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ABSTRACT

(1,1,1-trifluoroacetylacetonato)silver(I) was synthesized from silver(I) oxide and

1,1,1-trifluoroacetylacetone in dichloromethane. The crystal structure of the

silver complex was determined to be of the orthorhombic space group Fddd, with

a: 11.442 A, b: 15.276 A, c: 31.069 A, and Z=32. The compound was

characterized by FT-IR and 1H and 13C NMR spectroscopy. Photolysis of a solid­

state film of this complex at 254 nm leads to a crystalline silver and silver oxide

film, composing of 94 mol% silver and 6 mol% oxygen. The resistivity of a film of

250 nm thick was found to be 2.1 JlQ cm. Multiple intermediates were observed

in the FT-IR spectra during irradiating a solid-state film of this complex. Different

photolithographic patterning methods are presented. The thermal decomposition

of solid-state films in different environments was investigated. The

decomposition rate increased with increasing relative humidity and showed no

change with or without oxygen present.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

Many methods have been developed to prepare metal and/or metal oxide

composite films. The photochemical metal organic deposition method developed

in Hill's laboratory'? can be used to convert solid-state films of metal organic

complexes under light irradiation to metal and/or metal oxide films. At the same

time as the development of this deposition method, many metal organic

complexes have been synthesized. Among these complexes, some organic

adducts of (1,1, 1-trifluoroacetylacetonato)silver(I) were synthesized.t" However,

converting a solid-state film of (1,1,1-trifluoroacetylacetonato)silver(I) directly to a

silver and silver oxide composite film by photochemical or thermal method has

not been previously reported. Although some spectroscopic data on (1 J 1,1­

trifluoroacetylacetonato)silver(I) have been published in the Iiterature'', the

assignments of some absorption bands were ambiguous due to the lack of the

single-crystal structure of this compound. Therefore, a detailed study of its

structure and spectroscopic properties would be valuable. As reported in the

literature, this silver complex is photolytically and thermally sensitive.

Understanding the photolytic and thermal reactions of a solid-state film of this

precursor is important in order to know how a silver film could be deposited.







processing steps and fewer chemicals used in the process could greatly reduce

production costs and waste.

1.2. The research goals

A more detailed study of (1,1,1-trifluoroacetylacetonato)silver(I) including its

crystal structure and spectroscopic properties is needed in order to explore its

possible application for deposition of silver films. Such a deposition would be of

great interest since no silver has been prepared by photochemical metal organic

deposition. Although the mixed copper and copper oxide films have been

prepared from some copper(II) organic complexes," these films are

nonconductive. A conductive silver film could fill the need for a photochemical

metal organic deposition approach to potential microelectronic application.

Therefore, three major research goals are intended for this thesis work and are

listed in sections 1.2.1, 1.2.2, and 1.2.3.

1.2.1. Spectroscopic study of the structure and properties of (1,1,1­
trifluoroacetylacetonato)si Iver(l)

1.2.1.1. Background of enol and keto forms of ~-diketone

Given the tautomeric structure of many metal doctorates, it is important to

understand the structures of the ligand complexes. The tautomeric structure of

~-carbonyls (shown in Scheme 1.3) has been well studied by many researchers

using NMR spectroscopy.10-13

4



(a) Keto (b) Enol

Scheme 1.3 The tautomer structure of ~-diketone complexes.

Many factors can affect the molecular structures of the chelating product.

Substituent effects, solvent effects, and related equilibration constants are well

documented in the literature. 14
-
18 In particular, it has been found that fluorination

of ~-diketones shifts the keto-enol equilibrium towards the enol. The enol content

of 1,1,1-trifluoropentane-2,4-dione was found to be 97% in dichloromethane by

Rogers in 1964.10 This value was confirmed at 96% by Wallen in 1997.18 In the

research described in this thesis, in order to produce a highly selective product,

dichloromethane was chosen as a solvent for synthesis because it favours the

enol form of the ligand.
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cis form trans form

Scheme 1.4 The stereoisomers of 1,1,1-trifluoroacetylacetone.

In addition, the enol structure of 1,1,1-trifluoropentane-2,4-dione has two

stereoisomeric structures as shown in Scheme 1.4, suggested by Park.16 He

suggested that two types of hydrogen bonding, H-F and H-O bonding could occur

in the structure in order to stabilize the enolic form. Tayyari provided

spectroscopic evidence to support hydrogen bonding in the enol form of

~-diketones by observing shifts in the stretching vibration of C=O and C=C in

FT-IR and Raman spectra." Both authors concluded that hydrogen bonding

plays an important role in stabilizing the enol form of ~-diketones. The different

positions of the acidic proton could affect the reaction with silver(I) oxide to form

different bonding structures between the metal ions and ligand, which can lead to

different complexes.

1.2.1.2. The metal-ligand bonding structures of metal ~-diketonates

Metal ions can chelate with ~-diketone ligands throuqh different metal-ligand

bonds. Two types of metal-ligand bonds, metal-oxygen bond (type A) and metal-

carbon bond (type B) shown in Scheme 1.5, have been reported for many metal

~-diketonates.g,1g,20 In addition, the type A compounds have two resonance
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structures. A delocalized ring structure has been commonly used to illustrate the

structure of type A compounds.

Type A Type B Type AB

Scheme 1.5 Different chelating structures of metal ~-diketone compounds.

Some compounds have been reported to have both types of metal-ligand

bonding (type AS). 20 However, few silver ~-diketonates with type AS bonding

have been reported in the llterature". Lewis pointed out that the possibility of a

metal-carbon bonded structure should be considered in (Ph3P)Ag(tfa) and

(Ph3P)Ag(hfa) complexes." In his report, the broadening of the absorption bands

from this type of bonding made the assignment of some bands ambiguous.

However, in addition to the crystal structure information of the complex

K[Pt(acac)2CI], Nakamoto used deuterium substitution of the ligand to help

identify the absorption bands of K[Pt(acachCI], K[Pt(acach]' and other metal

~-diketonates complexes." In his paper the bands corresponding to complexes

with different metal-ligand bonds were distinguished. Whether (1, t.t-tritluoro-

acetylacetonato)silver(l) has simple Ag-O bonds or also has Ag-C bonds is of

much interest. A single-crystal structure of Ag(I)tfa can provide useful information.

At the same time, the infrared spectra of this complex in the crystalline state and
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amorphous film state would provide useful structural information for

understanding the reaction mechanism.

1.2.2. Investigation of photochemical decomposition of a solid-state
film of (1,1,1-trifluoroacetylacetonato)silver(I)

The solid-state film of (1,1,1-trifluoroacetylacetonato)silver(I) was found to be

photosensitive. To explore whether this photoreaction leads to deposition of a

silver film is important. To understand the general physical properties of the

deposited film such as conductivity, film structure, and composition has potential

value for potential interconnection metallization applications. Many metal and

metal oxide films have been prepared by the photochemical metal organic

deposition method in the literature."? However, all of these metal oxide films

were amorphous. Metallic silver is normally crystalline. Whether any deposited

silver oxide is crystalline or not is of much interest. A detailed study of the

deposited film may also add understanding to the reaction process.

1.2.3. Investigation of thermal decomposition of a solid-state film of
(1,1,1-trifluoroacetylacetonato)silver(I)

A solid-state film of (1,1,1-trifluoroacetylacetonato)silver(I) was found to be heat

and moisture sensitive. To explore whether thermal reaction leads to the same

silver or silver oxide film as a photochemical reaction is of great interest. To

investigate how water is involved in the decomposition of the film may help
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explain the kinetics of the reaction. An investigation of the reaction kinetics could

be useful to understand the deposition of silver and silver oxide films.

1.3. The structure of the thesis

This thesis consists of five chapters. A general introduction and the research

goals are given in the first chapter. Each following chapter has an independent

introduction.

In Chapter 2 the synthesis of crystalline (1,1,1-trifluoroacetylacetonato)silver(I) is

presented. Then, this silver complex is characterized by various techniques,

including elemental analysis, single-crystal X-ray diffraction, FT-IR spectroscopy,

proton and 13C NMR spectroscopy, and thermogravimetric analysis. Two types of

silver atoms with different coordination numbers as well as connectivity were

found in the structure. The assignment of the infrared absorption bands of a

crystalline film as well as an amorphous film of this complex is presented. The

infrared bands attributed to the stretching vibration of Ag-C and Ag-O bonds are

assigned. The thermal stability of the complex is also discussed.

In Chapter 3 a mechanistic investigation of the deposition of silver and silver(I,III)

oxide from a solid-state film of (1 ,1 ,1-trifluoroacetylacetonato)silver(I) is

presented. The electronic absorption spectrum of an amorphous film of (1,1,1­

trifluoroacetylacetonato)silver(I) is presented first. Then, the changes of a film

under light irradiation is monitored by FT-IR spectroscopy. The competition

between the photochemical and thermal reactions of the films of Ag(I)tfa is also
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discussed and the products are identified. The sheet resistance of the deposited

film are measured on both single and multiple sequential deposition of the

photolyzed film on silicon substrate. A proposal for a photochemical mechanism

would be premature because of the unverified complex structure and unidentified

multiple intermediates.

In Chapter 4 an investigation of thermal decomposition of a solid-state 'film of

(1,1,1-trifluoroacetylacetonato)silver(I) is presented. The volatile thermal

products from this tilrn are analyzed by mass spectrometry. The solid products

are analyzed by AES and XRD measurements. Then, infrared spectra of the

films under different relative humidity levels are presented. The possibility of the

involvement of water and oxygen in the decomposition of this film is discussed. A

kinetic model for the reaction between the film and water is unavailable due to

the complex and heterogeneity of the reaction system. Suggestions for possible

future work are given at the end of this chapter.

The last chapter, Chapter 5, contains an overall summary of the thesis work.
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CHAPTER 2:
SYNTHESIS AND CHARACTERIZATION OF (1,1,1­
TRIFLUOROACETYLACETONATO) SILVER(I)

2.1. Introduction to transition metal ~-diketonates

Metal ~-diketonates and their derivatives have been well studied by FT-IR and

NMR spectroscopy for their coordination versatility of metal-C (M-C) and/or

metal-O (M-O) bonded structures.!? For example, the infrared spectra of

divalent and trivalent transition metal complexes with M-O or M-C bonded

structure were well studied by Nakarnoto.v" Some substituted or addition

compounds of metal ~-diketonates were studied by Nakamoto and others,3,6,7

and the influence of fluorine in substituted metal ~-diketonates was reported by

Beltord." The infrared spectra of platinum compounds containing two types of

metal-ligand bonding showed the versatility of coordination compounds with ~-

diketone ligands.9
, l O In the case of silver(I) ~-diketonates, the hydrated silver(I)

hexafluoroacetylacetonate [(Ag(hfa)h](H20)] contains only Ag-O bonds in its

crystal structure." No detailed assignment of the infrared spectrum was reported

in the literature. Many organic adducts of silver(I) hexafluoroacetylacetonate or

silver(I) trifluoroacetylacetonate (Ag(I)tfa) were reported in the literature to have

good thermal stability.11-15 However, few of them contain both Ag-C and Ag-O

bonds in their reported crystal structures. The detailed assignments of their

corresponding stretching frequencies have not been reported previously. In the
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case of (1,1,1-trifluoroacetylacetonato)silver(I), Wenzel and others reported a

synthesis route from silver(I) oxide and Htfa in aqueous solution." They

identified this complex as containing an oxygen-bonded structure based on the

carbonyl stretching frequency observed at 1650 ern". They also suggested that

silver 1t bonding to a C=C bond could be possible. No single crystal structure

determination of (1,1,1-trifluoroacetylacetonato)silver(I) has been reported in the

literature to support this type of bonding. This silver complex was reported as

unstable in air but no particular reasons for this property were reported. The

cause of this instability could be due to the amorphous state of the product and

possible water content, since the product was prepared from aqueous solution.

The reason for the instability of Ag(I)tfa is examined in this thesis.

In this chapter of the thesis, a single-step synthesis of Ag(I)tfa in a selected

organic solvent is reported by modification of a synthesis routine reported in the

literature." The product was characterized by single-crystal structure analysis,

FT-IR spectroscopy, 1H- and 13C-NMR spectroscopy, and thermogravimetric

analysis. The infrared absorption bands of Ag(I)tfa complex containing both Ag­

O and Ag-C bonds are assigned. The difference in the FT-IR spectra of Ag(I)tfa

in crystalline and amorphous states is presented for the first time. Finally, the

thermal stability of Ag(I)tfa is reported.
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2.2. Synthesis of (1,1,1-trifluoroacetylacetonato)silver(I)

Ag(I)tfa has previously been synthesized in aqueous media or by other methods

in the literature." However, in order to eliminate possible contamination of other

metal ions or other chemical residues in the deposition of a high purity silver

and/or silver oxide 'film, a single-step acid-base reaction between silver(I) oxide

and 1,1,1-trifluoroacetylacetone (Htfa) in dichloromethane was employed to

synthesize this complex. The chemical reaction can be expressed by the

following equation:

The silvery product precipitated from the solution and the byproduct water and

solvent were removed from the solid product by vacuum filtration and air flowing.

Some black solids were found on the bottom of the container after dissolving this

product in ethanol or other organic solvent. This material could be unreacted

silver(I) oxide.2,17 After storing the filtrate in a freezer overnight, white crystals

precipitated on the bottom of the container and were collected by vacuum

filtration and dried by air flow. The final product was white or silvery needle-like

crystals. The product was kept in a light-proof container and stored in a freezer.

No change in appearance or infrared spectrum of the product were observed

after it was stored over two months. This stability could be mainly due to the

crystalline nature of the product since the noncrystalline product was reported as

unstable in air in the literature. The negligible water content in the dried product

could contribute to this stability since the amorphous film of the product reacts
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with water in air quickly under ambient conditions. The reaction between the

amorphous form of the silver complex and water will be presented in Chapter 4.

Elemental Analysis: Calculated for CsH402F3Ag: C: 23.0%, H: 1.55%. Found: C:

22.7±0.4 %, H: 1.7±0.4%.
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2.3. Characterization

2.3.1. Crystal Structure

Crystallographic data for Ag(I)tfa are shown in Table 2.1. A tetramer structure of

Ag(I)tfa ([Ag2(CF3COCHCOCH3)2]2) is shown in Figure 2.1. A packing diagram of

the unit cell is shown in Figure 2.2. Selected bond distances and angles are

listed in Table 2.2.

During the crystal structure analysis, the CF3COCHCOCH3 group was found to

be disordered (end-to-end) so that a complementary partial F/H relative

occupancy was required for the two distinct terminal CFJ!CH3 groups. In Figure

2.1, the hydrogen and fluorine atoms in two end groups are superimposed.

Table 2.1 Crystallographicdata for Ag(I)tfa.

Formulaweight
Crystal system
Space group
a,A
b,A
c, A
a, ~, y, degrees
V '3,A

Z
dexPh g/cm3

Abs. coeff, rnrn'
Crystal size (mm)
No. of reflectionscollected
No. of unique reflections (merging R)
No. of observed reflections (10)2.5cr(10))

28 range, degrees
No. of parameters
RF
Goodnessof fit

17

259.92

Orthorhombic
Fddd
11.442(3)

15.276(6)

31.069(8)

90,90,107

5524.87(30)

32

2.510

2.89

0.11 x 0.13 x 0.43

1783

920 (0.025)

658

4 - 45

130

0.05

2.9







lengths between three ring carbon atoms (C(20)-C(21), C(21)-C(22)) are

1.405(2) Aand 1.441(3) A. These values are shorter than the standard single

bond length of C-C (1.540 A) and longer than the standard double bond length of

C=C (1.340 A). These data suggest a ring structure for the ligand. In addition,

the bond lengths of the Ag(1)-0(3) and Ag(1)-0(4) bonds are 2.336 (2) and

2.384 (1) A. These values are greater than the sum of the covalent radii

(2.270 A) and shorter than the sum of van der Waals radii (3.240 A). These two

bond lengths are in the range from 2.135(2) Ato 2.634(12) Aof the reported

values for silver complexes in the literature. 19
-
22 These data suggest that the

silver atom is chelated with the ligand through oxygen atoms.

The coordination and connectivity of the Ag(2), Ag(32), and Ag(2b) atoms

(defined as type-2) differs from that of the type-1 silver atoms. The coordination

number of these type-2 silver atoms is four. Each type-2 silver atom coordinates

with two oxygen atoms - one from each of the two ligands coordinating with the

adjacent type-silver atom. The bond lengths of the Ag(2)-0(4) and Ag(2)-0(18)

bonds both are 2.488(1) A, which is longer than that of the type-1 Ag-O bond.

On the other hand, each Ag(31) atom coordinates with two middle carbon (C3)

atoms of the rings - one from each of the two ligands in two adjacent units. The

bond lengths of the Ag(32)-C(3e) and Ag(32)-G(3d) are 2.339(2) A, which is

greater than the sum of the covalent radii of Ag-C (2.270 A) and shorter than that

of the van der Waals radii (3.420 A). This value is in the range from 2.060 Ato

2.634 Aof silver complexes in the literature. 21
,23 Therefore, it is believed that the

type-2 silver atoms are bonded to two C3 atoms from two adjacent ligands.
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In brief, two types of bonding between silver and ligand in the crystal structure

are revealed, namely Ag-O and Ag-C bonding. This information is important for

further spectroscopic characterization and mechanistic study on the

photodegredation of this silver complex.

The other important information obtained from the crystal structure of Ag(I)tfa is

the short distance between two silver atoms. It is worth noting that four silver

atoms in each tetramer unit align linearly along the c-axis while the identical

tetramer units connect with each other through four Ag-C bonds. Among these

four linear silver atoms, the distance (3.667 A) between the Ag1 and Ag2 atoms

is far greater than the sum of the covalent radii (2.68 A) and considered as non-

bonding. However, the distance between Ag(1)-Ag(31) was found to be

2.876(3) A, the shortest distance of Ag-Ag interaction without ligand support

among the known silver(l) complexes listed in the Cambridge crystal structure

database" (Table 2.3). The Ag-Ag distance of some ligand support silver

complexes are listed in the same table as well. Some distances are shorter than

that of Ag(I)tfa.

A negative value of magnetic susceptibility of the crystalline product indicates

that the product is diamagnetic. Therefore, it is believed that Ag(I)tfa is a

silver(1 +) organic ligand coordinated complex.

a Accessed the website http://www.ccdc.cam.ac.uk/products/csd/ through licensed terminal
software in the library of Simon Fraser University in May 2006.
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Table 2.3 Selected Ag-Ag interactions without and with ligand support from the
compounds listed in the Cambridge structure database."

Complex formula without
Bond Length (A)

Iiaand support
(C20HlsAg2CI2N40e)n 3.153(4)

(CeHlsAg2CdNe)n 3.175(3)

C24H24Ag2NsOs 3.087(6)

(C42H72Ag1QCd4N34)n 3.172(4)

C3eH22Ag2F1oN2 3.067(8)

(CsHsAg2N4)n 3.160(4)

C4eH3sAgsN1e,2(CsHsN) 3.227(9)

CSSH114AgsN12S'2 3.041 (7)

(CSOH92Ag4S4)n, n(CHCI3) 2.987(12)

(C2eH22AgsN40 20)n 3.090(1 )
I

(C20H20Ag2N40eP2)n 2n(1oI304P) 3.286(6)

(C12H1sAgNeNi)n, n(H2O) 3.037(7)

C14H1SAg2N20S 3.069(2)

C30H2SAg2FsN1Q04, 2(CHCI3) 3.068(3)

C40Hss04Ag2FsP2 3.095(1 )

TI[Ag(CNhl 3.110(3)

Bulk silver 2.890(3)

Complex formula with ligand
Bond Length (A)

support

C14H14Ag2N2Si4 2.669(1)

C1QH30Ag2N4 2.705(1 )

CleH42Ag2B2FeNe 2.814(1)

C4HsFsS207Ag2 3.060(1 )

b Database was accessed in May 2006.
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2.3.2. 1H and 13C NMR spectra

Ag(I)tfa was studied in solution by 1Hand 13C nuclear magnetic resonance

spectroscopy. Benzene-d6 was used as the solvent to avoid possible reactions

between the solutes (Ag(I)tfa or Htfa) and solvents like chloroform-d and

methanol-d4. The lH NMR spectra of Ag(I)tfa and Htfa in benzene-d6 are shown

in Figure 2.3 and Figure 2.4.
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a' /C=O cry
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Figure 2.3 1H I\IMR spectrum of Ag(l)tfa in benzene-d6.

The lH t\lMR spectrum of Ag(I)tfa in benzene-d6 consists of four singlets. The

chemical shifts associated with these peaks are 1.32, 1.50, 5.27, and 7.15 ppm

(Figure 2.3). The singlet at 7.15 ppm is assigned to the residual proton of

benzene-d6. The chemical shifts at 5.27 am 1.32 ppm are believed to be

contributed from the protons (a and b, a' and b') of ligand ion of Htfa in two
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resonance structures." The ratio of the integrals of the peaks at 5.27 and

1.32 ppm is 3, which is consistent with the ratio between the protons of the ligand

ion.

The chemical shift at 1.50 ppm could be contributed from a contamination in the

solvent. It should not be contributed from the residual water in benzene, which

normally is observed at 0.5 ppm. A similar signal was also observed at 1.54 ppm

with a large quantity in the NMR spectrum of Htfa in benzene-dB. One possible

source could be the residual of washing acetone used for washing the dropping

pipettes.

These chemical shifts from Ag(I)tfa in solution are similar to that of the ligand in

benzene-dB (Figure 2.4), observed at 5.47 and 1.74 ppm. The chemical shift

observed at 5.47 ppm could be attributed to the vinyl proton (-CH=) and 1.74

ppm to the allylic protons (C=C-CH3) in the enol form of Htfa. The ratio of the

integral of these two peaks was 3.0, which is consistent with the ratio between

the protons of the ligand in the enol form. No chemical shifts from the protons (a'

and b') of the ligand in a keto form were observed. The proton labeled as cH

should have a very broad band close to 10 ppm for the enolic proton. However, it

was not observed in the spectrum. The reason of that may be due to the residue

of water that interacts with this proton.
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Figure 2.4 1H NMR spectrum of 1,1,1-trifluoroacetylacetone in benzene-d6.

The difference of the chemical shifts between these two spectra could be due to

the structure and charge difference between the ligand and ligand ion. The

different electron density around the atoms can affect the chemical shifts of the

adjacent hydrogen atoms.

The possibility of Ag+ chelating with the ligand in solution is unlikely since the

solvation energy of solvents is normally greater than the bonding energy between

a silver ion and the ligand. In addition, silver has a relatively low affinity for

oxygen donors." so most silver(I) organic compounds dissociate to form ion

pairs in organic solvents, including silver ions and complexed silver ions, free and

complexed ligand ions. Therefore, it is believed the same situation is true for

Ag(I)tfa in most organic solvents.

25



13C NMR spectrum A proton-decoupled 13C I\IMR spectrum of Ag(I)tfa in

methanol-d4 is shown in Figure 2.5. Methanol-d4 was used as the solvent

instead of benzene-d6 because Ag(I)tfa shows a greater solubility in methanol­

d4. A high solubility in a solvent is essential for a high quality 13C NMR spectrum.

This spectrum consists of three singlets, two quartets, and one septet. Their

associated chemical shifts were observed at 29.3, 84.7, 199.2, 118.8, 172.6, and

47.7 ppm, respectively. Apart from the septet, which is attributed to the solvent

CD30D, all the other five peaks are attributed to the ligand ions of Ag(I)tfa.

Among them, the singlet at 29.3 ppm is attributed to the alkyl carbon 1 (C-C(O)­

R). The singlet at 199.2 ppm is attributed to the ketone carbon 2 (C-C(O)-R).

The singlet at 84.7 ppm is assigned to the carbon 3 (R-HC=C(O)-R"). The

quartet at 172.6 ppm is attributed to the carbon 4 (R-C(O)-CF3) coupled with

three adjacent fluorine atoms. The quartet at 118.8 ppm is attributed to the

carbon 5 (R-C(O)-CF3) coupled directly with three fluorine atoms.
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Figure 2.5 13C NMR spectrum of Ag(I)tfa in methanol-d4.
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Figure 2.6 13C NMR spectrum of the ligand (Htfa) in CDCI3 from the literature",
reproduced with permission.
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These chemical shifts are in good agreement with those of the ligand (Htfa) in the

literature'" (Figure 2.6) except that the chemical shift of carbon 3 differs by 12

ppm. The negative charge located on the middle carbon could be the reason for

this difference.

2.3.3. FT-IR spectrum of (1,1,1-trifluoroacetylacetonato)silver(l)

2.3.3.1. FT-IR spectrum of crystalline Ag(I)tfa

Because Ag-O and Ag-C bonds were found in the crystal structure of Ag(I)tfa, the

absorption bands of these bonds are of interest. A KBr pellet mixed with

crystalline Ag(I)tfa was prepared by standard procedure as well as a KBr pellet

mixed with crystalline (1,1, t-tritluoroacetylacetonatojcuut)." The FT-IR

spectrum of the crystalline Ag(I)tfa was recorded from a KBr pellet and it is

shown in Figure 2.7 (a). A FT-IR spectrum of crystalline (1,1,1-trifluoroacetyl­

acetonato)Cu(II) was recorded by the same method as a reference. The

spectrum is shown in Figure 2.7 (b).
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CHAPTER 5: SUMMARY

A silver organic complex (1,1, 1-trifluoroacetylacetonato)silver(I) has been used to

deposit silver/silver oxide composite films on various substrates.

(1,1, 1-trifluoroacetylacetonato)silver(I) was synthesized from silver(I) oxide and

1,1,1-trifluoroacetylacetone in a Iigand-enol-form promoted by the solvent,

dichloromethane. Crystallization of the product was carried out in an alcohol

solvent. The product was characterized by single-crystal X-ray diffraction, FT-IR

spectroscopy, 1Hand 13C NMR spectroscopy, and TGA techniques. The crystal

structure was determined to be orthorhombic, space group Fddd. The shortest

distance between two silver atoms was found to be 2.877(3) A. Both Ag-O and

Ag-C bonds were deduced in the structure and their corresponding absorption

bands in the FT-IR spectrum were assigned. Identification of those bands in the

FT-IR spectrum of a solid-state amorphous film suggests that the film could be a

polymeric silver complex.

The proton and 13C NMR spectra of Ag(I)tfa in solution were also reported. All

the chemical shifts observed are similar to those of the ligand ion of Htfa. These

data suggest that the silver complex dissociates as ions in solution.

Thermogravimetric investigation of the crystalline product indicated that Ag(I)tfa

starts to decompose above 40 ceo The final product above 300 "C is believed to

be silver.
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The photochemical deposition of a silver and silver oxide film from a solid-state

HIm of Ag(I)tfa was investigated by FT-IR, UV-vis, mass spectrometry, Auger

electron spectroscopy, X-ray powder diffraction, electron diffraction, SEM, and

HRTEM. The course of the photochemical reaction was monitored by FT-IR

spectroscopy. From the changes of the infrared spectra, four different

intermediates or products were identified. The volatile photoproducts of the film

were identified by mass spectrometry, from which no parent molecular ions were

identified. The solid products remaining on the substrate were characterized to

be polycrystalline silver and unidentified silver oxide. The XRD pattern of the film

is also in agreement with this result. The Auger spectra of the films before and

after sputtering with argon revealed that the observed carbon and chlorine

signals were mainly due to surface contamination. The resistivity of a 250 nm­

thick film was 2.1 J..lQ cm, which is close to the bulk silver value despite the

presence of silver oxide. However, single-processed films on silicon substrates

showed high sheet resistances due to their loosely packed structure and rough

surfaces, which were revealed by their HRTEM and SEM images. A

photochemical mechanism is not available at this time due to the unverified

structure of the silver complex in amorphous state and unknown identities of the

multiple intermediates. However, photolithographic patterns developed from

solid-state films of Ag(I)tfa were obtained and the desired aspect ratio was

achieved. No distortion and cracks of the patterns were observed.

Due to the thermal sensitivity of the amorphous film of Ag(I)tfa, the kinetics and

mechanism of the decomposition of solid-state films of Ag(I)tfa in the dark were
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investigated by FT-IR spectroscopy, mass spectrometry, Auger electron

spectroscopy, XRD, and scanning electron spectroscopy. The mass spectrum of

the volatile products suggested that Htfa was present in the volatile products.

The chemical composition of the film was determined to be Ag 74 mol% and

oxygen 26 mol% by Auger electron spectroscopy. The XRD data revealed that

the film was composed of metallic silver and other unidentified crystalline

products. The surface morphology of the deposited film was revealed to be

composed of many separated nanoparticles in a loosely packed structure. The

reaction rates of the films were found to increase with increasing relative humidity

of the environment. The possibility of oxygen involvement in the decomposition

of the film of Ag(I)tfa was eliminated by experiments with and without oxygen.

Due to the complexity and heterogeneity of the system, it is not possible to

develop a rational kinetic model of the decomposition of solid-state films of

Ag(I)tfa at this time.

In summary, this thesis work has discovered that films composed of metallic

silver and silver oxides can be prepared by different reactions, thermal and

photochemical, from the same solid-state film of Ag(I)tfa. The successful

preparation of crystalline Ag(I)tfa, structure characterization by various

techniques, and detailed spectroscopic experimental work have added much

value to the exploration of the reaction mechanisms of deposition of these silver

and silver oxide films. The possible reaction mechanisms and application of

these films should be explored in the future.
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APPENDICES

Appendix 1 The procedure for indexing an electron diffraction pattern

The diameters (2R) of rings in the electron diffraction pattern were measured with

a millimeter ruler with a precision of 0.5 mm on a negative film of the electron

diffraction pattern. The camera length (L) was set at 1.225 meters when the

image was recorded. The wavelength (1) of the electron beam with excitation

voltage 200 keV is 0.00275 nm. The d-spacing (d) was calculated from the

following equation:

R*d=A*L

where d is the d-spacing, that is the space between two lattice planes. At the

Bragg condition,

2sin B 1
--=

where h, k, I are the reciprocal lattice indices. For a cubic structure,

1 h2 +k 2 + Z2

d 2 a2

hkl

where a is the lattice parameter of a cubic crystal structure.
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Appendix 2
A proposed simplified kinetic model of thermal decomposition of solid­
state film of Ag{I)tfa

A brief summary of the results is listed in the following. The solid-state film of

Ag(I)tfa reacts with the moisture in surrounding to produce a silver and

silver(II,III) oxide film. One of the volatile thermal products could be Htfa. Due to

that he reaction rates increased with increasing relative humidity in surrounding,

a diffusion step of water molecules from surrounding into the silver complex film

(Scheme 4.1) is reasonable. Therefore, based on these results, a reaction

kinetic model for thermal decomposition of the film of Ag(I)tfa in a wet

environment is proposed in the following.

(1) H20a
kd

H20 j
..---k d

(2) Ag2L2 + H20 j

k2
Ag + AgOx + byproducts~

Overall: Ag2L2 + H20a ------.. Ag + AgOx + byproducts

This postulated mechanism includes two elementary steps. In the first step, the

water molecules (H20a) in the environment diffuse into the film to become the

interface water (H20 i). In the second step, the molecules of Ag2L2 react with the

diffused water to produce metallic silver, silver oxide, and by products. If silver

oxide was an oxidation product of silver, the reaction in the second step should

produce metallic silver and the by-products. This modification should not affect

the derivation of the rate equation for [Ag2L2] .
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The rate equation for [Ag2L2] can be expressed by the following equation,

The rate equation for [H20i] is

[4.4]

[4.5]

If it is assumed that the concentration of H20 i changes slowly, the steady state

approximation condition can be applied. Then, solving [H20 i] ,

Substituting [H20i] into equation [4.4],

d[A92L2] _ k2kd[H20aHAg2L2]
dt k-{j + k2[A92L2]

If the absorbance is due to Ag2L2 only, then, from the Beer-Lambert law,

where k =EI, and

d [Ag 2L2 ] =~ dA
dt k dt

The differential rate equation [4.7] changes to the following,

dA k2kd[H20a]A---
dt k.d + k2A / k
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Integrating this differential equation [4.8] from the absorbance (Ao) at time zero to

the absorbance (At) at time t,

The integrated rate equation is

[4.9]

under the assumption that the water concentration in the chamber([H20aDis

constant. Mathematically, this equation has no explicit solution for At as a

function of time.

A.2.1 Prediction of the differential rate equation

The experimental results suggest that the reaction of the film has initially zero-

order kinetics followed by 'first-order kinetics at a later stage to the end. Whether

the deduced differential rate equation can predict this trend is important. The

differential equation of the reaction between the Ag(I)tfa film and water is shown

as equation [4.8]. If it is assumed that k_d «k2A / k , then the rate equation

reduces to the following.
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This equation [4.10] describes zero-order kinetics. It also predicts that the

reaction rate of AgL increases with increasing water concentration [H20a] . These

predictions are qualitatively consistent with the experimental results.

If it is assumed that k_ d »k2A / k , then the rate equation reduces to

[4.11]

As k2 , ~ and k d are rate constants, this equation [4.11] describes first-order

kinetics. This also suggests that the change of reaction order from zero-order to

first-order is related to the kinetics of diffusion of water into the film. Furthermore,

the relative magnitudes of kd and k2A1k depend on the absorbance and can

cause the reaction order to change. This is consistent with the experimental

results, in which the first-order reaction always appeared at the later stage of the

reaction of the films.

A.2.2 Data fitting with the integrated rate equation

It is important to test whether the integrated rate equation [4.9] fits the

experimental data. For simplification of the data fitting, let,

Then, the integrated rate equation changes to,
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Eight datasets collected under different relative humidity levels were tested. The

values of the right side of the equation were calculated based on the

experimental data. The water concentration ([H20a]) was calculated from the

measured relative humidity levels. All the data were acquired at temperatures

near 30.0 OC and the saturated water vapor density ([H20a]s) of 30.4 g/m3 was

taken from the ltterature.'? Chi-square minimization was used to fit the calculated

values of theoretical reaction time (t(calc)) to the values of the experimental decay

time (t(expt)). The reduced chi-square ct) is defined by the following equation.

x2 =_1_I ( ( t(caIC)i - t(expt)i J2
n-p n ~

[4.13]

where n is the total number of data points, p the number of fitting parameters,

and 8 the error associated with t(calc) that was propagated by the following

methods.

( J
2 ( J2J - t s(rh) + S(A)i

i - (calc) (RH)fitted Ai
[4.14]

where S(rh) is the error (2 %) of the relative humidity, siAl the error associated with

each absorbance. For each set of spectral data, the RH and SIAl are assumed

constant. The values of SiAl are chosen from a range between 0.0005 and 0.002

based on the noise of the spectra. The best-fit values of the parameters (a-and

82) are listed in Table A.

In Table A, the reduced chi-square values for the data obtained under relative

humidity 13% is large and this data set was rejected. This could be due to
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erroneous reading of the hygrometer at this low level. A control experiment

showed that the hygrometer did not respond correctly after it was kept in dry

nitrogen overnight. The other reduced chi-square values are close to unity after

some adjustment of the relative humidity levels. These variations are believed

due to the errors of the response of the hygrometer and/or possible unstable

humidity control of the reaction chamber.

Table A The best-fit parameters for the integrated rate equation for the
kinetic decay of films kept under different relative humidity levels.

Parameters Fitting Experimental Fitted RH ,l
values RH:t2 (%) (%)

81 11 13 3.0 4-,.M

82 0.00060 15 11 0.99

17 15 0.99

18 17 0.99

20 22 0.99

22 24 0.99

24 25 0.99

30 40 0.99

145



y = 1.88(±O.13)x-17(±3)

__ 30.0
~
~

:r:
a:
"0
Q.)
:t::
tr

15.0

12 18 24 30

Nominal RH (%)
Figure A1 The relationship between the experimental and fitted

values of relative humidity (RH).

In order to examine whether the fitted RH values could have a meaningful

relationship with the experimental RH values, a plot of the fitted values versus

the nominal relative humidity is shown in Figure A1. The figure shows that the

data points fall on a line. This linear relationship suggests that the hygrometer

responded linearly with increasing relative humidity. Therefore, the fitted values

of relative humidity are believed to be reasonable.
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instantaneous recording of the relative humidity could provide valuable

information.

A.2.3 Justification of the fitting parameters

The fitted values of 81 and 82 (a, = kkd , 8 2 = k_d /(k2kd ) ) can be used to justify

whether the assumptions used to predict the reaction orders are reasonable.

The two conditions are «; «k2A / k and k_d »k2A / k. Rearranging gives,

kk kk
~«A,and _-_d »A,

k 2 k 2

The product of (81 82) is kk_d
• Therefore, the conditions correspond to

k 2

8 182 «A and 8 182 »A , respectively. From the results in Table A, the product

(81 82) is 0.0066. The average initial absorbance (A) of the films of Ag(I)tfa is no

less than 0.0807, which is one order greater than 0.0066. This suggests that the

first condition is valid. If the absorbance decreases to 0.0066, this condition

becomes invalid, and with further decrease, the second condition becomes valid.

During the whole course of the decomposition, the absorbance of the film of

Ag(I)tfa decreases continually because of the decomposition of the film. The

fitted parameters are in good agreement with the assumptions used in the

predictions.
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