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Abstract 

SYNTHESIS, CHARACTERIZATION AND CHEMISTRY OF PLATINUM AND 

IRIDIUM NANOPARTICLES IN SOLUTION AND NANOPOROUS SILICAS  

by  

Parbatee Jagassar 

Adviser: Dr. Harry D. Gafney  

  

 This project focuses on the synthesis of catalytically-active, transition-metal 

nanoparticles, their adsorption into porous Vycor glass (PVG), the removal of the 

poly(vinylpyrrolidone) (PVP) surfactant employed in their synthesis and their chemistry 

with Ru(II) diimine complexes. Platinum and iridium nanoparticles with a narrow size 

distribution were prepared by the alcohol reduction method with poly(vinylpyrrolidone) 

(PVP) as the size limiting surfactant. PVP/Pt nanoparticles adsorb into PVG and as much 

as 46 ± 4% of the PVP can be removed without further nanoparticle aggregation. XANES 

spectra show that removal of the PVP surfactant occurs without oxidation of the Pt 

nanoparticle. EXAFS of the adsorbed Pt nanoparticles after removal of the PVP yield a 

Pt-Pt bond length of 2.74 ± 0.01 Å which is slightly shorter than the Pt-Pt bond length 

measured in Pt foil, 2.78 Å. We have shown that the Pt nanoparticles, both the stripped 

and the unstripped of PVP in
 
porous Vycor glass, does not influence their reactivity with 

either the [Ru(bpy)2dpp]
2+

 or the [Ru(bpy)2ppz]
2+

 complexes.
   



v 

 

 
The addition of PVP/Pt or PVP/Ir nanoparticles to aqueous-ethanol solutions of 

[Ru(bpy)2ppz]
2+

 (ppz denotes 4,7-phenanthro-lino-5:6,5’6’pyrazine) leads to the 

spontaneous aggregation of the nanoparticles about the complex. A comparison of the 

aggregation about different Ru(II) diimines indicates aggregation initiates at the 

heteroleptic ligand. Although initiating at the ppz ligand, continued aggregation of the 

nanoparticles about the complex dilutes the specificity of the initial interaction leading to 

larger aggregates of differing shape. TEM analyses of the aggregates indicate the volume 

occupied by the individual nanoparticles is a small fraction of the total volume of the 

aggregate suggesting a somewhat open structure interlaced with the solvent. Correlating 

TEM analyses of the aggregation with the electronic spectra of the solutions reveals a 

new absorption assigned to the formation of the [Ru(bpy)2(ppz)
2+

-PVP/Pt] and 

[Ru(bpy)2(ppz)
2+

-PVP/Ir] aggregates. Analysis of the latter absorption as a function of 

the concentration of PVP/Pt nanoparticles indicates step-wise formation of the 

[Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates. Consistent with the self-assembly of the 

aggregates, intensity and lifetime quenching of the complex by the PVP/Pt nanoparticles 

shows that ≥ 80% of the quenching occurs by a static mechanism, i.e., the self-assembly 

of the [Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates. 
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1 

 

Chapter 1 

 

1. INTRODUCTION 

1.1. General Introduction 

 

 The huge demand for energy and the depletion of known energy reserves such as 

natural gas and petroleum focuses attention on solar energy conversion. One approach is 

to convert combustion products into combustible fuels. The combustion of methane, a 

major component of natural gas, for example, leads to carbon dioxide. Cycling carbon 

dioxide back into methane utilizing solar energy increases energy production and 

decreases greenhouse gas emissions. Small metal oxide nanoparticles, such as WO3, 

adsorbed into Corning’s code 7930 porous Vycor glass (PVG) photocatalytically convert 

CO2 to CH4 with water acting as the reducing agent and the source of hydrogen.
1,2

 The 

quantum efficiency of conversion is surprisingly high, 0.14, but requires UV light, λex ≤ 

350 nm. This project focuses on one approach: photochemically driving multi-electron 

and proton reactions with visible light. To drive the conversion of CO2 to CH4 using 

longer wavelengths, for example, requires metals that are capable of: (1) multiple 

electron transfer; (2) exhibit absorption bands in the visible region themselves, or (3) can 

be attached to a compound that absorbs visible light and, when excited, is capable of 

promoting electron transfer in the metal. This research centers on: (1) the synthesis and 

characterization of Pt, Ir and Pt-Ir nanoparticles; (2) examining their adsorption into 

Corning’s 7930 porous Vycor glass; (3) developing methodologies to remove the 

surfactant,  poly(vinylpyrrolidone) (PVP), used to limit aggregation during synthesis; (4) 

examining the effect of removing the PVP on the nanoparticle, specifically its 

aggregation and spectroscopy and; (5) examining the coordination chemistry of the 
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stripped nanoparticle specifically their coordination chemistry with Ru(II) complexes 

possessing bridging diimine ligands.  

1.2. Transition-Metal Nanoparticles  

 Metal nanoparticles of specific size have many properties different from those of 

the bulk material, such as changes in electronic structure,
3
 increased magnetic 

susceptibility
4
 and enhanced catalytic activity.

5
 These properties make them suitable for 

applications in magnetic resonance imaging,
6-8

 in drug delivery
9-11

 and in DNA sensing.
12 

Platinum is well known as a catalytic metal for the oxidation of CO and the reduction of 

NOx in catalytic converters.
13-15 

Platinum nanoparticles are generally prepared in the 

presence of a surfactant that limits aggregation. When used in the bulk form, however, 

the cost of the Pt dramatically increase the materials cost. However, when
 
platinum is 

used in the form of nanoparticles, their surface area increases and their density is reduced 

thereby lowering their material cost.
16,17 

In this study, the particles were prepared by an 

alcohol reduction method with poly(vinylpyrrolidone) (PVP) as the surfactant.
18 

Some of 

the questions that need to be addressed and answered in this thesis are:
 
(1)

 
if the Pt 

nanoparticle assumes the face-centered cubic (FCC) structure of bulk Pt, which has atoms 

at the corners of the cube, can these atoms coordinate to a ligand and; (2) if the surfactant 

is removed, will the nanoparticle or some fraction of it undergo oxidation particular in 

aqueous media. Developing a reproducible method for the synthesis of PVP/Pt 

nanoparticles with a narrow size distribution, allowed the synthesis of other metals such 

as PVP/Ir and PVP/Pt-Ir by modifying the experimental procedure slightly.   
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1.3. Effect of Surfactant on Nanoparticle Reactivity 

 Poly(vinylpyrrolidone), PVP, is an off-white water-soluble polymer that has 

attracted much attention due to its unique properties which include a high density of 1.2 

g/cm
3
 and a molecular weight ranging from 10,000 to 1,200,000 g/mol.

19
 Furthermore, it 

is environmentally friendly due to its low toxicity and
 
biodegradable character.

20,21 
PVP 

polymers have numerous applications, such as a binder for drugs in pharmaceuticals,
22 

a
 

disinfectant known as Betadine when PVP is bonded to iodine,
23 

and a stabilizer for 

transition-metals nanoparticles by preventing them from aggregating in the growth 

solution.
24

 PVP polymer is a universal stabilizer for various transition-metal 

nanoparticles because of their hydrophilic groups, the amide functional group, which are 

capable of hydrogen bonding with other species (Figure 1).
25,26

  

 PVP is a polar, hygroscopic polymer which reduces the surface tension of the 

solvent for easier spreading. The concentration of a surfactant changes the size and shape 

of nanostructures. At lower surfactant concentrations, all the particles in solution are 

partially coated resulting in some aggregation. At higher concentrations, the surfactant 

molecule starts to aggregate forming micelles.
27

 When nanoparticles aggregate, their 

sizes increases leading to polydispersity and instability followed by reduced catalytic 

 
 

Figure 1. Molecular Structure of Poly(vinylpyrrolidone), PVP. 
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activity making it difficult for use in the chemical and pharmaceutical industry.
28,29

 For 

example, a study conducted by Shiraishi and co-workers
30

 provides evidence on the 

catalytic activity of PVP/Pt nanoparticles for the hydrogenation of methyl acrylate to 

methyl propionate. The catalytic activity of the samples was measured in units of mol-H2      

mol-Pt
-1 

s
-1

 versus the particles size obtained by TEM. The rate of the hydrogen uptake 

was measured under hydrogen at atmospheric pressure with 2.0 x 10
-4

 mmol of platinum 

nanoparticles dispersed in 0.3 cm
3 

of ethanol. It was found that a decrease in the particles 

size of the PVP/Pt nanoparticles of 9.7 nm, increases the catalytic activity (0.308 mol-H2 

mol-Pt
-1 

s
-1

) for the hydrogenation of methyl acrylate when compared to catalytic 

property of the Pt black (0.0042 mol-H2 mol-Pt
-1 

s
-1

). The latter was found to be much 

less active than the PVP/Pt nanoparticles because of the larger size associated with bulk 

metal. Interesting evidence in this study also shows that particle size can affect catalytic 

activity by the formation of aggregates of the PVP/Pt nanoparticles.
30  

1.3.1 Examples of PVP on Nanoparticle Reactivity 

 PVP has been extensively used as a capping agent with various metal 

nanoparticles such as Ag, Pd, Au, Pt and Rh to investigate their optical, structural and 

catalytic properties. For example, PVP/Ag nanoparticles were prepared by an ethanol 

reduction method with silver nitrate as the precursor and PVP as the surfactant. The 

solution was stirred and spin coated onto a silicon and glass substrates, heated at 70 
o
C 

and 180 
o
C and then irradiated under a mercury lamp after each heat treatment to 

investigate their optical properties.
31 

Absorption spectra of the PVP/Ag films heated at 70 

o
C shows a low intensity, broad shoulder at ca. 400 nm before it was exposed to UV-
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radiation. After the PVP/Ag films heated at 70 
o
C was exposed to UV-radiation, the peak 

intensity increases and shifted to longer wavelength of ca. 425 nm. Absorption spectra of 

the PVP/Ag films heated at 180 
o
C after UV-exposure, showed a slightly higher intensity 

peak than with the 70 
o
C heat treatment with a maximum absorbance at 450 nm. The 

authors suggest that the increase in intensity and shift to longer wavelength is due to an 

increase in the particle sizes of the PVP/Ag nanoparticles.
31

 PVP/Pd nanoparticles were 

synthesized using ethylene glycol as the reductant and the solvent to study their size and 

morphology.
32 

PVP-protected Au nanoparticles of spherical and wormlike shape were 

produced by preheating the samples at 50 
o
C for various times before refluxing, and then 

heating at 95 
o
C for different refluxing time.

33 
So,

 
by changing the

 
experimental 

parameters such as temperature and time, different shape of the PVP/Au nanoparticles 

were produced. The synthesis of cubic PVP/Pt nanoparticles and cuboctahedra PVP/Rh 

nanoparticles were prepared with ethylene glycol as the reducing agent. This study shows 

that a charge transfer interaction occurred between the PVP donor groups, the amide 

functional group, as a function of the oxidized and reduced state of the surface atoms of 

Pt and Rh recorded by UV-Raman Spectroscopy.
34 

In another experiment, PVP/Pt 

nanoparticles were prepared electrochemically by a rotating cathode method.
35

  

1.3.2 The Effect of Other Surfactants on Nanoparticle Reactivity 

 Organic surfactants such as tetraoctylammonium bromide (TOAB),
36

 oleic acid 

and oleylamine,
37

 glucose
38 

and poly(N-isopropylacrylamide)
39

 can also be used to 

stabilize Pt nanoparticles. Wang et al
40

 studied the effect of heating Pt nanoparticles 

stabilized with polyacrylate polymer at different temperatures. They found that the shape 
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of the cubic and tetrahedral Pt nanoparticles did not change after removal of the polymer 

between 180-250 
o
C, but when the temperature exceeds 500 

o
C, the cubic Pt 

nanoparticles changed to spherical and started to coalesce. The tetrahedral Pt 

nanoparticles did not change at 500 
o
C but started to reshape at the edges at 525 

o
C, 

which was suggested by the authors to be the more stable particle. Diffraction patterns 

obtained showed that the crystallinity of the “naked” nanoparticles was not affected at 

500 
o
C, but as the temperature increases to 650 

o
C, surface melting of the nanoparticles 

occur producing larger particles with decreased crystallinity.
40

 

1.3.3 Removal of Surfactant on Nanoparticle Reactivity 

 Du et al.
41

 studied the thermal decomposition of PVP coated on the Pt 

nanoparticles from room temperature to > 500 
o
C. As the temperature increases to       

500 
o
C, the PVP partially decomposed and TEM showed minimal Pt nanoparticles 

aggregation. Before heat treatment, FTIR spectra of PVP/Pt nanoparticles possess strong 

absorption bands at 2954 cm
-1 

(CH2) and at 1655 cm
-1

 (CO). After heat treatment of the 

PVP/Pt nanoparticles, FTIR spectra of the CH2 band decreased in intensity and a weak 

intensity band at 1624 cm
-1

 (CO) was observed. The changes in the CH2 and CO bands 

suggest that the structure of the PVP after decomposition has changed into a new 

compound. The decomposition of the PVP did not change the catalytic properties of the 

Pt nanoparticles, and there was no evidence that the Pt-Pt bond length changed during the 

decomposition process. Because the Pt nanoparticles did not melt during the heating 

process and showed some degree of aggregation, the authors suggest that this kind of 
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behavior with a high melting point nanoparticle, the catalytic properties of the Pt 

nanoparticles were unaffected during the heating process.  

 The traditional Soxhlet extraction technique was used in this lab even though the 

extraction time is long and a large amount of solvent of 100 ml is used as compared to 

other techniques such as microwave-assisted extraction (MAE) heating, which removes 

additives such as poly(propylene) from polymers.
42

 MAE is a fast, but expensive 

extraction system and a maximum solvent of 30 ml is utilized with a short extraction 

time. The solvent for MAE extraction must be able to absorb in the microwave region.
42

 

The Soxhlet extraction technique was chosen because it is inexpensive, it allows the use 

of any solvent, very little work space is needed for set up and a capping agent like PVP 

can be extracted without changing the structure or carbon backbone of the molecule.  

 To the best of our knowledge, the removal of the PVP-protected metal 

nanoparticles using a Soxhlet extraction apparatus was not reported. However, studies of 

thermal decomposition of the PVP/Pt nanoparticles conducted by Du and co-workers,
41

 

reported a changed to the structure of the PVP and minimal aggregation of the Pt 

nanoparticles. Can the structure of the PVP and the particle size of the Pt nanoparticles 

remained unaffected by adsorbing the nanoparticles into a nanoporous matrix and then 

remove the PVP surfactant by Soxhlet extraction techniques? We examined the 

adsorption of PVP-protected Pt nanoparticles into nanoporous silica matrices, the 

structure of the adsorbed Pt nanoparticles and explored the procedure to remove the 

protective PVP surfactant from the adsorbed particles. X-ray absorption spectroscopy 

(XAFS) was used to determine the oxidation state and bond length of the PVP/Pt 
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nanoparticles before and after adsorption into porous Vycor glass because silica can 

behave as an oxidizing matrix due to the presence of water.
43

 The bond length and 

oxidation state of the Pt nanoparticles after extraction remains unaffected with minimal 

particle aggregation.  

1.4. Porous Vycor Glass  

 Experiments examining the optical and catalytic properties of metal carbonyls and 

ruthenium complexes adsorbed into porous Vycor glasses (PVG) have been examined in 

this lab.
44-51 

For example, Simon and co-workers
44

 impregnated hexacarbonyl 

compounds, M(CO)6 (M = Cr, Mo, W), into porous Vycor glass and absorption spectra 

recorded exhibit peaks at 280 nm (Cr), at 286 nm (Mo) and at 287 (W). The PVG 

containing the impregnated hexacarbonyl were excited at 312-nm. Upon excitation, 

pentacarbonyl, M(CO)5 were generated. Adsorption of 2,2’-bipyridine ligand into the 

PVG containing W(CO)5 formed a coordination compound with the W(CO)5 to produce 

W(CO)4(bpy). The formation of the W(CO)4(bpy) complex was analyzed using 

resonance Raman spectroscopy. The pyridine vibrations at 992 cm
-1

 and 1035 cm
-1

 

shifted to 1012 cm
-1

 and 1042 cm
-1  

respectively  when reacted with the W(CO)5 in PVG.

 The PVG provided by Corning Incorporated was initially made from an alkali-

borosilicate melt. Upon cooling, the melt phase separates into a boric oxide (B2O3) phase 

and a silica (SiO2) phase. The melt is then quenched and the boron rich phase was acid 

leached leaving a final product of porous Vycor glass composed of 96% SiO
2
, 3% B

2
O

3
, 

1% Na
2
O & Al

2
O

3
.
52,53

 Porous Vycor glasses are ideal as a medium for the adsorption of 

PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles because of their narrow pore size 
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distribution of 10 ± 1 nm and high surface area of 184 ± 10 m
2
/gram. Most importantly, 

their transparency allows the spectral properties of the adsorbed nanoparticles to be 

examined.
53

 Two types of PVG were used in this experiment; one type is referred to as 

“rolled” or unpolished PVG because they possess a wavy-like pattern on the glass surface 

and were cut into pieces with an approximate dimension of 19 mm x 19 mm x 5 mm. The 

second type of PVG with dimensions of 25 mm x 25 mm x 2 mm is referred to as 

polished PVG because the surface of the glass is smooth and does not contain any wavy-

like characteristics.  

1.4.1 Reactivity of Supported Pt Nanoparticles  

 Many studies have been conducted of the optical and the catalytic properties of Pt 

nanoparticles dispersed in mesoporous substrates such as: (1) MCM-41 (Mobil 

Composition of Matter) for the hydrogenation of cinnamic acid.
54

 MCM-41 is a porous 

silica matrix with a high surface of up to 1400 m
2
/gram with a pore size of ca. 2-6 nm; 

(2) SBA-15 for hydrocarbon conversion.
55

 SBA-15 is a hexagonal mesoporous silica but 

with larger pore size of 5-30 nm than that of MCM-41 and; (3) Ordered mesoporous 

carbon (OMC) supports also have high surface areas ranging from 400 to 1300 m
2
/gram 

with pore size of ca. 3-7 nm. The latter have been used for oxygen reduction in fuel 

cells.
56

 The pore size varies depending on the synthesis and properties of the silica 

framework. Mesoporous materials are advantageous because of their narrow pore size 

distributions, ordered structure and high surface area which would allow for higher 

adsorption rates and faster interactions.
57

 PVP-protected Pt nanoparticles of ca. 5 nm in 

diameter supported on activated silica, which is silica gel heated at 12 hours at 150 
o
C, 
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show enhanced catalytic activity for the hydrogenation of cyclohexanone in comparison 

to the PVP/Pt nanoparticles in solution.
58

  

1.4.2 Reactivity of Supported Ir Nanoparticles  

 Catalytically-active iridium oxide nanoparticles and iridium complexes containing 

bidentate ligand such as 2,2’-bipyridine are well known materials for the oxidation of 

water to dioxygen (O2).
59-63

 Iridium containing complexes have applications in organic 

light emitting diodes and oxygen sensors.
64

 Dupont and co-workers
65

 have           

prepared iridium nanoparticles on a medium of 1-n-butyl-3-methylimidazolium 

hexafluorophosphate by reduction of bis(1,5-cyclooctadiene)diiridium(I) dichloride and 

found an increase in the recyclability of the iridium catalyst for the hydrogenation of      

1-decene at a temperature of 75 
o
C. This process is an ideal green chemistry approach 

because it reduces chemical waste and improves efficiency. Ir oxide nanoparticles were 

electrodeposited onto an etched titanium substrate by reduction of an iridium (IV) 

chloride solution at 90 
o
C and the resulting structure used as reproducible and cost 

effective pH sensor.
66

 Increased catalytic activity was observed for the hydrogenation of 

quinaldine to 2-methyl-1,2,3,4-tetrahydroquinoline with surfactant-free Ir nanoparticles 

supported on carbon nanotubes. The Ir nanoparticles were prepared by adsorbing 

acetylacetonato-(1,5-cyclooctadiene)iridium(I) onto carbon nanotubes and heated at 60 

o
C. Iridium produced by this adsorption hydrogenolysis approach

67 
has proven to be an 

effective catalyst. This project will allow us to study, for the first time, the properties of 

the nanoparticles before and after adsorption into porous Vycor glass which will open 

new ideas and methods in the field of surface catalysis.  
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1.4.3 Reactivity of Supported Bimetallic Pt-Ir Nanoparticles   

 Bimetallic nanoparticles are advantageous over monometallic nanoparticles 

because their selectivity and catalytic activities becomes more enhanced and their surface 

area to volume ratio is much larger.
68,69

 Pt-Ir nanoparticles were chosen because of their 

catalytic role in the oxidation of methanol for fuel cells.
70,71

 Using a bimetallic material is 

better than using just Pt alone. Because the CO intermediate poisons Pt, the efficiency of 

CO2 evolution by the oxidation of methanol is reduced to ca. 27%.
71

 The addition of 

another catalyst to Pt, reduces CO poisoning and increases efficiency. Pt-based bimetallic 

such as Pt-Ru and Pt-Au nanoparticles supported on multiwalled carbon nanotubes were 

prepared by a chemical fluid deposition in supercritical fluid carbon dioxide. Their 

electrochemical activities and efficiency were examined using cyclic voltammetry for the 

oxidation of methanol.
72

 The addition of Ru and Au nanoparticles to platinum showed 

increase catalytic activity with a higher current ratio of ca. 60% in comparison to the 

monometallic platinum for the conversion of MeOH to CO2.
72

  

 The catalytic properties of Pt and Ir nanoparticles on silica support have been 

discussed in great detail. Since our main focus is trying to find the best route to increase 

efficiency of CH4 evolution, and these nanoparticles have been shown to be very 

effective catalysts, we will examine the coordination chemistry of the stripped 

nanoparticles from the adsorbed PVG and also examine the chemistry of the 

nanoparticles in solution with Ru(II) diimines.  

1.5. Chemistry of Ru(II) Diimines with Platinum     

 [Ru(bpy)2L]
2+

 complexes, where bpy denotes 2,2'-bipyridine and L denotes the 
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bidentate bridging ligands dpp = (2,3-bis(pyridyl)pyrazine)  or ppz = (4’,7’-

phenanthrolino-5’,6’:5,6-pyrazine) (Figure 2) are luminescent complexes with high 

extinction coefficients, ≥ 10
4
 M

-1
s

-1
 capable of excited state acid-base and redox 

chemistries. Absorption spectra of the [Ru(bpy)2dpp]
2+

 and [Ru(bpy)2ppz]
2+

 complexes 

are similar. They exhibit an MLCT band (d- *) at 420 nm for bpy, 470 nm for dpp and at 

480 nm for ppz.
73

  

 

 

 

 

 

 

 

The MLCT state of [Ru(bpy)2dpp]
2+ 

is localized on the dpp ligand ( *- d), and emits at 

700 nm with a lifetime of 135 ± 14 ns. The MLCT state of [Ru(bpy)2ppz]
2+

 is localized 

on the ppz ligand ( *- d), and emits at 690 nm with an emission lifetime of 180 ± 2 ns in 

water. The energy level diagram of [Ru(bpy)2dpp]
2+

 shows the excited state is situated 

0.53 eV (voltage per electron) above the oxidized form (Figure 3).
73

 Consequently, upon 

excitation, a strong base and strong reducing agent (*[Ru(bpy)2dpp]
2+

) are created. The 

light harvesting properties of these ruthenium(II) complexes when coordinated to a 

catalytically-active transition metal makes them an excellent candidate for CO2 reduction 

and CH4 evolution.
74-77

  

   
 

Figure 2. Molecular Structure of the Bridging Ligands. 
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Figure 3. Excited-state potential diagram of [Ru(bpy)2 dpp]
2+

. 

Experiments involving the reactions between [Ru(bpy)2dpp]
2+

 (bis(2,2’-

bipyridine)(2,3-bis(2-pyridyl)pyrazine) ruthenium(II)) and  PtCl6
2-

 show that the Ru(II) 

diimine acts like a ligand and coordinates to the Pt(IV) to form the bimetallic 

[Ru(bpy)2(dpp)PtCl4]
2± 

complex.
78

 Granger and co-workers
79

 reported Pt(IV) complexes 

coordinated to 1,10-phenanthroline. The Pt-N (1,10 phen) bond length is reported to be 

ca. 2.037 Å and the N-Pt-N (1,10 phen) bond angle is 80.6
o
. Pt(II) complexes coordinated 

to bipyridine has also been examined.
80

 The Pt-N (bipy) is 2.010 Å and the N-Pt-N (bipy) 

bond angle is 80.1
o
. Will this [Ru(bpy)2(dpp)]

2+
 complex act as a ligand and coordinate to 

Pt
0
 atom through the bridging ligand dpp? Figure 4 shows the face-centered cubic (FCC) 

structure
81

 of Pt
0 

with lattice constant of 3.9110 Å as determined from x-ray diffraction 

 1.31 eV 

[Ru(bpy)
2
dpp]

 

2+
 

[Ru(bpy)
2
dpp]

 

3+
 

*
[Ru(bpy)

2
dpp]

 

2+
 

  0.53 eV 

Probe        1.84 eV 

  0.76 eV 

  1.07 eV 

[Ru(bpy)
2
dpp]

 

+
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method. Since the bond angle of the Pt
4+

 and Pt
2+

 coordinated to a diimine ligand is about 

80
o
, it is possible that Pt

0
 at the edges or corners has sufficient space to coordinate to the 

peripheral nitrogen of the dpp ligand. 

 

 

 

 

 

 

 

Figure 4. FCC structure of Pt coordinated to a diimine ligand. 

In fact, previous studies provide evidence of coordination of Pt nanoparticles and 1,10-

phenanthroline.
82,83

 Will this complex bis(2,2’-bipyridine)(4,7-phenanthro-lino-

5:6,5’6’pyrazine) ruthenium(II), [Ru(bpy)2(ppz)]
2+

 also act as a ligand and coordinate to 

Pt
0
 atom through the bridging ligand ppz and form a new complex? Based on the 

previous literature, metal complexes consisting of [Ru(bpy)2(dpp)]
2+

 and  

[Ru(bpy)2(ppz)]
2+

 will be used for coordination chemistry with the “naked” Pt 

nanoparticles in porous Vycor glass and with the PVP-protected Pt nanoparticles in fluid 

solution. 

 The synthesis, characterization and chemistry of Pt and Ir nanoparticles in porous 

Vycor glass and in room temperature fluid solution will be described in the following 

chapters comprising of experimental, results and discussion. 

3.9110 Å 

N 
N 

≤ 80o 
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Chapter 2 

 

2. EXPERIMENTAL 

2.1. Materials 

 

The chemicals used in these experiments; dihydrogen hexachloroplatinate (IV) 

hexahydrate, H2PtCl6.6H2O, (99.9%, metal basis, Alfa Aesar), dihydrogen 

hexachloroiridate (IV) hydrate, H2IrCl6.xH2O, (99.98%, metal basis, Sigma Aldrich), 

poly(vinylpyrrolidone), PVP, (MW = 55 000, Sigma Aldrich), potassium 

tetrachloroplatinate (II), K2PtCl4, (99.99%, Premion, Alfa Aesar), methanol (Pharmco-

Aaper), ethanol (95%, Pharmco-Aaper), sulfuric acid (ACS Reagent Grade,          

Pharmco Products Incorporated), 2,2’-bipyridine(4’,7’-phenanthroline-5,6:5’,6’-pyrazine) 

ruthenium(II), [Ru(bpy)2(ppz)]
2+

, and 2,2’-bipyridine(2,3-bis(2-pyridyl)pyrazine) 

ruthenium(II), [Ru(bpy)2(dpp)]
2+

, were used without further purification. Pt foil (99.99%, 

Premion, Alfa Aesar), Ir foil (99.9%, e-Filaments) and Pt-Ir foil (80:20 wt%, 99.9%, Alfa 

Aesar) were used as reference materials. Polished and unpolished Corning’s code 7930 

porous Vycor glasses (PVG) with thickness of approximately 2 mm and 5 mm, 

respectively, were supplied by Corning Incorporated. 
 

2.2. PVG 

 The PVG’s provided by Corning Incorporated has a yellow appearance and 

absorption spectrum reveal a band at ca. 300 nm (Figure 5). This yellow appearance is 

due to the 300-nm band, which in turn, is due to the adsorption of organic compounds 

present in the environment.
84

 To remove the contamination, the porous Vycor glasses 

were cleaned by continuous extraction with distilled water in a Soxhlet extractor. The 
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PVG is placed in the thimble of the extractor and extracted until absorption spectra of the 

glass gave no indication of the 300 nm absorption (Figure 6). The cleaned PVG was 

removed using forceps and placed inside a crucible (Coors, USA). The wet PVG had an 

opaque appearance, and was not initially dried at room temperature, but dried in a 

Thermolyne 1500 bench top furnace heated at 500 
o
C for 2 days. After the initial heating, 

the PVG was transparent with no visible cracks and finally placed in a desiccator and 

cooled to room temperature. The room temperature samples were then impregnated by 

previously described solution adsorption techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Absorption spectrum of unpolished porous Vycor glass with shoulder at ca. 

300 nm before cleaning. 
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Figure 6. Absorption spectrum of unpolished porous Vycor glass with no shoulder at ca. 

300 nm after cleaning and drying. 

 

2.3. Synthesis 

2.3.1 PVP/Pt Nanoparticles        

 Platinum nanoparticles with a narrow size distribution were synthesized according 

to the procedure by Rioux et al.
18

 A 0.006 M dihydrogen hexachloroplatinate (IV) 

hexahydrate was placed in a 250 ml round bottom flask and dissolved in 20 ml distilled 

water, to which 0.133 g PVP is added. The solution was slightly swirled to dissolve the 

PVP, 180 ml methanol was added, and the mixture refluxed for 3 hours. Another batch of 

the Pt nanoparticles was prepared by the same procedure except that 95% ethanol was 

substituted for methanol. After the reaction was cooled to room temperature, the PVP/Pt 
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nanoparticles solution was isolated by evaporating the solution to dryness using a 

Rotavapor R110, washing several times in methanol or 95% ethanol and then dispersing 

the remaining Pt nanoparticles in either methanol or 95% ethanol. The samples for TEM 

analysis were prepared by placing a 5 μL of the Pt nanoparticles solution on a carbon 

coated copper grid (300 mesh) and dried in air.  

2.3.2 PVP/Ir Nanoparticles 

Rioux and co-workers
18

 method of the PVP/Pt nanoparticles was used to prepare 

the PVP/Ir nanoparticles except that a 0.006 M dihydrogen hexachloroiridate (IV) 

hydrate was used. In this method, ethanol was used as the solvent and reductant with all 

other parameters kept the same. The PVP/Ir nanoparticles were separated from the 

reduced H2IrCl6 solutions by similar evaporation and washing method previously 

described with Pt nanoparticles. The resulting PVP/Ir nanoparticles were dispersed in 

95% ethanol. 

2.3.3 PVP/Pt-Ir Nanoparticles 

Rioux et al.
18

 method was also used to synthesize the PVP/Pt-Ir nanoparticles. A 

0.003 M dihydrogen hexachloroplatinate (IV) hexahydrate was placed in beaker and 

dissolved in 10 ml distilled water (Solution 1). Then a 0.003 M dihydrogen 

hexachloroiridate (IV) hydrate was placed in another beaker and dissolved in 10 ml 

distilled water (Solution 2). The solutions were then mixed together in a 250 ml beaker, 

0.133 g PVP was added followed by 180 ml ethanol. The PVP, H2PtCl6 and H2IrCl6 

mixture was refluxed for 3 hours, and then evaporated to dryness. The PVP/Pt-Ir 
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nanoparticles were washed with 95% ethanol repeatedly, dried and then taking up in 95% 

ethanol. 

2.3.4 [Ru(bpy)2(ppz)]
2+ 

 [Ru(bpy)2(ppz)]
 
(NO3)2

 
was prepared according to a previously published method 

with minor modifications.
73 

4’,7’-phenanthrolino-5,6:5’,6’-pyrazine designated ppz, and 

cis-Ru(bpy)
2
Cl

2
.2H

2
O in a 2:1 molar ratio, respectively, were dissolved in 50 ml 

anhydrous ethanol and refluxed for 40 hours. After cooling to room temperature, aliquots 

of a saturated, 95% alcoholic solution of potassium hexafluorophosphate, KPF6 was 

added. The solution was evaporated to dryness, extracted into methylene chloride, MeCl2, 

and then filtered and evaporated again. The residue was eluted through a nitrate, NO3
-
,
 

loaded ion exchange column using Dowex 1x8 chloride resin and then evaporated to 

dryness. The residue was dissolved in acetonitrile and then passes through an alumina 

column (neutral) and eluted with acetonitrile. Absorption spectroscopy identified the 

fractions containing the eluted product. The desired fractions of [Ru(bpy)2(ppz)]
2+

 were 

mixed together and the solvent was removed by evaporating to dryness in a Rotavapor 

R110 at 60
o
 C.  The absorption spectra of [Ru(bpy)2(ppz)]

 
(NO3)2

 
in 95% ethanol consists 

of two MLCT bands with maxima at 420 nm (ε = 1.4 x 10
4
 M

-1
cm

-1
) and 476 nm (ε = 1.3 

x 10
4
 M

-1
cm

-1
) corresponding to the transfer of charge to the bpy and ppz ligands, 

respectively. The extinction coefficient of [Ru(bpy)2(ppz)]
 
(NO3)2

 
in 80% water-ethanol 

is slightly different in comparison to 95% ethanol, the molar extinction coefficient at 420 

nm is 1.1 x 10
4
 M

-1
cm

-1 
and at 476 nm is 

 
1.0 x 10

4
 M

-1
cm

-1
.
 
The emission spectra of the 

[Ru(bpy)2(ppz)]
 
(NO3)2

 
complex

 
exhibit a single band with

 
maxima at 673 nm in 95% 
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ethanol and at 690 nm in 80% water-ethanol solution. Both absorption and emission 

spectra of the [Ru(bpy)2(ppz)]
 

(NO3)2
 

complex
 

were similar to the spectra of the 

previously published data.
73 

2.3.5 [Ru(bpy)2(dpp)]
2+      

 
[Ru(bpy)2(dpp)]

 
(PF6)2 was prepared as previously described.

85 
2,3-bis(2-

pyridyl)pyrazine (2 mmol) and cis-Ru(bpy)
2
Cl

2
.2H

2
O (1 mmol) were dissolved in 50 ml 

of a 200 proof ethanol and refluxed at 70 
o
C for 24 hours. After cooling to room 

temperature, a solution of ammonium hexafluorophosphate, NH4PF6, was added dropwise 

to the reaction mixture. The resulting precipitate was collected by filtering and then 

dissolved in a minimum amount of acetonitrile. The solution was charged onto an 

alumina column (neutral) and eluted with acetonitrile. The eluted fractions were collected 

and examined by absorption spectroscopy. The fractions containing [Ru(bpy)2(dpp)]
2+ 

were combined and evaporated to dryness. Absorption and emission spectra of the 

isolated fractions agreed with published spectra of the complex.
85
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2.4. Instrumental 

2.4.1 UV-Vis Absorption Spectroscopy (AS) 

 Electronic spectra were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer. 

The nanoparticle solutions were measured using a 1 cm path length (ℓ) quartz cuvette, 

customized with a 14/20 ground glass joint (H.S. Martin, Incorporated), and the PVG 

samples with 0.2 and 0.5 cm path lengths were measured in the wavelength range of 200 

nm–800 nm with a metal sample holder (Figure 7). 

 

 

 

 

 

 

 

            Figure 7. Quartz cell (left image) and sample holder for PVG (right image). 

 

2.4.2 Photoluminescence Spectroscopy (PL) 

 Emission spectra were recorded on a Jobin Yvon FluoroMax-3 

spectrophotometer. The samples are excited by radiation from a Xenon source passed 

through an excitation monochromator before passing through the sample. The emitted 

light from the sample is collected at 90
o
 to the excitation, passed through a 

monochromator and then detected by a photomultiplier tube (PMT). The relative intensity 

as a function of wavelength is then stored in the computer. 

 

PVG 

Sample 
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2.4.3 Transmission Electron Microscopy (TEM) 

 TEM images of the PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles in solution were 

recorded on a Zeiss EM 902A electron microscope with an accelerating voltage of 80 kV 

and a magnification of 250 000x. Higher resolution images were recorded on a JEOL 

JEM-2100 electron microscope with a beam current of 104 μA and an accelerating 

voltage of 200 kV. Figure 8 shows a schematic diagram of a transmission electron 

microscope. A beam of electrons produced from a thermionic electron gun impinges onto 

the sample and that which is transmitted through the sample is focused onto a location 

sensitive detector. In conjunction with supplied computer software the distribution of the 

transmitted electron is converted to an image of the object. 

  

 

 

 

 

 

 

 

 

 

                     

Figure 8. Schematic diagram of a transmission electron microscope 

(Adapted from Ref
86

). 
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2.4.4 X-Ray Diffraction (XRD) 

Powdered X-ray diffraction (XRD) spectra were recorded using a Philips PW 

3040 X’Pert PRO system with Cu Kα radiation (λ = 1.54 Å) operated at a voltage of 40 

kV and a current of 30 mA. The nanoparticles were spread evenly on double sided tape 

with a spatula, and the reflections recorded over the angular range of 30
o 

≤ 2θ ≤ 90
o
. For 

Bragg’s law (Figure 9) to be satisfied, the sample used for XRD must be a crystalline 

material. A crystalline material possesses a crystal lattice which is composed of a 

periodic arrangement of atoms. When a beam of x-rays strikes a crystalline sample at an 

angle (θ), the x-rays are diffracted according to Bragg’s law,   

                                                     nλ = 2d sin θ                                                     (1) 

where n is an integer, λ is the wavelength of the x-rays, d is the lattice spacing and θ is 

the angle between the incident ray and the scattering planes. The X-ray diffraction 

technique (XRD) was employed to determine the crystal structure of the nanoparticles, 

and the average particle size was calculated by means of Scherrer's equation. 

 

 

                                               

   

   

Figure 9. Bragg’s Law (Adapted from Ref
87

). 

 

 

d 

θ θ 
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2.4.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy measures the molecular vibration of samples and provides 

structural and chemical identification of the nanoparticles and the surfactant molecule to 

be measured. Figure 10 shows a schematic diagram a Michelson interferometer. The IR 

source strikes the beam splitter which splits the beam into two halves. Reflections from 

both the fixed mirror and the movable mirror are recombined which passes through the 

sample, then through the detector which produces an interferogram. The raw data 

collected is then Fourier transformed in the computer to an IR spectrum. FTIR spectra of 

the PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles, along with the extracted PVP and pure 

PVP were collected using a Thermo Nicolet Nexus 870 Fourier Transform Infrared 

Spectrometer. The solid samples were dispersed in a drop of mineral oil (Rite Aid 

Cooperation) with an agar mortar and pestle, and the resulting paste dispersed over a 

calcium fluoride (CaF2) IR window. The spectrum of the CaF2 window and the mineral 

oil was subtracted from the nanoparticles and the PVP paste.  

 

 

 

 

 

 

Figure 10. Michelson Interferometer (Adapted from Ref
88

). 
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2.4.6 Extended X-Ray Absorption Fine Structure Spectroscopy (EXAFS) 

X-ray absorption spectroscopy (XAS) is divided into two parts, x-ray absorption 

near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS). 

XANES is sensitive to the oxidation state of an atom and is the region of 50 eV before 

and after the absorption edge.
89,90

 The LIII-edge energy of platinum (11564 eV) and 

iridium (11215 eV) are described as the transition of a 2p electron to 5d state of an 

absorbing atom.
91-93

 EXAFS region, about 50 - 1000 eV above the absorption edge is also 

called a post-edge region and provides information on the metal-metal bond distance, 

identification of the near neighbor atom and the coordination number of the element.
94,95

 

 Extended x-ray absorption fine structure (EXAFS) and x-ray absorption near edge 

structure (XANES) data were collected at the Brookhaven National Laboratory at 

beamline X10C of National Synchrotron Light Source (NSLS) in fluorescence mode.  

Figure 11 shows the experimental x-ray absorption spectroscopy (XAS) setup for 

measuring the nanoparticles impregnated PVG samples. The bending mirror that focuses 

the beamline is coated with Rhodium and is situated at a distance of 12 meters from the 

x-ray source.
96

 The beam intensity of polychromatic x-rays source is adjusted by passing 

the beam through vertical slits located before the monochromator. The monochromator is 

a double flat crystal monochromator (Si 220).  Intensity of the incident beam, I0, before 

and after the hutch (experimental station) and transmission intensity, It, (Figure 12) were 

measured using ion chambers filled with Nitrogen. Fluorescence X-ray intensity was 

measured using solid state detectors.  
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Figure 11. Schematic diagram of XAS setup (Adapted from Ref
97

). 

 XAS studies have been conducted on supported Pt,
98-101

 Ir
102

 and Pt-Ir
103

 

nanoparticles but have not been reported to date on their adsorption into porous Vycor 

glass. This project will allow us to investigate the chemical structure and local 

environments of Pt, Ir and Pt-Ir nanoparticles adsorbed into Corning’s code 7930 porous 

Vycor glass on an L3 absorption edge energy of 11564 eV (Pt) and 11215 eV (Ir). All 

EXAFS data were collected in the fluorescence mode because of the relatively small 

amount of Pt, Ir and Pt-Ir adsorbed into PVG. EXAFS and XANES spectra were 

referenced to Pt foil (Alfa Aesar), Ir foil (e-Filaments) and Pt-Ir foil (80:20 wt%, Alfa 

Aesar). X-ray absorption spectroscopy (XAS) such as x-ray absorption near edge 

structure (XANES) and extended x-ray absorption fine structure (EXAFS) were 

employed to determine the oxidation state and bond length of the PVP/Pt, PVP/Ir and 

PVP/Pt-Ir nanoparticles. All three nanoparticles samples were measured by dispersing the 

crushed particles onto Kapton adhesive tape and by adsorbing the PVP/Pt, PVP/Ir and 

PVP/Pt-Ir nanoparticles solutions into the porous Vycor glasses. The nanoparticles 

impregnated PVG samples were then dried in a vacuum oven without heating until the 
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opaqueness due to adsorbed water disappears. XAS of the PVP/Pt, PVP/Ir and PVP/Pt-Ir 

nanoparticles before and after adsorption into the silica were run on the Pt L3-edge energy 

(11564 eV) and Ir L3-edge energy (11215 eV).  

 The collected data were analyzed by importing the raw data file into PSI-Plot 

(Poly Software International) software, and then exporting the data into an arbitrarily 

named non-commercial program created in DOS for data reduction. The XANES, which 

is the region in XAS about 50 eV below and above the absorption edge of the spectra, 

was used to determine the oxidation states of the Pt and Ir nanoparticles. To determine 

the EXAFS function, χ(E), which is related to the Pt-Pt and Ir-Ir bond length within the 

nanoparticle, the background is subtracted from the EXAFS spectrum. The pre-edge 

region, which is the region before the absorption edge is fitted with a polynomial and is 

then extrapolated beyond the absorption edge, and subtracted from the measured 

absorption coefficient, μ(E), to remove the absorption from other edges. The photon 

energy (E) of the spectral data after background subtraction is then transformed into a 

photon electron wave vector (k) and is multiplied by k
3
 for weighting the higher k portion. 

After Fourier transforming the data from k to R-space, the data were analyzed by 

importing into the PSI-Plot software, and plotted in terms of Fourier transform magnitude 

as a function of the radial distance (Å) to determine the bond length of the Pt, Ir and Pt-Ir 

nanoparticles present in the sample.  

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. XAFS experimental setup at NSLS (Photograph courtesy of Dr. Sunil 

Dehipawala). 

 

 

2.4.7 Time-Resolved Emission Spectroscopy 

 

 Time-resolved measurements were conducted using a Quanta-Ray Pulsed 

Nd:YAG (neodymium doped yttrium aluminum garnet) laser. A Stanford DG535 was 

used as a time delay device. The excitation wavelength was set at 532-nm. The resulting 

emission was recorded using a Princeton Instrument ICCD (intensified charge-coupled 

device) camera attached to a SpectraPro-300i Spectrograph. The data were viewed using 

WinSpec32 software on a Dell Intel Pentium 4 Windows XP system. The data were 

exported into IGOR Pro 6.12A and analyzed to determine the lifetime of the species. All 

samples were degassed in Argon for 5 minutes prior to all emission lifetime 

measurements. 

Io It 
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Chapter 3 

 

3. RESULTS 

  

3.1. Characterization of PVP/Pt Nanoparticles  

 

 The synthesis of PVP-protected platinum nanoparticles prepared by an alcohol 

reduction method has been established.
18 

Figures 13 and 14 shows the UV-visible 

absorption spectra of a methanol and ethanol solution of 1.2 x 10
-5

 M in PVP and (6.07 ± 

0.08) x 10
-4 

M in H2PtCl6 before reflux (solid line) with an intense peak at 268 nm. The 

absorption spectrum of 1.0 x 10
-4

 M PVP used in the synthesis was also recorded before 

it was added to the H2PtCl6 solution. The absorption spectrum of PVP (Figure 15) shows 

a high intensity peak at ca. 240 nm, ε = 7185 M
-1

cm
-1

 with a nondescript tail extending 

into the visible.  

 PVP/Pt nanoparticles were generated previously with methanol and then in 95% 

ethanol because Rioux and co-workers
18

 found that reducing the PVP/H2PtCl6 salt in 95% 

ethanol created slightly smaller Pt nanoparticles than reduction by methanol. Since we 

were interested in the smaller particle size for the adsorption of the PVP/Pt nanoparticles 

into porous Vycor glass (PVG), which has pores of ≤ 10 ± 1 nm, the PVP and H2PtCl6 

was dissolved in methanol or 95% ethanol. Initially the solution was pale yellow. As the 

reflux proceeds, H2PtCl6 peak at 268 nm gradually decreases and the sample solution 

turned dark brown. Upon cooling to room temperature, the absorption spectra of the Pt 

sample solution exhibit a broad shoulder at ca. 280 nm. 

Transmission electron microscopy (TEM) measurements were carried out on the 

PVP/Pt sample after reduction of the Pt(IV) salt to determine the size, morphology and 
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degree of aggregation (Figures 16a and 17a). If the particles are small, ≤ 10 nm, then it 

will adsorb into the PVG. With particles > 10 nm in diameter, then it will be difficult to 

adsorb the nanoparticles into the glass. The TEM images were recorded with a charge 

couple device (CCD) camera, and a MegaView III- iTEM digital acquisition system. One 

hundred Pt particles were examined and sized and then plotted as a function of 

nanoparticles diameter (nm). The highest peak in the histogram corresponding to 51 

nanoparticles in the size range of 2.7-3.5 nm for the methanol synthesis (Figure 16b) and 

52 nanoparticles in the size range of 2.4-3.0 nm for the ethanol synthesis (Figure 17b) 

were selected and the average sizes of the nanoparticles were obtained using Microsoft 

Excel. High resolution TEM of an individual PVP/Pt nanoparticle (Figure 16a inset) 

shows diffraction from the Pt core. Using the distance standard within the TEM yields a 

Pt lattice distance of 2.24 Å (111), this is within experimental error of the Pt lattice 

spacing in bulk platinum of 2.26 Å (111), obtained from the reference pattern parameters 

in the XRD database.  

X-ray diffraction (XRD) methods were used to determine the crystal structure and 

size of the particles. The peak positions of the Pt nanoparticles are extracted by the line 

observed in the center of each peak in the XRD spectrum (Figures 18 and 19). These 

lines or stick patterns are not pasted or drawn onto the spectra, but appear when the 

samples being measured matches the reference pattern of Pt from the XRD database.  

XRD analyses show broad peaks of only Pt nanoparticles which indicates that Pt particles 

are small.
104 

The crystal structure of the particles were determined using the X’Pert 

HighScore v2.1 Database, which is a program installed in the computer of the XRD. The 
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data obtained from the XRD indicates that Pt nanoparticles have a face-centered cubic 

(FCC) structure.  

Fourier transform infrared spectroscopy (FTIR) was used for qualitative analysis 

of the pure PVP and of the PVP/Pt nanoparticles synthesized in methanol and ethanol. 

The PVP exhibits an intense peak at 1668 cm
-1 

assigned to the C=O vibration, a shoulder 

at 1490 cm
-1

 corresponding to the C-N region, an intense peak at 1460 cm
-1

 assigned to 

the CH2 vibration and the 1376 cm
-1

 peak assigned to the C-H region
105

 (Figure 20). 

Capping the Pt nanoparticles with the PVP, reduces the intensities of the C=O absorption 

at 1668 cm
-1

 in the PVP and shifts the C=O vibration to 1658 cm
-1

 in both the Pt 

nanoparticles prepared by methanol or ethanol reduction. The reduction in the C=O 

intensity and the 10 cm
-1

 shift to lower frequency, in the spectrum of the Pt nanoparticles 

capped with PVP, suggest that the Pt nanoparticles is attached to the carbonyl group of 

the PVP. 

Energy-dispersive X-ray spectrometer (EDS) attached to the transmission electron 

microscope was used for elemental analysis of the PVP/Pt nanoparticles and to confirm 

the presence of Pt using DET 1 v6.04 software. The electron beam is focused onto the 

sample being analyzed. Ejection of a core electron upon excitation produces an electron 

hole. An electron from the outer-most shell with higher energy fills the hole with the 

emission of an x-ray. X-rays characteristic of the samples being analyzed are produced 

from the difference in the energy released.
106

 EDS spectra of the Pt sample (Figures 21 

and 22) detected carbon (C), copper (Cu) and platinum (Pt) bands. The carbon and copper 
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bands are attributed to the grid while the band position at ca. 2.05, 9.41 and 11.01 keV 

are attributed to Pt.  

 

 
 

Figure 13. Absorption spectra of PVP/H2PtCl6 solution before reflux (     ) and PVP/Pt 

nanoparticles after reflux (         ) synthesized in methanol. 
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Figure 14. Absorption spectra of PVP/H2PtCl6 solution before reflux (     ) and PVP/Pt 

nanoparticles after reflux (        ) synthesized in ethanol. 
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Figure 15. Absorption spectrum of pure PVP. 
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Figure 16. TEM image of (a) PVP/Pt nanoparticles synthesized in methanol and 

diffraction pattern (inset) from an individual PVP/Pt nanoparticle (b) histogram of the 

PVP/Pt nanoparticles with an average size of 3.1 ± 0.4 nm in diameter.  
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Figure 17. TEM image of (a) PVP/Pt nanoparticles synthesized in ethanol and (b) 

histogram of the PVP/Pt nanoparticles with an average size of 2.7 ± 0.3 nm in diameter.   
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Figure 18. Powder X-ray diffraction pattern showing FCC structure of PVP/Pt 

nanoparticles synthesized using methanol. Background (*) arising from the double-sided 

tape used to hold the PVP/Pt nanoparticles.  
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Figure 19. Powder X-ray diffraction pattern showing FCC structure of PVP/Pt 

nanoparticles synthesized using ethanol. Background (*) arising from the double-sided 

tape used to hold the PVP/Pt nanoparticles.  
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Figure 20. FTIR spectra of (a) PVP/Pt nanoparticles synthesized in methanol, (b) PVP/Pt 

nanoparticles synthesized in ethanol and (c) pure PVP.  
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Figure 21. EDS spectra of PVP/Pt nanoparticles synthesized in methanol. 
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Figure 22. EDS spectra of PVP/Pt nanoparticles synthesized in ethanol. 
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3.2. Characterization of PVP/Ir Nanoparticles  

 

The PVP/Ir nanoparticles were synthesized in a similar manner.
 
Instead of using 

dihydrogen hexachloroplatinate (IV) hexahydrate, a 0.006 M dihydrogen 

hexachloroiridate (IV) hydrate was dissolved in 20 mL of distilled water to which 0.133 g 

PVP was added. In this method 95% ethanol was used as the solvent. Figure 23 shows the 

electronic spectrum of a 95% ethanol solution of 1.2 x 10
-5

 M in PVP and 6.14 x 10
-4 

M 

in H2IrCl6 before refluxed (solid line). The solution is brownish-red and exhibits H2IrCl6 

charge transfer bands at 430 nm and 488 nm. After refluxing for 1 hour, the solution 

turned colorless, and then gradually becomes light yellow, and finally turns dark brown. 

This change in color is an indication that a chemical reaction has taken place.  

 To adsorb the Ir nanoparticles into the porous Vycor glass, the particle size must 

be ≤ 10 ± 1 nm. So, to determine the size, TEM analyses were used. TEM images of the 

PVP/Ir nanoparticles (Figure 24a) were recorded on the same system used for the PVP/Pt 

nanoparticles. The particles do not look aggregated and from the scale bar located on the 

bottom right corner of the image, the particles appear much smaller than the particles 

obtained for the PVP/Pt nanoparticles. One hundred particles were selected and the 

particle sizes were measured and a histogram was plotted. The average size of the Ir 

nanoparticles was obtained from highest bar in the histogram labeled 1.5-2.1 nm (Figure 

24b).            

 The crystal structure of the Ir particles was examined by XRD analyses. The XRD 

pattern of the PVP/Ir nanoparticles revealed a broad peak at 40.8
o
, followed by lower 

intensity reflections at 47.4
o
, 69.3

o
 and 83.6

o
 (Figure 25). Nevertheless, the PVP/Ir 
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samples being measured, matches the reference pattern of Ir from the XRD database by 

the appearance of the stick patterns. The crystal system of the Ir particles was found to be 

face-centered cubic obtained from the reference pattern parameters in the XRD database.  

FTIR spectra of the Ir nanoparticles capped with PVP, shows similar vibrations to 

those of the PVP/Pt nanoparticles (Figure 26). Vibrations at 1668 cm
-1

 for C=O, 1490 

cm
-1

 for C-N, 1460 cm
-1

 for CH2 and 1376 cm
-1

 for CH are all detected in the spectra for 

the Ir nanoparticles capped with PVP. The assigned bands of the PVP/Ir nanoparticles 

show a reduction in intensity in comparison to the intensity of the pure PVP. The C=O 

vibration at 1668 cm
-1

 for the capped Ir nanoparticles with the PVP, is shifted to 1658 

cm
-1

. This shift to lower frequencies and the reduction in intensity of the capped Ir 

nanoparticles indicates that the C=O group is attached to the Ir nanoparticle. 

To confirm the identity of the Ir nanoparticles in the sample, an EDS analysis was 

utilized. The EDS spectra reveal strong bands of carbon, copper and iridium. The Ir 

bands are located at ca. 1.98, 9.00 and 10.63 keV confirms the presence of Ir (Figure 27). 
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Figure 23. Absorption spectra of PVP/H2IrCl6 solution before reflux (     ) and PVP/Ir 

nanoparticles after reflux (        ) synthesized in ethanol. 
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Figure 24. TEM image of (a) PVP/Ir nanoparticles synthesized in ethanol and (b) 

histogram of the PVP/Ir nanoparticles with an average size of 1.8 ± 0.3 nm in diameter.  
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Figure 25. Powder X-ray diffraction pattern showing FCC structure of PVP/Ir 

nanoparticles synthesized using ethanol. Background (*) arising from the double-sided 

tape used to hold the PVP/Ir nanoparticles.  
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Figure 26. FTIR spectra of (a) PVP/Ir nanoparticles synthesized in ethanol and (b) pure 

PVP.  
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Figure 27. EDS spectra of PVP/Ir nanoparticles synthesized in ethanol. 
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3.3. Characterization of PVP/Pt-Ir Nanoparticles  

 

 Figure 28 shows the UV-vis absorption spectra of the ethanol solution of PVP, 

H2PtCl6 and H2IrCl6 before reflux (solid line). The band at 268 nm is due to H2PtCl6 

while the charge transfer bands of H2IrCl6 are at 430 nm and 500 nm. After reflux, the 

sample solution was dark brown and exhibits a shoulder in the absorption spectra at ca. 

280 nm (Figure 28, dashed line). To determine the size of the PVP/Pt-Ir particles, TEM 

images of the PVP/Pt-Ir nanoparticles were analyzed as previously described and the 

corresponding histogram are shown in Figure 29. The TEM images shows particles of 2-4 

nm diameter estimated from the scale bar with some polydispersity (Figure 29a). A 

hundred particles were randomly picked and their sizes were measured and exported to 

Microsoft Excel 2010 for analysis. The highest bar in the histogram with sizes ranging 

from 1.6-2.2 nm (Figure 29b) was used to calculate the average particle size of the Pt-Ir 

in the sample. 

The reference patterns for Pt and Ir which are displayed as stick patterns observed 

from the XRD database (Figure 30), matches the broad peaks attributed to the PVP/Pt-Ir 

nanoparticles, suggesting a mixture of Pt and Ir are present in the PVP/Pt-Ir nanoparticles 

sample. The Pt-Ir nanoparticles exhibited a face-centered cubic (FCC) crystal structure 

obtained from the parameters of the Pt and Ir reference patterns from the XRD database.  

Figure 31 shows the FTIR spectra of the Pt-Ir nanoparticles capped with PVP, 

with vibrations assigned to the C=O (1668 cm
-1

), C-N (1490 cm
-1

), CH2 (1460 cm
-1

) and 

CH (1376 cm
-1

),
 
similar to the vibrations of the previously described individual PVP/Pt 

and PVP/Ir nanoparticles. The C=O absorption of the PVP capped Pt-Ir is reduced in 
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intensity in comparison to the C=O absorption of the pure PVP and is shifted to         

1658 cm
-1

. This carbonyl shift to lower frequencies and the reduction in intensity, also 

suggests that the Pt-Ir nanoparticles is attached to the C=O group of the PVP.  

EDS analysis was used to confirm the presence and identity of the platinum and 

iridium nanoparticles generated (Figure 32). EDS spectra identified C, Cu, Cl, Pt and Ir 

bands. The C and Cu bands are from the carbon coated copper grids and the Cl band is 

from the synthesis. In fact, the spectra confirm the existence of Pt and Ir particles with 

band position at ca. 2.05, 9.41 and 11.01 keV attributed to Pt and bands at ca. 9.00 and 

10.63 keV attributed to Ir (Figure 32).   

How can one distinguish if Pt-Ir is a core shell material or an alloy? High 

resolution transmission electron microscopy (HRTEM) was used to determine if the 

PVP/Pt-Ir nanoparticle is a core shell material or an alloy, which is the bonding of two or 

more elements
107

 (Figure 33). The image is important because it shows that the 

nanoparticles are close to circular and crystalline. The experimental Pt-Ir lattice spacing 

of 2.20 Å was estimated from the scale bar provided and is within 0.06 Å and 0.01 Å of 

the calculated lattice spacing obtained from the reference pattern of 2.26 Å (111) for Pt 

and 2.21 Å (111) for Ir from the XRD database. The lattice spacing from the 

experimental diffraction pattern of the Pt-Ir nanoparticle in Figure 33 is closer to the 

lattice spacing of Ir than to the lattice spacing of Pt, suggesting that the diffraction pattern 

displayed may be of PVP/Ir nanoparticles. Since, TEM image of the PVP/Pt-Ir 

nanoparticles exhibit an average particle size of 1.9 ± 0.3 nm in diameter, which is within 

the average particle size of the individual Pt of 3.1 ± 0.4 nm and individual Ir of 1.8 ± 0.3 
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nm, and EDS and XRD pattern confirms the presence of Pt and Ir in the sample, the 

nanoparticles shown in Figure 29a, are nanoparticles made up of a mixture of individual 

Pt and individual Ir nanoparticles.  

 

 
 

Figure 28. Absorption spectra of PVP/Pt(IV)-Ir(IV) solution before reflux (    ) and 

PVP/Pt-Ir nanoparticles after reflux (        ) synthesized in ethanol. 
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Figure 29. TEM image of (a) PVP/Pt-Ir nanoparticles synthesized in ethanol and (b) 

histogram of the PVP/Pt-Ir nanoparticles with an average size of 1.9 ± 0.3 nm in 

diameter.  

 

 

(b) 

(a) 

0

10

20

30

40

50

60

70

0.9-1.5 1.6-2.2 2.3-2.9

N
u

m
b

er
 

Diameter (nm) 



53 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 30. Powder X-ray diffraction pattern showing FCC structure of PVP/Pt-Ir 

nanoparticles synthesized using ethanol with reference stick patterns corresponding to Pt 

and Ir nanoparticles. Background (*) arising from the double-sided tape used to hold the 

PVP/Pt-Ir nanoparticles.  

 

 
 

 

 

 

 

 

 

 

 

Pt 

In
te

n
si

ty
 (

cp
s)

 

Pt 

Ir 

Ir 

Pt 
Ir 

Pt Ir 

2θ 

* 



54 

 

 

 

 

 

 

 

 

 

 
 

Figure 31. FTIR spectra of (a) PVP/Pt-Ir nanoparticles synthesized in ethanol and (b) 

pure PVP.  
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Figure 32. EDS spectra of PVP/Pt-Ir nanoparticles synthesized in ethanol. 
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Figure 33. HRTEM image of PVP/Pt-Ir nanoparticles synthesized in ethanol. 
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3.4. Impregnation of PVG with PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles  

To determine the molar concentration of the Pt, Ir and Pt-Ir nanoparticles in 

solution, the number of Pt or Ir atoms per nanoparticle, N was calculated from the 

equation provided by Liu and co-workers which is described as
108

  

                                       N = (πρ*D
3
*NA)/(6M)                                                    (2) 

where ρ is the density
109

 of FCC Pt or Ir, D (cm) is the average core diameter of the Pt or 

Ir nanoparticle, NA is Avogadro’s constant and M is the molecular weight of the Pt or Ir. 

The actual concentration, C for the Pt, Ir and Pt-Ir nanoparticles which is summarized in 

Table I is calculated by the equation
108 

                                                   C = (Ntotal*NA)/(NVNA)                                                   (3) 

where Ntotal is the initial amount of Pt
4+

 or Ir
4+

 salt added in moles, N is the number of Pt 

or Ir atoms per nanoparticle and V is the volume of the reaction solution in liter.  

Table I. Measured and calculated concentration of Pt, Ir and Pt-Ir nanoparticles 

 

Solutions of PVP/Pt and PVP/Ir nanoparticles to impregnate Corning’s code 7930 porous 

Vycor glass were prepared by dispersing 15 ml of an aliquot of the PVP/M np’s in 15 ml 

 

 

 

Metal   

nanoparticles 

  

 

Average 

diameter 

(nm) 

 

Measured 

concentration 

of salt  

(M) 

 

Calculated 

concentration  

of nanoparticle 

(M) 

Concentration 

impregnating 

nanoparticle 

solution  

(M) 

 

 

 

 

 

Pt (methanol)  3.1 ± 0.4 (6.15±0.02)E-4  (6.58±0.02)E-7 (3.29±0.05)E-7   

Pt (ethanol)  2.7 ± 0.3 (5.99±0.02)E-4 (9.45±0.03)E-7 (4.73±0.07)E-7  

Ir 

 

Pt-Ir 

 1.8 ± 0.3 

 

1.9 ± 0.3                          

(6.14±0.03)E-4  

 

(3.10±0.01)E-4  

(3.36±0.02)E-6 

 

(2.92±0.01)E-6 

(1.68±0.03)E-6 

 

(2.92±0.03)E-6 
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of either methanol or 95% ethanol. A 30 ml of an aliquot of the PVP/Pt-Ir nanoparticles 

solution was pipetted from the PVP/Pt-Ir ethanol stock solution and used without any 

further dilution. Based on the amount of the H2PtCl6 or H2IrCl6 used in the preparation, 

the concentration of the nanoparticles was calculated and the results tabulated in Table I.  

 In the impregnation experiments, two types of PVG were used. The unpolished 

PVG with approximate dimensions of 19 mm x 19 mm x 5 mm, and the polished PVG 

with dimensions of 25 mm x 25 mm x 2 mm were weighed and placed upright in glass 

Coplin Staining Jars and either 15 ml or 30 ml of the impregnating solution was added. 

The jar was then covered and allowed to stand at room temperature for 24 hours. At that 

point, the PVG was removed and placed in the vacuum oven and dried at room 

temperature. The method was repeated twice to adsorb more of the nanoparticles into the 

glasses, and adsorption was monitored by absorption spectroscopy. As shown in Figure 

34, the absorbance at ca. 280 nm increases after each exposure of the PVG to the 

impregnating solution. 
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Figure 34: Absorption spectra of impregnated PVG with PVP/Pt nanoparticles 

synthesized in methanol after first (        ), second (       ) and third (       ) drying in a 

vacuum oven at room temperature. 
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3.4.1 EXAFS Spectroscopy  

 To study the structural and electronic properties of PVP/Pt, PVP/Ir and PVP/Pt-Ir 

nanoparticles before and after adsorption into porous Vycor glass, XANES and EXAFS 

spectroscopy were employed. All XANES and EXAFS spectra were referenced to Pt foil 

and Ir foil. EXAFS is an interference effect between an excited electron wave and a back 

scattered electron wave from the nearest neighbor atoms that produces an oscillation in 

the raw spectral data which represents an absorption coefficient as a function of photon 

energy E. The photoelectron is ejected from the atom with a wavelength
110

 λ = 2π/k, 

where k is the photoelectron wavevector defined as
111

  

                                                         k = (2m/ħ
2
(E - Eo))

2                                                                            
(4) 

where m is the electron mass, ħ
 
=

 
h/2π

  
where h is Planck’s constant, E is incident photon 

energy and Eo is the threshold energy of that absorption edge. The EXAFS function χ(E) 

is normalized to the smooth background absorptions μo (E) and subtracted from the 

absorption coefficient of the atom μ (E) which is the given by
111

  

                                                  χ(E) = (μ(E) – μo(E)/μo(E))                                             (5) 

To obtain the EXAFS function in k space, χ(E) is converted into χ(k) by the equation
112

  

              χ(k) = Σ (Nj Sj(k)*Fj(k)*exp(-2σj
2
k

2
)*exp(-2rj/λ(k))(Sin(2krj + Øij(k))/krj

2
)        (6) 

where F
j
(k) is the backscattering amplitude, Nj is the coordination number of the central 

atom, σ
j
 is the Debye-Waller factor, rj is the distance from the absorber to the neighboring 

atom. Øi (k) is the central atom phase shift, Øj (k) is the backscattering phase shift, exp(-

2rj/λ(k)) is due to inelastic scattering and S
i 
(k) is the amplitude reduction factor. χ(k) is 
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composed of sine waves, so the experimental data are Fourier transformed from k to R 

space by multiplying by a window function, w(k) to determine the radial distribution 

function of Pt, Ir and Pt-Ir nanoparticles before and after adsorption into PVG. A window 

function is a filtering window that selects the k range to be transformed, and is used to 

filter out the first-neighbor shell from interference caused by scattering from the 

neighboring atoms.
113

 

3.4.2 PVP/Pt Nanoparticles  

 To examine PVG glass impregnated with PVP/Pt nanoparticles, UV-vis 

absorption spectroscopy was utilized. Figures 35a and 36a shows the absorption spectra 

of the PVG before (solid line) and after impregnation (dashed line) with the PVP/Pt 

nanoparticles. As previously described, the impregnated PVG’s with the PVP/Pt 

nanoparticles are dried in a vacuum oven at room temperature. A comparison of Figures 

35 and 36 shows that adsorption is independent of whether the PVP/Pt nanoparticles were 

prepared by methanol or ethanol reduction. The absorption spectra of the clean PVG and 

impregnated PVG do not exhibit any bands in the visible region. Inset on the upper right 

corner of Figure 35a shows an image of a clean PVG (left image) and a PVG 

impregnated with PVP/Pt nanoparticles (right image). But after the impregnated PVG 

spectra were subtracted from the clean PVG spectra, a very weak intensity band with a 

broad shoulder is observed at ca. 280 nm (Figures 35b and 36b) which may be 

attributable to the excitation of interband transition of the Pt nanoparticles.
114,115

 A larger 

image of the clean PVG before impregnation (left image) and after impregnation of the 

PVP/Pt nanoparticles into the PVG (right image) is shown in Figures 37. The left image 
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is transparent and the right image of the PVG is light brown. The light brown color of the 

PVG establishes that the PVP/Pt nanoparticles adsorbed into the glass. But the 

appearance of the change in color from transparent to light brown does not show if the 

oxidation state of the Pt nanoparticles in the glass remained unaffected.    

 To confirm the presence and the oxidation state of Pt nanoparticles in the glass, 

XANES analyses were employed. The normalized x-ray absorption near edge structure 

(XANES) in Figure 38 shows that the platinum foil, which is the reference material, 

exhibits an L3-edge energy or threshold energy at 11563.0 ± 0.3 eV, which is 1 eV lower 

than the published value of 11564 eV.
116

 The threshold energy value or edge energy, E0, 

for the Pt foil and the PVP/Pt nanoparticles before and after impregnation into PVG, are 

obtained from the first maximum of the first derivative spectra,
117

 indicated by the red 

dashed vertical line in the spectrum (Figure 39). Pt foil contains atoms in the zero 

oxidation state, and crystallizes in a face-centered cubic (FCC) crystal system. The 

PVP/Pt nanoparticles, the PVP/Pt in the polished PVG and the PVP/Pt in rolled PVG 

were compared with the Pt foil to confirm its presence in PVG, and to examine the 

change in oxidation state of the Pt nanoparticles upon adsorption. In the derivative 

spectra, there is a 1.2 eV shift to lower energy for the PVP/Pt nanoparticles before 

impregnation into PVG, but this is due to experimental error, because no shift to higher 

energy is observed for the PVP/Pt nanoparticles in the impregnated glass, even though 

the glass can behave as an oxidizing matrix. The absence of a pre-edge absorption and the 

absence of a shift to higher energies to the right of the XANES spectrum indicate that the 

Pt nanoparticles in the glass are not oxidized. The normalized XANES spectrum in 
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Figure 38 for the PVP/Pt nanoparticles impregnated into the rolled PVG, shows some 

fluctuation in the data (circled in red) at the absorption edge between 11520-11550 eV. 

This fluctuation is due to experimental error, because other samples that were previously 

examined did not exhibit any variation in the XANES spectra in the absorption edge 

region. The oscillatory variation observed in the post-edge region in the spectra is due to 

the interaction of the absorbing atom with the neighboring atom, i.e., the EXAFS 

spectrum. A smooth decay will be observed in the absence of a near neighbor atom 

interaction, thereby precluding information such as metal-metal bond length will not be 

available. 

 Due to the presence of the neighboring atom, the radial distance of the Pt-Pt bond 

length is obtained. The Fourier transform magnitude vs. the radial distance (Å) of the 

EXAFS data of Pt foil and the PVP/Pt nanoparticles before and after adsorption into the 

PVG are depicted in Figures 40-43. The first and highest peak in the spectrum represents 

the first-neighbor shell. The second minor peak represents the second-neighbor shell and 

the other peaks at larger R (distance from the absorber atom) values arise from higher 

ordered shells.
118

 The Pt-Pt bond length is represented by the vertical dashed line, which 

yields a Pt-Pt bond length of 2.06 ± 0.01 Å for Pt foil, 2.04 ± 0.01 Å for PVP/Pt 

nanoparticles, 2.04 ± 0.01 Å for PVP/Pt nanoparticles impregnated into polished PVG 

and 2.04 ± 0.01 Å for PVP/Pt nanoparticles impregnated into rolled PVG. All the bond 

lengths recorded for the PVP/Pt nanoparticles with and without the PVG are within 

experimental error of the bond length of the Pt foil. 
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Figure 35. Absorption spectra of (a) PVG before (      ) and after adsorption and drying         

(     ) with PVP/Pt nanoparticles synthesized in methanol. The inset shows the PVG 

sample before and after impregnation with the PVP/Pt nanoparticles. The difference 

spectrum (b) of the adsorbed PVP/Pt nanoparticles obtained by subtraction of the spectra 

shown above.  
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Figure 36. Absorption spectra of (a) PVG before (      ) and after adsorption and drying       

(      ) with PVP/Pt nanoparticles synthesized in ethanol. The inset shows the PVG sample 

before and after impregnation with the PVP/Pt nanoparticles. The difference spectrum (b) 

of the adsorbed PVP/Pt nanoparticles obtained by subtraction of the spectra shown above.  
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Figure 37. Image of clean PVG (left) and PVP/Pt nanoparticles synthesized in methanol 

adsorbed into PVG (right). 
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Figure 38. Normalized XANES spectra of PVP/Pt nanoparticles before adsorption into 

PVG (○), PVP/Pt nanoparticles after adsorption into polished PVG (∆) and PVP/Pt 

nanoparticles after adsorption into rolled PVG (    ) when compared to Pt foil (□).  
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Figure 39. First derivative spectra of (a) Pt foil, (b) PVP/Pt nanoparticles before 

adsorption into rolled and polished PVG, (c) PVP/Pt nanoparticles after adsorption into 

polished PVG and (d) PVP/Pt nanoparticles after adsorption into rolled PVG. 
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Figure 40. Fourier transform of the EXAFS data of Pt foil. 
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Figure 41. Fourier transform of the EXAFS data of PVP/Pt nanoparticles before 

adsorption into PVG. 
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Figure 42. Fourier transform of the EXAFS data of PVP/Pt nanoparticles adsorbed into 

polished PVG. 
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Figure 43. Fourier transform of the EXAFS data of PVP/Pt nanoparticles adsorbed into 

rolled PVG. 
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3.4.3 PVP/Ir Nanoparticles  

 UV-visible absorption spectra were recorded to analyze the PVP/Ir nanoparticles 

impregnated into the PVG. Figure 44a shows the absorption spectrum of clean PVG 

(solid line) and PVG impregnated (dashed line) with the PVP/Ir nanoparticles. The 

spectra are similar, yet the color of the samples (inset) clearly shows that PVG is 

impregnated with the PVP/Ir nanoparticles. After spectral subtraction of the clean PVG 

from the impregnated PVG, a very broad shoulder is observed at ca. 280 nm (Figure 

44b). A larger image of the impregnated PVG (Figure 45) verifies that the PVP/Ir 

nanoparticles impregnate PVG. To further characterize the adsorbed PVP/Ir 

nanoparticles, XANES and EXAFS measurements were employed.    

 Normalized XANES spectra of Ir foil, PVP/Ir nanoparticles and PVP/Ir 

nanoparticles adsorbed into polished PVG are shown in Figure 46. The EXAFS spectra of 

the PVP/Ir nanoparticles before and after impregnation into the PVG agree with that of Ir 

foil.  The Ir foil L3-edge energy or threshold energy is 11214.0 ± 0.3 eV, which is 1 eV 

lower than the reported value of 11215 eV.
116

 There is no evidence showing a pre-edge 

absorption and no distinct shift of the peak maximum to higher energies is observed in 

the first derivative spectrum (Figure 47) suggestive of oxidation of the nanoparticles. The 

normalized XANES spectra in Figure 46 for the PVP/Ir nanoparticles impregnated into 

the polished PVG also show fluctuation at the absorption edge between 11180-11210 eV 

(circled in red) similar to that of the fluctuation observed for PVP/Pt nanoparticles 

impregnated into the rolled PVG at the absorption edge region. This is also due to 

experimental error because from the previous spectra, which show the adsorption of 
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PVP/Pt nanoparticles into polished PVG (Figure 38), there is no distinct fluctuation with 

the polished the PVG.  

 Figures 48-50 show the radial distribution function of Ir foil and PVP/Ir 

nanoparticles before and after adsorption into polished PVG, respectively. The shapes of 

the strongest peaks are similar and closely resemble the Pt nanoparticles previously 

described. The Ir-Ir bond length extracted from the EXAFS spectra peak maximum is 

2.04 ± 0.01 Å for Ir foil, 1.74 ± 0.01 Å for PVP/Ir nanoparticles before impregnation into 

PVG and 1.74 ± 0.01 Å for PVP/Ir nanoparticles adsorbed into polished porous Vycor 

glass. The bond lengths of 1.74 ± 0.01 Å for the PVP/Ir nanoparticles before and after 

impregnation into the PVG are smaller than the bond length of the Ir foil. This may be 

due to the small sizes of the PVP/Ir nanoparticles of 1.8 ± 0.3 nm in diameter and the 

larger surface area. 
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Figure 44. Absorption spectra of (a) PVG before (      ) and after adsorption and drying          

(       ) with PVP/Ir nanoparticles synthesized in ethanol. The inset shows the PVG sample 

before and after impregnation with the PVP/Ir nanoparticles. The difference spectrum (b) 

of the adsorbed PVP/Ir nanoparticles obtained by subtraction of the spectra shown above.  
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Figure 45. Image of clean PVG (left) and PVP/Ir nanoparticles synthesized in ethanol 

adsorbed into PVG (right). 
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Figure 46. Normalized XANES spectra of (a) Ir foil (○), (b) PVP/Ir nanoparticles before 

impregnation into PVG (□), and (c) PVP/Ir nanoparticles after impregnation into polished 

PVG (∆). 
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Figure 47. First derivative spectra of (a) Ir foil, (b) PVP/Ir nanoparticles before 

impregnation into polished PVG and (c) PVP/Ir nanoparticles after impregnation into 

polished PVG. 
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Figure 48. Fourier transform of the EXAFS data of Ir foil. 
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Figure 49. Fourier transform of the EXAFS data of PVP/Ir nanoparticles before 

adsorption into polished PVG. 
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Figure 50. Fourier transform of the EXAFS data of PVP/Ir nanoparticles after adsorption 

into polished PVG. 
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3.4.4 PVP/Pt-Ir Nanoparticles  

 Absorption spectroscopy in the 200-800 nm wavelength region was used to 

examine the adsorbed nanoparticles. As found with both the PVP/Pt and PVP/Ir 

nanoparticles, the PVP/Pt-Ir nanoparticles embedded in the porous Vycor glass show a 

characteristic band at ca. 280 nm. Figure 51a shows the absorption spectra of porous 

Vycor glass before (solid line) and after impregnation (dashed line) with PVP/Pt-Ir 

nanoparticles. After subtracting the spectrum of PVG, a weak shoulder appeared around 

ca. 280 nm (Figure 51b) resembling the band of the individual Pt or Ir nanoparticles. An 

alloy of Pt-Ir foil (80:20 wt%, Alfa Aesar) was used as a reference material for 

comparison with PVP/Pt-Ir nanoparticles before and after adsorption into the PVG. The 

Pt-Ir foil was produced from an ingot of platinum and iridium, rolled to size and cut. 

Based on the bond length information obtained with Pt and Ir from the PVP/Pt-Ir 

nanoparticles, a conclusion can be reached on whether or not the PVP/Pt-Ir nanoparticles 

is a core-shell material, an alloy, or a mixture composed of two separate phases of 

platinum and iridium nanoparticles. The EXAFS of platinum and iridium were analyzed 

separately to prevent overlap from neighboring atom since the L3-edge energy of 

platinum (11564 eV) and iridium (11215 eV) is close in proximity. The energy ranges of 

the platinum were truncated at 11600-11800 eV and iridium were truncated at 11250-

11400 eV for data analysis.        

 The x-ray absorption spectra of Pt-Ir foil (80:20 wt%), PVP/Pt-Ir nanoparticles 

and PVP/Pt-Ir nanoparticles impregnated into the polished PVG are depicted in       

Figure 52. The PVP/Pt-Ir nanoparticles with and without the glass resembles the spectra 
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of the Pt-Ir foil, which confirms the presence of Pt-Ir nanoparticles and Pt-Ir 

nanoparticles embedded in the glass. Figure 53 illustrates the normalized XANES spectra 

of the Pt portion from PVP/Pt-Ir nanoparticles before and after adsorption into the 

polished porous Vycor glass. However, a gap or spacing is observed in the absorption 

edge region of 11540-11560 eV, circled in red, between the Pt portion from the Pt-Ir foil 

and the Pt portion from PVP/Pt-Ir nanoparticles in the XANES spectra. This may be due 

to small changes in the chemical environment. The edge energy (E0) is 11563.0 ± 0.3 eV 

for Pt obtained from the first maximum of the first derivative spectrum (Figure 54). The 

Pt-Ir nanoparticle spectrum does not show any type of shift to higher energies or any pre-

edge absorption when compared to the Pt-Ir foil. Figure 55 shows the radial distribution 

function of the Pt portion from the Pt-Ir foil absorption data and the Pt portion from the 

PVP/Pt-Ir nanoparticles absorption data before (Figure 56) and after adsorption (Figure 

57) into polished PVG. The Fourier transform of the EXAFS data of the Pt portion from 

the Pt-Ir foil exhibit a bond length of 2.06 ± 0.01 Å obtained from the peak maximum 

shown by the dashed line, and has an exact bond length as the Pt foil previously 

mentioned. The Pt-Pt bond length for the PVP/Pt-Ir nanoparticles before adsorption into 

PVG is 2.04 ± 0.01 Å and after impregnation is also 2.04 ± 0.01 Å. The bond lengths are 

identical to the bond lengths of the individual Pt nanoparticles. The only difference in the 

Fourier transform spectra of the Pt portion from the Pt-Ir foil in Figure 55 to the 

individual Pt nanoparticles in Figure 41 is the absence of the second-neighbor shell. This 

consistency in the data analyses is remarkable, as it shows that Pt nanoparticles are 
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present in the sample being analyze with no change in the oxidation state of the Pt 

embedded in the silica matrix. 

 The Ir contribution from the PVP/Pt-Ir nanoparticles was also analyzed to 

determine if the iridium was oxidized and bonded to platinum or iridium. Figure 58 

shows the XANES spectra of the Ir portion from PVP/Pt-Ir nanoparticles before and after 

adsorption into the porous Vycor glass. The edge energy (E0) in the spectra of the Ir 

portion from the PVP/Pt-Ir nanoparticles with and without the PVG is 11214.0 ± 0.3 eV, 

also obtained from the first maximum of the first derivative spectra (Figure 59), and 

identical to the Ir portion from the Pt-Ir foil. So, there is no evidence of a pre-edge 

absorption or shift in the peak maximum to higher energies. Figures 60-62 show the 

radial distribution function of Ir from the Pt-Ir foil and the Ir particles from the PVP/Pt-Ir 

nanoparticles before and after adsorption into polished PVG, respectively. The Ir-Ir bond 

distance is 2.04 ± 0.01 Å for the Ir portion from the Pt-Ir foil, 1.74 ± 0.01 Å for the Ir 

portion from the PVP/Pt-Ir nanoparticles before adsorption into PVG and 1.74 ± 0.01 Å 

after adsorption in the glass. These Ir-Ir bond lengths of 1.74 ± 0.01 Å from the Pt-Ir 

nanoparticles before and after impregnation into PVG are identical to the Ir-Ir bond 

length of the individual Ir of 1.74 ± 0.01 Å from the PVP/Ir nanoparticles before and after 

impregnation into the polished PVG (Figures 49 and 50). The only difference in the 

Fourier transform spectra of Ir in Figure 60 to the individual Ir nanoparticles in Figure 49 

is the magnitude of the second-neighbor shell and higher ordered shells is higher.  
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Figure 51. Absorption spectra of (a) PVG before (      ) and after impregnation and drying          

(      ) with PVP/Pt-Ir nanoparticles synthesized in ethanol. The difference spectrum (b) of 

the adsorbed PVP/Pt-Ir nanoparticles obtained by subtraction of the spectra shown above. 
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Figure 52. X-ray absorption (XANES and EXAFS) spectra of (a) Pt-Ir foil (○), (b) 

PVP/Pt-Ir before adsorption into PVG (□) and (c) PVP/Pt-Ir nanoparticles impregnated 

into polished PVG (  ).▲_))) 
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Figure 53. Normalized XANES spectra of (a) Pt portion from the Pt-Ir foil (○), (b) Pt 

portion from the PVP/Pt-Ir nanoparticles before impregnation into PVG (□) and (c) Pt 

portion from PVP/Pt-Ir nanoparticles after adsorption into polished PVG (∆). 
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Figure 54. First derivative spectra of (a) Pt portion from the Pt-Ir foil, (b) Pt portion from 

the PVP/Pt-Ir nanoparticles before impregnation into PVG and (c) Pt portion from 

PVP/Pt-Ir nanoparticles after adsorption into polished PVG. 
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Figure 55. Fourier transform of the EXAFS data of the Pt portion from Pt-Ir foil (80:20 

wt%). 
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Figure 56. Fourier transform of the EXAFS data of the Pt portion from PVP/Pt-Ir 

nanoparticles before adsorption into polished PVG. 
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Figure 57. Fourier transform of the EXAFS data of the Pt portion from PVP/Pt-Ir 

nanoparticles after adsorption into polished PVG. 
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Figure 58. Normalized XANES spectra of Ir portion from the Pt-Ir foil (○), Ir portion 

from PVP/Pt-Ir nanoparticles before (□) and after adsorption into polished PVG 

(∆).▲_))) 
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Figure 59. First derivative spectra of (a) Ir portion from the Pt-Ir foil, (b) Ir portion from 

the PVP/Pt-Ir nanoparticles before impregnation into PVG and (c) Ir portion from 

PVP/Pt-Ir nanoparticles after adsorption into polished PVG. 

 

 

 

 

 

 

 

 

 

Photon Energy (eV)

11180 11190 11200 11210 11220 11230 11240 11250

d
u

/d
E

 (
A

.U
.)

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20
Ir from Pt-Ir foil 80:20 wt% (11214 eV) (a)

Ir from PVP/Pt-Ir nanoparticles (11214 eV) (b)

Ir from PVP/Pt-Ir in polished PVG (11214 eV) (c)

E0 



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60. Fourier transform of the EXAFS data of the Ir portion from Pt-Ir foil (80:20 

wt%). 
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Figure 61. Fourier transform of the EXAFS data of the Ir portion from PVP/Pt-Ir 

nanoparticles before adsorption into polished PVG. 
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Figure 62. Fourier transform of the EXAFS data of the Ir portion from PVP/Pt-Ir 

nanoparticles after adsorption into polished PVG. 
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3.5. PVP removal from adsorbed PVP/Pt nanoparticles in PVG 

 The amount of Pt nanoparticles present in 15 ml PVP/Pt (synthesized in 

methanol) stock solution is 5.12 x 10
-6

 g. The amount was calculated using the initial 

concentration of 6.58 x 10
-7

 M (Table I) of the Pt nanoparticles multiplied by the volume 

of 0.2 liter of the reaction solution and the molecular weight of 517.91 g/mol of the Pt
4+

 

salt. The amount of Pt nanoparticles adsorbed into the PVG could not be determined 

spectroscopically because no distinct absorption band attributable to the nanoparticles 

beyond the absorption of PVG is present in the spectrum. Nonetheless, impregnation 

causes the PVG samples to become light brown which clearly establishes that the 

nanoparticles adsorbed into PVG. Our goal was to create a stable matrix for the PVP/Pt 

nanoparticles, so by accomplishing the impregnation of PVP/Pt nanoparticles in the 

porous Vycor glass, we focused on stripping off the polymer. We wanted to determine if 

the presence of the PVP cap on the nanoparticles would hinder their reactivity, 

specifically their interaction with Ru(II) diimines complexes. And more specifically, if 

we removed the PVP surfactant from around the Pt adsorbed in PVG, will the Pt 

coordinate to a diimine ligand?        

 If a shift to higher energy is seen when compared to the Pt foil, the oxidation state 

of the Pt particles in the PVG and after PVP removal will increase. EXAFS and XANES 

measurement on the PVP/Pt nanoparticles in the porous Vycor glass and after PVP 

removal were measured with Pt foil as a standard. Pt foil, which has an oxidation state of 

zero, was used for comparison with the PVP/Pt nanoparticles produced to confirm the 

presence of Pt
0
 and to determine the Pt-Pt bond length. After adsorption of the PVP/Pt 
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nanoparticles into Corning’s code 7930 porous Vycor glass, the PVG was placed inside a 

small Soxhlet extraction apparatus (Chemglass) connected to a condenser (Chemglass) 

and a round bottom flask (Sigma Aldrich) with a heating mantle (Glas-Col) and a power 

controller (Glas-Col). A 100 ml aliquot of distilled water was placed in the round bottom 

flask, heated to reflux, and the samples extracted for a total of 4 days. As the water is 

heated, the vapor goes up the distillation arm of the Soxhlet apparatus and condenses 

back down into the extraction thimble holding the PVG sample. When the bottom of the 

extraction apparatus holding the sample is filled with water, a siphon is created and the 

water goes up the side arm of the extraction apparatus and is emptied back into the round 

bottom flask. The cycling process is repeated many times until heating is stopped. 

 The extracted PVP contained in the round bottom flask was placed into an 

evaporation dish and dried in air. The dried PVP extracted was scraped out with a 

spatula, collected and weighed. The extraction procedure was repeated twice. Even 

though more PVP was isolated after the second extraction, the amount extracted did not 

decline as expected. Instead the weight of the PVP isolated did not decrease with each 

extraction, but the apparent weight of PVP increased and decreased. In addition to the 

variation in the amount of PVP extracted, the total weight of PVP extracted exceeded the 

amount of PVP used in the preparation of the nanoparticles clearly indicating a problem.  

 Figure 63 shows the normalized XANES spectra of the Pt foil LIII-edge in which 

the oxidation state is zero and the Pt adsorbed into PVG before and after removal of the 

PVP surfactant. The XANES region is the rise in absorption coefficient at 50 eV before 

and 50 eV after the Pt LIII-edge absorption region.
116

 The absorption region between 
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11540-11555 eV in the XANES spectra of the PVP/Pt nanoparticles impregnated into the 

rolled PVG before PVP removal, shows some fluctuations in the data points, circled in 

red. This fluctuation is also due to experimental error, because the same piece of rolled 

glass was used for the extraction of the PVP from the adsorbed PVP/Pt nanoparticles in 

PVG, and there are no visible fluctuations in the XANES spectra after PVP removal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63. Normalized XANES spectra of PVP/Pt nanoparticles in PVG before (∆) and 

after (□) PVP removal when compared to Pt foil (○).     
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the Pt in the Pt foil is 2.06 ± 0.01 Å (Figure 40) and 2.04 ± 0.01 Å for the Pt 

nanoparticles in the PVP/Pt adsorbed into PVG (Figures 42 and 43). The Pt-Pt bond 

distance of PVP/Pt nanoparticles in the PVG after PVP removal is 2.02 ± 0.01 Å (Figure 

65), which is within experimental error of the Pt-Pt distance in the PVP/Pt nanoparticles 

prior to PVP extraction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64. First derivative spectra of (a) Pt foil, (b) PVP/Pt nanoparticles impregnated 

into rolled PVG before PVP removal and (c) PVP/Pt nanoparticles impregnated into 

rolled PVG after PVP removal. 
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Figure 65. Fourier transform of the EXAFS data of PVP/Pt nanoparticles in rolled PVG 

after PVP removal. 
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 To determine the degree of aggregation of the Pt nanoparticles, the UV-vis 

absorption spectra were recorded before and after extraction. Figure 66 shows the 

electronic spectra of PVP/Pt nanoparticles adsorbed into the PVG (solid line) and after 

removal of the PVP (dashed line) by water extraction. Absorption spectra show a broad 

shoulder at ca. 280 nm, similar to that present in the PVP/Pt nanoparticles after their 

preparation (Figure 13), indicating the formation of Pt clusters.
114,115

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. Absorption spectra of PVP/Pt nanoparticles in PVG before (       ) and after 

(        ) PVP extraction. 
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 To identify and resolve the problem with the increased weight of the so-called 

dried PVP, FTIR spectroscopy was applied. Figure 67 shows the FTIR spectra of the 

extracted PVP and pure PVP. FTIR spectra detected CH (~1376 cm
-1

), CH2 (~1460 cm
-1

), 

C-N (~1490 cm
-1

), and C=O vibrations. The pure PVP has a medium intensity vibration 

at 1668 cm
-1 

which corresponds to the υ(C=O) stretch.
105

 The extracted PVP shows a 

carbonyl shifted from 1668 to 1632 cm
-1

. The shift of the carbonyl absorption is due to 

hydrogen bonding,
119

 suggesting that the extracted PVP was absorbing water from the 

atmosphere. Indeed, heating the extracted PVP confirmed that the increased weight is due 

to water adsorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 67. IR spectra of extracted PVP (         ) vs. pure PVP (          ). 
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 To quantitate the amount of PVP extracted, the absorbed water had to be 

removed. Because PVP is hygroscopic
19

 and therefore has the capability to absorb water 

from the atmosphere, after the initial drying under air, the extracted PVP was placed in a 

vacuum oven and heated at 50 
o
C for five days. Table II summarizes the weight of the 

empty crucible and the weight of the wet PVP.  

Table II. Extracted PVP heated at 50 
o
C vacuum oven after 5 days 

 

 

 

After drying the PVP, the average weight of the PVP extracted from five pieces of rolled 

PVG were measured to be 0.0049 ± 0.0004 g. Since previous studies show that PVP can 

be heated to 70 
o
C without decomposition,

119
 the extracted PVP was heated again in the 

vacuum oven (Precision by GCA Corporation, Model 29) for a period of 9 and 10 days 

but at 70 
o
C, until it achieved a constant weight (Tables III and IV). After drying the PVP 

at 70 
o
C, the average weight of the extracted PVP was 0.0046 ± 0.0004 g. These studies 

show that the water was removed when more heat was applied at a longer period.   

  

 

 

 

 

 

 

Sample # 

 

 

Wt. of 

empty 

crucible 

(g) 

 

 

Wt. of 

crucible 

and PVP 

(g) 

 

 

Wt. of 

extracted  

PVP 

(g) 

Wt. crucible 

and extracted 

PVP after 5 

days @ 50oC in 

vacuum oven 

(g) 

 

 

 

Wt. of extracted 

PVP (g) after 

drying 

 

 

 

 

% Extracted 

PVP 

Pt/meth in 

rolled PVG 
      

PVG 1 11.7311 11.7487 0.0176 11.7359 0.0048 ± 0.0004 48 ± 4 

PVG 20 11.9137 11.9256 0.0119 11.9194 0.0057 ± 0.0004 57 ± 4 

PVG 25 12.0031 12.0164 0.0133 12.0075 0.0044 ± 0.0004 44 ± 4 

PVG 26 11.2733 11.2809 0.0076 11.2780 0.0047 ± 0.0004 47 ± 4 

PVG 28 10.5498 10.5622 0.0124 10.5549 0.0051 ± 0.0004 51 ± 4 

     0.0049 ± 0.0004 49 ± 4 
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Table III. Extracted PVP heated at 70 
o
C in a vacuum oven after 9 days 

 

Table IV. Extracted PVP heated at 70 
o
C in a vacuum oven after 10 days 

 

 

To be certain that a sufficient amount of the water was removed, a final heating at 70 
o
C 

of the extracted PVP was performed under vacuum for a total of 13 days. The dried 

extracted PVP produced a weight of 0.0046 ± 0.0004 g which confirmed that a constant 

weight was achieved, and the maximum amount of water removed from the extracted 

PVP (Table V). 

 

 

 

 

 

 

Sample # 

Wt. crucible and 

extracted PVP after   

9 days @ 70 
o
C in 

vacuum oven (g) 

 

 

Wt. of extracted  

PVP (g) after drying 

 

 

 

% Extracted PVP 

Pt/meth 

rolled PVG 

   

PVG 1 11.7357 0.0046 ± 0.0004 46 ± 4 

PVG 20 11.9190 0.0053 ± 0.0004 53 ± 4 

PVG 25 12.0073 0.0042 ± 0.0004 42 ± 4 

PVG 26 11.2777 0.0044 ± 0.0004 44 ± 4 

PVG 28 10.5544 0.0046 ± 0.0004 46 ± 4 

  0.0046 ± 0.0004 46 ± 4 

 

 

 

Sample # 

Wt. crucible and 

extracted PVP after   

10 days @ 70 
o
C in 

vacuum oven (g) 

 

 

Wt. of extracted  

PVP (g) after drying 

 

 

 

% Extracted PVP 

Pt/meth 

rolled PVG 

   

PVG 1 11.7357 0.0046 ± 0.0004 46 ± 4 

PVG 20 11.9190 0.0053 ± 0.0004 53 ± 4 

PVG 25 12.0072 0.0041 ± 0.0004 42 ± 4 

PVG 26 11.2777 0.0044 ± 0.0004 44 ± 4 

PVG 28 10.5542 0.0044 ± 0.0004 46 ± 4 

  0.0046 ± 0.0004 46 ± 4 
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Table V. Extracted PVP heated at 70 
o
C in a vacuum oven after 13 days 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Sample # 

Wt. crucible and 

extracted PVP after  

13 days @ 70 
o
C in 

vacuum oven (g) 

 

 

Wt. of extracted 

PVP (g) after drying 

 

 

 

% Extracted PVP 

Pt/meth 

rolled PVG 

   

PVG 1 11.7357 0.0046 ± 0.0004 46 ± 4 

PVG 20 11.9190 0.0053 ± 0.0004 53 ± 4 

PVG 25 12.0072 0.0041 ± 0.0004 41 ± 4 

PVG 26 11.2777 0.0044 ± 0.0004 44 ± 4 

PVG 28 10.5542 0.0044 ± 0.0004 44 ± 4 

  0.0046 ± 0.0004 46 ± 4 
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3.6. [Ru(bpy)2(dpp)]
2+ 

complex
 
in PVG with PVP/Pt Nanoparticles 

 Since extraction of the PVP from the adsorbed Pt in the porous Vycor glass was 

achieved, the PVG samples containing the stripped Pt were dried and then impregnated 

with 1 x 10
-5

 M [Ru(bpy)2(dpp)]
2+ 

in acetonitrile to investigate their chemistry. Figure 

68a shows the absorption spectra of [Ru(bpy)2(dpp)]
2+ 

complex impregnated into the 

PVG with the stripped PVP/Pt nanoparticles after subtraction of the spectrum of PVG. 

The amount of [Ru(bpy)2(dpp)]
2+ 

complex loaded into the glass is 8.4 x 10
-8

 mol/g. The 

absorption spectrum exhibited a peak at 420 nm and another at 470 nm.
85

 These peaks are 

characteristic of the metal-to-ligand charge transfer (MLCT) bands to bpy and to dpp, 

respectively.  

 The peaks were resolved by fitting to a Gaussian Function using Origin Lab 7.0 

(Figure 68b). The Gaussian Function is given by the equation 

                                   y = y0 + (A/(w*sqrt(π/2)))*exp(-2*((x-xc)/w)^2)                           (7) 

where y0 is the baseline offset, A is the area under the peak, xc is the center of the peak 

and w is the width of the peak described as, 

                                                            w = w1/sqrt (ln(4))                                                (8) 

where w1 is the width of the peak at half height. The raw data collected from the 

absorption spectra (Figure 68a) were converted to an ASCII file and imported into Origin 

Lab 7.0 program. The x and y data values were then highlighted and plotted with scatter 

analysis. Using the “Analysis” button on the tool bar, the “Gaussian Function” was 

selected from the “Fit Multiple Peaks” section. The peaks of interest were selected and a 

fit of the raw data were obtained with the resolved peaks.     
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 The absence of new bands or shoulder on existing bands implies no interaction of 

the stripped Pt nanoparticles in PVG with the [Ru(bpy)2(dpp)]
2+

. To further examine the 

reactivity of the nanoparticles in PVG, the unstripped PVP/Pt nanoparticles adsorbed into 

the glass were also impregnated with [Ru(bpy)2(dpp)]
2+ 

complex with a loading of 5.7 x 

10
-8

 mol/g. Absorption spectra detected the MLCT bands at 420 nm for bpy and 470 nm 

bands for dpp (Figure 69a). Gaussian fits of the MLCT transitions (Figure 69b) gave no 

evidence of either a new distinct absorption or a shoulder to suggest an interaction 

between [Ru(bpy)2(dpp)]
2+

, with either the stripped PVP/Pt nanoparticles or with those 

nanoparticles containing the full PVP cap. 
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Figure 68. Absorption spectra of (a) 1 x 10
-5

 M [Ru(bpy)2(dpp)]
2+ 

in acetonitrile (      ),  

stripped PVP/Pt nanoparticles in PVG (        ) and
 
[Ru(bpy)2(dpp)]

2+ 
with the stripped

 

PVP/Pt nanoparticles adsorbed into PVG (   ) and (b) Resolved spectra of 

[Ru(bpy)2(dpp)]
2+

 with “stripped” PVP/Pt nanoparticles adsorbed into PVG by 

subtracting the spectra shown above.  
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Figure 69. Absorption spectra of (a) 1 x 10
-5

 M [Ru(bpy)2(dpp)]
2+ 

in acetonitrile (      ),  

unstripped PVP/Pt nanoparticles in PVG (       ) and
 
[Ru(bpy)2(dpp)]

2+ 
with the unstripped

 

PVP/Pt nanoparticles adsorbed into PVG (   ) and (b) Resolved spectra of 

[Ru(bpy)2(dpp)]
2+

 with unstripped PVP/Pt nanoparticles adsorbed into PVG by 

subtracting the spectra shown above.  
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3.7. [Ru(bpy)2(ppz)]
2+ 

complex
 
in PVG with PVP/Pt Nanoparticles 

 

 There was no interaction of the [Ru(bpy)2(dpp)]
2+ 

complex with the stripped Pt 

nanoparticles adsorbed in the glass. So we decided to conduct another experiment using 

6.8 x 10
-6

 M [Ru(bpy)2(ppz)]
2+ 

in acetonitrile as the impregnating solution. Like dpp, ppz 

contains two peripheral nitrogens that can serve as coordination sites, but unlike dpp, ppz 

is planar and does not require a structural change for bidentate coordination. The 

absorption spectrum of the [Ru(bpy)2(ppz)]
2+ 

complex impregnated into the PVG with the 

stripped Pt nanoparticles after subtracting the spectrum of the glass is depicted in Figure 

70a. The absorption spectrum shows the two MLCT bands, one at 420 nm corresponding 

to the charge transfer to bpy and the other at 480 nm corresponding to the charge transfer 

to ppz. The MLCT peaks were resolved using a Gaussian Function as described in 

Section 3.6 (Figure 70b). There was no evidence, however, of a new absorption or 

shoulder at longer or shorter wavelengths in the UV-vis region to indicate the formation 

of a new complex or product. 

 The impregnation of the [Ru(bpy)2(dpp)]
2+ 

and [Ru(bpy)2(ppz)]
2+ 

complexes into 

the porous Vycor glass with the stripped Pt nanoparticles was accomplished, but there 

was no evidence showing any kind of interaction between the complexes and the Pt 

nanoparticles. The results of our experiments in PVG were not what we expected, so the 

experiments proceeded in a different direction. Since there was no interaction in the 

glass, we decided to run the experiments in fluid solution. The PVP/Pt nanoparticles 

solution was mixed with the Ru(II) complexes and absorption and emission spectroscopy 

was utilized to probe whether an interaction occurred. 
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Figure 70. Absorption spectra of (a) 6.8 x 10
-6

 M [Ru(bpy)2(ppz)]
2+ 

in acetonitrile (       ),  

unstripped PVP/Pt nanoparticles in PVG (       ) and
 
[Ru(bpy)2(ppz)]

2+ 
with the unstripped 

PVP/Pt nanoparticles adsorbed into PVG (   ) and (b) Resolved spectra of 

[Ru(bpy)2(ppz)]
2+

 with unstripped PVP/Pt nanoparticles adsorbed into PVG by 

subtracting the spectra shown above.  
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3.8. Association of [Ru(bpy)2(ppz)]
2+

 with PVP/Pt Nanoparticles 

3.8.1 Reaction in 80% water-ethanol solution 

 A simple room temperature experiment between [Ru(bpy)2(ppz)]
2+

 (1.45 x 10
-5 

M) and PVP/Pt nanoparticles (9.45 x 10
-8

 M) was carried out in 80% water-ethanol 

solution (Figure 71a), leading to the presence of a new band circled in red at 540-nm after 

the PVP/Pt nanoparticles were subtracted (Figure 71b). This absorption is assigned to a 

band characteristic of the PVP/Pt nanoparticles and [Ru(bpy)2(ppz)]
2+

 complex because it 

is not present in the absorption spectrum of [Ru(bpy)2(ppz)]
2+

 or the PVP/Pt 

nanoparticles. PVP/Pt nanoparticles exhibit a tailing absorption through the visible 

region, but do not exhibit a distinct maximum at 540 nm. Similarly, [Ru(bpy)2(ppz)]
2+

 

exhibits a weak tail on the long wavelength side of 476-nm ppz localized MLCT 

absorption, but like the nanoparticles does not show the distinct maximum at 540 nm that 

occurs when the PVP/Pt nanoparticles are added to either a 80% water-ethanol solution 

or 95% ethanol of [Ru(bpy)2(ppz)]
2+

. The spectra of [Ru(bpy)2(ppz)]
2+

 complex with 

PVP/Pt nanoparticles were resolved using the Gaussian Function from Origin Lab 7.0 

program (Figure 72). Resolution of the absorption spectra, shows that band at 540-nm is 

broad and exist. An experiment with [Ru(bpy)2(ppz)]
2+

 complex and pure PVP was 

conducted to ruled out any interaction between the complex and the PVP. Figure 73 

shows the resolved absorption spectra of the [Ru(bpy)2(ppz)]
2+

 complex and pure PVP. 

Only the MLCT bands were present and there was no evidence of a new band at longer 

wavelength, λ.   

 Titrations of an 80% water-ethanol solution 1.1 x 10
-5

 M in [Ru(bpy)2(ppz)]
2+

 

with PVP/Pt nanoparticles in room temperature, 22 ± 1 
o
C, increases the intensity of the 
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MLCT transitions and the 540-nm band as shown by the arrow in Figure 74. The plot of 

PVP/Pt nanoparticles absorption at 540 nm vs. concentration of PVP/Pt nanoparticles in 

80% water-ethanol solution is linear with an extinction coefficient of 1 x 10
6
 M

-1
cm

-1 

(Figure 75a), whereas, the plot
 
of [Ru(bpy)2(ppz)

2+
-PVP/Pt] solutions at 540 nm as a 

function of the concentration of PVP/Pt nanoparticles in 80% water-ethanol solution, 

shows a non-linear dependence with an  extinction coefficient of 4.5 x 10
5
 M

-1
cm

-1 

(Figure 75b). Because of the differences in extinction coefficients and the shape of the 

plot, the 540 nm absorption is due to the
 
[Ru(bpy)2(ppz)

2+
-PVP/Pt] interaction.  

 Emission spectra were recorded using a 2 nm slit width and an integration time of 

0.5 s at an excitation wavelength of 476 nm to investigate the degree of quenching. As 

the concentration of the Pt nanoparticles increased, the intensity of the 690-nm 

[Ru(bpy)2(ppz)]
2+

 complex decreased (Figure 76) providing further evidence of an 

interaction between the nanoparticles and the complex. A Stern-Volmer quenching 

constant, Ksv, of 6 x 10
6
 M

-1 
was obtained from the slope of the graph (Figure 77), and 

calculated using the initial intensity, Io, of the [Ru(bpy)2(ppz)]
2+ 

complex at 690-nm 

divided by the intensity, I, of the combined [(bpy)2Ru(ppz)]
2+

 complex with PVP/Pt 

nanoparticles as a function of the concentration of the PVP/Pt nanoparticles (Figure 77). 

The shape of the graph is non-linear and exhibits a “step-like” curve. All solutions were 

deaerated by Argon bubbling for 5 minutes.  
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Figure 71. Absorption spectra of (a) reaction between 1.45 x 10
-5 

M [Ru(bpy)2(ppz)]
2+ 

and
 

9.45 x
 

10
-8 

M PVP/Pt nanoparticles in 80% water-ethanol solution at room 

temperature and (b) association of [Ru(bpy)2(ppz)]
2+ 

and PVP/Pt nanoparticles by 

subtracting the spectra shown above.  
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Figure 72. Gaussian Fit using Origin lab 7.0 of the MLCT transition of 1.45 x 10
-5 

M 

[Ru(bpy)2(ppz)]
2+

 with 9.45 x
 
10

-8 
M PVP/Pt nanoparticles in 80% water-ethanol solution 

at room temperature. 
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Figure 73. Gaussian Fit using Origin lab 7.0 of the MLCT transition of 2.0 x 10
-5

 M 

[Ru(bpy)2(ppz)]
2+

 with 4.0 x 10
-6

 M PVP in 95% ethanol at room temperature. 
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Figure 74. Absorption spectra of 1.1 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] 

nanoparticles in 80% water-ethanol solution at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

-0.01

0.04

0.09

0.14

0.19

0.24

0.29

300 350 400 450 500 550 600 650 700

A
b

so
rb

a
n

ce
 

Wavelength (nm) 

0 M Pt
3.29E-8M Pt
6.58E-8M Pt
9.87E-8M Pt
1.32E-7M Pt
1.65E-7M Pt
1.97E-7M Pt
2.30E-7M Pt
2.63E-7M Pt
2.96E-7M Pt



119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 75. Plot of absorbances at 540 nm vs. concentration of (a) PVP/Pt nanoparticles in 

the absence of 1.1 x 10
-5

 M [Ru(bpy)2(ppz)]
2+

 in
 
80% water-ethanol solution, ε = 1 x 10

6
 

M
-1

cm
-1

 and (b) PVP/Pt nanoparticles in the presence of 1.1 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

in 

80% water-ethanol solution, ε = 4.5 x 10
5
 M

-1
cm

-1
. 
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Figure 76. Emission spectra of 1.1 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] 

nanoparticles in 80% water-ethanol solution at room temperature, with excitation λ of 

476 nm. All solutions were deaerated by Argon bubbling for 5 minutes. 
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Figure 77. Stern-Volmer Plot of 1.1 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] 

nanoparticles in 80% water-ethanol solution at room temperature. All solutions were 

deaerated by Argon bubbling for 5 minutes. 
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3.8.2 Reaction in 95% ethanol solvent 

 

Titrations of a 95% ethanol solution 1.70 x 10
-5

 M in [Ru(bpy)2(ppz)]
2+ 

with 

PVP/Pt nanoparticles were conducted at room temperature. Figure 78 shows the 

appearance of a new shoulder on the low energy side of the ppz MLCT transition similar 

to the reaction of the [Ru(bpy)2(ppz)]
2+ 

with PVP/Pt nanoparticles in 80% water-ethanol 

solution. The decline in emission intensity of the [Ru(bpy)2(ppz)]
2+ 

with the addition of 

PVP/Pt nanoparticles (Figure 79) is evidence that the nanoparticles are interacting with 

the complex. The sensitivity to the solvent environment shifts the emission peak from 

690-nm in 80% water-ethanol solvent to 673-nm in 95% ethanol. Time-resolved lifetime 

measurements were performed on the [Ru(bpy)2(ppz)]
2+

 complex in the absence of  the 

quencher in 95% ethanol (Figure 80). The emission decay, which corresponds to how 

long the molecule stays in the excited state before returning to the ground state, gave a 

lifetime value of 727 ± 8 ns (Table VI). In conjunction with emission intensity 

measurements, lifetime measurements are an absolute method to determine static 

(associational) and dynamic (collisional) quenching. Static quenching occurs when τo/τ = 

1, and dynamic quenching occurs when the emission intensity in the absence (Fo) and 

presence (F) of the quencher equals the lifetime in the absence (τ0) and presence (τ) of the 

quencher, i.e., Fo/F = τo/τ.
120

 Six lifetime measurements were carried out with the 

[Ru(bpy)2(ppz)]
2+

 complex in the presence of the PVP/Pt nanoparticles (quencher). The 

lifetime values recorded are listed in Table VI. As the concentration of the quencher 

increases, the lifetime values were lower than the value of the [Ru(bpy)2(ppz)]
2+

 complex 

recorded. 
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Table VI. Lifetime values of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+

 with [PVP/Pt] 

nanoparticles in 95% ethanol at 673-nm 

Figure 81 shows the Stern-Volmer plot of Io/I with Ksv = 5.0 x 10
6
 M

-1
 and τo/τ 

with Ksv = 9.2 x 10
5
 M

-1 
as a function of the PVP/Pt nanoparticles concentration added to 

the [Ru(bpy)2(ppz)]
2+

 complex. The bimolecular quenching constant, kb, of the 

interaction between the [Ru(bpy)2(ppz)]
2+

 complex and PVP/Pt nanoparticles were 

calculated from the relationship Ksv = kbτ, where τ is the emission lifetime of 

*[Ru(bpy)2(ppz)]
2+ 

in room temperature 95% ethanol, that has been deaerated by Argon 

bubbling for  five minutes. Substituting the appropriate values yields (1.3 ± 0.1) x 10
12 

M
-

1
s

-1 
for kb. The value is quite large, since the bimolecular quenching constant of 1 x 10

10
 

M
-1

s
-1 

is the largest value found
 
in aqueous solution.

120
  

A plot of an increase in the absorbance at 540-nm of [Ru(bpy)2(ppz)]
2+ 

with 

PVP/Pt nanoparticles vs. the concentration of the PVP/Pt nanoparticles added shows a 

series of stepwise equilibria (Figure 82).  

 To determine the stoichiometry or the amount of the [Ru(bpy)2(ppz)]
2+ 

binding to 

the PVP/Pt nanoparticles, a Job’s plot was introduced using the concentrations of 2.4 x 

10
-5

 M and 4.8 x 10
-5

 M of [Ru(bpy)2(ppz)]
2+

, and the concentrations of
  

2.63 x 10
-8

 M 

 

Sample # 

Concentration  

of PVP/Pt (M)  

 

τ (ns) 

1        [Ru(bpy)2(ppz)]
2+

   0 726.95 ± 8.45 

2   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 1.32 x 10
-8

 701.86 ± 8.94 

3   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 2.63 x 10
-8

 689 ± 8.54 

4   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 3.95 x 10
-8

 719.57 ± 10 

5   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 5.26 x 10
-8

 712.9 ± 8.98 

6   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 6.58 x 10
-8

 683.81 ± 8.46 

7   [Ru(bpy)2(ppz)
2+

-PVP/Pt] 7.90 x 10
-8

 668.41 ± 8.26 
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and 5.26 x 10
-8 

M of the PVP/Pt nanoparticles indicated by the arrow in Figure 82. Job’s 

plots of the absorbance at 540 nm vs. the mole fraction of the PVP/Pt nanoparticles yield 

PVP/Pt/[Ru(bpy)2(ppz)]
2+

 ratios of < 1 (Figure 83). The error is large, principally due to 

the uncertainties in the calculation of the nanoparticle concentrations.  

 TEM of the samples were analyzed to determine the morphology and degree of 

aggregation of the PVP/Pt nanoparticles in the presence of the [Ru(bpy)2(ppz)]
2+ 

complex. The initial uniform distributions of the individual PVP/Pt nanoparticles (Figure 

16a) changes in the presence of [Ru(bpy)2(ppz)]
2+ 

to one showing PVP/Pt aggregates 

with the level of aggregation proportional to the amount of PVP/Pt nanoparticles added. 

At low concentration of the nanoparticles, aggregates of 3 or 4 nanoparticles are detected 

by TEM (Figure 84), while further additions of the nanoparticles in the presence of 

[Ru(bpy)2(ppz)]
2+ 

leads to larger aggregates of differing shape (Figure 85a). The 

aggregates appeared close to circular and triangular in shape. The individual PVP/Pt 

nanoparticles within the aggregates are 3.1 ± 0.4 nm in diameter (Figure 85b), identical to 

the particle size of the PVP/Pt nanoparticles in the absence of the Ru complex.  

 

 

 

 

 

 

 

 

 

 

 



125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 78. Absorption spectra of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] 

nanoparticles in 95% ethanol solution at room temperature. 
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Figure 79. Emission spectra of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] 

nanoparticles in 95% ethanol solution at room temperature, with excitation λ of 476 nm. 

All solutions were deaerated by Argon bubbling for 5 minutes. 
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Figure 80. Time-resolved lifetime measurements of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

complex in 95% ethanol without the quencher
 

(PVP/Pt nanoparticles) at room 

temperature.
 
The solution was deaerated by Argon bubbling for 5 minutes. 

 

 

 

 

 

 

 

 

 

 

(b) 

τ = 727 ± 8 ns 
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Figure 81. Stern-Volmer Plot of Io/I and τo/τ of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Pt] nanoparticles in 95% ethanol solution at room temperature. All solutions were 

deaerated by Argon bubbling for 5 minutes. 
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Figure 82. Increase in absorbance at 540 nm as a function of [PVP/Pt] nanoparticles in 

the presence of 1.70 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

in 95% ethanol at room temperature.  
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Figure 83. Job’s plot showing absorbance at 540 nm vs. mole fraction of PVP/Pt 

nanoparticles in 95% ethanol solution at room temperature for (a) [Ru(bpy)2(ppz)]
2+ 

(4.80E-5 M) with PVP/Pt nanoparticles (5.26E-8 M), (b) [Ru(bpy)2(ppz)]
2+ 

(2.40E-5 M) 

with
 
PVP/Pt nanoparticles (2.63E-8 M) and (c) larger image of the spectra shown above. 
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Figure 84. TEM image of 5.26 x 10
-11

 mol PVP/Pt nanoparticles (synthesized in 

methanol) in the presence of 1.92 x 10
-7

 mol [Ru(bpy)2(ppz)]
2+

.  
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Figure 85. TEM image of (a) 2.10 x 10
-10

 mol PVP/Pt nanoparticles (synthesized in 

methanol) in the presence of 4.80 x 10
-8

 mol [Ru(bpy)2(ppz)]
2+

 and (b) histogram of the 

individual PVP/Pt nanoparticles within the aggregate with an average particle size of 3.1 

± 0.4 nm in diameter.  
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3.9. Association of [Ru(bpy)2(ppz)]
2+

 with PVP/Ir Nanoparticles 

 

 To date, there has been no report on the association of [Ru(bpy)2(ppz)]
2+ 

with 

PVP/Ir nanoparticles. We decided to examine the quenching of 1.0 x 10
-5

 M 

[Ru(bpy)2(ppz)]
2+

 and 5.6 x 10
-7

 M PVP/Ir nanoparticles in room temperature, 22 ± 1 
o
C, 

80% water-ethanol solution. Analogous to that found with the PVP/Pt nanoparticles, 

Figure 86 shows the MLCT transition to bpy and ppz along with a distinct shoulder on 

the long wavelength side of the ppz MLCT absorption. Three peaks in the spectrum are 

observed corresponding to the bpy localized MLCT at 420 nm and 480 nm for ppz 

localized MLCT, as well as a band at 540 nm. Resolution of the spectrum (Figure 87) 

reveals an absorption at 539 nm, but unlike the spectral changes accompanying the 

addition of the PVP/Pt nanoparticles to [Ru(bpy)2(ppz)]
2+

, addition of the PVP/Ir 

nanoparticles does not reduce the intensity of the ppz localized MLCT relative to that of 

bpy localized MLCT.
 
  

 Titration experiments were then conducted for [Ru(bpy)2(ppz)]
2+

 with PVP/Ir 

nanoparticles in an 80% water-ethanol solution. The 1.4 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

complex was diluted by adding aliquots of PVP/Ir nanoparticles. Because of the addition 

of the PVP/Ir nanoparticles to the complex, it leads to the appearance of an increase in 

the 539-nm band on the lower energy side of the ppz ligand (Figure 88).  

 The quenching of the 690-nm emission of the [Ru(bpy)2(ppz)]
2+

 complex by 

PVP/Ir nanoparticles in 80% water-ethanol solution is shown in  Figure 89. Stern-Volmer 

plots of the quenching exhibit a nonlinear dependence suggesting a pre-equilibrium with 

a Ksv of 7.4 x 10
5 

M
-1

 (Figure 90). The increase in absorbance at 539-nm as a function of 
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an increase in concentration of the PVP/Ir nanoparticles added in the presence of the 

[Ru(bpy)2(ppz)]
2+

 complex also shows a non-linear dependence and does not exhibit a 

“step-like” curve (Figure 91), in comparison to the 540-nm absorbance plot as a function 

of [PVP/Pt] nanoparticles in Figure 82.       

 A stoichiometry was not determined for the complex with the PVP/Ir 

nanoparticles but was assumed to have similar nanoparticle aggregation behavior based 

on the similarities from the 540-nm absorption and the 690-nm emission quenching of 

[Ru(bpy)2(ppz)]
2+

 with PVP/Pt nanoparticles in 80% water-ethanol solution. However, a 

sample containing [Ru(bpy)2(ppz)]
2+

 with an increase concentration of PVP/Ir 

nanoparticles added, was chosen and taken to be analyzed by TEM to observe their 

behavior with the complex. Figure 92a shows the TEM image (scale bar 50 nm) of the 

PVP/Ir nanoparticles self-assembled in the presence of the [Ru(bpy)2(ppz)]
2+ 

complex. 

The PVP/Ir nanoparticles within the aggregates in the presence of [Ru(bpy)2(ppz)]
2+

, 

have an average particle size of 1.8 ± 0.3 nm, calculated from the highest bar from the 

histogram labeled 1.5-2.1 nm (Figure 92b). The aggregated [Ru(bpy)2(ppz)
2+

-PVP/Ir] 

appeared close to circular in comparison to the PVP/Ir nanoparticles in the absence of the 

[Ru(bpy)2(ppz)]
2+ 

complex (Figure 24). 
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Figure 86. Absorption spectra of (a) reaction between 1.0 x 10
-5 

M [Ru(bpy)2(ppz)]
2+ 

and
 

5.6 x 10
-7

 M
 
PVP/Ir nanoparticles in 80% water-ethanol solution at room temperature and 

(b) association of [Ru(bpy)2(ppz)]
2+ 

and PVP/Ir nanoparticles by subtracting the spectra 

shown above.  
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Figure 87. Gaussian Fit using Origin lab 7.0 of the MLCT transition of 1.0 x 10
-5 

M 

[Ru(bpy)2(ppz)]
2+

 with 5.6 x 10
-7

 M
 
PVP/Ir nanoparticles in 80% water-ethanol solution 

at room temperature. 
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Figure 88. Absorption spectra of 1.4 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with [PVP/Ir] 

nanoparticles in 80% water-ethanol solution at room temperature. 
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Figure 89. Emission spectra of 1.4 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with [PVP/Ir] 

nanoparticles in 80% water-ethanol solution at room temperature, with excitation λ of 

476 nm. All solutions were deaerated by Argon bubbling for 5 minutes. 
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Figure 90. Stern-Volmer Plot of 1.4 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 

[PVP/Ir] 

nanoparticles in 80% water-ethanol solution at room temperature. All solutions were 

deaerated by Argon bubbling for 5 minutes. 
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Figure 91. Increase in absorbance at 539 nm as a function of [PVP/Ir] nanoparticles in 

the presence of 1.4 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

in
 
80% water-ethanol solution. 
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Figure 92. TEM image of (a) 5.6 x 10
-7

 M
 
PVP/Ir nanoparticles (synthesized in ethanol) 

in the presence of 1.0 x 10
-5 

M [Ru(bpy)2(ppz)]
2+ 

and (b) histogram of the individual 

PVP/Ir nanoparticles within the aggregate (circled in red) with an average particle size of 

1.8 ± 0.3 nm in diameter.  
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3.10. Association of [Ru(bpy)2(ppz)]
2+

 with Pt
2+

 

 To be certain that the spectral changes observed for the interaction of 

[Ru(bpy)2(ppz)]
2+

 with PVP/Pt and PVP/Ir nanoparticles are not due to a trace amount of 

oxidized Pt or Ir in the nanoparticle solution, a titration experiment was conducted by the 

addition of a specific amount of K2PtCl4 salt
 
to the 2.0 x 10

-5
 M [Ru(bpy)2(ppz)]

2+
 

complex in a sulfuric acid solution adjusted to pH=5. Figure 93 shows the absorption 

spectra of [Ru(bpy)2(ppz)]
2+

 with Pt
2+

 salt added. Three intense peaks were detected 

corresponding to the MLCT to bpy at 420 nm, ppz at 480 nm and the formation of a new 

band at 555 nm. The absorption of the 555 nm band increased as the concentration of the 

Pt
2+

 salt added increased.  

 Quenching of the 690-nm emission of 2.0 x 10
-5

 M [Ru(bpy)2(ppz)]
2+

 by Pt
2+ 

in 

sulfuric acid solution (Figure 94) exhibits a linear dependence on the concentration of 

Pt
2+

 salt added  with a Ksv of 235.4 M
-1

 (Figure 95).  

 A plot of increase in absorbance at 555 nm vs. the concentration of the Pt
2+

 salt is 

consistent with a single equilibrium fitted to a nonlinear, least-squares equation
121 

modeled for one equilibrium (Figure 96).  
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Figure 93. Absorption spectra of 2.0 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 
[K2PtCl4] salt in 

sulfuric acid solution adjusted to pH=5 at room temperature. 
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Figure 94. Emission spectra of 2.0 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

with
 
[K2PtCl4] salt in 

sulfuric acid solution adjusted to pH=5 at room temperature, with excitation λ of 476 nm. 

All solutions were deaerated by Argon bubbling for 5 minutes. 
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Figure 95. Stern-Volmer Plot of 2.0 x 10
-5

M [Ru(bpy)2(ppz)]
2+ 

with [K2PtCl4] salt in 

sulfuric acid solution adjusted to pH=5 with Ksv = 235.4 M
-1

.
 
All solutions were deaerated 

by Argon bubbling for 5 minutes. 
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Figure 96. Increase in absorbance at 555 nm as a function of [K2PtCl4] salt in the 

presence of 2.0 x 10
-5

 M [Ru(bpy)2(ppz)]
2+ 

in sulfuric acid solution adjusted to pH=5. 
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3.11. Association of [Ru(bpy)2(dpp)]
2+

 with PVP/Pt Nanoparticles 

 The association of [Ru(bpy)2(ppz)]
2+

 with PVP/Pt and PVP/Ir nanoparticles in 

95% ethanol and 80% water-ethanol solutions produced a new peak at 540 nm and 539 

nm, respectively. We wanted to examine if the same type of interaction would take place 

when [Ru(bpy)2(dpp)]
2+ 

was mixed with PVP/Pt nanoparticles. The chemistry of 

[Ru(bpy)2(dpp)]
2+ 

(1.00 x 10
-4

 M) with PVP/Pt nanoparticles
 
(7.88 x 10

-7 
M) were carried 

out in distilled water at room temperature. Parts a and b of Figure 97 illustrate the 

absorption spectra of [Ru(bpy)2(dpp)]
2+ 

with PVP/Pt nanoparticles before and after the 

PVP/Pt nanoparticles were subtracted. The reaction with the dpp ligand showed a weak 

intensity shoulder on the low energy side of the dpp MLCT transition. The new band 

position appeared to be at the same location as the 540-nm and 539-nm bands observed 

for the interaction of [Ru(bpy)2(ppz)]
2+ 

by PVP/Pt and PVP/Ir nanoparticles. The 

resolved spectrum in Figure 98 illustrate the appearance of the MLCT bands at 420 nm 

for bpy, 470 nm for dpp and a 528-nm band indicating an interaction between the 

[Ru(bpy)2(dpp)]
2+ 

complex and the Pt nanoparticles. To rule out any contribution from 

the PVP polymer, a reaction between the complex and pure PVP was conducted. 

Gaussian fit of the absorption spectra show no evidence of a new band at longer 

wavelength (Figure 99). As seen in Figure 100a, the TEM micrograph shows the PVP/Pt 

nanoparticles aggregate with the addition of the [Ru(bpy)2(dpp)]
2+ 

complex. The PVP/Pt 

nanoparticles within the aggregates have an average size of 2.7 ± 0.3 nm obtained from 

the histogram in Figure 100b. The PVP/Pt aggregates, exhibit a close to circular shape 

and the remaining Pt clusters does not possess any type of specific shape. 
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Figure 97. Absorption spectra of (a) reaction between 1.00 x 10
-4 

M [Ru(bpy)2(dpp)]
2+ 

and
 
7.88 x

 
10

-7
 M PVP/Pt nanoparticles (synthesized in 95% ethanol) in distilled water at 

room temperature and (b) association of [Ru(bpy)2(dpp)]
2+ 

and PVP/Pt nanoparticles by 

subtracting the spectra shown above. 
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Figure 98. Gaussian Fit using Origin lab 7.0 of the MLCT transition of 1.00 x 10
-4

 M 

[Ru(bpy)2(dpp)]
2+

 with 7.88 x 10
-7

 M PVP/Pt nanoparticles in distilled water at room 

temperature. 

 

 

 

 

 

 

 

350 400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

 Rudpp with PVP/Pt

 Fit

 Nanoparticle adduct

 MLCT bpy

 MLCT dpp



150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 99. Gaussian Fit using Origin lab 7.0 of the MLCT transition of 1.0 x 10
-4

 M 

[Ru(bpy)2(dpp)]
2+

 with 1.0 x 10
-5

 M PVP in distilled water at room temperature. 
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Figure 100. TEM image of (a) 7.88 x
 
10

-7
 M PVP/Pt nanoparticles (synthesized in 

ethanol) in the presence of 1.00 x 10
-4 

M [Ru(bpy)2(dpp)]
2+ 

and (b) histogram of the 

individual PVP/Pt nanoparticles within the aggregate
 
(circled in red)

 
with an average 

particle size of 2.7 ± 0.3 nm in diameter.  
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Chapter 4 

 

 

4. DISCUSSION 

 

4.1. Characterization of PVP/Pt Nanoparticles  

The absence of any indication of H2PtCl6 in the reaction mixture and the washings 

of the nanoparticles, the absence of any indication of higher energy absorptions in the 

XANES spectra, along with the Pt-Pt spacing (Figure 16a inset) that agree with the 

literature values of the Pt-Pt lattice spacing in the pure Pt metal, establish that the Pt
4+ 

ions are completely reduced to Pt
0
. However, the absorption spectra of the PVP/Pt 

nanoparticles after preparation in Figures 13 and 14 (dashed line), exhibits a shoulder at 

ca. 280 nm with an extinction coefficient > 10
6
 M

-1 
cm

-1
, whereas the PVP/Pt shoulder 

completely disappears in the nanoparticles produced by Rioux et al.
18

 Although the 268 

nm absorption of H2PtCl6 disappears on formation of the Pt nanoparticles, the presence of 

the shoulder at 280 nm in the vicinity of the absorption of H2PtCl6  raises the possibility 

of not only Pt
4+

, but also other oxidation states of Pt nanoparticles. Chytil and co-

workers,
115

 on the other hand, reported a broad shoulder at ca. 260-280 nm for Pt 

nanoparticles after reduction of K2PtCl4 and suggest that this is due to the presence of Pt 

clusters from the excitation of interband transition. Interband (sp-d) transition is a 

characteristic property of a metallic particle
114,115

 and is a transition between the valence 

band (VB), which leaves a hole in the VB and the conduction band (CB), which places 

the promoted electron in the CB. It is assumed that the shoulder observed at ca. 280 nm 

in methanol and ethanol (Figures 13 and 14) for the PVP/Pt nanoparticles after 

preparation is not due to oxidize Pt. Nor is it due to PVP, since PVP has no spectral 
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signature in the UV-vis region (Figure 15). Rather, as originally assigned by Chytil and 

co-workers,
115

 the shoulder at 280 nm is assigned to Pt
0
 clusters on the nanoparticles. 

 TEM images of the synthesized PVP/Pt nanoparticles deposited onto carbon 

coated Cu grids and dried in air, show individual particles (Figures 16a and 17a) that 

appear to be circular. The particle sizes measured with the Image J software and 

converted to a histogram (Figures 16b and 17b), showed that the size distribution 

obtained was 3.1 ± 0.4 nm when reduced by methanol (Figure 16b), and 2.7 ± 0.3 nm 

when reduced by ethanol (Figure 17b). Both are within experimental error of the 

published values
 
of 2.9 nm and 2.6 nm for reduction with methanol and ethanol, 

respectively.
18 

 

The peaks observed in the XRD pattern at 39.9
o
, 46.4

o
, 67.7

o
, 81.6

o
, and 86.0

o
 

(Figures 18 and 19) which correspond to reflections from (111), (200), (220), (311), 

(222) planes are similar to those of bulk Pt,
122 

establishing that regardless of solvent, the 

alcoholic reduction yields crystalline Pt nanoparticles. The average particle sizes, 28.1 ± 

0.1 Å with methanol, and 26.5 ± 0.1 Å with 95% ethanol were calculated using FWHM of 

the XRD peaks in Scherrer's equation.
104 

The diameter, B, of the particles is calculated 

from the equation 

                                              B = Kλ/(L cos χ/2),                                                   (9)  

where K = 0.93 is a constant obtained from the equation, 

                                                            2(ln 2/π)
1/2                                                                                          

(10) 

λ, 1.54 Å, is the wavelength of the incident radiation, χ/2 is the Bragg angle in degrees, 
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30
o 

≤ 2θ ≤ 90
o
, and L is the linear dimension of the particle converted to radian using the 

full width at half maximum (FWHM) value given by 

                                                  L = (FWHM x π)/180                                                     (11) 

 The EDS spectra in Figures 21 and 22, correspond to the x-ray energy is similar to 

the EDS spectra from Xu and co-workers,
123

 and establishes the presence of Pt in the 

isolated nanoparticles. 

4.2. Characterization of PVP/Ir Nanoparticles                                      

 The absorption spectrum of the PVP/Ir nanoparticles exhibits a broad shoulder at 

ca. 280 nm (ε = 1 x 10
6
 M

-1
cm

-1
) (dashed line) without any indication of the charge 

transfer bands in the visible region (Figure 23). The absence of the charge transfer bands 

of H2IrCl6, and the absence of a shift to higher energy in the XANES spectra, suggests 

that the Ir
4+

 ions are completely reduced to Ir
0
 by the alcoholic reduction preparation, i.e., 

the shoulder at ca. 280 nm is not due to Ir
4+

. For example, Creighton and Eadon
114 

calculated the absorption spectrum of 10-nm diameter Ir particles in a dielectric medium 

with a refractive index equal to that of water, and found a shoulder at ca. 350 nm. The 

authors assign the 350-nm band to Ir clusters. Keep in mind that the PVP/Ir nanoparticles 

prepared in our laboratory with an average particle diameter of 1.8 ± 0.3 nm exhibit a 

shoulder at ca. 280 nm (Figure 23). So, the presence of the 280 nm band in the absorption 

spectrum of the PVP/Ir nanoparticles is dependent on particle size and is not due H2IrCl6 

salt remaining in the sample. 

 
Transmission electron microscopy (TEM) images of the PVP/Ir nanoparticles 

show discrete particles (Figure 24a) and the TEM histogram (Figure 24b) yield an 
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average particle size of 1.8 ± 0.3 nm in diameter. The HRTEM image of the PVP/Pt-Ir 

nanoparticles previously described (Figure 33), show a lattice distance of 2.20 Å from the 

diffraction pattern observed. This value is within experimental error of the calculated 

lattice spacing of 2.21 Å for bulk Ir.
124

 So, the PVP/Ir nanoparticle does appear to be as 

crystalline as the PVP/Pt nanoparticles.  

 The PVP/Ir XRD pattern produced one broad peak at 40.8
o
, and three low 

intensity peaks at 47.4
o
, 69.3

o
 and 83.6

o
 (Figures 25) which corresponds to the reflections 

from (111), (200), (220), (311) planes, respectively.
124

 The particle size calculated from 

the peak at 40.8
o
 using the FWHM in Scherrer's equation,

104 
20.2 Å, is within 

experimental error of the particle size obtained from the TEM image.  

 The EDS spectrum in Figure 27 agrees with the results of the EDS spectra by 

Chrisanti,
125 

and confirms the presence of Ir in the isolated nanoparticles.  

4.3. Characterization of PVP/Pt-Ir Nanoparticles      

 After refluxing the PVP/H2PtCl6 and PVP/H2IrCl6 salts, the absorption spectrum 

(dashed line) shows a shoulder at ca. 280 nm (Figure 28). The presence of the shoulder at 

ca. 280 nm in the vicinity of the absorption of H2PtCl6 suggests that there might be 

unreduced H2PtCl6 salt in the sample, but according to Chytil and co-workers,
115

 in 

Section 4.1, the shoulder observed at ca. 280 nm is attributable to the interband 

transitions from the formation of Pt clusters and not due to oxidized Pt. The absence of 

the lower energy Ir charge transfer bands, and assuming the shoulder observed at ca. 280 

nm is due to Pt
0
, suggests that the PVP/H2PtCl6 and PVP/H2IrCl6 salts have been reduced 

to the zero charge state PVP/Pt-Ir nanoparticles.  
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 Aggregation of the PVP/Pt-Ir nanoparticles was analyzed by TEM. Individual 

particles appear spherically shaped (Figure 29a). The average particle size of 1.9 ± 0.3 

nm was obtained from the histogram (Figure 29b). Because of the similarities in the 

densities of 21.450 g/cm
3
 for Pt and 22.560 g/cm

3
 for Ir,

109
 HRTEM failed to identify if a 

core shell material was present in the PVP/Pt-Ir sample. If the densities between Pt and Ir 

were much further apart, the electron beam would penetrate the sample depending on its 

density and a combination of darker and lighter areas in the image would be observed in 

the nanoparticle, to indicate a core shell material. 

 The powder x-ray diffraction pattern of the PVP/Pt-Ir nanoparticles (Figure 30) 

exhibit four peaks at 39.9
o
, 46.4

o
, 67.7

o
, and 81.6

o
 for Pt, and four peaks at 40.8

o
, 47.4

o
, 

69.3
o
 and 83.6

o 
for Ir. These are within experimental error of the reflections from FCC Pt 

and Ir
 

and correspond to the reflections from the (111), (200), (220) and (311) 

planes.
126,127

 The average particle size of the Pt-Ir nanoparticles calculated from the peak 

at 39.9
o
 for Pt and 40.8

o
 for Ir is 21.9 Å, within experimental error of the size obtained 

from the TEM histogram of the PVP/Pt-Ir nanoparticles.  

 EDS analysis establishes that Pt and Ir are present in the nanoparticle sample 

(Figure 32), similar to that in previously published data.
128 

However, XANES and 

EXAFS failed to distinguish whether the PVP/Pt-Ir nanoparticle is a core shell or an 

alloy.  

 The HRTEM image shows a diffraction pattern corresponding to Ir (Figure 33), 

the experimental Ir-Ir lattice distance of 2.20 Å is within 0.01 Å of the calculated Ir-Ir 

lattice spacing of 2.21 Å for bulk Ir,
124

 and XRD and EDS analyses confirm the presence 
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of Pt and Ir in the sample. This establishes that the PVP/Pt-Ir nanoparticles are composed 

of a mixture of individual Pt and individual Ir nanoparticles.           

4.4. Adsorption of PVP/Pt Nanoparticles into PVG    

 The appearance of a shoulder at ca. 280 nm in the absorption spectra obtained by 

subtraction of the PVG background after adsorption of the PVP/Pt nanoparticles (Figures 

35b and 36b), suggests that the PVP/Pt nanoparticles, whether synthesized in methanol or 

ethanol, will adsorb into the porous Vycor glass without oxidation or further aggregation. 

Also, the light brown appearance after exposing the PVG to a solution of the PVP/Pt 

nanoparticles establishes adsorption of the nanoparticles into the glass.  

 EXAFS was used to determine the metal-metal bond length and identification of 

the nanoparticles. EXAFS is advantageous over conventional XRD because synchrotron 

radiation energy range is tunable and has higher intensity (10
6
 times) than from x-ray 

tubes, less time is required to run a sample (10-15 minutes), a trace amount of sample is 

required for detection, and liquid, solid (crystalline and amorphous materials), and 

gaseous samples may be used.
118

 XRD measurements are limited to crystalline solid 

samples, relatively large amounts of sample are needed, and it takes much longer, ca. 2-8 

hours to obtain the best signal-to noise ratio.
118

  

 XANES was used to determine the oxidation state of the adsorbed PVP/Pt 

nanoparticles in the glass. Figure 38 shows the normalized XANES spectra of the Pt foil 

and the PVP/Pt nanoparticles before and after adsorption into the polished and rolled 

porous Vycor glasses. Take into account, Corning’s code 7930 porous Vycor glass has a 

pore size of 10 ± 1 nm,
53

 and the PVP/Pt nanoparticles have an average particle size of 
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3.1 ± 0.4 nm in diameter, so the nanoparticles can impregnate the glass. The PVP/Pt 

nanoparticles before and after impregnation into the PVG exhibited threshold energies at 

11561.8 ± 0.3 eV and 11563.0 ± 0.3 eV, respectively. The PVP/Pt nanoparticle edge 

energy is shifted to lower energy than the foil, which contains only Pt
0
, therefore the 1.2 

± 0.6 eV shift to the left of the absorption edge region of the PVP/Pt nanoparticles before 

impregnation is attributed to experimental errors. XANES analysis was also performed 

on the H2PtCl6 salt used in this project. H2PtCl6 exhibited a threshold energy at 11567.0 ± 

0.3 eV, obtained from the first maximum of first derivative spectra. The threshold energy 

of the Pt
4+

 salt is shifted to 4 eV in comparison the Pt foil. The foil has an oxidation state 

of zero and it is exactly the same energy as the PVP/Pt nanoparticles impregnated in the 

glass, so we can conclude that there is no change to the oxidation state of zero in the 

PVP/Pt nanoparticles before impregnation into the porous Vycor glass because the 

threshold energy of the PVP/Pt nanoparticles do not shift to higher energies.  

 For example, Bera and co-workers
117

 presented the XANES spectra of Pt metal 

(Pt
0
), Pt acetyl acetonate (Pt

2+
) and platinum oxide (Pt

4+
). The edge energy determined 

from the XANES spectra shifted to higher energies with increasing oxidation state of the 

Pt. It was found to be 11561.0 eV for Pt metal, and it was shifted to 11561.9 and 11562.9 

eV for Pt
2+

 and Pt
4+

, respectively. Therefore the change to higher energy as a function of 

an increase in oxidation state of the Pt
0
 to Pt

2+
 to Pt

4+
 is approximately 1 and 2 eV. The 

Pt-Pt bond distance is 2.758 ± 0.004 Å for Pt
0
, 3.040 Å for Pt

2+
 and 3.153 ± 0.002 Å for 

Pt
4+ 

with
 
coordination numbers at 12, 4 and 3.7, respectively.

117 
Consequently, as the Pt 

oxidation state increases, the Pt-Pt bond distance also increased as a function of the 
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decrease in coordination numbers.   
  

   

 Silica has the ability to oxidize metal atoms or small aggregates of metals because 

of the water molecules present in the glass. The oxidation state of zero of the PVP/Pt 

nanoparticles adsorbed into the PVG was not affected by the water molecules since no 

shift to higher energies is observed in comparison to the Pt foil. This could be due to the 

PVP surfactant protecting the core platinum nanoparticle from being oxidized. The 

PVP/Pt nanoparticles before and after adsorption into the PVG retained their zero 

oxidation state by this simple solution adsorption technique.  

 Figures 40-43 show the Fourier transform of the EXAFS data of Pt foil and 

PVP/Pt nanoparticles before and after impregnation into polished and rolled PVG. The 

strongest peak in the spectrum represents the first-neighbor shell and the Pt-Pt bond 

distance is obtained from it without the phase shift correction. Phase shift occurs due to 

coulomb interaction when the photoelectron travels back and forth between the 

neighboring atoms and the central atom. In addition, there is also a backscattering 

contribution.
113

 The phase shift causes the sine wave or oscillation from the interaction of 

the neighboring atom and the central atom to shift the origin of the wave, i.e., it no longer 

starts at k = 0. The phase shift correction is constant for same type of central atoms and 

near neighbor atoms. To obtain the true bond distance of the Pt-Pt nanoparticles, the 

phase shift must be corrected.
129,130 

This is done by subtracting the experimental bond 

length of the Pt foil of 2.06 ± 0.01 Å obtained from the EXAFS fitting (Figure 40) from 

the bulk Pt value of 2.78 Å found in the literature.
131 

The result from the subtraction is 

then added to the experimental data of the Pt-Pt bond distance obtained from the 
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strongest peak in the Fourier transform of the EXAFS data of the PVP/Pt nanoparticles 

before and after adsorption into the polished and rolled PVG (Figures 41-43). The true 

bond distance after the phase shift correction for the PVP/Pt nanoparticles before and 

after adsorption into the glass is 2.76 ± 0.01 Å which is within experimental error of the 

Pt foil of 2.78 ± 0.01 Å. EXAFS data confirms that before and after impregnation of the 

PVP/Pt nanoparticles into the silica matrix, the Pt-Pt bond distance of the PVP/Pt 

nanoparticles does not change.  

4.5. Adsorption of PVP/Ir Nanoparticles into PVG 

 The light brown appearance of the PVG (Figure 45) shows that the PVP/Ir 

nanoparticles impregnate the glass, similarly to the color change that occurs when PVP/Pt 

nanoparticles are impregnated in the PVG.       

 The threshold energy for the PVP/Ir nanoparticles before and after impregnation 

in the glass, equal to 11214.0 ± 0.3 eV, are obtained from the first maximum of the first 

derivative spectra (Figure 47), in comparison with Ir foil. Choy and co-workers
132

 applied 

XANES spectroscopy to examine the effect that the absorption L3-edge energy has on the 

+4, +5 and +6 oxidation states of iridium oxide in the perovskites, A2BIrO6, where A= 

Ba, Sr, and La; and B = Zn, Mg, Y Ca, Li and Sr. The absorption edge in the normalized 

XANES spectra for these oxidation states shifted to higher energies and the Ir-O bond 

distance decreases as the oxidation state increased. Therefore, the absence of a threshold 

energy shift to higher energies for iridium in XANES, confirms that adsorbing the PVP/Ir 

nanoparticles into porous Vycor glasses does not change zero oxidation state 
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nanoparticles even though the water molecules present in the PVG has the capability to 

oxidize the particles.  

 After the phase shift correction, the Ir-Ir bond length extracted from the Fourier 

transform of the EXAFS data of the PVP/Ir nanoparticles before and after impregnation 

into polished PVG (Figures 49 and 50) were calculated to be 2.41 ± 0.01 Å, which is 0.3 

Å slightly shorter than the Ir-Ir bond distance of 2.71 ± 0.01 Å in Ir foil.
131 

Miller and co-

workers
133

 studied the Au-Au bond length of gold particles supported on silica and 

alumina. They found that as the size of the nanoparticles decreased to less than 30 Å, the 

contraction in the metal-metal bond length was due to their larger surface area. The 

authors also noted that the contraction of the Au-Au bond length is independent of the 

type of support. Therefore, the shorter Ir-Ir bond length is not an error in measurement or 

calculation but is due to the larger surface area of the PVP/Ir nanoparticles.      

 This bottom-up approach of the solution adsorption technique for introducing the 

PVP/Ir nanoparticles into porous Vycor proves to be very effective for studying the 

particles in a substrate without changing the particles themselves. Not only does this 

method not change the Ir-Ir bond distance but the zero oxidation state of the nanoparticles 

remains unaffected within a face-centered cubic crystal system. 

4.6. Adsorption of PVP/Pt-Ir Nanoparticles into PVG 

 The subtraction of the spectrum of the PVG background after adsorption of the 

PVP/Pt-Ir nanoparticles shows a broad shoulder at ca. 280 nm (Figure 51b), similar to the 

shoulder observed at ca. 280 nm after subtraction of the spectra of the PVG impregnated 

with the PVP/Pt and PVP/Ir nanoparticles. Because the TEM images of the PVG 
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impregnated with the PVP/Pt-Ir nanoparticles did not show any evidence of the presence 

of nanoparticles, the absence of a shift of the 280-nm band to longer wavelengths 

establishes that the PVP/Pt-Ir nanoparticles adsorb without additional aggregation.   

 As shown in Figure 52, the EXAFS spectra of the Pt-Ir foil (80:20 wt%) 

resembles the spectra of the PVP/Pt-Ir nanoparticles before impregnation into the PVG 

and also resembles the spectrum of the PVP/Pt-Ir nanoparticles after impregnation into 

the polished PVG. The threshold energy of the Pt portion from PVP/Pt-Ir nanoparticles 

impregnated in the glass is 11563.0 ± 0.3 eV and the Pt portion from the Pt foil is also 

11563.0 ± 0.3 eV, as obtained from the first maximum of the first derivative spectra 

(Figure 54). The absence of a threshold energy shift to higher energies in the XANES 

spectra (Figure 53), suggest that there is no change to the zero oxidation state of the Pt 

portion from the adsorbed PVP/Pt-Ir nanoparticles in PVG as compared to that from the 

Pt-Ir foil.           

 The Fourier transform of the EXAFS data of the Pt portion from the Pt-Ir foil 

(80:20 wt%), yields a Pt-Pt bond distance of 2.06 ± 0.01 Å (Figure 55). The Pt-Pt bond 

distance extracted from the EXAFS fitting for the PVP/Pt-Ir nanoparticles before and 

after adsorption into PVG, without the phase shift correction is 2.04 ± 0.01 Å (Figures 56 

and 57), and after the phase shift correction is 2.76 ± 0.01 Å, which is equal to the Pt-Pt 

bond distance of the individual PVP/Pt nanoparticles previously described (Section 4.4). 

Given that the Pt-Pt bond distances for the Pt portion of PVP/Pt-Ir nanoparticles before 

and after impregnation into the polished PVG is identical to the individual Pt-Pt bond 

distance in the PVP/Pt nanoparticles previously described (Section 4.4), it may be 
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inferred that the Pt nanoparticles are not bonded to the iridium nanoparticles but are only 

attached to platinum.  

 The edge energy of the Ir portion from the PVP/Pt-Ir nanoparticles before 

impregnation into the glass is 11214.0 ± 0.3 eV and the Ir portion from the adsorbed 

nanoparticles in the glass is 11214.0 ± 0.3 eV. Both exhibit energies equal to that of the Ir 

portion from the Pt-Ir foil. The absence of a threshold energy shift to higher energy in the 

normalized XANES spectrum (Figure 58) illustrates that there is no change in the 

oxidation state of zero in the iridium nanoparticles from a mixture composed of PVP/Pt-

Ir nanoparticles.  

 The Fourier transform of the EXAFS data of the Ir portion from the Pt-Ir foil is 

depicted in Figure 60, and yields an Ir-Ir bond distance of 2.04 ± 0.01 Å. The Ir-Ir bond 

distance obtained from the EXAFS fitting (Figures 61 and 62) for the PVP/Pt-Ir 

nanoparticles before and after adsorption into the PVG, without the phase shift correction 

is 1.74 ± 0.01 Å, and after the phase shift correction is 2.41 ± 0.01 Å, which is also equal 

to the Ir-Ir bond distance of the individual PVP/Ir nanoparticles previously described 

(Section 4.5). Since the Ir-Ir bond distance for the Ir portion from PVP/Pt-Ir nanoparticles 

is identical to the individual Ir-Ir bond distance in the PVP/Ir nanoparticles 

aforementioned, it suggests that the Ir nanoparticles are not attached to the platinum 

nanoparticles but are only bonded to iridium.  

 PVP/Pt-Ir nanoparticles prepared by an alcohol reduction method were analyzed 

by XANES and EXAFS to determine if the mixture is composed of a core-shell 

nanoparticle, an alloy or a mixture composed of individual platinum and individual 
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iridium nanoparticles. The similarities in the Pt-Pt and Ir-Ir bond distances obtained for 

the Pt and Ir portion from the PVP/Pt-Ir nanoparticles in comparison to the bond lengths 

obtained from the individual Pt and Ir nanoparticles, suggest that a core shell material or 

an alloy was not produced and that the PVP/Pt-Ir nanoparticles sample contains a mixture 

of individual platinum and individual iridium nanoparticles.  

4.7. PVP removal from adsorbed PVP/Pt nanoparticles into PVG  

 Since silica can act as an oxidizing matrix because of the water molecules present, 

the absence of a threshold energy shift (11563.0 ± 0.3 eV) to higher energies in the 

XANES data, confirms that adsorbing the PVP/Pt nanoparticles into Corning’s code 7930 

porous Vycor glass and removal of the PVP surfactant shows no change in the oxidation 

state of zero of the Pt nanoparticles as compared to the Pt foil.  

 As previously explained in Section 4.4, the Fourier transform magnitude vs. the 

radial distance (Å) of the PVP/Pt nanoparticles impregnated into the PVG yield a Pt-Pt 

bond length of 2.76 ± 0.01 Å (Figures 42 and 43) and is 0.02 Å shorter than the Pt-Pt 

bond length, from Pt foil, of 2.78 ± 0.01 Å. However, the EXAFS fitting of the PVP/Pt 

nanoparticles impregnated into the PVG after PVP removal yield a Pt-Pt bond length of 

2.74 ± 0.01 Å after phase shift correction (Figure 65), and so is within experimental error 

of the Pt-Pt bond length of the Pt foil. If there is an increase in the Pt nanoparticle size 

after PVP extraction, the peak at ca. 280 nm in the absorption spectrum of the 

impregnated PVG after PVP removal (Figure 66) would be shifted to longer wavelengths. 

The absence of a shift at 280-nm band to longer wavelengths of the impregnated PVG 

after PVP removal suggests that there is minimal Pt nanoparticle aggregation. 
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The FTIR spectra of the extracted PVP versus the pure PVP are depicted in Figure 

67. The shift of the carbonyl absorption of the extracted PVP is due to hydrogen 

bonding,
119

 either from the water molecules used in the extraction technique or from the 

water molecules absorbed from the atmosphere. Three other peaks in the FTIR spectra 

can also be easily identified for both extracted PVP and pure PVP. The peak at 1490 cm
-1

 

corresponds to C-N region. The CH2 scissor region has an intense peak at 1460 cm
-1

 and 

the 1376 cm
-1

 peak is assigned to the CH bend region which is similar to those of 

previous studies.
105

 Since the carbonyl vibration at 1668 cm
-1

 for pure PVP is shifted to 

1632 cm
-1

 in the extracted PVP, and this 36 cm
-1

 shift is not due to a change in the 

structure but of hydrogen bonding, we can conclude that there is no change in the PVP 

structure after extraction.   

 Five pieces of rolled porous Vycor glasses were impregnated with the PVP/Pt 

nanoparticles and it took as long as 60 days to extract 0.0046 ± 0.0004 g of the PVP from 

the glasses. The results from the Soxhlet extraction technique for the amount of PVP 

extracted from the PVP/Pt nanoparticles adsorbed in the glass and heating at varying 

temperatures were tabulated (Tables II-V). Experimental data collected suggest that the 

water has completely evaporated because the amount of the extracted PVP, 46 ± 4%, 

remained constant after the final heating of 13 days (Table V). Even though the 

extraction time was long, and perhaps more PVP would have been extracted if the 

impregnated glasses were left in Soxhlet extractor for a longer period of time, the Soxhlet 

extraction method was safe, easy to use and was effective in removing the PVP. 
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4.8. [Ru(bpy)2(dpp)]
2+ 

and [Ru(bpy)2(ppz)]
2+ 

in PVG with PVP/Pt Nanoparticles 

 The chemistry of 1 x 10
-5 

M [Ru(bpy)2(dpp)]
2+

 and 6.8 x 10
-6

 M [Ru(bpy)2(ppz)]
2+ 

in acetonitrile
 
impregnated in the PVG with the Pt nanoparticles that were stripped of 

PVP, was investigated. The amount of [Ru(bpy)2(dpp)]
2+

 and [Ru(bpy)2(ppz)]
2+ 

impregnated into the glasses were 8.4 x 10
-8

 mol/g and 7.1 x 10
-8 

mol/g, respectively. The 

number of moles of compound adsorbed, Nads, was calculated from the change in the 

absorbance of the impregnating solution, as given by, 

                                                 Nads = ((Ai - Af)/Ai) * ni                                                    (12) 

where Ai is the absorbance at 420 nm of the [Ru(bpy)2(L)]
2+

 (L = dpp or ppz) solution 

before impregnation, Af is the absorbance at 420 nm of the [Ru(bpy)2(L)]
2+

 solution after 

impregnation, and ni is the number of moles of [Ru(bpy)2(L)]
2+

 in solution before 

impregnation. Therefore, the number of moles of [Ru(bpy)2(L)]
2+

 adsorbed per gram of 

PVG is equal to the number of moles of compound adsorbed, Nads, divided by the weight 

of the PVG before impregnation.         

 The absorption spectrum of 1 x 10
-5 

M [Ru(bpy)2(dpp)]
2+

 complex impregnated in 

the PVG with the stripped Pt nanoparticle after subtracting the spectrum of the glass 

exhibits a peak at 420 nm and another at 470 nm (Figure 68a). These peaks correspond to 

the MLCT transition to bpy and dpp, respectively.
85

 Similarly, the absorption spectrum of 

6.8 x 10
-6

 M [Ru(bpy)2(ppz)]
2+ 

impregnated in the PVG with the
 
stripped Pt nanoparticles 

after subtracting the spectrum of the PVG (Figure 70a), exhibits two localized MLCT 

bands, one at 420 nm corresponding to bpy and the other at 480 nm corresponding to 

ppz.
73

 The absence of new bands in the vicinity of the MLCT transitions in the resolved 
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absorption spectra (Figures 68b and 70b), suggests that there is no association of the Pt 

nanoparticles to the dpp and the ppz ligands of the Ru complexes. The lack of association 

of the [Ru(bpy)2(dpp)]
2+ 

and [Ru(bpy)2(ppz)]
2+ 

complexes with the stripped Pt 

nanoparticles also implies that the Ru(II) complexes and the PVP/Pt nanoparticles are not 

in molecular contact with each other or both are in different parts of the glass, thus 

prohibiting any interactions.        

 The absorption spectrum of 1 x 10
-5 

M [Ru(bpy)2(dpp)]
2+

 impregnated in the glass 

in the presence of the unstripped PVP/Pt nanoparticles after subtracting the spectrum of 

the glass is shown in Figure 69a. The amount of [Ru(bpy)2(dpp)]
2+

 impregnated in the 

glass is 5.7 x 10
-8

 mol/g. The absence of an additional band beyond the wavelength 

region of the dpp ligand of the Ru complex upon resolution of the absorption spectrum 

(Figure 69b), suggests that there is no association between the Pt nanoparticle and the 

Ru(II) complex. Since, there was no evidence to suggest that the Ru(II) diimines 

interacted with the stripped or unstripped Pt nanoparticles in PVG, it was deemed 

necessary to perform the experiments in fluid solutions. 

4.9. Association of [Ru(bpy)2(ppz)]
2+

 with PVP/Pt Nanoparticles  

 Self-assembly refers to the spontaneous aggregation of smaller molecules into 

larger ordered aggregates.
134-136

 In the absence of a template, self-assembly is thought to 

occur via intermolecular hydrogen bonding, hydrophobic or hydrophilic interactions, 

and/or dipole-dipole interactions between the assembling reagents.
137

 The absence of any 

indication of nanoparticle aggregation in the absence of the Ru(II) diimine (Figure 16a) 

precludes aggregation of the PVP/Pt nanoparticles and subsequent incorporation of the 
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Ru(II) diimine.         

 After subtracting the spectrum of the [Ru(bpy)2(ppz)
2+

-PVP/Pt] from the 

spectrum of the PVP/Pt nanoparticles, relative to the 420 nm bpy localized transition, the 

intensity of the 476 nm ppz localized MLCT absorption is reduced, and leads to 

appearance of a shoulder on the low energy side of the transition (circled in red) (Figure 

71b). Resolution of the spectral changes (Figure 72) reveals a new absorption band at 540 

nm when the PVP/Pt nanoparticles is added to the [Ru(bpy)2(ppz)]
2+

 complex. The 

spectral data suggests that the 540 nm band (Figure 72) does not arise from the surface 

plasmon of the Pt clusters or from the PVP surfactant. Because the extinction coefficient 

at 540 nm for the PVP/Pt nanoparticles in the absence of the [Ru(bpy)2(ppz)]
2+

 complex 

is 1 x 10
6
 M

-1
cm

-1 
in both 80% water-ethanol solution and in 95% ethanol. Whereas, the 

extinction coefficient at 540 nm for the PVP/Pt nanoparticles in the presence of the 

[Ru(bpy)2(ppz)]
2+

 complex is 4.5 x 10
5
 M

-1
cm

-1 
in 80% water-ethanol solution.

 
Addition 

of the PVP polymer to the [Ru(bpy)2(ppz)]
2+

 complex does not produce a growth at 540 

nm and only the MLCT bands of bpy and ppz are observed (Figure 73).  

 Adding aliquots of an aqueous solution of the PVP/Pt nanoparticles to the 1.1 x 

10
-5

 M [Ru(bpy)2(ppz)]
2+

 complex in 80% water-ethanol solution and to the 1.7 x 10
-5

 M 

[Ru(bpy)2(ppz)]
2+

 complex in 95% ethanol solution, changes the intensity of the 540-nm 

band (Figures 74 and 78). Concurrent with the changes in the absorption spectra, the 

[Ru(bpy)2(ppz)]
2+

 emission intensity declines in proportion to the amount of 

nanoparticles added. Since PVP by itself has no effect on either the absorption or 
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emission spectra of [Ru(bpy)2(ppz)]
2+

, the decline in the 690 nm and 673 nm emission of 

[Ru(bpy)2(ppz)]
2+

 reflects quenching by the Pt nanoparticles.   

 The peak maximum for the emission quenching of (1.4 ± 0.3) x 10
-5

 M 

[Ru(bpy)2(ppz)]
2+ 

by the PVP/Pt nanoparticles is sensitive to the solvent environment 

which shifted the peak from 690-nm in 80% water-ethanol (Figure 76) to 673-nm in 95% 

ethanol (Figure 79). The fraction of [Ru(bpy)2(ppz)]
2+ 

quenched by the molecular 

interaction of the PVP/Pt nanoparticles at 690-nm in 80% water-ethanol solution is 64% 

and in 95% ethanol, the fraction of the [Ru(bpy)2(ppz)]
2+ 

quenched by PVP/Pt 

nanoparticles is 29%.        

 Because of the non-linear dependence on the emission quenching of 

[Ru(bpy)2(ppz)
2+

-PVP/Pt] vs. the PVP/Pt nanoparticles concentration in 80% water-

ethanol solution
 
(Figure 77), and a Stern-Volmer quenching constant, Ksv, of 6 x 10

6
 M

-1
, 

suggests a pre-equilibrium association. However, trivial effects were an immediate 

concern since the nanoparticles absorb and/or scatter light at the excitation, 476 nm, and 

emission, 690 nm, wavelengths, and one or both could contribute to a decline in the 

observed emission intensity, and perhaps the shape of the Stern-Volmer plots. Using the 

measured absorbance at these wavelengths corresponding to the highest concentration of 

nanoparticles, however, shows that trivial effects account for ≤ 1% of the observed 

decline in emission intensity.         

 To confirm whether static or dynamic quenching is taking place in the 

[Ru(bpy)2(ppz)
2+

-PVP/Pt] system, time-resolved lifetime measurements were conducted. 

Stern-Volmer plots of intensity and lifetime quenching (Figure 81) by the PVP/Pt 
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nanoparticles reveals that ≥ 80% of the quenching in 95% ethanol occurs by a static 

mechanism. In fact, this may be a low estimate of the static quenching, since lifetime 

quenching yields a Stern-Volmer constant, Ksv, of 9.2 x 10
5
 M

-1
, and the relationship Ksv 

= kbτ, where τ is the emission lifetime of *[Ru(bpy)2(ppz)]
2+ 

in 95% ethanol, 727 ± 8 ns, 

yields a bimolecular quenching rate constant, kb, of (1.3 ± 0.1) x 10
12 

M
-1

s
-1

. The 

bimolecular rate constant is exceptional large considering the mass of the nanoparticles 

and the hydrodynamic drag created by PVP hydrogen bonding to the solvent.
25,26

 In fact, 

it exceeds the rate of proton transfer in aqueous solution, ca. 1 x 10
10 

M
-1

s
-1

.
120

 Perhaps 

the bimolecular rate constant extracted from the lifetime quenching is not a diffusion 

limited process in the conventional sense of one molecule diffusing up to another.  

 Figure 82 shows a stepwise increase in the absorbance at 540 nm as a function of 

the concentration of the PVP/Pt nanoparticles added, in which the concentration were 

calculated by using the moles of Pt in solution and dividing by the number of atoms per 

Pt nanoparticle multiplied by Avogadro’s number.
108

 The two concentrations 

corresponding to 5.26 x 10
-8

 M and 2.63 x 10
-8

 M of the PVP/Pt nanoparticles, indicated 

by the arrow, were chosen to determine the stoichiometry from a Job’s law plot of the 

[Ru(bpy)2(ppz)
2+

-PVP/Pt] interaction. The Job’s plot of the absorbance at 540 nm vs. the 

mole fraction of the PVP/Pt nanoparticles, yield PVP/Pt/[Ru(bpy)2(ppz)]
2+

 ratios < 1.                                                                                

TEM image of 5.26 x 10
-11

 mol PVP/Pt nanoparticles in the presence of 1.92 x 10
-7

 mol 

[Ru(bpy)2(ppz)]
2+

, leads to aggregates of 3 or 4 nanoparticles (Figure 84). At 2.10 x 10
-10

 

mol PVP/Pt in the presence of 4.8 x 10
-8

 mol [Ru(bpy)2(ppz)]
2+

, larger aggregates 

containing as many as 45 PVP/Pt nanoparticles are detected, ranging from close to 
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circular, to triangular and crescent-like (Figure 85a). Rather, in view of the relatively 

open structures of the aggregates interlaced with the solvent (Figure 85a), lifetime 

quenching may reflect the structural changes within the aggregate necessary for 

quenching to occur. In which case, the bimolecular quenching rate constant, (1.3 ± 0.1) x 

10
12 

M
-1

s
-1

 reflects diffusion within the aggregate, and/or structural changes within the 

aggregates necessary for quenching to occur.            

 The calculated oxidation and reduction potentials of *[Ru(bpy)2(ppz)]
2+

, 0.43eV 

and 0.73 eV, respectively,
73

 indicate the excited complex is capable of both oxidative and 

reductive quenching. Since XANES spectra give no indication of the presence of 

oxidized Pt in the nanoparticles, reductive quenching,                             

     *[Ru(bpy)2(ppz)]
2+

 + PVP/Pt
+
 → *[Ru(bpy)2(ppz)]

3+
 +  PVP/Pt                             (13)  

by an oxidized Pt ion within the nanoparticle is discounted. The one electron oxidation 

potentials of zero valent Pt is not known, but assuming they are less than or equal to the 

two electron oxidation of Pt, E
o
 = 1.188 V,

138
 oxidative quenching is endergonic and also 

discounted. The PVP/Pt nanoparticles exhibit absorptions extending into the region of the 

*[Ru(bpy)2(ppz)]
2+

 emission in 95% ethanol, 673 nm, and 80% water-ethanol, 690 nm. 

The absorbance is a linear function of [PVP/Pt] and based on the calculated 

concentrations of PVP/Pt yields a molar extinction coefficient at the [Ru(bpy)2(ppz)]
2+

 

emission wavelength, 673 nm, of 6.7 x 10
5
 M

-1
cm

-1
. The origin of these transitions are 

not known, although recent studies of Pt capped Au nanoparticles reveal the appearance 

of a broad absorption, tentatively assigned to a plasmon absorption, in the 500-700 nm 

region as the thickness of the Pt shell increases from 21 to 40 nm.
139

 These are 



172 

 

significantly larger than the 3.1 ± 0.4 nm diameter PVP capped Pt nanoparticles 

examined in these experiments. Nonetheless, nanoparticle absorptions in the energy range 

of the 673 nm emission from *[Ru(bpy)2(ppz)]
2+

 raise the possibility of energy transfer 

quenching. Considering the high spin-obit coupling of Pt and Ru(II) that minimize spin 

restrictions, however, energy transfer quenching within these preassembled 

[Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates would be expected to occur rapidly and therefore 

not exhibit lifetime quenching.            

 On the other hand, lifetime quenching of *Ru(bpy)2(ppz)]
2+

 by proton transfer is 

possible. Since hydrogen bonding to PVP is expected to occur at either the C=O or 

nitrogen of the PVP pyrrolidone ring,
25,26

 this implies a more random arrangement of 

PVP’s about the nanoparticles with some fraction of the capping PVP’s arranged such 

that the pyrrolidone ring is exposed to the solvent.    

 Alternatively, the PVP layers surrounding the nanoparticles may alternate from 

hydrophobic to polar on further additions of PVP. Since the FTIR indicate the initial 

interaction occurs between the growing Pt nanoparticles and the pyrrolidone ring of PVP, 

the initial metal-PVP aggregates create a hydrophobic outer layer. If a second layer of 

PVP grows on this first layer, the favorable hydrophobic-hydrophobic interaction of the 

hydrocarbon portions of PVP forces the pyrrolidone to the outside, thereby creating a 

polar outer layer. The result is an “onion-like” layered structure composed of alternating 

hydrophobic-polar-hydrophobic-polar layers. In either case, since the hydrogen bonding 

sites in both PVP and the heteroleptic ligands are Bronsted bases, hydrogen bonding 

between the two has to be mediated by an intervening water molecule. This model of 
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hydrogen bonding is structurally more complex than the more diffuse hydrophobic-

hydrophobic interaction proposed above. Yet, it implies a more random arrangement of 

the capping PVP about the Pt nanoparticles with some fraction of the pyrrolidone rings 

adjacent to the nanoparticles and another fraction exposed to the solvent. This is 

entropically favored, while the “onion-like” structure is more in line with aggregates with 

considerable spacing between the individual PVP/Pt nanoparticles (Figure 16a). Both 

structural models suggest the formation of aggregates interlaced with the solvent.            

 In the presence of [Ru(bpy)3]
2+

,
 

however, TEM analyses fail to give any 

indication of aggregation even at the highest nanoparticle concentration used in the 

experiments with Ru(bpy)2ppz
2+

. The ppz ligand differ from bpy in two ways; the 

availability of slightly basic nitrogens on the ligand periphery, and size and aromaticity, 

which influences their hydrophobicity and, in turn, their solvation. The occurrence of 

aggregation in the presence of [Ru(bpy)2(ppz)]
2+ 

points to the complex as the initiation 

point of nanoparticle aggregation, while the more pronounced changes in the ppz 

localized MLCT absorption with minimal change in the bpy localized MLCT absorption 

of the complex more specifically point to the heteroleptic ppz ligand.  

 However, two fundamental uncertainties exist regarding the formation of the 

larger aggregates. First, it is not known whether continued aggregation occurs about the 

complex, i.e., continued aggregation of the nanoparticles occurs about a single 

[Ru(bpy)2(ppz)]
2+ 

and the initiating complex remains within the interior of the growing 

aggregate, or the complex is on the outer periphery of the growing aggregate. Regardless 

of the location of the complex ion, each larger aggregate contains a single complex ion. 
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Or second, since the concentrations of [Ru(bpy)2(ppz)]
2+ 

exceed the calculated 

concentrations of the PVP/Pt nanoparticles used in the aggregation experiment, the larger 

aggregates could be made up of smaller [Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates, in which 

case, the larger aggregates contain more than one complex ion. In the first case, as the 

number of Pt nanoparticles about the complex increases, the role of the heteroleptic 

ligand is diluted, and aggregation occurs through an interaction between the PVP cap of 

Pt nanoparticles on the periphery of the aggregate, and the PVP cap of the adding PVP/Pt 

nanoparticle. Assuming the PVP caps are spherical, any structural directionality or 

constraint imposed by the heteroleptic ligand is replaced by random additions of Pt 

nanoparticles and, as observed, the formation of larger aggregates of differing shapes 

(Figure 85a). In addition to a loss of structural constraints imposed by the initiating 

heteroleptic ppz ligand, the increasing size of the aggregate may increase the 

hydrophobicity of the aggregate as a whole thereby changing the driving force for 

aggregation from the proposed initial solvent mediated hydrogen bonding to a 

hydrophobic-hydrophobic interaction.
140,141

 The structural implications of the second 

possibility depend on the ratio of the complex ion to the PVP/Pt nanoparticles within the 

aggregate. A small ratio approaches the structural implication of the first possibility, 

whereas a larger ratio increases the influence of the heteroleptic ligand and the structural 

consequences imposed by the ligand. With more than one complex ion per aggregate, the 

directionality and/or constraints imposed by the heteroleptic ppz ligand may account for 

the circular, triangular and crescent shapes of the larger aggregates. The data do not 

distinguish these structural possibilities, but both possibilities are expected to influence 
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the absorption and emission spectra of the complex on or within the aggregate, and the 

quenching of it MLCT emission.        

 Since protonation of the peripheral pyrazinyl nitrogens in the [Ru(bpy)2(ppz)]
2+ 

complex leads to emission and lifetime quenching,
121,142

 and the inversion of the relative 

basicities that occurs on population of the ppz localized MLCT state, quenching is 

attributed to proton transfer, and the rate constant extracted from the lifetime quenching, 

(1.3 ± 0.1) x 10
12 

M
-1

s
-1

  is attributed to the rate of solvent rearrangement necessary to 

accommodate the inversion of basicity accompanying population of the ppz localized 

MLCT state, and the transfer to the proton to the pyrizinyl nitrogen to quench the excited 

complex. The coordination of the Ru complex with PVP/Ir nanoparticles was also 

investigated to study their electronic behavior and the degree of aggregation in the 

presence of [Ru(bpy)2(ppz)]
2+ 

complex.      

4.10. Association of [Ru(bpy)2(ppz)]
2+

 with PVP/Ir Nanoparticles  

 Figure 86a shows the absorption spectrum of 1.0 x 10
-5

 M [Ru(bpy)2(ppz)]
2+

 with 

5.6 x 10
-7

 M PVP/Ir nanoparticles in 80% water-ethanol solution and has the same 

spectral fit in comparison to [Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates. Resolution of the 

spectrum reveals a band at 539 nm (Figure 87). Adding aliquots of the PVP/Ir 

nanoparticles to the [Ru(bpy)2(ppz)]
2+

 complex in 80% water-ethanol solution, increases 

the absorbance at 539 nm on the lower energy side of the ppz ligand (Figure 88).  

 The fraction of [Ru(bpy)2(ppz)]
2+

 complex quenched by the PVP/Ir nanoparticles 

at 690 nm in 80% water-ethanol solution is 50%. The Stern-Volmer (S-V) plot of 

[Ru(bpy)2(ppz)]
2+

 with PVP/Ir nanoparticles (Figure 90) has a similar non-linear 
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dependence to the S-V plot of the PVP/Pt nanoparticles in the presence of the 

[Ru(bpy)2(ppz)]
2+

 complex previously described in Section 4.9. A trendline added to the 

non-linear point in the S-V plot (Figure 90), for the reaction of [Ru(bpy)2(ppz)]
2+

 by the 

PVP/Ir nanoparticles, gave a Stern-Volmer constant, Ksv, of 7.4 x 10
5 

M
-1

 and suggests a 

pre-equilibrium association (Figure 82). XANES data also confirms there is no oxidation 

of the Ir nanoparticles and the standard redox potential of the half reaction of Ir
0
                           

                        Ir
0
 → Ir

3+
 + 3e

-
                                                       (14)                                

is -1.156 V,
138

 therefore oxidative *[Ru(bpy)2(ppz)]
2+

 electron transfer quenching by Ir
0
 

is endergonic and unlikely. 

 A plot of absorbance at 539 nm for the interaction of [Ru(bpy)2(ppz)]
2+

 by the 

PVP/Ir nanoparticles added, shows a non-linear dependence (Figure 91) and not a “step-

like curve to that observed for the PVP/Pt nanoparticles in the presence of 

[Ru(bpy)2(ppz)]
2+

 at 540-nm. After the addition of the PVP/Ir nanoparticles to the 

[Ru(bpy)2(ppz)]
2+ 

in 80% water-ethanol, the solution became cloudy. Because PVP is 

soluble in water,
23

 the absence of a “step-like” curve may be due to changes in the 

refractive index of the solvent caused by the interaction of the PVP polymer with water. 

 TEM image show aggregates of the PVP/Ir nanoparticles (Figure 92a) ranging 

from close to circular with sizes of 60 nm in diameter (circled in red). The particle size of 

the individual PVP/Ir nanoparticles within the aggregates obtained from the TEM 

histogram are 1.8 ± 0.3 nm in diameter (Figure 92b), and are identical to the diameters of 

the individual PVP/Ir nanoparticles in the absence of the [Ru(bpy)2(ppz)]
2+

 complex. 

Expanding the images of the [Ru(bpy)2(ppz)
2+

-PVP/Ir] aggregates (Figure 92a) yields 
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100 PVP/Ir nanoparticles in the aggregate. Assuming the aggregates, which are close to 

circular in the two dimensional TEM images, are actually spherical, the radii of the 

circled PVP/Ir aggregate, 30 nm, yield total aggregate volume of 1.13 x 10
5
 nm

3
. 

Assuming the number of nanoparticles visible in the TEM images is only those in the 

upper half of the spherical aggregates, the PVP/Ir nanoparticles occupy < 1% of the total 

aggregate volume. The assumptions that the aggregates are spherical, and the number of 

nanoparticles present is twice the number evident in the TEM images are, of course, 

questionable. Nonetheless, the small fraction of the total volume attributable to the 

PVP/Ir nanoparticles is consistent with the space between the individual nanoparticles 

evident in the TEM images (Figure 92a) and suggestive of an open structure interlaced by 

a considerable amount of solvent. As such, this structural model is more consistent with 

solvent-mediated hydrogen bonding, than an aggregate held together by hydrophobic-

hydrophobic interactions while, at the same time, interlaced with polar aqueous-alcohol 

solvents. The more extensive aggregation in the presence of [Ru(bpy)2(ppz)]
2+

, which 

possesses the more basic peripheral nitrogens and the large amount of these polar 

solvents apparently incorporated into the aggregates (Figure 92a) lead us to propose that 

the initial interaction between the complex and the PVP/Ir nanoparticles arises from 

solvent mediated hydrogen bonding between the PVP cap of the nanoparticles and the 

peripheral nitrogens of the heteroleptic ligand.      

 The PVP/Ir nanoparticles self-assembled in the presence of the Ru(II) complex 

through hydrogen bonding interaction without a change in the individual particle size of 

the PVP/Ir nanoparticles in the aggregate.                  
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4.11. Association of [Ru(bpy)2(ppz)]
2+

 with Pt
2+

     

 The appearance of the 540 nm band in the absorption spectrum for the interaction 

of the [Ru(bpy)2(ppz)]
2+

 by PVP/Pt nanoparticles is not due to a change in the zero 

oxidation state of the Pt nanoparticles. This was confirmed by a room temperature 

experiment carried out in sulfuric acid solution adjusted to pH=5 using 2 x 10
-5

 M 

[Ru(bpy)2(ppz)]
2+

 with the K2PtCl4 salt. The addition of the Pt
2+

 salt to the 

[Ru(bpy)2(ppz)]
2+ 

complex exhibit a lower energy shoulder at 555 nm (Figure 93) and not 

at the 540-nm band for [Ru(bpy)2(ppz)
2+

-PVP/Pt] aggregates.   

 The emission maximum at 690-nm of [Ru(bpy)2(ppz)]
2+

 complex was quenched 

by 95% with Pt
2+

 salt added (Figure 94). The Stern-Volmer constant, Ksv, of 235.4 M
-1

 

was obtained from the plot in Figure 95 and an equilibrium constant, Keq, of 90 was 

obtained from a least-squares equation
 
modeled for one equilibrium.

121
 Changes in the 

absorption and emission spectra of the interaction of [Ru(bpy)2(ppz)]
2+

 by the Pt
2+

 salt, 

suggest that the Pt
2+

 coordinates to the peripheral nitrogen atoms forming the bimetallic 

[Ru(bpy)2(ppz)Pt]
4+

. Recall, *[Ru(bpy)2(ppz)]
2+ 

is capable of acting as either an oxidant 

or reductant.
73

 The standard redox potential of the half reaction of Pt
2+

                            

                                 Pt
2+

 + 2e
-
 → Pt

0
                                                        (15)                                

is 1.188 V,
138

 therefore oxidative *[Ru(bpy)2(ppz)]
2+

 electron transfer quenching by Pt
2+

 

is favorable.           

 As a result, the differences in the Stern-Volmer plot with a Ksv, of 235.4 M
-1

 and 

Keq, of 90 of [Ru(bpy)2(ppz)Pt]
4+

 in comparison to the [Ru(bpy)2(ppz)
2+

-PVP/Pt] 

aggregates, suggests the shoulder in the absorption spectrum at 540 nm for the interaction 
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of [Ru(bpy)2(ppz)]
2+

 by PVP/Pt nanoparticles is not due to oxidized Pt, but is due to the 

zero valent state of the PVP/Pt nanoparticles. 

4.12. Association of [Ru(bpy)2(dpp)]
2+

 with PVP/Pt Nanoparticles 

 By utilizing a different ligand, dpp, a similar absorption band was observed on the 

lower energy side of the dpp ligand for the interaction of the 1.00 x 10
-4

 M 

[Ru(bpy)2(dpp)]
2+

 by 7.88 x 10
-7

 M PVP/Pt nanoparticles (Figure 97b) in distilled water 

at room temperature. Resolution of the spectral changes, leads to the appearance of a low 

intensity growth at 528 nm (Figure 98). To establish that the 528 nm band is not from the 

interaction with the PVP polymer, a room temperature experiment of 1.0 x 10
-4

 M 

[Ru(bpy)2(dpp)]
2+

 with 1.0 x 10
-5

 M PVP in distilled water was conducted. Resolution of 

the bands indicates that no additional growth exists on the low energy side of the dpp 

MLCT transition (Figure 99).        

 A 5 μL sample containing the [Ru(bpy)2(dpp)
2+

-PVP/Pt] were deposited onto a 

copper grid and analyzed by TEM to examine if the PVP/Pt nanoparticles self-assembled 

in the presence of the Ru complex. TEM image of the [Ru(bpy)2(dpp)
2+

-PVP/Pt] shows 

randomly scattered particles and a close to circular shape aggregate of 40 nm in diameter, 

circled in red (Figure 100a). The individual PVP/Pt nanoparticles within the 40 nm 

aggregate are 2.7 ± 0.3 nm in diameter, similar to the particle size obtained from the 

TEM histogram of the PVP/Pt nanoparticles (Figure 17b) in the absence of the 

[Ru(bpy)2(dpp)]
2+ 

complex. The radii of the circled PVP/Pt aggregate, 20 nm, which 

contains 53 PVP/Pt nanoparticles, yield total aggregate volume of 3.35 x 10
4
 nm

3
. 

Because, the larger extent of aggregation with [Ru(bpy)2(ppz)]
2+

, and the hydrogen 
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bonding capability of PVP,
25,26

 suggests that the initial interaction between the PVP/Pt 

and PVP/Ir nanoparticles and these heteroleptic complexes is due to hydrogen bonding. 

The first protonation of [Ru(bpy)2(dpp)]
2+ 

occurs at the dpp peripheral pyridyl nitrogen 

and titration yields a pKa of 1.52 ± 0.03.
121

 Similarly, NMR spectra show that the first 

protonation of [Ru(bpy)2(ppz)]
2+ 

occurs at the peripheral nitrogen of the 5,6 pyridine of 

ppz, and titration of this site yields a pKa of 2.4 ± 0.1.
142

 

 In the ground state, the peripheral dpp pyridine in [Ru(bpy)2(dpp)]
2+

, and the 

peripheral ppz 5,6 pyridyl nitrogen in [Ru(bpy)2(ppz)]
2+ 

are the strongest bases. In fact, 

the inductive effect of the Ru(II) reduces the basicities of the peripheral pyrazinyl 

nitrogens so much that high acidities, Ho > 5, are needed to protonate the pyrizinyl 

nitrogens of both complexes in the ground state.
121,142

 Assuming aggregate formation 

initiates by solvent mediated hydrogen bonding between the PVP caps of the Pt 

nanoparticles and the heteroleptic ligand of the complex, the relative basicities implies it 

occurs at the more basic peripheral pyridyl nitrogen of dpp and the 5,6 pyridyl nitrogen of 

ppz. Population of the dpp or ppz localized MLCT states, however, inverts the relative 

basicities of the peripheral nitrogens. In [Ru(bpy)2(dpp)]
2+

, for example, population of the 

dpp localized MLCT state transfers electron density principally to the peripheral dpp 

pyrazinyl nitrogen thereby increasing its Bronsted basicity by > 10
6
 relative to that in the 

ground state, and by > 10
2
 relative to the ground state basicity of the peripheral pyridyl 

nitrogen.
121

 Similarly, population of the ppz localized MLCT state in [Ru(bpy)2(ppz)]
2+ 

produces an equivalent inversion of the relative basicities of the peripheral ppz nitrogens. 

In the ground state, the basicity of the peripheral 5,6 pyridyl nitrogen exceeds that of the 
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pyrazinyl nitrogen, whereas population of the ppz localized MLCT state increases the 

Bronsted basicity of the peripheral ppz pyrazinyl nitrogen by close to 10
8
 thus making it a 

much stronger base in the excited state than the peripheral 5,6 pyridyl nitrogen.
142

 

Nonetheless, [Ru(bpy)2(ppz)]
2+ 

possess the more basic peripheral nitrogens, and with 

similar concentrations of complex and nanoparticles, TEM images indicate more 

extensive aggregation in the presence of the ppz complex.   
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Chapter 5 

 

 

5. CONCLUSION 

  

5.1. Impregnation into PVG 

 

 PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles were synthesized by an alcoholic 

reduction method. The sizes and crystallinity of the nanoparticles were measured with 

TEM and XRD. The PVP/Pt and PVP/Ir nanoparticles do appear to be crystalline and 

there is no evidence of Pt
4+ 

or Ir
4+

 remaining in the sample. The shoulder at ca. 280 nm in 

the absorption spectra for the PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles is not due to 

unreacted Pt(IV) or Ir(IV) salt, but is due to nanoparticle clusters from the excitation of 

interband transitions (sp-d bands). The oxidation state of zero of the Pt and Ir 

nanoparticles and the metal-metal bond distance were analyzed by XANES and EXAFS. 

The XANES studies show that there was no change to the zero oxidation state of the Pt 

and Ir nanoparticles. If there was a change to the oxidation states, then the threshold 

energy of 11563.0 ± 0.3 eV for Pt and 11214.0 ± 0.3 eV for Ir will be shifted to higher 

energies.
117,132

 The Fourier transform of the EXAFS data of the PVP/Pt-Ir nanoparticles 

shows that a mixture of individual Pt and individual Ir nanoparticles are present in the 

sample as opposed to a core shell material or an alloy. The chemical and structural 

environment of PVP/Pt, PVP/Ir and PVP/Pt-Ir nanoparticles adsorbed into Corning’s 

code 7930 porous Vycor glasses were discussed. XANES spectroscopic measurements on 

the PVP/Pt, PVP/Ir and PVP/Pt-Ir showed no change in size or oxidation state before and 

after impregnation into porous Vycor glasses. EXAFS of the metal-metal bond length of 

the nanoparticles were slightly shorter in comparison to the respective Pt, Ir, and Pt-Ir 
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(80:20 wt%) foils but was due to the small size of the nanoparticles and larger surfacing 

area.
133

 

5.2. PVP Removal         

 The water extraction of PVP-protected Pt nanoparticles adsorbed in Corning’s 

code 7930 porous Vycor glasses was studied by EXAFS and FTIR spectroscopy. These 

spectroscopic analyses have been shown to be effective in determining the oxidation state 

and bond length of the Pt nanoparticles adsorbed into porous Vycor glass before and after 

PVP removal. The results show that there is no change in the oxidation state of the Pt 

nanoparticles after removal of the PVP. The Pt-Pt bond length of the Pt nanoparticles 

impregnated into PVG after PVP removal was 2.74 ± 0.01 Å, which is within 

experimental error of the Pt-Pt bond length before impregnation and the bond length 

between atoms in the Pt foil. FTIR spectra show that the structure of the PVP before and 

after extraction did not change into a new compound, but did show hydrogen bonding, 

arising either from the absorption of water molecules from the extraction technique or 

from the environment. Experimental data suggest that all the water was removed after 

heating the extracted PVP at 50 
o
C and 70 

o
C in a vacuum oven. The amount of PVP 

extracted, 46 ± 4%, remained constant after heating several times over a period of time. 

There is the possibility that even more PVP would have been extracted if the impregnated 

PVG’s were left in the Soxhlet extractor for a longer time, but the extraction procedure 

was time consuming and the extraction was stopped after a total of 60 days. 

5.3. Association of Ru(II) Diimines with PVP/Pt and PVP/Ir Nanoparticles 

 PVP/Pt and PVP/Ir nanoparticles spontaneously aggregate about 
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[Ru(bpy)2(ppz)]
2+ 

and [Ru(bpy)2(dpp)]
2+ 

in room temperature in aqueous-ethanol 

solutions. Aggregation initiates at the heteroleptic ligands, and the dependence of the 

extent of aggregation on the relative basicities of the peripheral ppz and dpp nitrogen 

atoms suggests that the initial interaction arises from solvent mediated hydrogen bonding. 

Formation of the aggregate shifts the ppz localized MLCT absorptions to lower energy, 

and the stepwise change in this absorption with increasing concentration of the PVP/Pt 

nanoparticles indicates a stepwise formation of larger aggregates. Increasing aggregation 

dilutes the effect of the heteroleptic ligand suggesting an increasing contribution of less 

directional hydrophobic interactions, and the formation of aggregates of differing shape. 

Formation of the aggregates leads to predominantly static quenching of the ppz localized 

MLCT emission of [Ru(bpy)2(ppz)]
2+

.
 
The spectral properties of the nanoparticles and 

photoinduced changes in the acid-base properties of the peripheral ppz nitrogen atoms 

suggest that quenching occurs either by energy transfer to a lower energy plasmon state 

of the nanoparticle, or by solvent mediated proton transfer from the PVP cap of the 

aggregated nanoparticle and the peripheral pyrazinyl nitrogen of the ppz ligand.   

 Since there was no spectroscopic evidence for an interaction between the Ru(II) 

diimines with the stripped and unstripped Pt nanoparticles in the porous Vycor glass, our 

next step would be to use the bimetallic species, [Ru(bpy)2(ppz)
2+

-PVP/Pt], prepared in 

room temperature ethanol solution previously described and impregnate it into the porous 

silica matrix by solution adsorption techniques. 
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