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 Figure 23.  H-NMR Spectrum for LA AgDTCs in D2O solvent. Structure of dihydrolipoic acid 

shown in top left corner. 

 

     The altered product after dialysis purification can still be dissolved in water, and was 

analyzed by NMR spectroscopy (Figure 23). The H-NMR spectrum of the lipoic acid silver 

clusters shows signal broadening effects, indicating ligand attachment to a silver nanocluster. 

Broadening is much more obvious for the proton signals downfield, which pertain to the protons 

closest to the thiolate and silver core. Sharper signals are observed for the protons neighboring 

the carboxyl group on the ligand tail, located furthest away from the point of attachment to the 

metal core. It is suggested by the H-NMR evidence that AgDTCs still survive the purification, 

yet aggregate and form larger particles, creating a polydispersed size distribution, as suggested 

by the UV/Vis absorption spectrum (Figure 21-red line).  
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3.4 Conclusions 

      Nanocluster synthesis under basic conditions with LA ligand results in a monodispersed, yet 

pH sensitive AgDTC sample. The cluster exhibits intense fluorescence and well-defined 

absorbance features. The negatively charged AgDTCs can be transferred to the organic phase by 

quaternary ammonium salt. An anhydrous synthesis in organic phase is therefore feasible using 

quaternary ammonium cation instead of sodium cation as the charge stabilizer, resulting in DTCs 

that are more stable. Investigations into the anhydrous synthesis of LA-AgDTCs in organic 

solvent are currently underway. If the aqueous AgDTCs are to be successfully purified, the pH 

must be controlled at pH > 10 by using a buffer compatible with ESI-MS, such as Tris. The 

dialysis tube and chamber can both be comprised of the buffer, maintaining a constant pH during 

purification. All characterization must include the buffer to keep the clusters stable. Regardless 

of the means used to synthesize and purify these AgDTCs, a mass spectrum is necessary for 

compositional characterization. ESI-MS experiments are currently in progress. Also necessary 

are IR spectroscopy and/or H-NMR in organic solvent to determine whether or not there are any 

thiol groups still present in the sample. Quantum efficiency should also be calculated for the 

brilliant fluorescence emissions from these DTCs.  
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4. COPPER DITHIOLATE-STABILIZED CLUSTERS  

4.1 Introduction 

     While much research has been focused on the synthesis, characterization, and applications of 

noble metal nanoclusters (primarily gold), little improvement has been achieved with low cost 

metals such as copper. Advancing research into the realm of copper may lead to the discovery of 

exciting new cost-effective catalysts for energy conversion technologies such as fuel cells and 

photovoltaics or green chemistry applications such as organic synthesis and catalytic conversion 

of carbon monoxide.
113,114

  

     The major reason why research is lacking for monolayer-protected copper nanoparticles is the 

high reactivity of copper with oxygen, forming oxides which contaminate the sample and 

compromise stability.
124

 Dithiol ligands are expected to enhance the overall stability of the 

cluster by entropy gain and prevent oxidation and decomposition of the copper nanoparticles. 

Furthermore, the high stability of the dithiolate-Cu bond structure is proposed to aid in the 

synthesis of monodispersed relatively small copper dithiolate-protected nanoclusters (CuDTCs), 

by stabilizing the most thermodynamically and kinetically favored cluster size. Described herein 

is the synthesis of hydrophilic and hydrophobic CuDTCs and their characterization by 

electrochemical methods, UV-visible absorption spectroscopy, IR, and 
1
H-NMR spectroscopy. 

4.2 Hydrophobic CuDTCs Stabilized by Durenedithiolate  

     The ligand chosen for this synthesis is durene-DT, as shown in Figure 24. The linker length 

between the two thiolates is a four carbon chain, with the two middle carbons belonging to a 

benzene ring. This semi-rigid structure is proposed to provide excellent stability to the 

monolayer structure and therefore the Cu cluster as a whole. Also expected is a similarity in 
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energetics between these CuDTCs and the AuMTCs discussed earlier, particularly the 

electrochemical behavior resulted from the attached durene-DT ligand. 

4.2.1 Synthesis 

     The synthesis of CuDTCs using durene-DT ligand is described in Figure 24 shown below. 

The synthetic procedure has evolved substantially from first attempts at this system which 

included the standard Brust procedure
29

 commonly used to synthesize gold nanoclusters and 

possible one-phase methods, both of which resulted in very low yields and oxidized side 

products.  

 

Figure 24.  Two-phase synthesis of CuDTCs with durene-DT ligands. Cartoon of cluster is not 

drawn to scale or indicative of composition. 

 

     An important technical detail is the phase-transfer of copper to the organic phase from the 

aqueous cationic salt (CuCl2). Phase transfer to chloroform organic solvent was achieved by first 

chemically reducing the copper(II) chloride to colorless copper(I) chloride by the addition of 2 

molar equivalents of ascorbic acid in a saturated solution of sodium chloride. The excess 

chloride anion from saturated NaCl generates the formation of anionic copper(I) chloride 

complexes (CuCl2
-
, CuCl3

2-
, and CuCl4

3-
),

125
 which are transferred to the chloroform  phase by 
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electrostatic interaction with the TOA cation from TOABr. Copper(II) chloride without reduction 

by ascorbic acid cannot transfer to the organic phase under similar saturated NaCl conditions, as 

shown by the overlap of the absorption spectra in the visible range (Figure 25-A).  However, if 

the Cu
2+

 salt is first reduced to Cu
1+

 before phase mixing, then the efficiency of phase transfer is 

>95% on average, as shown by the difference between copper(II) absorption before and after 

phase transfer (Figure 25-B).  

.  

Figure 25.  (a) Absorption spectra of the aqueous phase during phase transfer of copper cation to 

the organic phase (CHCl3); copper(II) chloride before phase transfer (red) and copper(II) 

chloride after phase transfer (blue). (b) Absorption spectra of the aqueous phase during phase 

transfer of copper cation to organic phase (CHCl3) using ascorbic acid reduction procedure; 

copper(II) chloride before phase transfer (red), copper(I) chloride formed by ascorbic acid 

reduction before phase transfer (purple), copper(II) chloride formed by H2O2 oxidation of 

copper(I) chloride after phase transfer (blue), and an equimolar solution of copper(II) chloride 

reduced by ascorbic acid, then oxidized back to copper(II) chloride by H2O2 without organic 

phase mixing (green). 

 

     Copper(I) cannot be detected by UV/Vis spectroscopy, as it is colorless and does not absorb 

in the limits of detection (purple line). Therefore to confirm that no copper is left in the aqueous 

phase after the procedure, copper(II) is regenerated after reduction to copper(I) by oxidation with 

4 molar equivalents of H2O2. If an equimolar solution undergoes similar reduction-oxidation 

procedure without phase mixing (green line), then the result is overlap of the absorption 
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spectrum with the original copper(II) chloride solution (red line). But if the aqueous phase is re-

oxidized after phase transfer, the aqueous phase remains colorless and barely any absorbance is 

detected (blue line), which confirms that nearly all of the copper(I) has transferred to the organic 

phase. 

     After phase transfer, the durene-DT ligand is added to the TOACuXn salt (X = halide) in 

chloroform solution, from which no reaction is detected. The formation of CuDTCs is initiated 

by reduction with sodium borohydride in water. The mechanism of reduction most likely 

involves the phase transfer of borohydride by TOA cation to the organic phase. During first 

attempts, toluene was used as the organic solvent. Strangely, toluene was discovered to actually 

interact and form adducts with the product, so chloroform was selected as the ideal solvent. A 

more detailed synthetic procedure for the synthesis of durene-DT capped CuDTCs is provided in 

the experimental section (Appendix E). 

4.2.2 Results and Discussion 

     The proton NMR spectrum for the purified CuDTCs is shown in Figure 26. Each durene-DT 

proton signal is significantly broadened. The degree of broadening is related to the proximity of 

the proton to the copper core,
37,108

 with the most broadened signal attributed to the methylene 

protons adjacent to the thiolate group attached to the core. No sharp proton signal or thiol proton 

signal is detected, which also indicates that each ligand is attached. Infrared spectroscopy further 

supports that both thiolate groups are attached, as no S-H stretching is observed at ca. 2500 cm
-1

 

(Figure 27). TOA
+
 proton signal is still present after purification. Note that TOA

+
 commonly 

remains after purification in most Au nanoparticle syntheses and can function as a charge 

stabilizer for anionic nanoclusters.
40
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Figure 26.  
1
H-NMR spectrum for CuDTCs in deuterated dichloromethane solvent. Structure of 

durene-DT ligand shown in top left corner. 

 

 

Figure 27.  Fourier transform infrared (FTIR) spectrum of CuDTCs. Dashed 

circle indicates where S-H stretching would be observed for thiol. 
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Figure 28.  UV/Vis absorption spectrum for purified CuDTCs in dichloromethane. 

 

     The UV/Vis absorption spectrum for the CuDTCs is featureless with absorption beginning at 

ca. 2.1 eV and increasing toward higher energy (Figure 28). The localized surface plasmon 

resonance for copper nanoparticles results in a well-defined absorption band at ca. 560 nm for 

particles greater than 20 nm in diameter.
17

 This feature is absent from the spectrum of the 

CuDTCs, which indicates that the clusters are relatively small. Voltammetry of the CuDTCs 

(Figure 29) reveals two redox potentials in the window of 2 to -2 V, the peak at -1.4 V 

generating a current about 4-5 times larger than the peak at 0.7 V. The dominant peak is 

attributed to the reduction of the durene-DT ligand, as discussed in Chapter 2. The HOMO-

LUMO band gap is estimated by measuring the spacing between the two peaks of the DPV, 

giving a value of about 2.1 V, which correlates well to the band edge of the absorption spectrum 

in Figure 28.  
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Figure 29.  (left) Cyclic voltammogram of CuDTCs in dichloromethane, 100 mV/s scan rate and 

(right) corresponding differential pulse voltammogram (bottom panel). 
 

 

 

Figure 30.  MALDI-MS (+) reflectron mode for CuDTCs with DCTB matrix, laser intensity 

5000. 
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Figure 31.  AFM image for CuDTCs and height profiles for three particles. 
 

 

     The MALDI-MS spectrum shown in Figure 30 presents a fragmentation pattern with regular 

peak spacing of 158-160 m/z, possibly attributed to the neutral mass loss of copper(I) sulfide 

(Cu2S) from the monolayer surface. It has been shown for CuMPCs and self-assembled 

monolayers of thiolate ligands on copper surfaces that upon thermal decomposition, the C-S 

bond of the ligand actually breaks before the Cu-S bond.
24,109,126

 This is due to the strongly 

covalent character of the Cu-S bond. The Cu2S fragmentation pattern continues past the m/z limit 

for reflectron mode, indicating that the molecular ion peak is larger than 10,000 m/z. The AFM 

image in Figure 31 suggests a relatively monodispersed sample of relatively large particles 

measuring about 6-7 nm in diameter.  

4.2.3  Conclusions 

     Stable copper nanoclusters averaging six nanometers in diameter were successfully 

synthesized by a two-phase procedure using durene-DT as the stabilizing ligand. Optical and 

electrochemical features can be described as molecule-like with an optical band gap of about 2 

eV. Lower temperature electrochemical measurements with supporting electrolyte will be 
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Figure 37.  Cyclic voltammogram of CuDTCs in water, 100 mV/s scan rate and corresponding 

DPV with measured peak spacing. 

 

4.3.3 Conclusions 

     A one-phase synthesis using DMSA ligand yields monodispersed CuDTCs with discrete 

energy states. The HOMO-LUMO band gap of 0.82 V was identified by UV/Vis absorption 

spectroscopy and further supported by voltammetry. Diffusion-ordered spectroscopy (DOSY) 

will be used to solve for diffusion coefficients useful in electron-transfer quantification and also 

provide further evidence for the particle size. MALDI-MS and ESI-MS analyses are currently 

underway. 
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5. SUMMARY 

     A new generation of stable metal nanoclusters has been developed by employing dithiolates 

as the capping ligands. The resulting products of each synthesis all display quantized energy 

states regardless of metal center or cluster size. Such interesting energetics is proposed to be a 

result of the interfacial bond structure on the monolayer surface. For nanoclusters synthesized by 

durene-DT ligation, the energetics was discovered to be substantially affected by the property of 

the ligand, which was concluded to act as a conducting medium for electron transfer by 

delocalization in an anionic disulfide radical. Lipoic acid was found to be a favorable ligand for 

generating relatively small, monodispersed clusters with intense visible luminescence. 

Dimercaptosuccinic acid was used to stabilize small, monodispersed copper nanoclusters with 

discrete energetic properties. Larger luminescent copper nanoclusters with interesting 

electrochemical behavior were formed using durenedithiolate ligand. Efforts are currently 

focused on determining mass composition by ESI- and MALD-MS, as well as successful 

crystallization of the nanoclusters to fully resolve their structures and understand the influence of 

the dithiolate ligands on the properties of metal nanoclusters. 
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7. APPENDICES 

 
A.  Chemicals  

Copper(II) chloride (CuCl2, 99.9%), silver nitrate (AgNO3, 99.9%), tetrachloroauric acid 

trihydrate (HAuCl4
.
3H2O, >99.99% metals basis), sodium chloride (NaCl, 99.9%), ascorbic acid 

(99%), sodium borohydride (99%), 2-Phenylethanethiol (>99%), dimercaptosuccinic acid 

(DMSA, 99.8%), alpha-lipoic acid (LA, 99%), tetrabutylammonium perchlorate (TBAP, >99%), 

tetraoctylammonium bromide (TOABr, 98%), trans-2-[3-(4-tert-butylphenyl)-2-methyl-

propenylidene]-malononitrile (DCTB, >99%), and organic solvents (HPLC grade) were used as 

received from Sigma-Aldrich. Durene-α1, α2-dithiol (>95%) was from TCI-America. 

B. Measurements  

UV-visible absorbance spectra were recorded with a Shimadzu UV-1700 spectrophotometer. 

Luminescence was measured with a Horiba Jobin-Yvon Fluorolog 311 spectrometer with T 

channel, through which a visible PMT detector and a near IR InGaAs detector were attached. 

MALDI mass spectra were acquired with ABI 4800 matrix assisted laser desorption ionization 

(MALDI) TOF-TOF analyzer, with DCTB as matrix. Proton NMR spectra were acquired on a 

Bruker Avance 400 MHz spectrometer in CD2Cl2.  A CH instrument 700C electrochemical 

workstation was used in electrochemical measurements. The working electrode was a 20 micron 

Pt disk electrode. Ag/AgCl wire as reference electrode was calibrated in 2 mM ferrocene with 

0.1 M TBAP solution prior to use. Each sample solution was degassed under Argon prior to 

measurement. 
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C. Synthesis of AuMTCs 

The AuMTCs were synthesized via a modified two phase Brust-Schiffrin method. In a typical 

experiment, gold salt (HAuCl4
.
3H2O) was first phase-transferred from an aqueous solution to a 

toluene solution with TOABr. The organic layer was separated, and then a mixed thiol solution 

(Durene-DT: PhC2S: Au= 1: 2: 1) was added in at moderate magnetic stirring. The solution color 

changed from gold yellow to colorless in ~30 mins. Then freshly prepared NaBH4 (20 

equivalents of gold) aqueous solution was added quickly while vigorously stirring. The solution 

turned black immediately. After the reaction was completed in 1-3 days monitored by 

absorbance transition, the organic layer was separated and washed by water 3-5 times. The 

solvent was removed by rotary evaporator, and the product was first precipitated by methanol, 

while the methanol solution was filtered away. The black solid was further rinsed with copious 

acetonitrile (stirring overnight) to remove the extra free ligand molecules. The leftover black 

solid is collected as final MTCs product. 

D. Synthesis of LA AgDTCs 

LA (0.2 mmol, 40 mg) was dissolved in 5 mL of 25 mM NaOH solution. A solution of AgNO3 

(0.1 mmol, 17 mg) in 5 mL 25 mM NaOH was mixed with the LA solution at moderate stirring 

for 15 minutes. NaBH4 (40 mg) in 10 mL of 25 mM NaOH is added to the mixture at rapid 

magnetic stir speed and the reaction is completed within 12 hours, resulting in a vibrant reddish 

orange colored solution.  

E. Synthesis of Durene-DT CuDTCs 

CuCl2 (0.1 mmol, 13.5 mg) and ascorbic acid (0.4 mmol, 66 mg) were co-dissolved in a 

saturated NaCl solution (10 mL), resulting in a colorless solution of copper(I) chloride (CuCl). A 
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solution of TOABr (0.2 mmol, 109 mg) in 10 mL chloroform was mixed with the CuCl aqueous 

solution for five minutes under rapid stirring to bring Cu
+
 into the organic phase. A solution of 

Durene-DT (0.1 mmol, 20 mg) in 10 mL chloroform was added, followed by a solution of 

sodium borohydride (20 mg) in 10 mL water under vigorous stirring. The reaction conditions 

were maintained for 12 hours. After reaction completion, the organic phase was washed three 

times with water and concentrated to an orange solid residue by rotary evaporation. The dried 

CuDTCs were then dissolved in acetonitrile and allowed to precipitate out within 48 hours, after 

which they are filtered and washed three times with acetonitrile. 

F. Synthesis of DMSA CuDTCs 

A 5 mL aqueous solution of DMSA (0.3 mmol, 54 mg) was slowly added to a 5 mL aqueous 

solution of sodium borohydride (100 mg) under moderate stirring. A solution of CuCl2 (0.1 

mmol, 13.5 mg) in 10 mL water was added dropwise to the reaction flask with vigorous 

magnetic stirring. After 1 hour, the reaction was complete. The dark brown CuDTC solution was 

adjusted to pH 1 with HCl and dialyzed for three days using 3500 MW snakeskin tubing. 

 

 

 

 

 

 


