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Figure 3-7 Displacement study of incoming bi-functional ligands vs fluorescein-terminated  COOH 

bound to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated 

COOH as a function of incoming ligand concentration. 

 

Figure 3-8 Displacement study of incoming bi-functional ligands vs fluorescein-terminated NH2 

bound to the surface of gold nanoparticles. Results displayed as % free fluorescein-terminated NH2 

as a function of incoming ligand concentration. 
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Table 3-2 K-values calculated for incoming bi-functional studies. K-values were calculated at low 

concentration (approximately 5 nmol) similar to the concentration used to calculate K-values in the 

mono-functional study. 

 

Ligand COOH-Fl NH2-Fl OH-Fl SO3-Fl SH-Fl Total 
NH2-SH 100 63.53 13.28 12.96 4.35 194.14 
NH2-NH2 16.14 4.22 3.82 0.41 0.32 24.92 
NH2-OH 10.56 3.47 0.52 3.82 0.13 18.50 
NH2-SO3 7.25 7.94 2.21 0.89 0.14 18.46 
NH2-
COOH 

9.09 3.97 0.17 0.15 0.02 13.42 

Total 143.05 83.14 20.02 18.25 4.98  
Table 3-3 Hierarchy of ligands based upon K-values calculated at low concentrations. K-values were 

then normalized to the highest value. Strongest to weakest incoming ligands are listed from top to 

bottom, bound ligands listed weakest to strongest left to right 

3.4 Discussion 

 As mentioned above, the K values for this data can only be computed for low concentrations 

of incoming ligand. This is because the model used calculates K-value based upon concentrations of 

free versus bound ligands and with the use of greater than ten times the concentration of incoming 

ligands there is a gross excess of available ligands to possible binding sites. So calculations done at 

higher concentrations of incoming ligands would drastically affect the K-value and in result be very 

low. Values calculated at high concentrations are not comparable to that of the mono-functional data 

displayed in chapter 2. Thus the, K-values were computed for low concentration (approximately 5.0 

Ligand NH2-Fl SH-Fl COOH-Fl SO3
--Fl OH-Fl 

SH-NH2 0.093 0.001 7.25e-4 5.99e-4 0.028 
OH-NH2 0.002 0.000 2.56e-6 8.6e-5 1.52e-5 
NH2-NH2 0.000 0.000  3.31e-6 4.12e-5 0.3.36e-4 
SO3

—NH2 0.002 0.000 0.000 0.000 9.46e-5 
COOH-NH2 3.7e-4 0.000  1.308e-5 2.09e-5 0.00 
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nmol) in the bi-functional studies and not the whole titration series. Comparing the K-values from 

the mono-functional data to those displayed in  

Table 3-2, shows that the K-values for the bi-functional data are much lower than those 

observed in the mono-functional study. The results from this bi-functional data suggest 

that displacement of fluorescein-terminated ligands from the surface of gold 

nanoparticles happen at very low percent with lower concentrations of incoming ligands. 

This could be due to a slight difference in concentration of incoming ligands between the 

two data sets, approximately 1 nmol.  The bi-functional titrations were conducted with 

slightly higher concentrations of incoming ligands than that of the mono-functional study. 

However, the most likely explanation for the differences in the data sets is the use of 

different gold nanoparticles. As discussed in the first chapter, it is difficult to compare 

results from one study to another because of the effect that the nanoparticles have on 

ligand exchange. Age and thermal history are important factors on the reactivity of gold 

nanoparticles. Chechik et. al. have shown that the longer particles age the less reactive 

they become[57]. To allow for a direct comparison of these data sets the experiments 

would need to be conducted with the same batch of particles, with in hours or each other. 

However, this would be difficult without the use of multiple instruments.  

 The bi-functional studies were done on particles that we allowed to age for two 

weeks. This was done in an attempt to alleviate any error from one titration series to 

another. Based on the study by Chechik et. al. the difference in reactivity between 0 and 

30 hours is much more distinct than the difference between 73 to 146 hours. By allowing 

the particles to age for two weeks, significant difference in reactivity between titration 
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series would be avoided. The mono-functional studies were done one day after making 

gold nanoparticles, according to the previously mentioned study these gold nanoparticles 

were more reactive, than the bi-functional gold nanoparticles. The reduction in reactivity 

could account for the difference between calculated K-values in the two studies. A direct 

comparison of K-values cannot be conducted however; some similarities exist in the 

trends of the data. The mono-functional data showed that the weakest binding ligands 

were the fluorescein-terminated alcohol and amine, this was determined again in the bi-

functional data. Bi-functional results for binding hierarchy is seen in Table 3-3. It is also 

seen that the fluorescein-terminated thiol is displaced very little by any competing ligand 

besides the thiol, in the mono-functional data the fluorescein-thiol was determined to be 

the best binding. Similar trends were not seen between the data for the incoming 

displacing ligands. The only main differences between the two hierarchies are the results 

from the fluorescein-terminated OH, which performed better than the carboxylic acid and 

amine ligands in the bi-functional studies.  

 Differences are also seen between the performances of the incoming ligands, 

results can once again be found in Table 3-3. The higher concentrations used in the bi-

functional study are expected to affect the total performance of a ligand, for now 

comparison to the mono-functional ligand hierarchy will be the focus. Recall in the 

mono-functional studies that the mono-functional hierarchy was determined to be 

carboxylic acid, amine, thiol, diamine, alcohol and sulfate. Since the amine was the 

second strongest incoming ligand determined in these studies, it was anticipated that 

besides the carboxylic acid-amine bi-functional ligand, all other ligands would perform 
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very similarly. This would be cause by the strong amine functional group being the 

dominant displacing function. However, contrary results are found. The thiol-amine 

ligand was by far the best displacing ligand. This is seen in Figure 3-4 through Figure 

3-8. In all of these titration series the thiol consistently displaced the most fluorescein-

terminated ligands. Following the thiol-amine, the next strongest was the diamine ligand 

as expected. It could be argued that the rest of the hierarchy could not be compared and 

that all displacement by the rest of the bi-functional ligands would be cause by the strong 

amine functional group. However, a difference is seen between the performances of these 

ligands. In Figure 3-8 these differences are minimal and the argument that the amine 

functional group is doing all the displacement could be made. In Figure 3-4 and Figure 

3-7, differences between the displacements is observed and as seen in Figure 3-5 and 

Figure 3-6, major differences can be seen between the incoming ligands. These results 

suggest that the amine is not dominating all the exchange reaction and that the other 

functional group does play a role.  

 As mentioned the bi-functional studies had greater then ten times the molar 

concentration of incoming competing ligands than the mono-functional studies. It would 

be expected that an increase in concentration would result in an increase in displacement. 

This is due to two reasons, first more ligands are available for displacement and secondly 

a higher concentration would drive the reaction in a “SN-2” like mechanism. However, 

this is not always observed in the data. In the case of the fluorescein-terminated thiol, 

alcohol, and sulfate the mono-functional ligands generally displaced higher percentages 

of ligands than the bi-functional ligands did. In only two studies, seen in Figure 3-7 and 



 77 

Figure 3-8, the maximum displacement of fluorescein-terminated reached 50%. This was 

a surprising result it would be expected that the higher concentrations would cause much 

higher displacement values. This data is consistent with the data of the mono-functional 

studies, which suggest that the exchange mechanism is not dependent entirely on the 

incoming ligand but also on the bound ligand. As well the exchange is not dependent on 

the concentration of incoming ligands. Suggesting once again a combination of “SN-2” 

and “SN-1” like mechanisms.  

3.5 Conclusions 

The studies performed in this chapter verified several beliefs about gold 

nanoparticles and ligand exchange. Most importantly it was observed that the 

experimental conditions greatly affect ligand exchange studies. The most prevalent 

example is the aging of particles. As gold nanoparticles age they become less reactive. 

The particles in this study were allowed to age two weeks prior to use were as the 

particles used in the mono-functional studies were only aged for one day. The decrease in 

reactivity is confirmed by the decrease in displacement of bound ligands by the ethylene 

diamine. Ethylene diamine was used in both the mono-functional study and the bi-

functional study. Generally a decrease in displacement was seen in the bi-functional 

studies, which is consistent with the reduction of reactivity by the aged particles.  

The data collected could not allow for a direct comparison of K-values between the 

mono-functional and bi-functional study. However, trends could be seen between the two 
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data sets that allowed for comparison of the binding strength of the fluorescein-

terminated ligands. With the exception of the fluorescein-terminated alcohol the results 

found for binding strength of ligands was consistent with that found in the mono-

functional study. The strength of displacing ligands however provided very interesting 

results that were not expected. It was expected that with the exception of the carboxylic 

acid-amine the displacement of fluorescein-terminated ligands by the bi-functional 

ligands would all be very similar. This would be due to the dominant role of the strong 

amine functional group. However, it is observed that the thiol-amine displaced the most 

ligands. As well, the displacements of the other bi-functional ligands were not all 

identical. Suggesting that the amine functional group was not the only displacing 

functionality. Bi-functional ligands provided a much more complex system causing 

different results then seen in the mono-functional study. 

The following chapter discusses the use of two-dyes to track ligand exchange. The 

use of two-dyes allows for an accurate tracking of both the bound and then incoming 

ligand.  In these experiments two sets of ligands are used, one being fluorescein-

terminated as in the past two studies and another set being rhodamine-terminated. The 

two-dye system will utilize the quenching of fluorescence by gold. The data will be 

compared to that of the previous two studies, at the end resulting in a hierarchy of 

binding and displacing ligands, as well as a better understanding of the exchange 

mechanisms associated with ligand exchange.
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Chapter 4 Utilizing Two-Dye System for in situ Measurement of 

Ligand Exchange    

4.1 Introduction 

In the previous sections FRET used to track the attachment or detachment of a 

single fluorescent molecule. The attachment of fluorescein-terminated ligands to the 

surface of gold nanoparticles was tracked by monitoring the decrease in fluorescence 

intensity as gold was titrated into a system. In these experiments it was concluded that as 

a fluorescein-terminated ligands displaced a citrate ligand the energy produced by a 

fluorescent molecule would then be transferred into the surface of the gold particles and 

no fluorescence emissions would be seen. The other way this phenomena was utilized 

was to track the increase in fluorescence intensity as fluorescein-terminated ligands were 

displaced from the surface of gold by incoming competing ligands. In these experiments 

it was assumed that as a competitive ligand displaced a fluorescein-terminated ligand 

from the surface of gold an increase in the emissions spectrum of fluorescein was 

observed. Expanding upon this idea and creating a more complex system could result in a 

more accurate system for monitoring ligand exchange. In this chapter the use of two dyes 

in a system is introduced. In utilizing two-dyes attachment and detachment of ligands can 

be more accurately monitored. In the previous work it was assumed that as one 

fluorescein-terminated ligand was quenched one citrate molecule was displace or that one 
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competitive ligand displaced one fluorescein-terminated ligand. In this new system gold 

nanoparticles with fluorescein-terminated ligands saturating the surface will have 

rhodamine-terminated ligand titration series. By exciting the system at the corresponding 

wavelengths and scanning a range of emissions spectra the attachment of rhodamine-

terminated ligands along with the detachment of fluorescein-terminated ligands can be 

directly monitored with fluctuations in fluorescence intensity of both dyes.   

 For these experiments rhodamine was used as the second dye. Like the 

fluorescein dye, this dye could be purchased with a NHS functional group for ease of 

synthesis. This dye was also chosen because previous studies have demonstrated that 

rhodamine is quenched by gold nanoparticles[105, 106]. Recently, a study by Peteanu et. 

al. investigated the wavelength distance dependence on the effect of quenching of 

fluorescence by gold nanoparticles[83]. It was found that with 4 nm gold nanoparticles 

the quenching efficiency decreases with increasing wavelength. The most efficient 

quenching occurring where the absorbance and emission spectrum of the gold 

nanoparticles and the dye overlap. This was also reported by Johnson et. al. where  most 

efficient energy transfer occurs when the donor fluorescent spectrum overlaps that of the 

absorption spectrum of gold, approximately 400-700nm[66]. As mentioned in the 

introduction, FRET can work in two possible ways, one being the quenching of light by 

absorbing the emitting photon into the surface of a metal and the other being an 

enhancement of emission of another dye. In the second mode a donor molecule will 

transfer its energy to another dye and enhance the intensity of the light being emitted by 

that molecule. To avoid energy transfer between the two dyes, the absorbance spectrum 
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of the second dye cannot overlap the emissions of the fluorescein-dye. With both these 

criteria in mind a dye was needed that would emit between 400-700nm but does not 

absorb above approximately 545 nm. Rhodamine fit both these criteria as its absorption 

and emission peaks are 552 nm and 575 nm compared to fluorescein which absorption 

peak is 488 nm and emission peak is 518 nm.  

4.2 Experimental 

4.2.1 Materials 

The materials used were: Dimethyl sulfoxide 99+% from Alfa Aesar 20x Borate 

Buffer 1x=50mM from Thermo Scientific Magnesium Sulfate anhydrous powder from 

Allinckrodt Chemicals Tetrahydrofuran ACS Grade, Stabilized with BHT from BDH, 

Cysteamine 98% from Sigma Life Sciences, β-alanine 99% from Fluka Analytical, 

Ethanolamine 99.5% from Sigma Aldrich, Ethylenediamine 99% from Sigma Aldrich, 

NHS-Fluorescein from Thermo Scientific, NHS-Rhodamine from Thermo Scientific 

Taurine 99% from Sigma Life, Sodium citrate dehydrate 99% from Sigma Aldrich, 

Sodium borohydride 99% from Fluka Analytical, Gold (III) Chloride Trihydrate 99.9% 

from Sigma Chemistry. All materials were used without any further purification. 

4.2.2 Gold Particle Synthesis 

Gold particles of sizes 5-10 nm were targeted for these experiments, to ensure 

uniformity in the study a bulk batch of uniform size particles was used. A popular method 
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for creating smaller particles was developed by Frens et al.[30, 31] This method calls 

upon borohydride as a strong reducing agent of gold salt in the presence of capping agent 

to produce 1-5 nm particles depending on the concentration of the capping agent. Citrate 

was utilized as a capping agent because it binds weakly to gold and can be readily 

displaced causing no interference with binding of other ligands[43-45].  

Briefly, 50 mL of DI water was combined with 0.25 mM (250µL) of the stock 

solutions of both sodium citrate and Au salt (HAuCl4), this was stirred in a 100 mL 

Erlenmeyer flask via a magnetic stir bar while 0.05 M solution of freshly made sodium 

borohydride was chilled on ice for 5 minutes. It was important to use fresh sodium 

borohydride solutions for each reaction. 500 µL of the ice cold, sodium borohydride 

solution was then added to aqueous salt solution via micro pipet, instantly the solution 

turned pink indicating that the particles were being formed. This was then allowed to stir 

for 15 minutes to allow for growth of particles. Particles were then purified by dialysis 

against aqueous solution with 12,000-14,000 molecular weight cut off by Spectrum, for 

24 hours. In this process sodium borohydride was the reducing agent and the sodium 

citrate was used as a stabilizing agent. Reaction was carried out at room temperature 

since citrate does not act as a reducing agent at this temperature 

4.2.3 Gold Particles Characterization 

Studies have shown that difference in aging history can affect the reactivity of the 

particle[57]. As well, differences in size and shape can have an influence on binding sites 
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of AuNPs[51]. To insure an accurate comparison from one experiment to another it was 

imperative that the particles where fully analyzed and that the same batch was used.   

Transmission electron microscopy imaging, Dynamic Light Scattering (DLS), Zeta 

potential, UV-Vis and Mass spectrometry-inductively coupled plasma (MS-ICP) were 

conducted on the gold particles. These experiments were conducted using a different 

batch of nanoparticles than the mono-functional ligands so some discrepancies in data are 

expected. However, these particles were fully characterized as the previous ones. 

4.2.4 Fluorescein-Terminated Ligand Synthesis 

As previously mentioned, for this study five common ligands were used. They 

were chosen to compare their functional group’s binding strength on the surface of gold 

relative to one another. The five ligands used were cysteamine (thiol), taurine (sulfate), 

ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic acid). For 

ease of reading and to avoid any confusion the ligands will now be referred to as their 

functional group. Structures of these ligands can be seen in Table 4-1 Common name, 

functionality and structure of ligands being reacted with fluorescent- dye molecules as 

well the below described synthesis can be seen schematically in Figure 4-1. As can be 

seen, each of the ligands being used have an amine functionalized end group. The 

fluorescent molecule being used to tag the ligands is Fluorescein-NHS, where NHS 

stands for N-hydroxysuccinimide. It is well known that NHS molecules will readily react 

with primary amines[45, 102-104]. For this reason the previously mentioned ligands were 
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chosen for reaction. Utilizing NHS chemistry the amine group readily replaced the NHS 

group on the dye.  

 

Table 4-1 Common name, functionality and structure of ligands being reacted with fluorescent- dye 

molecules 

 

Figure 4-1 Reaction of NHS-fluorescein and amine functional ligands 

The reaction was carried out in a solution of 8 mL of anhydrous dimethyl 

sulfoxide (DMSO) and 2 mL of 50 mM borate buffer. DMSO was dried using anhydrous 

magnesium sulfate. In the thiol reaction a 5:1 stoichiometric ratio of aminoethanethiol to 

NHS-fluorescein was used to ensure that all fluorescein was reacted. Fluorescein-NHS 

Name Cysteamine Taurine Ethanolamine Ethylenediamine Β-
Alanine 

Functional
ity 

SH SO3
- OH NH2 COOH 

Chemical 
Structure  
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was dissolved in the DMSO and allowed to stir for an hour under nitrogen purge. 

Meanwhile the aminoethanethiol was dissolved in a 50 mM borate buffer. After which 

the aminoethanethiol solution was slowly added to the fluorescein solution and allowed 2 

hours to react. The ligands were then extracted from the DMSO solution using 

tetrahydrofuran (THF), the product was a combination of both fluorescein-terminated 

thiol and unreacted aminoethanethiol. The unreacted molecules were separated from the 

fluorescein-terminated thiol using flash chromatography. Flash chromatography is a 

common separation technique where a compound is passed through a column filled with 

a stationary phase (generally silica). The compound is passed through the column with 

different eluents causing the different components of the compound to separate and leave 

the column at different times. Flash chromatography expedites the process by applying 

pressure via nitrogen gas to decrease eluent time. Samples were wet loaded into the 

column with ethanol.  For this study the stationary phase used was a Silica 60 Å gel 250-

425 mesh purchased from Sigma Aldrich and the eluent was a 70/30 solution of 

hexanes/ethanol, this removed any unreacted aminoethanethiol. The column was then 

flushed with ethanol to remove any residual hexanes, followed by DI water to remove the 

pure fluorescein-terminated thiol ligands. Purity was confirmed using Fourier transform 

infrared spectroscopy (FT-IR), this was done using attenuated total reflectance (ATR). 

When all of the aminoethanethiol was removed from the system no primary amine peaks 

would be visible in the FT-IR spectrum. When a primary amine is present in the system a 

sharp peak will be observed in the FT-IR spectrum between 3200-3500 cm-1.  When no 

peak was observed in this range the ligand was determined to be pure. This can be seen in 
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the representative spectrum below, Figure 4-2. Here in black we see pure cysteamine 

with a sharp peak at 3400 cm-1, in blue we see the purified fluorescein-terminated thiol, 

which does not have this sharp peak. The broad peak seen in this region is from an 

alcohol group, which is part of the fluorescein molecule. 

 

Figure 4-2 FT-IR spectrum of pure cysteamine (aminoethanethiol) and fluorescein-terminated thiol. 

This same procedure was carried out to synthesize the fluorescein-terminated: 

sulfate, carboxylic acid and alcohol. The fluorescein-terminated amine was synthesized in 

the same manor only with a 10:1 stoichiometric ratio of ethylene diamine to fluorescein-

NHS. This was done to since both ends of the ethylene diamine are amine functionalized. 

Since the following experiments would require very low concentrations of fluorescein-

terminated ligands a stock solutions of known concentrations were made and stored in a 

dark UV protected area to avoid any photobleaching over time. 
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4.2.5 Rhodamine-Terminated Ligand Synthesis 

 As previously mentioned, for this study five common ligands were used. 

They were chosen to compare their functional group’s binding strength on the surface of 

gold relative to one another. The five ligands used were cysteamine (thiol), taurine 

(sulfate), ethanolamine (alcohol), ethylenediamine (amine), and β-alanine (carboxylic 

acid). For ease of reading and to avoid any confusion the ligands will now be referred to 

as their functional group. Structures of these ligands can be seen Table 4-1, as well the 

below describe synthesis can be seen schematically in Figure 4-3. As can be seen each of 

the ligands being used have a amine functionalized end group. The fluorescent molecule 

being used to tag the ligands is Fluorescein-NHS, where NHS stands for N-

hydroxysuccinimide. It is well known that NHS molecules will readily react with primary 

amines. For this reason the previously mentioned ligands were chosen for reaction. 

Utilizing NHS chemistry the amine group readily replaces the NHS group on the dye.  
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Figure 4-3 Reaction of NHS-Rhodamine and amine functional ligand 

 

 The reaction is carried out in a solution of 3 mL of Dimethylformamide 

(DMF) and 2 mL 50 mM borate buffer. In the thiol reaction a 5:1 stoichiometric ratio of 

thiol to NHS-Rhodamine was used to ensure that all rhodamine was reacted. NHS-

Rhodamine was dissolved in the DMF and allowed to stir for an hour under nitrogen 

purge. Meanwhile the thiol was dissolved in a 50 mM borate buffer. After which the 

rhodamine solution was slowly added to the thiol solution and allowed 2 hours to react 

under nitrogen head. The ligands where then removed from the DMF borate buffer 

solution by adding 3A molecular sieves to the solution and allowing an hour to dry the 

solution. The solution was then vacuum filtered to remove molecular sieves. Now that the 

DMF solution was dry the ligands could be crashed out of solution using ethyl ether, the 

product was a combination of both rhodamine-terminated thiol and unreacted cysteamine. 

The unreacted molecules were separated from the rhodamine-terminated thiol by washing 
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with ethyl ether five times, which is to add ethyl ether to the solution and then centrifuge 

for 20 minutes at 10000 rpm. Purity was then confirmed via Nuclear Magnetic Resonance 

(NMR). NMR performed was proton NMR and samples were in deuterated water (D2O). 

In the spectrum for the rhodamine-terminated amine, below in Figure 4-4, peaks can be 

seen at 1.0, 2.5, 3.1, 3.4 and 4.1. The peak at 1.0 comes from the CH3 groups in the 

rhodamine dye. The peaks at 2.51 and 3.1 are assigned to the CH2 groups in the diamine 

ligand. The peak at 3.4 is associated with the solvent and the peak at 4.1 is amine 

functional group. The spectrum for ethylenediamine only has two peaks around 2.9, this 

is because ethylenediamine is a symmetric molecule and the environments of the CH2 

groups are identical as well as the NH2 groups. When attaching a rhodamine-dye to the 

ligand the environment of the molecules in the ligand change creating more peaks. This is 

observed as two peaks are now seen for the two CH2 groups in the molecule. As well 

there is an substantial shift of the NH2 peak to 4.1. This same procedure was carried out 

to synthesize the rhodamine-terminated: sulfate, carboxylic acid and alcohol. The 

rhodamine-terminated amine was synthesized in the same manor only with a 10:1 

stoichiometric ratio of ethylenediamine to rhodamine-NHS. This was done since both 

ends of the ethylenediamine are amine functionalized. Since the following experiments 

would require very low concentrations of rhodamine-terminated ligands stock solutions 

of known concentrations were made and stored in a dark UV protected area to avoid any 

photobleaching over time.   
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Figure 4-4 NMR spectrum of rhodamine-terminated amine. 

4.2.6 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy, also known as fluorescence spectroscopy, is 

technique that analyzes the fluorescence of a sample. When in the visible spectrum, this 

is done by using a beam of ultraviolet light to excite electrons in a molecule to a higher 

energy state, the electrons then return to ground state by emitting photons. The intensity 

of the photons emitted is recorded by the spectrometer. The theory used for this study is 

that the intensity of the photons emitted can be related to the concentration of molecules 

in the system. Hence, the more molecules being excited create more photons thus a 

stronger signal. We used this to measure the concentration of unbound fluorescein-

terminated ligands in a system. To accomplish this, first calibrations were made for each 

of the fluorescein-terminated ligands as will be described below, calibration curve of the 

fluorescein-terminated carboxylic acid can be seen in Figure 4-5. 
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Figure 4-5 Calibration curve for fluorescein-terminated carboxylic acid. Calibration curves were 

used to relate fluorescence intensity to concentration of free fluorescein-terminated ligands in the 

system 

All photoluminescence measurements were made on a Perkin Elmer PL 50B. In 

accordance to the data sheet received with the fluorescein the excitation wavelength used 

was 488 nm, the emissions were then recorded at 518 nm the peak emission of 

fluorescein. Eight scans were averaged for each sample with a scan rate set to 400 

nm/min. Excitation and emission slits were optimized for each system to obtain most 

accurate readings. Once again, five standards of known concentrations were made for 

each of the fluorescent ligands, 1.5 mL of each standard was placed in a glass cuvette and 

the fluorescent intensity was then recorded. The results were then plotted as 

concentration verses intensity and a linear regression was fit to the data with Y intercept 

set at zero producing an equation relating intensity of photons emitted to concentration of 

ligands in the system. 
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 Calibrations were also made for the rhodamine-terminated ligands. These 

calibrations were conducted in the same manner as the fluorescein-terminated ligands, 

using excitation and emissions that coincide with the rhodamine dye. Measurements were 

conducted on a Perkin Elmer LS 50B, with the excitation beam of 552 nm and emissions 

were monitored at 575 nm. Five standards were used and the results were plotted as 

intensity observed verses concentration of rhodamine-terminated ligands. The data was 

then fit to a linear regression, which was fit with an equation. These equations would be 

used in the following titration experiments to track attachment and detachment of ligands 

on the surface of gold nanoparticles. The calibration curve for the rhodamine-termianted 

amine is displayed below in Figure 4-6. 

 

Figure 4-6 Calibration curve for rhodamine-terminated amine. Calibration curves were used to 

relate fluorescence intensity to concentration of rhodamine-terminated ligands free in solution 
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4.2.6.1 Two-­‐Dye	
  Competitive	
  Binding	
  Study	
  

 The method used to compare the binding of the five ligands as in the 

previous chapters was a direct competitive binding study. This was performed by having 

an initial system of gold particles and fluorescein-terminated ligands and then titrating in 

a known concentration of rhodamine-terminated ligands. Each of the fluorescein-

terminated ligands had a rhodamine-terminated thiol, sulfate, amine, alcohol and 

carboxylic acid titration series conducted. In this study the starting concentration of the 

fluorescent ligands were essentially equivalent (approximately 3.8 nmol/mL). A starting 

volume of 1.3 mL of fluorescein-terminated ligand (approximately 4.9 nmol) with 0.3 

mL of AuNP (42 nmol) was used for all experiments. An initial measurement of 

photoluminescence intensity was measure at this point. A photoluminescence signal was 

measured meaning that there were free fluorescent ligands in the system. This provided 

the assumption that all AuNP binding sites were occupied by fluorescein ligands. The 

competing rhodamine-terminated ligand was then titrated in 0.2 mL at a time 

(approximately 15 nmol), intensity being measured after each titration, until a total of 1.0 

mL of the rhodamine-terminated ligand had been added. The theory behind these 

experiments was that as rhodamine-terminated ligands replace fluorescent ones on the 

surface of gold an increase in the fluorescent intensity would be seen. As well the 

intensity of rhodamine-terminated ligand was tracked to monitor the binding of ligands. 

These results were then converted to nmol of free fluorescent ligands in the system, both 

fluorescein and rhodamine terminated ligands, and plotted to obtain a comparison for the 

five functional groups being investigated. This titration series consist of twenty-five 
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experiments each of the five fluorescein-terminated ligands had a rhodamine-terminated 

thiol, sulfate, amine, alcohol, and carboxylic acid titration. This allowed for an accurate 

comparison of each functional group to the others along with to itself. The fluorescent 

measurements made after each titration of rhodamine-terminated ligands were conducted 

by first exciting at 488 nm to determine the intensity of fluorescein-terminated ligands 

free in the solution, and then exciting at 552 nm to determine the concentration of free 

rhodamine-terminated ligands in the system.  

4.3 Results 

 Below Figure 4-6 to Figure 4-11 plot the change in free fluorescein-terminated 

ligands as rhodamine-terminated ligands are introduced to they system. Values are based 

on percent of total fluorescein ligand in the system, which remains constant through out 

the experiments. Values were determined by relating fluorescence intensity of fluorescein 

as incoming ligands were added to the system. The fluorescence intensity was then 

converted to nmols of free ligands using calibration curves. Error! Reference source not 

found. displays the total displacement of fluorescein-terminated ligands by each 

rhodamine-terminated ligand. Values were then summed and averaged to obtain  a 

ranking for hierarchy of ligands based on percent displacement. Column 1 displays the 

strongest to weakest incoming ligand from top to bottom, while row 1 displays 

fluorescein-terminated ligands bound to gold from weakest to strongest, left to right. 

Figure 4-12 shows the calculated bound rhodamine-terminated ligand based on the 

observed fluorescence intensity versus the amount added. The difference between the two 
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should represent amount of rhodamine-terminated ligands free in solution, the value is 

observed experimentally. Results were obtained by averaging results for each rhodamine-

terminated ligand, error bars represent standard deviation. Figure 4-13 is a contour plot 

for the percent displaced fluorescein-terminated ligands by incoming rhodamine-

terminated ligands. Plot is used to determine hierarchy.  

 

Figure 4-7 Change in free fluorescein-terminated thiol with the addition of rhodamine-terminated 

ligands 
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Figure 4-8 Change in free fluorescein-terminated amine ligands with the addition of rhodamine-

terminated ligands 

 

Figure 4-9 Change in free fluorescein-terminated carboxylic acid with the addition of rhodamine-

terminated ligands 
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Figure 4-10 Change in free fluorescein-terminated alcohol with the addition of rhodamine-

terminated ligands 

 

Figure 4-11 Change in free fluorescein-terminated sulfate with the addition of rhodamine-terminated 

ligands 
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Table 4-2 Percent of fluorescein-terminated ligand displaced by rhodamine-terminated ligand at 

concentration of approximately 50 nmol. Results were summed to obtain hierarchy of incoming and 

binding ligands. 

 

Figure 4-12 Displays average rhodamine-terminated ligand observed verse amount added to the 

system. 
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Ligand	
   Fl-­‐OH	
   Fl-­‐SO3	
   Fl-­‐NH2	
   Fl-­‐SH	
   Fl-­‐COOH	
   Total	
  Displacement	
  
Rh-­‐SH	
   24.53	
   11.00	
   9.33	
   10.66	
   7.63	
   63.14	
  
Rh-­‐COOH	
   22.91	
   10.46	
   13.15	
   4.95	
   7.08	
   58.55	
  
Rh-­‐NH2	
   26.62	
   8.61	
   10.09	
   2.22	
   5.50	
   53.04	
  
Rh-­‐SO3	
   21.63	
   15.23	
   6.37	
   5.12	
   3.86	
   52.21	
  
Rh-­‐OH	
   19.96	
   6.16	
   7.47	
   14.51	
   2.33	
   50.42	
  
Total	
  	
  
Displacement	
  

115.64	
   51.47	
   46.39	
   37.46	
   26.41	
   	
  

Average	
  	
  
Displacement	
  

23.13	
   10.29	
   9.28	
   7.49	
   5.28	
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Figure 4-13 Contour plot of percent displaced fluorescein-terminated ligand by incoming rhodamine-

terminated ligand. 

4.4 Discussion 

The goal of this study was to determine if a two-dye system could be used to 

monitor the attachment and detachment of ligands on the surface of gold nanoparticles. 

As well, this study provides more data for the comparison of competitive binding of 

ligands on the surface of gold nanoparticles. As determined in chapter 2, the exchange of 

ligands on gold nanoparticles is not only dependent upon the incoming ligands but also 

on those already bound to the surface, for that reason the data collected will be discussed 

as strength of bound ligands initially in the system and strength of displacing ligands as 

well as the effectiveness of the two dye system. In this study a gross excess of incoming 

ligand was use. This was done to see if all fluorescein-terminated ligands could be 
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replaced on the surface of gold nanoparticles. Error! Reference source not found. show 

the percent displacement of fluorescein-terminated ligand by the rhodamine-terminated 

ligands. The values were calculated using the known amount of fluorescein-terminated 

ligands bound to the surface of gold nanoparticles, at the beginning of the study, and 

computing the free fluorescein-terminated ligands observed with the addition of 

rhodamine-terminated ligands, using calibration curves of intensity verses fluorescent 

ligand concentration. The values displayed are the maximum displacement represented as 

a percent of total fluorescein-terminated ligands, after approximately 50 nmol of 

rhodamine-terminated ligand had been added to the system. These values were summed 

and averaged to allow for comparison of binding strength of fluorescein-terminated 

ligands on the surface of gold. As can be seen in the total displacement and average 

displacement a binding hierarchy can be determined. In this case the lower the value the 

stronger binding the fluorescein-terminated ligand is. From this data it is concluded that 

the binding strength of fluorescein-terminated ligands in this study can be ranked from 

highest to lowest as; carboxylic acid, thiol, amine, sulfate and alcohol.  

Error! Reference source not found.is used to compare the incoming ligands as well. 

The far right column in Error! Reference source not found. shows the sum of maximum 

displacement by rhodamine-terminated ligands. As for the binding strength hierarchy, 

this value was calculated using the known concentration of fluorescein-terminated 

ligands in the system and the observed fluorescein-terminated ligands free in the system 

after approximately 50 nmol of rhodamine-terminated ligand was added in. By summing 

the total displacement over the entire the incoming ligands can be ranked from in terms 
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of ligand displacement. The hierarchy for displacing strength in this study was 

determined to be thiol, carboxylic, amine, sulfate, and alcohol. These results are very 

similar to determined binding strength hierarchy.   

The major advantage to using two dyes in the system was to be able to monitor 

both the attachment and detachment of ligands. This would allow for a better 

understanding of the exchange between ligands and if it occurred as a 1:1 ratio. The 

experiments were conducted with an initial system of AuNPs and fluorescein-terminated 

ligands. The original system would had an initial fluorescence intensity, this intensity 

lead to the assumption that the gold nanoparticles were full saturated with fluorescein-

terminated ligands. Thus as rhodamine-terminated ligands were introduced into the 

system the only way a rhodamine-terminated ligand could attach to the gold nanoparticles 

was to displace a fluorescein bound ligand. This same theory was used in the previous 

two chapters. The current study shows that as rhodamine-terminated ligands are added to 

the system an increase in fluorescein intensity is observed, just as in the previous two 

studies. By monitoring the intensity of the rhodamine-ligands it can be seen that this 

exchange is not occurring as a 1:1 ratio. As the concentration of rhodamine-terminated 

ligands increases the fluorescence intensity observed increases. The difference between 

the amount of rhodamine-ligands in the system and that observed is thought to be the 

amount of ligands bound to the surface of gold, Figure 4-12. Following previous 

assumptions the amount of rhodamine-terminated ligands bound to gold should be 

equivalent to amount of free fluorescein-terminated ligands, this data proves otherwise. 

The total amount of fluorescein-terminated ligands in the system was approximately 5 
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nmol. Figure 4-12, the observed rhodamine-ligands versus the amount in the systems, 

subtracting one from another produces values of bound rhodamine-terminated ligands 

much higher than 5 nmol. This could be due to a few possibilities. One being that the 

surface area of AuNPs was not fully saturated by fluorescein-terminated ligands. This is a 

possibility however, based on previous calculations in the second chapter of average 

number of ligands bound per nm2 of gold, this seems unlikely. The same concentration of 

fluorescein-terminated ligands and gold nanoparticles were used for both studies. The 

present data suggest that as much as 40 nmol of rhodamine is bound to the surface gold 

nanoparticles. This would suggest that the amount of ligands per nm2 of gold would 

roughly be between 40-64 ligands per nm2.  

Another, possibility is that the AuNPs have a higher quenching efficiency of 

rhodamine than of fluorescein. This theory also seems unlikely, as FRET is distance 

dependent on donor emissions and the acceptor absorption spectrums. The emission of 

fluorescein and absorbance of gold nanoparticles is much closer than that of the 

rhodamine emissions and gold nanoparticle absorbance. A more likely cause for the 

difference in observed emissions could be photobleaching of the rhodamine-terminated 

ligands. Photobleaching was not seen with the fluorescein-terminated ligands so it was 

assumed that there would not be such an effect on the rhodamine-terminated ligands. 

Further studies would need to be conducted to determine if this is the cause. This study 

suggests that rhodamine is not the best dye to use for this system. The use of a two-dye 

system is not implausible and further studies should be conducted using different dyes to 

determine the effectiveness of a two-dye system.  
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4.5 Conclusions 

In this study the idea to use two dyes in a system was introduced. The use of two 

dyes allows for tracking not only the displacement of ligands from the surface of gold 

nanoparticles as done in previous studies but to simultaneously observe the attachment of 

ligands to gold nanoparticles. Ideally this study would lead to the direct observation of 

exchange of two ligands. This would lead to a better understanding of the exchange 

mechanism of ligands on gold nanoparticles. The system used in this study was 

determined to have flaws. The results obtained showed that rhodamine-terminated 

ligands were displacing fluorescein-terminated ligands not at the assumed ratio of 1:1 but 

at ratios up to two orders of magnitude higher. From this it can be concluded that this 

particular dye system used is not reliable, suggesting that the rhodamine dye incurred 

photobleaching during the experiments resulting in measured intensities much lower than 

expected. Further studies should be conducting using a different dye system. Even though 

the tracking of rhodamine-terminated ligands as they attached to gold nanoparticles was 

not success, the data is still useful in determining trends in binding strength of ligands on 

the surface of gold nanoparticles. This study concluded a binding strength hierarchy, that 

is the strength of the fluorescein-terminated ligands bound to the surface of gold 

nanoparticles to be carboxylic acid, thiol, amine, sulfate and alcohol. As well, the 

hierarchy of incoming ligands, meaning the ligands that displaced the most fluorescein-

terminated ligands was determined to be thiol, carboxylic, amine, sulfate, and alcohol. 

Comparing the results for the hierarchy determined in all three studies will be conducted 

in the conclusions section of this document.  



 104 

 

Chapter 5 Conclusions 

In chapter 2 studies were conducted to determine if Fluorescence Resonance Energy 

Transfer (FRET) could be utilized to monitor ligand exchange on the surface of gold 

particles. This was done by synthesizing five common functional ligands with a 

fluorescein molecule. Different stock solutions of known concentrations of these ligands 

were made and subjected to photoluminescence spectroscopy. A linear relationship was 

determined between the intensity emitted and the concentration of fluorescein-terminated 

ligands. This relationship was then used to monitor free fluorescein ligands in a solution 

of gold nanoparticles. From this study a decrease in fluorescent emissions was observed 

as more nanoparticles were introduced into the system. This study displayed that FRET 

could be used to monitor the attachment of ligands onto the surface of gold nanoparticles 

with high accuracy. Very small concentrations (on the order of nmols) of fluorescein-

terminated ligands were used, which displayed the sensitivity of the fluorescent 

measurements. Attachment of the fluorescein-terminated ligands was proved using 

several characterization techniques, including DLS, zeta potential and UV-Vis 

spectroscopy.  By monitoring the decrease in fluorescence intensity and relating it to 

concentration the data could be used to determine the number of ligands binding per 

surface area of gold nanoparticles. The results yield values of five to eight ligands per 

nm2 of gold nanoparticles, values that were consistent with those found in literature[100]  
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This theory was then expanded to monitor the displacement of fluorescein-

terminated ligands by competing ligands introduced into the system. This was 

accomplished by monitoring the fluorescence intensity of a system of gold nanoparticles 

with bound fluorescein-terminated ligands, as incoming mono-functional ligands were 

introduced to the system. An increase in fluorescence intensity would correspond to the 

displacement of fluorescein-terminated ligand from the surface of gold nanoparticles. The 

intensity measured could be related to the concentration of free fluorescein-terminated 

ligands in the system using the previously determined relationship. In a system with more 

ligands than binding site available, a competitive binding environment is created.  This 

system was evaluated to determine the exchange of ligands on gold nanoparticles. Ligand 

exchange on gold nanoparticles has been previously described as a SN-2 like mechanism, 

where the exchange is driven by the incoming ligand. It was expected that the results 

acquired would be used to determine which incoming ligands displace the fluorescein-

terminated ones the best. However, upon analysis of the data there appeared to be a 

relationship not only between the incoming ligand used but also a dependence on the 

fluorescein-terminated ligand bound to the surface of gold. This data suggest that ligand 

exchange on gold nanoparticles is not simply a SN-2 like mechanism but a combination of 

SN-2 and SN-1 type mechanisms. Approximately equivalent concentrations of both 

fluorescein-terminated ligands and incoming ligands were used, allowing for a hierarchy 

of binding efficiency to be created by computing a “K-value” for each of the titration 

experiments. Equations used for calculating the K-value can be found in earlier chapters. 

Briefly, the K-value can be defined as the ratio of the concentration of free fluorescein-



 106 

terminated and bound mono-functional ligand to the concentration of bound fluorescein-

terminated ligands and free mono-functional ligands. This value indicates the dominant 

ligand or mechanism in the system. For example, a high K-value (>1) would indicate that 

the incoming ligand was dominant and displaced the bound fluorescein-terminated 

ligand, meaning there is a higher concentration of bound incoming ligands and free 

fluorescein-terminated ligand than bound fluorescein-terminated ligand. A low K-value 

(<1) would represent the opposite. The fluorescein-terminated ligand would be dominant 

and not removed from the surface of gold nanoparticles resulting in a high concentration 

of bound fluorescein- terminated ligands and free incoming ligands. In this study all K-

values were less than one meaning the fluorescein-terminated ligands bound to gold 

nanoparticles was dominant. The strength of binding can then be compared between each 

fluorescein-terminated ligand. Values closer to 1 would mean a weaker bond then values 

closer to 0. The resulting K values were used to determine two hierarchies, the first being 

the strength of the incoming ligand and then second being the strength of the bound 

fluorescein-terminated ligand. Results for the determined hierarchy from each study can 

be seen below in Table 5-1 and Table 5-2. 

In chapter 2, five mono-functional ligands and one bi-functional amine were used in 

the titration studies. The results showed a difference between the mono-functional amine 

ligand and the bi-functional amine. Surprisingly the bi-functional ligand displaced less 

fluorescein-terminated ligands. In chapter 3 further investigations into the effect of bi-

functional ligands was described. As well, the effect of concentration of incoming ligands 

was investigated. These experiments were performed utilizing a similar experimental 
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methodology as found in chapter 2. The fluorescence intensity was monitored for a 

system with gold nanoparticles capped with fluorescein-terminated ligands as bi-

functional ligands were introduced to the system. The difference between the first studies 

conducted in chapter 2 and the ones in chapter 3 were the use of bi-functional ligands as 

well as a gross excess of incoming ligands. In chapter 2 the concentration of incoming 

ligands and bound ligands were equivalent, the using a gross excess of incoming ligands 

was thought to drive the detachment of fluorescein-terminated ligands from the surface of 

gold resulting in full exchange of ligands. However, results proved this to not be the case. 

Even with the excess of incoming ligands displacement of fluorescein-terminated ligands 

did not exceed 50%, which lead to the conclusion that the exchange was not completely 

driven by incoming ligand concentration. This result was consistent with published 

studies, which show strong time dependence for ligand exchange[48, 51]. Studies show a 

rapid exchange of ligands, within the first few minutes, resulting from the exchange of 

ligands on vertex defect sites on the surface of gold nanoparticles, followed by a slower 

exchange, several hours, from exchange of ligands on edge defects and terrace binding 

sites of gold nanoparticles[48, 51]. 

K-values were computed for the first titration of bi-functional ligands into the 

system. This was done because after the first titration the concentration of bi-functional 

ligands in the system were very low, comparable to those from the mono-functional 

titration series. Much lower K-values were seen in these studies meaning that 

displacement of fluorescein-terminated ligand occurred at very low percentages. The K-

values was not calculated for the final titrations because the amount of incoming ligands 
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was approximately ten times that of the bound ligands. Computing K-values would result 

in skewed data. The low K-values seen after the initial titration could be attributed to the 

age of the particles. A resent study showed that as particles age they become less 

reactive[57]. The particles used in the bi-functional titration series were aged for over two 

weeks before being used, as where the particles used in the mono-functional studies were 

only aged for a day. The differences in experimental conditions yield results that cannot 

be directly compared to those calculated in the mono-functional studies. However, these 

experiments produced interesting results and trends in data. Comparing the maximum 

displacement of fluorescein-terminated ligands when the concentration of incoming bi-

functional ligands was approximately 35 nmols created a hierarchy of binding and 

competing ligands. The percent of fluorescein-terminated ligand was summed to 

determine the total displacement of both the fluorescein-terminated ligands and the total 

displacement caused by the incoming bi-functional ligands. The results, showed that the 

fluorescein-terminated thiol was the strongest binding ligand as well it showed that the 

bi-functional thiol was the best displacing ligand. The hierarchy for binding strength was 

determined to be thiol, sulfate, alcohol, carboxylic acid and amine. While the hierarchy 

for displacing strength was determined to be thiol, amine, alcohol, sulfate, and carboxylic 

acid. The bi-functional ligands used all had an amine functional group, which is most 

likely the reason for differences between this study and the one conducted in chapter 2. It 

was determined in both studies that the amine functional group is a strong displacing 

ligand and it can be argued that the bi-functional alcohol, sulfate, and carboxylic acid 
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were dominated by their amine functionality. For that reason, only the binding strength 

hierarchy will be used in comparison to other studies.  

In chapter 4, the idea of using two dyes was introduced. By using two dyes in a 

system both the attachment and detachment of ligands could be tracked simultaneously. 

They two dyes chosen were fluorescein and rhodamine. They were chosen because they 

are both in the peak absorbance spectrum of gold nanoparticles as well the absorbance 

spectrum of one does not overlap the emissions spectrum of the other. As well both dyes 

can be purchased with a NHS functional group, which is easy to react with amine 

functional groups. The goal of this study was to introduce rhodamine-terminated ligands 

into a system of gold nanoparticles capped with fluorescein-terminated ligands, observing 

the fluorescence intensity at two wavelengths and monitoring the exchange of ligands. 

Ligand exchange is assumed to occur as a 1:1 ratio, meaning a rhodamine-terminated 

ligand could only attached to the gold nanoparticles by replacing one fluorescein-

terminated ligand. Ideally, the difference between the amount of rhodamine-terminated 

ligand and the amount observed via fluorescence spectroscopy would be equal to the 

amount of free fluorescein-terminated ligand in the system. As well, the reverse reaction 

could be monitored, for instance if a newly detached fluorescein-terminated ligand would 

then displace a rhodamine-terminated ligand. However, the experiments did not yield 

such results. The observed intensity of rhodamine-terminated ligands was much lower 

than was expected. The cause of which is most likely photobleaching of the rhodamine 

dye. It was also seen that a much higher concentration of rhodamine-terminated ligands 

was need to produce the same intensity as the fluorescein-terminated ligands at low 
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concentrations. It can be concluded that the rhodamine dye was not the best choice for 

this study and further studies should be carried out using different dyes.  

Even though the tracking of rhodamine-terminated ligands as they attached to gold 

nanoparticles was not successful, the data is still useful in determining trends in binding 

strength of ligands on the surface of gold nanoparticles. The binding hierarchy was 

calculated similar to that in the bi-functional studies. This uses the displacement of 

fluorescein-terminated ligands when the amount of rhodamine-terminated ligands in the 

system was approximately 50 nmol.  This study concluded a binding strength hierarchy 

of carboxylic acid, thiol, amine, sulfate and alcohol. Similar results were concluded for 

the incoming ligands with a hierarchy concluded to be thiol, carboxylic, amine, sulfate, 

and alcohol. Below in Table 5-1, the hierarchy of bound fluorescein-terminated ligands as 

determined from each study is shown. 

Rank: 1 2 3 4 5 

Mono-Functional 
Study 

SH SO3
- COOH NH2 OH 

Bi-Functional 
Study 

SH SO3
- OH COOH NH2 

Two-Dye Study COOH SH NH2 SO3
- OH 

Table 5-1 Hierarchy of binding strength as determined from each study. 

These results prove strong evidence that the thiol is the strongest binding ligand to 

the surface of gold nanoparticles. It is well known that the thiol functional group will 

covalently bond to the surface of gold nanoparticles. Thiol-functional ligands are the 
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most common ligand used for functionalizing gold nanoparticles. The three studies 

produce interesting results that can be compared to draw conclusion such as thiol being 

the strongest binding, or that the alcohol is the weakest. However, due to the 

experimental conditions the most accurate results can be concluded from the mono-

functional ligand studies. The mono-functional studies were conducted with very reactive 

nanoparticles, this conclusion being based on the age of the particles during the study. As 

well the mono-functional series was conducted with an equivalent concentration of 

incoming ligands and bound fluorescein-terminated ligands. This allowed for an accurate 

calculation of the K-value. As well this was the least complex system, which allows for 

comparison with less error then that which could have occurred during the bi-functional 

and two-dye studies. As well the results produced are consistent with expected results. It 

is known that thiol binds very strongly to gold. Were as amines have shown to bind to 

gold but only as a weak covalent bond. As well, gold particles are commonly synthesized 

with citrate as a capping agent. Citrate is a molecule that contains three carboxylic acid 

groups, thus the binding of carboxylic acid to the surface of gold is relatively moderate. 

The alcohol being the worse binding group is consistent with reports of alcohols have low 

interaction with gold. Referring back to citrate, which is a molecule with three carboxylic 

groups and one alcohol group it can be assumed that the binding of citrate to gold 

nanoparticles is most likely do to the binding of the carboxylic groups and not the 

alcohol. In regards to the sulfate it is not surprising that this ligand was determined to be 

the second strongest binding ligand since it has an oxygen group which could create a 

metal-Oxygen-Sulfur bond (M-O-S). 
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Comparison of incoming ligands in terms of their ability to detach bound ligands, 

from one experimental series to another cannot be concluded. This is because the ligands 

used in the three studies were all slightly different. In the bi-functional studies it is argued 

that the amine functional group played a major role in the displacement of bound ligands. 

As well, in the two-dye study the incoming ligands were functionalized with a rhodamine 

dye, which could be the source of discrepancies between the series. The hierarchy 

ranking for incoming ligands from each experiment can be seen below in Table 5-2. 

Table 5-2 Hierarchy of incoming ligands as determined from each study. 

However, the results from the bi-functional series are consistent with expected 

results. This studied showed that even with the amine functional group present the thiol 

ligand most readily replaced bound ligands. As has been mentioned sulfate covalently 

bonds to gold and is commonly used in ligand exchange to functionalize particles. This 

was not to be expected after the results from the mono-functional study, which 

determined that the amine was a better displacing ligand than the thiol. From these results 

it would be expected that the diamine ligand would perform better than the thiol. The 

Study 1 2 3 4 5 6 

Mono-
functional 

COOH NH2 SH NH2-NH2 OH SO3
- 

Bi-
functional 

NH2-SH NH2- NH2 NH2-OH NH2-SO3
- NH2--

COOH 
N/A 

Two-Dye  Rh-SH Rh-COOH Rh- NH2 Rh-SO3
- Rh-OH N/A 
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diamine ligand was determined to be the second best at displacing ligands. This result 

leads to the argument that the amine was dominant in the other titrations performed in 

this study. However, since there was a difference in the performance of the three other 

ligands it can be assumed that even though the amine functional group was dominate, it 

was not the only factor affecting ligand exchange. If the amine was driving the exchange 

consistent values would have been seen for all ligands. The study determined the 

carboxylic acid to be the weakest displacing ligand, a result that was not to be expected. 

As determined in both the mono-functional and two-dye studies the carboxylic acid was a 

stronger displacing ligand than the amine. It is also interesting to note that the mono-

functional thiol performed better than the diamine in the mono-functional study. This is 

consistent with the results from the bi-functional study. As can be seen when comparing 

the results from the three studies, there are contradictions between data sets which can be 

directly related to the differences between the ligands. As mentioned before a direct 

comparison to determine which functional group is the strongest displacing ligand cannot 

be determined by using all three data sets. For this reason, and the reasons mentioned 

above in the binding hierarchy discussion, the hierarchy of ligands will be determined by 

the mono-functional ligand study. It is then concluded that the hierarchy for displacing 

strength of incoming ligands is carboxylic acid, amine, thiol, alcohol, and sulfate. As will 

be discussed in the future work, studies using more complex systems will be performed. 

Further studies of more complex systems might conclude with results similar to those 

found in the more complex bi-functional and two-dye systems performed in this study. 

As discussed in the introduction, ligand exchange on the surface of gold is dependent on 
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many variables. Further studies will aid in understanding more complex ligands and their 

effect on ligand exchange.  
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Chapter 6 Future Work 

This thesis has scratched the surface of research to be done with ligand exchange on 

nanoparticles. This work has investigated the effects of concentration of incoming ligands 

on the exchange that takes place. Further studies should be conducted on the time 

dependence of this process. These studies would focus on the effect of concentration over 

time. It has been reported that some exchange reactions take as long as 24-48 hours to 

complete. Most of these studies were conducted with a gross excess of incoming ligands. 

The suggested studies would vary the amount of ligands available to obtain an idea of the 

role that concentration plays on the exchange. As well this would allow for observation 

of the reverse reaction. In studies conducted using a gross excess of incoming ligands the 

reverse reaction was not observed. Allowing the reaction to take place with a 1:1 ratio of 

bound ligands and incoming ligands and allowing it react for an extended period of time 

would allow for the observation of complete equilibrium. This would allow for a more 

accurate comparison of competitive binding between two ligands. This study would be 

particularly interesting using two-dyes. This would allow for direct observation of 

attaching or detaching of ligands over an extended period of time.  

The gold nanoparticles used in this study were considered to be “bare” particles 

meaning that no further modifications had been done after synthesis. However, these 

particles still had citrate on the surface acting as a stabilizing agent during the synthesis. 

It was stated that since citrate is a weak binding ligand it was assumed that there was no 

effect from citrate on the ligand exchange reactions. It is suggested that a study be 
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conducted on the role citrate plays during the ligand exchange studies. This can be done 

by using radio-labeled citrate, to detect and monitor its presence in a system. Another 

idea would be to include the presence of citrate into the modeling. This could be done by 

attempt to obtain a concentration of citrate on the surface of gold nanoparticles through 

the use of TGA. This would be particularly useful with two-dyes, any discrepancies 

between the amount of dye ligands bound to the surface of gold nanoparticles could then 

be determined to be citrate. Another study could be conducted using nanoparticles that 

were synthesized with fluorescein-terminated ligands. This could be done by direct 

synthesis or by attempting a two-phase ligands exchange. This would remove any 

possibilities of citrate in the system, as long as the particles produced were still stable and 

small enough to display the optical properties desired. This may be difficult to obtain 

nanoparticles of narrow size distributions however, that could be accounted for.  

Most importantly, further studies will be conducted using different dye systems. The 

use of Texas-Red as a second dye, is currently being explored. These studies should be 

carried out with bound and incoming ligands concentrations that are relatively equal. To 

do this a dye that can be detected at low concentrations will be essential. Recall that the 

rhodamine-dye required a much higher concentration to produce the same fluorescence 

intensity as the fluorescein-dye. This was one of the reasons why such an excess of 

rhodamine-dye was used. The choice of dye should also be dependent upon the solvent 

being used. For these studies the reaction were done in aqueous solutions, fluorescence 

dyes being used should be stable in water and produce distinct emissions in this medium. 

The use of a two-dye system would benefit the study of ligand exchange greatly. 
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As well, following this study and the use of two-dyes to track ligand exchange, more 

complex ligands will be investigated. The present study investigated very simple 

functionalize ligands to obtain a basic understanding of how these functional groups will 

bind. The data obtain here will help in understanding how more complex systems will 

likely bind to the surface of gold. However, further studies will be conducted using more 

complex systems such as multi-valent ligands, similar to the work performed by Graf et. 

al.[51]. Other ligands that will be investigated will be proteins. This will provide insight 

into how ligands will behave if placed into a biological system such as the human body. 

Gold nanoparticles are gaining much interesting in the field of biomedicine, 

understanding how ligands will react in such conditions is vital to understanding how the 

nanoparticles will behave. As well studies will be conducted using natural occurring 

matter (NOM). This will be an environmental study conducted to obtain knowledge of 

how nanoparticles will behave if introduced into the environment.  

As is commonly said, good science sparks more questions than answers. As 

discussed above, this project has formulated many new ideas and experiments that can be 

conducted to further understand the exchange and binding of ligands on the surface of 

gold.  
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