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ABSTRACT

Chemical Synthesis and C haracterization of Aniline Based Palladium  Composites
and Complexes

by

Jade L. Morgan

Dr. David W. Hatchett Examination Committee Chair 
Associate Professor o f Chemistry 
University o f Nevada, Las Vegas

The chemical synthesis of aniline based palladium materials was achieved by the use of 

the chemical oxidants, PdCU '̂ and PdCL^'. Complex formation was favored by using aniline and 

polymer formation was favored by the use of n-phenyl-1,4-phenylenediamine (NPPD). All 

materials were prepared with or without acid. Also, Characterization techniques such as FTIR 

spectroscopy, UV-Vis spectroscopy. Scanning Electron Microscopy, Thermogravimetric Analysis 

and X-ray Photoelectron Spectroscopy were used.

Hydrogen sorption studies were carried out using a GC/Hydrogen Generator. The aniline 

complexes had sorption properties up to 1.5% and the NPPD composites showed sorption up to 

0.7%. It was found that the materials produced with PdCl/' had higher sorption properties 

compared to the materials produced with PdCL^'.

A separate study was performed using Sodium Borohydride to reduce palladium ions to 

metallic Pd in order to increase the rate and capacity of hydrogen sorption. Preliminary data 

showed the OM HCIO4 Pd^  ̂complex to have 1.8% sorption compared to 1.5% before reduction.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Conductive Polymers 

The term molecular metal has been used to describe organic polymers that 

conduct electricity. Conducting polymers are becoming increasingly popular in research 

in the development o f batteries \  corrosion inhibitors glass coatings for heat 

protection"* and composite materials with high tensile strength. These polymers are 

unique because their conductivities are similar to common metals. This class of polymers 

is termed intrinsically conducting polymers (ICPs) and they can be oxidized and reduced 

at generally low potentials with reversible redox behavior. Intrinsic conductive polymers 

are a class of polymers that achieve their conductivity through a process called doping. 

Doping is based on the uptake o f charged species within the polymer matrix as a function 

o f oxidation state. The dopant is responsible for the delocalization of charge throughout 

the polymer backbone enhancing conductivity.^ In polyaniline (PANI), the delocalized 

charge occurs through the proton doping o f nitrogen in PANI allowing electrons to flow 

in the polymer.^ When ICPs are doped, the conductivities are typically 2-5 S cm'*, which 

is approximately 10 orders of magnitude greater than the undoped analog.^ Chemical 

doping of polymers can also influence the physical properties of the polymer. For 

example, anionic chemical doping can aid in increasing the polymers solubility.^



1.2 Polyaniline

Polyaniline (PANI) is the most extensively studied ICP. PANI is easy to 

synthesize both chemically and electrochemically, it is also environmentally stable and its 

chemical and electronic properties can be readily manipulated.^’*'*’** A significant 

difference between PANI and other ICPs such as polythiophene or polypyrrole is that the 

polymer can be doped with protons and anions. *̂ ’*̂  Ion uptake in the polymer occurs for 

charge neutrality to be maintained.

Polyaniline (PANI) is synthesized from aniline using the chemical oxidant 

ammonium persulfate. It contains both oxidized and reduced units, which are represented 

in Figure 1.1, where the variable Y determines the concentrations each component.

When Y = 0.5, it is referred to as the emeraldine base (EB) with equal units of benzenoid 

(reduced) and quinoid (oxidized) rings. When the emeraldine base is proton doped, it is 

called emeraldine salt and is the most conductive form of PANI.*"* The balance of the 

benzenoid and quinoid units with proton doping of the amine/imine species increases the 

mobility of free charge carriers through delocalization o f charge, which in turn increases 

the conductivity.*^ Other forms o f PANI that exist include the fully oxidized 

pemigraniline (Y = 0) and fully reduced leucoemeraldine (Y = 1). These forms of PANI 

are not conductive even with proton doping. *̂ ’*̂

/  \  /  \

Figure 1.1. Polyaniline General Form.



1.2.1 Polyaniline Mechanism of Formation 

Polymer initiation occurs through the initial oxidation of aniline to form the 

anilinium radical cation. The radical cation can then react with neutral aniline molecules. 

The loss o f two protons produces the neutral species shown in Figure 1.2. This process is 

repeated multiple times to form long polymer chains. Polymer branching is minimized 

through preferential head to tail addition o f each additional unit based on the resonance of 

the anilinium radical cation, which isolates the negative charge of the electron para to the 

nitrogen head group.

Figure 1.2. Mechanism of Formation of Polymer Units from Aniline.

The synthesis o f PANI can be initiated using either chemical or eleetroehemieal 

methods. Both methods produce the anilinium radical cation, which initiates 

polymerization. However, the synthetic processes are significantly different, producing 

materials with different properties and homogeneity. There are advantages and 

disadvantages for both methods that must be considered when considering the 

polymerization method. Typically, both eleetroehemieal and chemical synthesis is



conducted in 1 M acid concentrations to promote proton doping and the conductivity of 

the material.

For the eleetroehemieal synthesis o f PANI, the applied potential is used to control 

both the rate and extent o f the polymer reaction. The potential window can be monitored 

carefully to ensure that the polymer is not over oxidized, ensuring high homogeneity and 

the final oxidation state o f the material produced.^ However, the amount o f material 

produced using this method is limited and bulk quantities are not readily obtained. In 

addition, for the material to be used in other applications it must first be removed from 

the eleetroehemieal interface compromising its properties. Cyclic voltammetry (CV) is 

the most common eleetroehemieal method used to produce the polymer.^

Chemical synthesis methods allow bulk quantities of material to be produced 

rapidly through the direct chemical oxidation of aniline. Homogeneity o f the material is 

low for chemical synthesis because the oxidation process cannot be controlled.

Therefore, a range o f oxidation sates and molecular weights are obtained for the polymer. 

In addition, chemical synthesis o f PANI can generate oligomeric products that are 

trapped in the bulk polymer that lower the inherent conductivity o f PANI. The 

disadvantages o f chemical synthesis are far outweighed by the ability to produce large 

quantities of polymer, which can be sealed easily to produce larger quantities.

1.3 Polyaniline and Metal Composites 

The incorporation of metallic species in PANI is well documented and the 

materials produced have been referred to as a composite. Composites combine two 

species to obtain a mixed material, which may contain unique properties not observed in 

either individual component. PANI is a suitable material for the introduction o f electron



deficient species because it contains high electron density and nitrogen heteroatoms with 

lone pair electrons that can be utilized for reduction reactions. In particular, transition 

metals such as Au, Pt, Ag, and Pd can be incorporated into PANI as ions and reduced to 

their metallic states. The polymer provides a stable matrix to disperse the metal 

species.*^ Reduction of the oxidized metal species by the polymer compromises the 

conductivity as the polymer becomes more oxidized.'^ However, in spite o f the increased 

oxidation of the polymer, PANI/metal composites have been shown to be effective 

electrochemical catalysts. In addition, the PANI/metal composites have been utilized as 

transducers in chemical sensors, providing discrete reaction sites and metal-ligand 

reactions within the polymer matrix.^®

The synthesis of PANI/metal composites can be accomplished using the same 

methods described previously for the polymer alone. For the chemical synthesis, the key 

is the lone pair electrons on the nitrogen o f aniline. Electron deficient metal anions can 

act as an oxidant when reacting with aniline producing the anilinium radical cation. The 

metal anion substitutes for the commonly used oxidant, ammonium persulfate in the 

polymerization reaction for PANI. The oxidation o f aniline results in the reduction o f the 

metal anion to form metal colloids in solution.*^ These colloids are not protected and 

aggregate to form metal clusters. It has been suggested that the metal interacts with only 

the surface o f the polymer forming larger clusters.^* For example, the spontaneous 

reduction o f the metal species into preformed polymer reduction can only occur at the 

surface causing aggregation and cluster formation. However, when metal clusters form 

during the synthesis they provide nucléation sites for the polymer. In this manner, the 

clusters are dispersed as the polymer encapsulates the metal.



Regardless of the synthetic method, metal aggregation is an important factor 

because it influences the surface energy of the metal/^ More recently, eleetroehemieal 

methods have been utilized to evenly distribute the metal into the polymer by controlling 

the oxidation state and anion doping o f P A N I . I n  these studies, the metal ion was 

dispersed into the polymer during the normal anion doping at positive potential. 

Reduction of the metal anion is achieved as the potential is cycled to more negative 

potentials. This process can be repeated for additional dispersion and reduction o f metal 

into the polymer. The oxidation o f the metal was not observed after the reduction into 

the polymer matrix.^^

1.3.1 PANI/Au Composites 

PANI/Au composite materials have been produced, extensively studied, and 

eharaeterized.^®’̂ ’̂̂® The chemical synthesis routes are varied throughout the literature 

because the synthetic parameters can be varied providing novel structural and chemically 

active materials. The materials can be produced with different morphologies, chemical 

and electronic properties.

For example, the oxidant AuCU' solution was added dropwise to aniline prepared 

in acetic acid containing Tween 40.^^ The reaction was carried out in room temperature 

and a color change from clear to red was observed which was indicative o f the formation 

o f Au nanostructures. After further reaction, the solution turned green indicating the 

formation of PANI. These authors used XRD to examine the material, which produced 

diffraction patterns o f Au metal. The product was PANI encapsulated Au, which the 

authors referred to as a eore-shell particle. The authors also show that in the absence o f



Tween 40, the uniformly coated PANI (400 nm)/Au particles (25 nm) did not form. The 

eore-shell particles can be used for a variety o f applications including eatalysis.^^

Other methods have been developed for dispersion of the Au particles in PANI.*^ 

For example, AuCls has been dissolved in N-methylpyrrolidinone (NMP) and mixed with 

PANI (emeraldine base) in ratios ranging from 1:1 to 1:20 o f Au:N in PANI. Initially, at 

lower concentrations the Au particles were not detected. However, after allowing the 

metal to react with the polymer for 40 minutes, metal deposits o f < 4 nm was observed.

At higher concentrations, the metal formed larger diameter deposits increasing with 

longer reaction times observed. XPS data suggested that the Au^^ was reduced to Au (0), 

with a corresponding increase in the =NH- as the metal was reduced and PANI was 

oxidized. Therefore, reduction of Au^^ occurred throughout the bulk o f the material 

amine nitrogen.

A third approach was to combine the three components together at once; AuCU’, 

aniline, and the acid.^® AuCU' was used as the oxidizing agent for the formation o f PANI 

as opposed to ammonium persulfate. The advantage o f this study that the metal species is 

reduced during the polymer initialization step providing metal species for nucléation o f 

the polymer. The synthesis provided a one pot synthesis o f PANI/Au with evenly 

dispersed Au (1 pm diameter). The studies showed that the synthesis o f PANI and 

reduction o f Au did not reduce the conductivity o f the polymer. The inherent 

conductivity o f the polymer was maintained because the normal oxidative process for 

polymer formation was tied to the reduction and incorporation o f the Au. In contrast, 

pre-formed polymer becomes more oxidized as a function o f metal reduction.



1.3.2 PANI/Ti0 2  Composites 

Metal oxides such as Ti0 2  can also be incorporated into PANI. Synthesis of 

PANI/Ti0 2  from titanium isopropoxide in an acidic solution o f HCl has been achieved. 

The colloidal Ti0 2 /acid was reacted with increasing volumes o f neat aniline (0.3-1.0 mL) 

and sonicated to ensure thorough dispersion. Polymerization was then carried out by the 

dropwise addition o f the oxidant, ammonium persulfate. A green precipitate was filtered 

indicative o f the formation of PANI.^'* SEM analysis o f the materials showed Ti0 2  ( 8  nm 

diameter) encapsulated by the polymer. The conductivity o f the PANI/Ti0 2  material 

decreased by a factor o f ten when compared to pure PANI in the emeraldine salt form. It 

is believed that these materials may be useful for catalysis, inclusion in solar cells, and 

for optoelectronic devices.^"*

Sol-gel methods have also been used to prepare PANI/T1 0 2  composite materials. 

Aniline was added to the metal solution, mixed and allowed to gel. Polymerization was 

then completed with the dropwise addition o f ammonium persulfate to the gel. Imaging 

data shows that the polymer encapsulates Ti0 2  at higher concentrations o f the metal 

oxide. Lower concentrations o f Ti0 2  did not allow the sol-gel to form allowing the 

structure o f PANI to be observed. SEM and elemental analysis indicated that as the 

percent weight percent o f Ti0 2  was increased, the size o f the metal oxide increased. 

Interestingly, it was found that at low Ti0 2  concentrations, the composites showed an 

increase in the conductivity compared to pure PANI.^*

1.3.3 PANI/Pt Composites 

Platinum has known catalytic properties that when combined with the properties 

o f PANI may prove usefu l.E lectrochem ical and chemical synthesis o f PANI/Pt



composites has been achieved. One chemical synthesis method proposed the use of 

KiPtCle or KiPtCU species as the chemical oxidant. However, the reaction of aniline 

with the two different Pt anions at different oxidation states did not produce the same 

materials. Only the reaction of PtClg^' with aniline was shown to produce polymeric 

material with Pt metal. Reaction o f PtCL^’ with aniline favored the formation of short 

chained oligomeric material rather than the polymer.^^ Polymer was produced with 

PtCU^' when n-phenyl-1,4-phenylenediamine was used rather than aniline as the polymer 

building block. The conductivity for all the PANI/Pd composites produced in these 

studies was low compared to pure PANI.

1.3.4 PANl/Ni and PANl/Sb Composites 

The interest o f these PANI/metal composites has progressed to other metals such 

as nickel (Ni) and antimony (Sb). For example, Ni^ particles were synthesized through a 

reduction of Ni(OAe)z in an organic medium of t-BuONa-aetivated NaH followed by the 

addition o f aniline. The aniline displaces the t-BuONa from the surface of the Ni 

particles. Finally, oxidative polymerization was carried out by the dropwise addition of 

ammonium persulfate at room temperature to form the composite. The Ni diameter was 

measured after addition o f various amounts of oxidant with the diameter increasing from

2.1 nm to 6  nm as the concentration was increased. The results indicate that the Ni*’ has a 

higher affinity for other Ni*’ surfaces aggregating while polymerization was progressing. 

XRD was used to examine the erystallinity o f the Ni in amorphous PANI. The results 

demonstrated the first successful synthesis o f PANl/Ni*’ composites with an even 

distribution o f the metal particles within the polymer matrix. In addition, the composites 

were stable with high reproducibility after catalytic Heck reactions were performed.^**



Similar methods have been used to introduce antimony into PANI. The 

semimetal is unique because it can exhibit high electron mobility when mixed with 

PANI. Introduction o f either SbCls or SbCls into an organic solution o f t-BuONa at 65 °C 

is followed by the addition of aniline.^* Aniline replaces the t-BuONa protective group 

around the Sb particles. The oxidant ammonium persulfate was prepared in HCl and 

added dropwise to the aniline solution to produce the PANI/Sb composite. The oxidation 

state o f the metal species influenced the final properties o f the composite. The Sb^^ 

produced crystalline structures with diameters on the order o f 10 nm. In contrast, the 

reduction of Sb^^ produced Sb with an average diameter of 2.0 nm. The solids formed 

from Sb^^ were found to have an uneven distribution o f particles and random aggregation 

all through the polymer. The results o f this study are preliminary in nature and highlight 

the interest o f PANI/Sb with its anisotropic behavior and high electron mobility.

1.3.5 PANI/Pd Composites 

The work presented in this thesis is focused on palladium metal. Pd has two 

oxidation states, Pd^^ and Pd'^^that can be utilized in chemical reactions. For example, 

the salts KiPdCLt and KzPdClg provide PdCU^’ and PdClg^' anions that are very similar to 

the Pt species used to produce the PANI/Pt composites. It is well documented that 

palladium metal reacts readily with nitrogen containing compounds making this metal an 

appropriate choice for producing PANI/Pd eomposites.^^’̂  ̂ However, PdCU^’ may react 

with aniline in the same manner as PtC^^' producing oligomeric materials or a complex 

rather than the polymer. It has been shown that two derivatized aniline molecules can 

react with Pd^^ to form a metal/ligand complex with square-planar geometry.
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Traditional chemical methods have been used to produce PANI/Pd composites. 

For example, aniline oxidation using ammonium persulfate in solutions containing PdClz 

formed the eomposite.^^’̂  ̂ The polymer reduces Pd^^ to Pd° as it is formed. The 

diameter of the Pd° was consistent with the density o f metal increasing with increasing 

concentration of Pd^^. XPS data indicates that Pd° was deposited on the surface o f PANI 

in polyerystalline form.^^

Synthesis o f PANI/Pd composites in non-aqueous media has also been achieved.^’ 

The polymer was produced using aniline and ammonium persulfate using traditional 

synthetic methods. Solutions o f palladium acetate, palladium aeetylaeetonate and PdCb 

were prepared in aeetonitrile and aeetonitrile/aeetie acid and mixed with the previously 

prepared PANI powder. A third solution was prepared containing PdClz dissolved in 

NMP and then reacted with the polymer. The study demonstrates that the NMP/PdCL 

solutions had the highest reactivity with the polymer. In contrast, palladium 

aeetylaeetonate/aeetonitrile solution did not react with the polymer at all. The study also 

demonstrated that solutions containing acetic acid incorporated predominately Pd^^ into 

the polymer rather than Pd**. The results indicate that Pd can exist as a chemical dopant 

(Pd^^ or as a metal deposit (Pd*’) in PANI.

The chemical species and oxidation state o f Pd ion strongly influences the final 

composition o f the material. Therefore, the different solution conditions and methods 

have been examined in the literature to produce PANI/Pd composites. It was shown that 

there is no standard preparation method for the formation of the PANI/Pd composites. 

However, the synthesis of PANI using oxidized Pd species has not been presented in the 

literature. It is also noteworthy that no data was found on the preparation or analysis of
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any composite using the species. It is expected that the oxidative strength of the 

Pd'*'’’ ion will be greater than the Pd^^ ion. Pd"*̂  will produce a more oxidized polymer 

when reacted with the polymer, which is not typically desired. In contrast, the ability of 

Pd"*̂  ion to oxidize aniline is highly desired for polymer initiation.

The PANI/metal composite is unique because it combines the mechanical 

hardness and thermal stability o f a metal with the structural diversity and variable 

electron density o f the polymer.^* In particular, PANI/Pd solids are efficient for the 

catalytic hydrogenation o f alkenes and alkanes in comparison to PANI alone.^^ The 

PANI/Pd composites may also serve as a redox catalyst for oxidative reactions o f primary 

alcohols in fuel cell applications.^**

1.4 Applications

PANI/Pd composites can influence redox reactions through normal catalytic 

meehanisms.^^ The immobilization of the metal within the polymer matrix isolates the 

desired active sites by interaction with the nitrogen groups in the polymer, which can 

enhance catalytic activity through the minimization o f poisoning.^^ The electron density 

o f PANI is critical for the movement o f electronic charge through the polymer backbone 

so that it can be localized at the metal active sites.'**’ It has been previously determined 

that the amount o f Pd** present in a system will directly increase the rate and efficiency of 

the reaetion.^^’̂** This is likely tied to the active surface area o f Pd that exists as the Pd*’ 

content increases. Oxidized forms o f Pd are also possible and will directly influence the 

catalytic activity o f the composites because Pd^^ does not necessarily induce catalytic 

activity. In addition, the reduction o f Pd̂ *̂  to Pd*’ can cause the oxidation o f PANI,

decreasing the catalytic efficiency as the polymer becomes electron deficient. 36
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Interestingly, aeid eoneentration does not influence the reduction o f Pd anions to Pd*’. 

However, the incorporation o f the Pd^*’ ions into the polymer matrix is dependent upon 

the aeid eoneentration because the Pd^^ anion will act as a dopant in the polymer in place 

o f protons.*’ In addition, comparison with other polymer/Pd models, such as poly(o- 

toluidine) and poly(ehloroaniline), show lower palladium loading, demonstrating that 

PANI may be better suited for the integration and reduction to Pd metal particles.^’

Catalytic hydrogenation reactions are also possible with PANI/Pd composites. 

Reduction from terminal alkynes to eis-alkanes has been demonstrated with high 

s e l e c t i v i t y P d - h y d r i d e s  can be readily formed and will dissociate easily to produce 

active hydrogen atoms.*^ Palladium is known to be the most selective metal for the 

hydrogenation o f dienes and acetylenes*^ and Pd catalysts have also been shown to have 

potential in hydrodehalogenation in ground and wastewater.** Even though several 

studies have utilized Pd^*, none have attempted the use o f Pd*'*' with PANI.

PANI/Pd materials have also been utilized as transducers in chemical sensors. 

Uniform thin films of PANI can be produced and reacted with various species causing 

changes in the conductivity.*^ The change in conductivity is used to evaluate simple gas 

mixtures o f O2  and N2 . The PANI membranes can distinguish between the gases with a 

selectivity that far exceeds other known membranes.^ PANI/Pd materials have been 

highly selective and sensitive methanol.^*’*̂  In addition, the sensor showed structural and 

chemical stability after repetitive exposures to methanol. Other possible neutral organies, 

such as toluene and chloroform, do not alter the oxidation state of PANI, but influence 

the conductance through ‘swelling’ o f the material.*^
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PANI/Pd composites may also be useful in alternative energy applications. 

Hydrogen as a power source for fuel cells and combustion engines has been proposed.** 

However, the storage is an issue and very few materials exist that can accommodate large 

amounts o f hydrogen. Palladium is known for its hydrogen sorption characteristics to 

form hydrides.*^’*** Highly dispersed Pd particles with small diameters will absorb higher 

concentrations o f hydrogen when compared to bulk Pd surfaces.*** The diameter is 

important because hydrogen sorption increases with increasing vacancy in the d-orbitals. 

Pd shows an increased vacancy in the 5d orbital when the size o f Pd clusters is 

decreased.*** Previous studies have shown that Pd can absorb 0.66 wt.% hydrogen at room 

temperature.*^’̂**

1.5 Research Approach 

This thesis examines the use o f PdCU^' and PdCle^' as the chemical oxidants in the 

synthesis o f PANI/Pd composites. The influence o f the oxidation states, Pd^^ and Pd*^, 

are explored through reactions with aniline monomer and n-phenyl-1,4- 

phenylenediamine (NPPD), a two unit aniline species. There is no reference for the use 

o f Pd*^ to produce PANI/Pd composites. The influence of the oxidation state of the metal 

anion on applications such as hydrogen storage properties will be examined. The use of 

PdCU^' and PdClg^' as the chemical oxidants is examined due to previous research 

showing that PtCL^' and PtClg^' do not always form polymer. There is some 

evidence that suggest that Pd(II) will preferentially form square planar complexes with 

aniline.^* In addition, the influence of aeid, HCIO4 , as a proton donor in this study is also 

explored to determine how aeid doping influences the composition o f the materials 

produced.

14



Characterization of the material produced was achieved using several instruments 

including; FTIR, UV-Vis, SEM and thermal analysis. Absorbance measurements were 

carried out using Fourier transform infrared spectroscopy (FTIR) and UV-Vis 

spectroscopy for evaluation of the organic component o f the materials. These methods 

were used to probe the chemical properties o f the materials to determine if  polymer or 

complex formation occurs. Thermogravimetric analysis (TGA) was used to estimate the 

percent mass o f Pd after thermal decomposition o f the composites. This method does not 

distinguish between oxidized and reduced forms o f Pd because Pd^^ and Pd*^ can be 

reduced as the polymer decomposes. X-ray diffraction spectroscopy (XRD) and X-ray 

photoelectron spectroscopy (XPS) were used to examine the structural and chemical 

eharaeteristies o f the metal and organic components, respectively. Scanning electron 

microscopy (SEM) was used to image the materials providing information at microscopic 

levels eoneeming the morphology o f the materials. Finally, hydrogen sorption studies 

were performed using the thermal desorption GC/hydrogen sorption instrument to 

determine the hydrogen storage capacity o f each material.

The ultimate goal o f this research is the synthesis o f viable PANI/Pd solids that 

will absorb and desorb hydrogen at low pressures without high thermal cycling. It has 

been suggested that HCl treated PANI may absorb 6 - 8  wt.%.^^ Other studies contradict 

these results with a mere 0.1 wt.% of hydrogen sorbed in the pristine polymer.^* The 

addition o f Pd with its known hydrogen sorption properties may enhance the sorption 

properties o f the polymer. However, hydrogen sorption at PANI/Pd composites or 

complexes has not been previously examined.
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CHAPTER 2

EXPERIMENTAL

2.1 Introduction

The chemical synthesis o f polyaniline (PANl) was carried out using Pd^^ and Pd'*  ̂

as the chemical oxidant. The acid concentration was varied between OM and 1 .OM 

HCIO4 to determine the role of proton doping in the synthesis. Aniline and n-phenyl-1,4- 

phenylenediamine (NPPD) were used as the starting materials for PANl synthesis. From 

the schematic in Figure 2.1, a total o f eight materials were produced.

Synthesis

Aniline NPPD

0 M HCIO4

Figure 2.1: General schematic of chemical synthesis.
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The characterization o f the composites was achieved using several instruments. The 

composition o f theses solids was determined using Fourier transform infrared 

spectroscopy (FTIR), UV-Vis spectroscopy, and Thermogravimetric analysis (TGA). X- 

ray photoelectron spectroscopy (XPS) was used to determine oxidation state o f palladium 

and the surface properties o f the composites. Also, the composites were imaged using a 

scanning electron microscope (SEM) for surface morphological characteristics.

2.2 Materials

Perchloric acid, HCIO4 (Baker Analyzed, 69.0-72.0%, 7601-90-3), potassium 

hexachloropalladate, K2 PdCl6 (Strem Chemicals, 99.0%, 93-4610), potassium 

tetrachloropalladate, KiPdCU (Strem Chemicals, 99.0%, 46-2126), n-pheny 1-1,4- 

phenylenediamine (Aldrich, 98%, 05012MK), potassium bromide, KBr (PIKE 

technologies, 160-8010), ammonium persulfate, (NH4)2S208 (Mallinckrodt, 7277-54-0), 

Sodium Borohydride, NaBITt (Mallinckrodt, 98.0%, 16940-66-2), were used as received. 

Aniline, C6 H 5NH2 (EM Science, 62-53-3) was distilled before use. All solutions were 

prepared with 18.3 M fl cm water obtained from Bamstead E-pure water filtration system.

2.3 Instrumentation

FTIR Spectroscopy. All FTIR measurements were performed using a DIGILAB 

FTS-7000 spectrometer using a diffuse reflectance detector. All samples were mixed 

with KBr. Each sample was scanned 64 times with a resolution setting o f 4 cm'* and 

averaged to produce each spectrum. All samples were stored in a desiccator prior to 

measurements.

FTIR analysis was used to determine functional group composition o f each 

material. The presence o f polymer peaks is defined in the fingerprint region between

22



700-1600cm'*. The quinoid and benzenoid units can identified in the FTIR spectrum of 

PANl at 1490 cm'* and 1570 cm'*, respectively. The C-N peak at 1295 cm * and the out- 

of-plane C-H peak at 821 cm * are also representative of PANL* All materials produced 

using Pd species were compared to chemically pure PANl as a reference.

The oxidation state of PANl, as mentioned previously, is an important factor in 

the conductivity of the polymer. FTIR can be used quantitatively determine the oxidation 

state o f each material using a ratio of the benzenoid to quinoid peak area from the 

integrated quinoid and benzenoid from the IR spectra. The benzenoid peak represents the 

reduced units of the polymer and the quinoid peak represents the oxidized units.

Scanning Electron Microscopy (SEM). SEM images of all materials were 

obtained using a JEOL 4700 electron microscope equipped with a backscattered electron 

detector. Imaging was used to evaluate the morphological differences between the 

prepared materials. Samples were ground to provide a uniform coating on the carbon 

tape and the materials were gold coated to prevent charge interference. The differences 

between amorphous solids and polymer solids can be identified and the metal particles 

can appear as spherical aggregates.^

UV-Vis Spectroscopy (UV-Vis). Aqueous samples were analyzed using the 

StellarNet EPP2000 fiber optic UV-Vis spectrophotometer. This instrument is equipped 

with a D] lamp and tungsten filament source coupled into a single fiber. The signal is 

relayed to the detector after the transmitted light was passed through the cuvette. The 

integration time was ~ 100ms. All measurements were carried out in a 1 cm quartz 

cuvette with a Teflon cap. The filtrates from the prepared materials were also measured. 

Some dilution was required to keep the absorbance under two units. Solid samples were
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dissolved in isopropyl alcohol and referenced against an isopropyl alcohol blank.

Polymer formation can be observed in the UV-Vis spectra at 380 nm region with 

oligomeric units around 400 nm.^ '* The incorporation of metal into the polymer matrix is 

also in the visible region o f ~600nm.^’̂

Thermogravimetric Analysis (TGA). Thermal analysis was conducted using a 

Netzsch STA 449 C Thermal Analyzer. Samples were placed in alumina, AI2O3, 

crucibles. Thermal analysis was performed on all solid samples under air purge gas at a 

heating rate o f 10° C/min. Each sample prepared was run on three separate batches and 

statistics were performed. Samples were stored in a desiccator prior to analysis. TGA 

was used to determine the percent mass o f palladium in each sample. The total 

polymer/oligomer degredation content is obtained for each material at temperatures up to 

1200°C. The polymer was vaporized leaving the Pd metal behind in the crucible 

providing an estimate o f the % Pd in each sample.

X-ray Photoelectron Spectroscopy (XPS). Samples were left in solution and 

filtration was carried out in a nitrogen atmosphere to prevent the formation o f oxides. 

Samples were transferred into the nitrogen-purged glove box that was connected to the 

load lock of the vacuum chamber. A rotary pump was then used to dry the samples prior 

to measurement. XPS analysis was measured on a Specs PHOIBOS 150MCD electron 

analyzer. Mg Ka and A1 Ka excitation were used. The base pressure attained was in the 

10’*** mbar range for all measurements. The electron spectrometer was calibrated 

according to literature^ using XPS and Auger line positions of different metals including 

Cu, Ag, and Au.
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XPS measurements provide valuable information regarding the organic 

component and the oxidation state of the metal.

Hydrogen Generator/Thermal Desorption Gas Chromatograph (H2/GC). The GC 

is a SRI 86IOC gas chromatograph coupled with a hydrogen generator, which is a SRI 

H2 -5 O. The H2 generator operates at approximately 32 psi and generates 50 mL/minute 

o f hydrogen gas. Experiments on the GC were carried out on a porapak q column with a 

N 2  flow rate of lOmL/min. A porapak q column was used because hydrogen will not 

absorb on the column, while other materials from the decomposition o f the sample will 

be retained. The GC column (porapak q) was set at a pressure o f 20 psi and an 

isothermal temperature o f 60°C. Materials were packed into a 2 mm x 200 mm thermal 

desorber colomn for analysis and contained by glass wool plugs on each end. The initial 

thermal desorber temperature was set at 35°C and the final temperature reached 200°C, at 

a rate o f  1.5°C/second. All materials were purged with 30 psi H2 for 90 seconds. The 

material was then exposed to a static pressure o f 30 psi H2  after the initial purge for 

various times; 5, 20, 40, 60, 90 minutes and up to 2 hours. During this time, operating 

parameters are held constant at a pressure o f 20 psi and a temperature o f 60°C. The run is 

started and heating is initialized at five minutes and switched off at nine minutes. The 

run ended after thirteen minutes in which time the thermal desorber column temperature 

returned to baseline (35°C).

Gas chromatograph studies were performed on each material to determine 

hydrogen sorption characteristics. Thermal desorption temperature was varied to 

determine each materials individual thermal threshold versus hydrogen storage capability. 

Figure 2.2 is representative of a general GC run and the peaks that are observed. The
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unsorbed hydrogen will elute first because it is fi-ee of any physical or chemical bonds. 

The sorbed hydrogen elutes last, after a temperature increase, due to the interactions with 

the material. Figure 2.3 is the calibration curve performed on the GC instrument before 

analysis o f the materials. Known volumes of hydrogen gas, from the hydrogen generator, 

were injected into the GC injection port and measured by the area under the peak.

30 psi Hydrogen exposure (static)

—  5min
—  20min
—  40min
—  60min
— 90tnin

=3
,Unsorbed Hydrogen

Sorbed Hydrogen
—  Temp C
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Figure 2.2 General GC run for hydrogen measurements. Temperature ramp begins at five 

minutes and ends at nine.
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CHAPTER 3

SYNTHESIS

3.1 Synthesis o f Polyaniline 

The synthesis o f pure PANl was prepared using ammonium persulfate, 

(NIEtjzSzOg, as the chemical oxidant. Two solutions were prepared as follows. In a 

lOOmL volumetric flask, solution one contains 0.22 M of distilled aniline and IM HCIO4, 

in distilled H2 O. The second solution was 0.2 M (NH^jzSzOg dissolved in a 100 mL 

volumetric flask in distilled H2 O. Solutions one and two were mixed together in a 250 

mL erlenmeyer flask, allowed to react overnight, then vacuum filtered. PANl in the 

emeraldine salt form was obtained.^’̂ '*"* It was then stored in the desiccator. The 

prepared PANl material was verified by FTIR spectroscopy.

3.2 Synthesis of Aniline/Palladium Solids 

The synthesis o f the aniline/Pd materials were carried out without 

(NH4 )2 S2 0 g as the chemical oxidant. Either K2 PdCl4 or K2 PdCl6  was used in place as the 

oxidant for the synthesis. Figure 3.1 shows a schematic representation of the materials 

produced using the Pd anions. This approach has been successful in the production of 

PANl/Au composites. However, our materials are different colors, previously indicative 

of either chemical or oxidative differences in the products.'^ The products had a range of 

colors and consistencies indicating that the synthesis produced different materials with 

different oxidation states.
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^  Aniline ^

c KzPdCL I C KjPdCle
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Figure 3.1: Schematic o f the reaction o f aniline with palladium salts.

3.2.1 Synthesis o f Aniline/Pd^^ Materials 

The synthesis o f PANI/Pd^^ materials was achieved by mixing 50 mL o f 2.02 x 

10'^ M K2PdCl4  (Pd^^ with 1 mL of 0.22 M aniline in the presence and absence o f acid (1 

M HCIO4 ). The aniline was added in excess to ensure complete reaction. The final mole 

ratio o f the aniline/metal was approximately 10:1. See Figure 3.1 for the schematic o f the 

synthesis. The mixtures were left to react overnight. The product was vacuum filtered, 

washed with copious amount o f water and stored in the desiccator.

Filtrates o f both solutions were collected and analyzed by UV-Vis spectroscopy to 

evaluate the extent o f the reaction o f the Pd anion in Figure 3.2. Excess aniline was 

present in the filtrate solutions at -250 nm. These results were found to be consistent 

after analysis o f several reaction filtrates. The spectra also showed the disappearance of 

the PdCL^', indicating that the filtered materials retained the bulk of the palladium.

UV-Vis spectroscopy was also used to analyze the materials. Aniline has a 

characteristic absorbance in the ultra violet region at 260 nm. The Pd salt has multiple 

bands between 220 and 340 nm and one distinct peak at 420 nm. The UV-Vis spectra in 

Figure 3.3 are different than the two starting materials. The bands for aniline and the Pd
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salt are not observed for the produets. The 0 M HCIO4  Pd^^ material has two peaks at 

220 and 310 nm. The 1.0 M HCIO4 Pd^^ material also has two peaks, but shifted to 250 

and 280 nm. PANl has a ti-ti* transition between 320 and 360 nm and a polaron- 71* at 

440 nm.'^'^* The polaron- tt transition from 650 to 750 nm should also be present. The 

absence o f any and all of these peaks indicates that these particular materials are not 

highly incorporated into the materials as the salt.

Even though there are no indicative peaks for PANl formation, the results do not 

exclude oligomeric material formation. One group examined oligomers such as a 

tetramer and a 16-mer using UV-Vis to determine their optical signature. Their UV-Vis 

data suggested that smaller oligomers are shifted to lower wavelengths while 

eharaeteristie PANl peaks are typically at much higher wavelengths. For example, the 

band associated with the polaron- n transition shifts from 638 nm to 590 nm for the 

tetramers of aniline. In addition, the lower bands at 200-400 nm can be attributed to 

lower molecular weight oligomers.

The chemical synthesis o f PANl/Pd^^ using aniline without acid produced a pale 

yellow material with an average yield of 0.3772 g ± 0.1145 based on four synthetic trials. 

The material prepared in 1.0 M HCIO4 also had a pale yellow color, but had a different 

consistency in comparison to the first material. Average recovered yield for 1.0 M 

HCIO4 material was 0.3378 g ± 0.0152 for four synthetic trials.
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Figure 3.2: UV-Vis spectra o f filtrates produced from the reaction o f KzPdCU with 

Aniline, (a) Aniline (b) KiPdCU (c) Aniline/PdCU^' material with 1.0 M HCIO4 (d) 

Aniline/PdCU^’ material with 0 M HCIO4
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Figure 3.3: UV-Vis spectra o f the materials produced from the reaction o f KzPdCl# with 

Aniline, (a) Aniline (b) KzPdC^ (c) Aniline/PdCU^' material with 1.0 M HCIO4 (d) 

Aniline/PdCLt^' material with 0  M HCIO4
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3.2.2 Synthesis of Aniline/Pd^^ Solids 

A similar synthetic route was used for the synthesis o f aniline/PdCU^' materials. 

The synthesis of PANI/Pd"^^ materials was achieved by mixing 50 mL of 1.20 x 10’̂  M 

K2 PdCl6 (Pd"̂ )̂ with 1 mL of 0.22 M aniline in the presence and absence of acid (1 M 

HCIO4 ). The aniline was added in excess to ensure complete reaction. The final mole 

ratio of the aniline/metal was approximately 10:1. See Figure 3.1 for the schematic of the 

synthesis. Solutions were left to react overnight. The solutions were vacuum filtered, 

washed with copious amount o f water and stored in the desiccator.

Filtrates o f both solutions were collected and analyzed by UV-Vis spectroscopy 

to observe complete reduction o f the starting materials and can be seen in Figure 3.4. 

Excess aniline was present in both filtrate solutions at -250 nm. These results were 

found to be consistent after analysis o f several reaction filtrates. The spectra also showed 

the disappearance o f the PdCL^' peaks, indicating that the filtered materials retained the 

palladium.

UV-Vis spectroscopy was also used to analyze the filtered materials and can be 

seen in Figure 3.5. The characteristic bands from the PdCU^* salt are not present in the 

spectras of the materials with the exception of a small broad band at 400 nm in the 1.0 M 

HCIO4 Pd"̂  ̂spectrum. The presence o f this peak may be related to a couple different 

species. First of all, it may be left over salt, even though this band is significantly 

diminished from the corresponding band in bulk. It is possible that there is unreacted 

PdCL^' trapped in the material, which gives rise to the band. It may also be possible, that 

the small, broad band is indicative o f polymer formation. As stated earlier, the 7t-7t* 

transition between 320 and 360 nm and the polaron- jr* at 440 nm represent PANl
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formation. The lack of a band in the 600 nm region suggests that pure PANl may have 

formed, but the oxidation state is different than the emeraldine state. This data is difficult 

to analyze because the salt peaks are overlapping with characteristic PANl peaks. In the 

0 M HCIO4 Pd'^  ̂spectra, no broad peak is observed in the 400 nm region, suggesting the 

formation o f complexes over polymer.

The 0 M HCIO4  Pd"̂  ̂material had an average yield o f 0.1897 g ± 0.0142 based on 

four synthetic trials. The material produced fi-om 1.0 M HCIO4 Pd"̂  ̂had an average yield 

o f 0.2150 g ± 0.0127 based on four synthetic trials.

From the UV-Vis data it can be concluded that there are slight differences 

between the Pd^^ materials and the Pd'^  ̂materials. It takes more electrons to reduce the 

metal from the Pd^^ oxidation state compared to the Pd^^ oxidation state therefore more 

likely to form more radical species that can be used to form longer chain structures of 

aniline in solution. Therefore, the Pd"̂  ̂materials produced have absorption 

characteristics consistent with small quantities o f oligomer/polymer, while Pd^^ data is 

indicative o f complex formation.
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Figure 3.4: UV-Vis spectra of the filtrates produced from the reaction o f K2 PdCl6  with 

Aniline, (a) Aniline (b) K2 PdCl6  (c) Aniline/PdCU^’ material with 1.0 M HCIO4 (d) 

Aniline/PdCle^' material with 0 M HCIO4
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Figure 3 .5 : UV-Vis spectra o f the materials from the reaction of KiPdCle with Aniline, 

(a) Aniline (b) KzPdCle (c) Aniline/PdClô^’ material with 1 . 0  M HCIO4 (d) 

Aniline/PdCle^" material with 0  M HCIO4
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3.3 Synthesis of N-pheny 1-1,4-phenylenediamine/Palladium Materials 

Literature reports have discussed the importance o f oligomeric materials in the 

formation o f PANI.^®’̂  ̂ It has also been reported that oligomeric material may be just as 

conductive as PANl if  enough units are present.^^ For example, the use o f n-phenyl-1,4- 

phenylenediamine (NPPD) as the starting material in the synthesis o f PANl has been 

achieved. In cases where the aniline monomer did not produce polymer, NPPD has been 

used to lower the potential barrier for oxidation and polymerization initiation. The 

question arises whether PANl formation using NPPD with a metal anion as the chemical 

oxidant will produce PANI/Pd composite materials. The method employed is identical to 

the synthesis using aniline. The palladium salts, PdCU^’ and PdCle^' are used as the 

oxidant instead of ammonium persulfate in the synthesis. Figure 3.6 shows the schematic 

for the PANI/Pd synthesis using NPPD with PdCU^' and PdClg^'.

-phenyl-1,4-pheny lenediamine^

KjPdCU I C KjPdCU

OMHClOa I I l.OMHClOa I ( OMHClOa I I I.OMHCIO,

Figure 3.6: Schematic o f the reaction o f N-phenyl-1,4-phenylenediamine (NPPD) with 

palladium salts.

3.3.1 Synthesis o f NPPD/Pd^^

The synthesis o f PANI/Pd^^ materials was achieved by mixing 50 mL o f 2.02 x 

10'^ M K 2PdCl4 (Pd^^) with 50 mL of 0.11 M NPPD in the presence and absence o f acid
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(1 M HCIO4 ). The NPPD was added in excess to ensure complete reaction with the Pd 

anions. The final mole ratio o f the aniline/metal was approximately 10:1. See Figure 3.6 

for the schematic o f the synthesis. The mixtures were left to react overnight. The 

product was vacuum filtered, washed with copious amount o f water and stored in the 

desiccator.

The filtrates from all solutions were analyzed using the UV-Vis spectrometer 

(Figure 3.7). Each filtrate showed an excess o f NPPD around 300 nm. The 1.0 M filtrate 

also had two broad peaks at 400 and 550 nm. It is difficult to determine where the 400 

nm peak may be from due to the salt and NPPD both having broad bands in that region. 

The peak at 400 nm may be an artifact from the PdCU^' or the formation o f short chain 

oligomers.̂ ®"̂ *’̂ '*’̂^

The materials showed very similar absorption spectras as seen in Figure 3.5.

Each has two distinct peaks at 210 and 290 nm. An important difference is the 

emergence o f a broad peak at the 400 nm region, as stated previously, may be 

representative o f the polaron- 7t* transition in PANl. It is also possible that the peak 

observed at 290 nm is from the Jt-Jt* transition from PANl. It is not conclusive, but the 

possibility o f polymer formation may be favorable with NPPD as a starting material.

The 0 M HCIO4 material had an average yield o f 1.0202 g ± 0.0390 based on four 

subsequent trials. The 1.0 M HCIO4 material had an average yield o f 0.5459 g ± 0.0174 

based on four synthetic trials. The materials had different colors indicating different 

compositions or different oxidation states.
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Figure 3.7 UV-Vis spectra o f the filtrates from the reaction of K 2 PdCl4  with NPPD. (a) 

NPPD (b) K2 PdCl4  (c)NPPD/PdCl4 ’̂ material with 1 . 0  M HCIO4 (d) NPPD/PdCU^' 

material with 0  M HCIO4
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Figure 3.8 UV-Vis spectra of the materials produced from the reaction of KiPdCU with 

NPPD. (a) NPPD (b) KiPdCh (c)NPPD/PdCl4 '̂ material with 1.0 M HCIO4  (d) 

NPPD/PdCU^' material with 0 M HCIO4
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3.3.2 Synthesis o f NPPD/Pd^^

A similar synthetic route was used for the synthesis o f NPPD/PdCle^' materials. 

The synthesis o f PANI/Pd"*^ materials was achieved by mixing 50 mL of 1.20 x 10'^ M 

KzPdClg (Pd"*̂ ) with 50 mL of 0.11 M NPPD in the presence and absence of acid (1 M 

HCIO4). The NPPD was added in a similar manner as aniline, in excess to ensure 

complete reaction. The final mole ratio o f the aniline/metal was approximately 10:1. See 

Figure 3.6 for the schematic of the synthesis. The mixtures were left to react overnight. 

The product was vacuum filtered, washed with copious amount o f water and stored in the 

desiccator.

The filtrates from all solutions were analyzed using the UV-Vis spectrometer 

(Figure 3.9). Each filtrate showed an excess of NPPD around 300 nm. The 1.0 M HCIO4 

filtrate also had one broad peak at 400 nm, similar to its Pd^^ counterpart. It is difficult to 

determine where the 400 nm peak may be from due to the salt and NPPD both having 

broad bands in this region.

The materials, also analyzed on UV-Vis spectrometer, had very similar peaks 

even compared to the NPPD/Pd^^ complexes (Figure 3.10). The bands at 210 and 280 

nm are eharaeteristie to both 0 M HCIO4 and 1.0 M HCIO4. The 0 M HCIO4 material has 

a low, broad band at the 600 nm region, which may indicate that palladium was 

incorporated into the polymer. The 1.0 M HCIO4 spectra shows a broad peak at 420 nm, 

which again, may be representative o f the polaron- tt* transition in PANI.

The 0 M HCIO4 material had a brown color and an average yield o f 0.8051 g ± 

0.0441 for four synthetic trials. The 1 M HCIO4 material has a darker brown color
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compared to the 0 M HCIO4  material and an average yield o f 0.4820 g ± 0.0309 for four 

synthetic trials.
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Figure 3.9: UV-Vis spectra o f the filtrates from the reaction of KiPdClô with NPPD. (a) 

NPPD (b) K2 PdCl6 (c)NPPD/PdCl6 '̂ material with 1.0 M HCIO4  (d) NPPD/PdCle^' 

material with 0 M HCIO4
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Figure 3.10: UV-Vis spectra o f the materials produced from the reaction o f K^PdClg with 

NPPD. (a) NPPD (b) KzPdClg (c) NPPD/PdCle^' material with 1.0 M HCIO4 (d) 

NPPD/PdCle^- material with 0 M HCIO4
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3.4 Conclusion

From the preliminary UV-Vis spectroscopy data it is clear that the complete 

formation of PANI did not occur for any o f our synthesis conditions. It is unclear yet, 

how much if any polymer exists in the materials. According to the UV-Vis spectra for 

the NPPD materials, there are characteristic bands that may be attributed to the formation 

o f polymer. The intensities are very small suggesting that the polymer component in the 

material may be small.

Also, the absence of the band suggests that long chain polymer/metal composite is 

not the primary product. The lack of Pd in the filtrates suggests that the materials 

produced contain Pd. The filtrates show that very little, if any palladium salt was filtered 

through into the discarded solutions. The question remains whether the Pd is oxidized or 

reduced in the synthetic process.
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CHAPTER 4

MATERIALS CHARACTERIZATION

4.1 Thermogravimetric Analysis

4.1.1 Introduction to Thermogravimetric Analysis 

Thermal decomposition can give valuable information about the composition o f a 

sample. The degradation will show distinct mass loss gradients that will correlate to the 

specific chemistry o f a sample at a given temperature. In particular, the mass of 

palladium can be estimated through the thermal decomposition o f organic material. 

Palladium has a melting point of 1554.9°C. PANI can have a melting point anywhere 

between 200°C when it is in the emeraldine base and 320°C when in the emeraldine salt 

state. In addition, the organic component can be vaporized at high temperatures. 

Therefore, after a sample is heated up to 1250°C, the material remaining will primarily be 

palladium with some residual carbon content.

Some reports have found that degradation o f the emeraldine base can begin as 

high as 400°C.^ Mass loss fi-om around 110°C has been attributed to H2 O loss rather than 

polymer degradation.^’'̂  Figure 4.1 shows the thermal degradation o f pure PANI. Initial 

mass loss occurs at 250°C, which indicates that the emeraldine state was synthesized. 

Further mass loss occurs from 300 to 600°C. This mass loss is indicative o f structural 

degradation. It has been found that the mass change fi-om 300 to 400°C may be attributed
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to HCIO4  gas formed during the thermal process. A second explanation for the slight 

mass change from 300 to 400°C may be attributed to cross-linking o f the polymer.^’̂  

Thermal treatment o f PANI may result in cross-linking, which will render the material 

less volatile and requires a higher temperature to degrade.

Overall, a mass change o f approximately 98% was observed for the chemically 

synthesized PANI. The crucible after each trial was empty, indicating that the polymer 

was completely decomposed and vaporized. There is some residual component o f the 

polymer and dopant that remains in the crucible estimated at 2 % o f the total mass.

too

NO 12»Ct 200
T#ffto«f3lufe (Cetsws)

Figure 4.1 Thermogravimetric graph, a. chemically prepared PANI b. KiPdC^ c. 

KsPdCU
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4.1.2 TGA o f Aniline/Pd Composites

TGA on PANI/Pd composites has not been extensively studied previously. TGA 

was used as a preliminary method to estimate the total mass o f palladium present in each 

solid. The differences between Aniline and NPPD solids can be compared in table 4.1. 

The percent mass loss for the aniline solids was averaged from 71-74%. This 

corresponds to a Pd composition of 26-29% for the materials produced using aniline.

The thermal degradation signatures for the four materials prepared with aniline are shown 

in Figure 4.2. The materials produced from P d C l/' have similar TGA signatures with a 

slight change observed for the materials produced with PdCle^' and aniline. All materials 

show a sharp mass loss that begins around 280°C reaching a maximum lass at 

approximately 300°C. In addition, all materials show a smaller mass loss around 850°C. 

However, there are slight differences in the TGA for the materials produced with PdCU^’ 

and PdCle^'. The materials produced with PdCle^' have higher oxidative strength and can 

produce higher concentrations o f the anilinium cations, which can produce higher 

molecular weight materials. The thermal decomposition o f materials o f higher molecular 

weight typically occurs at higher temperatures. It may also represent a higher degree o f 

cross-linking in the materials. The data suggests that mixed materials may be obtained 

with PdCle^' with more homogeneous materials obtained with PdCU^'.

The final mass change at 850°C may be tied to the metal species and the residual 

organic components that cover the metal. As the organic component decomposes the 

metal can be coated with the chemical species. This coating is eventually desorbed as the 

temperature reaches 850°C. The fact that all four materials have this mass change at the 

same temperature implies that the process is tied to the thermally degraded organic
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component and the remaining Pd metal. Another possible explanation for the mass 

change at 850°C may be attributed to the formation of oxides. The carrier gas in the TGA 

experiments is air, therefore the formation of PdOi may degrade at higher temperatures.
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Figure 4.2 TGA of Aniline/Palladium materials a. OM HCIO4 PdCU^' b. I.OM HCIO4 

PdCL,^' c. OM HCIO4  PdClô^' d. I.OM HCIO4  PdClg^'

4.1.3 TGA of NPPD/Pd Composites 

There is no literature detailing the thermal degradation o f NPPD/Pd materials. 

Therefore, comparison will be made using PANI prepared with aniline. The NPPD 

materials produced using PdCU^' or PdClg^' show a 79-92% mass loss. This corresponds 

to a Pd composition of 8-20%. Due to the lack of available aniline nitrogens for reaction, 

the decrease in Pd loading is expected relative to the organic component because the
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species contains two aniline units in contrast to aniline. Figure 4.3 shows the TGA

signature for the four materials produced using NPPD.

The thermal analyses o f the materials produced using NPPD have similar 

signatures. The initial decomposition of all materials occurs at ~200°C, which is 

approximately 80°C lower than the materials produced using aniline. A more noticeable 

change is also observed for the materials using NPPD with a much slower thermal 

decomposition between 300-620°C. This is consistent with the formation of higher 

molecular weight structures. This is enhanced with NPPD relative to aniline because the 

potential for oxidation is lowered as the number of aniline units increases. Therefore, the 

formation o f higher molecular weight organic component is favorable. Finally, all 

materials show a small mass loss around 850°C consistent with materials produced using 

aniline with P d C l/' and PdCle^'.

All four of the materials, regardless of starting palladium salt, have similar 

thermal degradation characteristics. Initial degradation occurs at approximately 180°C, 

which can indicate the presence o f short chain oligomers. The slope from 280 to 500°C 

may also be attributed to the formation of cross-linking from the thermal treatment in the 

crucible. Finally, at 860°C a drop in mass may also be attributed to bond breakage from 

cross-linking.

Unfortunately, TGA does not provide any information regarding the oxidation 

state o f Pd in the materials. However, the thermal decomposition from heating the 

materials to 1250°C ultimately reduces any Pd^^ and Pd'*  ̂to metallic Pd. The presence o f 

metallic palladium can be observed in the crucible after the experiment is completed 

(Figure 4.4). Table 4.1 provides a summary of the Pd content and statistics associated
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with the thermal analysis o f the materials produced using aniline, NPPD, PdCLj^’ or

PdClô̂ '.
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Figure 4.3 TGA of NPPD/Palladium materials a. OM HCIO4 PdCU^’ b. I.OM HCIO4 

PdCU^' e. OM HCIO4 PdClô^' d. 1 .OM HCIO4 PdCU^'
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Aniline
OM HCIO4 1 M HCIO4 OM HCIO4 Pd"+ 1 M HCIO4 Pd"+

% Organic composition 72.82 73.94 72.97 71.03
% rsd 3.33 1.64 0.73 0.07
% Pd composition 24.76 24.85 26.50 28.92
Range 27.29 26.09 27.04 28.97

NPPD
OM HCIO4 Pd̂ ^ lMHC1 0 4 Pd̂ + OMHC1 0 4 Pd"+ lMHC 1 0 4 Pd"̂

% Organic composition 90.33 79.44 91.38 88.35
% rsd 1.96 0 . 0 0 0 . 6 6 0.94
%Pd composition 7.90 20.56 8 . 0 2 10.82
Range 9.71 20.56 8.62 1 1 . 6 6

Table 4.1 Average % mass loss and standard deviations o f 3 separate trial runs.

Figure 4.4 Image o f crucible after thermal analysis.
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4.2 Scanning Electron Microscopy

4.2.1 Introduction to Scanning Electron Microscopy 

SEM imaging provided information regarding the physical morphology of each 

material. Figure 4.5 shows the SEM image o f pure PANI. The material shows random 

orientations and geometries of the amorphous solid with open porosity. The introduction 

o f the palladium species in PANI should influence the morphology o f the sample. The 

SEM studies presented will examine the influence o f the two different organic units 

(aniline, NPPD) on the morphology o f the materials produced using both PdCU^' and 

PdCle^’ as chemical oxidants. In addition, the use o f acid in the synthesis will be 

explored to determine if polymer formation is inhibited as suggested by the published 

mechanism.^ Therefore, SEM will be used to provide visual information regarding the 

morphological differences of materials formed using the reaction scheme defined 

previously.

Figure 4.5 SEM image of pure chemically synthesized PANI
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4.2.2 Aniline and Palladium Complexes 

SEM images o f the materials produced using the aniline monomer are shown in 

Figure 4.6 and Figure 4.7. The samples were gold coated to remove charging effects.

The high charge interference is due to the insulating properties o f the materials. All of 

the samples produced using either PdCfi^' or PdCle^' with aniline required Au films 

consistent with the formation o f complex materials rather than conductive polymer. It 

can be concluded that the synthesis using PdCU^' and PdCle^' as the chemical oxidant 

does not produce highly conductive polymer.

The SEM image o f the material produced using 0 M HCIO4 PdCU^' and aniline 

supports the formation o f the Pd/aniline complex. The material exhibits flat, sheet-like 

structures that look to be crystalline in nature. The material produced shows uniform 

dimensions on the order o f 100-150 nm in width and 1000-2000 nm in length for the 

composite. A direct comparison with pure PANI shows that the material has a much 

different morphology indicative o f the formation o f a different material.

A more drastic change is seen with the addition of acid (1.0 M HCIO4 ) for the 

aniline/PdCU^^. Flat planar sheets are observed with much larger overall dimensions. In 

contrast to the material produced using no acid, the dimension of the complex materials 

are much larger, on the order o f 10 microns for some o f the species in the SEM. Lower 

magnification was used to show the overall magnitude difference in the structures. This 

complex may again have crystalline properties based on the planar molecular geometry 

observed for all material in the image. Neither o f the materials morphology compares 

favorably with PANI. In addition, previous studies o f PANI with other metal salts such 

as PdCle^' have produced materials that show bulk metal as spheres and the polymer.^’*
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There are no spherical Pd deposits in these images suggesting that the Pd species may not 

be fully reduced.

Interestingly, the 0 M HCIO4  PdCU^' solid has characteristics o f both amorphous 

and crystalline materials. There are the rod-like formations as well as flat sheets. The 

1.0 M HCIO4 PdCU^’ solid has the flat, smooth planar sheets that are similar to the 1.0 M 

HCIO4 PdCLt^' solid. Without acid, the structures appear to contain amorphous as well as 

crystalline morphologies. PdCU^' is a stronger oxidant, which may give rise to the 

formation of more oligomeric materials in the final product. However, when acid is 

utilized, the material appears as flat planar sheets, although for all samples present there 

are no visible metal particles. The lack o f visible metal particles does not indicate a lack 

of palladium. TG analysis shows that palladium is approximately 20-30% by mass. It 

may be an indication that the palladium particles are too small to be detected in the range 

it was imaged. Another possibility is that the palladium may be located in the bulk o f the 

material as opposed to the surface.
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Figure 4.6 SEM images of Aniline and Palladium complexes a. Aniline/PdCU^' m OM 

HCIO4 b. Aniline/PdCU^’ in I.OM HCIO4
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Figure 4.7 SEM images o f Aniline and Palladium complexes a. Aniline/PdCle^' in OM

HCIO4 b. Aniline/PdCle^' in l.OM HCIO4
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4.2.3 NPPD and Palladium Composites 

It has been previously shown that PANI can be produced from NPPD using 

ammonium persulfate as the chemical oxidant.’ Therefore, NPPD was reacted with either 

PdCfi^' or PdCle^’ in solutions with and without 1 M HCIO4 to enhance the formation of 

polymer rather than the complexes observed for aniline. Figure 4.8 and Figure 4.9 shows 

images from the four NPPD composites. The low composition o f Pd in the samples 

suggests either higher molecular weight material is formed or that Pd is not incorporated 

readily into the materials.

The SEM images o f the materials produced using NPPD with the Pd^^ show a 

more amorphous morphology when compared to the materials produced using aniline.

All o f the materials show very similar morphology without any flat, planar sheets. It is 

apparent that longer chain length materials are formed regardless o f acid content. 

However, a certain amount of layering is still observed for the NPPD samples with 

PdCU^' used to produce the materials. This layering is diminished for samples produced 

using PdClô^'. The results suggest that the materials may be a mixture o f composite 

material with more amorphous, oligomeric material.

These materials require gold coating to minimize charge effects prior to imaging 

consistent with low conductivity. This suggests that the oligomeric component is not 

sufficiently high to improve the conductivity o f the materials. It also supports the 

possibility that NPPD/Pd complex formation might occur contributing to the low 

conductivity. Regardless, these materials do not posses the conductive properties o f pure 

PANI-EB consistent with all materials produced using aniline.
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Figure 4.8 SEM images of n-phenyl-l,4-phenylenediamine and Palladium composites a.

NPPD/PdCU^' in OM HCIO4 b. NPPD/PdCU^' in l.OM HCIO42 -
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Figure 4.9 SEM images o f n-phenyl-l,4-phenylenediamine and Palladium eomposites a. 

NPPD/PdCle^^ in OM HCIO4 b. NPPD/PdClô^’ in l.OM HCIO4
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4.3 Fourier-Transfom Infrared Spectroscopy

4.3.1 Introduction to Fourier-Transfom Infrared Spectroscopy 

FTIR spectroscopy is used to probe the chemistry of all materials produced. 

Information regarding the polymeric nature and the chemical structure can be obtained 

using FTIR spectroscopy. In particular, PANI has characteristic peaks that are associated 

with the polymer, which can be monitored in the materials produced in these studies. For 

example the C-N-C peak at 1295 cm'^ is indicative o f long polymer chain formation and 

can be monitored to determine if polymer is produced.® The intensity o f that band when 

compared to that o f pure PANI alone will strongly indicate the degree o f polymerization 

that exists for each material.

In addition, the bands associated with the benzenoid and quinoid aromatic 

structures can be examined to determine the extent o f oxidized species incorporated into 

each material. The benzenoid structure band is observed at 1490 cm‘  ̂with two bands for 

the more oxidized quinoid structure observed at 1570 cm'^ and 1086 c m '\ Additional 

bands in the fingerprint region at 821 cm’* are indicative o f the out-of-plane C-H bond for 

the aromatic structures.® A ratio o f the benzenoid to quinoid structures for PANI is one 

when it is in the emeraldine base form. The ratio represents a 50/50 distribution o f these 

structures. Figure 4.10 shows the PANI spectra with the corresponding structures.

4.3.2 FTIR of Aniline and Palladium Complexes 

The FTIR analysis o f the materials produced using aniline and PdCU^’ and PdCU^’ 

is presented in Figure 4.11. Analysis o f the region associated with the formation at PANI 

at 1295 cm’* shows very little IR absorbance for any of the materials produced using 

aniline and PdCU^’ regardless o f the acid concentration. There is a small component of
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polymer material that emerges when PdCle^' is used as the chemical oxidant. For all 

material produced the FTIR spectra support the predominant formation of the Pd/Aniline 

complexes rather than polymeric materials. Similar complexes have been observed 

previously when functionalized aniline was reacted with Pd^^. However, it is obvious 

that the pure PANI and the aniline complexes are not the same.^°'^^

The emergence of low intensity C-N bands, indicative of polymer formation can 

be observed in the FTIR spectra for the aniline/PdCle^' materials. This is consistent with 

the formation o f oligomeric materials due to the relatively higher oxidative strength 

PdClô^' in comparison to PdCU^'. It can be concluded that polymer is present in the bulk 

o f the materials produced in these studies. However, the overall FTIR signature is 

consistent with the formation of Aniline/Pd complexes rather than polymer.
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Figure 4.10 FTIR o f pure PANI
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Figure 4.11 FTIR of Aniline and Palladium complexes a. pure PANI b. OM HCIO4

PdCU^- c. l.OM HCIO4 PdCl4̂ - d. OM HCIO4 PdCU^' e. l.OM HCIO4 PdCW2 - 2-
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4.3.3 FTIR of NPPD and Palladium Complexes 

The use o f NPPD as a starting material in the synthesis using PdCU^' and PdClg^' 

provides a seeondary material that is more polymerie in nature in eomparison to aniline.

It is expeeted based on the SEM imagine in section 4.2 that the materials will be more 

polymerie in eomparison to materials produced using aniline. The FTIR spectra for 

materials produced using NPPD are presented in Figure 4.12.

The signature o f polymerie material can be observed at 1295 cm'* for every 

material produced using NPPD regardless of the chemical oxidant or acid concentration. 

The FTIR spectra o f these materials compare favorably to pure PANI. The imaging data 

suggested that these materials were more polymerie in nature that the aniline materials. 

NPPD favors polymer formation because the starting material is dimeric and can be more 

readily oxidized than aniline due to the relatively higher electron density. Bands 

associated with the benzenoid and quinoid peaks for 1.0 M HCIO4 PdCU^' and 1.0 M 

HCIO4 PdCle^’ are similar to PANI with less line splitting and broadening o f the bands 

consistent to polymer formation. The C-N band at 1295 em*  ̂is visible in each solid, 

which is indicative of polymer formation. Another noteworthy observation is that some 

of the weaker IR overtone bands have disappeared. For instance, the bands from 1700 to 

2400 cm'* indicate the aromatic nitrile functional group (C-N), are not present in any of 

the FTIR for PdCl6^

Interestingly, the 1.0 M HC104 PdCle^' most closely matches pure PANI. This 

material also has low palladium loading at 12%. The low Pd loading in this sample may 

be attributed to a lack of fully reduced Pd due to the formation of complexes. These 

materials can be incorporated into the polymer as defect structures providing relatively
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low Pd loading for this material. However, with the exception of one material (Pd^^, 

NPPD, 1 M HCIO4 ) the Pd loading is significantly diminished when compared to the 

materials produced using aniline indicating that polymer formation does not necessarily 

improve the percent of Pd incorporated into the final material.
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Figure 4.12 FTIR o f NPPD and Palladium composites a. pure PANI b. OM HCIO4  PdCU2-

c. I.OM HCIO4 PdCU^' d. OM HCIO4 PdCle^' e. I.OM HCIO4 PdCle2 - 2 -
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4.4 X-ray Photoelectron Spectroscopy

4.4.1 Introduction to X-ray Photoelectron Spectroscopy 

XPS is a usefiil tool in determining the surface chemical characteristics of solid 

state materials. PANI is simplistic in nature because only three elements will 

theoretically be present in the XPS spectra. Nitrogen, Carbon, and Hydrogen will be the 

largest contributors o f mass, whereas the acid doping of PANI may be present in 

diminished quantity. In this case, HCIO4  may show some chloride and oxygen bands. In 

our studies the application o f this technique will be focused on elucidation of the 

oxidation state of palladium as incorporated into the materials prior to thermal or 

chemical treatment. This data is will only focus on the aniline/Pd complexes.

4.4.2 XPS of Aniline with PdCU^' and PdClg^'

The XPS survey for aniline reacted with PdCU^’ and PdCle^" with and without 

acid is shown in Figure 4.13. The XPS data shows bands consistent with N, O, Cl, C, and 

Pd. The appearance of Cl and O can be attributed to either the reduction o f the oxidants 

(K2PdCU or K 2 PdCl6) or the acid (HCIO4 ). Similar to SEM measurements, the samples 

were found to be insulating. The effect o f low conductivity can be seen as an induced 

shift to higher binding energies. Since it was determined previously that these solids do 

not contain polymeric material, the characteristic PANI peaks o f C-C, C-H and C=C^ are 

absent. This is conclusive evidence that the aniline prepared materials are not polymeric.

The presence o f palladium is observed in the XPS survey for both samples 

(Figure 4.14). This confirms the TGA data suggesting that the materials contain 

significant amounts of Pd. However, the oxidation state of the Pd species is unknown.

To analyze these samples without the effect of charge interference, the technique of X-
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ray Excited Auger Electron Spectroscopy (XAES) was used also to determine the 

oxidation state of palladium. For comparison Pd foil was examined providing binding 

energies of 335.2 eV and 327.6 eV for XPS and XAES, respectively. The spectra in 

Figure 4.12 show a distinct shift to higher binding energies for all materials produced 

using aniline with PdCU^' and PdCle^’ for the Pd 3d bands. The energy difference was 

approximately 10 eV higher than metallic Pd. Thus, the species is oxidized relative to the 

Pd foil which is consistent with either the formation of a complex or the oxidation of 

reduced Pd in the sample to PdO. It is impossible to know if the signal is due to one or 

the other or a combination of the both materials. However, the data clearly shows that 

the Pd is not metallic. Also, the values for the salts and PdO and PdOz are listed on the 

graph and show that the materials are not purely in those states either.
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Figure 4.13 XPS survey o f a. Palladium foil b. OM HCIO4 PdCU^' in Aniline c. I.OM 

HCIO4 PdCU^' in Aniline d. OM HCIO4 PdCle^' in Aniline e. 1 .OM HCIO4 PdCle^' in 

Aniline. Data prepared by Sujitra Pookpanratana.

70



ai
a>

XPS MgK^
11 
1 1

i i

Pd fci / i I

Sample 4

Same# 2

1 . \ 1
Sample ' 

1

350 345 340 335

Binding Energy [eV]

Figure 4.14 XPS o f Pd 3d bands o f Pd foil, OM HCIO4 PdCLt̂ "̂  in Aniline (Sample 1), 

l.OM HCIO4 PdCl4 +̂ in Aniline (Sample 2), OM HCIO4 PdCle^^ in Aniline (Sample 3), 

l.OM HCIO4 PdClé^^ in Aniline (Sample 4). Image and data prepared by Sujitra 

Pookpanratana

4.5 Sodium Borohydride Reduction 

Chemical methods can be employed to reduce the Pd complex to form Pd°. 

Therefore, samples were further treated with reducing agent sodium borohydride, NaBH4  

to convert the materials. The influence o f NaBH4  on the organic components o f the 

material is unknown. It is assumed that any organic component will also be reduced.

71



The question remains whether the material will be converted to polymer in the process of 

reducing Pd. The polymer or organic component can also be reduced in the process.

For the reactions approximately 30 mg o f each material was ground to uniform 

consistency and mixed with 10 mL o f water. All samples were be sonicated for 

approximately fifteen minutes to ensure dispersion o f the material in the water. A 1 mL 

aliquot o f 0.13 M NaBH4 (0.05 g/10 mL) was added to the materials. The solutions were 

allowed to react for 24 hours and the resulting materials were collected by filtration and 

washed copiously with water to remove any residual soluble solution species.

4.5.1 FTIR o f NaBIL, and PANI

As stated previously, FTIR analysis o f the materials provides an indication o f the 

polymeric composition. The influence o f NaBFU on the formation o f polymer in the 

process o f reducing the Pd species is o f general concern. Figure 4.15 compares pure 

PANI with NaBFU reacted PANI. In the pure PANI spectra, the peaks at 1490 cm'* and 

1500 cm"' are showing that the benzenoid and quinoid units are not equal. After addition 

o f NaBIU, The composition changes with a benzenoid peak and a smaller quinoid peak. 

Correspondingly, the band at 1080 cm"' is reduced in intensity, corresponding to the 

quinoid structure. The FTIR data indicates that the treated polymer is more reduced than 

the EB form of PANI. All characteristic peaks for PANI are present after NaBH4 

reduction, which indicates that the integrity o f the polymer is maintained.
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Figure 4.15 FTIR spectra o f (a) pure chemically prepared PANI and (b) PANI reacted 

with NaBH4

4.5.2 SEM of NaBH4  Reduced Solids 

SEM analysis o f the materials produced after reaction with NaBH4  for the 

products obtained from preliminary reactions with material produced using OM HCIO4  

PdCU^-, l.OM HCIO4  PdCU^-, OM HCIO4  PdClô^', and l.OM HCIO4  PdCU^’ with aniline 

have been carried out. The SEM images are shown in Figure 4.16 and Figure 4.17.

For the material produced using PdCU^’, aniline and 0 M HCIO4  we observed 

small flat, planar sheets of material with uniform dimension and defined morphology 

(Figure 4.16). The material is much different when treated with NaBH4  showing larger 

chunks o f material with variable morphology. Upon closer inspection, small sphere-like 

structures also appear at the edge of the material. For the partially reacted material 

produced with PdCU^' and aniline in 1.0 M HCIO4  small spheres o f material are visible. 

The material aggregates as it accumulates on the surface with granular morphology. It is
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impossible to determine from the images if Pd metal exists and is encapsulated during the 

reaction. However, the reduction process clearly changes the composition o f the 

materials. Similarly, the material produced using PdClg^' with aniline in 0 M HCIO4  

shown a material that is predominantly granular in morphology (Figure 4.17). As 

suggested previously, these materials may contain a small amount o f polymer with a 

higher amount o f Pd complex. Therefore, the reduction of Pd may free the organic 

component to react and form polymeric structures that were not previously possible.

In contrast, the material produced using PdClg^' with aniline in 1 M HCIO4  did not 

change appreciably. At this point we are unsure why the material did not react with 

NaBH4  to produce materials comparable to the first three examples. One possibility is 

that Pd in the material is not efficiently reduced due to the chemical differences that exist 

in the material. It may require that longer reaction times be employed to fully convert the 

material. However, fiirther experiments are required to determine if this is the case.

All samples examined using SEM after reaction with NaBH4  required gold 

coatings to be imaged due to charging effects. This implies that the reduction did not 

produce highly conductive polymer. However, the reaction was not carried out in acid 

and therefore acid doping of any polymer that formed does not occur. Acid doping in 

PANI is critical in enhancing the conductivity of the material.^’
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Figure 4.16 SEM images ofNaBH 4  reduced Aniline and Palladium complexes a.

Aniline/PdCU^’ in 0 M HCIO4 b. Anline/PdCU^' in 1 .0  M HCIO42 -
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Figure 4.17 SEM images o f NaBH4  reduced Aniline and Palladium complexes a. 

Aniline/PdClô^' in 0 M HCIO4  b. Anline/PdCL^' in 1.0 M HCIO4
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4.6 Applications

The application o f the materials developed will focus on hydrogen sorption rather 

than the other possible applications, including catalysis and fuel cells. These materials 

would be applicable to both fields but these studies would exceed the scope of this thesis. 

The imaging and spectroscopic data concludes that these composites were not fully 

polymeric in nature and some applications may not be feasible. Applications such as 

rechargeable batteries require the use o f PANI in the emeraldine base form rather than 

complexes formed from Pd and aniline.'^ Batteries also need a conductive material that 

can withstand repetitive charging and discharging o f current. The eight materials 

examined thus far do not form pure PANI and have insulating properties inconsistent 

with the application mentioned. Fortunately, there are applications in which these solids 

still have potential. Hydrogen storage is one application that does not require the 

material to have high conductivity, be composed o f only polymer, or have a defined 

structure of morphology consistent with polymer formation.

4.6.1 Introduction to Hydrogen Storage 

An in house hydrogen sorption technique was developed to measure low pressure 

hydrogen sorption o f the materials. The experimental setup for these measurements was 

described in detail in section 2.4. This setup eliminates conditions that would require 

specialized equipment and precautions due to the hazard o f high pressure hydrogen 

measurements. For our studies, we used a hydrogen generator typically utilized in 

GC/FID to provide a stream of 30 psi hydrogen at 50 mL/min. Each measurement was 

carried out with an initial purge o f hydrogen gas through the sample for 90 seconds. 

Samples were then exposed to static hydrogen at 30 psi for increasing periods of times
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from 5 to 90 minutes. The samples were placed in line with the GC to measure hydrogen 

desorption as a function o f temperature. The samples were initially held at 35°C for five 

minutes. The temperature was then ramped to 200°C at a rate o f 1.5°C/second to elute 

the unsorbed and sorbed hydrogen.

It is generally believed that the metallic Pd content is the critical component in the 

material because Pd hydrides can form. However, we have shown previously using XPS 

data that the Pd is not metallic. The influence o f oxidized Pd on hydrogen sorption 

properties is unknown. If the material produced sorb hydrogen, then we would expect the 

amount sorbed to increase with time until all active sorption sites are consumed. In 

addition, the role of the polymer in the process is unknown. There are conflicting results 

regarding hydrogen sorption by PANI alone.^®’̂  ̂ It has been reported that pure PANI 

may absorb up to 8 % hydrogen by weight with others reporting that as little as 0.5% is 

sorbed. Therefore, we examined the pure polymer as well as the materials produced 

in these studies. The goal was to identify materials with favorable hydrogen sorption 

properties in comparison to PANI. It is important to point out that the pressures 

employed in these studies are significantly below the pressures used to examine the 

previous materials. The parameters used in these experiments were carried out at a low 

pressure o f 30 psi compared to the data obtained in the literature at a much higher 

pressure o f 1350 psi outlined in the Department o f Energy targets for hydrogen sorption 

pressures.

4 .6 . 2  Hydrogen Storage o f Aniline and Palladium Complexes

Figure 4.18 shows the Anline/0 M HCIO4  PdCfr^' material because it had and 

retained the highest hydrogen storage. Peak (a) represents the hydrogen that was
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unabsorbed and (b) represents hydrogen sorbed. The flat line represents the 5 minute 

sorption time and has no hydrogen storage present. The sorption peaks increase, with 40 

minutes being the highest. As expected, the unabsorbed hydrogen peak (a) remained 

constant over time. This is of importance because a constant concentration of hydrogen 

is in the column at every interval.

The results are presented in Figure 4.19 for the materials produced using aniline. 

The plots are for various hydrogen exposure times. The two materials produced using 

PdCU^' show an increase in sorption for exposure time up to 40 minutes. However, the 

hydrogen sorption decreases after exposure for greater than forty minutes. It is important 

to state that the plots are for a single sample cycled after different sorption times. For 

each sorption experiment the sample is exposed to hydrogen at 35°C. To measure the 

desorption of hydrogen the sample is maintained at 35 °C for four minutes to allow the 

unsorbed hydrogen to exit the GC. After five minutes the sample is ramped up to 200°C. 

This temperature exceeds the threshold for degradation of the material as determined by 

TGA. Therefore, it can be concluded fi’om the PdCB^’ data that there is thermal 

degradation of the material that results in a loss of hydrogen sorption. Therefore, the 

temperature for the desorption of hydrogen fi'om the materials must be lowered to ensure 

the composition does not change or the materials must be treated to produce chemically 

stable material at higher temperature. The aniline prepared materials peak at 40 minutes, 

except for the 1.0 M HCIO4 PdCle^' material, which had insignificant hydrogen storage 

capacities, compared to the other three. The 0 M HCIO4 PdCU^' material retained higher 

hydrogen storage percentage compared to the others, yet still showed thermal degradation 

over time.
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Figure 4.18 Hydrogen Storage o f Anline/0 M HCIO4 PdCU^'a. unabsorbed hydrogen b. 
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Figure 4.19 Hydrogen Storage of Aniline/Palladium complexes a. 0 M HCIO4 PdCU^' b 

1 .0M HCIO4PdCU^'c. O M HCIO4PdCle^'d. l . O M HCIO4PdCle^'
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4.6.3 Hydrogen Storage o f NPPD and Palladium Complexes

Figure 4.20 shows NPPD/0 M HCIO4 PdCU^’ as comparison to the aniline 

counterpart. Peak (a) represents they hydrogen that was unabsorbed and (b) represents 

hydrogen sorbed. This graph shows a steady increase of hydrogen sorption over time with 

a steady value o f unabsorbed hydrogen. This material showed hydrogen sorption at the 5 

minute point as opposed to the aniline/0 M HCIO4 PdCU^'.

The Pd loading data suggested that the aniline/Pd materials should have higher 

sorption properties relative to materials produced using NPPD. Thermal analysis results 

indicate that there is a much lower palladium composition than its aniline counterparts. 

We expect that these materials will have lower sorption properties when compared to 

aniline based materials due to the lower Pd loading. The one exception was the material 

produced using PdCU^' and 1 M HCIO4 with NPPD with the Pd loading on the order o f 

20% from TGA analysis. Figure 4.21 shows the sorption characteristics over time for 

materials produced using NPPD reacted with PdCh^^ and PdCle^^ with 0 and 1 M HCIO4.

In contrast to the materials produced using aniline, there is a steady increase of 

hydrogen sorption for the materials over the same time range with no loss o f sorption.

The data implies that materials produced using NPPD have higher thermal stability. The 

PdCle^^ solids reach a plateau after 60 minutes indicating that its hydrogen capacity had 

been reached.

The NPPD/Pd^^ materials had higher hydrogen sorption properties and steadily 

increased over time. The 1.0 M HCIO4  PdCU^' material had the highest increase in 

hydrogen sorption and showed high sorption at only 5 minutes. The 0 M HCIO4 PdCh^' 

material showed a steady increase o f sorption over time. The NPPD/Pd"*^ materials both
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had peak hydrogen sorption at 60 minutes. The 90 minute time points for 0 M HCIO4 

PdCle^* and 1.0 M HCIO4 PdClg^' were almost identical to the 40 minute run.
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Figure 4.20 Hydrogen Storage o f NPPD/0 M HCIO4 PdCU^'a. unabsorbed hydrogen b. 

absorbed hydrogen.
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Figure 4.21 Hydrogen Storage of NPPD/Palladium complexes a. 1.0 M HCIO4 PdCU^' b. 

1.0M HCIO4PdCl4 ^ ' c . O M HCIO4PdCl6^'d. l . O M HCIO4PdCle^'
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4.6.4 Hydrogen Storage o f NaBHj Treated Aniline/Palladium Material

The 0 M HCIO4  PdCU^' Aniline material was treated with NaBH4 to determine 

whether reducing the materials would show an increase in hydrogen sorption. Figure 

4.22 shows the NaBH4  treated sample with all the aniline prepared materials for 

comparison. Immediately, at five minutes, hydrogen sorption jumps from 0.1% to 1.7%. 

Also, the treated material maintained hydrogen sorption over repetitive cycling.

Even though this is preliminary data, it can be concluded that NaBH4  treatment 

may stabilize and reduce the complex. Thermal degradation is not a problem after 

repetitive thermal cycling making the 0 M HCIO4  PdCE^' Aniline prepared material 

better suited for hydrogen storage applications.

4.7 Conclusion

Overall, the aniline prepared materials sorbed a higher percentage o f hydrogen 

compared to NPPD. At approximately 1.5%, 0 M HCIO4  PdCU^’ was the highest 

absorbing material. The aniline materials displayed characteristics o f thermal 

degradation fi-om the drops in hydrogen sorption over time. The NPPD solids showed a 

stable increase o f hydrogen sorption over time.

In comparing oxidation state o f palladium, PdCU^' and PdClg^', the Pd^^ 

complexes showed the highest sorption characteristics than Pd'* .̂ This may be attributed 

to the possibility o f Pd^^ reducing to Pd metal quicker than Pd'*’̂ .
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Figure 4.22 Hydrogen Storage o f Aniline/Palladium complexes a. 0 M HCIO4  PdCU^' b. 
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CHAPTER 5

CONCLUSION

5.1 Conclusion

The goal o f this research was to chemically synthesize and characterize materials 

produced from either aniline or NPPD with the addition o f either PdCU^’ or PdClg^' with 

or without HCIO4 . These materials were synthesized for their potential use in hydrogen 

storage. All eight o f these materials have been characterized and tested for their 

hydrogen sorption characteristics. The results o f these studies have been discussed in this 

thesis.

It has been shown that using PdCU^' or PdCle^' as the chemical oxidant for the 

formation of polymer was not successful. Instead, the materials were mixtures of 

complex and low molecular weight oligomers. In the case o f the NPPD prepared 

materials, the NPPD/Pd^^ composites showed slight polymer formation that was 

displayed in their corresponding IR spectra. No polymer formation was observed for the 

aniline/Pd composites. TG results indicated that even though the NPPD analog produced 

polymer when reacted vyith PdCU^' or PdClg^' as the chemical oxidant, the materials had 

lower total palladium content than the aniline counterparts. NPPD materials had a 

maximum o f 11% Pd content, whereas the maximum aniline/Pd content was 27%.
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The SEM images show that the composites are not conductive PANI. The 

formation of complexes may account for the final oxidation state of the incorporated Pd. 

The XPS results demonstrate that the Pd remains oxidized in the materials.

Preliminary hydrogen storage studies showed that materials with P d C l/' had 

higher storage capacities than the PdClg^" materials. Also, the aniline/Pd complexes were 

undergoing thermal degradation at 200°C. The NPPD/Pd materials retained structural 

integrity and in turn showed a steady and stable increase in hydrogen sorption over time. 

There were three promising samples; Aniline/0 M HCIO4 PdCU^’, Aniline/1.0 M HCIO4 

PdCU^', and NPPD/1.0 M HCIO4 PdCE^'. These three materials showed the highest 

hydrogen sorption properties.

Further research was done to chemically reduce Pd to its metallic state in the 

composites using NaBH4 . Only Aniline/0 M HCIO4  PdCU^’ was analyzed by the GC. 

Hydrogen sorption instrument and was the highest out o f all previous eight materials at 

1.8%. Further studies need to be done in order to determine the magnitude o f the 

sorption properties for all reduced materials.
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