
AN ABSTRACT OF THE THESIS OF  

David W. Gaibler for the degree of Master of Science in Chemical Engineering 

presented on April 13, 2001. Title: Preparation of a Semi-Interpenetrating 

Polymer Network Using Cellulose Esters and Polyvinylphenol. 

Abstract approved: _ _ v __ 

WillieE.~ 

The creation of new semi-interpenetrating polymer networks (semi-IPNs) was 

attempted using miscible blends of high molecular weight cellulose esters (CE) 

and low molecular weight polyvinylphenol (PVP) with various initiators for the 

crosslinking reaction. Blends of cellulose acetate (CA) or cellulose acetate 

butyrate (CAB), at 50/50, 70/30, and 90/10 wt%CE/wt% PVP were made. The 

PVP was reacted in the CAB systems with Hexamethylenetetramine (Hexa) at 

190°C and in the CA systems with 1 ,3-Dioxolane (Diox) at 70°C. Thin films were 

formed and the thermal, mechanical, and structural properties of the blends and 

neat resins were evaluated using differential scanning calorimetry (DSC), tension 

tests, dynamic mechanical analysis (DMA) in tension, swelling tests, gel 

permeation chromotography (GPC), and pyrolysis molecular beam mass 

spectroscopy (py-MBMS). Multivariate analysis of the py-MBMS data and the 

GPC data revealed that reaction of the PVP increased with increasing initiator 

concentration at all compositions, but swelling tests showed that semi-IPNs were 

only formed at the CAlPVP 50/50 level. The glass transition temperatures (Tg) of 
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the blends were unaffected by the reaction of the PVP, suggesting that the low 

molecular weight PVP was serving as a diluent of the high molecular weight CEo 

The tension tests showed no enhancement of mechanical properties. The DMA 

results indicated increased elastic characteristics at temperatures just above Tg 

as the amount of initiator was increased, which is consistent with a picture of 

chain extension of the PVP molecules, which in turn increased the number of 

trapped entanglements in the system, even when not forming a complete PVP 

network. In conclusion, all systems showed chain extension reaction of the PVP 

and some semi-IPN formation as detected by analytical methods, but these 

changes did not produce the desired increases in mechanical properties such as 

tensile modulus and strength. 
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Preparation of a Semi-Interpenetrating Polymer Network Using Cellulose 
Esters and Polyvinyl phenol 

Chapter 1: Introduction 

Semi-Interpenetrating Polymer Networks (semi-IPN) have been shown to 

improve the mechanical properties of polymer blends (mixtures of two or more 

polymers). They are formed by crosslinking a reactive polymer in the presence 

of a second polymer. The formation of a network of typically has enhanced 

mechanical properties relative to those of the pure, unreactive polymer. 

Cellulose Acetate (CA) and Cellulose Acetate Butyrate (CAB) are versatile 

cellulose ester (CE) polymers that are based on a biologically renewable source. 

The properties that make them so versatile are their easy processing, ease of 

production, and clarity. The domestic production of cellulose esters exceeds one 

billion pounds, with more than 150 million pounds being used for injection 

molding. Despite their versatility, the mechanical properties of CE's leave 

something to be desired. Improving the creep resistance, strength, and stiffness 

would allow for their application to a broader range of products. 

Polyvinyl phenol (PVP) is a phenolic resin that has been shown to form 

intermolecular covalent bonds (or crosslinks) when heated in the presence of a 

methylene-donating crosslinking agent. It has also been shown to form a 

miscible blend with cellulose esters. 

The objective of this work is to study the feasibility of creating a semi-IPN by 

crosslinking varying amounts of PVP in the presence of one of CA or CAB. The 
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The objective of this work is to study the feasibility of creating a semi-IPN by 

crosslinking varying amounts of PVP in the presence of one of CA or CAB. The 

subsequent mechanical, thermal, and viscoelastic properties of the polymers are 

measured to see a) if the network really formed and b) if the mechanical 

properties increased. 
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Chapter 2: Background 

2.1 Polymer-Polymer Interactions 

2.1.1 Polymer Blends 

A polymer blend is any mixture of two or more polymers. A blend can be 

prepared by melt blending two polymers together, polymerizing the two 

simultaneously, or polymerizing one monomer in the presence of the other 

polymer. Most polymer blends are immiscible, meaning that at a molecular level 

the two polymer chains phase separate into two homogeneous regions (or 

regions that contain only one of the two polymers) (Paul and Newman, 1978). 

For two polymers to be miscible, thermodynamics has shown that the sign of 

the Gibbs free energy of mixing (LlGm) has to be negative. LlGm is given by the 

equation: 

(Eq. 2.1) 

where LlHm is the enthalpy of mixing, LlSm is the entropy of mixing, and T is the 

temperature. Most polymer mixtures have a positive enthalpy of mixing because 

it is more energetically favorable to mix with themselves than other molecules. 

LlSm is small due to the small number of moles of each polymer in the blend 

when compared to blends of molecules that have much smaller molecular 

weights (Paul and Newman, 1978). The more molecules present, the more 

disordered a system can become, which is the major contributor to entropy. This 
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positive enthalpy of mixing coupled with the low entropy of mixing commonly 

results in a positive ~Gm value (Paul and Newman, 1978). This positive value 

predicts that the two polymers will phase separate at equilibrium. This type of 

system is also known as an immiscible blend. 

Polymer blends are classified as either miscible or immiscible. The major 

criterion for this classification is a single glass transition temperature (Paul and 

Newman, 1978). A miscible blend has one glass transition temperature (Tg) 

whereas immiscible blends display more than one. Along with a single T g, a 

miscible blend will appear homogeneous when observed in a phase contrast 

microscope or a scanning electron microscope. One driving force for miscibility 

is secondary interactions (like hydrogen bonding). Secondary interactions 

provide larger negative enthalpies of mixing and result in a negative ~Gm, thus 

allowing the mixture to be thermodynamically favorable. This change in sign 

produces a homogeneous mixture of the two polymers at the molecular scale. 

2.1.2 Interpenetrating Polymer Networks 

"An interpenetrating polymer network (lPN) can be defined as a combination of 

two or more polymers in the network form, at least one of which is synthesized 

and/or crosslinked in the immediate presence of the other" (Klempner et ai, 

1994). An IPN has two significant mechanical differences from a polymer blend: 

1} an IPN will swell, but not dissolve, when placed in a "good" solvent for the 

polymer and 2} creep and flow are suppressed by the crosslinks that interconnect 

the chains (Klempner et ai, 1994). 
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Sample Miscible Blend DSC Curve 

-2~---------------------------------------------------

-3~--------------------------------------------------~ 

:. / Single Tg~4I=-~-:::::~::::===-__~~~~===:~~~~~ 

~ -5 ~ 

~ -6~-------------------------------------=::::~~~--J 
-7~--------------------------------------------------~ 

-8~----------__ __ __ __--~ 
50 100 150 200 

Temperature (C) 

Figure 2.1: Sample T 9 Curve 

IPNs are classified by the method in which they are prepared, either 

sequential or simultaneous_ A sequentiallPN is prepared by swelling a 

crosslinked polymer in a solution that contains a second monomer and an 

initiator. Once the first polymer is swollen, the second is polymerized and 

crosslinked within the matrix of the first polymer. 

A simultaneous IPN is prepared with a solution or melt that contains two or 

more monomers or polymers_ If monomers are used, the solution also contains 

an initiator for the polymerization reaction and the crosslinking reagent for one or 

both polymer systems_ Once the solution is well mixed, both polymerization 

reactions are carried out along with the subsequent crosslin king reactions 

(Klempner et ai, 1994). One requirement for simultaneous IPN formation is that 
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the two polymerizations occur simultaneous by non-interfering modes, such as 

stepwise and chain polymerizations (Klempner et ai, 1994). 

2.1.3 Semi-Interpenetrating Polymer Networks 

A semi-lPN, which is the goal of this study, is an IPN that contains a blend of 

two polymers, only one of which is ultimately crosslinked. The network created 

by the crosslinked polymer traps the entangled, uncrosslinked polymer (see 

Figure 2.2). An example of a semi-IPN is a mixture of castor oil and 

poly(ethylene terephlhalate) that were well mixed and the castor oi l was 

subsequently crosslinked, thereby trapping the PET into the castor oil matrix 

(Barrett and Sperl ing, 1993). 

Figure 2.2: Molecular Picture of Semi-Interpenetrating Network 

Semi-IPN formation often increases the mechanical properties of polymer 

blends. Semi-IPNs composed of PVC and isocyanate networks showed 
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dramatic increases in tensile, flexural, and impact strengths (Pittman et ai, 

2000). Sperling and Barrett improved the fracture toughness in PET/castor oil 

systems upon crosslinking of the castor oil (Barrett and Sperling, 1993). 

Increased fracture toughness and microcracking resistance in semi-IPNs 

composed of Themid-600 and LARC-TPI have also been reported. 

Dillon created a semi-IPN using poly(tetraflouroethylene) (Teflon) and silicone 

elastomers (Klempner et ai, 1994). These semi-IPNs showed physical and 

chemical properties that combined many of the unique characteristics of the 

individual components. The toughness of the Teflon combined with the elasticity 

of the silicone resulted in a product that was both strong and durable. 

Formation of IPNs is also useful because materials that do not blend on a 

molecular level prior to crosslinking can form a blend with significant phase 

mixing after crosslinking (Samui et ai, 1998). This mixing occurs because the 

crosslinks lock the two phases together despite the thermodynamic driving force 

for phase separation (Hermant et ai, 1983). An example of this are semi-IPNs 

composed of polysulfone and bismaleimide (4,4'-bismaleimidodiphenylmethane) 

(Gaina et ai, 1999). Zhang et al. also drastically reduced the amount of phase 

separation within mixtures of polydimethylsiloxane and polystyrene by creating a 

semi-IPN (Zhang et ai, 1999). 

Polyvinyl phenol has been shown to form miscible blends with cellulose esters 

(Landry et ai, 1994). It also has the ability to crosslink at high temperatures when 

in the presence of one of several crosslinking agents. The two crosslinking 

agents evaluated in this research are hypothesized to crosslink PVP in the 
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presence of a cellulose ester, thus forming a semi-IPN. It is hypothesized that 

the high stiffness of the polyvinyl phenol will enhance the stiffness of the cellulose 

esters. 

2.2 Materials Background 

2.2.1 Cellulose Esters 

Cellulose esters (CE) are widely used polymers derived from the reaction of 

natural cellulose and organic acids, anhydrides, or acid chlorides (Bikalas and 

Segal, 1971). Native cellulose has three hydroxyl groups attached to the 

anhydroglucose chain. One of these hydroxyls is primary (attached to a carbon 

that has only one other non-hydrogen attachment) and two are secondary 

hydroxyls (attached to a carbon with bonds to two other non-hydrogen atoms). 

The primary hydroxyl is more reactive than the secondary hydroxyl groups 

(Eastman, 2000). This hydroxyl functionality allows the cellulose to react with 

esters or anhydrides to form the cellulose esters (Eastman, 2000). The three 

hydroxyl groups together represent 31.48% of cellulose's weight, so substitution 

of a significant number of the hydroxyls with longer ester groups all but 

guarantees that the majority of the polymer's weight lies in it's side groups, rather 

than it's backbone. 

The specific type of ester group attached to the cellulose backbone and the 

degree of substitution (DS) characterize CE's. The DS of a cellulose ester refers 

to the average number of ester groups attached to each cellulose repeat unit. 
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Since acids can react with any of three hydroxyl groups on the cellulose repeat 

unit, the OS can range from zero to three. For example, the OS of Figure 2.3 is 

three since all three sites on the cellulose backbone are substituted with an ester 

group. 

The degree of substitution and the type of ester group attached to the 

cellulose backbone affect the thermal and mechanical properties. Esters derived 

from acids of more than four carbons have not achieved commercial significance 

due to their poor mechanical and thermal properties (Bikalas and Segal, 1971). 

As the ester side group chain length increases, the glass transition temperature 

(Tg), tensile strength, mechanical strength, and density generally decrease. The 

solubility in nonpolar solvents and the moisture resistance increases as the 

length of the ester group increases (Bikalas and Segal, 1971). 
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Figure 2.3: Cellulose Acetate Repeat Unit 

Cellulose Acetate (CA) is the most widely produced cellulose ester. It 

consists of a cellulose backbone substituted by acetate groups (CH3COO-) 

(Figure 2.3). The first commercial use of CA was in World War I as an airplane 
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wing coating. Currently it is being used in textile fibers, plastic films, sheeting, 

lacquers, cigarette filters, display packaging, toothbrush handles, tool handles, 

reverse osmosis membranes, and kidney dialysis modules (Bikalas and Segal, 

1971). Possible new applications of this versatile plastic are as biodegradable 

film, foam molding composites, and microencapsulated drug delivery systems 

(Bikalas and Segal, 1971). CA has also solvent- and grease- resistant coatings 

for paper products, wire, and cloth (Eastman, 2000). Originally CA was prepared 

by reacting cotton and acetic anhydride at 180°C. It was later found that adding 

sulfuric acid as a catalyst allowed for lower reaction temperatures. Partial 

hydrolysis of the triacetate CA produces an acetone-soluble CA, which aided in 

its commercial development (Bikalas and Segal, 1971). 
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Figure 2.4: Reaction of Cellulose with Carboxylic Acid to create Cellulose 
Ester 
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Cellulose Acetate Butyrate (CAB) is a less widely used CE that contains both 

two carbon and four carbon ester chains attached to the cellulose backbone 

(Figure 2.5). CAB is not used as frequently as CA because it has a lower glass 

transition temperature and higher production cost than CA (Bikalas and Segal, 

1971). It is commonly used as sheeting, molding plastics, film products, lacquer 

coatings, and melt dip coatings. It has also found applications as wire coatings, 

airplane dopes, and cements (Eastman, 2000). CAB has a lower tensile 

modulus and tensile strength, and is more soluble in organic solvents than CA. 

o 
II 

C-O-C-CH3 
H 

o -C-CH·CH·('H 0 -~-CH2CHFH3 
II 2 r 3 0 
o 

o 

Figure 2.5: Cellulose Acetate Butyrate Repeat Unit 

2.2.2 Polyvinylphenol 

Phenolic resins have been shown to chain extend upon reaction with 

reactants that are latent sources of formaldehyde (Gould, 1959). 

Polyvinyl phenol (PVP) in particular can be chain extended when heated with one 

of several crosslinking reactants. The structure of PVP and polystyrene (one of 
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the six most commonly used polymers) are very similar. The only difference 

between the two is that PVP has phenol groups attached to every other 

backbone carbon whereas polystyrene has benzene groups attached at every 

other carbon. PVP is a useful thermosetting polymer because it can be 

crosslinked to form a hard resin. 

Hexamethylenetetramine (Hexa) is a complex molecule that is used as a 

methyl-group donator in the crosslinking reaction of phenolic resins (Gould, 

1959). It has the capability of contributing six methyl crosslinking groups to a 

phenolic system. Temperatures in excess of 140°C are needed for the reaction 

to proceed at any appreciable rates (Kim et ai, 1989). In the reaction of Hexa 

and PVP, four molecules of ammonia are also generated (Figure 2.6). The 

offgassing of the ammonia is a consideration when performing the reaction 

because of the toxic gaseous product. Proper ventilation must be considered 

when performing the reaction. 
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6 Methyl Groups 

+ 

OH OH OH OH OH OH OH OH OH 
Hexamethylenetetramine 

Polyvinylphenol 

+ 4 NH3 

Ammonia 

Crosslinked Polyvinylphenol 

Figure 2.6: Crosslinking of PVP with Hexamethylenetetramine 

1,3 Dioxolane (Diox) is also used to crosslink phenolic resins. It was shown 

to crosslink o,o-poly[( 1-hydroxy-2,6-methylene )-phenylene], another phenolic 

resin, at temperatures of 60-70°C when catalyzed by 0.5 wt% p-toluenesulfonic 

acid (Kim et aI., 1989). Due to the lower reaction temperature, the time needed 

for the reaction to occur is longer than the corresponding Hexa reaction time. 

Each molecule of Diox has the capability of donating two methyl-crosslinks to a 

PVP system. The reaction in question is shown in Figure 2.7. 
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2 

2 methyl groups 

+ 

OH OH OH OH OH 

Polyvinylphenol 

OH OH OH OH 1,3 Dioxolane 

Crosslinked Polyvinylphenol 

Figure 2.7: Crosslinking Reaction of Polyvinylphenol with 1,3 Dioxolane 

2.3 Viscoelastic Behavior of Polymeric Materials 

A purely elastic material completely converts mechanical work into 

recoverable potential energy and a purely viscous material dissipates all 

mechanical work as heat (Kroschwitz, 1990). Hookean solids are ideal elastic 

materials while Newtonian fluids are purely viscous materials. A viscoelastic 

material is one that has both elastic and viscous characteristics, i.e. it converts 

some mechanical work to potential energy while also dissipating some as heat. 

Polymers display viscoelastic properties. The degree that a polymer acts like an 

elastic material versus the how much it acts like a liquid is vital to understanding 
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the response of a polymer to conditions of processing and use (Kroschwitz, 

1990). Temperature and deformation time both influence the relative "viscous" 

versus "elastic" behavior of a polymer. 

To understand how viscoelasticity affects the rheological properties of a 

viscoelastic material, one must formulate a picture of an amorphous polymer. 

The chains of amorphous polymers are structurally irregular and thus they cannot 

be made to crystallize into a well-defined unit cell (Tobolsky and Mark, 1971). As 

a visual aid, one could picture either a motionless bowl of spaghetti or the 

wiggling snake pit in the movie "Raiders of the Lost Ark" as physical examples. 

A plot of the specific volume of an amorphous polymer versus temperature 

has a characteristic slope change that occurs at a specific temperature (or over a 

small temperature range). The temperature of the slope change is called the 

glass transition temperature and is symbolized by T g. This temperature is a key 

fundamental and practical characteristic of all polymers. At temperatures below 

Tg, polymers are more elastic and have mechanical properties that are similar to 

hard and glassy materials. At these temperatures, the chains can be visualized 

as a motionless bowl of tangled spaghetti. As the temperature of the polymer is 

ramped through the glass temperature, it first acts rubbery and then ultimately 

like a liquid if the temperature is raised high enough (Tobolsky and Mark, 1971). 

The molecules are now moving with a constant wiggling motion and thus 

resembling the snake pit more than a motionless bowl of spaghetti. 

Similar to the temperature dependence of a polymer, the response of a 

polymer to a deformation is markedly time dependent. Take Silly Putty (which is 
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basically Polydimethylsiloxane) as an example of this behavior. As many 

perplexed children will verify, quickly stretching a piece of Silly Putty results in a 

sharp fracture of the polymer. This behavior is similar to response of an elastic 

solid. In contrast, the same piece of Silly Putty will stretch apart like a piece of 

chewing gum when it is pulled at a much slower rate. These contrasting 

behaviors illuminate the fact that the time scale of deformation influence how 

viscoelastic materials respond. 

All viscoelastic materials will have a characteristic relaxation time that will 

dictate the type of response of the material (Rosen, 1993). This relaxation is 

strong function of temperature. At high temperatures, the relaxation time is much 

shorter than at low temperature (especially when comparing temperatures above 

and below the Tg). If the time scale of deformation is less than the relaxation 

time, the material will have elastic characteristics, whereas deformation times 

that are larger than the relaxation time result in the material having viscous 

responses. The ratio of the characteristic material time to the time scale of the 

deformation is defined as the Deborah Number: 

De == Re laxation Time (Eq.2.2)
Deformation Time 

Responses appear elastic at high De (De» 1) and viscous at low De (De~O) 

(Rosen, 1993). 

As the previous examples suggest, high temperatures and long deformation 

times have the similar effect of viscous mechanical responses while low 

temperatures and short deformation times result in elastic responses. Time-

temperature superposition is a quantitative application of this phenomenon to a 
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series of frequency sweeps performed at various temperatures (or similarly a 

series of temperature sweeps performed at a various frequencies) that allows for 

powerful insight into the behavior of a viscoelastic material. This insight of time-

temperature superposition is that it allows for the characterization the viscoelastic 

response at frequencies (and times) that are not experimentally attainable. 

Time-temperature superposition is generally used along the frequency axis. 

Figure 2.3 is an example of a time-temperature superposition performed on 

NBS polyisobutylene (Rosen, 1993). The y-axis represents the tensile relaxation 

modulus (Er(t)), which is simply the measured tensile force in a sample held at a 

constant strain: 

E (t) = Force(t) / A (Eq.2.3) 
r ~I/I 

A is the cross-sectional area, ~I is the change in length of the sample, and I is 

initial length of the sample. The curves in "Data" portion of the figure represent 

the actual data that was collected while the single curve in the right window of the 

figure is the curve created by time-temperature superposition. 
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Figure 2.8: Time-temperature superposition of NBS polyisobutylene 
(Rosen, 1993) 

First notice that the elastic relaxation modulus was measured continuously 

from .01 hours (-30s) to 100 hours (-4 days) at temperatures that range from -

80°C to 50°C. In each case, the relaxation modulus drops as the time of the 

experiment increases. Also notice that the starting and ending temperature of 

the curves decrease as the experiment temperature increases. Both of these 

observations are in agreement with the deformation time and temperature effects 

on viscoelastic materials. Observing the "Data" curves seems to suggest that 

curves appear to be chopped up sections of one continuous curve (Rosen, 

1993). This observation is the starting point for time-temperature superposition. 

If one of the "Data" curves is arbitrarily set as the reference, all the other curves 

can be shifted right or left along the time axis so that the master curve is created. 

The new master curve then represents Er(t) at 25°C (the selected reference 

temperature) over a range of times that could never feasibly be measured 

experimentally. Notice also that there are four distinct regions of the curve. 
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These regions each have significant mechanical characteristics and are a direct 

result of an entangled polymer system. See Ferry, 1980 for details on time-

temperature superposition. 

2.4 Polymer Entanglement Structure 

In 1932, Busse noted that unvulanized rubber retains its original shape when 

subjected to large deformation forces applied for short periods of time and 

released. When the same force was applied for a longer period of time and 

released, the shape of the rubber was altered (Graessley, 1974). The 

explanation for this behavior was hypothesized to be due almost entirely to "a 

few widely-separated strong interactions, which serve for short times at least to 

bind the structure into a three-dimensional network." Busse went on to predict 

that the strong interactions were simply temporary physical interlocking of the 

molecules that can slip to new equilibrium positions if given adequate time. 

Treloar (1940) later coined the term "entanglements" to represent the physical 

interlocking of molecules. 

As the mental picture of spaghetti or snakes would predict, polymers are one-

dimensionally connected objects that cannot cross each other. Because of this 

connectivity, polymer chains cannot freely move through each other and they 

become entangled when many in close contact try to move around. The 

entanglements between the chains cause a "quasi, non-permanent network" to 

form between the polymer chains (Tobolsky and Mark, 1971). Figure 2.9 is an 

illustration of an entangled polymer mass. Entanglements occur everywhere two 
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chains cross one-another. One molecule is deliberately highlighted to emphasize 

the many times that the other molecules cross over it. These topological 

constraints do not affect the static properties of the polymers but severely affect 

the dynamic properties since the diffusion of polymer chains is severely 

constrained by the entanglements (Doi and Edwards, 1986). 

Entanglements 

Figure 2.9: Polymer Entanglement Picture 

The three sample curves in Figure 2.10 represent Er(t) versus temperature for 

two polystyrene samples with weight averaged molecular weight measurements 

of 211,000 (curve A) and 325,000 (curve B) and a crosslinked polystyrene 

sample (curve C). Notice that in this figure, Er(t) is plotted vs. temperature rather 

than time (as in Figure 2.8). Even though the curves were constructed using two 

different polymers, notice that all four have the same general shape (at least at 

lower temperatures and times). The length of experiment for all the 

measurements in the Figure 2.10 was arbitrarily chosen to be 10 seconds. 
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Figure 2.10: Tensile Relaxation Modulus of Polystyrene vs. Temperature 
(Tobolsky and Mark, 1971) 

Five viscoelastic regions of the higher molecular weight curve are 

immediately noticed. The glassy region is below 9rC. At these temperatures, 

the material has glassy and brittle mechanical properties because the polymer is 

frozen in an entangled network. In that glassy state, the atoms in a glassy 

polymer vibrate about the fixed positions but experience no diffusional movement 

through the matrix (Tobolsky and Mark, 1971). In this region, the polymer looks 

like the motionless bowl of spaghetti. 

In the second region between 9rC and 115°C the polymer experiences a 

drastic drop in modulus consistent with PS's reported Tg of 100°C. At 

temperatures above Tg, molecular movement drastically increases. This 
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increase is then responsible for the drop in elasticity. This region of rapidly 

changing modulus has physical properties that are described as leathery 

(Tobolsky and Mark, 1971). Short-range diffusional movements characterize the 

second region. Also notice that this range is independent of molecular weight of 

polymer since both curves have the same behavior up to these temperatures. 

The third region of the curve is the rubbery plateau region. The size of this 

region is a strong function of the molecular weight, or more precisely the chain 

length, of the polymer. Notice that the plateau region of the higher molecular 

weight polymer (B) is much longer than (A). Because the chain length of B is 

greater, the number of molecular entanglements is greater. The increased 

number of entanglements maintains the modulus at at the constant value up to 

higher temperatures. The properties of the polymer in this region are rubbery. In 

this region, short-range diffusional motions of polymer chains are very rapid but 

entanglements retard complete chain diffusion (Tobolsky and Mark, 1971). The 

magnitude of the modulus plateau in this region can be used to calculate Me, 

which is the molecular weight between entanglements. 

The fourth region between 140°C and 17rC is called the rubbery flow region. 

In this region, the polymer acts like a rubbery-elastic fluid that flows easily within 

the time frame of the experiment. In this region, motion of whole chains 

becomes important in the ten-second-time scale of the experiment. 

The last region above 17rC shows that the polymer experiences very little 

elastic recovery and basically flows like a liquid in the time frame of the 

experiment (Tobolsky and Mark, 1971). This region is characterized by long-
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range configurational changes in the polymer. Elastic recovery is completely 

negligible for stresses or strains that are maintained for longer than ten-seconds. 

Some polymeric systems can be chemically crosslinked when reacted with 

certain chemicals. A chemical crosslink is different from an entanglement in that 

it is a covalent bond that connects two polymer chains (or two different regions of 

the same chain). Formation of chemical crosslinks will partially or completely 

suppress the regions of rubbery and liquid flow (Tobolsky and Mark, 1971). This 

suppression of the flow regions translates into a rubbery plateau that would 

remain at a constant value of E until the polymer reaches it's decomposition 

temperature. 

Entanglements and crosslinks are both present in crosslinked polymers. 

Flory noted that the E for cross-linked butyl rubbers differed from values 

calculated from the crosslink density according to the kinetic theory of rubber 

elasticity. The differences were attributed to "trapped entanglements", that is 

entanglements which exist prior to crosslin king and which are locked in when 

crosslinks are added (Graessley, 1974). The concept of locking entanglements 

in place through crosslinking leading to an increase in modulus is the goal of the 

present study. As mentioned, in the case of the semi-lPN, the mechanism is to 

trap the entanglements of the high molecular weight polymer (highly entangled) 

by crosslinking a lower molecular weight material present in the polymer blend. 
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Chapter 3: Experimental Background 

3.1 Testing Background 

3.1.1 Swelling Test 

One way to differentiate an IPN from a polymeric blend is through simple 

swelling tests (Klempner et ai, 1994). The formation of crosslinks builds a 

network that is covalently bonded and thus resists solvation (complete 

dissolution) by strong organic solvents. Whether or not a sample dissolves is the 

first indication that crosslinking has occurred. Another useful result obtained by a 

swelling test is a qualitative measurement of the relative degree of IPN formation 

between samples. An IPN that has a continuously network formed throughout a 

sample will swell when placed in an organic solvent. The amount of swelling is 

dependant on the frequency of the crosslinks. Measuring the increase in weight 

of a sample after it has equilibrated in an organic solvent is a qualitative way to 

compare the degree of crosslinking between samples. Samples with larger 

weight increases after swelling are crosslinked to a lesser degree than samples 

with smaller weight increases. 

3.1.2 Tensile Testing 

Two useful mechanical properties that can be easily measured for polymeric 

films are the tensile modulus of elasticity (MOE) and the nominal tensile strength. 
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Qualitatively speaking, the MOE represents the stiffness of a material. A stiff 

material has a large MOE and a strong material has a large tensile strength. 

Monitoring the stress and strain simultaneously on a sample that is being 

stretched allows for the measurement of the MOE and the tensile strength. 

Commonly for films, a sample is cut into a rectangular coupon and clamped 

between two pneumatic grips. The distance between the grips is defined as the 

gage length. One of the grips is attached to a moveable member and the other is 

attached to a stationary member. The position of the moveable member is 

monitored with a linear variable differential transducer (LVDT). Also attached to 

the moveable member is a load cell that can measure the force pulling on the 

film. 

Load Cell --. 
'--,.....,----' 

Universal Joint ----. 

Upper Pneumatic ~ 
Grip 

Sample ~ 

Lower Pneumatic 
Grip ~ 

Air Hose 

Figure 3.1: Simplified Schematic of Instron Tension Testing Clamps 
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When a load is placed on a sample, the actual stress is not constant 

throughout the sample. Formally, stress is represented by a tensor that includes 

the three special components of the stress on each of the six faces of an 

infinitesimal cube. In practice, the stress on a sample is assumed to be constant 

throughout the film and the normal cross-sectional area is assumed constant 

throughout the experiment (even though is really isn't). If this assumption is 

made, the stress in the film at any time is simply calculated by dividing the 

measured load by the initial cross-sectional area of the sample. The units of 

stress are force per area or pressure. 

Like actual stress, actual strain is also represented by a complex tensor. 

Again, a simplification is made and strain is estimated by dividing the elongation 

of the sample by the initial gage length. Since strain is defined as a change in 

length divided by a length, it has no units. 

The percent elongation is the strain at failure of a sample multiplied by 100%. 

This value characterizes the ductility of a sample. 

The MOE of a material is the initial slope of the stress versus strain plot (see 

Figure 3.2). For elastic materials such as steel (see Figure 3.3), the slope of the 

stress versus strain is constant until the material fails. Polymeric materials have 

characteristics of both elastic solids and viscous fluids so their MOE changes 

depending on the temperature and strain rate of the experiment. Despite this 

fact, there is usually a linear region of the stress strain plot that allows for an 

estimation of the MOE. ASTM standards (0882-97) for measuring polymer films 

mechanical properties have been developed to normalize the calculations. 
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These standards detail the strain rate, sample dimensions, and region of the 

stress versus strain plot to use when calculating the MOE. 

Nominal Tensile Strength 

/
Tensile Strength at Break 

Strain 

Figure 3.2: Typical Stress-Strain Curve for Polymeric Material 

Purely Elastic Material 

Yielding Material 

N eckmg Material 
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Figure 3.3: Stress-Strain Curve for Various Types of Materials 
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The tensile strength at break of a material is the load at failure divided by the 

cross-sectional area of the sample. Along with a changing MOE, the load on 

polymeric materials will often increase to a maximum and then decrease after 

this point. This phenomenon prompts the definition of two different tensile 

strengths. The nominal tensile strength is the maximum load on the sample 

divided by the original cross-sectional area. The tensile strength at break is the 

load on the sample at break divided by the initial cross-sectional area. The 

decrease in load on a polymer after it reaches a local maximum is the result of 

necking. Necking is simply the point when polymer chains disentangled and flow 

past one another. Necking is accompanied by a decrease in the cross-sectional 

area of the sample. 

In this project, the tensile MOE, nominal tensile strength, and percent 

elongation are calculated in replicate. The average and standard deviations are 

then used to compare the mechanical properties of the various polymer films. 

3.1.3 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermal characterization 

technique that yields polymeric properties such as the glass transition 

temperature (Tg), melting temperature (Tm), crystallization temperature (T x) , heat 

of melting (~Hm) , and heat of crystallization (~Hx) (Kroschwitz, 1990). A typical 

DSC scan for a crystalline polymer is shown in Figure 3.4. 
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Figure 3.4: Sample DSC Curve for Crystalline Polymer (Kroschwitz, 1990) 

DSC basically compares the differences in heat flow to a sample and an inert 

reference as a function of time and temperature, while being heated or cooled in 

a controlled environment (Kroschwitz,1990). TA Instrument DSC monitor the 

difference in heat flux between the sample and reference pan. A schematic of a 

DSC is shown in Figure 3.5. DSC measures the amount of heat (input or output) 

that is required to keep the sample at the same temperature as the reference. 

This is accomplished in the following manner. 

All the heat transferred to the sample and reference pan flows through the 

constantan disc beneath the pans are sitting on. Two chromel discs contact the 

underside of the constantan disc (one each directly below the reference and 

sample pans) thus forming thermocouples that allow for measurement of the 

temperatures directly between the two discs. Second sets of thermocouples 

(chromel/alumel) are in contact with the underside of each of the two chromel 
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discs that allow for the measurement of the temperature of the bottom of those 

discs. 

Figlxe 1: Heat F~x DSC Schematic 
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Figure 3.5: Schematic of DSC Cell (From TA Website) 

The heat flux through the chromet disc can then be measured by the following 

equation (which is just an integration of Fourier's Law for a linear geometry) 

. k 
q = T(T, - T,) (Eq. 3.1) 

where I is the thickness of the chromel disc, T 2 is the temperature between the 

chromel and constantan disc, and T1 is the temperature on the bottom of the 

disc. The difference in the flux to the sample and reference ( t>q) then can be 

measured and used to gain into the thermal characteristics of the polymer being 

examined as a function of temperature and time. 
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The DSC can be programmed to perform various types of heating such as 

temperature ramps at constant heating rates and isothermal temperature 

plateaus, all while measuring the amount of heat needed to keep the sample and 

the reference pan at the same temperature. As different thermal events occur in 

the sample, the heat load of the sample will change. For example, if a crystalline 

polymer is ramped through its melting point, it will require extra heat input equal 

to the heat of melting of the polymer (relative to the amount needed as the 

sample is taken through non-phase transition temperature ranges) because 

melting is an endothermic event that requires energy put into a system. The heat 

flux to the two chromal discs is measured and the difference is taken. 

Generally two heating runs are used in DSC, both performed at the same 

rate. The first run is necessary to "erase" any thermal processing characteristics 

(Bikalas and Segal, 1971). Following the first run a cooling cycle is used to lower 

the temperature to the starting temperature for the second run. Generally, 

information on the sample is obtained from the second run. The glass transition 

temperature (Tg) of the samples is computed by taking the midpoint of the 

second order transition (see Figure 3.4). A second order transition is a change in 

slope or a step change in the temperature/heat flow curve, rather than a peak 

(which is characteristic of a first order transition) such as melting or 

crystallization. 
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3.1.4 Gel Permeation Chromatography 

Gel Permeation Chromatography (GPC) is an analytical method used to 

measure the molecular weight distribution (MWD) of a polymer. Because 

polymer samples are composed of molecules of varying length (Le. varying 

number of repeating units), it is useful to plot the weight fraction for each of the 

various molecular weights so that an idea of the size distribution of the molecules 

can be formulated. The plot created is the MWD of the polymer sample (see 

Figure 3.6). Notice in the figure that the curve is really a series of discrete peaks, 

each at a different atomic mass number. The MWD of a sample is usually the 

dominating factor in determining how a polymer will perform in solid, solution, or 

melt (Ward, 1981). 

Molecular Weig,t of x-mer (arru) 

Figure 3.6: Molecular Weight Distribution Diagram (From Rosen, 1993) 

A very dilute sample solution is prepared by dissolving a polymer in an 

organic solvent. The solution is then run through a column consisting of a mobile 
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phase (the solvent) flowing through a porous packing material (Kroschwitz, 

1990). The pore volume of the column available to small molecules is much 

higher than that for large molecules. Because of the differences in pore volume, 

the lower molecular weight polymers travel a much longer, more tortuous path 

than the larger molecular weight polymers (Ward, 1981). The end result is the 

larger molecular weight molecules eluding faster than the lower molecular weight 

polymers (see Figure 3.7). 

~ Large Molecule 
Gel Bead 

Pores 

"
Smail Molecule 

Solvent Flow 

Figure 3.7: Molecular Flow through GPC Column 
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As the solution leaves the column, it is passed through one or more detectors 

that can continuously measure the concentration of polymer that is present at 

each elution volume (where an elution volume is a measured volume of solution 

that collected from the column). Normalizing the measured concentration 

(dividing them by the starting mass) yields weight fractions for the continuous 

spectrum of elution volumes. Elution volumes are measured rather than 

retention time because the volumetric flow rate may not be constant (Kroschwitz, 

1990). A chart is then constructed of the weight fraction versus the elution 

volume (Ward, 1981). The resulting plot is column specific, so it must be 

normalized to a calibration standard so that the values obtained are comparable. 

A universal calibration curve allows for the normalization. 

The hydrodynamic volume of a polymer is the factor that determines the 

separation by GPC (Ward, 1981). This hydrodynamic volume then serves as the 

basis for the construction of the universal calibration curve. The hydrodynamic 

volume represents the volume that one polymer chain occupies while in a dilute 

solution, and it can be represented by: 

(Eq.3.2) 

where [11] is the intrinsic viscosity and M is the molecular weight. 

To understand what intrinsic viscosity is, a couple of key terms need to be 

defined. The specific viscosity of a polymer solution is just the viscosity of the 

solution minus the viscosity of the solvent divided by the viscosity of the solvent: 

(Eq. 3.3) 

The reduced viscosity is the specific viscosity divided by the concentration: 
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(Eq. 3.4) 

Measuring the reduced viscosity at several solutions that are progressively more 

dilute allows for the calculation of the intrinsic viscosity. These measurements 

are performed in a capillary viscometer. The intrinsic viscosity is then found 

graphically by simply taking the limit of the reduced viscosity as the concentration 

of the polymer in solution is reduced to zero, which is mathematically 

represented as: 

I. YJ sp[]YJ = Im- (Eq.3.5) 
c--->o C 

Or graphically shown in Figure 3.8. 
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Figure 3.8: Graphical Determination of [,,1 (From Rosen, 1993) 
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The Mark-Houwink-Sakurada equation allows for determination of the intrinsic 

viscosity without performing the time-consuming laboratory experiments. This 

equation says: 

(Eq.3.6) 

where k and a are temperature sensitive factors that are empirically determined 

for each polymer/solvent system. The exponent "a" is related to the "goodness of 

the solvent" and varies from a =0.5 (poor solvent) to a =0.65-0.8 (good solvent). 

To construct a universal calibration curve, many monodisperse samples 

(polymers with very small distribution of sizes) of varying molecular weights are 

passed through the specific column (Ward, 1981). For each of the samples, the 

peak elution solution is measured. This then allows for the elution time for each 

of the different molecular weight samples, specific to that particular column. The 

intrinsic viscosity of each of the samples is also measured. Once the 

measurements are complete, a plot of the hydrodynamic volume versus the 

elution volume is created. Recall that hydrodynamic volume is simply the 

product of the intrinsic viscosity and the molecular weight. Also, recall 

hydrodynamic volume determines retention time (regardless of the polymer 

passing through the column). Because of this, the constructed curve can be 

used as a calibration curve that allows the measurement of the molecular weight 

of an unknown polymer, and thus can give a "polystyrene" equivalent molecular 

weight for any polymer in a good solvent. 

If the Mark-Houwink-Sakurada coefficients are known for the polymer/solvent 

system in question, the plot of the molecular weight versus elution volume for the 



37 

polystyrene standards can be used to obtain the true polymer molecular weights. 

Equating the hydrodynamic volumes of the sample polymer to the calibrating 

polymer and substituting the Mark-Houwink-Sakurada equation for intrinsic 

viscosity yields the following equation: 

(Eq.3.7) 

where a1 and k1 and a2 and k2 are the Mark-Houwink-Sakurada coefficients for 

the sample in question and standard, respectively. The molecular weight of the 

polymer in question is then found for each elution volume by substituting the 

molecular weight of the standard into the above equation that had the same 

elution volume (Ward, 1981). 

3.1.5 Dynamic Mechanical Analysis 

When a force acts on a Hookean solid, a strain (or deformation) results. A 

stress develops within the sample in response to the strain (Ferry, 1980). This 

stress is proportional to the strain by the following mathematical relationship: 

CJ =E(t)y (Eq.3.8) 

where CJ is the resultant stress to the applied strain y. E(t), the tensile modulus 

of elasticity, is a constant for a Hookean solid. In contrast, the stress in a 

Newtonian Fluid is proportional to rate of change of the applied shear rather than 

the shear itself, or mathematically: 

(Eq.3.9) 
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where 1-1 is the viscosity and yis the time derivative of the shear strain, also 

called the shear rate. 

The internal stress of a Hookean material that is created in response to the 

imposed strain allows for the material to regain its original shape when the force 

causing the strain is no longer applied. As the second equation suggests, a 

Newtonian Fluid will have no internal stress when the rate of strain is constant, 

even though there is still a force imposing a strain on the material. This lack of 

internal stress at constant strain rate prevents a Newtonian fluid from regaining 

its original form when the force that is causing the strain stops acting on the 

material. These contrasting behaviors are the limiting cases for viscoelastic 

materials. As explained above, viscoelastic materials have properties 

characteristic of both Newtonian fluids (viscous) and Hookean Solids (elastic). 

Dynamic mechanical analysis (DMA) is a method used to "quantify" the 

viscoelastic properties of a polymer, in which a cyclic stress or strain is applied to 

a sample and the resulting strain or stress is measured. These viscoelastic 

properties can be measured while the polymer is held in various geometries. 

These various testing geometries are specifically formulated with the physical 

state of the polymer in mind (i.e. solid or melt). In the present discussion, DMA 

scans are performed on polymer films just below and above their Tg. For 

polymer films, tension (rectangular geometry) is used. 

If a sinusoidal strain is applied to a sample in tension, the magnitude of the 

strain will be of the form: 

(Eq 3.10) 



39 

where t is time, w is the frequency of oscillation, and yO is the maximum applied 

strain (Ferry, 1980). Differentiation of this equation with respect to time yields the 

following equation for strain rate: 

y= O)yO cos{O)t) (Eq. 3.11) 

The stress at any time can be represented by the following equation (Ferry, 

1980): 

o{t) = LE{t - t'}y{t')dt' (Eq.3.12) 

The integral in this expression is used because effects of sequential changes in 

strain are additive (Ferry, 1980). If the above equation were used to represent a 

Hookean solid, E(t - t') would be constant and can be removed from the integral. 

This would yield the above equation for Hookean stress after the integral is 

taken. Substituting the equation for shear rate into the equation and defining s 

as t - l' yields: 

o{t) = fE{SXuYO cos[w{t - s)}js (Eq.3.13) 

Applying the trigonometric identity of cos(a+b) = sin(a)sin(b) - cos(a)cos(b) 

makes the above equation become: 

o{t) = yo[w fE{s)sin{ws}ds] sin{wt)+ yo[w rE{s)cos{ws}ds ] sin{wt) 

(Eq. 3.14) 

Two new frequency dependent quantities, E' and E", can be defined as the 

expressions in brackets, thus allowing the equation to take its final form: 

o{t) = yO [E' sin{wt)+ E" cos{wt)] (Eq.3.15) 
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The new quantity E' is named the elastic storage modulus and E" is called the 

elastic loss modulus (Ferry, 1980). Notice that the term containing E' is in phase 

with the applied strain and thus is associated with the mechanical energy that is 

converted to potential energy (or energy being stored as stress). E" and the 

applied strain are 90° out of phase, so E' is associated with the component of 

mechanical work that is lost by viscous dissipation (Kroschwitz, 1990). As the 

value of E' increases, a polymer acts more like an elastic solid. Similarly, as E" 

increases, a polymer acts more like a viscous liquid. Since E' and E" are 

frequency dependent, the frequency of the applied strain will affect their 

magnitudes. Along with being frequency dependent, E' and E" are temperature 

dependent. 

Frequency and temperature sweeps can be made on a polymer that is held in 

tension, compression, or both. This is performed by sweeping a sample through 

a range of frequencies at each of a predetermined set of temperatures. 

Comparing the plots of E' and E" versus frequency at various temperatures is a 

quantitative way of comparing the "solid-like" and "liquid-like" characteristics of 

polymers. 

3.1.6 Pyrolysis Molecular Beam Mass Spectroscopy 

Pyrolysis Molecular Beam Mass Spectroscopy (py-MBMS) can be used to 

decipher the molecular make-up of a polymeric material. Py-MBMS is primarily 

used for the study of localized polymeric structure. Py-MBMS essentially 

consists of four steps: vaporization of the sample, ionization of the fragments with 
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moderately energetic electrons, acceleration of ions, and detection of the mass to 

charge ratio of the ions (Kroschwitz, 1990). By examining the amount and type 

of particles detected, insight regarding the molecular "fingerprint" of the original 

polymer can be drawn. 

A simplified explanation of the operation of an py-MBMS is as follows. In a 

high temperature of the furnace (500 0 e), the polymeric sample is pyrolized into 

fragments that evaporate and are then swept by the carrier gas into the 

molecular beam mass spectrometer. The initial expansion of the vapors into the 

first stage is nearly adiabatic and isentropic, with the consequence that extreme 

collisional and internal energy state cooling can occur (Evans and Milne, 1987). 

The expansion and rapid cooling prevents the molecular fragments, many of 

which are reactive radicals, from reacting to form new products due to spatial and 

energetic effects. The molecular fragments then flow from stage one into the 

second and third stages, each with a decreasing pressure gradient (pressure 

change from 60 mTorr to 10-5 Torr). Proper configuration of the skimmer coupled 

with a low pressure in stage one allows for supersonic flow through the skimmer 

without shock formation (Evans, 1987). The skimmer also focuses the molecules 

into a molecular beam. The molecular beam is then passed through a low-

energy (22.5 eV) electron beam and into a quadruple mass spectrometer. The 

collisions with the electrons cause the molecules to take on a positive charge. 

The positively charged ion beam is then passed through the poles of the mass 

spectrometer and a positive ion mass spectrum is collected. 
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py-MBMS is useful for the study of polymeric materials because side 

reactions among the fragments are minimized once the initial sample is 

pyrolyzed . The cooling of the gas reduces the energy of the fragments, so when 

collisions occur, they typically don't have the energy needed to undergo 

secondary reactions (Evans and Milne, 1987). 
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Figure 3.9 : Simplifi ed Picture of MBMS (Evans and Milne, 1987) 

Analysis of the inlensities of the various detected fragments gives insight into 

the structure of the pyrolyzed sample. The relative value of a few key molecular 
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fragments will be used to assess whether or not crosslinking is occurring in the 

CE/PVP systems. 

3.1.7 Multivariate Analysis 

Multivariate analysis is a technique used to analyze data from an experiment 

that has many measured variables. In this study, multivariate analysis is used for 

the analysis of the py-MBMS data. In py-MBMS, the complete sets of measured 

mass values are the variables to be analyzed. Multivariate analysis is useful 

because it can find the underlying structure in sample data sets and well as 

compute models that predict the value of a hard to measure variable using more 

easily measured variables (Martens and Ncas, 1989). 

Before multivariate calibration can be addressed, a few nomenclature 

formalities must be mentioned. It is fairly standard in mathematical texts to 

represent a vector by a bold lower case letter and a matrix by a bold upper case 

letter. From now on, this nomenclature system is adopted. 

To gain an understanding of multivariate calibration one first must understand 

linear calibration. In linear calibration, two measured variables (for first variable x 

and second variable y) measured for k samples are related to each other through 

the following relation: 

(Eq.3.16) 

In this equation, x and yare vectors representing the k different values for the 

two variables x and y. bo is a scalar that represents the offset (or y-intercept of 

the regression line) and b1 is the regression coefficient (or slope) for x. h is a 
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vector of the differences of the predicted values of Yk (values that fall on the 

regressed line) and the measured values. These values are commonly referred 

to as residuals. With linear regression, bo and b1 are often calculated by 

minimizing the residual sum of the least squares: 

I 

I(Yi - (b + xib))2 (Eq.3.17)o 
i=1 

or in other words, minimizing the length of h (Martens and NffiS, 1989). 

In multivariate calibration, due to the large number of variables, things 

become much more complicated. The algorithm for finding the regression 

coefficients involves many iterations using complicated linear algebra. Because 

of this, multivariate calibration was not commonly used until computers that could 

handle the large volume of mathematical computations were developed. 

Two different algorithms will be used to analyze data. Each of them serves a 

different purpose. The first algorithm used to analyze the data is Principal 

Components Analysis (PCA) and the second is Projection to Latent Structure 

(PLS). In short, PCA looks at a set of data and finds underlying structure. PLS 

creates a model developed from a set of samples with known Xi and y values that 

predicts an unknown variable y by using known values of variables Xi. PCA and 

PLS algorithms require that data be entered into matrix form. Each row of the 

matrix represents an individual sample's values for each of the variables 

(wavelengths or mass values) listed in the first row of all the columns. 

Because the data developed by multivariate systems is contained in matrices, 

the mathematics quickly become difficult to understand. The mathematical 

algorithms for PCA and PLS are beyond the scope of this discussion. The 
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reader is referred to Marten and Nces book for a more detailed mathematical 

development of these algorithms. However, a brief introduction is provided 

below. 

Before an understanding of peA and PLS is possible, the concept of multiple 

linear regression (MLR) must first be introduced. The goal of MLR is to find a 

linear relationship between a response variable, y, and a series of measured 

variables, XiS, using the following form: 

(Eq. 3.18) 

where bo is the offset and b1 through bl are the regression coefficients for the 

variables X1 through XI. Similarly to linear regression, h represents the residuals, 

y is the set of measured values of the response variable, and Xi is the set of 

values of the measured variable Xi. MLR then finds values of bi such that the 

length of h is minimized (Kolsky, 2000). 

Often times, many of the x-variables are collinear. Two variables are collinear 

when information from one has a correspondence to information from another 

(Martens and Nces, 1989). In mathematical terms, this means one or more 

columns in the matrix representing the values of all the variables for all the 

samples, X, can be produced by a linear combination of the other columns in the 

matrix (summation of the other columns multiplied by any constant). "Because of 

this collinearity, the matrix X will have some dominating types of variability that 

carry most of the available information. Redundancy and smaller noise 

variations can then be removed (by reducing the number of variables)" (Martens 

and Nces, 1989). 
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Principal component analysis (PCA) is an algorithm that is used to show the 

underlying order in a set of measured variables. It is different from MLR in that it 

eliminates the redundancy and smaller noise variations that arise due to the 

collinearity of some of the variables. The algorithm creates principal 

components, which are just orthogonal linear combinations of the original x-

variables. The principal components are then ordered by the amount of 

variation in the data that they represent. The first PC represents the most 

variation followed by the second PC, which is orthogonal to the first, followed by 

the third PC that is orthogonal to the first two PCs. 

To understand the idea of principal components observe the following 

graphical example which is taken from Martens and Nces. In Figure 3.10, the 

values of two variables, X1 and X2, are plotted for 15 samples. Notice there is a 

general "oval" shape to the data and if a line is drawn through the center of the 

oval, it comes very close to most of the points (much closer than X1 or X2). This is 

then a "useable" definition of the first principal component. Since all the principal 

components are orthogonal, the second principal component must create a 90° 

angle with principal component one as shown in Figure 3.11. It may not seem 

that much is achieved because two axes are still needed to represent the data. 

The real usefulness of PCA comes when one is dealing with many variables, i.e. 

the 350 mass to charge measurements made with the py-MBMS. PCA allows 

one to reduce most of the information in these hundreds of mass levels to a few 

important principal components. 
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•• 
• 
• 

Figure 3.10: Arbitrary Data Spread in the 2-D Space Created by Variables X1 
and X2 

• 

• 

• 

Figure 3.11: Same Data Spread showing 1st and 2nd Principal Components 

When the number of variables is larger than three, it is much harder to 

visualize the multi-dimensional space represented by these variables. Because 

of this complexity, 2-D score plots are often used to represent the data. The idea 

of a score is geometrically illustrated below: 
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Figure 3.12: Geometric Representation of Scores for Principal  
Component 1  

The values of variables X1, X2, and X3 are plotted for 13 samples. Notice that the 

first principal component has been drawn in. Once this is done, the shortest 

possible line is drawn that connects any of the data point to the principal 

component axis. The score is then the distance from the mean value of all the 

samples to this individual point. Each sample·has a different score for each of 

the principal components that are calculated. A 2-D score plot is then the scores 

for two principal components plotted together in a 2-D scatter. Scores are useful 

in data analysis because objects that are grouped within the plots are often 

similar with respect to that principal component. They also are useful in 

predicting outliers because one sample may have a score that is much larger 

than the rest, despite the predetermined knowledge that it is similar to other 

samples that are grouped together and have smaller scores (Kolsky, 2000). 
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In the same way that scores reveal information about the relation of samples 

to the principal components, loadings tell information about the magnitude each 

of the variables contributes to the principal components. Recall that principal 

components are simply linear combinations of the variables. Loadings can then 

be thought of as the scalar multiplier for that variable in the linear combination of 

the variables that produces that particular principal component. Mathematically, 

loadings are just the projection of a unit vector (length = 1) in the direction of the 

various variables onto the principal component (Marten and Nces, 1989). 

Graphically, this relationship is represented below: 

vector with length of 1 

m ":,\:0"0:"" x3 

• <:0 
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~ 

PC 1 

loading for Xx 

Figure 3.13: Geometric Representation of Loadings for Principal  
Component 1  

Loadings are useful because they show which variables have the largest effect 

on each principal component. The larger the value of the loading, the greater the 
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impact that variable plays in the classification and separation of that data in the 

principal component analysis. 

In this project, PCA is used to find the largest differences in the MBMS data. 

Each py-MBMS run, which contains a value for all the variable levels in question, 

is entered as a row in a matrix whose columns are the variables (mass to charge 

ratios) in question. A PCA is then performed using a software program called 

"The Unscrambler" (developed by Camo, Inc.). The software will identify as 

many principal components (up to the number of samples in question) as are 

specified by the operator. Recall that each principal component represents a 

certain amount of the variation of the data. The Unscrambler solves for the 

amount of variation contained in each principal component, and often a small 

number of principal components (e.g. 4-6) contain a large portion of the variation 

(>90%). This indicates that those few principal components can be used to 

explain most of the spectral variance in the data. The unexplained portion is 

usually noise that is an artifact of the experimental process. Once the principal 

components are found, scores plots are used to assign the nature of each 

principal component represents, i.e. separations by the type of CE, PVP 

concentration, or amount of crosslinker added. This combination of the PCA and 

prior knowledge of the experiment being analyzed can be a powerful tool in 

analyzing the data. 

Besides finding underlying structure in data, multivariate analysis can be used 

produce regression models. Known values of variable(s) of interest Y(i) and 

measured values of variables Xi, e.g. masses from py-MBMS data, are used to 
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create the model. After the models creation, known values of Xi can be used to 

predict the value of the variable(s) y(i). One algorithm that has been developed to 

create these models is PLS, which is will be used in this analysis. To 

understand PLS, a brief understanding of principal component regression is 

needed (peR). 

peR is another algorithm that generates regression models. It uses a 

principal component analysis on the X variables to create regression models that 

predict some y variable(s). There is one major flaw to the algorithm that prompts 

the use of PLS. Sometimes one of the principal components found in the 

analysis of the x variables has no relevance in modeling the y variable(s) being 

regressed (Martens and Noos, 1989). PLS is an improvement on peR in that it 

applies a principal component analysis to the x and y matrices independently and 

correlates them as much as possible before the model is developed (Kolsky, 

2000). This, in essence, means that PLS only extracts the information from the 

x variables that is relevant to predicting the y variable(s), rather than complicating 

matters by trying to apply information that has no bearing on the level of the y 

variables(s). 

As with peA, score plots are used to gain an understanding of the 

organization of the data. In PLS, x-loadings reveal the contribution of the various 

x-variables to the overall structure of the x data (Kolsky, 2000), but not their 

contribution to the model that predicts the y variable(s). Unlike peA, x-variable 

loading weights are calculated. These values indicate how much each x-variable 

contributes to explaining the variation in the y-variable(s) (Kolsky, 2000). 
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Regression coefficients are also calculated for PLS models. These coefficients 

are similar to the coefficients in MLR in that they summarize how each x-variable 

contributes to the PLS model. 

A useful function of The Unscrambler is the capability to show the validity of a 

model. It does this by substituting the x-variable data that it used to develop the 

model back into the model to calculate the y variable(s) the model predicts. 

These values are then plotted against the known values (that were used to 

create the model) and regressed using a least squares regression. The 

subsequent correlation coefficient is calculated and used to evaluate the 

goodness of fit of the model. 

PLS will be a used in the analysis of the py-MBMS data. It will be used to 

create model that uses the mass to charge data to predict the amount of CE, 

PVP, or crosslinker added. Once a model is developed, the correlation 

coefficient of the actual versus predicted value of the y-variable will determine 

how well the model fits the data. 

3.2 Experimental Summary 

3.2.1 Sample Matrix 

The goals of this study were to make semi-IPNs and study the effects of three 

key variables on their mechanical and thermal properties. The three variables 

were 1) the type of cellulose ester (CA and CAB), 2) ratio of cellulose ester to the 
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lower molecular weight polymer (PVP) to be crosslinked, and 3) amount of 

crosslinker (Hexa or Diox) added to the PVP. 

To explore the three variables, a sample matrix of 18 samples was used (see 

Table 3.1). One set of samples was prepared with CNPVP/Dioxolane one 

consisted of CAB/PVP/Hexa. The second variable was addressed by varying the 

weight percentages of cellulose ester and PVP at three levels: 50% 

CE/50%PVP; 70% CE/30% PVP; and 90% CE/10% PVP. Finally, crosslinker 

was added at high, medium, and low levels in each of the CE/PVP mixtures. 

Table 3.1: Experimental Sample Matrix 

Sample 
# 

CE 
Type 

CE 
wt. % 

PVP 
wt. % 

X-link wt. % 
(wt X-link I 
wt. PVP) 

MBMS 
and DMA 
Codes 

Tension 
Tests Code 

1 CA 50 50 0 A55Lx CA 50/50/00 
2 CA 50 50 25 A55Mx CA 50/50/25 
3 CA 50 50 50 A55Hx CA 50/50/50 
4 CA 70 30 0 A73Lx CA 70/30/00 
5 CA 70 30 25 A73Mx CA 70/30/25 
6 CA 70 30 50 A73Hx CA 70/30/50 
7 CA 90 10 0 A91Lx CA 90/10/00 
8 CA 90 10 25 A91Mx CA 90/10/25 
9 CA 90 10 50 A91Hx CA 90/10/50 
10 CAB 50 50 0 B55Lx CAB 50/50/00 
11 CAB 50 50 10 B55Mx CAB 50/50/10 
12 CAB 50 50 20 B55Hx CAB 50/50/20 
13 CAB 70 30 0 B73Lx CAB 70/30/00 
14 CAB 70 30 10 B73Mx CAB 70/30/10 
15 CAB 70 30 20 B73Hx CAB 70/30/20 
16 CAB 90 10 0 B91Lx CAB 90/10/00 
17 CAB 90 10 10 B91Mx CAB 90/10/10 
18 CAB 90 10 20 B91Mx CAB 90/10/20 
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*Note that x in the MBMS code is a variable representing the sample 
number 

Hexamethylenetetramine was the crosslinker used with the CAB samples. 

The maximum crosslinker percentage of 20% was used for the following reasons. 

It was desired to have a large stoichiometric excess of formaldehyde equivalent 

groups for the PVP crosslin king reaction. If 1g PVP is used as a basis for 

calculation, the stoichiometric equivalent mass of 0.194 g Hexa can be calculated 

for the complete reaction of the two ortho positions on all the PVP chains: 

19 PVPx 1molPVPrepeatunit x 2molPVPcrossiinksites x 1molmethylgroup 
120gPVP 1molPVPrepeatunit 2molPVPcrossiinksites 

1molHexa 140gHexa 0 194 H x x =. g exa 
6 mol methyl groups 1 mol Hexa 

A crosslink at both ortho positions on each of PVP's phenol groups could never 

happen due to the inability of all the phenol groups to orient themselves into 

suitable reaction positions, so 20 wt% Hexa/PVP is indeed a large excess and 

should allow for the formation of as many PVP crosslinks as chain mobility 

permits. 

1,3 Dioxolane was used as the crosslinker in the CA systems. A similar 

stoichiometric argument can be developed for the use of 50% as the wt% 

Diox/PVP. Since Diox has fewer formaldehyde equivalents than Hexa, a larger 

weight percentage (50%) is needed for the gross excess of methyl bridges. 
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19 PVPx 1molPVPrepeatunit x 2molPVPcrossiinksites x 1molmethylgroup 
120 g PVP 1 mol PVP repeat unit 2 mol PVP crosslink sites 

1molHexa 74g0iox 0310 O' x x =. g lOX 
2 mol methyl groups 1 mol Oiox 

3.2.2 Chemicals 

N,N,-Oimethyl Formamide was purchased from Fisher Scientific. Methyl Ethyl 

Ketone and Acetone were purchased from Mallinckrodt AR in Paris, Kentucky. 

Cellulose Acetate (CA 398-30) and Cellulose Acetate Butyrate (CAB 391-20) 

were purchased from Eastman Chemical. Poly (P-Vinylphenol) (manufacturer 

measured Mw =22,000) was purchased from Polysciences, Inc. in Washington, 

Pennsylvania. 1,3-0ioxolane, p-Toluenesulfonic Acid, and 

Hexamethylenetetramine were purchased from Aldrich Chemical Company. 

3.2.3 Sample Preparation 

Two different procedures were used to prepare the CNPVP/Oiox and 

CAB/PVP/Hexa systems. A second procedure had to be developed for the 

CNPVP samples because the protocol developed for the CAB system yielded 

non-uniform films when applied to the CNPVP systems. Both systems were 

mixed in solution, poured and spread on pyrex® glass plates measuring seven 

inches square. In both cases, the films were spread with a film-spreading knife 

set to a thickness of 1 mm. 
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In the CAB/PVP/Hexa series, DMF was heated to a temperature of 90°C (the 

high temperature was needed to dissolve the Hexa) in a beaker on a 

continuously stirred hotplate. The Hexa was added and completely dissolved. 

PVP was then slowly added to the DMF/Hexa mixture at the appropriate weight 

percentage (measured on a Metler PE 360 balance to an accuracy of 0.001 g). 

Once the PVP was completely dissolved, CAB was slowly added. The mixture 

was stirred until the mixture appeared to be homogeneous in color and clarity. At 

this point, the mixture was poured onto plates preheated to 90°C and spread with 

a spreading knife set at 1 mm. The plates were then exposed to the following 

heating cycle in a VWR 1600 Hafo Series programmable oven with a Watlow PID 

controller: 90°C for 2 hours, 120°C for 2 hours, 150°C for 2 hours, and 190°C for 

30 minutes. At the conclusion of the heating (and curing), the plates were 

removed from the oven, allowed to cool, and the films were removed from the 

plates. 

The CNPVP/Diox system used acetone as the solvent. Acetone was placed 

in a stirred beaker at room temperature. PVP was added and stirred until the 

solution appeared homogeneous. Once the PVP had dissolved, CA was slowly 

added and stirred until the mixture again appeared homogeneous. At this point, 

the p-TSNAcetone mixture and DioxlAcetone mixture were pipetted in to the 

appropriate weight percentages. The mixture was stirred for 10-20 minutes. At 

the conclusion of stirring, the mixture was poured onto pyrex® plates and spread. 

Once spread, the plates were placed in a fume hood for 24 hours. The samples 
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were then heated at 70°C for 24 hours. At the conclusion of heating, the 

samples were removed from the plates. 

3.2.4 Differential Scanning Calorimetry 

In this experiment, approximately 10 mg of sample was used for each 

analysis. Sample weights were measured and recorded using an analytical 

balance with an accuracy of 0.1 mg. The material was then placed between two 

small aluminum pans and crimped with a TA Instruments pan crimper. Once the 

sample was pressed, it was placed along with an empty pan in a TA Instruments 

2920 DSC. The sample chamber was flushed with nitrogen flowing at 30 cc/min. 

The sample was then heated from room temperature to 200°C at 20°C/min. It 

was equilibrated at 200°C and subsequently quench cooled with liquid nitrogen to 

O°C. The sample was again heated to 200°C at 20°C/min and quench cooled 

two more times (until the measured values for Tg converged on a single value). 

The third scan Tg was used for all samples since it proved to be the most 

reproducible. 

Analysis of the results was performed using TA Instruments Universal 

Analysis software. Glass transition temperatures for all samples were found by 

using the Tg function within the software. All runs were performed in duplicate 

and some in triplicate. The corresponding mean and standard deviation of the 

third scan Tg were then computed. 
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3.2.5 Tension Tests 

Both the CA 50/50 and CAB 50/50 series could not be measured because the 

samples were too brittle to cut into a rectangular geometry. When samples were 

cut, small fractures along the cut line were generated that provide a point for 

stress concentrations that lead to non-reproducible results. 

Tensile tests were performed according to ASTM 0-882 with the exception of 

the recommended gage length. The recommended gage length was larger than 

the sample material available for use. The thickness of the samples was 

measured using a Mitutoyo digital micrometer (0.001mm accuracy) at nine 

places along the gage section of the rectangular film. The subsequent average 

of these measurements was taken and used as the film thickness for all 

calculations. The width of the coupon was measured with a Mitutoyo digital 

micrometer (0.01 mm accuracy). 

A constant displacement rate of 0.495 mmlmin was used for all samples as 

specified by ASTM standards. A 100 lb. test Instron load cell was used in 

combination with a Campbell 21x data logger to measure the stress on the 

samples. 

The tensile modulus was found in the following manner. The initial slope of 

displacement (kg) versus load (cm) curve was calculated. The tensile modulus 

was then found by the following formula: 

'1 M d I (E) Slope x g x GagelengthTensl e 0 u us = --'---=------=----=-- (Eq.3.19)
Width x Thickness 

where g is the gravitational constant (981cm/s2
). 
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The maximum load on the sample was used in the calculation of the tensile 

strength. To get tensile strength, the following formula was used: 

'1 St th (TS) FinalLoad -lnitialLoadTensl e reng =-------- (Eq.3.20)
Width x Thickness 

The length of the sample at break was used to calculate the % elongation. To 

get this value, the length of the sample at break was plugged into the following 

equation: 

0/ EI t' Length of sample at break 
/0 onga Ion =---=----..:.........--- (Eq. 3.21) 

Gage Length of Sample 

3.2.6 Swelling Test 

Several pieces of film roughly 2 cm by 3 cm were placed in sample vials 

containing 20 ml methyl-ethyl ketone (MEK). Qualitative observations were 

made several weeks later for: degree of dissolution; color of MEK; and film 

appearance (swollen piece, pieces, flakes, etc.). The films that remained intact 

(swollen) were later dried in a vacuum oven overnight and run through the DSC 

to check for any changes in T9 due to swelling or extraction of either component. 

3.2.7 Pyrolysis Molecular Beam Mass Spectroscopy 

All CA and CAB 50/50,70/30, and 90/10 samples were run at the National 

Renewable Energy Laboratory in Golden, Colorado. Each sample was run in 

triplicate. For each run, approximately 20 mg of sample were weighed in a 

quartz boat that was subsequently placed into the side of a 1-inch quartz tube 
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connected to the reactor of the MBMS. The temperature of the reactor was set 

to 500°C and the Helium flowrate was set at 5 Llmin. At the conclusion of the 

experiments, the data from the mass spectrometer was uploaded into The 

Unscrambler software for analysis. 

3.2.8 Dynamic Mechanical Analysis 

As it was explained in the background for DMA (section 3.1.6), the elastic 

storage modulus and viscous loss modulus are functions of both temperature 

and frequency. (which is inversely related to deformation time). Also recall that 

as the deformation time or temperature increases, viscoelastic materials act 

more like a fluid and less like a solid. This behavior is especially evident when 

temperature is increased through the T9 of the material in question. To 

investigate the effect of added crosslinker on E' and E", temperature and 

frequency sweeps were performed at each temperature over a temperature 

range that was ramped from 5°C below to 10°C above the T9 of the material 

being tested. 

Samples of CA and CAB 70/30 and 90/10 series were run with a Rheometrics 

Solids Analyzer (RSA II). Again, the inability to cut the 50/50 samples prevented 

them from the mechanical analysis. Each sample was loaded and manually pre-

tensioned with the strain-offset dial. Temperature/Frequency sweeps were then 

performed with the strain set to maintain a constant value of 1x10-4, which for 

these samples gave a reasonable force reading. The temperature was ramped 

from room temperature to 5°C below the sample's T9 and allowed to equilibrate 
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for one minute. A frequency sweep was then performed in logarithmic steps 

from 10 rad/s to 0.1 rad/s. At the conclusion of the sweep, the temperature was 

raised 5°C, equilibrated for one minute, and run through the same frequency 

sweep. This process was continued in 5°C steps until the frequency sweep was 

performed at a temperature of Tg + 10°C. The software package Rhios (which 

also controls the RSA-II) was used to calculated E' and E" at the various 

temperatures and frequencies. The data was then exported into Excel and 

plotted. 

3.2.9 Gel Permeation Chromotography 

The molecular weight of both pure species and blends were measured by 

GPC (Hewlett Packard 1090) using THF (1 ml/min.) as a solvent. Sample 

concentrations were about 20-30 mg/l and all samples filtered through a 0.2-

micron filter prior to injection. Polystyrene standards and low molecular weight 

phenolics, e.g., phenol, bisphenol A and trisphenol were used as standards. 
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Chapter 4: Results and Discussion 

4.1 DSC Results 

The results of the DSC data for all samples are summarized in Table 4.1. 

Table 4.1: DSC Results 

Sample Name Average Tg Tg Standard 

Deviation 

Number of 

Samples 

CA 50/50/00 152.7 0.6 3 
CA 50/50/25 150.7 0.6 3 
CA 50/50/50 151.7 2.1 3 
CA 70/30/00 164.7 1.5 3 
CA 70/30/25 163.3 1.2 3 
CA 70/30/50 161.8 2.9 5 
CA 90/10/00 184 0 2 
CA 90/10/25 184 1.4 2 
CA 90/10/50 181.5 0.7 2 
CAB 50/50/00 126 0 2 
CAB 50/50/10 126.5 0.7 2 
CAB 50/50/20 132 0 2 
CAB 70/30/00 127.5 0.7 2 
CAB 70/30/10 130 0 2 
CAB 70/30/20 130 0 2 
CAB 90/10/00 133 1.4 2 
CAB 90/10/10 133 0 2 
CAB 90/10/20 134 0.7 2 
Neat CA 202 0 1 
Neat CAB 135 0 1 
Neat PVP 155 0.7 2 
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Normally, when two miscible polymers are mixed, their Tg takes on a value 

that is somewhere in between the T 9 values of the two polymers. The Fox 

relationship predicts that blend glass transition is related to its components by the 

following formula (Paul and Newman, 1978) 

1 WI w2-=-+- (Eq: 4.1) 
T9,b Tg,1 T9,2 

where W1 and W2 are the weight fractions of polymer 1 and polymer 2. The Tg 

values obtained for the CA and CAB systems are not consistent with the Fox 

prediction. In the all the CAB series and the 50/50 CA series, the T 9 values are 

below the Tg's of both the neat cellulose component and neat PVP. The Tg 

values of the 70/30 and 90/10 CA series are between the T 9 of neat CA and 

PVP. 

Mixing small PVP chains into the entangled CA and CAB matrixes (see GPC 

results in section 4.6) has the effect of diluting the characteristics of the CA and 

CAB, rather than blending the characteristics of the CEs and PVP. The data 

shows that the T 9 of all the CAB blends are below the T gS of pure CAB and PVP. 

The CA 50/50 blend T gS were also below the pure component T gS. All four of 

these observations indicate that the PVP is acting more like a diluent than a 

blend component because the T 9 of a true blend would show some average T 9 

between the Tgs of the two blend components. 

The reasoning behind this explanation is that the molecular weight of the PVP 

is much smaller than the molecular weight of the cellulose esters. Rosen defines 

a diluent (plasticizer) as a low molecular weight polymer added to a high 
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molecular weight system with the chief purpose of reducing the polymer-polymer 

chain secondary bonding, and thus providing more room for the polymer 

molecules to move around (Rosen, 1993). This separation of polymer chains 

also has the effect of reducing the T 9 because of the increased specific volume of 

the polymer. 

The effect of diluents on Tg is well documented. Diluents vary in size but 

always have the characteristic of being much smaller than the polymer that they 

are plasticizing. The T 9 of crosslinked divinylbenzene-styrene copolymer was 

shown to drastically decrease with increase amounts of low molecular weight 

ethyl acetate (Ellis and Karasz, 1981). Small molecular weight molecules can 

also act as diluents. Small quantities of water (1-3 wt %) caused drastic 

decreases in the T 9 of epoxy resins and nylon 6 (Ellis and Karasz, 1981). 

Even though the T 9 of the CA 70/30 and 90/10 series is between the T gS of 

pure PVP and CA, logic would suggest that the smaller amounts of PVP is just 

reducing the PVP dilution effect on the CA, rather than causing the T 9 to take a 

median value as expected with most polymer blends. The behavior of the 50/50 

system supports this logic because at 50% PVP, the relative amount of PVP is 

the largest of any of the samples and should show the greatest "blending" 

behavior (Le. the Tg would be between the two neat Tgs). This behavior is not 

noticed and therefore the argument is made that PVP is only acting like a diluent 

on the CA system at all three compositions. 

The fact that there are no significant increases in T9 at any of the 

compositions suggests that if crosslinking is occurring, it is not occurring to a 
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large extent. Normally, a significant density of crosslinks (>0.001 cm-3
) will cause 

a rapid increase of Tg (Tabolsky and Mark, 1971). This observation is probably 

not applicable to the systems at hand because the weight % of PVP is at or less 

than 50% in all cases. The crosslink density of a semi-IPN will be much less 

than this value when the crosslinking material is in such small percentages. The 

data doesn't supports this observation and therefore it must be concluded that 

the DSC does not give any suggestion that significant levels of crosslin king are 

occurring in these systems. 

4.2 Pyrolysis Molecular Beam Mass Spectroscopy Results 

Pyrolysis of the pure cellulose esters yields many small fragments that have 

varying molecular weights. The most interesting of these fragments are the ester 

side group fragments. These side groups are one of the most distinguishable 

features that differentiates CA from CAB. During pyrolysis, the oxygen linkage of 

the ester side group can be severed between the oxygen and the cellulose 

backbone or between the oxygen and the carbon chain of the ester group. In 

CA, breaking the oxygen-backbone linkage will yield a particle that has a 

molecular mass of 60 amu (see Figure 4.1), while breaking the oxygen-ester 

carbon chain linkage will yield a particle with a mass of 44 amu. Since CAB has 

both two and four carbons chains connected to the backbone, breaking the 

oxygen-backbone linkage will yield the 60 amu fragment from the acetyl group 

and also an 88 amu fragment from the butyl group (see Figure 43). Breaking the 

oxygen-ester carbon chain in CAB will again yield the 44 amu fragment seen in 
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CA as well as a 72 amu fragment from the butyl groups. The py-MBMS spectra 

also show many other fragments from the cellulose backbone. 

* o 

O-C-CHO-C-CH II 3 
II 3 oo 

oo IIII 
/ \ 

HO-C-CHHC-CH3 3 

43 amu 60 amu 

Figure 4.1: MBMS Fracture of Cellulose Acetate Repeat Unit 
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MBMS of Pure Cellulose Acetate 
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Figure 4.2: MBMS Fingerprint of Pure Cellulose Acetate 
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MBMS of Pure Cellulose Acetate Butyrate 
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Figure 4.4: MBMS Fingerprint of Pure Cellulose Acetate Butyrate 

The several prominent fragments obtained from the pyrolysis of pure PVP are 

shown in Figure 4.5. Pyrolysis yields the vinyl phenol monomer as well as the 

propylene phenol monomer with a methyl group attached to the center carbon. 

These are the main fragments that result from "unzipping" the polymer chain. 

This type of unzipping reaction usually occurs at a temperature below that where 

random scission of the polymer chain occurs. 
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Figure 4.5: MBMS Fracture of Polyvinylphenol 
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Figure 4.6: MBMS Fingerprint of Pure Polyvinylphenol 
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If intermolecular crosslin king is occurring in PVP, methylene bridges will span 

two PVP molecules, attaching at the ortho-position on the phenol ring (in 

reference to the hydroxyl group). Pyrolysis of a crosslinked system will then yield 

an increased intensity of several fragments. The fragments that are of interest 

are shown in Figure 4.7. These fragments are likely to be formed since the 

formation of covalent crosslinks between chains would interrupt the unzipping 

reaction. 

\ 
Q 9 ~ 3 ~ ~ CH ~ CH H3C ~ CH3OH 3 OHOH OH 

Phenol o-Cresol Dimethylphenol Trimethylphenol 

Figure 4.7: MBMS Fragments of Crosslinked Polyvinyl phenol 
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In the analysis of the MBMS data, a principal component analysis was 

performed on all the samples (both CA and CAB series as well as pure CA, CAB, 

and PVP). The first three components calculated in the PCA explain 95% of the 

variation in the data (1 st explains 80%, 2nd explains 10%, and 3rd explains 5%). 

The large percentage of the variation in the data explained by the first three 

components is consistent with the following chemical insight. There are three 

variables differentiating the samples: the type of cellulose ester, the relative 

proportion of cellulose ester to PVP, and the amount of crosslinker added to each 

cellulose ester/PVP system. 

Recall that evaluating the scores plot gives insight into a principal 

components contribution to groupings of the data. Figure 4.8 is a score plot of 

the first two principal components for all of the py-MBMS data. Notice that the 

scores with positive values of principal component 2 (those that have positive 

vertical axis values) tend to be CAB samples and most of the scores with 

negative values of component 2 are samples composed of CA. It is then 

hypothesized that the division by principal component 2 represents the type of 

cellulose ester used in the samples. Evaluation of the loadings plot validates this 

conclusion. Recall that loadings for each variable (pyrolysis species mass in this 

case) represent the relative contribution of that variable to the principal 

components in question. The larger the value of the loading, the greater weight 

the variable has in the formation of the principal component. The loading weights 

for principal components 1 and 2 are shown in Figure 4.9. Notice that mass 71 

has a large positive loading and mass 43 has a large negative loading for 
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principal component 2. This information is consistent with chemical insight 

because mass 71 is the mass of the butylaldehyde and mass 43 is the mass of 

acetaldehyde. Since CAB has butylaldehyde fragments and CA doesn't, it 

makes sense that these fragments drive the division due to the type of cellulose 

ester component. 

A similar analysis can be done for principal component 1. Notice the trend 

that scores with larger values of principal component 1 (larger horizontal axis 

values) have a larger proportion of PVP (see figure). The loading weights, seen 

in Figure 4.9, validate this hypothesis. Notice that mass 120 has a huge positive 

contribution to principal component 1 while masses 43 and 72 (among others) 

have negative contributions. Mass 120 is the dominant mass in the pyrolysis of 

PVP, so it is expected that it would be the mass that is dominant in the 

separation of the data by the amount of PVP present. 
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Since the composition of all the samples are already known, the agreement of 

the loadings with the chemical insight gives validation to the principal component 

analysis. If the loadings were not in agreement with chemical insight, the validity 

of the model could be questioned. Because it now can be argued with 

confidence that the model is valid, the hypothesis that there are differences in 

samples with the same CE/PVP composition and different levels of crosslinker 

added can be analyzed. 

The scores plots of principal component 3 with principal components 1 and 2 

are shown in Figures 4.10 and 4.11. In both figures, principal component 3 is 

represented by the vertical axis. In both cases, notice that there is a general 

trend that the samples with the high level of crosslinker are in the upper half of 

the plot. The samples with the medium level of crosslinker are in the middle and 

those with the lower level are generally in the lower half of the plot. 
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The samples are not as clearly and cleanly grouped as they were with 

principal components 1 and 2. This is amplified by the fact that principal 

component 3 only represents 5% of the variation of the data. Despite this, there 

are enough trends in the data to warrant further evaluation of the loadings. 

Evaluation of Figures 4.12 and 4.13, the loadings of principal component 3 

charted against principal components 1 and 2, shows that masses 108, 122, and 

136 all have strong positive contributions and mass 120 has a large negative 

contribution to principal component 3. These observations are in direct 

agreement with the hypothesized chemical analysis presented above. As 

discussed above, if crosslinking of PVP occurs, substituted phenol particles 

(masses 108, 122, and 136) should be observed in samples that had crosslinker 

added. This observation is indeed seen in the loadings plot. Mass 120, the 

largest component of neat PVP (which is uncrosslinked), has a large negative 

contributor to principal component 3. This also supports the premise that 

principal component 3 represents the level of crosslinker level added to the 

samples. 



Figure 4.12: Loadings for PC2 and PC3 from PCA of All Samples 

Figure 4.13: Loadings for PC1 and PC3 from PCA of All Samples 
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The principal component analysis on all the samples is the first evidence in 

support of the hypothesis that adding crosslinker to a sample is causing some 

reaction of the PVP. PLS1 regression models further validate this hypothesis. 

To explore this, a PLS1 regression model is created for each system in question 

(Le. CA and CAS). Recall that the PLS1 regression algorithm allows one to 

create a model that predicts the value of a property of interest and compares it to 

the actual value of that property if it is known. In the case of this project, PLS1 

creates a model that predicts the level of crosslinker added to the various 

samples. To validate the model, the mass spec values for each sample are then 

plugged into the model, thus resulting in a predicted value of crosslinker in each 

sample. A plot of the predicted amount versus the known amount is then 

generated and linearly regressed. 

The score plot for the PLS 1 regression on the cellulose acetate butyrate 

series is shown in Figure 4.14. Notice that in PLS 1, each principal component 

does not independently represent the division by a single variable as seen in 

PCA. Instead, division by a variable in question, PVP level for instance, occurs 

along the diagonal that runs from the top left to the bottom right. Similarly, 

division by crosslinker level occurs along the diagonal that runs from the top right 

to the bottom left. 
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Again, for the PLS 1 model to have scientific merit, the loadings must confer 

with chemical insight. The toadings for the CAB PLS 1 modet, shown in Figure 

4.15, have a familiar pattern. The loadings that fall along the crosslinker diagonal 

are again masses 108, 122, and 136 in the top right (region with samples that 

had high crosslinker levels) and mass 120 in the bottom left (samples that had no 

cross linker). This distribution of masses validates the model with what was 

expected chemically. 
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The regression of the predicted versus measured values of crosslinker is 

shown in Figure 4.16. The firsllwo principal componenls were used in the 

validation of the model. Notice that the" value for this graph (the square of the 

regression coefficient) is 0.697. This value indicates that the model is not a 

perfect fit, but it is large enough to conclude that the differences in crosslinker 

level are significant in Ihe CAB series. This coupled with the fact that the 

loadings are in agreement with chemical theory gives validity to the fact that 

there are methyl bridges forming. This does not give any insight into the location 

of these bridges and there is possibi lity that they are formed across different 

regions of the same molecule rather than crosslinking different PVP molecules. 
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Generation of a PLS 1 model for the cellulose acetate series yields similar 

results. Analysis of the score plot for this PLS 1 model , Figure 4.17, bears notice 

that the orientation of the samples with respect to the principal components is the 

same as the orientation of the model created for the CAB series. An imaginary 

diagonal that connects the top left corner to the lower right corner separates the 

samples by their PVP composition. There is also a general trend for separation 

by the amount of crosslinker when moving from the top right comer to the lower 

left. Again, the loadings wi ll aid in the validation of the model by being consistent 

with chemical insight. 

http:REStA.Tl
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The loadings that drive the separation by the high amount of crosslinker, 

masses 108, 122, and 136, fall in the top right corner of the loadings plot. The 

loadings that are related to a low amount of crosslinker fall in the lower left 

quadrant. This is in agreement with the model created for the CAB series and is 

consistent with the masses that are hypothesized to be produced when PVP is 

reacted with methylene groups. 

The predicted versus measured regression of the CA model is shown in 

Figure 4.19. Again , two principal components were used in this analysis. The r' 

value for th is graph is calculated to be 0.602. This smaller value indicates that 

this regression model is by no means a perfect model to predict amount of 

crosslinker in a CA sample. It is large enough to show that there are some 

differences in samples in moving from the low level of crosstinker added to the 
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higher level of crosslinker added. This coupled with the fact that the loadings are 

in agreement with what is predicted is evidence enough that crosslinking is 

occurring and increasing as the level of crosslinker is increased within the 

various series in question. 

PC1 

-DB ·06 -04 -02 o 02 04 
RESULT2. X·e-x I 85%.9% Y-ex j 16% 52% 

Figure 4.18: Loadings for PCl and PC2 from PLSl on CA Samples 
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Figure 4.19: Predicted Y versus Measured Y. from PLS1 on CA Samples 

4.3 Swelling Tests Results 

The following table (Table 4.2) represents the results of the MEK solvent 

swelling tests. 
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Table 4.2: Swelling Test Results 

Film Type Swelling Result 

CA 50/50100 Completely dissolved 

CA 50/50/25 Nearly dissolved, but lots of soft particulate matter remains 

intact 

CA 50/50/50 All pieces soft, but completely intact 

CA 70/30100 Completely dissolved 

CA 70/30/25 No pieces remain but a little white sediment in vial 

CA 70/30/50 No pieces remain with more white sediment than in CA 

70/30/25 

CA 90/10100 Completely dissolved 

CA 90/10/25 Completely dissolved 

CA 90/10/50 Completely dissolved 

CAB 50/50100 Completely dissolved 

CAB 50/50/10 Some film remains but has brown flaking matter peeling away 

CAB 50/50/20 Similar to CAB 50/50/20 but more intact with less flaking 

matter 

CAB 70/30100 Completely dissolved 

CAB 70/30/10 No pieces but more white sediment than CA 70/30/25 

CAB 70/30/20 Again, no pieces but more white sediment than CAB 70/30/50 

CAB 90/10100 Completely dissolved 

CAB 90/10/10 Completely dissolved 

CAB 90/10/20 Completely dissolved 
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As the table above makes note, the CA 50/50 and CAB 50/50 series have the 

most interesting results. Both CA 50/50/00 and CAB 50/50/00 samples 

completely dissolve in the methyl-ethyl ketone. Dissolution of the films causes 

the solvent to take on a yellow/brown clear color (when pure PVP is dissolved in 

an organic solvent, the resultant solution is dark brown). The CA 50/50/25 has 

no significant film left intact, but does have lots of residual particulate matter in 

the vial. The CA 50/50/50 sample has an intact gelled film. The MEK also turns 

clear brown. The CAB 50/50/10 has several film pieces that appear to have 

brown matter flaking from the surface. CAB 50/50/20 looks nearly the same 

except the film looks much more stiff than the 50/50/10. 

Samples of the swollen CA 50/50/50 and CAB 50/50/20 were dried overnight 

in a low pressure, high temperature oven to drive off all the MEK. The DSC 

sweep of the CA 50/50/50 showed a clear T 9 at 155°C. This value is in direct 

agreement with the 152±2°C measured for the CA 50/50/50 samples that were 

not swollen. The swollen CAB 50/50/20 samples showed no recognizable T9. 

The CA 70/30/00 and CAB 70/30/00 samples were also completely dissolved. 

The CAB 70/30/10 and 70/30/20 samples both have a little cloudy white 

sediment at the bottom of the vial, while the 70/30/20 appears to have more. The 

sediment barely moves when the vial is shaken. The CA 70/30/25 and 70/30/50 

samples also have white material in the vial, but not nearly as much as the CAB 

samples. The cloudy material in the CA samples is feathery and floats very 

easily. 
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All of the CA 90/10 series are completely dissolved. The solvent is also 

nearly perfectly clear with no yellow tint. The solvent CAB 90/10 samples are 

much cloudier than the CA 90/10 samples. They also appear to get cloudier as 

the amount of crosslinker goes from 90/10/00 to 90/10/20. 

4.4 Tension Tests Results 

The results of the CA and CAB tension tests are summarized in Figures 4.22 

through 4.27. As discussed earlier, it is hypothesized that the mechanical 

strength is expected to increase when a semi-interpenetrating polymer network is 

formed. Several trends can be observed in the tensile data. 

First, the tensile modulus and strength of the CA samples are higher than the 

respective CAB samples. In the CA series, the 70/30 samples had very little 

yield before failure (brittle) while the 90/10 series exhibited significant yield (see 

Figure 4.20). Also, notice that the larger concentrations of PVP in the CAB 

samples seem to make the samples stiffer while the addition of PVP to the CA 

samples slightly reduces the MOE (see Figure 4.22). 



88 

CA Series Tension Profile 
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Figure 4.20: Sample Tension Profile for CA Samples 
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Figure 4.21 : Sample Tension Profile for CAB Samples 
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There seems to be no obvious increases in tensile modulus with added 

crosslinker in any of the CA or CAB series. 

CA Tensile Modulus 
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Figure 4.22: Effect of Crosslinker on the Tension Modulus of the CA  
Samples  

CAB Tensile Modulus 
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Figure 4.23: Effect of Crosslinker on the Tension Modulus of CAB samples 
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The tensile strength in the CAB series also seems to stay constant regardless 

of the amount of crosslinker is added (Figure 4.25). Figure 4.25 shows that there 

might be a trend for an increase in tensile strength in the CAB 70/30 series as 

crosslinker is added. In actuality, the observed increase is a result of 

experimental error for the following reason. All of the CAB 70/30100 samples had 

to be cut from a single film (because the other CAB 70/30100 films were too small 

to allow for a tension sample to be cut) and it is possible that the abnormally 

small tensile strength values are an artifact of the poor quality of the single film 

rather than that particular composition truly being weaker than the corresponding 

films at the higher crosslinker levels. Any minute imperfections could contribute 

to early failure therefore causing the tensile strength to be a major function of the 

quality of the film. The weakened film was probably a result of the texture of the 

plate that is was cast on. If the strength of CAB 70/30100 were higher, the 

recurring trend that composition effects are independent of crosslinker level 

would be followed. 
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CA Nominal Tensile Strength 
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Figure 4.24: Effect of Crosslinker on Tension Strength of the CA Samples 

CAB Nominal Tensile Strength 
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Figure 4.25: Effect of Crosslinker on Tensile Strength in CAB Samples 
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The elongation to break data had much larger error than the elastic modulus 

and tensile strength data. Keeping this in mind , there are no great differences in 

the elongation to break in any of the CA series. The regressions of the CAB 

samples both have a positive slope, but the deviations around the mean value 

are huge. Again, notice that the CAB 70/30100 elongation at break is much 

smaller than the 70/30/10 and 70/30/20. This is in agreement with the theory 

that the single film that all the samples were cut from was weakened when it was 

spread . 
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Figure 4.26: Effect of Crosslinker on Elongation at Break for CA Samples 
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Figure 4.27: Effect of Crosslinker on Elongation at Break for CAB Samples 

4.5 Dynamic Mechanical Analysis Results 

Figures 4.28-4.45 are the frequency sweeps for the various CA and CAB 

samples. As these figures show, black squares represent the samples prepared 

without any crosslin king agent added during preparation (L), black triangles are 

the samples with the medium level (M) of crosslinker added (10 wt% for CAB 

samples or 25 wt% for CA samples) , and black circles are high levels (H) of 

crosslink agent added (20 wt% for CAB samples or 50 wt% for CA samples). 

Also notice that solids lines connect the elastic modulus (E') values and dotted 

lines connect the viscous loss modulus (E") values. 

http:4.28-4.45
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4.5.1 CA 70/30 Series 

DSC tests give the following values for sample T9 (Table 4.1): A73L (165°C), 

A73M (164°C), and A73H (162°C). Figure 4.28 is the frequency sweep for the 

CA 70/30 series at 160°C. This temperature is 5°C below the T 9 of the low and 

medium crosslink levels and 3°C below the high crosslink level. First, the 

general shape of all the curves is roughly the same, with E'>E" across the entire 

frequency range and a slightly increasing spread between dynamic moduli (E'/E" 

increasing) as the frequency increases. This is typical solid like behavior for 

polymers below T9. 
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Figure 4.28: CA 70/30 Frequency Sweep at 160°C (Approx. Tg - 5°C) 
(L=no crosslinker, M=2S% crosslinker, H=SO% crosslinker) 

Figure 4.29 represents the same samples measured at 165°C. This 

temperature is right at the T 9 for the low and medium crosslinker level samples 
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and slightly above the Tg of the high sample. The key points are that the E' is still 

greater than E" over the entire frequency range, but that the moduli have 

dropped in magnitude, that there is more of a downward slope with decreasing 

frequency, and the ratio E'/E" is also decreasing with decreasing frequency. 

These observations are all consistent with the increased molecular motions as 

the polymer approaches T g. 
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Figure 4.29: CA 70/30 Frequency Sweep at 165°C (Approx Tg) 

Increasing the temperature to 170°C (approximately Tg + 5°C) shows a 

continuation of the trend towards decreasing E' and E" values for all three 

crosslinker levels (as seen in Figure 4.30). Again, all three curves have the 

same shape and about the same magnitude. There is more of a downward slope 

with decreasing frequency, and now the values of E' and E" have become nearly 

identical at low frequencies, consistent with increased polymer mobility. This is 
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more obvious at the lower frequencies where the longer deformation times with 

respect to polymer relaxation time (see Deborah number definition in section 2.3) 

allow the polymers to exhibit a more viscous behavior. 

Figure 4.31 shows the frequency sweeps at 175°C (approximately Tg + 10°C). 

The most striking change from the previous data is the "crossover" in the moduli 

from E'~E" at high frequency to E'<E" at low frequency. This is indicative of 

greatly increased polymer mobility and is typical of polymer melts. Fully 

crosslinked polymers will not show this behavior (E'>E" at all temperatures). 

Likewise, analysis of E' and E" curves above Tg is an excellent method to 

determine if any crosslinking or chain extension (increased molecular weight) has 

occurred. 

Another point about the data at 175°C needs to be considered. It appears 

that the E' data is becoming more scattered. The increased molecular motions 

(and subsequent decreased elasticity) are expected above Tg, but the data 

scatter is due to the testing mode. Testing samples in tension is much more 

suitable for hard, glassy polymers than polymers beyond their "softening point", 

because the soft polymers can stretch, making DMA tension measurements 

more difficult. This fact will prove to be useful because it allows for the relative 

comparison of the "solid-like" characteristics of the different samples. If one 

sample shows consistent E' and E" data while another shows scattered data 

when compared at the same relative temperature (T-Tg), it can be concluded that 

the sample with the consistent data is behaving more elastically. This increased 

elasticity can be directly attributed to increased entanglements in the system. 
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Since the only difference in the samples is the amount of added crosslinker, the 

greater entanglement effect is a direct result of increased crosslinking, with the 

larger PVP molecules "trapping" entanglements. 

Figure 4.30: CA 70/30 Frequency Sweep at 170°C (Approx. Tg + SOC) 
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CA T=175C 
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Figure 4.31: CA 70/30 Frequency Sweep at 175°C (Approx. Tg + 10°C) 

4.5.2 CA 90/10 Series 

Figure 4.32 shows the frequency sweep for the 90/10 series at 180°C, The 

DSC results indicate that the Tg was 184, 184, and 182°C for the low, medium, 

and high levels of crosslinker respectively. Figure 4.33 shows the frequency 

sweep for a CA 90/10 series at 180°C (below Tg). It should be noticed 

immediately that the E' curve for the low crosslink level has started to slope down 

at the lower frequencies much more than the medium and high samples (which 

are essentially indistinguishable), and the curve is also noticeably lower than the 

other two E" curves, 
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CA T=180C 
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Figure 4.32: CA 90/10 Frequency Sweep at 180°C (Approx. T9 - 5°C) 
(L=no crosslinker, M=25% crosslinker, H=50% crosslinker) 

In Figure 4.33, the temperature has been raised to 185°C (approximately Tg). 

The E' data have started to separate with the low level still substantially lower 

than medium and high. 

The data in Figure 4.35 for CA 90/10 at 190°C (approximately Tg + 5°C) show 

some dramatic changes. At the low crosslinked level (A91 L), the E' has had a 

crossover with the E" in the mid-frequency range, indicating a substantial amount 

of polymer mobility. The E' of the middle crosslinker level (A91 M) has separated 

from the high level (A91 H) and has essentially converged with the E" data at the 

lowest frequencies. The E' of the high crosslinker level material (A91 H), 

remains above the E" over the entire frequency range (E'/E" >1), with a slight 

decrease in the E'/E" ratio with decreasing frequency. 
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CA T=185C 
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Figure 4.33: CA 90/10 Frequency Sweep at 185°C (Approx. Tg) 

Figure 4.34 is that of CA 90/10 at195°C (approximately T 9 + 10°C). This data 

reinforces the observations and analysis of the 190°C data. The low E' and E" 

(and to a less extent the medium) appear inconsistent at the low frequencies 

whereas the high E' and E" still appear smooth. The fact that E'I E" > 1 curves 

for the high crosslinker level (A91 H) across the entire frequency range would 

suggest that the high crosslinker level is more elastic than the other two and thus 

has less molecular mobility than the medium and low samples. 
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Figure 4.34: CA 90/10 Frequency Sweep at 190°C (Approx. T 9 + 5°C) 
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Figure 4.35: CA 90/10 Frequency Sweep at 195°C (Approx. Tg + 10°C) 
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4.5.3 CAB 70/30 Series 

The remaining figures represent the DMA tests of the CAB 70/30 and 90/10 

samples. The DSC results (Figure 4.1) indicate that the T g'S for the 70/30 

samples are 128, 130, and 130°C for the low, medium, and high crosslinker 

levels, respectively. The 90/10 series has Tg values of 133, 133, and 134 for the 

low, medium and high levels, respectively. 

The first figure (Figure 4.36) represents the frequency sweep at 120°C 

(approximately T 9 - 10°C). The E' and E" curves for all three samples lie very 

close to one another and have roughly the same shape. At expected so far 

below the Tg, the values of E'/E" are significantly larger than one at all 

frequencies. 
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Figure 4.36: CAB 70/30 Frequency Sweep at 120°C (Approx. Tg - 10°C) 
(L=no crosslinker, M=10% crosslinker, H=20% crosslinker) 
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Figure 4.37 is the frequency sweep at 125°C (approximately T 9 - 5°C). This 

figure shows an increase in the separation of the E' curves compared to T 9 

1DoC. The E' curve for the low sample has significantly separated from the 

medium sample's E' curve at the low frequencies. The medium E' curve has also 

begun to separate from the high curve, but to a lesser extent than the separation 

between the low and medium. Notice also that every E' curve is still larger in 

magnitude than it's corresponding E" curve (E'/E" >1). 
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Figure 4.37: CAB 70/30 Frequency Sweep at 125°C (Approx. Tg - 5°C) 

The trends that were noted at 125°C continue at 130°C (see Figure 4.38). 

The gap that separates the medium and low E' curves has widened and now 

extends through all the frequency measurements. There is now also a gap 

separating the medium and high curves, though not nearly as large as the gap 
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between the medium and low E' curves. Also notice that the E' curve has 

crossed below the E" curve for the low sample. 
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Figure 4.38: CAB 70/30 Frequency Sweep at 130°C (Approx. T g) 

The differences between the medium and high E' curves are greatly amplified 

at 135°C (Figure 4.39). The large gap between the two E' curves is the basis for 

the observation. Also notice that both low and medium E' curves are significantly 

lower than their corresponding E" curves whereas the high sample's E' curve is 

still above it's E" curve. The last observation to make is that the shape of the E' 

curve for the low sample is getting inconsistent, thus indicating that the sample is 

starting to soften below the threshold of the measuring devise. 

The highest temperature for the CAB 70/30 series is shown in Figure 4.39. At 

140°C, the temperature is about 10°C above the T9 for all the samples. This fact 

is illuminated by the fact the E' curves for the low and medium crosslinker sample 
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gives values that are completely inconsistent. Notice also that the high sample 

has also begun to degrade in quality but not to the extent of the other two. The 

overall result is that a high level of crosslinker added to the mixture has effects 

that are similar to the CA 90/10 on the elastic behavior. 
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Figure 4.39: CAB 70/30 Frequency Sweep at 13Soc (Approx. T 9 + SOC) 
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CAB T=140C 
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Figure 4.40: CAB 70/30 Frequency Sweep at 140°C (Approx. Tg + 10°C) 

4.5.4 CAB 90/10 Series 

The last series of figures represents the frequency sweeps for the CAB 90/10 

samples. The T g'S for the low, medium, and high samples are 133, 133, and 

134, respectively (Table 4.1). The first temperature that the frequency was swept 

through was 130°C (Approx T g - 5°C). It is already quite obvious that the E' 

curves are tapering off at the low frequencies (Figure 4.41). The shape of all 

curves is essentially the same, with the low sample lying below the other two 

samples. All three samples also nearly cross their corresponding E" curve at the 

low frequencies (E'/E"~1). 
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CAB T=130C 
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Figure 4.41: CAB 90/10 Frequency Sweep at 130°C (Approx. Tg - SOC) 
(L=no crosslinker, M=10% crosslinker, H=20% crosslinker) 

Figure 4.42 shows the same frequency sweep for the 90/10 samples at 135°C 

(approximately Tg). The figure shows that all three E' curves are nearly on top of 

each other and clearly crossed below the E" curves. There are no obvious 

discernable differences between the three samples. 

The same conclusions are drawn from the appearance of Figures 4.43-4.45. 

It is quite obvious that all three samples have softened to a point that 

measurement of E' is beyond the capabilities of the RSA-II. It is also clear that 

all three have degraded to the same extent, rather than one curve being smooth 

while the others are completely scattered. This leads to the conclusion that, as 

far as DMA is concerned, there are really no mechanical differences in the CAB 

90/10 samples with differing amounts of crosslinking agent added. 

http:4.43-4.45
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Figure 4.42: CAB 90/10 Frequency Sweep at 135°C (Approx. T g) 
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Figure 4.43: CAB 90/10 Frequency Sweep at 140°C (Approx. T 9 + 5°C) 



109 

CAB T=145C 
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Figure 4.44: CAB 90/10 Frequency Sweep at 145°C (Approx. Tg + 10°C) 

4.6 Gel Permeation Chromatography Results 

Gel permeation chromatography results were obtained for pure PVP, CA, and 

CAB along with the CA 90/10 and CAB 70/30 series. The Mw for the pure 

samples is summarized in Table 4.3. Notice the significant difference in the 

molecular weights of the pure cellulose esters and that of pure PVP. The weight 

of PVP molecules is about 50 times smaller than the pure CA molecules and 

about 70 times smaller than the pure CAB molecules. 
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Table 4.3: Pure Polymer Mw Results 

Sample Number of Trials Mw 

Pure CA 2 150,000 

Pure CAB 2 200,000 

Pure PVP 2 2,900 

The question of whether or not the pure polymers (and subsequently the 

blends) are entangled must be addressed. The Mcs (critical molecular weight for 

entanglements to form) for several common polymers are listed in Table 4.4 

(Ferry, 1980). Dividing this value by the molecular weight of the polymers repeat 

unit results in the number of repeat units that are needed for a system of polymer 

chains to become entangled. Notice that the critical number of repeat units is 

much smaller for polymers that have small side groups and flexible backbones. 

Table 4.4: Typical Polymer Me Information (Ferry, 1980) 

Polymer Name Repeat 
Unit 
Formula 

Repeat Unit 
Mw 

Me Critical 
Number of 
Repeat Units 
136Polyethylene -C2H6 28 3,800 

Polyvinyl Acetate -C40 2H6 86 24,500 285 

Polystyrene -CaHa- 104 35,000 336 

1,4 Polybutadiene -C4H6 54 5,900 110 

Polydimoti'" 'l'~i'o"~ r->8I i '-' i] vII ,,'\.el, I -C2H6SiO- 74 24,500 331 
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The degree of saturation for the CA and CAB were obtained from Eastman 

Chemicals. The CA has an average of 1.5 acetyl groups and 1.5 hydroxyl 

groups for every repeat unit (averaged over the whole molecule of course). The 

CAB has an average of 0.6 acetyl, 1.1 butyl, and 1.3 hydroxyl groups attached to 

the backbone in each repeat unit. The cellulose backbone has six carbons, 2 

oxygens, and 7 hydrogens with a Mw of 111 amu. Hydroxyl groups have one 

oxygen and hydrogen with a weight of 17 amu. Acetyl groups have 2 carbons, 2 

oxygens, and 3 hydrogens with a Mw of 59 amu. Butyl groups have 4 carbons, 2 

oxygens, and 7 hydrogens with a Mw of 89 amu. With these Mw in mind, the 

average weight of a CA repeat unit is 226 amu and the average Mw of a CAB 

repeat unit is 268 amu. Dividing the Mw for pure CA and CAB by these values 

gives an average of about 660 CA repeat units per molecule and about 750 

repeat units per molecule. These values are almost twice the largest critical 

molecular weight for entanglements, and thus it can be safely assumed that in 

their pure form, CA and CAB are entangled molecules. 

The critical molecular weight for entanglements is also a function of the 

dilution of the polymer solution. As the DSC results indicated and the neat 

molecular weights supports, low molecular weight PVP is acting like a diluent of 

the CE blends. In a concentrated polymer solution, the critical molecular weight 

for entanglements is related to the neat polymer molecular weight for 

entanglements as follows (Graessley, 1974): 

(Eq.4.1) 
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where <p is the volume fraction of the polymer in solution. Assuming that the 

density of the pure polymer and that of the polymer solution are roughly the 

same, the above equation can be expressed as: 

(~JI) _ Me (Eq.4.2)~ C soln -
X 

where X is the mass fraction of the polymer in solution. 

Taking the dilution effect into account causes the 70/30 blends critical 

molecular weight for entanglements to be 42% larger than the pure substance 

Me. The 90/10 has the effect of an 11 % increase of Me. 

Another Me trend is worth mentioning. Notice that the Me for polyethylene is 

just about half as big as the Me for polyvinyl acetate. The only molecular 

difference between these two is an acetate molecule that replaces a hydrogen 

atom on every other carbon in polyvinyl acetate. The explanation for the change 

must be stearic hindrance of the large acetate molecule resisting the bending of 

the molecular backbone, therefore requiring more repeat units before the 

polymer molecules can bend and ultimately entangle. 

GPC runs were also performed for the CAB 70/30 and CA 90/10 because 

they showed the rheology effects as the amount of crosslinker increased. The 

results are summarized in Figure 4.46. 
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Figure 4.45: Effect of Crosslinker on PVP Molecular Weight 

These results indicate a trend of decreasing observed molecular weight of the 

PVP in both the CA 90/10 and CAB 70/30 series as the amount of crosslinker is 

increased. At first, this trend may seem contrary to what is expected because 

the other data has shown that the PVP shown some chain extension, thus 

suggesting that the average molecular weight of the PVP should increase. The 

filtering of the polymer solutions before they are passed through the GPC column 

explains this data. Recall from the swelling results (section 4.3) that there was 

some particulate matter that did not dissolve in the strong organic solvent in both 

series. Even though these films didn't completely gel, "micro-gels" or local 

regions of gellation (or chain extended PVP) with trapped cellulose ester were 

present. These "microgels" were then filtered out before the solution was passed 
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through the column, thus leaving only the smaller, non-chain extended, PVP 

molecules to pass through the column and give a false representation of the 

average size of the PVP molecules. 

4.7 Discussion 

It is helpful to summarize the key results of each set of tests before 

addressing the question of how well the goal of creating a semi-interpenetrating 

polymer network that improves the mechanical properties of the polymer blends 

was accomplished. 

1. 	 The DSC tests showed that the T 9 of the samples was not affected by 

the amount of crosslinker added. The Fox Equation does not seem to 

apply to these systems. Rather, the blend T g'S were only functions of 

the dilution of the CE by the PVP, not by the Tg of the PVP as the Fox 

Equations considers. 

2. 	 The swelling tests indicated that CA 50/50/50 was the only sample 

that did not dissolve in MEK, although several of the samples had 

particles that could be highly swollen or weak gels. 

3. 	 The tension tests showed that the level of crosslin king agent did not 

affect the tensile modulus, tensile strength, or % elongation of either 

the CA or CAB 70/30 and 90/10 series. The tests did show that 

larger percentages of PVP increased the tensile strength 

(independent of the amount of crosslinker added) and larger 

percentages of CE caused the % elongation to increase (but also 
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increase the standard deviation). Both the CA and CAB 50/50 series 

proved too brittle to test. 

4. 	 The MBMS data supported the chemical hypothesis that reaction of 

the phenol groups on PVP took place as the crosslinker increased. 

The multivariate analysis showed that both the CA and CAB series 

showed increased branching when amount of crosslinker was 

increased. 

5. 	 The DMA testing showed that the CA 90/10 series exhibited 

increased elastic effects at temperatures just above the Tg when the 

amount of crosslinker was increased. The CAB 70/30 series had 

similar results, although not as dramatic as the CA 90/10 series. The 

CA 70/30 and CAB 90/10 series had little change in dynamic 

response with increased amounts of crosslinker. 

6. 	 The GPC results showed that the molecular weights of the neat CE's 

are above the critical molecular weight for entanglements. It also 

supported an increase in the molecular weight of the PVP as the 

amount of crosslinker was increased. 

An assessment of the success of the research to meet the project goals can 

be evaluated by answering the following questions: 1) Did the system in 

question react to extend the molecular weight of the PVP? 2) If the system 

reacted, did it form a crosslinked semi-IPN with a continuous PVP network? 3) If 

chain extension of the PVP did occur, did it improve the mechanical or thermal 

properties of the material? 4) If a crosslinked semi-IPN was created, were the 
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mechanical properties improved compared to a system of similar composition 

that is not crosslinked? 

The MBMS results answer the first question. The mUltivariate analysis of the 

data showed that increasing the crosslinker amount increased the number of 

branched phenolic fragments in all the CA and CAB series, as the score and the 

loadings diagrams support (Figures 4.8 - 4.14). This increase in branched 

phenolic fragments indicates that reaction did occur but does not give insight into 

whether or not a continuous phenolic network was formed throughout the entire 

sample. It also cannot discern whether or not the crosslinks were formed 

between two different PVP molecules or across two regions of the same 

molecule. 

The question is now whether or not a crosslinked semi-IPN network was 

formed. As the swelling tests showed, the CA 50/50/50 sample was the only 

sample that was unchanged by piacing it in a strong organic solvent, removing it, 

and drying off the solvent. This would indicate that this sample was the only one 

that formed a continuous PVP matrix. Recall that in a semi-lPN, the formation 

the PVP matrix in the presence of the CE traps the CE and resists dissolution by 

a solvent that would normally dissolve the corresponding blends. This fact spurs 

the assertion that the CA 50/50/50 formed a semi-IPN. Since no other samples 

were swollen gels, it is concluded that the rest of the compositions did not form 

continuous semi-IPNs. 

The question of improved mechanical properties due to the formation (or lack 

there of) of the semi-IPN is much more difficult to discuss. The easiest 
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experiments to perform and quantify these increases, the tension tests, showed 

no increase in tensile modulus or strength when crosslink level was increased 

within any of the series. This is further complicated by the fact that the CA 50/50 

and CAB 50/50 series fractured upon cutting, thus making it impossible to 

perform mechanical and rheological tests on the one series that formed a semi-

IPN. 

The only changes in mechanical properties due to added crosslinking agent 

were observed in the CA 90/10 (Figures 4.32-4.35) and the CAB 70/30 rheology 

data (Figures 4.36-4.40). As summarized above, the elastic behavior increased 

when the amount of crosslinker was raised. These observations are consistent 

with network formation and crosslin king, although not necessarily the formation 

of a continuous network. Initially, it is puzzling that the CA 90/10 and the CAB 

70/30 were the only two series to show rheological changes indicative of 

crosslinking. The answers to this questions may lie in the relative molecular 

weights of the CE to PVP in both series. 

The GPC data showed that the weight averaged molecular weight (Mw) for the 

CA was 150,000 and the Mw for the CAB was 200,000. The PVP had an Mwof 

2,900. As noted in the GPC results (section 4.6), the average number of repeat 

units for neat CA and CAB are 660 and 750, respectively, which are most likely 

well above the critical molecular weight for entanglements (Me). For the blends, 

however, the extent of entanglement will be effected by diluting with low 

molecular weight PVP. Assume that the critical molecular weight for 

entanglements in the CA is approximately 350 repeat units and CAB is 

http:4.36-4.40
http:4.32-4.35
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approximately 500 (the actual value of Me was not available and was not 

measured). The justification for this assumption is that the backbone of CA is 

stiffer than polyvinyl acetate (which has Me = 285; see Table 4.4). The Me for the 

CAB is going to be larger because it has bigger side groups hanging off the same 

backbone as CA. These larger side groups have the effect of increasing the Me, 

as noted in section 4.6. 

Taking into account the dilution effect of the PVP (see section 4.6), the critical 

number of repeat units for entanglements to occur for the 70/30 blends of CAB 

would be around 710 (recall equation 4.2 which states that (Me)soln=MJX). The 

critical number of repeat units for the 90/10 blends would be approximately 390.  

As GPC results indicated, the average number of repeat units in the CA and CAB  

were around 660 and 750, respectively. These values would indicate that the  

90/10 has Mw>(Mc)soln (690 > 390) and CAB 70/30 has Mw <= (Me)soln (750 <= 710).  

Given that these values are estimates at best, they still give merit to the  

argument that the CA 90/10 series is more entangled than the CAB 70/30 series.  

The different molecular sizes of CA and CAB compared to the size of PVP 

suggest that when they are blended with PVP, the subsequent blends should act 

differently. Adding small PVP molecules to the CA has the effect of disrupting 

the entangled matrix more than in the CAB matrix (which is not nearly so 

entangled). With this in mind, the seemingly contrary results of the rheology data 

make a little more sense. 

In the CA 70/30 series, there was really no change in the rheological data 

when the amount of crosslinker increased (Figures 4.28-4.31), even though the 

http:4.28-4.31
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MBMS results showed that the branching of the PVP chains did increase. 

Contrary to this, the 90/10/50 samples acted more elastic (or more like a 

crosslinked network) at temperatures T 9 + 10°C than the 90/10/00 samples 

(Figures 4.32-4.35). The dilution of the entangled network by the PVP is the 

cause for these differences. In the CA 70/30 series, the overall effect of adding 

30 wt% of small PVP chains to the entangled CA is to effectively "disentangle" 

the system. Even though the branching of the PVP increases with increased 

crosslinker, this is not sufficient to trap entanglements in the diluted CA network. 

In contrast, the 90/10 series are diluted by only 10 wt%, so the entangled matrix 

is not nearly as disrupted. When the small numbers of PVP chains are chain 

extended by crosslinking, it is now sufficient to trap entanglements. Since there 

is less crosslinking for the low and medium samples, resulting in a behavior that 

is more viscous then elastic (See Figure 4.36). 

The only explanation for the CAB 70/30 showing more elastic rheological 

properties than the CAB 90/10 series is that the systems are very close to, if not 

below, their critical molecular weight for entanglements. PVP also dilutes these 

samples, as the DSC data shows, but does not have nearly as large an effect of 

disrupting the entangled matrix (as in the CA samples) because the system is not 

nearly as entangled as the CA systems. Because of the lack of entanglements, 

the beneficial effects of chain extending the PVP during crosslinking are seen in 

the CAB 70/30 rheology data but not in the 90/10 data for the simple reason that 

the 70/30 series has so much more chain extended PVP. 

http:4.32-4.35
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As the CA 90/10 series rheological data indicated, there was no indication of 

CAB trapped entanglements by the PVP chains. For trapped entanglements to 

contribute to increased elastic characteristics of a non-crosslinked blend, two 

things must occur. One of the polymers must be entangled and the other must 

chain extend so as to trap some of those entanglements. Either the estimate of 

550 as the critical number of repeat units for entanglements for CAB 90/10 

(500/0.90) is incorrect (because 750 > 500) or the PVP did not chain extened to 

the same degree it did in the CA samples. The later argument is probably true 

given the results of the swelling tests that showed better films at the high CA 

50/50 level versus the high CAB 50/50 samples (Table 4.1). Both of these 

results would suggest that using the 1,3 Dioxolane as the initiator of the PVP 

reaction is better than Hexamethylenetetramine. 

http:500/0.90
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Chapter 5: Conclusions and Future Work 

The results indicate that semi-IPNs (in the sense of a complete PVP network 

throughout the film) are only formed when large amounts of PVP and crosslinker 

are added to the cellulose esters and in the systems that have smaller amounts 

of PVP. Adding small amounts of PVP and crosslinker did have some 

advantageous effects on the elastic characteristics as detected by the rheological 

experiments but not enough to be noticed by the tensile tests. It is also 

concluded that the PVP reacted most efficiently with 1 ,3 Dioxolane as a 

crosslinker. 

The small average size of the PVP molecules is believed to be the reason 

that the semi-IPNs were not formed at the low concentrations on PVP. Reaction 

did occur, but not to the extent that a complete PVP matrix throughout the much 

larger cellulose ester molecules. 

It is very likely that adding PVP molecules with a much larger weight 

averaged molecular weight (possibly around 30,000-50,000) would amplify the 

positive effects of trapped entanglements which were seen in the CA 90/10 and 

possibly form a continuous PVP network. This increase in trapped 

entanglements and possible network formation should greatly enhance the 

elastic characteristic and possibly even yield observable changes in MOE and 

tensile strength as the amount of crosslinker is increased. 
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Figure A.22: A91M Frequency Sweep at 175°C 



138 

A91M T=180C 

1.E+11 

N 
<
E 
~ 
1/1
c 
>
:E. 

1.E+10 

1.E+09·-

1.E+08 

10 

Frequency 

Figure A.23: A91 M Frequency Sweep at 180°C 

A91M T=185C 

1.E+11 ~_,~_~~::.-~_~_==:~=t--,~~-,_~c.~-:.~._~±==.~~~~~.:g;-==:::,~~ 

- -

~~n=:J=~~==~~___'}:J~~~ 
-+ .-l= 

1.E+10 

N .. - ·Trial#1 E' : 
< 

. • Trial #1 E" ~E 
CJ 

- ••- - . Trial #2 E' -1/1 1.E+09 - -- . --- , . Ic )( Trial #2 E" • >
:E. =-_~~ r--?-=I-~=r ~! 

- - .:- - . Trial #3 E' Il-, .. - ._J IW • Trial #3 E" 
1.E+08 ='-c=·~==-=cc_ F-===~A~~·· '.,±~t-Ll£t - - + - .Trial #4 E' : 

-~'-::~':--~l ~==--=f~-. ---Trial #4 E" 
I- =r~T=f~ 

- i - ,+ i .. i-~-

1.E+07 .f--___---l.__--'-_~_..l..__'_.....l__'_.J.....f-----L.--.....l--.....l-----'---'--..L-'_i 

0.1 10 

Frequency 

~-. 

Figure A.24: A91M Frequency Sweep at 185°C 



139 

A91M T=190C  

f -" 

-t--" I._"~" ii i"'" -I - - .. - ·Trial#1 E'1'E+10~~~~~ 

E r--- "...~r-:- - - _- I ItA I • • Trial #1 E" ~ 
CJ ~~ - - - - -:1::. •••••••• - - .,
iii 1.E+09 "" ," ", """" _ """ ","" """ ""'""" _=::== - -.- - ·Tnal#2 E 

~ ~~~1-=~- P=~-I-- -=~:=---=~~~r~~~:~~~::::~::' 

iu ~Trial #3 E"I 

1.E+08 --,--- ---==g- - " - - + - 'Trial #4 E' 
r---~E_===_~"-"~~~"~""-~-""E'--~"~I--~" -r-" "+=+""=j::c:=+=-=~r====- - ---+----" --~,::~i=---- -"- t--I----j- ----,-------Trial#4E" 
_______ "-+---+----1---'- t------t----t----t-++ ~===+'="-:::=+=:::Lt===t=~~~~ 

L-~__ I !1.E+07 ,~________L-____L-__ L-L-~-+________~____-L__~__~-L~~~ 

0.1 10 

Frequency 

Figure A.25: A91M Frequency Sweep at 190°C 

1.E+11 

1.E+10-C\I 
< 
E 
CJ 
en 1.E+09 -c 
>-
~ 
iu 

1.E+08 

1.E+07 

A91M T=195C  

"-.~.- . --
r-- "- - , - -"~ =--t=": -- I" -- "-:------ ==+--::----:====---+~--l=~=f::::::j:~ 

;--

""==-==~~ r----- ""- j---- " '--"-I---t-- -" 
r--------- ,--+---

t- "--1--- -

-
1---  -"-

1--- ..--. . . .. :-..... 

- --,-----"--+----+--

.---- -- I----

~-=r-
.-- ""- "'----~'----'-~e--l - - +- - Trial #3 E' , 

+ 

f---
"~_'" _ =c""===1====-=~-----Trial #3 E" 
~ - -.- - Trial#4E' 

r---r----
-----t----'"--

~Trial#4E"-I----" 
---- -" ---I--t---+-+----i 

~________~____~__~~__~~~-+________~____~__~__~_L~~~ 

0.1 10 

Frequency 
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Figure A.35: B73L Frequency Sweep at 125°C 
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Figure A.37: B73L Frequency Sweep at 135°C 
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Figure A.38: 873M Frequency Sweep at 120°C 

873M T=130C 

1.E+11 

1.E+10 
N 
< 
E 
~ 
In 1.E+09 c 
>-
~ 
W 

1.E+08 

1.E+07 -l--___.......L__-'--_'---'---'---'--'--'-t____-'--_--'-_.......L_.l..............l..-...l..-.I...-l-j 


0.1 10 

Frequency 

Figure A.39: 873M Frequency Sweep at 125°C 
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Figure A.40: 873M Frequency Sweep at 130°C 
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Figure A.41: 873M Frequency Sweep at 135°C 
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Figure A.43: 873H Frequency Sweep at 120°C 
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Figure A.47: 873H Frequency Sweep at 140°C 
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Figure A_49: B91L Frequency Sweep at 135°C 
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Figure A.53: 891 M Frequency Sweep at 135°C 
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Figure A.55: 891M Frequency Sweep at 145°C 
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Figure A.56: 891 H Frequency Sweep at 130°C 
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Figure A.57: 891H Frequency Sweep at 135°C 
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Figure A.58: 891H Frequency Sweep at 140°C 
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Figure A.59: 891H Frequency Sweep at 145°C 
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A91 L Tensile Summary 

1.00E+09 ,------------------------------, 

9.00E+OS -------------- ----- .--~_;i~---~.~-~-~~~~~~~=1· .... A91 L 
1 

.I' - • - ·A91L3 
S.OOE+OS 

----.u,."---

~~---..-.-----.----.-

1'- - -A91L4N + ~- .. -A91L5< 7.00E+OS 
E 1 '--A91L6 
~ 6.00E+OS 
en 1 " r 
;. 5.00E+OS +- -t. 
~ 1 ' -len 4.00E+OS 

1en -f 3.00E+OS- +- -+ L 
U) 1 •2.00E+OS --I--+., r 

1.00E+OS -' --+-- -+--:
1 : 

O.OOE+OO ~---..,-----_r_---_r_---....,__--'---_,_-'----'-~----l 

o 0.02 0.04 0.06 O.OS 0.1 0.12 0.14 

Strain 
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B73H Tensile Summary 
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Figure C.9: B73H Tensile Profiles 
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Figure C.10: B91L Tensile Profiles 
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