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Abstract

Spin coated thin films of metal complexes serve as useful precursors in the
photodepositi;)n 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(PEt;). X, and
Ni(PPh;),X;. It was found that controlling the outcome of spin coating a film inv;)lves a
complex combination of variables. Low spin speeds (<500 rev/min) produced thicker
films. However, the resulti;lg films were in a crystalline phase; and amorphous films are
preferred for photochemistry. Fortunately, the degree of crystallinity in the film was a]so.
affected by the ligands on the metal centre. For example, films of the relatively large
tetrahedral Ni(PPh;),l; did not crystallize as readily as the films of the relatively small
square planar Ni(PEt;),Cl;. Thicker films were also produced when the complexes were
spin coated from high concentration precursor solutions made with solvents of low boiling
point.’ Compaa_;iéc;ns of the results of the conditions of spin coating were made with
studies of spin coated polymers. Qualitatively, the results matched in spin speed 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),X, Ni(PEt;),X; and Ni(PPh;).X, (X=Cl, Br, I)

were photolyzed. The main objective of the study was to determine if halogen ligands are
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- ejected upon photolysis. Analysis by energy dispersive spectroscopy and Auger electron
spectroscopy of a photolyzed ﬁlrﬁ of CpFe(CO).I indicated that the film had reacted to

' for:rn an oxide of iron. Thg halogen ligands were not likewise ejected from the films of
CpFe(CO),Cl and (vépFe(CO)gBr. This was attributed to the stronger Fe-Cl and Fe-Br

' bonds compared to the bond strength of Fe-I. None of the films of r;ickel complexes
formed metal or metal oxide films. The photochemistries of these complexes were
complicated by simultaneous thermal reactions. The thermal and photochemical reaction
of Ni(PEt;).I, were not clearly distinguished and therefore conclusions were not made or;
this compound. Analysis of the photoproducts of the films of Ni(PEt;),Cl, and
Ni(PEt;),Br, showed the films were consistent with films of NiCl; 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(PPh;), X, resulted in the formation of the Ni(OPPh;),X; for all three analogues. Upon
phoiolysis of the films of Ni(PPh;).X;, infrared bands appeared that are consistent with
OPPh;. The success of producing an oxide of iron by photolysis of a film of CpFe(CO).I
demonstrates that metal complexes with halogen ligands are viable precursors in the

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

This thesis presents an investigation of the variables that affect the thiékness and
morphology of thin films spin coated from metal complexes in solution. Studies on nickel
complexes of the type Ni(PR;),X- (R=Et, and Ph; X=ClI, Er,ﬁand I) were investigated 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 ligands. Their potential as precursor films in the photoproduction of metal and
meial oxide films is asses§ed. The complexes for the films in the photochemistry study
include Ni(PR;).X; and CpFe(CO).X (X=Cl, 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 thé chdracteristics
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 techniques

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 mos 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 all 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 madé. 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 vapo;r phase for transport to a
selected substrate. The energy source to vapourize the solid may be heat, or a beam of
electrons, photons (laser ablation), or positive ions (sputtering).”” The vapour then
condenses on the substrate. The transport of atoms or molecules can occur in vacuum or
in high pressures.’

b. Chemical Vapour Deposition (CVD):*** In CVb, 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 to the substrate

can occur via a vacuum. at high pressures or within a plasma.” > CVD s activated or

|29



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

For example, films of Gallium Arsenide (GaAs) can be made by this tcachnique:.5

c. Spin Coating:® A solution of a metal complex, or a polymer in liduid 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 Ieffr
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

drops of solution

spinning sili!con‘chip

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. In the case of the mechanical mask and stencil,
the val;our or gas condenses on the substrate through patterned areas.” An alternate
method for patterning films made by photoassisted CVD, is beam writing. Light is
focuscd on the photosensitive vapour in the design of the desired pattern. The only
molecules tﬁat react and condense to form a film are those in the path of the beam.” The
disadvantage of these methods is that the resolutions achieved are not always sufficient for
applications in microelectronics.

Industry currently uses photolithographic masks and photosensitive polymer films
called photoresists in order to achieve high resolution patterns of metal and metal oxide
films made py 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.'®



solvent

plasmaor C)
A (6 acid treatment l
: acetone cn B S
m—-- e
3] D)

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 ﬁln;, _ ‘
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 melaféﬁdg(ﬁgure l.g;Dz; The remaining polymer film is then
nnsed away with acetone. The fmal product (ﬁgurel .2.E) 1s 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. In contrast, a much shorter method is the photolithography of
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an inorganic complex to produce a patterned film of a metal or metal oxide. Figure 1.3

outlines the latter process.

[€)

(A)

Figure 1.3 Photolithographic processing of an inorganic complex.

A thin film of an inorganic complex, obtain;d by the spin coating technique on a
subétrate. 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
(figure 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 making patterned thin films of metal or metal oxides by
photolithography of iﬁorganic 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 wéuld 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 thickness and film
morphology are two important characteristics of the film which need to be more

controllable to make the technology transferable to industry.
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1.4. The importance of the film thickness and film quality.

e

One of the important characteristics of a thin ﬁim is its thickness.’> For eXample,
conductance of electricity thfough a thin film is dependent on the thickness of the film. If
-the film is too thin, the resistance of the film is very high. Therefore. in microelectronic
devices, the ideal film must be sufficiently thick tobe 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 contrast films which are optically crystalline do not readily photoeject ligands. A lattice
structure is highly ordered and rigid, making it difficult for dissociated ligands to escape

N

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.

.Thg variables of spin coating were studied by making a series of films of six
different metal complexﬁes under various conditions. The complexes were Ni(PEt;).X. and
Ni(PPh:).X, (X=Cl, Br, I). These complexes provided a set of molecules with trends in

14-21

size, and geometry ~ - that can be compared to the trends found in the spin coated films of
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these cemplexes. Film thickness and the morphology were examined after the films were
spin coated undér different conditions. Infr';]red spectra of the films were used to
determine the thicknesses of the films and a light microscope was used to examine the
morphologies. Parameters of spin spegd, solution concentration, and solvent properties
were examined to find correlations with the resulting film thicknesses and film

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
efficiency of the photoejection of the halogen ligands from the films to form films of xﬁetal
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.

hv
ML, X, ™™ M+mL +nX , (1.1
nM + mO» MnOZrn (12)

The photochemistry of films of Ni(PEt;),X; and Ni(PPh;),X; and CpFe(CO),X
(X=Cl, 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 faken of the films.
The intensities of the infrared bands were monitored until the spectra remained cohstant
with exposurre to light. Those photolyzed films which had infrared spectra that wefe
consistent with a metal or metal oxide film weré further analyzed by Auger electron '
spectr9§copy (AES), and in one case by energy dispersive spectroséopy (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 films 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 oné of the outer electréns. 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.



Auger

Electron

L; ~_ ~
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Lz VY Fai

o/ \_/F i |

Electron
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K N
AN —/

: \ Fjected Electron

Figure 1.4 Schematic diagram of the Auger process notated by KL, sL,3.% *

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 iﬁ energy from a higher
energy level to fill the core hole. The energy release from this process provides kinetic
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.% %

EA=E1-E2-E3-U (] 3)

Ea=kinetic energy of the Auger electron \
E,=binding energy of the electron that is intially ejected
E.=binding energy of the electron that drops into the created hole
E;=energy of the detected Auger electron

U=hole-hole repulsion energy

10




" The method of quantifying results of Auger electron spectroscopy uses the
~~‘sénsitivity of elements determined by standards elemental samples. Equation 1.4 is zippliéd

to determiine the relative quantities of the elements.

C=(/SHIZA/S) (1.4)

“

Ci is the concentration of the ith component

S; is the ith elemental sensitivity factor

Ii is the current of emitted Auger electrons

Z(Ii/S;) is the summation of (I;/S;) ratio of all elements detected in the

Auger spectrum
Energy dispersive spectroscopy (EDS) cah also be uséd to analyze the relative
amounts of elements of a solid surface.® 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.

11
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2. ' Optimizing the Conditions of ﬁSpin Coating Metal Complexes

2.1. Introdpction

Variables which affect the thickness and morphology of spin coated thin films
cast from metal compiex 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)ZXZ‘and Ni(PPh,),X, (X=Cl, Br, I). This set of molecules follow a trend in size,

12-18,25-31

polarizability, anZi geometry that may result in 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 reasonablé set of .
variables to investigate because these same variables have been found to affect the

#1833 The extent to which each variable has

thickness of spin coated polymer films.
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.. First a spectrum was obtained of the

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

3
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and{disti'nguish them from any bands due to solvent trapped in the film.. The bands were

at p(eig)”727 cm’ (strong), p(CH,)"'764 cm (strong), and v(P-C)"'1034

cm’ (strong). A film of Ni(PEt,),Cl, was made by the technique described 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 bapgis“&in the spectrum were found at 727 cm™ (strong), 764

cm’ (strong), and 1037 c?n" (strong). The error of the infrared instrument is ¥4 cm™ and

therefore, the spectrum of the film of Ni(PEt,),Cl, matches the spectrum of Ni(PEL,),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 resutlts 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(PR,),X, a.) in a KBr pellet, b.) as a film.

Complex p(CH)” p(CH,)” v(P-C)”
Ni(PEw,),Cl, 727(s), 727 (s) 764(s), 764 (s) 1034(s), 1037 (s)
Ni(PE%}})ZBrz 721(s), 721 (s) 762(s), 762 (s) 1034(s), 1034 (s)
Ni(PEL).L, 718(s), 721 (s) 764(s), 762 (s) 1030(s), 1034 (s)
vibrations of the vibration of the v(P-C)*

. phenyl ring*® phenyl ring* L
Ni(PPh,).CL 692(s), 696 (s) 746(s), 743 (s) 1095 (m), 1090 (w) -
Ni(PPh,),Br, 692(s), 694(s) 745(s), 747(s) 1096 (m), 1097(m)
Ni(PPh,).1, 692(s), 692 (s) 743(s), 743 (s) 1096 (br, s), 1096 (s)

13



Figure 2.1. Infrared spectrum of Ni(PEt,),Cl,
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Figure 2.2. Infrared spectrum of Ni(PEt,),Br,
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Figure 2.3. Infrared spectrum of Ni(PE,),1,
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Figure 2.4. Infrared spectrum of ‘I\Ii(PPh;)zCl2
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Figure 2.5. Infrared spectrum of Ni(PPh,),Br,
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Figure 2.6. Infrared spectrum of Ni(PPh,),L,
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2.2.2. Beer Lambert plots of the cornplexes.

The average relative thicknesses of films were measured using infrared spectra of
the films. Beer-Lambe‘rt plots were made to convert the intensity of the absorbance
bands of the spectra, in absorbance units, fo thickness, in molecules per Angstrom
squared (molecules/A%) 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(PEt,),Cl, 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 solutions and film

thickness of spin coated films.

A series of spin coated ﬁlrrzs of Ni(PEL,).Cl, were made from solutions of
different concentrations of Ni(PEt,),ClL, in CH.Cl, 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 units/M to 86.5 molecules/A™M using the extinction coefficient obtained

from the Beer Lambert plot. The error bars (£0.002 abs. units) of the data were

17



determined by measuring the maximum differences in baseline intensity between the
spectra.

Figure 2.7. Graph of absorbance vs. concentration of Ni(PEt,),Cl,

Absorbance (Abs. units)
:
L]

0:00 0.01 0.02 0.03 0.04 0.05 0.06
Concentration of Precusor Solution (M) ‘

Som A A '] A

The converted slopes of the six nickel complexes are listed in Table 2.2. The
table reveals that the spin coated films of Ni(PEt,),Cl, and Ni(PPh,).1, yield the thickest
films at a given concentration. The remaining four complexes were substantially thinner

and were comparable in thickness to each other.
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Table 2.2. Table of extinction coefficients and dependence of film thlckness on |

precursor solutlon concentration.

Compound | Infrared Band | Extinction Coefficient | Average Thickness
(Absorbance units - (molecules/A*M)

’ | /(rrLglecule_ngZ_) - "

Ni(PEt,),Cl, | 1037 cm’! 0.0032:+0.0006 110420

Ni(PEt,),Br, |762cm’! - | 0.008+0.002 5013

Ni(PEt,),1, 760 cm! 0.0050+14 57+16

Ni(PPh,),Cl, | 696 cm-1 0.0080%13 © | 80430

Ni(PPh,).Br, |692cm! 0.0150+.0015 3245

Ni(PPh,).1, 692 cm-! 0.0058+0.0010 10020

2.2.4. The relationship between spin speed and film thickness.

A series of spin coated films were made of Ni(PEt,),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

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

(£0.002 abs. units) were determined by the difference in intensity of the baselines

between the spectra.
b

>
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Figure 2.8. Graph of Absorbance versus Spin Speed for Ni(PEt,),Cl.,.
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The data points at spin speed = 200 rpm and abso;bance = 0.004 abs. units; and
spin speed = 600 rpm and absorbance = 0.0038 abs. units are af lower thicknesses than
what the overall trend indicates. An expianation for their relative thickness is due to the
morphology of the film. Spin coated films of Ni(PEt,),Cl, 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.r For the
purposes of further ;na.lyses these two points will not be used.

The same proce:dure was followed for all of the complexes of Ni(PE,),X, and
Ni(PPh,),Cl, (X=Cl, Br, and I). The graphs of absorbance versus spin speed were the

same as that for Ni(PEt),Cl,. Film thickness was dependent upon spin speed when the
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film was spin coated at speeds of 50-500 rpm; and there was no measurable dcperidency

on spin speed in speeds of 500-4000 rpm.

% N

2.2.5. The viscosity of the precursbr s‘iahiﬁons.

The viscosities of .the Ni(PR,),X, /CH,CI, solutions at approximately the sava
concentration we‘re measured by a Canon Fenske routine viscometer. The results are
listed in Table 2.7 of thg experimental section. A significant difference was not found in
the viscosities amongst the solutions and therefore the data is not useful in det;nnining if

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

2.2.6. The solubility of the complexes in CH,Cl..

The ultfaviolet-visible spectrum of 6.39 x10° M of Ni(PEt,),Cl, in CH,Cl, was
taken. The extinction coefficient was e= 0.926 mm" M at A=664 nm. Excess
Ni(PEt,),Cl, was mixed in CH,Cl, 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.
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Table 2.3. Solubilities of the complexes in CHzClzl

Comrmunq Solubilit ) at
2042°C
Ni(PEt,),Cl, 0.998
Ni(PEt,),Br, 0.709 )
Ni(PEt,),], 0.055
Ni(PPh,),Cl, 0.01488
Ni(PPh,) Br, 0.077
Ni(PPh,).1, 0.056495

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

precursor solution.

Solutions of Ni(PEt,),Cl, in CH,Cl,, CH,COCH,, CHCl,, CCl,, and CHQCICH':CI
were made at 0.05530.005 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 (10.002 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 Handbook.™
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Figure 2.9. Film thickness as a function of solvent of solution for Ni(PEt,),Cl,. -
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Legend: 1=CH,CI, (b.p.= 39.8-40.0 °C ), 2=CH,COCH, (b.p.= 56.2°C)
3=CHCL,(60.5-61.5 °C), 4= CCl,(76.7+1.0 °C), 5=CH,CICH,CI (83 °C)

The same procedure was followed for 0.05540.005 M solutions of Ni(PPh,),L, in .
CH.CI,, CH,COCH,, and CH.CICH,CIl. The results are given in the bar graph of figure

2.10.
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Figure 2.1’0, Fllm thickness as a function 'Of:.sqlxv;ntr gf _sdlution for N1(PPh,),I‘ o
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Legend: 1=CH,Cl, (b.p.= 39.8-40.0 °C), 2=CH,COCH, (b.p.= 56.2°C),

3=CH,CICH,CI (83 °C)

In the case of the Ni(PEg)ZCII, 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 films, had the highest boiling points. . |

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

(b.p.=39.8-40.0 °C) resulted in the thickest film, however, use of CH,CICH.Cl (83 °C)

produced a thicker film than CH,COCH, (b.p.= 56.2°C).
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'2.2.8. Morphology of the Films.

A filrp of Ni(PEt,),Cl, was made by the spin coating method described in section
1.1. The concentration of the precursor solution was 0.018 M of Ni(PEL,)ZCI; in CH3C12
and the spin Speea was 1700 rpm. Examination of the reéulting film by light microscopy
revealed that the film was crystalline in 85-’.:15% of the area. The measurement of the
morphology is a subjective deter;nination that was arrived at after examining numerous
di}ferer;t films. | |

The same experiment 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 0.018 M was selected because it is a concentration within the rangé that
all six nickel complexes are soluble. Furthermore, 0.018 M is of sufficiently high
concentration to produce reasonably thick films (section 2.2.3). The spin spegd_of{ 1700
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 2.2.4). Films of '
the complexes of Ni(PEt,),Br,, Ni(PEt,),L, Ni(PPh,),Cl,, and Ni(PPh,),Br, appeared to be
crystalline in 50+25% of the area of the film; and films cast from Ni(PPh,).1, appeared té)

be cry.stalline in 10+5% of the area. -
Films of all of the complexes were additionally examined when cast at a variety

of other speeds betw&ﬁ;%o and 4000 rpm. The results found for films cast at 1700 rpm -

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

complexes produced films with 85+15% crystallinity when spin speeds were 50-500 rpm.‘
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2.3.’ Discussion

The nickel complexes of Ni&PEts);X2 and Ni(PPh,), X, (X=Cl, Br, and I) were spin
coated into thin films under several different conditions. It was found that the film
thickpesses and ﬁlrﬁ morphologies were determined by a combination of concentration of
the precursor solﬁtion, spin speed, solvent type, and the nature of the metal complex
being spin coated. Many of the results will be compared to similar studies made‘on

polymer films.” ¥ “*

2.3.1. Methods of Measurements

The thicknesses of the Ni(PEt,), X, and Ni(PPh,),X, films were determined with
absorbance infrared spectra of the films. The intensities of the absorbance bands were
correlated to measurements of thickness in molecules per Angstrom squared
(molecu]es/Az) by using a Beer Lambert 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.' ™ o See Table 2.1 for the list of the
infrared absorbance bands used in this thesis.

‘One of the advantages of usin>g Beer Lambert plots of infrared spectra to
determine the thickness of the films is that an average thickness within an arearof 7.8 x
10" A’ was determined. By contrast, the commonly used stylus method' and method by

interferometry’. give the thickness measurement for a localized area of a film. The
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purpose of the study was to determine trends in film thickness and therefore, an avefage
thickness over a larger area of each film was more useful in making comparisons of film
thickness amongst the films.

Another advantage of measuring film thickness by the intensity of the infrared
bands 1s 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
molecules/A’ multiplied by the density of the molecules. Measuring film thickness in
units of length is nét 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
' cor;plexes would in that case skew the results of film thickness trends.

The limitation of measuring film thickness with Beer Lambert plots of infrared
spectra is that the morphology of the films made for th¢ Beer Lambert plots differ from
the moi'pho]ogy' of spin coated films. The films made for the Beer Lambert plots cannot
be made by spin coating because an indegemiinate 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
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circumstance was consistent among the films of all the complexes so that it was still
pdssible to determine thickness trends amongst the six complexes.

The method of examining the morphologies of the films was by observation
through a light rnicroscobe. The method is comparable to the methbd in geology of
petrology or petrographic microscopy. Webster's dictionary defines petrography as ‘the
description and systematic Classification of rocks, usually based on microscopic study.””
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
hypocrystallin:;: which means the samples are entirely crystaliine, entirely glass, or a
mixture or crystals and glass respectively.” The ;amples 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 all tested for their affect upon the
thicknesses of the spin coated films of the nickel complexes. In studies of polymer

6 101628 3316

films . these three variables have been found to play a significant role in

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

5. . . . .
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,pfoperties of the spin coated nickel complex films with the
properties of‘ spin coated poiymer films, the methods of making spin coated films will be
clarified. The pé‘iymeric%spih coated films described in the literature were produced by
pipetting a polymeric solutién onto a stationery wafer which was then accelerated to the
quoted final spin speed.”* 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 cbmplex 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 literature,” 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.

I=kc*w* | 2.1

[=film thickness

k=constant

29



c=solute concentration

w=rotation speed

a=0.5

Meyerhofer’ further investi gated Damon's eé]ixation and found that when @=0.5 (in
low”), the equation is applicable to systerhs with a volatile solvent. Furthermore, a is
larger than 0.5 for solutions with non volatile solvents (for example a=0.67). Lai’’ 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 Damon’” and

Meyerhofer.**

In measuring the thicknesses of the films of nickel complexes as a function of
concentration of precursor solution, (spin spéed @= 1700 rpm), it was found that film
thickness was greater when made from solutions of higher concentration (seétion 2.2.3).
The exact relationship of thickness and concentration of the precursor concentration can
be detgnnined by comparing the results to Damon’s equation. The equatio’ﬁ@nera]ized
to Equation 2.2 for purposes of testing its applicability to spin coated films of inorganic
complexes.

I= kc*o* | (2.2)

b= 2 for polymer films
This equation is further transformed by applying natural logarithms.

Lnl = Ln (k'@®) (2.3)

Inl=Lnk+blnc-alnw (2.4)
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Under conditions of constant spin speed, Equation 2.4 can be simplified to Equation 2.5
where the factors in parentheses a;e a constant.

Lnl=bLnc+(Lnk-alnw) (2.5)
By transforming Damon’s equation to the format of Equatibn 2.54, thé e;];latioﬁ can be
used to determine the relationship of thickness to concentra.tion of the precursor solution
of t'he inorganic complexes. The slope of a graph of Ln / versus Ln ¢ (Ln Absorbance
versus Ln Concentration) for each complex yields the corresponding value of b. The
graph of Ln / versus Ln ¢ for the spintoated films of Ni(PE,),Cl, is given in Figure 2.11.
The line on the graph was determined by a linear regression fit. It’s value for b is
1.9240.19.

Figure 2.11. Graph of Ln Absorbance vs. Ln Concentration of Ni(PEt,),Cl,
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Table 2.4 lists the b values of the graphs of Ln Absorbance versus Ln . g *

Concentration for all the films of the set of nickel complexes. Except for the film of
Ni(PELt,),CL, the films had slopes closer to 1.00 than to 2.00 as ’in the case of polymer
| films. Therefore for Ni(PEt,),Br,, Ni(PEt,),I, and Ni(PPh,),X, (X=Cl, Br, and I), the
relationship of film thickness to concentration is approximately lotc.

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

Compound Slope

Ni(PEL),Cl, 1.92+0.19
Ni(PEt,),Br, 1.32+0.08
Ni(PEt,),L, 1.15£0.14
Ni(PPh,),Cl, 0.99+0.18
Ni(PPh,),Br, 0.73+0.06
Ni(PPh,),1. 1.05+0.07

The results of spin coating inorganic films at different spin from solutions of
constant concentration (0.018 M) were initially graphed as Thickness versus Spin Speed.
Figure 2.8 shows the graph for the films of Ni(PEt,),Cl,. The graphs for a]l 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 (0.018 M), the factors in parentheses of Equation 2.6

are constant.
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Inl=-alnow+ (Lnk+blLnc) (2.6)
The a value for a given complex is derived from the slope of a graph of Ln / versus Ln )
. Figure 2.12is of:the graph of Ln / versus Ln o for Ni(PEt,),Cl,. The straight line is
made using a linear regression fit. The corresponding a value is O‘.37i0.0»5ﬂ.’ |

Figure 2.12. - Logarithmic Spin Speed Graph of Ni(PEt,),Cl,
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Table 2.5 lists the a values found for the films of Ni(PEt,),X, and Ni(PPh,),X..
The a vélués for the three Ni(PPh,).X, complexes are in the range of 0.5 t0 0.6. In
contrast, the films of Ni(PEt,).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

greater number of molecules on the surface of the silicon substrate than the films of the

tniphenylphosphine analogues as a function of spin speed.
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~ Table 2.5. The a values of the nickel complexes.

Complex a Values

Ni(PEL).Cl, 0.3740.05
Ni(PEL,).Br, 0.3720.19
Ni(PEL).L 0.2740.13
Ni(PPh,).CI, 0.57+0.21
Ni(PPh,) Br. . | 0.4740.06
Ni(PPh,),L 0.66£0.10

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,).Cl, are presented in Figure 2.13. Figure 2.13 is a graph
of Ln ! versus Ln (c’®°) where b= 1.92+0.19 and a= 0.3740.05. The data was fitto a

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



Figure 2.13. Graph of Ln [ vs. Ln ¢*w" for Ni(PEt,),Cl..
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The variables a, b and k of Damon’s generalized equation indicate that there are
additional vanables which contribute to determining the film thickness. The thickness of
spin coated films, whether they be films of polymers or inorganic complexes, 1s
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

&#4447 include the viscosity, density,

higher volatility. Other important variables
surface tension and vapour pressure of the precursor solution; the wind velocity,

humidity and temperature of the surrounding air; and the workpiece temperature, the
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nature of the polymer or solute, and the nature of the substrate. These variables are

reflected in the values of @, 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 éo]vents were used.

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

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

(CH,C1,, CH,COCH,, CHCI,, CCl,, and CH,CICH,Cl). In the three solvents that the

Ni(PPh,),I, complex was tested in, the thickest to thinnest films (Ni(PPh,),L, in CH.CL,,

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

the solvent that yielded the thickest film (CH,Cl,) 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,),Cl, or Ni(PPh,).L.

Table 2.6. Physical properties of solvents of precursor solutions.™

54

Solvent Heat of Vap. Boiling Point Density 25°C Viscosity (cp)

CH-.Cl, 7572 cal/mol 39.8-40.0 °C 1.325 g/ml 0.393 (15 °C)

CHCl,4 7501 cal/mol 60.5-61.5 °C 1.4460 g/ml 0.58 (20 °C)

CH,CICH,Cl 7951 cal/mol * 83 °C 1.256 g/ml 0.800 (19.4 °C)

CCl, 8272 cal/mol 76.7+1.0 °C 1.583 g/ml 0.969 (20 °C)
7629 cal/mol

BuOH 10971 cal/mol 117.2 °C 0.8098 g/ml 2.948 (20 °O)
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Films made under the same conditions using different complexes, yielded films of
different thicknesses. For example the films of Ni(PPh,),1, and Ni(PEt_,)zgfl2 were thicker
than films of the remaining four complexes. The Ni(PPh,),L, is the largest molecule out -
of the series of six complexes and the Ni(PEt,),Cl, is the smallest. . Their geométries are
different as well. X-ray analyses and analyses by magnetic susceptibility presented in the
literature indicate that the Ni(PEt,),Cl, has square planar geometry (as do the bromo and
iodo analogues)”**** while the Ni(PPh,),L, has tetrahedral geometry (as do the chloro
and bromo analogues).” ™ The solubilities for Ni(PPh,),I, and Ni(PEt,),Cl, in CH,Cl,
(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(PPh,).I, and
Ni(PEt,).Cl, are thickest for different reasons.

The films of Ni(PPh,),1, and Ni(PEt,),Cl, also differed in their morphol’ogies:
Upon spin coating, the molecules of the Ni(PEt,),Cl, readily formed optically visible
crystals on the substrate. However, the molecules of the Ni(PPh,),I, did not. The
remaining four nickel complexes sometimes appeared as crystals and sometimes not.

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
ceﬁtrifuga] force (see Equation 2.7”). Except in the case of Ni(PEt,),Cl,, the quickly
formed resultant film appeared amorphdus. 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
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remains on the wafer longer. Films dry more slowly affecting the morphology of the

resulting film.

F=mw'r (2.7
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 applying the
technique to industry, particularly for photolithographic applications.

The ideal thickness and morphology Qf 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 Damon’s equation
(Equation 2.2 /= kc’w™). 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,).L, showed a stronger resistance to crystallizing and the films of the Ni(PEt,),Cl,
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-always appeared crystalline. ‘High prect;rsor solution concentration ,producéd‘ films of

greatest thickness a;’;éémons'trated by the results in Table 2.2 and Tablc 2.4. The values 7
of a, b and k reflect other factors that influence filin thickness. ‘So’me of fhese’ factors |
may include viscosity, density, surface ten‘s;ion and vapol;r pressure of the precur;or
solution; the wind velocity, humidity and temperature of ihe»surrounding air; and thé ‘
workpiece témperatt;re, the ~nat;1re of the polymer or solufe, and’ the nature of the
substrate.

There are different di(g;ctioﬁs for future étudies of the film thickness of spin
coa.ted films of inorgaﬁic 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 ADamon’s‘équation is applicable is not fully
understood; therefore the application of fundamental physics equations can be explored

to develop more sofihisticated theories of the dynamics of spin coating inorganic

complexes.
2.5. Experimental Section

'Silicon wafers were ’P-type Si(111) and were obtained from Pacific
Microelectronics Centre. They were cut into approximately 1x1 cm’ 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 Laurell Technology Co. spin coater. All of the films were
viewed under a Leitz light microscope to assess their quality in terms of cfystallinity.

Fourier transform infrared (FTIR) spectra were recorded with a Bomen MB-120
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spectrot)hqtometer on samples held in an aluminum chamber by steel clips. Ultravidlet-
visible spectra measurements were obtained with an HP 8452 diode array
spectrophotometer. The viscosity of the nickel comple)'(es solutions were determined at
22°C using a Cannon-Fenske Routine Viscometer (size 35, viscometer #1434). The
elemental analyses were carried out at the Micro Analytical facility of Simon Fraser

.

University.

2.5.1. Syntheses of nickel (II) complexes - Ni(PR,),X, -
{
(a) Synthesis of Bis(triethylphosphine)dichloronickel(II) - Ni(PEt,),Cl,

This complex was prepared by the method of Jensen."

To a solution of NiCl,6H,0O (0.5016g, 0.002 moles) in ethanol (20 mL), PEt, (0.6
mL, 0.004 moles) was added under a nitrogen at;xlosphere. 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 th-at 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, CLNiP,: C, 39.61; H, 8.31. Found: C, 39.54; H, 8.27.

127730

(b) Synthesis of Bis(triethylphosphine)dibromonickel(Il) - Ni(PEt,),Br,

This complex was prepared by the method of Jensen."

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

mL, 0.01 moles) was added in a nitrogen atmosphere. Crystals appeared instantly. The
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solvent was evaporated under vacuum to afford a purple/brown solid. The pure title
compound was crystallized from ethanol.

-t

Anal. Calcd. for C,H,Br.NiP,: C,31.69; H, 6.65. Found: C,31.79; H, 6.72.

(c) Synthesié of Bis(triethylphosphine)diiodonickel(II) - Ni(PEt,) I,

~ This complex was prepared by the method of Jensen."”

o “~Toa solution of Nil;6H,O (0.005 moles, 2.1 g) in ethanol (15 mL), PEt, (1.5 mL,
0,01_vmoles) was added in a nitrogen atrﬁosphere. Brown crystals were collected from the
slurry and dissolved in 2 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.

¥ -

Anal. Calcd. for C H,LNiP,: C, 26.26; H, 5.51. Found: C, 26.12; H, 5.50.;'

(d) Synthesis of Bis(triphenylphosphine)dichloronickel(II) - Ni(PPh,).Cl,

This complex was prepared by the method of Venanzi."

Glacial acetic acid (25 mL) was added 'to NiClz'6HzO (1.19 g, 0.005 moles)
dissolved in distilled water (1mL). Tripheny]phosphine (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
mi);ture was cooled and the resulting fine blue/grey crys:als were filtered and washed
with cool glacial acetic acid. The crystals were dissolved in glacial acetic acid with
gentle heafing and then crystallized. After filtering and washing with cold glacial acetic

acid the crystals were dried under vacuum.
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Anal. Calcd. for C,H,CLNiP,: C, 66.10; H, 4.62. Found: C, 65.77; H, 4.71.

(e) Synthesis of Bis(triphenylphosphine)dibromonickel(II) - Ni(PPh,) Br,

This complex was prepared by the method of Venanzi." J

NiBr.3H,0 (1.36 g, 0.005 moles) was dissolved in n-butanol by heating the
mixture to the boiling point. A boiling solution of triphenylphosp‘hin‘e (2.62g.0.01
moles) in n-butanol was added to the nickel solution. Upon cooling there was formation
of green crystals which were sub&sequently filtered and then crystallized from n-butanol.
" 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(triphenylphosphihe)diiodonickel(il) - Ni(PPh,) 1,

This complex was prepared by the method of Venanzi."

To a solution of Ni(NO,),6H,0 (1.5 g, 0.005 moles) in nitrogen bubbled n-
butanol (50 mL), finely crushed potassium iodide (2.5 g, 0.015 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
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. Caled. for C,H, LNiP,: C, 51.66; H, 3.61. Found: C, 52.52; H, 3.53.
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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(PR,),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 CH,Cl, (1 mL of 0.018 M solution) was dispensed onto the
spinning silicon chip. The chip was spun until the solvent had eyaporated (1-2 minutes)
and the resulting Ni(PEt,),Cl, film appeared dry.

2.5.3.- The morphology of the spin coated fill'ns.

Sets of spin coated films of Ni(PEt3)2C12 were observed under an opfical
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 wi:th a
0.018 M solution, and the other set of films was cast at éconstant spin speed of 1700 rpm
at from solutions of concentrations of 0.012-0.048 M. ﬁ

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

Ni(PPh,).X..
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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,),Cl, is an illustrative
example. The procedure is described below.

A solution of Ni(PEt,),Cl, (0.0034 g) was prepared in CH,Cl, (2 mL) and a drop
of the solution (3 pL) was dispensed onto 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/A’. The infrared spectrum of the entire
film was recorded‘. The same procedure was repeated several times to build up a thicker
film. The ir{frared band at 1037 cm’ was used to plot the calibration curve of absorbance
versus film coverage (molecules/A’ ). The slope of this calibration curve (0.00333
absorbance units A*/molecule) is the extinction coefficient used to convert band intensity
of the infrared spectra of the films, to film thickness in molecules/A*. The error bars
associated with each data point (30.002 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(PR,),X, complexes. Figures
2.14 t0 2.19 are the spectra and the corresponding Beer Lambert plots of the nickel

L

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



Figure 2.14. The Beer Lambert plot of Ni(PEt,),Cl,.
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Figure 2.15. The Beer Lambert plot of Ni(PEt,),Br,.
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Figure 2.16. The Beer Lambert plot of Ni(PE,).L.
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Figure 2.17. The Beer Lambert plot of Ni(PPh,),Cl,
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Figure 2.18. The Beer Lambert plot of Ni(PPh,),Br,.
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Figure 2.19. The Beer Lambert plot of Ni(PPh,),L.
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Table 2.7. Extinction coefficients of Ni(PR,).X,.

Compound” Infrared Band | Extinction Coefficient
(Absorbance units
/(molecules/A2)
Ni(PEt,),Cl, 1037 cm-1 0.003240.0006
Ni(PEt,),Br, 762 cm 1 0.008+0.002
Ni(PEt,),1, 760 cm™ 1’ 0.0050+14
Ni(PPh,).Cl, 696 cm-1 0.0080+13
Ni(PPh,),Br, 692 cm-1 0.0150+.0015
Ni(PPh,),1,. 692 cm-! 0.0058+0.0010

2.5.5. The infrared bands of the complexes.

The infrared sbectrum of the Ni(PEt,),Cl, complex in a KBr pellet Was acquired
to determine the bands due to the coﬁplex. 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(PEt,),Cl, 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.
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This experiment was performed on all six of the N 1(PR,).X, complexes.
2.5.7. Films cast at'diﬁ'erent spin speeds.

In the spin speed experiment, a solution of Ni(PEt,),Cl, in CH,Cl,(0.018 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(PR,),X, 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,).I, complexes were additionally recast 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 CH.Cl,,-CHCl,, CH,CICH.CI, 'CCld, and CH,COCH,. The Ni(PPh,).I,
complex was spin- coated from solutions of complex in CH,Cl,, CH,CICH,Cl, and

CH,COCH,,
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2.5.9. Determination of the saturation concentration using the ultraviolet-visible

spectra.

The electronic spectrum of Ni(PEt,),Cl, in CH,Cl, (6.39x107 M) was obtained.
At A= 664 nm the extinction coefficient was found at £=0.926 mm M . A saturated
solution of Ni(PEt,),Cl, in CH,Cl, was then prepared by mixing excess Ni(PEt,),Cl, in
CH.CI, and then filtering it through tissue paper (Kimwipes). This solution was diluted
by pipetting (1 mL) the soiution into 10 mL volumetric flask and filling the fl‘askr to
capacity _with CH,Cl,. The electronic spectrum of this solution was taken and using the
extinction coefficient at A=664 nm the saturation was determined to be 0.998 M. This

procedure was followed for all of the Ni(PR,)X, compounds at 20+2°C.
2.5.10. The viscosity of solutions.

The Ni(PEt,),Cl, complex was dissolved in CH,Cl, (0.03491 M, 1.3160 g/mL)
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 = 0.001859 cs/sec ). The
average time through the viscometer was 171.64 seconds which corresponds to a
viscosity of 0.3907 centis_tokes(cs).

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

the solvent CH,Cl, were measured and are given in Table 2.8.
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Table 2.8. Viscosities of the complexes in CH,CL,.

Compound Concentration (M) [

Ni(PEL)CL, | 0.03552 — 10.3907
Ni(PEt).Br, | 0.03421 03229
Ni(PEL).L 0.03557 03210
Ni(PPh,).CL, | 0.02654 03242
Ni(PPh,)Br, | 0.03491 03310
Ni(PPh,).L 0.03493 0.3269
CHCIL, 0.3199
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3. The Photoejection of Halogen Ligands

3.1. Introduction

The purpose 6f the study in thisk chapter is to assess the viability of using films:of
metal complexes with halogen ligands, cast by spin coating, lfor the photodeposition of
metal and metal oxide thin films. It has been shown rthat metal and metal oxide thin films
can be photochemical}y produced from spin coated metal complex films that contain a
variety of different ligands; for example UO,(OOCCsH,,),, (COD)Pt(N3),, and
Ni(EtNC,H,NH,),.” ** ¢ 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 cléan films is important in making the process useful for industrial applications.

Nine 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),X5, and Ni(PPh,),X; where X=Cl, Br, I) were tested and a further three
complexes of iron were tested as well (CpFe(CO),X where X=Cl, 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 tl;e mechanism by which
the dissociated halogens can escape the film.

Ultraviolet spectrpscopy, infrared spectroscopy, Auger electron spectroscopy
(AES), and energy dispersive spectroscopy (EDS) (see section 1.7 for further explanation
of these technidues) were the tools used to study the photochemistry of the films.

Electronic spectra of the solutions of the complexes indicated the wavelengths at
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maximum absorbency of light. The infrared bands of the bhosphine and carbonyl ligands
were monitored in between iatervals of photolysis. Dissociation of the halogen ligands
was not monitored by infrared spec‘troscopy 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(CO),I was also analyzed by

EDS to complement the analysis done by AES.

3.2. Results

3.2.1. The chemistry of CpFe(CO),Cl films.

»

The ultraviolet si)ectrum of the CpFe(CO),Cl in solution (1.4 x 10° M in CH,Cl)
containéd Amux=340 nm corresponding to €=1460 cm™ M. The literature® values were
Amu=336 nm and A,=388 corresponding to €935 cm™ M and £=565 cm M. Pan et
al®* attributed the band at 340 nm to Fe—CO(nt*).

The infrared spectrum of a spin coated film of CpFC(CO):Ci 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 ét 1995 cm™ and 2043 cm™'. From a
spectrum of the solution of CpFe(CO),Cl in cyclohexane, Alway et al*® identified the
bands at 2005 cm™' and 2050 cm™ as stretching vibrations of the carbon oxygen bond. Ali
et al®’ reported that the absorbance bands f;r CpFe(CO),Cl in pyridine are 1990 cm’ and

2045 cm’™.
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Experiments were done to test the stability of the spin coated épFe(’CO)2C] film
before proceeding with phptochemical experiments. A film was placed 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 vacdum. A
spectrum was obtained initially and a second spectrurﬁ 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(CO),Cl were photosensitive. A spin coated film of CpFe(CO),Cl
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 obtiiined,v
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 épectral analysis at 30, 55, 85, 120 and 270 minutes of photolysis (see Figure 3.1).
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Figure 3.1 Spectra of the film of CpFe(CO),Cl after 0, 85 and 270 minutes of photolysis.
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The experiment continued until the infrared bands were no longer visible (half life
of 8015 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 18.4£1.0 cm which accounts for 18.4+1.5% of the

elemental composition. The £1.0 cm is the measurement of the noise of the spectrum.
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Table 3.1. AES analysis (trial 1) of the photolyied film of CpFe(CO),Cl. ;

Element Initial 10 sel:c' sputter 30 sec sputter
Fe 18.4%1.5% 33+2% 35.5+£1.7%
Cl 23.8i(;.4% 3245% 26.410.4%

0] 21.510.8% 22.7%1.1% 26.5t1.2%

C 3612% 1123% 11£3%

Fe:Cl 1:1.29 1:0.988 1:0.746

Table 3.2. AES analysis (trial 2) of the photolyzed film of CpFe(CO),Cl.

Element Initial S sec sputter 15 sec sputter 25 sec sputter
Fe 18+2% 25+2% 3413% 34+3%

Cl 21.440.8% /) | 36.0+1.3% 35.0+1.3% 34.6+1.3%

0 25+3% 2142% 21.241.2% 22.1%1.2%

C 34+6% 16+6% 9+5% 9+5%

Fe:Cl 1:1.13 1:1.42 1:1.01 1:1.01

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

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

sputtering resulted in lower carbon percentages in the film(3612% before sputtering and

11+£3% after sputtering).

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

proposed mechanism is given in Equation 3.2-3.4. Equation 3.2 is analogous to the
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photochemical reaction of CpFe(CO),Cl in solution, proposed by Alway et al.®® In this
reaction, the CpFe(CO),Cl photochemically loses one carbonyl ligénd. The iﬁfréred
evidence of the photolyzed film shows loss all of the carbonyl ligands. The ratio of the

Fe:O:Cl is approx}mately 1:1:1 throughout in all of the Auger spectra taken.

’ L hv e
*2 02+ CpFe(CO),Cl = FeOCl + [Cp].+ 2 CO(g) 3.1
) hv
CpFe(CO),C1 ™ CpFe(CO)Cl + CO(g) (3.2a)
CpFe(CO)Cl1 — FeCl + Cp + CO(g) : (3.2b)

FeCl + s ;= FeOCl ' (3.2¢)

3.2.2. The chemistry of CpFe(CO),Br films.

The complex CpFe(CO),Br was not very soluble in CH,Cl, and therefore CH;CN

N

was used as the solvent in all of the experiments with CpFe(CO),Br.

- The ultraviolet spectrum of the CpFe(CO),Br (1.4 x 10° M in CH;CN ) coﬁtained
Amsx=350 nm and Ama=394 nm corresponding to £=1900 cm’ M and e=1260 cm™ M
respectively. Ultraviolet results found in the literature® we;e Arax=350 nm and A, =386
nm corresponding to €=1028 cm' M and €=700 cm™ M™'. Pan et al®® attributed the band
at 350 nm to Fe—>CO(nt*).

Analogous to the films of CpFe(CO),Cl, the spin coated films of CpFe(CO).Br

were found to be thermally stable and were found to sublime when under vacuum. The
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most intense bands of the infrared of the films were 1989 cm(shoulder), 2600 cm’!
(strong), and 2039 cm™ (strong). Alway et al®° the infrared bands for CpFe(CO),Br at 4%
2003 cm™' and 2045 cm™' corresponding to carbonyl stretching vibrations. Al et al®®
reported the infrared bands at 1993 cm’ and 2043 cm™.

The procedure followed for the photolysis of the CpFe(CO),Br was the procedure
followed for the CpFe(CO),Cl. Spectra were taken aft;er 9,17, 28, 36,47, 62 minﬁtes of
photolysis (sge Figure 3.2). The half life represented by the decrease in intensity of the
infrared bands was 713 minutes.

Figure 3.2. Spectra of CpFe(CO),Br after 0, 17 and 62 minutes of photolysis.
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The Auger results of the film of photolyzed CpFe(CO),Br (Table 3.3) showed the
same results as the film of photolyzed CpFe(CO),Cl. The amount of carbon decreased
from 41211% 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.

58



Table 3.3. AES analysis of the ph,otolyzéd film of CpFe(CO),Br. .

Element Initial 5 secrsprlitter 15 sec sputter

Fe 1825% T2947% 3155% f
Br 20i4% 26+5% 1 224%1.7%

O 1 9i4v% 22+4% 241-3‘7:

C 41%11% 22+8% . 23+7%

Fe:Br I:1.1 1:0.88 i:0.70

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

3.4c. The mechanism associated with the reaction is given in Equations 3.4a-3.4c.

e
- J hv
10, + CpFe(CO),Br — ™ FeOBr + [Cp] + 2 CO(g) (3.3)
hv

CpFe(CO);Br =™ CpFe(CO)Br + CO(g) (3.4a)

CpFe(CO)Br — FeBr + [Cp] + CO(g) (3.4b)

£
FeBr + % O, — FeOBr (3.4¢)

3.2.3. The chemistry of CpFe(CO),I films.

The ultraviolet spectrum of CpFe(CO).I (1.4 x 10° M in GH,Cl,) contained
Ama=336 nm corresponding to €=4390 cm™'M™'. The values found in the literature® of the
ultraviolet spectra are Aqy=342 nm corresponding to €=2090 cm'M™". Pan et al®®

attributed the band to Fe—»CO(rt*).
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Analogous to the films of CpFé(CO)zCl, thc spin coated films of_ CpFe(CO)ZI were. . )
found to be thermally stable a;ld were found to sublime when under vacuuni. T‘he‘ most .
intense bands of the infrared of the films were 1973 cm’', and 2643 cm’. Alway et al*
identified the infrared bands for CpFe(CO),I as v(CO) 2005 cm’ (stfong) and v(CO)
2038 cm’ (strong).

The procedure followed for the photolysis of CpFe(CO),Cl was the procedure
followed for‘ the photol&sis of CpFe(CO),l. 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 strétches. The half life was 120 + 20 miﬁutes.

Figure 3.3. Photolysis of CpFe(CO).I after 0, 90 720 minutes of photolysis.
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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:l

ratio. The reported error of the EDS data (£6%) is the error derived from the calibration
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of the EDS instrument. The results show that the photolyzed film contained anegligible
amount of iod;ne (<1.5% i1odine). In thé Auger results, the signal at 510 eV can be
experimentally QUe to iodine or oxygen; however, because the EDS results indicate that
there is virtually nb iodine remaining in the film, the signal at 510 eV of the AES was
trc;,ated 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(CO),l.

Element Location #1 Location #2 Lo;:_atil()n" #3
Atomic Percent Fe 10016 1006 - 99+6
Atomic Perqent I 0.4310.03 0.0810.01 1.2310.07
Fe:I Ratio 232:1 1250:1 : 80.3:1

Table 3.5. The Auger results of the film of photolyzed CpFe(CO),I.

Element Initial S sec sputter 15 sec. sputter
Fe 23+10% 37+4% 43+11%

o 33+5% 3714% 3718%

C 43+14% 25+12% 18+14%

Fe:O 1:1.4 1:1.1 1:6.85

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

a result of contamination from the environment, or it could be due to some of the carbon
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from thevcyclopentadienyl ligand which had not escaped the film produc; which had not
escaped the film after dissociating.

Before sputtering, the Fe:O ratio found in the Auger results, was 1.0:1.4 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 reachgs the leve‘:l of the film-substrate invterfacer,
there is different chemistry than in the bulk film. The photoiysis 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 1:1, the overall reaction that is consistent with the data
is given in Equétion 3.5. The associated mechanism is given in 3.6a-3.6c.

hv :

5 O2(g) + CpFe(CO),I ™™ FeO + [Cp]+ I, + 2 CO(g) (3.5)

1 4

hv y
CpFe(CO),I = CpFe(CO)I + CO(g) (3.6a)
CpFe(CO)I — Fel + [Cp] + CO(g) (3.6b)
Fel+ %0, — FeO + s “T" , (3.6¢)
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3.24. TheAchemistry of Ni(PEt;),Br; films.

The sequence of the presentation of results for the films of nickel comblexes begins
with the results for the film of Ni(PEt;);Br; and NiBr,. The AESAresults of the \Ni_Brz film
serve as a useful comparison to the AES results of the film of photolyzed Ni(PEt:),Cl,.

The ultraviolet spectrum of the Ni(PEt;),Br; (1.93 x 10° M and 4.85 x 10° M in
CH,Cl,) contained Ama=280 nm, Amax=396 nm and A,,=538 nm corresponding to
£=5400cm™ M, =7800 cm™ M and =200 cm™ M respectively. Giacometti et al’?
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 infrare;i 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(CHz)27 727 cm"(strong). p(CH2)27
764 cm"(strong), and V(PC)27 1034 crh'l(strong).

Experiments were done to test the stability of the spin coated films of Ni(PEt;),Br;
before proéeeding with the photochemical experiments. A spin coated film of
Ni(PEt;);Br; precursor sublimed within 10 minutes of beiné 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 v;/itgaa half life of
260+30 hours, indicating thermal reactivity.

A spin coated film ;>f Ni(PEts).Br: in air was photolyzed by water filtered light
from a mercury lamp by the same method used for the films of iron complexes. A

%
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spectrum was obtained after 0, 20, 90, 150, 210, 310, and 1750 minutes of photolysis (half
life of 240130 minutes). Infrared bands decreased until they were no longer visible which
is consistent with a film of nickel, nickel oxide™or 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 deliquesce;nt. '

Figure 3.4: The infrared spectra of the photolysis of Ni(PEt;),Br;
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Because NiBr; is also to be deliquescent; a film of NiBr, was prepared to compare
with the film photolyzed from the Ni(PEt:),Br- film. The NiBr; film could not be made by
spin coating because the process of spin coating resulted in a wet film. The ﬁhﬁ was made
by heating a silicon chip and dispensing a solution of NiBr, in CH,Cl, onto it and then
letting it air dry.

The AES results (Table 3.6) of the prepared NiBr; film show that before sputtering.

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




carbon and oxygen contamination (54%4% and 10.0£1.3% respectively). After 20
seconds of sputtering, the ratio of Ni:Br went from Ni:Br=1:5.2 to Ni:Br=1:2.0. -

Therefore, in the AES results, the relative amount of bromine had decreasedy compared to

the relative amount of nickel after sputtering.

Table 3.6: AES analysis of the NiBr; film.

Element Initial 10-sec. sputter | 20 séc. sputter
Ni 5.7£1.9% 22+5% 2415%

Br 29+15% 46114% 48+16%

O 10.0+1.3% 9+2% 8+2% |

C 54+4% 211:5% 19+£5%

Table 3.7: AES results for the film derived from Ni(PEt.),Br..

' Element Initial 10-sec. sbuttcr 30-sec.
sputter
Ni 161+2% 3245% 37+5%
Br 41+7% 26x15% 17+12%
P. 0.510.5% 5.9+1.0% 7.7x1.4%
O 35.611.4% 3.8%1.0% 1.34+0.9%
C 6.910.4% 32+3% 35+4%

The AES results of the film photolyzed from Ni(PEt;),Br; (Table 3.7), indicated
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 1:0.81; and after 30 seconds of sputtering, the
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ratio went to 1:0.47. Therefore, thel 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
NiBr; film waé much thicker than the spin coafed film. After 30 seconds of spu;tering, the
Aljger electrons from the NiBr; film méy still have been ej¢cted from atoms in the bulk
film which gave Ni:Br ratios of approximately 1:2. !n the thinner photolyzed film, the
sputtering reached the interface quickly which accounts for the changing environmenf at
the different sputtering times. The proposed chemical reaction is given in Equation 3.7.

The phosphine ligands photodissociate thereby photodepositing a film of NiBr,

hv
Ni(PEt;),Br, ™ NiBr; + [2 PEt;]

~ RO

3.2.5. The chemistry of Ni(PEt;),Cl; films.

The ultraviolet spectrum of the Ni(PEt;),Cl, (2.06 x 10° M and 6.67 x 10" Min
CH,Cl,) contained Ape=274 nm, Amy,=370 nm and X,m=494; nm corresponding to
€=1400 cm” M, =10 000 cm™ M and £=200 cm™ M respectively. Giacometti et al*’

\

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’
(strong), 1034 cm"(strong). The infrared bands for Ni(PEt;),Cl; were quoted and

-,
=z

identified by Courssmaker et al were p(CH,)*’ 721 cm’ (strong), p(CH,)”" 762



ch"(st'rong), and v(PC)*" 1034 cm’'(strong).

Analogous to the films of Ni(PEt;),Br,, the spin cﬁoated films of Ni(PEt§)2C]2 were
found to be thermally reactive with a half life of 2244 hours. The films also were found
to sublime when under vacuum.

The procedure followed for the photolysis of the Ni(PEt;)»Cl, was the same as the
procedure followed for the Ni(PEt;),Br,. Spectra were taken after 0, 30, 120, 300, and
1200 minutes of photolysis. The half life represented by the decrease in ihtensity of the
infrared baﬁds was 100120 minutes.

The Auger results of the film of photolyzed Ni(PEt;),Cl, were similar to the results
~ of the film of photolyzed Ni(PEt;r)zBrz. 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 NiBr, demonstrated that carbon contamination can be significant and
that it is most significant before sputtering. The halogen did not escape the 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(PEt;),Cl; 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 liglmds had dissociated from the nickel

complex and escaped the film.
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Table 3.8: AES resu!ts of photolyzed Ni(PEt;),Cl,. -

E_lm Initial 5 sec. spufter
Ni 9+3% 21i7%
cl ‘ 14.1£1.5% 16:2%
P 5+2% | 14+4%
O 1 17.0£1.0% 19+3%
C 55+14% ’2918%

The chemical reaction consistent with the data is given in equation 3.8. The

phosphine ligands photodissociate thereby photodepositing a film of NiCl,.

hv
Ni(PEt:),Cl, =™ NiCl; + [2 PEt;] (3.8)

3.2.6. The chemistry of the Ni(PEt;),l, films.

The interpretation of the photolysis experiments of the Ni(PEt;),I; film was .,
ambiguous. The liow solubility of Ni(PEt;),I, in CH,Cl, resulted in thinner films then was
achvieved for the films of the Ni(PEt;),Cl; and Ni(PEt;),Br.. The resulting lower signal to
noise ratio of the infrared spectra then‘ made measureatents difficult to interpret. It was
consequently more’difﬁcult to determine if the film was reacting photochemically and

thermally; or if it was only réacting thermally .
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3.2.7. The chemistry of the Ni(PPh;),Cl; films.

The ultraviolet spectrum of the Ni(PPh;),Cl,(1.54 x 10° M and 6.02 x 10° M in
CH,Cl,) contained Xmu$262 nm, Apex=350 nm and Ay, =520 nm corresponding to
£=24000 cm™ M, =570 cm” M"' and £=330 cm™ M"' respectively. Gia(gometti et al’
attribute the banfi at 262 nm as a ligélnd tormetal charge transfer associa;ted with the
phosphine ligands.

The infrared spectrum of the spin coated film of Ni(PPh,),Cl, was obtained and the
most intense bands were identified. Bands :it 692 cm™ (strong), and 746 cm™' (strong)
correspond to vibrations in the phenyl rings.’® ® The band at 1095 cmn™ (medium)
corresponds to phosphorus carbon bending.*®®°

The tests for the stability of the films were the same as those described in section
3.2.4 for the film of Ni(PEt;),Br,. The film of the Ni(PPh;),Cl; 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 cm'(medium), and 1095 cm’
(medium) and 724 cm’' (strong). The ilalf life of the thermal reaction was 230+30 hours.
The film sublimed under vacuum and therefore subsequent experiments were performed in -
air.

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 120420 minutes. The photoproduct of the film of
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Ni(PPh3)2C]2, was not a metal, metal chloride, or mctal oi}dé%ilm. The product infrared
spectrum contained bands at 542 cm’™ (strong), 692 cm’ (étrong), 746 cm’ (medium), and
724 cm"(strong). Figure 3.5 shows spectra of the film spin coated from Ni(PPhs),Br»
during the photolysis.

Figure 3.5: The photolysis of Ni(PPh3),Cl..
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Jensen et al®® recorded the infrared spectrum of the free PPh; and OPPH;
molecules. The spectrum of the PPh; contained bands at 695 cm’' (strong) and 747 cm’
(medium); and the spectrum of the OPPH; molecule contained bands at 540 cm"(very
strong), 690 cm’ (strong), 720 cm’ (strong) and 740 cm™' (medium).'' Jensen et al®®
identified the band at 540 cm™' (very strong) as corresponding to the asymmetric stretch of
the C-P bond of the molecule OPPh;. The evidence in the infrared spectrum‘v of the

photolyzed film of Ni(PPh3)2C12 is therefore consistent with a product film of

Ni(OPPh,),Cl, (Equation 3.9).

)
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- hv
Ni(PPh;),Cly(s) + Ox(g) —> Ni(OPPh;),Cly(s) : (3.9

3.2.8. The chemistry of Ni(PPh;),Br; films.

The ultraviolet spectrum of thé Ni(PPh;),Br, (1.44 x 10° M and 5.30 x 10> M in
CH,Cl,) contained Apu=262 nm, Amx=434 nm and A,,,=574 nm corres‘Bgnding to
£=29000 cm™ M, £=5000 cm™ M and £=200 cm™ M™' respectively. Giacometti et al”?
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;),Br, was obtained and
the mgst intense bands were identified. Bands at 692 cm™ (strong), and 746 cm™ (strong)
correspond to vibrations in the phenyl rings.®® The band at 1095 cm™ (medium)
corresponds to phosphorus carbon bending.*

The experimental procedure and results of the film of Ni(PPh;).Br; are analogous
to the procedures and results of the film of Ni(PPh;),Cl,. The film of Ni(PPh;),Br; is
thermally reactive with a half life of 138120 hours. The infrared spectrum of the thermal
and photo products contained bands at 542 cm'(strong), 692 cm™ (strong), 746 cm'*
(medium), and 724 cm"(strong). Because the film sublimed under vacuum, the

ﬂphotochemistry experiments were done in air. Infrared spectra were obtained after 0, 20,

80, 160, 210, 400, 850 and l 100 minptes and the half life was 220 £30 minutes. A sample

of the spectra are given in Figure 3.6.
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Figure 3.6: The photolysis of Ni(PPhs),Br,.
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The infrared evidence of the photoproducts is consisten‘t with the formation of
Ni(OPPh;),Br,. The spectmr;l of the photoproduct contained bands at 542 cm"(strong),
692 cm’’ (strong), 746 cm’! (medium), and 724 cm"’(strong). By comparison, the bands of
OPPh; are at 540 cm™(very stroné), 690 cm™ (strong), 720 cm™ (strong) and 740 cm'!
(medium).*® Based on the infrared evidence, the chemical reaction associated with
Ni(PPhs),X; is given in Equation 3.10.

hv
Ni(PPh3):Bra(s) + O2(g) — Ni(OPPh;),Bry(s) (3.10)
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3.2.9. The chemistry of Ni(PPh;).l; films.

The ultraviolet spectrum of the Ni(PPh;),I, (1.58 x IO'S‘M and 5.64 x 10° M in
C.HzClz)'::ontained Mu=262 nm, Aqn=438 nm and 7\,,;“:574 nm corresponding to
s=880010m'l M, e=11300 cm” M and €=500 cm™ M respectively. Giacometti et al’
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 charée transfer of
the bromine ligand.

s The infrared spectrum of the spin coated film of Ni(PPh;),I, was obtained énd the
most intense bands were identified. Bands at 692 cm (strong), and 743 cm’! (strong)
correspond to vibrations in the phenyl rings.®® The band at 1095 cm™' (medium)
correspor{ds to phosphorus carbon bending.*®

The film of Ni(PPh;),I, 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’' (strong), 746 cm™' (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(PPh;),;Br;. Infrared spectra were obtained at 0, 11, 49, 98, 168, 368 minutes. The half
life was 80120 minutes.

The infrared evidence of the photoproducts is consistent with the formation of
Ni(OPPh;),I;. The spectrum of the bhotoproduct contained bands at 542 cm"(strong),

692 cm’ (strong), 746 cm™ (medium), and 724 cm’'(strong). By comparison, the bands of
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OPPh, are at 540 cm"(very strong), 690 cm™ (strong), 720 cm’ (strong) and 740 cm’!

(medium).®® Based on the infrared evidenée, the chermical reaction associated with

N

Ni(PPh;).l; is given in Equation 3.11.

hv
Ni(PPh;).ly(s) + Oz(g) = Ni(OPPh;),I5(s) (3.1‘1)

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 cqated for this purpose was
CpFe(CO),X,, Ni(PEt3),X,, and Ni(PPh3)2X2 (X=Cl, Br, I). Amongst the complexes, it
wasvfound that metal oxides were successfully photodeposited from CpFe(CO).I. A
variety of other photoproducts resulted from the photoreactivity of the remaining films,
except Ni(PEt;),l,. Due to the thinness of the Ni(PEt,),I; film, a photochemical reaction
was not distinguishable. However, the photochemiétries of the other films were pursued
and the photoproducts were characterized. All had retained the haiogen ligand(s) after
photolysis. The photochemistry and ;;hotoproducts of each complex will be discussed.
Because the precursor film of CpFe(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 CpFe(CO),lI was found to be an oxide of iron or a

mixture of oxides of iron. The overall chemical reaction which is consistent with the
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evidence of the study is given in Equations 3.5. In the proposed mechanism (3.6a-3.6¢),

the first step is photochemical loss of CO.

: hv ‘
5 Ox(g) + CpFe(CO)2l =™ FeO + [Cp+ = I, + 2 CO(g) (3.5)

' hv . ,
CpFe(CO),] — CpFe(CO)I + CO(g) (3.6a)
CpFe(CO)I — Fel + [Cp] + CO(g) | (3.6b)
Fel+ 150, — FeO + 3 “T" (3.6¢)

The mechanism of the reaction of the film of CpFe(CO),Cl (Equation 3.2a-3.2¢)
also includes the photochemical loss of CO. The overall reaction for CpFe(CO),Cl is

given in Equations 3.1. The reaction scheme for CpFe(CO),Br is analogous.

¥ O, + CpFe(CO),Cl L FeOCl + [Cp] + 2 CO(g) 3.DH
m hv :
CpFe(CO),Cl — ™ CpFe(CO)CI + CO(g) (3.2a)
., CpFe(CO)CIl — FeCl + Cp + CO(g) (3.2b)
FeCl + %5 O, = FeOCl (3.2¢)

Loss of CO ligand in Equation 3.1 and 3.7 is a common photochemical reaction of
CpFe(CO)2X.4’ 1719 In solution for example, photosubstitution can occur w1Eh loss of a
CO ligand aﬁd addition of a PPh; ligand.* ®® The electronic spectra reflect the tendency
towards CO dissociation. The dorﬁinant absorption at 340, 350 and 336 nm for the
chlorine, bromine and iodine analogues respectively are assigned to Fe—CO (1*).** Pan

168

et al*®® account for the absence of M-X homolysis by the lack of electronic bands assigned

to either X(rn*)—>M(c*) or X(o*)>M(c*).
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Although‘ CO loss is documented as the dominant photoprocess of CpFe(CO),X,
there are examples of photoejection of the halogen ligand. Ali et al® m(initored the
photolysis of CpFe(CO),Cl and CpFe(CO),Br in DMS;O and found that photoejection of
halogen ligands resulted in shifts in §nergy of the CO stretches. The new bands were at
1984 cm™ (strong), 1945 cm’ (medium) and 1776 cm’ (strong) in both analogues. In all
of the spin coated films of CpFe(CO).X, new i)ands di(i not appear upon photolysis. This
information is particularly relevant in detemiining the reaction schemé for the film of
CpFe(CO).l. The absence of new bands throughout the photolysis of CpFe(CO).l, 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 CpFe(CO).l 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 l{ess 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
crys‘talli,n}e solid, however it can be loosely compilred to crystalline solids. Based on the
Auger results, the amorphous film approximately fits the ratio of the solids of Fe,O; or
Fe;0,4 or a mixture of these two oxides.

’l“"he AES of the films of photolyzed CpFe(COizCl and CpFe(CO),Br 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,'® and therefore orie possibility

may be the formation of FeOX for both the chlorine and bromine analogues.
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As reaction reactions of 3.1 and 3.7 show, the photochemistries of the films
CpFe(CO),X are analogous to each other, but the subsequent thermal chemistries of 3.3
and 3.9 are different. Chlo;ine and bromine did not dissociate from th‘e iron centre but the
iodine did dissociate. This can be attributed to the bond energies of the Fe-X bond. In
complexes of FeX,, the bond energies are ?i(nown to be 279, 340 and 400 kJ/mol for Fel,,
FeBr, and FeCl, respectively.” Therefdre, in the three examples, there was a

photochemical loss of CO, foll:)wed by a thermal loss of Cp and the other CO, and finally
a thermal reactioﬁ which depended on the bond energy of the Fe-X bond.

The reaction of the photolyzed films of Ni(PEt;),Br, that is consistent with the

data is given in Equation 3.7. The reaction for the photolysis of the film of Ni(PEt3),Cl, is

analogous to the reaction of the Ni(PEt;),Br,.

hv .
Ni(PEt;);,Br, ™ NiBr; + [2 PEt;] - (3.7

The infrared evidence of the loss of [PEt;] 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 chldro 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
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preferential sputtering of the halogens. The- AES results of the photolyzed films were
compared to the AES results of a‘ﬁlm of NiBr,.  The ratio of Ni:Br should theoretically be
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 éontamination 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(PEt1), X, (X=ClI, Br) could also be wholly or partially a result of contamination.

The precursor films of Ni(PPhs),X, (X=Cl, Br, and I) did not show loss of ligands
upon photolysis or by thermal energy. The infrared spectra of Ni(PPh;),X; 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 resu-ltéd
in the generation of new bands at 542 cm"(strong), 724 f:m"(strong) and 1090 cm™' (m), in
addition to the bands at 692 cm"(strong) and 747 cm™ (medium). The generation of the
new infrared bands is consistent with the formation of a -PPh;O liganc;. By comparison,
the spectrum of free PPh;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;),X; upon photolysis (Equation
3.12).

hv : .
Ni(PPh;),Xy(s) + O,(g) —™ Ni(OPPh;),Xy(s) (3.12)
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34 Conclusion

The photolysis of films of spin coated CpFe(CO),X, Ni(PEt;)zxz,'apd Ni(PPh3),X>
(X=Cl, Br, and I) were investigated. The main objective was to getermine in the halogen |
ligands are ejected from the films upon photolysis. The éjection of ligan(is results in the
photodeposition of a metal or metal oxide film (the metal film reacting with atmospheric
oxygen). | | | <

We were successful in finding a complex which did eject all‘ligands. Upon
photolysis, the film of CpFe(CO),X produced a film of an oxide of iron. The ratio of Fe:O
was approximately 1:1.4. In contrast, the Auger analysis of the photolyzed films of the
chlorine and bromine analogues showed that the ratio of Fe:0:Cl or Fe:O:Br was 1:1:1.
Possible products are the films of FeOCl and FeOBr. The weaker Fe-I bond compared to
the bonds of Fe-Cl and Fe-Br is attributed to the difference in reactivity of the three films
of CpFe(CO),X.

None of the films of the Ni(PEt3),X;, and Ni(PPh;),X; reacted to make films of
nickel or nickel oxide. The approximate ratio of 1:2 of Ni:Cl and Ni:Br is consistent with
films of NiCl, and NiBr;. »It was not clear that the film of Ni(PEt,),l, reac'“fé:d
photoch&nically and therefore, this film was not discussed further. The three films of
Ni(PPhs),X; did not show loss of Ii gands in the infrare(;i spectra. The spectra of the
photoproducts were consistent with films of Ni(OPPh;),X.

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
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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(111) and were obtained from Pacific
Microelectronics Centre. They were cut into épproximately 1x1 cm? for the spin coating
process. All the chips were cleaned in reagent grade CH,Cl, before spin coating. The
spin coating waé done with a Laurell Technology Co. spin coater. All of the films were
viewed under a Leitz light r;licroscopeﬁto assess their quality in terms of crystallinity.
Fourier transform infrared (FTIR) spectra were recorded with a Bomen MB-120
spectrophofometer on samples held in an aluminum chamber by steel clips. Ultraviolet-
visible spectra measurements were obtained with an HP '8452 diode array
spectrophotovmeter. 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 CpFe(CO),X

(X=Cl, Br, I).
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a) The Synfhesis of Cyclopentadienyliron Dicarbonyl Chloride - CpFe(CO),Cl.

This complex wés prepared by the literature method of Piper, Cotton and
Wilkinson.®'

To a solution of (CpFe)zFe(CO)4 (0.7032 g) in EtOH (25 mL), and CHCl; (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 distill‘ed water (10 mL). The solution was
filtered and the title compound was extracted from the aqueous media with CHCl, (3x10
mL). The organic extract was concentrated and petroleum ether was added. The title
compound crystallized. After cooling, rthe product was filtered, washed with cold
petroleum ether and dried under vacuum overnight.

Analysis for C;HsO,FeCl. Calcd.: C, 39.58; H, 2.37. Found: C, 40.11; H, 2.55.

b) The Synthesis of Cyclopentadienyliron Dicarbonyl Bromide CpFe(CO),Br.

This complex was prepared by the literature method of Hallan and Pauson.®

To a solution of (CpFe),Fe(CO), (0.7032 g) in EtOH (25 mL), and CHCI, (12.5
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
CHCI; (30 mL). The solution was filtered through a pad of neutral alumina and the
solvent was concentrated. Peﬁoleum ether was ad(;ed. The title compound crystallized.
The crystals were filtered, washed with cold petroleum ether and dried under vacuum

overnight.
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Analysis for C;HsO,FeBr. Calcd.: C,;32.73; H, 1.96. Found: C, 30.51; H, 2.01.

¢) The Synthesis of Cyclopentaldienyliron Dicarbonyl Iodide CpFe(CO);I.

This complex was prepared by the literature method of Piper and Wilkinson.”

Iodine (0.5 g) was added to a solution of CpFe,(CO), (0.500 g) in CHCl,4 (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 away 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

vacuuin.

Analysis for C;HsO,Fel. Caled.: C, 27.67; H, 1.66. Found: C, 27.72; H, 1.61.

d) The syntheses of Ni(PPh;),X; and Ni(PEt;). X, (X=Cl, Br, I) are described in

section 2.5.1.

3.5.2. Experimental procedure for CpFe(CO).Cl.

The CpFe(CO),Cl was dissolved in CH,Cl; (1.4 x 10° M). The ultraviolet-visisble
spectra of the solution was taken in'a | cm x 1 cm cuvette. |

A film of CpFe(CO),Cl was prepared by the method described in section 1.2. The

film was mounted in the infrared chamber as illustrated in Figure 3.7.

™ .

S
i

82



| e
H h»
a b clE d b o

A

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. Steel clips to hold the silicon chip (¢). hv.
Electromagnetic beam (IR).

An infrared spectrum was obtained of the CpFe(CO),Cl 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 filrﬁ of CpFe(CO)ZCI 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(CO),Cl 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 bf photolysis.

The film photolyzed from CpFe(CO),Cl was submitted for AES analysis.

1
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3.5.3. Experimental proceduré .for CpFe(CO),Br.
“The CpFe(SIg)szr was dissolved in CH;CN (1.5 x 10° M). The ultraviolet-
visisble spectra of the solution was takenina 1 cm x 1 cm cuvette.
"The proceduré for the films of CpFe(CO),Cl was followed for the films of
CpFe(CO)zBr film. The only difference was that the spin coating solution for

CpFe(CO),Br was in CH;CN and that the umed intervals of photolysis were 9, 17, 28, 36,

~ - 47, and 62 minutes of photoly51s.

The film of photolyzed CpFe(CO),Br was submitted for AES analysis.
3.5.4. Experimental procedure for CpFe(CO).l.

The CpFe(QO)ZI was dissolved in CH;Cl, (1.5 x 10° M). The ultraviolet-visisble
spectra of the solution was taken ina | cm x 1 cm cuvette.

The procedure for the films of CpFe(CO),;Cl was followed for the films of
CpFe(CO),l film. The timed intervals of photolysis were 0, 15, 40, 75, 90, and 720
minutes of photolysis.

The film of photolyied CpFe(CO).Br was submitted for AES analysis and EDS

. analysis.
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3.5.5. Experimental vprocedure for Ni(PEt;),Cl,.
The Ni(PEt3)2Cl; was dissolved in CH,Cl, (2.06 x 10 ¥and 6.67 x 10° M). The'
ultraviolet spectrum of the solution was takenina l cmx 1 cm cuvette. ‘ "
A film of Ni(PEt;),Cl, was prepared by the method described in 'sectiont2.5.2. The
film was mounted in tﬁe infrared chamber as illustrated in Figure'3.l. Y
| — An infrared spectrum was obtéined of the Nj(PEt3)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 2214 hours, ;
indiéating thermal reactivity. A film of Ni(PEt;),Cl, was alsov monitored u'nder vacuum, in
the dark and at rqom temperature. After 10 minutes the film had sublimed.

A spin coated film of Ni(PEt;),Cl, was mounted in the infrared chamber in air. 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, 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(PEt;),Cl, was analyzed by AES.
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3.5.6. Experiniental procedure for Ni(PEt;),Br;

The procedures followed for thé experiments with the complex Ni(PEt;);Br, were
the same as the procedures followed for the experiments with Ni(PE£3)2C];. The
ultraviolet spectrum was obt;ﬁned from of solutions of 1.93 x 10° M and 4.85 x | /'3 M.
The Half life of the}thermal reaction was 260i30‘hours. The photochemical reactiﬁ/n had a
half life of 240+30 minutes. Spectra were taken after O;r20, 90, 150, 210, 310, v’ar'l/d 1750
minutes of ph(;tolysis. It was observed that the photoproduct 'was deliquescent. The
photoproduct was analyzgd byAl’;S. A sample of liliBrz was also anafyzed by AES to
compare with the photoproduct of Ni( PEt;),Br,. |

iy

3.5.7. Experimental procedure for Ni(PEt;).l;.

The ultraviolet spectrum of the Ni(PEt;),l; in CH2C12 (2.16 x 10° M and 6.49 x

10” M) was obtained. The infrared spectra however were difficult to interpret however

L}

because the intensity of the bands were low in comparison to the noise. Further

experiments were not done on the films of Ni(PEt;),1,.
3.5.8. Experimental procedure for Ni(PPh,),Cl,.

Th\: ultraviolet spectrum of the complex of Ni(PPh;),Cl, in CH,Cl, (1.54 x 10°M

and 6.02 x 10” M) was obtained. The procedure of experiments of the spin coated films
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of Ni(PPh;),Cl, were the same as they were for the films of Ni(PEt;),Cl, except that the
photoproducts of Ni(PPh;),Cl, were not analyzed by AES. During photolysis specfra
were obtained at 0, 7, 32, 72, 130, 190, and 1070 minutes. The final spectrum contained

new bénds which were not present in the initial spéctrum.
3.5.9. Experimental procedure for Ni(PPh;),Br,.

The ultraviolet spectrum of the complex of Ni(PPh;),Br; in CH,Cl, (1.44 x 10°M

and 5.30 x 10” M).

The procedure of experiments of the spin coated filrr]s of Ni(PPhJ)ZBrz were the same as
they were for the films of Ni(PEt;),Cl; except that the photoproducts of Ni(PPh;),Br;
were not analyzed by AES. Infrared spectra were taken at 0, 20, 80, 160, 210, 400, 850,

and 1100 minutes of photolysis.
3.5.10. Experimental procedure for Ni(PPh;),I..

The ultravﬁiaolet:v/spectrum of the cémplex of Ni(PPh;),lIs in CH,Cl; (1.58 X 10 *M
and 5.64 x 10 M). ’
The procedure of experiments of the spin coated films of Ni(PPh;),I, were the same as
they were for the films of Ni(PEt;),Cl, except tha; the photoproducts of Ni(PPh;).I, were
not analyzed by AES. During photolysis spectra were obtained at 0, 11, 49, 98, 168, and

s
368 minutes.
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