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ABSTRACT
[bookmark: _GoBack]	Polymer materials are one of the most vital technologies that we use on a daily basis.  Because of this, there is a continuously increasing demand for more polymer materials to introduce new innovative technologies or enhance current ones.  Polyurethanes, a type of polymer material, offer a wide range of physical properties and chemical resistance.  One pathway that is being pursued in polyurethane research is lignin-based polyurethanes.  Lignin is a polymer that is synthesized inside the plant cell wall of softwood, hardwood, and non-wood sources and has shown the ability to be used as a polyol to synthesize polyurethanes.  Due to its aromatic nature that is heavily reliant on the plant source, lignin is used to bring structural rigidity to lignin-based polyurethanes.   However, research has not been conducted to study how the plant source of lignin affects targeted mechanical properties of lignin-based polyurethanes.  Understanding how each plant source influences the targeted mechanical properties would provide a deeper understanding of how to better use lignin as a polyol.  To do this, we measured targeted mechanical properties of lignin-based polyurethanes at varying lignin loadings using dynamic mechanical analysis and Shore hardness testing.  To explain the mechanical results, differential scanning calorimetry, atomic force microscopy, and scanning electron microscopy were employed to study the morphology of the lignin-based polyurethane samples at select lignin loadings.  Furthermore, nuclear magnetic resonance was used to determine the structural information of each lignin in their pure state.  Doing so gave insight on the reactive capabilities of each lignin which helped explain the differing morphologies seen based on plant source.  
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	Over the past few decades polymer materials have become important industrially produced materials on account of their wide range of physical and chemical properties.  These polymer materials have found use in a vast array of technologies ranging from wiring, coatings, sports and medical devices to cell phones, houses, automobiles, and planes.  Because of this, polymer materials have allowed us to enjoy these technologies and more on a daily basis.  However, the demand for new and more elaborate technologies that are more robust than their predecessors will continue to increase.  According to Grand View Research, Inc., the polyurethane market was estimated at ~$54 billion in 2015 and is projected to grow to ~$105 billion by the year 2025 due to recent high demands for applications in furniture, automotive, electronic devices, and footwear.1  Therefore, further research is needed to synthesize and understand new polymer materials that will help allow the advancement of modern technology into the future.  
[bookmark: _Toc487190652]Polyurethanes
	Polyurethanes first came onto the scene when they were discovered by Otto Bayer and his colleagues in 1937.2  Polyurethanes are known for their wide range of properties including high tensile strength, abrasion resistance, and chemical resistance.3,4  These properties, along with others not listed here, are what make polyurethanes an important commercial polymer for use as flexible or rigid foams, solid elastomers, coatings, and adhesives amongst other applications.5,6

[bookmark: _Toc487190653]Synthesis & Structure
[bookmark: _Hlk485045657]Polyurethanes are polymers that are derived from monomer units joined together by carbamate (urethane) linkages.  The most common pathway to synthesize a urethane linkage is to react an isocyanate functional group (R-N=C=O) with a hydroxyl functional group (R-OH).  For a polyurethane to successfully be synthesized using this method a polyisocyanate, a compounding containing two or more isocyanate groups per molecule, must react with a polyol, a compound that contains two or more hydroxyl groups per molecule, as shown in Figure 1.  In some circumstances, an organic or inorganic catalyst or ultraviolet light is needed for the urethane reaction to take place.7  Other pathways have been developed to synthesize non-isocyanate polyurethanes (NIPU) due to the high toxicity of isocyanates that comes with their high reaction rates.  These methods include: (1) polyaddition and polycondensation reactions through the use of cyclic carbonates with amines,8–10 (2) an AB-type self-polycondensation reaction through the use of acyl halide groups and hydroxyl groups,11 and (3) a self-polycondensation reaction through the use of amide groups and hydroxyl groups with the help of a catalyst.12

[bookmark: _Toc487190691]Figure 1. Reaction of a polyol (a) with a polyisocyanate (b) to synthesize a polyurethane.

The isocyanate is the more reactive group during polyurethane synthesis compared to the hydroxyl group.  The majority of isocyanates used today such as toluene-2,4-diisocyanate (TDI), isophorone diisocyanate (IPDI), and 4,4’-methylene diphenyl diisocyanate (MDI) are aromatic in structure while the rest are aliphatic in structure such as hexamethylene diisocyanate (HMDI).13–17  Polyols are usually the more flexible of the two components which allows the formation of flexible polyurethane materials and are usually made up of polyesters, polyethers, or glycols such as polyethylene glycol (PEG), 1,4-butanediol, and polypropylene glycol (PPG).18–20  The structures of these compounds are seen in Figure 2.  The length of the polyol chain also effects the properties of the polyurethane material.21,22  Short polyol chains are used to make rigid polyurethanes while longer polyol chains are used to make the polyurethane more elastic and rubbery.

[bookmark: _Toc487190692]Figure 2. Structures of a select few isocyanate compounds and polyol compounds.

[bookmark: _Toc487190654]Structural Influence on Properties
The properties of the polyurethane are heavily dependent on the overall structures of the polyisocyanate monomers and polyol monomers used during synthesis.  And with the boundaries of human imagination almost limitless, a multitude of polyisocyanates and polyols are readily available to be used for the synthesis of polyurethanes with varying properties.  The addition of aromatic monomer units, most often times the polyisocyanate, increases the rigidity of the polyurethane backbone which increases properties such as Young’s modulus.  On the contrary, the addition of aliphatic monomer units, most often the polyol, has the opposite affect and allows the polyurethane to have more rubbery characteristics.  However, the addition of too many aromatic units can produce a product that is too brittle for use while the addition of too many aliphatic units can produce a product that is too rubbery in character.  Therefore, a balance between these two traits must be met for a polyurethane to be useful.[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Crosslinking.png]
[bookmark: _Toc487190693]Figure 3. Representation of non-crosslinked polymer chains (left) and polymer chains that are crosslinked (right). The polymer chains are represented by the blue lines and the crosslinks are represented by the red lines.

	Another way to increase the structural rigidity of a polyurethane is through cross-linking, as seen in Figure 3, which decreases the molecular freedom of the polymer chains.  This decrease in ability for the molecules to freely move increases properties such as tensile modulus and decreases elongation.  A polyurethane film that is cross-linked will provide higher chemical and abrasion resistance due to its formation of a tightly packed network.  The nature of cross-linking is where two or more linear or branched polymers become linked together by covalent bonds.  Cross-linking can occur via chemical reactions when at least one of the monomer units contain three or more reactive sites, addition of additives, or can be brought on through the use of radiation.23–25  An example of cross-linking would be the vulcanization of rubber where sulfur is added to natural rubber which forms sulfur bridges between two or more polymer chains.26  The result is a network of cross-linked polymer chains that is stiffer than its non-cross-linked predecessor allowing the rubber to be used in more extreme environments.  Another conventional method to employ cross-linking is to use a monomer that contains a level of cross-linking within its own structure.  Polyurethanes have another unique way to cross-link by the reaction of an isocyanate with an already formed urethane linkage to create an allophanate linkage, as seen in Figure 4.  Even though the positive impacts that cross-linking has on the properties of a polyurethane is attractive there are some setbacks that are brought on by cross-linking.  One such setback is that cross-links are, for the most part, irreversible and products that have undergone
 cross-linking are hard or impossible to recycle which is a negative trait for commercially used plastics.

[bookmark: _Toc487190694]Figure 4. Scheme of the reaction between an isocyanate group and a urethane linkage to form an allophanate linkage.

[bookmark: _Toc487190655]Materials & Applications
With the ability to produce a wide range of properties, polyurethanes have become one of the more sought after polymeric materials leading to an increase in their demand, with approximately 14 million tons being produced in 2011.  The majority of polyurethane technology is being used in the formation of flexible or rigid foams, making up over 66% of the polyurethane market.  The synthetization of PU foams requires the use of several parts including a polyisocyanate, polyol, catalyst, surfactant, crosslinking agent, and a blowing agent.27  The most typical blowing agent used for PU foam formation is water which produces carbon dioxide (CO2) when the water reacts with the isocyanate moieties.27  This production of CO2 is what forms the air gaps within the foam sample called cells.  Rigid foams obtain their rigidity through the use of higher cross-linking leading to a more closed cell structure within the foam allowing them to be employed as good insulating materials against temperature and noise.28  Reversely, flexible foams are less crosslinked which provides a larger, open cell structure throughout the foam allowing more air flow throughout the foam, and therefore more flexible.
Elastomers are the second largest category of polyurethane materials produced due to their high abrasion and tear resistance, good long-term dynamic performance, and their ability to be molded into almost any shape.29  Elastomers are crosslinked polymer materials that are soft and deformable under room temperature conditions.30  The most typical examples of an elastomer are the rubber band and vulcanized rubber.  Usually elastomers are synthesized by linear monomer units into long polymer chains which are crosslinked during the curing process in ways similar to vulcanized rubber.30  Once fully cured, the long polymer chains re-structure themselves to allocate the applied stress while the cross-links ensure that the elastomer will return back to its original shape.30
Polyurethane coatings and thin films offer high chemical and abrasion resistance ultimately enhancing product appearances and lifespans and are used to shield against corrosion.31,32   The production of PU coatings and films typically include a liquid phase where a liquid coating is applied to the surface of an object.  This liquid coating is made up of a medium that has dissolved the materials used to synthesize the polyurethane.31  After application of the liquid coating, the medium evaporates and chemical curing happens in the form of chemical cross-linking producing a cross-linked polyurethane coating.31  These coatings gain their strength against corrosion and abrasion due to the chemical crosslinks formed during the curing process.
Polyurethane adhesives offer very rapid cure rates and the ability to produce strong flexible bonds that are tightly sealed resulting in high peel strength and toughness.6,33,34  The chemistry of cross-linking is what gives the PU adhesives their strength qualities.  The cross-linking reactions for PU adhesives can occur in a number of ways including: (1) one-step systems that includes a catalyst, (2) a two-part system where a second component is added, and (3) reactions with ambient surroundings such as moisture in the atmosphere.34 Polyurethane adhesives can easily infiltrate porous areas on a substrate due to the low molecular weight of the starting components which helps with their adhesion strength.34  They can also form covalent bonds with active chemical sites found on the material surface they are applied which also further increases their adhesive strength.34
[bookmark: _Toc487190656]Bio-based Polymer Materials
	Over the last decade there has been an increase in interest in deriving polymers from a renewable resource such as trees and plants and other biomasses due to their affinity for the environment and biodegradability.35  This is also due in part to a decline in non-renewable feedstocks such as petrol, but more importantly due to a rise in the desire to preserve Earths ecosystems and places where we live.36  There are available polymers such as polycaprolactone and poly(butylene succinate) that are both characterized as biodegradable polymers even though they are petrochemical based.37  On the other hand, starch, cellulose, and poly(lactic acid) are all made from renewable resources such as biomass and are readily biodegradable.38  Although the ability to biodegrade is very promising what makes these polymers even more desired are their natural occurrence and abundance.  And with high availability, the cost to obtain these types of polymers are usually low.  This makes bio-based polymers even more attractive to be used as building blocks to synthesize polymer materials that can be used in every-day applications.  One bio-based polymer that has recently seen a rise in attraction from scientists and industry is lignin due to its highly aromatic structure and ability to form lignin-based polyurethane materials.
[bookmark: _Toc487190657]Lignin
As stated in the previous section, one area of polymer materials that has recently seen an increase in interest are bio-based polymers.  Due to the wide abundancy and high accessibility of some bio-based polymers, this allows them to be inexpensive to obtain.  Lignin is a bio-based polyol that is the second most naturally occurring polymer on Earth, behind cellulose, and makes up 18-35% of wood.39  It is also found in grasses such as wheat straw and switchgrass and other plants such as shrubs from the eucalyptus genus.  Lignin is a highly aromatic polymer that is found in the plant cell wall alongside hemicellulose and cellulose fibers.  The lignin molecules function as a cementing material amongst the cellulose and hemicellulose and is used as a means to provide structural support to the plant as well as act as a defense mechanism against parasites and diseases.40
[bookmark: _Toc487190658]Chemical & Physical Structure
Although there is no exact definition of the 3D structure of lignin, scientists, aided by recent advancements in its chemistry, have been able to identify the three-main monomer building blocks that make up lignin.  The highly aromatic nature of lignin, seen in Figure 5, is due to the enzyme initiated dehydrogenation polymerization and radical coupling reactions of the three basic monomers p-coumaryl alcohol, coniferyl alcohol, and syringyl alcohol.41  These three cinnamyl alcohols, also called monolignols and whose structures are shown in Figure 5, are very similar in structure consisting of a phenolic ring with an aliphatic side chain attached that includes both an alkene and an alcohol functional group.  Where they differ in structure are the number of methoxy groups that are found at each ortho position relative to the phenolic hydroxyl group.  These methoxy groups play a key role in the physical characteristics and construction of the lignin molecule.[image: ]
[bookmark: _Toc487190695]Figure 5. A theoretical representation of the structure of a lignin molecule (left) and the structures of the monolignol units used to polymerize lignin (right).116

The amounts of each monolignol used to form the lignin molecule differs between the types of plants used to extract the lignin.  Therefore, lignins can be divided into three classes depending upon their source, namely hardwood, softwood, and grass lignins.  Lignins extracted from hardwood sources contain the highest amounts of syringyl alcohol amongst the three classes of lignins with smaller amounts of coniferyl alcohol monolignols.  Softwood lignins, also called coniferous or guaiacyl lignins, are solely made up of coniferyl alcohol monolignols.  The structure of lignins that are extracted from grasses, also called non-wood lignin, contain a wide range of all three monolignols, however these types of lignins contain the highest amount of p-coumaryl alcohol monolignols compared to the other classes of lignins.  As stated previously, it is important to pay attention to which monolignols are used, and overall the source of the lignin, due to their differences in number of methoxy groups.  The amount of methoxy groups in the monolignol is important due to the steric hindrance they provide to the phenolic hydroxyl group of the monolignol.  This is because the enzyme catalyzed polymerization of the monolignol units heavily targets the two hydroxyl groups connecting the monomers together to form the polymer chain.  An increase in steric hindrance leads to a decreased ability for the phenolic site to be used to form a linkage with another monomer which lowers the amount of crosslinking within the overall lignin structure.  Due to this understanding of how lignin internal crosslinking works, it is understood that hardwood lignins possess the least internally crosslinked structure amongst all lignin types as hardwood lignins containing the highest amount of syringyl alcohol monolignol units within its structure.  Additionally, lignins extracted from grasses, which possess the highest amounts of p-coumaryl alcohol monolignol, have a more internally crosslinked structure compared to the other types of lignins.  This internal crosslinking affects not only the lignin molecule but also the properties of lignin-based materials.
[bookmark: _Toc487190659]Attraction and Production
There are a number of reasons why lignin has gained a lot of attraction in the scientific community to be used to produce polymer materials.  One of the largest processes where lignin is extracted from plants is during the chemical pulping processes at paper mills where pulp is made to make paper.42  The main product for this process is cellulose to produce paper making lignin a byproduct.  Up until recently, lignin was viewed as waste that was only used to serve as fuel to power the boilers used during the paper-making process.  In 2010, it was estimated that the paper and pulping industry alone extracted 50 million tons of lignin.43  Biorefineries increase that amount making lignin very economical.  With lignin being highly abundant, including an estimated 300 billion tons of lignin available in the biosphere with a steady yearly increase of 20 billion tons, the high availability of lignin and its low economic cost further increases its attraction to be used as a starting material for producing polymer products.44[image: ]
[bookmark: _Toc487190696]Figure 6. Schematic by Saito et. al. of the production of lignin and materials made from lignin.117

[bookmark: _Toc487190660]Extraction Processes
Other than the plant source they were extracted from, another important way lignins are classified is by the employed extraction process.  There are several extraction processes that allow the separation of lignin from the lignocellulosic material.  The most dominant processes used today are the Kraft, organosolv, soda, and sulfite processes, as presented in Figure 7, in which all have an effect on the physical and chemical structure of the extracted lignin.  The most widely used chemical pulping process used is the Kraft process and makes up approximately 85% of the total lignin production throughout the world due to it being the preferred process used for paper making.45  During this process, the wood is dissolved in an aqueous medium of sodium hydroxide and sodium sulfide and is cooked under pressure at 170°C for a couple hours.42  During the cooking process, the hydroxide and hydrosulfide anions react with the lignin and cleaves α-aryl ether and β-aryl ether bonds.  This fragments the lignin into smaller particles with lower molecular weights, higher amounts of phenolic hydroxyl groups and can be dissolved in alkaline solutions.42,46  During the Kraft process, a small amount of sulfur in the form of thiol groups (-SH) are attached to the lignin due to condensation reactions generated by the anions.47  Kraft lignins have found use for a number of applications such as carbon fiber, foams, hermoplastics, resins, and fertilizer and pesticide carriers.48–53
Sulfite pulping is the other pulping process used where lignin is extracted in the form called lignosulfonates due to sulfonic groups (-SO3-) being introduced into the structural network of the lignin molecule.54  The sulfite process uses sulfurous acid and its alkali salt versions to extract the lignin from wood chips by breaking  α-O-4 ether linkages under high pressure at approximately 150°C.47,55  The attached sulfonic groups also cause the lignosulfonate to act as a polyelectrolyte allowing it to be water soluble even though the backbone is composed of a hydrophobic aromatic skeleton.  Lignosulfonates contain the highest amounts of sulfur content amongst all types of lignins at approximately 5wt% with a degree of sulfonation per phenylpropanoid unit of 0.4-0.5.56  The largest form of use for lignosulfonates is as a chemical dispersant for cement accounting for approximately 50% of total lignosulfonate usage.57,58  Additionally, lignosulfonates have found uses for other low-profile applications such as dispersing agents, stabilizers, and binders for animal feed, glues and adhesives, dust control, detergents, and particle board.59–62  Although the polydispersity of lignin in general is usually high, lignosulfonates typically have the highest polydispersity amongst all types of lignins which can be an obstacle in material production.63[image: ]
[bookmark: _Toc487190697]Figure 7. The schematics of the four main extractions processes used to extract lignin from biomass by Laurichesse et. al.118

The organosolv process is a sulfur free pulping process that uses a mixture of solvents such as methanol, ethanol, acetic acid, formic acid, and peroxiorganic acids to cook the wood chips and separate the lignin from the other wood chip constituents.64  During the organosolv process, the lignin becomes solubilized by the solvent, or solvents, used through the acidolytic or alkaline cleavage of aryl ether linkages resulting in an increased number of phenolic functionalities.  Due to the use of organic solvents and organic acids as the reactive ingredient, organosolv lignins have no added functionalities like thiols or sulfonic groups found in Kraft lignins and lignosulfonates, respectively.  Therefore, these lignins are more structurally similar to the lignin produced within the plant cell wall.65  The drawback to using organosolv lignins is the solvents and acids used.  The high cost for the organic solvents and acids is an immediate economical drawback.  Moreover, the environmental impact these chemicals can have can shift some researchers focus to use other lignins in order to help keep the impact on the environment as low as possible.  Although organosolv lignins are limited in their use in adhesives and binders due to having a lower molecular weight, they can still be used in other applications in which Kraft and lignosulfonates are used.56
The fourth main pulping process used to extract lignin is the soda process.  Like the organosolv process, it is sulfur free and does not include side reactions that add extra functionalities onto the structure of the extracted lignin as is found with the Kraft and lignosulfonate processes.  However, the soda process is very close to the Kraft process in terms of chemicals used to break down the lignin, such as alkaline materials without the sodium sulfide, and therefore lignins from both processes are structurally similar.  The soda process is mainly used for the cooking of grass sources such as wheat straw, hemp, switchgrass, and bagasse and due to having no sulfur content it is very attractive for polymer applications like those found for Kraft lignins.66,67
[bookmark: _Toc487190661]Lignin-based Materials & Applications
Recently, the scientific community has seen an increase in research and development of lignin-based products and polymer research.  Due to the structure of lignin being highly aromatic, processes have been developed that break down lignin molecules to produce other valuable aromatic chemicals such as benzene, toluene, xylene, styrene, phenols, cyclohexane, aromatic aldehydes, vanillin, and vanillic acid in which some can be used to synthesize other types of polymers like aromatic polyethers, polyesters, polystyrene, etc.68,69  Since lignin is a polyol, synthesis techniques have also been used to study the effect lignin incorporation can have on the properties to produce biodegradable polymer materials.  Due to the heterogenous nature of lignin and its affinity to aggregate, homogenous blends of lignin with other polymers are hard to come by and usually results in lower mechanical properties when compared to the pure polymer counterpart.70–72  However, modification techniques of lignin, such as acetylation and grafting to/from, have been used to disrupt the atomic forces behind lignin aggregation.  Doing so provides a more homogenous blend between the lignin and the polymer matrix as well as an increase in physical properties.70,72,73
The highly aromatic structure of lignin and its ability to act as a polyol have made it a desired building block to produce lignin-based polyurethanes.  In these instances, the lignin structure adds rigidity to the network increasing the mechanical properties of the resultant polyurethane.  Some of the more common lignin-based polyurethane materials are soft or rigid foams, epoxy resins, lignin-grafted-polycaprolactone copolymers, and carbon fiber.48,49,67,74  For most systems, it is desired to employ as much lignin into the polyurethane network as possible to further increase targeted properties, use less commercial polyol, improve economics, and to increase the biocompatibility of the material.  However, too much lignin incorporated into a system usually leaves the material too brittle to be useful.  This is seen with the research done by Saito et. al. who successfully produced a material that was comprised of 80wt% lignin, but was too brittle to use for any testing.40  Therefore, a compromise must be found between the amount of lignin content and rubbery content used.  
[bookmark: _Toc487190662]Overview of Thesis
The main goal of this work is to understand the impact that the source of the lignin has on the properties of lignin-based polyurethanes.  As previously discussed, lignin is used as a polyol to synthesize lignin-based polyurethane materials with increased targeted properties and biocompatibility.14,40,50,75,76  However, it is not well understood how the source of the lignin, in this case hardwood, softwood, and non-wood sources, affects target mechanical properties of the resultant lignin-based polyurethane.  We know the source from which lignin is extracted plays a significant role on the structural development of the lignin, primarily the amounts of each monolignol used, and that this influences the internal crosslinking abilities of the lignin structure.  
[bookmark: _Toc289175849]Therefore, we will study how the lignin source parameter affects the properties of the lignin-based polyurethanes.  To achieve this goal, we will examine two primary parameters: (1) the lignin used as a polyol which is dependent upon source and (2) the lignin loading in the polyurethane formulation.  Changing the lignin source allows us to study and compare the targeted properties of the resultant lignin-based polyurethane samples based on extraction source and the effects it has on the structure of the lignin.  By changing the lignin weight percent within the sample, we can probe how the targeted properties change as more lignin is added to the system and compare the differences in terms of lignin source.  Another parameter that will be looked at is how the ratio of isocyanate groups to hydroxyl groups plays a role in the properties of the lignin-based polyurethanes.  Due to the differing levels of internal crosslinking amongst the three lignin sources, the hydroxyl group number can vary between them.  And since hydroxyl groups induce crosslinking, this ratio can provide more information on how the plant source affects targeted mechanical properties of lignin-based polyurethanes.  Once more, the morphology of the lignin-based polyurethanes is important in understanding the differences in physical properties between the plant sources.  The level of mixing between the two phases, hard/rigid phase and soft/rubbery phase, has a significant impact on the physical properties a material.  Therefore, the morphology of the lignin-based polyurethanes will be studied to further explain how the plant source affects targeted mechanical properties.
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[bookmark: _Toc487190665]Dynamic Mechanical Analysis
	Dynamic mechanical analysis (DMA) is a widely employed instrumental technique used to investigate and characterize rheological properties of materials including the viscoelastic behaviors of polymer systems.77,78  DMA works by applying an oscillatory force to a sample material of known geometry causing the sample to undergo a sinusoidal deformation.79  Doing so, the instrument can analyze the materials responses to the applied force.80  The amount of deformation the sample undergoes for an applied stress is directly related to its stiffness where samples that are stiffer will deform the least.  The oscillatory motion is driven by a force motor and transmitted to the sample via a draft shaft.  The motor is set to a selected frequency and the changes in stiffness and damping are measured.77
	Polymer materials display flow characteristics even when they are considered solid or rigid materials.81,82 Since a sinusoidal force is being applied, the resulting strain wave shape depends on the elastic behavior and the viscous behavior of the sample.77,80  The two most measured rheological properties while using dynamic mechanical analysis are the storage modulus and the loss modulus.  The storage modulus, denoted as E’, is the elastic behavior of a sample and describes how much energy is stored by the material during oscillatory motion.83,84  The loss modulus, denoted as E”, is the viscous behavior of the sample and describes the magnitude of energy that is lost to heat and internal friction due to chain slippage caused by molecular rearrangements of the polymer chain.83,84    Furthermore, the ratio of the loss modulus to storage modulus, also called damping or tan(δ), indicates how efficient a material is at losing energy due to the molecular rearrangements and internal friction.84,85  These moduli are dependent upon temperature and the frequency of the oscillatory force.40,86
The force curve of a sample subjected to a sinusoidal force responds in similar fashion with a sinusoidal nature, as depicted in Figure 8.  When a material is fully elastic the response from the material will be fully in-phase with a phase angle of 0°.77  However, when a material is fully viscous the material’s response will be fully out-of-phase with a phase angle of 90°.77  Since polymer materials are viscoelastic they fall in between these two extremes.  Equations 1, 2, and 3 were gathered from an article published by Anwer et. al.86  The storage modulus, in-phase component, of a viscoelastic material is calculated using Equation 1 while the loss modulus, out-of-phase component, is calculated using the phase lag between the two sine curves (Equation 2).[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\DMA Phase Lag.png]
[bookmark: _Toc487190698]Figure 8. A typical force curve shown for a material undergoing an oscillatory stress.77




Dynamic mechanical analysis is a prominent instrumental technique that can be used to measure the moduli of the lignin-based polyurethanes that will be synthesized and characterized for the research required for this thesis.  Since lignin is a polyol and the plant source of the lignin affects the amount of internal crosslinking within the lignin, both properties will affect the amount of overall crosslinking found within the network of the lignin-based polyurethane.  Therefore, DMA will be used to help identify how each plant source affects the moduli of the system and to what capacity they differ between each other.
[bookmark: _Toc487190666]Shore Hardness
	The hardness of a material is the measurement of how resistant a material is to various kinds of permanent shape changes when a constant compressive force is applied.87–89  Properties such as stiffness, viscoelasticity, and viscosity affect the hardness of a sample leading to the generalization that hardness is characterized by the strong intermolecular and intramolecular bonds found within the makeup of the material.87,89,90  There are multiple scales on which the hardness factor of a material is measured such as Brinell, Rockwell, Shore, and Vickers that differ on how the compression force is applied to the sample.89  For the work performed in this thesis, the Shore Hardness scale will be implemented due to its typical use for measuring the hardness of polymer materials.
	During Shore Hardness testing, a hand-held or mechanical instrument called a durometer is used to apply a compressive force given from a standardized indenter of known geometry on to the surface of the material being tested.89,90  The durometer then measures the hardness of the material from the depth of the indentation made by the indenter through the use of an internal spring mechanism.89  The force applied by the durometer must be performed in a consistent manner to obtain dependable results.  For Shore Hardness testing, since there is a vast array of application materials that differ in compressive strength there are multiple Types of durometers that can be used.  Where these Types differ are the geometry of the indenter as well as the force behind the spring.88,89,91  Softer materials such as foams and some rubbers will typically require the use of a Type O-OOO durometer with a spherical indenter while harder rubbers and plastics will require an indenter with a sharp or flat cone point such as found with Types A-D.87,89[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\asker-durometer-operation.png]
[bookmark: _Toc487190699]Figure 9. A picture of a basic hand-held durometer and how it is operated.119

	Measuring the Shore Hardness of the lignin-based polyurethanes synthesized for the work of this thesis is another way to quantify and compare the targeted mechanical properties based on the plant source of the lignin.  As mentioned previously, compressive strength is generally measured and characterized by the molecular bonding that is found within the testing material.  Introducing, or increasing, crosslinking is one technique used to affect the hardness of a polymer material.  With the addition of lignin to act as a rigid polyol with the ability to induce crosslinking, this instrumental method should help further identify the affect that plant source has on the targeted mechanical properties of the synthesized lignin-based polyurethanes.
[bookmark: _Toc487190667]Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is the most common thermoanalytical method used for quantitative studies of polymers and their thermal transitions.92,93  A DSC instrument calculates the change in heat flow of a polymer sample compared to an inert reference while both are being heated simultaneously.93  The change in heat capacity is measured as a function of temperature and monitored continuously while the heat flow is adjusted to keep both the sample and reference at the same temperature.93  This allows for the finding of two major thermal transition temperatures for polymeric materials: the glass transition temperature, Tg, and the crystalline melting temperature, Tm.  While both of these transitions are critical for the thermal definition of a polymer, the glass transition temperature is more important for this study and, therefore, will be the main topic of consideration for DSC results shown in this thesis.
The Tg of a polymer happens when the amorphous domains transition from a hard, glassy state into a more flexible, rubbery state.5,30,94  This is due to the rotational, translational, and vibrational energies increasing along with temperature.94  As the total energies of the molecules increase there is a certain temperature that is reached, the Tg, where long-range segmental motions of the polymer chains begin to occur and significant changes in properties are observed.94  
Polyurethanes synthesized from a rigid block and a rubbery block will show multiple Tg’s with one Tg corresponding to the rubbery block and a Tg corresponding to the hard block.  This is due to phase segregation between the soft block and the hard block due to their thermodynamic incompatibility to each other.  The rigidity due to the highly aromatic structure of lignin allows for phase segregation with the rubbery content that is used to synthesize lignin-based polyurethanes.  This will result in the lignin-based polyurethanes providing multiple Tg’s corresponding to the lignin-dominated phase and the rubber-dominated phase.
[bookmark: _Toc487190668]31Phosphorus Nuclear Magnetic Resonance
	Nuclear Magnetic Resonance (NMR) is a common research technique used to exploit the structure of organic compounds.95–97  What makes this instrumental method useful is that it is a non-destructive technique that can provide a complete analysis of the overall structure of the sample.98  The main isotopes that are most useful to chemists are 1H, 13C, 19F, and 31P.99  For the research that this thesis presents, 31P-NMR will be used.
	Compared to standard 1H-NMR, 31P-NMR is conceptually the same.  One of the attractive characteristics of 31P-NMR is that, like the 1H nucleus, the 31P nucleus has a ½ nuclear spin allowing spectra to be more easily interpreted.99  Also, the gyromagnetic ratio of the 31P nucleus is comparatively high at 10.841x107 rads T-1s-1 which is comparable to other high-ratio nuclei such as 1H (26.7519x107 rads T-1s-1) and 13C (6.7283x107 rads T-1s-1).100  Furthermore, the 31P isotope is 100% naturally abundant and the spectral signals for phosphorous-containing compounds are well determined allowing 31P-NMR to be a good choice for chemical structure determination.100[image: ]
[bookmark: _Toc487190700]Figure 10. A scheme of the phosphitylation of lignin hydroxyl groups between 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) and the different lignin hydroxyl groups.101

	Lignin scientists have used 31P-NMR due to its ability to provide good structural data about the lignin molecule with the ability to quantify certain aspects of the structure of the employed lignin.101–103  Lignin itself does not contain any phosphorous within its structure, therefore a phosphorous-containing ligand must be attached via a chemical reaction for the method to be useful.  One of the most widely used abilities of 31P-NMR with lignin is its ability to quantitatively determine the different hydroxyl groups found within the lignin such as aliphatic, carboxylic, guaiacyl, p-hydroxyphenol, and syringyl alcohol units.104  While 1H-NMR and 13C-NMR, when combined, have shown the ability to quantify all of these hydroxyl groups, 31P-NMR has shown the ability to quantify all of these hydroxyl groups together in a relatively shorter timeframe.101  Also, 31P-NMR provides better separation and resolution of the hydroxyl signals leading to more precise quantifiable hydroxyl data.105
	Knowing the hydroxyl functional group content plays a prominent role in the identification and definition of the lignin structure providing information that affects the chemical and physical properties of the lignin.  Since 31P-NMR can provide quantifiable phenolic data it is possible to also obtain a monomer unit ratio for the lignin molecule.  This ratio may be able to provide a better justification to the internal crosslinking capabilities of each lignin structure based on plant source.  Also, the overall hydroxyl group number of the lignin calculated from the integration of the 31P-NMR data can help discern how significant a role the number of hydroxyl groups play in the influence of targeted mechanical properties of the lignin-based polyurethane samples based on plant source.  
[bookmark: _Toc487190669]Scanning Electron Microscopy
Scanning electron microscopy (SEM) is an instrumental microscopy that uses an electron microscope to produce images of samples by using a focused beam of high-energy electrons to scan an area of a solid sample.106,107  The electrons that are in the focused electron beam interact with the surface of the sample and provide topographical and conformational information about the sample.  This is performed when electrons are accelerated through an electron gun within the electron microscope.  The electrons then travel and are focused through a series of lenses before coming in to contact with the sample.  These accelerated electrons contain considerable amounts of kinetic energy by the time they come in to contact with the surface of the sample.  At this time, the electron-sample interaction dissipates the kinetic energy of each electron and secondary electrons and backscattered electrons are produced.106  The secondary electrons and backscattered electrons are then detected by a photodetector which then produces a signal.  This signal is what is used to generate a two-dimensional image.106  Back scattered electrons are valuable for imaging the contrast in multiphase samples while secondary electrons are mainly used for obtaining morphological and topographical information of a sample.108  
Scanning electron microscopy is a widely used instrumental microscopy for the study of solid materials, including polymers.86,109–111  Very minimal sample preparation is needed and fast data acquisition is normal to obtain SEM images.  Furthermore, because of the use of a series of lenses very high-resolution images of features and objects down to the nanometer scale is possible.112  It is also practicable to achieve images showing distinct phase identification contained in multiphase samples and can even be used for crystalline structure analysis and filler/fiber dispersion analysis.111  
[bookmark: _Toc487190670]Atomic Force Microscopy
	Atomic force microscopy (AFM) is a type of scanning microscopy that is used to attain very high-resolution images and other information of the surface of an array of samples including hard, soft, rubbery, conductive and biological samples.111–113  This is performed by using a sharp tip at the end of a small cantilever, typically made from silicon or silicon nitride, a piezoelectric element, a focused laser, and a photodetector.  The cantilever is attached to the piezoelectric element and the laser is then focused on to the end of the cantilever.111,112  The tip of the cantilever is then lowered and brought in contact with the surface of the sample and begins scanning in very precise movements that are directed by the piezoelectric element.  As the tip scans across the surface of the sample in a raster motion the laser is reflected by the cantilever and hits the photodetector which tracks the movement of the laser which captures the surface topography of the sample.111,112
	Atomic force microscopy is usually performed in one of three modes: contact mode, non-contact mode, and tapping mode.111,112  In this research only tapping mode was used.  During tapping mode, the cantilever is oscillated by the piezoelectric element at its natural frequency that is calculated by the AFM instrument and its software.  During tapping mode, the tip is not in constant contact with the sample, but instead “taps” the surface of the sample while scanning due to its oscillator motion.  Doing so causes less damage to the sample and tip and provides more accurate topographic measurements.111[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\AFM.PNG]
[bookmark: _Toc487190701]Figure 11. Diagram of an AFM instrument and contact and tapping modes.120

[bookmark: _Toc487190671]Chapter 3: The Effect of Plant Source on Lignin-based Polyurethanes










































Methods and Materials
[bookmark: _Toc487190672]Synthesis of Lignin-based Polyurethane Samples
	Three different lignins, each from their own plant source, were used in the work for this thesis: (1) a Kraft processed lignin from a softwood source, a lignosulfonate lignin from a hardwood source, and a soda processed lignin from a wheat straw source.  The softwood Kraft lignin (SWKL) was purchased from TCI America.  The hardwood lignosulfonate lignin (HWLS) was supplied by Borregaard Lignntech and the wheat straw soda lignin (WSSL), also called Protobind 1000, was supplied by GreenValue LLC.  The HWLS and the WSSL were used as received while the SWKL was subjected to an acid wash to further purify the product.  The SWKL was purified using the following method.  Approximately 10g of SWKL was added to 300mL of 2M hydrochloric acid (HCL) and the SWKL/HCL solution was allowed to stir for 3 hours open at ambient temperature and open to air.  The SWKL/HCL solution was then filtered using a fritted funnel with a porosity of 4-5.5 µm to obtain the SWKL particles from the solution.  This step was repeated 2 more times and then the SWKL was washed a few times with deionized water to remove any leftover HCL.  The SWKL was then placed in a vacuum oven and dried overnight under a vacuum strength of 30 mmHg at 60°C.  The dried SWKL powder was then placed in a vial and stored in a desiccator.
	Polypropylene glycol (PPG) (MN = 2,300 g/mol) that is end-capped on both ends with toluene-2,4-diisocyanate (TDI) was used as the isocyanate crosslinker during the synthesis with polyol lignin to synthesize lignin-based polyurethane samples.  The PPG was kept inside a glove box charged with inert nitrogen gas to help keep the PPG pure and unreacted with any moisture.  Before synthesis, the lignin being used was heated and dried under full vacuum over night to remove any moisture content.  The lignin was then capped in a vial and transferred to the nitrogen glove box and stored.  All steps for the reaction of lignin with TDI-PPG-TDI to synthesize lignin-based polyurethanes were performed in the nitrogen glove box.

[bookmark: _Toc487190702]Figure 12.  Structure of the TDI-endcapped PPG crosslinker used for the synthesis reaction with the lignin polyols.

Two grams of TDI-PPG-TDI was weighed in a 50mL beaker and was allowed to stir mechanically on a hotplate at 100°C for a few minutes.  Eight drops of dibutyltin dilaurate (DBTDL) purchased from Sigma-Aldrich was then added as a catalyst and the TDI-PPG-TDI/DBTDL mixture was allowed to mechanically stir at 100°C for 10 minutes to produce a homogenous mixture.  An amount of lignin that gave the desired lignin weight percent (wt%) was weighed out into a vial and then added to the TDI-PPG-TDI/DBTDL mixture.  The lignin/TDI-PPG-TDI/DBTDL mixture was then allowed to stir on a hotplate at 100°C until the viscosity of the mixture increased.  The mixture was then poured into a Teflon® mold and was allowed to cure at room temperature overnight inside the nitrogen glove box.  The dimensions for the mold were made for the formation of samples usable with the dual-cantilever set up with the DMA Q800 (TA Instruments) instrument.  A variety of lignin contents (20, 30, 40, 50, and 60 wt%) were used to synthesize the lignin-based polyurethanes.  A reference PU sample was synthesized using the same method as described for lignin-based PU samples with a hydroxy-terminated PPG (MN = 2,000 g/mol) being used as the polyol.
[bookmark: _Toc487190673]DMA
	Mechanical properties measurements were performed using a DMA Q800 (TA Instruments) using the dual cantilever set up and calibrated using the TA Instruments calibration kit.  Samples were made through curing in a Teflon® mold with the dimensions 57 mm x 12.5 mm x 3.5 mm (L x W x H).  Sample specimens were then inserted into the DMA set up and were tested at 30°C and 0.1% strain with a frequency of 1 Hz.
[bookmark: _Toc487190674]Shore Hardness
	The Shore hardness values for all lignin-based polyurethane samples were measured according to the ASTM D2240-15 standard procedure with a Type A Model 2000 Durometer made by Rex Gauge Company.  Since all lignin-based polyurethane samples did not have a thickness of 6 mm, samples of the same lignin plant source and lignin wt% were plied together which is allowed according to the ASTM D2240-15 procedure.  Once plied together, samples were measured in three separate areas along the sample.
[bookmark: _Toc487190675]DSC
	Thermal history measurements were performed using a DSC Q2000 (TA Instruments) and an Indium standard was used for heat flow and temperature calibration.  Samples weighing between 5 to 10 mg were cut from DMA samples and weighed using a Cahn C-33 microbalance.  The cut sample pieces were then placed in a pre-weighed aluminum standard DSC pan.  The samples were heated at a rate of 10°C per minute over the temperature range of -80°C to 150°C in a sample chamber charged with inert nitrogen gas.
[bookmark: _Toc487190676]31P-NMR
	Phosphorus-31 nuclear magnetic resonance spectroscopy was used to investigate the hydroxyl group number of the lignin’s used in this work.  All lignin samples were dried before use to eliminate any moisture content due to its high reactivity with the phospholane reagent.  Approximately 20 mg of an accurately weighed dried lignin sample was added to a 400 µL dimethylformamide/pyridine (1:1, v/v) solution and 200 µL of internal standard solution inside an NMR tube.  The internal standard was made by mixing 75 mg cyclohexanol (Sigma-Aldrich, 99%) as a standard with 10.084 g deuterated chloroform (CDCl3) and 20 mg chromium(III) acetylacetonate used as a relaxation reagent.  The sample solution was then derivatized with 100 µL of the phospholane reagent 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (Sigma-Aldrich, 95%).  The sample mixtures were analyzed using a JEOL 400 MHz NMR spectrometer over 128 scans with inverse-gated decoupling, a 90° pulse, and a 25-second pulse delay.  
A total of five 31P-NMR samples for each lignin source were run to achieve an average hydroxyl group concentration and a standard deviation based on lignin source.  Mestrenova software was used to integrate all 31P-NMR data and the steps for integration are as follows.  The NMR data was apodized with exponential line broadening with a value of 5 Hz and the phase was adjusted.  The spectra were referenced to the peak at 132.2 ppm which is associated with the reaction of TMDP with water.  The baseline was adjusted using a Bernstein polynomial fit with a parameter of 6.  The peaks were then integrated and the ratios calculated with respect to the cyclohexane peak which was given a value of 1.  The areas used for integration and their respective hydroxyl group types are given in Table 3 of the Appendix.  The following equations were obtained by Olarte et. al. and used to calculate the hydroxyl group type concentration values.114




[bookmark: _Toc487190677]SEM
	The micro-morphology of the lignin-based polyurethane samples were investigated using a Zeiss Auriga 40 field emission scanning electron microscope.  Samples were cut from bulk material and were not coated during sample prep.  Images were captured using a secondary electron detector lense and a voltage level of 1.00 kV.
[bookmark: _Toc487190678]AFM
	Images of the phase morphology within the lignin-based polyurethane samples were scanned using an Asylum Research MFP-3D Infinity atomic force microscope.  Samples were cut from bulk material and were imaged under tapping mode.  The cantilevers used were obtained from AppNano and were made from silicon without any coating and had a resonant frequency range of 200 to 400 kHz and a spring constant of 13 to 77 N/m.  The AFM images were analyzed using the WSxM 5.0 software.115
[bookmark: _Toc487190679]Results & Discussion
	For the work performed in this thesis, lignin extracted from a hardwood source, a softwood source, and a non-wood source were obtained to study the effects that the plant source of the lignin had on targeted mechanical properties of lignin-based polyurethanes.  As previously discussed, the lignin will be used as a polyol and will be reacted with a rubbery cross-linker to synthesize the lignin-based polyurethane samples at multiple lignin loadings.  The use of the rubbery cross-linker allows the ability to synthesize samples that are not too brittle to be tested.  And by synthesizing lignin-based polyurethane samples at multiple lignin loadings we can track the changes in the targeted mechanical properties as lignin loading increases and compare the results based on plant source.
	DMA was used in this study to better understand the influence that lignin source has on targeted mechanical properties of the lignin-based PU samples.  Values correlating to the storage modulus, loss modulus, and tan delta were obtained for all lignin-based PU samples.  A graph showing the storage modulus values is shown in Figure 13.  For further viewing, Table 5, located in the Appendix, gives the values corresponding to storage modulus.  It is clear to see from the graph that, for all three lignin sources, the storage modulus value increases with lignin loading.  This can be explained through the understanding of the ratio between the rigid material and rubbery material used to synthesize to lignin-based PU.  As previously discussed, for this system lignin is used as the rigid polyol component that provides mechanical strength to the system while the PPG is used as the rubbery cross-linker that brings elasticity to the sample.  When the ratio between rigid component and rubbery component increases the mechanical stiffness will increase providing a higher storage modulus, as seen with the lignin-based PU samples.[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Storage Modulus.png]
[bookmark: _Toc487190703]Figure 13. Storage modulus values of the lignin-based PU samples obtained using DMA.

As seen from the graph, the lignin-based PU samples that were synthesized using the WSSL provided the highest storage modulus values at all lignin loadings while the samples synthesized using the HWLS provided the lowest values for storage modulus.  The values pertaining to samples synthesized using SWKL and values pertaining to samples synthesized with HWLS provided very similar storage modulus data.  At lower lignin loadings (20, 30, and 40 lignin wt%), the difference between the storage modulus values for samples synthesized with HWLS and samples synthesized with SWKL is minimal.  However, the difference between storage modulus values increases at higher lignin loadings (50 and 60 lignin wt%).  And even though the values for SWKL samples and HWLS samples show very similar storage modulus data, SWKL sample provided higher modulus data than HWLS samples at all lignin loadings.
The values corresponding to the loss modulus and tan delta of the lignin-based PU samples measured via DMA are shown in Figures 14 and 15, respectively.  The numerical values are listed in Tables 6 and 7, respectively, which are located in the Appendix.  The capability of the lignin-based PU samples to release energy through molecular rearrangement and molecular friction is seen using the loss modulus and tan(δ) values.  The same trend is seen with the loss modulus as was seen with the storage modulus when compared to the lignin loading of the sample where the loss modulus increases with lignin loading.  Trends in tan(δ) can also be seen for all plant sources.  SWKL samples and HWLS samples show a decreasing trend in tan(δ) when lignin loading is increased where as WSSL samples show an increasing trend.[image: ]
[bookmark: _Toc487190704]Figure 14. Loss modulus values of the lignin-based PU samples obtained using DMA.

The decreasing trend in tan(δ) for SWKL samples and HWLS samples depicts a material with increasing rigidity as lignin loading increases while the increasing trend for WSSL samples would depict a material with increasing viscous behavior.  However, to fully understand the trends in tan(δ) for all three plant sources the loss modulus data must be understood.  As previously discussed, the loss modulus of a system is the measurement of the viscous nature of a sample.  Therefore, the loss modulus increases with an increase in molecular mobility of the polymer chains making up the material.  However, an increase in loss modulus is seen for all plant source types as lignin loading, the rigid component, increases.  This trend can be explained as follows.  Even though the ratio of the rigid component to rubbery component has a large effect on the loss modulus of a system, it is not the only influencing factor.  Energy dissipated as heat due to molecular friction between polymer chains also influences the loss modulus of a system.  For lignin-based polyurethane samples this friction comes from higher levels of crosslinking within the material and increases with increased amount of cross-linking.  This explains why there is an increasing trend for loss modulus with increased lignin loading.  This also explains why WSSL samples show in increasing trend for tan(δ) due to their higher amount of internal cross-linking found in the native WSSL when compared to native SWKL and HWLS.[image: ]
[bookmark: _Toc487190705]Figure 15. Tan δ values of the lignin-based PU samples obtained using DMA.

	Shore hardness (Type A) testing results, depicted in Figure 16, agree with the results obtained via DMA.  The numerical values for the graph shown in Figure 16 are listed in Table 8 located in the Appendix.  All three lignin sources show an increase in hardness value as lignin loading increases.  This is due to the increased amount of rigidity added by the lignin.  As previously discussed, the hardness value of a material is dependent upon how a material acts under a compressive force.  The rigidity added by the lignin increases the resistance to this compressive force by decreasing the molecular mobility by increasing the amount of cross-linking within the material.
Lignin-based PU samples synthesized using WSSL show a higher Shore hardness rating at all lignin loadings than SWKL samples and HWLS samples.  And SWKL samples show a higher Shore hardness rating at all lignin loadings than HWLS samples.  This trend is also in agreement with DMA results depicting a more crosslinked material for WSSL samples.  At higher lignin loading the hardness values for the WSSL samples deviate from a linear trend and form a curve behavior due to the hardness value reaching the limits of the Type A durometer used for testing.  Values that are close to the limits of the durometer used are considered to have more uncertainty and thus explains the curvature shown for the values given at higher lignin loadings for WSSL samples.[image: ]
[bookmark: _Toc487190706]Figure 16. Shore hardness (Type A) results for all lignin-based PU samples.

	To fully comprehend the mechanical testing results, it is important to understand what is happening at the nano- and micro-scale as these scales highly influence the mechanical properties of a polymer material.  This will allow a more thorough explanation on why the WSSL samples provided higher storage modulus values compared to the SWKL samples and HWLS samples, and vice versa.  Atomic Force Microscopy and SEM, along with Differential Scanning Calorimetry, were used to look at the domain morphology of lignin samples with 20wt%, 40wt% and 60wt% lignin loading.  Doing so allows the ability to compare phase morphology based on plant source at different lignin loadings.[bookmark: _Toc487190683]Table 1.  Tg values obtained from DSC scans of lignin-based PU samples of 20wt%, 40wt% and 60wt% lignin.
Sample
Tg

HWLS
SWKL
WSSL
Pure Lignin:
47
91
116
20wt% Lignin:
-52
-52
-48
40wt% Lignin
-51, 26
-50
-45
60wt% Lignin:
-51, 2, 26
-46
-42, 10, 110
Pure PPG PU:
-53


[bookmark: _Hlk487034259]Thermal data scans using DSC of pure lignin samples and lignin-based PU samples were obtained.  The Tg values for select samples are shown in Table 1 and graphs of the correlating scans are in the Appendix.  Regarding the Tg’s of the pure lignins, the WSSL observes the highest Tg while the HWLS observes the lowest Tg.  This is a result of the differing monolignol content used during lignin synthesis within the plant cell wall, as discussed previously.  All lignin-based PU samples showed a multi-domain morphology.  This is evidenced by the appearance of one or two Tg’s near the Tg of the pure components.  At low lignin loadings, only one Tg is observed for all lignin sources and is associated with the PPG-dominant domain.  As lignin loading increases, a second higher Tg is observed for HWLS and WSSL samples and is associated with the lignin-dominant domain.  Samples synthesized with SWKL did not show an observable second Tg due to the faint nature of the Tg of the pure SWKL.  
Phase images obtained via AFM, shown in Figure 17, and images from SEM, shown in Figure 18, also confirm a multi-domain morphology as described by DSC, and is easily seen in HWLS samples and SWKL samples.  For HWLS samples, aggregation is seen in both AFM images and SEM images at all lignin loadings and the aggregates become more abundant as the HWLS loading increases.  Compared to HWLS samples, those synthesized with SWKL show more mixing between the domains as seen in the AFM image for the 20wt% SWKL sample.  However, aggregation happens at higher SWKL loadings and is seen in the respective SEM images.  As the SWKL loading increases, AFM images show the formation of small distinct domains made up of a continuous phase and become more prominent at 60wt% SWKL loading.  The WSSL samples show the most mixing between domains at 20wt% lignin loading compared to the other two lignin’s.  At higher WSSL loadings, large continuous domains are formed throughout the image and are considerably larger than those found in images of SWKL samples.  Areas with a smooth surface and areas with a rough surface are seen in SEM images of higher WSSL loadings depicting the observance of multiple domains formed in the sample.  Also seen with the WSSL sample is the absence of aggregated particles and voids between domains suggesting a higher amount of mixing compared to the other lignin sources.[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Picture - AFM Phase Images.png]
[bookmark: _Toc487190707]Figure 17. AFM phase images of lignin-based PU samples at 20wt%, 40wt% and 60wt% lignin loading.

As the lignin loading increases for the lignin-based PU, the Tg correlating with the PPG-dominant domain increases in temperature in different magnitudes depending on lignin source.  At 60wt% HWLS loading, the Tg correlating with the PPG-dominant domain is observed at -51°C, a factor of +2°C when compared to the baseline -53°C Tg of the pure PU.  Larger changes in temperature for the PPG-dominant domain are seen for the other lignin sources.  A Tg for the PPG-dominant domain is observed at -46°C for the 60wt% SWKL sample and at -42°C for the WSSL sample; a +7°C and a +11°C change in temperature, respectively.  The differing increases to the Tg of the PPG-dominant domain can be explained by looking at the level of mixing seen in the AFM images and SEM images.  As the level of mixing between rigid domains and rubbery domains increases, the Tg of the rubbery domain will increase while the Tg of the rigid domain will decrease.  The formation of large continuous domains found in the WSSL samples along with better adhesion between the domains is what allows for a larger increase in Tg for the PPG-dominant domain.  The opposite affect is seen in HWLS samples were aggregation is more abundant and voids seen between domains cause less adhesion between these domains.  This results in a lower change in Tg as seen by the DSC results.[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Picture - SEM Images.png]
[bookmark: _Toc487190708]Figure 18. SEM images of lignin-based PU samples at 20wt%, 40wt% and 60wt% lignin loadings.  The scale bar for all SEM images is 10 µm.

Results from DSC show that the lignin-based PU samples form a multi-domain morphology with AFM and SEM images showing differing amounts of mixing between the three sources of lignin.  The level of mixing between domains correlates with targeted mechanical properties of the lignin-based PU samples.  For HWLS samples, the poor level of mixing, shown by aggregation, and voids between aggregates and the surrounding mixture negatively affects the targeted mechanical properties, as seen in the DMA and Shore Hardness data.  The opposite affect is seen where WSSL samples showed good adhesion between domains ultimately strengthening the targeted mechanical properties of the sample.  This helped in allowing the WSSL samples to provide the highest mechanical testing values.
Further understanding is needed to explain the differing levels of aggregation and adhesion found between the lignin-based PU samples.  As discussed earlier, 31P-NMR can be used to obtain the hydroxyl group concentration of lignin with the ability to distinguish between hydroxyl group types.  Therefore, 31P-NMR was used to obtain a better understanding of the structure and reactive capabilities of each lignin source.  And by obtaining this knowledge a more thorough explanation is given for why WSSL samples provided higher mechanical properties and HWLS samples provided the lowest.[bookmark: _Toc487190684]Table 2. Hydroxyl group type concentrations for each lignin source determined by 31P-NMR.
Hydroxyl Group Type
Hydroxyl Group Type Concentration (mmol OH/g Lignin)

HWLS
SWKL
WSSL
Aliphatic:
5.71 (±0.04)
1.45 (±0.12)
1.30 (±0.12)
C5-condensed:
0.12 (±0.02)
0.69 (±0.05)
0.55 (±0.04)
(S) Syringyl:
0.35 (±0.01)
-
0.54 (±0.02)
(G) Guaiacyl:
0.28 (±0.01)
1.17 (±0.11)
0.80 (±0.05)
(H) p-Coumaryl:
-
0.11 (±0.02)
0.30 (±0.03)
Carboxylic Acid:
0.32 (±0.07)
0.60 (±0.07)
0.70 (±0.08)
Total:
6.86 (±0.1)
4.02 (±0.23)
4.19 (±0.1)


The integration data obtained using 31P-NMR is shown in Table 2 and hydroxyl group to isocyanate group ratios (OH:NCO) are given in Table 3.  Examples of 31P-NMR data for all three lignin sources are shown in the Appendix.  Overall, HWLS contains a higher hydroxyl group concentration while SWKL and WSSL are approximately the same.  A ratio between the number of syringyl units and guaiacyl units, called the S/G ratio, can be calculated from the 31P-NMR data and can be used to qualitatively understand the reactive capabilities of each lignin.  The calculated S/G ratios for the WSSL and the HWLS are 0.68 and 1.25, respectively.  An S/G ratio cannot be determined for SWKL since softwood lignins do not contain any syringyl units as seen from NMR data located in the Appendix.
[bookmark: _Toc487190685]Table 3. Calculated OH:NCO ratios for lignin-based PU samples with 20wt%, 40wt%, and 60wt% lignin loadings.
Lignin Wt%
Lignin Source
OH:NCO Ratio’s


Total
Aromatic
Aliphatic
Carb. Acid
20
HWLS
1.97
0.24
1.64
0.09

SWKL
1.16
0.57
0.42
0.17

WSSL
1.20
0.63
0.37
0.20
40
HWLS
5.26
0.64
4.38
0.25

SWKL
3.08
1.51
1.11
0.46

WSSL
3.21
1.68
1.00
0.54
60
HWLS
11.38
1.43
9.85
0.55

SWKL
6.93
3.40
2.50
1.04

WSSL
7.23
3.78
2.24
1.21


The S/G ratios show that the HWLS contains a higher presence of syringyl units compared to guaiacyl units whereas the opposite is shown for WSSL and can affect the reactive abilities of the lignin molecule.  As discussed earlier, methoxy groups sterically hinder the phenolic hydroxyl group of syringyl and guaiacyl units.  With syringyl units containing more methoxy groups, reaction kinetics with the TDI-endcapped PPG are inhibited more so with syringyl phenolics than with guaiacyl phenolics.  And reaction kinetics of p-coumaryl phenolics are unhindered due to no steric hindrance from methoxy groups.  Therefore, WSSL shows a higher ability to form urethane bonds with phenolics due to having more p-coumaryl units than other lignin sources.  Also, aromatic OH:NCO ratios show that aromatic urethane linkages are more favorable with WSSL and with SWKL than with HWLS.  This is due to the WSSL and SWKL having a higher aromatic OH:NCO ratio than what is found with HWLS.  A ratio greater than one allows for a higher chance of urethane formation with the respective hydroxyl group.  With a ratio less than one, isocyanate groups have a greater chance to react with other types of hydroxyl groups.  Table 3 shows that the aromatic OH:NCO for WSSL and SWKL is more than double than HWLS while the aliphatic OH:NCO ratio is much greater in HWLS than with WSSL and SWKL.  This shows that reactions with aliphatic hydroxyls in HWLS are more likely while reactions with aromatic hydroxyls in WSSL and SWKL are more likely.
With HWLS having a lower ability to form urethane bonds with its phenolic moieties, and the higher reactivity of aliphatic hydroxyl groups compared to phenolics, isocyanate groups are more favorable to react with aliphatic hydroxyl groups.  Urethane linkages formed with aliphatic hydroxyl groups are more flexible than those formed with phenolic hydroxyl groups due to the rigid nature of the TDI and phenol.  This greater flexibility allows more freedom of movement leading to more phase separation, seen in the AFM and SEM images, between the rubbery PPG chains and the rigid lignin molecules.  With more flexible urethane linkages being formed in HWLS samples, lignin molecules can aggregate more efficiently than in samples of the other lignin sources.  This leads to a lower degree of mixing between domains in the HWLS samples.  Furthermore, the ability to develop more rigid urethane linkages in the WSSL samples allows for less molecular motion leading to more mixing and the appearance of better adhesion between domains.  
The allowed reactions within the lignin/PPG framework has direct influence on the mechanical properties of the lignin-based PU samples.  The domain adhesion and mixing found in the WSSL, brought on by more rigid urethane linkage formation, produces a more rigid framework increasing the mechanical properties of the WSSL samples beyond those of HWLS samples and SWKL samples.  Aggregation of particles and poor domain adhesion leaving voids decreases the continuity of the lignin/PPG framework lowering the mechanical properties of the material.  The SWKL samples show better overall mechanical properties than the HWLS samples due SWKL’s higher phenolic nature, as seen by 31P-NMR, yet are less rigid than the WSSL samples due to the aggregation that is also found throughout the framework albeit to a lesser extent than HWLS.  
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[bookmark: _Toc487190686]Table 4. Peak assignments and their respective hydroxyl group type used for integration of 31P-NMR lignin data.
	Hydroxyl Group Type
	Integration Area (ppm)

	Aliphatic:
	145.4 – 152.0

	C5-Condensed + Syringyl:
	140.5 – 144.5

	Syringyl:
	142.0 – 143.0

	Guiacyl:
	138.5 – 140.5

	p-Coumaryl:
	137.0 – 138.5

	Carboxylic Acid:
	134.6 – 138.0



[bookmark: _Toc487190687]Table 5. Storage modulus values obtained via DMA for all lignin-based PU samples.
	Lignin
	Storage Modulus (MPa)

	
	20wt% Lignin
	30wt% Lignin
	40wt% Lignin
	50wt% Lignin
	60wt% Lignin

	HWLS
	1.5 (±0.2)
	2.4 (±0.4)
	3.6 (±0.2)
	5.7 (±1.4)
	14.5 (±2.4)

	SWKL
	2.0 (±0.1)
	2.6 (±0.3)
	4.0 (±0.2)
	8.4 (±1.0)
	16.8 (±3.5)

	WSSL
	3.5 (±0.1)
	6.1 (±0.3)
	11.2 (±0.9)
	20.5 (±3.9)
	39.3 (±8.8)



[bookmark: _Toc487190688]Table 6. Loss modulus values obtained via DMA for all lignin-based PU samples.
	Lignin
	Loss Modulus (MPa)

	
	20wt% Lignin
	30wt% Lignin
	40wt% Lignin
	50wt% Lignin
	60wt% Lignin

	HWSL
	0.31 (±0.03)
	0.48 (±0.04)
	0.78 (±0.07)
	1.34 (±0.08)
	2.43 (±0.23)

	SWKL
	0.44 (±0.04)
	0.56 (±0.05)
	0.70 (±0.06)
	1.21 (±0.10)
	2.77 (±0.69)

	WSSL
	0.29 (±0.01)
	0.56 (±0.01)
	1.14 (±0.05)
	2.35 (±0.44)
	7.67 (±1.71)



[bookmark: _Toc487190689]Table 7. Tan δ values obtained via DMA for all lignin-based PU samples.
	Lignin
	Tan(δ)

	
	20wt% Lignin
	30wt% Lignin
	40wt% Lignin
	50wt% Lignin
	60wt% Lignin

	HWLS
	0.21 (±0.02)
	0.20 (±0.03)
	0.21 (±0.01)
	0.25 (±0.05)
	0.17 (±0.01)

	SWKL
	0.22 (±0.02)
	0.22 (±0.01)
	0.18 (±0.01)
	0.14 (±0.01)
	0.16 (±0.01)

	WSSL
	0.08 (±0.002)
	0.09 (±0.005)
	0.10 (±0.003)
	0.12 (±0.007)
	0.20 (±0.02)



[bookmark: _Toc487190690]Table 8. Shore hardness (Type A) values for all lignin-based PU samples.
	Lignin
	Shore Hardness Value (Type A)

	
	20wt% Lignin
	30wt% Lignin
	40wt% Lignin
	50wt% Lignin
	60wt% Lignin

	HWLS
	34 (±2)
	41 (±2)
	48 (±1)
	59 (±2)
	69 (±2)

	SWKL
	39 (±3)
	45 (±2)
	52 (±2)
	68 (±3)
	77 (±2)

	WSSL
	53 (±1)
	65 (±1)
	76 (±1)
	84 (±1)
	89 (±2)



[image: C:\Users\zhangliao04\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Graph - DSC Scans for HWLS.PNG]
[bookmark: _Toc487190709]Figure 20. DSC scans of pure HWLS and lignin-based PU samples synthesized with 20wt%, 40wt%, and 60wt% HWLS.
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[bookmark: _Toc487190710]Figure 21. DSC scans of pure SWKL and lignin-based PU samples synthesized with 20wt%, 40wt%, and 60wt% SWKL.
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[bookmark: _Toc487190711]Figure 22. DSC scans of pure WSSL and lignin-based PU samples synthesized with 20wt%, 40wt%, and 60wt% WSSL.
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[bookmark: _Toc487190712]Figure 23.  Examples of 31P-NMR data results for HWLS (top), SWKL (middle), and WSSL (bottom).
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