greater mobility.  

Thus, in order to determine particle size from electrophoretic mobility, very strict 

control over buffer conditions, ζ-potential and κa values is required. 

Liu et al. examined the effect of sodium dodecyl sulfate (SDS) on the size-

dependent separation of gold particles.4  The behavior shown in Figure 6-7 was 

attributed to the interaction of the hydrophobic tail of SDS with the gold particles, 

which increased the effective surface charge and consequently the particle mobility.  

While this phenomenon 

could explain these 

data, there is some 

question about the 

nature of this 

interaction and there 

were several other 

variables that were not 

considered.  There 

have been several 

investigations into the 

 

Figure 6-7. Effects of SDS concentration on the 
electrophoretic mobility  of gold nanoparticles. 
CAPS, 10 mM, pH 10.0, applied voltage 20 kV 

(A) 5.3 nm (B) 19.0 nm  Figure taken from Liu and Wei2 
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interaction of SDS with gold, which are discussed in more detail in Chapter 5.  They 

include interaction of with a charged gold electrode,40 the adsorption of gold particles 

onto C18-silica,4,41 a shift in the plasmon resonance for gold particles in the 

presence of SDS,42 and the behavior of particles with SDS in both electrophoretic43 

and size-exclusion experiments.42  While these studies all suggest there is some 

type of interaction between gold particles and SDS, much of this data is inconclusive 

and the exact nature of this interaction is not yet known. 

Relaxation effects should also be considered when interpreting Liu’s data as ionic 

strength increases with SDS concentration.  This effect of added SDS was 

determined to be comparable to that of NaCl in SEC experiments,42,44 and could 

therefore have similar effects in the context of CE.  The magnitude of κa increases 

with SDS concentration as shown in Table 6-1.  These calculations are only 

approximate as they do not account for any NaOH that was added to modify the pH.  

However, if one compares these values to Wiersema’s calculations in Figure 6-6, it 

seems reasonable to suggest the mobility minimum exists somewhere in this range 

of κa values accounting for both the increase in the mobility differences and the 

reversal of elution order.  If Liu’s conclusion is correct and the overall charge of the 

particles increased due to their association with SDS4, this would also contribute to 

increased relaxation effects according to O’Brien’s calculations shown in Figure 6-5.1 



454 

Because of the high concentration of surfactant in solution, one cannot dismiss the 

possibility that there were also some elements of MEKC present in the study 

performed by Liu et al.4  Above the critical micellar concentration (cmc) of SDS, 

8.1 mM,17,23,25 the increase in mobility appears linear, which is consistent with 

micellar partitioning according to Equation 6-4.  A typical micelle is on the order of 3-

5 nm,23 which is of the same order magnitude as the nanoparticles used in this 

study.  Therefore, it questionable whether typical micellar partitioning would occur.  

There has been one study indicating that it does not occur in the context of an SEC 

experiment.42  However, as discussed above, there are several different factors 

contributing to particle mobility.  If the hydrophobic tail of SDS associates with gold 

particles as some studies suggest,4,41-43 some elements of MEKC may be present in 

Table 6-1. Approximate κa values for 5.3 nm and 19 nm gold particles in 10 mM CAPS 
buffer with varying concentrations of SDS.* 

SDS 
concentration 

(mM) 
Debye 

Length (nm) 
κa**  

(a = 2.65nm) 
κa**  

(a = 9.5nm) 

0 3.04 0.87 3.13 

10 2.15 1.23 4.42 

20 1.75 1.51 5.41 

30 1.52 1.74 6.25 

40 1.36 1.95 6.99 

50 1.24 2.14 7.65 

60 1.15 2.31 8.27 

70 1.07 2.47 8.84 
*These calculations do not account for any NaOH added to modify the pH 

** a is the particle radius so these values correlate to particles with mean diameters of 5.3 and
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this separation.  A system involving charged particles in the presence of surfactant is 

complicated and many different variables need to be considered. 

While the discussion thus far has focused on how the relaxation effect can facilitate 

size-dependent separations among particles with similar ζ-potentials, this 

consideration does not negate the role of surface charge in determining 

electrophoretic mobilities.   Jones et al. separated latex particles according to both 

the nature and number of functional groups attached to them.45  As with smaller 

anions, pH can affect the degree of ionization of surface-bound ligands and 

consequently their mobility.  O’Brien predicted that, due to the relaxation effect, the 

change in the hydrogen ion concentration at the particle surface could also affect the 

degree of dissociation of carboxylic acid-terminal groups.1  

Quang et al.7 examined the effects of buffer conditions on the charge and mobility of 

metal oxide particles.  In their analysis, metal oxide particles were treated as diprotic 

acid.  

( )
( )−+−

+++
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+−↔−

KHOMOHM

KHOHMOHM 2  6-11 

The pH greatly affects the surface charge of the particle and consequently the 

mobility.  An expression was derived for the electrophoretic mobility in terms of the 

molar fractions of the positive and negative species.7 
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Figure 6-8 (A) and (B) shows data taken for several different metal oxide particles 

compared to calculations using the above equation.  For all particles, mobility was 

positive at low pH conditions where the first reaction dominated and became 

negative at higher pH values where the second reaction took over.7  The point at 

which the mobility is zero is the isoelectric point or the point of zero charge.  At this 

point the adsorption of cations was counterbalanced by the adsorption of anions and 

the ζ-potential was zero.  In this study, the observed isoelectric points agreed with 

those reported in the literature.  Higher pH values yielded more negative mobility 

values and greater resolution separations. 

In addition, more negatively charged particles exhibited larger degrees of 

electrostatic repulsion and thus greater stability.  Figure 6-8 (B) shows that the 

mobility leveled out for both γ-Al2O3 and TiO2 particles above pH 8-9, and the 

electropherograms in Figure 6-8 (C) show that both individual types of particles 

eluted from the column to give a single peak at pH 9.0.  However, Figure 6-8 (C) 

also shows that a mixture of these two types of particles under the same conditions 

exhibited a single, poorly-resolved peak with multiple spikes suggesting that the 

mixture of particles aggregated.  The improvement in resolution with pH as shown in 

Figure 6-8 (D) was attributed to a greater degree of electrostatic repulsion, which 
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provided the particle mixture with a greater degree of kinetic stability.  Quang et al.7 

also demonstrated that at a constant pH value, resolution decreased with ionic 

strength due to a decrease in the electrical double layer thickness, which negatively 

A B

C D

 

Figure 6-8. (A) Electrophoretic mobilities of α,γ-Al2O3 and Fe2O3 as a function of pH.  
Symbols and solid lines represent the measured electrophoretic mobilities and 

theoretical best-fits to the two-site disassociation model (B) Electrophoretic 
mobilities of  γ-Al2O3 and TiO2 as a function of pH  (C) Electropherograms of γ-Al2O3 
and TiO2 at pH 9.0  (D) Electropherograms of a mixture of (a) α,γ-Al2O3, (b) γ-Al2O3 

and (c) TiO2 as a function of pH 
Figures taken from Quang et al.3 
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affects particle stability. 

These data suggest that, when studying particle mixtures, or hetero-structures, the 

conditions need to be chosen not only to maximize mobility and separation but also 

to ensure particle stability against aggregation.  In the context of Wiersema’s 

calculations, the difference in electrophoretic mobility for particles of different sizes is 

greater at higher ionic strengths.3,5  However, under these conditions, the decrease 

in the electrical double layer thickness negatively affects particle stability.  At the 

same time, higher pH values increase the charge on the particle surfaces, increasing 

particle mobility and maximizing electrostatic repulsion, which improves particle 

stability. 

In contrast to most electrophoretic separations, which are performed in buffered 

electrolyte systems, Quang’s study of metal oxide particles was done in a sodium 

nitrate electrolyte system in which there were no interactions between the particles 

and the ions in the mobile phase.7  However, ions in typical buffers interact with and 

affect the mobility of particle analytes.  In general, interactions with buffer anions 

increase particle mobility.  Ducette et al.46 studied the effects of buffer composition 

on the mobility of oxide particles; phosphate, carbonate and borate anions all had 

significant effects on the mobility of titania, alumina and hematite.  This study shows 

that the relative mobilities of these metal oxide particles changed according to the 

buffer anion, but that these interactions are complex and no general statements can 
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be made about the relative interactions of buffer anions with oxide particle 

surfaces.46 

In summary, previous studies have demonstrated that, as with the separation of 

smaller ions, there is a tradeoff associated with the ionic strength and pH of the 

buffer for particle separations.  Generally, higher ionic strengths yield higher κa 

values which lead to greater particle mobility and higher resolution.  For capillary-

based separations, high ionic strength also decreases the rate of EOF, which can 

improve resolution.  However, as discussed above, increased ionic strength has 

consequences associated with particle stability and Joule heating.  Increases in pH 

can increase the charge on particle anions, increasing their mobility and increased 

electrostatic repulsion has been shown to improve the stability of some metal oxides.  

However, there have been some studies that suggest that other particles, such as 

gold with carboxylate functionalities, aggregate in basic conditions.47  For capillary-

based separations, higher pH values increase the rate of EOF which degrades 

resolution.  In addition, the buffer ions can affect particle mobility either through 

interactions with the particle surface or their contribution to the relaxation effect.  All 

of these factors need to be taken into account when choosing operating conditions 

for electrophoretic particle separations. 
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6.1.5. Gel Electrophoresis of Particles 

Electrophoresis of particles in a gel differs from that in solution in that an additional 

factor, the interaction of particles with the gel, must be considered.48  The gel acts as 

a sieving network, which impedes the movement of molecules according to their size 

and conformation differences so that the molecular mobility is dependent on the 

effective molecular radius.17  This behavior is often exploited in SDS-PAGE protein 

separations.  SDS binds to a protein giving it a net negative charge.  The 

charge/mass ratio is the same for all proteins and these separations are based 

solely on size.6,9,10,12,17,49 

Gel electrophoresis has been used to separate nanoparticles according to the nature 

of the attached ligands.  For instance, several groups have used this technique to 

determine the number and size of DNA strands attached to gold particles50,51 in 

addition to their conformation.52  Au particles conjugated with DNA having greater 

than 30-50 base pairs exhibited lower mobilities than the isolated particles or DNA.50  

This behavior was attributed to the larger size of the former particles compared to 

the latter ones.  Similar results were achieved for the attachment of gold particles to 

polyethylene glycol (PEG) units with molecular weights greater than 5000 g/mol.53,54 

These data contradict those obtained for semiconductor particles in which 

complexation with a silanol shell increased the mobility of CdSe/ZnS core/shell 
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particles.55  This result is explained by the fact that these particles are essentially 

neutral at the buffer pH, and the incorporation of a silanol shell results in a much 

greater charge and thus a greater mobility.  The gold particles discussed previously 

were already sufficiently charged that the addition of DNA affected the size more 

than the overall charge. 

Zanchet et al.56 suggest that the separation mechanism for particles varies with 

agarose concentration in the gel.  The particle charge is the dominant factor in 

determining particle mobility at low gel concentrations (e.g. < 1%) while particle size 

has a greater influence at higher concentrations (e.g. > 3%).57  The effect of charge 

in 1% agarose gels was also documented for CdSe/ZnS particles which 

demonstrated distinct changes in mobility with pH.55  Increasing the pH from 5.4 to 

7.2 increased the mobilities of both siloxane and mercaptopropionoic acid-coated 

semiconductor particles due to increases in particle charge. 

Gel electrophoresis has also been used to separate gold particles according to size 

and shape.58  Gold particles capped with 11-mercaptoundecanoic acid have been 

separated by size in Tris/borate/EDTA (TBE) with smaller particles exhibiting greater 

mobilities.58  This result indicates that, under these conditions, relaxation effects are 

not significant.  It has been suggested that the sieving effect in the gel results in the 

decreased mobility of larger particles.56,57  Likewise, Zanchet et al. attributed the 

lower mobilities observed for their DNA-linked, gold nanoparticle dimers to their 
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larger size.57  Similar results were reported by Claridge et al. for trimer and tetramer 

structures.59  In both of these studies, the linker lengths were significantly greater 

than the particle diameters. 

6.2. Results and Discussion 

6.2.1. Gel Electrophoresis of Particle and Assemblies 

The goal of this work was to separate dimers and trimers of gold nanoparticles from 

the isolated particles in solution and any other aggregates that might be present.  All 

examples in the literature indicate that the sieving mechanism governs separation 

behavior in a gel.  It was, therefore, predicted that smaller particles would exhibit 

greater mobility than larger ones, and, likewise, isolated particles would exhibit 

greater mobility than larger assemblies. 

One of the problems associated with using a gel is the irreversible adsorption of 

particles.  In attempt to avoid this, all particles and particle assemblies underwent 

ligand-exchange with Bis(p-sulfonatophenyl)phenyl phosphine (BSPP) before 

separation.  This ligand is bulkier than the citrate ions leading to greater stability, 

and, like citrate, it has a negative charge and thus contributes to the negative charge 

on the particle surface.51,52,57,59  Electrophoretic separations with citrate-particles in 

the absence of BSPP resulted in aggregation.51  The added stability created by the 
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BSPP functionality also allowed the particle solutions to be concentrated before 

being loaded in the gel, which increased their visibility. 

Figure 6-9 (A) shows that while difficult to visualize, particles can be separated 

according to size using gel electrophoresis.  As predicted, smaller particles exhibited 

greater mobilities.  The mixture was compared with isolated particles to confirm band 

assignments.  The bands were relatively wide and exhibited some tailing effects 

which limited resolution.  In addition, bands for 30 nm and 60 nm particles were not 

 

Figure 6-9. Gel electrophoresis of gold particles in 2% agarose gel (A) A mixture of 
5 nm, 10 nm, 15 nm, 20 nm, 30 nm and 60 nm particles (B) A plot of migration 

distance vs. particle diameter showing that mobility decreases with particle size * 
* Distances were measured from center of each band on the scanned image; may 

not reflect exact distances traveled on the gel. 
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observed.  The absence of these particles could be due to the fact that the pore size 

in the gel was too small to allow them to migrate or that these particles were less 

stable and aggregated on the gel.   It is also possible that the concentrations of 

these particles were too low to be observed.  However, as discussed in Chapter 2, 

while the concentrations of larger particles in solution are significantly lower, their 

extinction coefficients at 520 nm are much greater and thus their absorbances are 

similar. 

Gel electrophoresis was then applied to the separation of gold nanoparticle dimers 

and trimers from the isolated particles and other aggregates in solution.  Figure 6-10 

(A) shows the attempted separation of 5 nm dimers from the isolated particles.  As 

the particle assemblies were synthesized in the presence of 3 mM sodium citrate 

and 2:3 THF/ethanol solution according to the protocol in Chapter 3, particles with 

these additives were run for comparison to the particle assemblies.  The solution 

containing dimers of 5 nm particles showed a wider band than that associated with 

the isolated particles, but the gel did not exhibit sufficient resolution to discriminate 

between the dimers and individual particles.  There also appears to be significant 

tailing.  Similar results were observed for solutions containing assemblies of 10 nm 

particles. (Figure 6-10(B)).  However, the samples containing 15 nm particles 

showed significant aggregation and band broadening even in the absence of the 

linker molecule.  This behavior is most likely due to particles sticking to the gel.  
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Similar results were observed for dimers of 20 nm and 40 nm particles.  While 

ligand-exchange with BSPP was sufficient to stabilize 15 and 20 nm particles sizes 

in the absence of additional sodium citrate and organic solvent, irreversible 

adsorption occurs in the presence of these additives .  Similar results were shown 

for 15 nm and 20 nm particles analyzed with size-exclusion chromatography on a 

silica column in Chapter 5.  For this case, the decreased stability of larger particles 

was attributed to both their greater Hamaker constants (Section 2.1.1.1) and the 

absence of tannic acid in these particle solutions. 

It is possible that conditions could have been optimized to improve separations, at 

Figure 6-10.  Gel electrophoresis of particle assemblies in 2% agarose gel (A) 
Solution containing dimers of 5 nm particles compared to solution of isolated 5 nm 

particles (B) Solutions containing dimers and trimers composed of 10 nm and 15 nm 
particles compared to solutions of isolated particles. 

P** = particles with 3 mM sodium citrate and 2:3 THF:EtOH;  D = dimers; T = trimers 
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least for the smaller particles.  All separations were performed in a 2% agarose gel.  

It has been shown that for gold-DNA conjugates, the mobility differences increase 

with agarose concentration.57  However, it has also been noted that higher gel 

concentrations generally lead to greater degrees of band-broadening and do not 

improve separations.57  It is also possible that changing the buffer composition could 

have improved separations.  Regardless, interactions between the particles and the 

gel were determined to be significant and even if resolution was improved, this 

technique would still not provide quantitative data regarding the concentrations of 

dimers in solution.  In addition, it was difficult to visualize small concentrations of 

particles in the gel. 

At this point, efforts were shifted to capillary electrophoresis which has the potential 

for higher resolution, has less surface area to interact with the particles and is 

equipped with online absorbance detection so that small concentrations of particles 

can be detected. 

6.2.2. Capillary Electrophoresis of Particles and Assemblies – 
General Considerations 

Many different variables need to be considered when choosing conditions for the 

capillary electrophoretic separation of particles.  As outlined in Section 6.1.4, both 

pH and ionic strength need to be chosen to maximize particle separation and 

prevent particle adsorption and aggregation.  There are limited reports in the 
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literature on capillary electrophoresis of nanoparticles.  Schnabel et al.14 used an 

acetic acid/acetate buffer at pH 5.0 to separate gold particles; however, higher pH 

values were desired for both particle stability and mobility.  Hwang et al.20 used 

trishydroxymethylaminomethane (Tris) buffer at a pH 9.2; however, Liu et al.4 

observed greater particles mobilities in N-cyclohexyl-3-aminopropane sulfonic acid 

(CAPS) buffer than for Tris buffer at the same concentration.  Liu et al. used CAPS 

in the presence of SDS for the separation of gold,4,15,38 silver60 and Au/Ag core/shell 

particles,39 and these conditions were adapted for the separation of gold particles in 

these experiments. 

In addition to the greater mobility differences for particles in the presence of SDS 

(Figure 6-7), there have been reports that SDS stabilizes particles against 

aggregation in both electrophoretic60 and size-exclusion41-43,61 separations.  SDS 

has also been reported to yield relatively constant EOF values over wide pH 

ranges.13,17  While the exact interaction between SDS and charged particles is not 

known, it has proved beneficial in particle electrophoretic separations. 

As discussed in Section 6.1.4, the presence of high concentrations of SDS 

introduces aspects of MEKC to the nanoparticle separations.  For this reason, a UV-

active compound that exhibits negligible interactions with micelles was added to the 

sample as an EOF marker.  Mesityl oxide (MO) moves through the capillary at the 

rate of EOF and elutes at time, t0.  Octanophenone (OP) was also added to the 
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sample as it is UV-active and is irreversibly solubilized within SDS micelles.  OP 

migrates at the same rate as the micelle and elutes at time, tmc.  The structures of 

molecules involved in the CE separation of nanoparticles are shown in Figure 6-11. 

In addition the particle stability provided by SDS in the mobile phase, actions were 

taken to stabilize the gold-citrate particle samples against aggregation.  Bucking et 

al.3 reported that citrate-ligated particles were not suitable for capillary 

electrophoresis because the citrate-ligand desorbed from the particles too easily, 
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Figure 6-11. Molecules involved in CE experiments (A) Gold-citrate particles underwent 
ligand-exchange with BSPP for added stability (B) CAPS buffer (C) SDS was added to 

mobile phase (D) Mesityl oxide was added to the sample and elutes at t0 (E) 
Octanophenone was added to the sample and elutes at tmc. 
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and the nanoparticle solutions degraded.  In addition, the sample volumes in CE are 

small (< 1 μL)62 making optical detection of nanomolar concentrations difficult.  For 

these reasons, particles characterized in this study underwent ligand-exchange with 

BSPP in the same manner as the samples used for gel electrophoresis.  BSPP has 

been shown to add stability to gold citrate particles,61,63,64 which is helpful in 

preventing adsorption and aggregation during electrophoresis.  In addition, this 

added stability made it possible for particles to be concentrated before analysis for 

easier detection. 

As with the gel electrophoresis, the goal of this work was to separate dimers and 

trimers of gold nanoparticles from the isolated particles in solution and any other 

aggregates that might be present.  Unlike separations in the gel, the sieving 

mechanism is not present, and separations in CE were predicted to be based solely 

on electrophoretic phenomena and exhibit mobilities similar to those calculated by 

Wiersema5 and O’Brien.1  The nature of these separations is expected to be size-

dependent with larger particles exhibiting greater (i.e. more negative) mobilities.  

Whether due to interactions with SDS or simply the magnitude of relaxation effects 

present, Liu et al. observed linear relationship between particle size and mobility in 

10mM CAPS buffer with 70mM SDS.4,15,38  Likewise, it was expected that particle 

dimers and trimers would exhibit greater mobilities than isolated particles.  
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6.2.3. Capillary Electrophoresis of Gold-Citrate Particles 

Before particle assemblies were injected into the capillary, attempts were made to 

optimize conditions for the separation of gold particles by CE.  Gold particles were 

separated in CAPS Buffer (10 mM) with 70mM SDS at pH values ranging from 9.5 to 

10.7.  Figure 6-12 (A) shows electropherograms of particles with mean diameters of 

5, 10, 15 and 20 nm at pH 9.7, and data for all pH values are shown in Figure 6-13  

Some particle separation was observed; however, it was minimal and significant 

overlap was observed in the overlaid data.  Similar results were observed at higher 

pH values.  It was predicted that a lower pH would decrease the rate of EOF and 
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Figure 6-12. Electropherograms of 5 nm, 10 nm, 15 nm and 20 nm gold-citrate particles 
(A) CAPS Buffer, pH 9.8 (B) Phosphate Buffer, pH 8.0 

Applied voltage = 18 kV, λdet = 254 nm; EOF marker = mesityl oxide (t0); Micellar marker = 
octanophenone (tmc)  The peaks associated with nanoparticles are marked with an *, and 

the insets show the overlaid electropherograms of the particle peaks. 
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possibly improve separation.  However, CAPS has a pka of 10.40, and is only 

effective in a range, 9.7 < pH < 11.1.  Figure 6-13 (B) shows that the separation 

improved slightly when the pH was lowered to 9.5; however, these data varied 

somewhat from run to run as the pH was just outside the effective range for CAPS 

buffer.  Phosphate buffer was chosen as it has a pka(2) of 7.20 and is effective in 

the range, 5.8 < pH < 8.0.  Figure 6-12 (B) shows that separation did improve with 

the phosphate buffer; however, peaks are also significantly broader. 

There were most likely several factors contributing to both the increased separation 

and broader peaks observed with the phosphate buffer.  Both CAPS and phosphate 

buffers were run at multiple pH values, and Table 6-2 lists the corresponding ionic 

strengths.  These values were greater for the phosphate buffers, which could 

partially account for the increased separation as relaxation effects play a greater role 

Table 6-2. Ionic strengths, Debye lengths and κa values for buffers used in CE experiments 

Buffer pH Ionic 
Strength 

Debye 
Length 

(nm) 
κa* 

(a=2.5nm) 
κa* 

(a=5.0nm) 
κa* 

(a=7.5nm) κa* (a=10nm)

CAPS 

9.5 0.081 1.07 2.34 4.67 7.01 9.35 

9.7 0.081 1.07 2.34 4.69 7.03 9.38 

10.2 0.082 1.06 2.36 4.71 7.07 9.42 

10.7 0.085 1.04 2.40 4.80 7.19 9.59 

Phosphate 
7.3 0.108 0.93 2.70 5.40 8.09 10.79 

8.0 0.122 0.87 2.69 5.37 8.06 10.74 

* a is the particle radius so these values correlate to particles with mean diameters of 
5, 10, 15 and 20 nm
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at higher κa values.1,5  The decreased double-layer thicknesses associated with 

higher ionic strengths could also account for the peak broadening due to adsorption 

along the capillary wall.  As predicted, the lowered pH decreased the rate of EOF 
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Figure 6-13  The dependence of pH on gold particle migration times, mobilities and 
interaction parameters (A) Migration times of mesityl oxide (t0) and octananophenone 
(tmc) as a function of pH (B) Migration time relative to EOF vs. nanoparticle diameter at 
several pH values (C) Electroosmotic and electrophoretic mobilities as a function of 
pH. Note that the electrophoretic mobilities are negative, and particles move in the 
direction opposite EOF.  The lines between data points do not represent a curve fit, 

they are included simply to guide the eye (D) Interaction parameters of gold particles 
vs. nanoparticle diameter as several pH values.  All experiments were performed with 

an applied voltage of 18 kV. 
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and improved separation.  The lowered pH could have also decreased the effective 

charge on both the capillary wall and the particles contributing to the observed peak 

broadening. 

The results for particle separations at all pH values are shown in Figure 6-13 and 

summarized in Table 6-3.  The migration time for mesityl oxide was used to calculate 

electroosmotic mobility (EOM) of each buffer solution according to Equation 6-3.  

There were negligible differences in EOM between solutions composed of the same 

buffering agent.  However, phosphate buffer did exhibit less mobility than the CAPS 

buffer.  The electrophoretic mobilities of both the SDS micelles and the gold particles 

were similarly calculated, and Figure 6-13 (C) shows that these values increase (i.e. 

become more negative) with increasing pH and then level out.  This can be 

explained by an increase in the effective particle charge with pH. 

There were negligible differences in mobility observed between 5 nm and 10 nm 

particles, and migration times appeared to increase linearly for sizes greater than 

10 nm.  This linear relationship may be less than convincing with only the three data 

points shown in Figure 6-13 (B); however, Figure 6-14 shows that this relationship 

extends for particle sizes up to at least 40 nm.  These data were not included in the 

comparison above, because there was less control over the pH and ionic strength in 

this particular separation.  The linear relationship above 10 nm particle size indicates 

that, in this regime, relaxation effects are present and separation is size-dependent 
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with larger particles exhibiting greater mobilities.  As mentioned earlier, similar 

behavior has been observed for polystyrene particles,16,35-37  gold particles,4,15,38 and 

gold/silver core/shell particles.39  The slopes of these plots are listed in Table 6-3, 

and the greatest separation was observed for phosphate buffer at pH 8.0.   

The minimal differences in mobility between the 5 nm and 10 nm gold particles can 

be explained in the context of the calculations of Wiersema5 and O’Brien.1  Figure 6-

6 shows Wiersema’s theoretical predictions, which indicate that a minimum in 

mobility exists in the range 1 < κa < 10, and experimental data that suggests this 

minimum occurs at κa ~ 2.  At 

the mobility minimum, the 

relationship between particle 

size and mobility is reversed, 

and minimal differences in 

mobility are observed.  Table 

6-2 lists the κa values for 

these particles, which correlate 

to the observed mobility 

minima in Figure 6-6.  These 

values could account for the 

behavior shown in Figure 6-13 
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Figure 6-14.  Migration time vs. nanoparticle diameter 
for gold particles in 10 mM CAPS Buffer, 70 mM SDS, 

pH ~ 8-9 (measured by pH paper) 
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(B) and Figure 6-14. 

As mentioned earlier, the presence of large concentrations of SDS in the buffer 

introduces aspects of MEKC to the separation, and octananophenone was added to 

the sample to mark the micellar migration time, tmc.  The interaction parameters 

associated with MEKC were also calculated according to Equation 6-4 and plotted in 

Figure 6-13 (D).  If the particles interact with the micelles, this parameter indicates 

the extent of this interaction.  If, however, the particles do not interact with SDS, 

these values are less sigificant.  It was predicted that the interaction parameters 

would be greater at lower pH values due to increased electrostatic repulsion 

between the particles and the micelles.  This was not observed for 5 nm and 10 nm 

particles, which exhibit similar interaction parameters at all pH values.  The 15 nm 

particles exhibit similar interaction parameters in CAPS buffer, but higher values in 

phosphate buffer.  With the 

exception of the data point 

at pH 9.7, which deviates 

from the trend, the 

interaction parameter for 

20 nm particles increases 

with decreasing pH in CAPS 

buffer as expected.  The 

Table 6-3.  Data obtained from plots of migration time 
vs. particle diameter for buffers at different pH values. 

Buffer pH Slope Intercept R2 value 

CAPS 

9.5 0.108 3.326 0.943 

9.7 0.049 3.619 0.927 

10.2 0.075 3.440 0.990 

10.7 0.071 3.515 NA* 

Phosphate 
7.3 0.282 4.033 0.999 

8.0 0.289 4.365 0.996 

* This equation was calculated from only two points 
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interaction parameters were not plotted for 20 nm particles in phosphate buffer as 

they elute after tmc (Figure 6-12 (B)), which yields a negative interaction parameter 

according to Equation 6-4.  The quantitative implication for this is not clearly 

understood as the total mobility is the sum of both electrophoretic and 

chromatographic components.  These data do not shed any light on the particle-

micelle interactions. 

The voltage dependence on the electrophoretic separation was also investigated.  

According to Equation 6-

2, electrophoretic 

mobilities should be 

independent of the 

applied voltage.  

However, both the rate of 

EOF and the 

electrophoretic velocity 

increase with applied 

field.  The increased rate 

of EOF generally reduces 

the amount of time in the 

capillary with negative 
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effects on the separation.  In addition, increased temperature due to Joule heating 

and can decrease the viscosity, increasing mobilities.  If the capillary is sufficiently 

thermostated, Joule heating and mobility differences should be limited.18  While the 

capillary in these experiments was maintained at a temperature of 25˚C, there were 

still some increases in particle mobility as shown in Figure 6-15.  The increase in 

electroosmotic mobility significantly reduces the migration times and reduces the 

separation between particles as shown in Table 6-4.  For this reason, the applied 

voltage for subsequent dimer separations was maintained at 18 kV despite the 

longer analysis times.  In addition, it is desirable to keep the power passing through 

the capillary less than 1W/m, and the current increases along with the voltage.  For 

CAPS buffer, the current increased from 15 μA (0.41 W/m) to 22 μA (0.85 W/m) as 

the voltage was increased from 18 to 25 kV.  However, the conductivity of the 

phosphate buffer was greater, and the current was 30 μA (0.83 W/m) at 18 kV and 

increased to 40 μA at 22 kV (1.35 W/m), which was outside the desired range.  

Higher currents lead to higher degrees of Joule heating.  This was another reason 

the voltage was kept lower. 
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6.2.4. Capillary Electrophoresis of Nanoparticle Assemblies 

Initial attempts at detecting nanoparticle assemblies were made before the 

optimization of experimental conditions as described above.  Dimers and trimers of 

gold nanoparticle homodimers and trimers were injected under the conditions used 

by Liu et al.4,15 for separating gold particles.  The buffer solution contained 10 mM 

CAPS, 70 mM SDS and was raised to a pH of approximately 11.0 using 0.1 N 

sodium hydroxide solution.  CAPS is only an effective buffer in the range of 9.7 < pH 

< 11.1, and the pH in these initial experiments was loosely monitored using pH 

paper.  Assuming some 

margin of error, it is not 

unlikely that the pH could 

have gone outside of this 

range, affecting the buffering 

capability of the solution.  In 

addition, the volume of the 

0.1 N sodium hydroxide 

solution was only 

approximately measured (i.e. 

number of drops) so the ionic 

strength of these solutions 
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Figure 6-16. Capillary electropherogram of solution 
containing 5nm nanoparticles and dimers 

linker contained three phenyl rings 
10 mM CAPS, 70 mM SDS, pH ~ 11.0, 18 kV, λdet = 

290 nm 
** particle solution containing additional sodium 

citrate  and organic solvent 
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was not accurately known.  Regardless, the data collected during these initial 

experiments was promising. 

Figure 6-16 shows a capillary electropherogram of a solution containing dimers of 

5nm gold particles.  The EOF marker (toluene) did not show up in these runs, and 

the negative peak was attributed to air.  Two peaks were observed for the solution 

containing dimers.  Ideally, a linear calibration curve similar to the one in Figure 6-14 

could have been used to correlate each peak with a hydrodynamic radius.  However, 

this was difficult to do in this size range as the retention times for particles with 

diameters of 5 nm and 10 nm were approximately the same; the linear fit only 

applied to particles with diameters greater than 10 nm.  The calculated 

hydrodynamic radius for a dimer containing 5nm particles is 8.2 nm (Appendix 2).  If 

size were the only factor, one would have expected the dimer to exhibit the same 

retention times as both 5 nm and 10 nm particles.  While not accurate, a linear 

calibration curve was used to correlate these peaks with hydrodynamic radii, and it 

was noted that the ratio between these two values (10.6 nm/17.5 nm = 0.61) was the 

same as that of the expected values (5 nm/8.2 nm = 0.61).  While not conclusive, 

this supported the hypothesis that the second peak could be attributed to particle 

dimers. 

Assemblies containing dimers and trimers of 10 nm particles were analyzed under 

the same conditions and the results are shown in Figure 6-17.  Toluene, the EOF 
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marker, was visible in Figure 6-17(A); however, the retention time associated with it 

varied from run to run indicating the buffer solution may have been out of its effective 

pH range.  The retention times were altered in Figure 6-17(B) so that they are 

displayed relative to the EOF marker.  The peaks were correlated to hydrodynamic 

radii using a calibration curve similar to that in Figure 6-14.  It is noted that there are 

some variations in retention times between samples, but this would be expected if 

the buffer was out of its effective range. 

As with the samples containing 5 nm particles, the solutions containing dimers 

exhibited two peaks.  The calculated hydrodynamic radius for a dimer consisting of 
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dimers and trimers (B) electropherograms altered to reflect time relative to EOF 

(toluene) 
The linker for dimers contained three phenyl rings; linker for trimers contained seven 

phenyl rings 
10 mM CAPS, 70 mM SDS, pH ~ 11.0, 18 kV, λdet = 290 nm 

** particle solution containing additional sodium citrate  and organic solvent
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10 nm particles was 15.8 nm (Appendix 2), which was in reasonably good 

agreement with the peaks observed in Figure 6-17.  The hydrodynamic radius 

initially calculated for a trimer consisting of 10 nm particles was 20.2 nm, which was 

also in reasonably good agreement with these electropherograms. 

These data were initially promising and significant efforts were expended in attempt 

to reproduce them.  However, a closer look at the data brings up several 

discrepancies.  Because of the polydispersity inherent in the nanoparticle solutions, 

they typically exhibit broad peaks.  When these particles were grouped together, one 

would have expected the dispersity to be at least as broad.  The peaks widths 

appeared to be similar for the two peaks observed in Figure 6-16 and for the second 

dimer sample in Figure 6-17.  However, the second peak observed for the first dimer 

sample in Figure 6-17 appeared significantly narrower than the first suggesting that it 

may not be due to particle dimers.  In addition, the peak height was significantly 

greater for this peak than the first peak, which contradicts TEM data indicating that 

60-70% of the particles in these solutions were isolated and did not for dimeric 

structures (Chapter 4).  Similar inconsistencies were observed in the 

electropherogram obtained for the solution containing trimers.  The second peak 

was taller and narrower than was expected for nanoparticle trimers.  In addition, as 

described in more detail in Appendix 2, the original calculation for the hydrodynamic 

radius of a trimer (20.2 nm) was likely inaccurate and this value could be as great as 
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42.3 nm.  While these data were initially very promising, several inconsistencies 

were observed and they could not be reproduced. 

These experiments were attempted again after optimizing the separation conditions 

as described in Section 6.2.3.  While phosphate buffer yielded greater particle 

separation, it also produced broader peaks so CAPS buffer was again used in 

attempt to separate dimers from individual particles.  Mesityl oxide was used as an 

EOF marker; however, octanophenone was not included to mark the micelle 

migration time to avoid any potential overlap between this peak and the dimer peak.  

Again, initial data were promising.  Both panels of Figure 6-18 shows 
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Figure 6-18 (A). Capillary electropherogram of solution containing 5nm particles and dimers 

(B) electropherograms of solutions containing 10nm particles and dimers 
Linker for dimers contained seven phenyl rings 

10 mM CAPS, 70 mM SDS, pH =9.8, 18 kV, λdet = 214 nm*** 
** particle solution containing additional sodium citrate  and organic solvent 

*** The detector was broken and would not reach a wavelength greater than 214 nm; 
however, particles absorb in this range and this should not have affected separation 
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electropherograms, which appear to have a second small peak following the particle 

peak (marked with arrows) which could be attributed to dimers in solution.  However, 

this same peak was observed for the 10 nm particle solution containing no dimers. 

In attempt to rule out decomposition of the sample solution, this experiment was 

performed again with freshly made samples and buffer.  These results are shown in 

Figure 6-19 and again do not confirm the presence of dimers in these solutions.  A 

second peak was observed in the electropherogram associated with the dimer 

solution containing 5 nm particles.  However, an overlay of an electropherogram 

containing octanophenone to mark tmc indicates that this peak overlaps that of the 

micelle marker.  It could therefore be attributed to any organics (e.g. excess linker 

molecule) that traveled the capillary within the SDS micelles.  It is noted that a small 

peak at the same retention time was observed for the sample containing only 

particles.  There were no obvious peaks associated with dimers or trimers in Figure 

6-19(B) showing electropherograms of solutions containing 10 nm particles.  

However, it was noted that there were small peaks in all electropherograms 

corresponding to tmc.  Despite the fact that initial data were promising, successful 

separations of dimers and trimers from individual particles were not achieved using 

capillary electrophoresis. 
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After this chapter was written, Ivanov et al.65 published a paper, which discussed the 

stability of gold nanoparticles in capillary electrophoresis.  The authors claimed that 

stability is dependent upon surface functionalization.  With an applied voltage of 

20 kV, the concentration at which aggregation was observed for gold particles 

capped with 6-mercaptohexanoic acid in a tetraborate buffer was 1.8 nM while 

concentrations of 2.3 nM were required to aggregate particles coated with 6-

aminohexanethiol.  The authors also claimed that citrate particles are unstable inside 

a capillary; however, the references that they cited described the adsorption of 

negatively-charged particles onto a positively-charged capillary.66,67  Regardless, 
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Figure 6-19 (A). Capillary electropherograms of solutions containing 5 nm particles and 

dimers (B) electropherograms of solution containing 10 nm particles, dimers and trimers 
linker for dimers contained seven phenyl rings; linker for trimers contained seven 

phenyl rings 
10 mM CAPS, 70 mM SDS, pH =9.6, 18 kV, λdet = 214 nm*** 

** particle solution containing additional sodium citrate  and organic solvent 
*** The detector was broken and would not reach a wavelength greater than 214 nm; 
however, particles absorb in this range and this should not have affected separation 
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Bucking et al.3 reported that citrate-ligated particles were not suitable for capillary 

electrophoresis because the citrate-ligand desorbed from the particles too easily 

(Section 6.2.2, page 95).  In this work, both BSPP and SDS likely increased the 

stability of particles within the capillary.  However, the sample concentrations used 

here ranged from 1.5 to 1320 nM (Table 6-7 and Table 6-8) and were significantly 

higher than the aggregation concentrations cited by Ivanov et al.65  It is therefore 

likely that aggregation phenomena could have been present and contributed to the 

irreproducible data.  However, because of the small sample volumes associated with 

CE (< 1 μL),62 particles could not be detected at concentrations much lower than 

those used in these experiments.  Thus, it appears that any future, successful CE 

experiment would have to employ a narrow range of concentration (e.g. 1-2 nM). 

6.2.5. Capillary Electrophoresis of Platinum Particles 

As with homodimer separation, heterodimer separation was never definitively 

achieved using capillary electrophoresis.  However, platinum particles with two 

different capping ligands were injected into the capillary under the conditions listed in 

Figure 6-14.  The retention times are listed in Table 6-8 and compared to retention 

the retention times observed for gold particles of similar size.  Because there was 

negligible separation for gold particles less than 10 nm, the retention times were 

predicted to be the same for both particles.  The retention times were not expected 

to be comparable to those observed for gold, because the effective charge on the 
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capping ligands was most likely different.  The fact that the retention times for 

platinum were greater than those expected for gold of the same size indicated that 

these particles exhibited greater (negative) mobilities than those observed for gold 

and therefore likely exhibited greater charges. 

 

Based on these retention times, it was determined that heterodimer separation using 

capillary electrophoresis could exhibit greater resolution than homodimer 

separations.  As described in more detail earlier in this chapter, the larger structures 

associated with dimers were expected to yield greater retention times.  In addition, 

binding gold particles to platinum particles which exhibit greater mobilities and longer 

retention times would theoretically increase the separation between the isolated gold 

particles and the heterodimeric structures.  As discussed in Chapter 5, these two 

effects were competing in size-exclusion chromatography (SEC) while in CE they 

are additive.  Such studies of gold-platinum heterodimer structures, however, were 

not attempted. 

Table 6-4. Retention times of platinum particles obtained using capillary electrophoresis 

Capping Ligand 
Approximate 
Particle Size 

(nm) 
Retention Time 

(min) 
Predicted Retention Time 
for Gold Particles of the 

Same Size (min) 
Tiopronin 2 3.2 2.8 

Mercaptobenzoic 
Acid 6 3.5 2.8 
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6.2.6. Continuous Free-Flow Electrophoresis of Particles and 
Assemblies – General Considerations 

Continuous free-flow electrophoresis (CFFE) is a two-dimensional technique, in 

which particles are separated by an electrophoretic mechanism while continuous 

solvent flow facilitates the collection of separated material in multiple fractions.2,68  

Figure 6-20 is a schematic of the instrument set-up which shows buffer being 

pumped in a direction perpendicular to the applied field. 

McCann et al.68 

reported the 

separation of latex 

particles according to 

continuous 

electrophoresis.  

Most of their 

separations showed 

increasing migration 

distances with 

particles size.  

However, as the 

 
Figure 6-20. Schematic of Continuous Free-Flow 

Elelctrophoresis Apparatus 
Figure taken from Peterson et al.1 
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ionic strength was decreased and κa values were reduced to the range of 2-5, the 

order of mobility was reversed in accordance with the relaxation effect described by 

Wiersema and O’Brien.1,5 

More recently, Peterson et al. reported the separation of tiopronin-capped gold 

particles in 50 mM phosphate buffer.2  Under these conditions, smaller particles 

exhibited greater mobility indicating that the relaxation effect was not significant.  

Increasing the pH from 7.0 to 8.7 increased the deprotonation of the terminal 

carboxylic acid on the tiopronin capping ligand and thus the charge on the particles 

resulting in increased mobilities and better separations. 

In CFFE, Joule heating can cause problems other than simple band broadening due 

to a radial temperature profile.  Temperature gradients can create eddies and non-

uniform flow throughout the chamber, which can negatively affect separations.  For 

this reason, the ionic strength of these buffer solutions must be kept low despite the 

fact that capillary experiments have indicated that size-dependent resolutions are 

greater at higher ionic strengths.  While SDS concentrations of 70 mM exhibited 

greater mobility differences, as shown in Figure 6-7, concentrations of less than 

10 mM were required for CFFE separations to keep the current below 250 mA.  At 

these ionic strengths, it was predicted that relaxation effects would not be significant 

and smaller particles would exhibit greater mobilities than larger ones.  Likewise, 

isolated particles would exhibit greater mobilities than larger assemblies. 
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6.2.7. Continuous Free-Flow Electrophoresis of Particles and 
Assemblies – Results and Discussion 

Before attempts were made to separate particle assemblies with CFFE, individual 

particles were injected to examine their mobility in the chamber and optimize 

conditions.  Particles with a diameter of 5 nm were chosen as they are initially more 

concentrated than the larger sizes, which was desirable for collecting fractions.  As 

with the previous electrophoretic separations, particles underwent ligand-exchange 

with BSPP and were concentrated using a centrifugation filter.  Figure 6-21 shows a 

photograph of the 5 nm 

particles migrating through the 

chamber. 

The fractions collected after the 

CFFE separation of 5nm 

particles were characterized by 

UV-VIS spectroscopy.  The 

resulting spectra are shown in 

Figure 6-23.  The fraction 

number corresponding to a 

particle that travels straight 

through the chamber with no 

-+
Migration
Direction

Sample Injection

Figure 6-21. Photograph taken of 5nm particles in 
the CFFE chamber 
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migration is zero.  Fraction numbers increase from there in the direction of migration.  

The characteristic absorbance associated with gold particles was observed in 

fractions 11-18 with the highest concentration of particles observed in fraction 12.  

The peak blue shifted with increasing fraction number, indicating that, as predicted, 

smaller particles exhibited greater mobilities.69 

CFFE was then applied to the separation of nanoparticle dimers from the isolated 

particles.  As the particle assemblies were synthesized in the presence of 3 mM 

sodium citrate and 2:3 THF:ethanol solution according to the protocol in Chapter 4, 

particles with these additives were run for comparison to the particle assemblies.  

These particles traveled further than the previous sample, with the highest 

concentration of particles collected in fraction 19.  It is unclear whether this 

difference was due to the additives in the particle solution or slight differences in the 

properties of the buffer solution, which are listed in Table 6-9.  

 
Figure 6-22. Concentrated fractions collected after the CFFE separation of particle solution 

containing dimers of 5 nm particles
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For the separation of the solution containing dimers, the SDS concentration was 

reduced to the cricitical micellar concentration, 8.1 mM,17,23,25 because currents 

greater than 250 mA were observed.  Lowering the SDS concentration reduced the 

current to 134 mA.  In these separations, it was predicted that there would be a fork 
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Figure 6-23. UV-VIS spectra of fraction collected after CFFE separation of 5 nm gold 
particles (A) Intensity increases for fractions 9-12 (B) Intensity decreases for fraction 12-

21 (C) Plot of the peak maximum versus fraction number 
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in the particle flow profile as the sample traversed through the chamber. (Figure 6-

21).  This, however, was not detected.  After separation, color was observed in 

fractions 19-22.  It wasn’t until samples were concentrated by centrifugation filtration 

that color was observed in some of the lower-numbered fractions as shown in Figure 

6-22.  Very faint color was observed in fractions 12-17.  The UV-VIS spectra of the 

concentrated fractions are shown in Figure 6-24.  While the absorbance was low, 

absorption peaks corresponding to gold particles were observed in fractions 12, 14, 

16 and 17.  These peaks are broad, but it appears that these peaks are slightly red-

shifted compared to fractions 19-

22 associated with isolated 

particles.  It has been 

documented that gold particles 

bound together in dimers exhibit 

slight red-shifts compared to 

isolated particles.70 

The collected fractions were 

then analyzed by TEM.  While 

they did not show complete 

isolation of dimers from the 

individual particles, higher 

   

Figure 6-24.  UV-VIS spectra of concentrated 
fractions collected after the CFFE separation of 

particle solution containing 5nm dimers 
Spectra were offset along the y-axis for clarity. 
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concentrations of dimers were observed in lower-numbered fractions, which 

correspond to assemblies that exhibit decreased mobility.  Sample images are 

shown in Figure 6-25 and statistics are reported in Table 6-5 and Table 6-6.  Based 

on visual observations and UV-VIS spectra, it appeared that there were no particles 

present in fraction 18.  It was, therefore, predicted that there would be a sharp 

transition between the concentration of dimers observed in fraction 17 compared to 

fraction 19.  However, Table 6-6 shows a similar concentration was observed 

between fractions 16 and 20. 

These data suggest that the separation of dimers from isolated particles by CFFE is 

possible; however, conditions need to be optimized to improve separation efficiency 

so that dimers are completely isolated from the individual particles.  While it is not 

possible to increase the SDS concentration as this results in high currents and non-

uniform flow through the chamber, Figure 6-7 suggests that while mobilities were 

lower, particle separation might be greater at lower SDS concentrations.  The main 

reason for including SDS in the buffer for CE experiments is to prevent particle 

aggregation and adsorption on the capillary wall.  As the particle solutions are 

extremely diluted in CFFE experiments and not subject to high pressures or capillary 

walls, separations were also attempted in the absence of SDS.  In these 

experiments there were additional difficulties.  The samples appeared extremely 

dilute.  This was attributed to the presence of organic solvent in the particle solution, 
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Figure 6-25. Sample TEM images of fractions collected after CFFE separation of particle 
solution containing dimers of 5 nm gold particles 

which is less dense than water and thus has the tendency to float to the top of the 
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chamber.  Samples were dialyzed in attempt to remove the organic solvent; 

however, this did not improve the separation.  

Conclusions 

Three electrophoretic techniques were evaluated for their ability to separate 

nanoparticle assemblies from isolated particles in solution. 

Gel electrophoresis proved effective in separating gold particles of different sizes.  

The separation was determined by the sieving mechanism of the gel, and smaller 

Table 6-5.  Statistics for particle solutions containing dimers determined by TEM before 
CFFE separation 

 Total # counted # isolated # in dimers # in trimers 

Without Linker 467 413 (88%) 42 (9%) 12 (3%) 

With Linker 446 301 (67%) 136 (30%) 9 (2%) 

Table 6-6. Statistics for fractions collected after CFFE of gold dimers 
Fraction #  # counted # isolated # in dimers # in trimers  

22  80  76 (95%)  4 (5%)  NA  

21  99  77 (78%)  22 (22%)  NA  

20  124  102 (82%) 22 (18%)  NA  

16  68  56 (82%)  12 (18%)  NA  

15  163  84 (52%)  52 (32%)  27 (16%)  

14  129  81 (63%)  42 (33%)  6 (4%)  

13  117  77 (66%)  34 (29%)  6 (5%)  

12  157  80 (51%)  74 (47%)  3 (3%)  
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particles exhibited greater mobility.  The separation of nanoparticle assemblies from 

individual particles was unsuccessful, however.  Solutions containing dimers of 5 nm 

and 10 nm particles exhibited wider bands than those associated with the isolated 

particles, but the gel did not exhibit sufficient resolution to discriminate between the 

different species.  Larger particles exhibited irreversible adsorption to the gel even in 

the absence of the linker molecule.  This was attributed to particle instability 

associated with the presence of sodium citrate and organic solvent in the sample 

solution. 

Capillary electrophoresis also proved effective in separating gold particles of 

different sizes.  The separation mechanism was due to differences in electrophoretic 

mobility with larger particles exhibiting greater mobilities due to relaxation effects.  

Particles exhibited greater mobilites in CAPS buffer than in phosphate buffer.  This 

could be attributed to the higher pH, but it is also possible that particle interactions 

with the buffer played a role.  The observed particle separation was greater in 

phosphate buffer.  There were several factors that could have contributed to this 

including the lower rate of EOF at lower pH and the higher ionic strength of this 

buffer which increases the extent of relaxation effects.  While separation was greater 

for particles in phosphate buffer, the peaks were also significantly broader. 

While the data collected for the separation of dimers and trimers using capillary 

electrophoresis initially appeared promising, it was not reproducible and there were 
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some inconsistencies in these data.  It was determined that the additional peaks 

observed for solutions containing dimers could not be conclusively attributed to the 

presence of dimers in solution.  As these peaks coincide with tmc, they could be due 

to additional organics present in solution that traversed the capillary within the 

micelles. 

In addition the particle stability provided by SDS in the mobile phase, actions were 

taken to stabilize the gold-citrate particle samples against aggregation.  Bucking et 

al.3 reported that citrate-ligated particles were not suitable for capillary 

electrophoresis because the citrate-ligand desorbed from the particles too easily, 

and the nanoparticle solutions degraded.  More recently, Ivanov et al.65 reported 

aggregation of gold particles at concentrations as low as 1.8 nM.  While both BSPP 

and SDS likely increased the stability of particles within the capillary, aggregation 

phenomena may still have been present.  However, because of the small sample 

volumes associated with CE (< 1 μL),62 particles were not detected at concentrations 

much lower than those used in these experiments. 

According to UV-VIS measurements, continuous free-flow electrophoresis appears 

to have separated a sample of 5 nm particles according to small size differences, 

with smaller particles exhibiting greater mobilities.  Buffers with higher ionic 

strengths could not be used with this technique as Joule heating, which occurs at 

higher currents creates temperature gradients in the chamber which create eddies 
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and non-uniform flow.  Preliminary experiments indicate that the separation of 

dimers from isolated particles is possible although further optimization is required. 

6.3.  Experimental 

6.3.1. Sample Preparation. 

 Gold-citrate particles were obtained from Ted Pella, Inc. as aqueous solutions with 

trace amounts of citrate, tannic acid and potassium carbonate, and Bis(p-

sulfonatophenyl)phenyl phosphine (BSPP) was obtained from Strem Chemicals, Inc. 

For particle separations, six different samples were prepared from 5 nm, 10 nm, 

15 nm, 20 nm, 30 nm and 60 nm particles, respectively.  They were subject to 

ligand-exchange with BSPP according to a documented procedure.61  Approximately 

1 mg BSPP was added per mL of nanoparticle solution, and then solutions were 

Table 6-7. Concentrations of gold particles used in separations
Particle 

Size 
(nm) 

Initial 
concentration 

(nM)* 

Final concentration 
for gel experiments 

(nM)** 

Final concentration 
for capillary 

experiments (nM)** 

Final concentration 
for CFFE 

experiments (nM) 
5 83.0 138.3 830 300 
10 9.46 15.77 95 NA 
15 2.32 3.87 23 NA 
20 1.16 1.93 12 NA 
30 0.33 0.55 3.3 NA 
40 0.15 NA 1.5 NA 

60 0.04 0.07 NA NA 
*as received from Ted Pella, Inc. 

** approximate after concentration with centrifugation filter 
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stirred at room temperature for 3 hours.  The solutions were then concentrated using 

a Millipore centrifugation filter (regenerated cellulose, MWCO 10,000).  The initial 

and final concentrations for each particle size are listed in Table 6-7. 

Gold dimer and trimer samples were prepared according to documented 

procedure.70,71  A 2 mL aliquot of gold particles solution as received from Ted Pella, 

Inc. was diluted with 2.5 mL 3 mM sodium citrate solution.  The pH of this solution 

(~8) was sufficient for deprotection of the thioacetate functionality on the linker 

molecule.  A stoichiometric amount of linker from a 1 μM linker solution was diluted 

to 500 μL with a 2:3 THF/ethanol solution and added to the gold particles in 50 μL 

aliquots over a period of several minutes.  The solutions were then allowed to stir 

overnight.  Attempts at scaling up these reactions were unsuccessful.  When larger 

volumes were desired, several small scale reactions were performed and the 

resulting solutions combined.  After dimer/trimerization, particle solutions were 

subject to ligand-exchange with BSPP as described above.  It has been reported 

Table 6-8.  Concentrations of gold particles in solutions containing dimers and trimers

Particle 
Size 
(nm) 

Initial 
concentration 

(nM)* 

Concentration 
after linker 

addition (nM)** 

Final 
concentration 

for gel 
experiments 

(nM)** 

Final 
concentration 
for capillary 
experiments 

(nM)** 

Final 
concentration 

for CFFE 
experiments 

(nM) 
5 83.0 33.2 1660 1320 200 
10 9.46 3.8 190 150 NA 
15 2.32 0.9 45 36 NA 

*as received from Ted Pella, Inc. 
**particles are diluted due to the addition of 3 mM sodium citrate and the linker solution 

*** approximate after concentration with centrifugation filter 
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that BSPP displaces the citrate ion adsorbed to gold particles, but not the thiol-

terminated linker molecule.61  These solutions were then concentrated using a 

centrifugation filter.  The concentrations of particles in solution both before and after 

concentration are listed in Table 6-8 

6.3.2. Gel Electrophoresis 

10X Tris-borate-EDTA (TBE) was obtained from Sigma-Aldrich and diluted to a 1X 

concentration. 2% agarose gels were prepared by adding 0.8 g agarose to 40mL 1 x 

(TBE) buffer (89mM tris-borate, and 2mM EDTA).   Most reports of gel 

electrophoresis involving nanoparticles utilize an agarose gel instead of the 

polyacrylamide gels typically used for protein-separations because of their larger 

pore sizes, typically > 50 nm compared to 3-5 nm.57,58  The solution was brought to a 

boil in a conventional microwave oven and then cooled to room temperature in a 

horizontal gel plate. The gel was then immersed in 1 x TBE buffer before samples 

were loaded.  Samples consisted of 10μL concentrated particle solutions as 

described above and 4 μL glycerol.  A voltage of 100 Volts was applied for 

approximately 45-50 min at which point separations were observed visually. 

6.3.3. Capillary Electrophoresis 

N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) buffer (99% biochemistry grade) 

was purchased from ACROS Organics.  Monosodium and disodium phosphate were 
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purchased from Sigma-Aldrich ( Cell Culture grade), and sodium dodecyl sulfate was 

purchasead from MP Biomedicals (Ultra Pure).  All water used for buffer solutions 

was obtained from a Milli-Q50 Ultrapure Water System 

CE separations were performed using a homemade system consisting of a Spellman 

SL30 power source and a Vestec UV detector set to 254 nm.  The temperature was 

regulated using a temperature-controlled water bath, which was set to 25 ˚C.  A 

fused silica capillariy with a polyimide exterior coating and a 50 μm inner diameter 

was obtained from Polymicro Technologies.  The capillary was cut to 65 cm with a 

detection window 15 cm from the capillary end.  The capillary was pre-treated each 

day experiments were done by flushing sequentially with water (10 min), methanol 

(10 min), water (10 min), 0.1N NaOH (20min), water (10min) and buffer (10 min).  In 

addition, it was flushed with buffer for 5 minutes in between each run. 

All buffers were filtered through at 0.2 μm filter prior to use.  CAPS buffers were 

prepared at 10 mM, and the pH was adjusted by adding 150 μL, 250 μL, 400 μL and 

1000 μL of 0.1 N NaOH solution to 20 mL buffer solution to achieve pH values of 

9.5, 9.7, 10.2 and 10.7, respectively.  Phosphate buffers were prepared at two pH 

values.  A pH of 7.3 was measured for a solution containing 4.9 mM NaH2PO4 and 

10.9 mM Na2HPO4, and a pH of 8.0 was measured for a solution containing 1.2 mM 

NaH2PO4 and 16.9 mM Na2HPO4.  pH values were measured using a VWR 
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sympHony pH meter.  SDS (70 mM) was added to buffer solutions after pH values 

were measured. 

An applied voltage of 18 kV was use for most separations; although the voltage 

dependence was tested at 22 kV and 25 kV.  The current was approximately and 12-

15 μA for CAPS buffers and 25-30 μA for phosphate buffers.  The times for each 

gravity injection varied depending on the sample concentration.  Injection times for 

5 nm, 10 nm, 15 nm and 20 nm particles were 15 sec, 25 sec, 40 sec and 50 sec, 

respectively. 

6.3.4. Continuous Free-Flow Electrophoresis 

These experiments were a collaborative effort with Dave Cliffel’s group at Vanderbilt 

University.  After synthesis, samples were shipped to Brian Hixon (Cliffel’s grad 

student).  Brian performed the separations and then shipped them back to NCSU for 

TEM analysis.  The experimental set-up was similar to that reported in their previous 

paper.2  The buffer conditions are listed in Table 6-9, the applied voltage was 200 V, 

Table 6-9.  Buffer conditions for CFFE separations

Sample Buffer Composition Buffer 
pH 

Buffer 
Conductivity 

Current 
through 
Chamber 

5nm particles 8 mM Tris-borate 
10mM SDS 8.33 745 uS/cm 136 mA 

5nm particles with 3mM 
sodium citrate and 2:3 

THF:EtOH 

8 mM Tris-borate 
10mM SDS 8.50 725 uS/cm 184 mA 

5nm dimers 8 mM Tris-borate 
8.3mM SDS 8.39 679 uS/cm 134 mA 
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and the buffer flow rate was ~ 8 mL/min. 

 The separated fractions were collected in test tubes and then shipped back to 

NCSU.  At this point, they were concentrated using a Millipore centrifugation filter 

(regenerated cellulose, MWCO 10,0000) to a volume of approximately 500 μL (from 

approx. 5 mL) before analysis by UV-VIS and TEM. 

Absorbance measurements were made using a Hewlett-Packard 8452A Diode Array 

Spectrometer, and a path length of 1.0 cm.  TEM images were taken with a Philips 

CM12 TEM operated at 100 kV.  Images were captured using a Gatan 780 camera 

and captured with Digital Micrograph software. 
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7. Small Angle X-Ray Scattering 

Small Angle X-Ray Scattering (SAXS) was also investigated for the characterization 

of nanoparticle assemblies in solution.  Both the chromatographic and 

electrophoretic techniques discussed previously suffered from adverse interactions 

with a stationary phase.  These techniques also involved buffered mobile phases 

and surfactants, which affected both the nanoparticle surface chemistry and stability.  

The advantage of SAXS was that nanoparticle solutions could be characterized as 

synthesized.  The incident x-rays interacted with the bulk particle solutions, without 

the need for additional solution additives or external forces.  

7.1. Background and Introduction 
As x-rays exhibit wavelengths in the range of 0.01 to 10 nm, they are extremely 

useful for characterizing materials on this length scale.  X-ray diffraction can be used 

to determine crystal structure dimensions as indicated in Figure 7-1.  In this 

2θθ
θ

d

d sinθ

A B

 
Figure 7-1.  (A) Schematic of x-rays interacting with crystalline lattice  (B) Higher 

magnification view of (A) showing the trigonometric basis for Bragg’s Law 
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schematic, monochromatic x-rays are scattered from two atomic planes at an angle 

(θ) equal to the angle of incidence.  Constructive interference between the two 

scattered rays occurs when the difference in the two path lengths is equal to an 

integer number of wavelengths.  The trigonometric relationship in Figure 7-1(B) 

indicates that this path difference is also related to the lattice spacing, and is the 

basis for Bragg’s Law (Equation 7-1).2 

Θ= sin2dnλ  
n = integer 

λ = wavelength of x-rays 
d = lattice spacing 
θ = scattering angle 

7-1 

X-ray diffraction experiments have been used to determine structural information on 

a sub-nanometer level.  Under these conditions, the scattering angle is large enough 

that the detector can be placed in relatively close proximity to the sample. 

As the feature sizes increase, the scattering angle becomes narrower.  Small-angle 

x-ray scattering (SAXS) is typically used to obtain structural information for 

polymers, proteins and colloidal materials on length scales of approximately 5 to 

25 nm.2  The angular distribution of the scattered rays can provide information 

regarding the size, the size distributions and surface area to volume ratios of these 

structures.  So that small scattering angles can be detected, the detectors in SAXS 

experiments are typically placed at larger distances from the sample as shown in 

Figure 7-2. 
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The mathematics associated with SAXS are complex and not discussed here.  

Experimental data is usually presented as the scattering intensity plotted as a 

function of the scattering vector, which is defined in Equation 7-2. 

λ
π Θ

=
sin4q  

q = scattering vector 

7-2 

)()()( ΘΘ∝Θ SPI  

I(θ) = scattering intensity 
P(θ) = shape factor or form factor 

S(θ) = static structure factor 

7-3 

The scattering intensity is proportional to two parameters defined as the static 

structure factor and the shape factor (Equation 7-3).3-5  For dispersed particles, 

which do not interact with each other, S(θ) = 1.  When particles interact with each 

other, the structure factor is non-unity and indicates the degree of ordering within a 

given solution.3,4  The scattering intensity can therefore indicate not only the size 

and shape of particles, but also the interactions between them. 

There have been several reports in the literature in which interactions between 

nanoparticles have been observed using SAXS.3-8  For example, SAXS was used to 

study oligonucleotide-linked gold particles similar to those shown in Figure 4-5.5  

These data indicated the presence of short-range order within the solution.  Both 

small-angle and wide-angle x-ray scattering profiles have been combined to 

determine both the crystal structure of and interactions between cadmium selenide 
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nanocrystals.6,8  Several of these experiments required intense synchrotron x-ray 

sources to resolve the low scattering vectors associations with structures on the 

order of a few nanometers.5,7 

Before similar experiments were attempted to detect the presence of nanoparticle 

dimers and trimers in solution, Mathew A. Marcus, a collaborator at Lawrence 

Sample

Incident X-rays

A

Sample holder

Detector

Flight path

B

 
Figure 7-2. (A) Schematic of small x-ray scattering associated with a colloidal solution 

(B) Images of SAXS set-up at Lawrence Berkeley National Lab.  The flight path was 
adjustable from 1.3 m to 4.3 m. 
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Berkeley National Lab, modeled these systems.  Figure 7-3 shows calculated SAXS 

data for solutions containing nanoparticle dimers.  These calculations indicated that 

nanoparticle dimers could be detected using SAXS, even at relatively low dimer 

concentrations. 

SAXS experiments were performed in attempt to determine the relative 
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Figure 7-3.  Calculated scattering intensity profiles for nanoparticle solutions 
containing nanoparticle homodimers (10 nm).  The red line reflects the scattering 

intensity from half of the nanoparticles in solution, the blue line is a cross-term which 
reflects the structure factor and the white line is the total scattering intensity.  These 
calculations assumed a particle polydispersity of 10% and a linker length of 0.10 nm.  

The LabView program which produced these data was written by Mathew A. Marcus of 
Lawrence Berkeley National Lab, and the details of his model are reported elsewhere.1
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concentrations of nanoparticle assemblies and isolated particles in solution. 

7.2. Results and Discussion 
Before nanoparticle assemblies were characterized, scattering profiles were taken 

for isolated particles in the presence of citrate and organic solvent as these additives 

have been reported to affect particle stability.  Figure 7-4 shows scattering profiles 

obtained for citrate-capped gold particles (10 nm) in the presence of these additives.  

These profiles did not exhibit any changes over a period of 6 hours and a curve fit to 

these data yielded a particle diameter of 9.3 nm.  This experiment confirmed that the 

additional citrate and organic solvent did not result in any significant particle 

aggregation, and the scattering profiles yielded size information consistent with TEM 
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Figure 7-4. (A) Scattering profiles for citrate-capped gold particles (10 nm) in the presence 
of sodium citrate and organic solvent taken over a period of six hours  (B) The scattering 

profiles in (A) plotted on a logarithmic scale. 
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data. 

Figure 7-5 shows similar data obtained upon the addition of an OPE linker molecule.  

Significant changes in the scattering profile were observed with time.  However, 

these changes occurred at a very low scattering vector and were indicative of larger-

scale aggregates rather than nanoparticle dimers.  The scattering intensity of larger 

aggregates is significantly greater than that observed for smaller structures.  

Therefore, this behavior does not necessarily indicate dimers were not formed in 

solution.  The scattering of these structures was just not visible in the presence of 

the larger aggregates. 
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Figure 7-5. (A) Scattering profiles for citrate-capped gold particles (10 nm) as a function of 

time after the addition of a stoichiometric amount of an OPE linker molecule  (B) The 
scattering profiles in (A) plotted on a logarithmic scale 
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One possible factor contributing to the formation of larger aggregates in these 

experiments was the lack of stirring of the nanoparticle solution during analysis.  The 

nanoparticle solutions were mixed prior to being transferred to 1 mm glass 

capillaries and placed in a sample holder.  However, samples analyzed after being 

stirred for several hours also indicated the presence of large aggregates.  This 

behavior was observed for particles with 5 nm, 10 nm, 15 nm and 20 nm diameters.  

Due to limited time available on the beamline, experiments could not be repeated in 

attempt to limit aggregation behavior. 

Despite the numerous advantages of the SAXS approach to characterizing 

nanoparticle assemblies, statistical data could not be obtained as the scattering of 

dimers and trimers was obscured by the presence of larger aggregates, which 

exhibited greater scattering intensities.  It is possible that more valuable data could 

have been obtained if there had been sufficient time at the beamline to develop 

methods for preventing aggregate formation. 

7.3. Experimental 
Nanoparticle dimers were synthesized according to the methods described in 

Chapter 4.  These syntheses were performed at the beamline rather than in a 

synthetic lab.  The lack of appropriate equipment and functional magnetic stirrers 

could have contributed to aggregation phenomena.  Kinetic experiments were 
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performed by mixing the nanoparticle and linker solution and then transferring small 

amounts to a 1 mm glass capillary which was inserted into a sample holder. 

SAXS experiments were performed using a synchrotron x-ray source on Beamline 

7.3.3 of the Advanced Light Source facility at Lawrence Berkeley National Lab.  The 

x-ray wavelength used was 0.124 nm (10 keV).  The flight path was adjustable from 

1.3 m to 4.3 m.  A 1.5 m flight path was used for 5 nm particles. a 2 m flight path was 

used for 10 nm and 15 nm particles, and a 4 m flight path was used for 20 nm 

particles. 

Data work-up and curve-fitting was performed by Mathew A. Marcus of Lawrence 

Berkeley National Lab. 
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8. Ligand-Exchange Kinetics 

As discussed in Section 1.2.2, the relative binding kinetics of the two different 

functional groups could be significant to both understanding heterodimer formation 

and optimizing reaction conditions (Figure 1-18).  Molecules can bind to 

nanoparticles through either ligand-exchange reactions or insertion into a defect site.  

As ligand-exchange is generally faster on edges and vertexes of particles, two 

regions are often observed in the kinetic profiles of such reactions as shown in 

Figure 8-1.  In the first region, binding occurs at these defect sites and the second 

region exhibits slower kinetics as ligands bind to the crystalline terraces on the 

particles.1-3  Because the percentage of defect sites is greater for small particles, the 

amount of exchange and the 

exchange kinetics are expected to 

vary with particle size.2  Kinetics are 

also dependent on the nature of the 

capping ligand and the electronic 

charge on the particle.1 

The measurement of binding kinetics 

required analytical techniques 

capable of detecting binding.  These 

 
Figure 8-1.  Psuedo-first-order rate plots for 
the exchange of phenylethanethiolate by p-

nitrophenol onto Au140(SC2Ph)53.  The natural 
log of the free ligand concentration was 

plotted versus time.  Figure taken from Guo et 
al.2 
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techniques are not well developed for ligands on nanoparticles.  Preliminary 

experiments to evaluate isocyanide binding kinetics involved monitoring the shift in 

the isocyanide peak using infrared spectroscopy.  Fluorescence quenching was also 

evaluated as a method to detect binding. 

8.1. Infrared Spectroscopy 
Initial attempts to measure isocyanide binding kinetics on platinum particles were 

performed using methods similar to those reported by Walker et al.5  Hexanethiol-

capped platinum particles6 were incubated with the isocyanide-terminated OPE 

shown in Figure 8-2 in a liquid IR cell, and spectra were taken as a function of time 

over a period of 75 minutes.  The free isocyanide peak at 2120 cm-1 broadened and 

shifted to 2158 cm-1 (Figure 8-3(A)) consistent with binding.7-12  A small peak also 

grew in at 2261 cm-1.  The exact nature of this vibration is not known; however, a 

similar peak at 2272 cm-1 has been observed in the IR spectra of diisocyanides on 

gold and palladium substrates.7  It was speculated that this absorbance was due to 

either a different bonding arrangement on the surface or possibly the photo- or 

thermal oxidation of the isocyanide to an isocyanate.7  

The binding kinetics were assumed to be 

pseudo-first order with respect to the free 

ligand concentration so that a rate constant 

NC
 

Figure 8-2.  Isocyanide-functionalized 
OPE molecule used in IR kinetic 

experiments 
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could be determined by monitoring the disappearance of the free isocyanide.  The 

concentration was assumed to be proportional to the area under each peak which 

was determined after fitting each peak to a Gaussian-Lorentzian function.  The 

natural log of these values was plotted as a function of time as shown in Figure 8-3 

(B).  From the linear curve fit shown, a rate constant of 1.5 * 10-3 s-1 was obtained.  

However, as in previous studies, it did appear that the rate of ligand exchange was 

initially fast and then slowed down.  Because there was significant deviation from a 

linear curve fit associated with these data, it was difficult to clearly establish the two 

different regions of ligand-exchange. 

As the heterodimers in this work were synthesized in water, similar experiments 

were attempted in water.  These were more difficult as water strongly absorbs in the 
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Figure 8-3.  (A) IR spectra of the isocyanide-functionalized OPE shown in Figure 8-2 
during incubation with hexanethiol-capped platinum particles monitored over a period 

of 75 minutes.  The lowest spectrum was taken of the linker molecules in the absence of 
platinum particles.  (B) The disappearance of the free isocyanide at 2120 cm-1 with time. 
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infrared region, but a spectrum for the isocyanide-terminated OPE was obtained 

using single-bounce attenuated total reflectance (ATR).  However, as shown in 

Figure 8-4, this molecule exhibited a peak in at 2167 cm-1 in aqueous solution even 

in the absence of nanoparticles.  This peak was attributed to hydrogen bonding 

interactions involving the polar isocyanide in aqueous solution.13,14  As this 

absorbance occurred in the region where the bound isocyanide peak was expected, 

it was difficult to accurately characterize binding and kinetic experiments were not 

attempted. 

While infrared 

spectroscopy was a 

useful technique for 

establishing the binding 

kinetics of isocyanides 

in organic solution, it 

was not suitable for 

evaluating binding in 

aqueous solution, and 

there is no specific IR 

handle to detect the 

binding of thiols.  Other 
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Figure 8-4.  IR spectra of isocyanide-functionalized OPE 
obtained both after deposition onto a KBr plate and in 

aqueous solution 
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analytical techniques were therefore explored to characterize the binding of OPE 

molecules to metal nanoparticles. 

8.2. Fluorescence Quenching 
Fluorescence quenching experiments were also performed in attempt to analyze 

binding kinetics.  Static quenching has been observed for fluorescent molecules 

upon binding to a nanoparticle due to electron transfer from the molecular excited 

state to the particle.  For example, a fluorescent carboxylic acid-terminated 

terthiophene was quenched upon addition to TiO2 particles (Figure 8-5).4  In this 

case, the fluorescence intensity was monitored as TiO2 was added to the 

terthiophene solution.  In addition to the quenching behavior, the absorption peak 

red-shifted slightly from 379 to 384 nm upon binding.4  Similar quenching behavior 

 
Figure 8-5.  Fluorescence quenching observed upon binding of a fluorescent carboxylic 

acid-terminated thiophene to stearic-acid coated TiO2.  Figure taken from Beek et al.4 
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has been 

observed upon 

binding fluorescent 

labels to gold 

particles.15-20 

Similar techniques 

were explored to 

demonstrate the binding of bifunctional OPEs to gold and platinum particles (Figure 

8-6).  These molecules exhibited fluorescent behavior similar to that observed for 

other OPEs in the literature (Figure 8-7).21-25  These spectra exhibited the same 

shape when excited at each of the three absorbance wavelengths; however, as 

expected, the emission intensity decreased with decreasing excitation wavelength. 

There are some additional complications associated with performing quenching 

experiments with water-soluble particles.  Water26 and oxygen27are also capable of 

quenching fluorescence, and it is difficult to exclude oxygen from aqueous systems.  

Preliminary experiments were designed to determine if linker quenching due to water 

could be separated from quenching due to nanoparticle binding.  Figure 8-8 shows 

spectra taken over a period of 1200 minutes.  No fluorescence quenching was 

observed. 
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Figure 8-6.  Bifunctional linker molecules used in fluorescence 
quenching experiments
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However, quenching was 

observed in the presence 

of both gold and platinum 

nanoparticles.  Figure 8-9 

(A) shows quenching 

observed as citrate-

capped gold particles 

(5 nm) were added to a 

solution of Linker B 

(Figure 8-6).  The 

quenching efficincies were 

quantified using Stern-Volmer plots.  According to Equation 8-1, a plot of the 

fluorescence ratio versus the particle concentration should be linear with a slope 

equal to the Stern-Volmer quenching constant.26 

][10 QK
F
F

SV+=  

F0 = fluorescence in the absence of quenching species 
F = fluorescence 

[Q] = concentration of the quenching species 
KSV = Stern-Volmer quenching constant 
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Figure 8-7.  Optical absorbance and fluorescence spectra 
for Linker B.  Fluoresence spectrum was obtained after 

excitation at 380 nm. 
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Figure 8-9 (B) shows Stern-

Volmer plots for the 

quenching observed as 

citrate-capped gold particles 

(5 nm) were added to 

solutions of Linker A and 

Linker B (Figure 8-6).  The 

quenching constants for 

these and other experiments 

are reported in Table 8-1. 

The high quenching 

constants observed indicated efficient quenching between the nanoparticles and the 

OPE linker molecules.  The calculated values were approximately 107-108 M-1, which 

are comparable to the value of 107 reported for the quenching of [Ru(bpy)3]2+ by gold 
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Figure 8-8.  Fluorescence spectra of Linker A in 
aqueous solution recorded over a period of 1200 

minutes. 

Table 8-1.  Stern-Volmer Quenching Constants 

Linker Particle Ksv 108 
(M-1) Particle Ksv 108

(M-1) Particle Ksv 108 
(M-1) Particle Ksv 108

(M-1) 

A Au* (10nm) 5.8 Au* (5nm) 0.6 Pt** (8nm) 2.8 Pt** (3nm) 0.2 

B Au* (10nm) 7.2 Au* (5nm) 1.1 Pt** (8nm) 5.4 Pt** (3nm) 1.1 

C Au* (10nm) 7.7 Au* (5nm) 1.0 Pt** (8nm) 7.9 Pt** (3nm) 0.9 

* gold particles were stabilized with citrate anions 
** platinum particles were stabilized with polyacrylic acid 
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nanoparticles.28  For all of the particles investigated, larger quenching constants 

were observed for the bifunctional linkers (Figure 8-6 (B,C)) compared to the linker 

molecule terminated with thioacetate functionalities on both ends (Figure 8-6 (A)).  

This result likely indicates a more favorable binding equilibrium for the isocyanide 

functional group to both gold and platinum particles; however, experiments involving 

molecules containing only one binding group would need to be performed to verify 

this trend.  In the presence of bifunctional molecules, it was not possible to tell which 

functional group was binding.  However, the fact that higher quenching constants 

were observed in the presence of both gold and platinum particles for the OPEs 

containing isocyanide functionalities does suggest that binding may have occurred 
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Figure 8-9.  (A) Fluorescence spectra taken for Linker B as citrate-capped gold particles 
(5 nm) were added to the solution  (B)Stern-Volmer plot of quenching observed as citrate-

capped gold particles (5 nm) were added to solutions of Linker A and Linker B 
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through this functional group in both cases.  These data are another indication that 

the selectivity of binding associated with orthogonal self-assembly may need to be 

evaluated for particles of different sizes and capping ligands. 

High quenching constants were also observed for larger particle sizes.  This 

behavior is consistent with that observed the quenching of [Ru(bpy)3]2+ by gold 

nanoparticles.28  The Stern-Volmer constant observed when these complexes were 

quenched by 2.2 nm gold particles (1.2 × 107 M-1) was approximately two orders of 

magnitude greater than that observed in the presence of 1.8 nm gold particles (5.2 × 

105 M-1).  This behavior can be explained by the higher surface area of the larger 

particles, which is available for binding.  Negligible differences were observed in the 

quenching efficiencies for linkers of different lengths. 

While the fluorescence quenching observed for the OPE molecules in the presence 

of both gold and platinum particles could be due to the formation of covalent bonds, 

dynamic quenching due to collisions within solution has also been reported.28  In 

order to determine whether collisional quenching occurred, gold particles were 

added to a solution of Linker A (Figure 8-6) in the absence of sodium citrate.  The 

pH of this solution (~ 6) was not believed to be high enough to facilitate the 

deprotection of the acetyl groups and thus covalent binding was not expected.  

However, fluorescence quenching was observed.  This behavior created some 

uncertainty regarding the mechanisms associated with the observed quenching.  
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There were also some problems regarding the reproducibility of these experiments.  

There were likely several processes occurring in solution, and this technique could 

therefore not be used to accurately determine binding kinetics. 

8.3. Summary and Conclusions 
Both infrared spectroscopy and fluorescence quenching were explored as methods 

to evaluate binding kinetics.  While infrared spectroscopy proved useful for 

establishing the binding kinetics of isocyanides in organic solution, it was not 

suitable for evaluating binding in aqueous solution, and there was no specific IR 

handle to detect the binding of thiols.  The fluorescence of three OPE molecules was 

quenched in the presence of both gold and platinum particles.  However, quenching 

was also observed under conditions under which no covalent binding was expected.  

This behavior created some uncertainty regarding the mechanisms associated with 

the observed quenching.  There were also some problems regarding the 

reproducibility of these experiments.  There were likely several processes occurring 

in solution, and this technique could therefore not be used to accurately determine 

binding kinetics. 

8.4. Experimental 
Unless otherwise mentioned, all reagents were obtained from Fisher Scientific.  

Gold-citrate particles were obtained from Ted Pella, Inc. as aqueous solutions with 
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trace amounts of citrate, tannic acid and potassium carbonate.  Particle 

concentrations are reported in Table 8-2. 

The bifunctional OPE linker molecules (Figure 8-6) were synthesized by Chandra et 

al., and these details are published elsewhere.29 

8.4.1. Synthesis of 1-Isocyano-4-phenylethynyl-benzene (Figure 8-2) 

This molecule was synthesized according to Scheme 8-1. 

Under nitrogen 

flow, acetic 

anhydride 

(9.4 mL, 

100 mmol) was 

added to an 

oven-dried 

round-bottom 

flask equipped 

Table 8-2.  Concentrations of gold particles
Particle 

Size 
(nm) 

Initial 
concentration 
(particles/mL)* 

Initial 
concentration 

(nM)* 
5 5.0 × 1013 83.0 
10 5.7 × 1012 9.46 

* as received from Ted Pella, Inc. 

+

Pd2(dba)3, 
CuI, PPh3

THF, i-Pr2NEt, 
heat

HN
O

H

formic acid
acetic anhydride

NC

IHN
O

H

IH2N

1
90%

1

triphosgene
benzyltriethylammonium 

chloride, TEA

DCM

59%
2

40%
3  

Scheme 8-1.  Synthesis of 1-Isocyano-4-phenylethynyl-benzene



530 

with a reflux condenser.  Formic acid (6.8 mL, 88%, 160 mmol) was then added 

dropwise.  The flask was heated to 60 ˚C and was stirred for 30 minutes before 

being cooled to −10 ˚C.  A solution of 4-iodoaniline (11.0 g, 50 mmol) in THF (30 mL) 

was slowly added to the reaction mixture, which was then allowed to stir overnight.  

Solvent was removed by rotary evaporation and water was added, yielding a white 

precipitate which was then filtered and washed with water.  The material was 

recrystallized from dichloromethane/hexanes to afford the desired intermediate, 1, 

(11.2 g, 90%).  1H NMR (300 MHz, CDCl3) δ (ppm) 8.68 (d, J = 11.7 Hz, 0.36 H), 

8.41 (br s, 0.68 H), 7.67 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 1H). 

Inside a nitrogen-filled dry box, compound 1 (2.06 g, 9.39 mmol) was added to an 

oven-dried Schlenk flask along with tri(dibenzylideneacetone) bispalladium (0.21 g, 

11.9 mmol), copper iodide (0.28 g, 1.45 mmol), triphenylphosphine (0.26 g, 

0.99 mmol), ethyl benzene (1.3 mL, 11.9 mmol), distilled diisopropyl amine (6 mL), 

and anhydrous THF (15 mL).  The flask was sealed, removed from the dry box, and 

stirred at 60 ˚C for 24 hours.  The solution was then cooled to room temperature, the 

solvents were removed by rotary evaporation, and the residue was re-dissolved in 

methanol and filtered through a Celite plug.  Purification by flash column 

chromatography (1:1 hexanes/ethyl acetate) yielded the desired intermediate, 2, 

(1.23 g, 59%).  1H NMR (400 MHz, d6-acetone) δ (ppm) 9.44 (br s, 0.5H), 8.92 (d, J 
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= 11.2 Hz, 0.5H), 8.40 (d, J = 1.6 Hz, 0.5H), 7.74 (m, 2H), 7.53 (m, 4H), 7.41 (m, 

3H0, 7.32 (d, 0.5H). 

Compound 2 (0.94 g, 4.26 mmol) was added to a Schlenk flask containing 

triphosgene (1.64 g, 5.5 mmol).  The flask was sealed, evacuated and back-filled 

with argon (× 4) and cooled to 0 ˚C before the addition of distilled dichloromethane 

(25 mL), triethylamine (20 mL) and benzyltriethylammonium chloride (0.50 g, 

2.20 mmol) in dichloromethane (15 mL) under positive argon pressure.  The solution 

was stirred overnight as the solution slowly warmed to room temperature.  The 

solution was then washed with water, dried with magnesium sulfate and filtered.  

The solvents were removed by rotary evaporation.  Purification by flash column 

chromatography (10:1 hexanes/ethyl acetate) yielded the desired product, 3, (0.35 g, 

40%).  1H NMR (300 MHz, CDCl3) δ (ppm) 7.53 (m, 4H), 7.37 (m, 4H). 

8.4.2. Synthesis of Hexanethiol-capped Platinum Particles 

Particles were synthesized as reported in the literature.6  H2PtCl6•6H20 (0.30 g, 0.58 

mmol) and 20 mL anhydrous THF were added to a Schlenk flask inside an N2-filled 

dry box.  The flask was sealed with a septum and removed from the box.  While 

stirring under nitrogen, 83 µL hexanethiol was added and the solution stirred for 30 

min.  Then, 15 mL lithium triethylborohydride (LiTEBH) was added dropwise to the 

solution, which turned dark brown.  After stirring for an additional 30 min, ethanol 

was added to quench the excess LiTEBH.  The majority of solvent was removed via 
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rotary evaporation and the particles precipitated from solution with acetonitrile.  The 

particles were filtered on a fine frit and washed with ethanol and acetonitrile.  The 

resulting particles were approximately 2 nm as evidenced by TEM and exhibited a 

tailing optical absorbance. 

8.4.3. Synthesis of Polyacrylate-capped Platinum Particles 

Particles were synthesized according to a procedure in the literature.30-32  A solution 

of K2PtCl4 (1.22 g, 25 mmol) and sodium polyacrylate (0.42 g, 0.2 mmol based on 

average MW 2100) was prepared in water (250 mL).  After argon was bubbled 

through the solution for approximately 20 min, the solution was aged to facilitate 

hydrolysis of the PtCl42- ions (i.e. Cl-  H2O ligand exchange).32  The particle size 

was increased as the aging time was varied from 1 hour to 4 days.  Hydrogen was 

then bubbled through the solution for approximately five minutes in order to reduce 

the platinum ions.  The reaction was allowed to progress in a sealed flask for 

12 hours at room temperature.  No purification was performed. 

8.4.4. Analytical Techniques 

8.4.4.1. Transmission Infrared Spectroscopy 

Measurements were made using a Perkin-Elmer Spectrum RX1 Spectrometer under 

an N2 atmosphere with a resolution of 4 cm-1.  Organic solutions were placed on a 

KBr plate and the solvent was allowed to evaporate.  Kinetic measurements were 
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performed in a liquid IR cell composed of two KBr plates.  Measurements were 

performed in cyclohexane as it does not absorb in the regions of interest.33 

8.4.4.2. Attenuated Total Reflectance Spectroscopy 

Measurements were made using an FTS 3000 spectrometer equipped with a single 

reflection ATR accessory (Pike Technologies) containing a germanium crystal.  A 

small volume (146 μL) of 1-isocyano-4-phenylethynyl-benzene solution in THF was 

mixed with water (1 mL).  A single droplet of the resulting solution was placed on the 

germanium crystal. 

8.4.4.3. Optical Absorbance Spectroscopy 

Optical absorbance measurements were made using a Hewlett-Packard 8452A 

Diode Array Spectrometer and a path length of 1.0 cm. 

8.4.4.4. Fluorescence Spectroscopy 

Fluorescence measurements were made with a Perkin-Elmer LS50B Spectrometer.  

The organic linker molecules were introduced to the aqueous particle solutions in 

THF. 
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9. Conclusions and Project Outlook 

The formation of covalently-linked nanoparticle assemblies proved to be a very 

complex and challenging task.  Despite the prevalence of nanoparticle literature, the 

synthesis of nanoparticles that were stable yet did not sterically hinder dimer 

formation was quite difficult.  Not only was it necessary for particles to be stable as-

synthesized, but additional complications were introduced upon the mixing of two 

nanoparticle solutions, and the addition of sodium citrate and organic solvent, both 

of which were detrimental to particle stability. 

Preliminary TEM data suggested the formation of heterodimers consisting of citrate-

capped gold particles and mercaptobenzoic acid-capped platinum particles.  

Approximately 54% of the gold particles were bound to at least one platinum and 

16% of the gold particles were isolated in heterodimers.  Other structures included 

gold particles that were bound to more than one platinum, gold homodimers, 

platinum homodimers and assemblies containing both gold and platinum.  Further 

experiments could not be performed due to the irreproducibility of the platinum 

particle synthesis.   

Preliminary TEM data also suggested the formation of heterodimers consisting of 

citrate-capped gold particles and tartaric acid-capped Fe3O4 particles.  

Approximately 30% of the gold particles were bound to at least one Fe3O4 particle 
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and 18% were isolated in heterodimers, double the values observed in the absence 

of the bifunctional linker.  While it was predicted that the selectivity between the thiol 

and carboxylic acid functionalities would be greater than that associated with the 

thiol and isocyanide functionalities, only 30% of gold particles were bound to at least 

one Fe3O4 compared to 54% of gold particles bound to at least one 

mercaptobenzoic acid-capped platinum particle.  It was speculated that this 

difference could be due to greater interactions between Fe3O4 particles, which could 

limit mixing and the efficiency of dimerization. 

While preliminary TEM data did suggest the formation of heterodimers, additional 

experiments were required to verify this behavior.  The statistics obtained using TEM 

were based on a few hundred particles and did not necessarily reflect the 

composition of the entire solution.  In addition, nanoparticle assemblies were 

observed in the absence of the bifunctional linker, which created some uncertainty 

as to whether these structures were covalently linked.  Solution-based 

characterization techniques were evaluated for their ability to provide data that was 

representative of an entire solution without the ambiguity associated with 

aggregation upon TEM sample preparation.  A routine, solution-based technique is 

also desirable in order to evaluate how solution variables affect the efficiency of 

dimer formation. 
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Size-exclusion chromatography (SEC) was evaluated for its ability to detect 

nanoparticle assemblies.  While size-exclusion appeared to be the primary 

separation mechanism for citrate-capped gold particles, chemical interactions with 

the column material were significant when other particles were injected onto the 

columns.  Chromatographic separation was extremely sensitive to the nature of the 

particle, the column and the mobile phase.  Separation conditions likely need to be 

optimized for each individual particle, which complicates heterodimer 

characterization.  The optimum conditions for the separation of one particle may not 

be suitable for another.  Particle adsorption to the column was also significant and 

appeared to be size-dependent.  While nanoparticle assemblies were detected using 

SEC, these data could not be used to obtain accurate statistical information about 

the relative concentrations of isolated particles, assemblies and larger aggregates in 

solution. 

Capillary electrophoresis (CE) was also evaluated for its ability to characterize 

nanoparticle assemblies.  While CE data for the separation of dimers and trimers 

initially appeared promising, they were not reproducible.  Data were difficult to 

interpret as the surface chemistry and electrophoretic behavior of particles were 

likely affected by the buffer composition and presence of surfactant.  The low particle 

concentrations and solution volumes used in these experiments also made detection 

difficult. 
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Small angle x-ray scattering (SAXS) posed several advantages over 

chromatographic and electrophoretic techniques, which suffered from adverse 

interactions with a stationary phase and required buffered mobile phases and 

surfactants.  Using SAXS, nanoparticle solutions could be characterized as-

synthesized without the need for solution additives or application of external forces.  

While this technique proved effective for detecting nanoparticle binding, the 

scattering of dimers and trimers was obscured by the presence of larger aggregates, 

which exhibited greater scattering intensities.  It is possible that more valuable data 

can be obtained once methods to prevent the formation of larger-scale aggregates 

have been developed. 

It is possible that several of the challenges associated with heterodimer formation 

and characterization can be overcome.  One of the greatest challenges was the 

synthesis of stable nanoparticles.  The synthesis of longer OPE molecules could 

allow the use of more stable nanoparticles with longer capping ligands; however 

these syntheses were time-consuming and inefficient as each phenylethylene repeat 

unit required a separate reaction and work-up.  In addition, solubility became more 

of a challenge with increasing linker lengths. 

The addition of citrate and organic solvent to aqueous nanoparticle solutions also 

proved to be detrimental to particle stability.  The synthesis of longer OPEs could 

facilitate heterodimer formation in organic solvent despite the sterically-bulky 



540 

capping ligands associated with most organically-soluble particles.  In this case, a 

mixed solvent system would not be necessary.  Another possibility is to synthesize 

OPEs with water-solubilizing side groups so that they can be introduced into 

aqueous nanoparticle solutions without the need for organic solvent.  The synthesis 

of OPEs with functional groups, which do not require deprotection, could also limit 

the need for basic additives to nanoparticle solutions. 

Despite the problems encountered with obtaining statistical information using 

chromatographic separation methods, these techniques could prove useful for 

observing relative changes in dimer yields as reaction conditions are changed.  A 

more accurate picture of nanoparticle solutions will likely require data from multiple 

analytical techniques. 
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Appendix 1.  Collaborative Publications Involving the 
Integration of Nanoparticles and Nanoparticle Assemblies 
into Lithographic Architectures 
The concepts described in this work for fabricating electronic devices are multi-

faceted, involving everything from the synthesis of the linker molecules to 

incorporating them into lithographic architectures.  While the focus of this 

dissertation has been on the synthesis and characterization of nanoparticles and 

nanoparticle assemblies, significant efforts have been put forth to integrate these 

particles and assemblies into lithographic architectures and to evaluate the 

electronic behavior and the stability of these systems.  The research group of Dr. 

Gregory Parsons in the Department of Chemical and Biomolecular Engineering at 

NCSU focused on this aspect of the project, which has resulted in several 

publications.  These publications are included here to demonstrate the applicability 

of these types of structures to molecular electronics as well as to highlight many of 

the issues that still need to be overcome.  The two students responsible for the 

majority of this work are Changwoong Chu and Jeong-Seok Na. 

The first paper1 included here is an overview of several of the issues associated with 

the synthesis and characterization of nanoparticle assemblies for electronic 

applications.  The issues discussed here spanned from the synthesis of the organic 

linker molecules to the fabrication of the lithographic trench.  The remaining papers2-

5 involve primarily the study of the electronic behavior of particles and assemblies 



 543

within these lithographic features.  The second paper2 evaluated the effects of 

molecular structure on the electrical properties of nano-scale junctions involving gold 

contacts with the greatest conductance measured for highly delocalized structures 

with isocyanide terminal groups. 

The next three papers3-5 reported the observed behavior of gold homodimers 

assembled within a lithographic trench.  The first of these papers3 evaluated the 

most effective method for assembling dimers within the trench, with junctions 

created using dielectrophoretic trapping demonstrating greater overall stability than 

those created using the receding meniscus method.  The presence of the molecular 

linker was confirmed by resistance measurements, which were consistent with 

previously reported values for similar structures, and the conduction mechanisms 

were evaluated.  While these molecular junctions exhibited long-term stability under 

vacuum, current fluctuations and instability were observed under ambient conditions 

and attributed to water molecules adsorbed from the air into the molecular junction.  

The next paper4 reported the stability of stabilizing these molecular junctions through 

the atomic layer deposition (ALD) of Al2O3.  While the current flow through these 

electronic junctions varied through the ALD process, it remained relatively constant 

under atmospheric conditions after ALD was complete suggesting this method could 

be used to stabilize these types of molecular junctions.  The last paper in this series5 

looked more closely at the encapsulation of gold nanoparticle homodimers throught 
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the ALD of Al2O3, and attempted to evaluate the factors contributing to the instability 

of both the coated and uncoated molecular junctions. 

An unpublished manuscript6 is also referenced here, and describes electronic 

measurements involving gold nanoparticle trimers assembled into a lithographic 

trench in a manner similar to that previously described for dimers.  While it appears 

that trimers were successfully assembled into the trench and some current 

modulation was observed with gate bias, the overall success rate was low.  

Additional experiments need to be done to confirm the presence of the molecule in 

these electronic junctions, increase reproducibility and understand the gating 

mechanism before this work can be published. 

While there are still some issues that need to be addressed, these publications 

demonstrate the applicability of these types of nanoparticle assemblies to electronic 

applications, as both molecular wires and three-terminal devices.  They also provide 

evidence supporting the presence of the molecular linkers within the particle 

assemblies. 

Below are the titles and authors for each of the papers and manuscript described 

above, each followed by a brief summary. 
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Paper 1:  Ayres, J.; Walker, B.; Chandra, K. L.; Stefanescu, D.; Chu, C.; Parsons, 
G.; Gorman, C., ‘Hierarchial Assembly of Interconnects fo Molecular Electronics’  
Proc. of SPIE 2005, 6003, 60030J.1 
 
As mentioned above, this paper gave a broad overview of several challenges 

associated with our approach to creating electronic junctions that bridge the 

molecular and the lithographic length scales.  The discussion included the selectivity 

of binding of thiols and isocyanides on gold and platinum, respectively.  Organic 

synthetic challenges were also addressed, specifically those involving the selective 

functionalization of linker molecules in ways that allow purification by common 

laboratory techniques and that produce high yields.  Data was presented 

demonstrating the fabrication of sub 100nm lithographic trenches using a shadowed 

evaporation technique in addition to I-V measurements of both particles and 

molecules assembled in these trenches. 

Paper 2:  Chu, C.; Ayres, J. A.; Stefanescu, D. M.; Walker, B. R.; Gorman, C. B.; 
Parsons, G. N., ‘Enhanced Conduction through Isocyanide Terminal Groups in 
Alkane and Biphenylene Molecules Measured in Molecule/Nanoparticle/Molecule 
Junctions’, J. Phys. Chem. C, 2007, 111, 8080-8085.2 

 
This paper evaluated the effects of the molecular structure on the electrical 

properties of nano-scale junctions, and was based on single nanoparticles bridging 

gold contacts covered with molecular monolayers.  The molecular structures 

evaluated included biphenyl, diphenyl acetylene and alkane molecules with both 

thiol and isocyanide terminal functionalities.  While the synthetic procedures are not 
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discussed in this dissertation, I performed the synthesis of the alkyl isocyanides in 

addition to the biphenyl and biphenyl acetylene molecules. 

As discussed in Chapter 1, it was expected that the molecular structures that 

exhibited the greatest electron delocalization would exhibit greater degrees of 

electron transport.  This behavior was again demonstrated.  In addition, it was 

observed that for all structures, those with an isocyanide functionality exhibited 

conductances approximately an order of magnitude greater than those observed for 

the same molecules terminated with thiols.  The reasoning for this behavior remains 

unclear.  However, this work highlights the importance of the metal/linker contact in 

determining the electrical properties of a junction.  The data presented here are 

specific to molecular junctions with gold, and this behavior cannot be assumed for 

other metals (e.g. platinum). 

After this paper was submitted, a similar article appeared claiming that greater 

conductances were observed for thiol-gold contacts compared to isocyanide-gold 

contacts.7  Based on this report, it was speculated that the contact geometry and 

molecular conformation play important roles in the electron transport behavior.  

These factors are likely affected by the methods used to create the junction, and will 

likely be difficult to evaluate. 
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Paper 3:  Na, J. S.; Ayres, J.; Chandra, K. L.; Chu, C.; Gorman, C. B.; Parsons, G. 
N., ‘Conduction Mechanim and Stability of Single Molecule 
Nanoparticle/Molecule/Nanoparticle Junctions’, Nanotechnology 2007, 18  035203.3 
 
The data presented in this paper involve the assembly and subsequent 

characterization of nanoparticle dimers in a lithographic trench.  Gold-gold 

homodimers were synthesized using citrate-capped gold nanoparticles as described 

in Chapter 4.  These assemblies were then inserted into lithographic architectures 

using both the receding meniscus method, described in the previous paper, and 

dielectrophoretic trapping, with junctions created using the latter method 

demonstrating greater overall stability.  Images of the assembled dimers agreed with 

the predictions from simulations based on electric field gradients. 

The stability of these electronic junctions was evaluated both under vacuum and 

ambient atmosphere.  Consistent I-V data for a single sample was obtained under 

vacuum over a period of weeks and through 100 I-V cycles over a period of 

approximately 7 hours, indicating stable contacts between both within the 

nanoparticle dimer and between the electrode and the nanoparticles.  The measured 

resistance was consistent with those previously observed for oligomeric phenylene 

ethylenes.  Behavioral variations between different samples were attributed to 

different contact properties between the nanoparticles and the electrodes.  While 

stable under vacuum, these junctions exhibited gradual increases in current when 
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exposed to ambient atmosphere.  This was attributed to water molecules adsorbed 

from the atmosphere into the molecular junctions. 

Current-voltage measurements were made at temperatures ranging from 80 K (-

193 ˚C) to 290 K (17 ˚C) in order to evaluate the conduction mechanisms.  A 

transition between direct tunneling (temperature-dependent) to Fowler-Nordheim 

tunneling (temperature-independent) was observed at approximately 1.5 Volts. 

These data demonstrated the ability to bridge the molecular and the lithographic 

length scales through nanoparticle assemblies and support the data in Chapter 4 

suggesting the formation of molecularly-bridged dimers.  They also brought about 

questions regarding the long-term stability of these junctions under atmospheric 

conditions.  These questions were addressed in subsequent publications. 

Paper 4:  Na, J. S.; Ayres, J.; Chandra, K. L.; Gorman, C. B.; Parsons, G. N., ‘Real-
time Conductivity Analysis Through Single-Molecule Electrical Junctions’, 
Nanotechnology 2007, 18  424001.4 

 
This paper again adressed the behavior of gold nanoparticle homodimers within a 

lithographic trench.  The conductance through these junctions was meaured under 

several conditions, both during and after dielectrophoretic assembly.  As previously 

reported, these molecular junctions appeared to be stable under vacuum, but 

exhibited current fluctuations and an overall increase in electron transport when 

exposed to ambient conditions.  It was also noted that high applied voltages (e.g. ≤ 3 
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Volts) resulted in the coalesence of the nanoparticles so that current measurements 

no longer reflected electron transort through the molecular linker. 

These molecular junctions were subject to the atomic layer deposition (ALD) of Al2O3 

in attempt to preserve their stability in ambient conditions.  ALD of Al2O3 was chosen 

it required relatively low processing temperatures, and it was predicted to fully 

conform to the molecular junctions with precise thickness control.  Before attempting 

ALD, the effects of temperature on the stability of the electronic junctions were 

evaluated.  While high temperatures resulted in irreversible conductance changes, 

the small changes observed upon thermal treatment at 50 ˚C were mostly reversible 

and thus this condition was chosen for the ALD process.   

While the current flow through these electronic junctions varied throughout the ALD 

process, it remained relatively constant under atmospheric conditions after ALD was 

complete.  These data indicate that the ALD of Al2O3 effectively encapsulated these 

junctions so that they long-term exhibited stability in ambient condidtions. 

Paper 5:  Na, J. S.; Ayres, J. A.; Chandra, K. L.; Gorman, C. B.; Parsons, G. N., 
‘Nanoencapsulation and Stabilization of Single-Molecule/Particle Electronic 
Nanoassemblies Using Low Temperature Atomic Layer Deposition’, J. Phys. Chem. 
C 2008, 112, 20510-20517.5 

This paper looked more closely at the encapsulation of gold nanoparticle 

homodimers through the ALD of Al2O3, and attempted to evaluate the factors 

contributing to the instability of both the coated and uncoated molecular junctions. 
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Instability in the uncoated molecular junctions could be attributed to changes at 

either the molecule/nanoparticle interface or the nanoparticle/electrode interface.  A 

control experiment was performed in which an 80 nm citrate-capped nanoparticle 

was trapped in the lithographic trench.  The current increase observed for this case 

was significantly smaller than that observed for molecuarly-linked particle dimers 

indicating that the nanoparticle/electrode interface played a minimal role in the 

observed current instability.  The current changes observed for the dimeric 

structures could be attributed to disruption of the gold-sulfur bond, desportion of 

contaminants (e.g. water) from the air that create additional pathways for electronic 

conductance or any alteration in the electronic or physical configuration of the linker 

molecule.  While the observed initial decreases in current could be attributed to 

hydration of the thiolate, it was concluded that the most significant contribution to the 

instability of these molecular junctions was adsorption of contaminants from air.  

This conclusion was supported by the observations that current changes for devices 

exposed to air for only a few days were mostly reversible while longer-term exposure 

resulted in irreversible changes.  Contaminant desorption has previously been 

reported to become progressively more difficult with extended exposures. 

As reported in the previous paper, low-temperature ALD encapsulated and stabilized 

these molecular electronic junctions so that minimal conducance changes were 

observed in air for periods greater than 15 days.  Several experiments were 
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performed to confirm the presence of these molecular junctions after ALD.  The 

measured resistance in the coated junctions was comparable to that measured 

previously measured for uncoated junctions and values reported in the literature for 

similar molecules.  In addition, the conduction mechanisms were similar to those 

reported for uncoated junctions with a transition to Fowler-Nordheim tunneling 

observed as field strength is increased followed by breakdown of the junction. 

While the ALD of Al2O3 appearead to increase the long-term stability of these 

molecular junctions, samples measured immediately after the coating process 

showed conductivity values larger than the those observed for the uncoated 

samples.  ALD was performed at temperatures ranging between 30 and 100 ˚C, and 

the magnitude of these conductance changes increased with the processing 

temperature.  For dimer samples coated at 30 and 50 ˚C, the current slowly reverted 

to pre-coating values over a period of 1-2 days and then remained relatively stable 

for long periods (i.e. up to 19 days).  For dimer samples coated at 70 and 100 C, the 

current increased by a factor of 10-100 and remained high.  Samples coated at even 

higher temperatures, 200-230 ˚C, exhibited behavior consistent with degradation of 

the molecular electronic junctions.  The initial increase and subsequent decrease in 

current observed after low-temperature ALD could be attributed to exposure to air 

and water during the coating process.  Again, a control experiment was performed 

with an 80 nm gold particle and indicated improved nanoparticle/electrode contact 
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after ALD treatment, indicating that any inconsistencies were due to changes within 

the molecular junction. 

Unpublished manuscipt:  Na, J. S.; Ayres, J.; Chandra, K. L.; Gorman, C. B.; 
Parsons, G. N.; ‘Toward Three Terminal Molecular Devices using Nanoparticle/Y-
type Molecule/Nanoparticle Trimeric Structures’ North Carolina State University, 
2008.6 
 
In this work, nanoparticle trimers consisting of three 15 nm citrate-capped gold 

particles were dielectrophoretically assembled into a lithographic trench in a manner 

similar to that previously described for nanoparticle dimers.  As discussed in Chapter 

1, the third terminal was desirable in order to obtain switching behavior for the future 

development of a molecular-scale transistor.  The SiO2 layer coating the bottom of 

the trench was subject to reactive ion etching so that the one of the particles in the 

trimer was in close proximity to the underlying doped silicon substrate.  While there 

was observed current modulation with gate bias in some experiments, the overall 

success rate was low.  This was attributed to the device geometry with small 

variations in particle size and trimer orientation reducing electronic coupling.  

Additional experiments need to be done to confirm the presence of the molecule in 

these electronic junctions, increase reproducibility and understand the gating 

mechanism before this work can be published. 

While there are still several aspects of this work that need to be further explored, 

these data demonstrate the possible applicability of these types of structures to 

three-terminal electronic devices, which was the overall motivation of this project. 
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Appendix 2. Geometric Calculations Involving Nanoparticle 
Dimers and Trimers 
The methods used to calculate the hydrodynamic radii of nanoparticle dimers and 

trimers are described below in addition to the geometrical constraints associated 

with the formation of trimers. 

A-2.1  Hydrodynamic Radii of Nanoparticle Dimers 

Hydrodynamic radii for nanoparticle dimers were calculated two different ways.  

First, the volume of a dimer was approximated as a rod as shown in Figure A-2-1.  

This approximation is only valid for dimers where both particles are the same size.  

The hydrodynamic radius of a rod was calculated according to Equation A-2-1 where 

x is the length of the rod and r is the radius.  These values were determined from the 

r =  R
L

x = 4R + L

 
Figure A-2-1. Nanoparticle homodimer approximated as a rod.  R is the nanoparticle radius 

and L is the linker length. 
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nanoparicle radius, R, and the linker length, L as shown in Figure A-2-1. 

4
3 2

3 xrRH =  A-2-1 

Using linker lengths shown in Figure A-2-2, the hydrodynamic radii of homodimers 

were calculated for various particle sizes and are listed in Table A-2-1. 

The other method used was based on the ‘dumbbell’ model developed by De La 

Torre et al.1 to describe the hydrodynamic properties of macromolecules.  This 

method involved calculating the frictional coefficients of two spheres held at a fixed 

distance by a frictionless spacer, as shown in Figure A-2-1, and can be used to 

S S

OC6H13

C6H13O

OC6H13

C6H13O

S S

OC6H13

C6H13O

S S

20.0 A

33.8 A

47.4 A  

Figure A-2-2.  Calculated linker lengths. 
Distances were measured between the two terminal sulfur atoms after energy was minimized 

using the MM2 function in Chem 3D Software.  These linker lengths are only approximate as they 
do not take into account the length of the gold-sulfur bond. 
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explain the properties of nucleoprotein complexes and globular proteins connected 

by a thin spacer. 

The frictional coefficient is related to the hydrodynamic radius of a structure 

according to Equation A-2-2.  The majority of the calculations were therefore 

focused on determining the frictional coefficient using Equations A-2-3 through A-2-

9.  These calculations were performed using Maple software.  Hydrodynamic radii 

were calculated for homodimers using two different linker lengths and are compared 

to radii calculated using the rod-approximation in Table A-2-1. 

06πη
fRH =  

RH = hydrodynamic radius 
f = frictional coefficient 
η0 = solvent viscosity 

A-2-2 

LR (σ1) R (σ1)  

Figure A-2-3.  Schematic of ‘dumbbell’ used to calculate hydrodynamic radii of 
nanoparticle dimers.  Schematic adapted from De La Torre et al.1 
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The data shown in Table A-2-1 indicate that the rod-approximation yields  

hydrodynamic radii very similar to those obtained using the more detailed dumbbell 

model; the values differ by approximately 4-7% for the linker lengths used here.  The 

hydrodynamic radii obtained using the dumbell model were slightly larger than those 

obtained using the rod- approximation.  This was expected as the dumbell model 



558 

takes into account the additional viscous drag forces between the particles, yielding 

a larger apparent size (smaller diffusion coefficient in Equation A-2-3).  This also 

explains why the difference between the two values was slightly greater for the 

longer linker. 

While the model demonstrated by De La Torre et al.1 was for two equivalent 

spheres, these calculations were modified to incoporate two spheres of varying 

sizes.  Values for various heterodimers are listed in Table A-2-2.  It is noted that as 

the size difference decreased, the effect of the smaller particle diminished. 

Table A-2-1. Hydrodynamic radii calculated for homodimers of various sizes using both 
the rod-approximation and the dumbbell model. 

Particle 
Diamete
r (nm) 

2.0 nm linker 4.8 nm linker 

DH (nm) 
(rod) 

DH (nm) 
(dumbbell) 

Percent 
Difference 

(%) 

DH (nm) 
(rod) 

DH (nm) 
(dumbbell) 

Percent 
Difference 

(%) 

5 7.7 8.2 6.1 8.2 8.7 5.7 

10 14.9 15.8 5.7 15.5 16.6 6.6 

15 22.1 23.3 5.1 22.7 24.2 6.2 

20 29.3 30.8 4.9 30.0 31.8 5.7 

30 43.7 45.8 4.6 44.4 46.9 5.3 

40 58.2 60.7 4.1 58.8 61.9 5.0 

50 72.6 75.7 4.1 73.2 76.9 4.8 

60 87.0 90.6 4.0 87.7 91.9 4.6 
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The code below shows the calculations for a heterodimer consisting of a 5 nm 

particle (R = 2.5 nm), a 10 nm particle (R = 5 nm) and a linker  length of 2.0 nm.  

Calculations were performed using Maple software. 

Table A-2-2.  Hydrodynamic radii calculated for heterodimers of various sizes using the 
dumbbell model 

Particle 1 Diameter 
(nm) 

Particle 2 Diameter 
(nm) 

DH (nm) 
(dumbbell) 

2 5 6.1 

2 10 10.7 

2 20 20.5 

5 5 8.2 

5 10 12.3 

5 20 21.5 

5 30 31.1 

10 10 15.8 

10 20 24.1 

10 30 33.1 

10 40 42.6 

Calculations were performed using Maple software and a linker length of 2.0 nm 
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A-2.2 Hydrodynamic Radii of Nanoparticle Trimers 

As there was no hydrodynamic model for a trimer geometry in the literature and the 

rod approximation was shown to be a reasonable estimate of the hydrodynamic 

radius of nanoparticle dimers, this approach was extended to evaluate the 

hydrodynamic radii of nanoparticle trimers.  However, comparing the geometry of the 

structure shown in Figure A-2-3 and the rod in Figure A-2-1, it can be seen that the 

ratio between the radius and length of each structure differ significantly.  The trimer 

structure does not really emulate a rod, but more of a short, wide cylinder.  The 

equation for the hydrodynamic radius of a rod (A-2-1) was derived based on the 

x = 2R

r = 2R+L

 

Figure A-2-3.  Nanoparticle trimer approximated as a cylinder.  R is the nanoparticle 
radius and L is the linker length 
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assumption that there is minimal transport in the lateral direction.  The radius of the 

rod, r, has more of an effect on its apparent size than its length, l.  This behavior is 

not necessarily the case for the shorter cylinder shown in Figure A-2-3.  It has been 

documented that the axial ratio (Equation A-2-10) affects the hydrodynamic radius2-4 

and lends another degree of uncertainty to the values obtained for nanoparticle 

trimers using the rod approximation.  Previously developed models are especially 

inadequate when this ratio is small, which is the case for nanoparticle trimers.4 

R
xp

2
=  

p = axial ratio 
x = length of cylinder 
R = radius of cylinder 

A-2-10 

De La Torre et al.2,4 discuss a method that is valid for 2 ≤ p ≤ 30.  As the lengths of 

the cylinders used to approximate trimers are less than the corresponding radii, p < 

0.5 for the cases described here.  It is unclear to what extent the hydrodynamic 

behavior will differ at these smaller ratios.  However, De La Torre’s calculations were 

applied to this system. 

Both the translational and rotational diffusion coefficients can be calculated based on 

the axial ratio according to Equations A-2-11 and A-2-12.2,4  The terms v and δ are 

referred to as end-effect corrections, are functions of p and converge to asymptotic 

values as p→∞.2  These polynomial expressions were determined from a fit to 

numerical data.  It was assumed that the rotational diffusion coefficient has a 
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negligible effect of the hydrodynamic radius, which was calculated from the 

translational diffusion coefficient using equations A-2-2 and A-2-3.  A list of trimer 

hydrodynamic radii calculated using both De La Torre’s method and the rod 

approximation (Equation A-2-1) are listed in Table A-2-3 for various particle sizes 

and linker lengths.  The linker lengths for various trimer structures are shown in 

Figure A-2-5. 

vp
kT

LDt += ln
3 0πη  

Dt = translational diffusion coefficient 
v = constant based on axial ratio 

A-2-11 

δ
πη

+= p
kT

DL r ln
3

3
0  

Dt = translational diffusion coefficient 
δ = constant based on axial ratio

A-2-12 

21 100.0565.0312.0 −− −+= ppv  
A-2-13 

21 050.0917.0662.0 −− −+−= ppδ  
A-2-14 

  

Table A-2-3. Hydrodynamic radii calculated for homotrimers composed of nanoparticles of 
various sizes using both the rod-approximation and the cylindrical model based on the 
axial ratio. 

Particle 
Diameter 

(nm) 

Linker with 1.7 nm arms (7 total rings) Linker with 2.4 nm arms (10 total rings) 

DH (nm) 
(rod) p DH (nm) 

(cylinder) 
Percent 

Difference 
(%) 

DH (nm) 
(rod) p DH (nm) 

(cylinder) 
Percent 

Difference 
(%) 

5 11.0 0.37 40.9 73 11.8 0.38 49.0** 76 
10 20.2 0.43 42.3 52 21.0 0.40 52.7 60 
15 29.3 0.45 54.8 47 30.1 0.43 61.7 51 
20 38.4 0.46 68.4 44 39.2 0.45 74.2 47 

** This value was calculated slightly differently; see detail below 



568 

The hydrodynamic radius calculated for the 5 nm trimer with the longer linker was 

calculated slightly differently than the other values.  Figure A-2-4 shows the 

calculated translational diffusion coefficient as a function of cylinder radius for a 

constant cylindrical length of 5 nm.  The diffusion coefficient decreases with 

increasing radius, and as it approaches zero the calculated hydrodynamic radius 

approaches an asymptote at approximately r = 7.6 nm.  The radius of a trimer 

consisting of 5 nm 

particles and a 

2.4 nm linker is 

7.4 nm.  The 

equations derived 

by De La Torre et 

al. therefore 

yielded extremely 

high values for the 

hydrodynamic 

radius of this 

structure.  A linear 

extrapolation 

(green) was used 

y = 8.2307x - 36.417
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Figure A-2-4  Translational diffusion coefficient and hydrodynamic 
radius as a function of cylindrical radius for a cylinder with a 

constant length of 5nm.  The green curve is a linear extrapolation 
used to approximate the behavior of cylinders with large radii. 

The diffusion coefficient is not in conventional units; however, they 
cancel out in the hydrodynamic radius calculation. 
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to approximate the hydrodynamic radius for the 5 nm trimer.  Again, as De La Torre 

claimed that his method was only applicable for axial ratios in the range, 2 ≤ p ≤ 

30,2,4 the accuracy of these calculations is unknown. 

Table A-2-3 shows that the values calculated using the two different methods vary 

significantly, especially for smaller particles (44-76%).  The hydrodynamic radius of a 

rod assumes high aspect ratios and negligible lateral motion so is not entirely 

accurate in this case.  While the methods proposed by De La Torre et al.2,4 are likely 

more accurate as they take into account the cylindrical axial ratio, the authors do not 

claim these are applicable for aspect ratios, p < 2. 

The code below calculates the hydrodynamic radius of a nanoparticle trimer 

consisting of 10nm particles and a linker with an arm length of 1.7 nm.  Calculations 

were performed using Maple software. 
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A-2.3 Geometry of Nanoparticle Trimers   

Calculations were also performed for nanoparticle trimers.  For a given linker length, 

there is a maximum particle size that is geometrically feasible for trimer formation.  

The method for calculating these values is shown in Figure A-2-5 and values for 

several different linker lengths are listed in Table A-2-4. 

17.0 A

23.9 A

30.7 A

S

S

S

LR
R
+

=60sin

LR 46.6=

A B

C

120

30

60

Figure A-2-5.  (A)  Schematic of three-armed linker molecule with different linker lengths** 
(B) trimer geometry (C) high magnification schematic of trimer geometry showing how 

maximum particle size was calculated 
** Distances were measured between the two terminal sulfur atoms after energy was minimized 

using the MM2 function in Chem 3D Software.  These linker lengths are only approximate as 
they do not take into account the length of the gold-sulfur bond 



572 

 

 

The values listed in Table A-2-4 indicate the size at which the particle cores will be 

touching each other in a nanoparticle trimer.  However, for electronic applications, 

the particles should not touch.  These structures were designed so that current 

traverses the molecular linker and does not travel between particles.  These 

calculations also did not take the capping ligand into account.  It is also undesirable 

for current to tunnel through the capping ligand so an accurate picture of the gap 

between particles in a nanoparticle trimer is required. 

The gold particles used in this study were capped with citrate anions.  While the 

nature of the gold-citrate interaction is unknown, the thickness of the citrate layer on 

gold was approximated as 0.4 nm using Chem Draw 3D software.  However, this 

value could feasibly be anywhere between 0.3 and 0.6 nm depending upon the 

orientation of the molecule.  Figure A-2-6 shows how the gap distance was 

calculated, and calculated values are listed in Table A-2-5.  While the gap distances 

increases somewhat with linker length, there is really no appreciable gap for trimers 

comprised of particles greater than 15 nm. 

Table A-2-4.  Maximum particle sizes feasible for nanoparticle trimers with different linker 
lengths 

# rings in molecule L (nm)
(linker)

R (nm) 
(particle)

D (nm) 
(particle) 

7 1.70 11.0 22.0 
10 2.39 15.4 30.9 
13 3.07 19.8 39.7 
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Figure A-2-6  (A) Trimer geometry showing gap between particles (B) High-magnification 

schematic showing how the gap between the particles was calculated 

Table A-2-5.  Values calculated for the gap between particles both with and without 
consideration for the citrate capping layer** 

Diam. Rad. G (L=1.70) G (L=2.39) G (L=3.07)** 

no cit cit no cit cit no cit cit 

5 2.5 2.3 1.5 3.5 2.7 4.6 3.8 

10 5 1.6 0.8 2.8 2.0 4.0 3.2 

15 7.5 0.9 0.1 2.1 1.3 3.3 2.5 

20 10 0.3 NA 1.5 0.7 2.7 1.9 

30 15 NA NA 0.1 NA 1.3 0.5 

** thickness of citrate capping layer approximated to be 0.4nm using Chem Draw 3D after MM2 
Energy Minimization.  The distance between two of the carbonyl carbons was measured. 

NA indicates that there was no gap (a negative value) 
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