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1. Preface

Electrically conductive polymer composites have proved to have great important versatile properties.  The focus of this research is to synthesis an electrically conductive polymer composite from two major components: a networked polyogranosiloxane and electrically conducting silver filler.  The next step in this research is to take this conducting composite, attach electrically conducting copper tape to either end of the rectangular form, and cure it in a strong resin mold such as epoxy in the shape of a dogbone.  This dogbone would then be attached to an Instron machine and have certain degrees of fatigue or stress applied. Thus, the decrease of conductivity would be measured as a function of stress applied.  This literature review will focus on the synthesis and chemical properties of siloxanes including their silanol precursors, cyclic and linear monomers, ring-opening polymerization, hydrosilation, and network formation.  This review will then briefly introduce the utilization and properties of electrically conductive fillers, more specifically silver, and the formation of composites. 


The approach taken to synthesize polyorganosiloxane network includes several steps starting with the distillation of cyclotetrasiloxane (D4) then reacting it with a certain mole ratio of 1, 3, 5, 7-tetramethylcyclotetrasiloxane (D4H) in the presence of triflic acid as a catalyst and hexamethyldisiloxane as an endcapper to control the molecular weight of the resulting random copolymer.  The reaction undergoes an equilibrium anionic ring-opening polymerization at various temperatures ranging from room temperature to 65(C, depending on the target molecular weight.  Subsequently, the resulting copolymer is hydrosilated in the presence of Karstedt’s catalyst and toluene (serving as a heat sink) with allyl cyanide resulting in a target mole % of cyanopropyl-methyl-siloxane repeat units.  In this second step, a certain percentage of hydridomethyl-siloxane repeat units are deliberately left unreacted to further hydrosilate with a vinyl-containing crosslinker to form a polysiloxane network.  The cyanopropyl-methyl siloxane repeat unit, introduced in this step, serves as a polar functional electron-rich group with which the final polysiloxane network can complex with the silver filler.  The final step involves a room temperature cure of the functionalized copolymer in the presence of 1, 3-divinyltetramethyldisiloxane as a crosslinker and Karstedt’s catalyst at a certain mole ratio.  These three components are then manually mixed at room temperature for approximately 10-15 minutes then the electric filler, silver particles on the size range of 1.0-5.0 micrometers, is mixed in manually for approximately 5 minutes until the composite is a paste.  At which point, the composite is subjected to mechanical stirring under vacuum for an additional 30 minutes.  This process is to ensure proper dispersion by ridding the composite of any air voids that might form.  After this process is complete, the final composite is left to cure at 80(C in the oven overnight resulting in a solidified composite.  

2.  Introduction to Organosiloxanes and Their Applications


Silicones, based on a silicon-oxygen backbone with organic groups, provide a stable basic structure resulting in several versatile properties that are non-existent in other compounds.  They have been commercially produced since the early 1940s, starting in the United States and quickly growing through the world market.  General Electric Company, in their research of organometallic chemistry, lead to the development of organosilicon chemistry, applying many of their silicone-based products for lubricants, greases, gaskets, and motor insulation.1 While major silicone-based products concentrate in the most technologically advanced nations, many of the products are used worldwide.  Producers of silicone products, expanded from General Electric to Union Carbide, Dow-Corning, and Stauffer Chemical.  They expanded from the United States to Great Britain, West Germany, France, Japan, Mexico, Belgium, Italy, Russia, and East Germany among others.  


Before discussing the chemistry of silicones, one must look at terminology.  Silicone and siloxanes are terms that have been used interchangeably.  Silicone was coined when its properties were found to be analogous to that of carbon.  To specify, silicone represents compounds containing a silicon-oxygen bond, R2SiO, stemming from ketones, which contain carbon-oxygen bonds, R2CO.  However, silicon was discovered to be unstable when forming a double bond with oxygen as apposed to carbon at low temperatures, indicating a tendency to form single bonds, Si-O-Si thus leading to polymeric compounds.  In their polymeric form, they form a Si-O-Si unit known as sil-oxane.  Thus “silicone” is used only for technical products while “siloxane” is used for more scientific nomenclature.  


In the formation of polysiloxanes, the silicon can be combined with one, two, or three organic groups with the remaining bonds being to oxygen.  The basic formula for a siloxane unit accounts for the fact that each oxygen links two silicon atoms on either side and so each silicon shares only one-half of the oxygen.  The formula is as follows:

RnSiO(4-n)/2

The “n” values range from 1 to 3 resulting in a monofunctional, difunctional, or trifunctional siloxane unit.  Siloxanes can also be tetrafunctional unit with the synthesis of other functional organosiloxane polymers.  However, R4Si, cannot exist in a siloxane polymer, as there is no bond to oxygen.  Table 1 shows the different forms functionality and their representative symbols:2
Table 1.  Structural Units of the Polyorganosiloxanes

	Structural formula
	Composition
	Functionality
	Symbol

	R3Si—O—
	R3SiO1/2
	Monofunctional
	M
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	R2SiO2/2
	Difunctional
	D
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	RSiO3/2
	Trifunctional
	T
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	Tetrafunctional
	Q



Silicon occurs naturally in organic compounds with carbon in the form of silica and silicates.  It makes up most of the earth’s crust.  The use of sand, granite, and clay, and the later discovery and use of pottery, vitreous enamel, glass and cement all preceded the study of modern silicate chemistry.  Silicate chemistry began with the study of water glass (sodium silicate in solution) by Johann Rudolf Glauber in 1648, beginning with silicic acid, H4SiO4.  This was derived from hydrated silica, SiO2*2H2O.  These natural resources have been of great use to man for thousands of years as one of the leading raw materials.  During the years 1863-1880, two scientists, C. Friedel and J.M. Crafts developed the first synthesis of an organosilicon compound, tetraethylsilane, by reacting diethylzinc with silicon tetrachloride:3
2 Zn(C2H5)2 + SiCl4 ( Si(C2H5)4 + 2 ZnCl2

However, the foundation of organosilicon chemistry was really laid out with the research of Frederick Stanley Kipping (1863-1949), a professor at University College in Nottingham, England, where he worked for 45 years publishing at least 57 papers, 53 of which appeared in the Journal of the Chemical Society between 1899-1944.4   Kipping synthesized many different derivatives of alkyl-substituted silanes containing hydrolysable functional groups.  He went on to later discover intermolecular condensation of silanediols and silanetriols to form polysiloxanes, noting the key differences between silicon and carbon in organic chemistry.  However, Kipping did not encounter the significance of the polymeric form of silicones and thus overlooked their subsequent commercial applications.2

It was not until the 1940s that silicones became commercialized products.  About that time, Dr. Eugene G. Rochow from General Electric discovered a method to produce chlorosilanes leading to the economical and commercial production of silicones. The first goals of silicone rubber fabrication included tailoring physical strength and elongation of polymers to achieve high thermal stability.  This research led to great versatility of silicones as elastomers.  The production was a two-fold process.  The first step included the isolation of silicon (Si) from its natural occurring form, silica (SiO2):3
SiO2 + 2C ( Si + 2CO

Silicon was then converted to methylchlorosilanes in the presence of methyl chloride and a copper catalyst as follows:5

  



(CH3)3SiCl 


CH3Cl + Si


(CH3)3SiCl2   +   






CH3SiCl3


The chlorosilanes are further reacted with water that, in turn, reacts to form a dimer:

CH3SiCl + H2O 
       (CH3)3SiOH + HCl

Trimethylsilanol
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This can then function as a control for the molecular weight of polysiloxanes, serving as a end-blocking unit.  At this point, some functionality of a chlorosilane would react with water to initiate the formation of siloxane polymers as noted below which then forms the basis of the first types of silicone fluids and elastomers:

(CH3)2SiCl2  +  2H2O  
      (CH3)2Si(OH)2  +  2HCl
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Polymerization would continue until the introduction of an end-blocking trimethyl unit:
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From this two-step synthesis, came various methods of preparing chlorosilanes for economical and commercial applications.  Commercial applications included polymers that were thermally stable and could be obtained from pure organic sources for industrial needs, specifically electrical.  The hope of these novel polymers was to maintain the structural principals of the silicon-oxygen backbone as observed through the study of silicates.  Later on, organic groups were incorporated to obtain linear polymers from highly crosslinked glass structures.  Further development of silicone chemistry led to the discoveries of other beneficial properties of this highly thermally stable polymer.  American firms such as Corning Glass Works and Dow chemical spurred a lot of the novel studies in the mid-1940s.  During World War II, research of silicone chemistry spanned over to Germany as they found it useful in the manufacture of armaments such as aircraft construction.  The war, in turn, further developed the research and production leading to a vast production of silicone-based products.  Such applications included automotive, electrical, military, paper, textiles, rubbers, food, construction, plastic tooling, consumer products, and chemical specialties and cosmetics. 

2.1 Siloxane Bond and Effect on Organosiloxanes


Mentioned earlier, the term, “silicone” was coined when some of its properties were discovered to be analogous to those of carbon.  However, one key difference is that, unlike carbon, silicon does not form double bonds.  Chemists have struggled to isolate any compound with either Si=C, Si=O, or Si=Si.  Exact reasons for this phenomenon have yet to be told, however it may be related to the larger size of the silicon atom which would, in turn, result in less (-orbital overlap.  Thus, silicon tends to form single bonds with oxygen, Si-O-Si, leading to more polymeric compounds.  The silicon-oxygen bond has one of the highest torsional mobilities in any polymeric backbone.6   Thus many derivatives of polysiloxanes demonstrate elastomeric character with Tg’s as low as -130(C.  The Si-O-Si bond angle in polysiloxanes (130-150() is larger than C-O-C bond angle in aliphatic ethers (105-115().7   This implies that the silicon-oxygen affinity is greater than that of C-C and Si-C.  However, there are many properties of the Si-O bond that is left to be explained.  One such phenomenon is that thermochemical data reveals that the Si-O bond is more sensitive to heterolytic attack than that of C-C bond.  One avenue of exploration for this phenomenon is the electronic theory.  


The sum of the atomic and ionic radii of silicon and oxygen in silicate structures is smaller than Si-O bond.  It is speculated that the large difference in electronegativities of Si (1.8) and O (3.5) results in a polar and covalent bond component of the bond.2   N. B. Hannay derived a formula that could approximate the contributions of the two types of bonds (covalent and polar) to the diatomic interaction.  The formula was as follows:


Polar bond contribution, % = 16(XA-XB) + 3.5(XA-XB)2
(XA-XB) corresponds to the absolute difference in electronegativities between the two atoms.  For the Si-O bond, the polar bond contribution was calculated to be 38%.  Analysis of the internuclear distance was accomplished through a formula derived by Schomaker and Stevenson:


dAB = rA + rB - ((XA-XB)

where dAB is the measured internuclear distance, rA and rB are the covalent bond radii of A and B, and (XA-XB) again being the absolute value of the difference between the electronegativities of the two atoms.  With this equation, the Si-O distance for the covalent-polar resonance bond for silicates was 1.67 angstroms.  To account for the differences in the measured and calculated values of bond distances, the following three limiting bond types were proposed to resonate:
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Linus Pauling, who first proposed a formula to calculate polar bond contribution, suggested that in stable molecules the electric charge should approach zero.  Thus, in the covalent form, Si had a charge of 0 and +4 in the polar form.  Silicon, like carbon, normally uses its 3s and 3p orbitals to form tetrahedral bonds with sp3 hybridization.  However unlike carbon, silicon has energetically accessible d orbitals.  When bonding with oxygen, it cannot only utilize its 3s and 3p of the sp3 hybrids when binding to oxygen’s p-valence electrons, but the silicon’s 3d orbitals, more specifically, dx2-y2 and dz2, to achieve the best overlap with the p orbitals of oxygen (figure below).
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This allows for penta- and hexacoordinate bonding.  This results in the double-bond components of resonance system in a siloxane bond.  However this double bond has yet to be experimentally proven.  Because of the varying charge of Si when bonded to oxygen and the contribution of three limiting bond types, the Si-O-Si bond angle can vary over a very wide range (120-140() depending on external forces.  What is left to understand is how either electron donating or electron accepting substituents influences the Si-O bond.  If R is an electron donor then the Si-O-Si bond will weaken and the Si-C bond will strengthen.  If R is an electron acceptor then it will be vice versa.


In view of the siloxane bond constructing the polymer backbone, there are two basic bonds that can form: Si-O-Si and O-Si-O.  It has already been established that the Si-O-Si is very flexible, measuring between 140-180( and has a small barrier of linearization (0.3 kcal/mol).8   This low barrier can be explained by the donation of the lone pairs on the oxygen atom to the silicon orbitals and thus changing the hybridization of the oxygen from sp3 to sp.  The O-Si-O bond on the other hand, is slightly more rigid than the Si-O-Si bond angle measuring between 102 and 112(.  The variance arises from the nature of the substituent on the Si.  If the substituents are methyl groups on the silicon then the O-Si-O bond angle is 112(.  If they are hydrogens, then the angle is 104(.   Overall, siloxane polymers encounter minimal steric hindrance allowing them to twist and bend.  This results in soft and pliable silicone products at extremely low temperatures where most materials would freeze and become glassy.  

2.2 Synthesis of organochlorosilanes

As mentioned before, the commercial production of silicones first began with the isolation of silicon then reacting with organochlorides in the presence of a metal catalyst (i.e. copper).  This, in turn, would react with water to give silanols and then condense into siloxanes.  This section will review two major methods of preparing chlorosilanes for further synthesis of siloxanes.3

The first method is the Grignard process.  The first of two steps in this method, the Grignard reagent is prepared with an alkyl or aryl halide suspended with magnesium in ether (usually diethyl ether).

RCl + Mg   
       RMgCl


The second step of this reaction involves treating the resulting ethereal solution with silicon tetrachloride.  This results in an exothermic reaction where magnesium chloride is precipitated through cooling the mixture.  It is subsequently filtered off and dried of any solvent to yield a mixture of organosilicon compounds.  The consecutive reaction steps are as follows:

                                             RMgCl + SiCl4 
               RSiCl3 + MgCl2
                                           RMgCl + RSiCl3        
   R2SiCl2 + MgCl2
                                         RMgCl + R2SiCl2                  R3SiCl + MgCl2
                                         RMgCl + R3SiCl         
   R4Si + MgCl2

The percentage of the different components of chlorosilanes that are produced can be moderately controlled by varying the amount Grignard reagent used and altering the reaction conditions.  The most predominant form of the chlorosilanes is R2SiCl2.  This structure has minimal steric hindrance that would otherwise make the addition of more organic groups unfavorable.  Otherwise, the different products are carefully separated by distillation, as each of the boiling points is different.  This two-step method is very versatile and allows for the preparation of various analogues of chlorosilanes allowing for different organic substitutions on the compound as seen below:
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The process is very versatile allowing organo-H-chlorosilanes to be produced with the Grignard reagent.  In the example below, trichlorosilane is used as the starting material:

              RMgCl + SiHCl3 ( RsiHCl2 + MgCl2
           RMgCl + RsiHCl2 ( R2SiHCl + MgCl2
                                  RMgCl + R2SiHCl ( R3SiH + MgCl2

A more improved method of synthesizing chlorosilanes is through the direct process.  This method is simpler and easier to perform.  A sample reaction through this method is as follows:

2RCl + Si ( R2SiCl2
In this procedure, an organochloride compound is mixed with isolated silicon and a metal catalyst (i.e. copper) in high thermal conditions (250-280(C).  The closer silicon and the metal catalyst are together, the better the results.  This is achieved through grinding up the mixture into a fine powder at very high temperatures (~1000(C) in hydrogen.  Another means includes heating silicon and cuprous chloride at 200-400(C.  This is process is similar to the Grignard process because the products, again, have similar boiling points and are very carefully separated by distillation.  It is also difficult to modify the composition of the products through reaction conditions.  The actual chain of reactions that occur in the direct process are yet to be fully understood but are speculated as follows:

       2Cu + CH3Cl ( CuCH3 + CuCl

     CuCH3 ( Cu + (CH3
    (CH3 +  ≡Si—  ( ≡Si—CH3   

    CuCl +  ≡Si—  ( ≡Si—Cl + Cu

The synthesis yields a final mixture of products with the general formula of (CH3)nSiCl4-n where n = 0-4.


Overall, the direct process is not as versatile as the Grignard process and is suitable only for the manufacture of methyl- and phenylchlorosilanes.  Other chlorosilanes are produced only in low yields.  However methyl- and phenylchlorosilanes themselves are very versatile products and are greatly used in many commercial applications.  This makes the direct process the more dominant of the two methods presented here.  


Another method of preparing chlorosilanes is the Olefin addition process.  This entails the addition of compounds containing Si-H bonds to olefins:

≡Si-H + R2C=CR2 ( R2CH-CR2-Si≡

Unsaturated silanes may be produced from alkynes:

≡Si-H + RC≡CR ( RCH=CR-Si≡

Without catalysts in the mixture, the temperature range for these reactions is 200-400(C.  With catalysts such as organic peroxides, the range is 40-75(C.  The mechanism for the process involves reacting a free radical with a trichlorosilane and ethylene to produce ethyltrichlorosilane:





     I( + SiHCl3 ( IH + (SiCl3

                             CH2=CH2 + (SiCl3 ( (CH2-CH2-SiCl3

                 SiHCl3 + (CH2-CH2-SiCl3 ( (SiCl3 + CH3-CH2-SiCl3
One advantage that the olefin addition process has over the Grignard and the direct processes is that it allows for the production of one principal product rather than a mixture.  It is also utilizes low-cost olefins and uses Si-H containing compounds which are by-products of the direct process.  While this versatile process cannot produce methylchlorosilanes, it does however produce products of much greater interest.  These include silanes with organofunctional groups such as the following:
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Another important characteristic in the reactions of chlorosilanes is that others, allowing for more useful products, can replace substituents.  The following is an example where the reaction is carried out at approximately 200-400(C with aluminum chloride serving as the catalyst:
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2.3 Cyclics and Linear Precursors


As mentioned before, the formation of silicones comes from the hydrolysis of chlorosilanes to produce unstable forms of silanols, which then easily condense to form siloxanes.  Tailoring the functionality of the chlorosilane and the conditions of the hydrolysis can modify the structure of the resulting siloxane.  An example includes the reaction of trimethylchlorosilane with water to form the unstable silanol that further condenses to form hexamethyldisiloxane:
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This resulting disiloxane is then used as an endcapper for polymerization reactions to control the final molecular weight of the silicone polymer.  Such polymers that result from hydrolysis yield linear and cyclic analogues as follows:3
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The composition of the mixture seen the in the figure above is tailored by the reaction conditions.  This includes yielding 50-80% linear polydimethylsiloxane—diols and 20-50% polydimethylcyclosiloxanes with 100% H2O hydrolysis.  If the hydrolysis occurs with 50-85% sulphuric acid, then the percentage of high molecular weight linear polymers is much greater than that of cyclosiloxanes.  


The condensation of silanols to form polymeric products is performed by both acid and base catalysts.  The following are examples of acid-condensation and base-condensation reactions:

Acid-catalyzed condensation:
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Base-catalyzed condensation:
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2.4 Ring opening polymerizations:


One has to mix cyclic oligomers, a catalyst, and end groups to synthesize high molecular weight linear polymers.  The ultimate control over molecular weight is achieved through the ratio of end-capping agents and dialkylsiloxane units whether they are cyclics or linear chains.  However, when silicon polymers are first produced, there is equilibrium between cyclics and linear chains.  Another major factor that determines the extent of equilibrium in the chain is not only the catalyst used, but also the starting monomers.  This research focuses on performing ring-opening polymerizations.  

Cyclosiloxanes are generally produced via the direct process mentioned earlier.  The resulting equilibrium between polymer chains and cyclics is directly correlated with the stability of the starting cyclic monomers.  Two forms of cyclosiloxanes discussed in this review are cyclotrisiloxanes (otherwise known as D3X where X refers to non-methyl substituents) and cyclotetrasiloxanes (otherwise known as D4X).  Due to its high ring strain energy (50-63 kJ mol-1 (12-15 kcal mol-1), D3 tends to react more rapidly with either acidic or basic catalysts than most other cyclosiloaxanes.9 It also exudes an exothermic heat of polymerization and utilizes organolithium reagents in the presence of THF to produce lithium siloxanolates.  Subsequently D3 undergoes living polymerization in which the degree of polymerization increases with the percent conversion.  Polymerizations with D3 will go to completion at room temperature.  This also entails that there are no chain transfer or termination steps in the polymerization sequence.  Because of this, polymerization of D3 does not experience a high percentage of remaining cyclics and achieves a narrow molecular weight distribution.


Cyclotetrasiloxanes are more economically beneficial than cyclotrisiloxanes.  Due to their larger ring size in comparison to D3, D4 is less reactive and more thermodynamically stable.  D4 has a heat of polymerization, (H, close to zero and the (S is positive by 6.7 J/mol K.10  Thus the driving force of the polymerization is entropy.  This is not common among most polymerizations because there is usually a decrease in entropy as polymeric forms are found more ordered than their disordered monomeric precursors.   The cyclotetrasiloxane experiences a larger distribution between linear chains and cyclics in equilibrium than D3.  Thus the reaction does not qualify as a living polymerization reaction.  Subsequently, much higher temperatures are required to drive the ring-opening polymerization forward.  The equilibrium molecular weight distribution of the resulting polymers is the same with either acidic or basic catalysts.  Examples of acid catalysts include sulfuric acid and triflic acid.  One example of a basic catalyst is potassium hydroxide.  To exemplify the equilibrium polymerization, potassium hydroxide as the base catalyst will be discussed.  As mentioned before, higher thermal conditions are required to drive the polymerization forward.  With the use of potassium hydroxide, temperatures at approximately 160(C are utilized to produce the first intermediate, potassium siloxanolate.  Consequently, the resulting silanol dimerizes in reaction with water to form dipotassium siloxanolate salt.  There are two possible steps achieved at this point in the mechanism.  With the use of KOH, the first option is for the catalyst molecule to enter the siloxane system.  The siloxanolate—potassium salt serves an active species in the further rearrangements of the siloxane bond.11 The silicon is very susceptible to a nucleophilic attack.  It will attack and ring open other cyclotetrasiloxanes causing a sudden increase in % conversion until it reaches approximately 60-70%.  At which point, equilibrium has been reached due to backbiting.  Equilibrium is achieved between dynamic bond breaking and forming that varies with initial monomer concentration.  The Gaussian distribution can be narrowed with the implementation of a monofunctional disiloxane such as hexamethyldisiloxane.  The silicon-oxygen-silicon bond is significantly ionic according to the polar bond contribution study mentioned earlier.  Thus, it competes with the chain and monomer in the bond forming and breaking process in equilibrium.  Furthermore, it can serve as an end-capping agent, regulating the molecular weight of the resulting polymer.  The concentrations of end-capping agents increase at equilibrium and thus the random shuffling results in a lower average of molecular weights.   Lower concentrations of the end-capping dimer allows for larger molecular weights and vice versa.  A schematic of both, D3 and D4 ring-opening polymerization is displayed in the following figure.12  

Anionic Ring Opening Polymerization: promoted organolithium/ trimer reactions:
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Potassium Hydroxide Ring Opening And Equilibration of the Cyclic Tetramer:
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2.5 Hydrosilation 

Hydrosilation is an addition reaction of Si-H compounds to (-unsaturated, vinyl, CH2=CH, or allyl, CH2=CHCH2, groups that follow the following reaction:13
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This reaction is one of the most efficient processes for making the silicon-carbon bond after the direct process.  It allows for the functionlization of polysiloxanes with either hydride or vinyl-containing siloxane repeat units.  Hydrosilation is further driven by the relative weakness of the Si-H bond.  However, the stronger the Si-H bond, the more stable the complex derived from it.14 Radical or more commonly, transition metal catalysis initiates this process.  Si-H bonds are, in general, not much weaker than the C-H analogues.  The H (1s) orbital is capable of overlapping with the corresponding Si orbital.15 Based on the relative heat of formations for the different bonds that are broken and formed, hydrosilation reactions are calculated to be exothermic as they break the Si-H bond (94 kcal/mol) and the C=C bond (65 kcal/mol).  The bonds formed include Si-C (92 kcal/mol) and C-H (100 kcal/mol).  The resulting heat of reaction for the generic hydrosilation reaction is 94 + 65 – 92 – 100 = -33 kcal/mole.  One of the most common driving forces for hydrosilation includes transition metal catalysts, more specifically, platinum-complexed catalysts.  They have been used typically for the hydrogenation of olefins.  Examples such as Pt/C were used but discovered to be inefficient for hydrosilation.  In the 1950s, Speier introduced his derivative of the platinum catalyst, hexachloroplatinic acid (H2PtCl6) in isopropyl alchohol.16  From the high solubility of this catalyst in olefins and the simple chemical nature, Speier hypothesized that the catalytic activity of the complex was a function of the metal and not other properties.  Eventually there were two types of platinum catalysts that developed based on oxidation states of the Pt metal: Pt0 such as Karstedt’s catalyst, Pt2(H2C=CSiMe2OSiMe2CH=CH2)n and then those at higher oxidation states such as Speier’s catalyst, (PtIV) (H2PtCl6).  Karstedt’s catalyst is a platinum metal, Pt0 chleated by three vinyl groups that experience decomplexation before operating on the desired system.  In comparing Speier’s and Karstedt’s catalyst, it was found that Karstedt’s had a few advantages over Speier’s.  Speier’s catalyst forms HCl after reduction, which, in turn, may attack other growing polymer molecules and cause desilylation at the Si-C bonds.  If this side reaction becomes substantial enough to compete with the polymerization reaction, it may cause scission of polymers and thus a decrease in molecular weight.16 Petar R. Dvornic and Vesna V. Gerov performed a procedure called the one monomer deficient method, where by they gradually added incremental portions of 1,3-dihydridotetramethyldisiloxane (DHTMDS) to a concentrated solution of 1,3-divinyltetramethyldisiloxane (DVTMDS) in toluene in the presence of Karstedt’s catalyst.  Subsequently they monitored the increase in molecular weight as a ratio of reacting functional group concentrations.  Their results indicated that Karstedt’s catalyst enabled hydrosilation polymerization without any side reactions, yielding high molecular weights.  While there have been studies performed on the effect of oxidation states on the efficiency of the Platinum metal as a catalyst, there is still certain aspects of the mechanism of the hydrosilation reaction that remain unclear.  There are certain methods that have been accepted that follow understandable parameters of organometallic chemistry.  One of which is referred to the Chalk-Harrod Method.  It explains not only the mechanism for the generic hydrosilation reaction seen above but also any side reactions involving olefins such as oligomerization or reduction.  Side reactions in transition-metal catalysis have been indicated by yellow color formation during the reaction.  This is due to the formation of platinum colloids, believed to be catalytic intermediates in these reactions.13 A few side reactions involve rearrangements or tautomerizations where less reactive Si-H source slows down the hydrosilation reaction.  Minor products are formed due to these rearrangements and electrophilic attack of the initial olefin.17 One such example is shown below:
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3. Network Formation


While the platinum catalyst can be in various forms from Speier’s hexachloroplatinic acid, H2PtCl6, to Karstedt’s catalyst, it can also vary in quantity from 5-60 ppm.  Transition metal catalysts help synthesize polysiloxanes with branched chains via addition of vinyl-containing functional groups to silanes, they also efficiently provide a driving force for crosslinking to form networked polysiloxane.  Crosslinking converts high-molecular-weight linear polyogranosiloxanes in their highly viscous plastic state to a predominantly elastic state thus coining the term silicone elastomer.  A more comprehensive term for these final crosslinking products is silicone rubbers.  The term crosslinking also has variations including “vulcanization” and “curing.”  Vulcanization entails changing the physical properties of a rubber resulting in decreased plastic flow, less surface tackiness, and increased tensile strength.18 For this research, the term curing is more applicable describing the change in physical properties of an adhesive through condensation, polymerization through heat and a catalyst, alone or together, with or without pressure. 

In the case of a hydrosilation or addition cure, the composition is in two major components.  The first part is the platinum catalyst and the vinyl functional crosslinker.  The other component consists of the polyfunctional hydride-containing polymer.  When mixing these two components together, the reaction usually occurs rapidly and in very mild conditions.  There are no byproducts in this process with the only side effect being a yellowish coloration from residual platinum that is trapped in the gel.


The cross-link density of a cured network is determined by the concentration of the functional groups or by the average chain length, in other words, the molecular-weight distribution.  Because the cross-link density influences the stress of the network lattice, one can control the elastic modulus of the network composite by varying the chain length which typically range from 200 to 2000 siloxane chain groups.19
4.  Conductor-filled Polymer Composites




 
Polymeric materials, in general, can attain electric conductivity either by the synthesis of an electrically conducting polymer structure or through the introduction of electrically conductive filler such as metal powders, carbon black, and graphite.  This review will focus on the latter of the two methods.  Electrically conductive polymer compositions (ECPCs) represent a polymer matrix dispersed with electrically conductive filler.  After the introduction of electrically conductive filler, the value of initial specific volumetric electrical conductivity is increased by several orders of magnitude after reaching a specific degree of filling.20 The concept of percolation is used to understand the change in resistivity as a function of filler concentration in composites.  This describes the conduction within electrically conducting paths between two filler particles.  The number of these paths will be decreased below the critical volume fraction of the filler.  The volume fraction of the filler is affected by many variables that, in turn, affect the resistivity of the composite.  These variables include temperature change, deformation due to elasticity coefficient differences and polymer swelling due to the sorption of vapors or humidity.21  There are many parameters that have to be carefully selected in order to create an efficient electrically conducting polymer composite.  This includes the selection of the polymer and polymer matrix and electrically conductive filler. 

4.1  Polymer Matrix

The selection of the basic polymer for synthesis of the electrically conductive composite is determined, not only by the filler used, but the functional application of the polymer.  This includes mechanical, ecological and other properties including such as the operating temperature and presence of adverse environmental factors.  Examples of environmental factors include the sorption of water from the atmosphere, which would affect the electrical and mechanical properties of the composite.  Organosilicon polymers possess a great interest in this form of application because of their high thermostability.  The performance advantages of organosilicon polymers also include good moisture resistance that could adversely affect electrical conduction of the composite, excellent flexibility, high ionic purity, and good adhesion to various substrates.22  Other advantages include low VOC (volatile organic compound) content.  In general, organosilicon compositions have superior moisture resistance when compared to other compositions, more specifically, epoxies.  Such comparisons could be applied to adhesives in electronic applications such as the semiconductor packaging industry.23
4.2  Electrically Conducting Filler  

The second component to be carefully selected is the electric filler that is dispersed into the polymer matrix to yield the final electrically conductive composite.  It is found that the polymer matrix or resin system may be toughened when dispersed with the electric filler.23 This allows the composite to become a more useful adhesive for electronic applications.  This toughening comes from the addition of softer filler particles such as metal fillers including silver, copper, and palladium.  For this research, silver particles are selected because of their superior electrical conductivity and as toughness enhancement.  

The addition of these fillers, specifically silver, allows for desirable toughness of the composite without causing cracks after temperature cycling from -65(C to 150(C.  However, while silver exhibits good electrical conductivity and are commercial available, there are some disadvantages.    When the silver particles are produced, they are coated with a lubricants or surfactants.  These lubricants or surfactants control particles sizes and prevent particle aggregation.  Many lubricants are fatty acids, fatty acid ester, fatty alcohols or mixtures such as stearic acid, behenic acid, among others.  They are usually present in amounts of about 0.1 to 1%.  This is a crucial point for the formation of electrically conductive composites because these surfactants can be detrimental to the curing process of silicone compositions.  They can result in little or no curing and thus must be removed by washing the flakes with appropriate solvents such as acetone and then filtered and dried.  This procedure will remove most of the lubricant but not all.  More specifically the washing procedure calls for a 1:4 ratio of silver: acetone slurry to be mixed for two hours followed by vacuum filtration for an additional two hours.  Then the silver is dried at 75(C in an oven for approximately 16 hours.23 Commercial silver particles can come in the form of flakelets which proved to be advantageous capable of giving the maximum contact per unit weight.24
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