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Abstract 

Spin coated thin films of metal complexes serve as useful precursors in the 

photodeposition of metal and metal oxide films. The ability to control the film thickness 

and morphology is essential to industrial applications of metal based films. Furthermore, 

potential industrial applications require that the photodeposition process be efficient and 

cost effective. 

A comparison was made of different spin coating conditions for Ni(PEt3)?X2 and 

Ni(PPh3)*X2. It was found that controlling the outcome of spin coating a film involves a 

compl&x combination of variables. Low spin speeds (<500 revlmin) produced thicker 

films. However, the resulting films were in a crystalline phase; and amorphous films are 

preferred for photochemistry. Fortunately, the degree of crystallinity in the film was also ' 

affected by the ligands on the metal centre. For example, films of the relatively large 

tetrahedral Ni(PPh3)212 did not crystallize as readily as the films of the relatively small 

square planar Ni(PEt3)2C12. Thicker films were also produced when the complexes were 

spin coated from high concentration precursor solutionsmade with solvents of low boiling 

point. Comp&ns of the results of the conditions of spin coating were made with 
%- 

s a i e s  of spin coated polymers. Qualitatively, the results matched in spin specd and 

precursor solution concentration. The mathematical relationships of spin speed and 

precursor solution concentration did not always parallel the mathematical relationships for 

polymer films. 

Spin coated films of CpFe(CO)2X, Ni(PEt3)2X2 and Ni(PPh3)*X2 (X=CI, Br, I) 

were photolyzed. The main objective of the study was to determine if halogen ligands are 

... 
i l l  



- ejected upon photolysis. Analysis by energy dispersive spectroscopy and Auger electron 

spectroscopy of a photolyzed film of CPF~(CO)~I  indicated that the film had reacted to 

form an oxide of iron. The halogen ligands were not likewise ejected from the films of 

CpFe(C0)2Cl and CpFe(CO)?Br. This was attributed to the stronger Fe-Cl and Fe-Br 

+ bonds compared to the bond stren,oth of Fe-I. None of the films of nickel complexes 

formed metal or metal oxide films. The photochemistries of these complexes were 

complicated by simultaneous thermal reactions. The thenfial and photochemical reaction 

of Ni(PEt3)212 were not clearly distinguished and therefore conclusions were not made on 

this compound. Analysis of the photoproducts of the films of Ni(PEt3)2C12 and 

Ni(PEt3)zBrz showed the films were consistent with films of NiClz and NiBr?. The infrared 

spectra of the final films showed loss of the phosphine ligands and the Auger spectra 

indicated that the halogens had not escaped the films. The photochemistries of the films of 

Ni(PPh3)2X2 resulted in the formation of the Ni(OPPh3)2X2 for all three analogues. Upon 

photolysis of the films of Ni(PPh3)2X2, infrared bands appeared that are consistent with 

0PPh3. The success of producing an oxide of iron by photolysis of a film of C P F ~ ( C O ) ~ I  

demonstrates that metal complexes with halogen ligands are viable precursors in the 

photodeposition of metal and metal oxide films. 
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Chapter 1. Introduction 

This thesis presents an investigation of the variables that affect the thickness and 

morphology of thin films spin coated from metal complexes in solution. Studies on nickel 

complexes of the type Ni(PR3)2X, (R=Et, and Ph; XSl, Br,-and I) were in-stigated to 

help researchers optimize conditions for the spin coating of other metal complexes. This 

thesis also presents the photochemistry of a series of films made from complexes that have 

halogen iigands. Their potential as precursor films in the photoproduction of metal and 

metal oxide films is assessed. The complexes for the films in the photochemistry study 

include Ni(PR3)2X2 and CPF~(CO)~X (X=CI, Br, and I). 

Chapter one serves as an introduction to many of the topics discussed in the thesis. 

Some techniques of thin film production and film patterning are described in sections 1 .1  

and 1.2 respectively. Section 1.3 discusses the importance of some of the' chkacteristics 

of solid films. The next two sections of this chapter describe the research goals and plans 

of the thesis. Finally in section 1.6, there is a description of the surface analysis te~hniques 

that were used. 

1.1 The relevance of studying thin films. 

There are many applications of thin solid films. Simple examples include 

decorative arts and protective coatings against heat. mechanical wear or chemical erosion. 

Memory discs. liquid/gas sensors and antireflective coatings are a few more of the many 

applications of thin films.' One of the moss lucrative applications of thin solid films is in 



the microelectronics industry. Different types of thin films are used in this industry. For 

example, films of metals. metal oxides and polymers may dl be used in integrated circuits. 

These films can be made by a variety of techniques; and these films are often deposited in 

patterned formations. 

1.2. Techniques of making thin films. 

The techniques for making thin films with applications in microelectronics are 

physical vapour deposition, chemical vapour deposition. and spin coating.'' This set of 

methods can be used for the production of metal. metal oxide, metal complex or organic 

polymeric films. There are also different ways of patterning the films that are made. A 

description of methods of film production and patterning is in the following text. 

a. Physical Vapour Deposition (PVD)?~ Metal oxide, metal and alloy films can be 

made by this method.' A sample of metal is put into the vapour phase for transport to a 

selected substrate. The e n e r a  source to vapourize the solid may be heat, or a beam of 

electrons, photons (laser ablation), or positive ions (sputtering).'-5 The vapour then 

condenses on the substrate. The transport of atoms or molecules can occur in vacuum or 

in high pressures.5 

b. Chemical VBpour Deposition (CVD):?. 3 5  In CVD, the source materials are in the 

gas phase. The source material reacts chemically to form a new material which deposits 

atomistically on the substrate.' The transport of the atoms or molecules ro the substrate 

can occur via a vacuum. at high pressures or within a plasma.2. CVD is activated or 



assisted by heat, laser excitation, ultra violet energy, an electron beam, or an ion beam.'.5 

For example, films of Gallium Arsenide (GaAs) can be made by this techr~ique.~ 

c. Spin coating" solution of a metal complex, or a polymer in liquid solvent is 

dispensed on a spinning substrate as illustrated in Figure 1.1. Much of the solution 

dispenses off. but some of the solute adheres to the substrate. The substrate is lee- 

spinning to allow residual solvent to evaporate. Spin coated films are often further 

processed thermally or photolytically to obtain the final product. Films of polymers or 

metal complexes are made by this technique. 

pipette 

N drops of solution 

Figure 1 . 1 .  Illustration of the spin coating technique. 



1.3. Techniques of film patterning. 

Different techniques are available to pattern a film. The choice depends on the 

nature of the thin film, its thickness and the pattern resolution required for the application. 

Various techniques of patterning will be described. 

A film of a metal or metal oxide made by PVD or CVD can be directly etched by a 

mechanical mask, stencil or a beam writer. h the case of the mechanical mask and stencil, 

the vapour or gas condenses on the substrate through patterned areas.5 An alternate 

method for patterning films made by photoassisted CVD, is beam writing. Light is 

focused on the photosensitive vapour in the design of the desired pattern. The only 

molecules that react and condense to form a film are those in the path of the beam.5 The 

disadvantage of these methods is that the resolutions achieved are not always sufficient for 

applications in microelectronics. 

Lndustry currently uses photolithographic masks and photosensitive polymer films 

called photoresists in order to achieve high resolution patterns of metal v d  metal oxide 

films made by PVD or CVD. Films made by PVD and CVD cannot be patterned directly 

by photolithography because films made by these methods are not photosensitive. Figure 

1.2 illustrates the general process of photolithography of a photoresist to pattern a film of 

a metal or metal oxide.'' 



metal film ' t rnb-te 

solvent 

[e) acid treatment 

acetone 

Figure 1.2 Photolithographic processing using a photoresist. 

The starting material (figure 1.2.A) is composed of a substrate, a metal or a metal. . 

oxide film, and a spin coated polymer film (photoresist). The metal or metal oxide film, 

which is made by a vapour deposition technique, is sandwiched between the substrate and 

the photoresist. The polymer film is selectively photolyzed through a photolithographic 

mask. The reacted areas of polymer (figure 1.2.B) have different solubility properties than 

the unreacted areas of the polymer film. A solvent rinse selectively washes away the 

photoreacted areas of polymer (or the unreacted areas depending upon the system). 

Selected areas of the metal or metal oxide film (figure 1.2.C) are now exposed to the 

atmosphere, and can be corroded away using a plasma or acid treatment to give a 

patterned film of metal or metab@& (figure 12.D). The remaining polymer film is then 

rinsed away with acetone. The final product (figure 1.2.E) is a patterned film made of 

metal or metal oxide. 

The process of patterning a film of metal or metal oxide by using a photoresist is a 

lengthy multistep process. lp contrast, a much shorter method is the photolithography of 



an inorganic complex to produce a patterned film of a metal or metal oxide. Figure 1.3 

outlines the latter process. 

Figure 1.3 Photolithographic processing of an inorganic 

rinse * 
[CI 

complex. 

A thin film of an inorganic complex, obtained by the spin coating technique on a 

substrate. is photolyzed through a photolithographic mask (figure 1.3.A). The exposed 

areas of the film selectively react under the light to form a film of a metal or metal oxide 

( f i p r e  1.3.B). The unexposed areas remain as an inorganic complex and therefore can be 

rinsed away with solvent. Figure 1.3.C shows the final product which is a substrate with a 

pattern of metal or metal oxide on top. 

The method of malung patterned thin films of metal or metal oxides by 

photolithography of inorganic complexes is simpler and requires fewer steps than current 

industrial technology (photolithography using a photoresist, figure 1.2.). Therefore, the 

industrial application of the photolithographic method of inorganic complexes w h l d  be 

less costly. To apply this method to industrial settings, the process of spin coating the 

inorganic complex must be better understood. For instance, film hickness and film 

morphology are two important characteristics of the film which need to be more 

controllable to make the technology transferable to industry. 



1.4. The importance of t4p film thickness and film quality. 

4 :  

One of the important characteristics of a thin film is its thickne~s.~ For example. 

conductance of electricity through a thin film is dependent on the thickness of the film. If 

?he film is too thin, the resistance of the film is very hgh. Therefore. in microelectronic 

devices, the ideal film must be sufficiently thick to be a good conductor of electricity. 

The morphology of a film is another important feature. It has been shown that a 

film of an inorganic complex which is optically amorphous readily photoejects ligands." 

In contra& films which are optically crystalline do not readily photoeject ligands. -4 lattice 

structure is highly ordered and rigid, making it difficult for dissociated ligands to escape 

the film. 

1.5. Goals and strategies of studying spin coating variables. 

The goal of this study is to determine the conditions of spin coating metal 

complexes that affect the film thickness and morphology of a film. The information gained 

from the investigation can be used as a guide in the development of films of other 

complexes. 

The variables of spin coating were studied by malung a series of films of six 

different metal complexes under various conditions. The complexes were Ni(PEt?hX? and 

NifPPh~)~x? (X=Cl, Br, I). These complexes provided a set of molecules with trends in 

size, and geometry''" that can be compared to the trends found in the spin 'coated films of 



these complexes. Film thickness and the morphology were examined after the films were 
\ 

spin coated under different conditions. Infrared spectra of the f i h s  were used to 

determine the thicknesses of the films and a light microscope was used to examine the 

morphologies. Parameters of spin speed, solution concentration, and solvent properties 

were examined to find correlations with the resulting film thicknesses and fdm 

morphologies. 

1.6. Goals and strategies of studying the photochemistry of the films of metal 

complexes with halogen ligands. 

The photochemistry of films of a group of metal complexes with halogen 

ligands was studied. There are a wide variety of metal complexes with halogen ligands 

available that could serve as valuable precursor films. Their use depends largely on the 

eficiency of the photoejection of the halogen ligands from the films to form films of metal 

or metal oxide as shown in equation 1.1 and 1.2. Films of complexes with other ligands 

7.24.67 have been shown to photodeposit metal and metal oxide films. This study will give an 

indication of the viability of using films of metal complexes with halogen ligands as well. 

The photochemistry of films of Ni(PEt3)*X2 and Ni(PPh3)2X2 and CpFe(C0)2X 

(X=CI, Br, I) were studied in the evaluation of metal complexes with halogen ligands. All 

of the films were spin coated onto silicon wafers by the method described in Section 1.1. 



Throughout the photolysis of each film, several infrared spectra were taken of the films. 

The intensities of the infrared bands were monitored until the spectra remained constant 

with exposure to light. Those photolyzed films which had infrared spectra that were 

consistent with a metal or metal oxide film were further analyzed by Auger electron 

spectroscopy (AES), and in one case by energy dispersive spectroscopy (EDS) as well. 
,- 

These surface techniques indicated the ratios of elements of the photoproduct film. 

Further explanation of AES and EDS is in section 1.7. 

1.7. Analysis of thin f m  by AES and EDS. 

Surface analysis of thin films was performed by Auger electron spectroscopy 

(AES) and energy dispersive spectroscopy (EDS). These methods are complimentary 

methods which indicate the elemental ratios of surfaces. 

In Auger electron spectroscopy (AES) atoms of the surface material undergo non- 

radiative decay resulting in the ejection of one of the outer electrons. The kinetic energy 

of the ejected electron (the Auger electron) is characteristic of an element. A schematic 

diagram of the process is in Figure 1.4. 



Xjected Electron 

Figure 1.4 Schematic diagram of the Auger process notated by Q.zL2.3. 22.23 

The first step of the production of Auger electrons is the ionization of the inner 

shell by electron bombardment or x-rays. An' electron then falls in energy from a higher 

energy level to fill the core hole. The energy release from this process provides lunetic 

energy for the emission of an Auger electron. Elements are identified by the kinetic 

energy of their Auger electrons. AES is also described by equation 1.3. 22.23 

3 EA=kinetic energy of the Auger electron 
El=binding energy of the electron that is intially ejected 
Ez=binding energy of the electron that drops into the created hole 
E3=energy of the detected Auger electron 
U=hole-hole repulsion energy 



The method of quantifying results of Auger electron spectroscopy uses the 

+sensitivity of elements determined by standards elemental samples. Equation 1.4 is applied 

to deteriliiine the relative quantities of the elements. 

\ 

C, is the concentration of the ith component 
S, is the ith elemental sensitivity factor 
I, is the current of emitted Auger electrons 
C(I,/S,) is the summation of (ii/S,) ratio of all elements detected in the 
Auger spectrum 

Energy dispersive spectroscopy (EDS) cdli also be used to analyze the relative 

amounts of elements of a solid s~rface .~ A beam of electrons ejects an electron of the 

inner shell and another electron falls in energy to fill the vacancy of the inner shell. The 

energy difference between the shells may be emitted as anx-ray. The energy of the x-ray 

is used to identify the element. 
I 



2. Optimizing the donditions of 'Spin Coating Metal Complexes 

2.1. Introduction 
;- 

Varieles which affect the thickness and morphology of spin coated thin films 

cast from metal complex solutions are investigated in this chapter. For the purposes of 

this study, a series of nickel complexes were spin coated into thin films under different 

conditions of spin coating. The series of nickel complexes selected for the study are 

Ni(PEtJ,& and Ni(PPh,),& (X=Cl, Br, I). This set of molecules follow a trend in size, 
* 

polarizability , and geometry 12-18. 25-31 that may result i n  a trend in film thickness or film 

continuity. 

The conditions of spin coating that were tested were spin speed. solution 

concentration, solution viscosity, and solvent type. These are a reasonable set of 

variables to irlvestigate because these same variables have been found to affect the 

thickness of spin coated polymer films. 2-18, 25-31 The extent to which each variable has 

impact on the final films and the mathematical relationship of these variables, are useful 

to maximize ideal conditions of the spin coating of other metal complexes. 

2.2. Results 

2.2.1 FTIR Spectroscopy and Film Thickness - 

Infrared spectra were taken of the Ni(PEt,),Cl,. L A  First a spectrum was obtained of the 

complex in a eellet of KBr. This was done to identify the infrared bands of Ni(PEt,),Cl, 



and distinguish them from any bands due td solvent trapped in the film. - The bands were 

at p(eHJz7727 cm" (strong), p(cHJ2'764 cm-' (strong), and V(P-~)"1034 

cm-' (strong). A film of Ni(PEtJ,Cl, - A was made by the technique descrikd in Section 1.2 

and, 2.5.2. The spectrum of the spin coated film of Ni(PEt,),Cl, - - was obtained (see Figure 

2.1). Absorbance bwds-in the spectrum were found at 727 cm" (strong), 764 

cm-' (strong), and 1037 cm'  (strong). The error of the infrared instrument is M cm.' and 

therefore, the spectrum of the film of Ni(PEtJ,Cl, matches the spectrum of Ni(PEf),Cl, . -  - 

in a KBr pellet. 

The same procedure was followed for all of the complexes of Ni(PEt,),X, and 

Ni(PPh,),X, (X=Cl, Br and I). The results are tabulated in Table 2.1 and the spectra of 

the complexes as films are shown in Figures 2.1-2.6. 

Table 2.1. Infrared Bands of the Ni(PRJ2X, a.) in a KBr pellet, b:) as a film. 

Ni(PEtJ,C12 1 727(s). 727 (s) 

vibrations of the 

Ni(PPh,),Cl, 692(s), 696 (s) 

Ni(PPhJ2][2 692(s), 692 (s) 

764(s), 764 (s) I 1034(s), 1037 (s) 

I 

vibration of the I v(p-cT6 

762(s), 762 (s) 

764(s), 762 (s) 

1 034(s), 1034 (s) 

1030(s), 1034 (s) 

phenyl ring 56 

746(s), 743 (s) 1095 (m), 1 090 (w) . 

745(s), 747(s) 

743(s), 743 (s) 

1096 (m), 1 097(m) 

1096 (br, s), 1096 (s) 



Figure 2.1. Infrared spectrum of Ni(PEtJ,CI, . * 

frequency (cm- 1 

Figure 2.2. Infrared spectrum of Ni(PEtJ,Br, 

- 2  - 

frequency (cm- 1 )  



Figure 2 3 .  Infrared spectrum of Ni(PEt& 

frequency (cm- 1 ) 

Figure 2.4. Infrared spectrum of Ni(PPh,)2Cl, 

frequency (cm- 1 ) 



Figure 2.5. Infrared spectrum of Ni(PPh3),Br, 

frequency (cm- 1 ) 

Figure 2.6. Infrared spectrum of Ni(PPh,),I, 

- 

frequency (cm- 1 ) 



2.2.2. Beer Lambert plots of the complexes, 

The average relative thicknesses of films were measured using infrared spectra of 

the films. Beer-LamMrt plots were made to convert the intensity of the absorbance 

bands of the spectra, in absorbance units, to thickness, in molecules per Angstrom 

squared (moleculeslP\') of the films (section 2.5.4). 

The most intense absorbance bands of the complexes were selected for the 

construction of the calibration plots. In the case of the Ni(PEtJ,CI, - .  the relative 

intensities of the absorbance bands at 727 cm" and 764 cm-' varied slightly with respect 

to eachother, and therefore the absorbance at 1037 cm" was used for the calibration plot. 

Table 2.2 lists the bands that were monitored and the slope of calibration of all of the 

complexes. 

2.2.3. The relationship between concentration of precursor splutions and film 

thickness of spin coated films. 

A series of spin coated films of Ni(PEtJ,CI, - . were made from solutions of 

different concentrations of Ni(PEtJC1, - -  - in CH,CI, - - ranging from 0.001 to 0.050 M. The 

spin speed was held constant at 1700 rpm for all of the spin coated films. A graph of 

absorbance versus solution concentration was fit to a straight line graph using a linear 

regression fit (Figure 2.7). The slope of this graph was converted from 0.00333 

absorbance u n i t s / '  to 86.5 r n o l e c ~ l e s / ~ ~ - ~  using the extinction coefficient obtained 

from the Beer Larnbert plot. The error bars (M.002 abs. units) of the data were 



- 
determined by measuring the maximum differences in baseline intensity between the 

spectra. 

Figure 2.7. Graph of absorbance vs. concentration of Ni(PEtJ,CI, - - 

The converted slopes of the six nickel complexes are listed in Table 2.2. The 

table reveals that the spin coated films of Ni(PEtJ,Cl, and Ni(PPh&J yield the thickest 

films at a given concentration. The remaining four complexes were substantially thinner 

and were comparable in thickness to each other. 



Table 2.2. Table of extinction coefficients and dependence of film thickness on 

precursor solution concentration. 

Commund I Infrared Band I Extinction Coefficient I Averaee Thickness I 

2.2.4. The relationship between spin speed and frlm thickness. 

Ni(PEt,),Cl, 

A series of spin coated films were made of Ni(PEtJ,Cl, - - at different spin speeds 

between 50 and 4000 rpm. The concentration of precursor solution was held constant at 

0.018 M. Figure 2.8 shows the relationship between spin speed and film thickness of the 

1037 cm- 

film. The thickness was dependent upon spin speed in speeds of 0-500 rpm, but was not 

measurably dependent upon the spin speed in speeds above 500 rpm. The error bars 

/Absorbance units 
/(molecuies/W2) 
0.0032~.0006 

(kO.002 abs. units) were determined by the difference in intensity of the baselines 

~ m o l e c u l e s ~ A ~ ~ ~  - 

1 1 W O  

between the spectra. 
C 



Figure 2.8. Graph of Absorbance versus Spin Speed for Ni(PEt,),Cl,. 

0.000 1 I e I I 

0 1000 2000 3000 4000 

Spin Speed (rpm) 

The data points at spin speed = 200 rpm and absorbance = 0.004 abs. units; and 

spin speed = 600 rpni and absorbance = 0.0038 abs. units are at lower thicknesses than 

what the overall trend indicates. An explanation for their relative thickness is due to the 

morphology of the film. Spin coated films of Ni(PEtJ2C12 appear to contain many 

crystals at an optical level. Continued spinning of these films may result in some of the 

crystals sloughing off of the wafer, yielding a film of lesser average thickness. For the 

purposes of further analyses these two points will not be used. 

The same procedure was followed for all of the complexes of Ni(PEtJ,X, and 

Ni(PPh,),CI, (X=CI, Br, and I). The graphs of absorbance versus spin speed were the 

same as that for Ni(PEt.J,CI,. - - Film thickness was dependent upon spin speed when the 



film was spin coated at speeds of 50-500 rpm; and there was no measurable dependency 

on spin s'peed in speeds of 50(3-4000 rpm. 

2.25. The viscosity of the precursor hutions. 

The viscosities of the Ni(PR,),X, /CH$I, solutions at approximately the same 

concentration were measured by a Canon Fenske routine viscometer. The results are 

listed in Table 2.7 of the experimental section. A significant difference was not found in 

the viscosities amongst the solutions and therefore the data is not useful in determining if 

the viscosity of the solution affects the thickness of the spin coated films. 

2.2.6. The solubility of the complexes in CbCI,. 

The ultraviolet-visible spectrum of 6.39 x 10') M of Ni(PEt,),Cl, in CH,Cl, - - was 

taken. The extinction coefficient was E= 0.926 mm" M-' at k 6 6 4  nm. Excess 

Ni(PEtJtCl2 was mixed in CH2Cl, and the solution was filtered to obtain a saturated 

solution. Using the extinction coefficient, it was determined by ultraviolet-visible 

spectroscopy that the solubility was 0.998 M. 

The solubility of all the complexes were similarly determined and tabulated in 

Table 2.3. The table shows that the solubilities of Ni(PEt,),Cl, and Ni(PEt,),Br, . - were the 

greatest amongst the six complexes. 



Table 2.3. Solubifities of the complexes in C%CI,. 

Compound Solubilit 

2.2.7. The relationship of film thickness to the nature of the solvent of the 

precursor solution. 

Solutions of Ni(PE\),CI2 in CH,CI,, CH,COC&, CHCI,, CCI,, and CH,CICH,CI 

were made at 0.055fl.005 M. These solutions were spin coated at 1700 rpm. The 

thickness of the resulting films are given in-a bar graph of Figure 2.9 which shows error 

bars (kO.002 abs. units) that were determined by the difference in intensity of the 

baselines of the spectra. The order of the solutions in the bar graph is in the order of 

increasing boiling point (b.p) of the solvent used in the precursor solutions. The boiling 

points were obtained from the 70th Edition of the CRC  andb book.^' 



- 

Figure 2.9. Film thickness as a function of solvent of solution for Ni(PEQ,C12. 

K 

Legend: l=CH.Cl, (b.p.= 39.8-40.0 OC ), 2=CH,COCH,@.p.= 56.2OC) 
3 = ~ ~ k l ~ i 6 0 . 5 - 6 1 . 5  O C), 4= CC1, (76.7k 1.0 OC), 5=CH$ICH,CI (83 OC) 

The same procedure was followed for 0.05533.005 M solutions of Ni(PPhJ,A in 

CKCI,, CH,COC&, and CH,CICKCI. The results are given in the bar graph of figure 

2.10. 



Figure 2.10. Film thickness as a function of solvkt of solution for Ni(PPh&. 

egend: l=CH,Cl, (b.p.= 39.8-40.0 OC), 2=C&COCH, (b.p.= 56.2OC), 
%=&clk$C1(83 OC) 

In the case of the Ni(PE&),Cl,, the solvents which yielded the thickest films in.  

increasing order of thickness were those with the lowest boiling points. The solvents 

which yielded the thinnest frlrns, had the highest boiling points. 

This trend was not found for the films of Ni(PPh,),J. The use of CH,a2 

Cb.p.=39.8-40.0 OC) resulted in the thickest film, however, use of CH,CICHCI (83 O C )  

produced a thicker film than C&COCH, (b.p.= 56.2 C). 



--- 

*ri-s--- 
2.2.8. Morphology of the Films. 

A film of Ni(PEtJ2CI, was made by the spin, coating method described in section 

1.1. The concentration of the precursor solution was 0.01 8 M of Ni(PE$),Cl, in CH,CI, - 

and the spin speed was 1700 rpm. Examination of the resulting film by light microscopy 

revealed that the film was crystalline in 85kl 5% of the area. The measurement of the 

morphology is a sub3ective determination that was arrived at after examining numerous 

different films. 

The same expkriment was performed for each complex in order that the 

morphologies of the films as a function of the complex could be examined. The 

concentration of 0.01 8 M was selected because it is a concentration within the range that 

all six nickel complexes are soluble. Furthermore, 0.018 M is of sufficiently high 
i 

concentration to produce reasonably thick films (section 2.2.3). The spin speed of 1 700 

rpm was selected because it is a typical speed in the range of speeds which show 

approximately constant film thickness with varying spin speed (section 2.24). ~ i l m s  of 

the complexes of Ni(PEtJ,Br2, Ni(PEt&, Ni(PPh,)& and NiCPPh,),Br, - - appeared to be 

crystalline in 50+25% of thearea of the film; and films cast from Ni(PPhJ2I, appeared to 

be crystalline in 1W% of the area. * 
Films of all of the complexes were additionally examined when cast at a variety 

*+ 
of other speeds betwan 0 and 4000 rpm. The results found for films cast at 1700 rprn 

were the same found for films cast at all speeds between 500 and 4000 rpm. And all 

complexes produced films with 85f 15% crystallinity when spin speeds were 50-500 rpm. 



2.3. Discussion 

The nickel complexes of Ni(PEt,),X, and Ni(PPh3)2X, (X=CIT Br, and I) were spin 

coated into thin films under several different conditions. It was found that the film 

thickpesses and film morphologies were determined by a combination of concentration of 

the precursor solution, spin speed, solvent type, and the nature of the metal complex 
1 

being spin coated. Many of the results will be compared to similar studies made on 

polymer films. 28. 33-36. 40-49 

2.3.1. Methods of Measurements 

The thicknesses of the Ni(PEtJ2X2 and Ni(PPh3),X, - .  films were determined with 

absorbance infrared spectra of the films. The intensities of the absorbance bands were 

correlated to measurements of thickness in mo~ecules per Angstrom squared 

(molecules/A2) by using a Beer Larnbert plot (sections 2.2.2 and 2.5.4). The absorbance 

bands selected to measure'thickness represented the vibrations of the "-PPh," and "-PEt," 

ligands. Unfortunately, the "Ni-P and "Ni-X" vibrations were not monitored.because 

these bands are found in the far infrared region. 17. 25. 26. 29 See Table 2.1 for the list of the 

infrared absorbance bands used in this thesis. 

One of the advantages of using Beer Larnbert plots of infrared spectra to 

determine the thickness of the films is that an average thickness within an area of 7.8 x 

10' A' was determined. By contrast, the commonly used stylus method' and method by 

interferometry1. give the thickness measurement for a localized area of a film. The 



purpose of the study was to determine trends in film thickness and therefore, an average 

thickness over a larger area of each film was more useful in malung comparisons of film 

thickness amongst the films. 

Another advantage of measuring film thickness by the intensity of the infrared 

bands is that the resulting measurements were expressed in terms of numbers of 

molecules rather than in units of length. Thickness measurements obtained by the stylus 

method and by interferometry, are in units of length, which are the equivalent to units of 

mo~ecules/A' multiplied by the density of the molecules. Measuring film thickness in 

units of length is not as useful for the film thickness studies of this thesis because the data 

could not be used to compare the results of the thicknesses of the films made of different 

complexes. Potential differences in the densities of films made by the different 
/ 

complexes would in that case skew the results of film thickness trends. 

The limitation of measuring film thickness with Beer Larnbert plots of infrared 

spectra is that the morphology of the films made for the Beer Lambert plots differ from 
a C 

the morphology of spin coated films. The films made for the Beer Lambert plots cannot 

be made by spin coating because an indeterminate number of molecules forms the film 

by this method. The films were instead air dried. It was noted by optical observation of 

many spin coated and air dried films, that the air dried films were not as smooth as the 

spin coated films and that they contained more crystals than the spin coated films. The 

greater number of crystals in the air dried films would have refracted the infrared beams 

more than the films made by spin coating. Therefore, there is error inherently associated 

with the method of measuring films using Beer Lambert plots. Fortunately, this 



circumstance was consistent among the films of all the complexes so that it was still 

possible to determine thickness trends amongst the six complexes. 

The method of examining the morphologies of the films was by observation 

through a light microscope. The method is comparable to the me thu  in geology of 

petrology or petrographic microscopy. Webster's dictionary defines petrography as 'the 

description and systematic classification of rocks, usually based on microscopic 

For example, petrography is used to determine the degree of crystallinity" in a rock from 

thin slices of the rock sample. Sample of rocks can be holocrystalline, holohyaline. or 
$ ,  

hypocrystalline, which means the samples are entirely crystalline, entirely glass, or a 

*. 
mixture or crystals and glass respectively.74   he samples of spin coated films appeared to 

be classifiable into these three categories. In most cases, however, the samples were 

hypocrystalline. Films which appeared to be mostly composed of glass, looked very 

smooth under the microscope. The samples with a greater number of crystals appeared 

rougher. On a macroscopic level, the films with more crystals had a foggy appearance. 

The samples which were judged as glassy, reflected colours of the visible spectrum. 

2.3.2. The conditions of spin coating which determined the thickness and 
morphology of the films. 

The concentration of the precursor solution, the spin speed of the substrate, and 

the solvent type of the precursor solution were dl tested for their affect upon the 

thicknesses of the spin coated films of the nickel complexes. In studies of polymer 

filmS6!:" '"3 3c16 . these three variables have been found to play a significant role in 

determining the film thicknesses of spin coated polymer films. The numerous 



3 

investigations of spin coated polymer films are useful as comparisons to this study of 

spin coated inorganic complexes. A more thorough examination of the relationship 

% 
between film thickness, and concentration of the precursor solution, spin speed and other 

factors will be presented by comparing the results to those of polymer films. 

Before comparing the properties of the spin coated nickel complex films with the - 
properties of spin coated polymer films, the methods of making spin coated films will be 

clarified. The pdymeric spin coated films described in the literature were produced by 

pipetting a polymeric solution onto a stationery wafer which was then accelerated to the 

quoted final spin ~peed.?~.~ '  The spin speeds quoted for the casting of the nickel complex 

films were the spin speeds that each wafer was spinning at when the solution was 

pipetted onto the wafer. If the nickel complex solutions had been pipetted onto 

stationery wafers, evaporation and crystallization would have had the opportunity to 

occur before spinning started. Furthermore, the acceleration rate of the wafers could not 

be monitored by the equipment used. Therefore, a controlled experiment was best 

achieved by spin coating the films on wafers that had already reached their selected spin 

speed. 

In the ~iterature,~' Damon presented a simple mathematical model (Equation 2.1 .) 

of factors that determine the film thickness of spin coated polymer films. This empirical 

equation shows that two important variables to affect thickness are spin speed and 

concentration of the precursor solution. 

2 = kc20-" 

I=-film thickness 

k=constant 



c=solute concentration 

o=rotation speed 

a=OS 

~ e ~ e r h o f e r ) ~  further investigated Damon's equation and found that when a=0.5 (in 

loo-"), the equation is applicable to systems with a volatile solvent. Furthermore, a is 

larger than 0.5 for solutions with non volatile solvents (for example a=0.67). also 

did related work on different solvents and found that for his systems containing volatile 

solvents, the a value was 0.54, which is very close to 0.50 as found by ~ a r n o n ~ ~  and 

~ e y e r h o f e r . ~ ~  

In measuring the thicknesses of the films of nickel complexes as a function of 

concentration of precursor solution, (spin speed CO= 1700 rpm), it was found that film 

thickness was greater when made from solutions of higher concentration (section 2.2.3). 

The exact relationship of thickness and concentration of the precursor 

be determined by comparing the results to Darnon's equation. The 

to Equation 2.2 for purposes of testing its applicability to spin coated films of inorganic 

complexes. 

b -a I =  kc o 

b= 2 for polymer films 

This equation is further transformed by applying natural logarithms. 

Ln 1 = La (kcbo-") (2.3) 

L t ~ l = L n k + b L n c - a L n o  (2.4) 



Under conditions of constant spin speed, Equation 2.4 can be simplified to Equation 2.5 

where the factors in parentheses are a constant. 

L n l = b h c + ( L n k - a h a )  (2.5) 

By transforming Damon's equation to the format of Equation 2.5, the equation can be 

used to determine the relationship of thickness to concentration of the precursor solution 

of the inorganic complexes. The slope of a graph of Ln 1 versus Ln c (Ln Absorbance 

versus Ln Concentration) for each complex yields the corresponding value of b. The 
* 

graph of Ln 1 versus Ln c for the spin coated films of Ni(PEt,),Cl, is given in Figure 2.1 1 - - 

The line on the graph was determined by a linear regression fit. It's value for b  is 

Figure 2.1 1. Graph of Ln Absorbance vs. Ln Concentration of Ni(PE&),CI, 

-4.6 -4.4 -4.2 -4.0 -3.8 -3.6 -3.4 -3.2 -3.0 -2.8 -2.6 

Ln Concentration 



Table 2.4 lists the b values of the graphs of Ln Absorbance versus Ln - - 

Concentration for d l  the films of the set of nickel complexes. Except for the film of - 

fii(P~t~),C.l,, the films had slopes closer to 1.00 than to 2.00 as in the case of polymer 

films. Therefore for Ni(PEtJ,Br,, Ni(PEt,),I, and Ni(PPh,),X, (X=CI, Br, and I), the 

relationship of film thickness to concentration is approximately lac. 

Table 2.4. Slopes of Graphs of Ln absorbance vs. Ln concentration 

The results of spin coating inorganic films at different spin from solutions of 

constant concentration (0.01 8 M) were initially graphed as Thickness versus Spin Speed. 

Figure 2.8 shows the graph for the films of Ni(PEtJ,Cl,. The graphs for all six 

complexes were very similar. The film thicknesses were strongly influenced by the spin 

speed at speeds of less than.500 rpm; and at speeds of 500-4000 rpm, the resulting 

thicknesses remained constant. 

In order to determine the a values of the spin coated films of inorganic 

* 
complexes, Equation 2.4 was again simplified. Because the films were made from 

solutions of constant concentration (0.01 8 M); the factors in parentheses of Equation 2.6 

are constant. 



The a value for a given complex is derived from the slope of a graph of Ln 1 versus Ln 

W. Figure 2.12 is of the graph of Ln I versus Ln o for Ni(PEt,),Cl,. - - The straight line is 

made using a linear regression fit. The corresponding a value is 0.37kO.05. 

Figure 2.12. - Logarithmic Spin Speed Graph of Ni(PEt,),CI, . . 

Table 2.5 lists the a values found for the films of Ni(PEt,),X, - a and Ni(PPh,),X,. 

The'a values for the three Ni(PPhJ& complexes are in the range of 0.5 to 0.6. In 

contrast, the films of Ni(PE4)X . -  - are instead varied between 0.27 and 0.37. Therefore, 

the films of the triethylphosphine analogues of the nickel complexes yield films with a 

g r e a t  number of molecules on the surface of the silicon substrate than the films of the 

tnphenylphosphine analogues as a function of spin speed. 



Table 2.5. The a values of the nickel complexes. 

The logarithmic graphs of the thickness, concentration and spin speed of spin 

coated inorganic films indicate that film thickness follows the relationships in the 

generalized version of Damon's equation. To illustrate the fit, a graph of the results of 

the spin coated films of Ni(PEt,),CI, - - are presented in Figure 2.13. Figure 2.13 is a graph 

of Ln I versus Ln (ch-") where b= 1 . 9 2 d .  19 and a= 0.37M.05. The data was fit to a 

linear regression fit and the dotted lines represent the 95% confidence interval. 



Figure 2.13. Graph of Ln I vs. Ln c-~u-'' for Ni(PEt3),C1,. - - 

The variables a, b and k of Damon's generalized equation indicate that there are 

additional variables which contribute to determining the film thickness. The thickness of 

spin coated films, whether they be films of polymers or inorganic complexes, is 

therefore, the product of a combination of factors. 

A list of variables affecting the film thickness of spin coated polymer films, is 

found in the literature. It has been shown, that the value of a depends on the volatility of 

the solvent used in the precursor solution. Solvents of low volatility yield greater values 

of a and hence thinner films than in films made from solutions containing solvents of 

higher volatility. Other important  variable^^"."'.'^" include the viscosity, density, 

surface tension and vapour pressure of the precursor solution; the wind velocity, 

humidity and temperature of the surrounding air; and the workpiece temperature, the 



nature of the polymer or solute, and the nature of the substrate. These variables are 

reflected in the values of u, b, and k. 

To determine the properties of the solvent of the precursor solution that affect the 

film thickness of the spin coated films of inorganic complexes, Ni(PEt,),Cl, - .  and 

Ni(PPh,),I, were spin coated from solutions of different solvents. Figures 2.9 and 2.10 of 

section 2.2.7 indicate the thicknesses of the films when the different solvents were used. 

It was found that in the case of the five films of Ni(PEt3),C12, the order of films from 

thickest to thinnest matched a trend in the solvents of lowest to highest boiling point 

(CH,Cl,, CH,COCH,, CHCl,, CCl,, and C&ClCH,Cl). In the three solvents that the 

Ni(PPh,)J, complex was tested in, the thickest to thinnest films (Ni(PPh,),L - - in CH,Cl,, - - 

CH,COCH,, and CH,CICH,Cl) did not show a matching trend to boiling points, although 

the solvent that yielded the thickest film (CWCl,) - - had the lowest boiling point. Table 2.6 

lists literature values of physical properties of the solvents tested. Trends found in this 

table could not be matched to the order of film thickness of the spin coated films of 

Ni(PEt,)2C1, or Ni(PPh,)& 

Table 2.6. Physical properties of solvents of precursor  solution^.^'^^' 

Solvent 
I 

CHzClz I 7572 caVmO1 

Heat of V ~ D .  

CHC13 

CHzCICHzCl 

CC14 

BuOH 

39.8-40.0 O C 

Boiling Point 

7501 cal/mol 
-. 

795 1 caVm01 

8272 cal/mol 
7629 caVmol 
10971caVmol 

1.325 glml 

Densitv 25 - "C 

0.393 (15 "C) 

60.5-6 1.5 O C 

83 " C 

76.72 1.0 "C 

117.2"C 

Viscositv (cp) 

1.4460 g/ml 

1.256 glml 

1 .583 glml 

0.8098 g/ml 

0.58 (20 "C) 

0.800 (19.4 "C) 

0.969 (20 " C) 

2.948 (20 "C) 



Films made under the same conditions using different complexes, yielded films of 

different thicknesses. For example the films of Ni(PPh,),I, and Ni(PEt,),Cl, were thicker 

than films of the remaining four complexes. The Ni(PPh,),I, is the largest molecule out 

of the series of six complexes and the Ni(PE&XCl. - .  is the smallest. Their geom;tries are 

different as well. X-ray analyses and analyses by magnetic susceptibility presented in the 

literature indicate that the Ni(PE&),CI, has square planar geometry (as do the bromo and 

iodo a n a l ~ ~ u e s ) " . ' ~ . ~  3' while the Ni(PPh,)&, has tetrahedral geometry (as do the chloro 

16.3238 and bromo analogues). The solubilities for Ni(PPh3)212 and Ni(PEt,),Cl2 in CH,CI, 

(Table 2.3) vary widely too at 0.056 M and 1.00 M respectively (Section 2.2.6). These 

contrasts support the idea that the thickness of the corresponding films of Ni(PPh3),I, - - 

Ni(PEtJC1, . -  - are thickest for different reasons. 

The films of Ni(PPh,),I, and Ni(PEt,),CI, also differed in their morphologies. 

Upon spin coating, the molecules of the Ni(PEt,),CI, readily formed optically visible 

crystals on the substrate. However, the molecules of the Ni(PPh3)?12 did not. The 

remaining four nickel complexes sometimes appeared as crystals and sometimes not. 

and 

The spin speed of the wafer was also found to affect the morphology of the film. 

At high spin speeds, most of the solution escaped the wafer because of the strong 

centrifugal force (see Equation ~ .7~ ' ) .  Except in the case of Ni(PEt,),Cl,, the quickly 

formed resultant film appeared amorphous. At low spin speeds (0-500 rpm), the 

centrifugal force is low and it follows that the liquid solution is forced off relatively 

slowly. Evaporation increasingly then becomes more important because the solution 



remains on the wafer longer. Films dry more slowly affecting the morphology of the 

resulting film. 

~ = r n w ~ r  

F=centrifugal force 

m=mass of the solution 

w=angular spin velocity 

r=radial distance from the axis of the disk rotation 

2.4. Conclusion 

The ability to control the thickness and the morphology of films produced in the 

process of spin coating metal complex films is a key factor in successfully appl;ing the 

technique to industry, particularly for photolithographic applications. 

The ideal thickness and morphology of spin coated films of metal complexes is 

determined by a balance of variables. The empirical relationship of thickness to spin 

speed and concentration of the precursor solution is given in Darnon's equation 

b -a (Equation 2.2 1= kc o ). From the spin speed graphs, a values ranged from 0.27-0.37 

(Table 2.5)  for the films of Ni(PEt,),X, and 0.47-0.66 for the films of Ni(PEt,)?X,. 

However, low spin speeds (less than 500 rpm) are likely to result in films which contain 

crystals that are optically visible. Amorphous films can still be produced though, 

depending upon the nature of the complex. For example, the films of the molecule 

Ni(PPh,),I, - - showed a stronger resistance to crystallizing and the films of the Ni(PEt,),CI, 



always appeared crystalline. .High precursor solution concentration produced films of 

greatest thickness ;:demonitrated by the results in Table 2.2 and Table 2.4. The values 

of a, b and k reflect other factors that influence film thickness. Some of these factors 
9 

may include viscosity, density, surface tension and vapour pressure of the precursor 

solution; the wind velocity, humidity and temperature of the surrounding air; and the 

workpiece temperature, the nature of the polymer or solute, and the nature of the 

substrate. 

There are different dir~ctions for future studies of the film thickness of spin 

coated films of inorganic complexes. The empirical relationships of films thickness and 

variables other than spin speed and concentration of the precursor solution could be 

determined. Also the principles of why Damon's equation is applicable is not fully 

understood; therefore the application of fundamental physics equations can be explored 

to develop more so$isticated theories of thk dynamics of spin coating inorganic 

-- complexes. 

2.5. Experimental Section 

Silicon wafers were P-type Si(ll1) and were obtained from Pacific 

Microelectronics Centre. They were cut into approximately l x  1 cm2 for the spin coating 

process. All the chips were cleaned in reagent grade CH,Cl, before spin coating. The 

spin coating was done with a Laurel1 Technology Co. spin coater. All of the films were 

viewed under a Leitz light microscope to assess their quality in terms of crystallinity. 

Fourier transform infrared (FTIR) spectra were recorded with h Bomen MB- 120 



spectrophotometer on samples held in an aluminum chamber by steel clips. Ultraviolet- 

visible spectra measurements were obtained with an HP 8452 diode array 

spectrophotometer. The viscosity of the nickel complexes solutions were determined at * 

22•‹C using a Cannon-Fenske Routine Viscsmeter (size 35, viscometer #1434). The 

2 elemental analyses were carried out at the Micro Analytical facility of Simon Fraser 

University. 

2.5.1. Syntheses of nickel (11) complexes - Ni(PRJ,X, - 

l 
(a) Synthesis of Bis(triethylphosphine)dichloronickel(II) - Ni(PEt,),Cl, 

This complex was prepared by the method of   ens en.'^ 

To a solution of NiC12 6H,O (0.5016g, 0.002 moles) in ethanol (20 mL), PEt, (0.6 

mL, 0.004 moles) was added under a nitrogen atmosphere. The'mixture was stirred at 

room temperature for 0.5 hour. The solvent was evaporated under vacuum to afford 

small red crystals. The crude material was dissolved in a minimum amount of hot 

ethanol that had been degassed using nitrogen. Upon cooling, red crystals appeared. The 

product was filtered, washed with cold ethanol and dried under vacuum overnight. 

Anal. Calcd. for C,,H,,Cl,NiP,: C, 39.61 ; H, 8.3 1. Found: C, 39.54; H, 8.27. 
7 

(b) Synthesis of Bis(trie~hylphosphine)dibromonickel(II) - Ni(PEt,),Br, 

This complex was prepared by the method of  ense en." 

To a solution of NiBr, 3H,0(0.005 moles, 1.09 g) in ethanol ( 10 mL), PEt3 (1.5 

mL, 0.01 moles) was added in a nitrogen atmosphere. Crystals appeared instantly. The 



solvent was evaporated under vacuum to afford a purplelbrown solid. The pure title 

e 
compound was crystallized from ethanol. 

Anal. Calcd. for C,,H$r,NiP,: C, 3 1.69; H, 6.65. Found: C, 3 1.79; H, 6.72. 

This complex was prepared by the method of  ense en." 

- To a solution of Ni12 6H20 (0.005 moles, 2.1 g) in ethanol (1 5 mL), PEt, (1.5 mL, 
" - 
0.01 moles) was added in a nitrogen atmosphere. Brown crystals were collected from the , 

- 
slurry and dissolved in a minimum of nitrogen bubbled hot ethanol. Upon cooling, 

brown crystals of the title compound were filtered, washed with cold absolute ethanol, 

and dried under vacuum. 
1 , 

Anal. Calcd. for C12H,,I,NiP,: C, 26.26; H, 5.5 1. Found: C, 26.12; H, 5.50, ' 

(d) Synthesis of Bis(triphenylphosphine)dichloronickel(II) - Ni(PPh3)2Cl, 

This complex was prepared by the method of ~enanzi." 

Glacial acetic acid (25 mL) was added to NiC1;6H20 (1.19 g, 0.005 moles) 

dissolved in distilled water ( lml ) .  Triphenylphosphine (2.62 g, 0.01 moles) was 

'dissolved in glacial acetic acid (12.5 mL) by heating gently. The triphenylphosphine . 

containing solution was added to the nickel containing solution and stirred for 24h. The 

mixture was cooled and the resulting fine bluelgrey crystals were filtered and washed 

with cool glacial acetic acid. The crystals were dissolved in glacial acetic acid with 

gentle heating and then crystallized. After filtering and washing with cold glacial acetic 

acid the crystals were dried under vacuum. 



- 
Anal. Calcd. for C,,H,,Cl,NiP2: C, 66.10; H, 4.62. Found: C, 65.77; H, 4.7 1. 

(e) Synthesis of Bis(triphenylphosphine)dibromonickel(II) - Ni(PPh,),Br, 
This complex was prepared by the method of venanzi." 

NiBr, 3H,O (1.36 g, 0.005 moles) was dissolved in n-butanol by heating the 

mixture to the boiling point. A boiling solution of triphenylphosphine (2.628.0.01 

moles) in n-butanol was added to the nickel solution. Upon cooling there was formation 

U 

of green crystals which were subsequently filtered and then crystallized from nlbutanol. 
Q 

2- 
The pure crystals were filtered. washed with cold n-butanol and dried under vacuum 

overnight. 

Anal. Calcd. for C,,H,,Br,NiP,: C ,  58.19; H, 4.07. Found: C ,  57.94; H, 4.30. 

(f) Synthesis of Bis(triphenylphosphine)diiodonickel(II) - Ni(PPh,),I, 

This complex was prepared by the method of ~enanzi. ' '  

To a solution of Ni(N03),6H,0 (1.5 g, 0.005 moles) in nitrogen bubbled n- 

butanol (50 rnL), finely crushed potassium iodide (2.5 g, 0.01 5 moles) was added. The 

mixture was refluxed for two hours under nitrogen. After cooling the mixture to room 

temperature, unreacted potassium iodide was filtered. The solution was heated to boiling 

I and added to a boiling solution of triphenylphosphine (2.67 g, 0.01 moles) in butanol (35 

mL). The final mixture was slowly cooled to room temperature and then put into an ice 

bath. The dark purple crystals formed were filtered, washed with cold butanol and dried 

under vacuum overnight. 

Anal. Calcd. for C,,H,,I,NiP,: C, 5 1.66; H, 3.61. Found: C, 52.52; H, 3.53. 



2.5.2. Film Coating 

Thin films of the Ni(PR,),X,complexes on silicon substrates were prepared by 

spin coating as illustrated in Figure 1.1. 

The procedure to prepare a spin coated film of Ni(PEt,),Cl, is representative of 

the preparation of the spin coated films of Ni(PRJ,X;. A silicon chip was placed on the 

spin coater with the polished side of the chip facing up. It was secured with scotch tape 

on two sides of the chip. After the chip reached the desired speed of 1700 rpm, a 

solution of Ni(PEt,),Cl, in CH2Cl, (1 rnL of 0.018 M solution) was dispensed onto the 

spinning silicon chip. The chip was spun until the solvent had evaporated (1-2 minutes) 

and the resulting Ni(PEt,),Cl, film appeared dry. 

2.5.3. The morphology of the spin coated films. 

Sets of spin coated films of Ni(PEt,),Cl, were observed under an optical 

microscope to examine the morphology of the film, .particularly the degree of . 

crystallinity of the film. One set of films was cast at spin speeds of 50-4000 rpm with a 

0.018 M solution, and the other set of films was cast at a constant spin speed of 1700,rpm 

at from solutions of concentrations of 0.012-0.048 M. 

The same procedure was followed for the films of all Ni(PEtJ2X, and 

Ni(PPh,),X,. 



2.5.4. Beer Lambert Plots 

The average thickness of films were measured using calibration curves or Beer 

Lambert plots. The calibration of absorption intensities for Ni(PEt,),CI, is an illustrative 

example. The procedure is described below. 

A solution of Ni(PEt,),CI, (0.0034 g) was prepared in CH,Cl, A - (2 mL) and a drop 

of the solution (3 pL) was dispensed onta a silicon chip. The solvent evaporated, leaving 

a film of Ni(PEt,),Cl,on the silicon surface. The area of the film was 7.8 x 10" A'. 

corresponding to a coverage of 0.5 molecules/A2. The infrared spectrum of the entire 

film was recorded. The same procedure was repeated several times to build up a thicker 
4 

film. The infrared band at 1037 cm.' was used to plot the calibration curve of absorbance 

versus film coverage (mo~ecules/A~). The slope of this calibration curve (0.00333 

absorbance units A2/molecule) is the extinction coefficient used to convert band intensity 

of the infrared spectra of the films, to film thickness in molecules/A2. The error bars 

associated with each data point (M.002 abs. units) is the uncertainty observed in the 

difference in baseline intensity of the spectra. 

The same procedure was followed for all of the Ni(P&),X, . .  . complexes. Figures 

2.14 to 2.19 are the spectra and the corresponding Beer Lambert plots of the nickel 
4 

complexes. Table 2.7 lists the extinction coefficients derived from the plots. 



Figure 2.14. The Beer Lambert plot of Ni(PEt,),CI,. 

frequency ( c m -  1) r n o l e c u l e s / ~ ~  

Figure 2.15. The Beer Lamben plot of Ni(PEtJ2Br2. 

frequency (cm- 1) m o l s c u l e s / ~ ~  



Figure 2.16. The Beer Lambert plot of Ni(PEt& 

frequency (cm- 1) 

Figure 2.17. The Beer Larnbert plot of Ni(PPhJ,Cl, 

2 

frequency ( c m -  1) 



Figure 2.18. The Beer Lambert plot of Ni(PPh,),Br,. 

7 5 0  700 0.0 1.0 2.0 

frequency (cm- 1) r n o l e c u l e s / ~ ~  

Figure 2.19. The Beer Lambert plot of Ni(PPh,),I,. 

frequency ( c m -  1) m o l e c u l e s / ~ ~  



Table 2.7. Extinction coefficients of Ni(PR3)2X,. 
- ' 

comuounB' Infrared Band Extinction Coefficient 
{Absorbance units 
/(molecu1es/A2~ 

Ni(PEt,)2C12 1037 cm-I 0.0032M.0006 

Ni(PEt,),Br, - - 762 cm-1 0 . 0 0 8 ~ . 0 0 2  

2.5.5. The infrared bands of the complexes. 

The infrared spectrum of the Ni(PEt,),Cl, complex in a KBr pellet was acquired 

to determine the bands due to the complex. The infrared spectra of the spin coated films 

"of Ni(PEt,),Cl, were compared with the spectrum of the complex in KBr ensuring that 

the bands were due to the complex and not the solvent trapped in the film. Infrared 

bands for all of the Ni(PPh,),X, - .. were identified using the same method. 

2.5.6. Films cast from solutions at different concentrations. 

More solutions of Ni(PEtJ,CI, in CH,Cl, were then made at varying 

concentrations ranging from 0.002 M to 0.045 M. These solutions were each used to 

spin coat films at 1700 rpm. The resulting films were analyzed by infrared spectroscopy 

to examine the relationship between film thickness and solution concentration. 



This experiment was performed on all six of the Ni(PRJ,X, . -  - complexes. 

2.5.7. Films cast at different spin speeds. 

In the spin speed experiment, a solution of Ni(PEt,),CI, in CH,Cl, - - (0.0 18 M) was 

prepared. Portions (1 mL) of this solution were dispensed onto silicon chips spinning at 

speeds ranging from 50 rpm to 4000 rpm. The resulting films were analyzed by infrared 

spectroscopy to compare the film thickness with spin speed. 

This experiment was performed on all six of the Ni(PFQX, . -  - complexes. 

2.5.8. Films cast from solutions of different solvents. 

While the majority of the experiments were carried out using only CH,CI: as the 

solution,solvent, the Ni(PEt,),Cl; and Ni(PPh,),12 complexes were additionally reca.t into 

thin films using other solvents to correlate properties of the prepared thin films with 

physical properties of their mother solution. The Ni(PEt.-,),Cl, . -  - was cast from solutions of 

complex in CH2Cl,,CHCl,, CH,ClCH,CI, CCl,, and CH,COCH,. The Ni(PPh,)J, 

complex was spin coated from solutions of complex in CH,Cl,, CH,ClCH,Cl, and 



2.5.9. Determination of the saturation concentration using the ultraviolet-visible 

spectra. 

The electtgnic spectrum of Ni(PEt,),CI, . - in CH,CI, - .  (6.39x103 M) was obtained. 

At h= 664 nm the extinction coefficient was found at ~=0.926 rnm-' M" . A saturated 

solution of Ni(PEtJ2C12 in CH,Cl, was then prepared by mixing excess Ni(PEt,),Cl, - - in 

CH,Cl, - - and then filtering it through tissue paper (Kimwipes). This solution was diluted 

by pipetting (1 mL) the solution into 10 mL volumetric flask and filling the flask to 

capacity with CH,Cl,. The electronic spectrum of this solution was taken and using the 

extinction coefficient at k 6 6 4  nm the saturation was determined to be 0.998 M. This 

procedure was followed for all of the Ni(PRJX, compounds at 2OS0C. 

2.5.10. The viscosity of solutions. 

The Ni(PEtJ2C12 complex was dissolved in CH,Cl, 6 - (0.03491 M, 1.3 160 g1m.L) 

and adjusted to 22•‹C with a water bath. This solution was drained three times through a 

Canon Fenske viscometer (size 25, constant of viscometer = 0.001 859 cslsec ). The 

average time through the viscometer was 17 1.64 seconds which corresponds to a 

viscosity of 0.3907 centistokes(cs). 

The viscosity of each of the complexes dissolved in CH,Cl, - - and the viscosity of 

the solvent CH,CI, - - were measured and are given in Table 2.8. 



Table 2.8. Viscosities of the complexes in CH,CI,. 

Com~ound Concentration (M) - cs 

Ni(PEt.J2Cl2 0.03552 0.3907 



3. The Photoeject'ion of Halogen Ligands 

3.1. Introduction 
a 

The purpose of the study in this chapter is to assess the viability of using filmseof 

metal complexes with halogen ligands, cast by spin coating, for the photodeposition of 

metal and metal oxide thin films. It has been shown that metal and metal oxide thin films 

can be photochemically produced from spin coated metal complex films that contain a 

variety of different ligands; for example U02(00CCsH11)2, (COD)Pt(N1)2, and 

N ~ ( E ~ N c ~ H ~ N H ~ ) ~ . ~ .  24v 67 Ligands must dissociate and readily escape the film in order to 

ensure a clean film. The search for precursor films with quick processing times that 

produce clean films is important in making the process useful for industrialapplications. 

~ i n e  different films metal complexes with halogen ligands were tested for their 

photosensitivity. The series of six nickel complexes used in the film quality studies 

(Ni(PEt3)2X2, and Ni(PPh3)2X2 where X=CI, Br, I) were tested and a further three 

complexes of iron were tested as well (CPF~(CO)~X where X=CI, Br, I). The nickel 

complexes were composed of two halogen ligands while the iron complexes were 

composed of one halogen ligand. This difference may determine the mechanism by which 

the dissociated halogens can escape the film. 

Ultraviolet spectr@scopy, infrared spectroscopy, Auger electron spectroscopy 

(AES), and energy dispersive spectroscopy (EDS) (see section 1.7 for further explanation 

of these techniques) were the tools used to study the photochemistry of the films. 

Electronic spectra of the solutions of the complexes indicated the wavelengths at 



maximum absorbency of light. The infrared bands of the phosphine and carbonyl ligands 

were monitored in between intervals of photolysis. Dissociation of the halogen ligands 

was not monitored by infrared spectroscopy because the bands due to the vibrations of the 

metal-halogen bonds are located in the far infrared region. However, Auger electron 

spectra of the photoproduct films were used to determine if the halogens had been 

photoejected from the films. The film of photolyzed CpFe(C0)J was also analyzed by 

EDS to complement the analysis done by AES. 

3.2. Results 

3.2.1. The chemistry of CpFe(C0)2CI films. 

The ultraviolet spectrum of the CpFe(C0)2CI in solution (1.4 x lo-' M in CH2C12) 

contained A.,,,,=340 nm corresponding to &=I460 cm-' M-I. The literatureh0 values were 

h,,=336 nm and X,,,,=388 corresponding to &=935 cm-I M-' and ~ = 5 6 5  cm-I M-I. Pan et 

dh8 attributed the band at 340 nm to Fe+CO(lc*). 

The infrared spectrum of a spin coated film of C ~ F ~ ( C O ) ~ C I  on a silicon wafer was 

obtained. The wafer was mounted in the infrared chamber as illustrated in Figure 3.7. 

The most intense infrared bands were identified at 1995 cm-I and 2043 cm-l. From a 

spectrum of the solution of C'pFe(C0)2CI in cyclohexane, Alway et alhO identified the 

bands at 2005 cm-I and 2050 cm-' as stretching vibrations of the carbon oxygen bond. Ali 

et alh9 reported that the absorbance bands for CpFe(C0)2CI in pyridine are 1990 cm-I and 



Experiments were done to test the swbility of the spin coated C ~ F ~ ( C O ) ~ C I  film 

before proceeding with photochemical experiments. A film was piaced in the chamber in 

the dark at room temperature for 24 hours. At the end of 24 hours, the ififrared bands had 

not decreased in intensity. This result is consistent with a thermally stable film. A second 

film was placed in the chamber in the dark at room temperature, and under vacuum. A 

spectrum was obtained initially and a second spectrum was obtained 10 minutes later. The 

bands were no longer visible in the second spectrum. The film had sublimed in the 

infrared chamber under vacuum. 

Films of CpFe(C0)2Cl were photosensitive. A spin coated film O ~ - C ~ F ~ ( C O ) ~ C ~  

was mounted in the infrared chamber in a nitrogen atmosphere. Vacuum conditions could 

not be used due to the sublimation problem. The initial infrared spectrum was obtained, 

followed by a 10 minute exposure to light from a mercury lamp. Another spectrum was 

then obtained and the experiment proceeded with alternating exposures to light energy, * 

and spectral analysis at 30, 55, 85, 120 and 270 minutes of photolysis (see Figure 3.1). 



Figure 3.1 Spectra of the film of CpFe(C0)2Cl after 0,85 and 270 minutes of photolysis. 

frequency (cm- 1 ) 

The experiment continued until the infrared bands were no longer visible (half life 

of 8& 15 minutes). An infrared spectrum without any bands visible is consistent with 

either an elemental iron film, an iron iodide film or an iron oxide film. 

Elemental ratios of the photolyzed film were determined using AES (Table 3.1 and 

3.2). The error associated with the Auger results was derived from the amount of noise in 

the spectra. For example, the energy band at 703 eV corresponds to the amount of iron 

detected. The length of the band is lS.4f 1.0 cm which accounts for 18.4+1.5% of the 

. . elemental composition. The f 1.0 cm is the measurement of the noise of the spectrum. 



Table 3.1. AES analysii (trial 1) of the photolyzed film of CpFe(C0)2CI. 
. . 

Table 3.2. AES analysis (trial 2) of the photolyzed film of CpFe(C0)2CI. 

f 

Element 

Fe 

CI 

0 

C 

Fe:CI 

The spectra were taken before and after sputtering which removes some of the top 

Element -- 

Fe 

Cl 

0 

C 

Fe:CI 

layers of the film, particularly any carbon contamination. Tables 3.4 and 3.5 show that 

Initial 

18.4+1.5% 

23.8M.496 

2 1.5M.8% 

36+2% 

1: 1.29 

sputtering resulted in lower carbon perceatages in the film'(36e% before sputtering and 

Initial 

1832% 

2 1 . 4 s . 8 7 9  

25f 3% 

34+6% 

1:1.13 

1 1 +3% after sputtering). 

10 sec sputter: 

33&2% 

32f5% 

22.72 1.1 % 

11+3% 

1 :0.988 

This data is consistent with the overall reaction in Equation 3.1. The associated C= 

30 sec sputter 

35.5k1 .7% 

26.4M.4% 

26.5+1.2% 

l lf3% 

1 :0.746 

5 sec mutter 

2532% 

36.0f1.3% 

2132% 

16f 6% 

1 : 1.42 

.. proposed mechanism is given in Equation 3.2-3.4. Equation 3.2 is analogous to the 

15 sec sputter 

34+3% 

35.W1.3% 

2 1.2+1.2% 

9f 5% 

I:l.Ol 

25 sec sputter 

34+3% 

34.6+1.3% 

22.1+1.2% 

9+5% 

1:I.Ol 



photochemical reaction of CpFe(CO)*Cl in solution, proposed by Alway et In this 

reaction, the CpFe(CO)2CI photochemically loses one carbony1 lig&d. The infrared 
- ~ 

evidence of the photolyzed film shows loss all of the carbonyl ligands. The ratio of the 

Fe:O:CI is approx'mately 1 : 1 : 1 throughout-in all of the Auger spectra taken. 'i 
hv 

% 0 2  + C ~ F ~ ( C O ) C I  - FeOCl + [Cpl+ 2 CO(g) (3.1) 

CpFe(C0)CI -+ FeCl + Cp + CO(g) 

FeCl + % @?% FeOCl 

3.2.2. The chemistry of C ~ F e ( c 0 ) ~ B r  films. 

The complex CpFe(C0)2Br was not very soluble in CH2C12 and therefore CHICN 
\ 

was used as the solvent in all of the experiments with CpFe(CO)?_Br. 

The ultra;iolet spectrum of the c ~ F e ( C 0 ) ~ B r  (1.4 x 10" M in CHICN ) contained 

L,=350 nm and L,=394 nm corresponding to E= 1900 cm-' M - I  and E= 1260 cm" M" 

respectively. Ultraviolet results found in the literature6' were A,,,,=350 nm and A,,,,=386 

nm corresponding to E= 1028 cm-' M" and ~ = 7 0 0  cm-' M-' . Pan et a168 attributed the band 

Analogous to the films of CpFe(C0)2CI, the spin coated films of CpFe(CO)?Br 

were found to be thermally stable and were found to sublime when under vacuum. The 



most intense bands of the infrared of the films were 1989 cm-'(shoulder), 2000 cm" 

- ~ (strong), and 2039 cm-' (strong). Alway et a I 6 O  the infrared bands for CpFe(CO)2Br at 

2003 cm-' and 2045 cm-' corresponding EO carbonyl stretching vibrations. Ali et 
eF 

reported the infrared bands at 1993 cm-' and 2043 cm-'. 

The procedure followed for the photolysis of the CpFe(C0)zBr was the procedure 

' followed for the CpFe(C0)2CI. Spectra were taken after 9, 17,28, 36,47,62 minutes of 

photolysis (see Figure 3.2). The half life represented by the decrease in intensity of the 

infrared bands was ! 72 3 minutes. 

Figure 3.2. Spectra of CpFe(C0)zBr after 0, 17 and 62 minutes of photolysis. 

frequency (cm- 1) 

The Auger results of the film of photolyzed CpFe(C0)2Br (Table 3.3) showed the 

same results as the film of photolyzed CpFe(C0)2CI. The amount of carbon decreased 

from 4 1 + 1 I % to 23+7% after 25 seconds of sputtering and was therefore assigned to 

carbon contamination. The halogen did not escape the film, indicating that the halogen 

was a part of the new iron complex or that the dissociated halogen was trapped in the film. 



Table 3.3. AES analysis of the photolyzed film of CpFe(C0hBr. 

I Element I Initig 1 5 sec soutter 15 sec sputter 

The overall reaction which is consistent with the data is given in Equations 3.4a- 

3 .4~ .  The mechanism associated with the reaction is given in Equations 3.4a-3.4~. 
i* 

hv 
%02 + CpFe(CO)?Br - FeOBr + [Cp] + 2 CO(g) (3.3) 

CpFe(C0)Br + FeBr + [Cp] + CO(g) 
P 

FeBr + % 0 2  + FeOBr 

3.2.3. The chemistry of CpFe(C0)J films. 

The ultraviolet spectrum of CpFe(C0)J (1.4 x lo-' M in GH2CI2) contained 

L,=336 nm corresponding to &=4390 c m - ' ~ - ' .  The values found in the literature6%f the 

ultraviolet spectra are l,,,,=342 nm corresponding to ~=2090 c m - ' ~ - ' .  Pan et a16' 

attributed the band to Fe+CO(x*). 



Analogous to the films of CpFe(C0)2Cl, the spin coated films of CpFe(CO)*I were 

found to be thermally stable and were found to sublime when under vacuum. The most 

intense bands of the infrared of the films were 1973 cm-I, and 2043 cm-'. Alway et d6' 

identified the infrared bands for CpFe(C0)21 as v(C0) 2005 cm-' (strong) and v(C0) 

2038 cm-' (strong). 

The procedure followed for the photolysis of CpFe(C0)2Cl was the procedure 

followed for the photolysis of CPF~(CO)~I. Infrared spectra were taken after 0, 15,40, 

75,90, and 720 minutes of photolysis. Figure 3.3 shows the decrease in intensity of the 

bands of the carbonyl stretches. The half life was 120 + 20 minutes. 

Figure 3.3. Photolysis of CpFe(C0)J after 0 ,90  720 minutes of photolysis. 

frequency (crn- 1 ) 

Elemental ratios of the final film were obtained by both EDS and AES. The EDS 

results are listed in Table 3.4. The EDS analysis was necessary to determine the Fe:I 

ratio. The reported error of the EDS data (*%) is the error derived from the calibration 



of the EDS instrument. The results show that the photolyzed film contained a negligible 

amount of iodine ( < I  .5% iodine). In the Auger results, the signal at 5 10 eV can be 

experimentally due to iodine or oxygen; however, because the EDS results indicate that 

there is virtually no iodine remaining in the film, the signal at 5 10 eV of the AES was 

treated as being entirely due to a signal of oxygen Auger electrons from the film. The 

AES results are in Table 3.5. 

Table 3.4. The EDS results of the film of photolyzed CpFe(C0)21. 

Table 3.5. The Auger results of the film of photolyzed CPF~(CO)~I. 

. 
Element -- 

Atomic Percent Fe 

Atomic Percent I 

Fe:I Ratio 

The Auger results indicate that there was carbon remaining in the film. It could be 

a result of contamination from the environment, or i t  could be due to some of the carbon 

Location #1 

1 W 6  

0.43fi9.03 

232: 1 

Element 

Fe 

0 

C 

Fe:O 

Location #2 

1 ~ 6  

0.08M.O 1 

1250: 1 

Initial 

23f 10% 

33+5% 

43+34% 

1:1.4 

Location #3 

99+6 

1.23M.07 

80.3: 1 

5 sec sputter 

37*4% 

37&4% 

25f 12% 

1:l.l 

15 sec. sputter 

33+11% 

37f 8% 

18+14% 

- 
1 :OM 



from the cyclopentadienyl ligand which had not escaped the film product which had not 

escaped the film after dissociating. 

Before sputtering, the Fe:O ratio found in the Auger results, was 1 .O: 1.4 and after 

sputtering, the results show that there is less oxygen as a function of sputtering time. 

Possible explanations are that the sputtering activity preferentially ejects the oxygen atoms 

from the film; or that when the sputtering reaches the level of the film-substrate interface, 

there is different chemistry than in the bulk film. The photolysis of the CpFe(CO)?I 

complex may result in the formation of an oxide or a combination of oxides of iron. By 

approximating the Fe:O ratio to be I : I, the overall reaction that is consistent with the data 

is given in Equation 3.5. The associated mechanism is given in 3.6a-3.6~. 

hv 
53 OZ(@ + CpFe(C0)J - FeO + [Cp]+ 52 I? + 2 CO(g) (3.5) 

C~F;(CO)I -+ FeI + [Cp] + CO(g) + 

FeI+ 5302 -+ FeO + 52 "I" 



3.2.4. The chemistry of Ni(PEt3)zBrz films. 

The sequence of the presentation of results for the films of nickel complexes begins 

with the results for the film of Ni(PEt3)2Br2 and NiBr2. The AES results of the NiBr2 film 

serve as a useful comparison to the AES results of the film of photolyzed Ni(PEt3)zQ. 

The ultraviolet spectrum of the Ni(PEt3)2Br2 (1.93 x lo-' M and 4.85 x lo-' M in 

CH2CI2) contained L,=280 nm, Lm=396 nm and L,=538 nm corresponding to 

&=5400 cm-I M - I ,  ~ = 7 8 0 0  cm-I M-' and ~ ~ 2 0 0  cm-' M-' respectively. Giacometti et a17* 

attribute the band at 280 nm as a ligand to metal charge transfer associated with the 

phosphine ligands. They attribute the band at 396 nm as ligand to metal charge transfer of 

the bromine ligand. 

The infrared spectrum of a spin coated film of Ni(PEt3)2Br2 on a silicon wafer was 

obtained. The wafer was mounted in the infrared chamber as illustrated in Figure 3.7. 

The most intense infrared bands were identified at P ( C H ~ ) ' ~  727 cm-'(strong), ~ ( c H * ) * ~  

764 cm-'(strong), and v(PC)~' 1034 cm-'(strong). 

Experiments were done to test the stability of the spin coated films of Ni(PEt?)2Br2 

before proceeding with the photochemical experiments. A spin coated film of 

Ni(PEt3)2Br2 precursor sublimed within 10 minutes of being mounted in the infrared 

chamber under vacuum conditions. When the film was monitored in the dark, at room 

temperature, the bands of the infrared spectra decreased in intensity witba half life of 

2 6 h 3 0  hours, indicating thermal reactivity. 

A spin coated film of Ni(PEt3)2Br2 in air was photolyzed by water filtered light 

from a mercury lamp by the same method used for the films of iron complexes. A 

4 



spectrum was obtained after 0,20,90, 150,2 10,3 10, and 1750 minutes of photolysis (half 

life of 24W30 minutes). Infrared bands decreased until they were no longer visible which 

is consistent with a film of nickel, nickel oxidewor nickel bromide. Figure 3.4 shows the 

spectra of the film as it is progressing through photolysis. It was observed that the 

photolyzed film was deliquescent. 

Figure 3.4: The infrared spectra of the photolysis of Ni(PEt3)2Brz 

frequency ( c r n -  1 ) 

Because NiBr2 is also to be deliquescent, a film of NiBr2 was prepared to compare 

with the film photolyzed from the Ni(PEtr)2Brz film. The NiBrz film could not be made by 

spin coating because the process of spin coating resulted in a wet film. The film was made 

by heating a silicon chip and dispensing a solution of NiBr2 in CH2CI2 onto it and then 

letting it air dry. 

The AES results (Table 3.6) of the prepared NiBr2 film show that before sputtering 

there was more bromine than nickel (29f 15% and 5.7+1.9% respectively) and there was 



carbon and oxygen contaminationl54f4% and 10.0-tI .3% respectively). After 20 

seconds of sputtering, the ratio of Ni:Br went from Ni:Br= 15.2 to Ni:Br=: 1 :2.0. 

  here fore, in the AES results, the relative amount of bromine had decreased compared to 

the relative amount of nickel after sputtering. 

Table 3.6: AES analysis of the NiBr2 film. 

Initial I 10-see. sputter 1 20 sec. sputter 1 

Table 3.7: AES results for the film derived from Ni(PEt3)2Br2. 

4 

The AES results of the film photolyzed from Ni(PEt3)2Br2 (Table 3.7). indicated 

Element -- 

Ni 

that bromine was present in the film. Before sputtering the Ni:Br ratio was 1:2.6; after 10 

seconds of sputtering, the ratio went to 1 :0.8 1 ; and after 30 seconds of sputtering, the 

Initial 

1 612 % 

10-sec. sputter 

32f 5% 

30-sec. 
sputter 
37+5% 



ratio went to 1 :0.47. Therefore, the sample would have reached a Ni:Br ratio of 1 :2 at a 

sputtering time of less than 10 seconds. It should be noted that the film of the prepared 

NiBr2 film was much thicker than the spin coated film. After 30 seconds of sputtering, the 

Auger electrons from the NiBr2 film may still have been ejected from atoms in the bulk 

film which gave Ni:Br ratios of approximately 1:2. In the thinner photolyzed film, the - 
C\ 

sputtering reached the interface quickly which accounts for the changing environment at 

the different sputtering times. The proposed chemical reaction is given in Equation 3.7. 

The phosphine ligands photodissociate thereby photodepositing a film of NiBr2 

3.2.5. The chemistry of Ni(PEt3)2C12 films. 

The ultraviolet spectrum of the Ni(PEt3)2C12 (2.06 x lo-' M and 6.67 x 10.' M in 

6 

CHZC12) contained L,,,=274 nm, L,,,=370 nm and h,,,=494 nm corresponding to 
m 

m P 

&=I400 cm-' M-', &=I0 000 cm-' M-' and ~ = 2 0 0  cm-' M-' respectively. Giacometti et a127 
I 

attribute the band at 274 nm as a ligand to metal charge transfer associated with the 
0 

phosphine ligands. They attribute the band at 370 nm as ligand to metal charge transfer of 

the chlorine ligand. 

The most intense infrared bands of the films were 727 cm-' (strong), 764 cm-' 
J 

(strong), 1034 cm-'(strong). The infrared bands for Ni(PEt3)2C12 were quoted and 
2, 

identified by 6ourssmaker et a1 were p ( ~ H 2 ) ~ '  72 1 cm-'(strong), p(cH2f7 762 



cm-'(strong), and ~ ( P c ) ~ '  1034 cm"(strong). 

Analogous to the films of Ni(PEt3)2Br2, the spir. coated films of Ni(PEt&Cl2 were 

found to be thermally reactive with a half life of 22k4 hours. The films also were found 

to sublime when under vacuum. 

The procedure followed for the photolysis of the Ni(PEt3hC12 was the same as the 

procedure followed for the Ni(PEt&Br2. Spectra were taken after 0,30, 120, 300, and 

1200 minutes of photolysis. The half life represented by the decrease in intensity of the 

infrared bands was 100k20 minutes. 

+ The Auger results of the film of photolyzed Ni(PEt3)2C12 were similar to the results 

of the film of photolyzed Ni(PEt3)2Br2. The amount of carbon decreased from 55+14% to 

29+8% after 25 seconds of sputtering and was assigned to carbon contamination. The 

AES spectrum of the NiBr2 demonstrated that carbon contamination can be significant and 

that it is most significant before sputtering. The halogen did not escape &i film (14 and 

16%). This indicates that the halogen was a part of the new iron complex or that the 

dissociated halogen was trapped in the film. The average Ni:P ratio decreased from a 

theoretical 1 :2 in the film of Ni(PEt3)?CI2 to 1 :0.6 of the photolyzed film. This is 

complemented with the infrared spectrum of the photoproduct in which bands due to 

phosphine ligands were not visible. The phosphine ligands had dissociated from the nickel 

complex and escaped the film. 



Table 3.8: AES results of pliotolyzed Ni(PEt3j2CI2. 

I 5 sec. sputter I 

The chemical reaction consistent with the data is given in equation 3.8. The 

phosphine ligands photodissociate thereby photodepositing a film of NiCI2. 
, 

3.2.6. The chemistry of the Ni(PEt3)212 films. 

The interpretation of the photolysis experiments of the Ni(PEt3)212 film was 

ambiguous. The low solubility of Ni(PEt3)212 in CH2Q resulted in thinner films then was 

achieved for the films of the Ni(PEt3)2C12 and Ni(PEt3)2Brz. The resulting lower signal to 

noise ratio of the infrared spectra then made measurements difficult to interpret. It was 

consequently more difficult to determine if the film was reacting photochemically and 
. ' 

thermally; or if it was only reacting thermally . 



3.2.7. The chemistry of the Ni(PPh3)2C12 films. 

khe ultraviolet spectrum of the Ni(PPhl)2C12 (I .54 x lo-' M and 6.02 x M in 

CH2Cl2) contained &,=262 nm, &=350 nm and L,=520 nm corresponding to 
* 

~=24000 cm-' M-', ~ = 5 7 0  cm-' M-' and ~ = 3 3 0  cm-' M-' respectively. Giacometti et a19 

attribute the band at 262 nm as a ligand to metal charge transfer associated with the 

phosphine ligands. 8 

The infrared spectrum of the spin coated film of Ni(PPh3)2C12 was obtained and the 

most intense bands were identified. Bands at 692 cm-' (strong), and 746 cm" (strong) 

56.66 correspond to vibrations in the phenyl rings. The band at 1095 cm-' (medium) 

corresponds to phosphorus carbon 

The tests for the stability of the films were the same as those described in section 

3.2.4 for the film of Ni(PEt3)2Br2. The film of the Ni(PPh3)2C12 thermally reacted when 

left at room temperature in the dark. The thermal reaction resulted in a spectrum which 

contained bands at 542 cm-'(strong), 692 cm-'(medium), 746 cml(medium), and 1095 c m '  

(medium) and 724 cm-' (strong). The half life of the thermal reaction was 23W30 hours. 

The film sublimed under vacuum and therefore subsequent experiments were in - 

air. 

P 
By the same method described for previous films, the infrared spectra of the films 

was obtained throughout the photolysis by water filtered light from a mercury lamp. 

Spectra were obtained at 0, 7, 32, 72, 130, 190, and 1070 minutes. The half life of the 

photochemical reaction was 1 2 b 2 0  minutes. The photoproduct of the film of 



2 

- 
- 

Ni(PPh3)2C12, was not a metal, metal chloride, or metal oltide-film. The product infrared 

spectrum contained bands at 542 cm-' (strong), 692 cm-' (strong), 746 cm-' (medium), and 

724 cm-'(strong). Figure 3.5 shows spectra of the film spin coated from Ni(PPh&Brz 
/ 

during the photolysis. 

Figure 3.5: The photolysis of Ni(PPh3)2C12. 

frequency (c,rn- 1 ) 

Jensen et alh6 recorded the infrared spectrum of the free PPh:, and OPPH3 

molecules. The spectrum of the PPh3 contained bands at 695 cm-' (strong) and 747 cm" 

(medium); and the spectrum of the 0PPH3 molecule contained bands at 540 cm-'(very 

strong), 690 cm-I (strong), 720 c ~ n l  (strong) and 740 cm-' (medium)." Jensen et alh6 

identified the band at 540 cm-I (very strong) as corresponding to the asymmetric stretch of 

the C-P bond of the molecule OPPhl. The evidence in the infrared spectrum of the 

photolyzed film of Ni(PPh3)2C12 is therefore consistent with a product film of 

Ni(OPPh3)2C12 (Equation 3.9). 



3.2.8. The chemistry of hfi(PPh3)z~rz films. 

The ultraviolet spectrum of the Ni(PPh3)2Br2 (1.44 x lo-' M and 5.30 x lo-' M in 

CH2CI2) contained Lu=262 nm, L,=434 nm and h,=574 nm correspnding to 

&=29000 cm-I M-I, &=5000 cm-' M-' and ~ = 2 0 0  cm-I M - I  respectively. Giacometti et a172 

attribute the band at 262 nm as a ligand to metal charge transfer associated with the 

phosphine ligands. They attribute the band at 434 nm as ligand to metal charge transfer of . 

the bromine ligand. 

The infrared spectrum of the spin coated film of Ni(PPh&Br2 was obtained and 

the most intense bands were identified. Bands at 692 cm-' (strong), and 746 cm-' (strong) 

correspond to vibrations in the phenyl rings.66 The band at 1095 cm-I (medium) 

corresponds to phosphorus carbon bending.66 

The experimental procedure and results of the film of Ni(PPh3)2Br2 are analogous 

to the procedures and results of the film of Ni(PPh3)2C12. The film of Ni(PPh3)2Br2 is 

thermally reactive with a half life of 138320 hours. The infrared spectrum of the thermal 

and photo products contained bands at 542 cm-'(strong), 692 cm-I (strong), 746 cm-I 

(medium), and 724 cm'l(strong). Because the film sublimed under vacuum, the 
- 
photochemistry experiments were done in air. Infrared spectra were obtained after 0, 20, 

80, 160,210,400, 850 and 1100 minutes and the half life was 220 +30 minutes. A sample 

of the spectra are given in Figure 3.6. 



Figure 3.6: The photolysis of Ni(PPh3)2Br2. 

800 700 600 500 

frequency (ern- 1 )  

The infrared evidence of the photoproducts is consistent with the formation of 

Ni(OPPh3)2Br2. The spectrum of the photoproduct contained bands at 542 cm-'(strong), 

692 &n-' (strong), 746 cm-I (medium), and 724 cm"(strong). By comparison, the ,bands of 

0PPh3 are at 540 cm"(very strong), 690 cm-I (strong), 720 cm-' (strong) and 740 c m '  

(medium).66 Based on the infrared evidence, the chemical reaction associated with 

Ni(PPh3)2X2 is given in Equation 3.10. 



3.2.9. The chemistry of Ni(PPh3)Jz films. 

The ultraviolet spectrum of the Ni(PPh3)212 (1.58 x lo-' M and 5.64 x lo-' M in 

CH2C12) contained L,=262 nm, &,,,=438 nm and L,=574 nm corresponding to 
% % 

~=8800  cm-I M - I ,  ~=11300 cm'' M-I and ~ = 5 0 0  cm-I M-' respectively. Giacometti et a19 

attribute the band at 262 nm as a ligand to metal charge transfer associated with the 

phosphine ligands. They attribute the band at 438 nm as ligand to metal charge transfer of 

the bromine ligand. 
i 

The infrared spectrum of the spin coated film of Ni(PPh3)212 was obtained and the 

most intense bands were identified. Bands at 692 cm-I (strong), and 743 cm-' (strong) 

correspond to vibrations in the phenyl rings.66 The band at 1095 cm-' (medium) 

corresponds to phosphorus carbon bending.66 

The film of Ni(PPh3)*12 was found to be thermally reactive with a half life of 19+3 

hours. The infrared spectrum of the thermal product contained bands at 542 cm-'(strong), 

692 cm-I (strong), 746 cm-I (medium), and 724 cm-'(strong). 

Although the film did not sublime under vacuum, the photochemistry experiments 

were done in air to be consistent with the experiments done on Ni(PPh3)2C12 and 

Ni(PPh3)2Br2. Infrared spectra were obtained at 0, 1 1,49,98, 168, 368 minutes. The half 

life was 8W20 minutes. 

The infrared evidence of the photoproducts is consistent with the formation of 

Ni(OPPhr)212. The spectrum of the photoproduct contained bands at 542 cm-'(strong), 

692 cm-' (strong), 746 cm-' (medium), and 724 cm-'(strong). By comparison, the bands of 



OPPh3 are at 540 cm-'(very strong), 690 cm-' (strong), 720 cm-' (strong) and 740 cm-I 

Based on the infrared evidence, the che&cal reaction associated with 
' ? 

Ni(PPh3)212 is given in Equation 3.1 1. 
d 

3.4. Discussion 

The photochemistry of a group of films of metal complexes containing halogen 

ligands was explored. The group of complexes that were spin coated for this purpose was 

CpFe(C0)2X2, Ni(PEt&X*, and Ni(PPh3)2X2 (X=CI, Br, I). Amongst the complexes, it 

was found that metal oxides were successfully photodeposited from CpFe(C0)J A 

variety of other photoproducts resulted from the photoreactivity of the remaining films, 

except Ni(PEt&12. Due to the thinness of the Ni(PEt3)212 film, a photochemical reaction 

was not distinguishable. However, the photochemistries of the other films were pursued 

and the photoproducts were characterized. All had retained the halogen ligand(s) after 

photolysis. The photochemistry and photoproducts of each complex will be discussed. 

Because the precursor film of CPF~(CO)~I was a successful precursor to iron oxides, it 

will be discussed first and compared to the chlorine and bromine analogues. The 

discussion of the nickel complexes will follow. 

The photoproduct of the film of CPF~(CO)~I was found to be an oxide of iron or a 

mixture of oxides of iron. The overall chemical reaction which is consistent with the 



evidence of the study is given in Equations 3.5. In the proposed mechanism (3.6a-3.6c), 

the first step is photochemical loss of CO. 

hv 
51 02(g) + CpFe(C0)21 - FeO + [Cp]+ % I2 + 2 CO(g) (3.5) 

CpFe(C0)I + FeI + [Cp] + CO(g) 

FeI+ %02 + FeO + 51 "I" (3 .6~)  

The mechanism of the reaction of the film of CpFe(C0)2CI (Equation 3.2a-3.2~) 

also includes the photochemical loss of CO. The overall reaction for CpFe(C0)2CI is 

given in Equations 3.1. The reaction scheme for CpFe(C0)zBr is analogous. 

hv 
% 0 2  + CpFe(C0)2CI - FeOCl + [Cp] + 2 CO(g) (3.1) 

CpFe(C0)CI + FeCl + Cp + CO(g) (3.2b) 

FeCl + % O2 -+ FeOCl ( 3 . 2 ~ )  

Loss of CO ligand in Equation 3.1 and 3.7 is a common photochemical reaction of 

C ~ F ~ ( C O ) ~ X . ~ ~  l 9  In solution for example, photosubstitution can occur with loss of a 
C 

CO ligand and addition of a PPh3 ~ i ~ a n d . ~  The electronic spectra reflect the tendency 

towards CO dissociation. The dominant absorption at 340,350 and 336 nm for the 

chlorine, bromine and iodine analogues respectively are assigned to Fe+CO (x*)." Pan 

et a16' accou"t for the pbsence of M-X homolysis by the lack of electronic bands assigned 

to either X(n!*)+M(o*) or X(o*)+M(o*). 



Although CO loss is documented as the dominant photoprocess of CPF~(CO)~X, 

there are examples of photoejection of the halogen ligand. Ali et a f9  monitored the 

photolysis of CpFe(C0)2CI and CpFe(C0)2Br in DMSO and found that photoejection of 

halogen ligands resulted in shifts in energy of the CO stretches. The new bands were at 

1984 cm-I (strong), 1945 cm-I (medium) and 1776 cm" (strong) in both analogues. In all 

of the spin coated films of CpFe(C0)2X, new bands did not appear upon photolysis. This 

information is particularly relevant in determining the reaction scheme for the film of 

CPF~(CO)~I. The absence of new bands throughout the photolysis of CpFe(CO)21, is 

consistent with the loss of the iodine during or after the photolytic loss of a carbonyl, but 

not before. 

The AES and EDS results distinguished the photoproduct of CPF~(CO)~I as being 

a precursor to iron oxide. EDS results (section 3.2.3, Table 3.4) showed that the iodine 

atoms or ions had been ejected from the film. The amount of iodine remaining in the film 

was less than 1.5%. AES results (Table 3.5) indicated an iron to oxygen ratio of 1 : 1.4. 

The photoproduct film was amorphous and therefore it cannot be assigned to a known 

crystalline solid, however it can be loosely compared to crystalline solids. Based on the 

Auger results, the amorphous film approximately fits the ratio of the solids of Fe203 or 

Fe304 or a mixture of these two oxides. 

The AES of the films of photolyzed CpFe(C0)2CI and c ~ F e ( C 0 ) ~ B r  showed a 

high content of chlorine and bromine respectively (Table 3.1-3.3). The ratio of Fe:O:X 

was approximately 1 : 1 : 1. FeOCl is a known compound,'0 and therefore one possibility 

may be the formation of FeOX for both the chlorine and bromine analogues. 



As reaction reactions of 3.1 and 3.7 show, the photochemistries of the films 

CPF~(CO)~X are analogous to each other, but the subsequent thermal chemistries of 3.3 

and 3.9 are different. Chlorine and bromine did not dissociate from the iron centre but the 

iodine did dissociate. This can be attributed to the bond energies of the Fe-X bond. In 

complexes of FeX2, the bond energies are hnown to be 279,340 and 400 kllmol for Fe12. 

FeBr2 and FeC12 respectively.20 Therefore, in the three examples, there was a 
1 

photochemical loss of CO, followed by a thermal loss of Cp and the other CO, and finally 

a thermal reaction which depended on the bond energy of the Fe-X bond. - 

s 

The reaction of the photolyzed films of Ni(PEt3)2Br2 that is consistent with the 

data is given in Equation 3.7. The reaction for the photolysis of the film of Ni(PEt3)2C12 is 

analogous to the reaction of the Ni(PEt3)2Br2. 

The infrared evidence of the loss of [PEt3] was the decrease in intensity of the 

bands due to the corresponding P-C and C-H vibrations until they were no longer visible. 

A thermal reaction occurred simultaneously which was considerably slower but yielded the 

same infrared results. The photochemical reaction was distinguishable because of the 

shorter half lives of 240 and 100 minutes for the bromo and chloro analogues compared to 

the half lives of the thermal reaction which were 260 and 22 hours. 

The possible loss of the bromine or chlorine ligand was determined by AES. It 

was found that neither halogen had been ejected from the film. The Auger spectra showed 

a varying amount of halogen in the film, as the film was sputtered. This was attributed to 



preferential sputtering of the halogens. The AES results of the photolyzed films were 

compared to the AES results of a film of NiBr2. The ratio of Ni:Br should themetically be 
2 

constant at 1 :2, however the AES results showed a changing ratio with sputtering. 

Initially the ratio was 1:5, and after 20 seconds of sputtering, the ratio of Ni:Br was 1 :2. 

Furthermore, the AES results of this film showed a substantial degree of carbon and 

oxygen contamination in the film (8.4% and 19.1 % respectively) despite the 20 seconds of 

sputtering. Therefore, the carbon and oxygen detected in the photolyzed films of 

Ni(PEt3)2X2 (X=CI, Br) could also be wholly or partially a result of contamination. 

The precursor films of Ni(PPh3)2X2 (X=CI, Br, and I) did not show loss of ligands 

upon photolysis or by thermal energy. The infrared spectra of Ni(PPh&X2 films 

contained bands at 692 cm-' and a band in the range 743-746 cm-', which both correspond 

to vibrations in the phenyl rings." Both the photochemical and thermal reactions resulted 

in the generation of new bands at 542 cm-'(strong), 724 cm-'(strong) and 1090 cm-' (m), in 

addition to the bands at 692 cm-'(strong) and 747 cm-'(medium). The generation of the 
l.. 

new infrared bands is consistent with the formation of a -PPh30 ligand. By comparison, 

the spectrum of free P P ~ ~ O "  contains a band at 540 cm-'(very strong), 690 cm-' (strong), 

720 cm-' (strong) and 740 cm-' (medium), and 1095 cm-'(medium). Therefore, the 

infrared data is consistent with the formation of Ni(OPPh&X2 upon photolysis (Equation 



3.4 Conclusion 

The photolysis of films of spin coated CpFe(C0)2X, Ni(PEt3)2X2, and Ni(PPh?)2X2 

(X=CI, Br, and I) were investigated. The main objective was to determine if the halogen 
t 

ligands are ejected from the films upon photolysis. The ejection of ligands results in the 

photodeposition of a metal or metal oxide film (the metal film reacting with atmospheric 

oxygen). 4 f 

We were successful in finding a complex which did eject all ligands. Upon 

phdolysis, the film of CPF~(CO)~X produced a film of an oxide of iron. The ratio of Fe:O 

was Bpproximately 1 : 1.4. In contrast, the Auger analysis of the photolyzed films of the 

chlorine and bromine analogues showed that the ratio of Fe:O:Cl or Fe:O:Br was I : I : 1. 

Possible products are the films of FeOCl and FeOBr. The weaker Fe-I bond compared to 

the bonds of Fe-CI and Fe-Br is attributed to the difference in reactivity of the three films 

of CpFe(C0)2X. 

None of the films of the Ni(PEt3)2X2. and Ni(PPh3)2X2 reacted to make films of 

nickel or nickel oxhe. The approximate ratio of 1:2 of Ni:CI and Ni:Br is consistent with 

films of NiC12 and NiBr2. It was not clear that the film of Ni(PEt3)z12 reackAd 

photochemically and therefore, this film was not discussed further. The three films of 

Ni(PPh3)2X2 did not show loss of ligands in the infrared spectra. The spectra of the 

photoproducts were consistent with films of Ni(OPPh3)2X2. 

Results of this chapter do show that it is possible to make films of metal and metal 

oxides by photolyzing spin coated films of halogen containing metal complexes. Further 



studies could identify precursor films that could be used industrially in the photodeposition 

of metal and metal oxide films. 

3.5. Experimental Section. 

Silicon wafers were P-type Si(ll1) and were obtained from Pacific 

Microelectronics Centre. They were cut into approximately 1 x 1 cm2 for the spin coating 

process. All the chips were cleaned in reagent grade CH2C12 before spin coating. The - 
. * 

spin coating was done with a Laurell Technology Co. sFn coater. All,of the films were 

viewed under a Leitz light microscope to assess their quality in terms of crystallinity. 

Fourier transform infrared (FTIR) spectra were recorded with a Bomen MB-120 

spectrophotometer on samples held in an aluminum chamber by steel clips. Ultraviolet- 
B 

visible spectra measurements were obtained with an HP 8452 diode array 

spectrophotometer. Auger spectra were obtained by Dr. Sharon L. Blair. Auger spectra 

were obtained using a PHI double pass CMA at 0.85 eV resolution with 3kV ionization 

electron beams. Sample sputtering was done using 3 kV electron beam of Argon. The 

energy dispersive spectra were done by Dr. Albert Curzon's research laboratory in the 

Department of Physics at Simon Fraser University. 

3.5.1. The syntheses of Cyclpentadienyliron Dicarbonyl Halides CPF~(CO)~X 

(X=CI, Br, I). 



a) The Synthesis of Cyclopentadienyliron Dicarbonyl Chloride - CpFe(C0)2CI. 

This complex was prepared by the literature method of Piper, Cotton and 

To a solution of (CpFe)zFe(C0)4 (0.7032 g) in EtOH (25 mL), and CHC& (10 

mL), concentrated HCI (36-38%) was added (1.5 mL). Air was bubbled into the mixture 

until the red color of the solution became clear (2 h). The solvent was evaporated under 

vacuum, and the residue was dissolved in distilled water (10 mL). The solution was 

filtered and the title compound was extracted from the aqueous media with CHCh (3x 10 

mL). The organic extract was concentrated and petroleum ether was added. The title 

compound crystallized. After cooling, the product was filtered, washed with cold 

petroleum ether and dried under vacuum overnight. 

Analysis for C7H502FeCI. Calcd.: C, 39.58; H, 2.37. Found: C, 40.1 1; H, 2.55. 

b) The Synthesis of Cyclopentadienyliron Dicarbonyl Bromide CpFe(C0)zBr. 

This complex was prepared by the literature method of Hallan and ~ a u s o n . ~ ~  

To a solution of ( c ~ F e ) ~ F e ( C 0 ) ~  (0.7032 g) in EtOH (25 mL), and CHC13 ( 1  2.5 

mL), hydrobromic acid 48% was added (2.5 mL). Air was bubbled into this brown 

solution for 3.5h. The solvent was evaporated under vacuum and the residue dissolved in 

CHC13 (30 mL). The solutiori~was filtered through a pad of neutral alumina and the 

solvent was concentrated. Petroleum ether was added. The title compound crystallized. 

The crystals were filtered, washed with cold petroleum ether and dried under vacuum 

overnight. 
! 



Analysis for C7H502FeBr. Calcd.: C, 32.73; H, 1.96. Found: C, 30.5 1 ; H, 2.0 1.  

c) The Synthesis of Cyclopentaldienyliron Dicarbonyl Iodide CPF~(CO)~I. 

This complex was prepared by the literature method of Piper and  ilki ins on.'^ 

Iodine (0.5 g) was added to a solution of C P F ~ ~ ( C O ) ~  (0.500 g) in CHC13 (75 mL). 

The mixture was stirred at room temperature. After all the iodine was dissolved (0.5 h) 

the chloroformic solution was shaken with an aqueous solution of sodium thiosulphate to 

remove any unreacted iodine. After separation of the two layers, the organic solution was 

evaporated a w q  under vacuum to afford a brown solid. This solid was dissolved in a .  

minimum amount of chloroform and then petroleum ether was added. The title compound 

crystallized. The product was filtered, washed with cold petroleum ether, and dried under 

vacuum. 

Analysis for C7HSO2FeI. Calcd.: C, 27.67; H, 1.66. Found: C, 27.72; H, 1.61. 

d) The syntheses of Ni(PPh3)2X2 and Ni(PEt3)2X2 (X=Cl, Br, I) are described in . 

section 2.5.1. 

3.5.2. Experimental procedpre for CpFe(C0)2Cl. 

The CpFe(CO)2C1 was dissolved in CH2C12 ( 1.4 x 1 o-' M). The ultraviolet-visisble 

spectra of the solution was taken in-a 1 cm x '1 cm cuvette. 

A film of CpFe(C0)2CI was prepared by the method described in section 1.2. The 

film was mounted in the infrared chamber as illustrated in Figure 3.7. 



Figure 3.7. Diagram of the photo-reaction instrumentation and FTIR recording. A. 
Photo-chamber. a. Infrared detector. b. Sodium chloride window. c. 
Silicon chip. d. Thin film. e. ~ t e e i  clips to hold the silicon chip (c). hv. 
Electromagnetic beam (IR). 

An infrared spectrum was obtained of the CpFe(C0)2CI film. Another spectrum 

was taken after the sample remained in the dark and at room temperature for 24 hours. 

The spectrum did not change during the 24 hour period, indicating a thermally stable film. 

A film of CpFe(C0)2CI was also monitored under vacuum, in the dark, and at room 

temperature. After 10 minutes, the film had sublimed in the chamber. 

Another spin coated film of CpFe(C0)2CI was mounted in the infrared chamber 

and put under a nitrogen atmosphere. The infrared spectrum was obtained, followed by a 

timed exposure to water filtered light energy from a mercury lamp. Another spectrum was 

obtained and the experiment proceeded with alternating timed exposures to light 

interrupted by spectral analysis. Spectra were taken after 0, 10,30,55,85, 120, and 270 

minutes of photolysis. 

The film photolyzed from CpFe(C0)2CI was submitted for AES analysis. 

I 



3.5.3. Experimental procedure for CpFe(C0)zBr. 

The c~Fe(Co)~Br  was dissolved in CH3CN (1.5 x 10" M). The ultraviolet- 

visisble spectra of the solution was taken in a 1 cm x 1 cm cuvette. 

7. 

The poceduri for the films of CpFe(C0)2Cl was followed for the films of 

C ~ F ~ ( C O ) ~ B ~  film* The only difference was that the spin coating solution for 
4~ 

CpFe(CO)2Br was in CH3CN and that the timed intervals of photolysis were 9, 17.28, 36, 

- 47, and 62 minutes of photolysis. 

The film of photolyzed CpFe(C0)zBr was submitted for AES analysis. 

3.5.4. Experimental procedure for CPF~(CO)~I. 

The CpFe(CO)21 was dissolved in CH2C12 ( 1.5 x 1 o-' M). The ultraviolet-visisble 

spectra of the solution was taken in a 1 cm x 1 cm cuvette. 

The procedure for the films of CpFe(C0)2CI was followed for the films of 

CPF~(CO)~I film. The timed intervals of photolysis were 0, 15,40,75, 90, and 720 

minutes of photolysis. 

The film of photolyzed CpFe(CO)?Br was submitted for AES analysis and EDS 

. analysis. - 



3.5.5. Experimental procedure for Ni(PEt3)2C12. 

The Ni(PEt3)2C12 was dissolved in CH2C12 (2.06 x lg5 Mzmd 6.67 x lo-"). The' 
0 

ultraviolet spectrum of the solution was taken in a 1 cm x 1 cm cuvette. 

A film of Ni(PEt3)2C12 was prepared by the method described in section 2.5.2. The 

film was mounted in the infrared chamber as illustrated in Figure 3.1. 

An infrared spectrum was obtained of the Ni(PE@2C12 film. Spectra were taken 

after the sample had been in the dark and at room temperature for 24 hours and two 

weeks. The bands of the spectra decreased in intensity with a half life of 22k4 hours, 

indicating thermal reactivity. A film of Ni(PEt&C12 was also monitored under vacuum, in 

the dark and at rQom temperature. After 10 minutes the film had sublimed. 

A spin coated film of Ni(PEt3)2C12 was mounted in the infrared chamber in air. The 

infrared spectrum was obtained, folloyed by a timed exposure to water filtered light 

energy from a mercury lamp. Another spectrum was obtained and the experiment / 

proceeded with alternating timed.exposures to light interrupted by spectral analysis. 
B 

Spectra were taken after 0, 30, 120,300, and 1200 minutes of photolysis. The experiment 

was stopped when the bands had decreased in intensity until they were no longer visisble. 

The half life was 100+20 minutes. 

The film photolyzed from Ni(PEt3)2C12 was analyzed by AES. 



Experimental procedure for Ni(PEt&Br2 

The procedures followed for the experiments 
\ 

with the complex Ni(PEt3)2 

the same as the procedures followed for the experiments with Ni(PEt3)2CI2. The \ 
ultraviolet Spectrum was obtained from of solutions of 1.93 x I@' M and 4.85 x id-' M. 

i 
1 

The half life of the thermal reaction was 26W30 hours. The photochemical reactibn had a 
i 

half life of 24Ok30 minutes. Spectra were taken after Qr20, 90, 150, 2 10, 3 10, aid 1750 

minutes of photolysis. It was observed that the photoproduct was deliquescent. The 

photoproduct was analyzed by AES. A sample of ~ i ~ r 2  was also analyzed by AES to 

compare with thephotopsodW of Ni(PEt3);?Br2. 

-5 

3.5.7. Experimental procedure for Ni(PEt3)212. 

The ultraviolet spectrum of the Ni(PEt3)2I2 in CH2CI2 (2.16 x 10' M and 6.49 x 

M) was obtained. The infrared spectra however were difficult to interpret however 
* 

because the intensity of the bands were low in comparison to the noise. Further 

experiments were not done on the films of Ni(PEt3)212. 

3.5.8. Experimental procedure for Ni(PPh3)2C12. 

~ h &  ultraviolet spectrum of the complex of Ni(PPh3)2C12 in CH2C12 ( 1.54 x 10.' M 

and 6.02 x M) was obtained. The procedure of experiments of the spin coated films 



of Ni(PPh3)2C12 were the same as they were for the films of Ni(PEt3)2C12 except that the 

'photoproducts of Ni(PPh3)2C12 were not analyzed by AES. During photolysis spectra 

were obtained at 0,7,32,72, 130, 190; and 1070 minutes. The final spectrum contained 

new bands which were not present in the initial spectrum. 

3.5.9. Experimental procedure for Ni(PPh3)2Br2. 

The ultraviolet spectrum of the complex of Ni(PPh3)2Br2 in CH2Cl2 ( 1.44 x 10-% 

and 5.30 x M). 

The procedure of experiments of the spin coated films of Ni(PPh3)2Br2 were the same as 

they were for the films of Ni(PEt3)2C12 except that the photoproducts of Ni(PPhq)2Brz 

were not analyzed by AES. Infrared spectra were taken at 0, 20,80, 160, 2 10,400, 850, 

and 1 100 minutes of photolysis. 

3.5.10. Experimental procedure for Ni(PPh3)212. 

The ultraviolet spectrum of the complex of Ni(PPh3)21z in CH2C12 ( 1.58 x M 

\ 

and 5.64 x lo-' M). 

The procedure of experiments of the spin coated films of Ni(PPh3)212 were the same as 

7 were they were for the films of Ni(PEt3)2C12 except that the photoproducts of Ni(PPh3)21, 

not analyzed by AES. During photolysis spectra were obtained at 0, 1 1,49, 98, 168, and 
4 

368 minutes. 
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